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Abstract—An overview of electronically scanned array
technology with a brief introduction of the basic theory and
array architectures are presented. Implementations, current o s e e .
state-of-the-art, and future trends are briefly reviewed in Part Il |

of this paper. Feed Network

Index Terms—Active arrays, active element pattern, active
reflection coefficient, array-element factor, electronically scanned
arrays, hybrid arrays, passive arrays, phased arrays.
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. INTRODUCTION Protection High-Power
[ . Transmitter

SLNCE agile beams of electronically scanned arrays (ESAS) LNA :
s

rovide significant system advantages, phased-array tech- &

nology is receiving considerable attention by the military and in- Receiver

dustry for airborne-, space-, surface-, and ground-based appli-
cations. Phased-array antennas first gained interest and develop-
mentthroughoutthe 1950sand 1960s[1]-[5],[36],[6]-[8]. There
aretwogeneraltypesofphasedarrays,i.e., passiveandactive. Pa

sive arrays use a central transmitter and receiver, but have phase )

shift capability at each radiating element or subarray. In active ar-

rays, the high-power generationfortransmitand low-noise ampli- | Feed Network \ |
fication on receive are distributed, as is the phase control at eact \

radiating element. Active arrays provide added system capability

andreliability; butthey did notreceive extensive attention untilthe

last 15 years because they were too complex and expensive. How Receiver | | Exciter

ever, withthe needto counter stealthtechnology, the advent of rel-

atively low-cost GaAs monolithic microwave integrated circuits

(MMICs), automated assembly of microwave components, and

low-cost high-speed high-throughput digital-processor active ar-

rays are becoming the preferred approach for many radar system

and communication systems requiring rapid scanning [9], [10].
Although the cost of active electronically scanned arrays (b)

(AESAs) has decreased _by an order of magnitude in the l%ﬁ}. 1. Basic scanning array architectures. (a) Linear passive array with phase

ten years and efforts are in progress to reduce them by anotfiters for every element. (b) An active array with TRMs at every element.

factor of 5-10, affordability is still a challenge. Space-based

rgda_r_ and commgnicgtion applicgtions also require additior@.{ntages, and shortcomings. Generally,

significant reductions in array weight.

T/R Module

in a passive array, there
is no element amplitude control; only bilateral phase shifters
are used at each element to provide the required phase shift for
Il. ARRAY ELECTRICAL ARCHITECTURE scanning, as illustrated in Fig. 1(a). The design challenge in a
Shown in Fig. 1 are two basic ESA architectures: the pa@assive array is to minimize the losses in the feed network and
sive array and active array. Each has its unique properties, the phase shifters in order to increase the system sensitivity and
. . efficiency. This requirement often limits the type of RF feed net-
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with the physical layout of the TRMs and corresponding subar-
rays comprised of cold plate, signal and power distribution, and
feed networks. In brick-style arrays, the TRMs are rectangular
in shape like a brick and are mounted on both sides of cold plates
along with energy storage capacitors, signal and power distri-
bution circuits, and RF manifolds to form linear subarrays, as
Receive Feed Network illustrated in Fig. 3(a) [12]. A set of these subarrays are stacked
together to form a planar array, as shown in Fig. 3(b). The radi-
ators may be attached to each subarray or they may be in a sep-

Transmit Feed Network

arate aperture plate that the subarrays plug in to. The tray archi-
High-Power tecture is effectively the same as the brick architecture, except
Receiver / __\/| Transmitter that each subarray is self-contained with its own power supply
and beamsteering controller. Tray architecture was used in the
@ ground-based radar for THAAD [9].

In tile array architecture, the TRMs are shaped like rectan-
Fig. 2. Hybrid array architectures uses a central transmitter, distributed LNAgular tiles and are mounted on a cold plate that is parallel to the
and separate transmit and receive feed manifolds. aperture [13]. The energy storage, the signal and power distri-
) ) ) ) bution circuits, and the RF manifolds are mounted behind the

In an active array, a transmit/receive module (TRM) is used fk\ s parallel to the aperture in a configuration like the layers

each element to provide amplitude and phase control. The Cgz cake. Tile architectures have led to significant reductions in

tral transmitter used in a conventional passive array is replac‘éagay weight, but have required improved cold plate designs and

by the distributed power amplifiers in each TRM, as iIIustratelqu novel RF and dc blind interconnections. Fig. 4 presents a

in the simplified block diagram of a TRM shown in the inset 0f 1o graph of two ladies holding a tile array suitable for fighter
Fig. 1(b). The reader is referred to a companion paper on TR

control radar. Itis unlikely they could hold a brick array de-

in this TRANSACTIONSfor a discussion of_the_ design, propertiessigned for the same application. Also shown in Fig. 4 is a pho-
and performance of TRMs [11]. The principle advantage of @iy anh of a three-layer tile TRM. Techniques for arraying tile

active array is that the system sensitivity is increased becaused{jfa rays are being investigated for applications requiring very
system noise figure is set and the RF power is generated at I%e lightweight apertures.

aperture. A second advantage is that the TRMs provide complete
flexibility in amplitude and phase control for both transmit and
receive. A third advantage of an active array is that the feed net-
works need not be optimized for lowest loss; thereby allowing
design flexibility and the ability to minimize size (volume) and T
weight. Of course, these performance improvements come qu
increased array complexity and cost.

A hybrid phased-array combines some features of pass
and active arrays, as illustrated in Fig. 2. A central transmittB
feeds the array as in a conventional passive phased array, !
low-noise amplifier (LNA) is placed at each element in front gr;d
the phase shifters to improve the overall system noise figure.gﬁ
limiter may be required in front of the LNA for protection, as,

in an gctlve array. A separate receve feeq nerork IS gsed 38 lization; the other, i.e., the array factor, is a function of the

optlmlz_ed for IOW. sidelobes. Itis al§o pOSS|bIe.|n a hybrid aray, ay geometry, and the element excitations. For the purposes
to distribute medlgm powertransmmers, €.9.,1n each column this paper, we will assume that the array factor and element
the array, to provide increased system reliability. factor are separable and the radiation pattern is the product of

For \k/)ery dla'rg; arrays andhg;ys'iems V\:m Ve?_/ Wl((jjelmst_ar? 1e element and array factors. Therefore, we will use only the
heous bandwidths, array architecture with true time delay ( ray factor in describing the array scanning characteristics. The

is required to prevent signal distortion and beam squinting. : .
this type of array, the length of the transmission line feedingIIOWIng analysis follows that of [2], [5], [36], [14].

each element provides the differential phase shift. To scan the

beam, however, the effective line length of the feed lines to

each element must be changed accordingly. Several methods for V. LINEAR ARRAYS
changing line lengths have been suggested including switchabl
fiber-optic delay lines, but the technology is immature [10].

IV. ARRAY SCANNING THEORY

he radiation patterns of linear and planar-phased arrays are
unction of each element’s physical structure, its excitation,
and the array lattice. Usually, similar radiators are arranged in
inear, rectangular, or triangular lattice with periodic spacing
tween radiating elements. Arrays with the radiators arranged
ncentric circles have certain advantages such as lower first
elobes. When identical radiators are used in a large rectan-
lar array, the radiation pattern is the product of two factors.
e, i.e., the elementfactor, is a function of the radiator physical

%:onsider an array of identical radiatosy + 1 in number,
equally spaced by a distandealong thez-axis, as shown in
Fig. 5. All elements have similar current distributions that differ
only in magnitude and phasé, is the magnitude of the cur-
Physical realization of active arrays has followed three basient on thenth element. For this linear array, the array factor
structures referred to as “brick,” “tile,” and “tray”in accordancé’, (8, ¢) is proportional to the radiated field at a point in space

[ll. ARRAY PHYSICAL CONFIGURATIONS
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(b)
Fig. 3. “Brick” active array. (a) TRMs, radiators, RF manifolds, and signal and power distribution are mounted on linear subarrays. (b) Sevayal aghar
stacked together to form a planer array.

(@ (b)

Fig. 4. Lightweight “tile” array for airborne applications. The three-layer tile TRMs, cold plate, RF, and dc distribution networks are mourgedray thack
parallel to the aperture like layers of a cake.

z P(6,9) wherek = 27/X and X is the wavelength. For a linear array,
F,(0, ¢) is rotationally symmetric about the-axis (indepen-
dent of¢).

If the currents are equal and in phase, (1) reduces to

Fo(0, ¢)= Y e/"he? @

n=—N
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The array factor is equal to a sum of phasors of unity magnitude
with progressive multiples of the basic angle

P = @COSQ. 3

Fig. 5. Linear array with the elements equally spaced alongtheis.f and A
¢ are angles from the origin (zero element) to a pdirin space. We are mostly interested in those cases where the length of the
) array L is very large compared to a wavelength > A) and
described by(#, ¢) the element spacingis less than a wavelength, i.€..< \. In
ne=N these instances, the array pattern gives a narrow beam broadside
Fo (6, ¢) = L cinkdcos 6 (1) tothe array axisf{ = 7/2) with several sidelobes. An example
— I is plotted in Fig. 6 for a 15-element array.
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Fig.6. Radiation (power) pattern of 15-element linear array relative to the pefalg. 7. Radiation pattern of a 15-element equally spaced linear array scanned
of the main beam. Elements are equally spaced a distance of a half-wavelendfth off broadside. Element spacing is a half-wavelength.

The first sidelobe is 13.5 dB below the peak of the main beamThere is no simple formula for determining the directivity of
and the peak of each successive sidelobe is even lower asi{sarray of nonisotropic elements, as one must know the cur-
distance from the main beam increases. rent distributions in each radiating element. However, as will be

Tapering the magnitude of the currents across the array can glgown later, there is a very useful equation for determining the
crease the sidelobes. The central element is fed with the largestlized gain of an array in terms of the realized gain of a radi-

current and the magnitudes of the currents in the other elemesfisig element embedded in a large uniformly weighted array.
are symmetrically tapered. As a result, the sidelobes are reduced,

but the width of the main beam (beamwidth) is increased. Sev-

. . > VIl. SCANNED LINEAR ARRAY
eral synthesis techniques have been developed to realize tapered

apertures [15] (see also [14, Ch. 5] and [16, Ch. 3]). To scan the linear array in_ Fig. 5, assume that the elemgnt
currents all have equal amplitudes and a uniform progressive
VI. DIRECTIVITY OF LINEAR ARRAYS phaser; as follows:
A measure of an antenna is its gain or directivity over that I, = Ie=Ines, 7

of an isotropic radiator. The gain is equal to the directivity if
there are no ohmic or mismatch loss. Antenna directivity in tHequation (2) then becomes
direction of maximum radiatiod, is defined as the ratio of

maximum power radiated per unit solid angle divided by the =
p ° p ] g e y ‘Fa(e7 d)) _ Z ejn(kdcos@—oz;)' (8)
average power radiated (total power radiated divided)yor ~
FE 2 . . . -
D= E|9(+)| (4) Equation (8) differs from (2) only in an angular shift in the
[E(0)]3verage origin. Thus, the uniform progressive phase factorchanges

where|E(8)|2 is equal to the average 6E(6)|? over4dr the peak beam position from broadside to another angle in space
average .

srandE(#) is the radiated electric field that includes the effecté 9iven by

of the element pattern and the array pattern [17], [18]. The di- o A

rectivity of a uniformly weighted linear array & isotropic ra- kdcosf, = a, or 6, = arccos [2—‘ 3} . 9)
diators spaced /2 apart is equal t@V independent of the main 4

beam scan anglg,. For nonuniformly weighted linear arrays.whena. is changed electronically, the array is called an ESA.

the directivity is given by Fig. 7 shows the beam of the equally spaced 15-element linear

24 array scanned 4%ff broadside.
D = T DO (5)

L . VIIl. GRATING LOBES
whereD, is given by the relation
) If the element spacind is too large compared to a wave-
n=nN length, a second main beam called a grating lobe will appear in
l Z In] the radiation pattern. From (7), it is evident that this will happen

(6) atanangle’, where

n=—N

n=N

> I

n=—N

D, =

A
kdcost — . = £27 or cos® = cos b, + 7 (10)
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Fig. 8. Radiation pattern of a 15-element array with equally spaced elemehig. 9. Difference pattern of a 16-element equally spaced array realized by
0.7 wavelengths apart scanned t8.45 grating lobe appears at 135 exciting half the array 180out-of-phase with the other half.

To prevent a second main beam, the spadimgust be chosen consisting of two main beams, as illustrated in Fig. 9. Differ-

to satisfy the following condition: ence patterns are realized by exciting the two halves of the array
out-of-phase with each other.
d 1 . X . .
—_— (11) In Fig. 9, the currents in each element are equal in magni-
A 14 |cosb,l

tude, but out-of-phase on the two halves of the array. A uniform
Thus, the elements must be Spaced one ha|f_Wave|ength apg(pgressive phase given to each current distribution with the two
to prevent a second main beam when Scanning close to end'ﬂ%VGS ofthe array still excited out-of—phase with each other will
(6, = 0 orx). produce a scanned difference pattern.

F|g 8 shows a grating lobe appeanng in real space when thesum patterns like that shown in Flg 6 and difference patterns
beam of a 15-element array with elements equally spaced at 8uzh as shown in Fig. 9 are used in radar applications to acquire

of a wavelength is scanned off broadside. and track targets. The sum pattern of a single beam is useful
for acquiring a target, but the beam is too broad to precisely
IX. BRAGG LOBES determine its location. The target is illuminated with the sum

E i licati h th | ) nEz)attern and when the target is close enough, the difference pat-
or military applications where stealth is a requiremenfy ., s ysed on receive with the beam shifted to keep the target

lphasedﬁarrays are prﬁfe”?d because t_hey can be”designed H\gm/een its two main beams. Except when the target is exactly
;W sel 'z'gn"?““rﬁ- -5 e gemepthspaﬁlng IS jmaléo Fr’:e\éq ‘the null between the two principal lobes of the difference pat-
ragg lobes in the |rgctlon of the t, reat radar [10, ch. q rn, a return signal is detected in the radar receiver. This signal
Bra_gg Io_be; are retro-directive reflections th"."t may be rec_e'vfs%roportional to the slope of the pattern in the center null be-
by illuminating radar at an angle off broadside if the r"“‘d""‘tq{’/veen the principal lobes and, therefore, is very sensitive to the

spgcing Is "’?‘fgef t.han a half—wayelen_gth. Specifically, Whe&)sition of the beam. The angular position of the target can be
adjacent radiators in an array are illuminated by a threat rad

a Bragg lobe will be produced if the waves reflected in th@é'termlned accurately.
radar’s direction by the two radiators are in phase by a whole
multiple of the incident radiation’s wavelength, i.e.,.. The
total round trip difference in distance between the radiators isPlanar arrays are of considerable importance in radar and
equal to2dsiné,., whered is the spacing between radiator¢ommunication applications. The basic principles of beam
and 6, is the angle of the threat radar. Thus, the relationshigrming and scanning discussed above for linear arrays can
between radiator spacing and the Bragg-lobe directionis  be readily extended to planar arrays. Consider a rectangular
planar array with the elements arranged in a rectangular grid,
— ”2‘" ) (12) as shown in Fig. 10.

2sin 6, The spacing between elements inthdirection isd,. and the
To minimize the antenna’s radar cross section, the first Bragigment spacing in thg-direction isd,. If there are2N,, + 1
lobe (n = 1) must be 90 off broadside €in6, = 1) ord < rows of elements parallel to theaxis and each row contains

XIl. PLANAR ARRAYS

A,-/2 for stealth. 2N, + 1 elements, the array factor can be written as
m=N, =N
X. ARRAY DIFFERENCEPATTERNS F (0, ¢) = Z Z <Imn) ok sin6(md, cos ¢+nd, sin ¢)
If the number of elements in an equally spaced linear array m=—N; n=—N, Loo

is even, itis possible to realize a symmetrical difference pattern (13)
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Fig. 10. Planar array of elements on a rectangular lattice with element spaci
d,, in thez-direction andi, in the y-direction.

. L . . Fig. 11. Radiation pattern of 18 11 element planar array scanned atbng
wherel,,, is the current distribution in thexnth element. If they-axis.u, = sin(8) cos(e) andu, = sin(8) cos(¢), d, andd, equal one

each row has the same current distribution even though the chatt-wavelength.

rent levels are different, i.el,,.,,/Ino = Lon /100, then the cur-

rent distribution is said to be separable and the array factor car js clear from Fig. 11 that sidelobes surround the main beam
be expressed in the form and all of the off-axis sidelobes are lower than the sidelobes

Fo(8, ¢) = Fu(8, $)F,(6, ¢) (14) @along the principak-axis andy-axis. The low sidelobe levels
in the inter-cardinal planes, characteristic of separable distribu-
where tions, are achieved at the price of beam broadening. To achieve
No , ) a¢g-symmetric pattern, consisting of a pencil beam and a family
F.(0, ¢) = Z Iy emhds sim cosg (15)  of concentric rings of a common height sidelobes, one must use
—Ne a nonseparable aperture distribution. A common configuration
No , o is a planar aperture with a circular boundary with the elements
Fy(f, ¢) = Y Ielrhdveinfoing (16)  equally spaced on concentric circles [19].
—N,,
and XII. STATISTICAL THEORY OF ARRAYS
I, = Lmo I, = Lon (17) The elements in all arrays have random errors in amplitude
L, - oo and phase. Active arrays in particular experience random errors

are the normalized current distributions in a row of elements p&€cause of process variations used in the manufacture of TRMs
allel to thez-axis and they-axis, respectively. The array factors2nd their internal MMIC circuits. Since typically there are more
in (15) and (16) can be recognized as representing linear arr&j@an 1000 elements in an array, it is beneficial to specify TRMs
parallel to thez- andy-axes. Thus, under the stated restrictioﬁ”d components for TRMs statistically on alot basis. S|gn|f|can_t
that the aperture distribution is separable, the array factor fof?¢réases in yield and reduced costs have been realized with
rectangular grid array with a rectangular boundary is the proddfe degradation in array performance.

of the array factors for two linear arrays, one laid out along the The effects of the remaining amplitude and phase errors

z-axis and the other laid out along theaxis. are decreased peak of the antenna main beam, beam-pointing
If the current distributiond,,, and I,, have uniform phase €'or, and increased sidelobe level. Fortunately, adjusting
progressiona, = kd, siné, cos¢, in the z-direction and Phase-shifter control settings within limits can minimize the
ay =kd, sin8,sin ¢, in the y-direction, the array factor is effects of amplitude and phase errors. .
now given by It is convenient to characterize the effects of the residual er-
N rors on the array factor statistically, and studies have been exten-
Fo(8, ¢) = i I pim(kds sin@ cos p—ar, ) sively documented in the literature [4], [6], [20]-[29]. In these
AR m treatments, array average pattern characteristics are determined.
—N,, . .
v The results do not pertain to any one antenna, but describe the
N i‘: [, cintkd,smosmo—a) | (1g) observed results averaged over a large number of arrays that
n have the same statistical phase and amplitude errors. Here, we
—Ny

follow the analysis of [4] and [23].

and the current amplitudek,, andi,, are now pure real. By Anarray is assumed to have an amplitude effyand a phase
selecting the element pattern to give negligible radiation in tkegror,, at thenth element. The meaning of the amplitude error
half-spacer < 0, through use of a ground plane, for example, &, is that the excitation at theth element has amplitudg +
single main pencil beam is left pointing in the unique directiof, )I,,, wherel,, is the correct amplitude. The meaning of the
(6,, ¢,) for = > 0. Fig. 11 shows a three-dimensional plot ophase errop,, is that the correct phase to steer a beam to the
the radiation pattern of a rectangular array with the main bearhosen angle is not the correct excitation, bgkis(;j¢,,) times
pointing in the directior®, = 30° and¢, = 90°. the correct excitation.
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% XIll. SELF-IMPEDANCE AND MUTUAL COUPLING

Radiation from antenna elements in an array is different than
when isolated because of mutual coupling between elements.
In the previous sections, we assumed that all the current dis-
tributions on the elements were identical and differed only in
50 |— magnitude and phase from element to element. Further, it was
assumed that the current distributions did not change as the array
is scanned. For finite arrays, these assumptions are not valid be-
-60 — cause mutual coupling among the elements alters the current
distributions. The center elements experience a different envi-
ronment than the edge elements, and, therefore, have different
current distributions that vary as a function of frequency and
scan angle. Under these conditions, one cannot remove the el-
ement factor and consider only the array factor in determining
Fig. 12. Plot of residual sidelobe error. Top curve is for rms phase error 1€ antenna radiation pattern characteristics. The procedure for
10° and amplitude error of 1 dB. Bottom curve is rms phase error 6f@&¥%  determining the current distribution is very complex and usu-
amplitude error of 0.5 dB. Most active arrays are within these limits. ally requires solving a multiplicity of simultaneous integral or
integrodifferential equations. These equations have been solved

Only random errors are considered and it is assumed that gx@ctly only for certain idealized cases.
phase error is described by a Gaussian probability density funcfor large arrays where the total number of elements is much
tion with zero mean and variang@. The amplitude erraf,, has  greater than the number of edge elements, it is reasonable to as-
zero mean and variané@. Under these conditions, Skolnik de-sume an infinite array to determine an array-element factor that
rived an expression for a normalized array factor that is equalaocounts for the effects of mutual coupling. In an infinite array,
a normalized ideal pattern plus a term for a normalized sidelobeery element sees an identical environment. Except for their
level o2, sometimes referred to as the residual sidelobe levelphase, the current distributions on every element are the same
For an array ofV isotropic elements, the residual sideloband the array pattern is equal to the product of an array-element
level is given by factor and an array factor, as discussed previously. However, itis
more convenient to define an array factor for the radiated power
rather than the radiated electric field. In defining this factor, it is
assumed that the elements in the array are fed with constant-in-
cident-power sources, as opposed to constant current or voltage
whereny is an array taper efficiency equal to one for uniforngources. Actually, this assumption closely corresponds to most
aperture distributions and less than one for tapered apertugggays at microwave frequencies.
Thus, for any given array variance, increasing the size of theyye define the array-element factgr(6, ¢) as the radiated
array lowers the actual value® of the residual sidelobes.  power pattern obtained when one element is fed with a con-
Fig. 12 is a plot of the residual sidelobe level as a functiogiant-incident-power source and all other elements are termi-
of the number of array elements without aperture taper. TWaited with generator impedance matched to the transmission
different levels of residual sidelobe errors relative to the majpeg feeding the elements [6]. This array-element factor, also
beam are shown. The top curve is for rms phase errortdid referred to as the imbedded-element pattern, contains all the ef-
amplitude error pf 1 dB. The bottom curve is for rms phase ergicts of mutual coupling on the pattern over scan angles.
of 3.5 and amplitude error of 0.5 dB. Today, the errors for most In a large array, we assume all of the elements have identical

active arrays fall within these limits. Tapering the array apertufe o.ns and are excited with equal amplitude. The principle of
distribution increases the residual sidelobe level for given arr ¥perposition may then be combined with a consideration of

varlanceso.l . directivity d idual the power available from the generators feeding the elements
The reduction in array directivity due to residual errors ig yield the relation

given approximately by [23] as

D _ 1 (20) G.(0, ¢) = Ng.(0, ¢) (22)
Dey 1462492

-40 |—

RMS Sidelobe Level
Relative to Main Beam - dB

] i | |
10 100 1000 10,000

Number of Elements

282
02=¢ +
Nnr

(19)

. L ) i where G,.(6, ¢) is the antenna gain realized in the direction
whereD is the directivity of the array with errors ard, ; is the (6, $) when the elements are excited to add in phase in that di-

dlrlectl\;lty of the irror free array. The reduction in directivity 'Srection,g,,(e, ¢) is the gain realized in the same direction when
only a function of error variance and not array size. __only one element is excited, aid is the number of elements.
Steinberg [24] has shown that the variance of beam pointing . . .
N~ Because of losses and impedance mismatches, the realized
deviationA? is given by L o . i
antennagain is less than the directive gain of the antenna without
12 these effects. If we assume that there are no dissipation losses
A% = —N;»,(/) . (21) in the antenna and feed lines and consider only the mismatch
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i i i i FREQUENCY = 11.9GHZ
Ipsses,_ trgz rztlo of thg reagzed antenna d@ajfé, ¢) to direc- N  1omoH
tive gain IS given Ay = 05INCH
g d( ’ d)) g y WGHEIGHT H = 0.397 INCH
= 0.898 INCH NOM.

G (0, $)/Ga(8, ¢) =1 — |I(6, </))|2 (23) WGWDTH L

whereT'(8, ¢) is the active reflection coefficient when all of
the elements are driven by constant power sources with the i P
propriate phases to scan , ¢). Thus, the effects of mutual _ = _ ~

coupling can be expressed in the form of an equivalent acti | = < _
reflection coefficient that is approximately the same for all ele gapiaTion 7

. ~
ments in a large array. PORT ~SA
For apertures large compared to a wavelength, the peak LARGEST RADIATION -
rective gain of a uniformly excited planar array with no grating, CELL USED 1
lobes is related to the area of the array aperture Fig. 13. Active reflection coefficient was computed for a triangular array of
open-ended waveguides to demonstrate the power of computer simulation.
Gull, ¢) = (47rNA/)\2) cos(6) (24) Multicell radiation waveguide allows simultaneous simulation of many

different scan angles.
whereA is the area associated with each element (equéldg

for a rectangular array) and, ¢) is the direction in which all  waveguide simulation (real and computer models) is based
the elements add in phase [2], [4]. Combining (22)—(24), Wghon the principle of imaging all of the elements of an infinite
obtain an expression for the array-element factor array into a single waveguide “radiation” cell. The simulator
) 9 models uniformly excited infinite arrays (approximates large fi-
9r(0, ¢) = (dmdady, /X”) cos(0) [1 — [T, ¢)| } (25) nite arrays), and the imaging accounts for all mutual coupling

effects between elements. However, for a given specific array

Equation (25) is a very useful relationship because it relatgs, . . .
: » . attice, only certain scan angle/frequency conditions can be sim-

two different conditions of operation of an array. The array-el- " . .
ulated. For additional scan angles, one must use multicell sim-

ement factor is obtained by exciting only one element at a tlrrl]f?ators with complex higher order modes. Hardware testing re-

with all other elements terminated in their generator impedance.. . L 2
) . L . Uires the construction of special higher order mode transitions
The active reflection coefficient is determined when all of the eJ> : :
) . : or. each of the scan angles desired and one mode is tested at
ements in the array are excited with the proper phases to pomtt

. 2 ) a time. On the other hand, computer simulations allow simul-
the beam in the directiof¥, ¢) and is a measure of the power, .
taneous multiple scan values to be evaluated because they can
reflected by an element.

. . deal independently with the higher modes in a single multicell
The mutual coupling between array elements and its effect on o . N )
del. By mixing various combinations of electric and mag-

the antenna gain and active reflection coefficient are embedcig . . . . .
. T . netic walls in a multicell simulator, many scan conditions are
in the array-element factor. An approximation of this factorcan__~." . . : .
" ssible including broadsidé{-plane, E-plane, and off-prin-
be measured by exciting a center element of a smaller array wit
CH)a| planes.

a sufficiently large number of elements, or it can be determine . : . -
b t df (o over restricted scan angles usin To determlne thg active re_fle_ct|on cqefﬂugﬁ(&, ¢) and

y measurement df (6, ¢) 9 %he AEP by simulation, a radiation cell is defined based upon
waveguide simulators, di(é, ¢) can be calculated using com- h Iy ice di . Th | o f ph d
puter models of waveguide simulators. the array lattice imensions. The array e ement_ls irst mgt'c e

(I' = 0) for broadside scan. The active reflection coefficient

for scan angles off broadside is then calculated by using higher
order modes in multicells and various size radiation cells.

The discussion in this section reflects a personal commu-For example, Eisenhart computed the AEP for the triangular
nication from R. L. Eisenhart and is based on his work [31frray of open-ended waveguide radiators shown in Fig. 13. The
Waveguide simulators were introduced almost 40 years agod@shed lines in front of the array face outlines the radiation cell
determine the active element pattern (AEP) (equivalent to the simulating waveguide that contains the effect of all of the
array-element factor) of a radiator imbedded in a large arrarray element images. The largest cell he used is shown and it
They have been effective in verifying the design of large aprovided eight scan points in thE-plane. Smaller width ra-
rays without the expense of building and testing full-size adiating waveguide cells were also used to provide additional
rays. Recently, commercial computer programs became avaitan angles. He simulated three different arrays with waveguide
able that can model the electromagnetic-field distributions wfidths W equal to 0.858, 0.898, and 0.938 in. All other dimen-
three-dimensional circuits. Eisenhart has successfully appligidns were fixed.
these computer programs to calculate the active reflection coefThe reflection coefficient data from each of four multicell
ficient of large arrays as a function of scanning angle [30]-[3%imulations was used to calculate the AEP for each of the three
Computer modeling avoids the hardware complexity and assadifferent waveguide widths. The results are shown in Fig. 14.
ated scan limitations of conventional waveguide simulators. ANote that less thar:5% change in waveguide width results in
other advantage of these programs is the ability to use magnsignificant performance changes in the AEP.
walls as well as electric (metal) walls; thereby allow modeling The three marks at the bottom of the graph in Fig. 14 are the
of circuits that could never be measured with real hardware. predicted scan angles for high reflection or blindzone (BZ) cen-

XIV. ARRAY SCANNING SIMULATION
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Fig. 14. Simulated scan performance for the waveguide triangular array in Fig. 13. Note that the data from different radiation cell configunaiemsco
each other to form a near continuous scan prediction. Performance is shown to be very sensitive to element dimensions and correlates well agitiutbeary b

ters for the three configurations, as determined by an approxi-

mate theory [33]. ABZ occurs in the AEP when the scan phasing|y
is such that the mutual coupling constructively provides a high

reflection at the element being analyzed [34], [35].

Eisenhart’s simulation results agree closely with the theoret-(3
ical predictions. His are likely to be more accurate because all
higher order waveguide modes are included in the determinatiort]
of I'(6, ¢) rather than just the two modes in the approximate s
theory. The reference line curve indicates the rolloff of the pat-
tern due to the reduction in array projected area with increasing[ﬁ]

scan angle.

The performance characteristics of scanned arrays are easile/
determined using computer simulations, allowing for fast and 8l
inexpensive design. Particularly significant is the ability to [g)
model complex three-dimensional radiating elements such

as flared-notch radiators that are not tractable with othef'"!

theoretical approaches.

XV. SUMMARY

The system advantages of phased arrays has

studied, and developed for the past 60 years. Initial implementa-

tions were passive because the technology of active arrays was
immature and too costly. With the advent of MMIC technology, [14]
automated assembly of microwave components, and high-spegd,
digital processors, active arrays are becoming the preferred ap-

proach for both radar and communication systems in airborn
ground, and space application. Commercial simulation tools a
facilitating the design of array apertures and radiators, as well7]

as the components used in phased arrays.
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