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Phased Array Theory and Technology

L. INTRODUCTION AND CHARACTERISTICS OF IDEALIZED ARRAYS

1.1 Introduction

The review paper by Sta 1'kl summarized developments in the theory and tech-
nology of phased arrays through 1974, In addition to a presemation of fundamental
considerations in infinite array theory and the phenomenon called array "blindness”,
Stark's review included detailed descriptions of phasing civcuits and array feed
networks.,

Major changes I array technology since 1974 might have been expected. Tt
wis not gencrally expected that emphasis throughout these intervening vears would
be on small, special purpose arravs and not large, ground based radar arravs, It
was also not generally expected that in 1981 array technology would face so many
new chillenges as to require theoretical and practical developments of a4 most
fundamental Kind.

Unfortunitely, this greatly expanded need for array technology s not the re-
sult of past suceesses, for arrays have not been fielded in great numbers,  I'his
failure was the theme of a recent workshop sponsored by the Naval Rescearch

Laboratories™ that souglit to draw out new innovative array rescavch with the goal

(Received for publication 30 July 1981)

oo stark, L. (1974) Microwave theory of phased array antennas=A\ review, HEE
Proc., 62(No. 12):1661-1701.

2, White, L FD (198D Phased arrav technology werkshop, 9-10 Sept, N, R. L.
Washington, 1. C., Microwave Joarnal, v‘:’i(.\u. 2):16-28,




i of developing high performance, low cost radar arrays. 1he reason for this failure
is that the cost of phased arrays has continued tc be 1ar in excess of the initial

optimistic prediction of an ultimate cost per array element of tens of dollars.
-y

Array cost estimates based upon existing technology snow that arrays still cost
hundreds of dollars per element, although there now appears to be some reason to
hope Jor relief.  Growth in array technology has been slowed primarily because of
its cost.

The present needs for expanded arrav research, development, and production
are due to increasing demands for higher performance svstems. These include
the need for agile beam tactical radars to acquire and track more targets than
possible with reflector antennas, the need tor defense against military counter -
measures using beanm agitity, deterministic and adaptive pattern control, and the
need for conformal scanning antennas for high performance aircraft and missiles,
Since arravs are expensive, it is a practical fact that thev are selected onlv when
conventional mechanical svstems cannot adequately do the job; and th is true ol
each of the new applications.  There is such an abundance of difficult requirements
for ground based, aircraft and even sateltite radar and communications that one
cannot but tmagine a revotution coming in the technology to [ill these needs, Gne
of the goals of this review is to summarize the present state of theorv and technology,
and to estimate how each must advance to serve this vevolution,

Substantial advances have taken place sinee the carly 19705 even though array
cost huis not declined, Major aevelopments in theory include analvtical studies of
a wide variety of elemeats, solutions for large arravs, contributions to the under-
standing of edge effects and arvay "blindness”, advances in synthesis and m adap-
i’ tive optimization of patteens, and error analysis. Technological developments

include great advances in components, phiase shiftees and teed networks, and an
broadband subarvaving,  in addition, many nev elenments have been develeped,
most notably micvostreip and striphine clements for Ightweight and cenfornal
arvayvs,  Finally, there have been dramatic strides in the imptementation of adap-
1 tive control to optimize array sigaal-to-noise ratwo for receive arravs, and i
! active transmit-receive module development.
. Surchy one can anticipate even greater advances throughout the 1260 5, Mono-
| Lithic thin and thick film technologys 1= being developed today and should finally be-
" gin to bring about the cost reductions promi=ed by autonusitic processes, These
developments will mnclude techmques ter array and phase shifter nmanufactare,
also fully active monelithic modules, dhcroprocessors have been proposed fo
] se at vach phased element to cedece coabhing necessary tor phase stifter settings.

i, b ter, V. and Garrett, J0 R (1903 0 Procedure for Lstimating the Costs
R

of Grouni-Hased Phused Areay Radar Sustems, Lerospace Kept,

TOR-00; 7 (3403-000 -1, o
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Time delav devices have traditionally been switched lines, but present research4
points to coming availability of variable time delay control using magnetic delay
lines. Yully digital array processing is now applicable to sonar systen155 and to
some narrow band communication systems, but the advance of gigabit logic may
make fully digital processing feasible for adaptive and deterministi~ control of
large, wide band arrays. kach of these advances brings its own promise, but each
must operate within the constraints of 2 radiating electromagnetic system, and this
is the reason for emphasizing fundamental electromagnetic bounds and limits
throughout this vaper.

In writing this paper I have de-emphasized large array theory, partly because
it was so thoroughly covered by Starkl and partly to highlight the large variety of
array tvpes and functions that will address future needs. In addition there are a
number of important topics that he only mentioned peripherally that deserve sepa-
rate, detailed review. In this category are adaptive arrays and active transmit-
receive modules.

One goal of this survey is to illistrate the vast collection of array types and
the distinction between them, but the muin goal of the paper is to emphasize those
arrav parameters that control important characteristics required of future arravs.
I'or example, to address the futurc need for drematically lowered sidelobes and
deep, wide band pattern nulls, the paper uddresses such fundamental issues as
constrained null depths, feed network design and element pattern ripple to provide
design data for system development. Fundamental limits to bandwidth, maximun
scan angle, minimum number of control elements and minimum sidelobe level are
among the array parameters discussed and necessary to the process of systen
selection,

The remainder of Sectior, 1 deals with charscteristics of idealized antenn:
rravs, and 1s tutorial in nature but outlines those vroperties and bounds that can
be predicted by this shmplest theory,  The section covers collimation, pattern
shape, beamwidth, directivity, grating lobes, pattern synthesis and null hounds,
bundwidth and subarraving.

Scetion 2 mtroduces the more formal array theory, specifically applied te
finite arrays, ond cutlines methods for solution of generul classes of array prob
lems. Thrs scet1 Iso discusses active element patterns fur finite and infinite
irrays ¢nd concludes with o discussion of the problems ussociated with scanning

n arrayv from zentth to end fire.

4. Sethares, J.C0, Owens, Jd. AL, uand Smith, C, V.o (1980 MSW nondispersive,
electronicully tunuble time delay clements. Electronics lLetters,
16(No. 22):825-826,
WAAA.

5, Barton, P. (1980 Digital beamforming for radar, {EE Proc.,
127, Pt F(No, $1:266-277, - o
MAARA
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Section 3 discusses the practical aspects of array development, array eriors,
phase shifter quantization, selections of array elements including new microstrip
and stripline elements, and the choice of components for arrays including feed
networks, polarizers, and phase shifters.

ection 4 surveys current technology with emphasis on low sidelobes, con-
formal and low profile antennas, antennas for limited sector coverage, and wide-
band array feeds. To aid designers, therec is an attempt to give the performance
limits of each system.

Many of the topics are necessarily treated in only a cursory manner, so it is
fortunate that there is a vast literature of texts, 6-11 journals, and topical symposia18
that deal with aspects of array antennas. Several recent issues of journals deal

>

. 19 . .20 21 L2 3
with antenna arravs™ " aand microstrip, conformal, and adaptive arrays.
2
In addition a recent Proceedings Tutorial Review pape r‘“4 bv Gabriel addresses

the theory of adaptive arrays.

1.2 The Idealized Array

Many of the properties of practical array antennas are apparent from a de-
tailed consideration of idealized arrays. For such a general array of radiators as
shown in Figure 1, the electric field is given by the sum of radiated fields of each
of the elements. Each element at position (xi,yi, Zi) is excited by a complex weight-
ing a, and radiates with a vector element pattern fi(9 » ) so that the totzl radiated

field is given by:

E(?)_-I\"Zri(e,o)a.1 e - (n

i IT-T.

where

f— = | 2 2 2
IT-7l —J(.\—xi) +(v-\.1) +(Z-Zi) .

In the far field this term ean be approximated by

ir-x'ij = R St p (2)

where

(Due to the large number of references cited above, they will not be listed here.
See References, page 115.)




N N
p X UV 7z cos b

K is a complex constant
k- 2n/A

and

e e

u - sin 0 cos 0

v = sin ¢ sin 0

are the direction cosines.

P(X Y,2)

Figure 1. Generalized Array Coordinates

The totat field is thus written

(3)




The veclor element patterns t'i arc in general, different, even in an arrav of like
elements. The difference 1s seldo:n planned, but usually results trom the inter-
action between individual elements ana the array edge. L'or purposes ol this

discussion we will assume that thev are alike in an idealized array.
1.2.1  COLLIMATION

The usual purpose ol an arrav is to lorm a beam at some specific angle in
space (90,00). This can be done at all frequencies by choosing the excitation
mk v p -1k (.
i kg kG
a, = la. o = la.| e (1)
! i i
with Po given by kq. (2) using 90 and % in the direction cosine expressions. At
such a point, the fullv collimated beam field strength is a simiple vector summation

ol the clement patterns weighted by the amplitudes jai j .

-1k R
= ¢ 0 ZJ _ 1 '
By (1 N — (0,00 la,
Folh B == & § Uprog! 13 (5)
i
and if the element patterns Ti are ecqual and isotropic ( Tr = 1) this is the largest

possible value of the tield F(r) for anv given RO in the far field. Selection of the
excitations of Kq. (4) is understood intuitivelv by considering that the projected
distance to the observer at (HG' HO' 00) is different for each arrav element by the
length (i in Figure 1. Removal of this path length difference will cause the con-
tributions from cach element to add in-phase in the far field, The envelope of
coefficients X is the array illumination, and ig the primary determinant of the
radiated sidelobe levels, just as it is for aperture antennas.

Applving signals ol the form of Eq. (4) is called time delay steering because
the phase of the excitation signals exactly compensates for the time delay of a
signal travelling the projected distances (i. Time delav steering resalts in a fullv
collimated beam at all [requencies, but is extremely expensive and bulky, for it
depends upon switching relatively long delay lines,  LPor this reason true time delav
is not often used at the arvay element level, but more commonly iucorporated into
the feed civeuits of arravs divided into subarravs,  Kxamples of subarray excita-
tion are described in later sections,

Alternatively, at some fixed frequency ['0. with wavelength A and wave number

0

k., = 27/}, purely phase weighting can be substituted for the time delay sicering.,

In such case the weighting factors a; ave:

14



a, = |a.| e
i i
kg = 2 n/)\o
y]
and
JIERg Hrt (kp - kg o)
] E(r) =KS 2 |alr8,¢) e (6)
g 0 RO 3 1 1
which represents exact collimation only at fixed frequencies A = )\O' and is called
phase steering. Most arrays are phase steered, but when wide operating band-
widths are required it may be necessary to investigate options for time delay at
the subarray level.
Several examples of array collimation are given below for the arrays of Fig-
ure 2. Note m and n are half integers, + 1/2, ....... to % (—I\]——\:’Z'—l)—or + (N‘;—_l)
Periodic column array in one plane:
i v s xI\m = xm dx; u, = cos 90

Steering Excitation:

. —Jko m dx Uy

Radiation Pattern:

. -ik I md (ku -k_u.))
() = _ll 8 03 o X 00 7
B - o o 2t (0,0 la_ | e (7)
m
Periodic Two Dimensional Arvrav:
T =fmd +%nd ;
mn X v
: Steering Excitation
o &l 0
e iXg (mdx ug + “d\.' \ 0)
Q) s | | e E
mn nn
Radiation Pattern
-ik R . T e
. 5 K © 0 S o1 ‘J|mdxu\u kO uO)+ nd;‘(k\ ko.()]
R o POt




sttt i

~—B—B~B~4@X

—] Y f— L=

A. ONE DIMENSIONAL ARRAY

Y
/0 [7
7

[7 07— IFigure 2. Linear.

Planar and Circular
——e—— 3 -
dy X Arrays

700 0L
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B. TWO DIMENSIONNAL RECTANGULAR GRID ARRAY

Q

/

A
€. SECTOR OF CIRCULAR ARRAY

Circular Array Section:

The circular array section of Figure 2 is another charucteristic array shape
that requires a simple regular excitation vector to form a beam in the principal

plane (6, 0)

T
m

o " , n o o
Xacos 8 +yvasind i =xcos b+ ysinb
m m <




Steering Excitation

-jk_cos (8 ,-6_)
a:lale v 0 M9 =mas
m m m
Radiation pattern

_ ., jkR jalkcos(6-60_) -k, cos(0,-0_)]
E@=—-e O0LT (@) ]a_le m 0 0 m
Ry m ™ Lo
(9)
In each of the above cases the phasc steered beam collimation is changed to
time delaycd collimation by substituting k = —2-){1 for the phase steercd term
27

kO:TO.

1.2.2 CHARACTERISTICS OF FINITE PLANAR ARRAYS:
PATTLERN SHAPE, BEAMWIDTH, GRATING LLOBES
AND LATTICE SELECTION
The quality of the beam formed by an array is mcasured by a numbecr of
factors. Chicf among these are the directivity, beamwidth and sidclobe lcvel of
the array patterr, and the bandwidth over which satisfactory radiation character-
istics can be obtaincd, )
The directivity is the ratio of power density atthe peak of the main beam

(r = ro) to the average power density, or in terms of Eq. (1)

Tir,) T (r,)
D = - - (10)
g7 T * ‘ \
iy / l F(r) FE (r) sin ¢ do do
"0 T

The integral over 0 is often carried only to 7/2 for most planar arrayvs with a
ground screen, as it is assumed that radiation is negligible for ¢ > 7/2,

Iq. (1) can be reduced to much simpler forms for lineayr and planar arravs.
In Chapter 1 of Vol, 2, l‘Illi«)ttzr) gives convenient formulas for the directivity of
linear dipole arravs, and derives an eepecially simple form for arravs of isotropic
elements with half wave spacing and currents 1 as in kq. (7).

) A2
<Z’Iam| }

D= (11)

25, Elliott, R.S. (1966) The theory of artenna arravs, Ch, 1, Vol, Il in Miere
wave scanning }_n_tmmas. R.C. hansen, Ed., Academic Press, New York

17
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This expression shows the directivity of a linear array to be independent of scan
angle. As pointed out by Eltiott, this behavior is peculiar to the linear array and
results from the broad pattern perpendicular to the array axis. As the array is
scanned toward end fire the area of this conical shape is reduced and the effect
offsets the beam broadening in the plane of scan that tends to reduce gain,

Elliott gives a number of other very convenient formulas relating beamwidth
and directivity for linear arrays with uniform and tapered illuminations, and for
relating the directivity of planar arrays to linear arrays. In addition he obtains

a formula relating beamwidth and directivity tor a planar array
D = 32,400/ B (12)
where

B = ‘Jxa UV3 sec 00

and 0 Xy

side. In this formula the beamwidths are in degrees.

and 0v3 are the 3 dB beamwidths of the pencil or elliptical bean at broad-

This simple formula reveals the well known cosine scan dependence exhibited
by planar arrays. The formula is exact for uniform illumination, and a good
approximation for other array illuminations for all /)O except very near endfire,
where more detailed analysis is required. Scanning near endfire will be discussed
in Section 2. 4.

The selection of array itluminations is described in many standard texts, but
certain special cases are nentioned briefly in Section 1. 2.5, The array illumina-
tion determines the beammwidth, sidelobes and directivity. liquation (12) shows
directivity as inversely proportional tothe product of principal plane beamwidths,
Uniform illumination (;aif 1) produces the highest directivity and narrowest beam
of any iltumination (except for certain special "superdirective' illuminations
associated with rapid phase fluctuations and closely spaced etementsj, The half
power beamwidih of this radiation pattern for a linear array or in the principal
ptanes of a rectanguiar array at broadside is:

Oy Kb% (13)
for Kb 0.886. Uniform illuminationalso produces relatively high sidetobe patterns
{about -13 dB). Selection of various tapered illuminations can result in much lower
sidelobes, but is accomipanied by wider beamwidths and tlower directivity, As the

array is scanned from broadside the beamwidth widens, again as sec 6, except

On

near endfire.




A number of important characteristics of planar array patterns can be tllus
trated by considering an array with even numbers ol rows and columns as shown
in Figure 3, and with each row displaced by some unspecified distance An, so that
the element center locations are given by the coordinates

x= md + An; v=nd
X v

for
a N -1
~ 1 3 X
m tg 3 3
.
= ) 3 e .\\’ !
n= oty g -5 -

It will be assumed that all element patterns are the sam~ and have only one polari-

zation,
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Figure 3, Periodic Two-Dimensional Array

I'he far zone electric field, normalized to unity, is given by

jk{fumd_ +adnu+vnd)
* d (14)
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The excitation signals required to form a beam at (/)0, )O) at some fixed

frequency t'O are:
, sikyu md +u Adn+v.ond)
a = fa |e” OO0 0 0"y (15)
mn mn
If the |a amplitude itlumination is a separable distribution in x and v
mn , . i
so that [a l = |a” Ia'V,. and the element partern is also separable, so that
nn m !
.— ) - - . / P
(e, o) fx(U) fy(\/) {16}

then the pattern can be written in the !ellowing form:

T () yha - Kk, a1 )m d
-~ . X SOLX R 00 X
.En(l_) - NI o lag e
N m )
IV(\') 5 . ‘j[(k v - kC' \’0) ”dv FAn(ku Ky 1:0)]
3 la ¢
Ny N n
= l",x(u) 1~}V(u, v) . (17)

The pattern is not scparable in general, but may be so for certuin choices of an,
This form of kg. (17) will be useful in a later section for describing methods of
lattice selection, but for the present it is convenient to set An = o for atl n.
This is the familiar rectangulare grid configuration, and in this case the ficld is
fully sceparable.

If A= A, the factors l’lx and l;‘\, have their peak at u gy and v Yo indicating
that the row-column collimation px‘(;duwcs a peak at the desired main beam position.
These expressions can have principal maxima corresponding to other values of

u and v however, and form high gain beams at direction cosines given by:

u Ay b AR By q#\ (18)
p ,\0 0 ET'\' q 1\0 0 d.\.

Values of uand v corresponding to the discrete up. \‘q parameters are called
grating lobes, and are angular locations where the main beam is reveated. Not all
values of g and p correspond to allowed angles of radiation however, for the dire

tion of radiation ¢ measured {irom the array normal is given by

o8 8§ =
cos t 57 \

[ 2 2
1 - up -\ (19}

q




i

and so real angles of radiation qu require that the allowed values of up and Vq

are constrzined by the condition
u o+ vDo< 1, (20)
p q

These points are shown in (u, v) space as a regularly spaced grating lobe
lattice about the main beam location (uo, vo) in Figure 4A. The circle with unity
radius represents the bounds of the above inequality; all grating lobes within the
circle represent those radiating into real space, and those outside do not radiate.
The primary means ol grating the avoidance is to select closely spaceu elements

so that no grating lobes radiate,

Y L ‘ v
.
(:3,1) (-2, (-1,1) (0,1) (1,1) (2,1) 2.1
e o ° ) ®
\
24,
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° ° ° . e )
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A. GRATING LOBF LATTICE FOR RECTANGULAR GRID B. GRATING LOBE LATTICE FOR TRIANG!LAR GRID

Figure 4. Grating Lobe Lattices

Equation (17) illustrates that i the ideal array the radiation pattern is the
product of anclement pattern f(8, 0) and an array factor that depends only upon

the clement position vectors and weighting,  Figure 5 demonstrates this properts

for an urriayv scanned in the principal plane v - o, In thi tse the array clement
5 . A :
pattern, shown in Figure 5A, has zeros ot sin 8 = ¢ g- . Migure S8 shows the array

factor with a series of grating lobes in real space. Y Figure 5C shows the com-
bined pattern. The array is scanncd off broadside, and be se of the Lrge inter
clement spacing ll\ there are numerous grating lobes satisfving the ind daty of
Eq. (20), Curef 1 clement pattern selection can help te ppress grati hes,
For the particular case chosen all grating lobes would be suppressed for S

s A
broadside, because then all grating lobe peiwks would be located at p J - ind would
X




exactly correspond to the element pattern nulls. Grating lobe suppression through

element pattern modification is a subject that will be treated in more detail in

Section 4.

: L
=2 < 1 2 sin®
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Figure 5. Element Pattern, Array
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or conversely implies « maximum interelement spacing for a given scan volume.

For example, one can show that for a largc array the spacings must satisiy:

X 1 g 1
T EETI R S wET (2]

This criterion . eads to the familiar condition that arrays scanning to endfire
(! u0| or IVO) = 1) require spacings less than one half wavelength.

The most common alternatc choice of grating is called the triangular grid
lattice, and consists of displacing cvery othcr row by A= d—,)\ This configuration
introduces a different periodicity into the 'v'' plane, and the resulting furction
Ev(u,v) reduccs to diffcrent expressions at the grating lobe positions p = ¢ 1,

+ 3, and £ 5 vs the grating lobe positions p=* 2, + 4.

Onc obtains from1 Eq. (17) at thc grating lobe positions p=+ 1. £ 3, £+ 5, and
so on, the results:

f.y(v) sin [NV TV - vo) AN

(i vi=iy SR - — . (23)
y D Ny 208 [alv - \0) J\ TA]

This pattern has a zcro a v = Vo and an asymmetrical distribution in (v - vo) with
principal maxima of unity at |(v - Vo) d\. /Al = 0.5. The grating lobes therefore are
at v = v“ +(q+ 1/2) .-\;'dV as shown in Figare 41,

At the grating lobes p =0, £+ 2, £ 4, ..,, the summation beconcs

f (v} sin (N a(v-v )d /A
E (u. v) = > - 3
y P

) 4
N, Ssin[r(v - v d /3] (24)
y oy

which again is the same distribution as tor uniform illumination and An = 0, and
offers no grating lobe suppression,

The distribution chosen in the foregoing thus suppresses the odd grating lobes
in one sector of space by splitting them each into two lobes and moving ecach out to
a relatively wide angle, where the re reduced by the element pattern e (v the

v
distribution does not ulter the vven grating lobes at all.
Iy mod fving v chosen grating lobe represents an additional degree of freedom that
is useful in design, and in the teiangular geid array it allows substantially wider
interelement spacmgs and the use of fewer elements,  For example, for quar
grid array the masimum Jdiowable area per element is 0. 287,\2, but tfor an
cquilaterial triangular sreav the maxtnmum area is 0. '%.12,\2.

It is pussible to use more general, or even random row displacements dn to

suppress prating lobes in all but the planc of the main beam (v v ). One can

Thrs capabitity of selective-



dmnon::'tratv2b hawever that such displacements alter peak grating lobe levels, but
the average grating lobe power is independent of the An, and has an amplitude 1/Ny
below the mamn beam (for umty element pattern). 1f the arrayv had enough rows so
that the grating lobe levels could be reduced everywhere to this average level
(except v = \'O) then the maximum avar ~ble grating lobe suppression would be 1/Nv,
or about 9 dB3 for an eight row arrayv, 12 dBfor a 12 row array, and so on,

Radiction pattern distortion with scan angle 1s a well known phenomenon, and
1s discussed by a number of authors including referenced works by Von Aulock
and others. In addition to lost gain, reduced resolution, and grating lobes, these
authors describe beam coning effects that lead to substantial errors in array point-
ing accuracy.

Apart from these pattern shape characteristics of scanned arrays, there is
also a severe bandwidth constraint imposed by scanning with phase shifters because
the peak gain angle of a phase steered beam varies with frequency and does not
occur at the established 90 Uo position except at A = )\0. For cxample, at center

frequency the interelement phase shift v, is given by
0, = ko d sin 90 (5]
but the interclement phase required for this scan angle at some other frequency is
o=kdsiné o (26)

The net effect, beam pointing crror referred to as beum sguint, 1s that the
beam scans away from the desired 6 o This is the most significant bandwidth
limiting effeet 1o arrayv antennas,

Assuming an approximate half power beamwidth (Kb)\ sec 8 )/ 1 (note l\b 0. 886
for uniform illumination) one can solve for the array bandwidth under the assump-
tion that the gain at cach frequency limit is reduced to halt power (that the squint
is equal toa half beamwidth at each limit), The resulting fractional bandwidth is

given by

a9y o)
T sing_ =
(6] O

26. Mailloux, R.J., Zahn, 1., Martinez, A., and Forbes, G. (1976) Multiple
Mode Control of Grating Fobes in Limited Seian Arrays, RADC-TR-75-307,

AT A0306323,

27, Von Aulock, W.IL (1960) Properties of phased arvravs, IRE Trans.,
AP-9:1715-1
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where 6 3 is the 3-dB beamwidth.

s

For small scan angles

Af

— (28)
0

where 1 is the number of beamwidths scanned,

3

1.2.3 THE INFINITE ARRAY

Equation (1) gives the radiated field for any number of radiating elements in
an array. Similar equations, given in Section 2, pertain to the array near field.
Unfortunately the compley form of this expression makes it difficult to analyze
arrays with large numbers of elements. In this case, it is customary to approxi-
mate the array structure by an infinitc array because the majority of elements are
far enough from the array edge so that their characteristics are similar to those
of an element in an infinite array. Consider an array that has a rectangular grid
lattice and is periodic in two dimensions., For an infinite array the summation in
Eq. (1) can be transformed by the Poisson Summation Formula into a sunimation

over wave modes as shown below:

. , 2 R :
£ 5 e-Jk%—.\m) +(_\-)n) + 2 eJko(uom(i:(+‘ond)-)

o o Sjklu (x-xD+v y-v - iK z
. i ' . Jk| p qV¥ ! i pq ' I
=7l d d 4 (29)
Xy P . Q=% Pq
where

2 o

K = le—- u’-v® and x’ =md.+x'.y' =nd +v*,

pq p q m x n y oo

The u_ and vq are the grating lobe locations as indicated in Eq. (18) 'dr}d Fig-
ure 4A, and so this series is often referred to as the Grating l.obe Series. a8 The
expression illustrates some of the convenient propertics of this most usciul trans-
formation, for the complicated square root function is replaced by much simpler
exponential terms representing all the plane waves corresponding to points on the

grating lobe lattice, some propagating and some cvanescent. The propagating

28. Wheeler, H, A, (1966) The grating-lobe series for the impedance variation in
a planar phased array antenna, IEEE Trans.,, AP-14:707-714,
e e e e WA A AN
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grating lobes, that is, those within the unit cirele, are the only ones that represent
true radiation and arc used to compute far field radiated power. L'or a linear

infinite array onc obtains:

. ! ]
© ik g (x .\m)+) +z

© —jkup(x-xl)
LD S TRCETIR (30)
dx p:-oo © p
where
9
Kp:k l-u;. (31)

The above expression also is an infinite set of waves and the eoeffieient for

eaeh wave is the llankel function,
}
1.2.4 SUBARRAYS FOR WIDEBAND OPERATION

Tre bandwidth limitations implied by Ilq. (27) are often reasonable for small
arrays, but are usually too restrictive for large arrays. For thic reason it is
eomimon practiee to combine phase and time delay steering by organizing the array
into a relatively small number of subarrays and to use time delay devieces at the
subarray input ports and phase steering at all the array elements. The resulting
array bandwidth is a eompromise between the cost of providing time delay devices
for a larger nun'ber of subarrays and the pattern deterioration and bandwidth
limitations of dividing the array into too few subarrays.

The array of centiguous subarrays (Figure 6) is coneeptually simpler than
other subarray approaches, and uses separate distribution networks to feed ad-
jacent seetions of the array. Phase shifters eontrol the subarray pattern to pro-
duee a beam tilt and the time delay devices produce true time delay between the
subarray centers.

To eonsider a speeific example, assume a one-dimensional array of elements
spaced dx apart, with element pattern f(u,v). The elements are grouped into sub-
arrays of M elements. The entire array has % equally spaced subarrays, f£ach
of the subarrays has a subarray pattern that is the same as the bracketed term in

Eq. (21), and when these subarrays are arrayed with time delay appropriate for

beam coliimation the complete field pattern is given by the cxpression
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where L)\ l\ld\ is the cnbarrayv size.

T;(F) T(u,v)
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This expression shows the total field as the product of element pattern, phase

steered subarray pattern, and time delayed array factor, If the array were pure-
ly phase controlted, with M X X elements each spaced dx apart, its bandwidth

given by Eqs. (27} and (13) would be:

l— 4
\b \o

1% M¥X d 5ind cos 0@
X o) o

(33)

In its present subarrayed form however, the time delayed array factor exactly
collimates the subarray contributions at all frequencies, and the system gain band-
width is essentially the same as the subarray bandwidth

l\b '\0

BT = Md sind cosd -~ (34)
X o) 0

For example, an array of 10 subarrays of 10 elements cach has approximately
10 times the bandwidth of the phase steered array of 100 elements.

The above description emphasizes gain bandwidth, but in fact Eq. (32) shows
that subarraving can introduce severe pattern degradation in the form of grating
lobes that arise as frequency is charsed. Figure 613 illustrates that the subarray
phase centers are appropriately delayed to form a beam at HO. but each subarray
has a phase squint that causes the peak of the subarray pattern to move off the
position (40. The result is the same as arraying very large elements, As shown
schematically in Figure 6C, widely spaced subarrays have many grating lobes in
real space. These are all suppressed by the subarray pattern zeros at A = A, but
for other wavelengths the array grating lobes do not fall at the subarray pattern
zero locations and in general constitute severe pattern deterioration,

One procedure for reducing these grating lobe peaks with contiguous subarravs
is to make the subarrays of unequal sizes, This practice tends to reduce peak
grating lobes by redistributing most of the energy into distributed sidelobe regions
with lower peak levels but nearly the same average level,

Other technicues for producing wide band subarravs and methods of grating
lobe contrel will be discussed in later sections,

e &0 B ANTENNA PATTERN CONTROL.

There is no universally "best' antenna pattern,  histead it has been common
practice to choose a pattern from one of a wide list of those already in the litera
ture and to svuthesize that pattern using directional coupler civeuits in a constrain

corporate feed circuit or to approximately svnthesize it with a space fed array.,
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The uniformly illuminated equiphase array has the highest gain except in the re-
gion of very close element spacing where a phenomenon called "super gain'' can
1,29

oeeur. The Dolph-Chebyshev weighting produces the narrowest beam for a

given sidelobe level and is useful as a standard for comparison. Other illumina-
tion functions, such as the cosine squared on a pedestal and the Taylorso’ o
illuminations offer advantages of simplicity in the selection of a power division
network or appropriateness for large arrays. In addition to these analytic
approaches to synthesis there have been a number of papers on synthesis by numer-
ical methods. Examples of these proeedures are the work of Strait and Hir‘asawa32
and more recently of Elliott, 33 Array synthesis is described in a number of ex-
cellent refereneces, among which are several texts. 6,12, 13 Figure 7 compares
the radiation pattern of two well known distribution functions and illustrates the
tradeoff between beamwidth and sidelobe level. One of the important current
topies in antenna theory is the use of array nulls to suppress interfering signals,
notably jammers for ine miiitary application., Early work in this area dealt with
pattern synthesis in idealized arrays but more reeent efforts have included mutual
eoupling and realistic element patterns. The studies of Drane and Mcllvenna34
considered synthesis of optimal gain patterns with eonstrained nulls with and without
mutual coupling, and was based on expressing direetivity as the ratio of quadratie
forms, and solving this constrained maximization problem. The proeedure fo.
maximization has been used by a number of other author'535-37 and is very lueidly
described in the text38 bv Harrington,

Instead of using antenna synthesis to generate the complex weight for null
forming there is a growing theory and technology of adaptive arrays that form
these weights using analog circuits or digital processing, Most algorithms for
array control are based on a number of pionrering studies by Applebaum, Sk
Howells, i Widrow, il and others, and are also implementations of the maximiza-
tion of quadratic forms, but using the received signals at each port as parameters,
Other procedures sense onlv a single array output signal and apply closed loop
optimization procedures to suppress noise output or to optimize signal to noise.

Whether the weights are set adaptively or deterministicallv, there are funda-
mental limitations set by the array geometry, An N-element array can form onlv
N-1 nulls, and this is often referrved to as the number of available degree= of
freedom. In addition there are limitations to bandwidth and null depths, and re-

search on these topics is of substantial current interest.

(e to the large number of references cited above, they will not be listed here,
See References, page 115,)
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The following analysis will highlight some of these features, Consider a

phase scanned antenna radiation pattern given by:

M-1
2
E (1'\_ /\”
: A exp |i27 0> [ u-
f 4 A, exp J..nn)‘o ()\ u-oug . (35)
ns= - (—.)—)

Assume that the pattern has a notch in it and looks like the pattern of Figure 8,

At A '\o the not.h location is defined by

and
Au u u

is the width of the notch.




~<—u0—>|

aF . A for Phase Scan

f :,
_fé_ = AZ for Time Delay Scan

AN '™

l u = sinf

Figure 8. Relations Between Bandwidth und Angular

Null Width

The feature of the wide notch is that it can provide a degree of wideband inter-

for one can show that if one could locate the notch around the

ference suppression,
rfering signal at u , at the highest interfering fre-

interference so that for an inte

quency

iy .
A/ max Uy L]h

:nd at the lowest frequency

A
-9 u_ = u
A /min n {

then one can show that the bandwidth over which good interference suppression will

take place is given by

Af Au nm
T (36)
0 n

Clearly one can increase the useful suppression bandwidth by cre iting o wide

angular notched pattern.

For a time delay steered array one obtzins kq. (37) instead of Eq. (36)
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o n o
which may or may not represent wider bandwidth suppression, depending upon how
close the notched area is to the main beam direction.

These results lead to an approach to understanding wideband array null steer-
ing through formation of wide notched patterns. Such patterns are usually formed
by moving multiple nulls close together and this tends to use up the N-1 degree of
freedom very rapidly. An example of wide notch synthesis is the recent work of
Gething et al, 12 and Tseng.43

Equations (36) and (37) can also be uscd to cstimate the bandwidth of simple
nulls in antenna radiation pattcrns. For example, the array pattern of a uniformly

illuminated aperture in one plane is:

sin [hln( ;s)(i)‘i u - uo)]

§ (u) = nd

Y
. X o
M sin [T— (_)\ u - uo)]

O

o (38)

a pattern which has multiple nulls and sideloktes. One can use Eq. (36) to estimate
the bandwidth of vne of these nulls at a level relative to the sidelobe level of adja-

cent sidelobes. Near any of these nulls, the normalized pattern amplitude is

d
5 {u) = sin [I\lﬂ(-rx )M] {39)
o)
pA
wherc 6u = u - u, - M% , and is the distance from the ccenter of the null in
X

u - u g spacc.
The width of this aull at a (power ratio) depth S below the local sidelobe level

is computed from the above
Au = m; (40)

where L. is the length of the arvay.

42. Gething, I’.J.D., and llaseler, J. B. (1974} Linear antenna arrays with
broadencd nulls, IEE Proc., LZJ:IGF—IGB.

43. Tseng, F.1. (1979) Destgn of array and line source antennas for Taylor
patterns with a null, 1EE1 Trans., AP-27(No. 4):474-479,
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Using Eg. (36) the bandwidth for a simple null is given by

af _ _2vs -
o {m 7\—)un
o]

which is plotted in Figure 9a.
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Figure %, Bandwidth of Single Null (uniform illumination)

In this case the null is a simple zero in the puttern of a uniformly illuminated
array, not a forced null as in an adaptive patteru, However, 1t is shown by Apple-
b lllxn“m that an adaptive system reuacts to the presence of a single, monochromatic
noise source by generating a canceltler pattern with the directivity of the array,
with its peak directed at the noise source. In this =ituation, if the adaptive
array weights were fixed and noise bandwidth increased, the simple null bandwidth

given above represents a worst case result. To obtain desired performance over
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a wider bandwidth without a tapped delay line network the adaptive array uses addi-
tional degrees of freedom to create a wideband, wide angle null. S‘ceyskal44 has
shown that for a lcast mean square approximation to the desired, multiple nulled
pattern the array uses its degrees of freedom to form multiple canceller patterns
at each required pattern null.

One can estimate the bandwidth of an array with broadened nulls as forried by
multiple canceller patterns. In the most trivial case, we assume the canceller
beams arc so close together that the quiescent pattern is nearly constant (note that
this condition is unrealistic because the canceller beamwidths are on the order of
the quiescent pattern sidelobe width). However, subject to this assumption the
canceller pattern takes the form below, and is subtracted from the constant

quieseent pattern:

. 1\lndx A Alﬁd: ‘
‘ sin ———\—“— (u - 1:(‘7 sin T (u - alh' (
1‘(, C ‘ = (I\: —+ .T‘ d‘ 142)
M sin . (u - u() M sin T (a = uh)

with the constant ¢, chosen to produce the best pattern rull,
After subtracting this pattern, the error, relative to the sidelobe envelope, is

found to be:

- [ Mrd ,
" S Ti ——/To— Au 43)

and, by Eq. (36), the bandwidth for o givea sidelobe level is:
o &

— — B0 & T =) (44)

which is plotted in Figure 8b,

Thus, the use of two degrees of froeedon can cancel a guiescent pattern over
given area and so be commensurate with wideband aulling,  The of more
ancellers should broaden the null vidth and hence therease bandwidth,  ixte
1on of the above analvsis n give sorae estimate as to the ulable nulled ban

width and sidelobe level as wetion of vlable degrees freedom in this

ideualized case,

44, Stevskal, H. (1981) Synthe P Antenna Patterns With Nulls
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5 ARRAY ANALYSIS

2.1 Integral Equation Formulation of Array Radiation

The analysis of Section 1 gives the field of an array of radiators with known
currents or aperture fields. Implicit in that formulation are three assumptions:
that the current or fields are pm;mz'tmnul to appliced excitations; that the distribu-
tion of current or aperture field is the sam¢ for each radiator; and that the distribu-
tion does not change as the array is scanned. A primary challenge to modern array
theory is that, in general, none of these statements are true. In a finite arral all
of the currents and fields differ from element to element 1n magnitude, phase, vnd

distribution, and the forms of these distributions vary as & function of frequency

and array scan angle. The radiated field can be written as gvnm'.\li.!wi integrals that




include current and charge distributions over the surface of the radiating antennas
and nearby diffracting bodies. The same integral expressions can be used to re-
quire satisfaction of boundary concditions at cach radiator and each diffracting body,
and so to evaluate the relevant currents and charges. This procedure usually re-
sults in a multiplicity of simultaneous integral or integrodifferential equations, and
has not been solved exactly except in the special case of infinite waveguide arrays
in an infinite ground screen. 15,16
The free space clectromagnetic field can be written using the dyadic Greens

function notation of kqg. (45).

E=-jou fFO (F, T) - JThdv’ - f VG, T X J. (Fhav’ (45)
B = -jwep fl_:o(?, T’y - T, dv’ 4 ufﬂ‘r T x I F) dv’
where
o, 7 - ek
ar v - I
and

T (FF) = (U+— $VIGT. 7).
o] k"

Here G(T, r') is the free space scalar Greens function and ro (r. v is the free
space dyvadic Greens function,  The unit dvad Uis (R% + $¥ 4 22) in rectangular
coordinates. In this familiar form the integrals satisfy Maxwell's equations and
are proper e:zcept within a region oecupied by the source.  The electrie and mug-
netic currvents J and jm are in general unknown, and are evaluated by solving a set
of integrodifferential equations,

When the sources are in the presence of an infinite perfectly conducting ground
plane it is vonvenient to choose o combination of solutions of the aboye fornt to
satisfy the bouncarvy condition at the conducting plane. This has been done for the

. 3 . 47
general case by Levine and Schwinger, but for most aresy problems the only

45, Farevell, Go V., Jr., and Ruhn, {0, (1066) Mutwil coupling effects of triangu-

L grid arroyvs by modal analysis, IEEE Trans,, AP-14:652-054,
- . e — —— MAAN LA

46, larrell, G150, Jdre., and Kuhn, D0 (1868) Muatual coupling in infinite plan.e

arrays of rectungular waveguide horas, HEEE Trans,, AP-16:405-414.
L ———— s MAAAA AL

47, Levine, 1L, and Schwinger, J. (1950-51) On the theory of electromagnetic
wave diffraction by an aperture in an infinite plane conductig screen,
Comm. on Pure and Applied Math, 44:355-381,
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magnei,c current sources arc the tangential electric fields in the ground plane at

' z = 0, In this case the fields in the half space z > 0 are given by:
1“ S
§ E=-jou f '@ T« Tehav -2 f9GE T x T (') as’
;‘. vV S
3
g B=-2; fli (r,TH - T_(hds'+ pf [VG(F T X I(TN (46)
! = -2jwep L o , . ¢ i ,
4 - VG(r, T’ - 222 - TY)X (U - 222) - H(?')] ds’
where
I'=C - T (b, v - 222 ¥ (U-2722)
o 0
and
J -ax T
m
This form is ol particular importance to the consideration of apertures in the
conducting planc, for then the magnetic current contributions jm are surface inte-
grals over the tangential electrie field in the apertures, and the clectric current
contributions are readily recognized as corresponding to the electric sources in
the region z > 0 and their images that appear to originate as sources in the half
plane z < 0.
! Often it is convenient to rewrite these equations using magnetic and clectric
] potential functions (the electric potential is often called the vector potential). In
|
this fornm they become:
- . - 0
T =35 2. f (z x E{rG(r, l-')dSm; A= uf.l(x") T N I
m S
m
= - W - 2
15 SV g - V(Y A 4 KkTY)
m 2
k
1 _ _ 2 _
{ B=Y(v's )+ k"a + ©vxXA 47)
111 m
\ where
Il
! ST = UGE T - (0 - 222)GUF, T =222 ° T
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2.1.1 DIPOLES OVER A GROUND PLANE
The advantage of using potential functions is the convenience In recognizing
scalar expansions. Forexanmple, the fields of an array of thin dipole antennas, ;:
shown in Figure 104, with their axes along the y direction can be derived in terms d
of a single term of the vector potential A = yAy. LFor thin dipoles, it has become
accepted practico48’ 2 to write the current distributions as if the entire current
were concentrated at the dipole center, reducing the volume integral to an
integral in one dimension (along the y axis), and to use this approximation even
at the dipole surface. In the case of a collection of dipoles located @ distance ¢/2
above a ground plane and oriented as above, with half lengt..s 2/ 2 and dipole adius
¢, Eq. (47) gives the fields in the upper half space with
L xn’)2 +(y —_vn’)2 v (z-c/2)®
G T =g e N (48) !
i ['_',2 a2 e
\(.\ .\n) + (s _\n) +{z-¢/2) |
1

SUREEN Al £

A DIPOLES OVEA GROUND SCREEN B WAVEGUIDE APERTURES IN GROUND SCREEN
Figure 10, Dipole and Waveguide Array Geometrie
H the tures 1 the t 4 { v, 1t = | ¢
th i, the entl X 1 t 1 ponent R
tentiand, ont le 1 the 1y {
3 Carte ] ) e ) 1t g b ng
1 W IRE Trans., AP-8:276-2
AN
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source distribution within the half plane. For thin dipoles this is usually formu-
lated s a delta function of electric field in the center of the dipole, resulting in

an integrable potential differeice across the infinitesimal source point of the dipole
center (y = 0 for the n'th dipole in the Figure 10a). In this case one writes the
equation for E_ = 0 at the surface of the dipole, neglecting the boundary conditions
on other E-fields, and neglecting any radis' -ariation of field around the dipole
because of the "thin" dipole approximatir The resuiiing integrodifferential

equatior. is;

7)
52
n ) Ty 2
E =V 0ly)= -j= ’+kA] ~-h<y<h (49)
y Wl ey y
where
A = LLZ: i (y');r .5 (r, r") dy' . {50)
g HER

m

At the a'th dipole the above is integrated to obtain:

~\\‘ L"ll cos kv 4 (‘1; sin kv + 1k lJ sin ky 0 v h
' (31)
C l: cos hy + (T: siin Ry -h © 0

where the term with v is obtained from the particelar intepral over the soaice,
assumed to oceupy the infinitesicial region 0 = ¢, Evaluation of the discon-
tinuity in the derivative of the potentind function vields tne relationship (‘2 ( .

The tbove is reduced to @ matrix equation by expicding the current in o s cies:

1 " o a i v 72)
m pod p.m p

imposing Eq. (52 at P+ 5 pomnts on cach dipole allows the coefticients o
: P
to be determined for each ter the e oA DISTOn,
Other authores have used altern dive menns of <olving dipole equations. Harring
ton (Ref. 38, Che 4) for example, uses vector and scubie potential functions and not
the integeal cqutions usced sbove, reocer, the mcethod of solution used @bove is

st one nieaas of solvang tne given cquation. \nother s *o wse @ numerical proce-

dure inwhichone expands v as a = o suitubly weighted yvadues cither canstant or




e, N

varying over small segments "A" of the element. For example with constant

values 1p defined over the dipole one would write:
Iy) = 1 (y) Yo B/2 <y <y +A/2. (53)

This approximation leads to a matrix equation that can bc solved by a variety
of procedures. Examples in the literature include thc work of Harrington4 and

many others50 for dipole antennas or other wire antenna configurations.
2. 1,2 WAVEGUIDE SL.OT ARRAYS

Waveguide and slot array problems are also readily formulated using potential
functions, but fcr waveguide radiators there are no electiic current sources in the
half space z 2 0, and the only sources are the magnetic curreant sources as repre-
sented by the tan_ential aperture fields. 1n this case there is no single vecter
comgr.nent that serves to comglotely represent t' o uieids except for special two-
dimensional cases. In general however, for a finite waveguide aperture the solution
is vector, and is formulated by expanding the aperture field in a set of functions
and matching fields in the waveguides and free space. l'or open ended waveguides
it is convenient to choose as basis functions the waveguide normal mode fields, and
for unloaded rectangular waveguides ore can choose th« orthogonally polarized
transverse electric fields. 'The tranverse electric ficid for the waveguide at the

origin of the coordinate system of Figure 10b is:

-ij(O)z -j kz(n)z

E. = _(-fo(;\,.\') e + 2 vy En(x,y) e (54)

1
where the Fn(:v:, y! are the transverse micde functions for the two posgsible polariza-
tions, the kz(n) are the modol propagation constants, and \'n are undetermined modal
amplitude coefficients. This expression represents a single incident mode in the
waveguide, a 1 an infinite series of rcflected modes. Tpicaily all but the kZ(O)
propagation constants are imaginary, indicating that they are beyond waveguide
cutoff, but they enter into the solution to match boundury conditions. The solution
is obtained by expansion of the transverse magnetic waveguice ficlds in terms of
these and writing the haif space fields (z > 0) as the a«perture field. Construction of
the free space Greens warction assures that the tangential E field is continuous, snd
imposed continuity of the magnetic field components results 1n a vector integrodiffer-

ential equaticn using continuity of tangential magnetic fields at 1l the apertures.

50. l'oggio, A.J., and Niller, IX.K. (1978) A perspective on numcrical methods
for antennas, Proceedings of the 1978 Antenna Applicati.ns Symposiuwn,
Univ. of Illinois, Urbana, Illinois.
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zX B(z=0) = z X B(z=0")

= j2wezx L f TO ) axE)ds’ . (55)
S
p

The magnetic fields for z= G can be obtained from Eq. (54) using waveguide
modal admittances. Equation (55) can then be reduced to a matrix equation by
following Qalerkin'537 procedure and solving for aperture fields. The details of
this procedure will not be carried further. but are described in a number of avail-
able references, ko 2l

These two problems illustrate formulation of integral equations for the most
fundamental- array geometries. Similar analytical approaches are used for more
complex geometries,

'l‘ai51 lists dyadic Greens functions for a numbker of other geometries, and it
is possible to write field expressions for arrays of apertures in many of the basic
geometric shapes such as spheres, intinite cylinders, and cones, and ‘o obtain
approximate field expressions for more general shapes using the Geometrical
Theory of Diffraction. Some of these approximate techniques will be discussed in
Section 4.

Finite array formulations become more difficult numerically as more elements
are added to the array. One solution to this dilemma has been to study very large
arravs using infinite array theory, This type of formulation is discussed in the

next section.

2.2 Active Element Patterns aud Mutnal Conpling in an Infinite Array

Equations (29) and (30) of Section 1, 2,3 are key to developing the theory of
infinite arrays. Assuming periodic incident fields or applied sources such that for
an infinite array of apertures with elements at (xm. y“) (m'j\{, nviv) {rectangular
grid)

.27
-j=— (u_ md_+ v nd)
| [ )\0 [¢] X o v
ain a e o (56)

Equation (47) can be converted by the Poisson Summation formula to the form given

in Bq. (29), and written:

5i. Tai, C.T. (1971) Dyadic Greens Functions in Electromagretic Theory,
Intext Educational Publishers, Scranton, Pennsylvania.
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from which one can write £ and B tields. In this circumstance the a:ray boundary
value problem is solved by assuring that all boundary conditions are satisfied
throughout a single spatial period which is Hften called a unit cell.

An alternate method is to begin with the recognition of periodieity 2na expand
the fields from periodic funetions at the outset, This proceaure is mathematically
equivalent to the use ot the Poisson Sumimation formula for periodic fields in a
periodic lattice. A coherent exposition of the use of this approach is in the work of
Oliner and Malech, 2

Infinite array theory offers direct insight inte the concepts of active element
patterns and grating lobes. L'or example, ina rectangular grid array with periodic

excitation, the clectric field can be written from kgs., (47) and (57) in terms of the

tangential aperture field ET as:
© w0 -jk{u_x vov) = jl\'pq!ﬂ
—_— Kk . (s} .
B = = L X . £ (6, 0) (58)
Wy pewe g Mog pa )

where

_ jklu x" v v v’ — , AP ,

f (8, 0) - f ds’ e p q Clcos B koAx'VY -z s kv D]

Py S pq 1 Py 1
and

5 = Xu + :\ + 2 cosb .

pa p q pq

In this expression the element pattern f (6, ¢) is vector, and is common to all

. . - | .
elements of the arrav., The exponential term exp(—]l\pq' %|) represents a traveling

wuve only for grating lobes within the unit circle as indicated in Section 1. 2,3, Thue
in the region far from the array (z large) only one term of the series exists in the

52, Oliner, A.A., and Malech, R.G. (1966) Mutual coupling in inlinite scanning
arrays, Chap. 3, Vel. II, in Microwave Scanning Antennas, R.C. llansen,
Ed., Academic Press, New York.
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absence of grating lobes, The pattern £(8, 9) is sampled at those points (up, \q)
corresponding to the grating lobe lattice and the infinite array radiates only in
those distinct directions. The element pattern includes mutual coupling between
all the elements of the array because the tangential component E.r(x'y') is evalu-
ated by the solution of a boundary value problem like that of Section 2. 1.

Radiated power from the infinite array is evaluated by integrating the dot pro-
duct of the ovnting vector across a unit cell. By conservation of energy it is
simply shown that the normialized power radiated from an infinite array is given
by [(1-|T] 2) cos 600] whenno grating lobe radiates, and so the field pattern of
Eq. (58) also defines the amplitude of the array reflection coefficient. It is
acceptec practice to measure the element pattern in an array and infer the reflec-
tion coefficient from this data. The normalized element pattern of liq. (58) is thus
(- |r 2) (cos 800)}1/2 for the driven infinite array without grating lobes, and it
would also be the measured pattern resulting from exciting one element of a very
large array.

Rigorous infinite array solutions have been obtained for a large number of
array tyvpes. Figure 11 shows a few of the basic array configurations for which
infinite array solutions sre published. Included in the figure are flush mounted
arrays of 1‘(*(:tar1gular'-)3 and circulars4 elements, ridge loaded elements, 9=
protruding diclectric (TN solution), 58and a dual frequency dielectric loaded con-
figuration. 2 Anmong other published solutions are numerous interlaced multiple
frequency configurations, examples of dielectric loading, oL iris loading, 62 and
fence 4 or corrugated plu’co64 loadings for impedance match, as well as several
very wide band configurations for wavcguidoﬁS and stripline. 66 In addition there
have been a number of infinite dipole array solutions published. IS

Among the more important phenonmena uncovered through infinite array theory
is the description of the so-called blindness phenomienon. This behavior was des-
cribed in great detail in the tutorial review paper by Stark, ! and so will not be
treated here. Figure 12 shows the basic phenomenon as discovered by l'arrell and

9,

Kuhn 0 in the first published analvtical work on the subject. This figure shows

a measured deep null in an element pattern and compares the data with results com-
puted using a single mode grating lobe series and a full modal array solution. The
nuil is due 10 the cumulative effects of a mutual coupling and can be related to sur-
face wave tvpe behavior at the array face. 5t 22 In many cases the existence of the
null is understood as a cancellation process involving waveguide higher crder modes,
and this is why the single mode grating lobe solution hears no correlation to the

data in Figure 12. In the years since this initial discovery these blindnd sses have

(Due to the large number of references cited above, they will not be listed here,
Sce References, page 115.)




been found in most waveguide array configurations and in some dipole and strip-
line arrays. 4 In many cases the problem can be reduced or eliminated by keep-
4 ing the element lattice dimensions dX and d_ small enough so that grating lobes

. 69
are well beyond the maximum scan angle throughout the operating frequency range.
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Figure 11. Several Configurations With Existing Infinite Array Solutions
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Blindnesses reported in dipole arrays secm to be related to the presence of
dipole supports. Analytical studies of infirite dipole arraysm without supports
do not exhibit array blindness. A forthcoming publication by Maver and He SSf‘lTl
analyzes a strip line dipole structure and shows that for practical spacings the
balanced stripline dipole feed structure supports a propagating Th mode in addi-
tion te two TEM modes. The TM mode propagation constant is scan dependent and
for certain parameter selections it occurs before the onset of the grating lobe, It

is conjectured that this mode might be the cause of blindness in dipole arrays,

70. Herper, J.C., Lsposito, I'.J., Rottenbergz, C., and llessel, A, (1977)
Surface resonances in a radome covered dipole array; 1977 IEEE AP Int,
Symposium Digest: 198-201, )

71. Mayer, E., and Hessel, A, (1981) Feed region modes in dipsle phased arvayvs,
IEEE Trans, AP, to be published.
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2.3 The Element Palteen nca Finite Array ol Apertures

The subject matter of this paper is more closely allied to moderate size thun
very large t , and although an infinite ar h unique element pattern, in
1 finite array the active clement pattern is diffevent for h element. This fact

o
(l

bec

nts. b

ititity of the however, ¢ the element pattern i

cof

does not reduce the ot

v useful bridge between theory and measuren o finite ar iperture
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one can obtain a far-field expression directly from Eq. (74) using

]r-r']=RO—r P (59)

wherc RO is measured from the coordinate origin in the aperture to the given point
in space at R , 8, ¢ and

— ? 14
r=xx 4+ yv
(60)
;) Sxu o+ ;v+ 2 cos @ .
The Greens function of Eq. (45) can then be written in the form:
JkR O GR(E )
- =, . © ®
G(r, ") = 7R, . (61)

Evaluation of 1iq. (47) for apertures in the plane z - 0, but otherwisc arbitrarily

located yioldsH:
-1kR =g o
= iku" R = . =, ik’ p
E(r) = 5= T 2 ) ds [L“% 6 Lo(x' .y y-zpr Dodxl Ly )]\
27 (O m S m I'm" “m I'"'m’ " m
m
(62)

where -ET is the tungential fiu%d in cach aperture, as obtained from the solution of

a set of integral equations as described in Section 2.1, One can express the

E-field in terms of a scattering matrix including a term proportional to the incident

field (incident and orthogonal polarization) and all induced contributions from other

clements, For an array of waveguide elements, and for simplicity neglecting cross

polarized and higher mode components, the total ficld of the r'th waveguide can be

written using the scattering matrix of the array junctions using the expression below,
N
<

-A [ 7 v \ . . ’ l{"‘)
L'l‘(m) (Jm - Ty mn 'n) YOttt i

where the 4y is the mcident field in each n'th sperture, and Sn . is the conventio

scattering matrix,  Then:

-1k R Y] Iy
T - ik ¢ M I S D> a(m) (a S a) o (64)
- 7% 1t L ’ ) 0 mul S n “~ “mn'n

0




o Hiklux"+vy”)
co = J elo(x',y ) e ds .

This expression can be written;

i “IE R, A M g
B(r) = ]7_ e__R____ [y cos 6 - z V) ) 2. B 1 ) an )
i 0 m=1 n=1 Em
-jk RO A
= -&f‘—- e 2 a g [ (6,0). (65)
2m RO 0 me] momm

For simplicity, this derivation was carrvied out for linearly polarized single
mode radiators, bui the result can be generalized to any arrav und reveals what is
implied by the concept of element patterns in a finite array. The expression shows
the far field written as the sum of clement excitation coefficients . multiplied Iy
the time delay factor €., and an element pnttcx'n_fm(() , 0) which is now different for
cach element. The clement pattern includes mutual coupling from other elements,
which all radiate from different phase centers, hence the term g_n multiplving the
scattering coefficient Sn’ m Since some of the mutually A‘ouplcdnt]cr‘ms can have
phase centers which may be quite far from any given eleraent (m), the mutually
coupled terms can produce very ungle sensitive changes to the element patterns
resulting in 1'ipplc(115 and distorted patterns that have strong frequency dependence,
This effect is discussed in Section 4 for evlindrical arrays.

Apart from these insights into clement pattern distortion, bq. (65) reveals that
array clement patterns are measured just as is a scuattering matrix—hy loading all
elements but the driven one and measuring the radiated clement pattern, This pro-
codure is one of the most useful diagnostics in array practice, and iliustrates the

importance of element patterns in finite arrayv tcehnology.

2.1 Seanning From Broadside to Endfire With a Planar Avray
\mong the requirements stimulating advanced phased array developments i

the need for obtaining extremely wide angle and even hemispherie coverage from a

single array antenna. This capability is important for a aumber of upplications,




including ground based radars but it is nowhere more important than for airborne
arrays for satellite communication.
Aircraft SATCONM systems often require coverage from the zenith to the hori-
\» zon, usually with circular pelarization. The obvious advantage of a hemispheric-

ally scanned array for this application is that a single array could perform the

whole communieation function that would require a mult.plicity of arrays scanning
over normal {x 60°) limits.

In an infini.e two dimensional array the pattern directivity for a perfeetly
matched aperture varies as cos 6. If the array mismatch is not corrected as a

E funetion of sean angle the gain will be further reduced according to the expression
2
(1- 0% cos b . (66)

Because of the cosine factor the infinite two dimensional array has zero gain at
the horizon.

Column arrays of omnidirectional elements scanned in the direction of the
coiumn's axis have no decrease in directivity with scan angle as mentioned in
Section 1.4.2, but in practice both two dimensional and linear array scanning per-
formance are dominated by mutual coupling, or equivalently, by the inability to
achieve broad element patterns in an arrav.

For finrte arrays the beamwidth in the plane of scan vartes much like sec 6

except near endfire. At the horizon the clevation beamwidth of a column of two

. . \ . S . . 10 — 25
dimensional arrays in free space is given approximately by Walter ind Elliott,

5 = (67)
where Ll is the length of the array in the endfire direction and C is a constant
which varics between 3.5 and 7 depending upon phase velocity and the array dis-
tribution. Assuming an azimuthal beamwidth of approximately A/1.,, where 1.,
is the array dimension perpendicular to the plane of scan, the directive gain at
endfire is

ID: == (68)

oF,

This result is consistent with that obtained by Elliott=” if the factor C = 3.546
is used. The directivity is multiplied by 4 for the array over a perfect ground
plane (and the beamwidth of kq. (67) is halved).

The ratio of direetive gain at endfire to dircctive gain at broudside (with

perfectly conducting ground) is:




g;:@{_% (69)

This equation shows that for any given broadside directive gain (DO) it is most
advantageous to decrease Ll (the array projection in the endfire direction) as much
as possible, for this minimizes the scan loss. 1t also indicates that larger arrays
suffer inereased scan loss. For example, a square array with 20 dB gain at broad-
side should exhibit a directivity degradation of 1 dB at endfire; but for a 30 dB
square array, 4.5 dB falloff is expected,

Unfortunately this decrease in directivity is only one of the factors tending to
make scanning to endfire inefficient. Other major factors are diffraction and
scattering due to the vehicle on wkich the array is mounted, element pattern narrow-
ing and array mismatch due to mutual coupling.

Figure 13 shows the geometry of a cylinder which is taken as having a constant
radius a. IFor simplicity., consider radiation only in the x-y plane (perpendicular
to the cylinder axis), For a large cylinder one can disregard edge efiects in the
array so that each element pattern is approximately the same, and compute the

radiation pattern as the product of the array factor and element pattern,

[ ™ CIRCUMFERENTIAL
POLARIZATION

Figure 13. Roll Plane Patterns
of Circumferentially and Axially
Polarized Slots on a Cylinder
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Pathak and Kouyoumjian ~ give a convenient expression for the fields of infini-
tesimal aperture mounted on generalized perfectly conducting structures using the
geometrical theory of diffraction. The application of this result to an aperture

mounted on the top of a perfectly conducting cylinder is described in Reference 73,

72, Pathak, P., and Kouyoumjian, R. (1974) An analysis of the radiation from
apertures in curved surfaces by the geometrical theory of diffraction,
IEEE Proc., %(No. 11):1438-1447,

73. Mailloux, R.J. (1977) Phased array aircraft antennas for satellite communica-
tion, _I}li«‘.rowavo Journal, VQ“Q(NO. 10):38-42,
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Using the results one can express the radiation pattern of elementary slots or arrays
on cylinders in terms of the radiation inte three distinct regions depending upon
whether the point of observation is in the upper hemisphere (called the illuminated
region), the lower hemisphere (called the shadow region), or in the vicinity of the
horizon (called the transitior region). The angular extent of the transition region
is of the order of (koa)_l/3 on each side of the shadow boundary foi- a cylinder of
radius a. Figure 13 illustrates that within the illum.izted region the axially pola-
rized radiation for an infinitesimal element has 1 cos € element pattern. More-
over, within the important transition region these patterns are modified so that
the circumferentially polarized component does not remain constant, but drops to
a value of about 0.7 in field strength, or -3.2 dB as compared with its value at the
zenith, while for axial polarization the horizon radiation is not zero, but approxi-

mately

0.38 <

Thus, for a thin slot with circumferential polarization the horizon gain is inde -

1/3
e oo

Orl &

pendent of the size of the cylinder, but for an axially polarized slof the horizon

gain varies directly as a function of (koa)_l/ !

For cylinders of radius a
approaching 50 A, the horizon field is thus approximatelv 23 dB below venith gain,

These results are important to aircraft antenna design for SATCOM communi-
cation because such systems emphasize high gain coverage very close to the hori-
zon. The above pattern levels indicate 3.2 dB loss for the circumferential
polarization, but so much more loss for axiai polarization that for an aircratt with
a fuselage radius of manv wavelengths there is virtually no hope of substantial
horizon gain in that polarization. Since most satellites are circularly polarized
this means for a circularly polarized array that the one way gain to a satellite
reduced by approximately 9.2 dB even before considering array cffects,

The remaining factor tending to reduce endfire gain is arrav mutual coupling.
This important phenomenon will be discussed in Section 4 in connection with

several specific examples of conformal arrays.

3. PRACTICAL PHASED ARRAYS

I'he discussion of scanning behavior in the previous section was intended t
outline the more important phenomena that ur in all tvpes of arravs, The need
to avoid arrav resonances ( blindness), and to perform detaited tradeot 3

anned impedance matching are among the most ortant considerations fac

the avrav designer.
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Many other subtle phenomena influence array design and ultimate perform-
ance. Practical arrays may be conforiaal to an aircraft or missile or mounted
above the earth but in general they are never free from significant interaction with
some external structure. Small arrays may have each element pattern substantially
differcnt because of mutual coupling and c¢dge effects. Another factor setting -
bound on ultimate performance is the amplitude and phase accuracy of the ne.work
exciting the array. This topic is considered in Section 3. 1. Many other considera-
tions influcnce the designer's choice of elements and feed network, and often play
2 dominant role in making the final selectior. Among these are the need to reduce
array weight, cost, or size, to make the array conformal to some surface, or to
ob:ain very precise or variable pattern cortrol. Such considerations result in a
continual increase in the varietv of array elements, feed designs and phasing de-
vices, and often lead the designer to select a technology whose behavior is not well
established or predictable.

This section outlines some of the choices available to array designers and the

factors infiuencing selection of a specific geometry.

3.1 Array Errors and Phase Quantization

The ability of an array to create a4 desired antenna pattern in space is limited
by diffraction effects resulting from finste antenna size, by the fact that the array
can only approximate a continuous current or aperture distribution by a discrete
function, and by random or correlated errors in the array illumination. Random
errol's in antennas have been treated by a number of authors, and some of the re-
sults are quoted here in order to follow their implication in selection of phase
controls and power distribution networks. Llemert pattern ripple alsc contributes
to phase and amplitude errors in an array but the extent to which that error can be
treated as random may depend upon the particulars of the configuration.

In an array with random phase and amplitude errors, and including randomtv

failed elements, the average sidelobe tevelfarfromthe beam peukis given h\':l o
) g
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7 is the array efficiency

i
N is the total number of elements
% This eguation gives the normalized sidelobe level relative to the average array
= gain. The failed elements in the array are assumed to be randomly located, and
3 the average value of the phase and amplitude errors is assumed to be zero. The
sidelobe le. el above snould be considered the average of a number of antenna
patterns, nct the average level of ary one antenna.
The ri-duction in directivity due ‘o these errors is given by:
] bV
1 o, I—;—_ATe;T@_f . (72)
} Peak sidelobe levels are also given in the literature. A convenient result is
i obtained when the errors are sufficiently large compared to sidelobes or null
depths that structured minor lobe radiation is negligibie and the statistics of the
field intensity pattern are described by 2 Rayleigh density function. In this case
the probability that a particular sidelobe level \/;2) is exceeded at any point is: '
2
-V
Probability (v > v ) = exp __.:; (13)
o
where 0:‘ is the average sidelobe level of Lg. (71},

Starting with the expression above, valid at a particular point, Allen ™ derives

5

2
the following rule of thumb for the error € ™ allowable for an array with gain G,

far sidelobe level 1/ R and using element lottice areas 0.5 A on a zide:

2.1 G R
€ —_—107'_‘—( (14)

which results in an allowable phase ervor of about 10° when the sidelobe ievel is
numerically equal to the gain.

This important retationship expiains why it 1s fairly casy to designavravs with
sidelobes at the 1sotropic level, but to maiatain sidelobes of 20 dB below the iso-
tropic level wouald require 1° phase coeror, an extremely difficult goal and one
barely within the present state of the vt

\ digitally controlled "P" bit phase shifter has 2Pphuso states separnted by
phuse steps of 27 (.ﬁ‘ ). Aullvx"4 hias analyzed the resulting peak and rms sidelobe
74, Miller, Cody (1964 Minimizing the effects of phuse quantization errors in an

clectronically sconned arrav, Proe., 1864 Svmp. on Llectronically Scunned
\rray Techniques and Applications,” RADC-TDR-63-225, - T7-3§,

RADC, Grifliss AFB, Ncw Yok,
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levels for this staircase approximation to the desired linear phase progression and

has shown the loss in array gain due to the trianguiar error distribution is approxi-

mately
1 TT2

which is on the order of 0. 23 for a three bit phase shifter and 0. 06 for a four bit
phasc shifter. More significant are the average sidelobe tevels which, based upon
an average array loss of 2 dB to account tfor illumination taper and scan degradation

are:

5

RMS Sidelobes & —ay—
(2)%P N

(76)

where N is the number of elements in the array. For a one-dimensionally scanned
array N is the number of phase controls, and the RMS sidelobe level above is
measured in the plane of scan. The net result is to require extreme precision for
unidimensional scanned arrays. References 74 and 6 give curves showing this side-
lobe level for various phase shifter bits "P" and N up to 10, 000 elemients, For

-.'% dB rms sidelobes an array of 1000 clements requires 5-bit phase shifters, but
an arriy of 10,000 clements can maintain 50 d13 sidelobes with only 3-phase bits,

Of greater signiticance to amenna dosign is that the phase errors have a
periodic variation across the array and tend to collimate as individual sidelobes,
called phase grantization sidelobes, which are much larger thau the rms levels,

A detailed discussion of this phenoimenon is given in Ref. 6, pp 14-42, along with
simple formulas for evalueting the resulting lobes. A perfectly triangular quantiza-
tion error causes a quantization lobe level of 1,'2P, which gives -30 dB for 5-bit
phase shifters. Ref. o shows that for uiscrete phase shifters the crror is not
triangular, and Brown‘s shows that the raaximuem quantization lobe can be sub-
stantially larger.

One solution to the peak quantization iocbe problem as suggested by Miiler and
in a more recent paper by 1 uck‘b is to decorrelate the phase shifter errors. De-
correlation occurs naturally in space fed arravs, where the phase shifters collimate
the beam as well as steer it. 1n such arrays the phase error is distorted from the

trianguiar shape and the quantization iobe is substantially reduced,

75. Brown, J. (1970) guoted in Skolnik, l_t_z_l.dax‘ Handboo_l_(. "1}’_;39-4:),

76. Cheston, T.C. (1972) Beam steering of planar phased arrayvs in Phased Array
Antennas, Cliner and Kaittel, Eds., Artech House, Dedham, NMassachusctts.,
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Alternatively, in an array with in-phe pewel Su .00 one cun introduce a
phase error into each path and then grogran t'w pha ¢ shilter to remove the error
in addition to steering the beam. OUptiwizing tiis crro» cen reduce the peak side-
lobes very close to the rms sideiobe lesvel, but this ., 4+ ration must be carefully
accounted for in the array des.gn.

An entirely different solution to the guantization lobe problem is often achieved
at the system level by recycling all the phase shifters between consecutive radar
pulses or between transmit and receive. This process, cstled beam dithering, 7
consists of adding a fixed phase shift to the phase commend «nd re-computing phase
shifts. The net result is to change all the phase states so that the quantization is
made differently for cach pulse {or between transmit and receive). By following
this procedure one can use simple row-column steering but introduce randomness

into the quantization steps to reduce the peak quantization lobes.

3.2 Array Elements

Arrav elements usually fall into one of the categories described in Section 2, 2,
Theyv are some form of dipole or slot, whether excited by a waveguide or trans-
mission line. Waveguide arrays, though heavy, tend to have low loss, good band-
width and relatively graceful scan degradation. Theyv also have been the subject of
numerous design studies, and so their behavior is well documunted and predictable.
Examples of specific waveguide element design are the studies of Wheeler, T8
wherein matching networks were derived using waveguide transmission circuits
like that shown in l'igure 14 consisting of dielectric slabs mounted in and above the
waveguide. The later studies of MecGill and Whecle r‘?q introduced the use of a di-
electric sheet, often called a WAIM (Wide Angic lmpedance Matching) sheet to pro-
duce a susceptance variation with zcan angle that partially cancels the scan mis
match of the array face. These early studies were based upon the grating lobe
series approximation (and assumed only a single waveguide mode) and so did not
properly account for array blindness effects. That does not reduce their utility for
design purposes however, because the best designs occur in a region far (in angle)

from such resonances. Another significant influence in waveguide array design was

7. Wheeler, H.A. (1968) A systematic approach to the design of a radiator ele-
ment for a phased arrav antenna, Proc. 1EEE, 2\(’5\:1940—2951.

78. Wheeler, H.A. (1972) A survey of the <imulaior technique for designing a
radiating element, (Olincr and Knittel, Eds.,) in Arrav Antenna, Proceed-
ings of the 1976 Phased Array Antenna Symposiuni, Artech House Inc.,

Dedhiai, Massachusetts.

9. McGill, E.G., and Wheeler, H.A. (1966) Wide-angle impedance matching of
a planar array antenna by a dielectric sheet, 1EKEE Trzaas.,
AP~-14(No. 1}:49-53. -
VASANNAA
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the work of Knittel, i described in more detail in Section 2, who showed that at
any operating {requency one could always reduce the inter-element spacing to
avoid a blindness condition, This does not mean that all waveguide elements can
be made to scan equally well by reducing spacing, for in fact certain structures are
much more subject to nulling problems, and so incur severe mismatch problems
at much smaller scan angles thun others at any given spacing. Examplcs of this
are structures with externil loading, heavy dielectric loading or baffles or pro-
truding dielectric elements. 1n addition to WAIM dielectiric sheets, the work of
Lee and Jone562 showed that waveguide irises can also be used to produce good
scan match over very wide angles and can even eliminate an array blindness that
was present in the unloaded waveguide array. By far the most common practice
to date has been to use relatively standard waveguide elements, and to devote a
substantial effort to frequency and scan matching the elements using conventional
microwave networks within the waveguides. There are numerous computer codes
for evaluating scan variation of these basic elements, and indeed some for sim-

plifving the scan matching.
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Figure 14. Circular Element for Triangular
Grid Array (after Wheeler?8)
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One significant recent development in impedance matching of waveguide arrays
is the synthesis of double tuned response characteristics achieved using dielectric
loading and a section of waveguide below cutoff. Figure 15 shows a cross section
of the geometry synthesized by this procedur‘e80 including a loaded rectangular
waveguide (phase shifter), a transformer to circular guide, two dielectric disks,

and an unloaded section of guide that is below cutoff81 at the operating frequencies.

e
ARRAY —{t; | £p fe——
GROUND RECTANGULAR WAVEGUIDE
PLANE Z l*/ Figure 15. Doubly Tuned
7, Waveguide Array Element
# 8 7/, . 7
; E//pﬁ/“x ,/4]/////1 (after Lewis et al?9)
== L —puase
A TRANSFORMER  gHIFTER
CIRCULAR

CROSS SECTION

Dipole arrays have also received substantial attention, and have generally
graceful scan properties when properly designed. The survey article by Stark82
summarizes much of the early data on dipole arrays including studies at Lincoln
Laboratory of a 10 X 10 array of slot-fed dipoles and the development of several
thicker dipole elements.

Apart from coaxially fed dipole arrays and open-ended waveguide arrays, there
are a number of other elements, each designed to suit some special application.
Among these is a large class of stripline and microstrip radialing elements.
Stripline elements can be developed with bandwidth up to an octave, and can be
combined with precision circuitry for low sidelobe pattern control. Microstrip
elements have far less bandwidth, but low-cost, lightweight designs can have good
pattern characteristics. A recent report by Hall and Jam(‘383 describes a variety
of low profile array elements, Figure 16 shows vne means of exciting flush mounted

stripline slot antennas. Often these elements are isolated from the rest of the

80. Lewis, L. R., Kaplan, L.J., and Hanfling, J.D. (1974) Synthesis of a wave-
guide phased array element, IEEE Trans., AP-22(No. 4):536-540,

81. Craven, G. (1970) Waveguide below cutoff: a new type of microwave integrated
circuit, Microwave J., 13:51-58.

82. Stark, L. (1972) Comiparison of array element types, Phased Array Antennas,
Artech House, Dedham, DMassachusetts,

83. Hall, P.S., and James, J. R. (1968) Survey of design techniques for flat pro-
file microwave antennas and arrays, Radio and Electronic Engineer,
48(No. 11):549-565.




stripline medium by plated-through holes or rivets that form a cavity as shown in

the figure, and which serve to suppress higher order modes.

CONDUCTOR sLoT

NPEF.TURE

STRIPLINE CENTER CONDUCTOR

Figure 16. Stripline Slot Radiator

Figure 17a shows onc common type of stripline printed tiipole. This design,
duc to Wilkinson, i uses a metallization on two sides of a niicrostrip linc to pro-
duce a complete dipole fed by a two-wire line in the plane of the dipoles. This
dipole and printed circuit distribution network is fabricated by two photographic
exposures using a two-sided printed circuit board, and so is an example of low cost
technology. The array was mounted a quarter wavelength above a ground plane and
uniformly illuminatcd by a rcactive power divider to form a pencil beam.

Another convenient circuit for dipole design, shown in Figure 17b, is des-
cribed in a report by Hanley and I’erinigr) and is a printed stripline folded dipole
with a Schiffman balun. One major advantage of this clement is that it is printed in
a single process, all on one side of a circuit board and so is relatively inexpensive
to produce.

Several very broadband elements have been described in the literature. Among
these, the broadest band is the flared notch antenna (I'igure 18) studied by Lewis

58 . o .
et al, which exhibits up to octave band when used in an array, but needs careful

84. Wilkinson, W.C. (1974) A class of printed cirecuit antennas, IEEE AP-S,
Int. Svmp.

85. Hanley, G.R., and Perini, H. R. (1980) Column Network Study for a Planar
Array Used With an Unattended Radar, RADC-TR-80-131, Final Report.




design for any given array configuration because of the possibility of array blind-

ness effects for critical frequencies and scan angles,
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IFigure 17. Printed Circuit Dipole Configurations
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One of the continuing needs of future arrav technology is the devele ent of
truly low cost, lightweight ar s, but the task of lowering arrayv cost has proven

far more than an exercise in efficient production techniques. It ne seems that

such arrays will only be practical when elements, phase shifters, and transmission




lines can all be assembled automatically. A dramatic stride in this direction is
the microstrip and associzted feed networks. Figure 19 shows a sketch of the
basic microctrip "patch' element, a recta igular sheet of conducting metal sus-
pended in close proximity to a metallic greuid plane, and usually formed by etching
the copper from one side of the printed circuit board. The conducting patch is ex-
cited by « microstrip transmiscsion line as shown in the figure or by a coaxial line.
The basic patch element86 has been analyzed by a number of authors and its radis-
tion model depicted in Figure 13 assumes the element to radiate as two slots
separated by a half wavelength in the diclectric medium. This and other varicties
of microstrip element have been the subject of many detailed theoretical investiga-
tions. Circuit models of varying degrecs of complexity have been developed by

Lo, 8 Carver, Gl and Derneryng while integral equation and momeni method

. 90, 91
analysis have been proposed by @ number of other authors.
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Figure 18. Flared Notch Array Elements (after Lewis et a166)

The primary reasons for using microstrip radiators are to take advantage of
the low fabrication cost achieved by ctching elements and transmission lines, and
to produce very low profile array elements. Measured against these criteria the

patch element is unexcelled. Unfortunately the basic patch is narrow band, with

(Due to the large number of references cited above, they will not be listed here,
See References, page 115.)
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Iigure 19, Microstrip Patch Radiator (after Munson87)
percentage bandwidth given approximately by

100?—1-' 5t ¢ (77)
o o

where t is the thickness (in centimeters), for the air-loaded patch. In addition, the
element has a directive element pattern because it is a half wavelength long and so
is not suited to wide-angle scan. A number of very creative microstrip elements
have been developed to address some of these needs. I'igure 20 shows a squarc patch
design for radiating circular polarization, a shorted rectangular patch for producing
a much wider ¢lement pattern in the scan plane, and a combination of shorted patches
that radiates circular polarization and is the microstrip equivalent of crossed slot
radiators. 92 Many other microstrip radiators have found practical application. Of
these, the most significant is the circular disk radiator of Howollm (Figure 20d)
which can be excited by a microstrip line but which also is very suitably excited from
below the ground plane, as shown in the figure. 5till other transmission line media
offer advantages for array usc in a variety of applications. IFigure 21 shows ex

. . . . 04
amples of slotline and coplanar stripline antenna eleinents referenced by Greizer,

92, Sanford, G., and Klein, L. (1979) Increasing the beamwidth of a microstrip
radiating element, Intl. Symp. Digest, pp 126-129, Antennas and Propaga-
tion Society, Univ. of Washington.

93. Howell, J.Q. (1975) Microstrip antennas, 1EEE Trans.,, AP-23:90-93,
R s

94, Greiser, J. (1976) Coplanar stripline antennas, Microwave Journal,
19(No, 10):47-48.
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3.3 Passive Components for Arrays: Polarizers and Feed Networks

The trends toward greater flexibility, more accurate pattern controls and light
weight compact array structures are also affecting the type of components used in
arrays. This section lists some of the passive components used to control radiated
polarization and to provide power distribution networks for precise pattern synthesis.

Waveguide polarizers using a probe or obstacle to excite both polarizations and
some variation of a quarter wave plate to produce the requisite + 90° delay for
circular polarization have long been used as phased array components. Recent ad-
vances in this direction have stressed broadband performance and polarization
flexibility. A dual frequency waveguide polarizer, recently developed by Crone et
alg5 for a reflector feed, which provides good circular polarization over two-500
MHz bands with lower frequencies of 12 and 14 Gliz typifics the advanced state of
this art, although is too largc for array usc. Other waveguide polarizers in cur-
rent use include the tapered septum polar‘iz‘er‘96 for converting linear to circular
polarization which operates over about a 2 to 5 percent bandwidth and the stepped-
septum polarizer of Chen and Tsandoulas, a three-port device that allows polariza-
tion agility over at least 20 pcrcent bandwidth with isolation greater than 26 dB. o

Often it is less expensive to insert a polarizer in front of the whole arrav, and
this is a customary solution for non-scanned arrays. The carliest polarizer of that
type is a grid of quarter wave plates, but a much more popular recent solution is
the use of meander line polarizers following the work of Natthai et al. v8

Power divider networks for array feeds must be extremely precise to synthe-
size low sidelobe radiation patterns. Other requirements often impose extreme
high power spccifications, and still others demand very lightweight or compact
construction practices, Waveguide and coaxial line corporate feed networks are
most often used for high power arrayvs but the increasing case and quality of strip-
linc construction has made stripline the medium of choice for many new array de-
vclopments. Often it 1s convenient to produce hybrid combinations of wavepuide,
coaxial linc, and stripline to take advantuge of ineapensive stripline network tech-
niques for lower power sections of the array while using waveguide or coaxial line

at the high power regions of the feed network,

95. Crone, G.A. E., Adatia, N., Watson, B.K.. and Dang, N. (1980) Corrugated
waveguide polarizers for high performance feed svstems, 1EERE AP-5,
Int. Svmp. I

96. Davis, D., Digiandomenico, . J., and Kempic, J.J. A, (1867) A new tyvpe of
rircularly polarized antenna element, 1EEE G-AP Svnip, Dipest, pp 2-23.

97. Chen, M.H., and Tsandoulas, G.N. (1973) A wide bund square waveguide
array polarizer, 1EEE Trans., Al'-2]1:388-391,

98, DMNathai, G., Young, l.., and Jones, LN T. (19648 NMicrowave Filters,
lmpedance Matching Networks and Coupling Structure, New York,

NMcGraw-T1ll, Chapter 9,




Precise feed synthesis requires both equal and unequal power dividers. The
most commonly used stripline components are reactive tee power dividers, branch
line couplers, parallel coupled line, and in-line power dividers., Although simplest
and least expensive to construct, reactive tee power divider networks have no
isolated port and hence offer serious mismatch and isolation problems when used
to feed mismatched elements. Reactive corporate feed networks are therefore use-
ful mainly for fixed beam arrays or for power division in the unscanned plane of
arrays with one plane of scan. Single section99 branch line couprers occupy an
area approximately A/4 square and are most useful for coupling ranges from 3 to
9 dB. These couplers are easily fabricated using a conventional stripline by
machining or etching the center conductor. ’arallel coupled stripline power dividers
for loose coupling (> 10 dB) can also be designed from conventional stripline using
side coupled parallel lines, but tightcr coupling “cequires the use of three-layer
stripline for broadside coupled lines (3 to 6 dB coupling) or variable overlap
couplers for intermediate valuges. Single section parallel coupled power dividers
are A/4 long but oceupy less arva than branch line hybrids. Another likely choice
for array feed networks is the \\'ilkinsonQg in-line power divider or its impedance
compensated derivative, t%c split tee power divider. 100 Single scction Wilkinson
power dividers arc A/4 long for equal power division and /2 long for unequal power
division. Sglit tee power dividers have an extra stage of impedance matching and
so are longer by approximately A/4, although they huve the advantage of wider
bandwidth.

In-line power dividers have excellent broadband characteristics in comparison
with branch and coupled line bybrids because the eoupling ratio is determined by
relative impedance ratios, not line length. Similarly, in-line hybrids are in-phas
power dividers and so there is little phase crror introduced with frequency change,
‘The output ports of branch and coupled line hybrids have substantially different
phiases (/2 for equal power division) and, although this can be compensated ut
center frequeney, networks of these hybrids tend to be very narrow bund relative
to in-line hybrids. Tvpical bandwidths for individual in-line hyvbrids can reach an
octave. The selection of power division networks is critienl to array design and
the choice can vary substantially with the application,  The following two develop
ments illusteate this point,

An example of a4 modern stripline array feed design is the dual shaped bean
colamn array synthesis by Hanley and Perm, o I'he requivements for this ar

was to fornt two independent, shaped, clevation beams, o lower penail beien and
N, Howe, Hh (1974) Stripline Civeuit Design, Artech House, Ince.,
bedham, Massachusetts,

100. Parad, 1. L, and Movnihan, I, (1065) Split tee power divider, 1HEL Trans,,
AMIT-13:91-95,
AAST
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upper beam with an approximate csc2 pattern. The network forms the lower beam
using a combination of two orthogonal beams and the upper beam using a weighted
combination of six other orthogonal beams. Beam orthogonality allows the proper
array weighting to be accomplished with lossless networks. The resulting column
network, shown in Figure 22, is composed of two- and three-branch stripline power
dividers, some with mterchanged output lines to give a wide range of coupling
values. Branch line couplers were chosen in preference to coupled line devices
because of the convenienee of using two-layer stripline board for fabrieation while
maintaining a wile enough range of coupling values. Three-branch couplers were
used for coupling values up to 6.7 dB because of their wideband perforniance, but
for higher coupling values two-branch couplers were used to avoid etehing very fine
stripline conduetors. The series feed network required 43 different eoupler de-
signs ranging from 3.4 d13 to 12 dI3. Another praetical innovation incorporated into
this cireuit comes from the recognition that the effective electrical length of a
branch line coupler is equal to its physical length only at design frequency. The
slope of the insertion phase of a coupler is greater than that of an uncoupled line
and the greater the coupling the greater the slope. Thus the bandwidth of this series
fed branch line coupler network was broadened by adding line lengths before each
clement that did not simply ecquate total path length, but approximately equated the
total slope of the phase frequenev curve at cach element. This network formed the
requisite beams with less than 1. 05 d13 loss over 15 percent bandwidth at 1. 3 Gliz.
A second illustration of modern feed technology is the corporate stripline feed

DL, B This study reported the

for a low sidelobe fixed beam arrayv at I.-band.
developmient of a split tee siripline coupler power divider network for a very large
I.-band array operating over the frequeney range 800 to 140C MHz, and consisting

of 8 rows of 36 clements cach. The corporate feeds were construeted of stripline
with the center conductor machined by a computer controlled milling maehine to
produce a -55 dB Chebyshev "taper' (including the effects of mutual coupling). To
achieve such accurate pattern control over a wide frequency range the design used
split tee power dividers and relatively tow coupling values throughout the feed. To-
ward this end Winchell compared binary and non-binary networks for producing the
severe taper. Two of the networks are shewn in Figure 23, with coupling values for
the lossless couplers indicatedon the figure, Thebinary network leads tonecessarily

high coupling values (and thus to relatively narrow band couplers with faster phase

101. Winchell, S, G0 (1979 .\ Performance Analysis of Broadband Low Sidelobe
\rray Antennas, Report No, N6002T-70-C-X236-100, Naval Surface Weapons
Center, Dahlgren, Virginic

102, kvans, G.E., and Winchell, S, G (1979 A wide-band ultra-low sidelobe antenna,
l’l‘()t‘t'rdlnE'S of the 1079 Antenn Applications Symiposium,
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Figure 22. Strip Line Column Array (after Hanley and Pe rini89)

slopes). Couplers with less than 4 dB coupling have puasce and amplitude differ-
ences within + 0.03 dB and + 0. 15° over the 55 percent bandwidth, and 5 dB
couplers have differences within + 0.1 dB amplitude and + 0.5° phase. Couplers
with higher coupling values had much poorer broadband performance. Non-binary
networks, or partially binary (such as the one in Figure 23b) can have lower coupler
values, but they have significantly unequal path lengths which must be equalized by
additional compensating lines tc improve the broadband response. The final design
had all couplers less than 4.4 dB with the exception of 5.1 dB couplers feeding the
outcr six elements on each side of the array. The completed array shown in Fig-
ure 24 demonstrated better than 36 dB peak and 48 dB RMS sidelobes over about

45 percent bandwidth. The author has computed the results of several minor
modifications to the distribution network, and indicates that these would result in
an improvement in performance approaching 45 dB peak and 55 dB RDMS sidelobes

over the same bandwidth.

3.4 Array Phase Control

A number of recent references have described array phasing devices and phase
shifter networks in great detail, Therefore, this subject will be treated only brief-
1y here. In addition, the topic of time delay devices for arrays is omitted because
the primary components used to date are switched transmission lines aund governed

by the same critical components as phasc shifters.
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Figure 23, LEffect of Network \‘tl-m'm:'v
on Coupling Values (after Winchel U

Phasing networks are st often implemented at t Rl operating fre

because this s usually the most cfficient process. Notable exceptions ¢ phuse
103, 104

shifters at intermediate frequencies and up-convert to Rl with an i

to improve efficiency. In addition many ingenious intermediate {requency 5 ¢
scanning systems have used harmonicaltly derived phase shifts or frequency dis-
placed signals across an arrav to produce time varving beam positions (sce Refer-
ence 105). Systems of this tvpe are described ir the literature und their operation

is beyond the scope of this paper. ‘There are also new syvstem concepts that utilize

. . 10 .
optical fibers, phase locked oscillators, or spatial frequency components
to svnthesize radiation patterns, Rl phase shifters have also been described 1

. 3 ¢ ’ 108-112 :
;ubstantial detail in other references and so are onlv treated here to outling

(Due to the large number of references cited above, they will not be listed here.
see References, page 115,)
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3.5 GHz and was tested to high power burnout at 4 kW peak with 0. 1 msec pulses
and 0. 05 duty cycle. Insertion loss for X-band and Ku-band phase shifters was

about 2 and 3 dB.

A. HYBRID COUPLED REFLECTION PHASE SHIFTER
a0 =21 &£y

B. SWITCHED LINE PHASE SHIFTER

C. LOADED LINE {TRANSMISSION) PHASE SHIFTER

Figure 25. Diode Phase Shifter Circuits

t Broadband, low sidelobe array designs are possible using Schiffman phase
shifters because this phase shifter produces nearly constant phase shift over ex-
tremely wide frequency ranges. \Vhite*llo gives data for a 90° bit over a frequency
1 ratio of 2. 27:1.

A prccise, low sidelobe array developed by Tsandoulas1 13 used six bit diode
phase shifters developed by Microwave Associates and achieved phase tolerance
limits of less than 0. 9° rms for the 90 and 180° bits, 0.4° for 45°, 22.5° and
11, 25° bits, and 0. 2° for the 5.625° bit., These remarkable results were achieved

in a practical testbed array described in Section 4.

113. Tsandoulas, G, N. (1980) Unidimensionally scanned phased arrays, lEEE Trans.,
AP-28(No. 1):86-98,




Ferrite phase shifters have been built to operate up to 60 GHz and possess
excellent characteristics for many phased array applications. Several vecent

14-116 . . .
summarize progress in this

survey articles and an annotated bibliography1
field and list numerous references to devices and to the fundamental theory of
ferrite phasor operation. Non-reciprocal ferrite phase shifters include early twin
slab designs (Figure 26a) that require a transverse switched external magnetic field
and the well known toroid designs (Figure 26b) that use a longitudinal wire to drive
the ferrite magnetization to saturation as in a latching phase shifter, or to various
points on the magnetization curve with flux drive circuitry, Typical digital latching
phase shiftei's can have bandwidth in excess of 10 percent and insertion loss between
0.5 and 1 dB. Power levels can vary from 1 kW to as much as 150 kW peak and
average power levels to 400 W. Latching phase shifters have switching times on
the order of one microsecond and have become standard throughout the industry.
Flux drive circuits with toroidal phase shifters allow for analog phase settings,

and so need not be restricted to specific phase bit values. The major disadvantage
of these non-reciprocal phase shifters is the need to reset them between transmit

and receive functions for radar application.

CONDUCTOR
FOR
LATCHING PULSE

NN

"

A. DUAL SLAB

——
X

8. TOROID

Figure 26, Dual Slab and Toroid Ferrite I’hase Shifters

114. Ince, W.J., and Temme, D.H. (1969) Phasers and time delay elements, in
Advances in Microwaves, ‘;&:2—183.

115. Whicker, L. R., and Young, C.W. (1978) The evolution of ferrite control com-
ponents, Microwave Journal, 21{No. 11):33-37.

116. Whicker, L. R., and Bolle, D.N. (1975) Annotated literature survey of micro-
wave ferrite control components and materials for 1968-1974, 1LLL 'l'l‘an,_s‘. 0
NMTT-23(No. 11):908-¢18.
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Among several varieties of reecipreeal ferrite phase shifters the dual-mode
phase shifters have replaced Reggia-Spencer phase shifters which have been found
to have low values of phase shift per wavelength. Dual mode phasors are Faraday
rotation devices that convert a linearly polarized incident waveguidc mode to eir-
cularly polarized energy using a noareeiproeal ferrite quarter wave plate, phase
shift the energy by Faraday rotation, and then convert it back to linear polaiization.
A signal from the opposite direction is converted to circular polarization of the
opposite sense but since the direction of propagation and polarization are both
opposite it incurs the same reciprocal phase shift, Dual mode phase shifters are
very competitive with toroid phase shifters aid have average power levels up to
1.5 kW at S-band and peak powers to 150 kW. Inscrtion loss can be 0.6 dB through
X-band. Switeching speed can be on the order of tens of microseconds for a latched
design depending on the application. The reference by lnee112 compares specific
phasor examples for S-band thiough Ka band.

One other important reeiprocal phase shifter which is very competitive for a
restricted set of applications is the analog rotary-field phase shifter of Boyd. i
This phase shifter is based on the principle of the commerecial rotary-vane phase
shifters after Fox, 3 and uses a ferrite rod of cireular cross seetion fitted with
a slotted stator in which are wound two sets of coils that cach generate a four-pole
field. 1n comparison to the well known rotating half wave platc of the Fox phase
shifter, the stator windings produce a rotating four-pole field distribution, with the
orientation of the prineipal axes proportional to the coil driving current values.

The DC distribution in the ferrite serves to rotate a virtual half wave plate that is
converted to a phase shift just ac is the mechanieal half wave plate rotation of the
Fox phase snifter. This eircuit has the disadvantages of requiring watts of drive
power per phase shifter and having relatively long switching times (200 - 500 psec).
1ts advantage for many applications far outweigh these advantages because it has
nearly dispersionless phase shift that can be maintained within a degree or two over
substantial bandwidths, has insertion loss well under 1 dB, and can handle very high
peak and average power levels. An S-band model operates at 90 kW peak, 3 kW
average power, 0.5 dB insertion loss, and phase tracking within + 1.5 ° over about

9 percent bandwidth,

117. Boyd, C.R. (1977) Analog rotarv-field ferrite phase shifters, Microwave
Journal, 20(No. 12):41-43.

118, Fox, A.G. (1947) An adjustable waveguide phase changer, Proe. IRE,
‘3‘2:1489-1498.




i
&
|
1

4o THE VARIETY OF ARRAY CONCEPTS AND TECHNCLOGY

The survey by Stark1 emphasized large ground based phased arrays for sur-
veillance radar systems. These systems have not become less important, but
this is a period of such dramatic growth in smaller urrays designed to satisf
special requirements that the propertics of strategic arravs have been deemphasized
in this summary. This section describes techniques for a number of important re
quirements, including very low sidelobe arrays, conformal arrays and arrays for
hemispherical coverage, hybrid array-rcflector and array-lens techniques for
limited sector coverage, various lightweight antenns techniques, and ultra wide-
band technology for large arrays.

The arrays described in this section are all quite diffcrent in their design,
function, and characteristics. Hybrid scan antennas in general perform no function
that cannot be performed better by conventional phased arrays; but thev satisfy
their requirements for the lowest possible cost. Printcd circuit arrav antennas,
microstrip, strip line, or other media such as coplanar strip line have inhervently
no better performance than waveguide arrays, have more serious tolerance re-
quircments, and fundamentally lower power transmitting capabilitics: but aguir

re much cheaper and also lighter weight than waveguide arrayvs and therefs urt

many applications that arc not satisfied bv conventional waveguide or coaxinl arravs,

se of these new transmission media implics a relatively important change in the
technology, for it impacts bandwidth, scanning performance, and other w
haracteristics, including even the vwayv plase cor 13 Jovs nd fabricated.
Hemispherical coverage and wide band arruys both requirne rhedly different tech-
nigues than conventionul planar arrays. Pinally there is hole class of arr
designed for extremely fine pattern coantrol. 1t is this area that is perhaps the most

important new technological requirement to be met by future array systems, and
one that is not well addressed by present dav technology. The development of arran
with detcrministic or adaptive controi of very deep, broad band pattern null F
extremely low sidelobes over wide bundwidths will require advances well beyvond the
techniques described in this survey, and will be & major stimulus to arrav tech-

nology for a number of vears.

40 Current Technology for Radar Arrayvs

Antenna arrays for strategic radars have reached an nced state of maturity,
For example, the PAVE PAWS radar system has o sohid stute ULY arrav shown
under construction in Figure 27. IKach of the two array faces contains 2677 antenna
elements, with 1792 active elemants and 885 dumn lements upving the filted
aperture of approximately 72.5-ft diamecter. Each fuce transmits 585 kW penk and

145 kW average power.




Figure 27. PAVE PAWS Array (Courtesy of Raytheon Company)

Tactical radars face the more severe demands implied by transportability and
2rformance in a hostile environment, and yet they must be inexpensive, because
o. the need to field a relatively large number of each type. One example of current
tactical radar technology is the Patriot array (Figure 28), a space fed C-band array
0of 5161 elements that has separate transmit and receive pencil beam feeds. {119
The radar is a mobile multifunction radar developed by Raytheon Corporation. In
addition to the main array radar, the system also includes five sidelobe canceller
arrays.,

[he Firefinder system includes the AN/TPQ-37 artillary locating radar and
the smaller AN/TPQ-36 mortar locating radar. Both radars scan 90° sectors in
the azimuth plane. The AN/TPQ-36 tracks in azimuth and elevation by sequential
lobing using ferrite phase shifters for azimuth scan and frequency dispersive slot
arrays for a few degrees of elevation scan. The AN/TRQ-37 uses monopulse track

ing with diode phase controls for scan in azimuth and a few degrees of elevation,

119. Barton, D.K. (1978) Radar technology for the 1980's, Microwave Journal,
Ll(No. 11):81-86.

72







hes

i

vertical beamwidth to be varied as a function of elevation angle, while azimuth
rotation is at 6 and 12 rpm. The row feed is a lightwcight single layer stripline
circuit. The antenna is 30 ft by 15 ft, has a transmit gain of 38. 9 dB, an average
duty cycle of 18 percent, and sidelobe levels less than -25 dB.

A major antenna development for shipboard radar is the Navy's Acgis progran
with its AN/SPY-1A radar, a four-faced C-band phased array system. Lach arr
Transmitting ans
Ihe illumi

has 4480 clements fed by a waveguidc power divider system.
receiving functions utilize diffcrent array illuminations and subarrayvs.
nation is uniform on transmit. A mocdified circular Tavlor distribution is used on
receive for the monpulse refcrence channel with a modified Bayliss for azimuti

ind elevation error channels. The array is divided into basic modules, cuct n
taining 32 radiating elements. Two modules constitute a receiving subarray, und

“S
four modules make up a transiitting subarray. The extensive usc of subuarinving

is for the purpose of array organization, fabrication, and to accommodate high
it element and

power amplifiers in the transmit network., PPhase shifters are used

arrav level and there are no lime delay units.
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Figure 30. TPS-59 Array (Courtesy of General Electric Co.)

The demands imposed by electronic countermeasures in military systems are
leading to antenna systems with much loewer sidelobes. The Air IForce AWACS
k antenna svstem, an early warning surveillance system, was the first development
| to address this need. In addition, the Ultra Low Sidelobe Antenna (UlLLSA) system
for the TPS-43 Search Radar (Figure 31) and the Army Hawk antcnna system are all
examples of antcnnas that scan in the vertical plane and maintain extremely low
sidelobes in the azimuth plane. Designed by Westinghouse Corporation, these arrays

use slotted waveguide row radiators and have multiple or scanned elevation beams.
Other low sidelobe arrays have been developed using precision stripline feed
. 101,102,120 . .

for wider band performance. ’ ’ Like the slot array geometries, these

anmennas are mechanically rotated in the azimuth plane, and rely on ultra precise
g

row distribution networks for low azimuth sidelobes. Elevation coverage is pro-

i vided electronically, but with substantially highcr elevation plane sidelobes.,

120. Dahl, C.G., Fogelstrom, C.E., Gansz, W.W., and Merril, P. R. (1979)
A Low-sidelobe tactical radar antenna. The 19789 Antenna Application:
3 Symposium, Univ. of lllinois, Urbana, Illinois.




Figure 31.
Sidelobe Array (ULSA)

Ultra Low

A recent paper by 'I‘S'arldoulas113 describes the development of an array of

252 waveguide elements arranged in 42 vertical columns and scanned in the

plane. Through careful tolerance control in the power division network and ex-

tremely accurate phase shifters (see Section 3} the array achieved azimuth scan

zimuth

patterns with all but the first sidelobe below -42 dB. This significant development
reprcsents the lowest scan plane sidelobes achicved to date.
4.2 Conformal and Hemispherical Coverage Arravs

TlLe need for conformal or low profile array irceaft und missile apph

tions, and for ground based arr: ith 360° azimuth verage or hemispherical
overage, has growncontinua 1th requirements that ize maximum utili:
tion of available space and minimu o0st.

The earliest and continuing stinn for cvlindricul and circular ar: develop-
ment is the nced for inexpensive svstems with mechanical or electronic scanning
having constant gain throughout the 360 Ve e scector. There are al r be
of sracecraft and aircraft applications requiring low profile or conformal arr
Cylindriczl conformal arrays have been built for despun radiation from spinning
missiies, and for omnidirectional coverage in the plane perpendiculare to the missile

xis, DMajor developments have been made tn arry cnformal to missile and air
ft n nes.  Requirements | nt v low profile aircraft antenn
f satellite comniunication have he ne timulus for the development of ar
that nover ve vide to pre le coverages from zenith to horizon., These
nd oth plication (4 lC bod f thit t 11 t t
f two confe ces, numet sessions at t 1ical nposia and peclal Issue of
Al

the 1EEE /AP Tran tions.




Several editorial references and surveys that sumimarized the state of the art
as of 1974 pointed out dirceotions for ongoing research. Kummor21 listed signifi-
cant features that distinguish the scanning behavior of conformal and planar arrays.

Array elements on curved bodies point in different directions, and so it is
usually neccssary to turn off those clements that radiate primarily away from the
desired dircetion of radiation. Moreover one cannot factor an element pattern out
of the total radiation pattern and so conformal array synthesis is very difficult,
Mutual coupling problems can be severe und difficult to analyze because of the
extreme asymmetry of structures such as cones und because of multiple coupling
paths between clenients (for example the clockwise and counterclockwise paths be-
tween two clemients on a cylinder), Cross polarization cffects arise because of the
different pointing directions for elements on curved surfuces causing the polariza-
tion vector projections to be nenaligned. 1n addition there is a need to use different
cellimating phase shifts in the azimuth plane of a cvlindrical array scanned in clevi-
tion duc to the fact that steering in azimuth und clevation planes is not scparite,
Another phenomenon related to mutual coupling is the cevidence of ripples on the
element pattcrns of cylindrical arrays. This phenomenon can be explained in terms
of creeping wave contributions,

There is @ vast literature and history of civeular and cevlindrvical array develop-
ments, muany of which are described in standard tests, 121 ind so will not be de-

tailed here.  Provencher ™7 lists o nt

nber of techniques for feeding cirenlur arress

including mechanical or electronie switching, lens-switch combinations, und hybrid

matrix phase shifter combinations,  Electronic switching schemes use a bank of
switches to bring a given illumination taper to one sector of the array (usuall;
)0° to 120° arc), and a set of switches to provide fine beam steering between the
characteristic positions determined by the sector switching network,

Several more sophisticated tyvpes of clectronie switches for cireular arm

5o
23

based on a concept originally propoused by Shelton ind developed by Sheleg L thit

use matrix fed circular array with fixed phase shifters to excite current mode

iround the urray, while variable phase shifters provide continuous scanning of the

121, Tillman, J.'1., Jdr. (1868) The Theory and Design of Circular Arr Antennas

o Y . : TS Fo s 1 By
Univ, Tennessee Engincering Lxperiment Station Rept,

Arrav Antennas, A, Oliner and G, Knittel, lnds., Artech House, Inc.,
Dedham, Massachusetts,

123, Shelton, 12, (1965) Application of hybrid matrices to various multnmode and
multibeam antenna svstems, m_i_[‘l;‘l-.‘ Wushington Chupter PGAT M ting,

122, D’rovencher, JUH. (1972 A survesy of circular svhnuetric arrays, in Phased

124, Sheleg, By (1968) A matrix-fed circular arvruy for continuous scanmng,

IEEL Proc,, 56(No. 11):2016-2027,
—_—" A




i radiated beam over 360°, The geometry is shown in Figure 32. A more recent

% extension of this technique proposed by Skahil and W mtclza excites only that part
of the circular array that contributes to formation of the desired radiation pattern.
? The array is divided into a number of equul sectors and ecch sector is excited by
§ a Butler matrix and phase shifters. With cither of these circuits, sidelobe levels
: can be lowered by weighting the input excitations to the Butler matrix. The tech-
.‘ nique of Skahil and White was demonstrated by using an 8 < 8 Butler matrix and

’ 8 phase shifters to feed four 8-clement sectors of u 32-e.ement array. The design

sidelobes were -24 dB and measured data showed sidelebes below -22 dB.

EQUAL LINE
LENGTHS

BUTLER MATRIX

VARIABLE PHASE
SHIFTERS

FIXED PHASE
SHIFTERS

POWER | DIVIDER

l I’igure 32, Schematic Diagram of a Scanning
Multimode Array Network (after Sheleg123)

The radiating properties of circular arrays have also been the subject of more
detailed studies than other conformal arrays. It has long been known that cylindrical

array problems can be analyzed by use of the symmetry properties of the array.

125, Skahil, G., and White, W.D. (1975) A new technique for feeding a cylindrical
array, IEEE Trans., AI’-13:253-256.
VWANAAAA,
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By this means one can avoid the solution ¢f N simultaneous integral equations for
an N-clement circular array and instead solve N independent integral equations,
one Jor each of the solutions with periodicity 27/N. Superposition of these N
solutions vields the complete array solution for any given exeitation. This method
has been used by Tillmanl'21 and Mackub for dipole and monopole arrays, and
more recently by Borgiottiu' for waveguide arrays with active elements covering

P 6
2B theoretical

a sector on an infinite cylinder. 'The results of these and other
studies have revealed distinct differences between the element patterns of radiators
in cylindrical and planar arruys. ‘The main distinction is the existence of poten-
tially severe ripples in cylindrical arrav element patterns as shown in Figure 33,
Sureau and llesselll'20 have used asymptotic methods to show that the actual
radiated pattern can be considered the superposition ot 2 space wave contribution
and sever:l creeping waves which prpagate around the cvlinder and radiate away
from the cylinder in the forward direction. The space wave and actual patterns are
shown in the figurc for radiation at two different angles ¢ measured from the eylin-
der axis. These ripples tend to decreuse with evlinder radius and to increase with
frequency. This feature may ultimately limit the synthesis possibilities with
cylindrical arravs, and may also reduce the potential for broadband null steering
with adaptive systems. Recent \\'01‘1{131 has shown that smoother element patterns
can be obtained by limiting element spacing to less than A/ 2.

S132, 133 o

134 .
spheres have been analyzed by a number of authors, and the use of asymptotic

Klements on more generally shaped structures including cone

techniques like the Geometric Theory of Diffraction have made it possible to ana-

lyze fully generalized suvfucns;wz' e

136, 137

. The recent development of a ray tech-
nique called the Periodic Structure Ray Method has shown promise in the
analysis of mutual coupling effects in large concave arrays,

One of the more persistent problems is the need for flush-mounted or low pro-
file aircraft arrays for satellite communication. Military requirements for such
arrays at SHE and EHF frequencies dictate high array gain and unusually large
coverage regions including the entire upper hemisphere for some applications.

Figure 34 shows several of the array configurations that have been considered
for this application. The most obvious solution is to simply use a single planar
array at the top of the aircraft fuselage, but this requires the antenna to scan to
endfire and hence to incur losses as described in Section 2. Equation (69) gives the
ratio of endfire arvay gainto broadside gain for an array of isotropic radiators.
This gain is modified to account for the element patterns of the basic radiators.

FFor circularly polarized radiation there is an additional 6 dB loss near the horizon

(Due to the lurge number of references cited above, they will not be listed here.
Sce References, page 115.)
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due to polarization mismatch, and additional loss due to mutual coupling effects.
Guin reductions exceeding 10 dB at the hovizon are not uncommon for this design.
One of the first studies of scan matching is the development by Borgiotti und
Balzano, e which gives analvtical results for an array of circular apertures on a
cylinder. The arpay length is infinite along the cyvlinder axis, and the ariray ele-
ments are disposed completely around the circumference of the eylinder, but only
the elements occupying a given sector of the cyvlinder are excited,

Borgiotti and Balzano describe the phenomenon of scanning on 2 evlinder, and
present results for the array matched at 80° from zenith. Their circumferential
plane data shows that axial polarization gain degradation at the horizon is so large
that virtually no amount of scan matching can improve it The circumferential
polarization radiation in the circamferential plane shows approximately 13 dB3 hori-
zon gain reduction for standard equiphase matching of the array, but matching the
array at 80° can increase the horizon gain about 2 dB. while reducing the zenith
gain by 2 to 3 dB. The result of this scan matching procedure Is to produce more
uniform coverage over the hemisphere, vet it does not greatly improve arvay
cfficiency.

Figure 35 shows the scan duta for an array of 313 clementsona evlinderof radius
11.6Xx. The graph indicates that the best scan conditions for this array give 3 dRi3
loss at zenith, and a total of 11 dB loss ot the horizon.  These theoretical data were
confirmed in a later experimental study by Bals Annl:m using a similar ar goo

etry. The predicted bandwidth for the technique is 10 pevcent.

138, Balzano, Q. (1972) Investigation of the Element Pattern an Cylindrical Phased
\rravs of Circulur Wiveguldes, XFCRT-7E-0232, AD 742327,
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® Delay progression zslong the aperture to delay steer the quiescent
beam to 60° above the horizon., This results in minimal frequency
scan losses at the scan extremes (0° and 90°).

#® Independent ferrite phase shifters for receive und transmit.

& Compact low-less radial power dividers to provide the
21-way power split.

® A computer-designated fairing to minimize diffraction loss at

the horizon.

Two other configurations using fived arrays have ¢lso been the subject of re-
cent studies. Figure 34B shows a corformal microstrip array mounted on the side
of uan aircraft fuselage, and IFigure 34C shows four array faces mounted at the top
of the aircraft fusclage in a streamlined "tent' configuration. These two configura-
tions have application to the satellite communication problem, dand arc the subject
of current development programs to evaluete their utility.  In both cases, the array
is tilted to gain some projection in the vertical dimension. If the two side arrays
were tilted 45° from the vertical and could be perfectly matched they would illu-
minate most of the upper hemisphere with giin within -6 dB of peak except for an
arca where the gain drops to about ~7. 5 dI3 neur the cyvlinder axis. Additional
factors that further reducc this coverage arc the loss cf the axial polarization ncar
the cvlinder axis and mutual coupling buildup.

Adding front and rear faces, perhaps with less gain and a nmiore neariy vertical
orientation as shown, can provide good pattern coverage with circular polarization
over the hemisphere in the "tent’” configuration while maintaining a strecamlined
profile. Dectailed pattcrn calculations for an array of this type have been carried
ot. using geometrical optics]39 following the work of Kouyoumjian and PPathak. 10
Figure 37 shows 1ne computed peak gain for both polarizations using a small tent-
shaped array mounted at 45° on the top of a large cylinder. The indicated pattern
ripples are the result of specular multipath from the cvlinder surface, and the fig-
ure shows that these do not materially aiter the elevation plane coverage of thearray,

Onc of the more promising recent innovations in wide angle scanning is the
Dome¢ antenna. o This novel structure uses the vertical projection of the dome to
achieve increascd gain at low angles of elevation. The basic antenna, shown in

Figurce 38, has a passive spherical lens made up of fixed phase shifters, and a

139, Mailloux, R.J., =nd Mavroides, W.G. (1979) Hemispherical Coverage of
Four-faced Aircraft Arrays, RADC-TR-79-176, NTIS No. AD A073079.

140. Kouyoumjian, R.G., and Pathak, P.1L (1974) A umform geometrical theory
of diffraction for an edge in a perfectly conducting surface, Proc. of the
BBk, (2:1448-1461.

141, Schwartzman, 1., and Staagel, J. (1975; The dome antenna, Microwave

Journal, 18/No. 10):31-34,
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conventional planar phased arruv. As shown in Figure 39, the array steers un
illuminated spot to various portions of the lens, and the fixed phase delays of the
lens are computed 50 as to convert the array scan directions 9 into a factor K
times that angle and so to obtain scan 1n excess of the planar crray scan angle.
Analysis of the dome and phasce shifter settings are done by ray tracing. The
array phase shifter settings are determined to form the non-linear phase progres-
sion required to scan the searchlight type beum to various spots on the lens, Al-
though the radiated beumwidth varies with scan angle, the Dome can achieve scanning
over sectors larger than a hemisphere, and in fact has chieved scan to £ 120 de-
grees from zenith. Stc\'skulH“) gives equations for the gain limits of a given circu-
lar ¢ylindrical dome based upon allowable scan angles for the feed array, and shows
that the ratio of the average gain to the broadside feed array gain is bounded by a

pararneter that depends upon the feed array scan limit.
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Figure 37. DNMultipath Effects on Four Face Avray Over
Cylinder

142, Steyskal, IH., Hessel, A., and Shmoys, J. (1979) On the guin-versus-scan
trade-offs and the phase gradient svnthesis for a cvlindrical dome antenna,
IEEE Trans., AP-27:825-831,
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Figure 38. The Dome Antenna Array (Courtesy of
Sperry Corporation)
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Figure 39, Collimation by Dome Array

Depending upon specific design criteria, it is possible to select a lens/array
configuration that emphasizes endfire radiation. Schwartzman and ~'tdngnll4l
illustrate several possible gain/scan profiles for a dome lens. One design measured
at 5.4 GHz has about 20 dB gain at zenith, peak gain in excess of 26 dB3 at 65° from
zenith, and 24 dB at the horizon. These data highlight the possibility of obtaining
substantial gain at the horizon. The array feed for this lens has a diameter of
40 in., and so the array broadside directivity is approximately 35 dB. There is

substantial p2nalty associated with the improvement of coverage at 90° and beyond,




but the penalty 1s not nearly as severe as would be incurred for a conventional array

scanned to endfire.

4.3 Arrays and Hybrid Scan Antennas for Limited Sector Scanning

A great many applications require electronic beam scanning over small scan
sectors, typically + 7° to 10°. These applications include fire control systems,
weapons locators, air traffic control radars, microwave landing systems, and
synchronous satellite communications antenna. A major requirement for each is
the need for high gain coupied with rapid clectronic scanning. Since the cost of a
large conventional array would be prohibitive for most of these systems, there has
developed a new class of antenna technology, called limited scan antennas. These
antennas compromise wide angle scan capability for reduced system cost. Often
these systems involve other compromises, for they have few controls as compared
with conventional arrays, and are limited 1n the quality of pattern that can be main-
tained as a function of scan. Thus sidelobe degration, gain fall off, and narrow
bandwidth are also likely consequences of scanning this class of antenna; but with
all these limitations the cost advantages of limited scan antennas has made them a
fruitful and growing area of array technology.

A special class of limited scan antennas 1s called "hybrid scan” systems and
consists of an electronically scanned array combined with a radiating aperture,
which will be referred to as the objeciive aperture. The hybrid system nray also
include another structure, perhaps a second lens, multiple bean1 matrix, or sub-
reflector. Systems of arrays with mechanically scanned reflectors or lenses are
excluded from this description.

A number of research and development programs have investigated antennas
for limited sector scan, and have developed guidelines for design and means of
comparing various antenna types. Some of the parameters that can be determined
from the gain and scan sector arc the size of the radiating aperture, the number of
required control elements, and the bandwidth. This section will describe principles
that determine these system characteristics.

For any array or hybrid system there 1s a minimum number of controls re-
quired for scan over a given scan volunie, and that number is approximately the
number of beamwidths within the scan volunie. Awuarcness of this criterion allows
the designer to optimize various antenna parameters, to minimize system cost or
the size of the array or final aperture, or to reduce the radiated sidelobes. A
measure of the minimuis number of array clements is contained 1n the definition of

a parameter introduced by PattonHS and called "element use factor'. This

143. Patton, W.T. (1972) Limit~d scan arrays, in Phased Arrav Antennas: Pro-
ceedings of the 1970 Phased Array Antenna Symp. :332-342, Oliner, A.A,,
and knittel, G.H,, Eds., Artech [louse, Tnc., Dedhan, Massachusetts.
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parameter 1s N/Nmin where N is the actual numiber of phase shifters in the cont l
array, and Nmin 1s the minimum number of control elements. FPatton defined this
mimimum for an array scanning in one plane as cne of the factors in the expression

below. The expression given is for a rectanguluar array with a rectangular scan
sector.

sine(l) rsin9(2,)
N max max (78)
min 3 (1) 0 (2) .

2) . .
and 9( are the maximum scan angles in the two planes measured at
max max

the peak of each beam and G(é) and 9(? are the half-power beamwidths 1n these
planes.

Several authors have given derivations of similar minimum criteria, notably
Stangel144 and Borgiotti, e The analysis given here 1s intended only to develop
some insight into the condition and its 1mplications.

If one considers an aperture in one plane with overall length D and chouses to
develop a method for synthesizing a desired radiation pattern within the angular
sector Uk <u<u .y’ ONe can aclicve that svnthesis by constructing the pattern

from a finite sequence of orthogonal beums. If the array of length D, coasisting

of N elements spaced d\: apart has 1ts nth clement excited by the coefficient
2m
1= dx uon

a_ = ¢ (79)
n

corresponding to  point u, 1n cos # sparcc, the resulting far field pattern is given by

NTd
sin f—n=X (0 -0
N g (a) A 4

; B e ——‘[ﬂ”—_‘—_ - (})0)

where g {u) is the element pattern,
o

This radration pattern has the speculd chareristic that 1t 13 one of an orthogon

set of penell beams (g.g ) =8, if the mter-beam spacing is chosen h t}
n im
o \ L] b

u. =1 1 and 1,1 =,

i D' Na e > 2
144, Stangel, 0, (1974 A basic ¢ cerning 0 i n pabil

ties of antennas, URS] s I, Y Meeting, 11 June

145, Borgiotti, G, V. (1873) Degre It M 0 ar A
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In addition to orthogonality, the beams have the characteristic that the beam
with index i has its maximum at us and has zero at any other value u, for j within

the set defined above. Thus 1t 1s possible to synthesize a shaped beam pattern

g(u) = 2 g (u,) (82)

by matching the value of the ith beam to the desired pattern at the angle de-

noted by u, = sin f Since only one becam has a non-zero value for a particular

choice of i, the syntilesis is performed by exactly matching the required pattern at
N points, with N constituent beams of the orthogonal set. This type of synthesis
was developed by Woodward and lLawson, 146 and 1s described in some detail in a
number of texts. Ll I'or an aperture of electrical length D/A, N beams will fill a
sector of width (N - 1) A/D in sin 0 space. A given shaped pattern within this sector
can thus be matched at N points by N separate controls, assuming a network that
can switch between the various beams. Thus the minimum number of controls re-
quired to form or scan a beam within the given sector is equal to the number of
pencil beams within the sector, which is essentially a restatement of tiq. (78).

Another convenient form of Liq. (78) that is particularly applicable to arrays of
large clements or subarrays 1s derived below,

The outermost beam of the set has its peak value at:

A N-1 .
N -1 d N n o max el

and the phase progression between elements for this beam ig

A n(l_T)' (814)

There can be no beam with sin 8 larger than this, because if there werce it would
have a grating lobe that would be of significant size and would contribute to a loss
of gamn and pattern ambiguity.  Fguation (84) also tmplie iwnimum number of
control elements necessary for an avrray by stating that the array can be scanned t
one half a heamwidth of the ungle of iting lobe onset. for N large, the ar I

the scan limit

146, Woodward, oW, and Lawson, Wb, (1948) The theoretd precision with
which an arbitran ftation pattern may be obtained mia source of finite
ize, 0 MEE, 895, 121:3062-370,
. wAA
147, Hanscen, RO, 1966) Apoerture theory, 1 Microw ‘xuli'l&_’\ntvlll 5, vol. 1,
Chap. 1, IO, 1t en, ., demie Pross, Sew York.




d

X g = 5 .- —_) = 5 -
5 Smgmax 0.5 (1 N) 0.5 (85)

and the minimum number of eontrols for large N is

N(d_/X) sin @
X max

W i = 0.5

(86)

This equation is equivalent to the condition in a one-dimensional version of Eq. (78)
upon assuming an approximate beamwidth )\/Nd\(.
For narrow beams and a reetangular scan seetor, the element use factor ean

be written in the form

2
N 0.25 A - @)

N _ . (1) . (2)
min (d1 sin gmax) (d2 sin gmax)

The nature of the eontiols implied by the above eriterion has not been stated.
However one eould imagine various surts of switehing networks to aceess ports of
a network that exeites individual orthogonal beams. The most obvicas type of
limited sean antenna 1s obtained by simply using oversize antenna elements or sub-

arrays as shown in Figure 40, and scanning thesc wo ©

» as possible. Unfortunately,
the use of large clements implies the existence of many grating lobes in real space,
and these may represent signifieant sidelobe energy unless some aetion is taken to
suppress the sidelobes. IPatton eis and Manw vrrenH8 have usced randomized ele-
ment locations for this purpose and 'Maillouxw) has im estigated the use of higher
order aperture modes for grating lobe canceliation. Another approach is to attempt
to synthesize clement patterns that approach the “ideal" pattern shape of Figure 40b,
This pattern shape 1s ehosen to have a eonstant gain funetion over the desired scuan
range {the cos t factor is neglected becuuse of the scan angle limitation), and zero
gain outside of the scan range for grating lobe suppression.  For scen to the maxi-

mum angle Hm T 0, the nearest grating lobe is at

max

sin t/ sin 0 - -(—;\-

148. Manwarren, T.E., Minuti, A, R., and FFarrar, A, (1975) A large -element
limited scan array with randon grating lobe levels, [BEER AP -S Int,
Symp:321-321, B

149. NMailloux, R.J., Zahn, L., Martinez, T'., and Forbes, G, (1978 Grating lobe
control in limited scan arrays, HELE Trans,, AP-27:70-85,
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and so the maximum width of the ideal clement pattern that still gives perfect
grating lobe suppression is chosen so that for a very large array

d

x 1 —
—~- sin emax =0.5. (88)

This condition is identical to Eq. (85), although that expression was related to the
limitations of the set of orthogonal beams.
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Unfortunately it is not possible to synthesize this ideal clement pattern with an
element of width d‘. for one can show that the idcal pattern requires anamplitude
distribution (Figure 40C)that extends over a large number of elements, and has

the form

sin (7x/d_)
X

T[X}a
X

One can try to approach synthesis of un ideal element pattern only by building a
network that connects cach 1nput port with a subarray of many elements. Since this
1s so for each input port the subarrayvs overlap and can approximate the complex
distribution of I“igure 40C. The most successful examples of overlapped subarray
synthesis to date huve been achieved using space fed subarrays, Ll and will be
described later in this section and 1n Section 4.6, where they are referred to as
dual transform systems. 7The concept is described in the review article by Tang, 1o0
who addresses mainly the application of overlapped subarrays to broadband scanning
arrays. Among the several references to svnthesis of overlapped subarray net-
works, there is a generalized analyvtical study by I)ufort151 and a specialized devel-
opment by I\hillr)uxwz of a network for forming an overlapped subarray for over-
size apertures excited with higher order modes for limited sector scanning.

One of the earliest forms of Hinited sean hybrid systems consists of an array
used as a transverse feed for a reflector (or lensY antenna. The array is located
a distance less than the focal Jength fron the reflector and so the objective serves
to project the incoming received wavefront onto the array face, but does not focus
it at the array. The system converts the incident wavefront to another nearly
planar wavefront at the array, and a tapered array distribution transforms it to a
more ol less equally tapered aperture illumination. A key feature of such systems
is that the objective must be large because the scannedarray illuminates a spot that
moves across the main aperture as a function of scan. Design is usually based upor
the criterion that the array aperture 1llumination be the complex conjugate of the
receivel field distribution for an incident plane wave (see Assaly and Ricux'dils3
and \\"intcrlm). This places a minimum limit on the size of the array because the
usual requirement to scan with phase only requires that the array must be outside
of the region of nonuniform fields near the focus. Beginning 1n the eurty 1960's,
the use of such a transverse feed was 1nvestigated by o number of authors, and has
proven to be one of the more effective means of providing limited sector scanning

of reflector antennas,

(Due to the number of referencces cited above, they will not be listed here,
See References, page 11500

91




\Vim‘,erl54 described a flat array feed for a parabola similar to that shown in
Figure 41A and achieved 7 beamwidths of scan with E-planc sidelobes approximate-
ly -15 dB relative to the main beam in the E-plane, and approximately -10 dB in
the H-plane. A more recent study 1s described by Tangl55 and Howelll56. Array
size, location, and approximate phasing are usually computed by geometrical optics.
Tang gives an equation for the percentage of blockage as a function of reflector
size, illuminated diameter scan angle, and focal length, and points out that side-
lobe ratios on the order of -18 dB for a design of this type can be achieved with
reasonable size reflectors, but if one insists on sidelobes lower than -20 dB a much

larger main reflector must be chosen.

I'igure 41A, Off-Axis Parameters
of Array-Reflector Limited

Scan System (Array Reflector
Geometry and Ray Trajectories

at Scan Limit)

The relevant geometric constraints are shown in Figure 41A for a svmmetrical
(parabolic) reflector with an array feed nf size 2yu. Two rays cross at the top of
the array. The lower ray at an incident angle 0° is reflected at Yy and passes
tnrough the focus. The seco.u ray s mcident at an angle #, and after reflection
crosses the first ray path at the arrayv edge. The condition for determining array
size .5 to choose the array so that it intercepts ull the reflected rayvs that come
froni the active region on the reilector for all up to the maximum scan angle. The

figure shows that the illuminated region must be allowed to move, to fully utilize

the array for all scan angles. Choice of a large v tends to make the array smalle
@
The resulting array size 2.\',1 1s given 1n terms of the other reflector parameters

ind the given scan argles as

Sy
- 1+ K (8N
Yd !
155, I-m;.;. C. L (1970 Applhication of l.l_'. ited S n Desipgn the A it l_: - 16
\ntenna, 20th Annual AT Antenna Resc d Development S
Umv, of lliinois.
156. llowell, J.NL (1974) Limited scan antennas, _“.Ll \P-N, dnt, S pest,




where

2
y. -y )’ y
d d
g (y,e)( = )+g 9)[( ( )J
K1= 27e \ 1 1 2f 2f (90)
g2(y,9)yd+g y,é))[ 1]
and where

2 2
-l]sinG -ycos9,g2(y,9)=[(%f—) - l]cos()+ysin9.

Figure 41B shows the resulting rormalized array size as a function of maximum
scan angle @ for two effective focal length ratios, f/2yd = 0.5 and 1.0, and several

values of the allowable spot motion ratio R = ye/yd.
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Figure 418, Off-Axis Parameters of Array-
Reflector Limited Scan System (Normualized
Array Size vs Scan Angle)
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I'his result, equivalent to that derived by Tung carn be used to estimate re
flector and arrav s1ze and location for a given coverage sector and hence to cvaliite
gain reduction and sidelobes due to blockage.  In addition, 1t jeads directly to

estimate of the element use factor.  \ reflector scanning o rectangular angul

scector 8 1 d ., radians, using effective aperture sizes N d i ind array element
2 d.,
spacings o and has an clement use factor Hig, (78)) of -




N _ 025 %1 %2 (91)
Non 0172 Ya, Ya, *1%

For example, a square 10° scai sector and a square section of a parabola with
f/2yd = 1 has ya/yd = 0.44 (for R= 1.6), and with 0.7 X array element spaciag in
both planes the resulting element use factor is 3. 28, The above analysis serves as
a rough guide to estimate avray size and system performance, and demonstrates
that single reflector and array hybrid systems require a relatively large array and
an oversize reflector. Hence, if they are designed with on-axis feeds they suffer
blockage that ultimately limits their sidelobe ratio.

The need for improved pattern performance has led to offset array structures
with reduced aperture blockage and lower sidelobes. Notable among these is the

Precision Approach Radar antenna of the I'PN-19 GCA system shown in Figure 42,




The antenna has 1.4° azimuth beamwidth and 0. 75° elevation beamwidth, and scans
+ 9.5 beamwidths 1n elevation and + 6. 65 beamwidths in azimuth. The array uses
824 phase shifters, and so has an element use faetor of approximately 3. 25. The
first sidelobes are at the -20 dB level throughout r ~st of the scan sector, rising
to -18 at the limits. The system operates over a - ~ent bandwidth at X-band,
and has a realized gain of approximately 39 dI3 at the scun limits. Since the main
reflector size 1s about 3 X 3.8 meters this corresponds to an aperture efticiency
of approximately 30 percent. The low aperture efficiency is the result of the illu-
minated spot moving across the oversize reflector as a function of scan.

Equation (87) also reveals that if one uses an objective lens or reflector for
magnification, then the element factor for the feed array itself ecan still be unity if
the array elements scan to their limit d/A sin 6 = 0.5 in both planes. The maxi-

mum scan angle of the array example discussed earlier is approximately:

(92)

which 1s 24.5° for the example previously considered. Assuming a rectangular
sean sector and rectangular reflector, and 0.7 A spacing for the array ¢lements,
the elcment use factor is eomputed by Eq. (92) and Eq. (87) to be 2, 98, which is
relatively close to the exact number evaluated from Eqg. (91). This result is ob-
tained without considering any details of the reflector curface, and is based only
upon the array scan limits, but it illustrates how dominant a part is played by these
purely geometric constraints.

Thus the reflector-array hybrid system needs a relatively large number of
phase controls because one cannot scan over the extremely wide sector (+ 45° for
0.7 A array spacing in the example above) to obtain a low e¢lement use faetor.
Attcmpts to scan that wide a range would necessarily mean inefficient use of the
main objective.

Further advanecs with reflectors of this typc could result from the use of
speeial limited scan array feed teehniques designed to have an element use factor
nearer unity for the narrow scan ranges required to steer a reflector.

In addition to transverse fed reficctor systems, it 1s possible to develop ad-
vanced scanning systems with array fed lens structures. One such concept has been

proposed hy Schell157 and recently implemented by McGahan, P The antenna uses

157. Schell, A.C. (1972) A limitea sector scanning antenna, IEEE G-AP Int. Svmp.

158. McGahan, R. (1975) A lens array limited scan antenna, 1LEL A1’-S, Int,
Symp.:113-116.
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an array disposed around a cylinder to scan a rcflector or lens surface that is
coutoured according to an optimum scan condition, rather than a focusing condition.
The reflector is then stepped or the lens phase corrected to achieve focusing. In
one plane of scan the technique achieves an element use factor of about unity, while
using an oversize final aperture to allow motion of the 1lluminated spot. Typical
aperture efficiency is 20-25 percent.

Figure 43 shows a schematic view of an array-lens implementation of this con-
cept. The array element currents are equal in amplitude and have a progressive
phase given by gn Af. The reflector surface (or lens back face) is chosen to trans-

form this phase variation into a linear wavefront normal to the beam direction.
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In addition to requiring few phase controls, this geometry can have very low
sidelobes since the amplitude distribution on the array is transferred very simply
onto the inner lens surface. Theoretical results indicate that with perfect phase
and amplitude control this structure can have sidelobes below -40 dB.

Most single reflector or lens structures with a phased array feed are simple
but require a relatively large number of phase controls and oversize apertures.
Dual reflector systems have been developed for scanning over wider angles with
small, high efficiency primary apertures. Several of the more signifieant of these

studies were conducted by Fitzgex‘aldlsg' 160 who investigated the scanning

159, Fitzgerald, W, D. (1971) Limited electronic scanning with anearfield cassegranian
system, XSD-TR-71-271, Teehnical Reperc484, Lincoln Laboratory, AD 735661,

160, Fitzgerald, W.D. (1972) Limited electronic scanning with anearfield gregorian
system, ESD-TR-71-27%, Technical Report 486, Lincoln Laboratory.
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properties of ncar field Cassegranian (Figure 44A)and offset fed Gregoriau (Fig-
ure 44B) confocal paraboloid configurations. Both geometries could scan many
beamwidths with good efficiency bt the off-axis configuration exhibited better side-
lobe performance because of reduced blockage, and required fewer phase shifters
for equivalent scan with an element use factor of about 2.5. Optimizing the main
and subreflector contours can improve the scan characteristics of this system and

reduce the element use factor to about 2.
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Figure 44. Systems for Limited Sector Scanning

More recent studies have sought to increase the aperture efficiency by allow-

ing movement of an illuminated zone on a sub-aperture and to decrease element
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use factors by maximizing the phased array scan. MecNee et al161 performed a
theoretical and experimental study of a limitcd secan system consisting of a main
reflector, a multipie beam forming system, and a phased array. Shown schematic-
ally in Figure 44C, this concept has 1ts earliest roots in the subarraving systems
to be described in Section 4.6, but the geometry is very similar to the Gregorian
sub-reflector ancenna of Fitzgerald. The element use factor is much smaller than
that of Filzgerald because the array is made to scan over a wide angle in accord-
ance with the principle of Eq. (91). The additional scan is possible because the
feed lens 1s made very large (approximately 0. 65 the size of the main reflector)
compared to the sub-reflectors of Fitzgerald (0. 25 to 0. 350) and so the structure
is considerably more bulky. Analytical results for a spherical lens feed systein
indicate that a 1° beam can be scanned over a + 10° sector with sidelobes at

-20 dB and with an element use factor approximately 1. 4.

More recent cxamples of dual reflector technology relate to satellite antennas
with limited secctor coverage. Bird et all62 describe a dual reflector offset
Cassegrain system using an array of circular waveguides as a feed. The array is
excited in clusters so as to match thc complex distributions requircd for rcducing
cross-polarized components of radiation while maintaining good aperture efficiency.
This theoretical study addresscd the problem of forming individual beams for a
satellite system with polarization 1solation between beams. Dragonc and Gans163
studied sevcral multiple reflector svstems for satellite communreation 1neluding a
Gregorian arrangement of offset confoeal paraboloids with a small phased array,
and a three-reflector offset system consisting of a paraboloid objective, a hyper-
boloid subreflector, a seccond paraboloid subreflector, and an array feed. The
three-reflector system was then adapted to use a quasi-optical frequency diplexer
and so permit two separate array feeds to excite the structure at 12 and 14 Gliz.
These and cther new efforts addressing the needs of satellite systems show that
there remains substantial room for innovative use of array refleector hybrid systems.

Several dual-lens configurations show promise of providing high quality per-
formance over limited angular sectors. The first is the structure shown in I'ig-
ure 44d, which was investigated by Tang and \\intcrlﬂ'1 using a computer simwulation.
The array focuses a small spot on the elliptical rear face of a lens whiceh transfers
the spot to a region of the focal arc of a final lens with spherical back face. Side-
lobes are at approximately the =16 dB level for £ 10° scan, The aperture cificicney
is about 60 percent, the element use factor is 1.5, and although the L/D ratio is at
least 1.7, the main aperture diameter 1) is small because of its efficient Hllumina-
tion. The intermediate lens is about 0.7 the size of the final lens.

A recent investigation by Horgiotti165 included an analytical and numerical

evaluation of the dual transform antenna system of Figure 45 for one-dimensional

{Duc to the large number of references cited above, they will not be listed here.
See References, page 115.)
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limited sector scan, This system is similar to the completely overlapped sub-
apraying system described by Tang150 but in this case there are no control ele-
nients in the final aperture. The number of control elements used 1s approximate-
ly equal to the theoretical minimum, The system uses a hybrid matrix and a
"bootlace' lens with linear outer profile and eirecular inner profile to perform the
two spatial transforms required for subarray formation. The geometry 15 also
similar to that studied by McNee et al, i but with the lens objective instead of

the reflector. Borgiotti presents a number of design details to facilitate parameter

selection.
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Figure 45. Overlapped Subarray Limited Sector Scan Antenna
(after Borgiottil69)

“igure 46 shows a typical subarray pattern for the example studied by Bor-
giotti and the radiation pattern at broadside. Notice that the near sidelobes are at
the level given by the array taper and scan condition, but sidelobes and grating lobes
beyond the subarray field of view are substantially suppressed. This 1llustrates
the obvious advantages of subarraying to suppress the far sidelobes associated with

phase shiftcr toierances or quantization errors. The array can thus be scanned to

any noint within the subarray sector with good radiation characteristics.
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Figure 46. Radiation Pattern and Subarray Pattern (dashed) of Overlapped
Subarray System

Taken eollectively, this class of limited scan system constitutes one of the
major application areas of phased array activity. Most of the nntenna systems des-
cribed nere are not yet compatible with the very low sidelobe requirements of future
military systems and this remains a key area for future development. Other re-
quired developments will include broadband operation, the use of adaptive feed

controls fur null placement, and variable sidelobe control of hybrid systems.

4.4 Wideband Feeds for Phase Scanned Arrays

Seetion 1 described the bandwidth limitations of phase scanned arrayvs as being
particularly severe for large arrays. Conventional subarrayving schemes with time
delay at the subarray level do remove some of the bandwidth limitation, but often
at the expense of increased system loss and high peak or average sidelobe levels.
Two techniques for overcoming this limitetion are introduced in the following sec-

tion.
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4.4. ! MULTIPLE BEAM LENS FEEDS

An alternative method of designing phased array antennas which does not make
use of variabie time delay urits has been proposed by Rotman and Franchi. 0
The concept was first derived as a two-dimiensional lens configuration (azimuth scan
correction only) and later extended to three dimensions (both azimuth and elevation
scan correction). The basiec idea 1s to select one of several beams in a wide-angle
microwave lens antenna which would each be properly focused to point in different
directions in the absence (or zero setting) of the phase shifters. Each beam ean
tiien be scanned about its zero phase shift position by means of the phase shifters
at each radiating element in the lens, with a greatly 'nhanced bandwidih.

This concept is illustrated in Figure 47 which shows four feed horns equally
spaced along the focal are of a two-dimensional microwave constrained lens.
Energy from a transmitter can be directed to any one of the horns by means of the
switching tree. Each horn, inturn, will form a beam in a different azimuth direc-
tion for the zero phase shifter setting. A typical beam for the Mth horn is sketched
as the solid eurve (Mth beam). In illumination by the phase shitters, the beam
scans to cither side of its no phase shift position, as illustrated by the dotted curve
(phase scanned Mth beam), The bandwidth limitation imposed by this phase
scanning is given by YEq. (27) with 90 the maximum scan angle, and N the number
of beam positions (4 for the example ia the figure). The system bandwidth, given

below, is wide beeause of the limited sean angle.

Af 0.88 N (93)
T; (T, )\05 sin Uo ’ e

Although the illustration shows a two-dimensional configuration, Rotman and
Franchi have also investigated various three-dimensional antenna concepts with
limited scanning 1n one plane and wide angle scanning in the other. A full three-
dimensional multiple beam configuration is also possible. This antenna depends
upon the quality of focusing achievable with the various beams, as well as internal
system roflections. In addition to potential low sidelobe behavior it is also possible
to perform null steering with a system of this type by using available beams as

sidelobe cancellers, much as has been done with fixed multiple beam lens systems,

166. Rotman, W., and I'ranchi, P. (1980) Cvlindrical microwave lens antenna
wideband scanning application, Int. Symp. Digest, 1EELL AI’-8:564-567,
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4.4.2 SUBARRAY FEEDS IFOR WIDE BANDWIDT!H AND
PATTERN CONTROL

The various subarrayving systems used for limited sector scanning can also be
used with time delay devices and phase shifters to form high quality time delaved
subarrays for broadband operation. In particular the use of dual tronsform sys-
S167. 150

tems as broadband array feeds predate their use as limited scan antennas

and may vet be their most imiportant application. Two-transform scanning an-

tennas are so called because the applied excitation is subject to two spatial Fourier
1 transforms that create the aperture illumination at the face of the phased array.
Figure 48 shows the basic dual transform configuration. Antennas of this type
have significant advantages in terms of scanning characteristics, main aperture
size, element use factor (arruy si1ze), and sidelobe levels, The superior sidelobe
1 characteristics resul* from two factors. Iirst, the taper imposed upon the array
is translated to the main aperture and so the aperture illumination can be carefully
, controlled, Second, the action of the several transforms is to form a subarray at

the main aperture, and the subarray radiation pattern provides further suppression

167, Chen, M.H., und Tsandoulas, G, N. (1974) A dual-reflector optical feed for
wideband phased arrayvs, lEELE Trans.,, 1\1’“&2734 1-545.
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of certain sidelobes. In addition, two-transform systems possess convenient
properties that allow correction for surface tolerance errors in the objective,

broadbanding, null steering, and adaptive pattern control at the subarray levels. Pty
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Figure 48, Overlapped Subarray Feed for Wideband Array

The basic circuit for a space fed dual transform system is illustrated in l'ig-

ure 48 using a one-dimensional circular lens of radius a and fixed time delayvs at

the hybrid matrix output for subarray collimation. This specific implementation
wias proposed by Box'gwtti} ? for the subarrayving system that scanned over a limited
spatial sector (Section 4. 5), but here the main array has phase shifters to produce

a phase tilt that scans the subarray pattern. The feed is a Fourler transformer In
the form of a hybrid matrix or multiple beam lens whose purpose is to form a group
of N equally spaced 1llumination fuactions (subarray illuminations) across the main

array. bach function corresponds to one beam of the multiple beam feed and is

Mailloux, R.J. (1879) Subarraving feeds for low sidelobe scanned arrayvs,
Int. Symp. Digest, 1EEE AP-5:30-338.
169, Fante, R.L. (1980) Syvstems study of overlapped subarrayed scanning antennas,
IELE Traas., AP-28:668-679,
- ——— MAAASA
170,

Mailloux, R.J. (1981) Array and subarray pattern control features of sub-
arraying feeds, 1EEE Trans., :\1’-23:538-544.
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therefore controlled by an individual feed input port. The main lens aperture
illumination function correspoending to the p'th subarray 1s approximately the far-
field radiation pattern of the feed array evaluated at the back of the cylindrical lers,
and hence, is the Fourier transform of the field array output illumination. This
represents the second transform of the system.

System opération can be understood by realizing that there are {wo transforms
within the system and that the resulting far field pattern is the Fourier transform
of the main aperture 1llumination, so there are a total of three transforms betwecn
the input illumination and radiation pattern. As notec above, each port at face A
excites one beam that illuminates face C, and so excites a subarray with maxirnum
weighting at the beam peak, but extending across all of face (. Each subarray
overlaps every other. Phase shifters in face C scan the radiated pattern of all sub-
arrays. Because of the dual transforn. relationship, the subarray radiation pattern
should be the same as the face B illumination apart from appropriate scaling factors
and diffraction effects.

One can show that the subarray pattern 1s essentially zero outside of the angular
region given by:

-b . AL
2 < = & ) <
3 sin @ )‘o smt0

“lo

{94)

and that one can select the parameters b and a to suppress the grating lobes of the
steered arrav by acting as a scanned angular filter. The subarray pattern of Fig-
ure 49 provides this control which is shown as a flat topped sector paltern because
no tapering is assumed at face B. Since this pattern s the same as the face B
illumination it is possible to place nulls in the subarray pattesn or lower the side-
tobes for all subarrays by changing the illumination at face B, These topics are of
intense current interest because of their possible application to wideband null
steering and ultra low sidelobe pattern control.

Time delay units are used at the subarray input ports and the illumination is
tapered across face A to produce a low sidelobe array factor with no beam squint.
The system bandwidth is thus determined by the squnt of the subarray pattern
across this fixed time delayed beam, and for a very large array with ”c 4 00 the

bandwidth s given approximately by 1t SO where

§ .= L ginb . (95)
0 A (>}
[8)
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Figure 49. Subarray Pattern Modification for Interference Suppression

Dual transform systems offer the potential of adaptive or deterministic control
at either face A vr B. Control at face C is alwavs pussible but since there are
many more elements at face C it is usually thought more convenient to perform this
function at A or B. At face A conventional algorithms for adaptive arrays can
produce nulls in the array factor. Pattern control ut face B results in nulled sub-
array patterns or narrowing the pattern to exclude jammer reception at specific
locations and {requencies. lFor example, lIYigure 49 indicates that if an interfering
signal radiates at some angle 6 . (with UJ > 00 in this case), and if the interfering
signal frequency 1s bounded A,

. <A <AL
jmin j jmax
ceived over a distributed angular region of the subarrayv pattern, and indeed over

then the interfering signal is re-

proportionally the sime distributed region of the feed. The interfering signal can

be rejected if the subarray pattern is narrowed to satisfy the condition at the high-

est svstem frequency (f /X )
° max min




. sin 6,
sin§ o . (96)

Amin )‘jmax

This restriction is achieved by narrowing the radiating part of the subarray
feed, 10 and such pattern control could be impleniented either adaptively or deter-
ministically. The adaptive solution might differ in principle from conventional
algorithms in that the weighting is applied to the subarray feed aperture, and that
it could discriminate on the basis of received frequency and locaiion of the received
signal on the feed aperture. Since the received signal from any one point in space
1s projected to different arcas on the feed surface depending upon the source fre-
qrency, then by discriminating on the basis of frequency and feed illumination the
t *chnique can accommodate null placement in the direction of any interfering source
unless it occupies the same frequency spectrum limits and angular locations as
the desired source.

Although overlapped subarray systems do offer a degree o1 control not avail-
able with other subarraving systems, the price for including these features in the
subarray patterns is reduced bandwidth und increased loss”"q which must be made
up using amplificrs at the subarray feed radiating face. One other factor which
has not vet been thoroughiyv explored is that the subar -ay feed itsclf must be large
enough to provide the high degree of control required by some of these applications.
The numiber of elements 1n the feed 1s important v determining adaptive nulling
bandwidth whether the nulling 1s performed at the input ports (subarrayv input ter-
minals) or at the output terminsls, These issues and the ultimate limits of pattern

control with subarray feeds are important arens of present research,

4.5 Lishtweight Microstrip Aeray Technology

Section 3. 2 descertbes some of the advances m printed circuit array elements,
The basic mucrostrip elements introduced n that section have found use in a number
of lightweignt or conformal arrays, Of perhaps more importance s that this class
of clements leads to very mespensive ar@ayv construction and s wholtly compatible
with developing nionolithic solic state technology that promises dramatie cost re-
ductiens within the near future, Some of the nmjor developments in scanned micro-
strip arvays are summarized in this section,
) shows an eight-element circularty polarized receive array developed
for aircraft tests with A'I's-6, ! This L-band airray, 0,36 cnr thick, is scanned
tn one plane by 3-bit switchiva Hne phase shifters, The arvay axial ratio was less
than 2 dB} over most beam po=itrons and frequencies,  The development of specinl
171, Scaford, G.G. (1978) Conforrial micrestrip phased arvreay for aireraft tests

with ATS-6, IEEE Crans., AP2E(No, 5)1642-048,
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Phase scanned arrayvs req dition f t se shifte which
re often separated from the elements and placed eparate board. i
A I S . ,
typical of this multi-bc technique 15 she n igure hich depicts the

nstruction details of a 2 X 16 element lightweight phased array, designed to
perate at 970 MHz and also to serve as a struetural fuselage member of a Remotel;
Piloted Vehiele. The element spacing 1s A/ 2 and a uniform excitation is provided

by a 16-way stripline power divider. Azimuth scanning of ¥ 60° is provided b

4-bit diode phase shifters. The array provides @ broadside gain of 16,5 dB,

174, Yee, J., and Furlong, W, (1979) An extremely lig tweight fuselage integrated
phased array for airborne applications, Proec. »f the Workshop on Printed
Circuit Antenna Technology, paper 15, New Nex: o Sti*te University.
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-13 dB sidelobes and weighs about 11.5 pounds. The cost and complexity of multi-

board arrays can be minimized by using subarrays, in which the array is formed
of a number of modules as shown in Figure 54. Each module contains printed
circuit radiators, phase shifters, and air stripline power dividers, all combined
together as an integral unit without any interconnecting cables or connectors. For
example, phase shifters and duplexing hybrids can be fabricated on an alumina
ceramic substrate as a single integrated subelement in the module. This technique
lends itself to high volume production, reduces fabrication costs, and improves
reliability. Subelements can be fabricated on different high-K substrates, thus

reducing the space required. Proper selection of material can also aid in phase
shifter head dissipation.

CONTROL LINE
RIBBON CABLE

STRIPLINE CIRCUIT ISOLATION PINS

/— ETCHED CIRCUIT POWER DIVIDER
POWER LINE
RIBBON CABLE

PANEL RF ANTENNA
HONEYCOMB
STRUCTURE GROUND PLANE

HONEYCOMB
[~ STRUCTURE

s RF ANTENNA
STRIPLINE GROUND PLANE '~ " DIELECTRIC

STRIPLINE DIELECTRIC j

PLATED-THRU HOLE
STRIPLINE CIRCUIT

PLATED-THRU HOLE —— _
ANTENNA GROUND
RF ANTENNA ELEMENT

Figure 53. Construction Details of a Multi-Layer Microstrip Phased Arrayv
(after Yee and Furlong!74)
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A 32-Element Integrated Subarray Module at S-Band
32 Diode Phase Shifters, and

1 Air Stripline Power Divider (Courtesy of Hughes Aircraft Co.)

Figure 54.
Consisting of 32 Disk Radiators,

rge arrays present special challenges to microstrip technology, because of

Ligh feed losses. As an example of low loss, large array technology, Figu

SEASAT, 1024 element, L-band planar array antenna which was part of
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for wide band and high power operation, and integration with solid state transmit-
receive modules for increased efficiency. There is an immediate and continuing
need for improved, lower cost, lightweight array antennas that will continue tc

stimulate development in microstrip arrays throughout the fcreseeakle future.
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The theory of idealized arrays. though simple, leads to bounds on array
characteristics. Many of the fundamental bounds, like bandwidth, beamwidth,
and sidelobe level are well established, but other fundamental characteristics such
as null depths and cancellation bandwidth can also be derived from this basic
approach.

The detailed analysis of array behavior remains a complex subject; it is des-
cribed by systems of simultaneous integral or integrodifferential equations,
tractable in the infinite limit or for small number of elements. The need for such
detailed analysis is increasing because of thc growing number of fundamentally new
and different array types, the emphasis on smali arrays, and arrays with side-
lobes so low as to be dominated by edge effects. This paper has sought to empha-
size analytical methods compatible with such arrays.

Although there have been vast advances 1n array development and performance,
still there are limits to tolerances and dispersion in phase shifters, powerdividers,
and feeds that set bounds on currently achievable pattern control, ecven with tradi-
tional coaxial and waveguide omponents. The use of new transmission lines and
devices 'v¥ill make high performance even more difficult to achieve. One example
1s low profile or conformal array technology where it is becoming apparent that
there are fundamcntal inconsistencies between the components one can develop for
such arrays and the rcquirements for very low sidclobes, wide bandwidth, or wide
band nulls. A second example 1s the development of low sidelobe systems with
amplifiers at each clement, where 1t will be necessary to maintain good phase and
amplitudc stability, miinimium dispersion, and in some cascs amplitude linearity,
over an operating bandwidth.

Finally, although the survey of available technology for lightweight arrays and
arrays for limited sector scanning have uncovered a wealth of technology, most of
these systems have relatively high sidelobes and will require substantial advances
before these low cost technologies will support the next generation of radar and
communication systems.

After about twenty years of serious development one cannot say that phased
arrays are in their infancy. But if they are not, they are at least approaching a
pcriod of tremendous growth and change, and thc technology of the next ten years
will be very different than that of the last. Advanccs in solid state devices, optical
techniques, and digital logic may soon make arrays morc affordable, but under the
continuing pressure of military and consumer requirements they will be developed
in contirually larger numbers even if marginally affordable. Amid this grcat change
in circuitry and tcchnology the basic clectromagnetic effects will still govern
system pcrformance and will always be thc central issucs of array evaluation, 1

have attempted also to make them the central issues of this review.
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