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FOREWORD

Volume II, Systems/Subsystems Analysis, encompasses SPS

system and subsystem analyses performed to establish the impact

of technological advancements on the reference concept and to

develop and select new solid-state SPS concepts where economic

viability is potentially enhanced. Volume II of the SPS concept

definition study final report is submitted by Rockwell International

through the Space Operations and Satellite Systems Division. All

work was completed in response to NASA/MSFC contract NAS8-32475,

Exhibit D, dated June 1979.

The SPS final report will provide the NASA with additional

information on the selection of a viable SPS concept, and will

furnish a basis for subsequent technology exploratory development

activities. A more comprehensive matrix of solid-state concepts

have been devised and evaluated to select approaches for more

detailed definition. The current reference concept with klystron

dc/RF converters has been updated, primarily to determine impacts

of advanced multi-bandgap solar cells. Appropriate tradeoff data

is presented to substantiate design details. Other volumes of the

final report are listed as follows:

Volume

I

III

IV

V

VI

VII

Title

Executive Summary

Transportation Analyses

Operations Analyses

Systems Engineering/Integration Analyses

Cost and Programmatics

Systems/Subsystems Requirements Data Book

The SPS Program Manager, G. M. Hanley, may be contracted on

any of the technical or management aspects of this report. He

can be reached at 213/594-3911, Seal Beach, California.
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INTRODUCTION

This volume presents results of studies to determine desirable modifi-

cations to the reference concept and to identify new solid-state concepts

and define the best approaches. Results are presented which show the impact

of the high-efficiency multi-bandgap solar array on the reference concept

design. System trade studies are described for several solid-state concepts,

including the sandwich concept and a separate antenna/solar array concept.

Results are presented to shown an evaluation of several approaches for each

overall concept. Two solid-state concepts were selected and a design defin-

ition presented for each. A special study was conducted to evaluate

magnetrons as an alternative to the reference klystrons for dc/RF conversion.

System definitions are presented for the preferred klystron and solid state

concepts. Supporting subsystem-level analyses is included with major

analyses in the microwave, structures, and power distribution areas. Micro-

wave studies include different antenna configurations, antenna power density

variations, assessment of unique phase control approaches to solid-state

systems, power-module combining, antenna module design, and GaAs MESFET

device modeling and power conversion simulation. Because of blockage of

either the microwave beam or incoming solar energy with primary and/or

secondary structure, the space frame structure is not appropriate for the

sandwich concepts. Structures studies were performed to evaluate alternative

approaches and assess the viability of the compression frame/tension web con-

cept. Power distribution studies considered several approaches to providing

power to the solid-state devices for the separate solar array/antenna con-

cepts. Results from ancillary studies for thermal control and attitude

control and stationkeeping are included. Details of a multi-bandgap solar cell
study are included.

Finally, the results of a study considering the meteorological effects of

a laser beam power transmission concept have been provided. In addition, a

few thoughts regarding advanced laser concepts have been included.
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1.0 SPS CONCEPTS

Included in this section are descriptions of the various candidate con-

cepts studied with associated conclusions and recommendations. Two overall

approaches were considered for solid-state microwave transmission concepts:

solar array mounted (sandwich) and antenna mounted. The solar array mounted

sandwich concept is a totally new satellite concept developed to exploit

fully the potential advantages of solid-state technology. This concept was

first introduced during the final quarter of the Exhibit C study as a result

of a joint MSFC-Rockwell effort. The end-mounted solid-state antenna approach

is basically the reference concept reconfigured to accommodate the solid-state

amplifiers. Each of these concepts was varied and parametric data developed

to illustrate the mass and economic sensitivities. The most promising con-

cepts are further defined.

The Rockwell reference klystron concept is based on using thin film GaAs

solar cells with the guidelined ionospheric power density limit of 23 mW/cm 2.

Reference concept changes are recommended in an updated version of this con-

cept. Advanced multi-bandgap solar cells with increased cell efficiency were

evaluated since these solar cells are on the verge of being available. These

cells result in a smaller overall satellite size, lower satellite mass, and

reduced satellite cost. Configurational changes to the reference satellite

design through the use of high efficiency multi-bandgap solar cells are

illustrated.

An efficiency of 90 percent (dc to RF conversion) for the magnetron is

projected, based on a reported value of 85 percent already measured on an

existing magnetron tube. Using 90 percent efficiency a magnetron system con-

cept is described and evaluated against the reference kiystron concept.

!.! SOLID-STATE CONCEPTS

The baseline satellite concept utilizes high voltage (HV) klystron dc-RF

converters to amplify the 2.45-GHz microwave reference signal. The power for

the RF converters is transferred from the solar array at 40 kV dc (nominal)

across the antenna slip rings, converted to five selected high voltage dc volt-

ages and utilized by the klystrons. The use of solid-state devices may result

in system concepts that vary greatly from the approach considered for vacuum

tube based microwave power amplifiers. The klystron device has very high power

output per device (50-70 kW), whereas output of the individual solid-state driven

dipoles is only 4-50 W. This results in a large number of solid-state power

amplifiers individually phase controlled. The klystron is a more complex

device and it is expected that the cost/unit power of the solid-state ampli-

fiers will be lower because of the ability to mass-produce them. Individual

integration of the klystrons is necessary because of their complexity. A

major area of concern for the solid-state system is development of a phase

control and power feed system which allows for mass production and simple

orbital integration.
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A major study goal of Exhibit D has been to devise satellite approaches

using low voltage solid state devices. The desire to replace klystrons with

solid state devices is driven primarily by their potential for higher improved

satellite reliability; klystrons probably will have to be replaced at least

two and perhaps three times during the 30-year operational period.

Solid state microwave design drivers identified are: their maximum

breakdown voltage limits (i0 to 70 V dc), function temperature constraints

(<200 C), output power limits ( i00 watts), and circuit efficiencies (78 per-

cent to 90 percent). During the final quarter of the Exhibit C study, a joint

MSFC-Rockwell effort produced new solid state satellite concepts which contrast

sharply with configurations studied previously. Figure i.I-I illustrates one

of the concepts which uses the sandwich panel approach composed of a solid-

state amplifier panel "sandwiched" between the solar cell and radiating antenna

panels (described in Section i.I.I). For comparison purpose, a second approach

for solid state dc-RF converters has been evaluated with the reference concept

reconfigured and employing two antennas, one at each end of the solar array

(described in Section 1.1.2).

SOL! D-STATE _t_._l]l-.__r_|

AHP',F,ER J'X./I/ J

l i tl '  coo ar 
RF ENERGYTO EARTH Reflector

Figure I.i-i. Sandwich Panel SPS Concept

i.i.i SANDWICH CONCEPTS

One of the major problems related to the use of solid state devices for

dc/RF conversion on the satellite is the need to provide power to numerous

power amplifiers which operate at low power levels (e.g., 5 W) and low volt-

ages (e.g., I0 V). This leads to a much more complex and massive power dis-

tribution system when the reference concept approach of a separate microwave

antenna and solar array are employed.

An alternate solid state concept was developed which results in an inte-

grated solar array and microwave transmission system. This concept utilizes

a sandwich with the solar cells on one side and the microwave antenna on the

other side. Since the antenna must stare at a point on the earth, it is

necessary to use a set of two reflectors to direct sunlight on the solar cells
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continuously. One of the reflectors remains fixed relative to the array

(secondary reflector) while the other remains pointed toward the sun (primary

reflector) to reflect solar energy onto the solar array. The solar cells

provide electrical energy to solid-state power amplifiers directly behind

them which, in turn, feed the antenna elements. In order to provide any sig-

nificant power at the utility interface on the ground from this type of concept,

it is necessary to increase the available power density to the antenna from the

solar array by concentrating solar energy on the sandwich. For this reason,

such a concept requires GaAs solar cells or other solar cells that can operate

efficiently at the high temperatures resulting from high concentration ratios.

Silicon solar cells are not acceptable in this application. This section

describes the evaluation of the sandwich design and the resulting point design
concept.

Initial studies of the sandwich concept were parametric in nature. The

main thrust of these studies was to identify the concept driving characteristics

and to determine the best overall approach for a subsequent point design analy-
sis.

Candidate Concept s

Figure 1.1-2 illustrates the matrix of sandwich concepts that have been

considered. The conventional approach to reflecting sunlight onto the sand-

wich when the antenna stares directly at the ground site is shown by Concepts

1 and 2. Concept 1 has a large, flat primary reflector that reflects sunlight

_nto a multi-faceted secondary reflector system that concentrates the solar

energy on the solar array side of the sandwich. Concept 2 has multi-faceted

primary reflectors that reflect onto a flat secondary reflector for concentra-

tion onto the sandwich. Concept 2 has a smaller reflector area than Concept i.

Concepts 3 and 4 have single, multi-faceted reflectors that concentrate

sunlight directly onto the sandwich. Concept 3 has an antenna which is

oriented at an angle relative to the ground receiving station. The major

problem of this concept is the variation in the angle relative to the receiv-

ing site of the antenna during the year. This results in a varying peak power

area is increased by at least 40 percent compared to a concept which has the

antenna normal to the line of sight.

Concept 4 appears to have improved characteristics compared to Concept 3.

In this case, the RF reflector reflects the beam to the rectenna. Surface

irregularities in the reflector are compensated for by the phase control

system, since the pilot beam is also reflected from the RF reflector to reach

the satellite antenna. Multi-path reflections from the RF reflector may be a

serious problem that needs to be studied.

The final concept is one that combines multiple antennas on a single

satellite. In this particular arrangement, the reflector areas are excessive.

Better arrangements, with smaller area reflectors, can be realized with

multiple antennas using the general arrangements of Concepts i or 2.
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=_ (5) MULTI-ANTENNA CONCJEPT

(3_ INCLINED ANTENNA/ (4) RFREFLECTOR/SINGLE
SINGLE FACETEDREFLECTOR MULTI-FACETED REFLECTOR

Figure 1.1-2. Alternative Solid State Sandwich Concepts

As a result of these preliminary studies, it was decided that further

effort should be concentrated on Concept 2 for parametric evaluation. This

concept is preferred over Concept I on the basis of a reduced reflector area.

Concept 4 is still considered to be a viable concept that may significantly

reduce mass; however, a very detailed analysis is needed to fully evaluate

the feasibility of use of an RF reflector. Concept 3 was not considered to

be viable.

Major Support Trade offs

Initial studies of the sandwich concept were parametric in nature to

determine some of the more important drivers. These are summarized in

Figure 1.1-3. Figure I.I-3(A) shows installation cost ($/kW)uI effects of

effective concentration ratio (CR E) and the ability of the solar array to

reject waste heat through the rear of the array. Two thermal conditions are

illustrated: (i) no radiation through the rear from the solar array, and

(2) a 2/3 view factor from the cells through the rear. It is assumed that

the cells have a view factor of i from the front of the array. In both cases,

the installation cost parameter ($/kW)u I becomes flat in the region of CR E = 6.

If the solar cells are limited to a temperature of 200°C, CRE is limited to

CR E = 6 for a 2/3 rear view factor, and to CR E = 4 for no rear radiation (view

factor = 0). As shown, this results in an increase in installation parameter

cost of 22 percent.
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Figure I.I-3(B) shows the effects of CRE and the type of solar array

(GaAs or multi-bandgap) on the installation cost parameter and power at the

utility interface. The effects on the installation cost parameter of CR E are

about the same for both arrays, and installation cost flattens out beyond

CR E = 6. (The array temperatures are about 200°C at CR E = 6). The effect of

using a multi-bandgap (MBG) solar array results in an installation cost para-

meter reduction of 22% compared to the GaAs array.

Figure I.I-3(C) shows the effect on satellite specific mass (kg/kW) of

the effective concentration ratio (CRE) for GaAs and MBG arrays. At the low

values of CRE, specific mass increases rapidly. Beyond CR E = 6, little change

occurs in specific mass. Because of the much smaller antenna/array diameter,

the MBG concept has a much lower specific mass than the GaAs concept.

The current level permitted for microwave beam power density in the iono-

sphere is 23 mW/cm 2. This limit is based on very little data, and steps are

being taken to determine the value that should be used for design of the SPS.

Figure I.I-3(D) shows the effect that power density in the ionosphere has on

installation cost. As shown, decreases to values below the current design

limit of 23 mW/cm 2 would seriously impact SPS economics. Conversely, increases

in this limit could lead to significant installation cost reductions (e.g., a

14 percent reduction for GaAs array concepts and 18 percent reduction for MBG

array concepts at 40 mW/cm2).

These early studies led to a concerted effort to maximize the effective

concentration ratio by allowing as much heat as practical to radiate from the

solar cells (in both directions). It also showed that benefits from the MBG

solar arrays may be large.

Because of the desire to reduce sidelobe radiation levels and improve

transmission efficiency, power tapers of i0 dB have been used for the klystron

reference design. A study was conducted to evaluate the 0 dB taper (uniform

illumination). Table i.i-i summarizes the data comparing 0 dB and i0 dB

antenna power tapers for the solid state sandwich concept. Two approaches

might be used to achieve a i0 dB taper: (i) a redistribution of power could

be obtained to obtain greater power in the center of the antenna by conducting

some of the power from the periphery of the antenna toward the center (the

antenna would be of smaller diameter than the solar array) or (2) a i0 dB power

taper could be obtained on the solar array by decreasing the solar energy (CR E)

from the center to the edge of the solar array. The first approach would lead

to extreme complexity and would destroy the primary desirable feature of the

sandwich panel concept--simple power distribution within each sandwich panel.

This approach has been rejected. The second approach can be implemented by

cutting small circular holes in the secondary reflector. The reflector

density can then be made to decrease from center to edge in the proper pattern

to obtain the i0 dB power taper.

The data are shown in Table i.i-i for the 10-dB taper, assuming the second

approach. The important comparison is the relative installation cost parameter

($/kW)uI, which is 1.0 for the i0 dB and 0.654 for a 0 dB taper. The 0 dB

taper is the obvious choice despite higher sidelobe levels.
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Table i.i-i. Comparison of 0 dB and i0 dB Antenna Power Taper

Type of solar array

Maximum effective concentration ratio

Amplifier efficiency

Maximum antenna power density (W/m)

Antenna diameter (km)

Total transmitted power (GW)

Power at utility interface (GW)

Rectenna boresight diameter (km)

Total satellite mass (i0 kg)

Relative installation cost ($/kW)uI

0 dB i0 dB

MBG MBG

6.0 6.0

0.8 0.8

1235 1235

1.578 2.049

2.418 1.588

1.591 1.127

5.600 4.929

10.13 13.30

0.654 1.0

As a result of the trade studies, the following design requirements were

derived for the solid state sandwich concept:

• 23 mW/cm 2 maximum intensity at the center of the receiving antenna

(same as for reference concept)

• 0.i mW/cm 2 maximum microwave intensity at receiving station control

boundary (same as for reference concept)

• O-dB antenna power taper (reference concept has i0 dB power taper)

• Maximum solar array temperature of 200°C (maximum temperature derived

from analysis of GaAs solar array)

• Maximum temperature at no,.,=r_........._mn]_F_r__ base of 125°C (considered

highest allowable using improved technology and about 5 watts

amplifier output)

" Relative minimum installation costs ($/kW) at the utility interface

within above constraints

Sizing Model

A sizing model of the sandwich concept was developed to assess additional

parameters and establish sizing sensitivities. The definition of the model

terms are given in Table 1.1-2. The model of Figure 1.1-4 shows all conducted

and radiated, electrical and thermal power as well as the incident solar power

(PI). The analysis assumed that the only significant PI is the power concen-

trated and reflected onto the solar array. At times, the RF antenna could

absorb solar power at a concentration ratio of 1 and the system would have to

radiate that heat energy.
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Table 1.1-2. Definition of Model Terms

CR = SOLAR CONCENTRATION RATIO

TR = ANTENNA TEMPERATURE

TS = SOLAR CELL TEMPERATURE

NR = RF SUBSYSTEM EFFICIENCY

NS = SOLAR CELL EFFICIENCY

PI = INCIDENT SOLAR POWER

PS = SOLAR CELL ELECTRICAL POWER

PR = RF POWER OUT

P'S = CELL RADIATED HEAT

P'R = ANTENNA RADIATED HEAT

PH = HEAT THROUGH BARRIER

eS = CELL EMITTANCE
_R = ANTENNA EHITTANCE

FJ = OPTICS • DEGRADATION FACTORS
FK = CELL ABSORBTION • FILTER

o = 5.67x10 "e W/m 2 °K_
¢ - EMITTANCE OF SURFACE

T IS IN °C, P IS IN W/m 2

]/4
(1) TS [I/PI(FK-NS)-PH/• -- -'273

L ores J

114
|2) TR [PS(1-NR)+PH].... 273

L or_'X J

(31 NS "0.2095 -0.00038TS

N) PI " CR-1353-FJ

{5) PS " PI.I_S PR " PS'NR" PI.NS'NR

16) P'S "TS4 .or .eS P'R "TR4-or.eR

ELECTRICAL

THERMAL

RF

ANTENNA SOLAR CELLS

Figure 1.1-4. Sandwich Concept Sizing Analysis

Thermal and Power Relationship

The efficiency of the solar cell is based on the total solar power (PI)

into the cell; therefore, the power (PI-NS) will be conducted away from the

cell as electricity. The amount of power into the cell is based on the cells

ability to absorb the solar power. This absorbtion could be modified by a

filter (FK). The filter FK must not effect the solar power over the spectrum

that the cell converts solar power to electricity. Any filtering over this

spectrum would be taken care of by the parameter FJ. The analysis includes

the amount of heat that would be leaked through the thermal barrier (PH) to
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maintain the temperatures required. The thermal conductivity of the material

required for a thermal barrier can be calculated using the value of PH.

The amount of power into the RF antenna is PS+PH. The power out of the

antenna is the radiated RF power (PR) which is PS NR. The difference between

the power in and the power out must be radiated as heat (P'R) determining the

temperature of the antenna.

Because of the interrelationship between equations (2) and (3), identified

in Figure 1.1-4, the value of TS must be iterated if TS is an unknown.

The reference system in Table 1.1-3 is a design for comparison purposes

in order to see the effects on the system due to parameter changes. This con-

cept is not an optimum design. All parameters were selected within a realistic

range of values that could be obtained. The dc to RF converter efficiency of

71.5% with a gain of i0 gives a RF system efficiency of 65% (goal of the

Rockwell SPS solid state technology task) I

Table 1.1-3. Sandwich Concept Sizing Analysis Results

A REFERENCE SYSTEH FOR COMPARISON IS DEFINED AS FOLLOWS:

FK = 0.6607 eS - 0.82 TS =200% N - 0.715
FJ - 0.76 cR - 0.75 TR = 125°C G = 10

NS(TS) - 0.2095 - 0.00038"TS WHERE NS = 20t @ 25°C

RESULTS OF PARAMETERVARIATIONS

PARAMETER CHANGED

REFERENCE SYSTEM
TS = 300%
TR - 135°C
FK " 0.5945
NR = 0.8!
NS = 34.6_ @ 25°C

CR = 5.8 PH - 0

CR - 4.3 PH - 0

TR CR NSTS PS PH PR

200 125 5.8 0.134 796 788 518
300 125 9.9 0.096 972 727 632
200 135 5.9 0.134 810 895 526
200 125 6.5 0.134 892 745 580
200 125 6.0 0.134 824 911 667
200 125 6.9 0.280 1983 373 1289

241 3 5.8 0.It8 704 0 458

200 -9 4.3 0.134 590 0 384

*PARTIALS WMEREA(PARAHETER) IS +!0% OR It, WHICHEVER IS APPLICABLE.

A(PR)
_(PARAHETER)*

+11.3
+8.9
- 8.9
+7.3

+38.8-*64.1

This reference system was analyzed and results are shown in Table 1.1-3.

The rest of the analysis left all parameters the same as the reference concept

except with a change in the parameter shown. The partials show the change in

output power with a 10°C change in TS or TR or a ±1% change in any other para-

meter. Where NS was allowed to change from 20% to 21% the change in output

power was 38.8 W/m 2 . When NS changed from 34.6% to 35.6% the change in output

power was 64.1W/m 2 .

iStudy Plan for a Satellite Power Systems (SPS) Concept Definition Study

(Exhibit D--Task 6), Rockwell International, SSD 79-0131, June 27, 1979
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The last two analysis shown in Table 1.1-3, where PH=0, was performed to

demonstrate the need for allowing PH>0. The first analysis used the same CR

as the reference case. It shows that with PH=0 the cell temperature is too

high and the antenna temperature is too low with a resulting reduction in out-

put power. The next analysis held the temperature at 200°C at the cell and

adjusted the concentration ratio accordingly. The results were even lower

output power.

The most significant parameter was determined to be antenna power density.

It is possible to increase power density for this concept by using higher efficiency

solar cells (multi-bandgap cells), raising the allowable surface temperatures

(solar cell and RF elements and/or use of optical filters) and improved dc-RF

converter efficiency. Figure 1.1-5 illustrates the impact on the sandwich

concept antenna power density from increased solar cell efficiency at an RF

system efficiency of 76%. The thermal barrier between solar cells and RF

elements must be controlled to permit balanced surface temperatures; otherwise,

the allowable solar cell temperature (200°C) would be reached before reaching

the RF element allowable surface temperature (125°C) resulting in a significant

penalty in RF power density. The power distribution is an integral part of the

concept and wiring mass is not a major consideration.

N 2_ T4o (eF +e B)

CReff - S(- - rt)
eF- 0.82
¢B" 0.45

a- o.61
,  _zooc

PR - C_eff_tsiNs-i)NR
NS' - NS (0. 89)(0.96)

& N.__S.0. 0287_1°C
&T

NR - 0.76

PK e CENTER• 23 _lcm 2 2
RECTENNAEDGE • 0. t mw/cm

Figure 1.1-5. Sandwich Concept Power Density

(Influence of Solar Cell Efficiency)

Sandwich Desig n Consepts

Several options were considered for the design of the sandwich panel. The

major options are listed in Table 1.1-4, and the selected concept and the

rationale for selection are also shown. Three types of antennas were consid-

ered, including a resonant cavity (Figure i.i-_, a patch resonator (Figure

1.1-7), and a dipole antenna (Figure 1.1-8). The structural and thermal

characteristics of these three antennas are compared in Table 1.1-5. The

data shows that the dipole antenna is superior in both structural and thermal

characteristics. The dipole concept was selected.
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Table 1.1-4. Sandwich Concept Options

OPTI ON AND SELECTI ON RATI ONALE

ANTENNATYPE

• RESONANTCAVITY
• PATCH RESONATOR
• DIPOLE/

AMPLIFIER LOCATION

• DIPOLE MOUNTEDv'
• GROUND-PLANEHOUNTED

RF FEED SYSTEM TYPE

• STRIPLINE CORPORATEFEED,/
• COAXIAL CORPORATEFEED

DIPOLE SUPPORT STRUCTURE

• TRUSS GRID/
• BEAH GRID

SOLAR ARRAY SUPPORT STRUCTURE

• HONEYCOMBSANDWICH/
• FOAM SANDWICH

LOWESTHASS, HIGHEST POWERDENSITY

GREATESTPOWERDENSITY

LOWESTMASS A,MDCONSTRUCTION EASE

LOWESTHASS

GREATESTPOWERDENSITY

/ - SELECTED CONCEPT

THICKNESS,-,1.1 cm, WEIGHT---,3.73kg/m2

SOLARCELLBLANKET
(NOTSHOWN)MUST BE
PLACEDOVERTOP OF
AMPLIFIERS& FEEDLINES

THIN ALUMINUM
FACESHEET
(CAVITYWALL)

ETCHED
CIRCUIT
BOARD

SLOT
(FAR SIDE)

"- CAVITY WALL

FEEDLINE

Figure 1.1-6• Resonant Cavity Radiator Sandwich Antenna

For the dipole antenna concept, the next variation to be considered was in

the location of the solid state power amplifier; dipole-mounted or ground plane
mounted. A thermal trade study showed that the ground-plane mounted amplifier

resulted in blockage of heat transfer from the solar array through the antenna

side, which lowers power density• Since the dipole-mounted concept was thermally

more acceptable, it was selected (the dipole-mounted concept allowed effective

concentration ratios up to 7.3 compared to 4.6 for the ground-plane mounted

concept).
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THICKNESS,'-.,O.6 cm, WEIGHT.'-,2.79 kglm2

KAPTONPC M TAc,RngNn P/ANt _- E LLIZED /-- AMPLIFIER

Figure 1.1-7. Microstrip Patch Resonator Sandwich Antenna

THICKNESS'--, 3.8 CM, WEIGHT'_ ].44 KG/M 2

USE ,OSx ,O5: IN
/"BAR (.SILICA FIBERS)
/FOR ALL HEMBERS

METALLIZED

KAPTON PC

SOLAR
CELL

L MICROSTRIP RF &

ETCHED DC LINES ]0 CM 10 CM
/

NOTE: BAR JOINING TO BE
ULTRASONIC BY MACHINE THAT
AUTOMATICALLY FABRICATES
TRUSSES

Figure 1.1-8. Dipole Sandwich Antenna

Two approaches to the feed system for the RF drive signal were evaluated:

one using a stripline corporate feed system and the other using a coaxial cable

corporate feed system. The stripline concept was preferred because of low mass

1-12
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Table 1.1-5. Comparison of Antenna Concepts

CONFI GURATI ON

DIPOLE

STRUCTURAL
CHARACTERISTICS

MIN. WEIGHT (1.4 kg/m2)
MAX. THICKNESS (3.8 cm)

THERMAL
CHARACTERISTICS

125°C BASE TEMP.
730 W/m 2 RADIATED (+)
(6 cm BeO DISC. DIA.)

MED. WEIGHT (2.8 kg/m2) 140°C Base Temp.MICROSTRIP
MIN. THICKNESS (0.6 cm) <730 W/m 2 RADIATED (+)

MAX. WEIGHT (3.7 kg/m2) 178% BASE TEMP.RCR
MED. THICKNESS (1.1 cm) <730 W/m 2 RADIATED

and potential for mass production. Initially, it was believed that cross-overs

of the feed system would occur, making a stripline system infeasible. However,

a method of feeding the signal was identified that did not lead to cross-overs.

Both truss and beam grid structures were considered for the dipole antenna

support structure. The truss structure was the lowest in mass and also appeared

to lend itself to mass production. The solar array support structure also had

two approaches initially, a low-mass foam sandwich and an open-core honeycomb

sandwich. The foam sandwich blocked heat from passing through the antenna side

of the sandwich from the solar array, thus decreasing the allowable solar con-

centration on the array and therefore the power density. For this reason, the

open-core honeycomb was selected.

The detailed design characteristics of the sandwich will be discussed in

the section on solid state concept point design definition (Section 2.3.2).

1.1.2 END MOUNTED ANTENNA SOLID STATE CONCEPT

The Rockwell end-mounted antenna concept utilizes solid state elements for

conversion from dc to RF. Based on tradeoff study results the point design was

accomplished for a series-parallel arrangement of power amplifiers with a 640 V dc

input requirement. High voltage is generated on the solar array (40 kV) and

transferred across the rotary point with subsequent dc-dc conversion on the

antenna. The concept initially studied by Rockwell assumed that 50-kW solid

state power modules would replace 50-kW klystrons in an antenna configuration

basically the same as that used for the klystrons. Considerations of power

density limits based on thermal constraints suggested a distributed solid state

approach. The low voltage required by the solid state modules results in a

significant power conditioning penalty. To minimize this penalty it is

necessary to project significant improvements in dc-dc converter efficiency

and specific mass. One approach to achieve these improvements is to take

advantage of scaling relationships and design around use of large converter

ratings, e.g., transformer mass varies to the 0.75 power of the rating if all

parameters such as current density, flux density, etc., are kept constant I.

The following paragraphs describe the major considerations that were studied

leading to the resultant details of a point design for this concept.

iWestinghouse Electric Corporation, Report LY20686, prepared for

Rockwell International, Satellite Power Systems Study, December 1977
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Power Density and Beam Distribution

As with the sandwich concept, antenna power density is an important sizing

parameter. Since heat rejection for this configuration is accomplished from

both sides of the antenna higher power density is achieved. Figure 1.1-9 shows

a plot of power density as a function of phase control/amplifier efficiency.

The design point (DR 1 = .792) includes an allowance for circuit losses asso-

ciated with gain and device efficiency and results in an allowable power

density of 6638 W/m 2. (Note: The klystron reference design is 21,000 W/m2.)

]4O0O

I

8OOO

_ ¸4000

z
q¢

B

D

POINT~ 6638wire2

-!

I I I I I I II I I

0.5 0.6 0.7 ['0.8 0.9
O.792

PHASECONTROLANDSOLID STATE

AMPLIFIEREFFICIENCY~'ql_

Figure i.i-9. Effect of Amplifier Efficiency

on Antenna Power Density

POWER@BEAMCENTER- 23 mwlcm2 (PK)
TR- 125(;
a-o.2
e -0.8

A I0 dB Gaussian antenna illumination was selected for this concept as the

best RF beam distribution. Trade data comparisons are given in Table 1.1-6.

The Gaussian beam resulted in higher overall efficiency but less power at the

utility interface (i.e., within the 23 mW/cm 2 ionospheric limit). The major

reason for selecting 10-dB Gaussian is the fact that this results in reduced

side lobes at the rectenna.

Power densities (at the center of the beam) are plotted in Figure 1.1-10

as a function of antenna diameter for a uniform 0-dB beam and a Gaussian lO-dB

beam. The antenna power density is treated as a parameter. At an antenna

peak power density of 6638 W/m 2 the 10-dB Gaussian results in a larger antenna

diameter, 1.35 km versus 1.03 km for the O-dB uniform beam. The plot indicates

a significantly larger antenna diameter penalty for the I0 dB Gaussian beam as

its power density is reduced, i.e., below i000 W/m 2 as in the sandwich concept.

Major Support Tradeoffs

A computer program was used to conduct a parametric analysis of the solid

state end-mounted antenna concept. This program allowed for variations in

amplifier efficiency, effective radiation temperature for heat rejection from

the power amplifiers, and the use of 0-dB and 10-dB antenna power tapers on the

antenna.
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Table 1.1-6. Antenna Illumination Comparison

i0 dB Gaussian antenna illumination best

• Overall efficiency

• Power per satellite

• Power distribution weigh t

• Antenna area

• Rectenna radii

• Relative cost ($/kWuTIL)

• Sidelobe power density

• Total satellite mass

Gaussian Uniform

6.24%

2.61 GW(UTIL)
i. 72 kg/kWUTIL
i. 422×106 m2

6.8 km (0.i MW/cm 2)

3.8 km (i.0 MW/cm )

1.0

Reduced levels

7.7 kg/kWuTIL

5.79%

3.69 GW(UTIL)

2.16 kg/kWuTIL
0.844xi0 _ m2

8.8 km (0.i MW3/cm 2

4.3 km (i.0 MW3/cm 2

0.98

8.0 kg/kWuTIL

E
U

E

*K
W

U-

O

z
W
o

z
W

I,i

O
a.

5500wlm 2

30- _38w/m2 / lO00wlm2

yl/ ,
// /

'°t ! ' / /
0.5 1.0_ ,_1.5 2.0 2.5

i.03 1.35

ANTENNADIAMETER --_KM

KEY

.... UNIFORM 0 dB
,, GAUSSIAN lOdB

Figure i.i-i0. Rectenna Center Power Density

versus Transmitting Antenna Diameter

The program sizes the antenna area, based on thermal requirements to

reject waste heat from the solid state power amplifiers. The constraint of

23 mW/cm 2 at the center of the beam and at the earth's surface is imposed as

an additional requirement. This allows a determination of antenna power out-

put, antenna power input and rectenna diameter. Dual dc/dc converters are

assumed to determine the mass of the power distribution and control system.

Solar array mass is ratioed from the "reference" concept data, based on area.

The program calculates total mass and cost and installation cost per kW at

the utility interface (installation cost).
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Several parametric variations were studied to determine the best approach.

Antenna radiation temperature effects on relative installation costs ($/kw util-

ity) are shown in Figure i.i-ii. The cost drops slowly beyond 50°C and there

appears to be little cost incentive to go to temperatures higher than the cur-

rently design point of 125°C

RELATIVE

INSTALLATION

COST

1.0

0.8

0.6-

0.4-

0.2-

_1.26_,.=I0 dR TAPER (GaAs)

..... 2.25) (3.00) 13
(2.20) (3.]7) - , .81)

0 de TAPER (GaAs) (4.23) (5.38)

( ) POWERAT UTILITY
INTERFACE (GW)

BASELINE VALUE

0 l I
0 100 200

ANTENNARADIATION TEMPERATURE(°C)

Figure 1.1-11. Reference Solid State Concept Effect of

Antenna Radiation Temperature on Installation Cost

Effects of amplifier efficiency, antenna power taper (0 dB and I0 dB), and

solar array concept on the relative installation cost are shown in Figure 1.1-12.

The baseline GaAs solar cells at a nominal 20% efficiency are compared to multi-

bandgap (MBG) solar cells at a nominal 30% efficiency. The results shown in

Figure 1.1-12 indicate that, for the end-mounted solid-state concept, amplifier

efficiency has a very important impact on cost. Based on current technology

results, an amplifier efficiency of about 80% appears achievable. Antenna

power taper ratio does not have a significant impact on relative cost (refer

back to Table 1.1-6). The impact of a multi-bandgap solar array on cost is

about 7%.

The current level of microwave beam power density in the ionosphere is

23 mW/cm 2. Figure 1.1-13 shows the effect that power density in the ionosphere

has on installation cost ($/kW)uI. Increases in this limit could lead to
significant installation cost reductions (e.g., 13% reduction at 40 mW/cmZ).

Power Distribution Efficiency Options

A number of power distribution options for this concept were evaluated

including elimination of dc converters by allowing greater power distribution

losses and relatively high solid state amplifier input voltages. A parametric

study was done to assess the impact from a range of power distribution

efficiencies (50% to 83%), antenna module voltage levels (i00 V to 45,000 V),

dc converter efficiencies (50% to 95%), and dc specific masses (0.27 kg/kW

to 1.8 kg/kW).
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RELATIVE

INSTALLATION

COST

0.4,

0.2-

0

0.6

1.67)

dR TAPER (GaAs)

2.06)

(2.00)
0 dB TAPER (GaAs)

( ) POWER AT UTILITY

INTERFACE (GW)

(2.61)

MBO (2.61)

0 dB MBG (3.69)

BASELINE VALUE

w !
0.7 0.8 0.9

(3.62)

(5.]1)

AHPLIFIER EFFICIENCY (_AMP)

Figure 1.1-12. Reference Solid State Concept Effect of

Amplifier Efficiency on Installation Cost

RELATIVE

INSTALLATION

COST

1.0"

0.8

0.6

0.4-

0

_._ (2.11)

_ 10 dE TAPER (GaAs)

(2.98) _4)
(3.44) _......_ .(2.99)

(3.85)
0 dR (GaAs)TAPER

) POWER AT UTILITY
INTERFACE (cw) |

I BASELINE VALUE

I I I I i

I0 20 30 40 50

POWER DENSITY (mW/cm 2)

Figure 1.1-13. Reference Solid State Concept Effect of

Ionospheric Power Density on Installation Cost

The baseline klystron concept utilizing high voltage transmission and dc

converters at the klystrons results in a power distribution (PD) efficiency of

83.1%. A direct analogy to this concept but substituting solid state power

amplifiers for the klystrons results in a PD efficiency of 79% as illustrated

in Figure 1.1-14.
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POWERBUSES
FEEDERS

SLIP RINGS

O.92]
O.qlT"

SWITCH
GEAR

o.(_,6

OPTIONS

DC-RF P.D. EFFICIENCY COMMENT

KLYSTRON

SOLIDSTATE*

SOLIDSTATE

0.831

0.19

O.1-0.5

BASELINE

WITH DC
CONVERTERS

WITHOUTDC
CONVERltRS

40 KVDC 500V DC

I I

0.92*

(5500V DC)

MICROWAVE]

CONVERTERS
ANDATMOSP
LOSS
O._6554](O.70l)

I 0788

GROUND 1STATION

0.936'

*These values apply only to the

solid-state configurations

indicated in chart.

Figure 1.1-14. Power Distribution Efficiency Options

Concepts which eliminate the dc converter by use of low loss series

paralleling of amplifiers were evaluated at a nominal 5500 V dc and over a

range of 5000 V to 8000 V. For these concepts a power distribution efficiency

ranging from 50% to 70% was assumed.

The SPS efficiency and specific weight goals are shown in Table 1.1-7 and

compared to an initial technology assessment. It may not be possible to achieve

both high efficiency and low specific weight. Weight sensitivities were derived

for efficiency changes from the baseline 92% down to 50%, and for specific weight

changes from the baseline 0.25 kg/kW up to 1.8 kg/kW as shown in Table 1.1-8.

Solar array and power distribution wiring mass are affected most by a change in

PD efficiency. In Table 1.1-8 the reference satellite mass penalty has been

determined, in brackets, for _ = 0.92, 0.65, and 0.5 with a fixed converter

specific mass; however, on]y converter mass is shown for the three converter

specific mass variations (i.e., 0.27, 1.4, and 1.8). The issue of dc converters

is one requiring considerable added effort.

Table ].i-7. DC Converter Technology Assessment

(Reference Solid State Concept)

SPS INITIAL TECHNOLOGY
PARAMETER GOAL ASSESSMENT*

92%

kg
SP MASS k'W 0.27

92- 95% 50%- 65%

1.4-1.8 0.27

*WESTINGHOUSETELECOM8-28-79
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Table 1.1-8. Initial Trade Results

(Converter Specific Mass, Efficiency, and Mass

CONVERTER
SP MASS

kglKW

0. 27 0.92
0. 27 0.65
0.27 0.5

0. 27 0.92
1.4 0.92
1.8 0.92

MASSPENALTY

AkglkWuTIL

(3.19)
1.9
4.41

(0. 54)
2.81
3.62

Penalty)

( ) - REFERENCEMASS

Table i.i-9 summarizes power distribution subsystem mass comparisons. The

reference klystron end mounted antenna with a Gaussian power beam distribution

junction is compared to solid state end mounted antenna with either a uniform

power beam distribution or a Gaussian. Power distribution weights for the

solid-state concepts range from 1.72 kg/kWuT to 2.72 kg/kWuT compared to the

Table 1.1-9. Power Distribution Comparison Reference

Klystron and End-Mounted Solid-State Concept, 106 kg

ITEM KLYSTRON SOLID STATE

SOLAR ARRAY POWER (GW)

POWER DELIVERED AT UTIL (GW)
POWER AMPLIFIER VOLTAGE (V)

SOLAR CELL EFFICIENCY (%)
DISTRIBUTION

WEIGHTS 106 KG

MAIN FEEDERS

SECONDARY FEEDERS

SUMMING BUS
TIE BAR

h"4SUI.A T|O ,"4

SWITCH GEAR

REG AND CONVERTERS

ROTARY JOINT

AC THRUSTER CABL'G
BATTERY

SUPPORT STRUCTURE

9.94

5.07
5 VOLTAGES

18.16

GAUSSIAN

2.02

0.048

1.234

0.144
0.05!

0.186

0.009

0.043

0.0053
0.006

0.374

8.727

3.685
2OO

18.16

UNIFORM (0 d8) -

1.912

0.045

1.167

0.136
0.02-';

0.163

O.OO9

0.043

0.OO53
0.006

0.351

100

18.16
D

Ip 3.862

5.735

2.61

2O0

18.16

GA USSIA N -

i
;

_ 1.468

i
0.107

0.009

0.043

0.OO53

0.006

0.164

SUB NON-ROTATING 4.120 3.862 3.862 1.802

0.567

0.621

0.125

0.343
0.017

1.48

0.086
0.324

RISERS

SUMMING BUS/ANT. FEEDERS
ANTENNA MODULE CABLES
SWITCH GEAR

ROTARY JOINT

DC CONVERTERS

INSULATION
SUPPORT STRUCTURE

SUB ROTATI NG

0.536

0.176
0.631

0.329

0.017
1.952(!)

0.081

0.372

4.094

7.956

2.159

TOTAL PDS

K_/KWut

3.563

0.536

0.176
2.524

0.329

0.017
1.952(I)

0.081

0.562

6.177

10.039
2.724

7.683

1.515

0.240

0.191

0.414

0.216
0.017
1.313(I)

0.053
0.244

2.688

4.490

1.720

(I)38% INCREASE IN IX: CONVERTER SPECIFIC WEIGHT DERIVED FOR TWO STAGE DEVICE

ioo

18.16

! .468

0.107
0.009

0.043

0.OO53

0.006

0.164

1.802

0.240

0.191

1.656

0.216
0.017

1.313(11
0.053
0.369

4.055

5.857

2.244
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reference at 1.52 kg/kWuT. Antenna module cable weight is shown to be signif-

icant at the low voltage of i00 to 200 V. Analysis showed this weight to be-

come negligible when using an antenna module voltage of about 500 V dc.

A trade analysis was done to compare weight and cost for configurations

without dc converters. Solid state antenna module voltages of 5000, 8000 and

Ii,000 volts were compared for power distribution efficiencies of 50% and 70%.

The reference klystron power distribution efficiency is 83.1% and a comparable

solid state power distribution efficiency using dc converters is 79%. Solar

array reflector, and power distribution specific mass comparisons are given in

Table i.i-i0. Power distribution efficiency is a parameter and dc converter

specific masses are shown to establish voltage cross-overs, i.e., the trans-

mission voltage level required (without dc converters) to compete on a weight

basis with the solid state approach using 45 kV transmission and dc converters.

The data indicates a heavy mass penalty for voltages below i0,000 volts and

cross-over voltages at very high levels (Table i.i-ii), assuming lightweight

converters.

Table I.i-i0.

II_I"IFIOITIOI

KLYSTRON

SOLIDSTATE"

SOLIDSTATE

Solid-State Module Voltage Trade Data

(Antenna End-Mounted Configuration)

DISTR.
VOLTAGE

(KV)

q5
q5

q5
115
el5

11
8
5

11
8
5

S°, WEIGHT.KG/KWuTIL

SOLARARRAY_
REFLECTOR

1.51
1.51

1.80
1.80
1.80

2.41
2,ql
2.ql

3.02
3.02
3.02

SOLIDSTATE

"50 V nc ANTENNARODULEHIRINGWEIGHTNE6LI61BLE.

POkeR
DISTR. SUBTOTAL

1,51 3.12
2.01 3.52

1.5q 3.35
2.01 3.81
3.03 q.8q

1.59 q,01
2.79 5.2O
5.55 8.95

1.15 q.17
1.57 q.59
q.ql 7.q2

PO_R
DISTR.

ETFICIENCY

0.831
0.831

0.79
0.79
0.79

0.7
0.7
O.l

0.5
0.5
0.5

D(:CONY.
SP, HT,
(BlxW)

0.195
0.5

0.27
0.5
1.0

RIA
NIA
N/A

IliA
RIA
N/A
I

Table 1.1-11. Antenna Module Voltage Cross-Over

(Without dc Converters)

DC CONVERTER
SPECIFIC MASS

kg/kW

2.0

1.0

0.5

0.27

CROSS-OVER VOLTAGE ~V dc

(WITHOUT dc CONVERTERS)

n = 0.5 q = 0.7

5,200

7,800

13,500

30,000

6,000

8,400

13,000

21,000

n - POWERDISTRIBUTION EFFICIENCY
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Cost data are summarized in Table 1.1-12 for a comparative analysis of

5000 V and 40,000 V and power distribution efficiencies of 50%, 70%, and 79%

(with and without dc converters). The cost comparison shows that lower cost

results from utilizing dc converters with high transmission voltages. The

baseline dc converter mass of 0.27 kg/kW at high transmission (40 kV) results

in the lowest cost ($/kWuT); however, at adc converte_ specific weight of

0.5 kg/kW, the total cost approaches the 5000-V case which assumes a 70% power

distribution efficiency. At 8000 V dc transmission, the total cost is reduced

from that shown for 5000 V dc ($1273.1/kWuT reduces to $908.8 kWUT). Cost

factors used in the comparison are identified in the table.

Table 1.1-12. Cost Penalty Assessment

TRANSMIt;ION
VOLTAGE

40 kV*

5000 V**

5O0O V

POWER
DISTRU

EFFICIENCY

0.79

0.7

SOLAR

ARRAY

ANA

M2/KWuTIL

6.11

8.18

S.A. 4.
PC)

p MASS S._.I
KG/IW_uTIL REFL WIRING

3.35 440 19

8.96 589 65

7.42 736 370.5 i0.23

*BASELINE DC CONVERTER SP MASS = 0.27 kg/kW

USING 0.5 kg/kW RESULTS IN A TOTAL COST =

$1033/kWuT

**8000 VDC RESULTS IN A TOTAL COST = $908/kWuTIL

COST $/KWuTIL

S,G./

CON-
VERTERS TRANSF TOTAL

206 124 791"

177 336 1168"*

222 278 1273

I COST FACTORS (1977 DOLLARS) I

5G/CONVERTERS ,, $252/KG I
CONDUCTORS ,, 3,931KG |

SOLAR BLANKETS " $67/M2 |

REFLECTORS " $2"5_2 I

TRANSPORTATION - $37.5 TO GEO |

DC Converter Technology Assessment

Major conclusions of a study conducted by Westinghouse Electric Corpora-

tion under contract to Rockwell International to update dc converter technology

assessments are listed in Table 1.1-13. (Details of the study are given in

Section 3.2.) Westinghouse concluded that the 1990 goals for normalized weight

per kVA of output and efficiency can be met if semiconductor device technology

improves in what is considered to be a reasonable manner. Improvements in

magnetic material properties as well as in capacitor materials will further

ensure that the goals can be met.

Table i.i_13.

KLYSTNON
BASELINE

SOLID STATE

DC Converter Technology (Update)*

INPUT OUTPUT

VOLTA6ES VOLTAGES

8KV, 16KV,

q0 KV 2q KV, 32 KV,

q0xv

20 KV 200 V

S_ TECHNOLOGY(15 RVA)

m/KW

0,70 "9°3%

0.q7 >°Jl%

1990 TECHNOLOGY

EXTRAPOLATION (IS RVA)

KBIKW 11.

0.11 >99%

0.3q >%%

• SPECIFIC WEIGHT6_L OF 0.197 KG/_ FOR1990 TECHNOLOGYAPPEARSTO BE REASONABLE.

• 1990. EFFECIENCY6_L OF %I APPEARSTO BE REASON_LE.

• I_RINEREIITS IN TP,MSIST_ _ MOSI:ETDEVICETECHNOLOGY,CHRREHT,MD SWITCHINOTIRE

WILL BE NEEDEDTO REEl" 1990 60ALS.

• IffiROVBqENTSIN RAGWEI'IC_TERIAL PROPERTIESArID _PACITOR RATERIALSWILL I_ROVE

SYSTB _RFOIgqANCE, BUT ARENOT A PRECONDITIONTO MEETIRG1990 60ALS.

"BqERSON, RAY, NESTINGHOUSEELECTRICCORPO_TION, ADVANCEDENERGYSYSTERSDIVISION,
PITI'SBURGH, PA. JANUARY31, 1980
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1.1.3 OTHER SOLID-STATE CONCEPTS

A number of alternative satellite concepts were generated during the first

phase of the study. A brief summary of the design features of each of these

follows, and perspective drawings are presented. The orientation of these draw-

ings is earth-midnight with the uppermost (primary) reflector pointed at the

sun. The concepts referred to as "decoupled" are those where the solar cell

blankets are separated from the microwave transmitter (as in the NASA/DOE ref-

erence satellite concept). When termed "integrated," the concepts employ the

sandwich panel configuration referred to earlier.

Decoupled Concepts

Decoupled Concept 1 uses a large flat reflector that is pivot-mounted to

the outside ring of a mechanical rotary joint, shown in Figure 1.1-15. This mirror

rotates around the rest of the satellite once a day and, by tilting the mirror

through a !ii.75 ° cycle once a year, the annual variation in solar inclination

Solar Cell Field

Secondary Reflectors

on Solar Array

Flat Primary " "

Reflector

Lni ca 1

Mech6 Cell

Rotary Joint

MW Solid-State Panel Antenna

I Back-to-Back with Solar
, Field

Figure 1.1-15. Decoupled Concept No. 1

(Perspective)

is accommodated without suffering insolation "cosine" losses. The solar field

is comprised of a grid of small truncated pentahedral reflectors which are

designed to yield a geometric concentration ratio (CR G) of 4. Using an end-

of-life reflectivity of 0.83 for the reflectors, the actual effective concen-

tration ratio (CRE) is calculated to be 2.8. The microwave (MW) antenna is

mounted beneath the solar field as deDicted. The maior attributes of this

concept are three-fold: (i) power transfer across a rotary joint is not

required; (2) since the MW antenna is effectively located at the center of the

solar cell array, the power distribution and control (PD&C) wiring mass is

greatly reduced over concepts like the "reference" configuration; and (3) a

significant reduction in solar cells is achieved by employing a higher CR E.
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Replacement of a large flat concentrator with a number of faceted, flat

reflectors as depicted in the perspective (Figure 1.1-16) of Decoupled Concept

No. 2, offers some obvious physical advantages; e.g., smaller-diameter mechan-

ical rotary joint, a decrease in the required solar array area resulting from

a higher CRE, and further savings in PD&C wiring masses. However, these gains

are achieved at the expense of operational and/or technological requirements. To

maintain the full level of solar insulation requires tilting the entire satel-

lite through a ±23.5 ° cycle. Whenever the satellite is in an orientation other

than earth equatorial, then the boresight axis of the MW antenna will experi-

ence a daily cycle that must be overcome either by mechanical action or elec-

tronic steering (or a combination of both). Based on the comparative cost

model, and with the assumption that these issues can be resolved, there is

approximately an 8% decrease in capital investment ($/kW) over the Rockwell

"reference" concept.

CR E = 7.2

lO-MirrorPrimary

Reflector x

Solar Cell Field _ _

Actuator
_chanical

MWSolid-State Rotary

Panel Antennas Joint

Figure 1.1-16. Decoupled Concept No. 2

(Perspective)

At this early stage of investigation into solid-state concepts, the deci-

sion was made to select the end-mounted decoupled configuration, basically

because a great amount of subsystems data had already been developed for that

concept, and the alternative configurations introduced new operational and/or

technological challenges without offering the potential of adequate percentage

cost advantages.

Integrated Concepts

In all of the alternative integrated (i.e., sandwich panel) concepts pre-

sented, it should be noted that increases in MW power densities will result in

smaller antenna diameters. Increases may be achieved through either designing

for higher concentration ratios, and/or increasing concentrator reflectivities,

and/or incorporating solar cells of higher efficiencies (e.g., multi-bandgap

cells). As the transmitting antenna is reduced in area, there is a correspond-

ing increase in the size and cost of the ground-based rectenna. It has been

found that the practical upper limit of these satellite "efficiency" increases
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is set by thermal considerations of the sandwich panel; however, up that limit,

there are highly significant reductions achieved in $/kW capital costs since

the increased power levels of the sytem more than offset the overall system

cost increases.

Integrated Concept No. 1 (Figure 1.1-17) is identical to that described

as the sandwich panel concept in Exhibit C, except for being configured for a

CR E of 6.0. This double-reflector concept was used as a basis for conducting

the economic sensitivity analyses presented elsewhere in this report. Opera-

tionally, only the large flat "primary" reflector is moved (i.e., rotated and

tilted) to accommodate the relative change of sun angle, as described for

Decoupled Concept No. i. Each reflecting "facet" in the "secondary" is an

elipse whose minor axis is _ MW antenna diameter and whose major axis is sized

for their relative position angles.

CR E = 6
Flat

Primary

Reflect

Actuator

Mechanical

Rotary Joint

10-Mirror

Secondary

Reflector

System

Solid-State Panel

MWAntenna

Figure 1.1-17. Integrated Concept No. 1

(Perspective)

Figure 1.1-18 illustrates Integrated Concept No. 2. A variation of this

concept was selected for detailed definition and costing. Each of the alterna-

tive single-antenna integrated concepts was found to present significant atti-

tude control/stationkeeping problems resulting in comparatively severe mass

penalties for propellant requirements. Ultimately, the most cost-effective

design approach was determined to be one which incorporates the dual-antenna

concept previously described in this volume. Of all the alternative integrated

concepts analyzed, Concepts No. 1 and No. 2 posed the fewest technological prob-

lems. This was deemed a significant criterion for developing the first detailed

definition of a completely new satellite concept. The dominant reason for

selecting Concept No. 2 over No. 1 was that the faceted primary approach appeared

to require less structure and reflector area for the same CR E.

In the attempt to minimize satellite mass per unit of transmitted power,

one of the most direct approaches is to eliminate the need for a double
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CR E = 6

lO-Mirror

Primary

System

Mechanical __

Rotary

Joint

t Secondary
Solid-State Panel

MWAntenna

Figure 1.1-18. Integrated Concept No. 2

(Perspective)

reflection of the intercepted sunlight. Integrated Concept No. 3 (shown in

Figure 1.1-19) illustrates a configuration based on this approach; however,

the performance increase is partially offset by sizing the primary reflector

for a cosine loss that must be accepted for the angled sandwich panel. Fur-

thermore, added burdens are placed on the phase control technology for this

concept.

CR E = 5

/ 10-Mirror

Primary

Reflector

__ Mechanical

__/ Rotary

_Solid-S::::tpanel

MW Antenna Electronic Scan

Figure 1.1-19. Integrated Concept No. 3

(Perspective)

The concept of employing an RF reflector on the satellite was first intro-

duced by Rockwell for a klystron amplifier system using the reference configur-

ation in Exhibit B of the current SPS series studies. The "show stopper"
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encountered was in maintaining phase control along waveguides leading to a

horn-type transmitter at one end of the satellite. Since the sandwich panel

transmits power directly from its face, it is not confronted with the same

technological problem. Integrated Concept No. 4 takes advantage of the RF

reflector approach, as shown in Figure 1.1-20. The single-faceted primary

yields a higher CR E with a smaller mechanical rotary joint than any of the other

alternatives; however, control of the signal being reflected off a flat "screen"

adds yet another dimension to the phase control technology which has yet to

be entirely resolved. This concept should represent the lowest in mass per

unit power of all the alternatives investigated; but further definition must

await complete resolution of the basic SPS phase control problem.

10 MIRRO _-

SYSTEM

SOLA

_ FLATSCREENRFREFLECTOR

Figure 1.1-20. Integrated Concept No. 4

(Perspective)

Of the integrated concepts shown, all are constrained by the ionospheric

power density limit of 23 mW/cm 2 to a transmitted power level of about two

gigawatts. One of the key issue concerns for SPS is available orbiting "sta-

tions" in the post-2000 time frame; and, of course, more stations would be

required for the lower power satellites. One approach to increasing the power

level for sandwich panel concepts is depicted in Figure 1.1-21 as Integrated

Concept No. 5. Although originally conceived as a potential solution to the

orbital spacing problem, further investigation of the single antenna concepts

pointed out the advantages of this approach to overcoming the propellant mass

penalties associated with attitude control and stationkeeping. This specific

concept was developed early in the study and did serve to illustrate as an

example of the multi-antenna configuration. Its major drawback was in using

in-line secondary reflectors which limited the effective CR to a value of 3.4.

Subsequent redesign of Integrated Concept No. 2 resulted in a concept quite

similar to this configuration.

Integrated Concept No. 2 was chosen for detailed definition in the latter

half of this study. The concept selected was the one which did not present
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SECONDARY CRE " 3.4
REFLECTORS

j, ROTARY

/_ JOINT

REFLECTOR

MULTIMW
ANTENNASYSTEM

Figure 1.1-21. Integrated Concept No. 5

(Perspective)

additional technological burdens over and above those already posed by develop-

ment of solid-state systems. Assuming resolution of technology problems for

the solid-state concepts selected, future studies may be directed toward

developing other, potentially more cost-effective configurations such as

Integrated Concept No. 4.
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1.2 REFERENCE CONCEPT UPDATE

A major task in the contract Exhibit D study was to continue the upgrading

of the reference (GaAs solar cell/klystron power amplifier) satellite concept

as prior analysis were refined or as new analysis provided additional require-

ments. This section considers the configuration as it was at the end of

Exhibit C and as it appears at the present time.

The reference concept at the end of Exhibit C was presented in two ver-

sions. Both approaches required the same solar array planview but in one case

the antenna was located at one end of the solar array while in the second ver-

sion the solar array was split and the antenna was located on a strongback
frame at the middle of the satellite. The two versions are illustrated in

Figure 1.2-I. Both of these concepts were designed to provide 4.61GW at the

utility interface with the efficiency chain defined at that time (Figure 1.2-2).

J

_ -" " CENTER MOUNTED
.,,,.f ANTENNA

Figure ].2-]. Three Trough Coplanar Configurations

The reference concept consisted of 27x]06 m2of GaAs solar array consisting

of 24 strips 25 m wide by 750 m long in 60 groups or bays. The bays were

arranged in three troughs with solar concentrators mounted at a 60 ° slant

angle to the solar arrays, located on each side of the bay along the long axis

of the solar panel. The solar cells were of GaAs with an efficiency rating of

18.2% AMO at I13°C. Overall dimensions of the end mounted version solar array

were as follows:

Length ]6 km

Width 3.9 km

Depth 0.564 km

The antenna added an additional 1.9 km to the overall satellite length.
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The satellite design assumed that the primary construction site would be

located at GEO. The antenna design was based on a rigid space frame concept
(Figure 1.2-3) similar to that described in the NASA/JSC documentation. Over-

all system efficiency was estimated at 6.47%.

t

_L

•I

IOIIOM

Figure 1.2-3. Space Frame Antenna Configuration

The present configuration is similar to the configuration defined in

March 1979 with several major revisions. The most significant revision is

the increase in power available at the utility interface (power utility net-

work or grid) from 4.61GW in March 1979 to 5.07 GW at the present time. The

increase in available power was accomplished by an improvement in the system

efficiency chain (Figure 1.2-4) and by increasing the transmitted power to

7.14 GW. The increase in transmission power was made possible by: I) increas-

ing the number of klystrons on the antenna to 142,902 units (was 135,864) and

2) by increasing the solar panel area to 28.47×10 _ m2 (was 27.0×106 m2).

Table 1.2-I summarizes the power levels at the end of each study phase.

Other changes resulting from the increased power level was the increase

in required solar panel width to 650 m (26-25 m strips). This in turn required

an increase in satellite width to 4200 m (was 3900 m).

Other system modifications that have been implemented are the use of a

tension web/compression frame concept for the antenna main structure

(Figure 1.2-5) and the use of an end mounted antenna configuration, at this

time, and a modification in the PD&C subsystem.
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Table |.2-|. Satellite Power History

:ONTRACI

EX}{IB.

A/B

C

D

SOLAR

ARRAY

OUTPUT

9.76 GW

9.52 GW

9.94 GW

KLYSTRON

NO.

]35,864

135,864

142,902

POWER

54.3 kW

52 kW

5].8 kW

TRANSMITTED

7.09 GW

6.79 GW

7.14 GW

UTILITY

INTERFACE

5.0

4.6]

5.07

SYSTEM

EFFICIENCY

6.08%

6.47%

7.00%

Figure ].2-5. Microwave Antenna Structure

Selected Design Concept

The decision to utilize the tension web/compression frame structure con-

cept, first proposed during the Exhibit A/B study phase rather than to utilize

the space frame concept suggested for the NASA/reference concept was based

upon a detailed analysis performed during the Exhibit D activity that showed

significant mass savings and reduced thermal impact. The full analysis is

discussed in Volume II.

The use of an end mounted antenna configuration rather than the previously

suggested center mounted configuration is based upon the possible simplifica-

tion in design (smaller rings, although 30 ring pairs are required) and

in the improved thermal characteristics that can be realized since the waste

heat from the antenna is not radiated onto the rings. Thus despite the fact

that system mass will increase (approximately 2xlO _ kg) because of higher

average main bus length, the overall effect is system improvement.
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The third major change, in the power distribution and conversion subsystem,

is the elimination of the solar array summing buses, used with the large center-

mounted rotary joint, resulting in a significant reduction in overall solar

array wire mass despite the increase in average wire length and an increase in

current carrying capability.

A relatively minor change, a reduction in the thermal insulation on the

antenna subarray was also made to permit the waste heat to be radiated from

both surfaces (Figure 1.2-6). This permits the maximum power density to

increase to 25 kW/m 2 without exceeding thermal limitations of the antenna sub-

array materials.

WASTE

HEAT 2oo'C

t HEATPIPES MICROWAVESLOTS IN WAVEGUIDE
FACE

WASTE

HEAT

ELECTRONICS
MOUNTS &
INSULATIO N

5.7 CM

L

KLYSTRON COLLECTOR

Figllre 1.2-6.

SHIELD

Radiating Face of Power Module

The Exhibit D (July 1980) configuration is shown in Figure 1.2-7.

A continuing aspect of the present SPS study contract was the maintenance

of an up-to-date version of the reference concept mass estimate. It became

very evident that, due to changes in assigned personnel, the various approaches

to developing the mass estimates were varied although all were logical. Accord-

ingly, a more consistent approach was developed and utilized for all seven con-

cepts that were eventually defined and are described in Volume VII of the

Final Report for Exhibit D of Contract NAS8-32475.

At the same time the various mass elements were redistributed in a format

that conforms to the work breakdown structure (WBS) presently in force. This

redistribution included the regrouping of certain elements of mass into a new

group identified as the interface group which included everything mounted on

the antenna yoke section. An added result of the redistribution was the high-

lighting of the relative impact of certain system factors. This in turn forced

1-33



Space Operations and
Satellite Systems Division

Space Systems Group

_i_ RockwellInternational

Figure 1.2-7. Solar Power Satellite--Reference Configuration

Single End-Mounted Tension Web Antenna--Klystron

a review of the selected design factors. One example of this impact was the

decision to return to using a tension web-compression web form of antenna.

The subsequent subsystem analysis showed the validity of this concept (dis-

cussed in Volume II) and resulted in a mass reduction of approximately

200,000 kg.

Other factors which impacted the overall satellite system mass were the

reduction of thermal insulation on the antenna subarray and the addition of

maintenance and gantry structure that were not included in prior mass properties

listings.

Overall mass of the June 1980 reference satellite is estimated at 31.632xl_kg,

a 4.2% reduction from the estimate of 33.02xi06 kg for the Exhibit C reference

satellite. A summary of both the March 1979 and the June 1980 estimates are

tabulated in Table 1.2-2.
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Table 1.2-2. Mass Properties--Reference Concept Comparison

(xlO -6 kg)

1.1.i ENERGY CONVERSION "(SOLAR ARRAY)

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

CONCENTRATOR

SOLAR PANEL

POWER DISTRIBUTION AND CONTROL

POWER COND. EQUIPMENT AND BATT.

POWER DISTRIBUTION

THERMAL

MAINTENANCE

*I.I.3 INFORMATION MANAGEMENT AND CONTROL

DATA PROCESSING

INSTRUMENTATION

*1.1.4 ATTITUDE CONTROL

TOTAL

1.1.2 POWER TRANSMISSION (ANTENNA)

STRUCTURE

PRIMARY

SECONDARY

MECHANISM

SUBARRAY

POWER DISTRIBUTION AND CONTROL

POWER COND. EQUIPMENT AND BATT.

POWER DISTRIBUTION

THERMAL

ANTENNA CONTROL ELECTRONICS

MAINTENANCE

*I.I.3 INFORMATION MANAGEMENT AND CONTROL

DATA PROCESSING

INSTRUMENTATION

_:1.1.4 ATTITUDE CONTROL

TOTAL

I.I.6 INTERFACE

STRUCTURE

PRIMAHY

SECONDARY

MECHANISMS

POWER DISTRIBUTION AND CONTROL

POWER DISTRIBUTION

SLIP RING BRUSHES

THERMAL

MAINTENANCE

COMMUNICATION

JUNE 1989

GaAs

1.514

(0.928)

(0.586)
o.070
1.030
7.174

2.757

(o.319)

(2.438)

NONE

O. 092

0.050

(o.o21)
(0.029)

o.116

12.803

0.838

_.023)

(o.8_5)
0.002

7.050

2.453

(I.68o)
(O. 773 )
0.720

0.170

O.107

0.640

_.380)

_.260)

NEGL.

11.980

0.170

(o. _6)
(o.o34)
0.033
0.288

(o.271)
(O.Ol7)
NONE)

0.032
TBD

MAR 1979

GaAs

I.o60

(0.702)

(0.358)
0.200

1.037
6.818

2.603

(O.193)

(2.410)

NONE

0.050

(0.0211
(0.029)

0.t16

11.884

0.786

(o.12o)
(0.666)

b.191

6.87o

4.505

(1.9oi)
(2.604)

1.408

0.142
m

O. 630

(0.380)
(0.250)

NEGL.

14.532

t
INCLUDED

IN I.I.2

ABOVE

TBD

TOTAL 0.523 --

SPS TOTAL (DRY) 25.306 26.416

GROWTH (25_) 6.326 6.604

TOTAL SPS (DRY) WITH GROWTH

SATELLITE POWER _ UTILITY IIF (GW)

31.632

5.07

6.24SATELLITE DENSITY, KG/KWuI 7.16

*PARTIAL
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1.3 MULTI-BANDGAP SOLAR ARRAY CONFIGURATION

The Rockwell SPS reference design used (for cost purposes) is based on a

GaAs technology having a cell performance of 20% efficiency at AMO and 28°C.

Although this cell is believed to offer the highest AMO conversion efficiency

of all the single-crystal photovoltaic cells developed to present, it is

essential for a long-term project of the magnitude and importance of the SPS

to be planned so that future technology developments having a significant

positive impact on its performance and cost can be incorporated with minimum

delay and technological complication. The cell conversion efficiency under

orbital operating conditions is a critical performance parameter that in turn

affects essentially all other design aspects of the SPS. The prospect of a

dramatic increase in cell operating efficiency, even with respect to the pre-

sent high value of 20%, is offered by the concept of the tandem, multiple band-

gap solar cell.

Rockwell SPS design goals and a technology assessment made by Research

Triangle Institute I, a comparison of the cell efficiency, temperature coeffi-

cient, equivalent radiation degradation, mass and cost is shown in Table 1.3-1.

A design goal of 30 percent conversion efficiency was set by Rockwell with an

assumption that the temperature coefficient would be comparable to that used

for GaAs in the reference design concept. Equivalent radiation degradation

was also assumed with 5% mass and 10-20% cost penalties.

Table 1.3-1. Multi-Bandgap Solar Cell Technology Assessment

PARAMERR SPSDESIGN(GOALS) 11ECHNOLOGYASSESSMENT1

AMOEFFICIENCY(rk) 30(28°C) 32(21PC)
;5.1 (_O°C) lq(_00°C)

1T.MPERATURECOEFFICIENT COMPARABLETOGaAs -O.OaSS/°CFOR
1-0.028_/oc) GaAIAslGalnAsCELL

EQUIVALENTRADIATION 45,(30YEARS) UNDERSTUDY
DEGRADATION

MASSOCGIM2) 0.2(6(5'J;HIGHERTHAN SAME
GaAsBASELINECELL)

COST($1M2) 73.7_ 80.4(10-20S $200(FACTOR3TIWESDUE
HIGHER11_NGaAsBASE- TOLOWYIELD)
LINECELL)L

IRTI 11ECHNOLOGYASSESSMENTRASEDONk 1WO-JUNCTIONC,aAIAslGalnAsMULTI-
DANDGAPSOLARCELL.

2MAJORCOSTINCREASEIS IN THEFABRICATIONPROCESSES.

1.3.1 EFFICIENCY CHAIN COMPARISON

The reference concept using klystrons on the antenna was compared to the

three basic solid state antenna satellite approaches and Table 1.3-2 shows the

relative efficiencies for each item in the satellite efficiency chain. Overall

efficiencies range from a low of 4.2% for the sandwich concept with standard

iMulti-Bandgap Solar Cell Study, Contract No. M9L8GDS-897406D performed

for Rockwell International, June i, 1980
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Table 1.3-2.

POWERSOURCE

CELL EFFICIENCY
EFFECTIVE REFLECTOREFFICIENCY
POINTING/SEASONAL FACTOR
DESIGN FACTOR
UV DEGRADATION
SWITCH GEAR

POWERDISTRIBUTION

TOTAL

Efficiency Chain Comparison--Satellite Concepts

REF._KLYSTRON REF.--ARRAY/ SANDWICH SANDWICH
$-S ANTENNA (SINGLE) (DUAL)

STD MBG STD MBG STD MBG STD MBG

0.1816 0.2756 0.1816 0.2756 0.151 0.239 0.151 0.239
o.915 0.915 O.915 o.915 0.83 0.83 0.689 0.689
0.968 0.968 0.968 0.968 0.98 0.98 0.98 0.98
0.893 0.893 0.893 0.893 0.893 0.893 0.893 0.893

0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96
0.997 0.997 0.997 0.999 - -

(0.1375) (0.2086) (0.1377) (o.2091) (0.1053) (0.1667) (0.0874) (0.1383)

BUSES 0.9405 0.9405 0.9405 0.9405 - -
SWITCH GEAR 0.999 0.999 0.999 0.999 - -
SLIP RING BRUSHES 0.999 0.999 ' 0.999 0.999 - -

TOTAL (0.9387) (0.9387) (0.9387) (0.9387) ( ) ( - ) ( ) ( )

MICROWAVEANTENNA

BUSES 0.9801 0.98OI 0.9801 0.9801 1.0 1.0 1.0 1.0
SWITCH GEAR 0.995 0.995 0.997 0.997 - -
OC-OC CONVERSION 0.97 0.97 0.92 0.92 - -

REGULATION 0.96 0.96 O.96 0.96
KLYSTRONS & DRIVERS 0.842 0.842 - -

S-S AMP. & DRIVERS 0.792 0.792 0.792 0.792 0.792 0.792
ANTENNA 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96

BEAM EFFICIENCY & ATMOSPHERICS 0.862 0.862 0.799 0.799 0.799 0.799 0.799 0.799

TOTAL (0.6591) (0.6591) (0.5461) (O.5461) (0.5832) (0.5832) (0.5832) (0.5832)

GROUNDSYSTEM (O.8237) (0.8237) (0.8237) (O.8237) (0.8327) (0.8237) (O,8237) (0.8237)

OVERALL TOTAL 0.700 0,106 0.058 0.088 0.051 O.O801 0.0420 0.0665

POWER AT UTILITY INTERFACE (GW) 5.07 2.61 1.21 1.53 2.42 3.06

(STD) GaAs reference solar cells to 10% for the reference klystron concept

with multi-bandgap (MBG) solar cells. Overall power delivered to the utility

interface varies from 5.07 GW (Reference--klystron concept) to 1.263 GW (GaAs

standard solar cell--sandwich concept). The sandwich concept was compared for

single (SINGLE) reflector and double (DOUBLE) reflector concepts. A dual

antenna version of the reference array/solid state antenna concept could

provide 5.22 GW at the utility interface utilizing a 10-dB Gaussian antenna

illumination pattern.

1.3.2 MULTI-BANDGAP SOLAR ARRAY DESIGN

The solar cell voltage characteristics are one of the main factors that

drive the array design. Solar cell voltage outputs are listed in Table 1.3-3.

As shown, the multi-junction cells result in significantly higher voltage out-

puts per cell (- factor of 2 to 3 higher). The reference GaAs single junction

cell utilized two panels in series each 730 m in length to build up a voltage

of 45.7 kV on the array. These two solar panels make up one structural bay on

the satellite. With the multi-junction cells the length of solar panels would

be directly related to the cell voltage and impact the arrangement and dimen-

sions of the structural bay layouts illustrated for the dual mounted antenna

solid state concept in Table 1.3-4. System voltage requirements for this con-

cept is to deliver 40 kV at the input to the dc converters on the antenna. To

meet this and the efficiency chain shown in Figure 1.3-1 requires an array out-

put voltage of 43.3 kV. The resultant panel dimensions are 650 m (width) and

465 m (length) with one panel providing an output voltage of 43.3 kV.
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Table 1.3-3. Solar Cell Voltage Characteristics

CELL_TERIAL

SIDLE
JUNCTION

OPS T_P
('0

[N[T[AL1
CELLVOLTAGE

(VOLTS)

0,69 (0.85)

0.575 (0.85)

113
6_s

200

113

GAALAS/GAI,As 200

113
G_LAS/GAAs

200

EOL
CELLVOLTAGE

(VOLTS)

0.657

0._7

VOLTAGEz
PERMETER

(VOLTS)

31,_8

26,26

1.q5 (1.5) 1.382 66._

DUAL 1.32 (1.6) 1.2_ ql.38

JUNCTION 2,05 (2,2) 1,952 93.7

1.92 (2.2) 1,82 qO.Oq
., =

1CELLTE_PEP,ATURECOEFFICIENT- -0.00175 V/'C, ( ) - 28"C VALUE

2q8 CELLSIN SERIES,EACH2.0q CMLENGTHX 3.59 Oq WIDTHFORSINGLEJUNCTIONCELL.

33 CELLSIN SERIES,EACH2.5 CRLENGTHX 3.33 C/f WIDTHFORGAAI.AS/GA]NAsCELLAT 200"C

22 CELLSIN SERIES,EACH2.5 CHLENGTHX q.qq CH WIDTHFORGAALAs/GAAsCELLAT200"C

CELLSIN SERIES,EACH2.0 CHLENGTHX q.o aq W1DTHFORGAALAs/G_s, 6_LAS/6A]_
CELLSAT I13"C

Table 1.3-4. Dual Mounted Antenna

(Solid State Concept)

GaAs GaAIAs/GaAs
CHARAC1ERISTIC SINGLEJUNCTION DUALJUNCTION

CELLEFFICIENCY
AMO, 28C 20/. 30'/,

ll3C 18.15'/, 27. 56%

CELLVOLTAGE 0.657 V/CELL 1.952V/CELL

ll3C, EOL (3l. 48V/MEIER) (93.7 VOLTSIMERR)

PANELDIMENSIONS 65CMIWIDTH) 65QM(WIDTH)
69QM(LENGTH) 465M(LENGTH)

45.7 KV REQMT 2 PANELSIN SERIES ] PANEL

SOLARARRAYAREA 32.29X lO6 M2 19.95 X 106M2

SATELLIEDIMENSIONS 4200MX 18000M 4200MX 1200QM

• CReff - 1.83
• PUTIL" 7.36 GW

• PSA " 11.46GW

The higher solar cell efficiency results in significantly reduced overall

satellite dimensions, i.e., 12,000 m versus 18,000 m.

1.3.3 SATELLITE MASS

Mass characteristics of three of the point design concepts utilizing a GaAIAs/

GaAs multi-junction (MBG) solar cell are shown in Table 1.3-5. The total satel-

lite mass density to delivered power at the utility interface (kg/kWul) is 5.12,

6.81, and 5.35 for the reference klystron, dual end-mounted solid state and

sandwich solid state concepts. Note: The reference klystron single junction

GaAs solar cell concept is 6.24 kg/kWul. A summary of the major characteristics

of the three satellite configurations utilizing both GaAs and GaAIAs/GaAs (MBG)

solar cells is shown in Table 1.3-6.
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Table 1.3-5. Mass Properties Summary (MBG)

Exhibit D (April 1980) (×I0 -_ kg)

1.1.1 I_RGY CONVERSIOB (80LAS ARRAY)

8TRUCTUR8
PRIMART
SECONDARY

MECHANISM8

CONCIM'rRATOR

SOLAR PANKL

POUR DISTRIBUTION • CONTROL
POgER CORD. _UIP. • BART.
POWER DISTRIBUTI(MJ

THERMAL

MAINT8NANCK

1.1.3 INFORIdATION MANAGEMENT& C(31qTROL

(PARTIAL) DATA PROCESSING

I NSTRUMIHqTATION

1. I • 4 ATTITUDE CONTROL
(PARTIAL)

5OLI D-STATR CONCEPTS

KLT_FROH
CONCEPT

( 1.133)
0.8O4"
0.429

(0.070)

(0.648)

(4.8O4)

(1.388)
0.206
1.182

( NONE )

(0.063)

(0.030)

O. 021

O. 039

(o. 116)

DUAL END-
MOUNTED

(1.233)
O. 902
0.331

(0.078)

(0.766)

(S.807)

(0.84S)
0.222
0.624

(W0aS)

(0.058)

(0.057)

0. 028

0.032

(o. 116)

DUAL
SANDWICH

(2.411)
2.138
0.273

(0.018)

(1.848)

(0.078) e

(0.013)
0.013
0. 002

( NONE)

(O. lOO)

(0.033)*e

0.014

0.019

(0.103)

TOTAL 8. 272 8. 759 4. 403

*AUXILIARY POVES ONLY
*eTRO-THIRI)8 MASS OF REFERENCE OONCElYr

1.1.3

1,1.3
(PARTIAL)

1/1.4
(PARTIAL)

POMER TRAN8MIS81ON (ANTI, A)

8TRUCI'URE
PRIMARY , ./
SECONDARY

MECHANISM

SUBARRAY

POWgR DISTRIBUTION S OONTROL
POWER CONDITIONING • BART.
POWER DISTRIBUTION

TH8RMAL

ANTBIqlqA CONTROL ELECTS(M_IC8

MAINTENANCE

INFORMATION MANAGEMENT& CONTROL

DATA PROCESSING

INSTRUMKNTAT ION

ArTITUD8 CONTROL

TOTAL

(0.828)
0.023
0.815

(0.002)

(7.050)

(2.453)
1.680
0.773

(0.720)

(0.170)

(0.107)

(0.840)

0.380

0.260

(NKGL.)

11.970

(1.409)
0.094
1.315

(0,0o4)

(10.581)

(4.405)
2.164
2.241

(RONZ)

(0.340)

(0.448)

(1.823)

1.385

0.237

(SBOL.)

18.789

(0.848)
0,143
0.506

(ROm_)

(7. 053 )

( I NcuJr_D )
NONE
INCLU_BD

(ROn)

(0.340)

(O.408)

(0.358)*

O. 152

0.104

(NImL.)

8. 706

*20% RET'. MA88 PER ANTENNA

1.1.6 IMTERFAC_

5TRUCTURM
PRIMARY
SECONDARY

MI_CHANI8M8

POMKR DISTRIBUTION • CONTI_L
POMER DISTRIBUTION
SLIP RING BRUSlfl_

THSRMAL

MAINTERANCZ

COMMUNICATION

(0.170)
o. 136

"" 6.0"34

(0.033)

(0.388)
0.371
0.017

(1_1_)

(0.032)

( TSD )

(0.238)
0.188
0".'o88

(0.072)

(0.538)
0.487
0.051

(NONE)

(o.o84)

( TBD )

( N/A )

( R/A )

( SIX )

( R/• )

( _ )

( TnD )

TOTAL 0.533 0.910

8P8 TOTAL (DRY) 20.788 28.458 13.109

OMOMTH(2_) 6,1Sl 7.114 3.277

TOTAL 81)8 (DRY) MITH 080_ 33.936 3S.873 16.386

SATELLITE PgR • UTILITY I/F
(08) S,07 0.32 3.06

8ATSLLITS DENSITY 80/SMuI 8.12 8.81 8,33
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Table 1.3-6. Satellite SystemSummary

(Exhibit D) Alternate Concepts

SATELLITE

TYPE

CRE
DIMENSION (NETERS)
MASS (x Id KG)
SOLARARMY/ANTENNA
NUHREROF BAYS

SOLAR ARRAY

NUMBER OF PANELS

PANELDIMENSION (NETERS)
AREA (xlO 6 N2)
GEN. PO_ER (Gw)

ANTENNA

TYPE
PO_'EROUTPUT(GW)
ILLUMINATION
APERTURE(Ig43

GaAs SOLARCELL
DUALEND- DUAL

REFERENCE MOUNTED SANDWICH

GaAIAs/GaAs SOLARCELL

REFERENCE

PLANAR PLANAR COHPOUND PLANAR
1.83 1.83 5.2 1.83

42x16,OOO 42xl8,OO0 &60Ox28,500 42OOx11,OO0
31.63 39.97 20.53 25.%
OECOUPLED OECDUPLED SANDWICH DECOUPLEO
30 36 -- 30

60 72 -- 58
650Wx730L 650Wx69OL 1.830 (x2) 650Wx49OL
28.47 32.29 5.26 18.47
9.94 !1.46 4.82 9.94

KLYSTRON IOLID STATE50LID STATE KLYSTRON
7.14 7.36 3.68 7.14
I0 dO GAUS. 10 dBGAUS. UNIFORJ4 I0 dD GAUS.
_1.0 i.35 1.83 (x2) _1.O

UTILITY INTERFACEPOWER(GW) 5.07 5.22 2.42 5.07

60 58 125

DUAL END-

NOUNTED

PLANAR
1.83

420Oxl2,000
35.57
OECOUPLED
36

NtN4BEROF SATELLITES (PT_ 30OGV)

NASS DENSITv (KG/I_uI)

70
650wx465L
21.16
11.46

SOLID STATE
7.36"
I0 dOGAUS.
1.35

5.22

6O 58

6.24 7.66 8.48 5.12 6.81

DUAL
SANDWICH

COMPOUND
5.2
TOO
16.39
SANDWICH

m

J.63D (x2)
4.17
6.11

SOLID STATE
4.64
UNIFONN
1.63 (x2)

3.06

_8

5.35

i .4 MAGNETRON SYSTEM CONCEPT

The magnetron system as defined by Rockwell International consists of a

solar collection array similar in concept to the reference concept, but with

the antenna design based upon the use of a magnetron cavity resonator rather

than the klystron as a power amplifier. In general appearance, the satellite

is similar to the configuration depicted in Section 2.3.1.

The basic system generates and transmits microwave power at a level suffi-

cient to provide 5.6GW at the utility interface. The overal dimensions for the

magnetron based satellite are: (i) length, 15.0 km; (2) width, 4.2 km; and

(3) depth, 0.564 km. The mass is estimated to be 26.7×106 kg and includes a

25% growth factor. The configuration utilizing the MBG solar cell is i0 km in

length and contains a mass of 21.5×10 G kg The other dimensions are _ .....

as for the standard cell concept.

Figure 1.4-1 presents the efficiency of the SPS system utilizing the mag-

netron power amplifier. Overall efficiency of the standard cell configuration

is shown to be approximately 7.9%.

A detailed satellite mass property summary for the magnetron based system
is shown in Table 1.4-1.

The magnetron satellite concept is comprised of seven major subsystems

(same as for the reference klystron). Power generation, distribution, and

transmission remain the dominant mission function, while the need for thermal

control is virtually eliminated. Coordination of satellite functions and

operations remains the province of the information and control subsystem (IMCS).
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Table 1.4-1. Mass Properties--Magnetron Antenna
(April 1980)

1.1.1 ENERGY CONVERSION (SOLAR ARRAY)
STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

CONCENTRATOR

SOLAR PANEL

POWER DISTRIBUTION & CONTROL

POWER COND. EQUIP. & BAlL
POWER DISTRIBUTION

THEF@4AL

MAINTENANCE -

.I.3" INFOF_ATION MANAGEMENT & CONTROL

DATA PROCESSING

INSTRUMENTATION

.I.4" ATTITUDE CONTROL

$TD CELL

GaAs

1.60l

(0.904)

(0.697)

O. 070

0.988

6. 880

4. 146

(0.319)

(3,827)
NONE

O. 092

0.050

(0.021)

(0.029)

0.116

MEE; CELL

GaA IAs/GaAs

1.245
(0.565)
(0.680)

0.070

0. 663

4.619

2.874
(0.319)

(2.555)

NONE

O. 092

0.050

(0.021)
(0.029)

0.116

SUBTOTAL 13.943 9.729

0,547
(0.023)

(0.524)
O. 002

3. 320
1.515

(0.346)
( I. 169)

NONE

0. 170

0. 107

O. 320

(0. 190)
(0. 130)

NEGL IG.

.I.2 POWER TRANSMISSION (ANTENNA)
STRUCTURE

PRIMARY
SECONDARY

MECHANISM

SuBARRAY

POWER DISTRIBUTION & CONTROL
POWER CONDITIONING & BATT.

POWER DISTRIBUTION
THERI4AL

ANTENNA CONTROL ELECTRONICS
MAINTENANCE

I.I.3" INFORMATION MANAGEMENT AND CONTROL
DATA PROCESSING

INSTRUMENTATION

I.I.4" ATTITUDE CONTROL

O. 547

(0.023)

(0.524)

O. 002

3. 320

1.515

(0.346)

( I. 169)

NONE

O. 170

0. 107

0.320

(0. 190)
(0. 130)

NEGLIG.

I.I.6

SUBTOTAL 5.981 5,981

i ,4, ERFACE

STRUCTURE
PRIMARY

SECONDARY

._ECJ-L,L.NISMS
POWER DISTRIBUTION & CONTROL

POWER DISTRIBUTION

SLIP RING BRUSHES

THEI_MAL
NA INTENANCE

CONNUN ICAT I ON .

SUBTOTAL

SPS TOTAL (DRY)

GROWTH (25_)

TOTAL SPS (DRY) WITH GROWTH

SAT. PWR I UTILITY INTERFACE (GW)

SATELLITE DENSITY, KG/I_/UI

0.257

(0. 136)

(0.121)
0.033

i. i94

(I.177)

(0.017)
NONE

O. 032
TBO

1.516

21.44

5.36

26.8

5.6

4.79

0.257

(0.136)

(0.121)
0.033

!.!94

(I.177)
(0.017)

NONE
0.032

TED

1.516

17.226

4.307

21.533

5.6

3.85

"PARTIAL "'106 k_
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The solar array supplies 9.8 GW at 21.85 kV over 30 independent (two panels

in parallel) main feeders (Figure 1.4-2).

The microwave power transmission subsystem consists of a microwave phase

reference generator, an RF distribution network, and approximately 2.35×106magne -

trons used as power amplifiers to drive a resonant cavity radiator antenna.

The layout of a typical segment of the antenna is shown in Figure 1.4-3. A

summary of the satellite reference design is presented in Table 1.4-2.

POWER RETURN

/
/

/

SLIP RINGS & BRUSHES

RISER PAIR NO. 1

/
/

/
/

/
/

/
/

MAIN FEEDERS

I I
I I

m I

i I

SYSTEM "A" - RISERS !-15
SYSTEM "B" - RISERS 16-30

"A " I _ I "B"

i...,,._, i

EMERGENCY BUS

+20KV

TO
MAGNETRONS

Figure 1.4-2. Magnetron Satellite Power Distribution

HAGNETRON

/PYROLYI"IC GRAPHITE

6x8 SLOT RCR/4 MAGNETRONS /.__,_ HEAT RADIATOR

(ALUHINUH)FEED COUPLING

_" IATING

CM (Sq_ SLOTS

Figure 1.4-3. Typical Segment of Antenna

cM
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Table 1.4-2.

Basic

Frequency

Power density at rectenna

Location

Transmission technique

Power generation

System

Power at utility interface

Solar array configuration

Number of troughs

Antenna location

Planform

Area

Solar panel area

Reflector area

Microwave antenna _yp_

Number of tubes

Transmitted power

Overall efficiency

Overall satellite mass

(with 25% growth)

Magnetron Satellite Design Summary

I

2.45 GHz

23 mW/cm 2 (center)

I mW/cm 2 (edge)

GEO

Microwave

Photovoltaic

GaAs or GaAIAs/GaAs

CR E = 1.83

GaAs

5.6 GW

Planar

3

End

4200 m (W) × 15,000m (L)

(63 km 2)

27.3 km 2

54.6 km 2

Magnetron tube

2.3×106

8 GW

7.9%

26.8xi_ kg

GaA iAs /GaLAs

5.6 GW

Planar

3

End

4200m (W)×10,000m (L

(42 km 2)

18.3 km 2

56.6 km 2

Magnetron tube

2.3×106

8GW

11.9%

21.5×i_ kg
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2.0 PREFERRED CONCEPTS

Configuration analyses gave sufficient insight to recommend selection of

solid-state concepts for further point design definition. This section

describes these recommendations and provides concept definitions for compar-

ison with the NASA/DOE reference concepts.

2.1 RECOMMENDED CONCEPT ALTERNATIVES

The Rockwell configuration (reference concept), as of October 1979, recom-

mended for a coplanar satellite with an end-mounted antenna is shown in Figure

2.1-1. The satellite has three troughs, each with ten bays, and is 4200 m wide

at the longeron points and 16,000 m long (plus antenna); 26 solar blanket strips,

measuring 25 m by 730 m, are installed in each bay along the bottom of the

trough. The reflectors are attached to the inner diagonal sides of the troughs

as indicated. The space frame end-mounted antenna with slip rings, support

Figure 2.1-1. GaAs SPS Reference Configuration

structure, and trunnion arms extend 1900 m from the basic satellite. The

general arrangement of the solid-state sandwich concept recommended for point

design is shown in Figure 2.1-2. This concept has a single primary reflector

and multiple secondary reflectors and formed the initial baseline. The rec-

ommended reference solid-state end-mounted concept is shown in Figure 2.1-3.

An antenna power taper ratio of i0 dB was selected because there is little

cost difference between 0 dB and i0 dB, and i0 dB results in lower side lobes.

Because of the relatively low power level per antenna, two antennas (located

on each end of the solar array) were recommended. The point designs are

accomplished for concepts with a GaAs single-junction cell solar array.
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_ CR E = 6

i0 Mirror

Primary

System

Rotary- <Ik 

Flat Secondary

Solid-State Panel

_Antenna

Figure 2.1-2. Concept Selected by Preliminary Studies

AV6 DIAM 1500 IN

Figure 2.1-3. Reference Solid-State Concept

Recommended for Point Design
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2.2 BASIC CONTROLLING CHARACTERISTICS

The GaAs reference concept characteristics are compared in Table 2.2-1

as of March 1979 (end of Exhibit C study) with updated characteristics at the

time of concept recommendations (October 1979). The major change is in the

power level delivered at the utility interface (5.07 GW compared to 4.61 GW).

This change is due primarily to the redistribution of klystrons in the antenna

layout to achieve the required 10-dB taper within the 23 mW/cm 2 ionospheric

limitation at the center of the beam. This redistribution resulted in an

increase in power requirement from the solar array which leads to a change in

overall solar array dimensions (4.2 km x 16.0 km, compared to 3.9 km x 16.0 km).

Table 2.2-1. Updated Reference Concept Satellite Characteristics

Power at utility interface (GW)

Overall solar array planform

dimensions (km)

Satellite mass (×l_kg)

Structural material

Construction location

Number of antennas

DC-RF converter

Antenna aperture (km)

Frequency (GHz)

Rectenna dimensions (km)

Rectenna power density (mW/cm 2)

• Center

• Edge

March 1979 October 1980

4.61 5.07

3.9x16.0 4.2x16.0

33.0 34.1

Composites Composites
GEO GEO

1 i

Klystron Klystron

1.0 1.0

2.45 2.45

10x13 10x13

23 23

i i

The characteristics shown in Table 2.2-2 describe the initial character-

istics of the sandwich concept. Because of the more advanced state of tech-

nology, the single-junction GaAs array Was recommended for the sandwich point

Table 2.2-2. Preliminary Concept Characteristics--Sandwich

Solar array type

Effective CR

Solar array temperature (°C)

Amplifier base temperature (°C)

Amplifier efficiency

Antenna taper ratio (dB)

Antenna diameter (km)

Power at utility interface (GW)

Rectenna boresight diameter (km)

GaAs

6

200

125

0.8

0

1.77

1.26

6.10

design. Data from this study can be used to further define a GaAs multi-

junction array concept. Table 2.2-3 lists the characteristics of the

recommended end-mounted solid-state concept.
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Table 2.2-3. Recommended Reference End-Mounted

Solid-State Concept Characteristics

• GaAs solar array

• Geometric CR = 2.0

• Dual end-mounted microwave antennas

• Amplifier base temperature, 125°C

• Amplifier efficiency, 0.8

• Antenna power taper, i0 dB

• Antenna diameter, 1.35 km

• Power at utility interface, 2.61 GW per antenna (5.22 GW total)

• Rectenna boresight diameter, 7.51 km per rectenna

2.3 CURRENT OVERALL SYSTEM DESCRIPTION

The concepts recommended and described in the previous section formed the

basis for a series of point design definition studies conducted during the

later part of the contract. This effort is described in this section.

2.3.1 REFERENCE CONCEPT

The reference concept was re-examined to provide an updated concept

incorporating changes to the design where improvements (either technical or

cost savings) could be accomplished. The updated reference (klystron) con-

cept is described below.

System Description

The basic features of the Rockwell reference satellite is the use of

gallium arsenide solar cells at a concentration ratio of 2 (CR = 2) (nominal)

to convert solar energy into its electrical equivalent, and 50_kW (nominal)

klystron power amplifiers as the means of developing the high-power microwave

beam necessary to the efficient transfer of energy from GEO.

The satellite may be considered to be made up of a solar pointing section

(associated with the conversion of solar energy to electrical energy) and an

earth pointing section (concerned with the conversion of electrical energy into

its RF equivalent and the transmission of the RF to the associated ground

receiver).

The reference (GaAs) photovoltaic concept was shown in Figure 2.1-1 (Sec-

tion 2.1); it has been designed to supply 5 GW (nominal) of electrical power

to the utility grid on the ground. The SPS is a three-trough configuration

having reflective membranes at a 60 _ slant angle. It has a single microwave

antenna, located at the end of the configuration. The overall dimensions of

the SPS troughs using standard GaAs solar cells are approximately: (i) length,

16.0 km; (2) width, 4.2 km; and (3) depth 0.606 km. The mass is estimated to

be 31.6xi06 kg, and includes a 25% growth factor. The length and mass of the

MBG solar cell version are ii.0 km and 26.0xi06 kg, respectively.
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In geosynchronous orbit, the longitudinal axis of the SPS is oriented

perpendicular to the orbit plane. The reference design is based on construc-
tion in GEE.

Figure 2.3-1 presents the basic efficiency of the overall reference SPS

concept and indicates the relative efficiencies of each of the major subelements

of the system. Overall efficiency of the reference system is shown to be approx-
imately 7.00 percent.

CELl
EFFICIENCY

0.1|IS AT
113oc

8.2?HAT
113eCMR6

(October 19-80)

A detailed satellite mass property summary for the reference configuration
using both standard and MBG solar cells is presented in Table 2.3-1.

Reference Satellite Subsystems

The reference satellite is comprised of seven major subsystems, as shown

in Figure 2.3-2. Attitude control directly affects power generation efficiency
and includes satellite-rectenna pointing. Power generation, distribution, and

transmission are dominant functions, while thermal control is essential to dis-

sipation of the large amounts of waste heat. Coordination of satellite func-

tions and operations is performed by the information management and control

subsystem (IMCS) as illustrated in Figure 2.3-3.

2-5



Space Operations and
Satellite Syslems Division

Space Systems Group

Table 2.3-1. Mass Properties Summary,

Exhibit D--April 1980 (xl0 -6 kg)

1.1.1

1.1.3

(PART I AL)

I.I.4

(PARtIAL)

!

ENERGY CONVERSION (SOLAR ARRAY)

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

CONCENTRATOR

SOLAR PANEL

POWER DISTRIBUTION g CONTROL

PWR COND. EQUIP. & BATT.
POWER DISTRIBUTION

THERMAL
MAINTENANCE

INFORMATION MANAGEMENT & CONTROL

DATA PROCESSING

INSTRUMENTATION

ATTITUDE CONTROL

SUBTOTAL

1.1.2

1.1.3
(PART I AL)

I.!.4

(PART I AL)

POWER TRANSMISSION (ANTENNA)
STRUCTURE

PRIMARY

SECONDARY

MECHANISM

SUBARRAY

POWER DISTRIBUTION & CONTROL

POWER COND. & BATT.

POWER DISTRIBUTION

THERMAL

ANTENNA CONTROL ELECTRONICS
MAINTENANCE

INFORMATION MANAGEMENT & CONTROL

DATA PROCESSING

INSTRUMENTATION

ATTITUDE CONTROL

SUBTOTAL

1.1.6 INTERFACE

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS
POWER DISTRIBUTION & CONTROL

POWER DISTRIBUTION

SLIP RING BRUSHES

THERMAL

MAINTENANCE

COMMUNICATION

SUBTOTAL

SPS TOTAL (DRY)

GROW'rH (25_)

TOTAL SPS (DRY) WITH GROW'rH

SATELLITE POWER @ UTILITY
INTERFACE (GW)

SATELLITE DENSITY, KG/KWuI

STANDARD CELL

OaAs

1.514

(0.928)

(0.586)
0.070

1.030

7.174

2.757

(0.319)

(2.438)

NONE

0.092

0.050

(0.021)

(0.029)

o.116

12.803

0.838
(0.023)
(o.815)
0.002

7.050

2.453
(I.680)

(0.773)
O.72O

0.170

0.107

0.640

(O.380)

(0.260)

NEGLIGIBLE

11.980

O.170

(O.136)

(0.034)

0.033
0.288

(O.271)
(O,017)
NONE

0.032

TBD

0.523

25.306

6.326

31.632

5.07

6.24

MBG CELL

GaAIAs/GaAs

1.133

(0.804)
(0.329)

0.070
0.648

4.804

1.388

(0.206)

(1.182)
NONE

0.063

0.050

(0.021)

(0.029)

0.116

8.272

0.838
(0.023)

(O.815)

0.002

7.050
2.453

(i.68o)
(o.773)

0.720

0.170

0.107

O. 640

(0.380)
(0.260)

NEGLIGI

11.980

0.170

(0.136)

(0.034)

0.O33
O.288

(0.271)

(0.017)

NONE

0.032

TBD

0.523

20.775

5.194

25.969

5.07

5.12

BLE

Rockwell
International
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Figure 2.3-2. Satellite Subsystems
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Figure 2.3-3. Subsystem IMCS Relationships
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All subsystems support the mission functions of power generation, distri-

bution, and transmission. Electrical power output from the solar panels is

fed via switch gears into feeder buses and then into main distribution buses

to the antenna (Figures 2.3-4 and 2.3-5). Power is also distributed from batter-

ies so that critical functions, such as information management and control (IMCS),

can be provided through solar eclipses.

22.85 KV

: : I
: I I :
• I I • I
• I o• I - I

-
__ •22
z_: 24 23

25 25

26 "_ 26

Figure 2.3-4.

45.7 KV

SLIPRING
42.9 KV

7300 KA

®® ® swiTc.GE_
s,L_,RiP_i,c. oE_
REGULATOR .

Power Generation Subsystem

The microwave power transmission subsystem (MPTS), Figure 2.3-6, consists

of a reference system and high-power amplifier devices which feed an array

antenna. Phasing control is maintained by use of a pilot beam originating at

the rectenna and received at the satellite antenna.

A reasonable way to view the satellite system is to consider the entire

satellite as being made up of two major on-orbit assemblies with a connecting

interface assembly operating in concert at GEO. These on-orbit assemblies are

the sun pointing solar arrays and the earth pointing power antenna.

The solar array consists of the GaAs solar cells and the supporting sub-

systems required to operate the satellite in a sun-oriented mode. Included in

this sub-element are information management and control subsystem assemblies

required to monitor and control the power generation devices; and the power

distribution network, as well as all remaining subsystem functions. The solar

panels are grouped in 60 independent panels. The power supplied totals 9.94 GW

at 45.7 kV over 30 independent (two panels in series) main feeders (Figure 2.3-5).

The antenna consists of the antenna primary and secondary structures, the

microwave conversion and transmission assemblies, and the elements of the various

supporting subsystems required to operate the microwave transmission system.
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MECHANICAL POINTING REQUIREMENTS: ±0.05 °

ELECTRONIC POINTING REQUIREMENTS: ±3 ARC SEC

REFERENCE I
PHASE

GENERATOR

I,

N-WAY I

POWER

DIVIDER

I

REFERENCE I
D ISTR IBUT ION

SERVO

i

l
RETRO

- I ELECTRON ICS

l

" PILOT
RECEIVER

-I
PILOT SIGNAL

SUBARRAY

POWER

MODULES

RADIATION

MODULE

CONTROL

PERFORMANCE

DATA

I COMMUNICATION
TO REST OF

SPS SYSTEM

CENTRAL

COMPUTER

I
I DATA

I BUS

I
I
I

I

I

MICROPROCESSOR

AND

MEMORY I
I

SENSOR
INPUTS

MECHANICAL

CONTROL

Figure 2.3-6. Microwave Transmission System
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A summary of the satellite reference design is provided in Table 2.3-2.

Table 2.3-2. Satellite Reference Design Summary

Basic

Frequency

Power density of rectenna

Center

Edge

Location

Transmission technique

Power generation

System

Power at utility interface

Solar array configuration

Number of troughs

Antenna location

Planform
Area

Solar panel area

Reflector array area

MW dc-RF converter type

Number of tubes

Transmitted power

Overall efficiency

Overall satellite mass

(with 25% growth)

2.45 GHz

23 mW/cm 2

1 mW/cm 2

GEO

i0 dB Gaussian/microwave

Photovoltaic

GaAs or GaAIAs/GaAs

CR E = 1.83

GaAs GaAIAs/GaAs

5 GW 5 GW

Planar Planar

3 3

End End

4200m (W)xl6,000m (h) 4200m (W)xll,0OOm (L)

(67.2 km 2) (46.2 km _)

28.47×10 _ m 2 18.13xi0 b m 2

56.94xi0 _ m 2 36.26×106 m 2

Klystron Klystron

142,902 142,902

7.14 GW 7.14 GW

7.2% 16.0%

31.6xi06 kg 25.96xi06 kg

More detailed subsystem descriptions can be found in Volume VII, System/

_ubsystem Requirements DaLa .....DUU_.

2.3.2 SOLID-STATE CONCEPTS

As described in Sections 2.1 and 2.2, there were two basic solid-state

concepts recommended for additional point design definition; these two con-

cepts are detailed below.

Sandwich Solid-State Concept

The previously defined concept was studied in more detail to obtain a

better definition of its characteristics and try to optimize the design. These

studies included overall design, structural design, reflector design, atti-

tude control requirements, phase control approach, and sandwich design. The

design improvements resulting from the use of multi-bandgap solar arrays were

also determined.
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Point Design Concept

As a result of these more detailed studies, the satellite concept shown

in Figure 2.3-7, having the characteristics listed in Table 2.3-3, was

defined. Several improvements were made when compared to the initial concept

previously shown in Figure i.I-i.

Figure 2.3-7. Solid-State Sandwich Satellite

Point Design Concept

Table 2.3-3. Solid-State Sandwich

Point Design Characteristics

• SOLARARRAYTYPE

• EFFFCTp_ CONCENTRATIONRATIO

• MAXIMUM SOLARARRAYTEMP. I°Ci

• MAXIMUM POWERAMP. BASETEMP. I°C)

• AMPLIFIER EFFICIENCY

• REFLECTOREOLEFFICIENCY

• ANTENNATAPERRATIO IdBi

• ANTENNAAPERTURE(kmi

• TRANSMITTEDPOWERDENSITY IWln_)

• MAXIMUM POWERDENSITY AT
RECTENNA(mWlcm2)

• RECTENNABORESIGHTDIAMETERII(ml

• RECEIVING SITE DIMENSIONS Ikml

• POWERAT UTILITY INTERFACE(GW)

• SATELLITESPECIFIC MASS (kgll(W)

GALLIUMARSENIDE

5.2 (EOU

200

]25

0.792

0.83

0

LIB

696

23

4.8

lOx 13 (34" N. LATITUDE)

2.42 IL2I PERSITE)

8. 48
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This concept is symmetrical, with two microwave antennas rather than one.

This change was made for two reasons: (i) it reduced significantly the propel-

lant required for combined attitude control and stationkeeping by reducing the

solar pressure torques, and (2) it allowed twice as much power to be trans-

mitted by a single satellite.

"Maypole" supports are used for the multiple secondary reflectors. The

large ring was eliminated when it was determined that very small forces and

moments needed to be reacted from the secondary reflectors.

Each of the antennas provide 1.21 GW of power at the utility interface on

the ground• The rectennas are smaller than the 5-GW rectennas for the refer-

ence system (4.8 km diameter along the boresight). However, a site 10x13 km

in dimensions is needed to reduce the intensity level to less than 0.i mW/cm 2

(because of the use of a 0-dB taper on the antenna rather than the 10-dB taper

used on the reference satellite antenna).

With an end-of-life reflector efficiency of 0.83, a concentration ratio

of 5.2 can be obtained with this concept. Power loss versus pointing error
for this concept is given in Table 2.3-4.

The total mass of the satellite is 20.5 million kilograms. Most of this

mass is in the sandwich panels, but a substantial fraction is in the reflectors

and the reflector support structure• The specific mass is 8.5 kg/kW compared

to 6.2 for the reference concept. Cost estimates and comparisons are presented

in Volume VI of this final report; construction of this satellite is described
in Volume IV.

Table 2.3-4. Sandwich Satellite Point Design Mass Properties

OPTICS BEAM TRACE

OF REFLECTOR 16 OR 18

POWER LOSS (%)

POINTING ERROR
(DEGREE) ÷0. ]o ÷0. 5o +]o

MIRROR #1 OR #3 1.1% 5•52% 11%

MIRROR #2 1•06% 5.34% 10.P/,,

MIRROR 14 OR #5 1.56% 7.8% 15.6%

MIRROR #7 1.54/o 7.6% 15.4%

SECONDARY MIRROR 0.13 0.6% l.Yk

TOTAL (AVG.) 1.4% 7.]'k 14•4%

t_ ('¢t

! .56% O.'J o

.,  -Jo ,3.
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Structural Design

Because of the need for an unobstructed view on both the front and rear

of the sandwich panels to receive concentrated solar energy and to transmit

microwave energy, a compression-frame, tension-web type of structure is

required. For this reason, a comprehensive structural analysis, reported

separately in this volume (Section 3.3), was conducted to determine the feas-

ibility and characteristics of this concept at large diameters. In order to

avoid excessive antenna element angle variations relative to the boresight,

it is necessary to restrict the maximum deflection of the antenna center to

about 18 cm. This results in an antenna frame mass of only 95,000 kg. An

analysis also determined that interactions of the structural frequencies and

other control frequencies should not occur.

Reflector System Characteristics

A structural analysis of the reflectors was also conducted. An analysis

similar to that conducted for the antenna was employed, since a compression

frame structure also is used for the reflectors. The resulting reflector

characteristics are as follows:

• i/2-mil aluminized kapton reflective material

• Reflectivity: 0.87 BOL, and 0.83 EOL

• Primary reflector maximum deflection: 24 cm

• Secondary reflector maximum deflection: 24 cm

• Structural mass (composite)

- Primary reflector 2.38xi06 kg

- Secondary reflector 0.85xi06 kg

• Reflector mass

- Primary reflector 1.21xlO 6 kg

- Secondary reflector 0.87×106 kg

Attitude Control and Stationkeeping Requirements

The sandwich concept is considerably different from the reference concept.

For this reason, an analysis was conducted to determine the requirements for

attitude control and stationkeeping; the results are summarized in Figure 2.3-8.

Initially, a satellite with a single antenna was considered. Because of the

large attitude control requirements (solar and gravity-gradient torques) caused

by the asymmetric geometry, a dual antenna concept was studied. As a result,

the 30-year propellant mass was reduced from 41% of satellite mass to 28%.

The 28% propellant mass is considerably higher than a 7% requirement for the

reference concept. The difference is caused by solar pressure on the very

large area reflectors. A detailed description of this analysis is presented

separately in this volume (refer to Section 3.5).

Overall Phase Control Concept

Figure 2.3-9 illustrates the overall phase control concept. A phase ref-

erence signal is generated by a transmitter located in the center of the two
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DRYMASS(THOUSANDKG)

a ATTITUDEDEIERMINATION

• THRUSERS& SUPPORTSTRUCT

• TANKS,LINES, &REFRIG

TOTALDRYMASS

_'YEAR PROPELLANTMASS
I_, SIC MASS)

POWERREQUIREMENTIMWl

O.2 O.2

12.0 17.5

20.2 25.5

32.4 43.2

41 28

45 5Q

Figure 2.3-8. Attitude Control and Stationkeeping Requirements
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, .... / .smx54suuA.AY
/

/ / ....."PILOT SIGNALRECEIVER
(LOWERSURFACE1

q

Figure 2.3-9. Phase Distribution Concept

secondary reflectors. This signal is received by an antenna located on the

solar cell side of the sandwich for each 5-m×5-m subarray. The pilot signal

transmitted from the ground is received by antennas on the transmitter side

of the sandwich. These signals are processed to develop the phase control

drive for the power amplifiers and the drive signal is distributed in a corp-

orate stripline system which is an integral part of the sandwich panels. This

concept is presented in greater detail separately in this volume (Section 3.6).
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Sandwich Design

Figure 2.3-10 shows the building blocks that comprise the antenna solar

array. A mechanical module which is space-assembled and placed into the

tension web matrix is 30 m on a side. This mechanical module is made up from

5-m-on-a-side subarrays that are assembled on the ground and transported to

orbit. Each subarray is completely independent and has no interfaces with

other subarrays. The only interface with the subarray is via RF with the

ground pilot transmitter and the on-board phase reference signal transmitter.

'' " " " / " '" " ' " _1_-'_ _ v._,_

1
,:..?-",;-.-:- ; 2;..

--.-Y-'--'f I
• " _'t - ,. ,.;. ,', l. ',,7<,_

SUDARRAY

(GROUND ASSEMBLED)

Figure 2.3-10. Antenna/Solar Array Buildup

The details of the solid-state sandwich modules are shown in Figure 2.3-11.

The dipole antenna is fed by a power amplifier, located at the dipole center,

and mounted to a beryllium-oxide disc heat sink/radiator. Power output for

each power amplifier is 4.4 W. A silica fiber truss structure supports the

antenna and provides sufficient capability for the launch environment. A

honeycomb sandwich containing the RF drive distribution system is bonded to

the antenna truss structure. The bottom of the honeycomb structure has a

bonded aluminized kapton ground plane and the top has the bonded GaAs solar

array. The dc power and RF drive signal are brought to the power amplifier

through conductors in the silica fiber amplifier support post. Most of the

solar array waste heat is radiated from the front of the array. Approxi-

mately one-fourth of the heat is transported through to the antenna side of the
sandwich.

A detailed mass estimate for the sandwich module is presented in

Table 2.3-5 in terms of kg/m 2. The honeycomb and truss structure contribute

about one half of the mass. The amplifier modules are a very small portion

of the mass. A detailed mass properties statement for this concept is pre-

sented in Table 2.3-6.
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GaAs SOLAR CELLS /'_-__'_,_.<'_ _

(0. 252 KG/M2) ___._._,_,&

• [0.26 KG/M 2 , MB____'--'._
|§ M X S M 4.ISS DIPOLES} "_'___

.DIPOLE ,<-__ _7-" _'j_J_ _'_
//SOLID-STATE AMP _mc= __'-_'_

RISER_ RADIATOR . "_"/_-_,_-J''

_.'_... i,Asso_s,vI
• - . ,_ I,,._8_o,_.,,I
• FIBERGLASS '1.69 KG/M 2 FOR MBG

___ TRUSS SOLAR CELLS

_ ' ___ _ _ _ VIEW FROM EARTH

,.o _ "_,._- ";WD,__SOLAR.
HONEYCOMB _ CELLSSANDW I CH

V "...._"- m,,,,, urn,u,1.
'_IINIII_RAILS

Figure 2.3-11. Solid-State Sandwich Design

Table 2.3-5. Sandwich Module Mass Properties

Element Mass (kg/m 2 )

Structure

Honeycomb 0.40

Truss 0.44

Dipole Assembly

Amplifier module 0.81

Dipoles Negl.

BeO 2 0.20

Ground Plane 0.15

RF Distribution 0.07

Solar Cells--GaAs 0.25

--GaAIAs/GaAs 0.26

DC Distribution 0.09

Total 1.68

(1.69) MBG
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Table 2.3-6. Mass Properties Summary,

Exhibit D--April 1980 (×10 -6 kg)

!.1.1 ENERGY CONVERSION (SOLAR ARRAY)

STRUCTURE

PRIHARY

SECONDARY

MECHANISHS

CONCENTRATOR

SOLAR PANEL

POWER DISTRIBUTION AND CONTROL

POWER COND. EQUIP. & BATT,

POWER DISTRIBUTION

THERNAL

MAINTENANCE

I.I.3 INFORMATION MANAGENENT AND CONTROL

(PARTIAL) DATA PROCESSING

INSTRUHENTATION

I.I.4 ATTITUDE CONTROL

(PARTIAL)

SUBTOTAL

i.l.2 POWER TRANSMISSION (ANTENNA)

STRUCTURE

PRIMARY

SECONDARY

HECHANISM

SUBARRAY

POWER DISTRIBUTION AND CONTROL

THERMAL

ANTENNA CONTROL ELECTRONICS

NAINTENANCE

INFORMATION NANAGEMENT & CONTROL

DATA PROCESSING

INSTRUMENTATION

I.I.3

(PART I AL)

I.I.4 ATTITUDE CONTROL

(PARTIAL)

I.I.6

SUBTOTAL

INTERFACE

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

POWER DISTRIBUTION AND CONTROL

POWER DISTRIBUTION

SLIP RING BRUSHES

THERMAL

MAINTENANCE

COHHUNICATION

SUBTOTAL

SPS TOTAL (DRY)

GROVrH (2p_)

TOTAL SPS (DRY) WITH GROWTH

SAT. PMR _ UTILITY INTERFACE (GW)

SAT. DENSITY, KG/KWuI

*AUXILIARY POWER ONLY

**TWO-THIRDS MASS OF REFERENCE CONCEPT

**'20_ REF. HASS PER ANTENNA

$TD CELL

GaAs

3.412

(3.026)
(0.386)
0.027

2.075

0.076*

0.015

(0.013)

(0.002)
NONE

0.100

0.033**

(0.014)

(o.o19)

O. IO3

5.841

0.729

(o.161)
(0.568)

NONE

8.821

INCLUDED

NONE

0.340
O.436

0.256***

(0.152)

(O.lO4)

NEGLIG.

10.582

N/A

N/A

N/A

N/A

TBD

16.42_
4.106

20.529
2.41

8.52

MBG CELL

GaA1As/GaAs

2.411

(2.138)
(0.273)

O.O19
1.646

0.076*

0.OI5

(O.Ol3)
(0.002)

NONE

0.100

0.033**

(0.014)

(o.o!9)

0.103

4.4O3

0.649
(o.143)
(0.506)

NONE

7.O53
INCLUDED

NONE

0.340
0.408

0.256***

(0. 152)

(o. 1o4)

NEGLIG.

8.706

N/A

N/A

N/A

N/A

TBD

13.109
3.277

16.386
3.06

5.35
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Figure 2.3-12 illustrates the stripline corporate feed system used in the

sandwich concept. Originally, it was believed that it would be necessary to

use a coaxial cable system because of cross-over among feed elements. However,

a system was devised that had no cross-overs (shown here), and it was feasible

to use a stripline system that could be more easily manufactured.

I|i

Figure 2.3-12. Stripline Corporate Feed System

A thermal analysis was conducted on the design concept shown in

Figure 2°3-7 to determine _he m_×imum concentration ratio for a maximum solar

array temperature of 200°C and the base of the power amplifier held to a max-

imum 125°C. Within these two temperature constraints, it was estimated that

an effective concentration ratio of 5.7 could be achieved rather than the

point design value of 5.2. An additional primary reflector could be added to

achieve this capability.

Effect of Multi-Bandgap Solar Array

An analysis was conducted to estimate the effect on the design and capa-

bility of the solid-state sandwich concept usinga multi-bandgap solar array.

The results of this analysis are shown in Table 2.3-7, which compares the two

solar array concepts. At 200°C, the GaAs solar cell has an efficiency of

15.7%; whereas, the multi-bandgap (MBG) array has an efficiency of 25.1%. The

antenna aperture is smaller for the MBG array (1.63 km versus 1.83 km), and

the antenna power density is higher (1112 W/m 2 versus 696 W/m2). Because of

the higher power density, it is necessary to feed each dipole pair with two

power amplifiers rather than one. The Be02 dish becomes larger in area as
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a result of the increased waste heat. The power at the utility interface per

antenna increases significantly from 1.21 GW to 1.53 GW. Most significantly,

the satellite specific mass decreases from 8.5 kg/kW to 5.4 kg/kW.

Table 2.3-7. Comparison of GaAs and GaAs/GaAIAs (MBG)

Sandwich Concepts

GaAs

• Concentration ratio (EOL) 5.2 5.2

• Solar array temperature (°C) 200 200

• Cell efficiency at 200°C (BOL) 0.157 0.251

• Amplifier efficiency 0.792 0.792

• Antenna aperture (km) 1.83 1.63

• Antenna power density (W/m 2) 696 1112

• Rectenna boresight diameter (km) 4.76 5.40

• Receiving site dimension (km) lO.0x13.0 ii.ix14.4

• Power at utility interface

(GW/antenna) 1.21 1.53

• Satellite specific mass (kg/kW) 8.48 5.35

GaAs/GaAIAs (MBG)

Solid-State End-Mounted Antenna Point Design

A solid-state configuration for an end-mounted satellite that evolved

from the Rockwell study is shown in Figure 2.3-13. Characteristics of the

satellite are identified in Table 2.3-8. Gallium arsenide solar cells are

DIAM_

r-- 14oo_7oo-1--7oo T----1,1oo---1

-- 2r'J0 _ 200 "-4 11350M DIAM,®_L

Figure 2.3-13. Solid-State End-Mounted Antenna Satellite Design
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Table 2.3-8. Solid-State End Mounted

Antenna System Characterfstics

• GaAs SOLAR ARRAY (or GaA1As/GaAs)

• EFFECTIVE CRE - 1.83

• 640 V SERIES PARALLEL STRINGS (2600 W MAXIMUM) WITH DUAL
Be/De CONVERSION FROM 40,000 V

• DUAL END-MOUNTED MICROWAVE ANTENNAS

• AMPLIFIER BASE TEMPERATURE - 1250C

• AMPLIFIER EFFICIENCY - 0.8

• ANTENNA POWERTAPER - 10 dB

• ANTENNA DIAMETER - 1.35 km

• POWERAT UTILITY INTERFACE - 2.61GW PER ANTENNA
(5.22 GW TOTAL)

• RECTENNA BORESIGHT DIAMETER - 7.51 km PER RECTENNA

• SPECIFIC MASS - 7.66 kg/kW (6.81 t4BG)

utilized at a geometric concentration ratio (CR) of 2 (CReff = 1.83 end of

life). High-voltage dc is generated on the solar array with the array made

up of 36 bays (each bay consisting of two solar panels 650 m wide by 690 m

long to generate 40 kV dc power). Power is transferred from the 36 bays

across the rotary joints (one-half the power to each antenna). On the antenna

the power is converted to 640 V dc to supply the solid-state voltage require-

ments. The antenna mechanical module layout is given in Figure 2.3-14.

Dipole-amplifiers are series-paralleled in the manner shown, with each dipole

requiring i0 V dc and up to nine power amplifiers paralleled per dipole. A

total of 64 dipoles are series-connected for a 640-V input requirement. These

series-connected dipoles are made up into subarrays of 5 m by 5 m installed

into mechanical modules 30 m by 30 m. Each mechanical module has four dc

converters to provide the 640 V to the series-connected dipoles.

The efficiency chain configuration for this concept is illustrated in

Figure 2.3-15. The solar array is sized for a summer solstice (1311.5 W/m 2)

solar constant (lowest value during the year) using an array factor of 0.137

for end-of-life considerations. This factor includes a reflector degradation

allowance for 30 years, cell operating temperature-efficiency effects, array

design, UV/radiation degradation (non-annealable allowance), switch gear, and

misorientation effects. The array specific power output is 359.4 W/m 2 with

an array power output requirement of 5.735 GW per antenna. There is 5.383 GW

transferred across each rotary point which is sufficient to supply 5.287 GW

to each antenna's dc converters. The overall antenna efficiency is 58.92%.

The system is sized for a voltage drop allowance on the array of approximately

6 percent. Rectenna and ground station efficiency is 82.37%, and the overall

system efficiency is 6.24%. The power delivered to the utility interface is

2.61 GW per antenna. Input voltage to the dc converters is 40 kV. The antenna

feeder layout is shown in Figure 2.3-16. There are 1588 mechanical modules on

each antenna. One-fourth of the antenna section is shown (i.e., 397 mechani-

cal modules).
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Figure 2.3-14. Mechanical Module Layout (Solid-State End-Mounted)
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Figure 2.3-15. System Efficiency Chain Reference Array

(Solid-State Antenna)
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FigUre 2.3-16. Antenna Feeder Diagram
(Solid-State End-Mounted)

_o,_1_ur=_Iun details of the dipole =_plif_r are shown in Figures 2.3-17
and 2.3-18. Each dipole is spaced 7.81 cm on center as shown (Figure 2.3-18).

Power output per dipole is 40.5 W (maximum) to satisfy a Gaussian lO-dB taper
illumination beam.

Table 2.3-9 gives a detailed mass breakdown for the solid-state antenna

section. End-mounted solid-state specific mass, 3.32 kg/m 2, is compared to
sandwich _I_A__ (!_68 kg/m2_. A detailed mass properties statement for

this concept is shown in Table 2.3-10.

Trade study results showed that for the solid-state end-mounted antenna

concept, high-voltage transmission is required. Future consideration might
be given to reducing the reference 40 kV, down into a range of i0 kV to 15 kV.

In any case, high-efficiency and lightweight dc converters are critical to the

design concept. A lO-dB Gaussian power beam was selected for the solid-state
end-mounted antenna to reduce side lobes. For the solid-state end-mounted

antenna, a power amplifier module voltage of 640 V dc was selected to reduce

module wiring mass. Additional study is required of the losses associated

with series-paralleling solid-state amplifiers to meet this voltage require-
ment.
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Figure 2.3-17. Dipole Amplifier Assembly--Exploded View,

Solid-State End-Mounted (Preliminary)

Table 2.3-9. Antenna Mass Statement

End-Mounted

Solid-State

(kg/m 2 )

Structure

Honeycomb

Truss

Dipole Assembly

Amplifier modules

Dipoles

BeO2

Ground Plane

RF Distribution

Solar Cells

DC Distribution

Kapton Backing

Total

0.85

0.44

0.49

Negl.

1.08

0.07

0.03

0.036

3.32

(i0 mils)
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Table 2.3-i0. Mass Properties Summary,

Exhibit D--April 1980 (×i0 -_ kg)

1.1.1

I.I.3

(PARTIAL)

1.1.4

(PART I AL)

ENERGY CONVERSION (SOLAR ARRAY)

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

CONCENTRATOR
SOLAR PANEL

POWER DISTRIBUTION AND CONTROL

POWER COND. EQUIP. & BATT.

POWER DISTRIBUTION

THERMAL

MAINTENANCE

INFORMATION MANAGEMENT AND CONTROL

DATA PROCESSING

INSTRUMENTATION

ATTITUDE CONTROL

SUBTOTAL

I.I.2

I.I.3

(PART I AL)

POWER TRANSMISSION (ANTENNA)

STRUCTURE

PRIMARY

SECONDARY

MECHANISM

SUBARRAY
POWER DISTRIBUTION AND CONTROL

POWER CONDITIONING & BATT.

POWER DISTRIBUTION

THERMAL

ANTENNA CONTROL ELECTRONICS

MAINTENANCE

INFORHATION MANAGEMENT AND CONTROL

DATA PROCESSING

INSTRUMENTATION

I. !. 4 ATT ITUDE CONTROL

(PART I AL)

STD CELL

GaAs

1.496

(1.o77)
(o.419)
0.087
1.169

8.138

1.112

(0. 102)

(I.OLO)
NONE

O. IO4

0.057
(0.024)

(0.033)

O. II6

12.279

1.409

(0.094)
(I.315)

0.004

!0.561

4.405
(2.164)

(2.241)

NONE

0.340
0.448

!.622

(I.385)
(0.237)

NEGLIG.

SUBTOTAL 18.789

I.I.6 INTERFACE

STRUCTURE

PRIMARY

SECONDARY

MECHANISMS

POWER DISTRIBUTION AND CONTROL

POWER DISTRIBUTION

SLIP RING BRUSHES

THERHAL

MAINTENANCE

COHHUN I CAT I ON

0.236

(0.168
(o.o68)
0.072

O.538
(0.487)
(o.o51)

NONE

0.064
TBD

SUBTOTAL 0.910

SPS TOTAL (DRY)

GROWTH(251)

TOTAL SPS (DRY) WITH GROWTH

SATELLITE POWER @ UTILITY

INTERFACE (GW)

SATELLITE DENSITY, KG/KWuI

31.978

7.995

39.973

5.22

7.66

MBG CELL

GaAIAs/GaAs

1.233
(0.902)
(0.331)
0.078
0.766

5.607
0.846

(0.222)

(0.624)
NONE

0.056

0.057
(0.024)
(0.033)

0.116

8.759

1.409

(0.o94)
(I.315)
0.o04

10.561
4.405

(2.164)

(2,241)

NONE

0.340
0.448

1.662

(1.385)
(0.237)

NEGLIG.

18.789

0.236
(O.168)
(0.068)

0.072

0.538
(0.487)
(o:o51)

NONE

0.064
TBD

0.910

28.458

7.114

35.572

5.22

6.81

Rockwell
InternaUonal
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3.0 TRADE SUMMARY

The subsystem analysis effort consisted of tradeoffs and studies to derive

necessary supporting data to define reference concept variations and develop

new solid-state concepts. The major subsystems investigated were the solar

array, power distribution, structure, thermal control, attitude control,

stationkeeping, and microwave.

3. i SOLAR ARRAY

The major study effort that was accomplished for the solar array was to

evaluate a multiple-bandgap (MBG) solar cell with significantly higher oper-

ating efficiency than the reference GaAs solar cell. The cell conversion

efficiency is a critical performance parameter, and the MBG concept can now

be seriously considered--primarily because of the remarkable progress made in

thin-film photovoltaic material technologies in the past several years. Pre-

liminary experimental research and development is being carried out at

Rockwell's Electronic Research Laboratory as part of an Air Force/Aero Propul-

sion Laboratory contract (Reference i). The objective of this program is the

d_ _lopment of a technology to fabricate solar cell assemblies with greater

than 25-percent conversion efficiency at 28°C under one sun intensity in space

sunlight (AMO, 135 mW/cm2).

Research Triangle Institute (R. D. Alberts) supported the Rockwell SPS

effort under a separate subcontract and provided supporting technical data.

Research Triangle Institute's current activities include investigations of

materials, requirements, and development of high-efficiency MBG cells for

delivery to the Air Force.

Solar cell operating temperature limitations, use of optical filters, and

reflector pointing requirements were evaluated for the sandwich concept in an

_c___ +_ _ ....... _+_ _n_f_f_,_ nn_f_n _v _nrr_in_ antenna radiative

power densities.

3.1.1 SOLAR CELL EFFICIENCY (GaAs SINGLE JUNCTION)

An update of the GaAs solar cell efficiency is listed in Table 3.1-1.

Based on today's technology, at air-mass-zero (AMO) condition and-28°C, 22%

cell efficiency is expected to be achieved around the year 1990. The best

laboratory GaAs solar cell from Hughes Research Laboratory (HRL), with a 0.5-_m

junction depth, has an 18.1% efficiency at 28°C. Shallower junctions will pro-

duce higher efficiency and possibly radiation-hardened cells. High-efficiency

solar cells are well underway to reach the SPS efficiency goal of 20 percent

(nominal).
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Table 3.1-1. Review of GaAs Solar Cell Performance

PARAMETER

SHORT-CIRCUIT cURRENT

OPEN-CI RCUIT VOLTAGE

FILLFACTOR

EFFICIENCY

ROCKWELL
ERC

ESTIMATE
HRL

ESTIMATE

34 mAIcm2

1.0V

0.88

22.15

HUGHES

32 mAIcm2

1.01 V

0.8P

20.3%

REALISTIC
MAXIMUM
ESTIMATE*

35 mAIcm2

LOP V

0.88

24%

* NOTE:ALL DATAARE BASEDON CR • 1; AMO, 28°C:THEORETICALMAXIMUM
EFFICIENCYOF GaAsSOLARCELLIS ABOUT26%.

BEST
TODAY

(Xj • O.P,u)'*

32 mA/cm2

1.015 V

0. 752

]8.1%

**JUNCTIONDEPTH

3.1.2 MULTI-BANDGAP CELL CONCEPT

The most efficient response of p-n junction cells is to photons of energy

just exceeding the bandgap energy. If two or more solar cells of differing

bandgap energy (and thus of different composition) could be arranged appropri-

ately to "share" the solar spectrum, each operating on that portion of the

spectrum to which it is most responsive, a combination converter with an overall

power efficiency exceeding that of the individual cells used separately could

quite possibly be realized. This concept is not new, having first been pro-

posed by Jackson (Reference 2) in 1955, and examined by various workers at

intervals since that time.

There are two principal embodiments of this concept. One involves inter-

posing dichroic mirrors or filters (i.e., "beam splitters") in the incident

beam of solar radiation so that selected radiation of a portion of the spec-

trum is diverted to a solar cell whose properties [mainly bandgap energy

(Egz)] allow it to make relatively efficient use of that selected band of

radiation, while allowing the remainder of the spectrum to pass on to a sec-

ond filter/mirror which again selects a portion of the spectrum to direct onto

a second cell of bandgap energy (Eg2) while transmitting the remainder to a

third cell (or a third filter/mirror), and so on.

The beam-splitting, filter/mirror concept was not evaluated for SPS since

it was felt that this concept would be more costly and complex; however, future

efforts should include an assessment of such a concept since this might lead

to even higher efficiencies. The other approach that was eva]uated involves

two or more solar cells of differing composition (and thus differing bandgap

energies) used optically in series, in a tandem or stacked arrangement. The

cell of largest bandgap energy Eg I and transmitting the radiation of energy
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<Egl onto the second cell of bandgap Eg2, which utilizes the narrowed band of

energies to generate photovoltage and photocurrent consistent with its photo-

voltaic properties and transmits the remaining radiation of energy <Eg2 onto

a third cell, if used, and so on. This configuration of the tandem or stacked

multiple-bandgap solar cell is shown schematically in Figure 3.1-1.

LOAD LOAD

p n

CELL NO. 2 CELL NO. 3

leg21, leg3|

++--++-INCIDENT
SOLAR ---o
RADIATION
{ENERGY hw )

D n p n

CELL NO. I

leg !1

Era,> S.2> e_

Figure 3.1-1. Schematic Representation of

Stacked Multiple-Bandgap Solar Cell

Although simple in concept, the stacked multiple-bandgap (MBG) solar

cell involves difficult material problems and design and fabrication complex-

ities. A major problem to be solved is the question of the design of the

interface between the back side of the first component and the front side

(incident light) of the cell next in line in the stack. Should the electrical

contact be made simply a series connection, with the current leaving the first

cell entering the second cell directly (conceptually the simplest structure,

and shown in Figure 3.1-2), or should the photon-generated current of each

cell be extracted separatgly? In the series connection first instance, it

becomes necessary to match photocurrents of the two adjoining cells at their

operatinR points (not the short-circuit currents), and this requirement alone

is accompanied by major difficulties in both material selection and interface

design. However, this arrangement is by far the more attractive, since it

makes maximum use of the compactness and fabrication advantages of monolithic

thin-film semiconductor technologies.

Over-simplified theoretical models of stacked MBG configurations can give

rise to a variety of possible cell combinations (or, more correctly, possible

combinations of bandgap energies) that appear to offer very attractive combined

conversion efficiencies--some approaching the probable theoretical upper limit

of 40 to 50 percent for solar conversion efficiency of a semiconductor-based

converter system having no loss of the excess photon energy (Reference 3).

More accurate models of such configurations, however, result in relatively

few combinations of either two- or three-cell systems that meet design require-

ments and yet represent material composites that are compatible and fabric-

able by presently known technologies. The complexity of systems involving
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four (or more) component cells goes up rapidly, as does the difficulty of

successfully fabricating the system even on an experimental laboratory basis.

i)_Ol'ONS WiTH

E ;,,ERGY E

AMO

I1_$0_ AT ION

E U E B E L
g g g

.)_

ISC

--C

LOAD

Figure 3.1-2. Schematic Representation of MBG Configuration

Involving Both Electrical/Optical Series Arrangement

Preliminary modeling of MBG solar cell assemblies of the type shown in

Figure 3.1-2 has recently been carried out at Rockwell, and Table 3.1-2 pre-

sents a summary of the results of the preliminary modeling using the basic

principles that must be applied to the MBG solar cell concept. The various

materials considered and photovoltaic device design factors that must be

applied are quite complex, but the net result is indicated on the table.

Individual cells that compose the two-, three-, or four-cell stacks are ident-

ified by the bandgap energy of the active cell material. The 1.42-eV cell
involved in each of the combinations listed is the GaAs cell.

Table 3.1-2. Calculated Ideal and Expected AMO Efficiencies

for MBG Solar Cell Combinations

BANDGAP ENERGY

2.0 tV

I. 42 eV
(GaAs)
I.O eV

0.8 eV

COMBINED
n TOTAL

EFFICIENCY It)

TWO CELLS THREE CELLS FOUR CELLS

IDEAL EXPECTED IDEAL EXPECTED IDEAL EXPECTEI IDEALEXPECTED

19.8

4.9

24.7

n n

26.4

7.5

33.9

n n

33.o 24.6

n n n n

2O.O 14.9 20.0 t4.9

I).O 9.7 13.o 9.7

7.7 5.6 7.8 5.6

3.5 2.3

k0.8 30.2 44.8 32.5
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The table gives both theoretical conversion efficiencies for the various

combinations, based on idealized junction characteristics and no current

collection losses, and realistic projections of efficiencies that could be

expected in practical assemblies after adequate development of the particular

structures involved, based on empirical data obtained with experimental high-

efficiency thin-film GaAs solar cells. The possibility of achieving effici-

encies of over 25 percent--possibly greater than 30 percent--is evident from

these data, provided the required materials and device technology problems

can be adequately solved. Figure 3.1-3 shows parametric data useful in select-

ing the proper bandgap materials to ascertain a similar lattice constant. A

good match of lattice constant greatly reduces materials interface states to

maintain high short-circuited current output.

2.8

2.4

20

>

1.6
Q.

o
z 1.2'

lID

o.e

O'41-

0 "--

' ALP I I I

oGE x_

I I I INIDAS

5.4 5.S 5.8 6.0

0.7 eV

Ge

GaSb

].] eV

)ALS8 S i

I n×Ga l _×As

GaAs l-xs bx

Gay I nl.yASl_xPx

A lyGa I _yAS 1-xSbx

;ASs 1.7 eV

Al xGa I -x As

GaAs I-xPx

I AlyGa I_yAS 1_xSbx6.2

LATTICE CONSTANT (ANGSTROMS|

Note: The shaded portion represents indirect bandgap alloys.

Figure 3.1-3. Bandgap Vs. Lattice Constant for

Potential Multi-Bandgap Solar Cells

Short-circuit current contribution of each material of representative

combinations are shown in Figure 3.1-4. Since these materials are electri-

cally in series, the lowest current value is used as the cell current output

(same current in the device). Efficiency values calculated for the cell

combinations listed in Figure 3.1-4 are given in Table 3.1-3. Efficiency

values are shown for practical and also in brackets (ideal); e.g., the dual-

junction GaAs/Ge cell should have a practical achievable efficiency of 25.5%

compared to an ideal efficiency of 33%. Table 3.1-3 is based on achieving

a current at maximum power point of 95% short-circuited current.
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AVAILABLE SOLAR CELL SHORT-CIRCUIT CURRENTSJ

DUAL JUNCTION Isc (AMO)

AIGaAs I GaAs 32.6 mAIcn_
GaAsI Ge 35 mAIcm_

THREE JUNCTION

CdZns I InGaP 23.4
InGaP I GalnAs 2L 9
GalnAs I Ge 23.4

FOUR JUNCTION

CdZnSIGaPAs 21.6
GaPAslGaAs 21.0
GaAsllnAsP 20.3
InAsPIGe 20.7

Figure 3.1-4. Short-Circuit Current of Multi-Bandgap Solar Cell

Table 3.1-3. Multi-Bandgap Solar Cell Efficiency

HATERIAL

pUALJUNCTION

GAAs
GE

TOTAL

THREE-JUNCTION

]_AP

GAINAS

GE

TOTAL

FOUR-JUNCTION

GAPAs
GAAs
INAsP
GE

TOTAL

VHp (VOLTS)

0,9
0,2
1.1

1,28
0,77

0,20
2,25

1.3
0.8

O.q2
0.18
2.7

IHp (mA/cH2)

(Imp - 0.95Xlsc)

31.0

33.2

31.0

22.3
20,8
22,3
20.8

VHP " ImP (Z)

(/_10, 28"C)

25.2 (33.0)

3q.6 (qO.8)

20,5
20.0
19,3

19,7
19.3 38.5 (qq.8)

( IIMAL EFFICIENCY)
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3.1.3 MASS AND COST ESTIMATES

Mass breakdown of various multi-bandgap solar cells are shown in

Table 3.1-4 and compared with the single-function GaAs/AI203 cell. As shown,

both silicon and germanium materials contribute significant mass penalties

since these are indirect bandgap semiconductors and require at least 50-_m

thickness in order to convert the usable solar spectrum. GaAIAs/GaInAs cell

(RTI approach ) and GaAIAs/GaAs cell (ERC approach) would show almost no

change in mass, compared to the single-junction GaAs/AI203 cell. For this

reason, the preliminary selection is the GaAsAs/GaInAs and GaAIAs/GaAs dual-

junction as the SPS multi-bandgap cell options. It was felt that since a

high-efficiency two-junction cell has not yet been demonstrated experimentally,

three- (or more) junction cells should not be selected for this study.

Table 3.1-4. Mass Estimate Model of Multi-Bandgap Solar Cell

m
INTERCONNECTS/TOPGRIDS
.3-.5 GaAIAs
5/_M GaAs
.5-1 /_M OHMIC CONTACT
13 /_M FEP
25 /LM KAPTON
6 _M POLYMER
.50/_M Ge.
50 #M Si
5/_M CdZnS
5 .uM InGaP
5/_M GalnAs
50/_M Ge

SINGLEJUNCTION

GaAslAI203

7.96 "_

3.4

.03 !

2.66 I4.0

TWO JUNCTION

GaAslGe GaAslSi

25.25 25.25

THREEJUNCTION
CdlZnS I InGaPI

GaInAslGe

22.55

TOTAL

I, I

2.7
3.6
.9

25.2.5 J(. 252KGIM2)

26.6

51.85

ll.6

37.85

2.4
2.4
2.75

26.6

,56. 7

In reality, the GaAIAs/GaAs cell is only a special case of GaAiAs/GaInAs

cell version (when the contamination of In approaches zero in GaInAs material.

Both cell structures are the same, as shown in Figure 3.1-5, with an estimated

panel mass of 0.265 kg/m 2. The multi-bandgap cell cost estimate of GaAIAs/

GaInAs and its comparison to GaAs/Si cell is shown in Table 3.1-5. Based on

the total solar array area of 61.2 km 2, the cost estimate of the GaAIAs/GaAs

array is about $76.2/m2. _ Most of the cost increase over the GaAs single-

Junction cell is due to the tunnel diode fabrication requirement. The cell

structure parameters such as junction depth, layers' thickness, and doping

concentration need to be optimized for the cell operating temperature.

Rockwell's SPS designs have calculated two solar cell operating temperatures:

(i) operating temperature of I13°C for CR = 2 design, and (2) operating temp-

erature of 200°C for effective CR = 5 design. The projected cell performance

data obtained from the computer modeling simulation is presented in Figures 3.1-6

through 3.1-9 for GaAiAs/GaInAs (CR = 2, CR = 5), GaAIAs/GaAs (CR = 2, CR =5)
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•ITEM HEIGHT (MG/CMz)

20 pM AL203 7,9G

INTERCONNECTSAND

TO GRID CONTACTS 3,q

1,1 pM GAALAS (WINDOW) 0,03

!-3 pM GAALAS 0.69

pM GAAs 2,24

,OpM
OHMIC CENTACT 2,0

13pM FEP 2,7

KAPTON (BLANKET) 3,6

6 pM POLYMERTtlERHAL
COATi NG 0,9

CONTINGENCY 3,0

I GAALAs 26,5

I GA^LAS TUNNELJUNCTION (0.2G5 KG/H_)

IGAAS
*HEIGHT IS THE SAHE FOR GaA|Ae/GaAs

AND GaAlAs/GaInAs SOLAR CELL

Figure 3.1-5. Dual-Junction Mu]ti-Bandgap Solar Cell Blanket Cross Section

Table 3.1-5. Cost Estimate Model of Multi-Bandgap Solar Cell

MATERIAL

GALLIUM
ARSENIC
SELENIUM
INDIUM
SILVER
SILICA

SILICON
ZINC
ALUMINUM

GOLO FILM + BASE
METAL

TIN
A1203 (SAPPHIRE)
C(_PPER
TEFLON
KAPTON

AMOUNTREQUIRED (HT)

780
840

27 KG
26
310

59,311
13,162

9 KG
100 (FOR A),IO (FOR B)

880
4872

860
1650
2200

UNIT COST OF MATERIAL

$2001KG
$100.091KG ($45.4/LB)(99.999%)
$192/KG (99,999%)
$96.5/KG ($3/TROY OZ.)
$159.39/KG ($72.30/LB)

$11KG (REF. I)
$10lKG

$11701KG (99.999Z)
$138/KG (99.999%)

$1.82/M 2 (REF. 2)

$12.21/KG ($5.54/LB)
$325/KG
$1.17/KG
$O.O81KG

$66.141KG

50.53/L8)
$0.0344/LB)

($30/LB) (25 pm FILM)

TOTAL COST OF MATERIAL ($M)

(A)

GaA1As/GaInAs

156
84.1

2.5
49,4

14.

115.67

10.8
1,583.

1.0
0.1

146.

2,162.57

($35.3/M 2)

(8)

GaAs/SI

156
84.1

49.4

59.3
13.2

1.4

115.67

10.8
1,583.

1.0
0.1

146.

2,219.97

($36.27/M 2)

TOTAL ARRAY SIN2 1 MATERIALS + PROCESSING (DOE GOAL)

GaA1As/GalnAs ARRAY $/M 2 l $35.3/M 2 + ($341M 2 x 1.2) - 76.2/M 2 (1977 dollars)

REFERENCES:

(1) EVALUATION OF SOLAR CELLS & ARRAYS FOR POTENTZAL SOLAR POWERSATELLITE APPLICATION,
ADL, MARCH31, 1978 (NAS9-15294).

(2) HIGH EFFICIENCY THIN FILM GaAs SOLAR CELLS, R. J. STIRN, JPL, APRIL, 1976 (NSF/RA 760/28).
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IOperated at various temperatures from 300 K to 600 K, 2 suns,
[AMO, and surface recombination velocity 106 cm/sec.

• /L (GaAiAs/GalnAs, f.84-1.24, eV) '
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Figure 3.1-6. Current Vs. Voltage for a Cascade Cell Optimized for

475°K, Two Suns

Rockwell
International
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LO

----F-- '--I o _ F i" I r---l'- i l -
Operated at various temperatures from 300°K to 600°K, 5 suns,

AMO, and surface recombination veloclty 106 cm/sec.
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Figure 3.1-7. Current Vs. Voltage for a Cascade Cell Optimized for

475°K, Five Suns
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Figure 3.1-8. Current Vs. Voltage for a Cascade Cell Optimized for
475°K, Two Suns
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Figure 3.1-9. Current Vs. Voltage for a Cascade Cell Optimized for
475°K, Five Suns
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multi-bandgap solar cells, respectively. As expected, the current increases

linearly and voltage logarithmically as solar illumination (or CR) increases.

The baseline.dual-junction solar cells should have similar cell efficiency

temperature coefficients as for single-junction GaAs (about O.0287%/°C)--which

is twice better than that of Si cells--because of the larger bandgap that

allows higher temperature operation of the junction. Also, these multi-bandgap

solar cells utilizing III-IV compound semiconductor typically have low minority

carrier lifetimes, diffusion lengths, and steep optical absorption edge; there-

fore, they are less susceptible to radiation damage and potentially capable of

low-temperature self-annealing characteristics.

3.1.4 GALICON SOLAR CELL

A galicon solar cell has been proposed by Dr. Dick Stern at JPL. The

cell structure and specific mass are shown in Figure 3.1-10. There is a great

deal of similarity between the galicon cell and the SPS GaAs/AI203 cell. The

galicon cell potentially has higher efficiency; the GaAs/AI203 cell has inte-

grated form (cell with cover) and less specific mass.

N4f DGoAt HOMO JUNCTION CELL

LASER. DEPOSITED
GRID CONTACT

-0.04//M

- GoAt, - 5 pM

ALLOY,.

-I-10 pM

5O pM

BACK CONTACT

i

THICKNESS MASS

ITEM (M) (MG/CM 2)

KAPTON-H

Si WAFER

Si/Ge GRADED LAYER
GoAt

METALLIZATION (Ao)

(6% GRID)
INTERCONNECT-.

MOLY

ADHESIVE(OC93-50O)
FEP COVER

25

5O
5

5
3

12
5

5O
50

3.6
11.7

2.0
2.7

3.3

0.8
0.3
5.4

10,6
" ,_ " ._.._.._ ELECTROPLATED TOTAL

/jr/! jl_ GRID CONTACT

l/ll /HI SI3N4AR
#L .......

ifd PiN G.At,-3-S,..
S./G.ALLOY,-,O,,M

/,,,.SILICON, SINGLE CRYSTAL

WAF ER OR.,,,,..,..._,_.BACK CoNTE:_ 4-10 MIL

40.4

NOT.__E:DR. RICHARD STIRN UPL) HAS
PROPOSED A GAl..ICON SOl AR CELL,

THE CELL STRUCTURE HAS GaAs ON SI
POTENTIALLY A MULTI-BANDGAP

CONCEPT. CELL EFFICIENCY ESTI-
MATES VARIES FROM 22% TO 30%

(AMI). (_ELL COST ESTIMATE IS .,
$79.4/M z (1980 DOLLARS) $46.5/M 'c

(I 975 DOLLARS)

Figure 3.1-10. Galicon Solar Cell

3.1.5 TEMPERATURE LIMITATIONS ON GaAs SOLAR CELL

The effects of temperature on GaAs solar cells in the area of cell material

and device parameters are similar to all of the solar cells (such as silicon,

CdS). At high temperature, the Voc decreases, the Isc slightly increases, and

fill factor decreases due to the softness knee of the I-V curve.
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The array elements failure mechanisms were investigated and are summarized

in Table 3.1-6. The results indicate that the present solar array will stand

up in the high temperature range of 250°C to 350°C. Long-term (30 years)

metallurgical effects in space are not known.

Table 3.1-6. Temperature Limitation on GaAs Solar Cell Array Elements

CHARACTERISTICS FAILURETEMPERATURERANGE

DEBONDINGOF SOLDERED
LEADS 300% - 460°C

DELAMINATIONOF CELL FROM
.SUBSTRATE 180°C - 400°C (MELTING,BUBBLING,AND DARKENING)

DEGRADATIONOF COVER
ADHESIVE 300% - 520"C

DEGRADATIONOF CELL 250"C - 350"C"
ELECTRICALPARAMETER

L DEGRADATIONOF CELL COVER >430%

*BASED ON THREE-LAYER STRUCTURE, GaAIAs/GaAs (BOTTOM LAYER - 200-350 pm N-TYPE GaAs,
MIDDLE LAYER - ] pm, ZINC-DOPED P-TYPE GaAs, AND TOP LAYER - <]-pm-THICK ZINC-DOPED,
P-TYPE GaA1As)--w-POTENTIAL DEGRADATIONMECHANISMS: (1) ZINC DIFFUSION FOR THE ZN-
DOPEDP-LAYER INTO N GaAs; (2) ALUMINUM DIFFUSION FROM LPE GROWNTOP LAYER INTO
SUBSTRATE; AND (3) ARSENIC EVAPORATION.

RRFERENCE_ NASA-CR-158491, Long-Term Temperature Effects on GaRs Solar Cells,

April 1979.

3. i. 6 OPTICAL FILTERS (_ FACTORS)

Lower values of _ can cause cells to run cooler in space, with subsequent

increases in cell output. By a combination of UV filter and back surface

reflectors (BSR), it is estimated that _'s <0.61 can be achieved with an ulti-

mate value of 0.56 (Reference 4).

Parametric data were generated to show relative sensitivities for the

sandwich solid-state concept to _ values ranging from _ = 0.546 to _ = 0.85.

A block diagram of the model used in generating the parametric data is shown

in Figure 3.1-11. This figure also shows values of the power density (PR) of

the antenna, power onto the solar cells (PIN), effective concentration ratio

(CRE) , antenna area ratio to power delivered at the utility (AT/PuT), and the

power delivered (PUT). Solar cell temperature is fixed at 200°C, and the max-

imum antenna radiating surface temperature is 125°C.

Mass comparison for selected absorptivity values showed that increasing

from 0.546 to 0.85 adds 7.1 kg/kWui. The following mass factors (kg/m 2)

were used: structure, 0.0087; reflector, 0.0192; antenna panels, 3.293;
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rl-n / SOLAR

PR -'_---IJ IFPIN

y CRE - PIN/5
DC/RF
ELEMENTS

SANDWICH

a 0.61 0.56 0.546 0./8 0,85

PR (W/m2)

PIN (W/m2)

CRE

AT/PuT (in21kW)

POT (GW)

AREFL (kmz)

1,0
0.75

659.2

6584

4.94

2.437

1.091

82.75

741.3

7404

5.47

2.20

1.157

87.7

761.8

7609

5.62

2.142

1.162

88.1

504.5

5039

3.72

3.234

0.933

70.7

453

4524

3.34

3.603

0.872

66. !

PIN

--_ .1335
1.0

_ RECTENNA

" I" I I" H
DISTRIBUTION/
C0NDITIONING

O.7qq O.88 O.936

0.613

PUT

Ts = 200 C ITR = 125 C

Figure 3.1-ii. Optical Filters Parametric Data (Sandwich)

secondary structure, 0.128; and solar cells, 0.252. The attitude control,

information management system, and mechanisms were held constant. The major

mass factor impacting the comparison is atennna panel mass of 3.293 kg/m 2. It

should be mentioned that the reference klystron baseline (Exhibit C) mass is

6.65 kg/kWuI for the total satellite. With an _ = 0.61 and using antenna

panels = 1.0 kg/m 2, total solid-state satellite mass = 8.12 kg/kWuI.

Cost comparison for selected absorptivity values showed that increasing

from 0.546 to 0.85 adds $1587/kW. The cost model for the comparison is as

follows: structure = $27.92/kg, reflector = $1.244/m 2, antenna panels =

$624.1/m 2, IMS (antenna) = $70.9/m 2, mechanical/secondary structure = $i03.2/kg,

solar cells = $57.66/m 2, and transportation = $61.6/kg (GEO). The attitude

control and IMS (on the solar array) were held constant. The major cost

factor impacting the comparison is the antenna panel cost of $624.1/m 2. The

comparable baseline klystron satellite cost (Exhibit C) = II76/kWuI. With an

= 0.61 and using an antenna panel = $200/m 2, the satellite cost = $1045/kWuI.

Based on this analysis, the use of reduced solar cell absorptivity values is

very cost effective and should be incorporated into the satellite design. To

be competitive with klystrons, it appears that the solid-state sandwich concept

must be developed with an antenna specific mass of -i.0 kg/m 2 at a cost of

-$200/m 2 .
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3.1.7 REFLECTOR POINTING REQUIREMENTS (SANDWICH CONCEPT)

Rockwell is currently using ±0.5 degree pointing error for both primary

reflector and secondary reflector. There are eight primary mirror facets in

the Rockwell sandwich design (Figure 3.1-12). The sun-angle misorientation

has greater effect on Reflectors 6, 7, and 8 than on Reflectors i, 2, and 3

due to the local focal length difference. Full concentration by mirrors will

occur within the disk of the mirror with the shortest local focal length; the

least concentration is within the disk of the longest local focai length.

Unlike the V-trough reference concept, the displacement power loss due to the

pointing error cannot be compensated simply by oversizing the reflectors.

+16'__ _ __..=.
_= 6r,_,_.J, _) REFLECTORMIRRORS

SUNoIA----V-__ _,0,®3z'ARC "_ ,--\®'®
-..r---._ -1.. _,.,,_ ¥

1
LO GEST L IL])_ '

,.OCAt _ / /\\_
FOCAL 1 / / %')/

LENGTH I /_i/

I _/// S.ORTES,

/ L
LENGTII

DISPLACEDPOSITION

llf ___ _ FULL

_>, 1 _d_ P_""R'M"¥'AC-
W,< $ TRUEPOSITION

DISPLACEMENTDUE TO POINTING ERROR

FULLY _.._/_._._I "IMAGE"
CONCENTRATEI) A[/(*i_i . 1_.! MIRRORS(_).(2),(i'!)

MiRI,ol'_ Q,®,@
PARTIAl. CONCENTRATED
DiSKANNULUS:rENUMBRA)

Figure 3.1-12. Pointing Error of Sandwich Concept

The optical system is derived from a Newtonian telescope. The Newtonian

paraboloidal primary has been replaced by eight flat mirror facets tangent to

a paraboloid of desired focal length. The Newtonian flat secondary is retained.

A solar cell blanket replaces the Newtonian eyepiece at the primary focal point.

The properties (aberrations, focal length, etc.) of the optical system shown

are similar to those of a classical Newtonian telescope, especially for rays

that are incident to the primary at the facet tangent points.

A ray trace program has been developed for the Hewlett-Packard 9845 desk-

top computer to analyze the optics. The program is a modified geometrical ray

trace analysis that is published in MIL-HDBK-141, Hiiitary Standardized Hand-

book, Optica2 Design. The program permits a ten-facet primary, with or with-

out a secondary, and an "image" surface to be randomly located. The image

surface and secondary mirror are assumed fixed after preliminary location is
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defined. The relative earth-scan/sun-track motions are followed by Euler EY,

EX angles noted. The EY Euler angle reproduces daily orbit motion around the

earth (EY pa_allel to earth N/S polar axis) and earth motion around the sun.

The auxiliary EX Euler angle provides declination motion to follow the sun

±23.5 degrees relative to the equatorial plane.

The program stores, on cassette tape, optical configuration data; prints

optical configuration, ray trace, and projection of image (solar cell field

outline) on mirrors data; and plots configuration and ray trace diagrams.

Figures 3.1-13 and 3.1-14 illustrate computer or printouts for ray traces of

the configuration for a view direction of 0 degrees and 45 degrees.

I I I I_

\

I I I ; : :

Figure 3.1-13.

EY EX'

PRIMARY POSITION 0 0

VIEW DIRECTION 0 0

PIVOT AXES X - O; Y - 32150; Z - O

SPS Ray Trace Diagrams--View Direction, O*

MIR CN 8 EULER ANGLES

PRIMARY PO61T K)N 46 o 0
0VIEW DIRECTION 45 °

PIVOT AXES x - O. Y - 32_O; Z - O

Y

Figure 3.1-14. SPS Ray Trace Diagrams--View Direction, 45 °
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The concentration ratio impact on solar array orientation requirements

is shown in Figure 3.1-15. Sun pointing error is a critical design parameter

of the solar concentrator system; the pointing error sensitivity is dependent

on the CR and optics alignment. For CR = 2 (V-trough), the power loss can be

compensated by increasing the reflector size. For the eight primary mirror

facets, CR = 7.8 (solid-state dual sandwich concept), an average 50% oversizing

of the eight primary reflector facets is required to compensate for the comatic

aberration of a large view angle relative to the axis of the primary mirror

parabolic shape (even when faceted).

CR POINTING ERROR (DEG)

POWER

LOSS

_)

1 4.0 0.2

2 1.0 1.6

(MIN REFLECTOR)
2 1.0 0

(8% INCREASE IN REFLECTOR SIZE)
7.8 0.1 1.4
7.8 0,5 7.1

7.8 1.0 14.4

• CR = 1, NO ATTITUDE OR FIGURE CONTROL PROBLEMS

• CR = 2, 8% INCREASE IN REFLECTOR SIZE RESULTS

IN 100% COLLECTOR EFFICIENCY WITHOUT
ACTIVE FIGURE CONTROL

• CR =7.8, 50% OVERSIZE IN REFLECTOR IS BUILT

TO COMPENSATE THE 23.5 ° SEASONAL
SUN ANGLE VARIATION

POWER
LOSS

_)

10

9

8

7

6

5

4

3

2

I

0
.01

Rw F . CTOR/V,ROUG.
CR=7.8_ CR=2

/
PLAN_RIJ

8%INCREASEIN I CR=/m"P

REFLECTOR SIZE -_..,_ /I

0. I 1.0

/

1
I

102030

SUN POINTING ERROR (DEG)

Figure 3.1-15. Cnncentration Ratio Impact on Solar Array

Orientation Requirements

The pointing error versus power loss is summarized in the table of

Figure 3.1-16. The overall power loss (directly proportional to the effec-

tive solar array area) can be obtained by superimposing the (i) average

effective loss of the eight primary reflectors, and (2) effective loss of

the secondary. The calculation shows a 7.1% power loss by using ±0.5 degree

misorientation for both primary and secondary reflectors. The Rockwell solid-

state dual sandwich concept has oversized (about 50%) each eight primary

reflectors facets in order to compensate for the comatic aberration effect

from its parabolic shape.

The reference klystron concept (CR = 2) attitude control holds the con-

figuration to ±0.i degree. The solar array is sized at summer solstice for

maximum sun inclination angle in the north-south direction. During other

seasons of the year, this allowance could be utilized to reduce pointing

requirements, i.e., up to about ±2 degrees.
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POWERLOSS VS POINTING ERROR

GEOMETRICCR " 7.8
EFF. CR " 5.37 POWERLOSS(%)

POINTING ERROR
(DEGREE) +0. lO +0.5o +1°

MIRROR #1 OR #3 1.1% 5.52% 11%

MIRROR #2 1.06% 5.34% 10.7%

MIRROR #4 OR #5 1.56% 7.8% 15.6%

MIRROR #7 1.54% 7.6% 15.4%

SECONDARYMIRROR 0.13 0.6% 1.3%

TOTAL (AVG.) 1.4% 7.1% 14.4%

OPTICS BEAMTRACE
OF REFLECTOR#6 OR #8

o.p ®.@.®

 .o,o
1.56% O.I °

Figure 3.1-16. Pointing Error Sensitivity

3.2 POWER DISTRIBUTION

Additional analyses and evaluation of the power distribution were made

on candidate SPS concepts to minimize mass and determine specific mass of

power distribution. The dc converter system trades for the solid-state con-

cept were described in Section 2.3.2. The detailed results of the analysis

of dc converter technology assessments and power distribution masses are pre-

sented below.

3.2.1 DC CONVERTER TECHNOLOGY ASSESSMENT

As part of an overall system conceptual design study, Rockweli interna-

tional Corporation subcontracted with Westinghouse to study the power distri-

bution subsystem (PDS) with major emphasis on power conditioning of the

Satellite Power System (SPS). The results of this study are presented

below (see Reference 5).

The power conditioning portion of the vehicle functions to provide a

power conditioning interface between the dc power collected by the solar

cells and the transmitter loads which ultimately generate the microwave energy

transmitted to the earth. Because the power level is formidable, the system

must be divided into modular sections in some fashion. One of the objectives

of this study is to establish the direction in which the module size should

move to best meet system goals.

Because the entire space vehicle must be constructed from parts launched

into earth orbit, size and weight per kilowatt of output are important fig-

ures of merit. In general, PDS optimizations can be made using these criteria

3-17



Space Operations and
Satellite Systems Division

Space Systems Group

_ RockwellInternational

because they are intimately related to system economics. One of the goals of

this study is to determine if the initial Rockwell estimate of 0.197 kg/kW

for high-voltage converters is reasonable (Reference 6). Efficiency of the

power conditioning equipment is also an important parameter. Because compon-

ent cooling in space is costly, efficiency impacts system economics directly.

A second goal of this study is to see if the initial efficiency estimate of

96% for the dc converters is reasonable.

Results were derived based on an assumption of using 1990 technology. Pres-

ent technology was examined to see how well it could be utilized to meet system

goals. Component technology was projected to the 1990 time frame, and an esti-

mate of the improvement in system performance made. Necessary improvements in

technology which must occur if desired system goals are to be met are also

listed and discussed.

In addition to considerations of normalized weight and efficiency, the

goals of the study include consideration of specific volume (m3/kW) and dc

switch gear requirements. However, because of funding constraints, very little

was done in either of these areas.

In this study, the major emphasis was placed on power electronic circuit

concepts for very high power using extrapolations from industrial and utility

equipment. When estimating normalized weights for the systems, some allowance

was made for the additional weight of structure needed for space-qualified

apparatus, but the estimates were only rudimentary. Therefore, subsequent

studies should further refine the weight of structure needed to mount and

support the circuit components found to be required in this study.

The subject of component cooling suitable for space hardware was addressed

only briefly in this work, owing to a lack of experience among the Westinghouse

investigators regarding this technology. In general, the emphasis was placed

on determining component weight with an additional approximate factor applied

for structure and cooling. This subject needs further in-depth study by

people skilled in the use of this technology.

System Configurations Evaluated

Three different SPS power distribution system concepts were studied. The

basic parameters of tWO klystron system concepts and one solid-state system

concept are listed in Table 3.2-1.

Klystron Power Distribution Concept

Solar array segments are connected in a series/parallel arrangement to

form a single dc bus at a voltage of 40 kV. The power distribution system

conditions and converts power drawn from the 40-kV bus to make available power

for the loads at 8, 16, 24, 32, and 40 kV. Two system configurations were

studied to implement this concept.

Baseline Klystron System

As shown in Table 3.2-1, output power in this concept is drawn in equal

amounts at all five voltage levels.
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Table 3.2-1. System Configurations Evaluated

• • Klystron System

Input
Power Output Power Distribution

40 kV 8 kV 16 kV 24 kV 32 kV 40 kV

Baseline 100% 20% 20% 20% 20% 20%

Alternate 100% 5% 5% 5% 5% 80%

• Solid State

Input
Power

System 20 kV

Baseline 100%

Output Power Distribution

200 v

100%

Alternate Klystron System

As shown in Table 3.2-1, 80 percent of the power in this concept is util-

ized at an output voltage of 40 kV, while the remaining 20 percent is divided

equally between the 8-, 16-, 24-, and 32-kV levels.

Solid-State Power Distribution Concept

For the realization of this concept, the series/parallel array connection

yields a bus voltage of 20 kV. Output power is utilized over a range of 30

to 500 V, although a given system will use a single, fixed output voltage. In

order to simplify the analysis, a baseline solid-state system with an output

voltage of 200 V was assumed. Systems in this range with output voltages other

than 200 V will be considered as extrapolations of the 200-V system.

Source Characteristics

For the purposes of this study, very little is known about the character-

istics of the source except that it is derived from an extensive series/paral-

lel connection of solar photovoltaic cells. From the nature of the solar cell

I-V characteristics, it can be inferred that the source is short-circuit cur-

rent limited at about 120% of rated load current. This means that if all of

the power transmitted (9.23 GW was used for this study) on the satellite is

distributed via a single 40-kV bus, its rated current must be 230,000 A, and

its short-circuit current capability approximately 276,000 A. Although no

data are available, it can be assumed that the source contains considerable

inductance because of the long distance over which most of the power produced

by the solar cells must be carried to get to the loads.
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Load Characteristics

For the.klystron system concept, klystron tube transmitters will be the

principal loads. Although they are more complex, the klystron loads at the

various voltage levels will be considered to be resistive for the purposes of

this study. The details of the interactions between the PDS and the klystron

loads should be investigated in future studies. Similar considerations apply

to the loads for the solid-state system concept.

General Considerations

In approaching the design of power conditioning equipment for any high

power application, a number of basic considerations influence the concepts

regardless of the specific application. Most of these considerations arise

directly from the inevitable necessities of both series and parallel connec-

tion of semiconductor switching devices to achieve the voltage and current

capabilities needed in the equipment, but some arise because of certain fund-

amental properties of passive components, particularly inductors and trans-

formers.

Switching Device Considerations

Direct parallel connection of semiconductor switches present many

difficulties. Apart from the obvious problems attending the steady-state

current sharing in such a situation, current distribution at switching can be

a major problem. Thyristors are particularly prone to problems at turn on,

and transistors at turn off. Most problems can be avoided if converters,

rather than switches, are parallel-connected. In the case of dc-to-dc converters

of any genre, parallel connection immediately creates the possibility of poly-

phase operation to reduce filter requirements--an added benefit. In effect, a

harmonic neutralized dc-to-dc converter reduces the filter capacitance required

by N 2, where N is the number of phases (converters) combined, and reduces the

inductance subject to dc magnetization by the same factor. The inductance

removed is substituted, in interphase reactors, by components with symmetrical

flux swings which can make full use of magnetic material capabilities. In

dc-to-ac inverters, the first step is invariably to use three-phase units as

basic building blocks, effectively parallel-connecting three devices and sav-

ing ~22% in transformer magnetic material. Operation of phase-staggered

three-phase converters for harmonic neutralization yields benefits in the

interfacing filters, both dc and ac, of the same order as those obtained in

the dc-to-dc converters.

Series connection of thyristors and diodes is routinely accomplished, in

several application areas, to voltage levels of several tens to a few hundred

kV. Transistors have not been so treated, having failed to penetrate high

power application areas to date. Despite the relative ease with which series

strings are made, consideration should be given to series connection of con-

verters rather than devices when the option is available. For dc-to-dc

converters, it almost never is, since it demands either isolated supplies,

isolated loads, or both. For dc-to-ac converters, the option almost always

exists since transformer coupling affords the necessary isolation. Whether it

is excercised or not, depends on the designer's perception as to "optimum"

power level for an individual converter.
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Passive Component Considerations

The question of "optimum" power level, for any converter, is a difficult

one since it introduces many non-device related parameters. The most signifi-

cant in the majority of cases are those pertaining to magnetic components,

inductors, and transformers. Such components show pronounced economies of

scale, since from a fundamental viewpoint

Power rating

Volume, weight, and cost

Permitted losses

_3

(Rating) °'7S

_2

(Rating) °'s

where _ is a linear dimension of the component. These relationships are not

inherently dependent on operating frequency, but secondary considerations make

for a dependence. The size, weight, and cost of a given component do not

indefinitely continue to decrease with increasing operating frequency, but

reach minima at a frequency which decreases with increasing component rating.

Module Size Considerations

It is generally true that for the conversion of X watts, the optimum con-

verter size is X watts so far as passive components are concerned--no matter

whether X = 1 or X = i0 l° . However, for X > 109 , practical considerations

forbid such an approach--such large components are not yet manufacturable.

_elow this, practical considerations may still cause a designer to use some

number of lower power modules. In part, the switch considerations first dis-

cussed will influence the decision; both parallel and series connection of

devices result in extra cost and weight over the straightforward use of indi-

vidual devices, producing an apparent tradeoff. It is not, however, a real

tradeoff in most instances since passive component benefits generally far

outweigh device penalties.

Thus, in high power applications, the passive component considerations

drive the designer to use the highest possible module power consistent with

other application constraints. These may include individual piece weight and

volume restrictions (which are basically the reason that ]0-GVA transformers

have not as yet been made), system partial availability requirements, the

fractionation of sources and loads, assembly and test problems in existing

facilities, and so on.

Given this premise, the conversion of i0 GW, for either klystron or solid-

state microwave _enerators, should be accomplished with as few converters as

feasible within the practical constraints of the application and the switching

devices used. Such a system will not operate at internal conversion frequencies

of several tens of kHz, or even at several kHz, contrary to present practice

where power levels are six orders of magnitude (and more) lower. However, it

will be far lower in total weight and cost, have far higher an efficiency, and

be far more reliable than any attempt to use 106 converters each of l-kW rating.
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Klystron System Analysis

Two basic configurations were considered for the PDS with klystron loads.

These are shown in the block diagrams of Figures 3.2-1 and 3.2-2.

Total Power 288 MW

40 kV (Unreg) 40 kV

Input 7.2 kA ] 57.6 _ l. 44 kA

32 kV57.6 MW 1.80 kA

24 kV

57. _ MW 2.40 kA

16 kV

57.6 MW 3. 60 kA

8 kV57.6 MW 7.20 kA

One of 32 Such Units Which Make Up the PDS

Output

Regulation
IO 7:

Figure 3.2-1. Klystron Baseline System

Input

lotal Power288 MW

40 kV ( U nrecj) 40 kV

7.2kA 231 MW 5. 77 kA

32 kV
14. 4 MW 450 A

_._._J DC-DC ] 24 kV

14. 4 MW 600 A

16 kV14. 4 MW, 9O0A

8 kV

14. 4 MW 1800 A

One of 32 Such Units Which Make Up the PDS

Output
,Regulation

10%

t

Figure 3.2-2. Klystron Alternate System
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In the overall system configuration, the total input power of 9.23 GW is

subdivided into 32 identical power conditioning modules of the type shown in

the figures. Each of these is connected to the 40-kV dc input bus, and each

serves dedicated klystron loads. The two system concepts differ only in the

partitioning of power at the various levels of output voltage. Because of the

power drawn at the 40-kV level is not conditioned, some saving in overall sys-

tem weight appears to be possible using the system where a larger percentage

of the output power is consumed at the 40-kV level.

The purposes of this study are to estimate normalized power converter

weight and to estimate overall power converter efficiency. Because the power

converters used in either of the two systems will differ little in design, a

single power converter analysis and technology projection will be made which

applies equally well to the converters of either system on a normalized basis.

The differences in overall PDS normalized weight can then be handled by con-

sideration of the partitioning of the conditioned, as opposed to unconditioned,

power.

Design Using State-Of-The-Art Technology

In this section, a design will be described using state-of-the-art (SOA)

technology. The dc-to-dc converters designed will be of the type used in the

system configurations shown in Figures 3.2-1 and 3.2-2, but they will not be

of the correct power level. Instead of designing converters rated at the

p_;wer levels called for in the figures, designs will be made which best exploit

the performance of SOA devices and components. The designs are for converters

operating at an input voltage of 40 kV and at output voltages of 8, 16, 24,

and 32 kV. The results of the design calculations will show appropriate mod-

ule power ratings for converters operating at these levels using SOA technology.

The converter switching device weight estimates will be based on recent

experience with arrays of series-connected thyristor switching devices con-

structed to operate at utility transmission voltages in industrial and utility

applications.

The dc-to-dc converter circuit assumed for this design is shown in

Figure 3.2-3. It does not utilize coupled ouLput reactors or multiphase

operation.
Comm. L

Main Switch o

Cap. _ r ._r,,J__ 1 _ _ rTTT_ - o--

C _-P Comm. Switch / Inductor

Input I-Jc- I Free Wheelin9 | Output 8 to

I_ IDiode cf .._ Freer _ kv40kV Fi,ter :C I Comtmo; _ Capacitor

[_ Capacitor L_ / _

0 t • _C O ---a-

Figure 3.2-3. Basic DC-to-DC Buck Converter Circuit
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Switches and Diodes

An assembly of 96 thyristors on a frame with insulators, heat sinks,

plumbing, snubbers, and gate drive weighs 523.6kg. Allowing for lower voltage

capability of fast switching devices, 2x48 devices in series would comfortably

make a switch for 40 kV dc-to-dc or dc-to-ac converter (active switch and com-

mutating switch). A second frame (similar) is needed for diodes, freewheel,

and commutating. Control for such an arrangement is estimated at 113.6 kg

(250 ib). Total weight for a buck dc-to-dc converter switch assembly is then

637.3 kg (1402 ib).

Allowing a fast switch device drop of 2 V at i000 A (typical of current

production) and a device average loss of 800 W with liquid cooling, the aver-

age current allowed is

I _eakav Duty Cycle

300 amps 0.2 1500 A

400 amps 0.4 i000 A

450 amps 0.6 750 A

500 amps 0.8 625 A

giving powers in single converter branches of

12 MW @ 8 kV out

16 MW @ 16 kV out

18 MW @ 24 kV out

20 MW @ 32 kV out

when fed from a 40-kV source. Switch and control specific weights at the

various output voltages are, then, 0.0530, 0.0398, 0.0353, and 0.0318 kg/kW;

and the average if the same power is processed at all four voltages is

0.0399 kg/kW.

The remainder of the circuitry includes commutating capacitors, commuta-

ting inductors, filter inductors, and filter capacitors. With 40 ps devices

(typical of present large fast switch production), the maximum operating fre-

quency will be about 1500 Hz.

Commutating Capacitor

Simple commutating circuit design gives

A

CV =It
s q

A

For V s = 40 kV and I from the table, tq 40xlO -6 gives for the commutating

capacitor
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1500x40

Cc.2 = 40,000
= 1.5 _F

Cc. 4 = 1 HF

Cc.6 = 0.75 HF

Cc. 8 = 0.625 DF

all at, say, 50-kV rating. Energy storage requirements are (1/2 CV 2) 1875,

1250, 937.5, and 781.25 joules. From a GE commutating capacitor catalog

data, paper oil capacitors at 2000 V have a volume and weight of _ 4 in3/joule

and -0.28 ib/joule. At 50 kV, it will be somewhat bigger and heavier, inevit-

ably-say by a factor of 1.5--giving estimated specific commutating capacitor

weights of 0.030, 0.015, 0.010, and 0.008 kg/kW; average 0.016 kg/kW.

Commutating Reactor

For the commutating reactor to reverse the capacitors in 80 Ds, say, so

that minimum on and off times are comparable, gives

= _ x 80 x 10 -6

= = 1/_= 106 _/80

LC = 802/i012_ 2

giving L
c.2

L
c.4

L
c.6

L
c.8

= 430 pH (.163 _ @ 60 Hz)

= 650 pH (.244 _ @ 60 Hz)

= 865 pH (.326 _ @ 60 Hz)

= 1040 _H (.39 _ @ 60 Hz)

Peak inductor currents are Vs//L/C , V s = 40 kV, or

I = 2360 A
.2

^

I = 1570 A
.4

I = 1180 A
.6

^

I = 980 A
.8

Because of loss considerations, designs would use non-metallic or hollow

(air) cores, like current-limiting reactors and without much easement for duty

cycle. From a Westinghouse catalog, 15 kV class reactors are as follows:
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0.165 _ @ 2000 A

0.255 _ @ 1600 A

0.45 _ @ 1200 A

0.45 _ @ i000 A

1700#, 76,600 in 3

1600#, 72,650 in 3

1300#, 64,800 in 3

1200#, 52,500 in 3

giving estimated commutating reactor weights of 0.0644, 0.0455, 0.0328, and

0.0273 kg/kW, average 0.0425 kg/kW.

Filter Reactor

For the filter reactor design, assume a ripple current peak to peak of

20% of the output level, which is the peak switch current. The volt seconds

are (V s - Vou t) Dt, where D is duty and t is cycle time. Because Vou t = DV s,

the volt-seconds are Vst (D-D2). Assuming 1500 Hz operation, Vst = 40,000/1500

= 400/15 = 80/3.

The reactor volt-seconds are then 4.27, 6.4, 6.4 and 4.27 for D=0.2, 0.4,

0.6, 0.8 with I=1500, I000, 750, arid 625 A. Peak-to-peak ripples are then

300, 200, 150, and 125 A, giving inductances of

4.27

L0.2 = 30---OH = 14.23 mH (5.37 _ @ 60 Hz)

6.4

LO.4 - 200 H = 32 mH (12.06 f_ @ 60 Hz)

6.4

L0.6 - 150 H = 42.67 mH (16.08 _ @ 60 Hz)

4.27

LO.8 = 12----5H = 34.16 mH (12.88 _ @ 60 Hz)

These are akin to shunt reactors with ratings of 2_60 L (_ @ 60 Hz) x 12 .

These ratings are

= 5.37 x 15002 = 12.08 MVA
VALo. 2

= 12.06 x 10002 = 12.06 MVA
VAL0. 4

= 16.08 × 7502 = 9.05 MVA
VAL0. 6

= 12.88 x 6252 = 5.03 MVA
VAL0. 8

The catalog does not give sizes and weights for shunt reactors, but tak-

ing $/ib to be the same as large current-limiting reactors yields weights of

about 2454.5 kg (5400 Ib) for 12 MVA, 2318.2 kg (5100 ib) for 9 MVA, and

2136.4 kg (4700 ib) for 5 MVA, giving specific weights of 0.205, 0.153, 0.129,

and 0.107 kg/kW, average 0.149 kg/kW.
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Output Filter Capacitor

For the. output filter Cf, assume that 1% ripple V is sought, i.e., 80,

160, 240, and 320 volts. Then, with 1500-Hz operation, capacitor values

needed become

Cf.2

Cf.4

Cf.6

Cf.8

= 200 DF - 8 kV (i0 kV rating)

66 _F - 20 kV rating

33 _F - 30 kV rating

21 DF - 40 kV rating

Weights estimated from the GE paper oil dc filter capacitor catalog are

840, ii00, 1400, and 1570 pounds for specific weights of 0.0318, 0.0313,

0.0354, and 0.0357 kg/kW, average 0.0336 kg/kW.

Input Filter Capacitor

A

For the input filter CI, the amp-see are (I -Iav) Dt

A

= It (D-D 2)

AS = 0.16
.2

AS = 0.16
.4

AS = 0.12
.6

AS = 0.0667
.8

Allowing 5% AV, with CAV = I t (amp-sec) yields input filter C's of 80,

80, 53.5, and 33.3 NF at 50 kV with weights of 8960, 8960, 6000, and 3740

pounds for svecific weights of 0.339, 0.255, 0.152, and 0.085 kg/kV,

average 0.208 kg/kW.

Converters Weight Summary

Relying on array inductance so that input filter inductance is not

required, state-of-the-art simple thyristor buck converter average weights

are:

Switching devices

Commutating capacitors

Commutating capacitors

Output filter inductors

Output filter capacitors

Input filter capacitors

Total

0.0399 kg/kW

0.016

0.043

0.149

0.034

0.208

0.490 kg/kW
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with power ratings of 12 MW at 8-kV output

16 MW at 16-kV output

18 MW at 24-kV output

20 MW at 32-kV output

from 40-kV input with simple converters. Polyphase can reduce weights of all

passive filter components, and possibly those of commutating components, by

adopting distributed commutation. The overall weight is likely to be ~30%

more than component total when supporting hardware (e.g., capacitor racks) is

included.

Summary of Design Results

The converter design results are summarized in Table 3.2-2, broken down

by output voltage level. The table includes estimated values for all design

parameters as well as converter module rating by output voltage level.

Table 3.2-2. Summary of Klystron Concept

SOA DC-to-DC Converter Design

Switch
Comm. Comm. Comm. Storage Output Input Module

Voltage lar _ Capacitor Reactor Inductor Inductor Filter Filter Pow,_r

8 kV 300 A 1500 A 1.5 _F 430 _H 2360 A 14.23 mH 200 pF 80 _F 12 _

16 400 ]000 1.0 650 1570 32.0 66 80 16

24 450 750 0.75 865 1180 42.7 33 53 18

32 500 625 0.625 1040 980 34.2 21 33 20

A similar tabulation of estimated normalized converter weight is pre-

sented in Table 3.2-3. The line designated "average" contains data from a

converter operating at an output voltage which is an average of those shown.

By adding 30% of the weight of the components for structure, the estimated

result is 0.637 kg/kW.

Table 3.2-3. Summary of Klystron System Concept SOA DC-to-DC

Converter Normalized Weights

Switch & Comm. Comm. Energy St. Output Input

Vo___]t_zafz£ Control Capacitor Reactor Inductor Filter Cap. Filter Cap.

8 kV .0530 kg/kW .030 kg/kW .0644 kg/kW .205 kg/kW .0318 kg/kW .339 kg/kW

16 .0398 .015 .0455 .153 .0313 .255

24 .0]53 .O10 .0328 .129 .0354 .152

32 .0318 .008 .0273 .107 .0357 .085

Average .0399 .016 .0425 .149 .0336 .208

Supporfing Structure

TOTAL

= .490 kg/kW

= .147 kg/kW

= .637 kg/kW
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Design Assuming 1990 Technology

Ratings. and Basic Philosophy of Converter

Examination of the power ratings of Figure 3.2-1 indicates some interest-

ing points:

i. The required voltage levels are all multiples of 8 kV.

2. For a given PDS concept, each voltage level has the

same power rating.

3. There are five levels between 8 kV and 40 kV.

From the above, a suitable control strategy for the individual dc-dc

converters can be postulated; i.e., each converter will operate on a basic

5-interval time base. The number of intervals that each converter switch

will be ON in the 5-interval sequence is thus directly proportional to the

voltage level of its output. The required gating sequence for the individual

stages is thus as sketched in Figure 3.2-4.

I
I

f-
I
I

F

On

U--
I I I
I I I

I I I
1 I I

I I

I I
I I

I l
i

I I
I I
I I

I F,I I

I I a I I
I i _ i I I

1 I I 8 kVOutput

32 kVOutput

24 kVOutput

16 kVOutput

Figure 3.2-4. Basic Switching Strategy

for Multiple Levels

It is possible to consider handling the entire 57.6 M_ required at each

voltage level with a single channel. However, if each voltage level is broken

up into five parallel channels, the individual channels can be time-multiplexed

to provide considerably enhanced smoothing of the output current at each volt-

age level. The sequence is sketched in Figure 3.2-5, considering the 8-kV

voltage level as an example. In addition, the input current to the converters

will be a virtually constant 1440 A, which is sequentially "passed around" the

five paralleled converters for one period of every five (Figure 3.2-6). The

interleaving of the reactor currents is illustrated in Figure 3.2-7, i.e.,

each reactor provides a constant current of 1440 A to the load plus an ac

ripple component, which depends on the choice of reactor and operating fre-

quency. The factor of 5 reduction in the overall ripple amplitude is clearly

demonstrated.

3-29



Space Operations and
Satellite Systems Division

Space Systems Group

On

F-] I ,I Off

I I

I
j1

!
I
t
I
I
I

)
[

I

I
I
I
I

I
I
I

[, V--k__
I

4 51617 I

' F) I
I I I
! I I

--[ I ,I I
I i I
I I I

I

Figure 3.2-5. Five Parallel Channels with

Multiplexed Switching Sequences
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¢ i i,k

Input 40kV

v.,..__ _

(

+
+
+

rn'TL_

Output
8 kV

Figure 3.2-6. Parallel Connection of Five Converters

to make up One Voltage Level Converter

.._ _ ___ "_---'__._ _N et p-p Ripple

Figure 3.2-7. Interleaving of Output Currents into Five Converters
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Choice of Operating Frequency and Switch

It is assumed, that in a few years time (given present devices and

progress) it will be possible to develop a transistor or MOSFET which is cap-

able of operation at 2 kV and rated at 500 A, i.e., comparable with present-

day thyristors for voltage but with somewhat reduced current capability. It

is also assumed that the device is capable of switching on in approximately

2 Us and off in 3 Us. With a 5:1 duty cycle, it appears that a reasonable

minimum pulse width which can be considered will be around 20 Ds, i.e., I0:I

ratio between turn-on and pulse width. This gives a maximum switching fre-

quency of i0 kHz, i.e., for the 8-kV system, 20 Us on and 80 _s off. Under

these circumstances, the switching waveforms for an individual parallel

branch are shown in Figure 3.2-8. The waveforms are simplified and assume

(for the capacitor voltage and current) a stand-alone condition for the branch.

Gating
Waveforms

Reactor
Current

Ton _ff

F-I I--1 x,o. ,o,=,

EI - Eo

Capacitor
Current

Capacitor
Voltage

0 - _ __t_6z2 _512 -511

E°---_*__ ]Vc _Vc c c

= ._2.2 512
=

8c 8fc

Thyristor __Current

IMOA

Diode
Current ____1440A

Figure 3.2-8. Typical Waveforms and Criteria (Simplified)

for Conventional Stepdown DC-to-DC Converter
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Choice of Inductor

The chaice of inductor is fixed by operating frequency and allowed

ripple. If a maximum channel ripple current of 5% is assumed, this gives

approximately 72 A peak, -144 A peak-peak of ripple current, i.e., 6If = 144 A.

Substitution into the expression in Figure 3.2-8 and solving for L gives a

required inductance of 4 mH.

Actual Output Ripple Level

The actual ripple level will depend on the mark to space ratio and will

be maximum for the 8-kV level. However, the interleaving will reduce the

ripple level from a maximum of 144 A p-p from one branch to approximately

28.8 A p-p with all five branches interleaved. Since the required regulation

is ±10% of the combined branches and the input voltage is stabilized to

within 6%, it may be possible to operate on a fixed pulse width, thus opti-

mizing ripple. In practice, small perturbations away from the 4:1 space-mark

may increase the ripple somewhat.

Choice of Capacitor

Although not specified, it is assumed that the output dc ripple voltage

is to be maintained to within one percent. The relatively small ripple cur-

rent already indicates a small capacitor requirement. This is confirmed by

substituting into the expression in Figure 3.2-8, bearing in mind that the

ripple frequency is now 50 kHz. The required capacitance is thus only

0.75 _F, though, in practice, this would probably be increased to 1 DF or

more.

Physical Considerations

Simple Inductor

The current rating of the required inductor is not significant. At this

energy level, the mechanical stresses involved, the dc level, and the oper-

ating frequency all militate against the use of any kind of magnetic core.

Under the circumstances, it is proposed to use an "air" cored winding.

For maximum inductance with a given length of conductor, the so-called

"Brooks" coil provides the optimum dimensions. The required ratios are shown

in Figure 3.2-9. If we assume some form
C

c
4c k 2c

LES 
C

Figure 3.2-9.

Brooks Coil

Scaling

of hollow conductor, with a cooling med-

ium circulating inside the coil and trans-

ferring heat to some external heat radia-

tor, the choice becomes one of a suitable

conductor. Obviously, reduction in

conductor size, while improving the

weight also puts up the losses, decreas-

ing the efficiency. For the sake of this

review we will assume a square section

copper tube of one inch side and 1/8-

inch wall thickness. A simple calculation
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immediately reveals that the required coil dimensions are C = 9 in., and we

will have 81 turns, i.e., the coil form is 9 in. by 9 in. and it has an inside

diameter of 18 in. This requires 572 feet of copper tube and, more to the

point, will weigh 755 pounds. However, the resistance will be approximately

0.0135 _ and the I2R loss will only be approximately 28 kW, i.e., less than

0.25% of the branch throughput.

Capacitor

For the required capacitance, at 8 kV, it will probably be easiest to go

with an established paper-oil capacitor. The ripple current level is insignif-

icant. The energy storage is only about 32 joules and, with a typical energy/

volume ratio of 1 J/in. 3 will require around 32 in. 3 of volume. Since no

voltage reversal or pulse operation is required, a basic capacitor construc-

tion can be used. An oil-soaked sandwich of mylar paper and foil of about

50 in. 3 in volume weighs about 2.5 ib, so we are considering a total capacitor

weight of something around 2 to 3 ib, including the container--i.e., negligible.

While electrolytic capacitors are traditionally used for filter applications,

their voltage ratings are relatively low (less than i000 V). Their better

energy storage (4 J/in. 3) would be canceled out by the need to series several

devices.

Swi tch

It appears reasonable to assume that a transistor or MOSFET switch capa-

ble of 2 kV and 500 A will be physically something of the same order of size

and weight as an equivalent thyristor, i.e., around 2 inches in diameter and

1 inch high. To operate at 40 kV, around 48 devices and three chains in

parallel will be needed--i.e., 144 transistors corresponding to about 1728 ib

in weight, assuming 12 ib per device including heat sinks, voltage-sharing

components, and suppressors. Assuming approximately 2-V saturation voltage,

the total switch voltage is about 96 V. This will produce an instantaneous

loss in the chain of around 138 kW. Corresponding to an average loss for

this, the parallel branch switch at 8 kV output of 138/5 = 27.6 kW.

Cooling techniques are not yet defined. Again, it is assumed liquid

cooling is required and a weight estimate of double the device weight seem_

reasonable.

Diode

The diode used at this point in the basic converter circuit must be a

fast-recovery device since, until it recovers, it presents a short circuit

to the switch. In general, present fast-recovery rectifiers are limited to

something less than 1 kV. For the purpose of this exercise, we postulate

that a 2-kV, 500-A device will be generally available. Assuming 0.7 V drop

per device, 48 devices in series and three parallel chains, this corresponds

to an instantaneous loss of 48.4 kW at 1440 A and an average loss of about

3.8 kW (again assuming the 8-kV operation level). A device and heat sink

weight of around i0 ib seems reasonable, giving a total assembly weight

(less cooling) of 1440 Ib).
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Coupled Reactor Circuit

The use. of the coupled converter circuit of Figure 3.2-10 provides, on

paper, considerable weight and volume savings as far as the reactor is con-

cerned, i.e., replacing five separate bulky air-cored reactors with a single

"iron" cored device (albeit, it has to have five limbs) and one small inductor.

Since all windings are now coupled on the common five-limbed core, individual

leg reset is obtained by the sequential operation of the other four channels.

This provides, theoretically, no net dc in the core and thus maximum ac saving

on the core. Since the stepdown ratio is 40/8 = 5:1, and there are five

channels, there is an optimum condition with no net ac ripple at the combined

terminal of the five-leg reactor; i.e., when operating normally, the circuit

is as shown in Figure 3.2-10. The input terminal is at E, and the output

terminal is at E/5 (assumed). Thus, if Switch 1 is closed, 4/5 E appears

across the associated winding and, assuming a balanced magnetic circuit, each

of the other windings "sees" one quarter of the flux generated by winding 1

and, hence, generates one quarter of 4/5 E, i.e., E/5. The EMF's are balanced,

Ii/5 (average) flows in each winding, either via the switch or via the diodes

as circulating current and the summing point stays at E/5.

E
Input = ,: ,;=

I.
I

4E
5

rTTTL.._

4L 1
__ -- T-×7- -..
- CrTTL__

_IE l
_ TxE
- PFrTL_

]_ 4E i
__ TY_ -
- ccn"L_

_ -.
- _

t

L2
E_ Output _---l_J
5

1440A

Windin9

b) Current in each winding &
devices

a) EMF's

Figure 3.2-10. Ripple Cancellation with Coupled Reactors

A preliminary summary (individual reactors) is shown in Figure 3.2-11.

Table 3.2-4 presents the weight and watt breakdown of individual reactors.
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40 kV_

22175 ib

938 kW

22175 Ib

651 kW

22175 Ib

562 kW

22175 Ib

472 kW

32 kV57.6 MW

24 kV57.6 MW

]6 k___

57.6 MW

8 kV
7----

57.6 MW

Total losses = 2.423 MW

Total weight = 88700 Ib

4 x 57.6 i00
Eff. = x--

4 x 57.6 + 2.423 1

~ 88700 kg = 40318 _g
Weight ~ 2.--T

: 98.9

Power = 4 x 57.6 _ = 230,400 kW

40318

kg/kW = 230,_00 _ 0.175 kg/kW

Figure 3.2-11. Preliminary Summary--Individual Reactors
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Table 3.2-4. Weight and Watt Breakdown

(Individual Reactors)

Channel Watts Loss (kW}

Channel

Reactor Switch Diode

Per Per Per Per Per Per

Branch Channel Branch Channel Branch Channel

8 kV 28 140 27.6 138 38.7 194

16 kV 28 140 55.2 276 29.2 146

24 kV 28 140 82.8 414 19.4 97

32 kV 28 140 Ii0. 550 9.68 48.4

Weishts (ib) - Individual Reactors

12#/Device 10#/Device

Reactor Switch Diode

Per Per Per Per Per Per

Branch Channel Branch Channel Branch Channel

Devices 755 3775 1728 8640 1440 7200

Gating & Voltage 200 i000 150 750 162 810

Sharing Hardware

TOTAL 4775 9390 8010

Weight Savings by Using Coupled Reactor

The five air cored reactors of a single voltage level converter scheme

(five paralleled channels) can be replaced with one five-limb interphase

reactor and a small series reactor.

Preliminary calculations that indicate ten turns per coil on a 90-cm 2

core area will be adequate. The windings will be liquid-cooled as before.

Copper weight is 150 ib and core weight approximately 640 ib, or 790 ib total.

The small reactor will be approximately 1/25 of the size of some of the

original air cored reactors (1/5 of the ripple amplitude at five times the

frequency) so, to a first approximation, will be around 755/25 _ 30 ib in

weight. Total weight savings is thus around

5 × 755 - (790 + 30) = 2955 ib

However, as a note of caution, with this scheme all the five converters

must operate to avoid core saturation. The five separate channels can be run

independently, giving some increased reliability at reduced total power out-

put.
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Converter Efficiency

In the.circuit realizations of the klystron load systems using both SOA

and 1990 technology, the power is conditioned only once. That is, it passes

through a semiconductor device only once as it is regulated to the desired

output level. For such systems, overall efficiencies in excess of 99% are

quite possible. This value of efficiency deals only with the power condition-

ing equipment, and does not include busbar or conductor losses encountered in

transmitting the power to the power conditioner.

Solid-State System Analysis

The power conditioning concept to be used for the solid-state system is

shown in block diagram form in Figure 3.2-12. In contrast to the klystron

system, the dc bus is at a potential of 20 kV. In a fashion similar to that

used for the klystron concept, the total power generated (9.23 GW) is divided

among 32 like power conditioners each with a rating of 288 MW. The load volt-

age at the output of the power conditioner can be anywhere in the range of

from 30 to 500 V, but for a given system design is fixed within the range.

The ratio of input to output voltage for this range of output voltages varies

from 40:1 to 667:1.

Total Power-9. 23 GW

One of 32 at 288 MW Each

20 kV

288 MW I 667:1 i 30 to 500V

=

40:1 I 9. 6 to 0. 576 MA

Figure 3.2-12. Solid-State Sysnem _oncept

If the size of the converter is decreased by a factor of i0, the weight

per kilowatt will approximately double. In addition, if the prime dc power

level is raised from 20 kV to 40 kV, the weight per kilowatt will increase

also.

Choice of DC-to-DC Converter Circuit

Performance requirements for the solid-state version of the PDS are suf-

ficiently different from those of the klystron system that the entire system

concept must be reviewed. In the solid-state system, the ratio of input to

output voltage is sufficiently large that consideration of use of a buck con-

verter is not feasible because of the poor utilization of the main power

switching device. Therefore, circuits of the type shown in Figure 3.2-3 can

be ruled out. The most likely candidate then appears to be a circuit which

includes an output transformer with a secondary rectifier.

With this circuit configuration, the use of one converter with a single

transformer to match input and output voltage levels would not be feasible

because of the large ratios required--667:l to 40:1. The best system
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configuration, then, appears to be where a number of converters are connected

in series across the 20-kV bus. The output voltage of each converter would

then be at the desired load voltage, and the outputs of a number of converters

could then be paralleled for higher current capability. When this configura-

tion is used, the turns ratio of the output transformer used can be reduced to

a reasonable level.

Design Using SOA Technology

The state-of-the-art solid-state concept design is a combination of two

other designs described elsewhere in this report. Therefore, instead of pre-

senting the entire design here, which would be repetitious, only the results

will be discussed.

The overall system design is similar to that for the solid-state concept

using 1990 technology, described below, but using converters with thyristors

for switches instead of transistors. The converter circuit approach is shown

in Figure 3.2-13. The commutation circuits shown in the figure are similar

in function to those used for the state-of-the-art klystron system described

earlier. The results of this design are summarized in Table 3.2-5.

O i

o

Figure 3.2-13.

To Transformer Primary

Block Diagram of SOA Solid-State System

Table 3.2-5. Solid-State System Concept

Switches 0.21 kg/kW

Transformer 0.16

Interphase reactor 0.06

Commutating circuit 0.09

Total 0.47 kg/kW
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Design Assuming 1990 Technology

For the 1990 technology projection, assume that bipolar or field effect

transistors will be available with voltage blocking of 2000 V, a power dissi-

pation capability of 800 W, and a voltage drop of 2 V at i00 A. The basic

circuit to be used with these devices is shown in Figure 3.2-14.

O

DC

I nput

0

ToTransformer Primary

Figure 3.2-14. Basic Transistor Three-Phase Circuit

for Solid-State System

Main Switch

Using devices with these characteristics, the average current per three-

phase bridge would be "1140 A. The power output in a three-phase 20-kV bridge

path, _22.8 MW. A total of six switches is needed each 20 kV rated with

24 series devices, 144 devices in all, weighing 1728 ib + 500 ib for control

(estimate) yielding 0.044 kg/kW.

Inverse Diodes

Inverse diodes will add a like amount of weight if a voltage sourced

converter is used, and the output rectifier will add the same again for

0.132 kg/kW total switch weight in compound converter.

To go from 20 kV to 200 V, assume that we divide the 24 series devices

in each switch among 12 converters, each having two devices per switch. Con-

verter transformer rating is a little less than 2 MW, and the voltage is

_1.8 kV, giving 9:1 transformers, which is not unreasonable. Using 6 series

converters gives 18:1 transformers ate4 MW each, as shown in Figure 3.2-15.
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3333V/Conv; 4 MW/Conv

o

20 kV

m

2O0V

Figure 3.2-15. Series Connection of Converters

Output Transformer

A 60-Hz 3.75-MVA transformer (three-phase oil) weighs 19,300 ib split

as follows: core and coils, 7700 ib; tank, etc., 4290 ib; and oil, 5310 ib--

with core run at 17 kG. Core loss is then ~1.3 W/ib (hypersil curves); but

4-inch-thick material has same loss at 5.6 kG @ 400 Hz, 2.4 kG @ 1 kHz, giv-

ing core and coil reduction factors of 0.455 (400 Hz), 0.425 (i000 Hz). These

data are shown in Table 3.2-6 together with extrapolated data for 2-inch-thick

material curves which do not go below 5 kHz, 1.3 W/ib @ 1300 G. Extrapolating

from these curves, 2350 G @ 2.5 kHz, 4240 G @ 1.25 kHz, core and coil reduc-

tion factors are: 1.25 kHz, 0.192; 2.5 kHz, 0.174; and 5.0 kHz, 0.157--as

shown in Table 3.2-7.

Table 3.2-6. BM for Core Loss (1.3 W/ib)

Frequency (Hz)

BM (kC)

12 Mil

17

HypersilCore Lamination Thck.

4 Mil 2 Mil

400 i000 1250 2500 5000

5.6 2.4 4.24 2.35 1.30
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Table 3.2-7. Core and Coil Reduction Factors

(at a core loss of 1.3 W/ib)

12 Mil

Hypersil Core Lamination

4 Mil 2 Mil

Frequency (Hz) 60 400 i000 1250 2500 5000

Reduction Factor 1.0 .455 .425 .192 .174 .]57

These are optimistic projections because of cooling and insulation con-

siderations. With a primary current of 1140 A, running conductor at i000 A/in 2

gives a diameter as 1.2 inches. The spacing for 20 kV (not less than 95 kV

BIL) probably has to be ~1/6 of this, or 0.2 inch, so that core/coil reduction

factor cannot be less than 0.143 under any circumstances, regardless of fre-

quency.

Arbitrarily, pick 1.25 kHz and assume 0.25 reduction factor (30% higher

than the 0.192 factor for core and coil alone). Then, core and coil weigh

1925 lb. Assume coolant circulates in the conductors, eliminating the tank

and oil. Assume that this doubles the weight to 3850 ib, yielding a core and

coil reduction factor of 0.5. Specific weight is 0.461 kg/kW.

Now, consider paralleling devices. A parallel combination of 2 gives

8 MVA transformer; 3, ~12 MVA; and so on. Core and coil weight of 60-Hz

transformers are as follows (from higher voltage units): 3750 kVa, 11,700 !b;

7500 kVA, 18,000 ib; and i0,000 kVa, 21,200 lb.

The 0.75 power law says multiplier is 1.68 every time rating doubles,

so that for two-parallel devices the transformer weight might be ~0.274 kg/kW;

£our-paraiiel it cuu±u be u.±6J _61_,,-

Input and Output Filters

Polyphasing (phase shifting three-phase bridges to get 24- or 48-pulse

system), as shown in Figures 3.2-16 and 3.2-17, will essentially _liminate

the need for input and output filters.

Interphase Reactors

Interphase reactors are needed and will add (on basis of rating estimate

and 7500-Hz operation) _0.168/0.i/0.06 kg/kW for 1/2/3 parallel devices.

Summary of Results

Weights are estimated as

Parallel devices 1 2 3

Switch weight 0.132 0.132 0.132

Transformers 0.461 0.274 0.163

Interphase 0.168 0.i00 0.060

Total (kg/kW) 0.761 0.506 0.355
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Figure 3.2-17. Paralleled Converter Input Connection

(Showing Phase Staggering)
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Variations in Output Voltage about 200 V

The output voltage can be chosen to lie anywhere within the range of

30 to 500 V. The data generated in this section were for an output voltage

of 200 V. The principal effect that a variation in output voltage may have

will be on the size and number of output transformers. The number of main

switching devices will not be affected because the dc bus voltage of 20 kV

must be blocked in any case. The different output voltages can be accommo-

dated by either adjusting the turns ratio of the output transformers or by

increasing or decreasing the number of converters connected in series across
the 20-kV source.

In general, the larger the kVA rating of the transformer, the lower the

normalized weight. This relationship works to advantage for higher output

voltages. At the low end of the output voltage range, where a larger number

of smaller transformers may be needed, it may be possible to parallel more

devices to increase primary current and maintain the kVA rating per trans-

former. Efficiency will be adversely affected as output voltage is decreased
because of increase I2R and rectifier losses due to the increased current.

Converter Efficiency

In the circuit realizations of the systems used for the solid-state load

concept, all of the power is conditioned twice (i.e., it is changed from dc

to ac, or ac to dc, twice), goes through a transformer, and is rectified at

a relatively low voltage to yield a low output voltage. As a result, the

expected efficiency of the solid-state system concept will increase slightly

between the present time and 1990, but it is not expected to exceed 96% even
in 1990.

Technology Improvements

The most critical technology improvements needed to meet the SPS weight

goal are improved solid-state switching devices and diodes. As shown in

Table 3.2-8, improvements in magnetic material properties and in capacitors

are desirable and will help to ensure meeting the goals, but are not necessary

Table 3.2-8. 1990 Technology Improvements

Semiconductor switching devices
Semiconductor diodes

Magnetic materials

Capacitors

Improvements
Desirable Necessary

/
/

/
/

By the year 1990, device technology must have advanced to the point where

bipolar or field effect transistors are available which block 2 kV and have a

forward drop of 2 V at i000 A, and are capable of dissipating 800 W.
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Fast-recovery diodes will also be needed which have low stored charge and

are capable of blocking a high voltage (on the order of 2 kV).

Conclusions and Recommendations

The major conclusions of this study are:

• The specific weight goal of 0.197 kg/kW for 1990 technology

appears to be reasonable.

• The 1990 efficiency goal of 96% appears to be reasonable.

• Improvements in transistor or MOSFET device technology,

current, and switching time will be needed to meet the

1990 goals.

• Improvements in magnetic material properties and capacitor

materials will improve system performance, but are not a

precondition to meeting the 1990 goals.

• The klystron system should have lower normalized weight

and higher efficiency than the solid-state system.

It appears that the 1990 goals for normalized weight per kVA of output and

efficiency can be met if semiconductor device technology improves in what is

considered to be a reasonable manner. Improvements in magnetic material prop-

erties as well as in capacitors will further ensure that the goals can be met.

The klystron system concept holds promise of lower weight per kVA of output

and higher efficiency than the solid-state system.

It is recommended that the design of klystron dc converter system be

pursued in much greater depth to obtain more accurate estimates of performance.

3.2.2 POWER DISTRIBUTION MASS ANALYSIS

Additional analyses and evaluation on the selected SPS concepts are pre-

sented below.

Sandwich Concept

In previous analyses of the sandwich concept, no mass was calculated for

the power distribution for routing the required power to the RF elements.

These elements require two voltage levels: I0 volts, and -4 volts. The spac-

ing between the dipoles are set at 7.81 cm. Based on this spacing, the total

number within a 25-m 2 subarray would be 4096 devices. Four types of solar

cells were considered, each having different voltage and current levels. The

voltage and current levels are specified in Table 3.2-9.

To obtain the requirements of +i0 V, eight cells of the 1.254-volt type

were connected in series (8xi.254 V = 10.032); and for the -4 V, four cells

were connected in series (4xi.254 = 5.016 V). Only one segment per 10-mxl0-m

(four subarrays) module was allocated for the negative voltage because of the
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Table 3.2-9.

CELL
CELL MATERIAL OPTION

GaAIAs/GalnAs DUAL JCT. 1

GaA1As/GaAs DUAL JCT. 2

GaAs SINGLE JUNCTION 3
GaAs SINGLE JUNCTION 4

i

Cell Characteristics

VOLTAGE/2O0°C

EOL BOL

1,25 '1.32

1.82 1,92

0.547 O,575
0.547 0.575

CURRENT

(amp/cm 2 )

0.0248

0.0171

0.0387

0.0387

DIHENSION

(cm)

3.33x2.5

4.4_x2.5

0.399x2.41

O.O5xI.O3

very low power requirements. A voltage drop of 0.032 V was allowed for the

+IO-V power distribution wiring to the RF dipoles. For the 1.82-V cells, six

cells in series had to be connected to obtain the required +i0 V (6×1.82+10.92).

In this case, a greater voltage drop was applied (0.92 V). To obtain the -4 V

three cells were connected in series (1.82×3 = 5.46 V).

The interconnection of cells for Option 1 is presented in Figure 3.2-18.

The power distribution weight to the RF dipoles for the 1.254-V configuration

was found to be 0.25 kg/m 2 and for the 1.82-V configuration, 0.275 kg/m 2. The

PDS efficiency of the 1.254-V configuration is 99.7% whereas, for the 1.82-V

configuration it would be 99.6%. The loss of cell area in a 10×lO-m subarray

is approximately 0.01% due to the -4 V requirements. The weight of the PDS

was adjusted for a temperature of 200°C.

r "11 "I

1 J I I I I I I I I I I I I_ ,ov I I,o.ov I I I I I I I I ! I I I II

, I I t t i I I I I I I I I 'i'_ I I i t I I I I I I i I I /I

I ,..,,,1"1 I I I t I I I I I I J ,ov t!,oov J I I It II i I I I J l

i  _llllllillllll i; IIIIIIIIIII1!
L*.-__1--_3._3cm . - L............ u,ocM×,o SECT,ONS

(SPECIAL ONE PER MODULE)

 M-i p

--

" TYPICAL RF CONNECTIONS

(NOT TO SCALE)

40 CM X 10 CM SECTION
TYP ICAL

. J :-4ocM--I"
-T"
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_-L "r i
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CM-T
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O

<
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.o_ j

Figure 3.2-18. Solid-State Sandwich Concept,

Power Distribution System to RF Devices
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Cell Options 3 and 4 represent the recommended approach and are tailored

dimensionally to match voltage and power requirements of a single dipole.

Eighteen ce_is are connected in series to provide the +i0 V directly to one

dipole as shown in Figure 3.2-19. Cell Option 4 (0.05×1.03 cm) is installed

along the edge of a 7.81×7.81-cm section so that seven cells in series pro-

vide the -4 V. This approach reduces power distribution mass and essentially

makes the power distribution an integral part of the sandwich construction.

/" r--÷,svoc
"l

i' "-

.............. _ ELECTRICALEOUIVOFSOLARCELL

.
"3N_ 6ROUNO

I_k 7__ _'_ INCLDOSECELL J_','J_" _7 CELLSIN SERIES
_ll]]h. _ "'__xA.I. FAciO"_ PROVIUE,V

_RF OlPOLE
, l i_i'..l;;i

RFRADIATOR . '

CELLCONFIGURATIONPERDIPOLE

Figure 3.2-19. Satellite Sandwich Solar Cell Configuration

(Preliminary)

Solid-State End-Mounted Antenna Concept

The solid-state end-mounted concept was reconfigured from previous study

into two half-systems, each with one antenna. The following were considered:

(i) obtain the power distribution system (PDS) mass based on a 9650-m-length

configuration, (2) calculate PDS mass and specific mass when summing bus has

been eliminated to determine mass savings, and (3) determine mass of PDS for

various low-voltage transmission levels with no dc conversion.

Power Distribution Mass Analysis

The solid-state end-mounted configuration consists of transmitting 43.7 kV

from the solar array through the secondary feeders, the main feeders, summing

bus, slip rings, and risers to the dc-dc converters on the antenna array. The
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dc-dc conversion is accomplished in two steps, 20÷1 and i0÷i, from 40 kV to

200 V. Ten dc-dc converters (20÷1) are mounted on both edges of the antenna

and ten dc-dc converters on each subarray (i0 m × i0 m). Each converter sup-

plies 37.5 parallel strings of 20 amplifiers per string. A schematic of

solid-state end-mounted system that was analyzed is presented in Figure 3.2-20,

and the subarray hookup in Figure 3.2-21. A summary of the calculated mass

is presented in Table 3.2-10. The antenna PDS mass was adjusted for a temper-

ature of 125°C. The total mass of the PDS was found to be 5.13× i0 _ kg.

This translates to a specific PDS mass of 1.97 kg/kWuT , compared to the ref-

erence concept of 1.52 kg/kWuT (approximately 29.8% heavier) I

Power Distribution with Summing Bus Elimination

Because of the heavier mass for the end-mounted solid-state PDS, it was

decided to investigate optimization techniques which could reduce the PDS

mass. One such technique investigated was to remove the summing bus and use

a direct interface between the main feeders and tie bars through switch gears

to the slip rings. Another technique considered was to employ a smaller-

diameter slip ring. Both techniques were analyzed and the overall PDS mass

for this technique was found to be 5.05 _ kg. This translates to a 1.934 kg/kWuT

at the utility interface.

Reference Klystron Concept

The klystron concept has been updated and optimized to produce the mini-

mum specific mass of the PDS. In previous analyses, summing buses were con-

_Ldered to which all of the main feeders were tied. Tie-bars were then used

from the summing buses to the slip rings. In the present configuration, the

summing buses on the nonrotating portion of the SPS have been eliminated (see

Figure 3.2-22). Tie-bars are now interfaced at one end to the main feeders

through switch gears; on the other end, they are tied directly to the slip

rings. In the analysis, three different dc converter specific densities were

used to show how the overall PDS will vary as a result of the dc converter

specific density. The results are summarized in Table 3.2-11. When compar-

ing the updated specific mass of the PDS of 1.172 kg/kWUT (using the 0.197 kg/kW

for dc converters) with the previously obtained value of 1.515 kg/kWuT , we find

that the updated configuration is 22.67% lighter. Additional analyses were

made to determine whether elimination of dc converters is possible. A dedica-

ted voltage system was evaluated for determining the specific mass of the PDS.

A detailed breakdown of the masses are presented in Table 3.2-12. The results

show that total PDS specific mass at the utility interface is 1.236 kg/kWuT.

When comparing the result with previous value of 1.515 kg/kWuT , the dedicated

system is 18.44% lighter.

In the dedicated voltage configuration, the slip rings were reconfigured

for a total of 30 slip rings (15 plus and 15 minus). The characteristics of

the slip rings are presented in Figure 3.2-23. There would be six (3 plus

and 3 minus) slip rings for any given dedicated voltage level. On the rotating

side, the pickoff voltages would be accomplished through brushes mounted in

"shoes." The characteristics, as well as the brush layout per shoe assembly

is also presented in Figure 3.2-23. The total mass of the slip rings would be

0.01644xi0 _ kg; the total mass of the shoe assemblies would be 0.0255xi0 _ kg.

IAt the end of the first quarter (October 10, 1979)
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Figure 3.2-21. Solid-State End-Mounted System (Power Distribution)

Table 3.2-10. Calculated Mass Summary

SOLAR BLANKET WIRING 0.09395

_AiN FEEDER n 31ngc

SECONDARY FEEDER 0.04694

TIE BARS 0.02395

SUPIMING BUS 0.04694

• FNSULATION (KApTON) 0.01045

ROTARY JOINT 0.0430

INSTALLATION 0.05691

SUB--NONROTATING 0.66905

ROTARY JOINT O.0170

RISER 0.19971

INTERCONNECT BAR 0.04383

SUHttlNG BUS 0.12784

DC-DC CONVERSION (@ 0.5 kg/kW) 2.64350

SWITCH GEAR 0.0396

POWER DIST. BETWEEN CONV. 0.06573

POWER DIST. OF SUBARRY 0.14429

POWER DIST. OF RF DIPOLES 0.72772

INSULATION 0.05491

INSTALLATION 0.39922

SUB--ROTATING 4.46335

TOTAL PDS 5.1324

kg/kwuT 1.966
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Figure 3.2-22. Updated Klystron Reference Power Distribution

Table 3.2-11. Updated Klystron Reference Concept Mass

DC CONV., 0.197 kg/kW 0C CONV. @ 0.5 k_/kw DC CONV. @ 1.46 k@/kW

(MASS 106 k_)

MAIN FEEDER 2.020 2.020 2.020

SECONDARY FEEDERS 0.048 0.048 0.048
TIE BARS O.Oh3 0.043 0.043

INSULATION 0.032 0.032 0.032
SWITCH GEARS 0.304 0.304 0.304

REG. & CONVERTERS 0.009 0.009 0.009

ROTARY JOINT 0.043 0.043 0.043

AC THRUSTER CABLING 0.0053 0.0053 0.0053
STANDBY POWER 0.006 0.006 0.OO6

SUPPORT STRUCTURE O.251 O.251 O.251

SUB--NONROTATING _ _

ROTARY JOINT 0,0-7 _7

RISERS 0.02705 0.02705 0.02705

SUMMING BUS 0.32573 0.32573 0.32573

ANTENNA FEEDERS 0.31049 0.31049 0.31049
ANTENNA MOD. CABLING 0.1250 0.1250 0.1250

SWITCH GEARS 0,3430 0.3430 0.3430
OC CONVERTERS 1,480 3.7564 IO.5178
INSULATION 0.OII8 0.OI18 O.O118

STANDBY POWER 0.250 0.250 0.250
SUPPORT STRUCTURE 0.289 O.5166 1.1928

SUB--ROTATING 3.179 _ 13.12oT
TOTAL PDS _ _

kg/kWuT 1.1717 1.666 3.133
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Table 3.2-12. Dedicated Voltage

Klystron Concept

MASS

H/tIN FEEDER 3.75345
;ECONDARYFEEDERS 0.08451

TIE BARS 0.13588
iNSULATION 0.06]60
SWITCH GEARS 0.1977B
ROTARYJOINT O.Oi64h
AC THRUSTERS 0.00530
STANDBY POWER 0.00600

REG. & CONVERTERS 0.00900
SUPPORT STRUCTURE 0.426996
SUB--NONRDTATING "_
ROTARYJOINT 0.02550
RISERS 0,02705
SUM BUS 0.32573
ANTENNAFEEDERS 0.3tO49
ANTENNAMOO. CABLING 0.12500
SWITCH GEAR 0.3h300
INSULATION 0.01220
STANDBY POWER 0.25000
SUPPORT STRUCTURE 0.14190
SUB--ROTATING
TOTAL PDS _-'_'26

KG/KWuT 1.236

2.54

17.8_Bl- C_
CM

2.54

CM _

iU. i6 --_

El3 El3 El] El3 r-_ F-I F-I
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ID

A
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R?

'Cl
'E2
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41.02 19077
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R.60 34058
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M ATE RIAL
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PER SHOE)
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20.32 W 25 H 1521
7 35

825.92
32

Figure 3.2-23. Slip Ring Shoe Assembly Layout

The study indicates that a dedicated voltage configuration may result in

a mass savings; however, additional complexity results. More analysis is

required to determine voltage levels requiring regulation and mass penalties

associated with added control complexities and redundancy requirements.
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3.3 STRUCTURE

The Exhibit C study (Reference 7) identified two basic antenna structures:

compression fr'ame/tension web, and space frame. During Exhibit C it was con-

cluded that the space frame antenna structure would be the reference klystron

design, since the depth of existing data provided a higher degree of feasibility

assurance. For the initial solid-state distributed concept, it appears that the

compression frame/tension web may have major advantages over the space frame in

regard to thermal and modular installation. Detailed structural analysis was

conducted to develop a preferred antenna structural desigr, and determine feasi-

bility for a solity-state concept that has the solid-state amplifiers structurally

integral with the solar cells (sandwich concept). In this concept the microwave

surface is directed toward the earth with the solar cells mounted on the back

face and illuminated by a system of primary and secondary reflector surfaces as

shown in Figure 3.3-1. An orthogonal array of cables, tension stabilized by a

peripheral compression-carrying frame, provides a primary structural support

system with no encroachment on either surface. Of concern is the primary struc-

tural characteristics of this structure and assessment of its feasibility for

this application.

! VARIE3 L
I SUPPORT

I P cEs
L\ \ "_-'_,_ JACK I /

BEAMSSPANTO _.'_"_/ "_'_W_/" CABLES

PRETENSIONEDCABLESTO APHITECAB " "_SUPPORTSOLIDSTATE LESL30-MSPACINGJ
PANELS

Figure 3.3-]. Microwave Antenna Structure Concept

The preliminary design structural analyses discussed here have uncovered no

structural strength, stability, or stiffness issues that preclude use of the frame

for this application. The frame's basic construction characteristics, structure

mass, passive figure control capability, and minimum modal frequency are defined

herein:

3.3.1 CONFIGURATION

The analysis was performed on the structure shown in Figure 3.3-|. The hex-

agonal frame is supported at three corners (]20 degrees apart) by a statically

determinate support system to preclude surface distortion by the supports. Con-

tour adjustment jacks are provided at the unsupported corners of the hexagon for

initial contour adjustment. Active control adjustment can be a backup alternative,

but is not expected to be necessary.
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The orthogonal array of tension-stabilized cables is tile support for an

egg-crate array of secondary structure that supports the individual solid-state

sandwich panels. Tension in the cables is achieved by an appropriate system of

tension devices at the extremities of the orthogonal and perimeter cables shown.

3.3.2 CONSTRUCTION

The frame, to be constructed in geosynchronous orbit, is that of a tri-

beam (Figure 3.3-2), built up from the individual machine-made beam elements

shown and connected by a pretensioned X-bracing system. Other constructions

such as a pentahedral truss utilizing union joints, are applicable but were not

studied. The machine-made beam element contains a closed-cap section fabricated

of the same graphite composite material as that used in the cap of the General

Dynamics design (Reference 8 ). The tension cables are graphite composite pul-

truded rods like that developed by McDonnell Douglas (Reference 9 ). The tri-

beam bay length is the same as the width. Study of weight and construction

variations with different tri-beam bay lengths was beyond the study scope.

0.0L_ -

I_1 I I Ill ]

I%1 11111

_ Ko

ARRAYTENSION
NTO SATISFY X BRACING
MAXDEFLECTIONA

ARRAY

I> \

,-, C,OR., o

Figure 3.3-2. Tri-Beam Construction

3.3.3 REQUIREMENTS

The operational scenario shown in Figure 3.3-3 illustrates the sources of

the major structural requirements:

|. Sustain the worst combination of "pretension closed-force system loads"

in conjunction with

• Structural temperature variation of |]O°C (230OF) across the

machine-made beam individual cap

• Structural temperature differential of 85°C (185°F) between the

orthogonal array of cables and average of machine-made beam caps
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• Structural temperature differential of 55°C (131°F) between tri-

beam X-bracing and average of machine-made beam caps

2. Peak out-of-plane deflection of 12 to 48 cm (0.39 to 1.57 ft) during

the worst combination of

Reflected solar pressure 32.5xI0 -_ N/m 2 (0.67xI0 -_ ib/ft_);

gravity gradient load - 30.0x10 -_ N/m2; microwave pressure -

2.5xI0 -_ N/m 2 (0.051x10 -6 Ib/ft 2)

Thermal gradients 24°C (175°F) peak differential between average

temperature of machine-made beams, 16°C (61°F) peak differential

between X-bracing cables.

3. Minimum modal frequency to be compatible with overall configuration

minimum of 0.0016 Hz

4. All materials to be compatible with temperatures of -170 to 200°C

(-274 to 392°F)

' • CONCD_RATEDSOLAR
PRESSURE-CONSTANT

eDIRECT SOLARPRESSURE
VARIESFROM0 TO)60o

• eGRAVITYGRADIENT TOI_UE-
5.70 INCLINATIONTOEARTH

eGRAVITY GRADIENTNORMAL
LOAD(2OOOM OFF-SETTO
CENTERO,¢ MASS) - CONSTANT

AN_NNA
SHADEDBY

/ SHADEDBY

"'_.._. ;(___..REFLECTO__,, .JUNE21 "'_'-

OE: !/

Figure 3.3-3. Microwave Antenna Operational Scenario

During operation, the concentrated solar pressure (CR=5) is of constant

intensity while the direct solar radiation angle varies from 0 to 360 ° . This

is most significant to the initial contour adjustment and results in the thermal

requirements stated above. Also, of great significance is the gravity gradient

loading resulting from the 2000-meter offset between the antenna and total con-

figuration center of mass. For the configuration shown, the concentrated solar

pressure and gravity gradient loading act in the same sense. An antenna located

at the configuration center of mass will sustain essentially half the loading of

this design.
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Despite exposure to these deterring sources, the antenna surface devia-

tion from flatness must be compatible with the specific electronic efficiency

requirements.. The range of these requirements is 12 to 48 cm. Also, the

integrated structure/control system must maintain the earth pointing accuracy

of the antenna to within 0.05 degree. For that requirement, classical control

techniques require the first modal frequency of this configuration (Figure 3.3-1)
to be above 0.00]6 Hz.

3.3.4 STRUCTURAL ANALYSIS METHODOLOGY

The general methodology of the structural analysis performed to describe

the hexagonal frame's basic structural characteristics of mass and figure con-

trol quality is described in Figure 3.3-4. The basic closed-force system com-

pression and tension loads (Figure 3.3-5) were derived parametrically in terms

27or

i ?t0

COMPRESSIONC

_._ _ , FOREACHa

STRUCTURALSIZES

• BEAM DEPTH AND

__ J SHEAR MATERIAL

I AREA
I •"X" CABLE AREA

• TRI-BEAM DEPTH

I I _ a =5OO THERMAL
12 24 36 48A'_ DEFLECTION

SURFACE DEVIATION (r_J_) _ ANALy31"b I

THERMAL-
INDUCED
LOADS

OPTIMIZATION ANALYSIS__ J

• _ CAP LOCAL & EULERI
COLUMN I

TORSIONAL /STABILITY I

STIFFNESS Af¢_ I. /'BEAM J
_._'./Y. /SHEARSTIFFNESSi

_,A\\ / _'"J_ STABILITY
/ ,'._'_="-tf_ oFMACX,NE

MADE BEAM

• OVERALL TRI-BEAM,/FRAME STABILFrY

Figure 3.3-4. Structural Analysis Methodology

of the peak surface deflection 4, antenna aperture radius a, and perimeter

cable depth Ka. The interplay between increased cable depth and frame perimeter
length With reduced compression load is shown in Figure 3.3-6. The frame com-

pression stability criteria were obtained by conducting a NASTRAN stability analysis
(Figure 3.3-7). For the first interaction thermal loads were estimated to be

negligible and confirmed in the subsequent analysis of the established designs.

Through an optimization analysis that addressed the pertinent compression load

stability requirements (Figures 3.3-7 and 3.3-8), the significant frame struc-

tural sizes and mass were determined in terms of the antenna aperture radius, a,
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Figure 3.3-5. Basic Frame Free Body/Equations
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Figure 3.3-6. Compression Load/Frame Size Variation With Cable Depth

and the deflection restriction A (Figure 3.3-9). At this stage, the additional

surface deflection due to thermal distortions was determined with appropriate

adjustment of the final data (Figure 3.3-10). In all the foregoing analyses the

applied loading used was 60.Ox10 -_ N/m 2 (1.25xi0 -6 Ib/ft2).
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Figure 3.3-7. Hexagon Frame Stability Considerations
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Figure 3.3-10. Hexagonal Frame Mass Variation With Surface Deviation
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3.3.5 ANALYSIS

A safety factor of 1.5, applied to the calculated limit loads, was used

throughout the analysis. The equation to determine the membrane tension

(Figure 3.3-5), N = wa2/4A (Reference i0) is exact for a circular membrane

supported at its perimeter and a sufficiently accurate approximation for this

application.* The equations for H, Tmax, and C are exact and directly deter-

mined from the free bodies shown. It is apparent from a review of Figure 3.3-6

that not only does this closed-force system provide compression loads that are

high by large space structure standards, but these loads are quite sensitive

to the depth of the cable in the range of Ka = 0.05 to 0.15.

The machine-made triangular beam concept (Figure 3.3-2) containing a

closed cap, was the basis of the optimization analysis. The closed cap was

used rather than an open section in view of its structural efficiency. While

it is recognized that the machine-made triangular beams under development by

Grumman and General Dynamics employ open caps to permit convenient backup for

the welding of the cross members, a design with a composite closed cap is

being studied by Grumman for MSFC.

The stability criteria for the cap are shown in Figure 3.3-8 with Ocr

determined from the Johnson parabola equation. The local buckling equation

shown was applied to test data stated in Reference 8 and was within lO percent.

The machine-made beam stability criteria also are shown. In the interest of

a conservative approach, which is appropriate at this point in the design, the

machine-made beam is treated as a pin-ended column though significant fixity

is achievable. The use of the coefficient of 0.95 accounts for the loss ef

capability due to the beam cross and diagonal members deformation and is the

criterion to which those members are sized.

column formula PF = __2EI/S2, where _ is determined from NASTRAN stability

analysis. During the course of these analyses (Figure 3.3-7), it was recognized

that the use of externally applied radial compression loads (rather than the

closed-force system loads associated with cable pretension) to predict frame

ShaUillty was grossly conservatlve. This is uemoLzsu_aueu by c._ r_spec =_=-

values of _ = 0.077 compared to 0.233 for GJ/EI = 0.265 (see later discussion).

This phenomenon is evident from examination of the examples shown at the left

of Figure 3.3-7. The coefficient _ is reduced to 0.25 for the cantilever beam

due to the load remaining parallel through deflection and hence providing a

moment at the base. The same cantilever beam loaded in compression by the tension

cables that are constrained to pass through the fixed support can produce no

moment. NASTRAN analysis indicated a coefficient of 1.0, as anticipated.

The buckling coefficient _ of the hexagonal frame depends on the torsional

stiffness. Figure 3.3-]] illustrates the variation of this coefficient as a

function of the ratio of torsional to bending stiffness. For low GJ/EI ratios,

is quite low because torsional flexibility predominates. As the parameter

GJ/EI is increased to values >|.0, the coefficient _ varies asymptotically

since the bending stiffness is constant. The variation of frame mass and depth

*Confirmed by analysis with NASTRAN model shown in Figure 3.3-19.
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are shown in Figure 3.3-11 for two of the many cases investigated. The trend

was always the same: minimum frame mass was compatible with low values of

GJ/EI. This is not surprising since a design having equal cap and X bracing

mass, and the same elastic modulus, has a GJ/EI ratio of approximately 0.33.

It is pertinent to note that lesser frame mass is compatible with increased

tri-beam depth, which implies numerous weight/copstruction cost issues. Within

the context of the analysis goals, the design value selected was GJ/EI = 0.265,

and _ = 0.233 as the best compromise (near-minimum weight with reduced tri-beam

depth). The construction advantages of fewer bays of bracing are appreciated,

however.
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Figure 3.3-I]. Frame Design Implications - GJ/EI Variation

Figure 3.3-9, therefore, parametrically presents the required frame mass

and depth for antenna aperture radii of 500 to ]000 m (]640 to 3280 ft) for

the surface deviation restrictions shown due to the distributed loading of

60.Ox]O -_ N/m 2 (].25x]0 -_ Ib/ft2). The data are based on the cable depth

parameter k = 0.20 which resulted in the minimum weight of each design. At

this point thermal deflections have not been included. The importance of not

imposing unwarranted deflection restrictions at the lower deflection regimes

is apparent.

An illustration of the weight breakdown and significant stress levels for

the data point of Figure 3.3-9 are shown in Figure 3.3-]2. It is important to

note that the weight estimate is based on use of the same machine-made beams

throughout. Undoubtedly the cross member can be lighter and fabricated by a

separate beam machine. The intent here is to be conservative, in this case

approximately 25 percent. It is also worth noting that the limit compression

is 91MPa (]3,700 psi), the peak limit cable tension is 275 MPa (40,000 psi).

While the long-term creep data for these graphite composite materials, which
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are subjected to thermal cycling and space environment effects, are not avail-

able, stresses that are 15 to 25 percent of yield appear reasonable.

The thermal-structure considerations are classified into internal load and

deflection-producing categories (Figure 3.3-13). The bending deflections shown

result from gradients between the average temperature in each machine-made

beam, with the average temperature being determined from the temperature of all

three caps in each beam. Gradients across the closed cap of each beam produce

stress, not deflectlon. The nature of the gradients between the X-bracing

cables that produce deflections are equivalent to the strains resulting from

transverse shear or torsion, with torsion being much more significant.

LOADS

C[_CHANGESDUE TO CAB_<_]

AND TRI-BEAM TEMPERATURE
D IFFERENTIAL

TRI-BEAM

CHANGES DUE TO X BRACING
AND MACHINE MADE BEAM
TEMPERATURE DIFFERENTIAL

THERMAL GRADIENTS ACROSS
BEAM CAP

GRADIENT ACROSS MACHINE
MADE BEAM

DEFECTIONS

TRI-BEAM

DEFLECTION

)
",_",,V

GRADlENT AC ROSS TR I BEAM

I DEFLECTION

GRADIENT BETWEEN X
BRACING CABLES

Figure 3.3-13. Thermal Structural Considerations

The most severe thermal-induced loads result from gradients between either

the X-bracing or orthogonal cable array with the machine-made beam caps and

occurs during an eclipse. Figure 3.3-14 illustrates the temperature history of

the X-bracing cables and beam caps during an eclipse, for two cap thicknesses

and two cable diameters that represent the range of designs. The peak differ-

ence in temperature between the appropriate design combinations is less than

55 C (I00 F). The primary significance of the data is the suggestion that the

gradients can be minimized by using more than one cable in a tension cable system.

For a design with a cap of 1.8-mm gauge, the use of four 6.35-mm diameter cables

rather than one ;2.7-mm cable would result in a smaller gradient and could be

wound on a smaller storage drum.

The magnitude of the thermal loads are addressed in Figure 3.3-15. While

the cap locked in stress represents an operational condition, the remaining

data pertain to an eclipse condition. The gradients across the cap induce
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limit stresses of 2.8 MPa (400 psi) which is approximately 3 percent of the

applied limit compression stress. The data at the right address the increase

in tri-beam cap loads due to the pretension remaining in the X-bracing with

full-frame compression. The highest pretension loads will be imposed if the

pretension is totally performed prior to tensioning of the orthogonal cable

array. In this case the magnitude of pretension must be sufficient so that

subsequent to full pretension of the orthogonal cable array, and application

of the applied uniform loading, and a 55°C relative increase in the X-bracing

cables, the X-bracing cables remain in tension. Maintenance of tension in all

the X-bracing cables is required to assure accurate predictability of the frame

structural behavior. With that approach, initial cable pretension can be as

high as 67 KN (]5,000 pounds) which would provide the design requirement on

the bracing attachments to the joints and cross members. However, a computer-

controlled staged pretension approach with X-bracing pretension leading the

orthogonal array could reduce the initial loading to 1KN (225 pounds) and is

_,uch more preferable to the structural design. The end result as far as the

load in the caps is concerned is the same and is shown at the right. This

includes the increase in cable load due to the X-bracing being 55°C cooler

than the beam caps. In all cases the thermal loads were small enough to be

negligible to this study.

The significant frame corner deflection A H induced by the variation of

direct solar radiation is shown in Figure 3.3-]6. The surface and frame

deflections due to thermal gradients from the reflected sunlight and distributed

loading of 60.0×]0 -6 N/m are invariant. The maximum deflection occurs at Point

H for the separate condition of gradient across the tri-beam and gradients

between the X-bracing elements shown bv solid and dashed lines. The worst
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I SUNL,GHT

___ZZ:_wpS UPPORT

SYMM _ ...

_T '_ T • 24°C Is -
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Figure 3.3-16. Thermal Deflections - Cable Temperature Differentials
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gradient across the tri-beam is shown for a sun angle just above 0 and up to

30 degrees with the upper machine-made beam shadowed by the solid-state sandwich

array. An opposite deflection will occur for the sun angle just below 0. The

magnitude of gradients account for the continual presence of the reflected (CR=5)

sunlight. The case shown for the gradients between the X-bracing cables, for a

sun angle of 45 ° , is an upper-bound case and conservative. In both cases the

thermal deflections were determined by the virtual work method applicable to

trusses, in which the deflection is equal to the sum of all the _(&T)u_ terms

in all the members. Magnification of this deflection due to secondary bending

and torsion from the axial compression loading was estimated to be in accordance

with the relation

3(tan v-u)
where u = _ _P/-_7_r (Reference ii).

u 3 2

The calculated data of Figure 3.3-16 indicate the frame corner deflections

due to gradients across the tri-beam are opposite to that of the X-bracing.

Since the case used for the X-bracing is an upper bound, the worst case occurs

with gradient across the tri-beam due to direct sunlight at slightly above 0.

While it is appreciated that the entire pretensioned orthogonal cable array

will resist the deflections described, the magnitude of any reduction is not

known and hence is ignored.

The issue of possible magnification of the thermal deflections due to solar

induced vibrations is addressed in Figure 3.3-17. The minimum frequency of the

antenna is generally in the regime of 0.0014 to 0.003 Hz (Figure 3.3-18). Suff_

cient frequency separation exists to preclude any magnification of thermal deflec-

tion, even without damping.
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Figure 3.3-17. Solar Pressure-Forced Vibration Implication
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Figure 3.3-]8. Hexagonal Frame Minimum Modal Frequency*

The implicat{on on total surface deviation of the direct sun-lnduced

deflections was studied using the McNeal Schwendler version of NASTRAN with the

model shown in Figure 3.3-19. This version of NASTRAN accounts for the change

I
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Figure 3.3-]9. NASTRAN Model of Antenna Structure

*The slight shape deviation shown results from a state of non-uniform tension throughout the array. The present NASTRAN analysis

technique does not provide explicit establishment of uniform tension. This variation is. however, not significant to results.
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in load compatible with deflection and hence provides exact analysis results

for structures containing tension stabilized cables. Table 3.3-1 presents the

maximum surfahe deviation obtained by superimposing the maximum corner deflec-

tion shown on the basic pressure load deflected shape, which is invariant.

The appropriate lesser deflections at the other two corners were also included.

It is evident that deflection of the corner opposite to that of the solar

preSsure/gravity gradient loads produces the maximum deviation, and introduces

the advantage of a bias in the initial jack setting. A bi_ of 5 cm for the

design shown in Figure 3.3-20 together with the thermal deflections results in an

additional 2.5 cm (6.3 in.) oz deviation above that of the basic uniform loading,

or an increase of 20 percent. Incorporation of this effect would shift the mass

curves to the right as suggested by the dotted line of Figure 3.3-10. However,

Table 3.3-1. Maximum Surface Deviation

Dimensions in cm (in.)

Deflection

at Corner

9.1 (23.1)

0

-9.9 (25.1)

Maximum

Deflection

of Array

-14.8 (37.6)

-15.1 (38.4)

-15.5 (39.4)

Minimum

Deflection

of Array

2.1 (-5.3)

-2.6 (6.6)

-2.1 (5.3)

Maximum

Deviation

16.9 (42.9)

12.5 (31.7)

13.4 (34.0)

Note: Sign convention is per Figure 3.3116.
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Figure 3.3-20. Example Thermal Deflection Effect on Deviation

3-67



Space Operations and
Satellite Systems Division

Space Systems Group

_ RockwellInternational

in view of the design conservatism previously discussed, the curves shown in

Figure 3.3-9 were maintained in Figure 3.3-10 and are quite accurate for the

purposes of this study. The only modification made was the increase of tri-

beam depth by 15 percent to limit the secondary deflection magnification. The

machine-made beam element now has a fixity factor of 1.15 which is still

conservative.

The data of Figure 3.3-10 can be used for estimation of the mass and

depth characteristics of frames subject to other loadings. For example, a

frame subject to half the total uniform loading will have the same depth and

mass for essentially half the surface deviation. The method is limited to

designs with surface deviation no less than 9 cm.

Finally of concern to the construction operation is the modal frequency

of the frame during construction. Figure 3.3-21 illustrates the minimum modal

frequency of the hexagonal frame in its weakest configuration, which is just

prior to frame closure. Here too, the minimum frequency is well above the

frequency of geosynchronous orbit gravity gradient disturbances, which is

0.000023 Hz, and with it adequate frequency separation.

OVERVIEW OF FRAME

CONSTRUCTION PRIOR TO

COMPLETION OF LAST BAY -.

1ST FREQUENCY = 0.0041 Hz

Figure 3.3-21. Construction Phase Minimum Modal Frequency

Confisuration Analyses

Subsequent to completion of the foregoing described hexagonal frame analysis,

a structural analysis review was performed upon the SPS solid state configuration

shown in Figure 3.3-22.

The review resulted in the following:

The estimated tri-beam structural characteristics, for system weights

analysis are tabulated in Table 3.3-2. These characteristics were

determined to sustain the frame compression loads incurred with develop-

ment of the in plane tension loads necessary to limit the primary and

secondary reflector surface deviations from flatness to no more than

1 meter.
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Figure 3.3 -22. Solar Power Satellite - Sandwich Configuration -

Dual Solar Reflectors
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Table 3.3-2• Frame Structural Characteristics

(Refer to Figure 3.3-]0)

Elegent Type

b

(=)

122

<7

(=)

Unit

Hass

(kg/m)

_rogs-

Section

Area

(c=2)

Hinimu_

Inertia, I

A 4_ 2.0 12.5 13.9 3.45

B _ 122 2.0 25.0 27.8 6.90

C _ 97 1.6 8.3 8•0 1.26

V _ 97 1.6 16.6 16.0 2.52

E _ 140 2.3 15.8 18.5 6.0

67 2.3 10.4 11.0 0.82

NOTE: GI/EI - 0.265 for all designs.

• The modal analyses results are shown in Figure 3.3-23• The first and

second minimum modal frequencies shown are 0.00196 and 0•002065 Hz.
The modal data were obtained from the modal defined by the CRT plot

shown which contains the structural characteristics shown in Table 3•3-2.

The microwave antenna structure characteristics used were determined

from the hexagonal frame data contained herein.

Discussion of the modal analysis results, described above, with controls

personnel, indicated there is adequate frequency separation t0 satisfy mainte-

nance of the required pointing accuracy and stability.

The analysis to satisfy the frame compression loads used the NASTRAN model

described by the CRT plots of Figures 3.3-24, 3.3-25, and 3.3-26. In each case

the frame analysis was based on each frame acting as an entity in itself and

independent of the other frames, which is considered to be accurate•

The compression loads were based upon achieving isotropic tension in the

membranes. The dimensions of the frame shown in Figures 3.3-24, 3.3-25, and

3.3-26 are such that the frames sustain axial compression without bending due
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Figure 3.3-23. CRT of SPS Modal Model -- First Two (Non-Rigid)

Body/Modal Shapes

5632 m

5200 m

Figure 3.3-24. Primary Reflector Surface Compression Frame i
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Figure 3.3-25. Primary Reflector Surface Compression Frame II

5625 m I
1125 m j_ 3375 m j. 1125 m

TENSION TIE

Figure 3.3-26. Secondary Reflector Surface Compression Frame III
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to the loads delivered by perimeter cables attached to the corners of the frames.

Finally, it is pertinent to note that during the analysis a determination was

made of the equivalent buckling coefficients for each frame for different tri-

beam GJ/EI stiffness ratios. These values are shown in Table 3.3-3. Based on

the detailed trade study of the hexagonal frame, the selected designs utilized

the buckling coefficients for a GJ/EI = .265.

Table 3.3'3. Frame Buckling Coefficient, N*

(Variation with Ratio of GI/EI)

Frs_ne

I

II

III

Reference Figure

3.3-24

3.3-25

3.3-26
,i

GI/EI = 0.053

0.193

0.072

0.097

GI/EI = 0.265

0.873

0.31

0.286

PI_ 2

.mm'_

GI/EI = 0.53

0.984

0.52

0.365

An alternative structural system to support the reflector surfaces are

shown in Figure 3.3-25. The frame is comprised of radial compression members

identified in the figure as 1-31, 1-25, 1-19, 1-13, 1-43, and 1-37. Future

study of the solid state configuration _hown in Figure 3.3-22, if required,

will consider this option. While this configuration may be more efficient for

the basic compression loading it has essentially the same overall modal frequency
characteristics.

3.3.6 SUMMARY

In summary, the analyses conducted demonstrate the structural capability

flatness regimes. Active control is not required. While construction implica-

tions have not been analyzed, no construction problem is foreseen that would

preclude achievement of the parametric design data shown. The data are directly

dependent on successful development of a long-term, space suitable, low coeffic-

ient of expansion (0.36×10 -_ m/m/°C) graphite composite machine-made beam.

Achievement of the closed cap design is essential to the frame masses shown. The

increased mass of an open cap design remains to be determined and may not be

prohibitive. It is also appropriate to note that the analysis used the highest

operational uniform loading foreseeable. Loads, during construction must, and

can be compatible with the design, with appropriate on-orbit construction tech-

niques and associated costs.

Also, the overall configuration minimum modal frequency was above 0.0016 Hz,

providing significant frequency separation and use of classical control techniques.
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3.4 THERMAL CONTROL

Thermal" control supports all SPS satellite subsystems. Temperature is a

significant parameter affecting all subsystems, material selections, and mass.

Heat rejection is a particularly critical issue in the antenna design with use

of solid-state elements, i.e., low-junction temperature allowables restricting

baseplate temperatures to <_125°C. Thermal analysis was conducted to evaluate

both the sandwich and end-mounted solid-state concepts and the magnetron con-

cept. The objective of this analysis was to evaluate the design concepts,

identify problems, and suggest design solutions. The approach was necessarily

simplified. All thermal models were limited to six nodes or less and solutions

were carried out with a programmable calculator. Therefore, temperature and

power-level predictions are approximate. However, the models do reflect the

major features of the three designs and are believed to be a good guide to

trends and general levels. More detailed analysis will be required at a later

date for design verification.

3.4.1 SANDWICH CONFIGURATION

This configuration is characterized by dipoles distributed over the back

surface of the solar panel itself. Each dipole is supplied by a small solid-

state amplifier. The antenna ground plane is separated from the solar panel

by a honeycomb sandwich. The significant features from a thermal point of

view are shown in Figure 3.4-1.

AMPL IF IER

BeO
RADIATOR I

AL ANTENNA

_-_-- 7.81 CM_
GROUND PLANE

I ., \|
• r__j

CM _
AMPLIFIER TOP VIEW AL ANTENNA

• llllJllllllllllllllllllH[lllllllllllllilllllllllllllll
CROSS SECTION

GaA_ SOLAR PANEL

HONEYCOMB

Figure 3.4-1. Sandwich Configuration
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The solar panel is exposed to concentrated sunlight with an intensity of

5-6 suns. The solar cell temperature is limited to 200°C. On the opposite

(antenna) side of the antenna, amplifier and ground plane are exposed to direct

sunlight (one sun, worst case). In addition, there is power dissipation in the

amplifier and heat leaking through the honeycomb from the solar cells. Ampli-

fier baseplate temperature is limited to 125°C.

Early calculations showed that it would be very difficult to achieve the

temperature limitations imposed on the solar cells and amplifier at CR = 6 or

higher. A number of design features were varied parametrically in order to

approach this goal. Selective thermo-optical properties were assumed on sur-

faces exposed to direct sun. A circular disk radiator made of BeO (Berlox)

was used to carry away heat from the amplifier. Berlox has a high thermal

conductivity, but is dielectric and does not impair the functioning of the

dipole radiator.

A final set of performance calculations were carried out for the optimized

design. Solar cell and amplifier temperatures were assigned their limiting

values. The calculation then determined the value of the solar concentration

ratio which could be used, and the radiator diameter required. These parameters

determine the array power output.

The thermal model employed is shown in Figure 3.4-2. It contains four

nodes and three heat sources. Heat transfer is primarily by radiation, but

conduction through the honeycomb sandwich is also considered. Lateral temper-

ature gradients in the radiator were taken into account by means of a radiator

efficiency. Radiation exchange factors were estimated. Table 3.4-1 summarizes

the assumptions employed.

'_' D I RECT
I IM

AMPLIFIER ,L

DISSI__ AMPLIFIER/RAD IATOR

GROUND-

PLANE

SOLAR

BLANKET

CONCENTRATED

BEAM

Figure 3.4-2. Thermal Model for Sandwich Configuration
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Table 3.4-1. Assumptions used for

Sandwich Antenna Thermal Model

SOLAR CONSTANT, 1385 W/m z (WINTER SOLSTICE)

SOLAR PANEL CHARACTERISTICS GaAs

SOLAR, a 0.56 0.60

EMISSIVITY, E 0.84 0.84

EFFICIENCY (200°C) 0.151 0.2506

ARRAY FACTOR 0.94 0.94

PACKING FACTOR 0.95 0.95

DEGRADATION (EOL) 0.96 0.96
CELL OPERATING TEMPERATURE 200°C 200=C

HONEYCOMB STRUCTURE

6.35-mm HEXCELLS WITH 50-lan WALLS

INNER SURFACES BLACKENED _= 0.9)

GROUNDPLANE SURFACE

SELECTIVE (ale = O.210.8)

VIEW FACTOR TO SPACE _ FRACTION UNBLOCKED BY RADIATOR

BERLOX RADIATOR

SELECTIVE (ale = O.2/0.8)

OPERATING TEMPERATURE (INNER RADIUS), 125*C

MULTI-BANDGAP

Final calculations were made for two cases--one for single-junction GaAs

and the other for a multi-bandgap (MBG) solar cell. Node temperatures and

steady-state power flows per amplifier are listed in Tables 3.4-2 and 3.4-3.

The results show that, with a 4-1/2 cm radiator, the GaAs array can operate at

about CR = 5-1/2. The MBG array can go to about CR = 5-3/4 by increasing the

radiator diameter to 6 cm. The amplifier power for the MBG array is almost

twice that for the GaAs array because of the greater cell conversion efficiency.

Table 3.4-2. Node Temperatures and Energy Flow for

Sandwich Configuration (GaAs Cells)

ENERGY BALANCE ON SOLAR BLANKET

CONCENTRATED INCIDENT BEAM

SUNLIGHT ABSORBED
NET POWER TO AMPLIFIER

RADIATED FROM CELL SURFACES

RADIATED/CONDUCTED FROM GROUND-

PLANE

ENERGY BALANCE ON AMPLIFIER/

RADIATOR

HEAT DISSIPATED BY AMPLIFIER

DIRECT SUNLIGHT ABSORBED

RADIATION FROM GROUNDPLANE

RADIATION TO SPACE

ENERGY FLOW (WATTS/AMPLIFIER)

BOL EOL

46.55 (CR = 5,51) 45.96 (CR = 5.44)

26.07 25.7N

6.28 (hE " 0.135) 5.95 (hE _ 0.129)
14.54 (T C - 2000C) 14.54 (T C = 20OOC)

5.25 (T G = 150°C) 5.25 (T G - 1500C)

1.26 (hA " 0.8) 1.19 (nA = 0.8)

0.45 (D R = 4.59 cm) 0.43 (D R = 4.46 cm)
0.13 O.12

1.84 (T R - 125=C, 1.74 (T R = 125°C,

nR " 0.98) nR " 0.98)
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Table 3.4-3. Node Temperatures and Energy Flow for

Sandwich Configuration (MBG Cells)

ENERGY BALANCE ON SOLAR BLANKET

CONCENTRATED INCIDENT BEAM

SUNLIGHT ABSORBED

NET POWER TO AMPLIFIER

RADIATED FROM CELL SURFACES

RADIATED/CONDUCTED TO GROUNDPLANE

ENERGY BALANCE ON AMPLIFIER/
RADIATOR

HEAT DISSIPATED BY AMPLIFIER

DIRECT SUNLIGHT ABSORBED

RADIATION FROM GROUNDPLANE

RADIATION FROM SPACE

ENERGY FLOW (WATTS/AMPLIFIER)

BOL EOL

49.17 (CR - 5.82) 48.06 (CR - 5.69)
29.50 28.83

11.0! (hE 0.224) 10.34 (hE = 0.215
14.54 (T C : 2OO°C) 14.54 (T C = 2OO°C

3.95 (T G = 163°C) 3.95 (T G = 163°C)

2.20 (qA = 0.8) 2.04 (n A - 0.8)
0.86 (D R - 6.28 cJn) O.81 (D R = 6.09 cm)

0.39 0.37

3.45 (T R = 125"C, 3.25 (T R = 125=C,

nR = 0.98) nR = 0.98)

3.4.2 END-MOUNTED CONCEPT

This configuration decouples the solar array from the antenna, and the

analysis involves antennas and amplifiers only (no solar panels). In this

case, the amplifiers are solid state and similar to the ones used in the

sandwich configuration. They are clustered in groups of nine or less at the

end of dipole antenna supports (Figure 3.4-3). The amplifiers are bonded

thermally to an aluminum close-out dish which acts as both fin and conductor.

The close-out is attached around its perimeter to a doubled groundplane. The

groundplane is separated from a bottom sheet by a honeycomb structure.

_ DIPOLE

GROUND

I X 1 CM

Q /

P CLOSEOUT (Ti)

Figure 3.4-3. End-Mounted Concept
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The thermal model employed is illustrated in Figure 3.4-4. Amplifier

base temperature was held to the maximum allowable temperature of 125°C.

Maximum amplifier dissipated power was calculated for two close-out sizes and

two direct sun exposures--from the top (amplifier) side and from the bottom.

Corresponding microwave power per unit area was calculated from component effi-

ciencies and the module size (7.81 cm by 7.81 cm). Table 3.4-4 lists the

assumptions employed in the thermal calculations. Maximum microwave output

permitted under the 125°C amplifier temperature limitation is given in

Table 3.4-5 for the cases considered.

AMPLIFIER
DISSIPATION

Figure 3.L:-4.

UT

/_ SUNLIGHT
(FROM BOTTOM)

Thermal Model for End-Mounted Configuration

Table 3.4-4. Assumptions for Analysis of

End-Mounted Configuration
#

Component Efficiencies:

Amplifier 0.80
Driver 0.99
Antenna 0.96

Fin (Close-out Disk) 0.75

Thermo-Optical Properties: (a/c)

Outer (Sun-Exposed) Surfaces
Inner Surfaces

Honeycomb Conductance (W/K)

3 cm Diameter
4 cm Diameter

0.2/0.8
0.9/0.9

0.27
0.35
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Table 3.4-5. Maximum Microwave Output for

End-Mounted Configuration

SUN .

(1385 W/M')

TOP

BOTTOM

CLOSEOUT TEMPERATURES (C) MICROWAVE_

Diam D] (CM) Amplifier Groundplane Bottom Power (W/M z

3.0 125 104 33 3867

4.0 125 109 37 4175

3.0 125 102 58 4332

4.0 125 108 62 4685

3.4.3 MAGNETRON CONCEPT

This configuration involves antennas and power amplifiers only--no solar

panels are involved. The thermally significant features are illustrated in

Figure 3.4-5.

RADIATOR MAG NETRO N SHELL

_ /I---8.7 cM ;, , i

I f-. _..r. .-_,,' I I
I LT-----[IT---r _, i /

k _ii V ". i." I [ /
/L / I! MAGNETRON SHELL

\,,, UPPER

SLOTTED SHELL. _'-_--34.62 CM = i
i 8.7 CM  MMI

LOWERS.ELL---------__._ t
TOPSHEET2._"[_-_MI ,\\ t I I A.ODE

/
/

- 0._4MM / \ALUMINUM SLOTTED ANTENNA

WAVEGUIDE

Figure 3.4-5. Magnetron Concept

The magnetron anode is surrounded by a top and bottom shell and is assumed

to exchange heat with both by radiation only. (No interior details of the mag-

netron are available.) The anode is assumed to be the site of all thermal

dissipation. It is surrounded by an annular disk of pyrolytic graphite which

extends beyond the shells so as to act as a radiating fin. This fin exchanges

radiation with space and with the top sheet covering the slotted antenna.
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The lower shell of the magnetron rests on an aluminum waveguide mounted

on the top sheet. Heat is exchanged between the lower shell and top sheet by

conduction and radiation. The thermal model is shown in Figure 3.4-6.

ANODE

Figure 3.4-6. Thermal Model for Magnetron Configuration

The diameter of the graphite fin is rather large (35 cm) and its effect-

iveness is critically dependent on thickness and thermal conductivity. The

3-mm thickness shown is a compromise between mechanical strength and system

weight. A thermal conductivity of 250 W/MK at 300°C was taken from Refer-

ence 12. Raytheon (Reference 13), who proposed the magnetron approach, has

assumed a tapered fin (3 mm at the root and 0.5 mm at the outer edge. They

have also used thermal conductivity about three times as high.

Further assumptions used in the present analysis were:

I. Direct solar heating was ignored (but is not negligible).

2. The top sheet has a 90% reflectivity, and promotes heat

loss to space by reflecting emission from the lower fin

surface.

3. Inner surfaces of top sheet and slotted antenna are

blackened (E= 0.9) for better radiation transfer.

4. View factors were estimated based on percent of blackage.

5. Radial temperature gradients in fin and top sheet approx-

imated by fin efficiencies.
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Parametric calculations of node temperatures were carried out for two

values of magnetron input power at two efficiencies. The results are shown

in Table 3.4u6. Despite detailed differences in the two analyses, the results

agree fairly well with those presented by Raytheon (Reference 13). A compar-

ison between Reference 13 predictions and those described here are shown in

Figure 3.4-7.

Table 3.4-6. Node Temperature Predictions for

Magnetron Configuration

RF Input

Power Per Magnetron

Magnetron Efficiency

3000 W .85 529.4 W

.90

4000 W .85 705.9 W

.90

Temperatures (C)
Dissipation Radiator Upper Lower Top Anten-

Q4 (Center) Shell Shell Sheet na

350 265 346 70 12

333.3 W 282 206 229 32 -2

397 305 393 95 33

444.4 W 324 242 320 55 0

DISSIPATED
POWER

(WATTS)

600

4OO

200

O 394

_ (°C) 34o_==_=_= _=_'=_j_

3o_
O 280

RAYTHEON

O TH IS STUDY

2 3

FIN THICKNESS (mm)

Figure 3.4-7. Predicted Node Temperature Comparisons

for Magnetron Configuration
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3.5 ATTITUDE CONTROL AND STATIONKEEPING

Attitude control requirements are configuration dependent. As an entity,

the vehicle control subsystem is only a small portion of the total vehicle

mass, representing approximately two percent of the in-orbit mass. However,

it has a disporportionate effect on the overall system performance and opera-

tion. It is the only subsystem that may require large quantities of material

(propellants) resupplied on a regular basis after IOC. Pointing accuracy and

shape of high-tolerance surfaces (reflector, microwave antenna) affect the

efficiency of solar collection and microwave transmission. The most important

configuration trades must recognize this effect and optimize the system accord-

ingly. These trades are performed between the vehicle control subsystem and

other subsystems and the satellite configuration. The following describes the

control analysis performed on the SPS sandwich configuration. This analysis

was conducted to evaluate the magnitude of the control problems related to

the configurations.

The configuration initially studied is the same concept presented in

Section 3.3 (Figure 3.3-1) used for the structural analysis. For this space-

craft geometry, substantial gravity-gradient and solar-pressure torques result.

Also, large solar-pressure forces act on the system due to the large surfaces

of the primary reflector and secondary mirror system. Thus, for this config-

uration, these torques and solar-pressure forces have a large impact on the

attitude control and stationkeeping (ACSS) design.

The analysis also included the concept of free-flying various parts of

the spacecraft relative to each other. The objective was to determine the

impact these concepts may have in terms of propellant consumption and thruster

requirements. It must be pointed out that this portion of the study is based

on simplified models. The realization is immediate that the control and nav-

igation problems for free flying are complex.

The coordinate system chosen is a local vertical frame with the X and Z

axes the in-plane coordinates and the remaining Y-axis normal to the orbit

plane. The coordinate system is presented in Figure 3.5-1. The X-axis is

positive in the direction of the velocity vector; Z is positive, pointing

toward the earth; and Y positive to complete the triad. The flight attitude

of the spacecraft is Y-POP.

3.5.1 PROPELLANT REQUIREMENTS

The RCS propellant requirements are dominated by two factors. The most

dominant factor is the stationkeeping propellant requirements to correct the

inertial solar pressure force acting on the primary reflector. The other is

the gravity-gradient torque about the X-axis. These contribute approximately

83% to the propellant requirements for the system.

The large gravity-gradient torque along the X-axis (M(;GX) results from

the asymmetry of the spacecraft in the y-z plane. Referring to Figure 3.5-2,

the as_mnetry results from the large offset between the primary reflector mass

and overall c.m., and the offset between sandwich mass and overall c.m. These
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A

Z

ATTITUDE DETERMINATION SYSTEM

5 LOCATIONS O

• CCD SUN SENSOR (I/SYSTEM)

•CCD STAR SENSOR (2/SYST.)

• ELECTROSTATIC OR LASER

GYROS (3/SYSTEM)

• DEDICATED MINIPROCESSOR

Figure 3.5-1.

A

Y
THRUSTERS--f02

8 LOCATIONS I--1

*46 THRUSTERS MOUNTED
ON PRIMARY REFLECTOR
ARE GIMBALED ±||.75 °

e4 THRUSTERS MOUNTED ON
SECONDARYMIRROR ARE
DIFFERENTIALLY GIMBALED
39°

ACSS Equipment Location
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_'_'--" 1560 m

PRIMARY REFLECTOR _ Im
EQUINOX POSITION _

m
MpR " 1.5x106 kg

MSAND " 4.4x106 kg

Figure 3.5-2. Gravity-Gradient Torque

two properties are additive and give rise to a secular gravity-gradient torque,

the magnitude of which is better tban i00 times the magnitude of the gravity-

gradient torques along the Y or Z axes. Further, the value of MGG X is essen-

tially constant for all pointing errors of <0.5 degree. (The design point is

0.05 degree.) The propellant penalty attributed to MGG X is 33% of the tota].

There is a significant RCS propellant penalty for attitude control of this

geometry.

Three solar pressure forces act on the spacecraft. However, only the

solar radial force (inertial) gives rise to a secular orbit perturbation.

Referring to Figure 3.5-3, the other two forces designated as FSPI and FSP2

give rise to cyclical perturbations. The FSP] force is directed radially in

the negative Z-direction and FSP2 acts normal to the orbit plane in the nega-

tive Y-direction.

FSP2 = 111N

(N-S) [_

_ FSP3 =

313 N

(SOLAR

RADIAL)

I FSPI =128 N

(E-W)

SOLAR PRESSURE FORCES

PERTURBATIONS

• SOLAR PRESSURE

SOLAR RADIAL

• EARTH TRIAXIALITY

(E-W)

• SOLAR-LUNAR (N-S)

AV (M/SEC/YR)

INTEGRATED

CONCEPT I

9741!.83

53.3

BASELINE

COPLANAR

285.2 (E-W1

53.3

Figure 3.5-3. Stationkeeping AV Requirements

--Sandwich Concept
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The solar radial force results in a AV requirement of 3.4 times the AV

requirement of the coplanar design. This stationkeeping correction results

in a propellent penalty of 50% the total propellant mass.

Table 3.5-1 presents RCS propellant requirements. The results are summar-

ized in terms of stationkeeping and attitude control propellant requirements.

From the table, the propellant requirements are equally divided between station-

keeping and attitude control. Also, as indicated in the table, this configura-

tion requires a propellant mass of 48.5% of spacecraft mass over 30 years;

this compares to only 8% required for the reference klystron coplanar design.

Table 3.5-1. RCS Propellant Requirements

FUNCTION

STATIONKEEPING

• SOLAR-LUNAR
• SOLAR RADIAL

PROPELLANT MASS

KG/yRxl0 _

0.42
7.74

_S/C MASS
OVER 30 YR

1.24
22.92

SUBTOTAL 8.16 24.16

ATTITUDE CONTROL

• GRAVITY-GRADIENT TORQUE

X-AXIS
Y & Z AXES

• SOLAR PRESSURE TORQUE
X-AXIS

5.46
0.05

16.17
O.15

2.70 8.00

SUBTOTAL 8.21 24.32

TOTAL 16.37 48.48

NOTE: CONSTANT SOLAR PRESSURE CORRECTIONPOLICY--
ANNUAL PROPELLANT REQUIREMENT = 19.54xlO_KG

m

Another stationkeeping po!_cy was considered in which a constant correc-

tion is applied to all the solar pressure forces. This constant correction

policy resulted in a propellant requirement of 58% of spacecraft mass over

30 years. The policy of allowing cyclical perturbations results in a propel-

lant reduction of 9.5%.

3.5.2 THRUSTER REQUIREMENTS

The SPS sandwich concept (Figure 3.5-1) shows the location and number of

thrusters. The thrusters are mounted at eight locations. The RCS operates an

average of 66 thrusters. A total of 102 thrusters is included to provide the

necessary redundancy. Figure 3.5-4 shows further details of the thruster sys-

tem, indicating some of the thruster characteristics and thrusting directions.

The thrusters mounted on the primary reflector are gimbaled ±11.75 ° to provide

a constant correction force to counter the solar radial force as the sun

travels ±23.5 ° from the equinox position. The thrusters mounted on the sec-

onary mirror system are differentially gimbaled 39 ° to control the gravity-

gradient torques about the Y and Z axes. The remaining thrusters mounted on
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the ring are to control the MGG X disturbance, solar-lunar perturbation, and the

solar pressure torques resulting from FSPI and FSP2 (refer to Figure 3.5-3).

Approximately 55% more thrusters are required for the sandwich configuration

than for the coplanar system. Locations and types of sensors for+the attitude

reference determination system were shown in Figure 3.5-1.

11.75 °

1 I.75 °

GIHBALED

THRUSTERS

2

D I FFERENT I ALLY

GIHBALED 39 °

A
Y

THRUSTER CHARACTERISTICS

• THRUST: 13 N

• SPECIFIC IRPULSE: 13,OO0 SEC

• MASS: 120 KG

Figure 3.5-4. RCS Thruster Requirements

3.5.3 ACSS MASS SUMMARY AND POWER

The mass properties for the ACSS are summarized in Table 3.5-2. Tile

summary includes the mass of the individual elements and propellant mass. The

system average operating power which is proportional to the propellant mass is

65 megawatts.

Table 3.5-2. ACSS Mass Summary

_ss

ITEM (xlO 3) k9

ATTITUDE DETERHINATION SYSTEH

THRUSTERS--INCLUDING SUPPORT STRUCTURE

102 @ 120 kg/THRUSTER

TANKS, LINES, AND REFRIGERATION

POWERPROCESSING EQUIPMENT

ARGONPROPELLANT (ANNUAL REQUIREMENT)

TOTAL (DRY)

TOTAL (WITH PROPELLANT)

0.23

12.24

28.91

TBD

163.38

41.38

204.76
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3.5.4 FREE-FLYING CONCEPTS

ReferriNg to Figure 3.5-5, two systems were considered for the free-flying

concept. The first configuration is a two-body system in which the primary

reflector is separated from the lower body consisting of the secondary mirror

and sandwich with associated structure. The second concept is a three-body

option in which the primary reflector, secondary mirror, and sandwich were

considered as separate bodies. The objective of the analysis was limited to

determining propellant and thruster requirements. It must be emphasized that

the analysis was based on simplified models and approximations. More work is

required to obtain definitive results for the free-flying concepts.

| ,_ II • THRUSTERS: 68

• PROPELLANT: 15.4x10 _ KG/YR

TWO-BODY 4

L

2.3 ° GIMBAL RANGE

I

THREE

THRUSTER CONFI GURAT!ON _
OF PRIMARY REFLECTOR _
SAME AS TWO-BODY

f

GIMBALED

THRUSTERS

GIMBAL ANGLE
49"

8

INTEGRATED CONCEPT NO. |
THRUSTERS: 66 (NO SPARES)
PROPELLANT: 16.4x10 _ KG/YR

8

2-.II

Figure 3.5-5. Free-Flying Concepts

The results summarized in Figure 3.5-5 show that the two-body concept is

competitive in terms of propellant and thruster requirements with the concept

of Figure 3.5-1. However, the free-flying modes present very significant nav-

igation and control problems. Some of the issues involved are: (i) the orbits

are not Keplerian, (2) orbit determination--navigation and tracking, (3) six-

degree-of-freedom control for each body, (4) individual control systems for

each body, and (5) relative motion determination and control for each body.
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3.5.5 IMPACT OF SOLAR PRESSURE AND SPACECRAFT SYMMETRY

For alI'SPS configurations the stationkeeping of the solar pressure force

is one of the dominant drivers affecting propellant consumption. The solar

pressure force is directly proportional to the effective or capture area,

F S + PS A where A =A E (surface geometry, orientation ref]ectivity) i,

i

and thus the propellant mass is proportional to the area independent of space-

craft mass. The clamshell-type SPS has a large area-to-mass ratio which drives

up the percent of spacecraft mass over the 30-year number. The effective areas

of the coplanar and clamshell are essentially the same, but the area-to-mass

ratio is 1.89 for the coplanar and 7.81 for the Clamshell-6 which directly

reflects in the 6.3 and 26% of spacecraft mass requirements shown in Table 3.5-3.

Note: MP (Ps tsec/yr) A

g Isp

Thus, for a clamshell-type SPS the expected minimum achievable propellant mass

is in the range of approximately 22 to 27% with stationkeeping as a requirement.

Table 3.5-3. Impact of Solar Pressure

AREA, m2 PROPELLANT S/C MASS, kg _ S/C MASS
CONFIGURATION xlO 6 KG/YRxIO _' xlO 6 OVER 30 YR

COPLANAR 69 7.67 36.6 6.3

SANDWICH 64 7.12 8.19 26

The impact of spacecraft geometry on the propellant requirements were

evaluated for the two configurations shown in Figure 3.5-6. The clamshell SPS

has large gravity-gradient and solar-pressure torques about the X-axis. These

torques result from spacecraft asymmetry in the Y-Z plane. The clamshell con-

figuration has a propellant penalty of 14.7% of spacecraft mass over 30 years.

The value assumes control torques result from thrusters mounted on the primary

mirror (details are discussed in the following section). The penalty doub|es

to 29.6% if control torques result from thrusters mounted on secondary mirror

structure (free-pivoted primary mirror). However, the dual spacecraft, because

of its symmetry, has a substantial reduction in gravity-gradient torque about

the X-axis and much smaller solar-pressure torques. Assuming maximum moment

arm, the propellant mass for attitude control is reduced to 0.1%. Substantial

propellant savings are realized with the dual SPS vehicle.

3.5.6 RCS REQUIREMENTS

The RCS requirements for the clamshell and dual spacecraft are presented

in Table 3.5-4. Three approaches of thruster arrangements were considered for

the clamshell and only one for the dual because the disturbance torques were

smal].

In the first approach, the primary mirror is considered to be free-pivoted

and the control torques result from thrusters located on the secondary mirror
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CLAMSHELLCONFIGURATION

CONTROLACCURACY,0.05o

/_rUAL SPACECRAFT
C-_-NTRO-LACC_Y

+0,05°

Y

COORDINATES

Figure 3.5-6. Satellite Concepts

Table 3.5-4. RCS Requirements

CLAMSHELL SPACECRAFT

FREE PIVOTED PRIMARY MIRROR

I. M X ATTITUDE CONTROL
THRUSTERS MOUNTED ON

SECONDARY MIRROR

SERVO MOTORS CONTROL PRIMARY

MIRROR WITH RESPECT TO MAIN

BODY

2. MX ATTITUDE CONTROL
THRUSTERS MOUNTED ON

PRIMARY MIRROR, RADIALLY

FIXED

3. MX ATTITUDE CONTROL THRUSTERS

MOUNTED ON PRIMARY MIRROR,

!NERTIALLY FIXED

DUAL SPACECRAFT

PROPELLANT _ S/C MASS THRUSTERS

KG/yRx I0_ OVER 30 YR REQUIRED*

15.5

11.5

13.5

15.0

56.9

41.1

48.5

27.5

73

63

111

90

*SPARES NOT INCLUDED

structure. The second and third options have servo motors to control the pri-

mary mirror relative to the main body, and the thrusters to control large dis-

turbance torque along the X-axis (Mx) are located on the primary mirror. In

the latter two approaches, longer moment arms are available, which results in

propellant savings. The difference between the two options is that in the

second M x control, thrusters are radially fixed; and in the third, the thrusters
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are inertially fixed. Inertially fixed thrusters are stationary with respect

to the primary mirror, and radially fixed thrusters rotate once per orbit rel-

ative to th_ mirror to maintain a thrust direction along the radial Z-axis.

The locations of the stationkeeping thrusters remain the same for the three

clamshell thruster configurations.

For the clamshell spacecraft, the highest propellant penalty of 56.9%

over the lifetime of the spacecraft resulted from the first approach, and the

highest number of thrusters which total iii (not including spares) resulted

from the third arrangement. The second apFYoach results in the lowest propel-

lant and thruster requirements. A propellant penalty of 41.1% of spacecraft

mass over 30 years was achieved, and an average of 63 thrusters are required

to operate. Reductions of propellant mass of 15.8% and 7.5% were obtained

relative to configurations one and three, respectively. Thus, the preferred

approach is the second option.

The dual spacecraft has a propellant penalty of 27.5% of spacecraft mass

over 30 years, which approaches the minimum achievable value. The RCS operates

on an average of 90 thrusters. A reduction in propellant penalty of 13.6% is

realized compared to the second approach, single configuration clamshel]. How-

ever, relative to this option, there is an increase of 46% in thruster require-

ments. If the propellant savings offset the cost of additional thrusters, the

dual vehicle is an attractive concept.

The thruster systems for the preferred option of the clamshell and the

dual are shown in Figures 3.5-7 and 3.5-8, respectively. For the clamshell,

the thrusters are mounted at four locations; and at eight locations for the

dual. Each figure shows the details of the thruster configurations which

include the thrusting directions and the total number of thrusters. The

totals include the number of thrusters the RCS operates, on the average, to

provide control, and the number of spares required to provide the necessary

redundancy.

Referring to Figures 3.5-7 and 3.5-8, the thrusters are located on the

centerline at the tips of the primary mirror and at the opposite ends of the

minor axis of the secondary mirror. The thrusters on the primary mirror are

gimbaled ±11.75 ° to compensate for the mirror motion as the sun travels ±23.5 °

from the equinox position. The function of these thrusters is to provide

(i) stationkeeping for the solar pressure which results from direct sunlight

and reflected sunlight off the secondary mirror and solar-lunar perturbation,

and (2) attitude control for the disturbance torque along the X-axis. Atti-

tude control for the clamshell requires 16 thrusters, and only two for the

dual. The thrusters mounted on the secondary mirror provide the stationkeep-

ing of the solar-pressure force resulting from direct sunlight on the mirror,

and control torques to correct the gravity-gradient disturbance torques about

the Y and Z axes. The radial thrusters, differentially gimbaled, provide the

control along these axes.
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Figure 3.5-7. Thruster Configuration--Clamshell
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Figure
3.5-8. Thruster Configuration-- Dual Spacecraft
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3.5.7 ACSS MASS SUMMARY AND POWER REQUIREMENTS

The masN properties and power requirements for the ACSS are summarized

for the clamshell and dual spacecraft in Table 3.5-5. The summary includes

the mass of the individual elements and propellant mass. The average power

requirement which is proportional to propellant consumption is 45.46 mega-

watts for the clamshell, and 59.34 megawatts for the dual spacecraft.

Table 3.5-5. Mass Summary and Power Requirements

MASS SUMMARY

ATTITUDE DETERMINATION

SYSTEM

THRUSTERS--INCLUDING

SUPPORT STRUCTURE
I00
146 @ 120 kg

TANKS. LINES, AND
REFRIGERATION

POWERPROCESSING
EQUIPMENT

ARGONPROPELLANT
(ANNUAL REQMT)

TOTAL (DRY)
TOTAL (W/PROPELLANT)

POWERREQUIREMENTS

CLAMSHELL

kgxlO =

0.23

12.00

20.24

114.66

32.46
147.12

MW

45.46

DUAL SPACECRAFT

kgxl0 z

0.23

17.52

25.45

149.88

43.20
193.03

MW

59.34

3.5.8 CONCLUSIONS

The analysis shows that the propellant requirements for the clamshell are

large and are substantially reduced for the dual. The propellant penalty for

the clamshell is 56.9_ of spacecraft mass over 30 years if the primary mirror

is treated as a free-pivoted structure. If servo motors control the primary

mirror relative to the main body, the preferred approach consisting of radially

fixed thrusters results in a propellant mass of 41.1% over the lifetime of the

spacecraft. A reduction of 17.8% is realized with the preferred approach. The

RCS for the preferred configuration operates an average of 63 thrusters for

stationkeeping and attitude control. A total of ]00 thrusters (37 spares) is

included to provide the required redundancy. The propellant penalty for the

dual is 27.5% of spacecraft mass over 30 years. A substantial reduction of at

least 13.6% is realized relative to the single clamshell. Propellant require-

ments for attitude control are small. The total number of thrusters required

for the RCS is 146, and 56 of them are spares to provide the redundancy. An

average of 90 thrusters operate to deliver the control forces and torques. In

terms of ACSS requirements, the dual is an attractive SPS concept.

The results obtained to date are based on simplified dynamic models. If

the clamshell-type SPS is to be competitive, a refinement in the dynamic models

is required to obtain definitive results. With the clamshell-type SPS, there

is relative motion between the two bodies which gives rise to time-varying

inertia properties and time-varying gravity-gradient and solar-pressure
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torques. The position of the mass center varies annually. These effects must

be included in a rigorous analysis. A valuable analysis and design tool to

accurately a_sess the magnitude of ACSS requirements is a digital computer sim-

ulation that includes the complex dynamics and control models. A development

of a digital simulation program is recommended for the SPS ACSS analysis and

design.

3.6 MICROWAVE POWER TRANSMISSION

This section covers the space segment of the microwave power transmission

system, i.e., the antenna and transmitter subsystems, including associated

phase control, beam pointing and signal distribution. A key tradeoff in prior

MPTS trade studies has been selection of the basic microwave power amplifier.

Major areas of investigation undertaken in this study included examining in

greater detail the implication of developing a satellite concept predicated upon

use of solid-state microwave power amplification devices without constraining

the concept to be directly interchangeable with the klystron. Two fundamentally

different SPS approaches were studied: (I) a system using the baseline SPS,

i.e., a large satellite with low concentration ratio, high-voltage dc distribu-

tion, and two end-mounted solid-state active antennas I with approximately the

same transmitted power level as the baseline system; and (2) a sandwich system

using an arrangement of mirrors to concentrate solar energy with the intensity

of up to six suns on the rear of the sandwich (where solar cells are located),

and an active array at the other side of the sandwich with simple, direct feed-

through from the solar cells to the microwave amplifiers.

An overall comparison of SPS concepts is illustrated in a comparison of

installation cost versus energy cost at the utility interface (Figure 3.6-1).

Klystron (or, generally speaking, tube) concepts are more fully developed and

have less of a spread in installation cosL. OU_U--_L_L__....' ..... concepts are ±_1---

defined, and reach over a larger installation cost regime, but offer more

potential improvement as the state of the art is developed. Fundamentally,

they require lower operating and maintenance costs (because of the inherently

high lifetime of the space segment) and should, therefore, ultimately result

in a lesser total energy cost, even though the installation cost may be higher

--at least initially.

In addition to the solid-state amplifiers, a study was done to design a

magnetron-powered antenna and transmission concept which could be compared to

the existing klystron reference concept. Technological advancements have made

the magnetron an attractive candidate for SPS. Total system comparisons and

configurations are described elsewhere in this report (see Sections ioi.i,

1.1.2, 1.4, 2.3.1, and 2,3.2). This section describes the microwave power

transmission analyses and tradeoff studies that were conducted in support of

the final selected concept definitions.

iThe definition of "active antennas" as used here implies power amplification

immediately at the radiating elements, i.e., power combining in space.
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3.6.1 SPS TRANSMITTING ANTENNA ANALYSIS

This analysis is presented in order to provide a consistent basis for

designing and comparing different SPS microwave power distribution systems.

It takes account of constraints on radiated RF power density that are imposed,

both at the transmitting antenna by thermal considerations, and at the rectenna

by ionospheric effects.

The actual transmitting array, often referred to as the spacetenna, in all

cases is modeled as a circular aperture in which the amplitude and phase dis-

tributions are functions only of radius and are independent of azimuthal angle,

i.e., circular symmetry is assumed.

Power Density Distribution in the Aperture

In accordance with the above the distribution of electric field in the

aperture is described by an illumination function f(r), where r is radius in

the aperture normalized to unity at the edge. The power density at any point

in the aperture, whose diameter is D T = 2a, is

dP _
dA _HST If(r)12

where the elemental area dA is given by

dA = 2_aerdr

and ST represents the input power density at the array center, r = 0. Ohmic

loss in the array is assumed to be small and is accounted for by the efficiency

factor qH"

The total power transmitted through the aperture is then given by

P
T

1
P

J
-o

PT = NHKAST W/m2 (3.6-1)

where A = _a 2 is the area of the aperture and K is a parameter which will be

called the aperture power coefficient, given by

1

K = 2 I If(r) 12rdr (3.6-2)

0

It is clear from Equation (3.6-1) that the product KS T is just the average

power density over the aperture as a whole. It is noteworthy that the illumina-

tion function f(r) may be complex without influencing K. It is only the ampli-

tude distribution that affects K and not the phase distribution.
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Power Density at the Rectenna

It is now assumed that the transmitting antenna is boresighted on a

rectenna at range R and that far-field conditions prevail. The latter assump-

tion implies one of the following two conditions: Either

2D$
R_-y-

or else the transmitting antenna is given a phase distribution such that it is

focused on the rectenna at range R. This simply means that f(r) is complex

and the array radiates a convergent spherical wave, rather than a plane wave.

The flux at the rectenna then becomes

GPT W/m 2
SR - 4_R2

where G is the gain of the transmitting antenna and is given by

I OT)2G = r]A _-_ - _]Ak2a 2 = U A \--_-
(3.6-3)

Combining these equations yields

SR = UAP T 4 _-R

and, on introducing Equation (3.6-i),

S R _ _ )2
S T UANH K (4-_R DT "

From these relations the following two design equations immediately follow:

DT =V-_ _ \NANHKSTJ (3.6-4)

PT = %R /__HH KSRS T (3.6-5)

VnA

The aperture efficiency, UA , depends upon the illumination function and
can be calculated from the relation

I 2
I f(r)rdrl

0

UA = 2 --io if(r)i2rdr

(3.6-6)
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Unlike K, the efficiency N^is highly dependent on the phase distribution over

the aperture whenever f(r)_happens to be a complex function.

Power Incident on Rectenna

At range R the power pattern of the transmitting antenna produces circular

contours of constant power density on a plane perpendicular to the boresight

direction. The contours are circular because the radiating aperture is

circular and has a circularly symmetric field distribution, f(r). Let the

projection of the rectenna on this plane correspond to one of those circular

contours with diameter DR. The rectenna itself will have an elliptical shape

with minor diameter equal to DR and major diameter greater than DR, depending

on latitude of the rectenna site.

As shown by Figure 3.6-2, the diameter DR is given by

D R = 2R0 N
(3.6-7)

where 20 N is the full angular beamwidth at the -N dB pattern level. This angle

depends upon the size of the transmitting aperture and its illumination func-

tion, thus

% (3.6-8

20 N = B D_

where B is the beamwidth constant in radians at the -N dB level, and depends

only on f(r). Combining the two equations gives

J BIR
D (3.6-9
R D_

and this relation sizes the rectenna.

radiated power,

PR = nBPT (3.6-10)

where _B is the beam efficiency of the transmitting antenna at the -N dB power

level.

The determination of the parameters NB and B is not so simple as was the

case for qA and K. The reason for this is that qB and B depend on the shape

of the radiated power pattern of the transmitting antenna. This pattern, in

turn, depends upon f(r) in a complicated way, to be discussed in the next

section,
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Figure 3.6-2.
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Space Antenna Radiation Pattern Analysis

For analysis of circular aperture radiation patterns it is convenient to

use the reduced variable u which is related to the polar angle e, measured

from the boresight direction, by

u = kasinO - % sin0, k = -- . (3.6-11)

The distant electric field is then described by g(u) where

I
g(u) = 2 f(r) J0(ur) rdr

0

(3.6-12)

in which the Bessel function J0(ur) arises as a result of the assumed circular

symmetry in f(r). The multiplier 2 ensures that g(u) is normalized to unity

in the boresight direction (@=0, hence u=0). The normalized power pattern is

then

p(@) = Ig(u)l 2

Once the aperture illumination function f(r) is given, be it real or com-

plex, the pattern function g(u) is determined. The beamwidth constant, B, then

comes from a solution to the equation.

20 logz01g(u)l = -N .

If this solution is u. then Equation (3.6-11) shows that the angle ON at the

-N dB level is given By
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ON = sin_ I %u
_D T

Because Dm>>% the small sine approximation is valid and the use of EquationT
(3.6-8) immediately gives

2u N

B - . (3.6-13)

Calculation of beam efficiency, DB, is more difficult. This parameter is

defined to be the fraction of the power radiated between 0=0 and O N in the

main beam to the total power radiated in all directions, including side lobes.

Analytically,

n B =

eNP(o) sined0

0

u

I P(e) sinede
o

The directive gain, G, of the antenna is known to be given by

2
G =

_P(_) sin0de
o

so that beam efficiency becomes

= _G I_Np(A_ _nABA

qB 2 J ............
0

(3.6-14)

In general Equation (3.6-14) must be evaluated by machine computation.

However, for very large antennas (DT>>%) it is possible to obtain an accurate

approximation which enables the integration to be carried out in closed form

in certain interesting cases. To do this, the change of variable suggested

by Equation (3.6-11) is made and Equation (3.6-3) is used for G, giving

u NqB = ½QA Ig(u)l2udu •

o

(3.6-15)

With this expression it is possible to derive closed form expressions for

beam efficiency in at least two important cases, namely uniform illumination,

and the special kind of aperture distribution described by Hansen.
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Properties of Radiation Patterns for Different Illumination Functions

Truncated Gaussian Distribution

In this case the function f(r) has the general complex form

f(r) e -(_+jB) r2= (3.6-16)

and it includes uniform illumination as a special case when _=B=O. With B=0

the value of _ sets the edge truncation level for the usual Gaussian case. The

value of _ determines the magnitude of any quadratic phase distribution that

might exist in the aperture. The _eneral case, when neither _ nor B is zero,

has been treated by Love (Reference 14). He finds the following expressions

for aperture efficiency and power coefficient:

2_ • cosh_ - cos_ (3.6-17)
HA - _2+B 2 sinh_

l_e -2_
K - (3.6-18)

2_

For the usual Gaussian case, in which the phase is uniform and 6=0,

Equation (3.6-17) becomes

tanh_/2 (3.6-17a)
qA - _/2

Another interesting case is that of uniform illumination (_=0) with quadratic

phase error, for which Equation (3.6-17) reduces to

sinB/2)qA = _12
(3.6-17b)

Equation (3.6-12) can only be evaluated by machine computation in the

general case. Consequently, the parameters B and nB must be similarly evaluated.

An exception occurs for the case of a uniform phase and amplitude distribution,

for which

2Jl(u)

g(u) - - Al(u) . (3.6-19)
u

Thus, g(u) can easily be plotted by referring to tables of the Bessel functions.

There, the value of u N at the -N dB pattern level can readily be determined, and

the parameter B found at once from Equation (3.6-13). Equation (3.6-15) is

integrable in closed form and, since HA=I, it gives

= 2(UN) - Jl2(UN )DB i - J0 (3.6-20
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Hansen's One-Parameter Distribution

This dis'tribution provides an optimum compromise between narrow beamwidth,

low sidelobes and beam efficiency. Like all high efficiency illuminations it

has a pedestal, i.e., it is truncated at some specified level at the aperture

edge. It has the virtues of needing only one parameter and of possessing,

simple, analytical expressions for nearly all quantities of interest. The

following results are taken from the paper by Hansen (Reference 15).

The distribution itself is given by

f(r) °lh
10(h)

(3.6-21)

in which I 0 is the modified Bessel function of order zero, 10(x) = J0(jx). The

single parameter h sets the pedestal level. The function f(r) varies smoothly

and monotonically with r, much as does the Gaussian form given by Equation

(3.6-16) when B=0. Aperture efficiency and power coefficient turn out to be

simply expressed as

41_(h)

HA = h [l_(h) - l_(h)]

2
ll(h)

K = 1

l_(h)

(3.6-22)

(3.6-23)

in which 11 is the modified Bessel function of order one, 11(x) = -jJ1(jx).

The far field pattern function is expressed by the two forms

g(u) - ll(h) hV__u 2 , 0<u<h

h J__l!_) (3.6-24)

g(u) - I1 (h) V_½_h----_---- , u>h

The first sidelobe for this pattern occurs at a level determined by h and given
by

211(h) dB (3.6-25)
SLL =-17.57- 20 log10 h

The value of u N corresponding to the -N dB level of the main beam can be found

by interpolation using tables for the modified Bessel functions I 0 and 1 I,
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Although not derived by Hansen in his paper it is also possible to use

Equation (3.6-15) to obtain an expression for beam efficiency. This formula

is

n B = 1 - " I_(h) - I_(h) ' (3.6-26)

Evaluation of Parameters for Comparison of Uniform, Gaussian and Hansen

Cases

Smoothly tapered distributions over the very large aperture of the SPS

array are difficult to achieve. Consequently, it has been the practice to

approximate some desired distribution by a series of steps, in each of which

the power density remains constant. The further desire to use identical power

tubes and to adopt a standard sub-array size leads to certain quantized steps

and fixes the level of the last step. Both the klystron reference system and

a magnetron system have used a truncation level of -9.54 dB, i.e., the power

level in the last step is 1/9 of the central level. It is therefore instruc-

tive to compare the properties of the smooth Gaussian and llansen distributions

for this condition and to place them alongside those for the uniform distribu-

tion. The phase distribution in all cases is assumed constant. The values of

B and nB shown in Table 3,6-I have been evaluated at the -13.62 dB level of

the main beam, where far field power density is 1/23 of the peak.

Table 3.6-i. Comparison of Radiation Characteristics

for Different Array Illuminations (_=0)

PARAMETER OR CHARACTERISTIC

APERTURE EFFICIENCY, qA

POWER COEFFICIENT, K

BEAMWIDTH CONSTANT I, B

BEAM EFFICIENCY I, qB

FIRST SIDELOBE LEVEL, dB

UNIFORM

(0 dB)

= 0

1.000

1.000

1.94

0.821

-17.6

GAUSSIAN

(-9.54 dB)

= 1.099

0.910

0.405

2.19

0.945

-23.9

HANSEN

(-9.54 dB)

h = 2.378

0.914

0.436

2.20

0.937

-23.2

IEVALUATED AT THE -13.62 dB LEVEL

Although the uniform distribution creates an undesirably high sidelobe

level it proves to be a useful case, in terms of maximizing the power delivered

to the reetenna, in the event the array flux, ST, is constrained to low values.

This occurs, for example, in the sandwich concept in which the array is powered

by solid state amplifiers and is integrated with the solar photovoltaic array.

In this case the problem of dissipating waste heat appears to limit the RF flux

density to about I000 W/m 2 at the array center.

When the solar array is separate from the antenna, and the latter is solid-

state powered, greater heat dissipation is possible and ST may be increased to

about 5500 W/m 2. Finally, in the klystron concept, S T can be as high as

21,000 W/m 2. Table 3.6-2 provides a comparison between the three aperture
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Table 3.6-2. Performance Comparison Summary

(R = 37,500 km, Rectenna at 40 ° Latitude)

'ST APERTURE DT PT
(W/m2) DISTRIBUTION (km) (GW)

UNIFORM 1.67 2.20

I,O00 GAUSSIAN 2.15 1.47

HANSEN 2.11 1.52

UNIFORM 1.09 5.16

5,500 GAUSSIAN

HANSEN

UNIFORM

I. 40

1.38

0.78

3.44

3-57

I0.I

DR
(km)

5.33

4.68

4.79

8.15

21,OOO GAUSSIAN I.O0 6.73

HANSEN 0.98 6.97 10.3

PR
(GW)

1.81

1.39

I.42

4.24

7.17 3.25

7.34 3.34

11.4 8.28

I0.O 6.36

6.53

distributions for these three different flux densities. In all cases, the

density at the rectenna, SR, is held constant at 23 mW/cm 2 .

In preparing Table 3.6-2 the appropriate parameters have been taken from

Table 3.6-1 for substitution into equations (3.6-4, -5, -9 and -I0) to deter-

mine spacetenna and rectenna diameters, total radiated power, PT, and power

incident on the rectenna, PR. The table serves only for comparative purposes

since many important links in the SPS power chain have not been taken into

consideration. For simplicity, ohmic loss has been ignored (NH=I) in all

cases. The calculations have been performed for range R = 37,500 km, corres-

ponding to a rectenna at 40 ° latitude, with % = .1224 m.

Two points concerning the comparative figures given in Table 3.6-2 are

worthy of note. First, the uniform distribution is greatly superior in terms

of maximizing the delivered power but its high sidelobe level mitigates

against this choice for all except the case ST = i000 W/m 2 , i.e., the sandwich

2.5 percent more power than does the Gaussian, with a 2% smaller spacetenna

and a 2.5% larger rectenna. The two have very nearly the same sidelobe levels.

Figure 3.6-3 shows the two -9.54 dB distributions; the Hansen case in

solid line and the Gaussian in dashed line. Figure 3.6-4 shows the far-field

power pattern Ig(u)l e for the Hansen case out to the first sidelobe. The

corresponding Gaussian pattern is virtually indistinguishable from this.

Use of Quadratic Phase with Uniform Amplitude Distribution

From the foregoing it is apparent that the thermal limitation of S T to

i000 W/m 2 for the sandwich concept results in a low level of delivered power,

1.8 GW at most. If the spacetenna could be made larger in diameter then more

power could be transmitted. In the normal course of events this would result

in increased spacetenna gain and the ionospheric limit, SR = 23 mW/cm e, would

be exceeded.
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Figure 3.6-3. Truncated Aperture Distribution, -9.54 dB

-10

Iglull
(dB)

-20

Figure 3.6-4. Far-Field Radiation Pattern for Hansen

Distribution

If, however, a quadratic phase distribution is used over the array

aperture, its diameter can be made larger without increasing the gain and with-

out affecting the aperture power coefficient. In this case more power can be

delivered without violating the constraints on ST and SR. Equations (3.6-4,

-5, -9, and -10) are still valid for determining power levels and antenna

diameters, but new values for the parameters _A, B and NB are needed.

With a uniform amplitude and quadratic phase distribution nA is given

by Equation (3.6-17b) _ile K is unity, regardless of the value of the phase

angle B. Computer evaluation of Equations (3.6-12) and (3.6-15) is necessary

in order to obtain the far-field pattern, g(u), and the parameters B and NB.
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It turns out that when B exceeds about 34/2 radians the far field pattern no

longer has its peak in the boresight direction, i.e., at u=0. Instead, the

pattern maximum is shifted to some location u I which can be determined from

an inspection of the computed patterns. This requires a slight modification

to the definition of aperture efficiency, such that

I = g(u I) 2

nA Ig(- (3.6-27

in which qA is calculated from Equation (3.6-17b).

The necessary calculations and computations have been performed for _ in

the range 0 to 1.754 radians and the results are summarized in Table 3.6-3.

Table 3.6-3. System Performance with Quadratic Phase

(S T = 1000 W/m 2 , S R = 23 mW/cm 2 )

RAD I AN S

0

0.25

0.5

0.75

1.0

1.25

1.5

1.75

rlA

OR

q'A

I .000

O. 950

0.811

0.615

0.405

0.221

0.0901

O. 0691

1.94

1.98

2.15

3-57

3-98

5.65

7-67

8.05

qB

0.821

0.795

0.717

0.814

0.779

O. 852

0.900

O. 884

DT
(kin)

1.67

1.70

1.76

1.89

2.10

2.44

3.06

3.27

PT
(GW)

2.20

2.26

2.44

2.81

3.46

4.66

7.33

8.37

DR

(km)

5-33

5.35

5-58

8.67

8.59

10.6

11.5

11.3

PR
(GW)

I .81

I .80

1.75

2.28

2.69

3.98

6.66

7.40

Figure 3.6-5 shows the far field pattern of the spacetenna for the case

= 1.754 radians. It displays the bifurcated main beam and the lack of

pattern nulls which are typical of defocusing due to large quadratic phase

error•

-10

P
(dB)
-2O

-30
0

' 'fF"t.' ' ' ' ' ' ' ' ' ' ....

, , , I, I .... I , , i, , I , i , I

5 u 10 15 20

Figure 3.6-5. Pattern of Spacetenna with Uniform

Amplitude and Quadratic Phase Distribution
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3.6.2 GaAs MESFET DEVICE MODELING AND 2.45-GHz CLASS C AND CLASS E

POWER CONVERTER SIMULATION

This section summarizes the work done by the University of Waterloo

Research Institute in the MESFET power converter study (Reference 16). The

goal is the determination of power conversion efficiencies and power gains at

2.45 GHz for various GaAs MESFET designs using the UNIPOLE and WATAND computer

programs.

Method Used for the SPS MESFET Study

The technique is similar to that used for the bipolar transistor SPS

study conducted during Exhibit C (References 17, 18 , and 19). First, a fast

numerical analysis is performed on a MESFET with given fabrication data

(Figure 3.6-6). The UNIPOLE program (References 20 and 21) is used for this

purpose. Secondly, CAD model parameters are generated for one or more model

types (Figure 3.6-7). This model is then imbedded in a circuit (Figure 3.6-8),

described and analyzed by the WATAND program--an efficient interactive program

for nonlinear dynamic analyses. The WATAND program is used to determine the

steady-state solutions and, hence, to calculate power conversion efficiency,

power gain, and power output for the 2.45-GHz converter. The WATAND analysis

is carried out for various drive and bias conditions corresponding to Class C

or Class E operation. The results are examined and new input data to the

UNIPOLE program is selected and the process repeated.

|

s S "" .'D./

/

'
NO AO

o

Figure 3.6-6. FET Structure Analyzed in UNIPOLE with

Definitions of Significant Input Variables

MESFET Analysis

The guiding idea in developing the UNIPOLE numerical program was to pro-

vide a tool for the design engineer interested in either studying the initial

behavior of a given MESFET or JFET structure, or in studying its terminal

characteristics as a function of device parameters and, finally, in observing

overall circuit response of the device by coupling the UNIPOLE program to the

WATAND program (Reference 17) already developed for circuit analysis and

design.
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Figure 3.6-7. Three CAD Models used in WATAND

(using FET Parameters generated from UNIPOLE)
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C.L

<

2sc.s

(a)

Figure 3.6-8. Class C Amplifier Circuit

used in MESFET SPS Study

V. DD

UNIPOLE Program

A basic requirement of the UNIPOLE program was that it must be economical

in terms of execution time and core requirements and, at the same time, provide

terminal characteristics with a degree of precision compatible with the accuracy

with which the original fabrication data is known.

An approach similar to that developed for the bipolar transistor (Refer-

ences 16, 18, and 19) (the BIPOLE program) is used. The MESFET is divided

into space charge regions and quasi-neutral regions, with the abrupt space

charge layer boundary approximation. Referring to the diagram of Figure 3.6-6,

the fields in the two regions are assumed to be mutually perpendicular. Further-

more it is assumed d2Vx/dx 2 in the quasi-neutral channel is much less than

d2Vy/dy 2 in the space charge layer.

However, the mobility of the carriers in the channel is allowed to vary

with the electric field Ex and the carrier concentration in the channel is

allowed to deviate from the doping level; i.e., charge accumulation and deple-

tion effects can, and do, exist in this model (as predicted in the exact

analysis of Kennedy and O'Brian (Reference 22).

Generation of CAD Models

It was decided to use an approach similar to that used in the bipolar

transistor SPS power converter study (Reference 17). For this purpose a non-

linear dynamic analytic model of the MESFET was developed. The basic idea is

that of the classical Ebers-Moll model, i.e., superposition of static non-

linear elements (current sources and resistances dependent on one or two

variables) and dynamic elements representing stored charge (nonlinear capaci-

tance elements).

The models used were shown in Figure 3.6-7. The current generator is

described as a function of Vg s and Vsd optionally by either:
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Ids p = Idd(Vsd/Vpd)/[1 + Al(Vsd/Vpd)_]l/_ (3.6-28)

Ids p = [Idd(Vsd/Vpd) + A2(Vsd/Vpd)_]/[1 + A3(Vsd/Vpd )_]
(3.6-29)

= Idsp[Ids 1 - A_(Vgs/V ) - (i - A_)(Vgs/V' )3/2] (3.6-30)gP gP

= Vsd Vsd ' = Vgs if Vgs > 0where V' if > 0 and Vg ssd -- - "

Otherwise V' = 0 and V' = 0.
sd gs

The parameters for these equations are computed in UNIPOLE: (i) gives an

improved fit between the "ohmic" and "saturation" regions - this is important

for accurate efficiency calculations; and (2) gives the double valued charac-
teristics.

These are empirical fits to the UNIPOLE Isd - Vsd - Vg s characteristics

and the parameters Vpd _ Vgp, At, A2, A3, A 4 and Idd are computed within the

UNIPOLE program: V_p is the conventional gate pinch off voltage required to

reduce the current _ds to zero; Vpd is the nominal computed value of drain-

source voltage required to reach maximum Ids for Vg s = 0. The breakdown
voltage Vbr is computed in UNIPOLE using a simple empirical formula which

takes only channel doping into account. Three values are printed (see sample

output in Figure 3.6-9). VBRP is the classical "material" breakdown voltage;

VBR is an empirically estimated value taking account of the field distribution

between gate and drain; VDOM is an empirical estimation of domain limited

breakdown using the results taken from (Reference 23).

The capacitive elements, Cg s and Cg d are modeled as depletion layer
capacitances:

Cg s = Cgso/(l - Vgs/Vbi )YI (3.6-31)

Cg s = Cgdo/(l - Vgd/Vbi)T2 (3.6-32)

Cgs has the possibility of saturating at the pinch off voltage. The parameters

In the voltage capacitance laws (y, Vbi and the zero bias values) are computed

in the UNIPOLE program. Although not intended to be significant in the present

study, both capacitive elements have associated junction static current sources;

the model will therefore take into account the effect of forward bias

(Vg s or Vgd).

The source resistance is computed directly in UNIPOLE from the geometry

and doping level. The channel resistance is also computed in UNIPOLE.

Devices Studied

In order to determine fabrication data likely to yield good power conver-

sion efficiency combined with high power gain at 2.45 GHz, it was necessary to
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UNI : SP45

FILE NAME: 'SP45

NOV. 27. 1979

DEVICE DATA :

GAAS N CHANNEL

PARAMETERS

17:31:01 **** UNIPOLE - JFET/MESFET PROGRAM: FERSION 15 NOV. 1970

B EL ED AO NO IMPUR

0.40E-OI 0.30E-03 0.30E-03 0.15E-03 C.60E+16 0

0.105E+02 0.462£+02 0.130E+03 0.600E+01 0.601E+O0 0.662£+04 O.IOOE-O1

YDOM = 0.121E+03

VG -0.0

WSCL(0) " 0.349E-04

RGT - O. 204E+02

ISD VSD R-DC WSCL(L) EX(L) CGS

0. I09E-02 0o22ZE-01 0.204E+02 0,349E-04 0o370E+02 0o335E-12

0.305E-01 0.658E+O0 0.216E+02 0._3E-04 0.126E+04 0.296E-12

0.444E-01 O.I03E+OI 0.231E+02 0.492£-04 0.216E+04 0.279E-12

0.557E-01 0.144E+01 0.258E+02 0.547E-04 0.343E+04 0.263E-12

L_IZE 50 %

0.613E-01 0.179E+01 0.292£+02 0.601E-04 0.656E+04 0.252£-12

0.628E-01 0.192£+01 0.306E+02 0.613E-04 0.604E+04 0.249E-12

0.635E-01 0.206E+01 0.325E+02 0.640E-04 0o123E+05 0.247E-12

K N'E_ 90 %

0.638E-01 0.215E+O1 0.337E+02 0.648E-04 0.246E+05 0.246E-12

K.qEE 92 %

FCIV = 0.492E+II FCW = 0.473E+11FTAU = 0.871E+I0 FHAXO = 0.216E+II

CAPACITANCE CI_ " 0.123E-12

VG = 0.524E+01

WSCL(0) = 0.I09E-03

RGT = 0.571E+02

ISD VSD R-DC WSCL(L) EX(L) CGS

0.388E--O3 0.151E-O1 0.388E+02 0.109E-03 0.370E+02 0. I07E-12

0.159E-O1 0.727E+00 0.458E+02 0.113E-03 0.192£+04 0.105E-12

0.191E-01 0.989E+00 0.517E+02 0.116E-03 0.307E+04 0.104E-12

K._E 50 %

0.208E-01 0.120E+OI 0.577E+02 0. I17E-03 0.469E+04 0. I04E-12

0.216E-01 0.146E+01 0.675E+02 0.121E-03 0.I09E+05 0. I03E-12

0.220E--01 0.154E+01 0.702£+02 0.120E-03 0.112£+05 0. I03E-12

0.221E-01 0.158E+01 0.716E+02 0.121E-03 0.260E+05 0.103E-12

_qEZ 83 %

FCIV - 0.499E+II FCW - 0.475E+11FTAU - 0.843E+I0 FMAXO - 0.219E+11

CAPACITANCE CDG = 0.515E-13

V& _ G_t ta4,_ WMAX2 ]_FO RS - RD

0.158E+010.638E-Ol-O°796E-02 0o354E_00 0.271E+00 0.940E+01 0.262£+O1 0.102£+02

_P VBR VBRP VCRI VPHI EMUO TOL KV FD;
2 40.

EXECUTION TIME - 7.28 SEC.

Figure 3.6-9. SP45 UNIPOLE Output

develop some simple analytic relations between fabrication data (channel doping

level and geometry) on the one hand, and circuit performance on the other hand.

The basic relations are summarized in Figure 3.6-10.

3-110



Space Operations and
Satellite Systems Division

Space Systems Group

Rockwell
International

Condition foF_axlmum tr_nscondu;taqce

q _n ND a2/L _ 2 _ vth_2 x 10 "5 f/s

Maximum power Output

Nmax = IDS S Vbr/8

0.25 x l05 Z watts

Condition for high power conversion efficiency

Vbr/Vko • • )

Vbr/Vko Is E 2br / (2 q Ec) ] (1/L ND)

Cut off frequency

fc _ Vth / n L

O)

(2)

(3)

(4)

(S_.

q ,T.

Vth =

Ebr =

Ec =

electronic charge = 1.6 X 10 "19 C

¢r¢o - permtttivtty _ 10 "12 F/cm

saturated drift velocity _ to 2xl07cm/g)

breakdown value of field ( 2 x 105 V/cm

critical field - Vth /

• carrier mobility

ND = channel doping

a = channel thickness

L = channel length (S _ D)

Z = channel width

IDSS = maximum drain current, Vgs = 0

Vbr = source-drain breakdown voltage

Vko = knee voltage on Isd = Vsd curve

for Vgs = 0

f = cut-off frequency
c

Figure 3.6-10. Analytic Relations used to

Select Input Data for the UNIPOLE Program

Determination of (Input) Fabrication Data for UNIPOLE

The first equation is the condition for maximum transconductance. It

indicates that optimum structure is shorter than one for which Shockley's

theory applies, but longer than one for which limit velocity conditions may

be approximated throughout the ("open") channel [see Reference (24), eq. 8.66].

The second and third equations relate to power output and assume a source

to drain breakdown voltage significantly greater than the knee voltage Vko at

which the Isd - Vsd characteristic passes from the ohmic to the saturated

region for V_ s = 0. Figure 3.6-10 , eq. (3) implies a thick channel depth

(large a) ann of course a large channel in the 'Z' direction. Note that this
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automatically implies as long a channel (large 'L') in the source-drain direc-

tion as possible since, for a given channel metallization sheet resistance,

the ratio Z/L will remain approximately constant.

For Class C high power-conversion efficiency the ratio Vbr/Vko must be as

large as possible. Hence the importance of eq. (4) of Figure 3.6-10. This

is analagous to saying that the saturation voltage, Vce sat., of a bipolar

transistor must be small compared to its breakdown voltage for efficient Class

C operation, eq. (2). The implication is that the FET structure used must

have small channel length L and low doping ND.

Finally, the cut off frequency fc is given by eq. (5) of Figure 3.6-10.

This is directly related to the high frequency power gain, Gp, and indicates

a maximum allowable value of L for a given frequency. Since the actual Class

C power gain is a complicated function of tile static and dynamic non-linearit-

ies, no attempt has been made to calculate this analytically. This is, in fact,

where WATAND becomes essential.

UNIPOLE Output_

Five MESFET structures (out of more than 20 studied with UNIPOLE in the

course of this work) are summarized in Table 3.6-4. Sample UNIPOLE output

data for one of them was given in Figure 3°6-9. This is a 3 _m gate (EL)

structure with a channel doped (NO) 6×10 Is cm -3 to a depth (AA) of 1.5 Dm.

The gate pinch off voltage (VGP) is 10.5 volts, and the knee voltage is 1.8 V

(where the initial slope of the Isd - Vsd characteristics has decreased by a

iactor of 2). The knee voltage corresponding to a 10-times decrease in slope

is 2.15 V. The empirically calculated breakdown voltage (VBR) is 46 V. The

UNIPOLE output gives tabulated values of Vsd (VSD) C_ s (CGS) as functions of

Isd (ISD) for two values of Vg s (VG), 0 and VGP/2. _he drain-gate capacitance

(CDG) is computed near the 90% knee voltage for each case. The cut-off

frequencies FCIV, FCVV, are obtained from a small signal analysis of the dis-

tributed R-C line for the last tabulated dc conditions. FTAU is the cut-off

frequency computed from the channel transit time. F_XO is the maximum

oscillation frequency. The powers WMAX and WMAX2 are maximum theoretical

powers obtainable for the given value of VBR. WMAX omits the effect of pinch-

off voltage (Vgp), WMAX2 includes it.

Table 3.6-4 contains a summary of the UNIPOLE output for 4 MESFETs. SPOI

is a standard 1Dm reference device. The SP41, SP45 and SP46 each have 3 pm

gates and are considered "good" designs for 2.45 GHz power conversion. The

SP47 with a 6 Dm gate is included as an extreme case for comparison purpose.

The important parameters for power conversion efficiency is Vbr/Vk • Power

gain is related to fmax osc and power output is related to the "ideal" class

A output Wma x. The SP41 device has very low channel doping (2×10 _ cm -3) and

should give high conversion efficiency. Its power output is however, consider-

ably less than the SP45 or SP46.

No precise information about Class C performance can be obtained from the

UNIPOLE output so at this point, we proceed to describe the WATAND results

obtained on these devices using the UNIPOLE generated CAD model.
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Table 3.6-4. Summary of UNIPOLE Data
for 5 GaAs FET Structures

Variable Units SPOl 5P41 SP45 SP46

¢= L

Ld

Ao
a_

z No
M

•Vbrm

Vbr

< Vdom

< Vgp

Vk

Vbr/Vk

_- ft
Ck.

ax osc

%x

_nmx 2

.m

gm

.m

pm
-3

cm

Volt

Volt

Volt

Volt

Volt

GHz

GHz

Watt

Watt

lO0

l.O

2.0

0.35

5xl016

27

17

42

4.4

I.I

15.4

26

77

.056

• 040

4O0

3.0

3.0

1.5

2xl015

297

71

209

3.1

1.5

47.3

7.4

14

O.ll

O.ll

I

400

3.0

3.0

1.5

6xl015

130

46

121

I0.5

2.2

21.0

8.7

21

0.35

0.27

I

4OO

3.0

3.0

1.5

IxlO16

89

37

94

18.0

2.4

15.4

9.I

25

0.53

0.27

I -

SP47

8OO

6.0

6.0

1.5

6xlO15

130

46

121

I0.5

3.5

13.1

4.0

12

0.59

0.45

I

It is important, in a study of this type, to estimate the precision with

which the electrical pe_uLi,,_,,_......... of +_,_..__T,_..... is predicted from the fabrica-

tion data. The UNIPOLE-WATAND system has been tested with an existing MESFET

on a 10-GHz Class A amplifier. A sample comparison of measured and computed

results is given in Table 3.6-5 (Reference 20 and 21). We conclude that the

power gain is predictable to better than 3 dB accuracy if parasitic elements

are known and included. One of the principal sources of additional loss is

the gate resistance due to metalization. For the purpose of this study, it is

assumed that this can be reduced to a small enough value by using sufficiently

thick gate metalization. Note that we have kept the B/L ratio constant at 133

so this resistance can easily be calculated for a given metalization thickness

(approximately 3 _ for a 0.7 _m A_ metalization).

The computed values of Ids s and gm have been compared to measured values

of many Si and GaAs devices and the difference is invariably less than 10%

[i.e., comparable to the accuracy with which fabrication data (No, a) is known].

The pinch off voltage Vgp and knee voltage Vk are also computed to better

than 10% accuracy as verified by comparison with measured data.
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Table 3.6-5. Sample Comparison of Measured and Computed Results

lO GHz results Po'ut(_) Gp(dB)

Measured values 12.0

Computed (no parasitics) tuned 15.7

Computed (with parasitics) tuned ll.9

Computed (no parasitics) untuned

Computed (with parasitics) untuned

9.5

14.5

12.4

14.4

12.5

MESFET data:

Gate length: 0.8 pm

Total gate width: 150 _m

Channel depth: 0.4 pm

Channel doping: 6xlOl6cm "3

The one parameter which cannot yet be predicted accurately with the UNIPOLE

program for GaAs is tile breakdown voltage. The value VBR referred to in the

above is typically about I/3 of the material breakdown voltage, and is in all

cases less than the estimated domain limited voltage VDOM. Since we have no

useful measured data on breakdown in GaAs MESFET, and since only two dimensional

time dependent solutions (Reference 25) can yield detailed information we have

used the VBR value in the WATAND computations. Results have been computed for

Si type behaviors, where IVsdbrI = [VgsbrI - IVgs[ and also for the behavior

observed in many GaAs devices where Vsdbr = constant.

In terms of the results, it should be noted that a factor of 2 increase

in Vsdbr would reduce the Vsdbr/V k conversion efficiency loss by a factor of 2.

For the SP45 device (Table 3,6-4) this would represent an increase in effLc_ency

of about 2.4%. For the SP46, the corresponding increase would be about 3.3%.

It is highly likely that losses due to parasitics [e.g., see (Reference 17)]

will be greater than these values so in terms of the results obtained, the

difficulty in computing maximum source drain voltage accurately is not felt to

be a serious limitation.

WATAND Analysis

Initially the dc characteristics are displayed (Figures 3.6-I) and 3.6-]2).

Two different model descriptions were used, one giving "flat" characteristics

beyond saturation (silicon type), the other giving double valued Ida - Vds

characteristics. Because the Class C dynamic locus is below the Class A load

line [Figure 3.6-13(b)], the large-signal power conversion and gains are not

significantly affected by choice of model type.
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From the dc characteristics, suitable values for R.L, C.L and L.L

(Figure 3.6-8) are chosen. The circuit is set up with bias conditions for

Class C operation and R.L and C.L are adjusted manually until the efficiency

and power gain are approximately optimum. Many iterations are required to

achieve this condition and both the interactive facility and steady state

analysis are essential in this part of the study. Typical steady state wave-

forms, and the associated dynamic Ids - Vds loci are shown in Figure 3.6-13.

WATAND Comparison of Five-Section Nonlinear Model with One-Section

Linear Model

WATAND runs for the device SP45 were made for the linear one-section model

and for the nonlinear five-section model (see Figure 3.6-7). First the Ids -

Vds characteristics were run for the two models and the two sets of character-

istics were found to be identical.

Following this, the Class B (180 ° conduction angle) steady states were

obtained for the two models. The results are summarized in Table 3.6-6 and

repeated here.

Linear l-Section Nonlinear 5-Section

DC input power 314 mW 327 mW

Input power 4.6 mW 3.1 mW

Output power 249 mW 247 mW

Power gain 54.0 79.4

Output efficiency 79.2% 75.5%

Total efficiency 78.1% 74.8%

Table 3.6-6. Comparing the 1-Section and the 5-Section Models

:ONDUCTION ANGLE

no%

nT%

Po(mW)

Gp

PQ/A_MAX

SP45

LINEAR R.GS

l-SECTION

180 o

SP45
NONLINEAR R.GS

5-SECTION

180 °

79.2

78.1

249

54

0.7

75.5

74.8

247

79.4

0.7
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It was noticed that for the multi-section model the channel current was

not completely switched off during the transistor 'off' time. This was because

in this model [Figure 3.6-7(c)], once the first of the nonlinear resistors along

the distributed line has reached open circuit at the gate pinch voltage Vgp, the

remaining llne voltages cannot quite reach Vgp, with the result that channel

current sources controlled by these voltages do not quite reach zero. This

effect is of course not present in one section models. Because of this, the

efficiencies for the nonlinear 5-section models are rather lower than those for

the linear 1-section model. Slight discrepancies between the various powers

are to be expected, since the linear 1-section model is only an approximation

to the more accurate nonlinear 5-section model. It was felt that the results

were close enough to allow us to proceed using the linear 1-section model only.

This is advantageous because using multiple sections implies much greater com-

puting times.

Matching Study

In our WATAND runs we usually assume an ideal voltage source as driving

the gate. Such an ideal source is capable of supplying infinite power. In

practice a source with finite available power must be used, and in a linear

sinusoidal steady state situation the source requiring minimum available power

would be that which is conjugately matched to the input impedance of the FET

seen at the gate. In this case, the maximum power available from the source

will in fact be supplied to the FET. If the input impedance to the FET at the

parti_'ular sinusoidal frequency of operation is ZG = RG - jXG ohms, then the

matched sodrce impedance is Z S = R G + jX G ohms, and if the amplitude of the

open circuited sinusoidal voltage source is IVsI, then the power into the FET,

which is the maximum available power, is

_ 1 VS

Pmax 2 I-_-I 2/R G = IVxI2/8RG

When operating with this matched impedance generator, the voltage at the gate

will be the voltage across ZG, and will be a sinusoid whose phasor is

VX ZG vs(R G :vw 3_GJ

Z S + Z G 2R G

Thus if when operating in our. usual unmatched mode we require a sinusoidal

voltage source with phasor Va, in the matched case we will require a voltage

source of approximately V S where

Vs(R G - jX G)

I 2R G i = IVa I

The result with this V S should then be approximately a phase-shifted version

of the result with Va; in particular the output power Po should be approximately

the same. Note that the above "approximations" would be "equalities" if we

were dealing with a linear system. The purpose of carrying out the conjugate
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matched runs is to determine the effect of replacing the input current path

(which was a short circuit) by a finite ilnpedance.

The power gain in the usual unmatched case is defined by

Gp

P ] * P 2Po(R2G + X2)

- F_ I = o =
] 2

unmatched n unmatched _ [Va[ Re(VG) RG [Va ]2

The power gain in the matched case is

Gp

P
O

matched Pavailable

P I 8RG P

- _i I _ o
matched n matched iVs 12

Using the relation between V S and V a we get

Cp

8RG Po 2Po(R_ + X 2)G
z

matched 4R 2 ]VaI2/(R_ + X_) R G ]VaI2

= Gp
unma tc bed

It was felt necessary to confirm tile calculations for at least one of our

operating points, llowever, it must be remembered that because the MESFET is

modeled as a nonlinear circuit element the above equality between matched and

unmatched power gains can only be approximate. If the input (gate) voltage

is sinusoidal, the current is non-sinusoidaI and vice-versa.

Results

We chose (arbitrarily) to use the SP45 device operating in Class B (180 °

conduction angle) as our test situation. Tile test was in fact carried out

before finalizing the actual model parameters, using a model designated as

model 4. In the linear one-section case, the main differences between this

and our final model were that in model 4, R.GS]I (and so also the input losses)

were lower than in the final version (4.5 [_ instead of 18.8 _); also tile drain

resistor R.DI, and the substrate capacitor and resistor C.SUB] and R.SUBI,

were absent.

We started our computations with the unmatched Class B situation. The

harmonic content of the input waveforms and some calculations show that in

this situation the large signal input impedance at 2.45 GHz is ZG = (15.9 -

j363). The reactive part of this impedance corresponds with a capacitance of

0.178 pf which in the matched source impedance becomes an inductance of L S =

23.598 nil. These impedances have a Q of 23. The required matching source

amplitude IVsI is calculated to be 0.965 V.

A matched circuit with the required source amplitude and impedance was

simuiated, and attempts made to obtain a steady state. Because of the high

Q of the input impedance (Q = 23) the gate voltage waveform is highly sensitive
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It was noticed that for the multi-section model the channel current was

not completely switched off during the transistor 'off' time. This was because

in this model [Figure 3.6-7(c)], once the first of the nonlinear resistors along

the distributed line has reached open circuit at the gate pinch voltage Vgp, the

remaining line voltages cannot quite reach Vgp, with the result that channel

current sources controlled by these voltages do not quite reach zero. This

effect is of course not present in one section models. Because of this, the

efficiencies for the nonlinear 5-section models are rather lower than those for

the linear 1-section model. Slight discrepancies between the various powers

are to be expected, since the linear l-section model is only an approximation

to the more accurate nonlinear 5-section model. It was felt that the results

were close enough to allow us to proceed using the linear l-section model only.

This is advantageous because using multiple sections implies much greater com-
puting times.

Matching Study

In our WATAND runs we usually assume an ideal voltage source as driving

the gate. Such an ideal source is capable of supplying infinite power. In

practice a source with finite available power must be used, and in a linear

sinusoidal steady state situation the source requiring minimum available power

would be that which is conjugately matched to the input impedance of the FET

seen at the gate. In this case, the maximum power available from the source

will in fact be supplied to the FET. If the input impedance to the FET at the

particular sinusoidal frequency of operation is ZG = RG - jXG ohms, then the

matched source impedance is Z S = RG + jX G ohms, and if the amplitude of the

open circuited sinusoidal voltage source is IVsI, then the power into the FET,

which is the maximum available power, is

_ 1 VS

Pmax 2 I-_-] 2/R G = IVxI2/8RG •

When operating with this matched impedance generator, the voltage at the gate

will be the voltage across ZG, and will be a sinusoid whose phasor is

V X ZG Vs(R G - jX G)

Z S + ZG 2R G

Thus if when operating in our usual unmatched mode we require a sinusoidal

voltage source with phasor Va, in the matched case we will require a voltage

source of approximately V S where

Vs(R G - jXG)

1 2R G I= IV Is

The result with this V S should then be approximately a phase-shifted version

of the result with Va; in particular the output power Po should be approximately

the same. Note that the above "approximations" would be "equalities" if we

were dealing with a linear system. The purpose of carrying out the conjugate
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matched runs is to determine the effect of replacing the input current path

(which was a short circuit) by a finite impedance.

The power gain in the usual unmatched case is defined by

_o I e 2P ( 2 2)I o o RG + XG
Gp = = I 2 =

unmatched unmatched 2 IVa ] Re(VG) RG ]Va 12

The power gain in the matched cast' is

matched Pavailabie matched _n nlatched iVs 12

Using the relation between V S and V a we get

i 8R P 2Po(R2 + X 2)Gp = G o = G = Gp

2) IVal 2matched 4R 2 IVa[2/(R2G + X G unma t c hed

It was felt necessary to confirm the calculations for at least one of our

operating points. However, it must be remembered that because the MESFET is

modeled as a nonlinear circuit element tile above equality between matched and

unmatched power gains can only be approximate. If the input (gate) voltage

is sinusoidal, tile current is non-sinusoidal and vice-versa.

Results

We chose (arbitrarily) to use the SP45 device operating in Class B (180 °

conduction angle) as our test situation. Tile test was in fact carried out

before finalizing the actual model parameters, using a model designated as

model 4. In the linear one-section case, the main differences between this

and our final model were that in model 4, R.GSII (and so also the input losses)

were lower than in the final version (4.5 _2 instead of 18.8 _); also the drain

resistor R.DI, and the substrate capacitor and resistor C.SUBI and R.SUBI,

were absent.

We started our computations with the unmatched Class B situation. The

harmonic content of the input waveforms and some caiculations show that in

this situation tile large signal input impedance at 2.45 GHz is ZG = (15.9 -

j363). The reactive part of this impedance corresponds with a capacitance of

0.178 pf which in the matched source impedance becomes an inductance of L S =

23.598 nil. These impedances have a Q of 23. Tile required matching source

amplitude IVsI is calculated to be 0.965 V.

A matched circuit with the required source amplitude and impedance was

simulated, and attempts made to obtain a steady state. Because of the high

Q of tile input impedance (Q = 23) the gate voltage waveform is highly sensitive
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to small variations, and it was found difficult to proceed directly to the

steady state. It was found necessary to gradually increase the amplitude of

the source voltage starting from IVsI = 0.1V. In order to produce output

waveforms which approximated those of the unmatched case, it was found necessary

to increase IVsI to 1.3 V (instead of the calculated 0.97 V).

The output waveform was shifted somewhat and the conduction angle increased

to about 210 ° (from 180°). The results, shown in Table 3.6-7, indicate however

that although the circuit operation is perturbed, "reasonable" efficiencies and

power gains are attainable. Since a conjugate matched input would probably not

be used in practice, this point was not pursued.

Table 3.6-7. Comparison Between the Unmatched and

Approximately Matched Performances for SP45

SP45: LINEAR R.GS, ]-SECTION

APPROXIMATELY
UNMATCHED MATCHED

CONDUCTIONANGLE 1800 2100

11 1.3]Vsl(V)

no%

nT%

Po(mW)

Gp

ZG(n)

79

77

68

67

266

36

(159-j363)

259

43*

(132-j395)

*Note: Power gain in the approximately matched case is

calculated from

2PoI_G+Rs) + J(XG+Xs)I 2

Gp = e,slVsl2

Final WATAND Results on Five Different MESFET Designs

Having finalized the modeling technique to be used, the six MESFETS,

designated SPOI, SP41, SP45, SP46 and SP47, were studied using WATAND. As

mentioned earlier, each model is capable of being modeled with two types of

Isd - Vsd characteristics; the "real" characteristics, which include the

effect of the double-valued velocity field relation and the "flat" character-

istics, which do not include this effect.
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We attempted to use the former "real" models throughout the work now

being reported. We succeeded in all devices except for SP41, for which we

had to use the flat model. The probable reason for this is the "narrowness"

of bump in the characteristics; see Figure 3.6-13(b).

For each device model, having first obtained the static (de) Ids - Vds

characteristics, we obtained three steady state output waveforms for three

conduction angles: 180 ° (Class B), 120 ° and 80 °, For each such steady state

the powers, power gains and efficiencies were calculated.

Throughout this report our circuit is driven by a gate-source voltage

named V.G defined by

V.G = Max{_5; (_isin(2_ (_2t + _3) - _4)} ,

where _l,...,_s are five variable parameters. This waveform is just adc bias

(_q) imposed on an ac signal, with possibility of clipping at (_. By varying

(_I, _ and _ we are able to obtain the various driving waveforms we require.

Note that in this application we usually require V.G to have zero as its

maximum value, requiring _i = _4; we also wish for this to occur at time t = 0,

requiring _3 = _/2.

For tuned Class B operation, with Vds swinging between breakdown voltage

Vbr and the knee voltage Vko, the value of the load resistance should be

approximately (Vbr - Vko)/IDSS giving R L _600 _ for SPOI R L _6 k_ for SP41,

and R L _700 _ for SP45. The values of C.L and L.L are chosen to resonate at

the drive frequency, and to yield a Q of approximately 10.

Resulting steady state waveforms of Vds and Ids for SPOt in Class B

together with powers, power gains and efficiencies are sho_ in Figure 3.6-13.

Note that Ids is the actual channel current in the device (the current flowing

in the short-circuit SC.JFCI in Figure 3.6-14(a). Because the drain current

includes the high frequency capacitor currents it is easier to monitor the

device behavior by using this channel current.

If Pdc denotes input dc power, if Pin denotes input (fundamental) micro-

wave power, and if Pout denotes output (fundamental) microwave power, then we

define:

Power gain (Gp) A Pout/Pin (absolute)

Output efficiency (qo) A (Pout/Pdc) x 100%

Total efficiency (lIT) A Pout/(Pdc + Pin ) x 100%

1 1 1
i.e., - +

tiT I_° 100 Gp

Although an argument could be made that by appropriate use of harmonic

filters these powers should be the complete waveform powers (rather than the

fundamental powers), it was felt that it would be better to be on the safe side

and use fundamental power only in our calculations.
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[] ,

SC.JFSI

R.DI

SC.JFCI

(a)

I[] R.s, [] Rso8

The one-section model showing the
definitions of P1 to P8.

Do@

®

SP41: I-SECTION SP45: I-SECTION

LINEAR R.GS LINEAR R.GS

Conduction Angle 800 120° 180° 800 120° 180°

Po(mW) 41.6 62.0 87.4 96.4 157 249

5.6 5.1 20 -5.4 19.6 64.4

10.2 5.9 1.4 74.0 12.3 4.6

15.8 11.0 Z1.4 68.6 31.9 69.0

Pl(mW)

P_(mW)

PT(mW)

P3/PT(%)

P4/PT(%)

P5/PT(%)

P6/PT(%)

P7/PT(%)

Pe/PT(%)

0 0 0

60.0 2.3 3.4

11.I 5.5 1.6

II.l 14.1 9.5

0 0 0

0 0 0

74.7 25.9 3.7

13.1 6.7 2.7

3.5 10.5 _8.5

0 0 0

56.9 85.117.7 57.6 85.5 8.7

(b) The internal distribution of P1 to

P8 for SP41 and SP45.

Figure 3.6-14. Sources of Power Losses
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In our earlier investigations involving bipolar transistors (Reference 17)

it was found .advantageous to drive the transistor in the Class B or C configu-

ration slightly into saturation. The equivalent operating condition for the

MESFET is to swing the Vds waveform to operate from below the knee voltage Vko

for part of its cycle. We accomplish this by slightly increasing RL and VDD.

In order to obtain greater efficiency of operation we continued to drive

tile devices from slightly below the knee voltages and we moved from Class B

to Class C operation by decreasing the conduction angle by changing the input

drive. Thus if the gate pinch voltage is Vgp, and if V.G = _[sin(2_ ft + _/2)

- i], then the conduction angle e is given by

V

0 = 2 cos-l(l - g__EP)
6%

With a reduced conduction angle it is necessary to increase R.L in order

to swing VDS from just below the knee voltage Vko to the breakdown voltage Vbr.

Since the output power is approximately Wma x = (Vbr - Vko) /8R L (Reference 26),

we thus increase our efficiency at the expense of decreased output power.

Figures 3.6-14, 3.6-15, and Tables 3.6-8 and 3.6-9 present the main results

of this study. They indicate that the SP41 device can give 85% power added

efficiency wit|[ a power gain of i0 dB and a power output of 67 mW, or 81%

efficiency with a power gain of 18 dB and a power output of 90 roW. The SP45

device has a peak efficiency of 83% for a gain of ii dB and a power output of

152 mW or 78% for a gain of 17 dB and 245 roW. Both the devices (Table 3.6-4)

have 3 micron × 400 micron gates and the breakdown voltage Vsdbr is assumed

constant. Figure 3.6-14 and Table 3.6-9 tabulate the various sources of power

loss within the MESFET for the five devices.

!
!

!
65- I

/
I

I
.,p

6C _( I I
02 0.3 0.4

Figure 3.6-15. Total Efficiency (_T %) versus Output Power/Wmax)

_ . SP47 : 588 mW
• SIMUSOIDALDRIVEAT2.45 GHZ

!
/ NO1E: THENUMBERSINDICAI[ POWERGAINS

I i I I i

0.5 0.6 C_7 0.8 Pout/WMA x
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Table 3.6-8. Details of Performance of

SP41 and SP45

Vbr(V)

Ids max

(mA)

Wma x
(mW)

Conduction Angle

no%

nT%

800

87.6

72.2

Po(mW) 41.6

G 4.1

Po/Wmax .37

Q 25

sP41: I-SECTION

LINEAR R.GS

71

12

ll3

1200

92.0

84.6

62.0

lO.S

.55

31

SP45: I-SECTION

LINEAR R.GS

180°

81.2

46

63

354

800 1200

I05 -i 88.5

82.8

157

12.8

.44

19

80.0 58.7

87.4 96.4

64.3 1.3

.77 .27

23 28

1800

79.2

78.1

249

54

.7

12

Tt must be pointed out that all of the above dynamic (steady-state) results

were obtained under the assumption that the source-drain breakdown voltage

Vsdbr remains constant. To achieve this, and for numerical convenience, we

set Vbr to Vbr = ikV, and then ensured by visual inspection that the value of

!Vsd ! did not exceed the assumed constant value of IVsdbrl = IVgsbrl. If

instead the source-drain breakdown voltage Vsdbr is modeled by the 'silicon'

formula:

IVsdbrl = IVgsbrl- IVgsl

Then the worst case situation for each device would be as shown in the follow-

ing table. Note that a zero in the last row of this table indicates that the

SP01
80 ° 120 ° 180 °

IVgsbrl 17 17 17

SaxiVss I 40 20 10

_=[v dl 0 0 7

SP41
BO° 120 ° 180 °

71 71 71

3O 15 7.4

41 55 63

SP45 !
80° 120 ° 180°!

66 66 66

84 45 22

0 21 44

SP46
80 ° 120 ° 180 °.

37 37 37

128 74 37

0 0 - 0

SP47
80 ° 120 ° 180 °

46 46 46

84 42 21

0 4 25
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corresponding conduction angle for that device cannot be achieved using tile

'silicon' breakdown formula. Non-zero values indicate the possibility of attain-

ing the corresponding conduction angle, but only with this maximum voltage of

IVsdl (to be compared with a maximum of IVgsbrl assumed in our calculations).

This reduced value of IVsd maxl implies of course very different values for

load resistor R L and very different steady state dynamic behavior. We have not

felt it worthwhile to investigate this.

Figure 3.6-16 and Table 3.6-10 give results for the case where the input

drive is clipped, so that the input waveform only goes down to the gate pinch-

off voltage. This improves the performance considerably, but it should be

noted that power loss in the clipping circuit is not examined here.

Figure 3.6-16 also shows the effect of using the "silicon" breakdown formula:

]Vgsbr[ = lVgsbr I -lVsgl ,

for both the clipped and unclipped drive. Note that in the latter case only

the Class B (180 ° conduction angle) operation can be obtained.

95-

90

'5I
80

75-

70
0.2

eW "354 mWmax

192 lxa ' skilUSdornr ILn_l_/_ _.,aP_ ^= ....

/ \ _ \ zo,

/
/
/

I

I

I I I

0.4

_9 ""-.._._- CLIPPE D, CONSTAN T Vsdbr3 54 _'q" UNCLIPPED,CONSTANT Vsdbr

_'_--CLIPF'EDIVsdbrl-Ivo,b,I-I%,I

U,C..¢O IV,d_,l" Iv_,b,I-IVosl

I I I I I

G6 0.8 ( Pout/ W max )

Figure 3.6-16. SP45: Total Efficiency (_T %)

versus Output Power/Wmax

Class E Operation

The theory of Class E op_eration is discussed in (Reference 17).

Class E circuit investigated is shown in Figure 3.6-17.

The
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Table 3.6-10. Comparison of Performance Between

Unclipped Drive and Clipped Drive for SP45

Conduction Angle

no%

nT%

Po(mW)

Gp

Po/Wmax

Pl(mW)

P2(mW)

PT(mW)

P3/PT(%)

P4/PT(%)

P5/PT(%)

P6/PT(%)

P7/PT(%)

P8/PT(%)

SP45: I-SECTION MODEL LINEAR R.GS

Unclipped Drive

80 o 120° 180 °

I05 88.5 79.2

58.7 82.8 78.1

96.4 157 249

1.3 12.8 54

0.27 0.44 0.7

-5.4 19.6 64.4

74 12.3 4.6

68.6 31.9 69.0

0 0 0

74.7 25.9 3.7

13.1 6.7 2.7

3.5 10.5 8.5

0 0 0

8.7 56.9 85.1

Clipped Drive

80o 120o 180 o

93. l 88.2 78.9

92.1 87.6 78.7

94. l 157 250

89.6 134 281

0.27 0.44 0.7

6.4 19.7 63

8.4 6.1 5.9

14.9 25.8 68.9

0 0 0

31.6 I0.5 2.5

9.3 4.7 2.5

II .7 II .4 7.8

0 0 0

46.7 73.4 87.6

Note: Wma x = 354 mW.

Using the ideal design formulae for this Class E circuit for device

SP45 yields the following design parameters:

q Power q V .DD R.L L. 2 C.2 C.1

10 308mW 100% 14.2v 3,543_ 2,302nH 2D-3pF 3.6D-3pF

It is obvious that such small capacitance values cannot be accommodated with

the (comparatively) low frequency device SP45.
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Figure 3.6-17. Class E Amplifier Circuit

Used in MESFET SPS Study

@

For the (comparatively) high frequency device SPOI however, the design

becomes just feasible. In Table 3.6-11 we show the design values and the

actual values used with results for this device. In these results, the gate

voltage drive used was a clipped Class B drive. We also show results for

Class C (120 ° ) unclipped and clipped drive. We see that using the Class E

configuration with the clipped Class B drive provides very little advantage

compared with the clipped Class C configuration at the same output power.

We have concluded that there is very little point in pursuing any further

the investigation of the Class E configuration.

Conclusions

The modeling technique developed for this study has been evaluated both

by reference to available experimental data and by considering two different

models. The resu1_ are estimatcd to be correct Lo within about _% for power

conversion efficiencies and about 3 dB for power gain. It is important to

note that in the power conver_n= _-_!_ ,,_ _=_=_iLi_ eiemen_s nave been

included. It was found that the negative resistance region of the GaAs

characteristic did not significantly, affect the r_,,1__......... _taincd --_, _'_,e CAD

model. More accurate calculation of this region with the UNIPOLE program was

therefore felt to be unnecessary at this stage.

In terms of the WATAND simulation, it was concluded that [as in the bipolar

transistor study(Reference 17)]Class E does not offer any significant advantage

over Class C. In fact, for the 3-_m devices finally selected for 2.45 GHz

Class C operation, correct Class E performance was not even possible due to

the output capacitance.

We have shown that conventional (X-band) GaAs MESFETs are not best suited

for the 2.45 GHz power converter. Conversion efficiency is improved by choos-

ing different geometry. The final design uses 3-micron gates, but if this

were reduced to 2 microns the power gain could be increased somewhat. The

3-micron value was chosen as the upper limit and has the advantage of yielding

higher output power per unit cell. Since paralleling of MESFETs is a problem

which has not yet been satisfactorily solved, it seemed to us that a high
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Design and Performance Data Comparison

Class E Class E Class C Class C

Design Obtained 120 ° 120 °

(Using Clipped (Unclipped (Clipped

Class B Drive) Drive) Drive)

Q i0 12 i0 i0

Po (mW) 38 22 24 24

Gp _ -63 31 300

n (%) i00 84 81 83

IV.DD (V) 5.4 6.5 9 9

R .L(_) 500 400 1,400 1,400

L.2(nH) 300 300 - -

C.2(pF) .02 .0165 - -

C.I(pF) .02 .04 - -

Pl(mW) 0 4.1 4.8 4.9

P2(mW) 0 -0.2 .8 .3

PT(mN) 0 3.9 5.6 5.2

p3/PT(%) - 0 0 0

p4/PT(%) - .9 3.2 i.i

p5/PT(%) - 6.8 6.8 6.1

p6/PT(%) - 22.7 14.7 16.2

p7/PT(%) - 0 0 0

p8/PT(%) - 69.6 75.4 76.5

NOTE: FOR KEY TO POWER NUMBER SEE FIGURE 3.6-15(a).

power per cell was desirable. Without knowing the extent to which cells can

be paralleled without degradation in performance due to increased parasitics,

it is not obvious that the GaAs FET power converter is better than the GaAs

bipolar version studied in (Reference 17). For 2-micron gates (and 2-micron

emitter stripes) the efficiencies obtainable are comparable, but the power

output obtainable from bipolar complete multi-stripe structures is, at today's

state of the art, much greater than that of the MESFET.
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3.6.3 PHASE CONJUGATING IN AN ACTIVE RETRODIRECTIVE ARRAY

The following describes the problem of phase conjugation in an active

retrodirective array. The effects of steady-state ionosphere on uplink and

downlink signals are analyzed. The phase ambiguity problem is introduced and

a potential solution provided that employs a 3-tone pilot beam. An estimate

of integrated electron density along radio links of interest is obtained by

making appropriate phase measurements on the three received tones. Using this

information, a phase conjugator is mechanized such that ionosphere related

discrepancies are automatically compensated. This represents a significant

extension of the capabilities of existing conjugators. Much statistical anal-

ysis related to ionospheric turbulence remains to be done.

The retrodirective antenna array works on the so-called phase-conjugation

principle whereby an incident wavefront is processed in such a manner that

when it is retransmitted (possibly at a much higher power level), it returns

whence it came as a coherent wavefront. An important feature of this mechanism

of retrodirectivity is that one does not require prior knowledge of either the

source's location or character of the incident wavefront; e.g., equiphase

surfaces need not be planes. In the context of the Solar Power Satellite, the

incident wavefront is created by a pilot source on the ground and the antenna

array (where phase processing occurs) is situated in a geosynchronous orbit,

The downeoming signal (power beam) is intercepted by a rectifying antenna

(and not a phased array) of appropriate dimensions on the ground.

The main object of this discussion is to establish preliminary requirements

on the signal structure of the uplink pilot beam so that phase conjugation can

be correctly performed and retrodirectivity achieved. As will be seen shortly,

the problem gets complicated by the presence of the dispersive ionosphere and

its spatial and temporal characteristics, Before proceeding with the main

t_k mentioned _bo_,e, it _ worthwhile to discuss briefly the principle of

phase conjugation.

Phase Conjugation (References 27 and 28)

A retrodirective or self-phasing antenna array senses the phase informa-

tion incident across the aperture and uses this information in proper manner

to transmit back to the source a coherent signal. The signal radiated by the

self-phasing antenna may or may not be coherent across the aperture but it is

coherent when it arrives back at the source. In principle, the self-phasing

antenna can operate regardless of the shape of the wavefront incident on the

aperture.

Consider the situation shown in Figure 3.6-18. To operate as a self-

phasing antenna, the aperture is divided into many subarrays. The question

of subarray size is not considered in this report. It is assumed that phase

processing occurs at each subarray.

Let the sigpal at the pilot source be given by

S(t) = A cos (_ t + 0 ) (3.6-33)
o o
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Conjugating Network

37,500 K_!
!. :.-k.-- : ; ;. :.:

::-.:-;.,:-::.-..::Z-ii Zii  ooospbere

Pilot Beam
Source

Kth Subarray of Space Antenna

in Geosync Orbit

Rectenna
for Vownlink Power Beam

Figure 3.6-18. Sketch of Antenna--Rectenna Relationships

where A is the amplitude, w o is the angular frequency and _o is the phase.

The signal received at the Kth subarray is of the form

SK(t) = A K cos [_o (t-TK) + Oo]
(3.6-34)

where

rK
(3.6-35)

TK - C

In Equation (3.6-34), TK is the propagation time involved and ionospheric

effects are ignored for the present. The received signal is passed through a

conjugating network that reverses the sign of the phase. A circulator is

shown in Figure 3.6-18 which separates the uplink and downlink signals. Thus,

the conjugate signal radiated by the Kth subarray is given by

SK(t) = A K cos [w ° (t+TK) - Oo]
(3.6-36)

!

where, in general, A K >> A K. Under the assumption that the propagation medium

is reciprocal, the signal that arrives back at the source can be written as
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! !

S (t) = A cos (_ t - 0 ) (3.6-37)
o o

where A' is the received amplitude. The argument of the returned signal in

Equation (3.6-37) is the same as that originally radiated by the source [see

Equation (3.6-33)] except for the fact that the sign of 0o has been reversed.

The important thing to note in Equation (3.6-37) is that the signal radiated

by the subarray is independent of the transit time TK when it arrives back at

the source. Thus the signals from the different subarrays have the same phase

no matter what the individual transit times might be. The resultant signal is

therefore the coherent addition of the various subarray signals. The fact that

the signal of eo has been reversed is of no consequence since it happens at

every subarray and has no effect on phase coherence. Indeed, one could intro-

duce a constant phase shift _o at all the subarrays without affecting phase

coherence at all. The principle of phase conjugation discussed above is

depicted in Figure 3.6-19. At the heart of this operation lies a separate

reference source whose phase (and, of course, frequency) needs to be distrib-

uted over the entire aperture within close tolerance. This is the problem of

phase control and distribution and is discussed elsewhere (Reference 28). For

the present, it is assumed that the pair {_r, _r} are available at all sub-

arrays where conjugation is being performed. While the principle of conjuga-

tion is clear from Figure 3.6-19, as far as SPS is concerned, there are some

operational constraints. In particular, the uplink and downlink frequencies

cannot be the same. Any processing of the uplink signal is rendered impossible

because of the high-energy downlink beam. An obvious way of avoiding this

problem is to perturb the reference frequency _r by 6_; i.e., set

= 2 _ + 6w (3.6-38
r o

and under this condition, the radiated wave from the Kth subarray is given

by

, rK
S_(t) = AK cos [(_o + 6=) t * _o -C + Or]

• r.. rK.]
• _ _

= AK cos [(_o * _) t * (% + _) -C-* Cr C

, rK
= AK cos [(mo + 6m) (t * -_-)* (¢r

, rK
= AKcos [0%* (t+C ) + SK] (3.6-39

where

_K = (_r
rK) (3.6-40

C
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NOTE: Sr |$ SAHE FOR EVERY SUBARRAY. UPLINK AND _UNL|NK AT SAHE FREQUENCY.

Figure 3.6-19. Principle of Phase Conjugation

From Equation (3.6-39) it is clear that signals from the different subarrays
!

do not add coherently at the source because of the _KS. In general, the down-

link beam points in some undesired direction and this is called "beam squint."

In Figure 3.6-20, a different mechanization is given which achieves the task

of phase conjugation with different uplink and downlink frequencies and no

beam squint (Reference 28). Instead of tile circulator, a diplexer is used to

channel the uplink and downlink frequencies.

J VCO !

t i
j I

FILLER I

J$o

_* pOWERed" Z ,

AKPLIFIER

!T.

_o " REFERENCE PHASE
r

• %It - c )

ANTENNA

L]( _K e
: r K

- ,.,oCt.

n Z

Oo

COHHENT: THE SIGNAL FROH ONE PARTICULAR ARRAY ELEH[NT
CAN DE USED AS Tile REFERENCE. NO [Xl[RNAL SOURCE IS
NECESSARY.

Figure 3.6-20. Beam Mechanization Concept

During the course of the work reported here, it was discovered that the

conjugator in Figure 3.6-20 has two distinct modes of operation. The equations

accompanying Figure 3.6-20 describe tile (original) mode of operation as in

(Reference 28). In this write-up, the other mode is used.

From what has been said above, it appears that the phase conjugation

problem associated with the retrodirective array has been, largely speaking,

solved. However, the preceding discussion on conjugation has completely

avoided ionospheric propagation effects and in a real-life SPS situation, this

is hardly acceptable. In the next section, the effects of ionospheric dis-

persion, inhomogeneity and time instability on the single-tone pilot beam

system are examined.
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Ionos__pheric Effects On Single-Tone Pilot Beam

It was stated earlier that an important feature of the retrodirective

array is that the downcoming beam is phase coherent when it arrives at the

source. This statement is rigorously correct only if the propagation medium

is reciprocal, spatially homogeneous and temporally stable. In case of the

ionosphere, one or more of the above conditions are violated. Under certain

conditions, beam pointing error can occur and phase coherence at the source

can be lost.

Assume the uplink and downlink frequencies are given by fu and fD,

respectively (fu # fD). The (path-dependent) phase shift at fu on one

particular radio link can be written as (Reference 29 and 30)

L L

2N fu b fO N dE_(fu) = C 2n fu C
(3,6-41)

where

b =

e 2

2 K
o

m; e = electron charge, m = electron mass, eo = free-

space permittivity

= 1.6 x 10 3 mks

LL is the physical path length involved and N d_ is the integrated electron

density along the path under condideration (=i017 - 1019). Note the second

quantity on the right hand side of Equation (3.6-41) accounts for ionospheric

effects on a CW tone. On using appropriate constants one can write

¢(fu) - c

211 f L
u

40.5 x f--_ N d_

2H f L K
u u (3.6-42)

C f
u

Since one is interested in knowing the phase shift at fD, a reasonable estimate

of the phase can be obtained by multiplying _(fu) by fD/fu (this estimate

becomes increasingly accurate as fu ÷ fD). Thus,

¢(fD) = fD/fu x d_(fu)

2_ fD L K u

" fD
C fu 2

(3.6-43)

On conjugating this phase, one obtains
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2]] fD L f

$*(fD ) - C + K D_D__u f 2
u

(3.6-44)

The downlink signal at the transmitting end can be written as

f

LsTdown(t) : cos [_0Dt + 29 fD [ - Ku ]

u

(3.6-45)

The downlink signal at tile receiving end is given by

L L fD %

SR (t) = cos [_D t + 211 fD (_ - C) - K _ + _D]down u fu 2

fD KD

= cos [_D t - (K )]
u f 2 fD

U

(3.6-46)

For a temporally stable ionosphere, one can set K u = K D in Equation 3.6-46)

and obtain

fD

SR (t) = cos [_D t - K ( i )]
down u f 2 fD

U

(3.6-47)

If, in addition, the propagation medium is assumed non-dispersive, then the

second term on the right hand side of Equation (3.6-47) involving K u could be

equated to zero. In the present situation, this kind of assumption is highly

unrealistic. Note in Equation (3.6-47), Ku applies to a particular radio path

and will, in general, be different on different paths because of ionospheric

inhomogeneity. A consequence of this fact is that the phase coherence (at

source) property of the downlink signal mentioned earlier does no longer hold

good. Furthermore, if a coherent phase perturbation occurs due to some

ionospheric large-scale features (such as a wedge), then even a beam pointing

error is possible. The magnitude of these effects need to be evaluated for

worst-case ionospheric conditions. Tile two tone pilot beam system which aims

at alleviating some of the ionospheric problems mentioned above is discussed

next.

Two-Tone Pilot Beam System

This is tile so-called baseline concept and rests on the fact that if two

tones (symmetrically situated around tile downlink frequency) are used on the

uplink transmission, then under appropriate conditions an average of the

phases of the uplink tones can be taken to be a good estimate of the phase

at tile downlink frequency. The idea here is that the phase errors caused by

a stationary ionosphere can be largely eliminated by this approach. Let fl

and f2 be the two tones constituting the pilot beam and symmetrically located

around the downlink frequency fD as shown in Figure 3.6-21. The choice of

Af is based on conflicting requirements and is not discussed here.
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fD

Figure 3.6-21. Sample Relationship Diagram

Using the notation as before, for a given link one can write

+i = _(fl)

L 40.5 2H _L

= 29 fl C f x _- )0 N dZ

and

L 40.5 2]-[_L

_2 = 2]_ f2 C f × C J0 N dR

On taking the average of _i and _2 one obtains

$ _ _l + %
2

L f + 40.5 21i /N (I_ I_)= 2_ ( I f2) × dR +
2 2 -C- fl f2

N (f_ + f2
L 40.5 2H dR )

= 2]] _- fD 2 "" C I f2

(3.6-48)

(3.6-49)

9 f
L 40.5 2_ f._ - -D

= 2H _ fD 2 × -C7 N d i • fD 2_ A2f (3.6-50)

A--fI << i, then the above expression for $ simplifies as below
If If D

-- L 40.5 2_ --|L

P0N d_
_) " 2]] C- fD fD x -_-

= _(fD ) (3.6-51)

Note $ is a desirable quantity as far as correct retrodirective array opera-

tion zs concerned. Assuming that there are no serious errors involved in

obtaining _, all one needs to do is to conjugate this quantity and use it

as the phase of the downlink signal leaving the space antenna. However, the
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arithmetic averaging indicated in Equation (3.6-50) can, under certain con-

ditions, provide wrong answers for _ [called ambiguities in (Reference 30)]

and this is the topic for the next section.

Computation of _ and Phase Ambiguity_

As shown in the preceding section, if T could be computed without errors

or ambiguities, then it closely approximates _(fD) and one could get rid of

systematic phase errors (biases) introduced in the power beam due to ionospheric

dispersion and inhomogeneity (see Ionospheric Eifects on :;ingle-Tone Pilot Beam

section).

In this section, it is shown that computation of $ involves incoherent

phase processing; e.g., frequency division and, in certain cases, this can

cause trouble. Let the received phases corresponding to the two tones of the

pilot beam (of a given subarray of the space antenna) be given by

@l(t) : _it - _l

= _i (t - L + 40.5×2 *IL
C) fiC %

N d_ (3.6-52

and

_2(t) : _02t - _2

= w2 (t L + 40.5x2 _'IL

- C) f2C JO N d_
(3.6-53

where _l and _2 are given by Equations (3.6-48) and (3.6-49), respectively.

Define

_l(t) + @2(t)

_(t) : 2

= WD t - _ (3.6-54

where $ is given by Equation (3.6-51). Note $ is only path dependent. In

order to obtain _(t), the kind of signal processing shown in Figure 3.6-22

seems logical.

r. I cos (¢1+¢2)_ FREQUENCY I
FILTER DIVIDE BY 2

COS

Figure 3.6-22. Signal Processing Diagram
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Let the phases corresponding to the two pilot frequencies fl and f2 be

as shown in Figure 3.6-23.

¢2

Figure 3.6-23. Phase Relationship Diagram

Let

_2 - _l = K (2H) + A (3.6-55)

where

IAI < 2H and K = 0, i, 2, 3, . ....

From Equation (3.6-55), one writes

$=_i +_2
2

A
= $I + KH + _ (3.6-56)

In performing the operations shown in Figure 3.6-22, the KH term in Equation

_o.6-56) could gel lust Fo_ K eve,, ......... _ .........................

For K odd, a _ error occurs and one would conjugate the wrong phase. The

important point then is to keep track of KH during averaging at every subarray

or avoid averaging altogether. One approach is to use a system of synchronous

dividers which is fairly cnmp1_c_ted. Another approach is due to Boeing where

a 2-tone pilot beam is used but phase processing is done at an intermediate

frequency and frequency division is avoided (Reference 31). This method seems

to ignore possible phase variations across the aperture due to a steady-state

ionosphere. Raytheon solves the ambiguity problem by using a 3-tone method

(Reference 30). The technique utilizes two pulse-modulated tones and a CW

tone. By measuring the differential group delay between two pulsed signals,

the ionospheric electron content _N d_ on desired radio links is computed

and this information is used to find the correct phases for the downlink

signals. In this note, a method based on three CW tones is used (Reference 32).

Solution of the Phase Ambiguity Problem

Before proceeding with the main task of solving the phase ambiguity prob-

lem, it is worthwhile to examine Equation (3.6-55) in some detail and find

out whether _1 and _2 could indeed differ by integral multiples of 2H when

typical SPS parameters are used. For the present problem, it is sufficient

to show that ionospheric effects alone can give rise to phase differences
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which are multiples of 29. A measure of this effect is obtained by multiply-

ing _i _Equation (3.6-46)] by f2/fl and subtracting _2 [Equation (3.6-47)]. Thus

Let

f2

/_) = f-7 _1 --_)2

l io= 2J]. x x N d,% x f2 fl 2

fD = 2"45xi09

I fl = fD - Af
and

I f2 = fD + Af

th<,n, the number of 29 phase changes obtained for different values of

and Af is shown in Table 3.6-12.

Table 3.6-12. Number of Ambiguities

(_]) versus £f

(3.6-57)

(3.6-58a)

(3.6-58b)

(3.6-58c)

N d_

Af

MHz

100

50

10

5

1

fl
Gltz

2.350

2.400

2.440

2.445

2.449

f2

Gllz

2.550

2.500

2.460

2.455

2.451

1019 el/m 2

n

92

45

8.9

4.4

0.9

fN d_i0 18 el/m 2

n

-4- Baseline
9.2

4.5

0.89

0.44

0.09

It is clear from Table 3.6-12 that in order to avoid ionospheric ambiguity

for the strongest concentration under consideration, Af should not exceed

1MHz. Other operational constraints render such a choice unacceptable.

In what follows, a 3-tone approach due to Burns and Fremouw (Reference 38)

is used to resolve the ambiguity problem. It is based on a direct measurement

of fN d_ along the paths of interest and then using this information to estimate

the path related phase shift at the downlink frequency fD.

Consider a frequency-amplitude pattern as shown in Figure 3.6-24 where

the three uplink tones fl, f2 and f3 are coherent at ground. Indeed, the

three tones can be generated by a low-deviation phase-modulated transmitter.
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Thus, using equations similar to Equation (3.6-46) for three frequencies fl,

f2 and f3, one can write

and

6_ A = _2 - _i

=_ . (t___ i)
C

_B = _1 - _3

2E (fl - f3) L - 40 5x d_ x
C fl

The second difference of phase shift is given by

62(I) = 6_ A - 6(_B

= _- x 40.5 x dR x 2 f3

(3.6-59)

f-i_-)1 (3.6-60)

3.6-61

[° f[
Af÷ +Af+ I

Frequency

Figure 3.6-24. Frequency-Amplitude Pattern

For suitably chosen Af, one obtains

_2qb÷-"_ x 40.5 x_ d_ x

Suppose one needs to avoid a 360 ° ambiguity in _2_ for values of

fN dR less than 1019 From Equation (3.6-62), one easily finds

Af2--62_ x ft3/(_ x 40.5 x 2 xfN dR)

Let

f = 2.45 + 0.153125 (this choice will be justified later)

= 2.603125 GHz

3.6-62 )

(3.6-63)

(3.6-64)
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Then

3
_f2 " (2_) x (2.6 Z 109 ) x C/(21[ x 81 x 1019 )

3
(2.6'x 10 9 ) x 3 x 10 8

81 x 1019

17.6 × 3 x 10 3s

81 × 1019

= 0.651 × i0 I_

or

Af _ 80.6 MHz (3.6-65)

Thus, with Af!80.6 MHz and assuming that _2_ can be measured, then f N dK can

be calculated rather easily from Equation (3.6-62). An implementation that

measures 62_ with relative ease is shown in Figure 3.6-25.

3-TONE

GENERATOR

fl' f2' f3

FILTERS

Af

i

PIIASE

DETECTOR 6 2 _

af

Figure 3.6-25. Measurement of 62_

Reordering Equation (3.6-62), one easily obtains

computed value of fN dK

fl 3 C i

- 2 Af 2 x _-_ x _ x (-62_)measured

= R'(-_2_)measured
(3.6-66)

For fl = 2.603 GHz and Af = 80.0 MHz, one can compute

= 1.6 x 1018 (3.6-67)

Based on S/N ratio considerations, the accuracy of the N computation in

Equation (3.6-66) is determined by the accuracy of 62_ measurement and is

given by

o_ = a • o62 ¢
(3.6-68)
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Once an estimate of N for a given link is found, one needs to perform several

steps of signal processing starting with the phase at fl and finishing with

the conjugated phase at fD. These steps are outlined below.

STEP 1

From _(fl) [as in Equation 3.6-48)] subtract estimated ionosphere con-
tribution

• 29_'(fl) = _(fl) + 40 5 xf-q-

A

L 40.5 2_ (fN dR - N) (3.6-69)
= w1 C fl x -C

STEP 2

Perform frequency transformation on _'(fl)

fD

4#'(f D) = (_'(fl) x f-_-

f

L D 2H (fN dR N) (3.6-70)
= _D C fl 2 x 40.5 x -C x

STEP 3

Conjugate _'(fD )

= - - -- .m'c_ _" " (3.6-71)

STEP 4

* * 40.5 29

_(fD) = _' (fD) + -_D x -6- ×
N

= _ _,(fD) + 40.5f___x _-2_x N^

f 2
A

L 40.5 211 [ D_.D_ (fN d_5 - N) + N)] (3 6-72)
= - _°D C- + C x _D f12

STEP 5

Use $(fD ) as the subarray transmit phase

All the signal processing indicated above that yields conjugated phase as

the end product can be accomplished by suitably modifying the conjugator shown
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in Figure 3.6-20. The new conjugator which takes into account steady-state

ionospheric effects is shown in Figure 3.6-26.

LOOP
FILTER

[ xTx 2-PLx -¢(fl )

I¢(fl

SUBTRACT PHASE I
(40.s 2_ _1
_l-t]--x T xN) I

T

¢o(fl) = Ref. Phase

L0 40.5 2. f L0

-¢01--C----_1 x--_-XJo N dr

= Constant at all subarrays

, (fl)

L 40.5 21I _L N
¢(£1) = tel C'- fl x -'C- xu dt

* , 40.5 2H

O (fD)=-¢ (fD) * fDD x_-x

40.5 2n
n [2¢o(fl) - ¢'(fl) ] + _ X -'_ X

. f2 L

-C-21I I1- fD 2 _
L 4o.___ssx [NO--D_). N dt]

= c°nst'""D C + fD

Figure 3.6-26. Modified Conjugator

Note that except for a constant term, the output _*(fD) of the conjugator

is identical to Equation (3.6-72). For the present configuration, tile uplink

and downlink frequencies are related by tile equation

n

n+--_ " f I = ED

or

fl = n+2 fD (3.6-73)
n

For fD = 2.45 GHz and n = 32, one obtains

fl = 2.603125 GHz [see Equation 3.6-64)]

Performance Analysis of the 3-Tone System

In this section, a performance analysis of the 3-tone ambiguity resolution

system is provided based on S/N ratio considerations. Tile analysis applies to

a steady-state (or slowly-varying) ionosphere. Basically, tile problem is that

even th0ugh fN dR is constant on a given link, an estimation of this quantity

(i.e., N) involves 62_ measurement in a thermal noise environment. Therefore,
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the rms accuracy of N is a function of available S/N ratio at the receiver

under consideration. Any deviations of N show up as phase jitter on the sub-

array transmitted phase _*(fD). Since the phase jitters at different subarrays

can be considered independent, these contribute to the (downlink) beam spread-

ing and loss of efficiency. Clearly, one needs to bound the amount of tolerable

phase jitter at any subarray.

In order to proceed with the analysis, it is convenient to recall the

measurement set up in Figure 3.6-25. The filtering operations are shown in

little more detail in Figure 3.6-27.

3-TONE

FILTER 1 DIVIDER [ DET

_ FILTER 3 IZ3(t)=LDIFFERENCE__ [ FILTER 2

H DIFFERENCE _62¢FILTER

Figure 3.6-27• Filter Operations Diagram

The three CW tones and additive White Gaussian Noise N(t) are filtered

by ideal bandpass filters of (narrow) bandwidth B• The bandwidth B is,

essentially, determined by the stability of the pilot beam transmitter and

doppler effects _t,_ pa_a.u_ of the " Thp

three filter outputs are given by

Z1(t) = A 1 cos (Wlt- %1) + nz(t)

: V1(t) cos [_it - O1(t)] (3.6-74

Z (t) : A 2 cos (c02t = _2) + q2(t)

= V2(t) cos [W2t - be(t)] (3.6-75

and

Z (t) = A 3 cos (_3t - _3) + _3(t)

= V3(t) cos [_3t - _3(t)] (3.6-76

where NI, _2 and N3 are zero-mean, Gaussian noise variables such that

2 2 2 = 02E ql = E q2 = E q_

= N B (3.6-77
o
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and Equations (3.6-74), (3.6-75) and (3.6-76) are typical representations of the

sinewave signal plus narrowband noise situation. Furthermore, _], _2 and _3

are the phases associated with the three tones (includes ionospheric effects).

Note: for any t, one has

0K(tE ) = _K, K = i, 2, 3
(3.6-78)

Letting

0K(t@K (t) = ) - _K' K = 1, 2, 3
(3.6-79)

the probability density function of @K(t) is given by the expression

(Reference 33)

-(S/N) K

-e @P(_K ) 2_ + )
K

(3.6-80)

-sin2_K(S/N) K
e

cos qJK 2_- (i + 2 erf [_2(S/N)K)COS _K ]

where

K

AK2

202
(3.6-81

and

1 ix e_y2/2 dy
erf x = _2_-_4

(3.6-82

Now, the outputs of the two difference filters are given by the following

expressions

V1(t) V2(t)
D1(t) = -- cos [(el - w2)t - el(t) + ¢2(t)J (3.6-83

2 7z

and

V](t) V3(t)
D2(t) = cos [(c01 -C03)t - 01(t) + O3(t)l (3.6-84)

2/Y

Assuming that the phase detector responds only to the phase difference between

the input signals and remembering the fact that c01 -oJ2 = (_3 -1,11, one easily
obtains

62¢(t) = 02(t) + 03(t) - 2 01(t) (3.6-85)
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Since the filters are operating on white Gaussian noise and have disjoint

passbands, the random variables 01, e2 and 03 are independent (Reference 34)

(this conclusion is based on a representation of the white noise process in

terms of a countable orthonormal set of basis functions; e.g.,

q(t) = Z [Xk(t) cos _K t + YK(t) sin _K t]

K

(3.6-86)

and one can write

Var 62_ = Var e2 + Var 03 + 4 Var 01 (3.6-87)

In order to compute the variances on the right hand side of Equation (3.6-85),

one needs to use the Equations (3.6-78), (3.6-79), and (3.6-80). In the

present situation, main interest lies in the high (S/N) ratio case and an

appropriate expression for Equation (3.6-85) is the following (also examine

Figure 3.6-28 for high SNR).

Var 62_ _ _ (_g/2 + (Aa2/2) + (Az2/2)

O 2 O 2 4 O 2
- -- + + (3 6-88)
- A22 _ AI 2

MJ
¢J
Z

i

O

MJ

_= 10-2 ,.
-iP
a.

uJ
I--

--I

_J

>-
.J

_ 10

10-k

-i \---' $--------7__-_i'7 -7-7-__---- ............ -'
.....................

i "
• i i i

---N ..................................

'N_:---SEE EQUATION (3.6279)FOR !

• DESCRIPTION OF _K" ; 'T_. ', i

.......................................... ,........ .i_7:_-i.- _ -__if .......

........ I

I
! I i : ]
! ; i , :

, ; ; 2

! ! p ,; ' ' ' I I I 1 I ; j ! t + il ' 1 / _ i , I i , i ,

0 5 10 15 20 25 30

Figure 3.6-28.

SNR IN dB

Phase Error Variances
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Assume that the total pilot transmitter power PT is split between the carrier

and two (equal) sidebands in the ratio _, (i - _)/2 and (i - _)/2 where _ < i.

If PR is the total pilot signal power received at the subarray under considera-

tion, then

p = A12/2

= _ PR (3.6-89a)

and

A 2

PZ = -_-; Z = 2, 3

_ (i - a) PR (3.6-89b)
2

For a given transmitted power PT (and received power PR ) it is possible to

choose _ such that Var 62_ in Equation (3.6-88) is a minimum. On using

Equation (3.6-89) in Equation (3.6-88), one obtains

o 2 o 2 4 o 2

Var 52¢ - (l-a) PR + (i-_-----_PR + 2_ PR
(3.6-90)

On differentiating Equation (3.6-90) with respect to _ and equating to zero,

one finds

2 2
= 0

or

_2 _ (i - 2_ + _2) = 0

or

c_ = 0.5 (3.6-91)

With the optimum choice of _ = 0.5, the variance expression in Equation (3.6-90)

reduces to

8 @2

(Var 62d))op t -
PR

(3.6-92)

In order to make some sense out of all these deviations, one needs to go back

to Equation (3.6-72). On taking differentials, one obtains

A_.(fD ) 40.5 211 /fl 2) AN
_: f-_- x -_ (i - fD 2

(3.6-93)
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On using fD = 2.45 GHz and fl = 2.603 GHz, the above equation simplifies to

A

A_*(f D) = 3.95 x 10 -17 AN

so that

(3.6-94)

AN = 2.53 x 1016 x A_*(f D) (3.6-95)

Suppose one requires an rms accuracy of I0 ° (= .174 rad) on _*(fD). Then, the

required accuracy on N is given by

O_ = 2.53 x 1016 x .174

= 4.41 x i0 IS (3.6-96)

On going back to Equation (3.6-68), one finds

O62 _ = o_/_, _ = 1.6 x 1018

= 2.76 x i0 -3 (3.6-97)

Squaring the quantity on the right hand side of Equation (3.6-97) and on using

Equation (3.6-92), one obtains a value of PR/O 2. Thus,

PR/O 2 = 8
var (_2_)op t

8

-

= 1.05 x i0_; i.e0, 60 dB (3.6-98)

The above computation shows that the (_'-._/m)LuHu_L=,,=,_o_..........._=_ =¢=q_ly........._rT;ngpnt

if the object is to keep the ionosphere related (phase) conjugation errors

small. The variation of rms accuracy on _*(fD) with PR/@ 2 at the subarray

receiver is shown in Figure 3.6-29.

Areas For Further Investigation

The following areas have been identified for further investigation:

• Statistical analysis related to ionospheric turbulence.

• The problem of ionosphere heating due to the downlink power beam

and its effect on overall system operation.

• Performance analysis of the Raytheon solution for ambiguity

resolution.

• Implication of changing divider ratio n in Chernoff conjugator.
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Figure 3.6-29.

RMS Accuracy

Variations

• Possibility of spatial and temporal filtering to reduce ionospheric
effects.

• Effects of changing the frequencies of pilot tones and their spacing.

• Practical implementation of Figure 3.6-26. How to introduce the

ionosphere related phase compensation?

• Waveform definition and coding considerations in a multi-satellite

environment.

A telephone conversation was initiated to find out whether Dr. Chernoff

and his colleagues at JPL were aware of the existence of a second mode of

operation of the conjugator described in Figure 3,6-20. He said that he was

unaware of this fact and over a period of about three years of conjugator

work no one seemed to recognize this dual-mode problem. All the hardware they

built, performed in accordance with their equations and so there was no prob-

lem. He agreed, however, that the second mode was perfectly legitimate but

did not appear in their conjugator because of the limited tuning range of the

VCO that they used. As the conversation proceeded, he pointed out two import-

ant limitations of the present conjugator as far as direct S-band operation

is concerned. One is the problem of divider ambiguity that was not mentioned

in Reference 28. This necessitates conjugation at IF followed by frequency

multiplication before transmission. The second problem is related to the

switching speeds of currently available digital devices and 2.5 GHz is too

high. These remarks of Dr. Chernoff have direct bearing and suitable modifica-
tions have to be made.

3-150



Space Operations and
Satellite Systems Division

Space Systems Group

_1 R°ckwellInternational

3.6.4 SOLID-STATE MICROWAVE POWER TRANSMISSION SYSTEM

As a part of the overall space segment description of the microwave power

transmission system, the following items are discussed: associated phase con-

trol, beam pointing, signal distribution, and power amplifier _lements. The

solid-state arrays (both end-mounted and sandwich concepts) are subdivided into

square subarrays of 5 m by 5 m each. This subarray size is sufficiently small

to keep the gain (efficiency) loss due to main beam wander within the subarray

pattern to less than 2% maximum. This implies an antenna attitude control

accuracy of ±6 minutes of arc, or a total swing of 12 minutes of arc, or 0.2 ° .

The attitude control of the satellite holds the configuration to ±3 arc minutes

or 0.05 ° error. If more linear deviations have to be allowed, the subarray size

might have to be reduced. However, the number of control circuits goes up

directly with the number of subarrays. As an example, going from a 10-m to a

5-m subarray increased the number of subarrays by four, i.e., from ~7000 to

28,000 for the end-mounted arrays, and minimally from ~15,000 to 60,000 for the

sandwich arrays. It is desirable, therefore, to keep the subarray size as

large as possible. The current baseline is 5x5 m, and all amplifiers within

that area are controlled together, i.e., they are fed in phase. A view from

the bottom of the solid-state array is illustrated in Figure 3.6-30. Power

dipoles are seen radiating downward in the "power beam" and a high-gain (in

this case, a yagi) pilot antenna receives a pilot beam coming from the ground.

The received pilot beam signal is then processed to direct the power beam. An

alternate pilot antenna is shown in the square insert symbolizing (not to scale)

a subarray--an array of dipoles. The pilot antennas are always orthogonally

polarized to the power dipoles to avoid interference from the power signal to

the pilot signal.

Ax

BEAM
Figure 3.6-30. Spacetenna Total View (Bottom)
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The pilot signal received by the antenna is amplified, filtered, and then

processed in a phase conjugation circuit, which gets a phase reference signal

from the rear of the array (see Figure 3.6-31). A reference signal transmitter

is located somewhere near the center of the array, and sufficiently above to

allow reception with a high-gain reference signal receiver antenna. An approx-

imate range of reference transmitter heights is indicated also in Figure 3.6-31.

One would like to mount the transmitter as low as possible, but gain variations

at the receiving point are also of some concern. All circuits should be identi-

cal, to minimize fabrication costs. Again, the reference signal receiver

antennas are normally polarized to the power dipoles, to avoid interference.

A common feature in all solid-state approaches is an element spacing of 7.81 cm,

which results in 16,384 elements per 10-m subarray, and 4096 per 5-m subarray.

d

W2 < H < 3D

_" D •

Figure 3.6-31. Spacetenna Total View (Top)

Phase Control System

While several systems characteristics are generic for a solid-state

approach, one selected feature of the beam control system will henceforth be

common to all Rockwell systems, and that is the way in which the reference

phase signal is distributed over the spacetenna aperture.

Reference Phase Distribution

Figure 3.6-31 illustrated this method in a very general way, giving a

perspective view of the top of a circular aperture. (An actual aperture will

have steps in the boundary.) Two important features are i11ustrated: (I) tile

phase reference's signal originates from a single transmit location at the

rear of the aperture, and (2) phase reference and pilot antennas are orthogon-

ally polarized with respect to the power dipoles; this is necessary in order

to avoid feedback loops. Also shown in Figure 3.6-30 is an alternate pilot
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antenna layout using a broadside array of dipoles instead of an endfire (e.g.,

"cigar") array. Both configurations are not only possible but practical, and

shall be considered in more detail in future studies. The reference pickup

antenna can utilize an array as well.

The broadside array of antenna dipoles needs only be placed over approxi-

mately a 0.31xO.31-m portion within a 10-mxl0-m subarray. (A logical place

for this portion will be shown later.) No constraints exist for such an array

for the reference phase pickup, except for the sandwich, when it has to be

integrated with or placed over the solar cells. For the end-mounted approach,

locations have to be found where the dc distribution system causes no interfer-

ence, but this should pose no problem. Details are given in Figure 3.6-32 to

explain how the phase reference signal is distributed.

SELF-CONTAINED A " " : fRO
TRANSMITTER WITH / \ =

OWN SOLAR PANEL_/_...._ fR1;fR2

/" ILLUMINATO_ \_
.,v .Af R _ 100 MHz

/_'_'"_0, ____.90DEGREES_._'_ I*_5 DEGREES

_ (6 BITQUANTIZATION)

/7 _EQUAL AMPLITUDE, .
M_,__ I /(._H SE ILLUMINA:FION, _'_

(ONE PER 5-METER SUBARRAY)

Note: Pick-up antenna orthogonally polarized with respect to power beam;

total isolation I T _ 40 + 60 dB _ 100 dB
\

Cross_Pol. kFront-to-back ratio (can be made >i00 dB)

Figure 3.6-32. Phase Reference Signal Distribution System

From the shaped-beam illuminator, antenna or RF signal is distributed over

a cone with maximally 90 ° beamwidth. The illuminator may be a corrugated,

phase-corrected horn or a synthetic-beam array using multiple weighted gener-

ating beams. The latter approach has the advantage of very tight control over

the amplitude function, so that all reference pickup antennas see the same

signal strength, and of very high reliability because a large number of dis-

tributed transmitters is used, with built-in redundancy, so that only the

local oscillators and drive amplifiers need to be made redundant. Current
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plans call for a structural integrity of the array aperture to within ±20 cm

flatness. However, larger variations could be taken out modulo 2_, since

bandwidth is of no concern for the reference phase signal. The phase at each

subarray pickup point is normalized with respect to a perfectly flat uniform

aperture by means of a servo loop, shown in Figure 3.6-33. For each subarray

center location, a phase delay differential ("reference standard") is computed,

which occurs for the two generating frequencies, fR] and fR2, if the receiving

antenna is located on a perfect plane. These delays can be calculated and

tuned in the lab to fractions of a degree. The output of tile phase bridge

then drives a phase shifter until the path delay differential equals that of

the reference standard. Whether or not the center frequency, fRO, has to be

transmitted in addition to the two coherent tones, fRl and fR2, depends on h.O.

stability. Since this circuit is used at every subarray, the subarray center

points are electrically normalized to show _ = g0 constant across the entire

array. This provides the conjugation circuit with the required reference phase.

REF. SIGNAL RECEIVE ANTENNA

I
I ¢'DE_Y
(CHARACTERISTIC

I FOR EACH SUB-ARMY)
•PHASE DETECTOR

PHASE BRIDGE

)
L.O. fRO

I I I

fRO

a¢ 2,
fR2.

TO COMPUTER

(OPTIONAL)

ARRAY UPPER SURFACE

PREAMPLIFIER (fR1, fR2)(fRO)

DIPLEXER

fR1

PHASE SHIFTER

(DRIVES BRIDGE
OUTPUT TO ZERO)

DIRECTIONAL coUPLE_
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Figure 3.6-33. Reference Signal Control Loop

Retrodirective Beam Control

A simp]e retrodirective circuit is shown in Figure 3.6-34.

frequency _ steers a beam at _ - L^_a_into a direction given by

A0 - tan01.

Here, a pilot
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The beam offset is small, but requires that the pilot transmitter antennas are

located somewhere to the side of the rectenna. This may have advantages in

addition to yielding a very simple on-board circuit. However, pilot beam dis-

turbances may result in on-board compensation of the power beam phase which is

not warranted, because the same conditions do not exist for the power beam,
since different paths are involved.

35 dB @m :

PHASE REFERENCE

2(0- A_

L_

LOW-NOISE AMPLIFIER

u-Am

02

I m-Am
I

eI- 02 = AO,,-A_TAN 01
f_

f

J =;¢

ISOL. =35 dB @ (o-Am)

Figure 3.6-34. Simple Single-Tone Conjugator

A retrodirective control circuit which compensates for pilot-generated

beam shifts (without ionospheric effects) is shown in Figure 3.6-35. This is

a modified Chernoff circuit with additional isolation added by (i) separating

the pilot and power frequency paths, (2) using orthogonally polarized radi-

ating elements, and (3) providing the remaining isolation in separate bandpass

filters. The total required filter isolation is 70 dB, according to pilot

system calculations presented in Table 3.6-13.

Pilot System

This pilot system is predicated on 100-dBw pilot power on the ground.

The proposed implementation of this pilot system consists of a circular array

(one or more rings) of low- to medium-gain elements placed at the periphery

of the rectenna, on top of utility poles if necessary, to avoid interference
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r

PA_
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I BANDPASS fPILOT
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@fo

n > 4 fPILOT > f0.

Figure 3.6-35. Single Pilot Circuit Diagram

Table 3.6-13. Pilot System Link Budget

PILOT SYSTEM BUDGET

GOUND SIGNAL ERP IO0 dBw

SPACE LOSS -192 dB

POWER AT SPACETENNA -92 dBw

PILOT ANTENNA RECEIVE GAIN 18 dB

ISOLATION TO POWER DIPOLE 20 dB

POWER DIPOLE OUTPUT -IO dBw

CROSS-POLARIZ. ATTENUATION 30 dB

PILOT-TO-POWER SIGNAL RATIO -34 dB

NOTCH FILTER ATTENUATION +80 dB

(RELATIVE TO TWO PILOT

SIGNALS SYMMETRICAL TO

CARRIER)

NET PILOT SIGNAL-TO-POWER +36 dB
SIGNAL RATIO

PILOT-TO-THERMAL NOISE

RATIO (ASSUMING 3 dB NOISE

FIGURE & 3 dB NOTCH FILTER
LOSS)

COMMENT

-74 dBw

INCLUDES DIPOLE GAIN

_37 dB THERMAL NOISE _-117 dBw

for 500-MHz PILOT WIDTH
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from the power collection and transmission system. The characteristics of

this pilot transmit system are summarized as follows:

• Circular array of low-gain elements at 3.14-m (_25 _)

spacing; elements fed in phase

• lO,000 pilot array elements of lO-dB gain each

• Minimum 50-dB array gain

• IO-W solid-state transmitter at each element

• Phase distribution using fiber optics

• Beam steered to satellite location by time-delay

compensation at each element

• Total ERP--100 dBw

The pilot array layout is compared with a dish in Figure 3.6-36. The

system provides vastly improved reliability over a single-dish, concentrated

amplifier pilot system, and also has such a wide beamwidth when the beam

enters the ionosphere that certain ionospheric effects will be mitigated as

discussed below. The on-board system uses the reference phase distribution

(previously described), one of the conjugators (previously described), and a

pilot receiver antenna of sufficient gain and isolation. Either high-gain

endfire pilot antennas can be used, or broadside arrays of low-gain e]ements.

NO BEAM SYI_ET_ BEAHSY_ETRY

_ SPACETENNA

I I "

Figure 3.6-36. Pilot Beam Ground System Layout
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Two solutions are possible for the broadside array--either the elements

are interlaced with the power dipoles, which is possible because of the orth-

ogonal polarization, but might still result in unacceptably high coupling to

the power dipoles; or, alternatively, the 0.31x0.31-m portion is reserved for

the pilot elements only, containing 16 dipoles. In the latter case, the

required isolation is quite easy to achieve, but the 5-m×5-m subarray of power

dipoles suffers a loss of

(16)2 6.3%
4096

of transmitted energy. This is so because both the power and the gain assoc-

iated with the transmit dipoles are lost. (If the lost power is redistributed

to the remaining dipoles, so that only a gain loss occurs, the energy trans-

mission loss is reduced to 0.39%, a more tolerable percentage. The power

output per device has to be increased by -6%, which is hardly noticeable.)

It must be noted that neither the exact design of the ground pilot array,

nor that of the on-board pilot receive antenna, is available at this point.

The final on-board system for the end-mounted concept will probably be a yagi

(for simplicity), and the final sandwich pilot antenna will be an array,

because installation of an endfire system in orbit may be difficult. Similarly,

the layout of the ground array depends on special considerations, such as the

n:iture and extent of fast-moving ionospheric disturbances. Nevertheless,

whatever the final design may turn out to be, it should be bounded by the tech-

niques outlined above, and no insurmountable difficulties exist in the develop-

ment and construction of the ultimate configuration. Until this configuration

has crystallized out, however, a lot more peripheral studies and investigations

have to be conducted, or brought to a point of completion (such as the currently

on-going ionospheric experiments), which allow fairly precise extrapolation of

the available data so that the SPS pilot system design can be definitized.

Ground-Based Amplitude Sensors

A potential backup system for detecting and compensating slow (cycle time

greater than 0.25 second) beam wander is shown in Figure 3.6-37. Three rings

of sensors monitor the beam level close to the first null inside the rectenna

capture area (one sensor ring) and outside the rectenna (two sensor rings).

Alternately, several sensor rings (fairly wide spacings can be tolerated) are

placed inside to monitor the slope of the beam. In either case, beam shift

information is derived from any unbalance in the sensor outputs, and can be

used to set on-board phase shifters (see reference phase servo loop), so as

to drive the beam back into the center of the rectenna. This system will work

even in the absence of a pilot, provided an on-board L.O. will be used. An

alternate phase compensation system is summarized below.

• Three rings of amplitude sensors, one combined with pilot ring

subarray

• Beam amplitude asymmetry recomputed into equivalent phase front

(linear + quadratic) and spacetenna

• Phase bias shifters in pilot reference signal path (alternatively,

in conjugated signal path) will be reset to compensate for slow

beam wander
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• System cycle time =one round trip delay, or ~0.25 sec

• Catastrophic shifts (can also be due to jamming, false

pilots, lack of pilot) will be defined as level increases

above 1 mW/cm2(or 5 mW/cm 2) and will trigger a complete

shutdown until cause is determined.

_REE LIHES OF

AHPLI_DE SENSORS

/z

Figure 3.6-37. Alternate Phase Compensation System

On-Board Monopulse Angle-Sensing Systems

Several sensing systems can be used instead of retrodirectivity--for
...... I_:_-,F _-_- _. _o_rd _ ....... _,,1o_ ,,_ _74-_ port,on nF trite1 _rrav

with on-board computation and phase shifters at distribution inputs; on-board

amplitude monopulse; and on-board conical scan, averaging pilot direction over

a number of scans. (Note: This may be a good solution to eliminate short-

term beam jitter.)

The monopulse system was previously recommended by Rockwell for the

klystron "reference system." It can be implemented either alone, or as part

of multiple redundancy system to avoid catastrophic failure and subsequent

shutdown. Much more comparative analysis is required to determine relative

merits, weights, cost, etc.

Alternate Aperture Correction System

Instead of or in addition to the RF phase reference system, laser surface

sensors can be used. A preliminary overview is given by the following:

• Dual 8-micron lasers scanning total array structure surface

once a second to detect structural deformations and/or vari-

ations in reference signal transmitter location; calculation

of required phase compensation (modulo 2 _)
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• Neon/helium laser with wideband modulator; performing same
function as above

• Mirrors at each subarray center to enhance laser signal

return, and provide precise time reference for scanning
raster

• Other optical approaches: "staring system"

RF Signal Distribution System

Table 3.6-14 gives a summary of the current baseline distribution system

for the conjugated RF signal. This system is probably the same for both solid-

state concepts (end-mounted and sandwich), with only few alternatives remaining.

The reason is the excessive weight and boss of a continuous st_ip]ine feed sys-

tem, and the limited applicability of other distribution techniques, such as

space feeding. See Figures 3.6-38 through 3.6-41 for strip]ine calculations

(Reference 35).
Table 3.6-14. Basic Solid-State Reference

Distribution Concept (Subminiature Coax)

5-m by 5-m SUBARP,AY, CONJUGATED, + GROUND CONTROL

ALL ELEMENTS WITHIN 5x5 SUBARRAY ARE IN PHASE

TRANSPORTATION MODULE SIZE: 5 m x 5 m

FIRST LEVEL RF SIGNAL DISTRIBUTION (FROM CONJUGATION NETWORK)
INTERCONNECTED IN SPACE CENTER OF 5-m BY 5-m MODULE

FIRST-LEVEL DISTRIBUTION (NON-ISOLATED) - "REAR" LAYER

SECOND, THIRD, AND FOURTH LEVELS = SECOND LAYER

FIFTH AND SIXTH LEVEL (ISOLATED) HYBRID DIVIDERS - THIRD LAYER

GROUND PLANE BETWEEN THIRD LAYER AND /VIPLIFIERS/DIPOLES

ALL RF DISTRIBUTION LINES USE HIGH-TEMP. SUB-MIN. COAX

DC DISTRIBUTION IN BACK OF REAR RF DISTRIBUTION LAYER

ALL LEVELS CAN BE COMBINED IN A SINGLE LAYER OF _50-MIL
THICKNESS, IF THERMAL TRANSFER REQUIRES THIS

The principal (baseline) subarray layout for both solid-state concepts is

shown in Figure 3.6-42. The pilot submodule size (as discussed above) need

only be approximately 0.3×0.3 m, if an endfire element is not used. A[so, the

pilot submodule array could be split into four dipoles each and located sym-

metrically around the subarray centerpoint. Interconnections (:an be made

together with all the other interconnections in space. (This mode will be

selected if compensation of the pilot array phase center shift poses any

problems.)

From the output of the conjugation box, a first-level distribution takes

place as shown in Figure 3.6-43. This assures equal phase distribution of the

signa| down to the amplifiers.

The second, third, and fourth levels of distribution are illustrated in

Figures 3.6-44, and the fifth and sixth level in Figure 3.6-45. A summary of

all the system parameters is given in Table 3.6-15. The total element number

in each 5-m×5-m subarray is 4096, and there are this many isolated output

ports in the sixth distribution level.
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Figure 3.6-38.

8.79 THOUSANDSOF AN INCH

I , ,I i I , I , I , I
S t0 t§ 20 25 30

IMPEOANCE(OHMS)

Microstrip (Kapton)--Line Width Vs. Impedance

Figure 3.6-39. Line Width Vs. Z o and h (Kapton)
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i I i I i I i I , I i I i I
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h (THOUSANDSOFAN INCH)

Figure 3.6-40. Loss Vs. h and Zo
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Figure 3.6-41. Loss Vs. Zo and "t" (Conductor Thickness)
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I_ 2.5 m

-_<0.3m

P_"'_ PHASE CONTROL

INTERFACE POINT

Figure 3.6-42. Subarray Layout

P

5 m

2.5 m 2.5 m
I

5m

Figure 3.6-43. First-Level Subarray Signal Distribution
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Figure 3.6-44. Second-, Third-, and Fourth-Level

Signa| Distribution
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Figure 3.6-45. Hybrid (Isolated) Divider Detail

for Fifth and Sixth Levels
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LEVEL 1

SPLITTING
LOSS (dB) 6

ELEMENT 4
NUMBER

AMPLIFIER
GAIN (dB) 43

CABLE
LENGTH* 3.54

(m)

SUM OF 14.14
LENGTHS

2 3 4 5 6

12 18 24 30 36

16 64 256 I024 4096

1.77 0.885 0.44 0.22 O.ll

28.28 56.57 I13.14 228.27 452.55

*FROM CENTER TO NEXT DISTRIBUTION POINT

The salient features of the signal distribution system (assuming the use

of subminiature coax) are:

• Typically two layers of circuits, including dc distribution

• One amplifier at input with -20-W output for ~l-mW signal at

element amplifier input

• Total distribution length of ~0.45 km per subarray

• If same weight as UT 141 subminiature coax system mass

_l.3x106 kg and ~0.6x106 kg for UM-47

• Last two junctions are isolated, to protect amplifiers and

avoid amplitude and phase errors due to impedance match

J--LIL±±IZULL &i_U_t_illa t_ii U_ Icuut LU aUUOLU_ILZUL_ l Z_ ULLIt_J I_L

diameter coaxial solid-jacket cable can be used. The present limitation is

set by the temperature capability--200 degrees Celsius for UT-141 with 141 mils

outer diameter and approximately 50 kg/km. The next smaller size cable will

+,,_oko......nnlvF ................_hn,,Pnn_ thirA nf the _hove wei_ht._ However, Teflon-insulated

UT-47 will only withstand i00 degrees Celsius. Irradiated polylefin is one

solution (UM-47) and more studies are being conducted in this area. Of course,

manufacturability is of importance also and will indeed determine, at least to

some extent, the ultimate sandwich design. When using one layer of coax,

pressed together behind the groundplane, very little thermal resistance should

be presented to the heat being radiated rearward with the groundplane in the

end-mounted concept, and toward the groundplane(from the solar cells) in the

sandwich concept.

Element/Power Module

End-Mounted Concept

Because of the higher power levels involved (_40 W per dipole in the

center of the array), all the cooling will have to be provided by the ground-

plane. Also, there is no need for a rear view, because the solar panels are
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independent. The critical thermal issue then is how good the thermal transfer

is between the amplifier package and the ground plane. Figure 3.6-46 shows a

second version of the same element layout already presented in Figure 2.3-18,

the only difference being that the amplifier chips are split up into two hous-

ings, one on each side of a dipole radiator. The two outputs can be made to

be 180 ° out of phase, so that no balun is required for the dipole. The internal

layout will depend on the position within the array--up to 9 in the center of

the array, with 4.5 W per chip, and either 9 or fewer chips per amplifier

housing.

THICKNESS 4 cm MAX
WEIGHT 3.58 kg/m2

+COAX WEIGHT DIPOLE

AMPLIFIER
PER DIPOLE

IN ONE HOUSING)

TRUSS

STRUCTURE

RF LINES
(SUB-MIN,)

7.81 cm

_7.81 cm

PANEL 0.4 mm

(16 Hit) THICK

Figure 3.6-46. End-Mounted Antenna with Dipoles over Groundplane

Sandwich Concept

Figure 3.6-47 is the element/amplifier layout for the sandwich concept.

The amplifiers are elevated to the level of the dipoles above the groundplane,

so that the rear-view heat from the solar cells can be radiated into space

from the groundplane, whereas the heat from the amplifiers is radiated from

the berlox discs. Feed details and disc layout are shown in Figures 3.6-48

and 3.6-49; Table 3.6-16 summarizes the design details of the antenna in the

GaAs sandwich concept. Preliminary analyses show that one probably has to

back off from a CRE = 6 sandwich because equilibrium temperatures exceed both

the solar cell and the amplifier long-term capabilities. This thermal anal-

ysis is presented elsewhere in the report and shall not be repeated here. For

a CR E = 5.2, for instance, preliminary indications are that the solar ceil

temperatures will stabilize at 206 degrees Celsius, with a groundplane temper-

ature of 127 degrees Celsius, and a disc (amplifier case) temperature of

114 degrees Celsius. These are numbers we may be able to live with. Higher

effective solar conversion efficiencies and more sophisticated spectra]
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.05 x .05: IN
BAR (SILICA FIBERS)
FOR ALL MEMBERS

3TCM

.GROUNDPLANE

(0.4 _)

SOLAR CELLS

LOT
PICK-UP
ELEMENT

RF & DC Lines

_7.81CM -7.81CM NOTE: BAR JOINING TO BE

j ULTRASONIC BY MACHINE THATAUTOMATICALLY FABRICATES TRUSSES

Figure 3.6-47. Sandwich Antenna with Dipoles over Groundplane

'BLKYLLiUM OX[uE Di$6 HEAT RADIATOR ._',-

/

FEEDSTRUCTURE _/I I )I III//_"

(RF &DC) f__FEEDEINES

/ f "_'_'t"/"_" - _ PRINTED/_f/ _ P_RCUIT

Figure 3.6-48. Dipole and Stripline/Coaxial Feed Detail
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BERYLLIUM "_
OXlC EDISK \.
HEAT RADIATOR \

_L
0.40cm

-- 3,26 CM _I

6.0 cm

0.25 ---
mm

.... 25pm
I

DIPOLEALUr,_

METALIZATION

I AMPLIF'IE;

Figure 3.6-49. Dipole and Heat Radiator Detail

Table 3.6-16. Antenna Detail for

GaAs Sandwich Concept

TYPE--DIPOLE WITH DIPOLE-MOUNTED AMPLIFIERS

ELEMENT SPACING (cm) 7.81

NUMBER OF ELEMENTS/m 2 164

OUTPUT POWER/DEVICE (W) 4.95

HEAT DISSIPATED/DEVICE (W) 1.2h

GROUND PLANE TO DIPOLE LENGTH (cm) 3.05

BERLOX DISC DIAMETER (cm) 3.26

BERLOX DISC AREA (cm 2) 8.4

BERLOX DISC THICKNESS (cm) 0.0254

BERLOX DISC VOLUME (cm3) O.213

DISC/ANTENNA AREA RATIO 0.138

filtering techniques may increase the usable CR E back up to 6, but much more

work is required in the areas of both solar cell and power amplifier lifetime

versus temperature. For CR E = 5.2, the power output per amplifier would be

reduced to a little over 4 watts.

Mass and Cost Estimates

Figure 3.6-50 shows a general cost history breakdown versus elapsed time

for low-complexity hybrid circuits and for monolithics. Ori_ina] predictions

and final experiences are compared. The hybrid circuit cost trend has a tend-

ancy to flatten out after a while, and even increase again, because of rework

problems. In the case of monolithic circuits, however, the opposite has been

found to be true; original predictions tend to be pessimistic. This makes a
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very strong case for going toward monolithic amplifiers early in the SPS
development program to assure minimum production costs.

8

.J

m

;_. ACTUAL.COSTHISTORYFOR

IX _ _ LOII-COtlPLEXITYIIYBRIDCIRCUITS"

X _b ORIGI;IALPROJECTIO,_IFOR

FNRMOrlt_LITIIIC$ -, "_ TIr.IF

"COSTSTARTEDTO I,_CRE._EDECAUSEOF REk_RK

Figure 3.6-50. Solid-State Cost Trends

--Hybrids Vs. Monolithics

The ultimate component cost (the critical component is the power amplifier)

is probably given by the material cost required to produce a certain average

power. Because of the large amounts involved, the cost per unit weight will

approach the asymptotic value (in 1979) of 50 cents per gram. The following

"optimistic" cost projections are based on this number (Figure 3.6-51).

1,00

t S/GRAM o A_YMPOTICDECLINEIN COSTPER GRAM

o COSTLIMITFOR VERYLARGEQUANTITIES

0,5 S/GRAM

0.5

• I | t ,

0.1 0,5 IKG 2 3 4 5KG
KILOGRAMSGALLIUM

Figure 3.6-51. End-Mounted Solid-State System Cost Data Base

for Power Amplifier
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End-Mounted System

Not counting dc distribution and pr.imar% structure, a preliminary mass

breakdown for the study baseline end-mounted concept is shown in Table 3.6-17,

normalized to kilograms per square meter of array surface. Total mass and

volume are given in Table 3.6-18. The cost of the array is estimated in

Table 3.6-18 and 3.6-19 for the fundamental assumption that the cost of the

amplifiers is the driving factor, i.e., cost of phase control and distribution

circuitry is relatively small.

Table 3.6-17. MPTS End-Mounted System
Mass Breakdown

kg/m 2

STRUCTURE _O.5

DIPOLES 0.32

AMPLIFIER MODULES ml.3*

GROUND PLANE 0.2

RF DISTRIBUTION 0.3

RF CONTROL 0.05

CONTINGENCY 0.03

TOTAL '_,2.7

i

*AVERAGE OVER ARRAY

Table 3.6-18. MPTS End-Mounted System

Mass and Volume Summary

ARRAY DIAMETER

ARRAY AREA

ARRAY DEPTH

ARRAY VOLUME

TWO ANTENNAS

TOTAL VOLUME

MASS

TOTAL MASS (EXCLUDING

SOLAR CELLS AND DC

DISTRIBUTION)

1.35 km

1.43 km 2 = 1.43xiO 6 m 2

%4 cm

1.43xlO G x 4xlO -2

= 5.73×I0 h m _

I. 145xiO s m 3

2.7 kg/m 2
= 3.86xiO6 km

7.72xiO 6 kg
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Table 3.6-19. MPTS End-Mounted System Cost Estimates

ARRAY DIAMETER (km)

NUMBER OF SUBARRAYS

NUMBER OF ELEMENTS

NUMBER OF AMPLIFIERS

POWER PER AMPLIFIER CHIP (W)

TOTAL POWER TRANSMITTED (GW)

MAXIMUM POWER DENSITY (kW/m 2)

NUMBER OF INTEGRATED DEVICES

PER CHIP OF 9 W EACH

DEVICESPER CHIP OF 6 W EACH

DEVICES PER CHIP OF 4.5 W EACH

NUMBER OF 4.5 WDEVICES

COST (_ $O.5/DEVICE)

COST (_ $5/DEVICE

1.35

_I_,O00

_2.3xl0 e

2.3x108

36 (MAX., CENTER OP ARRAY)

3,833

5.9 (CENTER OF ARRAY)

4 (MAX., CENTER OF ARRAY)

6 (CENTER OF ARRAY)

9 (MAX., CENTER OF ARRAY)

8.5"I0"

$4.25×I0 e (OPTIMISTIC)

_$4.25×I0 _ (PESSIMISTIC)

NUMBER OF CONJUGATING MODULES

COST OF CONJUGATING MODULES

@ $1000/MODULE

DISTRIBUTION SYST. LENGTH (km)

COST OF DISTRIBUTION

$10/LB

COST OF ARRAY _ SO.I/ELEMENT

14,000

$1.4x10 _

25,000

$3.7xi0 6

$2.3,10 _

TOTAL COST (INCLUDING 0.34 10 CONTINGENCY)

TOTAL COST

_2

POWER A1 UT: 5.22 GW

5.22×10 _ kW

DOLLARS PER KILOWATT

OPTIMISTIC PESSIMISTIC

5xlO = 5xlO 9

$109 $101°

$190 $190o

ml-, .... _- _k41 .... k.. ,I-'k_f- ,.7_o ,,oa,4 40 l{_roA hpln_"

• Cost of power amplifier devices predominates, same as with

the sandwich concept.

• Optimistic system cost (based on approximately S0.1/W) is

$190/kWuI

• It is not likely that this cost is achievable, because limits

of automation of production are reached sooner than with the

sandwich concept: amplifier housings have to be mounted on

groundplane and connected to dipoles; RF feed; dc distribution

• Estimate of true systems cost will be extremely difficult to

achieve because of hybrid character of radiating assembly.
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Sandwich System

A mass normalized breakdown for the study baseline sandwich concept, includ-

ing solar cells and dc distribution (but excluding primary structure) is presented

in Table 3.6-20. The structure mentioned

Table 3.6-20. MPTS Sandwich Concept

Mass Breakdown

STRUCTURE 0.5

AMPLIFIER MODULES, DIPOLES, AND

HEAT SINKS 0.65

GROUND PLANE 0.1

RF DISTRIBUTION 0.27

RF CONTROL 0.05

SOLAR CELLS 0.252

DC DISTRIBUTION 0.05

CONTINGENCY 0.028

TOTAL _1.9

here is the one holding the transportation

modules in place within the overall satel-

lite; dc distribution and solar cells are

an integral part and have, therefore, been

included.

Table 3.6-21 presents a mass and vol-

ume summary for the sandwich concept; both

optimistic and pessimistic cost estimates

are given in Table 3.6-22.

Critical Technology Issues

Table 3.6-23 points out the important

technology assessment issues. The are

grouped into three major areas--analyses,

development, and experiments. The table

depicts only a cursory assessment of these

issues. Detailed issue trees and associated research and technology plans (Form

243) have been included in Volume VI (Cost and Programmatics).

Table 3.6-21. MPTS Sandwich Antenna Concept (GaAs)

Mass and Volume Summary

DIAMETER 1.77 km

AREA 2.46 km2

DEPTH OF SANDWICH %4 cm (ALLOWING APPROX. I cm FOR DC SYSTEM)

VOLUME 2.46xlO6x4xlO-2m3
- 9.84x10" m3

MASS (INCL. STRUCTURE,

SOLAR CELLS, POWER 1.9 kg/m ÷ 4.674x106 k_
DISTRIBUTION)

Table 3.6-22. MPTS Sandwich System

Cost Estimates

ARRAY DIAMETER: 1.77K

HUMBER OF SUBARRAYS: 25,000

NUMBER OF ELEMENTS: _4xlO e

POWER/MONOLITHIC AMPLIFER: %5 W

AMPLIFIER COST @ $0.5: $2x10 e

PHASE CONTROL COST @
$1000/SUBARRAY: $2.5x107

RF DISTRIB. COST @ $10/LB: $1.5xl07

ARRAY COST @ $O./ELEMENT: $4x107

CONTINGENCY: $2x107

TOTAL (OPTIMISTIC) $3x10 B

POWER AT U.l. 1.26 GW

$/KW 238

3xlO _ (PESSIMISTIC)

2380
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3.6.5 MAGNETRON-POWERED SPS ANTENNA STUDY

Cross-field tubes have long been considered potential candidates for use

as dc to RF conversion devices in the SPS system. Indeed, early studies,

circa 1969, pre-supposed the use of the amplitron tube (Reference 36), chiefly

because of its high conversion efficiency. However, perhaps because of its

low gain (5 to i0 dB) and reputation for having a noisy output spectrum, the

amplitron lost out to the linear beam klystron, despite the latter's lower

efficiency. Very detailed system studies have since resulted in a well-

defined microwave power transmission system referred to as the "klystron

reference concept."

In 1978, Brown (Reference 37) made two discoveries that catapulted the

crossed-field device back into contention for SPS use. He found that noise

in the output spectrum of a conventional microwave oven magnetron was dramat-

ically reduced when the tube was operated with no cathode heater power, its

emission temperature being maintained only by back bombardment of electrons

in the tube. The other finding was that, under these circumstances, the low

cathode temperature could be expected to lead to a cathode lifetime of many

tens of years.

It has been the objective of this study to design a magnetron-powered SPS

antenna and transmission system which could be compared with the existing k]y-

stron reference concept on a mass and cost basis. Such a magnetron design

concept is presented and described herein. Because of the limited time avail-

able for this study, the magnetron system design has not yet achieved the

level of detail that has evolved over the years for the klystron reference.

Nevertheless, the magnetron design concept is sufficiently well-founded that

a valid comparison may be made with its klystron counterpart.

This systems study has relied heavily upon the results of the Raytheon

Company's magnetron tube assessment study and frequent references will be made

to Raytheon progress reports, numbers 1 through 6, under this MSFC sponsored

program (Reference 38). Credit for the technological advances which have made

the magnetron an attractive candidate for SPS dc to RF conversion purposes

must go to W. C. Brown and other Raytheon investigators who have carried out

that development effort.

Injection Locked Magnetron Amplifier

The conventional magnetron is a single port device which normally functions

as a free-running oscillator at a frequency determined by anode voltage, mag-

netic field and RF load reflection coefficent. Because all power converter

devices used in the SPS antenna array must operate at exactly the same frequency

with precisely controlled output phases, a free-running oscillator cannot be

used as such. What is needed, of course, is a two-port amplifying device to

which a master control signal can be applied so that all the devices may be

s]aved to a single reference. There are two principal ways in which a one-port

device may be converted to a two-port. In the case of themagnetron, both of these

techniques make use of the fact that themagnetron cannot distinguish between an

applied input signal and a reflection of its own output from a load impedance.

A good qualitative explanation of these methods, one using two magnetrons and

a magic-T, the other a single tube with a three-port circulator, is to be
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found in Reference 37. This explanation, however, does not address certain

quantitative questions which must be answered before a choice can be made so

that a system design may proceed. For this reason, a quantitative analysis

of the two techniques has been carried out and is presented herein.

Pair of Magnetrons with 3 d B Hybrid

This technique, using two similar magnetrons and a symmetrical 3 dB

hybrid combiner, is shown in Figure 3.6-52. A low level input signal, lying

within the magnetrons' locking frequency range, is applied to port 1 of the

hybrid. This signal splits equally between ports 2 and 3, locking the two

oscillators. The combined output of the magnetrons then appears at port 4 with

no output at port 1 under ideal conditions. In order to investigate behavior

under non-ideal conditions a scattering matrix analysis has been performed.

4 3
MAGNETRONS

Figure 3.6-52. Pair of Magnetrons

With Hybrid Combiner

Ports 2 and 3 of the hybrid are connected by short lengths of lossless

line to the magnetron ports 5 and 6, respectively. It can be shown that

(Reference 38)

-jO., -j(2012 + _) I "J(2e25 + eSS)
S14 e I_ V'I - S _ " -= S12 12 e [_55 e "

-J(2e36+ °66)I
+ 366 e J

"J 2° 2 -J(2°2s' %s)
S11 e = S12 e $55 e

-j 20,2 -j(2o36+ o66)

where subscripts 55 and 66 describe the scattering parameters of the two

magnetrons. If the short transmission lines from ports 2 and 3 to magnetron

input ports 5 and 6 are equal in length, then 025 = 026 and both are constant

at fixed frequency. The electrical length 012 of the hybrid is also constant

so these constant phase shifts may be ignored. The above expressions then

simplify to
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"Je14 _f1-S 2 Is55e'Je55+S66 e-je66 ] (36-99)$14 e = "J $12 12 I J

-Jell _ -Je55 2) $66 e-Je66 (3.6-100)$11 e = $I_ - $55 e - (I - $12

Equation (3.6-99) gives the transmission coefficient from input port 1 to out-

put port 4, while Equation (3.6-100) gives the reflection coefficient at port i.

Power, of course, is proportional to ISI 2

As a check, suppose the hybrid is ideally balanced, so that S12 = I/#_,

and the magnetrons are identical with $55 = $66 = S and 055 = 066 = 0. Then

these equations show that

-Je14 -j(e+ _-)

S14 e = S e , hence 514 = S , (}14 = 0 +_

=0.

Thus, under ideal conditions there is no reflected signal at the input and the

magnetron signals combine totally at the output, port 4.

The effect of unbalance in the hybrid can be estimated by assuming that

= I + A , whence _/1 2 .., _ . A

s12fZ "s12

providing A is small. It is then found that

jj0, =(,2 ')Se$14 e

"J(}11 "J(}

S11e =2ASe .

It is clear that the transmission coefficient is quite insensitive to unbalance

in the hybrid but the "reflection coefficient" at the input is directly propor-

tional to the difference in coupled signal levels. For example, if the coupling

factor S12 for the hybrid is -3.2 dB then A = .0153. The change in S14 is less

than .05% (i.e., a change in power level of -.004 dB), but SII increases from

zero to a level that is 30.3 dB below S14.

It is assumed now that the hybrid is ideal, but that the two magnetrons

are unbalanced both in phase and amplitude. Equations (3.6-99) and (3.6-100)

now become
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-j(o,4- -Jess -]o66
$14 e = _" $55 e + $66 e

(3.6-101)

-Jell I [ "Je55 -Je66]s11 e = _ S55 e - s66 e

For small unbalances it is permissible to write

(3.6-102)

S55 = S (I + e) , 855 = e + 6

S66 = S (I - e) , e66 = 8 - 6

Denoting the bracketed expressions in Equations (3.6-101) and 3.6-102)by

F± eJe± it is found that

-je+ -je )F+ e = 2 S e (cos 6 - j e sin 6

-jO -jO )F_ e " = 2 S e (e cos 6 - j sin 6

Then, from Equations (3.6-101) and (3.6-102) it is seen that

S14 = S _/cos 2 6 + _2 sin z 6 /

?
e|4 = e + arctan (e tan _) + 2 ]

(3.6-103)

Sll = S_Jsin 2 6 + c 2 cos 2 6

tan 6
011 = 0 + arctan ,---7)

(3.6-104)

Equation (3.6-103) shows that the transmission coefficient is once again
extremely insensitive to imbalance. Thus if E and _ are small then

( 62)S14 = S I - _ while 814 -- O + e 6 + -_
2

and in each case the effect of the unbalance terms, 62 and E6, is of second

order. This is a fortunate circumstance for SPS for it means that insertion

phase and gain differences in magnetron pairs will not cause serious phase and

amplitude errors in the spacetenna array.
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On the other hand, Equation (3.6-104) shows that reflected power at the

input to the hybrid does depend upon magnetron imbalance. The following

example serves to illustrate the two cases. Suppose that c = 0.1, which

represents nearly 2 dB difference between magnetron output levels, while

6 = 0.1 radians, corresponding to a difference of 11.5 ° in their output phases.

The output at port 4 changes by only .04 dB in level and 0.6 degrees in phase.

At the input port, however, $II = .14 S. If the magnetrons have a nominal

gain of 20 dB then S = i0 and the "reflection coefficient" is ].4. This simply

means that the reflected power level at port i is about twice that of the

injected signal. In this case it might be necessary to incorporate an isolator

ahead of port ] in order to eliminate reaction by the strong reflected signal

on the injection signal source. The assumed unbalance conditions used in this

example, however, are so unduly severe that the reflected signal will, in

practice, be considerably less than that calculated above. This is shown in

Figure 3.6-53 by contours of constant loss and phase shift as functions of

magnetron unbalance.

Ohmic loss occurs only in the waveguide walls and since a short-slot side-

wall hybrid in WR340 waveguide is only about 7 inches long this loss is very

sma i i.

10

8

QJ

L

6
C

4

g
L

g
_ 2

r \ '\ \ X

 .oo\

Output \ _

ChangeJPhase_0_ _.

_,,,, .oo2 ._.001 dB .__

_ Output Power Loss

I J I I I I I I I

.2 .4 .6 .8 .0

Hagnetron Power Unbalance in dB

Figure 3.6-53. Contours of Constant Output Power Loss and

Phase Shift versus Magnetron Unbalance
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Single Magnetron with Circulator

In this method a single magnetron and 3-port circulator are used as shown

in Figure 3.6-54.

IN_. OUT

Figure 3.6-54. Single Magnetron with Circulator

A low level locking signal, injected at port I, circulates to port 2 and serves

to lock the magnetron whose output then circulates to exit port 3. Under ideal

matched conditions a good circulator will have an isolation of 35 dB or more.

What this means is that magnetron output power which anti-circulates from port

2 to i will be 35 dB below that at port 3. Thus, if the nominal gain of the

magnetron is 20 dB, then the anti-circulating signal going back out of arm I

will be 15 dB below the injected locking signal and will, therefore, not react

adversely on the locking source.

Mismatches are certain to exist, however, and those at arms 2 and 3 are

of particular interest. A reflection at arm 3 may easily cause a severe

reaction on the injection signal source. Similarly, a mismatch at arm 2 will

return a signal to the magnetron which will combine vectorially with the

injected signal and may cause loss of lock. Some of these problems can be

alleviated by using three circulators to construct a five-port device, as i_

often done with tunnel diode amplifiers. For SPS application the added

complexity and increased loss are very undesirable and this case will not be

considered further.

For the moment it is assumed that the circulator is ideal and lossless.

Ein denotes the actual locking signal that enters the magnetron. Then the

output of the tube is given by

E = E. S e -jo (3.6-105)
out zn

where S and e have the same meanings as before. A portion of this output is

reflected at circulator port 2 where the magnitude of the reflection coefficient

is assumed to be 0. This reflected signal, which is returned to the magnetron,

is given by

Erefl = 0 Eou t e-J_ (3.6-106)
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where _ is an angle that includes the phase of the reflection coefficient and

the two-way electrical path from magnetron to port 2 and back again. The

signal described by Equation (3.6-105) adds to the control signal injected at

arm 1 to form the total input signal Ein. If the injected control signal at

circulator port 1 is denoted by Econt then

E. + = E + O e-J_
in = Econt Erefl cont Eout

and with substitution from (3.6-105) it is found that

Eout S e -j0

Econt i - O S e-j(0 + _)

(3.6-107)

The above complex ratio defines the effective gain and insertion phase of

the magnetron. It is noted that if oS = 1 the gain can become very large or

even infinite for certain ranges of the angle e + _. This condition implies

instability, with the possibility of free running oscillations and therefore

loss of lock. Unless the product oS is small it is clear that the magnetron

gain and insertion phase will be affected by changes in the reflection coeffi-

cient at arm 2. Thus, if it is required that pS < 0.i then for S = i0 (i.e.,

nominal gain of 20 dB) p must be less than .01, c_rresponding to a VSWR of less

than 1.02. This indicates the likely need for a matching network between

magnetron and circulator.

It was noted earlier that a signal that anti-circulates from port 2 to

port 1 will generally be very small compared to the injected signal. However,

this may not be true of the reflected signal caused by load mismatch at arm 3.

The magnitude of this signal will be PLEout or, ideally, P LSEcont . This

signal may adversely react on the injection source unless pL S << 1 so that

once again rather stringent matching conditions must apply, this time to the

load impedance.

On top of the difficulties discussed above is the problem created by ohmic

loss between ports 2 and 3 in the circulator. It is unlikely that this loss

can be held below .06 to .07 dB, i.e., about 1.4 to 1.6%, and this directly

affects overall dc to RF conversion efficiency. For a 3 port junction circulator

in WR340 waveguide the ferrite material would be in the form of a puck about

3 cm in diameter and I cm high. Essentially all the loss occurs in this ferrite

puck and it is in excess of 50 watts for a 3500 watt magnetron. This may

necessitate auxiliary cooling devices in order to limit temperature rise in

the ferrite, which is already operating in an environment at 300°C.

Finally, it appears that a circulator designed to operate at that relatively

high temperature might perform very poorly, or not at all, at room temperature.

This could necessitate use of a heater at start-up in order to raise the

initially cold ferrite temperature to the point where non-reciprocal circulation

begins.
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Basic Power Module and Subarray Design

As a result of the preceding analysis of injection locking techniques the

two-magnetron technique with 3 dB hybrid combiner has been selected. There are

numerous types of 3 dB hybrid in waveguide, coaxial and strip transmission line

forms. For SPS purposes a waveguide form is preferred because of its compati-

bility with a slotted waveguide radiator. The two basic waveguide forms are

the magic-Tee, which requires internal matching ports and irises, and the short-

slot coupler which needs no tuning devices and has a very compact form. There

are two variants of this latter hybrid device, one called a top-wall coupler,

the other a side-wall coupler. It is the sidewall coupler which has been chosen

for this application since it is structurally the most compatible with a slotted

waveguide planar array.

The basic building blocks for constructing the very large space antenna are

power modules comprising a slotted waveguide planar array excited by one or more

pairs of magnetrons whose outputs are combined in a 3 dB short-slot, side-wall

coupler and fed to a short length of waveguide feed line. The planar array

could consist of the conventional arrangement of side-by-side slotted waveguides.

Alternatively it may be a Resonant Cavity Radiator (RCR) as described in previous

Rockwell reports, and also at the January 1980 Microwave Workshop at JSC (Ref-

erence 40). The RCR has_been chosen as the basic radiating element because of its

lesser mass and lower ohmic loss, both of which result from the elimination of

internal common waveguide walls.

Nine different power module configurations, having different dimensions

and/or numbers of magnetrons, have been designed in such a way that standard

subarrays, all square and having identical dimensions, can be formed from the

power modules of any one of the nine different types. As a result, the complete

spacetenna can be built from these standard size subarrays and since there are

nine types of subarrays, differing only in numbers of magnetron tubes, it is

possible to create a nine-step approximation to any desired power distribution

across the array aperture. It is emphasized that all magnetrons, wherever used

in the array, are identical and have the same power output levels. The change

in power den_iLy across the array is cre_te_ by the varying numbers of tubes

associated with each of the nine types of subarrays.

The use of power modules with varying dimensions to create standard size

subarrays, along with the need for RCR dimensions to be integral multiples of

%g/2, are factors which constrain power module dimensions and geometry, as will

become apparent. The two orthogonal dimensions of an RCR will be in the ratio

of two integers if the slot spacing is s = %g/2 in both those directions. This

condition uniquely determines s, as is now shown. Imagine a planar array

of side-by-side slotted waveguides. In each individual guide the slots must be

spaced %g/2 apart, where guide wavelength and cut-off wavelength are related by

i 1 i

g2 )_c2

and %c = 2a where a is the broad dimension of the guide. In the orthogonal

direction the slot spacing will be a+_ where _ is the thickness of adjacent

guide walls. The RCR is a special case of this arrangement in which the
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internal guide walls are eliminated so that _ = 0. In this case the two

orthogonal spacings will be the same if s = a = %g/2. Along with the above
equations this leads to the unique solution

__ Xc X
S = - - a - .

2 2 v_

At 2450 MHz this gives a = s = 8.65 cm, which happens to be almost exactly tile

width of standard WR340 waveguide. All RCR's will have lateral dimensions

which are integral multiples of 8.65 cm. The only restriction on the height,

b, of the cavity radiator is that it be less than %/2 (6.1 cm). It could well

be taken to be 4.32 cm (1.7 in), which is the height of WR340 waveguide.

However, in the interest of saving mass b has been chosen to be 2.0 cm.

Hi sh Power Density Module, Type 1

Highest RF power density occurs at the array center, consequently the

power module for this region will require the greatest number of magnetron

tubes per unit area. A design for this module, which will be termed a type 1

power module, is shown in Figure 3.6-55. Its aluminum RCR has 8x8 = 64 slots

and dimensions of 8x8.65 cm = 69.2 cm square. A symmetrical arrangement of

two pairs of magnetrons is used which maximizes the surface area of the

pyrolytic graphite heat radiating discs which are attached to each magnetron.

These discs are made as large in diameter as possible, so that adjacent discs

touch one another, in order to dissipate as much waste heat as possible from

each tube. A thermal analysis, to be discussed in the next section, has shown

that each magnetron may tllen operate at a 3.5 kW RF output level, if its dc to

RF conversion efficiency is 90%. The area of this RCR's radiating surface is

(0.692) 2 = 0.479 m 2 so that with 4, 3.5 kW tubes the radiated RF power density

is theoretically 29.2 kW/m 2.

MAGNETRON
. PYROLYTIC GRAPHITE

____.._ / HEATRADIATOR

8 X 8 SLOT RCR/4 MAGNETRONS _. f_ __._

(ALUMINUM) _ / ,y_/'_,_
FEEDCOUPLING "._1,_ _,_.- ] _ ! L

HY=ID "''_-__', // • / _,( / "RADIATING
JUNCTION / 69.2 ____._.,// '//.jlv SLOTS

CM (SO)

Figure 3.6-55. High Power Density Power Module for Array Center
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The two short slot hybrid couplers and feed waveguides are also constructed

of aluminum whose internal dimensions are a = 8.65 cm, b = 2.0 cm. Aluminum

wall thickness is 0.25 mm (.010 in) for the RCR, hybrid couplers and feed

guides. Figure 3.6-56 is a schematic sectional view through the power module

which indicates the locations of the radiating slots in the lower face of tile

RCR and the coupling slots in the upper face of the RCR which forms a common

wall with the feed waveguides. The radiating slots are displaced, longitudinal,

shunt elements in which slot displacements are staggered alternately across the

center lines in order to obtain successive phase shifts of _ radians from slot

to slot. Coupled with the _ radians shift due to the %g/2 spacing, this means

that all slots are in phase and the RCR radiates a broadside beam. Tile feed,

or coupling slots, are inclined series elements in the broad wall of the feed

waveguide. The total of six coupling slots, located as shown, are sufficient

to ensure that only the desired TEB,8, 0 cavity mode is excited within tlle RCR.

The magnetron tubes, to be described later, are coupled into the hybrid

waveguide arms by means of coaxial probes. The reference (excitation) signals

to the hybrid input arms are also probe coupled through small coaxial connectors.

Lower Density Power Modules, Types 2 to 9

If the size of the 8x8 slot RCR shown in Figure 3.6-56 is increased to

8x12 slots and the same 4-magnetron excitation arrangement is used, tile power

module dimensions now become 69.2xi03.8×2.0 cm. The separation between

magnetron pairs will increase due to the increase from 69.2 to 103.8 cm in the

one dimension. This type 2 module has an area of 0.718 m 2 and a theoretical

power density of 19.5 kW/m 2.

69.2 cm _.

69.2
¢rn

rJ.,,.,.--RADIATING SLOTS IN

• _ LOWERFACE OF RCR

t-I--- FEED WAVEGUIDE
I I _ / I

i 0 L----_-_ _ -'C°UPLING SL°TS

I - = =. L!

¢ ¢_ _ _........_._'_---COAXIAL RF INPUT

" -----7 i .B.YBR,D

I u i u] '.1 7-.I.-: I, ,
MITERED BEND

(PYROLYTIC GRAPHITE DISCS NOT SHOWN)

Figure 3.6-56. Sectional View of Type 1 High

Power Density Module
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A type 3 module is shown in Figure 3.6-57. In this case the 8x8 slot RCR

is the same as that for the type 1 module, but only one pair of magnetrons is

used for excitation, leading to a theoretical power density of one-half that

of type i, i.e., 14.6 kW/m 2. The feed waveguide now extends fully across the

width of the RCR and has seven inclined coupling slots. The output of the

hybrid combiner is fed to the feed waveguide by means of an H-plane T-junction.

69.2
¢rn .'1

U

/-8x8 SLOT RCR

---RADIATING SLOTS IN
LOWER FACE OF RCR

t4AGNETRON (! OF 2)

3 dB HYBRID

COAXIAL RF INPUT

.....H-PLANE T-JUNCTION

_FEED WAVEGUIDE

...COUPLING SLOTS

69.2 crn

(PYROLYTIC GRAPHITE DISCS NOT SHOWN)

Figure 3.6-57. Type 3, Lower Power Density Module

Type 4 to type 9 power modules all have a feed arrangement similar to that

of type 3 and utilize only a single pair of magnetrons. The RCR dimensions,

however, become progressively larger and therefore RF power density becomes

progressively lower in going from type 4 to type 9.

Subarray Design

Corresponding to the nine different power modules there are nine standard

subarrays, also designated types 1 to 9. These standard subarrays are all

square, with identical dimensions, and differ only in numbers of tubes and

therefore in power density levels. The way in which these subarrays are con-

structed from the various power modules is indicated in Table 3.6-24. The

first column shows module dimensions (to nearest cm) and number of tubes. The

second and third columns give the module type number and slot configuration.

Column 4 indicates the number and arrangement of modules used to form a sub-

array of a given type. Column 5 lists the total number of magnetron tubes in

tile subarray. Since all subarrays have the same area, the number of tubes is

proportional to the RF power density, and this relative level, in dB, is shown

in the last column of the table.
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Table 3.6-24.
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Every subarray has 48_48 = 2304 slots and, if its component power modules

were tightly packed, would have dimensions of 48x8.65 = 415.2 cm per side

(neglecting RCR wall thicknesses). Some kind of mounting frame, however, is

required in order to assemble and hold together the various RCR's which make

up a sub-array. The frame members will therefore force some separation between

modules, so that overall subarray dimensions must be increased. For this reason

a standard subarray size of 4.2 m _ has been adopted. For the type i subar_ay

the effective power density is then slightly reduced and, when rounded-off,

becomes 28 kW/m 2. The gaps between adjacent power modules will vary from nearly

1 cm in a type 1 subarray to a maximum of about 2.5 cm in a type 9 subarray.

This is not enough to cause a serious grating lobe problem.

Two examples of subarray formation are shown in Figure 3.6-58. The one

at the left uses 16 modules of type 6 to form a complete type 6 subarray. The

one at the right utilizes 8 type 9 modules arranged to fit into a standard sub-

array of type 9. At the center of each subarray a solid state amplifier is

located which feeds the master phase reference signal through a corporate

distribution network of coaxial cables (shown in dashed line) to the solid-

state driver power amplifiers associated with each of the power modules.

Solid-state driver amplifiers, about which more will be said in the section

on magnetron tube description, will be located in the gaps between adjacent

RCR's and these spaces will also be utilized for location of pilot tone receiv-

ing antennas and amplifiers.

3-185



Space Operations and

Satellite Systems Division

Space Systems Group

_1 RockwellInternational

F br.2m

"'I F"
.J- ...... L.

-'l j--
i. ......

°.J L..

J
RCR I

TYPE 6

I r--

_.F...... i..

---'7 -----'-I L-_-_-_-_-_"_--

MPCA /

/

]
4.2m

l
.-4 "°_

MAGNETRONS, HYBRID

AND FEED WAVEGUIDE

MPCA = MASTER PHASE REFERENCE CONTROL AMPLIFIER

...... COAXIAL LINE FEED NETWORK

\
\RCR

TYPE 9

Figure 3.6-58. Two Examples of Subarray Formation

(Type 6 at Left, Type 9 at Right)

Nine-Step, -9.54 dB Aperture Distribution

In section 3.6.1 a comparison between Gaussian and Hansen aperture

distributions, both truncated at -9.54 dB, revealed a slight superiority for

tile latter in terms of ability to radiate more total power. For this reason

a 9-step approximation to the Hansen distribution has been chosen and is shown

in Figure 3.6-59. The power densities at each level are, of course, those

given in the last column of Table 3.6-24. The normalized radii at which the

step changes occur are indicated on the figure. They have been chosen in such

a way as to make the aperture power coefficient K (section 3.6.1) tile same for

the stepped approximation as for the smooth Hansen curve, namely 0.436.

Radiation pattern characteristics and microwave system performance resulting

from this choice will be discussed in a later section.

Ohmic Loss

The theoretical ohmic loss for the dominant mode in aluminum waveguide

of dimensions a, b at 2450 MHz is

3"7xi0-4[Ib 2b I _ )2]%g(T-Z _ dB/unit lengthcz - + --a "A_
q

With a = 8.65 cm, b = 2.0 cm, the loss in the feed waveguide will be

= 3.2 10 -'_ dB per cm.
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Figure 3.6-59. Nine-Step Approximation to Hansen

Aperture Distribution Truncated at -9.54 dB

In the RCR the loss will be smaller because inner waveguide walls are

eliminated; it turns out that this simply has the effect of making the second

term within the square brackets above essentially negligible. As a result,

loss in the RCR's is only about 2.6xI0 -_ dB/cm in the direction perpendicular

to the feed waveguide.

For type i power modules the RCR length is 69.2 cm, hence loss within

the RCR is only 0.018 dB. The total length of waveguide in the feed and hybrid

network is also about 70 cm, so that feeder loss amounts to 0.022 dB. Thus

the total theoretical loss in a type 1 power module is .040 dB or about 0.9%.

The losses are higher in other power modules, reaching .095 dB in the type 9

module. Using equations (3.6-1) and (3.6-2) to obtain an integrated value

for ohmic loss over the whole array gives NH = 0.988 = 0.99.

Thermal Analysis of Tube Heat Dissipation

The problem of getting rid of waste heat generated by the magnetron tubes

is most severe for type 1 power modules. The operating power level of the

tubes, and ultimately the total amount of RF power radiated by the spacetenna,

are governed by the amount of heat which can be dissipated while maintaining

a safe operating temperature at the magnetron anodes.
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Discussions with Raytheon investigators, and a study of their report

No. 4 (Reference 38) have established 300°Cas the upper limit for magnetron

anode block temperature. The temperature at the vane tips will be considerably

higher than the 300°C at the anode block, and vapor pressure in the interaction

region may become excessively high if this temperature is exceeded. Although

the samarium-cobalt permanent magnets have a Curie temperature considerably

above 300°C the likelihood of metallurgical changes and increased mobility of

lattice defects becomes a factor above this temperature. Finally, the thermal

conductivity of pyrolytic graphite, selected as the heat radiating material,

begins to decrease at temperatures above 300°C.

No doubt copper discs could dissipate waste tube heat, but tile weight

penalty would be excessive. Aluminum is another possibility and a brief trade

study of the use of this material is given later. For the present, pyrolytic

graphite (PG) has been chosen for the radiating discs, following the recommend-

ation of the Raytheon investigators. In tile directions of its A-B axes this

material has a thermal conductivity greater than that of aluminum and about

equal to that of copper, yet its density is only 2.2 g/cm 3 compared to 8.9 g/

cm 3 for copper and 2.8 for aluminum.

The model used for thermal analysis is shown in Figure 3.6-60. The thick-

ness of the pyrographite disc has been taken to be constant and equal to 3 mm.

For type I modules, adjacent discs are assumed to be touching, which limits

disc diameter to 34.6 cm. Assumptions underlying use of the model shown

schematically in the figure are the following:

MAGNETRON SHELL

ANODE BLOCK (POLE PIECES)

PG ilSC _W/G 3 i

II
. /

RCR

LI_ 34.6 cm

Figure 3.6-60. Model for Thermal Analysis of

Magnetron Tube Heat Dissipation

• Direct solar heating ignored
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• Magnetron heat concentrated at anode and transferred by
conduction to PG disc

• PG disc radiates to space and to upper face of RCR

• Other heat paths as shown

• Upper RCR surface is reflective with p = 0.9

• Inner and lower RCR surfaces treated to give _ = c = 0.9.

The results of the analysis are given in Table 3.6-25, in which tempera-

ture at various locations are shown for four different values of waste heat

dissipation.

Table 3.6-25. Results of Thermal Analysis

WASTE
HEAT

DISSIPATED
(WATTS)

333

444

529

706

TEMPERATURE (oc) AND LOCATION

ANODE UPPER LOWER UPPER
BLOCK SHELL SHELL FACE RCR

282 206 279 32

324 242 320 55

350 265 346 70

397 305 393 95

LOWER
FACE RCR

-2

0

12

33

After plotting these results for purposes of interpolation it is found

that a temperature of 300°C at the anode block corresponds to a waste heat

dissipation level of 390 watts. Under these same conditions the upper face

of the RCR is at 44°C while the lower face is at about -IoC.

In order to establish magnetron operating level, a tube conversion effi-

ciency of 0.90 is projected. To justify this projection it is noted that the

highest measured efficiency to date for a magnetron of the type required is

0.85 (Reference 41). The improvement needed to reach the level 0.90 is 6% and

klystron reference concept assumes that tube efficiency, using depressed

collector techniques, can be increased to 0,85, which is 14% above the best

reported efficiency to date, namely 0.744.

It follows at once that a tube having 90% efficiency and dissipating

390 watts of heat will have an RF output level of 3.5 kW.

The weight of pyrographite in the disc of Figure 3.6-60 is 616 grams. It

is clear that this could be halved if the disc thickness were tapered from 3 mm

at the center to a sharp edge at the rim. Of course this would entail a reduc-

tion in heat radiating efficiency but certainly not in proportion to the reduc-

tion in mass. At the time that this modification was incorporated into the

thermal model it was learned from Raytheon report No. 4 (Reference 38) that

the thermal conductivity of pyrolytic graphite is significantly increased by

heat treatment at 2900°C for two hours. The new value of conductivity is

about 795 watts m-IK -I at 300°C, compared to 380 watts m-IK I for copper. The

net result is that the cooling efficiency of the tapered disc is not reduced
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at all if heat-treated PG is used. Thus, the mass of the PG disc is reduced

to 310 grams.

It was noted above that a temperature difference of 45°C exists between

the top and bottom faces of the RCR. This can cause the RCR to warp so that

its faces become curved surfaces. The departure from planarity is approximately

given by

c_2 AT
+

- 16b

where _ and b are the RCR dimensions (69.2 and 2.0 cm), _ _s the coefficient

of linear expansion (2.4xi0 -S per °C for aluminum) and AT = 45°C. This turns

out to be !0.16 cm or !4.7 ° in electrical phase angle. This small perturbation

can be eliminated altogether by predistorting the RCR.

Ma_netron Tube Description and Performance Characteristics

This section is a brief summary of pertinent magnetron tube character-

istics that are described in considerably greater detail in tile Raytheon

reports of Reference 38.

Physically the tube will be very much like the modified oven magnetron*

shown in Figure 3.6-61 and mounted on a section of WR340 waveguide. Overall

dimensions are expected to be about 8 cm in diameter by about 7 cm high,

exclusive of pyrolytic graphite heat radiator. In the photograph of Figure

3.6-61 the heater leads are at the top, and the steel pole pieces, or shells,

enclose the magnetron anode, the samarium-cobalt magnets and a buck-boost coil

whose leads are brought out at the right. The tube has a coaxial output ter-

minating in a probe coupler inside the waveguide. In the SPS version of the

tube a pyrographite disc will replace the water-cooled copper tubing shown in

the photograph. The heater/cathode is simply a helical coil of thoriated

tungsten wire.

Anode Voltage and Current

The operating anode voltage and current for a 3.5 kW tube can be obtained

from the curves in figure i0 of the Raytheon report No. 4 of Reference 38.

First, however, it is noted that microwave circuit losses amount to 4% while

another 1% loss occurs due to electron back bombardment which maintains

cathode temperature after the heater power is turned off. Thus, to obtain

an overall efficiency of 90% requires an electronic efficiency of 94.7%. The

curves show that this requires an anode potential of almost 20 kilovolts with

a current of nearly 0.2 amperes.

Alternatively, the anode voltage may be obtained from the equation

V-V
O

lie -
V o

where Vo = 1038.3 volts and Be is the electronic efficiency, .947. This gives

V = 19,600 volts. The magnetic field, B, required to be supplied by the

samarium-cobalt magnets can be found from the equation

*Photograph supplied by W. C. Brown, Raytheon Co.
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Figure 3 . 6 - 6 1 .  Typical Magnetron Mounted 
on WR340 Waveguide 

v = v, (E - 1) 
where Bo = 354.7 Gauss. It is found that B = 3524 Gauss. 

Feedback Control of OUtDUt 

Stability and control of the amplitude and phase of the magnetron's output 
is essential in the SPS application. Raytheon investigators have devised a 
technique in which a buck-boost coil is used to produce small variations around 
the mean or static level of magnetic field produced by the samarium-cobalt 
magnets in the tube itself. With an amplitude sensing device in the tube's 
output (e.g., directional coupler or loosely coupled probe, plus detector) and 
suitable feedback amplifiers and circuitry the output power level of the tube 
can be controlled over a considerable range (e.g., 3 to 4 dB) with little change 
in tube efficiency. The feedback control may also be applied to hold the output 
level constant to within tenths of a dB in the face of wide variations (15%) in 
applied anode voltage. Raytheon reports No's. 3, 4 and 5 of Reference 38 
describe these techniques and how they may also be applied to match the magne- 
tron power tubev-I characteristics to those of the solar photovoltaic array in 
order to optimize performance under varying solar flux conditions. In effect, 
this means that the magnetrons can always be operated optimally at close to 
maximum efficiency from an unregulated power supply. 
dc power conditioning is obviated; the magnetrons can run directly off the 
solar array busses. 

Thus the need for complex 
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Use of feedback to control the magnetron's output phase has also been

convincingly demonstrated in the course of the above noted Raytheon work. For

example, a normal output phase variation of ii0 ° due to a change of 15% in

applied anode voltage is reduced to about 2 o by the application of feedback.

In these demonstrations the output is sampled and compared to a fixed phase

reference. In this way a dc error voltage is derived and is used to drive a

motor-driven mechanical phase shifter in the magnetron input circuit. Clearly,

this technique is somewhat cumbersome and undesirable in the SPS but there are

at least two ways in which the motor-driven mechanical phase shifter may be

eliminated. For example a varactor diode type of phase shifter could be used,

preferably operating at low power level ahead of the magnetron's driver ampli-

fier. Another technique has been suggested by Brown, report No. 5 in reference

38. It is based upon the observation that the magnetron's free-running fre-

quency is largely determined by its "cavity" dimensions. A change in these

dimensions, or introduction of a tuning post, will cause a change in frequency.

When operating as an injection locked amplifier the magnetron frequency cannot

change in response to a change in "cavity" dimensions or introduction of a

tuning device. What happens, instead, is that the magnetron's output phase

undergoes a change in response to the "stimulus".

Brown's concept, then, is to utilize a tuning mechanism, which could be

built into the tube itself, and whose very small movements are controlled by a

small electromagnetic driving coil similar to the voice coil in a loudspeaker.

The error signal from the phase sensing network would then be amplified and

used to drive a restoring current through the driving coil. A clever design

might even utilize the existing magnetic field provided by the samarium-cobalt

magnets. This excellent phase-shifting technique turns out to have an addi-

tional benefit. Since the tuning mechanism acts in such a way as to cause the

tube's free-running frequency to track the driving signal's frequency, the

injection locking range is considerably increased. This appears to have impor-

tant implications for gain and excitation requirements, as discussed in the

next section.

It is noteworthy that little power is required by the buck-boost coil in

controlling tube output. In one extreme test such a coil was used to maintain

high efficiency magnetron amplification over a range of 2:1 in anode voltage.

The necessary coil current varied from -2.0 to +2.0 amperes and power consumed

by the coil from 0 to 30 watts. Such a drastic change in anode voltage is

unlikely ever to occur in SPS operation and it appears that no more than

5 watts of coil power would be sufficient for control purposes.

A "demand-control" concept conceived by Raytheon investigators (report

No. 3 of Reference 38) may prove to be operationally valuable to the overall

SPS system. It would make use of the amplitude feedback control circuitry to

vary the total amount of power delivered to the grid in such a way as to match

the utility's demand for power. It is proposed that this be done by telemeter-

ing a command signal from the rectenna site to the spacetenna which will alter

the control reference voltage in the feedback circuits. This will have the

effect of adjusting the coupling between magnetron tubes and the photovoltaic

array in order to change the operating power level in accordance with demand.
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Gain and Drive Power Requirements

In the injection locked mode the range of locked operation decreases as

the level of the input signal is decreased. An example of this is to be found

in figures 2, 3 and 4 of Raytheon report No. 5, reference 38. These figures

displayV-I curves for a single tube under three different input drive levels,

50, i0 and 2.5 watts. For an essentially constant output power level of i000

watts the locked ranges of anode voltage at 2450 MHz for the three conditions

are respectively 3400 to 4850 volts, 4400 to 4900 volts and 4650 to 4900 volts.

Thus the range of anode voltage for locked operation as a function of tube

gain may be summarized as:

Tube gain

dB

13

20

26

Anode voltage

ranse

1.43:1

i.ii:i

1.05:1

A change in anode voltage implies a reciprocal change in anode current

and, owing to the "pushing" characteristic of the magnetron tube, is accompanied

by a change in the tube's free-running oscillation frequency. If this frequency

departs too much from the excitation frequency of 2450 MHz the magnetron falls

out of lock. It was noted in the previous section that the feedback controlled,

electromagnetically driven tuning device proposed by Brown, acts to make the

tube's free running frequency track the excitation frequency. Therefore, devel-

opment of this tuning concept will extend the range of anode voltage over which

locking occurs, permitting use of a low level drive signal and high gain opera-

tion of the tube over an appreciable locking range.

For this reason it appears reasonable to assume that operation at a gain

of 26 dB is feasible and, with the feedback tuning technique, will yield a

reasonably large range of _nodp voltage (e.g., 1.2:1) over which locking is

assured. The input power required to injection lock a 3.5 kW tube at a gain

level of 26 dB is 8.8 watts, which is within the predicted capability of solid-

state amplifiers in the near future. It is proposed that these driver amplifiers

be located in the narrow spaces between the power modules that form a subarray.

Temperatures in these regions are predicted to be modest, not exceeding about
45oc.

Startup, Heater Shutdown and Lifetime

A startup procedure which makes use of the feedback amplitude control

circuit has been devised and demonstrated experimentally by the Raytheon team

(Report No. 4 of Reference 38). The procedure is as follows:

Step 1. DC anode voltage is applied to the tube but no heater power

is present and the cathode is non-emitting.
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Step 2. A reference control voltage is applied to the amplitude feed-

back circuit that results in a relatively high current in the

buck-boost coil. The resulting magnetic field, superimposed

on the static field provided by the permanent magnets, results

in a total magnetic field of a magnitude such that the tube

cannot oscillate at the applied anode voltage even when the

heater power is turned on and cathode emission occurs.

Step 3. Heater power is turned on, the cathode heats up and in about

5 seconds the normal emission level is reached.

Step 4. After 5 seconds of cathode warm-up the heater power is removed

entirely. At tile same time the reference control voltage

applied to the feedback circuit is changed to its operating

level. At this point the magnetic field in the tube assumes

its proper operating value and the tube begins to function in

the locked mode.

During the 5 second cathode warm-up period a relatively high heater input

is needed, estimated to be about 65 watts for a 3.5 kW tube. When heater power

is removed and the magnetic field is changing to its correct value there is a

build-up of oscillation in tile tube. This transient condition lasts only for

a few milliseconds before the tube settles into stable, controlled amplifica-

tion.

The fact that external heater power is not required after the 5-second

start-up period does not imply cold cathode operation of the tube. Parenthet-

ically, it should be noted that heater and cathode are one and ti_e same--a

simple helical coil of carburized thoriated tungsten wire. Tile catilode surface

is maintained at tlle required high electron-emitting temperature by backbombard-

ment, in which some electrons, after acceleration by the field in tile tube,

actually return to the cathode where their kinetic energy is converted to heat.

It is well established that the lifetime of such a cathode (operating in a

high vacuum, of course) is a very sensitive function of its operating temper-

ature. For example, a ten-fold increase in life occurs if this temperature

is reduced from 2000 K to 1900 K. The backbombardment heating in a magnetron

tube appears to be governed by a built-in regulatory mechanism which acts to

hold cathode temperature to the lowest value that is sufficient to supply tile

necessary anode current. Thus the longest possible lifetime is assured.

Raytheon investigations (Reference 41) indicate that an SPS magnetron tube

could utilize a 50% carburized thoriated tungsten filament winding with wire

diameter of 1 mm (0.040 in.) operating at a temperature that is possibly as low

as 1900 K. Based on current life test data projections, a lifetime of from

30 to 50 years is anticipated.

Output Spectrum of Magnetron

Measurements of the noise power spectrum of any tube operating at high

output power levels are difficult. In the case of tile magnetron operating

without external heater power the carrier to noise level is extremely high

and, even with notch filter suppression of the carrier power by at least 49 dB
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in a 20 MHz band, measurements can be limited by the dynamic range of the

spectrum analyzer. Observations by Raytheon investigators on a number of

different tubes (Report No. 5 of Reference 38) show considerable variability

among the devices. Certain tubes have shown a carrier to noise level of at

least 188 dB per Hertz at frequencies outside of a 60 MHz band centered on

the 2450 MHz carrier. Refinements to the measurement technique may indicate

even better performance on the part of selected tubes.

Little information on harmonic content in the output of high-power magne-

trons is available. Some recent measurements (Reference 41) on two tubes show

the following levels of harmonic content, relative to the fundamental.

Harmonic

1

2

3

4

Level in dB

Tube A Tube B

-71 -69

-97 < -85

-86 -93

-62 -64

Overall System Description and Performance Summary

The complete spacetenna is constructed from the nine different subarrays

described above. Type 1 arrays are used in the central region out to normalized

radius r = 0.31, then type 2 arrays to radius r = 0.54, and so on, as indicated

in Figure 3.6-59. Each subarray is a complete entity that includes a solid-

state driver amplifier (-9 watts output) for each of its magnetrons, and a

corporate feed network of RGI41 or equivalent semi-rigid coaxial cables with

appropriate power splitters. This corporate feed network branches from a

master phase reference control amplifier (MPCA) as shown in Figure 3.6-58.

Assuming that the solid state drivers have a gain of 25 dB, then input power

per driver is about 30 mW. In a type 1 subarray there are 144 such drivers

with a total input power requirement of 4.3 watts. Allowing for losses in the

coaxial transmission lines uf the feed nctwork, an output level of i0 watts

from the MPCA will suffice for the type 1 subarray. Because 144 is not an

integral power of 2, simple binary division cannot be used in the corporate

feed network. However, a combination of binary and ternary dividers will do

the job; for example 4 binary levels plus 2 ternary levels. This is also true

of type 2, 3, 4, 5, 7 and 8 subarrays except that the numbers of binary and

ternary levels will change. The type 6 and type 9 subarrays require only
binary dividers.

When the subarrays are put together to form a complete spacetenna, each

will have to be provided with a source of high voltage (20 kV dc) power for the

magnetron anodes, plus low-voltage power (presumably i0 V dc) for the feedback

circuitry, buck-boost coils, solid state driver amplifiers, and master phase

reference control amplifier (MPCA), as well as for heater power for the short,

5-second, startup period. In addition a 2450 MHz phase reference signal must

be supplied to each subarray whose phase is controlled by suitable phase

conjugation circuitry associated with a pilot tone antenna and receiver that

are also a part of the subarray. No further description of this retrodirective
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control system will be given here; it is simply assumed that it is essentially

identical to the system used with the klystron reference concept, with minor

modifications as needed to suit the magnetron system.

In the klystron reference concept the subarray size is approximately

10xl0 m 2, whereas it is only 4.2x4.2 m 2 for the magnetron system. It is there-

fore proposed that retrodirective phase control be applied to groups of 2x2 = 4

subarrays in the magnetron system. This will result in an effective subarray

size of 8.4x8.4 m 2, which is closer, for comparative purposes, to that of the

klystron system.

Spacetenna Performance Characteristics"

The design parameters and pertinent pattern characteristics of the space-

tenna are given in Table 3.6-26.

Table 3.6-26. Spacetenna Characteristics

CHARACTERISTIC OR PARAMETER VALUE

APERTURE FIELD

AMPLITUDE DISTRIBUTION

PHASE DISTRIBUTION

POWERCOEFFICIENT

APERTURE EFFICIENCY

OHMIC EFFICIENCY

FAR-FIELD PATTERN

HPBW

BEAMWIDTH CONSTANT AT -13.6 dB

BEAM EFFICIENCY AT -13.6 dB

FULL WIDTH AT -23.6 dB

FIRST SlDELOBE LEVEL

9-STEP APPROX.
TO -9.54 dB
HANSEN

IDEAL UNIFORM

K = .436

nA = .914

nH = .99

1.138 _/D RADIANS

B = 2.20

nB= .937

2.60 X/D

-23.2 dB

The performance of this antenna when the central power density is limited

to ST = 28 kW/m 2 and received power density to SR =230 W/m 2 can now be readily

determined from equations (3.6-4, 3.6-5, 3.6-9, and 3.6-10), using the para-

meter values given in Table 3.6-26. The results are given below on the assump-

tion that the rectenna is located at latitude 40 ° , so that the range is

R = 37,500 km.

• Spacetenna diameter

• Total RF radiated power

• Rectenna minor diameter

• Power incident on rectenna

• Safety fence minor diameter

DT = 918 m

PT = 8.00 GW

DR = ii.0 km

PR = 7.50 GW

D F = 13.0 km
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To see how much power is actually delivered to the utility grid interface

under actual conditions, the efficiency chain figures derived for the klystron

reference concept will be applied. This requires the following allowances for
additional losses:

Random phase errors over spacetenna

Magnetron tube outages

Atmospheric losses

Rectenna conversion efficiency

Switch gear and busses (de)

DC/AC conversion at rectenna

Switch gear and busses (ac)

Overall efficiency

945

980

980

880

987

960

988

.7476

Using 7.50 GW for the power incident on the rectenna under ideal conditions and

multiplying by .7476 gives 5.61GW of ac power delivered to the utility grid.

Mass Estimate for Spacetenna

A careful estimate of the masses of all components comprising the space-

tenna as described above has been made. Not included in this estimate are the

masses of the 20 kV dc busses required for magnetron power, the i0 V dc busses

for solid-state circuitry, the pilot tone antennas and receivers and the master

phase reference distribution system.

From Report No. 3 of Reference 38, the following estimate of magnetron

tube mass has been made:

Magnetic circuit 266 g

Copper anode and vanes 81

Ceramic insulators o_OU

Output RF line 30

Buck-boost coil 76

Heater/cathode 6

Miscellaneous 57

Total mass 590 g

Each pyrolytic graphite heat radiator has an overall diameter of 34.6 cm

and tapers from 0.3 cm thickness at the central hole to 0.05 cm at the edge.

With density of 2.2 g/cm 3 the mass is found to be 310 g per disc. Thus, a

single magnetron tube, complete with its heat radiator, will have a mass of

900 g or 0.90 kg.

The masses of each type of RCR and waveguide feeder have been calculated

using previously noted dimensions and assuming they are fabricated of 0.25 mm

(.010 in) thick aluminum. Then, the masses of RCR, tubes and heat radiators

were combined to find the total mass for each of the nine kinds of power

modules.
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Standard subarray masses were next computed using the appropriate number

and masses of modules. To this was added an allowance to account for the

mass of the aluminum frame in which power modules are assembled and mounted.

Finally, for each subarray type an estimate was made for the total masses of

coaxial feed lines (assumed to be RG-141), solid-state drivers and feedback

circuitry, etc. The resulting mass breakdown and totals for the nine differ-

ent kinds of subarrays are summarized in Table 3.6-27.

Table 3.6-27.

ITEM

MAGNETRON TUBES

PG HEAT RADIATORS

RCR, W/G AND FRAME

COAX LINE AND SOLID-

STATE ELECTRONICS

TOTAL

I

85.0

44.6

Mass Breakdown for Subarrays

MASS IN k 9
SUBARRAY TYPE

2 3 4 5 6 7 8

56.6 42.5 28.3 21.2 18.9 14.2 10.6

29.8 22.3 14.9 11.2 9.9 7.4 5.6

34.4 31.7 32.5 30.4

2.2 1.7 1.4 1.1

166.2 119.8 98.7 74.7

TOTAL

9

9.4 286.7

5.0 150.7

29.5 29.8 28.8 28.4 27.8 273.3

0.9 0.9 0.8 0.7 0.7 10.4

62.8 59.5 51.2 45.3 42.9 721.1

The number of a given type of subarray in the full spacetenna is obtained

by dividing the area of one subarray (17.64 m 2) into the area of the appropriate

zone (i.e., power density step) in the antenna. The areas of the various zones

are calculated using the fractional radii indicated in Figure 3.6-59 along

with a full diameter of 918 km.

Table 3.6-28 then shows the numbers of each kind of subarray, the total

masses of all component sections (tubes, PG discs, RCR's, etc.) and finally the

mass of the full spacetenna, namely

3"32xi06 kg.

The total number of magnetron tubes is 2.35×106 and the mass of PG is 729

metric tons.

Table 3.6-28. Mass Breakdown for Spacetenna

ITEM

NO. OF SUBARRAYS

TOTAL TUBES

MASSES PYR0. GRAPHITE

IN

kg RCR'S & W/G

x COAX AND SS

10 3 ELECTRONICS

GRAND TOTALS

IN kgxlO s

SUBARRAY TYPE

I 2 3 4 5 6 7

3606 7335 6409 6067 3058 3246 4142

305.9 415.2 272.3 171.9 65.0 61.2 58.6

160.7 218.1 143.1 90.3 34.1 32.1 30.8

123.8 232.4 208.3 184.5 90.3 96.6 119.2

7.9 12.5 9.0 6.7 2.8 2.9 3.3

8 9

2912 747

30.9 7.0

16.2 3.7

82.6 20.6

2.0 O.5

598.3 878.2 632.7 453.4 192.2 192.8 211.9 131.7 31.8

TOTALS

37522

1388.0

729.1

1158.3

47.6

3323.0
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Trade Study of Aluminum Heat Radiating Discs

It is of interest to estimate the effect on mass and cost of the space-

tenna system if aluminum is used instead of pyrolytic graphite for the heat

radiating discs. At 300°C the thermal conductivities of heat treated

pyrolytic graphite and aluminum are 795 and 265 watts m-iK -I respectively.

Thus PG is the better heat conductor by a factor of 3.0.

Referring to the model of Figure 3.6-60, used for thermal analysis, it

is clear that the rate of heat removal from the anode block will be substan-

tially unchanged if an aluminum disc is used instead of graphite, provided

that the aluminum disc is three times as thick, in order to make up for its

lower heat conductivity. In this case the tube operating level will remain

at 3.5 kW and anode temperature at 300°C, just as before. Since the height of

the anode cylinder is about 1.0 cm it can accommodate the increased disc thick-

ness. The only concern is that the magnetic pole pieces are forced further

apart, thereby increasing the reluctance of the magnetic path. This might

necessitate redesign of the magnetic circuit.

The density of aluminum is 2.77 g/cm 3 versus 2.2 g/cm 3 for pyrolytic

graphite. Thus the mass of aluminum will be 3.0×2.77/2.2 = 3.78 times the

mass of graphite. From Table 3.6-28 the total mass of PG is 0.729×i06 kg,

hence the mass of a111m_num required will be 2.76×i06 kg.

Raytheon's estimate of the cost of pyrolytic graphite in report No. 3 of

reference 38, works out to $193 per kg or about $60 per disc. Taking trans-

portation costs to be $60 per kg, the total cost for pyrolitic graphite is

$(193+60)x0.729xlO 6 = $184 M .

Taking the cost of the aluminum discs to be $2 per kg the total costs if

aluminum radiators are used become

$(2+60)×2.76×i06 = $171M.

Thus, in spite of a very large weight penalty the use of aluminum appears

to have a slight cost benefit. Due to the great uncertainty attached to the

graphite material cost estimates, this benefit may disappear altogether, or

it may become very substantial.
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3.7 LASER BEAM INVESTIGATIONS

The following section presents the results of a study to determine the

meteorological effect on laser beam propagation as well as a short investi-

gation considering advanced laser concepts. The included text consists of an

edited version of the complete report by R. E. Beverly III, consulting

physicist, Columbus, Ohio. The complete report is being published under

separate cover (Reference 42).

3.7.1 METEOROLOGICAL EFFECTS ON LASER BEAM PROPAGATION

Introduction

Lasers are presently being evaluated as an alternate power beaming tech-

nique to microwaves for space-to-earth power transmission. Although a prelim-

inary study (Reference 43) indicates that laser power transmission has the advan-

tages of negligible environmental damage and small land requirements associated

with the receptor sites; meteorological conditions influence the transmission

efficiency to a much greater extent than with microwaves. With proper se]ec-

tion of ]aser wavelength, clear-air propagation can be very efficient; however,

haze, fog, clouds, and rain can severely attenuate the beam.

This study investigates potential mitigation techniques which may minimize

this effect by a judicious choice of laser operating parameters. Using these

techniques, the availability of power at selected sites is determined using

statistical meteorological data for each site. When technically feasible,

siting criteria and laser parameters are defined such that the power availabil-

ity is comparable to the microwave SPS concept or to conventional electric

power plants.

Propagation Characteristics under Various Meteorological Conditions

Physical Mechanisms

The attenuation of laser radiation passing through the earth's atmosphere

is termined 2inear attenuation if the processes responsible are independent of

the beam intensity. In general, molecular scattering, molecular absorption,

aerosol scattering, and aerosol absorption contribute to linear attenuation.

To calculate the transmittance of any single laser line in propagating from

outside the earth's atmosphere to a terrestrial receptor site, the attenuation

coefficient due to each of the above processes must be known at a sufficient

number of points along the beam path. This implies the necessity for local

atmospheric data as wel] as basic physical parameters related to absorption

and scattering.

If the attenuation depends on the beam intensity, however, the propaga-

tion is termed nonlinear. The most commonly encountered nonlinear mechanism

in connection with high-energy laser propagation is thermal blooming (Refer-

ence 44). Thermal blooming is characterized by self-induced spreading, dis-

tortion, and bending of the laser beam as a result of molecular and aerosol

absorption within the beam path. Absorption leads to heating of the air
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causing density and, hence, refractive index gradients which act as a distri-

buted lens. Another nonlinear mechanism is aerosol droplet vaporization. With

sufficiently large laser power densities, hole boring through various types of

meteorological formations may be affected with a concomitant increase in trans-

mission efficiency.

Mitigation Techniques

A number of high transparency spectral "windows" are present for which

laser radiation will propagate from space to earth with only minimal attenua-

tion due to molecular absorption and scattering. The transmission efficiency

may be improved during adverse meteorological conditions by (i) selection of

wavelength region which minimizes the effects of aerosol absorption and

scattering, (2) increasing the elevation of receptor sites, (3) using a

vertical propagation path (zenith angle @ = 0 °) rather than line-of-sight

propagation from a satellite in geosynchronous equatorial orbit (@_50°), and

(4) by hole boring, i.e., vaporization of the aerosol droplets within the

beam path.

Wavelength Selection

Preliminary information (References 45, 46, and 47) indicates that oper-

ation in the spectral region around ii Dm may reduce and partially mitigate

the loss in transmission efficiency caused by light fog and light cloud cover.

This phenomenon occurs for two reasons: (i) the real part of the complex

refractive index of water has a minimum at about 12 Dm, and (2) the aerosol

size distribution of certain fogs and clouds decreases more steeply than

(particle radius) -2 above 7-10 Dm radius, thus reducing the scattering and

absorption coefficients. Numerical investigations conducted (Reference 45)

assumed that all droplets were homogeneous and composed of pure water; further-

more, their data were reported as relative coefficients and ice-crystal clouds

were not investigated. All of these restrictions are removed in this study.

The clear-air transmission efficiency (considering molecular absorption

only) is, unfortunately, undesirably low everywhere in the ll-Dm window,

except for high-elevation receptor sites. Alternately, we have identified

an extremely high-transmis_ioLL _egion around 2 Dm in which molecular _b_orp-

tion coefficient of water based droplets. The attenuation due to various

types of meteorological aerosols and molecular absorption is extensively

investigated in both spectral regions.

Receptor Elevation

The selection of receptor sites at high elevation can reduce the deleter-

ious effects of haze and can mitigate the problems caused at lower elevations

(river valleys, coastal regions, etc.) by many types of advection and radia-

tion fogs. In addition, if water vapor is an important molecular absorber

for a specific laser line, high elevation receptor sites can "get above" a

large fraciton of the humid air in the lower troposphere and result in improved

transmission efficiency. However, we must recognize that constraining receptor

siting to high elevations may jeopardize the viability of the laser-SPS concept

as an alternate energy source.
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Zenith Angle

The space-to-earth transmission efficiency for all linear attenuation

mechanisms and a propagation zenith angle @ scales as exp(-secO). If molecu-

lar absorption is strong, for example, operation at a propagation zenith angle

of 0 ° rather than 50 ° results in a significant improvement in the transmission

efficiency. If the laser wavelength is properly optimized, however, vertical

propagation does not afford a significant improvement in the power availabil-

ity (all meteorological conditions considered) and cannot be justified in

terms of the increased cost and complexity of the required space hardware.

This effect is discussed further in connection with the power availability

model.

Hole Boring

Hole boring through monodisperse and polydisperse aerosols has been

addressed for both continuous-wave (cw) and pulsed lasers. Numerous theoret-

ical studies and experimental measurements using artificial and natural

aerosols have been conducted over a wide range of parameters. Steady-state

evaporation, which is the simplest model and which is applicable to small-

diameter particles irradiated at lower intensities, assumes that the energy

liberated in the droplet is proportional to its volume and the temperature

rise in the droplet is uniform (References 48, 49, 50, 51, 52, 53, and 54).

Hence, the absorption coefficient is proportional to water content and is

independent of the details of the particle-size distribution. Inclusion of

diffusion, heat conduction, and Stefan flow in the evaporation mode] was

investigated (References 55, 56, and 57). Introduction of fresh aerosol into

the beam path by wind convection was included in the steady-state model (Ref-

erences 58, 59, 60, 61, and 62), including the effects of diffusional blurring.

All of the aforementioned effects (diffusion, heat conducting, Stefan flow,

and wind) were included in the work of Reference 63. The effects of nonuni-

form internal temperature profiles were considered in References 64 and 65.

Solution of the evaporation equations self-consistently with absorption and

scattering coefficients which explicitly depend on the droplet radius was

performed (References 66, 67, 68, and 69). At higher intensities, such as

obtained with pulse lasers, droplet explosion can occur (References 56, 69,

and 70). This process is considerably more efficient than simple evaporation

and can reduce the energy requirement necessary to clear a given volume.

Using hole-boring models applicable to the range of laser-beam parameters

of interest for power transmission, we have estimated the power densities

necessary to affect aerosol clearing under various meteorological conditions.

Laser hole boring through certain types of hazes, fogs, and clouds may be

possible consistent with safety and environmental concerns. In particular,

all but the thickest cirriform clouds and all stratiform clouds with the

exception of nimostratus can be penetrated without the need for weapon_quality

beams. For lasers operating in the ll-Dm window, cw power densities of ]00 to

200 W/cm 2 are required. Because of the small aerosol absorption coefficient

in the 2-Dm window, hole boring at these wavelengths using a cw beam alone

will be ineffective. A train of short-duration pulses superimposed on the

"main" cw beam will, however, affect penetration under these circumstances.

More detailed calculations are given in the section describing the power

availability model.
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Several other physical mechanisms must be considered in conjunction with

hole boring. Intensity fluctuations can be induced by temperature and water-

vapor gradients within the beam path (References 71 and 72), and gross refrac-

tive bending of the beam can be enhanced under certain conditions by droplet

vaporization (References 73, 74, 75, 76, 77, and 78). For laser-power trans-

mission, intensity fluctuations which do not result in significant beam

spreading should be of no concern. We have examined the regime in which

refractive bending occurs and found that severe distortion should be negligi-

ble for the power densities and beam diameters under consideration here.

Another phenomenon which has been recently considered is droplet recondensa-

tion in a laser-vaporized path. Overheating of the particles produces local

supersaturation, resulting in the production of a large number of fine particles

which may attenuate the beam and limit its penetration (References 79, 80, and

81). This effect is pronounced at higher radiation intensities, for larger

particles, and at lower temperatures. Again, for conditions anticipated here,

this effect should not occur.

Propagation Calculations--Aeroso]s

Models

Aerosol scattering, absorption, and extinction coefficients and differen-

tial scattering cross-sections were calculated for haze, advection and radia-

tion fogs, various types of clouds, and rain and snow distributions at various

precipitation rates. These calculations require detailed properties of the

various aerosols, such as composition, size distribution, particle concentra-

tion, and complex index of refraction as a function of wavelength. Index of

refraction data is given in Table 3.7-1. For the calculations involving haze,

absorption and scattering coefficients for the various aerosol models were

taken directly from Reference 82. For most types of fogs and precipitation,

it is a good approximation to assume that the particles consist of pure water

with the appropriate index of refraction data from Table 3.7-1. For clouds,

which consist of nuclei surrounded by condensed water, this assumption may not

be valid. Several different compositions are modeled in the present study.

In the Mie scattering regime, scattering, absorption, and extinction

coefficients and differential scattering cross-sections are calculated using

the code HSPHR developed in Reference 83. The code is restricted to spherical

particles but does have provisions for heterogeneous compositions in which a

spherical nucleus of radius a o and complex index of refraction n o is surrounded

by a second material having a concentric radius a and complex index of refrac-

tion n. The code was modified by the author to allow modeling of dispersive

particle distributions. Graphical plotting capabilities were also added.

Theoretical treatments of the Mie problem are well documented in the literature

and will not be repeated here. The method adopted here is the classical numer-

ical treatment given in Reference 84_ and the interested reader is referred to

this reference for further details.

For large particles, such that 2_a/% >> I, a geometrical optics model may

be used. Although the Mie program will work for large particles, it is unneces-

sary and wasteful of computer time since the time required per problem is
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Table 3.7-1. Complex Refractive Indices (n=n'-ik) for

Characteristic Components of Aerosol Particles*

Water Water

Wavelength soluble insoluble
(_rnl fraction fraction Sea salt Soot Water

0.2000 i.530 0 070 1.530 0.070 1.450 0.000 1.396 0.000
0.2500 |.530 0.030 1.5,'=10 0.030 1.4,%0 0.000 1.362 0.000
0.3000 1.530 0.008 1.530 0.008 1.450 0.000 1.349 0.000
0.3331- 1.530 0.005 1.530 0.008 1.450 0.000 1.345 0.000
0.4880 I.$30 0.005 1.530 0.008 !.450 0.000 1.560 0.490 1.335 O.OOO
0.8145 1.530 0.005 1.530 0.008 1.450 O.OOO 1.560 0.490 1.334 0.000
0.5500 1.5.'10 0.005 1.530 0.008 1.450 0.000 1.570 0.500 1 333 0.000
0.6328 1.530 0.006 1.530 0.008 1.450 0.000 1.570 O480 1.332 0.000
0.6943 1.530 0.007 1.530 0.008 1.450 0.000 i.570 0.480 1.331 0.000
0.7000 1.530 0.007 1.530 0.008 1.450 0.000 1.570 0.480 1.331 0.000
0.8000 1.524 0.010 1.524 0.008 1.450 0.000 1.570 0.480 1.329 0.000
O.l_00 1.520 0.012 1.520 0.005 1.450 0.000 1.580 0.490 1.329 0.0(30
0.9100 1.520 0.013 1.520 0.008 1.450 0.000 1.590 0.510 1.328 O.OOO
1.0600 1.520 0.017 1.520 0.005 1.450 O.OOO 1.510 0.540 1.326 0.000
1.1300 1.519 0.018 1.502 0.005 1.450 0.000 1.620 0.540 1.325 0.000
l .._60 1.510 0.023 1.400 0.006 1.460 0.000 1.660 0.570 1.318 0.000
1.7000 1.475 0.018 1.351 0.008 1.450 O.OOO 1.680 0.580 1.315 O.OOO
2.0000 1.420 0.008 1.260 0.008 1.450 O.OOO 1.720 0.600 1.306 0.001

2.1600 1,420 0.009 1.234 0.008 1.450 0.000 1.740 0.610 1.298 0.000
2.4000 1.420 0.011 1.196 0.009 1.450 0.000 1.770 0.620 1.279 0.001
2.5000 1,420 0.012 1.180 0.009 1.425 0.007 1,780 0.620 1.261 0.002
2.6000 1.410 0.034 1.180 0.011 i.414 0.009 1.790 0.610 1.242 0.003
2.7000 1.400 0.055 1.160 0.013 1.410 0.012 1.790 0.610 1.188 0.019
2.8000 1.407 0.044 1.173 0.013 1.418. 0.014 1.800 0.610 1.142 0.115
2.9500 1.417 0.027 1.163 0.012 1.527 0.006 1.810 0.610 1.292 0.298
3.0000 1.420 0.022 1.160 0.012 1.607 0,0_5 1.820 0.600 1.371 0.272
3.1500 1.428 0.011 1.205 0.011 1.520 0.003 1.820 0.590 1.483 0.135
3.2000 1.430 0.008 1.220 0.010 1.509 0.002 1.820 0.590 1.478 0.092
3.3923 1.430 0.007 1.260 0.013 1.489 0.002 1.830 0.570 1.422 0.021
3.5000 1.450 0.005 1.280 0.011 1.485 0.002 1.830 0.570 1.400 0.009
3.7500 1.452 0.004 1.270 0.011 1.476 0.001 1.840 0.590 1.369 0.004

3.B000 1.453 0.004 1.268 0.011 1.474 0.001 1.840 0.590 1.364 0.003

4.0000 1.455 0.005 1.260 0.012 " 1.476 0.002 1.550 0.600 1.351 0.00.5
4.5000 1.460 0.013 1.260 0.014 " 1.486 0.004 1.8_._) 0.560 1.332 0.013
4.7300 1.455 0.014 1.251 0.016 1.478 0.003 1.850 0.580 1.330 0.016
5.O000 1.450 0.016 1.240 0.016 1.465 0.003 1.850 0.570 1.325 0,012
5.3000 1.444 0.017 !.228 0.020 1.449 0.003 1.070 0.540 1.312 0.010
5.5000 1.440 0.018 i.220 0.021 1.439 0.003 1.900 0.530 1.208 0.012
5.9000 !.416 0.022 1.164 0.034 1.423 0.011 1.950 0.500 1.248 0.062
6.0000 1.410 0.023 1.150 0.037 1.429 0.016 1.960 OAgO 1.265 0.107
6.2000 1.430 0.027 1.142 0.039 1.574 0.022 1.980 0.510 1.363 0.068
6-5000 i.460 0.033 i.130 0.042 1.470 O.OOb 2`000 0.540 1.339 0.039

7.0000 1.417 0.059 1.323 0.051 1.449 0.006 2.040 0.510 1.317 0.032
7.2000 1.400 0.070 1.400 0.055 1.439 0.008 2.060 0.520 1.312 0.032

7.9000 1.200 0.065 1.150 0.040 1.404 0.018 2`090 0.560 1.294 0.034
&2000 1,010 0.100 1.130 0.074 1.413 0.022 2.120 0.630 1.286 0.035
8,5000 1.300 0.215 1.300 0.090 1.461 0.027 2.160 0.730 1.2";8 0.037
6,7000 2.400 0.290 1.400 0.100 1.566 0.029 2.190 0.820 1.272 0.038
8.0000 2.560 0.370 1.700 0.140 1.667 0.028 2.220 0.980 1.262 0.040

9.2000 2.200 0.420 1.720 0.150 1,627 0.026 2.230 1.070 1.255 0.042

9.5000 1.050 0.160 1.730 0.162 1.584 0.022 2.2.50 1.150 1.243 0.044

|0.0000 1.620 0.030 1.750 0.162 1.534 0.016 _ 1.290 1.218 0.051
10.5910 1.760 0.070 1.620 0.120 !.510 0.014 1.170 0.0";2
10.7000 1.749 0.065 1.620 0.116 I.SOG 0.014 1.172 0.0'?8
11.0000 !.720 0.050 1.620 0.105 1.494 0.014 1.153 0.097
12`0000 1.670 0.052, 1.54.6 0.10,:3 1.466 0.016 1.111 O.lSP9
12.4900 -1.646 0.054 1.508 0.101 i.428 0.017 !.123 0.258
13.0000 1,620 0.056 1.470 0.100 !.412 0,019 1.146 0.306
14.8000 !.400 0.100 !.570 0.100 1.434 0.030 i.258 0.396
15.0000 1.420 0,200 1.570 0.100 1.440 0.032 !.2"70 0.402
17.2000 2.080 0.240 i.630 0.100 1.668 0.064 !.386 0.40@
18.5000 1.8.50 0.170 1.648 0,120 1.737 0.113 1.443 0.421
19.5000 2.030 0.203 1,669 0.1117 1.750 0,138 i.470 0.404
20.0000 2.120 0.220 I._0 0.220 1.747 0.149 1.480 0.393

2,5.0000 1.880 0.280 1.970 0.248 1.'/38 0.214 !.531 0.356
27.9000 1.840 0.290 1.890 0.320 1.744 0.251 !.549 0.339
30.0000 1.620 O+_iO0 ! .SO0 0.420 1.'/45 0.2_ !.551 0,328
32,0000 I.t_O 0.:140 1.640 0.462 L741 0.3&1 1.546 0.324
35.0000 1.920 0.400 1.900 0.500 1.735 0.553 1.525 0.336
40.0000 1.860 O_'rd)O 2.100 0,600 1.707 0.000 1.519 O.,q_L5

*(REFERENCE 50)
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proportional to 2_a/_. Hence, for most types of rain we can use the geometri-

cal optics model as outlined below.

The visibility or, more precisely, meteorological range as used in this

study is defined by Koschmieder's relation

1 1 3.912

R - 1 n - (3 7-1)
m B 0.02 B

sc sc

where Bsc is the aerosol scattering coefficient at 0.55 Dm, chosen because the

peak sensitivity of the human eye occurs at this wavelength. The use of _sc

instead of _ex (extinction coefficient) implies that the absorption coefficient

(_a) is small enough to neglect at visual wavelengths, a good assumption except

for polluted air. From the foregoing relation, it is evident that the trans-

mittance for a path length equal to R m is 0.02. Table 3.7-2 gives values of

the meteorological range and scattering coefficient for the indicated meteor-

ological conditions.

Table 3.7-2. Meteorological Range

and Scattering Coefficient*

Meteorological range, R. Scattering
Code Weather coct_cient,

no. condition metric English _8. (km-')

0 Dense fog <50m <50yd >78.2

I Thick fog 50m 50yd 78.2

200m 219yd 19.6

2 Moderate fog 200 m 219yd 19.6

_0 m 547 yd 7.82

3 Light fog 500 m 547 yd 7.82

1000 m 1095 yd 3.91

4 Thin fog I km 1095 yd 3.91
2km I.I nmi 1.96

$ Haze 2 km I. l nmi 1.96
4 fun 2.2nmi 0.954

6 Light haze 4 km 2.2 nn_ 0.954
10 km 5.4 nmi 0.391

7 Clear 10 km 5.4 nmi 0.391
2Gkm ,, --: n ,¢_• • .0.0 ......

8 " Very clear 20kin tl nmi 0.196
50 km 27 nmi 0.078

9 Exceptionally clear > 50 km > 27 nmi 0.078

-- Pure air 277km 149 nmi 0.0141 (_.)

*Reference 85

Ha ze

The atmospheric transmission efficiency for hazy conditions was calcula-

ted using representative aerosol models selected from the work of Reference 82.

The vertical distribution of the aerosol extinction coefficient at 0.55 Dm for

the different models is shown in Figure 3.7-1. Between 2 and 30 km, where a

distinction is made on a seasonal basis, the spring-summer conditions are

indicated by a solid line and fall-winter conditions by a dashed line. A

computer code was written to calculate transmission efficiency for space-to-earth
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ATMOSPHERIC AEROSOL MODELS

FOR OPTICAL CALCULATIONS

%

MODERATE

_ACKGROUNO

SI_qlNG SUMMER

FALL"

*Reference 82

Figure 3.7-]. The Vertical Distribution

of the Aerosol Extinction*

propagation to an elevation h given the wavelength _, zenith angle 0, and sur-

face visibility Rm. For clear conditions (Rm = 23 km) as shown in Figure 3.7-2.
The solid curves denote 0 = 0° and the dashed curves are for 0 = 50 ° • The

actual aerosol models employed for each atmospheric layer are given in the

figure inserts. These curves show little fine structure as would be expected,

since molecular absorption has been neglected. We can conclude that selection

of a laser wavelength shorter than about 2 Nm is undesirable for propagation

through haze. Furthermore, Rayleigh (molecular) scattering becomes significant

at shorter wavelengths, scaling as _-_, and visible lasers would suffer attenua-
tion due to this mechanism as well as because of haze aerosol extinction.

The transmission efficiency as a function of altitude for propagation at

a zenith angle of 50 o under clear and hazy conditions is shown in Figure 3.7-3.

Clearly, receptor siting at elevations h > ] km is desirable to partially

mitigate the effects of haze.

Fog

It has been recently shown (Reference 86 and 87) that a linear relation-

ship, independent of the form of the size distribution, exists between infrared

extinction and liquid water content of fogs under many conditions. The relation
is given by
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Figure 3.7-2. Transmission Efficiency for Space-to-Earth

Propagation to Sea Level Under Clear Atmospheric Conditions
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Space-to-Earth Transmission Efficiency

as a Function of Altitude

3_c

Bex = 2p---_ W, (3.7-2)

where W is the liquid water content, p is the density of water, and c is the

slope of a straight line that approximates the Mie extinction efficiency

curve Qex(X,%) by

Qex(X,%) _ c(%)X (3.7-3)

where X = 2_a/% is the size parameter. The approximately linear relation

between Qex and X holds below some cutoff value Xm, and as long as a signific-

ant fraction of the particle distribution curve has X < Xm, then relation (3.7-2)
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is a good approximation. Now Xm is largest for % = 10-11 _m and, thus, many

fog distributions obey relation (3.7-2) using c _ 0.3 with good accuracy. The

largest Xm corresponds to am = 14 _m; either above or below % = I0-II _m, Xm

and, hence, am are smaller, placing greater restrictions on the fog distributions

for which relation (3.7-2) is applicable. In a similar manner, the absorption

coefficient Ba can be related to liquid water content, although the numerical

values of c and Xm are different.

Rather than using Equation (3.7-2) in the present study, we have taken the

Mie calculations of (Reference 87) for four liquid water contents and replotted

the extinction and absorption data as functions of wavelength. The fog measure-

ments judged to be reliable were chosen to represent a wide range of conditions

ranging from maritime and continental advection fogs (References 88, 89 and 90)

to inland radiation fogs (Reference 90_ 91, 92 and 93). The result of one of

these calculations is shown in Figure 3.7-4.

_O |

IO'

18 _0

U

w

16'

" I I I I I I ] l_q
- o Pi_ =t ol (197e) | 1
- o K=_i(1973) I 1

_L= G°rland { 1971), I |

% I Gorlond et01.(1973).11 7
, _: Rooch etol. (1976)

_ ..

_ i!ii!iiiiiiiiiiiiiiiiii_:, (V',ib'', _ 0.5 "'-

__ii!i!!ii!iiiii!!ii!!iiiiii!:_:_ililiiii_iiiiili_iiiiiiiiii"................. _ ,,,_._....,_.-..
============================_ _ _-.'.'.':;_:::::::::

_% Liquid wOler _ •

1.0=I0_g/_m= ,

I I I I I '" 'i''='l'°'''l"I

Wave Rmgth, _m

Figure 3.7-4. Calculated Extinction Coefficients

for Code 2 and Code 6 Fogs

This figure shows that laser operation at a wavelength around II _m may

be effective in partially mitigating the effects of light fog as has been con-

firmed experimentally (References 94 and 95). The minimum scatter in these

data around II _m is in conformance with the fact that Xm is largest in this

vicinity and the explicit details of the size distributions have less influence

on Bex" As the water content increases, accompanied by a decrease is visibility,

the minimum in _ex near II _m disappears and the extinction coefficient is nearly

flat with wavelength.
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In addition, fog banks are not homogeneous and may display considerable

vertical structure. The trend toward increasingconcentration of larger

droplets with increasing altitude, found in Reference 93j for inland radiation

fogs near Grafenw6hr, West Germany is in agreement with measurements of advec-

tion fogs over San Francisco in Reference 96. Other continental fogs, notably

those of Reference 97 for fogs in the Chemung River Valley in New York, show

directly contradictory behavior. Clearly, average fog bank properties must be

adopted for the present study.

Clouds

Because many of the candidate receptor sites are subject to extended

periods of cloudiness, these meteorological formations may be responsible for

the greatest decrease in power availability. The wide variety of cloud types

taken with the difficulties inherent in determining statistical information

related to cloud thickness and receptor obscuration frequency, make any calcul-

ation of transmission efficiency and power availability subject to a large

error. Guidelines for this evaluation are developed in the section describing

the power availability model; for the present purpose, however, we wich to

examine the effects of the choice of wavelength on the absorption and scatter-

ing coefficients.

Using size distribution data given by the references in Table 3.7-I as

input to the Mie scattering code NSPHR, 8a, _sc, and gex, and the forward and

backward angular scattering coefficients, kf and kb, were calculated for a

variety of the middle- and low-level cloud types. Two particle compositions

were modeled: (1) homogeneous particle polydispersions of pure water, and

(2) heterogeneous particle polydispersions consisting of nuclei of fixed radius

a o surrounded concentrically by liquid water. Hence, the thickness of the

liquid water shell varies according to the particle size distribution while

the diameter of the nuclei remain constant. Nuclei models used in the heter-

ogeneous aerosol calculations were taken from Reference 98 and their parameters

are given in Table 3.7-3. There are many different processes which generate

the aerosol particles comprising cloud nuclei. Each generating process, called

a "mode," p_odu_s particles of a cprtain chemical composition within a limited

size range. Continental air masses are seldom characterized by a single mode;

but, because of mixing, different air masses have different proportions of the

various modes.

Comparisons were made between homogeneous (water mode) and heterogeneous

particle models for two cloud types--cumulus and cumulonimbus--which are

representative of cloud distributions having only small particles (a < 20 _m)

and those having a significant fraction of larger particles with a > 20 um.

The wavelength dependencies of the absorption and extinction coefficients for

a typical mode are shown in Figure 3.7-5, respectively. The presence of nuclei

strongly influences the behavior at shorter wavelengths, whereas negligible

differences exist between calculated coefficients at wavelengths longer than

about 5 _m. The extinction coefficient as a function of wavelength for

I ! 9 _m is relatively constant for homogeneous (water mode) particle calcula-

tions. For particle distributions with small-diameter nuclei, however, the

extinction coefficient decreases with decreasing wavelength for I < 5 Nm. When

the nuclei diameter increases, as with the coarse particle mode, the extinction
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Table 3.7-3. Nuclei Models Used in Heterogeneous

Aerosol Calculations

Mass fractions

Nuclei radius Water Water

Aerosol description Type* _ao), um soluble insoluble

Nuclet mode

Accumolatton mode
Rural, average
Nomal, mode average

Coarse partlcle mode
Nomal, mode average

1 0.015 0.8 0.2

2 0.05 0.7 0.3
3 O.l 0.8 0.2

5 2.0 0.4 0.6

*According to the classification proposed in Reference 98.

%

-!
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I=-o.
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Figure 3.7-5.

HRTER MODE

CUMULUS C1

REFERENCE 99

NP - 300.0 CM-"-3

,'.o ,'.o 4.0 J&.o ,_.o
NRVELENgTH, UM

4.0

Wavelength Dependencies of Absorption and

Extinction Coefficiencies for a Typical Mode
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coefficients at these shorter wavelengths increase in magnitude. We note that

observational measurements do not show a decrease in _ex with decreasing wave-

length as predicted by the accumulation mode, which may result from certain

experimental anomalies or, more likely, from the assumption in the present

models, i.e., use of constant-diameter nuclei.

Because of the uncertainties inherent in the heterogeneous particle models

(especially at shorter wavelengths), we have performed calculations for all

remaining low- and medium-level clouds using the water mode. The assumption

that cloud particles are homogeneous and composed entirely of pure water is

perfectly acceptable in the middle- and far-infrared spectral regions and is

subject to error only for UV, visible, and near-infrared wavelengths.

Particle size distributions taken from Reference 100,respresentative of

many of the cloud types modeled here, are shown in Figure 3.7-6. All distribu-

tions were divided into as many as 20 bins for numerical input to the code,

and the wavelength interval from 2 _m to ]4 _m was spanned in 0.25-_m increments.

Calculational results for a typical cloud type is shown in Figure 3.7-7. Water

mode calculations were checked for numerical accuracy by using the particle

distributions of Reference i01, and comparing our results (Figure 3.7-7) with

published results (Figure 3.7-8). The agreement is excellent.

115 115I i

!E

7 75

C

.2
_ so

8

2 25
e_

o o

.._.-- Air ost ratus

I
• I

_"_ t ./str.tOCumulU$

I !I,
I | tJ _Fair-weather cumulus

1o 2O

Dropletradius(#m)

J I
-- _ Stratus I -- 100

,!-- _. --75

t 1Stratus II

__I *Reference I00

3O 0 10 2O :_0

Droplet radius (#m)

Figure 3.7-6. Representative Particle Size Distributions

for Various Cloud Types *

As noted (Reference 45), a significant reduction in Bex occurs around

;| Dm for clouds in which the large-particle distribution decays more rapidly

than a -2. This effect is particularly noticeable in calculations for

altostratus, stratocumulus, and stratus clouds (Figure 3.7-7). Clouds char-

acterized by a greater proportion of larger particles, e.g., nimbostratus and

cumulonimbus show little improvement in Bex at ]I _m. Alternately, operation

at a laser wavelength near 2.25 _m may offer improved transmission through
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HATER MODE
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REFERENCE 1 0 1

NP - 450.0 CM.--3

Absorption

O

2.0 4.0 6,0 e.O |O.0 ]@.0 I4._

WAVELENGTH, UM

Figure 3.7-7. Altostratus Extinction and

Absorption Coefficients

thin clouds because of the minimum in Sa- Operation at even shorter wavelengths

is undesirable because of the increased attenuation due to haze and molecular

scattering. Tabulated absorption and extinction coefficients for the two

spectral windows of interest are given in Table 3.7-4.

All of the thicker cloud types (especially cumuliform types) are highly

attenuating and are impenetrable unless hole boring at very high intensities

is employed. Those cloud types which are characteristically thinner, such as

middle and stratiform types, can be partially transparent.

Calculation of the transmission efficiency through such formations should

use forward-scattering corrections since Mie scattering from cloud particles

is predominately in a forward direction. While this correction may result in

a change in the transmission efficiency of perhaps 20%, this effect is unimport-

ant compared with statistical uncertainties inherent in the power availability

model. Because the cloud transmission models described later bound the range

of expected behavior by estimating average cloud transmissivities as a function

of total sky cover, such detailed propagation calculations are unwarranted.
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(Reference lOl )

Cloud type

>,= 2.25 um _,= 11.0 pm

Ba, km'* 8ex, km-z Ba, km"z Bex, km-z

As 2-47x10 ° 1.07x10 = 3.49x10 z 5.97x10'

Ac 8.59x10 "z 2.91x10 _ 1.13x10 z 2.12x10 z

Sc (0.89-1.80)x10 e (5.11-6.20)x10 ] (1.38-2.33)x10 _ (2.19_4.30)x10 z

St (1.38-2.26)x10 ° (7.03-7.70)x10 _ (2.01-2.84)x10 z (3.32_5.24)x10 _

Ns (5.28-5.63)x10 _ (1.52-1.57)x10 _ (6.]2.6.46)x]0 z (1.18_1.26)x10 =

Cu humults (0.63-3.21)x10 ° (0.55-1.07)x10 _ (1.62-4.50)x10 _ (2.51_7.67)x10 _

Cu congestus 2.16x10 a 7.15x10 z 2.7]x10 z 5.06x10 z

Cb (2.54-5.03)x10 e (6.67-8.17)x10 _ (2.89-4.02)x10 z (5.77_8.19)x10 _
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Ice Clouds

Ice clouds forming at high altitudes contain predominantly non-spherical

crystals and, hence, the Mie scattering code HSPHR is unsuitable for calculating

extinction and absorption coefficients. For example, cirriform clouds are

composed mainly of hexagonal-column crystals several hundred micrometers long

at a concentration of 0.1 to | cm-3. Several authors have measured the

transmissivity of various cloud types at different wavelengths: Few how-

ever, have simultaneously measured the cloud thickness so that _ex can be

estimated.

For those instances where the cloud thickness is known, the transmissivity

at II Dm was plotted as a function of cloud thickness for various cirriform

clouds (Figure 3.7-9). The upper curve is a least-squares fit to the measure-
ments of Reference 102 for cirrus clouds. Cirrus-cloud measurements of other

references are in close agreement with this curve. Denser cirriform clouds,

such as cirrostratus, are more opaque to infrared radiation even though their

average thickness is generally less than for cirrus clouds. Unlike many water-

based cloud types occurring at lower altitudes, dense cirriform clouds may

attenuate more strongly at II _m than at shorter wavelengths (References 103, 104

and 105), although this effect amounts to a difference in transmissivity of per-

haps 20% at most.

"z/ ' I ' I ' I ' I ' I '
014o11(1968)

13Brewer ond Houghton(1956)

1.0 A Fritz ond Roo (1967) __
O Kuhn ond Weickmon(1969)

._'_O T 4Guzzi et al. (1974)

\ _ OLd. (,977)

0"8 -- k "L _",,,_T OKuhn elo1.(1974)
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0 2_- I a C,s _Ics fibrotus I -

o[ I ] , I I I I I , I ,
0 I 2 3 4 5
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Figure 3.7-9. Measured and Calculated Transmissivities

of Cirriform Clouds for % = 11Dm

Rain

For large, homogeneous, and spherical droplets such as rain, light absorp-

tion and extinction can be approximated by geometrical optics. A computer code

(RAIN_ was written to evaluate the geometrical optics model assuming that rain
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is composed entirely of pure water with index of refraction data given in

Table 3.7-I. The presence of condensation nuclei may be neglected because of

the small size and mass of the nuclei compared with the raindrop as a whole.

Calculational results for a wavelength of II Dm are shown in Figure 3.7-10.

Because of the large particle diameters in the rain distributions, Qex and Qa

rapidly converges to values of 2 and l, respectively, as we integrate from al

to a2. For R > 0.1 mm/hr, therefore, the present results are effectively in-

dependent of wavelength for wavelengths in the infrared, and depend only upon

the explicit details of the particle distribution. Observational measurements,

however, show distinct differences between the total attenuation coefficient

for different wavelengths, partly due to differences in molecular absorption.

We notice that the corrected extinction curve obtained is in good agreement

with theoretical predictions using the continuous rainfall particle distribu-

tion. Reference106 found values of _/R in the range 2.3-2.8×10 -2 km-lmm -I

for R < 50 mm/hr, in good agreement with our theoretical predictions without

any correction.
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Figure 3.7-10. Calculated and Measured Extinction

and Absorption Coefficients for Rain

Snow

Little theoretical or observational data of laser propagation in snow

exists. Observational measurements taken (ReferencelO6,107andl08) show

severe attenuation for moderate precipitation rates, and preliminary measure-

ments indicate that the attenuation at 10.6 Hm is significantly greater than

at 0.63 _m and 3.5 _m.

As with their measurement of the attenuation of rain at several wavelengths,

the researchers found more severe attenuation at 10.6 _m than at the shorter

wavelengths and, in general, the attenuation and forward scattering properties

of snow appear to be between those of rain and dense fog. At present, there
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is no satisfactory theoretical method for calculating the scattering properties

of snowflake crystals, although Monte Carlo techniques have been applied with

some degree of success (Reference 108).

Propagation Calculations--Molecular Absorption

Calculational Models

Molecular absorption is calculated for a given laser wavelength _ by the

computer Code LASER (Referencel09). Absorption line parameters for atmospheric

molecular species are taken from the AFGL line-parameter compilation (Reference

110). The average molecular absorption coefficient for each of 32 atmospheric

layers was calculated for the following atmospheric models: U.S. Standard,

Tropical, Midlatitude Summer, Midlatitude Winter, Subarctic Summer, and Sub-

arctic Winter. In addition, several of the aerosol models of Reference 82

were considered, and the code also calculates aerosol absorption and scatter-

ing coefficients for each atmospheric layer. The results consider molecular

absorption only to permit better understanding of the roles of the various

attenuation mechanisms. Molecular (Rayleigh) scattering is important only at

i 1 pm.

Transmission E£ficiencies

The transmission efficiency for space-to-earth propagation was calculated

for a number of laser lines in the 2-pm, 9-_Jm, and ]1-pm spectral regions.

The ;-_m and ]1-pm regions were chosen because they may afford an improvement

in transmission through various meteorological aerosols. The 9-pm region was

chosen because the laser lines of certain isotopic species of CO2 may offer

higher transmission efficiencies than their naturally occurring counterpart,

12C1602; 12C1602 is uniformly distributed in the atmosphere and its strong

absorption lines should be avoided by selection of alternate laser wavelengths.

All calculations are for propagation to receptor site elevations of 0.0, 0.5,

and 3.0 km for a zenith angle of 50 o .

The spectral region from 2.100 pm to 2.315 pm offers an excellent high-

transparency window with relatively few strong absorption features. Calculated

transmission efficiencies of three sample lines, as given in Table 3.7-5,

exceed 99.9% for all site elevations and are insensitive to seasonal variations.

Since the individual windows between absorption features are wide (in many

cases > ]0 cm-1), there is hope that a scalable, high-power laser operating at

a wavelength in one of these windows can be developed.

The transmission efficiency of several midrotational P- and R-branch

laser lines of the isotopic-species 12C1802 laser operating on the 10°0_02°0

band are given in Table 3.7-6. Operation of a C02 laser in this mode results

in a significant improvement in the transmission efficiency compared with

operation on "standard" lines of the 00oi+10o0 band of 12CI_O2; seasonal

variations, however, are pronounced and the highest annual transmission

efficiency to typical receptor sites (h = 0.5 km) is only 87.7% for the

9.124-_Jm line.
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Table 3.7-5. Transmission Efficiencies of Selected Laser Lines

(2. 100-2.3]5-_m Window Region)

Transition
-1

_), cm

4444.444

4484.000

4666.000

Transmission efficiency to elevation h

Mldlatltude Summer Hidlatitude Winter

X, pm 0.0 km 0.5 km 3.0 km 0.0 km 0.5 km 3.0 km

2.250 0.99947 0.99950 0.99964 0.99949 0.99952 0.99965

2.230 0.99945 0.99948 0.99963 0.99947 0.99950 0.99964

2.]43 0.99901 0.99912 0.99949 0.99922 0.99928 0.99952

Table 3.7-6. Transmission Efficiencies of Selected Laser Lines

(II-_m Window Region)

Transmission efficiency to elevation h

Mldlatltude Sum_r Nldlatltude Winter

Transition v, on "1 X, _ 0.0 km 0.5 km 3.0 km 0.0 km 0.5 km 3.0 km

-- 875.000 11.429 0.553 0.653 0.960 0.921 0.939 0.99

=!C160= PI(24)* 893.372 11.194 0.571 0.665 0.952 0.918 0.935 0.985

13C160= Pi(16) 900.369 11.107 0.572 0.664 0.943 0.912 0.929 0.978

i_C;_0= PI(i2) 903.750 !!.065 0.581 0.673 0.948 0.915 0.932 0.979

N=0 P1(30) 912.359 10.961 0.600 0.691 0.964 0.930 0.946 0.992

N=0 P1(26) 916.065 10.916 0=607 0.697 0.965 0.933 0.948 0.992

l=Ct60= PI(20) 944.195 10.591 0.192 0.232 0.412 0.439 0.463 0.570

l=Cl60= PII(26) 994.986 10.050 0.472 0.526 0.681 0.660 0.669 0.697

*Subscript denotes vibrational-rotational band: I = 00°1 _ 10°0; II = 00°1 ÷ 02°0.

Windows which were at least 1.0 cm -I wide with edges at least 1.0 cm -I

from a major absorption line were selected for detailed calculations. If a

known (high-power) laser line exists within a window, this wavelength was used

in the LASER-code calculation; for those windows for which no laser line could

be identified, the central wavelength was used. The transmission efficiencies

for all windows identified in this manner are given in Table 3.7-6. For com-

parison, calculations are also shown for the "standard" 10.6-_m CO 2 laser line,

which is totally unsuitable for space-to-earth power beaming. Most of the

absorption occurs in the lower troposphere and seasonal variations in the

transmission efficiency are again pronounced. The highest annual transmission

efficiency to typical receptor sites is 82.3% for the 10.916-_m line. High-

elevation operation (h = 3.0 km) increases this value to 96.3%. Indeed, power

transmission in the 9-_m and l|-_m regions is probably limited to high-

elevation sites. The examination of the 10-Dm to ]2-_m spectral region was

exhaustive and it is believed that no high-transparency window was overlooked.
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Receptor Siting Criteria

Laser receptor siting criteria are far less restrictive than their micro-

wave rectenna counterparts, due primarily to the smaller land area requirement.

Estimates (Reference 43) predict a necessary land area of only a few square

kilometers, roughly two orders of magnitude smaller than necessary for the

microwave rectenna. In addition, siting criteria are less restrictive in terms

of topological acceptability, permitting siting in closer proximity to load

centers and/or existing power transmission lines. Many of the exclusion areas

for receptor siting as listed in Table 3.7-7 are identical to those involved

in microwave-rectenna siting. Because of the proposed power density for laser

transmission (-l-100W/cm2), however, it is unlikely that any site will be

subject to multiple land use.

Table 3.7-7. Receptor Siting Exclusion Areas

Absolute exclusion areas:

Military and DOE reservations
National and state parks
National wildlife preserves
Indian reservations

Lakes and navigable waterways
Off-shore locations
Marshlands

Metropolitan areas
Metropolitan and county airports, including approach corridors
Interstate highways
Preferentially flooded lands
Wild and scenic rivers

Probable exclusion areas:

High-quality agricultural land
Coastal regions, river valleys, and other locations subject

to persistent fog
Topographically unacceptable land

krea of unknown impact:

Migratory pathways of birds

Because the purpose of this research was to bound cogent power-availability

parameters for the various regions of the United States and to develop mitiga-

tion techniques and siting criteria which will diminish the deleterious effects

of inclimate weather, detailed land tract evaluations were not performed.

Furthermore, siting criteria based on projected electrical power demand are

beyond the scope of this study, and no attempt was made to identify planned

transmission line additions or to project future expansion of any grid.

Since detailed statistical meteorological data are required by the power

availability model, the sites selected are identified by their associated

weather station. If the actual site tract is in close proximity to the weather

station, the assumption of identical statistics is usually good for most
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midlatitude climates. For our purposes, sites were chosen which were within

lO0 miles of an existing extra-high-voltage (EHV) transmission line, consist-

ent with the exclusion areas listed in Table 3.6-7. No closely spaced sites

were chosen and attempts were made to distribute the sites throughout the

contiguous United States. Because the layout of the EHV grid is strongly

correlated with existing load-demand centers, the number of sites selected

was not evenly proportioned by geographical region. Difficulties in obtaining

the necessary statistical meteorological data also precluded selection of the

"best" sites for certain geographical regions. However, the number of sites

selected (22) is statistically significant enough so that patterns of expected

performance for the different regions can be gleaned, especially considering

the climatic similarity of many sites within the same region.

Power Availability

Introduction and Sources of Statistical Climatic Data

Introduction

Calculation of the power availability at any given site requires statistical

climatic data in much greater detail than is routinely accumulated by the U.S.

Weather Service for any of their stations. For instance, an extensive model

will require information not only concerning sky covcr but regarding cloud type,

thickness, and frequency of occurrence, which is not available for civilian

stations. In this section, sources of such data are reviewed and their applic-

ability in formulating a power-availability model for space-to-earth laser

powPr transmission is discussed.

Considerable work has been performed in developing empirical global cloud-

cover models and representative theoretical statistical distributions. This

work was motivated principally by earth-viewing space missions, such as NASA's

Skylab program. Although a substantial amount of data was accumulated during

the course of these studies, the various statistical distributions are unsuitable

for modeling space-to-earth power availability for the following reasons. First,

the models are representative uf ....1=L_ea_ and assume homogeneous_ cloud cover

distributions within each region. The earth's surface is divided into 29

regions of different areas, which is too coarse for present purposes. Further-

more, such models give the probability of a specific type of cloud cover within

a 55.6-km diameter circle, which can be quite different from the cloud-cover

probability within the small area typified by a laser beam. Second, only 5 sky

cover categories were employed rather than the customary II categories (0 to

10-tenths sky cover). This lack of detail would hamper our ability to estimate

transmission efficiencies through clouds on the basis of their types and thick-

nesses as statistical functions of cloud cover.

A large number of models exist which relate laser attenuation at a specific

wavelength to the meteorological visibility. These models are suitable only

for horizontal or near-horizontal laser propagation where the beam is attenuated

by haze, fog, or precipitation. Such models are completely useless for space-

to-earth propagation where the most frequently encountered obscurring media
are clouds.
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A three-dimensional nephanalysis program was developed at the Air Force

Global Weather Center (AFGWC) to process the tremendous quantity of satellite-

sensed cloud data and conventionally-sensed meteorological parameters into a

three-dimensional cloud model of the atmosphere. The horizontal resolution

is defined by a grid array projected onto a polar stereographic map; at 60 °

latitude, the distance between grid points is 40 km. The vertical resolution

is defined by 15 atmospheric layers ranging from ground level to 55,000 ft

(16.8 km) above mean sea level. Data available at each point include cloud

amounts, types, maximum tops and minimum bases, the total cloud cover, and

the current weather. Civilian satellites used for such observations include

the Synchronous Meteorological Satellite (SMS)/Geostationary Operational

Environmental Satellite (GEOS) series and the Improved TIROS (ITOS) polar-

orbiting series. These satellites use scanning radiometers with one channel

each of visible and IR data. It is not known whether a statistical data base

exists which incorporates these variables into an analyzed format and which

could be referenced to particular receptor locations.

The most useful climatic data for present purposes are the frequencies

of total sky cover (0 to lO-tenths), which are observational data gathered

at almost all military air bases. The power availability model developed

here considers laser transmission udner two conditions, i.e., when a cloud-

free line-of-sight (CFLOS) exists between the satellite transmitter and the

receptor site and when clouds obscure the beam. The probability of a CFLOS

is a function of the observed frequencies of sky cover and the propagation

zenith angle. Statistical data needed to estimate this probability were

obtained from the work of Lund at the Air Force Geophysics Laboratory. The

transmission efficiency through cloud cover was calculated using three schemes.

The first cloud-cover transmission model gives the worst-case behavior and is

believed to establish a lower bound on the calculated power availability by

assuming zero transmission through all cloud types except for thin cirriform,

middle, and stratiform types. The second model is the best estimate which,

admittedly, represents a large amount of subjective judgment. The third and

most optimistic model assumes considerable transmission through certain cloud

types by virtue of substantial hole boring. These models are believed to

accurately bound the expected performance of space-to-earth laser energy

transmission. The statistical distribution of cloud types is estimated using

Lund's data for midlatitude sites and is a function of total sky cover.

Cloud Transmission Model 1

The first cloud transmission model is the most conservative and is

utilized to establish a lower bound on the calculated power availability. It

is assumed that only thin cirriform, middle, and stratiform clouds are par-

tially transmissive when they are observed at total sky covers less than or

equal to 6 tenths. Furthermore, we are implicitly assuming that the thickness

of these cloud forms increases in a manner directly proportional to sky cover

so that the cloud-form transmission efficiency decreases with increasing sky

cover. Numerically, Model 1 specified (l) zero transmission efficiency for

cumuliform or mixed-form clouds, (2) zero transmission efficiency for all cloud

forms observed at total sky covers greater than 6-tenths, (3) the cirriform

transmission efficiency decreases from 90% to 30% as tile total sky cover

increases from 0 to 6-tenths, in correlation with the lower range of observations
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in Figure 3.7-9, and (4) the transmission efficiency of middle and stratiform

clouds decreases from 40% to 10% and 60% to 20%, respectively, in the same sky

cover range. Also, to account for statistical variations in the persistence

probabilities, Ej values (function of total sky cover and persistence time)

used in Model I were reduced by 8%, consistent with the observational results

of Reference iii and the conservative nature of this model.

Cloud Transmission Model 2

The second model represents the best estimate for cloud transmission under

conditions not involving hole boring. The model is based largely on subjective

judgments and some comments and observations on the sensitivity of the power

availability model to the estimated cloud-form transmission efficiencies will

be presented in a later section. Specifically, Model 2 assumes (I) zero trans-

mission efficiency through cumuliform clouds, (2) the cirriform transmission

efficiency decreases from 90% to 35% as the total sky cover increases from 0

to ;0-tenths, in correlation with the Kuhn-Weickmann curve in Figure 3.7-9,

(3 _ the transmission efficiency of middle and stratiform clouds decreases from

40% to 10% and 60% to 20%, respectively, over the same sky cover limits, and

_4) the transmission efficiency for mixed cloud forms decreases from 30% to 9%

as the total sky cover increases from 0 to 10-tenths. Therefore, compared

with the first model, Model 2 allows partial transmission during certain over-

cast conditions and through mixed cloud forms if they are observed during

periods of lesser sky cover. Cumuliform clouds are again assumed to be com-

pletely opaque.

Cloud Transmission Model 3

To complete the power-availability model, a third cloud transmission model

is proposed which assumes substantial penetration of certain cloud types by

hole boring. From an environmental and safety standpoint, the maximum CW

laser intensity is probably limited to 100-200 W/cm . For ll-_m operation,

therefore, all fogs, cirriform clouds with D ! 0.005 g/cm 2, middle clouds with

! 0.02 g/cm 2, and stratiform clouds with _ < 0.03 g/cm 2 can be bored at these

iLttensities. All cum1_]{form cloud types and nimbostratus clouds are impenetrable

except with weapon-quality (I > 1 kW/cm z) beams. Although the eilvironmenta!

consequences of laser-power transmission at these intensities are probably

negligible, the transmission air-zone associated with each receptor must be

restricted to all aircraft due to potential ocular hazards posed by the

randomly-pointing and highly-reflective aluminum aircraft skins.

For 2-_m operation, however, substantially higher CW intensities are

necessary to affect hole boring because the aerosol absorption coefficient

(8a) is much smaller at 2 _m than at |I _m. A potentially viable and attrac-

tive solution is to combine CW laser-power transmission with pulsed laser hole

boring. At I ~ l0 s W/cm 2, the internal heat generation in an aerosol droplet

is so violent that shock waves form which explosively shatter the droplet.

Thus, a train of intense, short-duration pulses can be superimposed on the

main CW beam allowing a reduction in average power density. A repetitively

pulsed laser producing - ]00 pulses/sec with a pulsewidth - I _sec and an

energy density - 0.] J/cm 2 gives an average power density ~ I0 W/cm 2. Now

if the CW power-transmission component is reduced to I ~ 1-10 W/cm 2, the
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ocular hazards from quasi-specular reflection are greatly reduced and the

transmission air zone would no longer be restricted to aircraft. Note that

the pulse train can be turned off for clear periods and that the relative

power densities of the beam components can be adjusted according to prevail-

ing meteorological conditions to maintain a constant total average power

density at the receptor. More theoretical and experimental research is needed

to demonstrate the feasibility of this technique since the laser parameters

suggested here are only rough estimates.

Numerically, the third cloud transmission model assumes (1) zero trans-

mission efficiency for cumuliform clouds, (2) the transmission efficiency for

cirriform and middle clouds decreases from 95% to 80% as the total sky cover

increases from 0 to ;O-tenths, i.e., 5% to 20% of the transmitted power is

lost to aerosol vaporization, (3) the transmission efficiency for stratiform

clouds decreases from 90% to 60% over the same sky-cover range, and (4) for

mixed cloud forms, the transmission efficiency decreases from 80% to 30% as

the total sky cover increases from 0 to 8-tenths; overcast conditions (9-10

tenths sky cover) with mixed-form clouds are impenetrable. Also, to account

for statistical variations in the persistence probabilities, Ej values used in

model 3 were increased by 9%, consistent with the observational results of

Reference 111 and the optimistic nature of the model.

The weighted cloud transmissivity for a given sky cover is calculated by

multiplying the probability of occurrence of a cloud form if a cloud is present

by the respective transmission efficiency and summing over all cloud-form

categories. A partial listing using this procedure is shown in Figure 3.7-8,

where the occurrence probabilities of the various cloud forms as a function of

sky cover were inferred from data of Reference 112. These data are observational

results for Columbia, Missouri, although it was suggested that they can be

generalized to other continental midlatitude sites without substantial error.

Occurrence probabilities for each site should be used but, as discussed pre-

viously, such statistical data are not routinely available. Histograms of the

weighted cloud transmissivity Tj as a function of total sky cover j for the

three models are shown in Figure 3.7-11.

Statistical_Results and Analysis

Statistical calculations of the seasonal and annual power availabilities,

transmission frequencies, and persistence frequencies were performed for each

of the sites designated in Table 3.7-9. The results clearly demonstrate the

marked influence meteorological conditions have on laser propagation. Indeed,

operational procedures and siting criteria must be much different for power

transmission employing laser radiation rather than microwaves. This analysis

leads to a reformulation of these requirements so that laser power transmission

can achieve power-availability levels at the commercial grid equivalent to

those for the microwave-SPS concept and conventional electric-power plants.

This performance is believed to be feasible within constraints imposed by

safety and environmental considerations.

A comparison of the annual power availability for the various U.S. regions

is shown in Figure 3.7-]2. The low end of the range corresponds to average

results for Model |, while the high end corresponds to the improved conditions
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Table 3.7-8. Calculation of Weighted Cloud

Transmissivities (Partial)

Sky cover,

tenths Category

0 Clrrlform
Riddle

Cumuliform
Stratlfom

Mixed

I Clrrlform

Middle
Cumuliform

Stratiform

Mixed

2 Ctrrtform
Middle
Cumultform
Stratlform

Mixed

3 Clrrlfom

Middle

Cumuliform
Stratiform
Mixed

Cloud-form

Transmission efficiency for model:
"Probability of occurrence

if cloud is present* ' 1 2 3

0.31 0.90 0.90 0.% "_
0.14 0.40 0.40 0.95
0.40 0.00 0.00 0.00
0.10 0.60 0.60 0.90
0.05 0.00 0.30 0.80

0.47 0.60 0.80 0.95 "_
0.0g 0.40 0.40 0.95
0.28 0.00 0.00 0.00
0.09 0.60 0.60 0.90
0.07 0.00 0.30 0.80

0.37 0.50 0.70 0.95
0.06 0.20 0.40 0.95
0.30 0.00 0.00 0.00
0.04 0.40 0.60 0.90
0.23 0.00 0.30 0.80

0.38 0.45 0.60 0.90 "t
0.06 0.20 0.40 0.90
0.30 0.00 0.00 0.00
0.10 0.40 0.60 0.80
0.16 0.00 0.30 0.60

Weighted cloud
transmtssivity, x

Model

1 2 3

0.40 0.41 0.56

0.37 0.49 0.67

0.21 0.38 0.63

0.22 0.36 0.57

1,0

O.8
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Figure 3.7-11. Cloud Transmissivity Models

affected by hole boring (Model 3). Average results for Model 2 usually fall

close to the low end of the range and are only slightly better than for Model I.

Seasonal variations for all models are highly region-dependent, as would be

expected intuitively, and are often pronounced. Hole boring affords an improve-

ment in the annual power availability of from 9% to 33% compared with Model 2;

significantly larger improvements are not possible without utilizing weapon-

quality beams. Seasonal improvements can exceed 50%.
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Table 3.7-9. Receptor Sites and Associated Sources

of Statistical Climatological Data

Geographical region Site number Weather station

Southeast SE-I Huntsville, Alabama
SE-2 MacDill AFB (Tampa), Florida

SE-3 Dobbins AFB (Marietta), Georgia
SE-4 Columbus AFB, Mississippi

SE-S Fort Bragg (Fayetteville),
North Carolina

South Central SC-I Little Rock AFB, Arkansas

SC-2 Barksdale AFB (Shreveport),
Louisiana

SC-3 Kirtland AFB (Albuquerque),
New Mexico

SC-4 Sheppard AFB (Wichita Falls),

Texas
SC-5 Connally AFB (Waco), Texas

Southwest SW-I Luke AFB (Phoenix), Arizona
SW-2 McClellan AFB (Sacramento),

California

SW-3 Nellis AFB (Las Vegas), Nevada

Atlantic AT-I Griffis AFB (Rome), New York

AT-2 Quantico, Virginia

New England NE-I Pease AFB (Portsmouth), New
Hampshire

Midwest MW-I Chanute AFB (Rantoul), Illinois

MW-2 Wright-Patterson AFB (Dayton),
Ohio

Central CN-I Whiteman AFB, Missouri

North Central NC-I Ellsworth AFB (Rapid City),
South Dakota

NC-2 Hill AFB (Ogden), Utah

Nortt;west NW-I Fort Lewis (Gray), Washington

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::Northwest (')

Iiii::::ii::::iiiiii::iii::i::i::iii::::ii::::!iii::i::i::i::_::ii!i!iAtlantic(2)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::Ne.Enq,o.d(,)

[iii::i::i::i::i::iii::i::i::i:-iiiii::i::i::iii:i::iillsou, os,(,)

l::i::i::iiiiiiii::::::::iiiiiiiii::ii!::iii::!::ii!i_North Cento, (2)

iiiiiii::!::iiiii::i::i!i::i:Ji::i::i::iii::i::i::i::lCentral (')

 iiii::iiiii::iiiii::!ii::iiiiiiiii:i::i] uthcen.,(5)

_ Southmt (3)
I I

0.2 0.3 0.4 0.5 0.6 0.7 0,8 0.9

Power Availability (P)

( ) = NUMBER OE SITES ANALYZED IN TIlE REGION

Figure 3.7-]2. Annual Power Availability for Various

U.S. Regions
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Differences in the prevailing meteorological conditions within the regions

are more readily apparent when transmission frequencies are compared, as in

Figure 3.7-13. The poor performance of sites in the northwest, Atlantic, mid-

west, and New England regions is particularly noticeable. Only sites in the

southwest region offer a power availability in excess of 80% and a frequency

for acceptable transmission efficiency (T _ 0.80) are suitable for commercial

interest. To remedy this situation, it is obvious that the laser-SPS concept

must rely upon multiple receptor sites for each transmitted beam and further-

more, rapid-switching capability is essential.

_ N_west (I)

_ _lantic (2)

_ Midwest (2)

0.2 0.3

Figure 3.7-;3.

Efficiency for _80% for Various U.S. Regions

_New England (I)

_ Southeast(5)

_ North Central (2]

_ Central (I)

_ SouthCentral (5)

_ _west (3)

I I I I I I
04 0.5 0.6 0.7 0.8 09

Frequencyfor T -_0.8

Annual Frequency for Transmission

Conclusions and Recommendations

This study has examined potential mitigation techniques which can minimize

the deleterious effects of inclimate weather on space-to-earth power trans-

mission using lasers. The invesLigation has considered the choice of laser

wavelength, propagation zenith angle, receptor-site elevation, and the poten-

tial of laser hole boring. An extensive series of propagation calculations

have been performed to estimate the attenuation due to molecular absorption

and aerosol absorption and scattering. All commonly encountered meteorological

conditions have been modeled, including haze, fog, clouds, rain and snow, and

compared with observational data when available.

Using these mitigation techniques as guidelines, preliminary receptor

siting criteria were defined and 22 candidate sites in the continguous U.S.

were selected for detailed study. A power availability model has been developed

which uses statistical meteorological data for each site to calculate the annual

and seasonal power availability (average transmission efficiency assuming con-

stant power beaming) and the frequency for which the transmission efficiency

exceeds a given value for a specified persistence time. The results of this

work enable us to redefine siting criteria and laser parameters such that the

power availability is comparable to the microwave-SPS concept or to conventional

electric-power plants.
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Specific conclusions of this research are as follows:

• At high elevations, atmospheric transmission windows in the wavelength

region around l] _m provide the best combined propagation efficiency

considering both molecular absorption and aerosol extinction. At low

elevations, laser operation at a wavelength near 2.25 _m is preferable.

• If the laser wavelength is properly optimized, operating at a propaga-

tion zenith angle of 0 ° instead of 50 ° does not afford a significant

improvement in the power availability and cannot be justified in terms

of the increased cost and complexity of the required space hardware.

• High-elevation receptor sites are desirable although not essential to

the laser-SPS concept because of the reduction in attenuation due to

haze and molecular absorption.

• Laser hole boring at % _ |I _m through certain types of haze, fogs, and

clouds may be possible consistent with safety and environmental concerns

and without the need for weapon-quality laser beams; in particular, all

but the thickest cirriform and middle clouds and all stratiform clouds

with the exception of nimbostratus can be penetrated with power densities

of 100-200 W/cm 2. All other cloud types will require substantially higher

ower densities for penetration, which is unacceptable given the present

safety margins.

• At % = 2 _m, hole boring is only feasible using combined repetitively-

pulsed/CW operation; this mode of operation may be preferable, however,

since the average power density can be reduced to allow unrestricted

transmission air-zone access.

• Power availabilities in excess of 80% are unattainable in most geograph-

ical regions of the United States if only a single receptor site is

available for each transmitted laser beam (the exception is the south-

western United States).

• If an 80% frequency for the transmission efficiency to equal or exceed

80% is defined as the minimum requirement for commercial viability of

the laser-SPS concept, then three receptor sites separated by a

centroid radius of from 200 to 300 miles must be available for each

transmitted laser beam for most regions of the United States; for the

southwest region, however, only two sites separated by as little as

200 miles will be sufficient.

• The average persistence time, during which the prevailing meteorological

conditions allow a high transmission efficiency, is considerably shorter

than 8 hours at many sites, so that any viable laser-SPS concept must

be capable of frequent beam switching between sites with a minimum of

downtime.

• Under the aforementioned circumstances, thermodynamic laser-energy

conversion schemes may be unsuitable because of the long start-up

times required by rotating turbomachinery.
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Therefore, the laser-SPS concept must be based on the availability of mul-

tiple sites for each transmitted beam, accompanied by frequent beam-switching

between sites. Obviously, this operational scenario is considerably different

from that envisioned for the microwave-SPS concept, and the economic and

engineering viability of the multiple-site concept must be further evaluated.

Superficially, it seems that the smaller land area required for each laser-

receptor site will outweigh the additional cost of three times the number of

sites and their associated hardware when compared with the microwave-SPS con-

cept. An evaluation of the effects of frequent beam switching will require an

analysis of the dynamic response of the electric-power grid. Additional recom-

mendations of needed research include:

• Examination of potential short-wavelength transmission windows

for aerosols

• Further theoretical and experimental research on combined

repetitively pulsed/CW laser hole boring.

• Development of efficient laser-energy conversion schemes not

based on thermal cycles

" Development of a joint power-availability model for multiple sites

including more sophisticated statistical cloud-cover models and the

statistical effects of frontal passage over multiple-site clusters.

3.7.2 ADVANCED LASER CONCEPTS

7ntroduction

Although laser power transmission has the advantages of negligible envir-

onmental damage and small land requirements associated with the receptor sites

(Reference 113). meteorological conditions influence the transmission effici-

ency to a much greater extent than with microwaves, and no viable and substan-

tiated laser concept exists which can compete with the microwave concept in

terms of overall efficiency and specific mass (mass per unit of radiated power).

The specific ma_s is of crucial importance because of the large cost of space

transportation to high earth orbit. The influence of meteorological conditions

on laser beam propagation is investigated in detail in Reference 114; the pres-

ent study is concerned with a limited examination of advanced laser systems

for the Satellite Power System (SPS).

Laser SPS systems can be classified according to the method of solar power

conversion and the type of laser. Specifically, the following combinations

appear possible and have been investigated to various extents.

Solar-Power Conversion

Photovol t_Ic
Photovol t_Ic
Photovol taic
Thermal
Thermal
Thermal
Thermal
Thermal

Quantum
Quantum

Laser Type

Electric-Discharge Laser
Chemical
Free-Electron Laser

Electric-Discharge Laser
Chemical
Free-Electron Laser

Gas-Dynamic Laser
Optically Pumped Laser
Optically Pumped Laser
Free-Electron Laser
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The conversion efficiency of solar cells is !20%, and huge collector areas,

often with solar concentrators, are required to achieve the desired power out-

put. Thermal conversion is limited by the thermodynamic efficiency of the

respective cycle. The high temperatures and exotic working fluids required for

high-efficiency operation may pose problems with system reliability. Further-

more, large-area space radiators are necessary to dispose of waste heat, thus

adding to the satellite specific mass.

Quantum conversion relies upon excitation of discrete states in atomic or

molecular systems via the solar flux. The conversion efficiency depends upon

the fraction and wavelength interval of the solar spectrum which affect excita-

tion and the portion of the excited-state energy which is consumed in the ]asing

process. Solar concentration undoubtedly will be needed; to limit undue heating,

the concentrators can be optically coated to pass that portion of the solar

spectrum which is unusable and to reflect the useful portion into the lasing

medium.

A detailed investigation of all of the laser systems listed above is not

possible in conjunction with this limited study. Comparisons of some of the

various possibilities were performed (Reference 115), although the work was far

from exhaustive. Several candidate lasing schemes were examined, employing

quantum conversion of the solar flux and optical pumping, i.e., "direct" solar

pumped lasers. In particular, investigation was made of optically pumped

lasers employing electronic-vibrational energy transfer to triatomic molecules,

atomic tra1_sitions in alkali metals, and atomic transitions in vapor-complex

rare-earth-lanthanide ions.

Photoexcited E-V Transfer Lasers

Electronic-vibrational (E-V) transfer lasers operate by near-resonant

energy transfer from an electronically excited atom (donor) to the lasing

molecule (acceptor). The laser transition occurs between vibrational-rotational

levels in the acceptor molecule. Two electronically excited atomic species

which can be readily produced by optical pumping have been investigated and

sho_1 to achieve lasing in a number of molecular systems (References 116 and 117),

namely, I(52P½) and Br(42P½). I(52p_) and Br(42p_) are optically metastable,

spin-orbit excited states with energies 7603 cm- and 3685 cm- above ground

state. For solar photoexcitation, photodissociation of bromide compounds is

preferred because a better spectral match exists between absorption features

and the solar spectrum. Approximately 24% of the solar spectrum is useful in

producing excited Br atoms, whereas only about 1% of the solar spectrum can

produce excited I atoms since the photodissociation continuum lies in the soft-

ultraviolet spectral region. Furthermore, if Br2 is used as the photolytic

source of excited Br atoms, then self-rejuvination of the working gases will

occur via recombination of ground-state Br atoms. Unfortunately, 12 cannot be

used as a photolytic source of excited I atoms since this molecule itself is

the strongest quenching agent known. Other iodide compounds can be used,

e.g., the perfluoroalkyl iodides, but the kinetics are more complicated and

secondary byproducts quickly accumulate during the lasing process (Reference 118).

Complex chemical processing of the lasing gas mixture is required to rejuvenate

the original iodide compound (Reference 119).
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To attain maximum laser efficiency, E-V energy transfer should be specific

to the vibrational mode of the upper laser level. Energy transfer to competing

modes should be avoided by selection of an appropriate acceptor molecule. The

energy levels of several acceptor molecules made to lase in a Br(42P½) E-V

transfer laser are shown in Figure 3.7-14, and Table 3.7-10 lists observed

transitions. Energy transfer to N20, for example, involves levels (140) and

(i01) resulting in several kinetic paths for energy flow. Lasing on transi-

tions in the 001+i00 band has been observed, but complete energy channeling

into the upper-level vibrational mode is impossible. For space-to-earth laser

propagation, multiline laser operation characteristic of the heteronuclear

diatomic molecules is undesirable because of beam focusing and pointing diffi-

culties and transmission inefficiencies. If atmospheric transmission effici-

ency is also considered, only two of the molecular species listed in Table 3.7-10

remain as potentially viable candidates for a direct solar-pumped E-V transfer

laser, namely, HCN (001+010) with % = ii _m. Because kinetic data are readily

available for the CO2 system, this laser was chosen for detailed modeling.
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Figure 3.7-14.

NzO HCN C_ z

(Reference 116)

Molecular Energy Levels and Br(42p_)

Excited State-Energy

The lasing scheme is shown energetically in Figure 3.7-15. Optical pump-

ing produces bromine atoms in both the excited 42P½ and ground 42P3/2 states.

Collisions of excited Br atoms with C02 molecules in the ground state produce

vibrational excitation of the (i01) level which relaxes almost immediately

into the (001) level via rapid intramode vibrational-vibrational (VV) processes.

Stimulated emission (lasing) occurs between the asymmetric stretch (001) level

and the symmetric stretch (i00) level. Rapid intermode VV relaxation occurs

between the (i00) and (020) levels and, finally, the bending mode relaxes to

the ground (000) state via vibrational-translational (VT) collisions. Because

of the close proximity of the (010) level of the bending mode to the ground

state, it is important that a buffer gas (e.g., He) be provided to affect
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Table 3.7-10. E-V Laser Transitions Pumped by Br(42p_)

Molecule

CO2

Approximate
Transition wavelength, pm Reference

I01+I00 4.3 116,120,121,

001+020 9.6 122,127

001+I00 10.6

lOl+011 14.1

C2H 2 OOlO0-_)1000 (?) 7-8 ll6

HBr v=l-_O 3.9-4.2

(DBr) (v=l+0) (5.4-5.7)

122

HCI v=l-_,O 3.5-3.8 122,123

(DCl) (v=l+0) (4.8-5.1)

N20 OOl+l O0 l0.9 I16,124

HF v=l-_O 2.6-3.1

(DF) (v=l+0) (3.5-4.0)

125

HCN 001+010 3.85 116,126

001+I00 8.48

H20 020+010 7. 1-7.7 124,126

NO v=2-_l 5.5 124

Deuterated analogs are shown even though lasing with these
has not been attempted.

molecules
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Figure 3.7-15. Br*-13C1602 Solar-Pumped E-V Transfer Laser

col!isional depopulation. Furthermore, the gas-kinetic temperature T cannot

exceed approximately 400°K, otherwise significant therm_! population of the

(010) level will occur with subsequent "bottle-necking" of the laser inversion.

Ground-state Br atoms recombine to form molecular bromine and the photoexcita-

tion process can then be repeated.

Even with large solar concentration ratios, the stored power density in

the E-V lasing mode is several orders of magnitude smaller than obtained with

electrical (gas-discharge) excitation, as shown in Figure 3.7-16. The extract-

able power density is less than Q_ because of optical losses and limitations on

depopulation of the lower laser level imposed by VV equilibrium to the bending

mode and subsequent VT relaxation. The thermal power density due to nonproduc-

tive photoabsorption processes, Qth, is 45 times greater than Q% if wavelength-

selective solar concentrators are employed and 130 times greater if the full

solar spectrum is used. Since this is only one source of thermal power, waste-

heat management is a critical issue with this type of laser.
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For a 100-MW laser based on this concept, we estimate that the necessary

solar collection area will exceed that required by the 5-GW baseline photo-

electric/microwave concept. The shortcomings of this lasing scheme are easily

isolated by examination of photon economics and energetics. Under best condi-

tions, only 34% of the absorbed solar photons produce excitation of the upper

laser level. One absorbed solar photon of average energy 2.6 eV produces one

0.457-eV Br* atom which liberates "1/2" (f = 0.50) laser photon having an

energy of only 0.112 eV, representing a loss of almost all of the original

photon's energy to heat. To improve this situation, the upper-level energy of

the lasing molecule should be in close proximity to the Br* energy (3685 cm-1),

the Br* deactivation rate coefficient (kl) should be large, accompanied by

efficient branching to the E-V transfer reaction (f_l), and the lower-level

lasing energy should be as close to the ground state as possible. In this

connection, the 001÷010 transition in HCN may be a better choice than 13C1602.

As sho_1 in Figure 3.7-]7, the probability of Br* quenching per collision

within an HCN molecuLe is better than with many other hydrides and the branch-

ing fraction is large (f_0.9). The HCN laser, like thel3Cl602 laser, cannot

operate at high temperatures so waste heat disposal is still a major problem.
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Optically Pumped Alkali-Metal Atomic-Transition Lasers

Golger et al. (Reference 130) recently proposed a scheme for direct solar

pumping of an atomic-transition alkali-metal laser. Their calculations esti-

mate that an extractable laser power of =7 kW is obtainable from a 0.4xO.ix25m 3

volume using a solar concentration ratio of 20 and a gas mixture consisting of

cesium vapor and xenon gas. Operations at a temperature of 650OK gives a ces-

ium dimer (Cs2) concentration ~i0 ]5 cm 3. Absorption of part of the incident

solar flux produces excited cesium molecules (CS_) in the AI%_ state:

Cs2(XIE_) + h_pump(445-523 nm) ÷Cs_(AIE_)

Collision induced dissociation then produces one Cs atom in the upper laser

level (72S½) and one Cs atom in the ground state (62S½):

Cs_ + Xe ÷ Cs(72S½) + Cs(62S½) + Xe
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Stimulated emission is then possible between the 7S and 6P states:

Cs(72S1/2 ) _ Cs(62Pl/2) + h_laser(1358.9 nm)

+ Cs(62P3/2) + hUlaser(1469.5 nm)

The lower lasing level [Cs(62P1/2,3/2) ] cannot be depopulated radiatively

because these are the resonant states and optical emission will not escape the

medium efficiently. Instead, operation at high buffer gas pressure promotes

formation of the rare-gas excimer CsRg:

Cs(62Pl/2,3/2 ) + Xe + CsXe*(1'2)

[T ~ l _sec removal rate at Pxe = 30 aim]

Radiative de-excitation is followed immediately by dissociation of the repulsive

ground state; this optical emission is not absorbed by the medium:

CsXe*(1'2) + CsXe + hVl, 2 + Cs + Xe

The atmospheric transmission efficiencies of both wavelengths emitted by

this laser, however, are very poor. Analogous kinetic schemes for the other

alkali-metal atoms were examined to determine if more favorable transitions

exist, as listed in Table 3.7-11. Operation with Li, Na, or K will be diffi-

cult because of the temperatures required to maintain the necessary vapor

pressures and because excitation of the X*A transition requires ultraviolet

light. The Rb line at 1.3237 Dm may yield a viable alternative. Detailed

kinetic modeling will be necessary to establish the operating parameters of

this system, and atmospheric propagation calculations are needed to quantitize

the transmission efficiency.

Rare-Earth Vapor-Complex Lasers

Lasing on various electronic states in rare-earth, actinide, and transi-

tion metal ions held in an insulating crystal host is well known and highly

documented. More recently, the trivalent rare-earth lanthanides have been

investigated (References 131-135). In an effort to develop flowing gas lasers

having superior performance compared with their solid-state counterparts. In

particular, high average-power operation is possible if waste heat can be

removed in a flow cycle, and the stringent system constraints dictated by non-

linear optical properties of the solid-state host can be relaxed.

Gaseous trivalent rare earths (RE 3+) which have been investigated include

two component transition meta]-trihalide molecular complexes (e.g., REC13-(AICI3) x]

that are generated thermochemically (References 131-134) and RE(thd) 3 chelates

(Reference 135). Tile former complexes require an operating temperature of 800°K

to achieve an RE 3+ concentration of about 5×1017 ions/cm3; by contrast, the RE(thd)_
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Table 3.7-11. Alkali-Metal Atomic Transitions Pumped by

Photodissociation of Alkali Dimer States

Tra nsmtss ton

Atom Transition v, cm-1 ;k, _m Efficiency*

3251/2 "_22P1/2 ] 2302.5 0.8l 28 excellent

J " 22P3/2 12302.1 0.8129 excel lent

Na 4251/2 ÷32P1/2 8783.7 1.1385 very poor

"_32P3/2 8766.5 1.1407 poor

K 5251/2 -,42P112 8041.6 1.2435 excellent

-*42P3/2 7983.9 1.2525 fai r

lib 625l/2 ÷ 52P1/2 7554.6 1.3237 fair

-_52P3/2 7317.0 1.3667 very poor

Cs 7251/2 +62P1/2 7358.9 1.3589 very poor

+62P3/2 6805.0 1.4695 very poor

*Estimated based on the HITRANspectral curves given in R. A. McClatchey
and J. E. A. Selby, "Atmospheric attenuation of laser radiation from
0.76 to 31.25 pm," AFCRL-TR-740003 (!q74); excellent -- >95Z,
fair -- 50-90_, poor -- <10¢, very poor -- =0_ (attenuation du_
molecular absorption only).

chelates (2,2,6,6-tetramethyl-3,5-heptanedione) have a signiiicantly higher

vapor pressure and permit a low operating temperature, i.e., i0 torr at about

230°C. Furthermore, the RE(thd) 3 chelates are thermally stable and optically

resilient so that proiouged operation appears feasible (Reference 135). To

date, only neodymium (Nd3+) and terbium (Tb 3+) complexes iasing at 1.06 Um and

0.545 Dm, respectively have been studied. Collisional deactivation rates and

radiative lifetimes are suitable for pulsed operation with possible laser-

fusion applications.

CW operation of other rare-earth vapor complexes may be possible using

other lasing ions having transition wavelengths more suited to efficient

atmospheric propagation. Numerous possibilities exist, as illustrated by the

transitions shown in Figures 3.7-18 and 3.7-19. In particular, the

Dy2+(517+518) transition at 2.06 Dm, and the Er3+(4113/2+4115/2) transition

at 1.62 _m are interesting possibilities. It remains to be determined if

their radiative lifetimes are sufficiently long and their collisional deacti-

vation rates are sufficiently small to permit cw operation. All of these ions

have strong absorption structure in the visible and near infrared so that

pumping via concentrated solar radiation may be possible. The kinetics of

each lasing compound must be examined in detail to determine if direct solar

pumped laser operation is feasible.
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Conclusions and Recommendations

Photoexcited E-V transfer lasers, optically pumped alkali-metal atomic-

transition lasers, and rare-earth vapor-complex lasers have been discussed as

potential candidates for direct solar excitation and application to the SPS

concept. The Br*-I3cI602 E-V transfer laser, which was kinetically modeled in

some detail, is not a viable concept because of its small lasing mode power

density and large thermal-energy generation rate. The Br*-HCN laser is a

better candidate, although the problems associated with waste-heat management

may be insurmountable. In particular, E-V lasers using molecules such as CO 2

and HCN must operate at low temperature (<400°K), requiring waste-heat radia-

tors with large areas. The optically pumped atomic-transition Rb laser and

various (Dy 2+, Ho 3+, Er 3+) rare-earth vapor-complex lasers were also identified

as potential SPS candidates, although detailed modeling was not performed.

Kinetic data for various radiative and collisional processes are unknown for

many of the excited states of interest and further experimental research is

warranted. Sufficient information exists, however, to determine if direct

solar pumping is feasible and if the laser operating parameters are appropri-

ate for the SPS.

A number of additional laser candidates exist which were not considered

in this study. Because the viability of the overall laser-SPS concept hinges

on finding a suitable advanced laser system capable of achieving a satellite

specific mass ! 5 kg/kW (Reference 113), further research is needed to adequately

model both the Rb atomic-transition laser and the rare-earth vapor-complex

lasers as well as all other potentially viable laser schemes involving direct

pumping.
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