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Abstract

The Increasingly complex threat environment for target
detection radars has driven the system architects to the use of
electi!caliy steerable acffve aperture antenna arrays. Transmit and
receive modules are key elements Inany active aperture system, T/R
module architecture !sunique for each system application and must
be designed carefully to assure performance goa!s as well as
platform Ilmitaftons are met. This paper will discuss T/R module
architectural corrdderatfons and show speclflc examples of
wtdeband and narrow band mcdules wtich have been
implemented into functional arrays,

T/R ModuJe Architecture

System parameters such as prime power consumption,
system coollng capacity, effective radiated power (ERP),scan limits,
antenna beam sidelobe levels, antenna radar cross section (RCS),
radiated and received polarization, system noise figufe, system Input
third order Intercept (3rd OIP), operating bandwldfh, pulse wldfh,
duty cycle, and operating mode requirements all affect the T/R
module archltecfure,

Aperture scan angle limits, radiated and received
polarization, radar cross section, and the highest operating
frequency required affect the radiating element spacing and
element grid spacing for the antenna. There are several grid
geometries that can be Implemented. If ckculator polarlzaffon is
necessary, a square grid pattern maybe wad. For scan limits that
are different for azimuth and elevation, a rectangular grid may be
required. Equilateral triangular girds are often implemented If T/R
module count needs to be reduced relative to a zquare grid
conflgurafiom Thismodule count reduction may amount to as high
as 15%. Ofher triangular conflgurafions are possible when unique
system constraints must be considered Radlaflng element grtd
pattern deterrnlrm the cross sectional area allotted per T/Rmodule
and tends to drive the mechanical structure required for ccoling and
module packaging.

Radiated and received polarization types can affect T/R
module packaging significantly, Circular polarlzaffcm requires two
radiating elements to be simultaneously driven by RFsignals that are
W“ out of phase. Thiscan be occompkshed by a single transmitter
with split output, but Is opftmaliy achieved by udng two separate
fransmltters operating at half the total radiated power, each Imvlng
Ifs own phase shifter, If system modes required transmitting two
separate. dmultaneous beams, one vertically polarfzed, the other
horizontal, the two independent transmitter T/R mcdu!e Is needed.
Llkewlse, two Independent receive channels are needed In order to
receive circular polarization. If the system need is to malntaln full
separation of received orthogonal channels for target ID and cross
correlation of data, then the two receiver chanrwls need to feed
two Independent antenna receive manifolds and two separate
receiver down converts all the way to the AD converter,

T/R ModrJe Transmitter Channel Archlteotures

Parameters that set overall T/Rmcdule fransrnlt channel galrr
are derived from system flowdown requirements. Given the aperture
size needed to obtain the beam width and ERPthat saf!efy eys.tem
probabilities of target detection for the speclfled target size,and the
T/R module grid spacing that provides the desked scan angle, T/R
module peak RFpower output is then determined, Thispeak power
requirement at the module level must be consistent with the antenna
performance and mectrunlcal constraints. Tradeoffs must be
performed to establish the proper balance between electrical
mechunlcal and cost issues. For fyplcal X-band modules, cwrentfy
power amplifier in the 5-10 W*, are available. Thm the number of
modutes In the array can be determined to meet the system
requirements.

Operating bandwidth establishes the transmit and receive
manifold dedgn either to all stripllne for wldeband operation or all
wavegulde for norrower bund operation, Manifold RFlossesare then
known. Manifold Insertion lossranges for 2,0 dB for all wovegulde to
as high as 6.5 dB for all strtpllrre. Corporate feed marrlfokis are more
Iossy than center fed traveling wave feeds and provide greater
instantaneous bandwidth. Array drivers, the power amplifiers that
feed transmit RFpower to T/R modules, typically have power output
levels In the 10 watt peak to WI waft peak range (+40 dBm to +47
dBm). RFpower out of the array driver Is attenuated by manifold
lossesand then reduced by the power split ratio determined by the
number of modules in the array.

L(dB)=10’Log(N)

Where N Isthe number of T/Rmodules In the array, Power available
at the T/Rmodule transmitter input in an array wlfh 3030 modules will
range between -1,5 dBm and +1OdBm, Design constraints on either
the gain trim or phase shifter MMIC In the fransmlt chain generally
limit the maximum power level that is delivered to these
components,

Transmit channel galrr is then the gain needed to develop
the required peak output power, given the Input pwer available to
each T/P module, Gain that has to be developed by transmitter
MMIC amplifiers isthe difference between required transmit channel
gain and the losses athlbuted to phase stdffers, gain frlms, hybrid
power splitters and combiners, Impedance transformers and
Impedance matching networks in the module, Total MMIC amplifier
gain required in typical T/R modde transmit channels Is40 dB to 50
dB for module peak power output in the 5 watt to 10 waft range,
Total MMIC gain In excess of W dB Isdlfilcult to Implement wfthout
insfabilltles due to proximlfy ooupling of output to input, which Is
aggravated by wavegtide propagation modes that occur k-rmost
pa~kage designs.

Transrnlt channel archltecfure is also affected by system
desires to radiate a tiansmlfted beam that hoe sidelobe structure
different than received beam sidelobes. This often necessitates
separate tiansmit and receive rnanlfokfs In order to preserve receive
channel gain and nolze figure. Ptmse shiftersand gain frlms are not
shared in mese module architectures. It’s often cod effective to
fabricate separate transmit and receive modules In designs of theze
type, Figure 1 illustrates different T/R module archltecfures,
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a) SINGLE MANIFOLD T/R MODULE b) DUAL MANIFOLD T/R MODULE
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c) DUAL POLARIZATION/ CIRCULAR POLARIZATION T/’R MODULE

FigUre 1. T/R Module Architectures

T/R Module Receive Channel Archltectwes

System requirements for receiver noise ffgure, receher Input,
fhlrd order intercept, aperiure power consumption, instantaneous
bandwidth, mlnlmum detectable signal and operatfrrg modes all
drive T/R module receive channel architecture. High performance
airborne radars use velocity search or pulse doppler detection
modes to separate small signals for large levels of ground clutter
received when Imklng down at terrain for the target. The greater
the transmitted ERP,the greater me system dynamic range hus to be
from the T/R module through the A/D converter to handle the
ground clutter refum and the small target signal. particularly when
the target radar crosssection b small. Receive channel architectures
need to consider the entire recefver as a whole. Gain cannot be
arbitrarlty set for any part of the receiver system.

A typical system receiver chain may cons!st of elements as
shown in Figure 2. In order to calculate gain distribution for the
chain, several system parameters must be speclfled.
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Figure 2. Receiver Noise Power Denslfv Levetsand Gain.

For example, If a system noise figure of 5 dB Isr~@d wffh
A/D converter parameters of 12 bits’plus sign dynamic range, 2 MHz
bandwidth and +10 dBm maximum input signal level, then the chain
parameters can be analyzed. A system noise figure af 5 dB
establishes a noise power denslfy at the Input to the receiver, at,fhe
antenna element attached to the TIR module, at a level of -169,0
dBm/Hz,

The A/D converter has to have a noise input great enough
to toggle the least dgnlflcant blt on and off In order to process any
small signal. The ksrgest sJgnal it handles is +10 dBfn, ami wtth 12 bit
range ftte smd[est signal that will toggle the least significant bit is

L3B=lrYZrloG(2N)

LSB=lC-72.25

L3B=-62.25dBm

Common prcctice Isto adJust gain In the receiver to cow
rmbe Into the A/D converter to be 3 dB greater than the mlnlmwn
needed to toggle the LSB,so the total integrated nob at the A/D
converter Is established at -59.25 dBm In a 2 hfhz bandwidth.
No!se power density Is equal to

NPDW.= -59.25-10”Log(2’l@)

NPDW,= -122.26 dBm/Hz

Total Receiver gain b establ!ehed by the rmise power density
that needs to be maintained at fhe T/Rmodule receive element and
the R&8 power derWfy needed at the A/D converter Input to toggle
1.4quanta. [n the example Illustrated In Figure 2 that k only 47.74dB
of gain.

System notse figure, input third order Intercept, and aperture
power consumpttca trades center around the gain and lass
dlsfrlbutions asdgned ta T/R module receive channel MMICS, In
general, the optimum configuration Isone where receive rnanlfoid
lossIsminlmlzed allowtng T/Rmodule receive gain to be [n the range
of 13 dB with law Irwerifan Icesin the receive channel phase shifter,
gain trim, and recetver protector MMIC-S, The receive manifold
introduces loss depending on the munifold construction wtich Is
drfven by operaftng bandw!dth, and hybrid sfripline-wavegulde
conrlauratlons dedcsned to satisfy valume and weight c’bnstralnts,
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The portion of the receiver chain behind the array manifold which
processes the combined power out of all of the T/R modules needs
to have a high dyrmmlc range. Its noise figure Impacts overall
system noise tlgure a small amount because system architecture
trades of Input third order Intercept, noise figure, and aperture power
consumption won’t allow ar- arbitrarily high gain In the T/R module
to swamp poor noise figure at that point.

Module Evokstton

Over the ~st ten years, Westinghouse Electric Corporation
has beem involved In multiple active amay T/R module programs.
These modules spun electronic warfare wideband (4-18 GHz) to 1C-
40% bondwidth X-band varieties. Over a 6 month period (1988 -
1989)a large number of modules (- 2030) were fabricated os part of
the Demonstration/Valldatglon (DEM/VAL) phase of the ATFprogram
(figure 3) to populate a flytng tesfbed array to demonstrate fhe
feaslblllfy of AESA technology, Westinghouse and TexasInstruments
are joint venture porters of the ATFprogram and each partner built
50% of the modules, In addition to exceeding performance gods,
over 20,C03 MMICS were utfllzed and module cost goals set back In
1985 were achieved. These modules were corrrlgured as shown In
figures 4 and 5.

The RF transmit chain utilized a high efficiency power
amplifier, in addition, the energy storage, controller, and
regulator/modukstor circuitry was Included wifhln the module. As
shown In the figures, the T/R module pkJSawciated clrcui~ was
contained within a single kovar housing,

Figure 3. DEM/VAL Test Array.

figure 4. RFand Power Conditioning Side of T/R Module.

Figure 5. Controller Side of the T/R Module.

In 1989and 19$0 under internal lR&D,an advanced module
configuration was developed wnlch resulted in a smaller, lighter,
more producible module than the DEM/VAL design. Nine GOASand
three custom S Regubtors and Canfrollers were successfully used In
each module pair. Separate Transmit and Receive modules were
designed facilitating easier testing, higher yield, lesstroubleshooting
time per module and better spectial purify performance. A 3 to 1
reduction in process steps was realized and a 4 to 1 reduction In
wkebond Interconnects was obtained over the DEM/VAL desJgn.
Each module was assembled udng automated part placement
epoxy dispensing and wfrebandlng equipment. Slxly each transmit
and receive modules shown In figure 6 were produced.

Figure 6. Advanced Transmit and Receive Modules.

Figure 7 shows a wldeband (4-18 GHz) T/R module
configuration utillzing four modules in a single housing (fray). This
conrlguratlon was chosen to meet element to element spacing
requirements at fhe high end of the band. Each module consisted
of three phase shifters, ten pm-driver amplifier stages, and three
power amplifiers, all GaAs MMICS, In addition to the power chain,
each module contained a four MMIC low noise amplifler, The phase
shifters were conflgufed In ihe common chain for transmit and
receive. A single controller sub-assembly In each tray performed the
Ioglc function for all four modules,
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Figure 7. Wideband T/R Module.

Figure 8 shows the hardware for a 24 element test array. This
array was configured as a 3x8 array with horizontal and vertical
polarization.

Figure 8, Wideband Module TestArray,

Future Active Array Technologies

Active aperture applications in future aircraft will provide full
4n steradian coverage for sltuufion awareness and mkslle guidance
as the aircraft turns away from the target. To accomplish this, the
apertures will have to be designed into the aircraft’s wing and
fuselage surfaces. Westinghouse ha been addre~”ng that design
challenge with wark perfarmed an several K3C.3fft programs, OLK

GaAs Wafer Scale Program has demonshated the feasibility of
fabricating monolifhlc T/Rmodule circuits on 3 Inch GaAs wafers (l),
the planar assembly Including dlsfrlbutfon and cooling can easily be
adapted to a minimal depth, conformal aperture, The mechanim
of deslgnlryg the wafer scale idea Into a surface mounted array has
been studied under USAF/ASD contract F33615-89-C-1038,
“Advanced Airborne Avionics Packaging Technology-Phase 1‘, An
active aperture has been assembled with funding under internal
lR&D and a DARPA sponsored effori “RFWafer Scale Integration”,
Figure 9 shows the subarray coplaner packaging concept. The
photo in figure 10 shows the assembled wafer scale active aperture.

4x4 T/R Module
GaAs Wafer and Carder

DC Circuit Distribution

Control Circuit Distribution

Cooling Manifold

RF Manifold Layer

Circulator Layer

_ An!enna Subarray

Figure 9. Sutxsrray Coplaner Packaging Concept.

Figure 10. Wafer Scale Active Aperture.
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