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Abstraci— A concept using a closely packed array {cluster)
of transinit antennas for spacecraft applications that require
high effective isatropic radiated power (EIRP) is described.
and analyzed. The bascline Jupiter Icv Moons Orbifer
(JIMO) plan information provided to this study specifies
that a minimum data rate of 10 megabits per second (Mbps)
be sent from Jupiter to Earth, at a maximum: distance of 6.5
AU using a 32-GHz (Ka-band) downlink with a 3B

_margin, to be received by the equivalent of a DSN 70-m
antenma. This requires a 250-MW EIRP, to be delivered by
power combined from four 150-W power amplifiers into a
3-m~diameter antenna. The MO mechamcal pointing
error was specified to be £0.003 radians, which resulis in
an EIRP loss of between: 10 dB dnd 15 dB if a single 3-m-
diameter antenng is wvsed without some additional form of
beam steering fo correct for the mechanical pointing error.
A claster of four 1.5-mdiameler antennas can electronically
steer a spatially combined beam to correct for the
mechanical pointing error and reduce the maximupm
pointing loss to 2.7 dB. Pointintg information for electronic
beam steering niay be obtained by tracking an uplink
microwave signal with the cluster or from infrared or
optical Earth, Spp, or siar trackers mounied with the
antenna cluster.

The results of a trade study comparing the single-antenna
approach with the amfenma-cluster approach are given,
using a cluster of four anfenuas. The system architecturs
and the high-EIRP cluster concept are described.
Advantages of the closter concept over a single antenna
intlude electronic beam steering, reduced anmfenna mass,

higher anfenna efficiency, lower power densify in the
transmit system components, spatial power combining, and
graceful degradation.
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1. INTRODUCTION

The Future NASA deep-space mission plans call for
significant data-rate increases from  spacecraft at
interplanctary distances to Decp Space Network (DSN)
antennas, For example, the February 2004 baseline Jupiter
Icy Moons Orbiter (IMO) plan information provided to
this stady specifies a minimam of 10-megabit per second
(Mbps) data rates, generated in the vicinity of Jupiter at 2
distance of 6.5 AU, transmitted to the equivalent of a 70-m
DSN antenna with a 3-dB margin at 32 GHz (Ka-band).
Combining the output of four 150-W Ka-band traveling-
wave tube amplifiers (TWTAs) for use with a 3-m antenna
iz proposed in the JIMO plan and provides the effective
isotropic radiated power (EIRP) mneeded to mest



requirements. The JIMO spacecraft’s mechanical
capability to point its antenna to within £0.003 rad (2:0.172
deg) is not sufficiently accurate to meet commumication-
link requirements and results in excessive pointing loss at
the mechanical pointing exiremes. {Note that DSEN 70-m
antennas are not equipped o teceive Ka-band signals at
this time. An array of four DSN 34-m beam-waveguide
antennas (such as DSS 25) is considered to be a 70-m-
antenna equivalent for the purposes of this arficle ).

A stody to use a closely packed array, or claster, of
antennas to imcrease spacecraft transmitter EIRP was
supported by the Inferplanctary Network Directorate (IND)
Techhology Office during fiscal year (FY) 03 and FY 04
Electronic beam steering can be accomplished by using a
cluster of antennas, with the signal phase to each antenna
adjusted to properly steer ihe spatially combined beam.
Electronic beam steering results in a reduction of pointing
loss and appears to be ideal for the JIMO application.
Steeting the transmit anienna beam to the DSN receiving
antennas on Earth to compensate for spacecraft mechanical
pointing errors depends vpon knowledge of the Earth’s
position with respect to the transmit antenna’s ahignment.
Information about the Earth’s position can be obtained
from an wplink signal or by using infrared or optical Earth,
Sun, or star trackers momued on fhe antenna structete.
This article presents an adaptation of the antenna-clusier
principles developed by the High EIRP Study Team for the
JIMO application and for other firlure desp-space missions.

2. TRANSMIT ANTENNA ARRAY

" Array ChaFacieristics

As is stated im [1, pp. 689-690], “The basis for all
directivity control in antcnna arrays is wave interference.
By providing a large number of sonrces of radiation, it is
possible with a fixed amounnt of power greatly to remforce
radiation in a desired direction while suppressing the
radiation in undesired directions. The individual sources
may be any fype of anferma.”

The performance of an array of transmit antennas is
determined by the individeal sources (armay clements) in
the array. The array elements in this article are identical
1.5-m, clear-aperture, high-cfficiency reflector antepnas
mounted on a commeon structure so that afl elements point
in the same direction. This direction is identified as the
array’s mechanical boresight direction. The maximpm
transmit miensity of each element of the amay is
determined by its effective area and the transmitter power
delivered to each clement.

Any number of transmitting elements might be used to
form a transmit array. The optimum number depends upon
many considerations, including the FIRP requirement, the
available transmitfer power levels, and the electronic beam-
stecring needs. The array described in this article consists
of a cluster of fowr closely spaced antemmas. A 150-W
TWTA is connected to each array element.

Radiation Patterns

The transmif intensity of cach element varies as a function
of the angle between the target and the array’s mechanical
boresight direction. The half-power beamwidth (HPBW) of
a high-efficiency, uniformly illuminated, circular reflector
anterma 1s close to a value that is equal to the wavelength
divided by the diameter, in radians. The beamwidth
between the first mulls of the radiation pattern is 2.4 Himes
the IPBW.

Knowledge of each transmitting element’s radiation pattern
is peeded to determine the EIRP Ievels associated with
pointing errors. Theoretical patterns of circular reflector
antennas can be determined from equations found in
various pubHcations [1-3, 5], including the chapier on
spacecraft antennas by Rahmat-Samii and Noreen in [2],
wherein Table 8-2 shows the characteristics of 1
circular apertore distribution [2, p. 429]. The HPBW varies
from 1.01 (wavelength divided by diameter, in radians) to
1.32 {wavelength divided by diameter, in radians) for
different aperture distributions as the edge illumination
varies from 0 dB to -20 dB.

Aol
itees

A 3-m high-cfficiency (over 80 percent) anmtenma with 2
uniform illomination paitern at 32 GHz will bave an

HPBW close to 0.00316 tad (0.181 deg). A 3-m anterma
with 60 percent efficiency, 2 normal (not shaped)

illymination pattern, and an edge iflumination of -10 dB at
32 GHz will have an HPBW close to 0.0036 rad (¢.206
deg). Antenpas with 1.5-m diameters will have HPBW
values that are twice those of the 3-m-diameter antennas
41

The EIRP of an individual element is proportional to the
squarc of the elernent’s intensity. The EIRP(max) in the
inechamical boresight direction is the element’s transmitter
power multiplied by the glement’s anterma gain, [G(max)].
From [2, pp. 420421}, antenna gains are calculated using
the following equations:

G=nx[xxDiAP 65
and Gg = IOIOglg G )

Where, A is the freg space wavelength, and 11 is the

aperture eﬁ'icxency

The FIRP is given as



EIRP = Pin x G Watts = Pin (Bm) + G (dB) dBm (3)

Where Pin is the input power into antenna m Walls or
dBm.

As an example, using an 80 peicent efficient 1.3-m-
diameter array element at 32 GHz, where a wavelength is
9.3685 mm, Gg = 533.0623 dB. The array clement radiates
a 30.36-MW EIRP in the mechanical boresight directibn

when 3 tramsmit power of 150 W is delivered 1o the array

clement.

When Gg, = 53.0623 dB; 150 W is equal to 21.761 dBw or
51,761 dBm. The element’s EIRP can be expressed as the
sum of the element gain in decibels and the power level in
dBw or dBm, giving +74.823 dBw or +i04.823 dBm,
respectively. Later in this article, we will use the
convenience of adding decibels, rather than mmlfiplying
power levels and gain ratios, to determine the cluster
antenna transmit performance. Each element’s gain
pattern (up to the first aull), G(B) in decibels, as a function
of B, the angle off of the boresight direction, is ¢losely
appreximated [2] by the equation

G(P) dB=10log{[G(max)] x [cos(74.9346 deg * P’} (4)

where P = B / (HPBW).

"The pattern of the chuster of four closely spaced elements is
calculated [2] using Fq. {4). The phase cenfers of four
tlosely spaced 1.5-m-diameter circolar apertures form a
square. At 32 (GHz, the infensity ratio factor used for the
du:echons along the dlagonals of the square is

Fu() = 4cos B [cos” (S°/2) sin B] (5a)

.where Fp(B) is the intensity, B is the angle off of the
boresight direction, and S° is one-half the distance between
the phase centers of the diagonally opposite anfennas in
degrees. In this case_ Bq. (5a} becomes

Fo(B) = 4cos B [cos(20366 sin B)J (5b)

When B eqnals 0 deg, the imtensity is four times the
maximum intensity of one element. EIRP varies as the
intensity squared, so the maximum EIRP of the four-
clement cluster is 16 times the ETRP of a single element.

The EIRP increase of 16 (12.04 dB) for the array is the
result of a 6.02-dB antenna array gain increase and a 6.02-
dB transmitter power increase. The amtenna array gain
change im decibels with respect to the gain of a single
element is

AG @B = 10log{4 cos B [cos(20366 sin B)I*} (5¢)

When the angle off of the boresight direction, B, equals
0.09218 deg, the EIRP is 8 times the EIRP of 4 single
element. This half-power point shows that the cluster’s
HPBW is (.18436 deg in the direction along the diagonal
of the square formed by the four elemenis’ phase cemters.

At 32 GHz, the intensity ratio factor to be used for the
directions along the edges of the square (45 deg away from
the diagonals) is
Fr{P)= 4cos P [oos {8%2) sin Bj] (63)
where Fe(B) is the intensity ratio factor along edges, P is
the angle off of the boresight direction, and $° is the
distance between the phase centers of the adjacent aniennas
in degrees. In this case, Eq. (6a) becomes

Fa(B) = 4cosp {cos(28820 sin B} (6b)

The antenna array gain change in decibels with respect to
the gain of a single element is

AGg = 10tog {4 cos B foos(28820 sin Y} (6c)

Wkhen B = 0.08946 deg in the direction along the edge of
the square, the BIRP is 8 times the EIRP of a single
element, and the cluster’s HPBW in this direction is
0.17892 deg.

These HPBW values are very close fo the 0.181-deg HPEW
of a 3-m high-efficiency antenna (over 80 percent) with a
uniform iflumination pattern at 32 GHz.

“The sam “(in decibelsy of Egs. (4) and (5b) isused to — -

determine the four-antenna cluster patiern along the
“diagonal” direction. The sum {in decibels) of Egs. (4) and
{6b) 1s used to defermine the four-antenna cluster pattern
along the “edge™ direction. The antenna cluster gain
pattern for the edge direction is shown in Fig. 1, along with
the gain patfern for a single element.
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Electronic Beam-Steering Capabilities and Pointing-Loss

Corrections

The antenna cluster’s electronic beam-steering capability
(see Fig. 2) can redmce the pointing loss caused by a
mechanical pointing emor. For example, the cluster’s
clectronic beam-steering capability can reduce the pointing
loss caused by a mechanical pointing error of 0.0015 radian
from 2.691 dB t0 0.638 dB. The Ka-band radiation paticrn
of the cluster of four 1.5-m amtennas is shown with no
electronic beam steering and with 6.0015-rad electronic
beam steering in Fig. 2.
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Fig. 2, Ka-band radiation patiern of 2 sluster of four 1.5-m anten-
nas with and without electronic beam steering.

The 3-meter antenna with a 600-W power amplifier system
produces a 486-MW EIRP at its beam peak. A chuster of
four 1.5-m antenmas, each with a 150-W power amplifier,
also produces g 486-MW EIRP at the spatially combined
beamm peak Table 1 shows the EIRP of these two

Figunre 3 shows the difference in capabilily beftween a single

. 3-m-diameter antenna without beam-steering capability and

a cluster of four 1.5-m antennas having steering capability.
The madnnmm EIRP of the cluster would be affected by the
mechanical pointing emor as severely as the maximum
EIRP of the single 3-mz antenna if electronic beam steering
were not used to correct for the mechanical pointing error.
The antensa patters of an individusl element of the closter
determines the EIRP envelope as a function of the
mechanical pointing error.
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Fig. & Maximum HRP versus machanicsl pointing srror,

The maxinurm EIRP of the cluster would be affected by the
mechanical pointing error as severely as the maxitum
EIRP of the single 3-m anienna if electronic beam stecring
were not used to correct for the mechanical pointing error.
The antenna pattern of an individual element of the cluster
determines the FIRP enwelope as a function of the
mi¢chanical pointing error. '

Phase Frrors and Graceful Deégradation

. The maximem EIRP of the four-antenna cluster can be
degraded by phase errors in the transmiticr system and by

configurations adfasted for the pointing loss caused by the
mechantical pointing errors in the spacecraft system, with
the EIRP recovery that results from the electronic beam-
steering capability of the four-anfenna cluster. The
advantage of the cluster over the larger single antenna'is
shown in decibels.

Table 1, EIRP versus mechanical pointing srror for 2 2-m antenna and for
antenna clusters with slectronfc baam-stearing EIRP recovery,

4-antenna Advaniage of
_" chanical 3-m chrseer wish 4-antenna
pointing erzor, EIRP, elecuonic cluster over
rad {degi MW bream stesring, F-m amenna,
EIRP, MW dB
D.0000 (.000) 458 436 °
00805 {0.020) 456 478 0203
0.001 (B05TE) 373 458 0373
G015 (0.688) | 287 436 2405
0089 (0.1148) 150 373 2.88
0.0025 {0.143) 85 313 &.91
D003 {0.172) kI 282 1214

degradation or failure of components. The graceful
degradation of a system is sometimes identified as a “fail-
soft” feature.

In [3], Kummer explains array theory in detail and provides
a phasor presentation of pattern sumymation that is not
repeated here. An atfempt to provide a simple explanation
follows.

The effect of phase errors and componeni degradation is
evaluated by using a simplified form of the intensity
equations, Eqs. (3a) and (6a). When no electronic stecring
is needed and B equals zero, both equations reduce to
Iﬂtensity@) =4 (7}
The intensity of the spatially combined beam is 4 times the
maximum intensity of one element. In the far field, the
spatially combined relative intensity, {c-ref), is the sum of
the co-aligned vector components of the relative intensity of
the four transmitting elements. This summation of the
vectors (phasors) is most casily computed by using the



angle of the vector summation as a phase reference. The
som of the sines of the error angles, Agy, Awy, A, and Aw,
between the reference phase angle and the individual vecior
phase angles is zero.

The summation of the vectors, f{sum), is

Ly = [(Z1y X €08 Ay) + ({gy X €oS Ay} ‘
+ oy cos A} + gy % cos Al (8)

Iny Ioy I, and Iy are the relative intensities of the four
transmitnng elements, and fl(}), A(z), 5(3), and /f\(4) are the
phase-angle differences {errors), in degrees, between each
of the transmitting elements and the reference phase angle.

The foss in decibels, L(dB), associated with fransmitting-
system phase-angle errors becomes

L = 10log{{(Jg; *cos Ag) + (i * €08 Agy)
+{sy % €08 Ay + gy X cos A
X (1/16}} 1))

Table 2 shows the resolts of a uniform phase-angle
difference between each of the transmitting clements, Ag,
= Az = Agy = Aw, and with eyual element intensities. The
difference between the reference phase angle amd Ag, is
negative 1.5 times the difference befween each element.
The difference between the reference phase angie and A, is
negative 0.5 times the difference between each element.
The difference between the reference phase angle and Ag, is
positive 0.5 times the difference between each element. The
difference between the reference phase angle and Aqy is
positive 1.5 times the difference between cach element.

Table 2. Phase-stror degradation.

Phase difierencs Phaose differenos

Phose difference

between L‘Lg:,. .fl‘rt,_. betereen ﬁ\'ﬂ)’ é.:g}, Losa,
bci.wﬁm:i:l;mrs, and referemce, and referencs. dB
deg . deg
o 1} o s}

2 -3, +3 =1, -+l 0.6066
4 —8, 46 -2, +2 60265
B -8, 48 -3, +3 0.0896
] -12, 412 —4, 01061
10 —15, +18 -5, 45 0.368
12 —18, +18 -8, +5 2395
4 ~31, +3 -7+ B.3263
16 =3, +34 -, 43 G428
i3 =27, 37 =, +0 05435
28 -30, 130 =10, 410 D.6735
22 —33, +33 —11, +11 08178

24 —36. +36 ~13, 12 es7

30 —i5, 4 —15, H15 155

A4 — &, 58 —i5, 20 2355

50 55, +75 —25, 425 4483

—0, +20 =30, +30 T.270

Ta ~105, +105 —35, +35 11052

~120, +120 =40, 10 122

38 —13z #1332 —dd, g 32005

The loss caused by phase-angle errors of 8§ deg between
each clement and the reference phase will be less than 0.1

dB.

Table 3 shows the EIRP degradation that results because of
a power loss of one transmitting clement, with a maximum
phase error of 8 deg between the reference phase angle and
the phase angle of each element. The degradation is shown
in decibels. ’

Table 8, Degradafion dus to power loss of one elemant, including
F-deg phase-angie errors between the refersice and the individual
elemants.

clemen Combined R
Sif@:;? w & . bi;“v EIRF. Loss, dB
150 451 0.085
144 473 D118
30 . - 485 0.158
126 158 o277
118 447 6.352
100 438 0452
a0 428 0545
30 118 n.ex1
70 208 0.2
80 307 0.382
50 385 1815
) . ar2 1184
30 7 1.3%7
20 340 1.548
19 : 319 1327
a 271 2544

3. JIMO HI-EIRP TELECOMMUNICATION

SYSTEM DESCRIPTION

Spacecraft Telecommunication Subsystem

A proposed JIMO high-EIRP telecommumication system is
presented in block diagram form in Fig 4. Cross-strapped
small desp-space transponders (SDSTs), X-barid TWTAs,
and diplexers provide two redundant X-band
transmit/receive signal chaing to feeds on two of the four
high-gain antennas (HGAs) in the antenna-structure-
mounted cluster. Coaxial and wavegunide transfer switches
allow either of these chains to be routed fo the bus-mounted
medivm-gain antenna (MGA) and low-gain antenna (LGA)
systems instead of the BGA. Each SDST is equipped with a
Ka-band modulator cutput [6--8]. Either transponder output
can be swiiched to the HGA system moumted on the
antenna structore,



Electronic Beam-Steering Assembly

The -electronic beam-stecring assembly shown in Fig 4
consists of a monopulse tracking circuit and an electromic
beam-stecring circuit, and it provides the tracking and
poiniing functions for the Ka-band cluster array. Phase
errors in the received X-band uplink signal, cansed by the
cluster’s mecharical pointing errors, are detected by the X-
band monopulse detector system. The error signal voltages
then are used o determine the appropriate phase correction
10 properly point the Ka-band downlink signal.

In Fig 4, the Ka-band transmit signal originating at the
transponder is passed through hybrids for cross-strapping
and power-dividing purposes. The signal thus is spht into
four identical ampliitude- and phase-maiched channels.
Each charnel is individually processed throngh a phase
shifter, monolithic microwave integrated circuit (MMIC)
gmplifier, Ka-band TWTA, and antenna feed so that
electronic steering of the spatially resultant beam is
accomplished. The signal phase and amplitude from each
of the four Ka-band TWTAs is sampled using a 35-dB
coupler and compared against a reference signal using a
phase comparator circuit. The error voltages at the output
of the phase comparator are used io adjust the dc-offset
phases in each channel to compensate for any phase drifts
among TWTA and MMIC amplifiers. This will ensore
precise phase-matched array channels.
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To achieve the needed phase stability, transmission line
tengths from the electronics assembly, through the TWTAs,
and out to cach anfenna must be kept at a minimum.
Placing the four Ka-band TWTAs on the antenna assembly
just bebhind the cluster of antennas accomplishes this. Each
Ka-band TWTA reguires a separste high-voltage power
supply (HVPS) whose cable cannot exceed 1-meter length,
which necessitates positioning these supplies on the
moveable antehna structure along with the TWTAs.

The X-band monopulse tracking unii [8,10,11] is iflusirated
in Fig. 5.
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It is used to obtain the elevation and azimuth angle errors.
The signals received by each of the four antennas are
tepresented by 4, B, C, and D, respectively. The hybrid
comparator configuration [9,10] utilizes phaser additions

-.and_subiractions of the received RF signals to produce the _
output sum pattern [Eep = (4 + B + C + D)), the clevation
difference pattern [Z4., = (4+B) - (C+D)], the azimuth
difference pattern [E., = (4+0) - (B+D)], and the
diagonal difference pattern [Ta, = (4 + D) - (B + C)]
signals. The sum and the difference chanmnel signals are
downconverted to a lower imtermediate frequency (IF)
signal (1.2 GHz) using a stable X-band (8.4-GHz) dielectric
resonator oscillator (DRO). The monopulse system DRO is
designed to operate in both lock mode in the presence of the
downlink signal from the SDST and unlock mode when the
downlink signal is not presenf. An automatic gain control
(AGC) circuit is nsed in the sum channel to maintain a
constant reference signal level. The sum chamnel IF signal
is used as the reference signal to the two phase detectors to
prodnce the elevation angle-crror and azimuth-angle-error
voltages [10]. These angle-error voltages are further
processed in the micro-controller circuit to generate the
appropriate phase correction at Ka-band.



The monopulse fracking system is designed to operaie in
the amonomous auto-tracking mode with an uplink X-band
recetved signal, withont the aid of the X-band downlink
signal. However, it provides better precision anto-tracking
when the -band phase-tracked downlink signal (8.4 GHz)
is available from the SDST. In this precision tracking
mode, the DRO locks to the 8.4-GHz downlink signal from
the SDST and improves the performance of the monopulse
tracking system with precision tracking and higher signal-
to-hoise ratio (SNR). Alternatively, #t is possible to use the
locked voltage—controlled crystal osciltator (VCXO) signal
{~ 38.29 MHz) fiom the SDST to coherently sample and
assess the tracking-angle errors.

The X-band monopuise tracking unit consists of filters,
hybrids, X-band MMIC amplifers, mixers, phase detectors,
operational amplifers (op amps), and a DRO. A common
dc-to-dc converter is used for both the electronic beam-
steering interface unit and the X-band monopulse tracking
and Ka-band pointing subsystem. All components are
commercially available, and no device development is
warranted. The devices can withstand 20 krad (Si}) and will
" require shielding for the JIMO application. The electromic
beam-steering interface shown in Fig, 4 consists of hybrids,
Ka-band MMIC linear phase shifters, MMIC amplifiers,
phase comparators, op amps, a micro-controller with
memeory, and dc-to-dc converters. The specification of the
Ka-band MMIC linear phase shifter {9] is given in Table 4.
This Ka-band phase shifter needs to be developed. All other
components are available. GaAs MMIC devices can
withstand 1 Mrad (Si) total ionizing dosage (TID), while
the remaining devices and the nricro-controller circuits can
withstand 20 krad and require shielkding for the JIMO
application.

Table 4. Specifications for the Ka-band MMIG linear phase
shifter for high-EIRP clusier-array application.

Paramevx Specification

Diesign frerjuency Tange Z1.8 o 323 GHz

Bandwidtin
—-0.25 48 32 GHz = 500 MHz
—3dE 32CGHz £+ 1 GHz
Linear phiese shift 100 deg
Phase-shifter Honearity +4% {best strafght line) 3o 100 deg
Phase shils/y 50 deg to 80 deg/V, peak
Contral valiage range 13V +3VE£2V)
Inzertion loss 15 4B matimum

30.5 dB maximum orer freguency range

+1 3B maxitmmm over freguency range and
design tempersture range

RF port return loss 1% dB minimum
RF power (1B compression) +18 dBm
Dresign temperature Tangs =35 deg Tt 75 deg C

Insartion Jess faness

The performance specification for the X-band monopulse
tracking and Ka-band pointing subsystem is detailed in
Table 5. The table also provides the preliminary evalation
of the subsystem and calculated values [10,11}.

Table &, Perf pecifications and estimates for X-band puk
wracking and Ka-band poi oplieati
Sperificatian for
Parameter four—chuster

ancenna {1.5 m)

Xoband digizal monopulse tracking system

X-banel upkink frequeney 7145 MHz ro TIH0 MHz
Typical channel {201} 7170 MBz £+ 1.5 M
z ki h 42 mrod
Boresizht tracking 0.3 mrad
Recelver antenns sificiency 457
Antenna gein/dish 37.6 dBi, each

Antenna bearrwidth
Anlennas temperakirs (sun)

2,84 ez {46 mead)
15K

Trackinr receiver pokse HBoue 25dB

Thermal neise power at input —132.6 4B Hz

Receiver chanped bardwidth 20 kHz

CfN o av each dranosl =12 4B {gypicad]
i i iGN fred > dE

Rinrgin available =13 dB

Dynomis renge 30 dB

Thermal noise ange srox. gy 0,07 mrad

Fhermal nrelse bing 000013 mrad

Boresizght rantdomized traddng phase quantization ermor og .02 mrad

FPhase meaxsurement error due o tracking chaim 0,195 mrad
{Feed +Woveguide -+ LNA + AGC + LFF)
—+ DC Converrer Moise! Ty cp i

Toloe! boresiohi rms traciing piese oFror! Fyading .21 roradd

EKa-band dectronic Sne-beam-steering system

Ka-band Joaralink feequency 32 GHz L 10 MHz
Boresight sieering requirement =3 mrad
Boresight stearing sccuracy +0.3 mrad
Pointing loss for £0.8 mrad bidB
Antenna heaomwddih 011336 deg {313 mrsd)
MNHC phase-shifter moge £130 deg
MLUIC plrse-shifier resolution *1 dar
Boredizght vandomiztd steering phase quantization ewror, Fg 0.027 mrad
Steering chain pliose error (Hrbvids + MMC Amp .1475 mrad

+ Phese Shifter + TWTA + Filter + Waveguide + Feed)

+ DO Canverter Nolse: Farethain .
Frici boresiohi s sheering phase erT0T, Osiomng 0,15 mrad
Cotabined botesight s trocking abd steefing ertor estimate, 226 mead

ombied

The detailed subsystem design and analysis are beyond the
scope of this work. The preliminary analysis shows that the
boresight rms tracking phase emor is 0.21 mrad; the
boresight pointing error is 0.15 mrad; and the combined
boresight rms tracking and pointing error is 0.26 mrad, -
which is well within the specifed requirement. The
electronic beam-tracking and -steering system thus will
meet the specied boresight beam-pointing reguirement of
+3 mrad.

4, CONCLUSIONS

The stndy demonstrates the precise pointing and efficient
spatial power-combining capabilitics of an antenna claster
system. In particular, the antenna cluster meets the 10-
Mbps data rate with the JIMO 20.003-rad mechanical
pointing-accuracy condition becanse of the electronic beam-
icering capability. This preliminary design of an X-band
monopulse fracking and Ka-band pointing - subsystem
demonstrates that the subsystem will meet the specified
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boresight  beam-stecring  requirement.  Additional
advantages (when compared to the single, larger antenna
approach) include higher antenna efficiencies, lower power
density in the transmit systerr components, efficient
spatial power combiming, and a graceful degradation
capability.
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