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ABSTRACT
The NASA Lewis Research Center is currently developing multiple beam
antenna systems for advanced communication satellites operating in the 30/20 GHz
frequency bands (30 GHz uplink, 20 GHz downlink). Up to twenty 0.3 0 HPBW
fixed spot beams and six 0.3 0 HPBW scanning spot beams will be required.

This paper describes NASA's program for investigatirG and developing
future array-fed dual reflector antenna systems in which monolithic microwave
integrated circuit (MMIC) phase shift and amplifier modules are used with each
radiating element of the feed array for beam pointing and power gain. The
objectives of this work are to demonstrate the feasibility of distributed power
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amplification and beam pointing with MMIC modules in the elements of an array
and to develop a data base for future development.

The technical discussion centers around the potential advantages of
w

"monolithic" antennas for specific applications as compared to systems using

high powered TWT's. These include:
1.
2.
3.
4.

Reduced losses in the beam forming network;
Advantage of space combining and graceful degradation;
Dynamic control of beam pointing and illumination contour; and
Possibilities for cost and weight reduction.

Also discussed are NASA's program goals and approach.
(Another paper, 90120 GHz Multiple Beam Antennas for Communications
Satellites" by Royce W. Myhre, describes near term technology developments on
advanced multiple beam systems using conventional ferrite phase shifters, power
dividers, and switches in the beam forming and control networks).
INTRODUCTION
Two phased array-fed dual reflector antenna configuration studies are cur-rently being conducted by COMSAT Laboratories and Harris Corporation for NASA,
The studies are the first part of a program to develop antenna systems with
array feeds having a GaAs monolithic microwave integrated circuit (MMIC) module
at each radiating element. This work is being done as part of NASA's Communications Base RaT program to develop multiple fixed spot beam and multiple
scanning spot beam satellite communication systems in the 20 and 30 GHz bands.
Background
The continued rapid growth of communications message traffic (voice, data
and video) will require the use of additional satellite communications frequency bands before the 1990 decade. The satellite communications bands

currently in use at 4 and 6 GHz (C-band) are already crowded and have resulted
in the development of operational systems at 12 and 14 GHz (Ku-band). The
service demand through the year 2000 was investigated in market studies
conducted by ITT and Western Union (1, 2). This assessment was revised by
NASA in 1980. Figure 1 shows demand (expressed as equivalent 36 MHz transponders) rising even faster than originally estimated in spite of projected
improvements with time of the capability of transponders to handle more
throughput. The capacity of a typical (36 MHz) transponder has grown from a
few hundred half circuits in the early seventies to 1,000 or more today.
Within the next de-ade, individual transponder capacities of L I D to 3,000 half
circuits are expected to be in operation by using advanced modulation, coding
and bandwidth compression techniques.
The limit of estimated capacity of domestic satellites (DOMSATS) using
C and/or Ku-band frequencies (Figure 1) was also increased from the earlier
estimate of 430 transponders to about 1,200 transponders. This increase reflected projected improvements in frequency reuse. Even with these improvements, it may be seen from Figure 1 that the C and Ku .-bands will be saturated
in the early 1990's. In fact, ^iven today's orbit spacing contraints (40
between C-band satellites and 3 between Ku-band satellites), the orbit space
for existing plus planned C-band DOMSATS is already saturated. Closer spacing
is currently under consideration by the FCC (down to 2 0 at C-band) . and potentially offers additional orbit capacity. It is not expected that this will
delay the onset of saturation by more than a few years.
To meet future needs NASA is developing the technology required for
achieving space communic3tions at 20 and 30 GHz (Ka-band). The technology
developed in NASA programs will emphasize hign risk technology usable in other
frequency bands, frequency reuse, orbital conservation and increased throughput. In order to implement frequency reuse, new spacecraft antenna technologies are required for multiple, independent, fixed and/or scanning beams.
Narrow fixed spot beams (0.3 degree) will permit large volume traffic between
single ground terminals located at a carrier's facility in each of ten to
twenty major communication centers in the United States. One to six narrow
scanning spot beams will provide individual services to a larger number (1,000
to 10,000) of smaller ground terminals located on the premises of large commercial firms and their subdivisions. To implement conservation of orbital
space, the new technology is concerned with developing highly reliable,
efficient communications systems and antennas with low sidelobes and low cross
polarization. The required technologies fall into two categories (a) those
that resolve near term needs (for satellites operativiial by 1990) and (b)
those for future needs (operational beyond the year 2000). Among the technology elements identified that require immediate development in order to
support an operational system by 1990 is a multiple beam antenna system. This
technology development is currently well underway.
Concurrently to meet long term needs, NASA is sponsoring investigations of
future technology that have the potential of improving system efficiency,
through-put and reliability; increasing versatility; and lowering weight and/
or cost. This paper describes one of these investigations, the development of
u 20 GHz multibeam antenna system that takes advantage of linear space combination to generate higher power levels using solid state devices in the radiating
elements of an array. The program objectives, the approach and some expected
benefits of the antenna development will be discussed.
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Advanced Technology Program
The discussion in this section will describe briefly the overall goals and
the approach in the development of the advanced MMIC antent;a technology. The
objectives of this program are to develop an antenna systeR tnat stresses technology extendable to other frequency ba yanL facilitates frequency reuse, the
increase of orbital utilization ar'. increased `i. N oughput. To accomplish these
N high gain, multibeam
objectives NASA plans to develop the technology
antenna systems that use MMIC modules in each radiating element of an arrayfeed.
NASA plans to investigate a 20 GHz phased array-fed dual reflector
transmit antenna and a 30 GHz phased array-fed dual reflector receive antenna
separately and then integrate the two into a single aperture system. A multiyear program is planned starting with contractual configration studies to
develop a data base of relevant configurations and to develop detailed design
concepts. The investigative studies are performed by COMSAT Laboratories,
contract NAS 3-23250, and Harris Corporation, contract NAS 3-23252. Concurrently two types of MMIC modules are being developed by Texas Instruments,
Incorporated, contract NAS 3-22886, and Rockwell International, contract
NAS 3-23247. A follow-on contractual effort is planned to design and fabricate
an experimental antenna system. The experimental antenna system will be tested
and evaluated in-house to demonstrate proof-of-feasibility.
ANTENNA TECHNOLOGY DEVELOPMENT
This section presents a discussion of NASA's approach to the investigation
of the 20 GHz transmit antenna, some o tac benefits that are expected from
this research effort, the comparative performance of the MMIC system to the
conventional systems using TWT amplifiers and the characteristics of the MMIC
modules.
Antenna Configuration
Initially, NASA plans to limit its investigations to array-fed dual
reflector systems. Two optical configurations of offset-fed dual reflector
systems shown in Figure 2 can be used for beam steering given the choice of
phase shift or variabl y power amplitude modules. In a confocal paraboloidal
configuration, a nonfocused optical system, Figure 2a, with the subreflector in
the near field, beam steering is accomplished by tilting the phase front. In a
focused optical system using a parabolic main reflector and hyperW is subreflector, as in Figure 2b, beam pointing is achieved by scanning the phase
center of a cluster of elements across the focal surface. However, when a
large number of beams and/or high EIRP are required some trade-offs become
necessary. High EIRP requires large arrays and the multiplicity of beams must
share the same aperture space. They share the space either by interleaving the
elements or each array occupies a smaller block of the available aperture
space. Both leas to reduced efficiency. An alternate approach is to use
linear ccmobininn of several beams so that each beam uses the same array of
elements. In this approach the loss (10 log n (in dB) for n combinations) can
be overwhelming. This kind of trade-off as well as the selection of the type
of radiating element, the type of power divider, the number of elements, the
element spacing, the illumination control and the thermal analysis are under
consideration in the configuration studies.
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MMIC Modules
Two types of 20 GHz MMIC modules were selected for development. A phase
control module having a five bit phase shifter and a constant gain amplifier is
being developed by Rockwell International and a variable power amplifier having
five power amplitudes is being developed by Texas Instruments, Inc. The cha acteristics of these modules are listed in Table 1 and Figure 3a and 3b are
diagrams of the Phase Shift Module and Variable Power Module, respectively,
showing the expected layout and estimated size. These modules represent a
cross-section of the required GaAs MMIC technology developments. In actual
systems, combinations of modules listed below might be used:
a.
b.
c.
d.
e.

Variable
Variable
Variable
Constant
Variable

Power Amplifier
Phase Shifter with Constant Gain Amplifier
Phase Shifter
Gain Amplifier
Phase Shifter with Variable Power Amplifier.
MMIC Systems

Some of the predictable potential benefits of array feeds using MMIC
modules near the aperture of each radiating element are:
(a) The evolution of 20 and 30 GHz solid state sources for space application from the linear combination of a large number of MMIC modules. It is
expected, that, as the efficiency and output power increase in the next generation of device technology, the benefits will be more significant.
(b) The implicit reliability derived from graceful degradation of the
linear combination of a large number of amplifiers.
(c) The increased versatility of MMIC systems derived from the high speed
scanning capability.
(d) The improved isolation and reduced scan loss derived from a large
number of variable phase shift and variable amplifier modules to perform
dynamic phase and amplitude weighting control. The analysis of coupling
effects and amplifier mismatch will bring about a better understanding and,
hence, improved isolation and scan performance.
(e) The reduction o; weight and cost.
Comparison to TWT System
Figure 4 shows the block diagrams of the transmit portion of TWT and MMIC
20 GHz scanning spot beam satellite commu-ications systems. The efficiencies
shown for the TWT (25 percent) and the MMIC (15 percent) amplifiers are based
on linear operation backed-off 2.5 dB below the 1 dB compression point. The
beam forming network of the TWT system is shown in two blocks to identify
separately the DC loss and RF loss. The DC loss is a function of the
switching speed and the number of scanning increments needed to scan a
required coverage area or sector. The RF heat loss is a function of the

complexity of the beam forming network and directly proportional to the RF
output power. The DC switching logic loss in the MMIC system is not shown
because the loss (145 mW/module) is already accounted for in the 15 percent
power added efficiency of the MMIC module.
Figure 5 is a comparison of the prime power requirements for the two
systems where in the TWT system is operated at a low scan rate (where the
switching power is negligible) and the complexity of the beam forming network
(BFN) is low (where the insertion loss is only 3 dB). The divergence of the
two plots occurs because in the TWT system the BFN insertion loss occurs at
higher power levels than the loss in the power divider network (PDN) of the
MMIC system. The performance potential for these two systems is not comparable, when one of the systems is configured in its near optimum mode of
operation and the other is not. In Figure 5 both systems are configure! in a
mode favorable to the TWT system. An alternate comparison is shown it Figure 6
where a TWT is used to drive a large array with a ferrite phase shifter at each
radiating element, an operating mode more favorable to the MMIC system. (PIN
diode or FET phase shifters are not able to Dandle the higher TWT output power
levels). This comparison is made to show that the MMIC system is even more
efficient when a large array is necessary. The BFN losses for the TWT systems
increase approximately as 1092 N (where N is the number of levels) due to
extra levels of power division required.
In the comparisons shown in Figure 5 and 6, the TWT system is assumed to
have digitally controlled ferrite devices (variable power dividers, variable
phase shifters or waveguide switches) that have 0.5 microsecond switching speed
and are operated at a two kilohertz scan rate. The FET switches in the MMIC
modules have a 10 nanosecond switching speed. To try to drive the ferrite
devices faster one pays an even higher penalty in additional prime power as
seen in Figure 7. The operating epaeds greater than (10) for the TWT
system are limited so that two switching transient times are equal to one percent of the dwell time.
It is evident, that even though the GaAs module efficiency is lower than
that of the TWT, the MMIC system efficiency can be higher. It is significantly
higher when scanning rates greater than ten kilohertz are required. In addition, the MMIC system has advantages (previously discussed) such as dynamic
illumination control, graceful degradation, and the potential for weight and
cost reduction.
CONCLUDING REMARKS
It has been pointed out that, because of projected overcrowding of the
lower frequency bands, there is a need to develop the technology for the 30/20
GHz satellite communications bands by 1990. NASA has identified the use of
several narrow spot beams with spacial isolation as an effective means for
frequency reuse and the conservation of orbital space. To '.mplement frequency
reuse NASA has sponsored the development of multiple fixed spot beam and
multiple scanning spot beam antennas.
One program, using current technology, is intended to satisfy immediate
needs (operational by 1990). Another, using advanced technology, is being
investigated to f ulfill future needs (beyond the year 2000).
The advanced investigations make use of monolithic microwave integrated
circuit (MMIC) modules having phase shift and power amplification functions on
one GaAs substrate. The MMIC modules are placed in each element of an array
feed to produce high-r power levels (throu h distributed amplification), beam
steering and dynamic illumination control with phase and amplitude weighting).

Satellite communications systems using this "monc,lithic" antenna approach are
shown to have potential advantages, such as, ilicit reliability through
graceful degradaton, high speed (10 nanoseconds scanning capability, improved
beam isolation, reduced scan loss, lower weight, lower cost and higher overall
system efficiency.
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TABLE 1.0 CHARACTERISTICS OF THE PHASE CONTROL AND VARIABLE
POWER AMPLIFIER MODULES

Frequency (GHz)
Impedance
VSWR
RF Output Power

Gain
Gain Variation
Power Added
Efficiency

Phase Shifter
Control
Lowest Bit
Tolerance
Response Time

Variable Phase
Control Module
17.7 to 20.2
50 ohms (nominal)
Less than 1.3:1
200 mW

16 dB
1.0 dB (2.5 GHz Band)
0.4 dB (any 500 MHz BW)
15 percent

Time Delay Type
5 bit
11.25 degrees
+3 degrees
10 nanoseconds

Variable Power
Amplifier Module
17.7 to 20.2
50 ohms (nominal)
Less than 1.3:1
500 mW
125 mW
50 mW
12.5 mW
0
20 dB (at full power)
1.0 dB (2.5 GHz Band)
0.4 dB (any 500 MHz BW)
15 percent
12 percent
9 percent
6 percent
* percent

10 nanoseconds

*Max Dissipation = 50 mW

7

ORIGINAL PAGE 15
01• POOR QUALITY

10 000
,-REVISED CAPACITY LIMIT
C AND Ku-BAND DOMSATS
PLUS Ka-BAND DOMSATS

oe

W

O

REVISED_

z

e0DO

CAPACITY LIMIT Of
AND Ku-BAND DOMSATS

o^

ORIGINAL

N

rT
Z

ORIGINA L DEMAND ESTIMATE 119781

100

a
Z
REVISED DEMAND ESTIMATE 119801

LJ

10

I

I

1

L

1985 1990 1995 200D

YEAR
Figure 1. - U. S. Domestic Communications Satellite supply and demand.

OF F00i--'%^ i i ti

PARABOLIC MAN
SPOT

BEAM
tEED

PARAB0LIC
SUBREFLECTOR
(a)

---------

PARABOLIC MAN
REFLECTOR

SPOT
BEAM
FEED --

HYPERBOLIC
SUBREFLECTOR

(b)
(a) Confocal parabolic subreflector.
lul Hyperbolic subreflector.
Figure 2. - Dual reflector optics.

I

O RIGINAL

r:j.'

OF POOR QUALITY

PHASE CONTROL CIRCUITRY
PRE-DRIVER
STAGE

IL 250 811122, 50 BIT

OUTPUT

450
BIT

INPUT

DRIVER
STAGE

STAGE

BUFFER

STAGE
Wo BIT

RF
INPUT

3.Ongm

BUFFER

30 BIT

POWER
OUTPUT
STAGE

RF
OUT

BIAS CIRCUITRY

tom— —
lal

-- 5.Omm

6mm

F+

---

3.6mm

Ib1
la! Variable phase shift module.
lb) Variable power amplifier mJule.
Figure 3. - Layout black diagrams of the VP and VPA modules.

OF FOOR y
DC 'nPUT

HIGH VOLTAGE
POWER SUPPLY

EFF • 901 ►
DC INPUT
BFN
SWITCHINGT

RFINPUT
M

LOSS
T

RE
HEAT LOSS
3 d8

HEAT LOSS
1001 OF DC INPUT

HEAT LOSS
EFF - 271

F—k-

!

lay

DC INPUT
RF INPUT RF POWER
DIVIDER

HEAT LOSS
3 d8

RF COUPLING
NETWORK

MMICS

i

f I ^^PUT

HEAT LOSS
0.2 dB

HEAT LOSS
EFF • 171

(b,
(al TWT System
(b) MMIC System.
Figure 4 - Block diagram of satellite cammunicMions 20 GHz transmitter using
(a) T !T Amplifier System and (b) MMIC Amplifier System for scanning beams.

DC INPUT
10011
HVPS

TAT SYSTEM
qqg 730
TW

BFN

—

8

MMIC SYSTEM
5M

nc

W
_

DC INPUT

o.zde

25 DDN^MMI CPLG
P
ePRELAIMIP
LOSS

60
80
)Do
20
40
POWER DELIVERED TO ANTi%NA PORT-WATTS

120

Figure 5. - Prime pm*r requirements for T*1 and MMIC Systems.

OF POOR QUALITY

N

^^
T WT

3 300

-

MIWC PfAMP

c

o—<
MNMC MODULE

!!^ 20D

Q

CK

W

TNT

O

100

iYSTEM

O

O

MMIC SYSTEM

200

100

AM

300

500

600

No. OF RADIATING ELENIENTS
Figure 6. - Prime power requirements for electronically scanned
arrays.

14D -

100 n sec SWITCHING SPEED

EXPECTED LIMIT OF
FERRITE SWITCHING
DEVICES

120

0

TWT
100 L

cvcTru_

c►

200 n sec
500 n sec

so

i

10 n . ec
MMIC SYSTEM

WIG SW

60 -

Mf.11C PREAMP

40

TWi VPD
MMIC MODULE

20 L
(101 3

_-1__11J .ltl_-- - 1 - it 1_1 i.i^, -_-1_ __i 1i 1
(1014
(10)5
SWITCHING OPERATIONS PER sec

Figure 7. - Prime power vs switching speed for scanning arrays.

(1016

