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1 INTRODUCTION

1.1 FUTURE COMMUNICATIONS SYSTEM SATELLITE REQUIREMENTS

Increasing satellite communicutions traffic has led to an increased use cf
the millimetri¢ portion of the electromagnetic spectrum, Advanced communi-
cation satellites will require high performance millimeter-wave antenna sys-
tems capable of multiple beams, polarization diversity, adaptive beamform-
iny, agile hopped beaums, and recontlgurable shaped geographic coverage.
Phased array fed reflector systems will satisfy these needs, but historically
the cost of the phased array development hkas been prohibited, because of
the large number of hybrid circuits and components required. However,
recent advances in monolithic circuits make such s communications systam
technologicilly and economically feasible. Monolithic microwave integrated
circuits (MMICs) operating at milimeter wave frequenices are in the eurly
stages of deveiopinent, and they must be upgraded to fully realize the
advantages that phased array systems offer. When the technology is ms-
ture, it will provide lightweight, low-cost, highly reproducible, and high
performance replacements for the currently available discrete circuits.

Forecasting studies have projected a growth in long-haul communijcations
traffic by a factor of five between the years 1980 and 2000. This increase in
traffic will result from hoth an expansion of services provided and from an
expanded uscr population. Expanded sevices will inelude telephone, video
teleconferencing, electronic mail, point-of-sale and electronic fund transfer,
and other data services. The increase in users will occur principally in the
government, large business, hospital, and educational scctors, and to a
lesser extent will take place in small businesses and private homes. (Video
services and certain data services can require very high data rates: e.g.
several million bits per second.)

In the near term, the increasing traffic will be handled by the C- and
Ku-band satellite systems. However, 12 of the 15 allocations for telecom-
munications at C-band are already committed or planned. Similarly, 10 of
the 15 allocations at Ku-band are committed or planned. Allccations in both
bands are for a 500 MHz bandwidth.

The millimeter-wave allocations include 24 prime slots availahle at 30/20
GHz with a bandwidth of 2500 MHz for telecommunications and 24 prime slots
at 40/30 GHz with a8 bandwidth of 1000 MHz for TV broadcast. Based on the
increase in traffic and the saturation of the C- and Ku-band satellite sys-
tems, it is projected that communications satellites operating in the milli-
meter-wave band will supply 20 to 40 percent of the total long haul commun-
ications traffic by the year 2000.

Specialized anterna designs must be used if the satellite communications
system is to use the available frequency spectrum efficiently. Dual-reflector
or single-reflector -rtennas with array feed systems are generally required.
These antenna designs conserve spectrum through the use of electronic
scan, multiple beams, and/or shaped heams.
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Multiple-beam antennas conserve spectrum by allowing frequency re-use;
they use beam directivity to provide channc’ isolation between geographically
separated terminals on the same frequency. Rapid electronic scanning can
be used to conserve spectrum by using the electronic scan to accomplish
time division multiple access (TDMA). In addition to being required to
implement such antenna designs, array feeds can be used to null out inter-
ference or jamming in a communications system. The basic building block of
array feeds is the ari'uy module. [n general, the array module must provide
both phase and amplitude control of the communications signal,

Decisive technical factors driv 2 the implementation of these array modules
to MMIC form. For example, the high reliability afforded by the MMIC
process uniformity and repeatability is a major asset in satellite applications.
Also, the low power drain afforded by MMIC circuits is another major ad-
vantage in satellite systems. The extremely small size of millimeter-wave
circuits particularly suits them to MMIC implementation, since the module
size becomes too small for operator-oriented fabrication und assembly pro-
cesses. In addition, MMIC technelogy can also provide weight and cost
udvantayges in systems in which large numbers of modules are involved.

Furthermore, MMIC implementation at millimeter wave frequencies pro-
vides module performance advantages. The extremely small circuit sizes
allow undesireable parasitics to be minimized, which results in broader band
and less dispersion. Such performance considerations are important in
wideband data communications systems, in which phase linearity and uniform
group delay is important. Phase linearity is required for TDMA carrier
recovery. Group deluy variations must be minimal since such variations
increase inter-symbol interference and result in an effective signal loss
and/or an increase in the bit-error probability. The small size attajnable
with MMIC modules can also provide lower insertion loss, improved noise-
figure, and the suppression of module package RF resonances.

The development of new technologies are necessary for a wideband 20/30
GHz system. Such a system must have the following performance charac-
teristics:

e High degree of matching between predicted traffic density distribution
and system communication capability.

e Efficiency in its use of the available bandwidth allocation.
e High link fidelity

e Flexibility of operation in the presence of changing traffic, propaga-
tion, and pointing error conditions.

o High reliability

These goals translate into two antenna system requirements:
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l. Capability of providing high peak gain, high C/I, and large channel
capacity to major communications centers (fixed benng)

2, Capability of providing high contour gain, high C/I, and vurinble
channel capacity to the rest of the 48 states (scanning beams)

The thrust of this contract hus bheen to investigate and develop the
application of MMIC receive nmodules to phase array feed technology. ‘T'he
study included such considerations as:

° MMIC's

-~ Mountin;r of the modules to the beam comblining network

- RF and IF transitions to the module

= DC and loglc interfaces with the module

- Distribution of L0 power to the module

- Feed element design that trkes fullest advantage of module
capabilities

~ Dissgipation of thermal energy

o Beam Combining Network

- lLoss

- Weight

- Maintaining effective noise figure

- Inherent graceful dogradation

- Low sidelohes

- Wide angle scan

- Exploitation of distributed rceceiver with MMICs

- LElectrical limitations imposed by availnble prime power fron thae
satellite

o Feed Elemeant

Mutual coupling effects

Efficient iltumination of the subreflector
- Low cross-polarized component
Bandwidth

] Optics Design

- Shapes of reflectors

- Size of reflectors

- Impact of module phasc granularity

- Impact of module amplitude granularity
- Wide sngle secan

- Impect of module to module variation

= Grating lobe suppression

- Sideiohe level

- Cross polarization suppression



-

o Satellite

- Packaging of antennua system on the sutellite
- Shuttle compatihility of the aystem
- Thermal environment of in-plare satellite

Each of these will be discussed in greater detail in the following sections.
1.2 CONFIGURATION STUDY SPECIFICATIONS/REQUIREMENTS

The purpose of this section is to review the overall antenna system
requirements for both the multi-beam -1d scanning beam systems, During
this study, the multi-beam and scanning beam systems have been considered
separately, although, the two functions may eventually be combined into one
antenna system.

The objective requiremaents for the system configurations are shown in
Table 1. While the optical configuration was an important part of this con-
tract, the greatest emphasis was placed on the application of the monolithic
receive modules to the receiving array desipgn.

TARLE 1. OBJECTIVE REQUIREMENTS FOR MULT{-BEAM AN!) SCANNING
BEAM ANTENNA

Beam Configuratiim Multi-Beam Scanning Beam
Antenna Size ___Shuttle Compatible __
Operation Frequency

Range (GHz) ~-Uplink 27.5 - 30.0 27.5 - 30.0
Number of Beams -Operational 10 - 18 6
Minimum Gain (dB) -30 GHz 56 53
Bandwidth (MHz) -30 GHz 2500 2500
Polarization Linear Linear

C/1 Performance (dB) ! 30 30
Pointing Accuracy - E &} Plane 0.02 0.02
{degrees) Polarization 0.4 0.4

1 Carrier to interfercnce ratio for each beam relative to all other beams
|

3 '

The general requirements consider the antenna system to be an integral
part of a spacecraft launched using the shuttle space transport system, and
to he operated at synchronuous altitude at a position of 160° + 5° west longi~
tude and 0° latitude. The spacecraft bus on which the antenna system is
mounted is sssumed to be three axis stabhilized.
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The objective requirements for the muitiple fixed beam antenna include a
ten (10) beam and an eighteen (18) beam concept with fixed beams positioned
on the cities specified in Table 2,

TABLE 2. MULTIPLE FIXED BEAM ANTENNA COVERAGE

Ten-City Coverage

Eighteen-City Coverage

I New York City 1 New York City

2 Washington, NC 2 Washington, DC

3 San Francisco, CA 3 San Francisco, CA
4 Chicago, IL 4 Chleago, IL

5 Los Angeles, CA 5 Los Angeles, CA
6 Denver, CO 6 Denver, CO

7 Minneapolis, MN 7 Minneapolis, MN

8 Atlanta, GA 8 Atlanta, GA

9 Dallas, TX 9 Dallas, TX

10 Houston, TX 10 Houston, TX

It Roston, MA

12 Scattle, WA

13 Detroit, MI/Cleveland, OH
14 Buffalo, NY/Pittsburgh, PA
15 St. Louis, MO

16 Phoenix, A7

17 New Orleans, LA

18 Miami, FL

The multiple scanning beam anienna has six (6) receive beams which are
independently controlled. Each receive beam originates from difterent loca-~
tions in each of the six CONUS sectors. For each sector, a sufficient
number of heam positions exist such that any point in the secctor falls within
the 1 dB contour for at least one of the bheam positions of the antenna.

The component requirvements outlined below were assumed as typical
specifications of the components used in developing the antenna systems.

Electrical and RF Performance Objective Requirements. The receive
module shall be of fully monolithic construction with no discrete components,
no wire bonds and no off-the-chip matching required.

RF Band: The RF band shall be from 27.5 to 30.0 GHz.

I[F Center Frequency: The IF center frequency shall be between 4 and
8 GHsz.

Noise Figure: The noise figure at any given frequency in the bandwidth
shail be less than or egual to 5 dB3.

Output Gain: The RF to IF output gain shall he greater than or equal
to 30 dB at the highest level of the gain control.
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Gain Conirol: The gnin control shall provide for at least 6 levels of RF~
TF gain Inoluding the following: 30 dB; 27 dB; 20 dB; 17 dB; and an
off state.

Module Power Consumption in Each State: The power consumption of the
entire receive module in each state of the gain control shall be in ge-
cordance to the following:

RF=IF Gain Level Module Power Consumption
30 dB 250 mwW
27 dB 250 mW
24 dB 250 mW
20 dB 250 mw
17 dB 250 mW
off 25

Gain Control Response Time: The gain control respconse tine shall he
less than or equal to 10 nanoseconds.

Gain Variation: The maximum variation in the output KF-IF gain for any
stute of the gain control shall be no greater than +0.5 dB over the en-
tire 2.5 GHz bandwidth and no greater than :0,2 dB over any 500 MHz
band.

Module to Module Gain Variation: For any module, the RF-IF gain at any
given frequency in the bandwidth shall vary by no greater thant0.5 dB
from the RMS average for all the modules at the given fraquency.

Phase Shifter: The phase control shall contain the following 5 hits;:

0° or -180°+ 3° at band center
0° or =90°t+ 3° at hand center
0° or =-45°t+ 3° at band ecenter
0° or ~22.5°%+ 3° at hand center
0° or -11.25° ¢ 3° at band center

The phase shifter is to use a true time delay phase shifter scheme.
That i3, in any state of the phase shifter, the total module phase shift
shall be proportional to frequency, within the 27.5 to 30.0 GHz pass
band, with A phase error not exceeding t6° i.e.

A0i=2n frj+ei(f)

where: A ; = total phase shift, as a function of frequency, in the i'th
state of the 5 bit phase shifter; t = frequency; ti is a characteristic
time delny associated with the i'th state of the 5 bit phase shifter, and
e j(f) is a phase error associated with the i'th state of the phase
shifter. ¢ {(f) may vary with frequency but its maximum magnitude
should not exceed 6° at any i and at any frequency.
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Phase Shifter Response Time: The phase shifter response time shall be
less than or equal to 10 nanoseconds.

Group Delsy Variation: The group delay variation shall not exceed 0.2
nanoseconds peak to peak in any 0.5 MHz portion of the operating band
and under any state of the phase shifter,

RF/IF Impedances: The nominal RF input and IF output impedance shall
he 50 ohms., The input and output VSWR shall he less than or wqual to
1.3:1.

Phase Control/Gain Isolation: The RF/IF gain shall not vary by more

than 0.25 dB in respunse to any change in the phase control state,

Gain Control/Phase Isolation: The phase shift shall not vary by more
thant 5 degrees in response to a change in the gain control level.

Phase and Gain Control: The phase and gain control shall operate on
digital input.

Number of Control Lines: ‘The number of control lines shall not exceed
twelve (12). Iwmpedance gnd voltage level shall be TTL compatible.
Input signal shall be continuously available during period of dwell,

1,0 Reference: A phase reference shall be provided to the receive

module local oscillator from off chip. 'The reference signal power shall
be 15 microwatts minimum,

Dynamic Range: » 30 dB.
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2 EXECUTIVE SUMMARY

2.1 RECOMMENDED ANTENNA CONFIGURATION

Tae dual-reflector Cassegrain reflector optics with a phased array feed
systern using dual polarized circular horn radiating elements has been found
to be u superior design for both the multiple scanning beam and the multiple
fixed beam antennas. The major design features of the recommended con-~
figuration are:

A Dual-Reflector Antenna

Offset Cassegrain Optics

Oftset Plane in a North-South Orientation

A Singly-Curved Feed Array

Dual-Polarization Circular Horn Feed Elements

An All-RF Module (with Both Phase and Amplitude Control*,

An RF Beam Combining Network (with Row-Column Implementation*)
A Simple Sequential-Beamsteering Control Distribution Network

* Pertains to Scanning, Multiple Beam Desipgn

The principal advantages of the recommended antenna configuration are
summarized below:

. Dual-Reflector Antenna Provides
- Reduced axial dimension
- Reduced cross-polarization

® Oftset Reflector Design
-~ Eliminates aperture blockage by sub-reflector and feed over zosn
region for better gain and lower sidelobes,
- Using north/south offset provides hest gain/sidelobe performance
over the scan region.

. Cassegrain Optics Provides
-  Minimum feed array size
~  Minimum sub-reflector size
- Full exploitation of MMIC miodule technology (amplitude and phase
control in low-noise application).

e Singly Curved Feed Array Surface Results In
- Improved scan performence (high gain, low sidelobes)
- Simple array combiner structure

e Dual-Polarized Circular Horn Feed Array Elements
- Are proven design
- Have low mutual coupling
- Provide high polarization purity

mx_é{.___lmsmmnmv BLANK
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] RF Beam Combiner Network

-

Allows simple, small, lightweight structure
Avoids complex LO power distribution network
Minimizes LO noise degradation

. Maximum Likelihood Beamforming/Beamsteering Algorithm

Suppresses sidelobes over full coverage region with minimum loss
in gain

Allows sidelobe nulls to be formed by spot heam along interfering
directions

Compensates for known reflector/feed misalignments

Compensates for known reflector deformations

Allows beam-position interpolation for full beamsteering capability
with simplified beamsteering computation

Provides maximum residual performance capability under com-
ponent failure condlitions

An isometric depiction of the chosen configuraticn is sketched in Figure
l. A dimensioned cross-sectionsl line drawing of the basic antenna geometry
is given in Figure 2 for the scanning beam design and in Figure 3 for the
fixed spot heam design. The vaiues of the principal design parameters for
these two designs are reported in Table 3.

10
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TABLE 3. FINAL DESIGN PARAMETERS OF THE RECOMMENDED

CONFIGURATIONS (DETAILED DESIGN STUDIES)

Design Parameter

° Dimension of Primary Reflector
- Major axis (offset-plane) :
- Mijnor axis H
= Diam of projected aperture ;
° F/D of the Primary Reflector
- (Focal length of parent
paraboloid/ projected diameter) :
° Offset of Primary Reflector ;
(System Axis to Reflector Center)
o Diameter of Sub-Reflector :
o Offset of Sub-Reflector
o Magnification Factor
° Effective F/D :
° Array Feed Dimensions
~ Height (dimension in offset plane):
-~ Width :
= Depth H
o Array Tilt Angle (offset plane) :
o Array Curvature (Azimuth Plane) :
o Number of Beams
o Number of Dual~-Polarized Feed Array
Elements
- Total number
~ Number of vertically polarized
ports
- Number of horizontally polarized
ports
- Active number/beam
o Diameter of Circular Feed Horn
[ Feed Horn Spacing
(Equilateral Triangular Grid)
* Envelop

14

Scanned Beam

Fixed Beam

8.94'
8.56'
8.5¢'

1.4

8.39

3.0
1.71
2.1
2.94
1.72
3.4%
0.70
20°
5.48°/FT

6

391
320

344
19

0.105

C. 106

10.62
10.28
10. 28t

1.32
8. 3¢

3.0

1.37

2.77

2,33 *
4.67 »
70 »
20°
N/A

18

243
100

57
19

0.105'
0.106'

)
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Design Parameter

TABLE 3. FINAL DESIGN PARAMETERS OF THE RECOMMENDED
CONFIGURATIONS (DETAILED DESIGN STUDIES) (Continued)

Scanned Beam

Fixed Beam

Performance Parameter

Overall Antenna Dimensions

= Height : 13.5%
- Width : 8.6
- Length H 10. 2

14.6'
10. 3
12.0

The principal performance parameters for these two designs are summa-
rized in Table 4.

TABLE 4, FINAL PERFORMANCE PARAMETERS OF THE RECOMMENDED

CONFIGURATIONS (DETAILED DESIGN STUDIES)

Seanned Beam

Fixed Beam

L

Antenna Gain
- Broadside : 54.7 di3
- Worst Case Scan : 54.2 dB

Avarage Design Sidelobe Level
(0.5° to 2.0° Radius Annular Region
Ahbout Main Beaum)

- Broadside : -45.3 dB

- Worst Case Scan ; -42.9 dB

Peak Design Sidelobe

- Broadside : -16.2 dB

- Worst Case Scan : -33.5 dB

- Expected : ~38 dB

Degradation of Sidelobes due to

Excitation Errors : < 1dB

Beamwidth

= DBroadside : 0,29°

- Worst Case Scan : 0.29°

Scan Region (or Max. Fixed Beam

Displacement)

~ Azimuth , Total + 3,59

- » Per Beam t 0.6°

- Elevation, Total : t1.5°
,» Per Beam : t1.5°

Noise-Figure : 5.28 dB

Cl1 ! -30 dB

DC Power Consumption/Beam : 7.90 Watts

- w w wm wm o m w4 oo o= oa

* Worst Case
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56.2 dB
55.9 dB

-46.4 dB
-45-3 dB

-35.4 dB
-34.4 dB
~40 dB

< 1dB

0.24°
0.24°

3.5¢°
N/A
1.5°
N/A
4.41 dB
-30 dB*

5.18 Watts

¥



The pattern performance cof the final designs are presented in Fijfures
89 through 98. 'These patterns were compuied i the ten cases sumnmarized
in the table below:

DIRECTORY OF PATTERN PLOTS FOR RECOMMENDED CONFIGURATIONS
(DETAILED DESIGN STUDIES)

Antenna Nominal Excitation Caondition Figure
Design Case Scan Angle Over Feed Array Number
203 3° Azimuth 1 Principal Element 89
20383 3° Azimuth 3 Principa! Elements 96
6
Scanning 207 0° Boresight 1 Principal Element 91
Beams
2078 ~ 0° Boresight 3 Principal Elements 92
209 -1, 5° Elevation 93
210 +1,5° Elevation 94
307 3% Azimuth 95
Jos 0° Boresight 96
18
Fixed 309 +1.5° Elevation a7
Beams
aro -1.5° Elevation 98

The feed array layout is depicted in Figure 4 for the multiple scanning
beam design and in Figure 5 for the multiple fixed beam design. In all
cases, A low sidelobe beam is formed by using a 19 element feed cluster
comprised of a central element surrounded by two hexagonal rings of ele-
ments as evident in Figure 5.

An isometric view of the scanning beam feed assembly is depicted in
Figure 6 for the scanning beam design. The beam combining network for
the scanning beam design uses a total of 48 identical column 8-way power
combiners to form the six simultaneous scanning heams., There are addi-
tionally a total of 6 row power combiners of two different designs; viz.; a
16-way combiner and a 17-way combiner. Details of the scanning beam feed
array assembly are shown in Figure 7. Also, details of the horn radiating
element and MMIC module assembly (which along with the combiner networks
comprise the feed array) are presented in Figure 8.

16



euuajuy weag-Buluueds 3, Ny Yl Joj APwoa) Inole Asaay paag ‘g aunbiy
T T savay 0T
A .iu!iughs.#
b&iiﬁg il
DY NIGRaRewg KW 4
B e Sl gl S 61 e Ve e TR 3 £ i
igxiguﬂ\e._ .M!os.wwatt\v.uu.hsnku.&-_. _ 3
. o g aNY Saivis Trongu™eTy " N
it warias dkiandns s dil @ T T T Iwx v U.liH.a.N\T}\..ll..\T--.|.|.|.||r+-ll-.i| =

p— B

BN AN FICSTNINC TR oV, .mwﬂlﬁié,‘!ﬂ!

ORIGINAL F/o.

— S = el - e — e —— DA PR _—m = . .= g - .lt}n.li’r,. == IIW-.‘. = .
..o..oa.....o....vvt + 4 4 & ....0....1.| AN X iy
SR N - -

-_——— e B e
‘e Y T Y T . eV
Ay i ’ - - -
. v e e
I . 8
-
¥ S -—— - e ——
\ - ). e
e s s ,¢... ¥ e .
e et — SR ‘.‘ ....... \ s N .
,. i ; e
3 ‘ . 2 % = i L 5 . i - " | 3 a % \ 4 . .



oL 'R 1l
00!
- e NS o
A‘:ﬂ:l.|‘..‘\>
SoRaC 63168

- I
N G

- ('

. -
.- '."
-~

e S FTS L

4 .
QRRRY

-
1
Zeaita Yolps e

L 1]
’
cl-
PR el
" . -

— -

o)
:::' 1':"
.0

, -

aras o

".-'u\-- :

TN 6~

- ’z

Con NEopvs STIES
e Mot TRy POARRES P

R e T E e
I A

-  ——- OF TWE

———

. - . . - N\ -—
B ————

e ng il

- l--‘l“'l. ","
MR i AN - '( 7/ ‘l
T ANTE. YT A A ,""" .

M idd M L NUL "
‘. ""-.*h -"\'(‘ ’
." AL LY Tl
PN ARLE R .
NFPAY g . WA
TR T 3"

F Nga N Sap N\

MHopsron .

r. New Oremys
LI DNV .

\
.

- ppams
Adrmas ) ‘
R X,

1% mmﬂ__.'

,Z-'Fu\1§ heny |
- - y t i ’. L &
4 A e M SN
‘f p l . % '.. - 8
el e »
LA '{&!ih‘
=5 ' Pl LHT.JT' ES.
1’/. < / h > :/’ 1 g iEQG
\\_\ - » u 1A ' < !
SRy Ll y Y
T |« ] elf v T2
SN | ; sl o) 3 el

Figure 5. Feed Array Layout Geometry for the Multiple Fixed-Beam Antenna




0-'—1
OF IJUUI-‘ L vty § i,

19

Isometric View of the Multiple Scanning Beam Feed Assembly

Figure 6.
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The feed array assembly for the simultaneous fixed beams design is
similar to the simultaneous scanning beam design except that fewer elements
are needed for the fixed beam design and the beam combining networks for
each of the 18 fixed beams {8 of a different design to optimlze the C/I per-
formance of each beam in its assigned beam pointing direction.

The simultaneous fixed beam reflector system {s larger than the simul-
taneous scanning heam system to meet the groeater gain and C/1 performance
gonls for the fixed beam as set fortn in the statement of work. The sidelobe
suppression for the fixed beam design using the lurger reflector system is
sufficlent to meet the C/I goal without frequency diversity even for the
worst case beam assignment (which exists in the Boston-New York-
Washington corridor). lowever, the advantages of the lurger reflector for
the fixed beam ncoeds to be weighed against the advantages of an {ntegrated
scanning beam/fixed beam system. The lower noise figure of the fixed beam
receiver, the greater antenna ¢ain of earth scations for fixed beam users,
and the possibility of frequency diversity in the Washington-Boston corridor
suggest that the fixed reflector can be reduced to the same size as the
scanning heam reflector to achieve an integrated fixed beam-scanning beam
system while meeting system performance requirements.

These recommended configurations resulted from detailed design studies
following a preliminary design study during which a tentative design point
was established. The detniled design studies resulted in the following de-
sign changes.

° An increase in the F/D of the primary reflector from 1.2 to 1.32 for
the fixed beam design and 1.4 for the scanning beam design

° A decrease in secondery reflector diameter from 3.75 ft to 3.0 ft
. An increase in magnification from 2.0 to 2.1
[ A reduction in feed element spacing from 0,123 ft to 0.106 ft

[ The use of a circular horn radiating element rather than a printed
circuit yagi

® A reduction in the number of radiating elements (578 yagis compared
to 381 horns)

e A cylindrical rather than a planar feed array (19° total curvature
across the array)

The changes were generally made to improve the gain and C/I perfor-
mance of the receiver. However, the selection of the circular horn radiating
element over the yagi was made predominantly on the superior polarization
purity of the horn vis a vis the yagi in the mutual coupling environment.
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2.2 PRELIMINARY DESIGN STUDIES OVERVIEW

This section narrowly reports on the Preliminary Design Study results.
It does not reflect subsequent modifications from the detailed design studies.
These modifications were gencrally minor and were already noted in the
preceding section, However, one of the more significant changes was in the
feed array, from 578 printed circuit yagis to 381 circular waveguide hor.s.

2.2.1 Initial Design Points

The configurations and design parameters for the initiai design points of
the four antenna systems are summarized in Tables §5 through 7. Table 5
reports the initial design point of a focal plane Cassegrain antenna consid-
ered for both the multiple scanning beam and the multiple fixed beam sys-
tems. Table 6 repourts the initial design point for a focal plane single re-
flector and Table ¢ reports the initial design point for an aperture-image
plane Gregoriun antenna, both of these latter two designs for the multiple
scanning beam system. These initial designs were selected to provide & wide
range of design options to the design trade-»ff studies encompassing the
major design options; i.e., dual-reflector versus single reflector and fozal
plane array versus aperture-image plane array.

TABLE 5. FOCAL PLANE CASSEGRAIN CONFIGURATION BASELINE

e M=12

e Diameter of Main Reflector = 2504 .
e F/D=1.2,

e Diameter of Subreflector = 1104 .
e Subreflector focal length = 803 .

e Diameter of Array = 81.41 .

e 578 LElements (19 active/beam): 6 Simultaneous Scanning Beams.
342 Elements (19/beam ): 18 Simultaneous ¥ixed Beams.

¢ Element Spacing = 3.6 .

e Beamsteering: Amplitude and Phase (No Blockage). (Scanning
Beam)

e Center Offset = 3501 .,

¢ Overall Length = 270 .
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TABLE 6. FOCAL PLANE SINGLE REFLECTOR CONFIGURATION BASELINE

o Diameter of Main Reflector = 2501 .

o F/D = 2.4,

o Diameter of Array = 40.6 ) .

o 578 Elements (19 active).

e Element Spacing = 1.73 .,

o Beamsteering: Amplitude and Phas>» (No Blockage).
e Center Offset = 1661 .

o Overall Length = 600X .

TABLE 7. APERTURE PLANE IMAGE GREGORIAN CONFIGURATION
BASELINE

—— e p me e s - - . . . o

o M=4.

o Diameter of Main Reflector = 2711.

o (/D =1.

e Diameter of Subreflector = 931 .

o Diameter of Arrey = 453 (20 ring circular hex).
o 1039 Elements.

¢ Element Spacing = 1,333 .

o Amplitude Taper = Quasi-static.

® Beamsteering - Phase Control.

o Overall Length = 296 ).
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2.2.2 Parametric Design Studies

The design parameters of the three different antenna configurations
were varied about their initial design points, and the results of these design
changes on performance evaluated. A summary of the scope of the design
trade-off studies for the Cassegrain configuration is reported in Table 8.
However, it is not to be implied that the design trade-off matrix associated
with Table 8 was completely filled. Not all parameters listed are free; i.e.,
a change in main reflector diameter .esults in an implied change in F/D
ratio, in magnification factor, and in unblocked scan capability. In all
cases, unblocked scan of CONUS was a design constraint. Performance
evaluations were principally peak antenna gain, pattern beamwidth, sidelobe
level (peak and average over the sidelobe control region), and cross-polar-

ization gain.

TABLE 8. PARAMETER TRADE OVERVIEW - FOCAL PLANE ARRAY

INDEPENDENT

VARIABLES AS REQUIRED
Aperture Diameter 1503 - 4001 Offset
F/D .6~ 2.4 Subreflector Diameter
Effective F/D 1.2 - 2.4 Subreflector Focal Length
Magnification 1.2 - 3. Subreflector Axis Tilt
Feed Element Spacing 1.0x - 3.6
Number of Elements 1 - 61
Choice of Element Set
Element Gain 3 dB - 30 dB
Feed Array Defocus ¢ - .04F
Scan Angle ge, 3°

DEPENDENT VARIABLES

Gain

Beamwidth

Average Sidelobe Level
Peak Sidelobe Level

Peak Cross-Polarization

Figure 9 reports typical design trade-off data obtained from studies of
the Cassegrain configuration. The performance data is for an unscanned
antenna. Each curve in Figure 9 depicts the pgain-sidelobe tradeoff for s
particular design through optimal control of the feed array excitation (ob-
tained by a reiterative application of the maximum likelihood optimization.
Refer to Appendix A). The performance curves are parametric in the
number of feed array elements (1, 7, 19 and 37) and in the inner radius of
the sidelobe control region (0.36°, 0.40°, 0.44°). Also shown is the per-
formance curve for the case of the feed array displaced off-focus by 15
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wavelengths, and the maximum available gain for each case is also reported.
For example, a feed array of 19 elements allows a -40 dB average sidelobe
level {(over the control region) to be obtained with only a 0.5 dB reduction
in gain relative to the maximum available gain from that feed array; f.e.,
56.1 versus 56.6 dB. Figure 10 presents similar results for 2.8° of elec-
tronic scan., To maintain the 40 dB sidelobe level, the scan loss is only 0.4
dB, i.e. 55.7 dB at 2.8° scan, compared to 56.1 dB at (° scan.

Figures 11 and 12 report some design trade-off study results from the
single reflector configuration. Figure 11 shows the gain-sidelobe trades
available from a single reflector using 19 feed array elements, parametric in
element spacing. When element spacing was changed, element gain was also
changed accordingly to keep the aperture utilization of the feed array con-
stant. Figure 12 reports the effect of feed array defocus on maximum avail-
able gain and on sidelobe level attainable at 54.0 dB of gain for a single
rutlector antenna. The array excitation was re-optimized for each defo-
cussed position of the feed array. The curves are parametric in the numher
of feed array clements (19 and 37).

These curves provide a pglimpse of the extensive design-performance
trade-off data that was generated during the course of the design trade
studies. The results of thesge studies will be summarized in greater detgil in
a later section of this report.

2.2.3 Beam Combining Network (BCN)

Implementation of the BCN at both RF and IF bus been evaluated. The
basic assumptions that were made to perform the evaluations are reported in
Figures 13 and 14. ‘These assumptions are consistent with the over-all
module specifications established by NASA/Lewis as they appeared in the 30
GHz/MMIC module development program work statement; and represent an
optimized partitioning of module performance by General Electric. These as-
sumptions were uscad in lieu of any results from the NASA 30 GHz MMIC
module development program and will be revised as necessary as soon as
such information hecomes available.

Figures 15, 16 and 17 summarize the results of these BCN evaluations
for the Gregorian, Cassegruain, and single reflector configurations respec-
tively. The BCN architecture is illustrated and the resultant noise-figure,
net guin, and DC power consumption are reported. ‘The best noise-figure,
4.2 dB, is realized with the Cassegrain system with the BCNs at [F. The DC
power requirements of the Gregorian system (and as will be reported later,
the weight) is excessive (in excess of 360W for 6 scanning beams)., The
total DC power reguirements for the Cassegrain system are only 50 watts for
6 scanning beams. The net-gain reported is not a critical performance
measure and the reported differences not significant (since net gain can
readily he equalized with IF amplifiers without significant penaity).
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Table 9 summarizes the principal design features of the BCN assembly.
T.:e plunge connectors for the plug-in modules have been developed for
General Electric addressed to ECM phased array applications. Tables 10 and
11 summarize the performance of two types of integrated radiating elements.
Performance evaluations were made for each design using the NEC (numeri-~
cal electromagnetics code) computer analysis (method-of moments). Experi-
mental verification was accompiished for the zig-zag element, and is under-
way for the yagl element. The zig-zag element was featured in the propos-
al, but the yagi design has been found to have superior performance over
the operating bandwidth. A non-integrated radiating element, the multimode
horn, has also been developed by General Electric for satellite communica=-
tions systems. The waveguide to microstrip transitions necessary to use the
multimode horn with a MMIC eclemental receive module have also been devel-
oped. Figure 18 depicts aun artist's conception of the feed array assembly
using interleaved, orthogonally polarized integrated radiating elements.

2.2.4 Recommended Configuration

Table 12 summarizes the derived design/performance parameters of the
three major antenna configurations. The principal disadvantages of the
single reflector design is ils greater axial length. The principal disadvan-
tages of the Gregorian design is its larger weight (attributed primarily to
the six parallel 1039:1 beamcombine: networks) and its greater DC power
consumption (attributed to the large number of active modules required).
The Cassegrain design einerges as a clear design choice. The principal
"disadvantage" of the Cassegrain design is the requirement for variable gain
amplifiers, but this requirement in fact represents an excellent match be-
tween hybrid antenna design requirements and MMIC capabilities afforded in
a distributed receiver implementation.

The Cassegrain configuration is recommended both for the scanning beam
and the fixed beam design. This recommendation is summarized in Table 13.
The recommendation of the same configuration for both the scanning and the
fixed beam systems is favorable for the eventus! integration of the two
systems into one antenna assembly. The rationale for the selection of the
recommended configurations is summarized in Table 14.
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TABLE 9. MMIC PHASED ARRAY BCN SUMMARY

e

Plug-in Modules to Facilitate Assembly and Test.

Interieaved, Linear Polarized Printed Radiating Elements, Compatible
with MMIC Circuitry.

DC and Logic Fed Through from Backside of Module.
Each Submodule Packaged in a Separate Carrier for Easy Replacement,

S pecial Molybdenum Submodule Carrier for Matched Thermal Expansion

and Good Thermal Conductivity,

TABLE 10. 10-ELTMENT PRINTED YAGI RADIATING ELEMENT

o ——— et o heie

Realized on a Dielectric Substrate,

Element Spacings and Lengths Provides Control over Directivity, Field
Pattern, and Bandwidth.

Easily Integrated with MMIC; Requires a Balun.
Calculated Directivity = 12,0 dBi

E-Plane HPEW = 42¢

H-Plane HPBW

4o

Gain Variation Over Band of Interest < 1 dB.

TABLE 11. 6-SECTION PRINTED ZIG-ZAG RADIATING ELEMENT

[+

Realized on s Dielectric Substrate-.“

Section Length, Pitch Angle, and Ground Plane Spacing Provides
Control Over Beam Directivity and Field Pattern.

Easily Integrated with MMIC; Needs No Special Transitions.
Calculated Directivity = 15.6 dBi.

E-Plane HPBW = 36°

H-Plane HPBW = 46°

Gain Variation Over Band of Interest = 7.5 dB.
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ANTENNA CONFIGURATION SELECTION MULTIBEAM
SCANNING ANTENNA COMPAR!ISONS
(PRELIMINAR Y DESIGN STUDIES)

TABLE 12.

Gregorian Cassegrain* Single Reflector
F/D 1 1.2 2.4
Main Reflector Diameter 2713 250 A 2502
Subreflector Diameter 93 ) 110 ) N/AP
Feecd Beam 45 86 3 76
Overall Length 296 ) 2703 600
Number of Elements 1039 578 578
Active Elements 1039 19 19
Magnification 6 2 N/AP
Gain! 0° : 55.7 00 :56.1 0° :56.2
3.5%: 54.5 3° +55.7 3° :54.8
Sidelobe 1,2 Average 0° : N/AV 0° :-40 dB 0° :-40 dB
3.5%: N/AV 3¢ :-40 dB 3° :1-40 dB
Sidelobe ! Peak 0 : -40 0° :-32 dB 0° :-28
3.5°: TBD 3o :-31 dR 30 :-27
Noise Figure 5.2 dB 3.3 dB 6.3 dB
BCN (RF Beamforming) Gx 1039:1 fx 100:1 Gx 100:1
Total DC Power Consumption Gx 62 W 6x 8.0 W 6x B.O W
Rel. Feed Array Weight 10 1 1
Element Diameter 1.33 x 3.6 2.7
Variable Gain Range Trim Only 40 dB 40 dB

1 Scan Angle: dB

2 Averaged Over Annular Region of 0.5° to 2.0° Radius

* Compare with Table 3 for final design parameters of the recommended
configurations as derived by the detailed design studies.
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TABLE 13. RECOMMENDED ANTENNA CONFIGURATIONS DESCRIPTION

Scanning Multiple Beam Antenna

Focal Plane Feed Aray with Cassegrain Optics
"Microstrip" Yagi Radiating Elements
RF Beamforming Network, Uniformly Weighted Power Combiner

LNA, Phase Shifter, Variable Gain Amplifier MMIC RF Modules

Fixed Multiple Beam Antenna

Focal Plane Feed Arrasy with Cassegrain Opties
"Microstrip" Yagi Radiating Elements*
RF Beamforming Network, Optimally Weighted Power Combiner

LNA, Phase and Gain Trim MMIC Rf Modules

»

Modified by the detailed design studies to be a circular wavepuide horn

for its superior polarization purity in an array environment.
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TABLE 14. RECOMMENDED ANTENNA CONFIGURATIONS
SELECTION RATIONALE

o Focal Plane Optics Requires Smaller Feed Array

= Fewer Elements

- Lighter Weight

- Lower Loss

- Nc RF Power Division at the Element
- Lower N/F

- Lower DC Power

- Less Circuit Routing Conflicts

e Cassegrain Optics Provide Superior Performance
= Higher Gain
- Lower Sidelohes
- Lower N/F

e Cassegrain Optics Results in Shorter Structure

e RF Combining Provides lL.ess Complex LO Power Distribution Network

- Lighter Weight
- Less Circuit Routing Conflicts

e '"Microstrip" Yagi is MMIC Compatible*
- Minimal Transitions

- Lightweight
- Compact

Modified by the detailed design studies to be a circular wa'reguide horn
for its superior polarization purity in an array environment.
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2.3 MAJOR DISADVANTAGES OF THE ALTERNATIVE ANTENNA CONFIGU-
RATIONS

The recommended antenna configuration consists of an offset dual reflec-
tor using Cassegrain optics, a focal plane feed array, circular hiorn feed
array elements, and RF beamforming. This design is superior for meecting
the major design objectives of the 30 GHz communications satellite receive
antenna; viz.,

56 dB Minimum Gain (Fixed Beams)

[ High Aperture Efficiency
53 dB Minimum Gain (Secanning

Beams)
e High C/I : 30 dB Minimum Net
. Simultaneous Multiple Beam Opera- : 18 Fixed Beams
tion 6 Scanning Beams
] Low Noise Figure : 5 dB Nominal
. Short Dwell Time : 10-100 y sec

(Seanning Beams)

Shuttle Compatible Size
Light Weight
Low Power Drain
iligh Reliability

] Satellite System Requirement

The major disadvantages of the principal design alternatives are summarized
in the following paragraphs.

2.3.1 Single Offset-Reflector

The principal disadvantage of the single, offset-reflector {s its greater
axial length. A large (effective) F/D is required to meet the high gain and
high C/I (low sidelobes, low cross-polarization) objectives of the satellite
communications antenna. A dual-reflector system achieves the required
large effective F/D within a short axial dimension by (1) the F/D magnifica-
tion available with the dual-reflector optics and (2) the folded opties inher-
ent in a dual-reflector system. The large F/D requirement translates di-
rectly to axial length in a single reflector system.

2.3.2 Gregorian Reflector System

The principal alternative to a focal plane design (of which a single re-
flector or a Cassegrain reflector are representative) is an aperture image
design (of which the Gregorian reflector system is representative). The
major disadvantage of the aperture image designs is the larger number of
active elements and the larger number of total elements required in the feed
array. Basically, the primary aperture of the antenna system is imaged onto
the feed array in an aperture imaging system. Consequently, all elements in
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the feed array are aciive in an uperture imaging system and are used for
beam shaping and bheamsteering as in a conventional phased array. The
largor number of active elements results in greater power dissipation. In
contrast, a focal-plane array uses a relatively small number of active ele-
ments primarily for aberration correction, with the principle beamforming
and beamsteering functions accomplished by the reflector system. Typical-
ly, the number of active elements in a Gregorian system is near 1000 com-
pared to 19 per beam for a Cassegraln system (addressed to the present
requirements), The small number of active elements/beam in the Cassegrain
system also allows a sample serial beamsteering control within the 100 us
minimum beamdwell, whereas the large number of active clements in the
Gregoriun system requires a more complex parallel beamsteering control.

Noi only is there a disparity in the number of active elements in the feed
array, but also in the total number of elements., For typical designs ad-
dressed to the present application, the total number of feed array elements
is 371 in the Cassegrain design compared to over 1000 in the Gregorian
design. This larger number of elements in the feed array places the
Gregorian system at a weight disadvantage considering the entire feed
element imodule assembly and the beamforming network required.

2.3.3 IF Beamforming

The major disadvantage of an IF beamforming system is the weight and
space penalties incurred through the implementation of the LO power distri-
bution system. A sccond disadvantage of an IF beamformer applies to a
Gregorian (or phascd-array) system. Any coherent component ot LO noise
is increased by the number of elements in the feed (or array). Since the
number of active elements is large in a Gregoriin system compared to a
Cassegrain system, the degradation in noise figure due to this effect is
significantly greater in the Gregorian system. It is negligible in the worst
case for the Cassegrain design, but totally unacceptable in the Gregorian
system for the same worst case (viz., all added noise at the mixer being
coherent LO noise)

2.3.4 Printed Circuit Yagi Feed Array Elements

Originally, printed circuit yagi radiating elements being microstrip
compatible with the MMIC receive modules were considered for the feed
array. However, the major disadvantage of these elements was the depolar-
izing effect by a cross-polarized neighbor on the elemental patterns. This
effect is particularly serious in simultaneous multiple beam systems where
the local phase and amplitude excitations are not "locally uniform". Conse-
quently, the decision was made to use dual-polarized circular horn radiating
clements of proven design.
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3 DETAILED CONFIGURATION STUDY RESULTS

3.1 THE FOUR INUTIAL DESIGN POINTS

The four initial design points were based on a technology assessment and
consisted of three configurations for the simultancous, multiple scanning
beam system and one configuration for the simultaneous fixed heam system.
Parametric design and performance trade-off studies were then performed
centered on these initial design points to ald in the selection of the final
design point,

The three initial design points for the scanning beam system are depic-
ted in Figures 19, 20, and 21. These initial design points were selected
because they spanned the major design options; viz., dual reflector versus
single reflector and focal-plane feeds versus aperture image-plane feeds,
Thus, Figure 19 and Figure 20 are focal plane syvstems. More specifically,
Figure 19 is an offset dual-reflector Cassegrain implementation while Figure
20 {s an offset single parabaloid implementation. Figure 21 is an aperture
image design, specificallv a Gregorian system.

Idenlly, the foecal plane systems focus an incident plane wave onto a spot
at the feed arruy. The position of the focal spot changes with scan angle.
Thus, ideally, beam scanning is accomplished with amplitude -only control of
the feed array eclements. In actual practice, bhoth phase and amplitude
control is required over a diffused foeal spot to compensate for optical
aberrations and to suppress side-lobes. Simultaneous multiple beam opera-
tion results in multiple focal "spots" across the composite feed array with
those feed array elements within each "spot" are activate, Nineteen active
elements with pbase and amplitude weights are used to form each beam. A
total of 578 elements were used for six simultaneous beams. The design
parametars of the Cassegrain system for the injtial design point in Figure 19

were

. Primary Reflector Diameter : 250 A
. F/D of Primary Reflector : 1.2
° NOffset of Primary Reflector : 250 A
. Magnification of Cassegrain System 2.0
™ Diameter of Secondary Reflector : 110 A
™ Secondary Reflector Focal : BO X

Separation

B1.4
M NDiameter of Feed Array
578 (18 Active/Beam)
® Mumber of Feed Elements
270 )
] Overall Length

45
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The Design parameters of the single paraboloid reflector for the initinl de-
sign points in Figure 20 were.

® Diameter : 250 A

° F/D H 2.4

. Offset H 209 )

° Diameter of Feed Array : 40,6 )

¢ Number of Feed Eiements : 578 (19 Active/Beam)
. Ovemll Length : 600

In contrast to the focal plane systems, ideally in aperture image plane
oystem transforms un incident plane wave to a scaled replica of the incident
plane wave over the feed array. 'The phase slope over the plane wave
changes with scan angle., Thus, ideally, beam scanning is nccomplished with
phase-only control of the feed array elements. In practical systems, both
amplitude and phase control nre required to mintain low sidelobe perfor-
mance over wide sean angles. However, the more serious departure from
phase-only control occurs with simultaneous, multiple beam operation, Since
the same elements are irvolved for all heams, the complex superposition of
muitiple plane waves across the feed array results in an emplitude variation
just as extreme for an aperture-image system as for a focal plane image
system, For the Gregorinn implementation depicted in Figure 21, the feed
array consisted of 1039 elements of each polarization, all active. The design
parameters for the Gregorian system initinl design point were

o Ninmeter of the Primary Reflection 271 )
o F/D of the Primary Reflectors : 1
° Magnification of the Gregorian : 6
System
93

° Niameter of the Secondary
Reflectors : 45 )

o Dinmeter of the Feed Array
1034

o Number of Feed Elements (Dual
Polarized) : 206 A

o Overall Length

The initial design point for the multiple fixcd beam system was selected
to be an offset Cassegrain similar to Figure 19, The design parameters for
the initial design point for the 18 fixed beam initinl design point were the
same as for the 6 scanning beam design except for the feed array which
consisted of 342 elements rather than 578 elements (still 19 active per beam).
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3.2 RESULTS OF PARAMETRIC DESIGN STUDIES

The range of parameters considered in the tradeoff study is summarized

in Table 15.

TABLE 15.

INDEPENDENT VARIABLES

Aperture Diamater

F/D

Effective F/D
Magnification

Feed Element Spacing
Number of Elements/Beam
Choice of Elements/Beam
Element Gain

Feed Array Defocus

Scan Angle

DEPENDENT VARIABLES

Maximum Gain
Gain
Beamwidth

TRADEOFF STUDY OVERVIEW

Average Sidelobe Energy in a Region

Peak Sidelobe

Peak Cross-Polarization Sidelobe

AS REQUIRED:

Offset

Subreflector Diameter
Subreflector Axis Tilt
Subreflector Foecal Length

30

150-400 »
6=-2.4
1.2-2.4
1.2-3.
1.0% 3.6
1-61

J dB-30 dB
0-.04F
ge-30
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COMPUTER PROGRAM DESCRIPTION

The techniques used in the computer programs for calculation of the far
field antenna patterns are described below.

MAIN REFLECTOR

° Uses Jacobi-Beassel series expansion technique for offset parabo-
lofd .*

o Efficient method of computing large nunber of far field points for a
large reflector,

o First obtains a set of coefficients.

o Then uses coefficients to compute complex vector far field.

SUBREFLECTOR (IF USED)

o Computes scattered complex vector far field.

° Uses onlv pgeometric optical formulation,** inciuding divergence
factorresulting from surface curvature,

FEED

o Cos"(8) pattern assumed,
o No cross-polarization component from the feed,
) Equal E-plane and H-plane patterns,

o n chosen based on element spacing.

*  Rahmat-Samii, Galindo-israel, "Shaped Reflector Antenna Analysis Using
the Jacobi-Bessel Series," IEEE Trans. Antennas & Propagation, Vol.
AP-28, p. 425-435, July 1980,

** [ee, Cramer, Woo, Rahmat-Samii, "Diffraction by an Arbitrary Subre-
flactor: GTD Solution," IEEE Trans. Antennas & Propagation, Vol. AP-
__2_1, p. 305-316, May 1979.

51



COMPUTATIONAL PROCEDURE

The following steps describe the sequence of program usage for evalua-

tion of array fed reflector performance, exploiting the efficiency of the
Jacobi- Bessel expansion technique.

1.
2.

3.

1.

Define geometry of optics and feed.

Run Jacobi-Bessel program to obtain coefficients and complex vector far
field data over a ¢+ 2° square region, A = 0.1°, for each element.

Rerun Jacobi-Bessel program, using ccefficients computed in step 2, to
obtain complex vector far field data at a small number of selected points,
specifically to define a circular collar around the desired beam direction
to control the skirts of the main beam, and principal cuts through the
desired beam center direction.

Optimize as desired with a selected set of elements, using the sidelobe
suppression technique desecribed in Appendix A.

For a n:w beam direction for the same set of elements, repeat steps 3
and 4.
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TRADEOFF STUDY GROUND RULES

The following assumptions and constraints were used for the tradeoff

study.

Sidelobe Statistical Region

52 - 20 @ Average sidelobe value is average power in this re-
gion.

. Peak sidelobe is pealk in this region.

Fixea Diameter Main Reflector

® Approximate fixed beamwidth for similar sidelohe levels.

Optimization Technique - Two Methods.

] A« Minimize average sidelobe over region for given pgain,
without suppressing peak sidelobes.

. 4 P Opthnum calculation is weighted incrementally to minimize
the peak above average sidelobe ratio. Fixed collar has
more significance, so that the null to null beamwidth is
controlled. A collar of radius .42° is used for all cases,
unscanned or scanned.

] Definition of suppression region has heen fixed, complete from

collar out to 2¢.

Scanning 0°, and 3° as representative cases.

53
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TRADEOFF STUDY GROUND RULES (Cont'd)

Computed Gain Reported
] Includes spillover loss.

o No surface losses or errors included.

Relationship between C/I and sidelobe level,

o 30 dB C/1 Spec.

° Multiple beam margin requirement.
o Assume equal contributions from all other beams.
¢ Case e Margin o Average Sidelobe

Requirrment

6 beams 7.0 db 37.0 dB

10 beams 9.5 d3 39.5 dB

18 beams 12.3 dB 42.3 dB
54
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OPTIMIZATION OF OPTICA}, CONFIGURATION

* Basie Configuration - NDual Reflector F/D = 1.2, M = 2,

. Necesaary to determine precise diameter for desired heamwidth, gain,
and sidelohes.

This is dependent on element patterns.

To provide good sidelohes for any beam, the rule of thumb is to
design for 3 dB crossover of secondary element patterns. This is
primarily a function of element spacing, and secondarily dependent
on element gain. The highest realizahle element gain is desired to
incrense the overall antenna gain.

. General Approach

Plot beamwidth, gain, sidelobes versus n versus D, as in Figures
22, 23, and 24,

Enlarge plot of secondary element pattern beamwidth versus n
versus D, as in Figure 25,

Plot the range of secondary pattern beamwidths versus element
spacing by relating a range of n to element spacing.

2
d
n=a - 0.5
A

a M amyp = 2,20 amMAx = 2.88

On the same graph plot heam peak separation versus element
spacing. This is essentially the heam deviation factor.

Normalized results of this exercise are plotted in Figure 26, The
intersection of the appropriate curve from each family indicates the
element spacing required for 3 dB secondary element pattern cross-
overs.

Onptimize for low sidelobe performance with an array feed and cor-
relate beamwidth and gain and sidelobe performance with position
relative to predicted curve.

Plot gain versus average sidelobe convergence curve.

Bandwidth considerations

- As frequency increases, element spacing increases, but F/D

remains constant. This makes the element crossover levels
lower and degrades sidelobe contrsl.
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3.2.1 Configuration Drawings

The configuration drawings in Figures 27 through 331 illustrate the
general proportions of the range of cases considered in the parametric
study, All drawings are made for a 250 X diameter main reflector, with a
range of focal lengths and magnifications. Secale is 20 wavealengths per small
division. Of particular interest is the configuration for F/D = 0.6, M=2,
The blockage free design algorithm correctly showed that no such design
was possible, with the subreflector axis parallel to the main reflector axis.
Tilting the subreflector axis as shown leads to 2 blockage free design.
However, due to the subreflector's short focul length, the realized magnifi-
cation falls off rapidly with the large scan angles,

1.2.2 Blockage Avoidance

4 simple computer program based on genmetrical optics was written to
establish design curves for blockage free offset dual reflectors. The crite-
ria is illustrated in Figure 34, The upper edge of the suhreflector must fall
in the shaded region in order to reflect the rays necessiary for scanning
down in elevation, vet not block the collimated rays from the main reflector
for that same case. Furthermore, the top edge of the feed array must not
hlock the rays between the two reflectors for seanning up in elevation,

On the hasis of these criterin, a set of hlockage free design curves were
generated. A typical set of curves is shown in Figure 35, for a given F/D,
maximum elevation sean angle, and subreflector focal length. The descend-
ing curve represents the criterin for the top edge of the subhreflector. The
ascending curve represents the criteria for the top edge of the feed array.
The shaded area is then the allowed space from which the magnification and
offset can be chosen.,

3.2.3 Standard Aperture Curves

The gain and heamwidth curves in Figure 36 are included to allow the
reader to readily compare antenna performance to that of several standard
aperture llluminations, The relative performance level can then be used to
predict performance of a similarly scaled design at A new aperture diameter,
Curves are based on data given in Hansen,*
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Press, New York.
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3.2.4 FElement Pattern

A simple cos N0 pattern {8 used to model the feed elements for com-
puter simulations. The exponent was chosen Initially as a function of ele-
ment spacing, based on the curves given in {1], shown in Figure 37,
Values of the exponent for the final design simulations were based on the
gain and beamwidth of the horn used r ‘the final element design. The
element patterns used were linearly po v 2d with no cross-polarization
component. Potential sidelohes in the element ; attern are not modeled.

3.2.5 Reflector Antenna Performance vs Element Gain

Reflector performance parameters are plotted as a function of the ele-
ment pattern parameter n in Figures 22 through 24. Gain, beamwidth, and
several measures of sidelohe performance are provided. The most obvious
conclusion that can he drawn from these graphs is that a single element
capable of providing the desired beam gain and sidelobe level is too large to
permit the small element spacing required for the desired angular spacing
hetween adjacent heams in the far field, For small n, the element pattern is
broad. The reflector illumination is nearly uniform, leading to the narrow-
est achievable beamwidth, and lowered oversll gain due to large spillover
losses. The sidelobe levels are high due to the high edge illumination. For
very large n, the reflector is illuminated inefficiently, so gain and bhean-
width appear to bel.ave as they would for a shrinking aperture. However,
the sidelobe level continues to improve due tn the decreasing edge illumina-
tion. The sidelobe curves based on the region from .5° to 2 reverse
suddenly as the skirt of the main beam grows bheyond .5° radius, The
cross-polarized sidelohe curve is not constrained to any region. The true
peak sidelobe curve reports the largest sidelohe heyond the end of the
skirts of the main beam, wherever they may fall.

3.2.6 DNiscussion of Convergence Trade Curves

A phased array fed reflector antenna has a great deal of flexihility.
The tradeoff curves describe performance as a function of design. How-
ever, for any given design, the antenna can bhe operated in a number of
ways, as the amplitude and phase weights are varied. With an adequate
design, beams of various characteristics can be generated by the beamform-
er. A ress-nable compromise among gain, average sidelobe level, and peak
sidelobe level was used for choosing the hest design. Alternatively, weights
can be chosen which optimize gain alone, optimize average sidelohe level
ovur a region without regard to penk sidelobe level. Another option is to
create a good lower gain beam with a wider beamwidth than would be normal
for the reflector dimension. Also, specially shaped beams can be formed as
an extension of this procedure.

e i A E il S AN S E S s s mS W M MR NS R e e RS T e e e e e v e

[1] Y. Rahmat-Samii, "Realizable Feed-Element Patterns for Multibeam
Reflector Antenna Analysis," [EEE Trans. on Antennas and Propagatic:,

Vol. AP-29, No. 6, Nov. 1981,
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The computer program used for the design process cin determine the
weights and pattern for any such beam, once the secondary element patterns
are known. The sample optimization curves, Figure 38, demonstrate the
compromisa usually taken. The starting point is neiar the maximum gain
case. Hoth average and peak sidelobes are then suppressed until a satis-
factory level is reached, or the gain degrades below a minimum gain re-
quirement. Note how the penk above average ratio {s compressed as the
iterative procedure is continued,

‘T'he actual value given as the average sidelobo level depends on the size
of the averaging region. Use of a large area makes the average artificinlly
low, since most of the sidelobe energy is concentrated in a small region
around the main boam,

Gain and sidelobe performance trades are {Hlustrated in Fipures 38, 39,
40, and 41 as functions of subreflector magnification, clement gain, and secan
angle.

A trade study was performed concerning the ability of an array feed to
genernte the narrowest possible beam for an undersized reflector. The
results are plotted in Fignre 42, Reamwidth is plotted vs. the penk sidelohe
level in the region beyond .5" from the main benm center, in order to pre-
sent a relationship hetween heamwidth and good performance, A 250 > re-
flector was used, with F/D = 2.4, Results are plotted parametrically with
numbher of elements used and element spacing in wavelenpgths,

A signifieant turning point is seen by comparing the graphs of 7 and 19
elements with those of 37 and 61 elements. The curves for the smaller
numhers of elements show sooner or later, a steep increase in heamwidth
degradation as the sidelohe level is improved. In contrast, the results for
the larger number of eclements show an apparent limit to beamwidth degra-
dation as the sidelobe level is improved. However, in most applicitions the
19 element cluster would realize most of the improvement possible,

3.2,7 Maximum Gain Envelope

The maximum gain excitation is the simplest set of array weights to
compute. Fach element weight is set to simplify the complex conjugate of the
secondary pattern field strength in the direction in whieh a heam is dosired,
This condition gives more gain than any other condition. A comprehensive
plot of the maximum gain as a function of sean angle is known as the maxi-
mum gain envelope. This plot in itself is no!l an antenna pattern, The
maximum gain envelope for several design conditions is shown in Figure
43.

The maximum gain envelope is useful in estimating array reflector per-
formance. The gain vs. sean performance for low sideloibe beams has the
same shape as the maximum gain envelope, but typically has from .5 to 1.5
dB less gain. When the maximum gain envelope has a significant ripple, low
sidelobe performance vs, scan ir found to be good near ripple peaks but

73
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MAXIMUM GAIN ENVELOPE VS, ELEMENT SPACING
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poor near ripple valleys. Therefore an antenns should be designed such
that the ripple of the maximum gain envelope is less than .5 dB. Data on
element spacing vs. ripple {s shown in Figure 44, from a number of different
design tradeoffs. Element spacing is normalized by the wavelength and the
F/D ratio, Thus a design for continuous scan capability requires a normal-
ized element spacing less than 1.25,

3.3 RECOMMENDEDN CONFIGURATION

Table 16 summarizes the derived design/performance pgcrameters of the
three major antenna configurations. The principal disadvantages of the
single reflector design is its greater axial length, poorer nolse-figure, and
higher sidelobes. The principal disadvantages of the Gregorian design is its
larger weight (attributed primarily to the six parallel 1099:1 beamcombhiner
networks) and its greater DC power consumption (attributed to the large
number of active modules required)., The Cassegrain design emerges as a
clear design choice. The principal "disadvantage" of the Cassegrain design
is the requirement for variable gain ampliiiers, but this requirement in fact
represents an excellent match between hyhrid antenna design requirements
and MMIC capabilities afforded in a distributed receiver implementation.

The Cassegrain configuration is recommcnded both for the scanning beam
and the fixed beam design. This recommendation is vyymmarized in Table 17.
The recommendation of the sama configuration for both the scanning and the
fixed beam systems is favorable for the eventual integration of the two
systems into one antenna assembly. The rationale for the selection of the
recommended configurations is summarized in Tahie 18,
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TABLE 16. ANTENNA CONFIGURATION SELECTION MULTIBEAM

F/D

Main Reflector NDiameter

Subreflector Niameter

Feaed Beam

Overall Length

Number of Elements

Active Elements

Magnification

Gain(1)

(sL){1,2) Average

(sLY(1) Peak

NF

BCN (RF Beamforming)
Total DC Power Consumption
Rel. Feed Array Weight
Element Diameter

Variable Gain Range

. e i e T T G e S e e AP T TR ER RS MM M o e e ey e ey e Gy de e M om M TE ME WE M M R W W M G e Ry ey

(1) Scan Angle: uB

Gregorian

1
2712
93 2
45 X
296 )
1039

1033

: 55.7

3.5%: 54.5

: N/AY

3.5°: N/AV

¢ -40

3.5°: TBD

h.2 dB

6 x1039:1
6 x44

10

1.33 3

Trim Only

SCANNING ANTENNA COMPARISONS

Ca ssegmin

1.2
250 )
110
86 )
270 A
578

19

0° :56.1
3% 55,7

0° :-40 dB
3° :-40 dB

0° :-32 dB
3® :-31 dB

5.0 dB

6 x100;:

6 x6.0

3.6

40 dB

(2) Averaged Ov.r Annular Region of 0,5° to 2.0° Radius
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Single Reflector

00

00

30

UO
30

2.4
250 A
N/AP
76 A

600 )
578
19

N/AP

:55.2
30

=40 dB
=40 dR

1 -28
=27

6.3 dB
6x100:1

6x6,0

2.7

4} dB
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TABLE 17. RECOMMENDED ANTENNA CONFIGURATIONS DESCRIPTION

e Scanning Multiple Beam Antenna

Focal Plane Feed Aray with Cassegrain Optics
"Microstrip" Yagi Radiating Elements
RF Beamforming Network, Uniformly Weightad Powar Combiner

LNA, Phase Shifter, Variable Gain Amplifier MMIC RF Modules

o Fixed Multiple Beam Antenna

Focal Plane Feed Array with Cassegrain Optics
"Mjcrostrip" Yagi Radiating Elements
RF Beamforming Network, Optimlly Weighted Power Combiner

LNA, Phase and Gain Trim MMIC RF Modules
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TABLE 18. RECOMMENDED ANTENNA CONFIGURATIONS

SELECTION RATIONALE

Focal Plane Optics Requires Smaller Feed Array

Fewer Elements

Lighter Weight

Lower Loss

No RF Power Division at the Flement
Lower N/F

Lower NC Power

Less Circuit Routing Conflicts

Cassegrain Optics Provide Superior Perforinance

Higher Gain
Lower Sidelobes
Lower N/F

Cassegrain Opties Results in Shorter Structure

RF Combining Provides Less Complex LO Po¢ .er Distribution Network

Lighter Weight
Less Circuit Routing Conflicts

"Microstrip" Yagi is MMIC Compatible

-

Minimal Transitions
Lightweight
Compact
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4.0 RADIATING ELFMEN'T

The choice of a radiating element for use in the reflector antenna's
prima.y feed array is based on criteria pertaining to electrical performance
and mechanieal interfucing. For the feed arrays under study, th= element
spacing in terms of wavelength is relatively wide, resulting in the formation
of undesired grating lobes. The selected radiating element should therefore
have relatively narrow E end H plane heamwidths (resulting in element gain)
and low sidelune levels to aid in the suppression of the grating lohes.
These field pattern characteristics for the clement should also remain es-
sentially constani over the operating band.

To minimize interference betwern (losely located fixed beams ind adja-
cent sectnr scanning beams, alternute vertical and horizontal polarization is
employed. Therefore, the radiating clements must provide independent dual
polarization or be linearly polarized and amenable to being arranged in an
interleaved orthogonal configuration. The linearly polarized eclements must
algso have a1 cross polarization component that is low with respect to the co-
polarized component,

To physically locate the active cirenitry into the limited clemental area
of the feed array, it is necessary to orientate the modules in a longitudinal
fashion. To effect an efficient and reliable interfnce between the radiating
elements and the modules, it is desirable that the elements also he orientated
in a longitudinal manner. This arrungement is also diectated if the radiators
are to have relatively narcvow beamwidths and must fit within the clemental
area.

Two classes of radiating elements were studied for application in the
reflector antenna's primary feed. They are the conical hori excited for two
orthogonal linear polarizations and printed end-fire radiators which inciude
the zig-zag and the yagi. Due to its superior electrical performance for its
physical size, the conical horn has heen selected for application in the feed
array.

4,1 CONICAL HORN RADIATOR

The conical horn antenna has heen seclected as the radiating element in
the reflector antenna's primary feed array. For its physical size, it offers
high directivity over the entire operaling band (27.5 to 30.0 GHz)., In
addition, it may be excited lo provide two orthogonal linear polarizations
having coincident phase centers.

The clvetrical properties of the conieal horn are dictated by its axial
leng.n "I, ite aperture radius "a", (see Figure 45), ana the propagating
modes which are excited within the waveguide feed and within the horn's
mouth. The initial studies considered horns which are excited in the fund-
amental TE cireular mode.

a0 CEDING PAGE BLANK NOT FILLIED
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Circular Waveguide Feed

Figure 45. Conical Feed Horn
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The f[ar field radintion characteristics of various horn designs were
determined using the vector diffraction formula as outlined by Narasimhan
and Rao*, This technique yields the horn's radiation patterns for a caleu-
luted horn aperture field,

'To achieve maximum element gain, the feed horn's aperture is selected to
be as larse as possible. Since the radioting elements of the primary feed
array are arranged on an equilateral triangular grid with spaeings of 3,232
em. (3.1 A at center band, 28,75 GHz), the horn outside diameter at the
aperture is limited to this value. Therefore, if the horn wall thickness is
0.25 mmn then the maximum conical horn aperture radiug will he 1,526 2 at
center band,

The calculnted directivity for a 1,526 A aperture radius horn ns n funec-
tion of its axial length {8 given in Flgure 46. The longer the horn is made,
the more constant the phasce across ity aperture bhecomes, resulting in higher
directivity., [lowever, it may be noted that the increase In directivity di-
minishes for suhsequent increases of horn axinl length.

A feed horn design having an axial length of 5.5 4 at center hand has
heen sclected, Thisg design yields « far ficld directivity, a. shown in Figure
47, of 18,5 to 19.4 dBi over the 27.5 {o 30.0 GHz band. This level is com-
patible with the requirements lar the primary feed array. The far field E-
and H-plane patterns at center band are shown in Figure 48. The half-
power beam widths for each of these euls is on the order of 19°,

The fundamental TE;, mode vonical horn will have low cross-polarization
components in its principal planes. The cross-polarization in the diagonal
planes may he minimized by the selection of the aperture size. Adatia, et
al** have shown that cross=-polarication radiation in the diagonual planes
theorctically vanishes for an aperture radius of 0.573 2, This size, how-
ever, restricts the maximum possible directivity to a level lower than that
required for the elements of the primary feed array.

- e W W oW m o m o 4 m om W m e ou

Angles," IEEE Transactions en Antennas and Propagation, Vol. AP-19,
ppo 678—681, Sepl. 197]-

**  Adatia, Rudge, and Parini, "Mathematical Modeling of the Radiation

Fields from WMicrowave Primary-Feed Antennas,"” Proc. 7th European
Microwave Conference, Copenhagen, 1977.
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The cross-polarization components may alternately he reduced by the
inclusion of higher order modes of the proper magnitude and phase with
respect to the fundamental TF;, mode. As an example, the far field diago-
nai plane patterns for a 1.17 3 aperture radius conical horn with pelative
higher order mode levels nt the aperture of:

™, I‘I‘F.“ = 0.1453

TRy, /T, = -0.0052

are shown {n Figure 49. The TM,, mode is in phase with the TE,, mode at
the aperture while the TF,, mode is 180° out of phase (as denoltcrl hy the
minus stgn). The component mode mnin~ and cross-polarization far-field
patterns relative to isotropic for the TF,,, TM, , TK , , and rim current at
the aperture edge are given in Figures 4bA through ME. The phase of the
TE,, cross—-polarization signal is 180° with respect to the others. Note that
the TM , has equal main- and cross-polarizations in this plane which ap-
proximately match the shape of the TE,, cross-polarization lohe, OQverlaying
the TE,, and TM, patterns gives a clear indication of the difference in
power llevels for crass-polarization cancellation at any desired aspect angle,

4.1.1 Feed System for the Conical Horn Radiator

The conical harn radiator i{s fed by a scction of cylindrieal waveguide,

The inside diametor of the gulde is sclected so that unly the fundamental '!‘I-I}1
\

mode will he supported. Choosing the standard WC 28 wavepuide size whic
has an inside dinmeter of 0.714 em places the TE,, cutoff frequency at 24,64
(GHz. 'The next higher TV mode cutoff frequency for this guide is at 32,19
GHz which is abevre the hand of interest.

The fundamental mode is excited in the waveguide hy n coaxial E-field
probe which cxtends through the wall of the guide to the microstrip circuitry
of the active receive module. Two orthogonal probes are employed to
achieve the indepcndent vertical and horizontal feed horn polarizations,
The arrangement is shown in Figure 50, The input guide impedance at the
probe is determined primarily by the probe length £ and the probe location
with respect to the shorting hack plane C*, A vertical grid within the guide
provides an effective short for the vertieal component of the electric field,

N e ek R RN R WA TR R AR W WM W M Tes v M W oE W W m

*  Deshpanole and Das, "Input linpedance of a Coaxial Line to Circular
Waveguide Feed," IEEE Transactions on Microwave Theory and Tech-
nigques, Vol. MTT=-25, pp. 954-957, Nov. 1977,
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Figure 50. Coaxizl Probe Transition for Interfacing the Conical Horn
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The inside and outside conductor diameters and the dielectric fill of the
coaxial probe are selected to result in the desired probe impedance and to
place the cutoff frequencies of the nun-TEM coaxial modes above the 30 GHz
upper band limit,

4.1.2 Mutual Coupling with Conical Horn Radiating Elements

The perturbation due to mutual coupling of the desired excitation of a
cluster of conical horn feed elements has been investigated, The method
used to determine element to element coupling was developed by Steyskal*,

The dual reflector scanning antenna feed array consists of a cluster of
19 active elements. The 19 elements are conical horns arranged on an equi-
lateral triangular grid with spacings of 3.1 A at center band. The horns
have aperture radii of 1,526 » and are excited in the TE,, fundamental
mode. The arrangement of the feed cluster horns is shown in l’igure 51.

The design excitations of the feed elements for a typical scanning berm
(case 203a) are labeled in Figure 51A. Both the amplitude and phases are
given normalized to the excitation of the cluster's center element, The
resultant excitations, which are the design excitations modified due to
mutual coupling effects, are given in Figure 51B. The perturbation defined
as design minus resultant excitations are reported in Figure 51C. As is
evident in this last figure, the effects of mutual coupling on the design
excitations of the feed array employing high gain conical horns is insignifi-
cant.

4.2 PRINTED RADIATING ELEMENTS

End-fire radiating elements that may be printed directly onto a sup-
porting substrate were studied as an alternative to the conical horn radiator
for application in the reflector antenna's primary feed array. These type of
elementa offer the advantage that they can be interfaced directly with the
monolithic active circuitry. However, since their practical limit of directiv-
ity appears to be in the neighborhood of 15 dBi, they were judged inade-
quate for application in the selected antenna configuration. These style of
elements may he employed in other reflector/feed configurations which
require a lower level of elemental gain,

Two types of printed end-fire radiating elements have been studied.
These are the zig-zag and the yagi. The physical dimensions for both
radiators were developed using a method-of-moments computer program. For
the zig-zag, the peak directive gain, sidelobe level, and operating band-
width are determined by the element's section lengths, section pitch angles,
the total number of sections, and by the spacing of the radiator from the
feed ground plane. A six-section 1.62 2 long design that was arrived at hy

v A gl e D A e D e B e SN MR W e A ew W nw WS B e W e S—

*  Steyskal, "Analysis of Circular Waveguide Arrays on Cylinders,” IEEE
Transactions on Antennas and Propagation, Vol. AP-25, pp. 610-616,
Sept. 1977.
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computer modeling is shown in Figure 52, The calculated E and H plane far
field patterns for this design are shown in Figure 53, ‘The directivity at
center band in the end-fire direction is on the order of 15 dBi. The calcu-
lated directivity as a function of frequency 18 shown in Figure 54.

Two zig-zag elements were fabricated based on the dimensions from the
computer model. One was self-supporting, being etched out of brass, while
the other was printed onto a teflon-glass supporting substrate, Figure 55
shows the H-plane principal pattern and cross-polarization pattern for the
self-supporting element operating at center band. The measured peak gain
is approximately 12 dBi which is 3 dB less than the calculated maximum
directivity., Some of this discrepancy may be attributed to the mismatch at
the connector to feed transition in the test antenna. The cross-polarized
component remains essentially 20 dB below the co-polarized component in the
element's main lobe.

The six-section zig-zag radiator printed onto a supporting substrate is
shown in the photograph of Figure 58. The measured H-plane principal
plane pattern and cross-polarization pattern for this element is given in
Figure 57. ‘The center frequency was found to be shifted down 11% from its
gelf-supported counterpart. It was also found that the main lobe broadened
and that the cross-polarized component increased. These results indicate
the segment length and pitch angle must must be altered for the dielectri-
cally supported design.,

RBoth calculations and measurements indicate that the zig-zag's perfor-
mance is highly dependent upon frequency. This is evident in the end-fire
directivity versus frequency plot of Figure 54. An alternative radiator
which may be designed to have less gain variation over the required band is
the Yagi - Uda array. Two of the designs Investigated are shown in Figure
58A and B. One design is comprised of ten elements and has an overall
length of 1.8 A, The parasitic element spacing and taper schedule were
seiected so as to make the directivity relatively constant over a 12% band-~
width. The second yagi is comprised of fifteen elements and has an overall
length of 4.2 2. The parasitic element spacing and taper schedule lor this
antenna are based on a National Bureau of Standards maximum gain de-
sign.*

The calculated free-space end-fire directivity cs a function of frequency
for the two yagi designs are shown in Figure 59. It is seen that the ten-
element yagi has a wide directivity bandwidth while the larger yagi provides
a higher peak directivity and is more dependent on frequency. In both
cases, the directivity over the required band is less frequency dependent
than for the zig-zag radiator. The calculated E- and H-plane patterns at
center band for these two designs are given in Figure 60A and B.

- T e r Y R D e v e W W w e m M M e m B ek e e oy m A m W W M

*  Viezbicke, "Yagi Antenna Design," National Bureau of Standards Tech-
nical Note 688, Boulder, Colorado, 1976.

102



sojeipey a414-puj Bez-6iz uondas-x1§ 7§ 4Nl

(ur {62 D)
wMSL"0

w30

ANV
ONNO¥D

|
{ur £52°0) |
_
_
_
_

(1 t1L"0) .
. (51 010°0)
WITBT 0 wa520 "0

103



Y

ORIGINAL T -
OF POOR QUALLIY

E-PLANE

] '.‘\‘.-q -
AT

'."’;':f‘ ! !

F - \ g ‘I'.
\7Z NG
.Wﬂ.j‘,"i. RN
Ay N

Figure 53, Six Section Zig-Zag Calculated Patterns - Center Band

104



0°0¢

Bez-bB1z uondag x1S - Adusnbaag sA Ayandaaig adi4-pul paiejndjed  “js aunb1y

(ZHD) ADN3ND3IHA
Y 4 0°6Z §°8¢ 0°8Z S°L¢ 0D°£¢

1 I ] ! { L

ol

Lt

4 |

5t

(19P) ALIAILD3NIQ

105

{ div



- -
[ PP IS N 1

Figure 55. Six Section Self-Supported Zig-Zag H-Plane Measured Patterns

106

w}



o

PUCR QuaAL

LAl LY

JF

i 4

> ﬁ “ - & H H N— H .ﬂ - =

i



L

Figure 57,

e
V
W
K
o

-~
)
A

a

Six Section Dielectric Supported Zig-Zag H-Plane Measured Patterns

108

-

—

iy

»)



D8

D13

D12

! : i

!

0.025cm (0,010 in)

L)
D7 D6 Ds Dy D3 D2 '
ELEMENT LENGTH_
REFLECTOR (R} 0.547 cm  [0.215 in)
DRIVEN (DR) G, W63 cm (0,182 In)
DIRECTORS (Di1-DD) 0,39 cm (0,155 in)

ALL ELEMENT SPACINGS ARE 0,265 cm {0,081 in}

oy

D)

Figure 58A. Ton Element, 1.8} Long Design

i

D11 Dto D9 Ds b7

ELEMENT
REFLECTOR (R]
DRIVEN (DR)

DIRECTORS (D1,

DIRECTOR (L 3)
DIRECTOR (D)
DIRECTOR {D5)
DIRECTOR (D)
DIRECTOR (D7)

D6

D2)

DIRECTORS (D8 D13)

REFLECTOR TO DRIVEN SPACING (S') -
ALL OTHER ELEMENT SPACIMCS (%) - 0, V16 cm {0 125 in)

bs

0.
0.

0.

0
0
0.
0
0

0.025cm {

D4

pa

LENGT!

4d7 ¢m
456 cm

409 cm

L H08 cm
L 04 cm

397 ¢m

393 cm
, 388 cm

(0.
(0,
0,426 cm (0,
{0.
{0.
(0.
{0.
{0.
{0.

192
180
166
161
160
159
156
155
153

L0100 In)

D2

in)
in)
in)

in) .

in}
in)
in)
in}

inj}

D1

0.205 cm {0,081 in)

Figure 58B. 15 Element, 4,2 Long NBS Design
Figure 58. Yagi-Uda End-Fire Radiators

109

DALANCED
FEED

T

7

DR

-]

BALANCED FEED

DR R

oy



Ans W v

e . . N * - £ g N - . .
: oo * D e —— — T Gems NSNS PN

subisag 16eA Juswa3 5| pue gl -Aduanbaig sa Auand2a1q  °6S aanbi4

{ZHD) ADNINDIYA

5°0F 0°0¢ 5°67 0°62 s-ez 0°82 S*L7 02
] T T T T I L
g2
6
ol
11
IDVA DNO1 Y8°L
AN3W3I 0L z\
€1
hi
St
19vA ONOTY 2°%
INIWNIN2 5L
49
Ll

110

(1ar} ALIAILDBYHIQ



Al

12.9 ang

Figure 60A. Ten Eiement 1,8A Long Yagi Band

1% 2 ab;

E-PLANL

——

Foeer
.
[ - > -
' - / ‘
- I~ I -
. ’ — G
"~ ; ' . "
=, - - -~
» ‘."‘-._ p—
L. '
* ‘ "‘-v' el
; e—
~
'
S T e -
NN e b /.'
~ T I
- . e

Figure 60B. 15 Element 4,2)\ Long Yagi
Figure 60. Calculated Far Field Patterns - Center Banrd

111

w |



TR R e AT T T ey Y

The ten element yagi design was printed onto a teflon-glass supporting
substrate which is shown in the photograph of Figure 61. The driven ele-
ment is fed by a coplanar balanced transmission line. The reflector element
is located on the backside of the substrate so as to avoid interference with
the feed line, For testing purposes, a diode was bonded across the gap of
the balanced line at the point where the two conductors diverge. Pattern
measurements were then performed by detecting a modulated field signal,
This allowed for evaluation of the yagi antenna exclusively as opposed to the
combination of the yagi and a balanced line to unbalanced microstrip transi-
tion.

Antenna pattern measurements of the ten element yagi indicate that it
has an operating bandwidth of approximately 15%. The center frequency,
however, is 13% lower than the free-space design value. This lowering is
due to the dielectric supporting substrate, The measured E- and H-plane
patterns at 26.0 GHz are shown in Figure 62, The cruss polarized compo-
nents are greater than 20 dB down from the principal plane components.

4.2.1 Feed System for the Printed Yagi Radiator

The yagi radiator is fed by a balanced coplanar transmission line which
is printed directly onto the same substrate that supports the yagi's ele-
ments. The characteristic impedance of the balanced line is selected to
match the nominal yagi driven element feed point impedance. The balanced
feed is transitioned to the microstrip format of the monolithic circuitry via a
printed circuit balun.

The configuration of the dielectrically supported balanced line is shown
in Figure 63. The characteristic impedance of the line may be determined
by modeling it as a pair of coupled microstrip lines on a suspended substrate
operating in the odd mode, The bottom ground plane is considered to be
located a relatively large distance with respect to the substrate thickness so
that balanced line impedance becomes equal to twice the calculated microstrip
odd mode impedance;

Z (balanced line) = 2 Zodd (u strip).

The effective dielectric constant for the balanced line configuration is equal
to that calculated for the coupled microstrip lines.

For a 0.254 mm (0,010 inch) thick alumina supporting substrate, the
balanced line configuration with practical line widths and spacings has a
lower impedance limit of approximately 70 ohms. This lower bound is due to
the limiting value of line to line capacitance available in the coplanar config-
uration. An impedance of 1002 was selected for the yagi feed line. This
corresponds to an alumina supporting substrate thickness h of 0.254 mm
(0.010 inch), line widths B of 0.254¢ mm, and a line spacing s of 0.117 mm
(0.0046 inch) {(see Figure 63).
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The calculated real and imaginary parts of the driven element feed point
impedance for the 15 element, 4,2 ) long yagi design of Figure 388 is shown
in Figure 64. As seen in the plot, the resistive portion R has a nominal
value of 2350 over the band of interest while the reactive part X is centered
about zero ohms. To match the 250 feed point impedance to the 100 0 bal-
anced line, the open dipole driven element of the design of Figure 58B may
be replaced by an equal length folded dipole to effect an impedance trans-
formation. The transformation ratio T, is given by*

2 2
., -1 ,8° - b* + 1
Zg cosh™ ( +---m=mmar)
Tz === ]l + ccmnmrmr e 2-8-......__
“r o1, a2+ % -1
cosh™ ( -==+---- —)

2ab

where

Z¢ = folded dipole impedance,
Zp, = unfolded dipole impedance,
a = dir

b L le'1

with , and r, being the radii of the dipole arms and d being their center-
lir: spacing. " For a printed dipole with arm widths w, and W, » the equiva-
lent radii are approximated by

n =025 w
r, =0.25w, .

Therefore to match the dipole driven element to the 100 0 feed line imped-
ance, the transformation ratio T, must be equal! to 4. This corresponds to

the special case of parameter values b equal to 1 and a greater than or
equal to 2.

The width of the folded dipole arms may be conveniently chosen to be
equal to the conductor widths of the balanced feed line. A drawing of the
folded dipole yagi driven element is given in Figure 65.

 w m WMo oo A w om oW oW Mo oMW W M TR T um MR MR w = m R ow W W R R W R m—

* Jasik, Antenna Engineering Handbook, McGraw-Hill, 1961, Section 3.3
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The balanced yagl feed is transitioned to the microstrip format of the
monolithic circuitry via a printed circuit balun*. A coaxial balun and its
printed circult equivalent are shown in Figure 66, The printed version
locates the microstrip line and the balanced line on opposite sides of the
supporting substrate with the balanced conduoctor forming a portion of the
microstrip ground planes. Zg and Zp are the impedances of the coaxial
or microstrip linus while Z,), is the impedance of the balanced section.

From examination of the balun circult, the impedance 7' may be written
as

iR Zgp '8N O .

2 = -jdycotg, + ——--eeeioonaan .
I 2y DY R+ § 2, tan o,

If the electrical lengths 6 g, and 6, are made equal
Op=0,4p =9
then

R 2,2 + j coto [R¥ (2, - 2, cot?e) - 2,2, 1%

2+ r? cot?s

AR

zab

Further, if the unbalanced lines have equal impedances and the balanced line
impedance is equal to that of the load,

Zg = Zp

R,

and Zan
then
Z'=Rsirt 8 4 j (cote )(R sird 0 =~ Z,).
The input impedance is matched,
2' = Lg = Zin
at the two frequencies which yield

8 = Sin-lV ZBIR-

v e e mm e e . ————

* Bower and Wolfe, "A Printed Circuit Balun for Use with Spiral Anten-
nas," IRE Transactions on Microwave Theory and Techniques, Vol. MTT-
8, pp. 319-325, May 1960,
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The median of these two frequencies is the frequency at which 8 equals 90°,
Therefore the balun input match exhibits a double tuned characteristic, For
the special case of a 1:1 impedance ratio balun (Z; = R), the match fre-
quencies degenerate to a single frequency.

The impedance of the monolithic microstrip circuitry is nominally 50 g
while the yagi balanced feed line impedance is 1000. Therefore, the printed
circuit balun must provide an impedance transformation ratio of 2:1, The
unbalanced microstrip and halanced line sections which comprise the balun
have respective impedances of

Zﬂ = Zb K 5OQ

R = 1009 .

1%

and Zab

The electrical line lengths may he selected to bhe 90° at center band, which
yields an input VSWR of 2:1 at this frequency. The input to the balun wiil
be matched to the 50Q monolithic circuitry when the electrical lengths of the
balun lines are

® =0 =04y = 45°, 135°,

A perfect match will not be achieved with this design since due to the
slightly different phase velocities of the microstrip and balanced line scc-
tions, their electrical lengths are not simultaneously equal to 45° or 135°,
Alternatively, the balun may b designed so as to make the lines lengths
both equal to 45° or 135° at center band which will then yield a perfect
match at this frequency.

For a 0,254 mm (0.010 inch) thick alumina substrate, a 50 Q¢ microstrip
line will have a width of 0.249 mm (0,0098 inch). Since the balanced line
conductors comprise the microstrip ground plane within the balun, their line
widths are selected to be approximately three times the microstrip width or
0.71 mm (0.028 inch). The spacing between the balanced conductors is set
so a8 to give a line impedance Zgp »f 100 . This spacing, determined
as for the balanced line feeding the yagi driven element, is 0,279 mm (0.0110
inch}. A balun design with the line electrical lengths equal to 90° at center
band (28,75 GHz) is shown in Figure 67.

4,2,2 Mutual Coupling with Yagi Radiating Elements

The mutual coupling effects on the yagi radiating element properties
were investigated for two radiator configurations;

1)  One excited yagi surrounded by six terminated yagis of like polar-
ization,

2) One excited yagi in the presence of two terminated, close neighbor
orthogonally polarized yagis.
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The first configuration consists of a total of seven 4.2 X long yagis
arranged on an equilateral triangular grid. This arrangement is shown in
Figure 68. The center element is excited while its surrounding neighbors
are terminated in their nominal feed point impedance. All yagis are of the
same polarization. The sub-array element spacing S is 2.163 1 at center

band (1.04 em).

A method-of-moments computer program was used to model the seven
radiator configuration, The in-place element properties (excited element in
the subarray environment) are compared with those of an isolated element in
Table 19.

TABLE 19. ISOLATED VS IN-PLACE YA CHARACTERISTICS

Isolated Yagi Yagi in Subarray
ZFeed 29.5~j 1.50Q 29,3-j 1.40
Directivity 14.9 dBi 15,5 dBi
(8g )3 a8 = 30° » 24.6°
(9H)3dB ~ J1.6° = 25.2°

The feed point impedance is essentially the same for the isolated yagi and
the yagi operating in the subarray of like polarized elements. The yagi does
exhibit higher directivity and correspondingly narrower E- and H-plane
heamwidths when in the subarray environment. This is due to the driven
yagi exciting the surrounding subarray clements resulting in an increasc of
effective aperture,

‘I'he second configuration consists of three 4.2 X long yagis arranged as
shown in Figure 69, This configuration was studied to determine the deg-
radation of polarizatinn purity due to the interleaving of orthogonally polar-
jzed arrays. The _.onfiguration of Figure 70 represents the extremity of
assymmetry and is therefore considered a worst case situation. The ter-
minated yagis, shown as vertically polarized, are located at two corners of
the equilateral triangular grid. 'The excited horizontally polarized yagi is
located midway between the terminated elements with a spacing 3/2 of 1.082 ).

A method-of-moments computer program was again used for the model-
ing. The results showing the E- and H-plane principal or horizontally
polarized component and the cross- or vertically polarized component are
shown in Figure 70. At broadside the cross-polarized component is 26.0 dB
down from the principal. This level is marginal for the required system beam
isolation. A single isolated yagi, or an array of yagis of a single polariza-
tion would theoretically have no ecross-polarized far-field components.
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5.0 FEED ARRAY DESIGN

5.1 FEED ARRAY ARCHITECTURE COMPARISONS

The active feed arrays for the three primary scanning antenna configu-
rations, Gregorian, Cassegrain, and single reflector, are compared with
respect to total number of elements, number of active elements, noisc fig-
ure, NDC power consumption, and relative weight, The noise figure and DC
powur requirement are also calculated for the dual reflector fixed beam an
tenna active feed array. The characteristics of the monolithic microwave
integrated circuitry and signal combining networks used for the calculation
of the feed array electrical performance are outlined in Figures 71 and 72,
The values for gain, noise figure, and DC power consumption are hased on a
study of what monolithie circuit performance can be achieved given presently
available devices or on devices that are to hecome available in the near
future, Threse values are compatible with the submodule requirements
gspecified by NASA/LEWIS for the 30 Gliz monolithic receive module,

The MMIC low noise amplifier submmodule has a nominal gain of 7 dB per
stage. Each stage i8 impedance miatched and biased for low noise operation.
The noise figure and NC power consumption is 3.5 dB and 15 mW respec-
tively per stage. Four cascaded low noise amplifier stages are located with
each radiating element in all three scanning and the fixed heam antenna
configurations, Therefore adequate signal amplification is achieved before
combining network losses are encountered thereby minimizing the overall
system noise figure.

The MMIC variable gain amplifier submodule is comprised of three
stages, each having a gain variable from -10 to +3 dB, The net gain is
therefore variable from -30 to +9 dB for a range of 39 dB. This range is
compatible with those required by the eclement amplitude taper schedules.
The noise figure for each stage varies from 10 dB (at minimum gain setting)
to 4,36 dB (at maximum gain setting}. The net noise figure for three stages
therefore varies from 30 to 6,06 dB. For calculation purposes, it has heen
determined that the variable gain amplifier's noise figure may he assumed to
be a linear function of gain. The variable gain amplifier has a DC power
requirement of 40 mW per stage for a submodule total of 120 mW, A digital
controller for each three-stage submodule requires 12.5 mW,

The monolithic phase shifter submodule is comprised of five phase bits.
The nominal insertion loss should be independent of the phase state. A
value of 8 dB has bheen estimated. A phase shifter utilizing single gate
MESFETs as passive switching elements will have a noise figure numerically
equal to its insertion loss. Thic design also results in an extremely low DC
power requirement, estimated to be 10 mW for the entire phase shifter. A
digital controller requires an additional 12.5 mW per submodule,

The IF submodule consists of the mixer, 1.F. amplifier, and local vscil-
lator. A monolithic active mixer may be employed to achieve frequency
translation with minimum conversion loss while requiring low local oscillator
power. A design with zero dB conversion loss and a single sideband noise
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figure of 6,5 dB has been assumed. The lowal oscillator drive power re-
quirement would be on the order of -5 dBm. The mixer DC power consump-
tion is 80 mW,

The low frequency 1.F. amplifier consiats of a single stage and provides
approximately 7 dB of gain. Feedback may be used to achieve a flat gain
response, and good input and output match over the relatively wide I.F.
band. The amplifier has a noise figure on the order of 3 dB and a DC
power requirement of 15 mW.

A local oscillator with buffer amplifier is required for each mixer. When
multiple local oscillators are employed, each oscilhtor must bhe locked to a
common reference signal to ensure that they operate at the same frequency
and in phase. The oscillator/buffer output power must be adequate to drive
the mixer circuitry., The DC power consumption for each osciilator/buffer is
approximately 45 mW.

A voltage level set circuit provides the required MMIC voltage levels
from the main plus and minus DC bus lines. This circuit has an estimated
power dissipation of 50 mW,

The values of insertion loss for the signal combining networks are also
given in Figure 72, These estimates are for stripline networks and are a
function of the number of divider levels required. The noise figure for
these passive circnits is numerially equal to their insertion loss.

The performance of the feed array with respect to noise figure, net
gain, and DC power consumption for the dunl reflector Gregorinn scanning
antenna configuration is given in Figure 73, The performance of a system
with signal combimation at [.F., and a sysien with signal combination at the
R.F., may be compared. Both systems divide each of the 1039 elemental
signals of like polarization three ways. An output from each three-way
divider is fed to a 1039:1 weighted combiner. The outputs of three of these
1039:1 combiners therefore form the three scanning beams of one polariza-
tion. A duplicate system is required to form the three scanning beams of
the orthogoma! polariztion.

The system with signal combination at tnhe 1.F. potentially provides the
lowest noise figure, 4.40 dB as opposed to 5,18 dB for signal combination at
the R.F. The lower noise figure is due to the larger signal gain encountered
in the 1.F., system prior to dissipative losses in the signal combiner and the
assumption that none of the additive noise at the multiple mixers is coherent.
1f, however, coherent local oscillator noise is added to the [.F. signal at
each of the mixer submodules, then the system noise figure will be degrad-
ed, In the worst case, if all the mixer additive noise is coherent L..0O. noise
then the I.F, system's noise figure will become 20.06 dB.

The Gregorian antenna feed array system with i.F. signal combination
has a much higher NDC power requirement than the R.F. system, 241.6
versus 61.6 watts per scanning beam. In addition the I.F. system is much
more complex, requiring an extensive coherent distribution network for the
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L.O. locking signals. Both the I.F., and R.F. systems have the mame net
gain of 15.6 dB.

The dual reflector Cassegrain scanning antenna feed array performance
with signal combimation at the I.F, and R,F, for a sample beam case is given
in Figure 74, Both the I.F, and R.F. syatems use a total of either 128 or
144 elements for each scanning beam. The total number of elements is
dependent on which CONUS section is to be covered. Only 19 of the ele-
ments are active (submodules turned "ON") at any one time. The particular
19 elements that ar. active is a function of the scanning beam position,

The systems' noise figures are a function of the signal level distribution
from the active elements as applied to the uniform comwiner. These signal
levels are set by the variable gnin submodules. The ratio of noise applied to
the combiner from an "OFF" module to the noise from a radiating element is
estimated to he 2. For the mse studied, the net noise figure of the [.F.
system ranges from 4.20 dB when no ooherent local osclllator noise is pres-
ent to 4.32 dB when all of the mixer additive noise is coherent L.D. noise.
This range is much smaller than for the Gregorian antenna 1.F. combination
feed system since the number of active modules employed in the Cassegrain
antennu feed is much less. The net noise figure of the R.F, signal combi
nation system is 5.28 dB. The net guin for both the I.F. and R.F. systems
are equal at 15.5 dB, The I.F. signal combination system which requires an
[.F, submodule at each input of the uniform combiner requires slightly more
DC power than the R.F, system, 10.42 versus 7.90 watts per scanning
heam. The I.I'. beam system also requires an extensive coherent distribu-
tion network for the L.0. locking sigmls.

The single reflector scanning anwenna feed array performance with
signa) comhimtion at the I.F, and R.F. for a sample heam case is reported in
Figure 75. As with the dual reflector Cassegrain configuration, 19 of the
total arrav section elemental receive modules are active at any one time.
The 19 elements tha! are active is dependent upon the scanning beam posi-
tion, The systems' noise figures are also a function of the signal level dis-
tribution of the active elements as applied to the uniform combiner. For the
case studied, the net noise figure of the I.,F. system mnges from 4.41 dB
when no coherent local osclllator noise is present to 4,79 dB when all of the
mixer additive noise is coherent L..0O. noise. The net noise figure of the
R.F, sigml combination system is 6.59 dB.

The net gains for the s! ‘le reflector scanning antenna's I.F. and R.F.
signal combining feed array systems are identical at 11.7 dB. The DC power
consumption however, is higher for the [.F, system than for the R.F. sys-
tem, 10.42 versus 7.90 watts per beam. The lL.F. system also requires an
extensive coherent distribution network for the L.O. locking sigmis.

The performance of the I.F. and R.F. signal combining feed arrays for
the dual reflector fixed beam antenna configuration is given in Figure 76,
Up to 19 elements are used to form a spot beam. The signals from these
elements are combined in a 18-input port, uniformly weighted comhining
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network which has an estimated insertion loss of 2.6 dB. For the case
studied, the net noise figure of the I.,F. system mng:s from 4.23 di when
no coherent local oscillator noise is present to 4,49 dB when all of the mixer
additive nolse is coherent L.0O, noise, The not noise figure of the R.F.
sigml combination system is 4.41 dB.

Both systems have an identicml gain of 22.2 dB. The D.C. power re-
quirement for the 1.¥. system is 7.70 watts per beam while the r. ujrement
for the R,F. system is 5,18 watts per beam.

The relative weights of the feed arrays have been estimated for the
Cassegrain and the Gregorian scanning antenna designs. Included in the
weight estimates are the radiating elements, the MMIC receiver modulc as-
semblies, aAnd the beam combining networks (BCN). The BCN was found to
contribute the greatest weight by far to the array assembly, with the module
weights second in significance, and the radiating element weights the least
significant. The Gregorian BCN requires six 1039:1 power combiners plus
2078 3:1 power dividers. The Cassegrain BCN requires six 128:1 or 144:1
signal combiners. The basic weight rmatio of the Gregorian to Cassegrain
BCN is in the vicinity of 15:1, Taking into nccount the contribution of the
module weights and the radiating element weights moderates this feed array
weight ratio to the vicinity of 10:1. The relative feed array weights is
reported in Table 20.

TABLE 20. RELATIVE FEED ARRAY WEIGHTS

Gregorian Cassegrain
Radin ting Elements 0.01 0.04
Receiver Module Assemblies 1.99 0.39
Beam Combining Networks 8.00 0.57
ol e T T

5.7 CORPORATE SIGNAL COMBINING NETWORK DESIGN

Stripline circuitry has heen selected for the transmission media of the
corporate RF signal! combining network. Since a large number of binary
level combiners and interconnecting lines must be located within a small
area, the self-ghielding property of stripline will minimize the detrimental
effects of transmissior line mdiation and coupling. The printed circuit
fabrication techniques for stripline result in accurate and reproducible
networks which have wide flexibility with respect to combiner design and
la yout.
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A cross-sectional view of stripline transmission media consisting of a flat
center oconductor located between two parallel plate grourd planes is shown
in Figure 77. ‘Two types of construction are shown, tha{ of an air fill di-
electric between the two ground planes with the center conductor printed on
a thin supporting substrate, and a solid dielectric flll with an imbedcded
center concductor. In practice, mechaniml spacers are required to locate the
center conductor substrate of the air fill line, and solid fill line is comprised
of two bonded together dielectric sheets with the center conductor printed
onto the surface of one of the sheets. The advantages and disadvantages of
each type of construction, denoted by + and -, are given in the figure.
While the air filled stripline has the lowest dissipative losses, it ie prone to
location errors of its center conductor which may lead to the excitation of
undesired {(non-TEM) trauasmission modes. Therefore, the solid dielectric
fill construction is preferred. Both the air and solid dielectric construction
would have the same approximate weight.

The ground plane spacing of the stripline circuitry must be sutficiently
small so as to place the cutoff frequency of circumferentinl TE modes ubove
the operating band. A graph which shows this cutoff frequency as a
function of ground plane spacing, center conduntor thickness, dielectric
constant, and line impedance is given in Figure 7%. For diclectric fill with a
relative dielectric constant of 2.2, a ground plane spacing of 1.59 mm
(1/16"), and a center conductor thickness of 0.036 mm (1 oz. of copper
cladding per square foot), the TE cutoff frequency for a 50 Q line is ap-
proximately 59 GHz. The lowest impedance line that may be used with a TE
mode cutoff frequency just above the operating band (31 GHz) is approxi-
mately 260,

The calculated liiie impedances and losses as a function of center con-
ductor width for .he 1.59 mm ground plane spacing, 2.2 relative dielectric
constant stripline are reported in Table 2!1. Losses may he reduced by
increasing the ground plane spacing, howrver, this would lower the cutoff
frequencies of the undesired TE modes and increase the weight of the signal
combining network,

A variety of binary level combiners may be used in the corporate signal
combining network. Five types are shown in Figure 7%, The combiners
featuring load resistors provide isolation between the two input ports (ports
2 and 3) and are therefore preferred for the corporate combiner. The side
coupled combiner is limited in coupling by the mximum achievable even-mode
impedance of the two parallel line sections. Coupling values greater than
-10 dB are not practical for this design and therefore thev ure not recom-
mended for application in the corporate combiner. The branch-line com-
biner has its two input ports in phase quadrature. Thus, the use of this
combiner design would require the addition of 90° offset lines to achieve an
overall corporate signal combiner with in-phase inputs.

L — A S S ey b ey b e W W W W W —w e

1 Packard, "Optimum Impedance and Dimensions for Strip Transmission
Line", IRE Transactions on Microwave Theory and Techniques, 7ol. 5, pp.
244-247, October 1957.
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TABLE 21.

CENTER CONDUCTOR

STRIP LINE ANALYSIS

- -

A L T R R TR BRI I R R R RN R S B ek

= 0,031300 INCH
= 0.001400 INCH

B = 0.064000 INCH
= 0.021875

FREQUENCY-GHZ 28.750

NDIEL CONSTANT 2.200

DIEL LOSS TAN

LAMBDA- INCHES 0.277
ALF DIEL
720 w W/ (B-T)
OHMS INCH
1¢.0 0.367 5.869
20.0 0.169 2.694
jo.o 0.102 1.636
40.0 0.089 1.107
50.0 0.049 0.790
60,90 0.036 G.578
70.0 0.027 0.427
80.0 0.020 0.315
90.0 0.015 0.237
100.0 0.011 0.179
11G6.0 0.008 0.135
120.0 0.006 0.100
136.0 0.004 0.072

0.001000

0.02729 DB/LAM

ALF-COND
DB/ LAM
0.01575
0.01745
Hh.01915
0.020886
0,922256
0.02426
0.02598
0.02856
0.03285
0.03752
0.04241
0.04744
0.05256
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LINE IMPEDANCES AND LOSSES AS A FUNCTION OF

CONDUCTOR RS/RSCU

1.050

1,050

1,050

0.0985% DB/IN

ALF-TOT

DB/LAM
0.04304
3.04474
0.04644
0.042:14
h.04984
0.05154
0.05325
0.05585
0.06014
0.06481
0.06970
0.07473
0.07985

ALF-TOT
DB/ INCH
0.15550
0.16165
0.16779
0.17394
0.18008
0.18623
0.19237
0.20179
0.21729
0.23416
0.25182
0.26998
0.28849
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The hybrid-ring combiner (with input ports 2 and 3) and the split-tee
combiner feature input port-to-port isolation, in-phase inputs, and a large
range of possible coupling values inocluding equal. At the operating band of
interest, the physiml line length of a quarter wave section in the stripline
medin appronches the line width., Therefore, due to layout considerations,
the hybrid-ring combiner may be preferred over the split-tee. A length of
open ended lossy line (stripline center conductor printed with a resistive
materinl) msy be substituted at the isolated port in place of the hybrid-
ring's grounded load resistor.

The transition between column and row stripline corporate combiners,
and between column combiners and elemental! microstrip receiver modules are
made with minature plunge style coaxinl connectors., It is desirable to limit
operation of these connectors to the fundamental TEM mode. Therefore, the
cutoff frequency of the next higher TE,, mode should be placed above the
operating band. This higher order cutoff frequency fepgi; is given
approximately by

c

/e, m (a+b)
where ¢ is the free space light velocity, € is the relative dielectric con-
stant of the material filing the coux, and a and b are the radii of the shield
and center conductors respectively.

The coaxial connectors should also have a characteristi impednnce equal
to that of the corporate combiner ports and receiver module output (50 0).
The impedance Z, for the coaxial section is given by

Z. = 601("") (2)
0_/'&—; n b .

In addition, the connectors must be designed to have minimum or compen-
sated for parasities (excess shunt capacitance or series inductance) at the

points where they transition from the stripline corporate combining networks
and the microstrip receiver modules,

A candidate coaxial connector type is the mininture plunge style OSSP
series designed by Omni-Spectm. These connectors have u characteristic
impedance of 509 and a TE;, mode cutoff frequency of approximately 49
GHz.

5.3 CONTROL DATA DISTRIBUTION FOR FEED ARRAY SCAN
Ezch of the six sections of the scanning antenna feed array consists of
approximately 128 receiver modules of a common polarization. Each of the

receiver modules include a phase shifter and variable gain amplifier which
must be commanded to a certain state to effect array sean in a desired
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direction. The oontrol signals for the phase shifters and variable gain
amplifiers must be distributed throughout the feed array section from a
remote controiler to each module. The control signal format and distribution
scheme should be the simplest possible while having sufficient flexibility and
speed required for scanned beam relocution,

The receiver module phase shifter consists of 5 bits. The variable gain
amplifier consists of three stages ench with 5 possible levels plus an "OFF"
state. Therefore, the varianble gain amplifier has 16 unique settings and
requires 4 bits of control. Each receiver module, therefore requires a total
of 9 bits of control data to be reset for a new scanning beam position.,

A control scheme hus been studied which sends the command data to each
of the modules of an array section in a sequentinl fashion. ‘The system is
diagrammed in Figure 80. Modules are addressed vin column snd row lines.
These address lines form the luttice shown in the upper portion of the fig-
ure, Modules are located uat alternate lattice points to form the triangular
grid as shown. Control data for the modules are sent in a sequential fagh-
ion. To address the module of which the control signals on the data line are
to be sent, the appropriate row and column address lines are placed high. A
data clock signal ensures the beamsteering signals are read into a module
only during the appropriate time period. The contro! signals for a new
scanning beam position are read into each module and stored during the
dwell period of a beam. With a high signal on the strcbe line, all modules
change state simultaneously to form the new beam. This control technique
requires only two address lines, nne data line, a clock line, and a strobe
line to be interfaced with ench receive module. The later three lines are
common for all modules in the array section while the address lines are only
unique for different rows or columns. The serial in-parallel out register and
latch/drivers shown in the figure are integrated into eaich module.

To form a scanning beam, only a cluster of 1Y modules are active or
"ON". Therefore to minimize the time period required to reset the array
gsection for a new scanning beam position, it is possible to set all of the
section modules simultaneously to the "OFF" state hy placing all row and
column address lines high, and then resetting just the 19 active modules
sequentially to the required state. If D is the bhit rate at which the cor.irol
signals are sent, then the time period, t, required for army section recom-
mand is

(9 bits)(l section "OFF" + 19 module resets) 180

e il Tt e b (1)
N D

If shorter recommand periods are required and the data rate ean not be

increased, then the control scheme must be modified so that multiple receive

modules are addressed and sent data simultaneously as opposed to a se-
quential fashion.

143

L

2)



0 Fany Y nY L\
L r' 4 >
1 Fas Fanl a
v WJ =
-0 b
s | 4
Banl-
T
Q=
iq
[+ 4
14 (\ {\
TS r(‘Lr 3
va
th"‘ 0 l 2---
=
=

{47

8 Bits

i0 7}

Address,

Remate

Controller

Column Decoder

7 4414 1%
|
|
[
l Tu Row To Calumn
I Decoder Decoder
I

TO 6 To VGA

SBitsﬂ ﬂuuuts l

0 and VCA

Latch Drivers [

9 Bits

Lt~

9 Stage
Serral in-

Parallel Out

Renister

L ]

L Qata Clock L

v me—— S——— ——

Serigl [Data

(1 per Arra\,|

Change Beam Position Stebe

Sucton)

Figure 80.

144

Scanning Array Section Control System

{1 Per Module)

To all ‘lodules
In Array
Sectinn

5 1
[——

EYE ]



5.4 FEED ARRAY CONSTRUCTION

The active receive feed army of the smnning antenna s subdivided into
six electrimlly independent rectangular ‘ections. As has been described,
these sections are located in overlapping portions of the array and are of
alternate vertical and horizontal polarization. Fach section forms one scan-
ning benm and is comprised of n RF corporate signal combining network, DC
power and control signal distribution systems, MMIC elemental receive
modules, and coniaal horn radinting elements.

An isometric view of the aemnning antenna feed arrmy is shown in Figure
1. The coniml horn radiating elements are arranged on the front fuce of
the array in an equilateral triangular grid, The aperture size of the horns
is mximized thereby mking adjacent elements tangentinle Each horn may
be coupled for vertical and/or horizontal polurization. Both polarization
couplings are used when the horn is shared between two overlapping array
sections, When viewing the array from the front fauce, the conical horns
form a CONUS imnge.

Loented with each of the horn mdiating eclements are the MMIC active
receive modules. The horns and modules ure integrated into a single as-
sembly for highest reliability. An elemental receive moduie is used for each
polarization. Therefore, if a feed horn Is shared between a vertical and
horizontal array section, then it is integruted with two complete modules.

The module/horn assemblies plug into the RF corporate signal enmlining
network via a miniature plunge style coaxinl connector and inin the DC
power and control signal distribution system vin a 12-pin minirture connec-
tor. The power and control signal distribution system consists of a multi-
layer printed wiring board oriented parallel to the array face us shown in
Figure 81. Prime power of a positive nnd negative voltage, and address and
beamsteering commands are sent from a centml lncation to each of the arry
modules,

A separate corporate RF signal combining network is employed for each
of the six rectangular array sections. Stripline has been selected for the
combiner circuit medin. As shown in Figure 21, signals from the eclemental
modules are first combined in a column fashion. The column combhiners
within an array scction are jdentieal, and huve cither 8 or 9 input ports
dependent on the particulur array section. Sixteon of these combiners are
used for each section giving 8 possible 128 or 144 element positions. At
combiner inputs where no module/horn assembly is used (element locations
outside of the CONUS image) the port is loaded in the combiner's charac-
teristic impedance. Column combiners located at overlapping array sections
are fabricated ug a two-layer structure,
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Isometric View of Scanning Antenna Feed Array

Figure B1.
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The outputs from an array section's sixteen column combiners are
brought together with two 8-way row combiner networks. These are also
shown in Figure R1, The interconnections are made with equal length coax-
inl cables to allow for a curvature of the array face. The design of the row
combiners are identiml to the 8-way column combiners. The output from a
section's two row combiners are brought together in a single 2-way combiner
whose output is an array section's seanning beam. This seanning beam
output will have either vertioil or horizontal polarization.

The overall size of the scanning antenns feed array i3 approximately
52,3 em high by 105.2 cm wide by 21.3 om deep., Views of the seanning
antenna feed array from the top, side, and back face nre shown in Figure
%49, ‘he conicm! horn radiating elements, MMIC receive modules, and strip-
line corporate combining networks are evident in the top view. The curved
array face is shown as heing approximated by three flat segments.

The array side view shows the module/radiating element assemblies
within the support structure. A cut-away view of the two-laver stripline
column combiner {s given with the hybrid-ring bimry level signal combiners
evident,

The multi-layer printed wiring boards which comprise the DC power and
control signal distribution system are shown in the back view of the fced
array. The outline of the conicil horn radinting elements which muke up the
aist coast of the CONUS imupge may nlso be seen in this view,

A detailed drmwing of the recelve module/radinting ciement sssembly is
given in Figure 43. A module includes a 4-stage low noise amplifier, a 3-
stage variable wmin amplifier, and a 5-bit phase shifter MMIC submodules,
plus beamsteering onntrol and voltage level set integrauted circuits, The
control IC converts the serial heamsteering duta to a parallel formmt with
latching and provides a driver for the variable gain and phase shifter
MMICs. The voltige level set circuit provides the required MMIC voltage
levels from the plus and minug NC bus lines. The module/element assembly
shown is usged in an overlapping section of the array and therefore features
two complete recaive modules (one for each polarization).

The integrated circuits are mounted directly to a metal base plate to
provide grounding and hest sinking. Interconnects between the circuits on
the top side are made with bond wires and with printed lines on an alumina
substrate frame. The interface between the module/element assembly and
the stripline corporate combiners are made with miniature plunge style conx-
ia]l connectors., The interconnect to the NC power/control signal distribution
system is made with a 12-pin mininture connector. A two-side printed wiring
board routes signals from this connector to feed-through pins for connection
to the control and voltage level ICs. The receive modules are hermeticiliy
semled with a ceramic cover which is bonded to the top side alumina frame,
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5.5 THERMAL MANAGEMENT OF FEED ASSEMBLY

The thermal management of the feed assembly is of particular concern
for severa) reasons. FET maximum tempem tures are of critical importance to
reliability. Even though large amounts of power are not Involved, the array
is densely packed creating an essentiully one~dimensional heat flow situation
- front and back. In addition, the ultimate space application precludes any
convective oooling; oconduction and mdiation cooling must he the heat
transfer modes,

Some design aspects of the feed assembly have not yet been addressed
and many details of the spacecraft are not known. However, sed on
present knowledge, some busic assumptions have been made to allow the
definition of u prelimimary thermal management system design and to permit
the ailculation of 8 maximum FET temperature. The 'msic assumptions which
have baen made are:

1., Heat dissiprted is .25 watts per module und .50 watts per horn,

2. The worst case chip has n microstrip FET (with power of 40 mW,
width of 125 um, "gate" spacing of 137.% ym, "gate" hent source
dimensions of 1y m) ona 100y m thick tUnAs chip,

3. Heat is ennducted from the FET chip to the horn and is radinted from
its outside surface; this is the only heat path.

4. The horns look primavily at deep space and are subject to solar
radiation; no other heat sources are included,

. The horn's external surfaces nre puinted white or finished with some
other low solar absorptivity, high emissivity surface,

These basgic assumptions and other necessary design assumptions have heen
made as realistically as possible. In eases where data is not availabe, con-
servative assumptions hiave heen made.

Using these assumptions as needed, a thepmal resistance network anal-
ysis hus heen made for the horn module. This analysis indicates that the
maximum FET temperature is approximately 124°C. The hackside of the
GaAs chip is estimated to be 99°C. The tempernture of the horn mdizting
surfasce is about 80°C.

These results indicate that the design of the feed assembly is adequate
with respect to thermal managment for the intended synchronous orhit ap-
plication. As the design of the feed assembly and spacecraft becomes firm-
er, the thermal management design can alse he further defined and refined.
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5.5.1 Therinal Management Analysis

1. Temperature of Horn Surface
Q, +agQgAg =0 AT (Steinberg, p.148)
05 + -15 (-9)(1-25) = (3066 E'll)(594)(1-25) 'Iﬂ
T = 353°K = 80°C
Assumes:
horns look primarily at deep space
total power horn = .5 watts
horn surface solar absorptivity = .15 white paint or
horn surface emissivity = ,014 gimilar finish

horn radiating anrea = 1,25 ir?
incident solar maistion = .9 w/ml

-3 - -2 - 3 I -

2. Thermal Resigtanee of lorn

R = 2/kA

n

il

2.5 in/[5.5 w/in=°C} (.8 in){.010 in)] = 18.1 °C/W

Agsumes:

e average path length = 2.5 inches (horn mdiates thermally over
entire flared portion)

e horn is 010 thk aluminum

o average conducting area =1dt =7(.8)(.010)

3., Thermal Resistance of Substrate and Bracket

R = ¢/kA
= 2.0 in/[5.5 w/in-°C1[(.62 in)(.06 in)] = 9.8 °C
4 ssumes:

o average path length = 2 inches

o substmite and hracket are .06 thk aluminum {(conservative:
bracket is .12 thk)

¢ substrate and bracket width are each .62 in,

4. Interface Resistances from GaAs Backside to Horn Radiating
Surfaces.

Contact Resistances = .5 °C-iré /w

Area (Metal Substrate to Bracket) = [(.12 in)(.62)1[2] = .149 ir?
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ER = .5/.,149 + .5/.415= 3.4 + 1.2 = 4.6 °C/W

A gsumes:

e dry contact interface

® hrazed or soldered interfaces (GaAs to metal substrute and
bracket to horn) have negligible therml resistance.

Constriction Resistance

Constriction resistunce is estimated to be 52 C/W

Tempemture of Backside of GaAs Chip

L R (Horn Surfuce to GaAs Chip) = Rpgpp + Rgubstmte

and hracket + Ri/f + Rconstruction = 18.1 + 9.8+ 4.6 +

5 = 37.5 °C/W

Assuming totsl power/horn = .5 watts

A T (chip to horn surface} = (.5)(37.5) = 19°C

Temperature at GaAs chip = Tpopn +47T = BO + 19 = 99°C

AT From Gate to Chip Nonactive Side

Worst Case Assumed to be on Var Gain Chip

3 Channels; 1.5x 5.0 mils; 40 oW each

Assumes:

width = 5 mils = 125um

"gate" spacing = 1.5 mils = 37.5um

"ogute" heut source dimension, d, = 1 uym (worst case)

reference temperature = 99°C (T)

substrate thk = 4 mils = 100 ym
GaAs conductivity = .033 W/°C-mm (at T, = 99°C)

20 00620

From: GaAs FET Principles and Technology, p. 323, Figure 6, ete.

Thermal Impedance (T, = 60, k = .038, d = 4) = 58°C-mm/w

99, k = .033) = 67°C-mm/w

ft

Thermal Impedance (T,
Thermal Impedance ((+12 for ¢ = 1 "best fit") = 79°C-mm/w

Power = 40 mw = 04 watt = .04 w/ 125 ym = .04 w/.125 mm = 3.2
w/mm

T - Ty = .32 (79) = 25°C
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T = Toz 25°C

Gate
Temperature

il

Chip Backside Temperature + (T - T;)

99 + 25 124°C

153

-« )



BN Py

6,0 FINAL DESIGN OF REFLECTOR/FEED ARRAY

8.1 DISCUSSION OF FINAL DESIGN SELECTION

The parametric study concluded with a design point consisting of a
Cassegrain dual reflector which satisfied both the fixed beam and scanning
beam requirements. Due to several factors discussed here, the final design
process led to a distinction between the final dimensions of the two designs.
These differences include:

NDownward revision of available element gain due to change of element
from yagl to horn. Change was made to avoid unacceptable cross-~
pol coupling.

This caused upward pressure on the aperture diameter to mect the
56 dB gain requirement.

‘To permit one design to use a small (250 X} aperture, the scanning
beam functional requirement of 53 dB gain over CONUS was consid-
ered to be met by a continuously steerable beam of at least 54 dB
gain, This allows a 1 dB margin for pointing accuracy and heam-
steering resolution.

The element spacing was reduced to the minimum possible value
permitted by physical constraints such as sizes of parts and multi-
wire connectors.

With a larger aperture to make up for lost element gain, by reducing
apillover, etc., the secondary element pattern becomes narrower.
To design for a continuously steerable beam capability, with a fixed
minimum element spacing, the foenl length had to be increased to
reduce the angulur separation of the sezondary beams to the point
of approximately 3 dB crossover leveis. Performance capable of
continuous steering Is required aven in the fixed beam case because
the elements of adjacent city arrays are packed close together and
even overlap in multiple ways. The desired beam angle for a given
city will not necessarily correspond to the peak of a single second-
ary element pattern.

The wider East-West scan is done in azimuth to minimize deviations
of magnification of the suhreflector off axis, due to offset. Signifi-
cant gain variations exist with sean angle in a dual reflector, due to
the decreasing magnification of the hyperboloidal subrefiector as the
scan angle is increased away from the subreflector axis. The effect
is to increuse the gain of an element, but also to increase the sngu-
iar separation of the peaks of secondary element patterns, thus
degrading sidelobe control. For an offset dual reflector system, the
subreflector illumination over the entire range of scan in the offset
plane is typieally all to one side of the subreflector axis. This

L LOEDING PAGE BLANK NOT FILMED
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asymmetry aggravates the varying magnification of the subreflector,
Attempts to reduce this effect by tilting the subreflector axis or
increasing the subreflector focal length both result in an increased
main reflector offset. Therefore we have chosen to perform the
widest scan in azimuth In order to use the subreflector symmetrically
in that plane and reduce the maximum degradation that will oceur in
any scan direction.

. The minimum element spacing in the feed array was limited to 3.1
based on packing and assembly considerations, mainiy the physical
dimensions of connectors, modules, transitions, This fact put
upward pressure on the F/D ratio of the initial design point in order
to achieve the desired crossover level of the constituent beams in
the far field,

. The approach taken was to design for an array/reflector capable of
forming a well-formed beam with generally low sidelobes. This is in
contrast to identifying the zones in the sidelobe region in which
interfering signals are expected, and controlling sidelobes in only
those regions, For instance, in a scanning beam case with 6 regions
as shown in Figure 4, the sidelobes in the rest of the zone of a
given beam may not need to be controlled., Explciting this fact may
permit use of fewer clements in a beam. However, this alternative
was ot chosen.

6.2 DISCUSSION OF QUANTIZATION ERRORS

The basic array design process was completed assuming continuously
variable amplitude and phasc weights. Some margin was allowed for quanti-
zation errors, primarily in the sidelobe criteria. The results of the quanti-
zation study are presented here. Four basic cases from the finei design for
the 6 scanning beam configuration were used as repregentative starting
points. The four cases used ware:

[ 0° scan, one principal element

[ 1° sean nominal, three principal elements

. 39 sean nominal, one principual element

. 3° scan nominal, three principal elements,

All four cases used 19 elements to form the beam. Cases with one prin-
cipal element have the composite beam peak near an element beam peak.

Cases with three principal elements have the composite beam peak between
three individual element heam peaks.,
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An ensemble was obtained by repeatedly applying uniformly discributed
errors to the ideal phase and amplitude woight settings for these cases,
avaluating the resulting patterns, and comparing to the ideal pattern. This
was a much more efficient procedure than to obtain the same numbher of
samples by using & fixed set of guantization levels, ideal element weights
from many different scan angles, and fit these ideal weights to the fixed
levels. Either way, the crror on an individual phase or amplitude weight is
approximately unifermly distributed.

The standard value for amplitude quantization levels is compared at 0,
1, 2, and 3 dB. The actual set of levels available is given in Table 22.
These are obtained by cascading 1 variable gain amplifiers having individua!
settings also given in Table 22, with all settings normalized to maximum of 0
dB.

TABLE 22, AVAILARLE AMPLITUDE WEIGHT LEVELS

0 0 H 0
-3 -3 3 1.9 1.5 Constant
-8B -6 J 6 3 1.5 Step
-10 -9 3 10.5 4.5
-13 -10 1 12 6
OFF -12 2 OFF 7.5

-13 1 9
[ndividual -15 2 Individual 10.5
VGA Settings ~16 1 VGA Settings 12,
~18 2 13,5
-19 1 15,
-20 1 16.5
~-22 2 18.
-23 ! 19.5
~-25 2 21.
-26 1 22.5
-29 3 24,
=30 1 25.5
'32 2 270
=33 1 28,5
-36 3 30
-39 3 31.5
OFF 33.
LEVEL STEP 34.5
36
OFF

The sparseness of levels available at levels higher than ~10 dB means beam
pointing errors are best represented by the 3 dB quantization step. The
sidelobe errors are best represented by the performance of a level near the
2 dB step, since from -10 to -26 dB the step size averages about 1.5 dB,
and from -26 to -39 the step size a° erages about 2,2 dB., Results of these
samples are shown in Figures 84 through 86,
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Considering the 5 given levels of the VGA as choson subject to some
other rule, such as only using 1 VGA in an elemental signal path, this
application in which 3 VGA's are cascaded could bznefit from a more appro-
priate cholce of lovals, A possible suggested set is given in Table 22, This
provides nn even distribution of available levels which is useful, decreases
the overall 1ange, which was already more than necessary, and eliminates
some redundancy in settings. The levels were chosen in this manner, For a
uniform step size of X, number of units to be cascaded N, number of levels
per unit M; initial step is X, next step is (N+1)*X; next step (N+1)2 *X, etc,
This 18 done symmetrically away from both the 0 dB max level and the yet
unknown lowest level. This lowest level is determined by matching the
absolute levels at the center point,

Given that a 5 bit phase shifter would be available, the pattern error
versus amplitude quantization level samples were run with an 11,25 phase
quantization level, To show the significance of this phase accuracy, samples
were run with 1 bit more and less phase setting accuracy, as shown in
Figures 84 through 86,

To demonstrate the significance of the level of the threshold helow which
an element Is turned off, the pattern error versus three threshold levels is
plotted in Figures 84 through 86,

The errors plotted are average errors. In all cases it is possible for the
pattern of the quantized elements to have one performance parameter better
than it was for the unquantized case. This i{s true because the optimum
point used is a "global" compromise among gain, average sidelobe, and peak
sidelobe levels. Also, any particular sample could have a much worse than
average performance parameter,

Inspection of Figures 84, 85, and 86 reveuls only two types of errors
which show correlation with the particular scan condition being considered.
Gain loss versus element turnoff threshold becomes negative, a gain in-
crease, for high thresholds near 0° scan., Larger scan angles maintain a
gain loss although it appears to reach a limit. The other condition which
stands out is the sidelobe level degradation at 0° scan for a single principal
element, as a function of element shutoff threshold. The degradation for
this case appears to reach a limit, while the other cases continue degrad-
ing.

The entire range of quantization errors considered here was found to
have only a very small effect on pointing angle. The maximum error for any
particular error sample for any case was never greater than .04°, These
large errors occurred only for the 3 dR amplitude quantization step, for the
cuse having three principal elements. Errors for all other cases were less
than .02°, relative to half-power beamwidths of .28°,
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8.3 ARRAY CURVATURE AND TILT REQUIREMENT

It is well known that the focal surface for un offset Casscgrain reflector
antenna is a non-symmetrical curved surface. However, there was praessure
from the array designers to deaign if possible an array with a fiat faco.
Thus, an investigation of gain logs was made at the single clement level to
asanys the impact of a flat array face.

This trade was don< for 3 250 % main reflectord, with a constunt F/D -
magnification factor product of 2,94, As seen in Figure 87, the larger
magnification design ylelds a sharper peak of gain vs scan for o flat array
face. The lurger magnification also has snother disadvantage, In that the
envelope of the gain curves has its maxima at a larger sean angle. This
increase in guin is duc to decresse spillover loss due to a decrease [n the
actual subreflector magnification realized over the porilon of it which is
used, This is accompanied by an increase in the apparent element spacing,
which is u distinet disadvantage., Since the envelope of these gain curves
are a good approximatinn to the gain vs scan curve for an ideully locs,ed and
pointed element, clearly the simaller magnification is desirable. A.-a, the
maximum gain is asymmetric with respeet to the hnresight scan direction,
These considerations lead to the choice of a small magnification, and the
implementation of the *+3° scan in azimuth, so that the performance will be
symmetrically distributed about the center point, The ¢ 1.5° scan now done
in elevation is not subject to the layer errors encountered by a+3° elevation
scan.,

The aray curvature and tilt was bused on an iterative selection of the
best pointing angle for the 3° azimuth sean element. Projection of this angle
on the offset plane yields the array tilt, and the normal component o~f the
angle yields the curvature requirements. Using a eylindrical surface satis-
fied the porformance criterin in elevation scun for the 6 seanning beam cuse.
For the !4 fixed beam case, some city clusters neea to be individually
pointed, but the surface of this feed array is not constrained to pres. ing
a continuous saquence of elements,

Use of a cylindrical surface through the optimum location and pointing
angle of the wide uzimuth scnn element leads to some forward defocus of
elements near boresight. ‘This defocus condition has bheen modeled und
causes only slight degradation in » region where there is plenty of margin,
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6.4 ANTENNA PATTERNS

Antenna patterns for the two selected designs are presented in this
section. Figures B8 through 93 are for the 6 scanning beam uantennae,
Figures 94 through 97 are for the 18 fixed beam antennae,

Due to the large amount of pattern data available, a statistical method of
presenting the data in 8 more readily meaningful form was chosen, Since
the antennas were desigried to have low sidelobes in general, rather than
just in zones, it is convenient to present the data as a function of distance
from the center of the main beam. Thus a point on the curve prescents the
statisties of the antenna pattern in an annular ring around the main beam.
Three parameters are plotted. First is the average power gain arcund a
ring. Second is the peak power gain of any single point in the ring. Third
is the maximum and minimum of the maximum gain envelope. This {8 not an
antenna pattern, but the envelope of the main beam gain under maximum gain
conditions as discussed in Section 3.2.7. The maximum and minimum values
occurring in each ring around the main beam are plotted. This illustrates
that the gain ripple in the region of useful electronic scan is les than ,5 dB.

Also indicated on the figures is the number of elements operating at
nearly full gain, either 1, 2, or 3. This provides evidence that good beams
can be formed whether the power in the focal plane is focused on a single
alement or focused at a point between two or three adjacent clements.
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6.5 COMPOSITE ELEMENT PA'TTERNS

The composite primary feed patterns for two low sidelobe excitations are
shown {in Figures 08, 89 and 100, along with a single element pattern in
Figure 101. The main reflector subtends an angle of 24° un the primary
pattern. Outside of this region, grating lobes do appear in the expected
locations based on the element spacing in the array,

The oversized subreflactor will intercept some grating lobe energy.
Diffraction of this energy by the edge of the subreflector {8 not accountaed
for in the computer program. Some grating lobe energy will not be shadowed
by the subreflector and may be incident on the earth. The relative level of
this energy is computed for a typical case.

Gain of primary element pattern +18.4% dBi
Array factor of array excitation + 6.1 dB
Relative primary grating lobe gain -10.0 di
Overall antenna gain ~-56,2 dRBi

-41.2 dB

Thus the impact of & feed grating Inobe on ovurall system performance is
negligible, being well below the peak sidelobes of any recommended design.
However, due to the offset of the feed and subreflector, a feed grating lobe
may fall within the coverage area for some heams.

175

o §



o
‘
. 4
'
¢
.
'

D 50
9SED) weag paxig
uess o0 Joj paybrapn
A31SNID UIWILT 64 ;0 uaded Adewisd sytsodwon g aunbig

31900 9IS
Lol € PL £ iz 0a-el m...a PRAT- UOAT BOTRE- GDTER- IDURC

§0 G-

-~
T T
L

ov 'an

L)
09,54

[T}

-
TR ‘
09 ‘DL - Jan
PR

Qatel.

P
(

P
“\
C

P
.

v

176



ML L LI B

IND 06
asen) wesyg poxiy
ueds 0 403 pajyblom
121ISN|D JUdWI3 §1 JO usdied Aaewiag aysodwo) °66 sanbig

. 3 BN
te:  po'e)  eeer  tecaz  roef ¥

Gamﬂ«h V0BT cs.mmm JaTen- wa e

/

f

/

f

P
\

woa.

T
by od. 800

.
00aC- M0 9540%

T
[ LU o

Q BOCdl-

ol

177



-t
.
}
i
'
'
.

aseD weay paxi4
ueds yinwizy o a0y payblam
4915nD) Juswa|3 61 JO usanlied Adewiad ausodwon ‘oo a4nbiyg

/

\
/ ] . NN@ WIS 15 L. . . "
wLo0Er mw e et URCE T TgaTAL 20007 @aTeT- goTer 0anen.
7 ™
P
-
| _.,..
/ s
X °
| Iz
\ 3
oo
- [l
a —
/ 2
=
hell

T

LYl

=

T

oo Qe EU'UE-Bg?hTh-

[—
a3 on'ef-




L L

6L =u @ sod
uBuR(3 3buls Jo udariey Auewrig

. -ar - ca7 L 39 mE35 13y .
£ W00y e0'a 0078z PORI URJuETRL d0UeT-

101 34inbiy

99.1Mﬂ oRdh-  ugTeg-

\

-
S
e _[—.'-
@3- BODL. OQUBE.

T T

‘Bl- QutQ@z- Qﬂ'ﬂE-gquTab,qgﬁﬂﬁ-

T

~

T

—
Qe'o aa

179



	GeneralDisclaimer.pdf
	0021A02.pdf
	0021A03.pdf
	0021A04.pdf
	0021A05.pdf
	0021A06.pdf
	0021A07.pdf
	0021A08.pdf
	0021A09.pdf
	0021A10.pdf
	0021A11.pdf
	0021A12.pdf
	0021A13.pdf
	0021A14.pdf
	0021B01.pdf
	0021B02.pdf
	0021B03.pdf
	0021B04.pdf
	0021B05.pdf
	0021B06.pdf
	0021B07.pdf
	0021B08.pdf
	0021B09.pdf
	0021B10.pdf
	0021B11.pdf
	0021B12.pdf
	0021B13.pdf
	0021B14.pdf
	0021C01.pdf
	0021C02.pdf
	0021C03.pdf
	0021C04.pdf
	0021C05.pdf
	0021C06.pdf
	0021C07.pdf
	0021C08.pdf
	0021C09.pdf
	0021C10.pdf
	0021C11.pdf
	0021C12.pdf
	0021C13.pdf
	0021C14.pdf
	0021D01.pdf
	0021D02.pdf
	0021D03.pdf
	0021D04.pdf
	0021D05.pdf
	0021D06.pdf
	0021D07.pdf
	0021D08.pdf
	0021D09.pdf
	0021D10.pdf
	0021D11.pdf
	0021D12.pdf
	0021D13.pdf
	0021D14.pdf
	0021E01.pdf
	0021E02.pdf
	0021E03.pdf
	0021E04.pdf
	0021E05.pdf
	0021E06.pdf
	0021E07.pdf
	0021E08.pdf
	0021E09.pdf
	0021E10.pdf
	0021E11.pdf
	0021E12.pdf
	0021E13.pdf
	0021E14.pdf
	0021F01.pdf
	0021F02.pdf
	0021F03.pdf
	0021F04.pdf
	0021F05.pdf
	0021F06.pdf
	0021F07.pdf
	0021F08.pdf
	0021F09.pdf
	0021F10.pdf
	0021F11.pdf
	0021F12.pdf
	0021F13.pdf
	0021F14.pdf
	0021G01.pdf
	0021G02.pdf
	0021G03.pdf
	0021G04.pdf
	0021G05.pdf
	0021G06.pdf
	0021G07.pdf
	0021G08.pdf
	0021G09.pdf
	0021G10.pdf
	0021G11.pdf
	0021G12.pdf
	0021G13.pdf
	0021G14.pdf
	0022A02.pdf
	0022A03.pdf
	0022A04.pdf
	0022A05.pdf
	0022A06.pdf
	0022A07.pdf
	0022A08.pdf
	0022A09.pdf
	0022A10.pdf
	0022A11.pdf
	0022A12.pdf
	0022A13.pdf
	0022A14.pdf
	0022B01.pdf
	0022B02.pdf
	0022B03.pdf
	0022B04.pdf
	0022B05.pdf
	0022B06.pdf
	0022B07.pdf
	0022B08.pdf
	0022B09.pdf
	0022B10.pdf
	0022B11.pdf
	0022B12.pdf
	0022B13.pdf
	0022B14.pdf
	0022C01.pdf
	0022C02.pdf
	0022C03.pdf
	0022C04.pdf
	0022C05.pdf
	0022C06.pdf
	0022C07.pdf
	0022C08.pdf
	0022C09.pdf
	0022C10.pdf
	0022C11.pdf
	0022C12.pdf
	0022C13.pdf
	0022C14.pdf
	0022D01.pdf
	0022D02.pdf
	0022D03.pdf
	0022D04.pdf
	0022D05.pdf
	0022D06.pdf
	0022D07.pdf
	0022D08.pdf
	0022D09.pdf
	0022D10.pdf
	0022D11.pdf
	0022D12.pdf
	0022D13.pdf
	0022D14.pdf
	0022E01.pdf
	0022E02.pdf
	0022E03.pdf
	0022E04.pdf
	0022E05.pdf
	0022E06.pdf
	0022E07.pdf
	0022E08.pdf
	0022E09.pdf
	0022E10.pdf
	0022E11.pdf
	0022E12.pdf
	0022E13.pdf
	0022E14.pdf
	0022F01.pdf
	0022F02.pdf
	0022F03.pdf
	0022F04.pdf
	0022F05.pdf
	0022F06.pdf
	0022F07.pdf
	0022F08.pdf
	0022F09.pdf
	0022F10.pdf
	0022F11.pdf
	0022F12.pdf
	0022F13.pdf
	0022F14.pdf
	0022G01.pdf
	0022G02.pdf

