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ABSTRACT

Measured performance characteristics from
ground tests of the Transmitter Experiment Package
(TEP) for the Communications Technology Satellite
are pregented, The experiment package consiste of
a 200 W Output Stage Tube (OST) powered by a Power
Processing System (FPS), Descriptions of both the
PPS and OST are given, The PFS provides the nec-
essary voltages with a measured dc/dc conversion
efficlency of 89 percent. The 05T, & traveling
wave tube with multiple collectors, hes a satu-
rated rf output power of 224 W and operates at an
overall efficiency exceeding 40 percent over en
65 MHz bendwidth at 12 iHz, OST performance given

includes freguency respinse, saturation character-

igtles, group delay, AM to PM conversion, inter-
modulation distortion, and twe channel gain sup-
pression, Single and dual channel ¥if video per-
formance is presented. It was determined that for’
1z Miz peak to peak frequency deviation on eech
channel, dual chennel R television signels can be
transmitted through the TEP at 60 W, each channel,
with 40 Miz channel spacing (eenter to center),

INTRGDUCTION

The Comminications Technology Satellite (CTB)
is currently being developed by HASA and the
Canadian Department of Communications, The CTS is
a high power communications satellite that will
make possible the recepsion of television and two
way volce communicabions using smell, low cost
ground terminals. Communications links to differ-
ent parts of Ceneda and the United States (includ-
ing Aleska end Hawaii)} will be esteblished to sup-
port various (TS5 communicasions experiments in the
areas of educaticn, héalth and information ser-
vices, CIS will be launched into synchronous or-
bit by a Thor Delta £914 launch vehicle in Decem-
ber 1975, When onh station, the spacecraft will be

at 116% west longitude, just west of South America.

One of the major responsibilities of the
United States in the joint CF3 program is to pro-
vide a high power Transmitter Experiment Package
{TEF). The TEP 1is used as the final amplifier in
the spacecraft SHF transponder (fig. 1), ~The
transponderl will receive signals at 14 GHz,
translate, amplify and transmit these -signals at
12 GHz, 'Two 85 MHz channels {fig. 2) will be pro-
cessed through .the transponder with one channel
emplified to. 200 W through the TEP and the other
amplified to 20 W by a low power traveling wave
tube. .
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require a voltage of 3.2 KV,

The transmitter experiment package (fig. 3)
is made up of two major subassemblies, the Output
Stage Tube (OST) and the Power Processing System
{PPS). The prineipal objectives of the TEP devel-
opment are;

() to demonstrate in space an amplifier op-
ereting with an efficiency > 40 pércent and a
saturated rf output power > 180 W at a {requency
of 12 GHz,

(b) to demonstrate relimble high-efficiency
performance for a transmitter experiment package
for 2 years in & space environment, and

(¢} to obtain fundamental data for further
advancement in the state-of-the-art of high power
microwave emplifier operations in space,

This paper presents the de, rf, end communi-
catiens performance of the transmitter experiment
package as méasured during ground testing,

TEP DESCRIFPITON
Output Stege Tube

The OST is & linear-beam traveling-wave-tube
(TWT) amplifier (fig. 4). It nchieves a high
level of efficlent operation by incorporating twe
unique desipgn feabures, a velocity taper of the
slow-wave structure? and a 10 plate depressed eol-
lectord, The velociby taper resynchronizes the
electron beam thereby providing a high level of
tube interaction efficisancy (&8 percent), The
10 plate depressed collector sorts out and reduces
the veloecities of the spent beam electrons so that
they can be collected at near sero kiretic energy
thereby reducing the amount of spent beam energy
converted into heat. These design features have
produced an overall 05T efficiency of 48 percent
with 224 ¥ of saturated rf cutput at 12 GHz.

For operation, the OST requires several high
volbages., The éathode voltage and current are
11,2 XV at 77 ma. Ihe 10 collector vdliages step
down from the 10kth collector to. the second in
10 percent incremen$s of the cathode. voltage,

The first collector is tied to the power supply.
The lond on each collector supply varies s a
funetion of rf drive, Two ion pumps oh the 0ST
The cathode heaster
requires a low voltage supply that operates at
the cathode potential, An anode used to actel-
erste cathode electrons requires a 250 V poten-
tial, .



In the complete TEP {fig. 3}, the OST is phys-
ically mounted onto the ¥P3 with a variable con-
ductance heat pipe system to carry the heat awny
from the base of the tube toc e radiating surface,
The TEP is so situated on the apacecraft as to
permit the collector cover to radiate directly to
space, Four thermistors mounted on the QST are
used as temperature sensors, Two diode detentors
in the OST output eclrcuit are used to monitor £
c¢ident and reflected rf power. The TEP signal con-
ditions all TEP sensors for spacecraft telemetry.
Instrumentation has been incorporated into the TEP
te narmit determination of thé OST performance.

Power Processing System (PPS)

The function of the power processor is to cor-
vart power drawn from the solar array into the
forms reaquired by the various system elements., 1n
eddition to providing regulated voltages to the
output stage tube. The power processor also pro-
vidas the instrumentatien, command, and protection
functions for the total system,

besign Features, - In addition to the more
conventionel considerations, the design of the PFS
hed to eddress certain stringent constraints; in
particular, the requirement of low output ripple
coneurrent with a requirement of low stored energy,
which serves to prevent damage due to shorts inter-
nel to the OST. These reguirements were met by the
incorporation of several novel techniques,

The input regulator operates in a constant
current mode with excess energy belng returned to .
the input bus, This minimizes the effects of in-
rugh current charging the stray capacitances of the
transformer

PPS regulation is of the two loop type which
controls both the gutpubt voltage level, and the
input current on a cycle to cycle basis, This
scheme not only gives excellent regulation but also
keeps all transients under coatrol thus enhaneing
semi-conductor reliability. The output filter con-
gists of RC networks followed by an active filter
which provides the low ripple power without ex-
ceeding the stored energy specitication, Automat-
ic protection is provided to prevéent demagé to the
0ST due to excess body current or high internal
pressure. Automatic protection also prevents dem-
age to the PFS due to undervolteage or excess trans-
former current,

The PPS input and output requirements are
ligted in Tables I and IT while such details as;
the considerations of energy storage, power pro-
cessor bturn on times, and the "fail safe" modes
dictated by system design are shown in Table III.
A simplified block dlagram of the power processor
is shown in FPig. 5. Most of the pover is drawn
from the 76 ¥ solar array, ‘lhe 28 V battery bu-
powers the cathode heater supply and the ion pump
supply allowing for their operation during eclipse
conditions,

Physieal Characteristics. - The PBS (fig. 37
is contalned in a 13 K& (28 1lb) package having the
dimensions of 24 cm (9.5 in,) wide, 18 em (7 in,)
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tall, and S0 om {20 in.) long., Considerable at-
tention was given tu the detall degign of the high
voltage section. Transient protection was pro-
vided to prevent damsge due to areing., Voltage
gradients were controlled between both the compo-
nents, and the boards themselves. The high volt-
age section is completely iscolated from the low
voltage section both physically and electrically.
A1 high voltuge terminations have corona spheres
abttached, Typical of the cere given to detalls
is the use of ¢ap nubs to prevent sharp thread
edges projecting into the package. Attention to
guch details 1s required in order to provide re-
lisble operation of high voltage circuitry, More
detalled information on design is given in Rel, 4,

PERFORMANCE CHARACTERISTICS
TEP DC and RF Performance

To simulate a space environment, the flight
TEP was tested in a thermel/vacuum facility,
TEP temperaturés were cycled from the spacecraft
control levels to those that will be exparienced
during eclipse perleds, Table IV and the asso-
ciated figures provide a summary review of the
TEP de¢ anu rf performance levels.

The efféct of the high level of TEP efficien-
ey cah best, be appreciated by comparing the raw
power required by the CTS TEP to one having a
tube without a multiple depressed collector. 1o
produce the same 224 W of rt output, a TEP with-
out the multistage collector would require 955 W
of raw de power as compared to 524 W with the
multiple collectors, This incresse in raw de
power wonkd inerease the size and weight of the
spacecrsft and the launch vehicle requirements.

The TEP saturated response (fig, 6) shows
that with the input power held constant at 23 dim
the output power is maintnined above 200 W across
the A5 Mz band. The smell signal response
{(fig. 7) shows a peak to peak gain variation of
3 dB across the band. Below the saturation -3 dB
level, the power bransfer curve (fig., 8) shows
a gain variation of 1.5 dB. The group delay re-
sponse (fig. 9) has no severe second derivative
variations thet would cause distortion to phase
gensitive signals such ms color video.

In the two earrier gain suppression tests
(fig. 10} each curve begins with only carrier 1
establishing the OST output power, As carrier 2-
drive power is increased to a saturation drive
level, carrier 1 oubput power is suppressed, " The
224 Y curve shows a 4 dE suppression and the 100 W
curve 6 dB. Therefore, using the 100 W curve as
an example, if a sécond channel Signel were pro-
cessed through the TEP, and its input level were
adequate to saturate the tube, the first channel's
output power would be suppressed to 25 W by the
second channel., In the 10 W curve there is a
2.5 dB goin expansion of carrier 1 output befor=
e 1 dB suppression. The gain expansion 1s due to
the power transfer characteristic of the.TEP that
shoWs an increese in gain from output levels
belew 40 48 to levels between 40 and 45 dBm,




The third-order intermpdulation data reflects lbu
intermocdulation distortion when multiple signals
are processed through the TEP, 5

TEP Communications Performance

The transmitter experiment package was sub-
Jected to a series of ground tests to evaluate its
comumnicatlons performance, Tast results pre-
sonted ars AM to PM conversion and single and dusl
channel frequency modulated video.

AM to PM Cenversion, - Because the time delay
of the TWT is dependent upon the amplitude of the
input signal, any amplitude modulation present at
the tube inpul results in a phase modulation at
the oubput. In FM or M transmissiens, this added
vhase modulation appears as an wmanted signal at
the receiver output. Tests on the flight model
TWT (8/N 2022} proauce the results sheown in
Table V., These measured values of AM to PM con-
version are typical of traveling wave tubes,

Frequency Modulated Video Yests. - A complete
gseries of single and dusl channel video tests were
performed on a transmitter experiment package con-
taining & flight back-up tube {(2025), Although
these results were obtained using the flight back-
up tube, the results ave representative of this
family of tubes,

Single Channel Videg Tests, - Standard video
trst slgnals and color program material were used
to evaluste the ability of the transmitter te am-
plify frequency modulated television signals, r

Carrler frequency wariable
Peak to peak frequency

12 MHz, 18 Miz
{white to sync peak)

Audio subcarrier 7.5 MHz
Audio modulabion None
Receilved carrier to 26 dB

noise
Video monitors Professional quality,
viewed with reduced
ambient lighting.
Modulation type Varisble, with pre-
and de-emphasis,

Results of the tests are in Table VI

. The measured signal to noise ratlos agree,

within one decibel, with the expectéd signal to
nolse velues based upon the received carrier to
noise ratlo and the Fi{ improvemert factors for the
two different deviations. The transmitter/re-
celver pair used for the tests had differential
‘phese of 1.5° and differential gain of 5 percent.
Thus, the transmitter tube andds almost no differ-
ential phese and gein Lo the system. Subjective
qualtity of the received pictures was éxcellent,
with regard to both noise and celor quality.
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Two Channel Video Tests, - Tests were per-
formed to determine the conditions under which
the transmitter tube can amplify two fregquency
moduleted television signsls simultaneously with
acceptable interferences., It can be shown that
when two information bearing carriers are ampli-
fied by & non-linear device, no intermodulabtion
products will fall into either channel if the two
cepter frequencies are separated by twice the
channel bandwidth., Also, fram two carrier inter-
modulation tests, it had been found that the max-
imum power out of each of two carriers in a trav-
eling wave tube was about one-third the saturated
power available with a single carrier. Thus, it
was expected that with appropriate channel sep-
aration, two video modulated signals could be
amplified simuitaneously by the CTS transmitter
experiment peckage to a level of £0 to 70 W each,
and then received with no interference, The test
conditions were as for the single channel video
tests, but with twe channels appliéd simultene-
ously, The synchronizing frequencies of the two
video signals were not locked in order to provide
a mora severe interfererice test, The tests are
glven in Table VII,

At 12 MHz peak to peak freguency deviation,
for 30 MHz difference in carrier frequencies,
there was slight interference visible in channel 1
a!, saturated outpui for coler bar test signals,
These signals are p worst case test because of the
large wnif'orm color areas where interference is
easily noticed and becmuse of a flicker effect in
the saturated colors due to the difference of the
color subcarrier frequencies, For the same con-
ditions, (17 MHz deviation, 30 MHz spaciag); but
with progrem material ont both channels, no ipter-
ference was visible, When the spacing was ia-
areased to 40 MHz, no interference was visible
even with test signals. The receivers used for
the tests had 30 MHz bandwidth IF filters, The
spectrums for 30 and 40 MHz speacing are shown in
Flg., 11, Note thabk for 30 MHz spacing, the inter-
modulation products are immedintely adjacent to
the signal spectrums, are partislly accepied by
the receiver filters, and tonsequently preduce
interference, The consistently less interference
in channel 2 than in channel 1 is due to higher
intermod products gederated adjacent to channel L.
The rf power out in channel 2 is high than that in
channel 1 due to the frequency dependent satura-
tioh characteristics of the 08T, From these
fests, it is econcluded that with 12 MHz peak Tre-
quency deviation on each channel, 40 MHz channel
spacing (center to center) results in no inter-
ference when dual channel frequency modulation
television signals are transmlitted through the
TEP at about 60 W, each channel.

Simi:ln.rly, the tests with 18 MHz peak to

" peak deviation show interference af the smaller

channel separations, an?® no intertference at the
greater separations., Spectrums for 40 and 50 Mz
separations are shown in Fig. 12 For 18 Mz
peak to peak frequency deviation on each channel,
50- Mz channel spacing is asdequaté to allow dual
channel frequency modulation television signals
to be transmitted through the TEP at more. than.
50 W output per channel,



CONCLULING REMARKS

In a series of ground tests the transmitter
experiment packsge for the CT5 waus measured to
operate with an overall efficiency of 43 pearcent
(48 percent tuve efficiency and 89 percent power
processing sysiem efficiency). The saturated out-
put power was 224 W et 12,080 GHz, Gain flatness
across an §5 Miz band (3 48 peak to peak) and the
linearity (1.5 3% maximum deviation from a gtraight
line} were measux-d, Phase variation was 2 nano~
seconds peak, Mea.ured third order intermodula-
tion levels uwllow multichannél operation below
saturation. AM to PM conversion reriged from 4 to
8°/d8 depending on freguency and drive,

Tests with video modulated signals showed that
the transmitter experiment package adds virtually
no differential ghaze or differential gain, Dual
channel, video tests indicated that two video sig-
nels could simultaneously be amplified by the
transmitter to levels of about 60 W per chamnel
with 12 MHz peak frequency deviation and 40 MHz
spacing, with no noticeable interference betweén
the recelved signels. Similarly, no interference
was perceptible with each chanhel deviated 18 MHgz
peek, and 50 MHz spacing between channel cernter
frequencies,

The development of this high efficiéney, high
power, transmitter experiment package makes aveil-
able to the spacecraft designer and the system
planner an output amplirier that can effectlively
use a porbtion of the 11.7 to 12.2 GHz band allo- .
cated for space-to-éarth broadeesting. The high
efficiency enables use with e spacecralt power sys-
tem of only 55 percent of the capacisy of that re-
quired by amplifiers of conventional efficiencies,
The high power at 12 (GHz, coupled with the echiev-
able spececraft artenna gein, allows high effective
isotropic radiated power levels that can be re~
ceived by low-cost receiving systems on earth.

-
-
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TAELE I, - PPS INPUI' PEQUIREMENTS

ialn bus:' 000 W naminal at
76 = 11 VD&

Input power

Secondary bus: 30 W naninal ot
27.5 VOC & 3 percent

Commanda 20 Commands with interlocking for:
turn onfoff, control sequencing,
and overide of autcmatie

protection

TABLE II, - PPS OUTFUT REQUIREMENTS

Cathode heater Veltage - 4.2 vDC (-11.2 KV to

ground)

Cathode/collector
supply {cathode)

Voltage - 11,2 KVDC
Hegulation - *1 percent
Ripple - 0,01 percent P,P.

Cathode /collector
supply (collectors)

Yoltage -~ Collector 1 QVDC
collector 10 - 11.2 KVDC
{remaining collectors in

proportion to callector 10
veltage)

Regulation - *3 percent

Ripple - 2 percent PP,

Ariode supply Voltage - 350 vIC (nominal)

Reguwlation - *1 percgnt

Voltege = 3.2 KVIC
Regulatioh - #10 percent

Ion pump supply

Telemetry 32 channels of telemetry,
. sipgnal conditicned to
0 to 5 VIC
TABLE III, - ELECTRICAL PERFORMANCE
Bfficiency 89 percent under naminal conditions
EME MIT, STD 461 A, notice 3
Protection Automatic turn-off for
{a) low input voltage
(b} excess body .current
(e) excess 0ST internal pressure
Energy Less than 1 joule
limiting
during arc
Current Protected for any comblnation of
limiting output short circuit conditions
Turn on time | Stable output in less thean 40 ms




TAELE IV, - TEF PERFORMANCE SUMMARY

TABLE ¥, - AM/PM CONVERSION FOR TURE 2022

0ST Overall efficlency {DCU-RF) | 48 percent Frequancy (CHz)
PPS Efficiency {DC-UC) 89 percent
.TEP Efficiency (RAW DC-RF) 43 percent Output level 12,050 12,080 12,110
OST Pawer Consumptier 468 W Saturabicn 3,87/dB | 6 3°/dB | 4.8°/dB
P¥S Power Consunpbion 56 W Saburation -3d8 | 6.09/dB | 5.59/dB | 8.0%/dB
Saturated RF output power 224 W (fig. 8) Saturetion -5dB | 3,6%/dB | 5,79/aB | 6.79/dB
Baturated gain variation (P-P) | 0.8 dB (fig, 6)
Small signal gain 34 4B (fig, 1) R
Saturated gain %0 dB (fig. 8)
Group delsy variation 2 nano-se¢ (fig,9)
Noise figure 36 dB
Galn suppression 6 dB (fig, 10}
Two carrier - Sat, 10 dB
Third-order - Sat, -5 4B 14 dB
Intermod rabic - Sabk, -10 dB 23 4y
- Sabk, -15 48 35 dB
TARLE VI. ~ RESULTS OF SINGLE CHANNEL VIDEQ TESTS
{TUBE 2025, AT SATURATION)
Freguency, | Freguency Signal Differential | Differential
GHz deviation, | to noisey phuse, galn,
MHz dB deg percent
12,070 12 43 1.5 2
12,050 18 48 3 5
*Signa.l to noise = peak to peak pieture {white-blanking)
ms hoise in 4.2 MHaz,
TABLE YIY, - DUAL CHANNEL VIDEQ TEST BEESULT: {WUEE 2025)
Frequency Center Input level |RF Fower QOut, Test picture Subjective evaluation
deviation, { frequency drive W Cth 1 Ch 2 of interference
MHz seperation, Ch 1l ch 2 Ch 1 Ch 2
- MHz=
iz | -~ 30 Sat, 64 80 progrem/program None visible
- -Batk. 64 80 golor bars Slight None
t Sat, + 3 dB 64 64 Slight Neone
Sat, + 6 dB- | 40 40 loss of sync slight
40 Sak, 64 7 None visible
Sat, + 3 dB g4 B4
Sat, + 5,7 dB| 32 X2
18 40 Sat, 57 90 progrem/program Nane visible
Sat. 57 g0 eplor bars Slight NHone
J Sat, + 3 dB 51 90 Slight iione
Sat, + 6 dB 20 40 Annoying Slight
S0 Sat, 51 a0 None visible
Sat, + 3 dB gl a0 None vieible
Sat, + 6 dB '} 20 51 Slight Wone

Chennel & at 12.100 GHz,
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Channel 1 at 12,070, 12,060, or 12,050 GHz.
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Figure 2. - Communications technology satellite frequency plan,
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| SADDLE
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Figure 3, - Configuration of transmitter experiment package,
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Figure 4. - Coupled cavity traveling wave tube with multistage
depressor collector,
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Figure 5. - PPS simplified block diagram,



OUTPUT POWER, W

OUTPUT POWER, W

240 — ; 30.8
' Py 2.08m | |
: |
|
| |

b | | p—

220 i | 30.4 ©
. \ z
| | -

200}— = ' —30,0 ©
| ~12.038 1213~ |
i/ N\

lw ¥ l l l i '8 J = 29.6

12.038 12.050 12.070 12.090 12110 12130

FREQUENCY, GHz
Figure 6. - TEP saturated response.
O
|
|
—3.5
= . |
30 | Pm 9.5 dBm I
: | —{345%
: :

20— | | 5%

| (4]
| 12,038 1210~y T3R5

ol _| I 1 T

12.030 12.050 12.0:0 12.090 12.110 12.130

FREQUENCY, GHz
Figure 7. - TEP small signal response.




GROUP DELAY, NSEC

T

52—

50—

€ 4

§ o

& ul_

5

Y

40+

38—

sl FREQ = 12. 080 GHz

I S SR TR

3"0 5§ § % B % N B
INPUT POWER, dBm

Figure 8. - TEP power transfer.

~

o

|
i
|
l
: |
| 12,09 1218~ |

l_'

2 1 | | l \4:_]
12.000 12050 12.000 12090 12110 12 130
FREQUENCY, GHz

Figure 9. - TEP group delay.




CARRIER 1 POWER OUTPUT, dBm

= — 2
\ =
-
-
50 —1v &
-
(=
[« 4
—50 =
46— &
. =
—0 =
s / \ :

-110

38 | l | | }
36 40 4 48 52 56
CARRIER 2 POWER OUTPUT, dBm
Figure 10. - TEP gain suppression.
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Figu=e 11, - Output spectrums for 12 MHz deviation, dual channel FM
video signals.
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Figure 12, - Output sp.. trums fo- 18 MHz deviation, dual channel FM
video signals,
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