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A Low-Sidelobe Partially Overlapped Constrained
Feed Network for Time-Delayed Subarrays

Robert J. Mailloux, Fellow, IEEE

Abstract—Completely overlapped space-fed subarrays have
been shown to provide sufficient pattern control to enable (mod-
estly) wide-band arrays using time delays at the input to each
subarray and phase shifters at the array face. These configura-
tions are bulky, but have been proposed for space-based use as
well as for certain gr 1-b: i that do not have
severe volume constraints. Other appli for space-based and
airborne radar require much more compact, constrained array
feed networks, but until now there have been few appropriate
constrained networks for inserting time delay at the subarray
ports without g high sidelobes. This paper describes one
such network that, at the outset, provided far lower sidelobes
than the usual contiguous subarrays, but retained closely spaced
high lobes near the main beam. This paper presents a synthesis
procedure that alters the subarray patterns and reduces nearly all
array sidelobes to levels determined by tolerance errors. Several

les are pr d that synth sidelobes at —40 dB. The
resulting network operates over 70% to 80% of the maximum
theoretical bandwidth.

Index Terms—Ant

feeds, b

ing, phased arrays.

I. INTRODUCTION

LEMENTS of large arrays are often grouped into sub-
arrays for the purpose of decreasing the array feed
complexity or reducing the number of controls. There is an in-
creasing need for efficient, high-quality subarraying techniques
in systems that scan over a limited field of view (LFOV), and
also in the wide-band systems that are the subject of this paper.
Wide-band scanning systems use phase shifters at each element
and analog time-delay units or digital receivers at the subarray
level, so there is a cost savings resulting from the use of fewer,
larger subarrays and an accompanying reduction in the number
of time-delay devices. In this case, the maximum subarray size
Dy for an array with very narrow beamwidth is approximately
given by Do/Xo = fo/(Af sin{fmax)), where (Af/ fo) is the
fractional bandwidth. In the best practical cases, a subarray
size of 70%-80% of the maximum spacing is usually an upper
limit, and this is only approached using space-fed overlapped
subarray techniques that achieve grating lobe suppression by
forming flat-topped subarray patterns.
Space-fed subarray systems use a Butler matrix or small fo-

cusing lens to excite an array of feed elements at the focus of -

a larger reflector or lens aperture. If the array is large enough
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to require more subarrays, one must build a larger aperture, ex-
cited by a larger feed array with more multiple beam ports. This
requires more depth and volume, and may not be an accept-
able solution for systems with volume constraints, including
vehicle mounted ground arrays, airborne scanning arrays and
some space applications. There is a fundamental need for sub-
array techniques that allow low sidelobe patterns to be formed
and scanned and that have compact volume.

The most compact subarraying arrangement for large subar-
rays is the use of contiguous, uniformly illuminated, in-phase
subarrays fed by constrained corporate power dividers. This
kind of subarray is replicated across the large array, thus simpli-
fying fabrication. The array is steered using phase shift at all el-
ements and time-delay behind each subarray. The difficulty with
arrays so constructed is that, at frequencies other than center fre-
quency, they have many large grating lobes, often called “quan-
tization lobes,” and this limits their use to systems that have es-
sentially no peak sidelobe constraints.

A number of useful compact (constrained) networks have
been developed for forming overlapped subarrays. These net-
works are described in texts and survey references [1]-[3] and
comprise a significant body of work. They are primarily appli-
cable to relatively smaller subarrays (of 6 or 8 elements) because
the network complexity increases with subarray size. In addi-
tion, they usually have sidelobes with lower limit on the order
of —20 dB.

We have previously reported two constrained  network
schemes to form the larger subarrays required for time-delayed
systems. The basic subarrays are formed with fully constrained
networks consisting of Butler or Blass matrices, Rotman lenses
or other beamformers, and simple power-combining networks.
These constrained networks, called sections, may include
several subarrays, but have far fewer outputs than the final
array. Their size may be a third or a quarter or a smaller fraction
of the size of the final array. The first technique introduced [4]
was to simply abut these sections, placing them contiguously
across the array. This contiguous array of overlapped subarrays
does provide a relatively simple solution that is physically
compact, but has a wide region of sidelobes at approximately
the —20-dB level. It will not be discussed further here.

The second technique [4], [5] is a new way of partially over-
lapping these overlapped subarray sections. This paper presents
the theoretical basis for this new technique, but more impor-
tantly develops methods of sidelobe control that make this an
approach that can produce patterns with sidelobes at the —40-dB
level, and potentially lower.

Fig. 1 explains the motivation for introducing this new tech-
nique by comparing it with an array of contiguous subarrays.

0018-926X/01$10.00 ©2001 IEEE
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Fig. 1. Comparison of radiation patterns for arrays of 16 subarrays with 32
elements each. (a) Pattern of contiguous subarrays. (b) Pattern of partially
overlapped sections of overlapped subarrays.

Fig. 1(a) shows the pattern an array of contiguous uniformly
illuminated subarrays, like those shown schematically in the
sketch at the top of the figure. An amplitude taper is used at
the subarray input terminals, so that the basic array factor is a
—40-dB Taylor pattern. In this example, the elements are spaced
one half wavelength apart. The array is scanned to 45° and con-
sists of sixteen subarrays, each 16 wavelengths in extent, and
with 32 elements per subarray. There are phase shifters at each
element and one time delay per subarray. The frequency is 1.03
times the center frequency, signifying the upper edge of a 6%
bandwidth system. The center frequency case is not shown since
it has only small grating lobes due to the quantized amplitude
taper and is otherwise the same as the 40-dB Taylor pattern. No-
tice that there is a significant spectrum of grating lobes at levels
that would be intolerable for some systems.

For comparison, Fig. 1(b) shows initial results of the new
technique presented in [4] and [5], and demonstrates significant
suppression of the grating lobes that were evident in the
contiguous subarray case. Although the quantization lobes are
significantly reduced, there are more of them, and the ones near
the main beam are about —20 dB. This paper shows that these

near sidelobes result from the subarrays being different, but
correlated within groups, thus forming a higher order (spatially
longer) periodicity across the array. This phenomenon is not
present in any earlier subarraying technologies, but results
from - the partially overlapped distribution introduced by this
new technique. The paper presents a synthesis technique that
makes all the subarrays nearly identical and so removes this
higher order periodicity.

II. PARTIALLY OVERLAPPED SECTIONS OF QVERLAPPED
SUBARRAYS

Fig. 2 depicts the technique for using constrained feed over-
lapped subarray networks as “sections” of a larger array. The
makeup of these sections is described briefly in the next para-
graphs. The new concept partially overlaps the output of these
sections by first producing more subarrays than needed, dis-
carding the ones nearest the edge of each section, and com-
bining the remaining subarrays to produce well-controlled, low
sidelobe patterns. Although the sketch shows only three sections
with four subarrays each, the array may have numerous sections
and each section may have more subarrays. In fact, this is seen as
one of the advantages of the scheme, in that additional identical
sections may be added to form a larger array with no change
in the design of the basic section. In addition, it is shown in this
paper that the subarrays can be further modified for sidelobe im-
provement, even within the passband of the subarray pattern.

The basic component of this technology is called a “section”
and, as shown in Fig. 3, is an overlapped subarray network.
This means that two focusing systems (one much larger than the
other) are used back to back. In this case, we are only concerned
with systems that can replace a corporate feed in an array archi-
tecture, so it will be assumed that the larger focusing system is
a multiple beam lens, like a Rotman or other lens implemented
in parallel plate or microstrip or stripline (or optical fiber), or a
constrained multiple beam network like a true time-delay Blass
matrix. This larger beamformer has N output terminals and M
input terminals (with M < N). In normal use, the N output
terminals would be connected to antenna elements, and a signal
applied to one of the input terminals would result in a progres-
sive phase shift across the elements. Other inputs have other
rates of phase progression, corresponding to radiating beams
in different directions. Exciting this multiple beam lens with a
second, smaller focussing system, which could be a Butler ma-
trix, a lens, or a digital Fourier transform, causes each input to
the smaller network to produce a sinc-like distribution (or sub-
array) across all N output terminals of the larger beamformer.
Adjacent subarrays are spaced a distance D, between centers
at center frequency. Each of these overlapped distributions ra-
diates with a pulse-shaped radiation pattern of width A/Dg rad
at center frequency that performs the required grating lobe sup-
pression.

Fig. 2 illustrates several aspects of the new subarraying feed
concept. Three identical subarraying sections are depicted, and
the output terminals of the sections are combined in the manner
shown. Each section is a dual transform network that forms the
overlapped distributions shown aside of that section. To sim-
plify this illustrative example, each section is depicted as having
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Fig. 2. Partially overlapped sections of overlapped subarrays.
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Fig.3. Alternative transform networks for feeding a section of the array. (a) Lens
and digital beamformer.

only four subarray illuminations (M = 4). Notice that the edge
subarray illuminations are truncated, while the two center sub-
array illuminations of each section have the central region and
at least one sidelobe of the amplitude distribution. Shown in a
later figure, the associated subarray patterns of the central subar-
rays are a better approximation to the pulse-shaped ideal pattern.
Implementation of this technique proceeds as indicated of the

and transform feed.‘(b) Constrained Blass time-delayed multiple-beam network

figure, where dotted, dashed and solid lines show the numbered
subarrays formed by the left, center and right sections. The com-
bined illumination therefore uses only the best of the subarrays,
to produce the best grating lobe suppression. The edge subar-
rays that are omitted are replaced by central subarrays of other
sections as shown in Fig. 2. The addition network introduces ap-
proximately a 3-dB loss in the hybrid power divider/combiners.
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For this reason, the concept is primarily useful after amplifi-
cation on receive and before amplification on transmit. This is
not a significant limitation if the network is used to control a
system with only one plane of scan, or an array of columns. Most
such corporate feed approaches need amplification at columns
to compensate loss in feed and phase shifter and/or time-delay
devices, and so the 3-dB loss may be of little consequence.

This description has presented the basic technique and sug-
gests its potential for good pattern control, however, as pre-
sented in [4] and [5] the original configuration does not meet
the standard of low to very low sidelobes. This paper presents
a technique to synthesize excellent low sidelobe patterns using
this new subarray network.

A. Analysis of One Section

Each “section” of this array is a conventional overlapped sub-
array beamformer using two transform networks in cascade.
The mathematics of basic overlapped subarray techniques is
well established, but some of the analysis needs to be repeated
here in order to explain the means of sidelobe reduction. Fig. 3
shows two implementations of the basic beamformer. In the
sketch at left, the larger beamformer with N output terminals
is a time-delay constrained lens of focal length F' (possibly a
Rotman or Archer lens) fed by an array of M elements (with
N > M). Atright, a time-delay Blass matrix is shown. Ei-
ther network produces sets of progressive time-delayed signals
at its output that radiate as multiple beams with beam peak lo-
cations independent of frequency. The smaller M x M mul-
tiple-beam network in the sketch at left could be an orthog-
onal beam network or a true time-delay constrained lens. This
M x M beamformer could be replaced by a digital beamformer
that replaces either of the two types of feeds. This option is
emphasized in the sketch at left, where the small beamformer
is omitted completely to emphasize the added compactness of-
fered by replacing the M x M beamformer by a digital pro-
cessor. It is increasingly likely that this digital option will be
chosen for high-performance systems. However it is done, it will
be shown later that there is a significant advantage to using a true
time delayed beamformer for the M x M network.

The following analysis details are given for the equal path
length (true time delay) main lens with circular back face, but
all except the geometric aspects of the analysis are valid for a
true time-delay multiple-beam matrix (Blass matrix). All equa-
tions except (2), (3)—(4) are equally applicable to both types of
beamformers,

The lens analysis is simplified and assumes the main lens is
in the far field of the feed. It also assumes a constant spacing
dy, at the main aperture face and this has implications about the
element patterns of the elements at the back face of that lens.
These and other simplifying assumptions have been studied be-
fore [6], [7] and are shown to not alter the basic principles of
operation for these networks.

For generality, assume the M x M multiple beam network
can be either an orthogonal beam network (using K = 1) or
a true time-delay lens (by using K = Ag/A). Each subarray

input port “m” is fed by a signal J,,,, which produces a series
of signals I;,, given by
Iim Jme—j27ri(m/M)KA

1
= oo @
Also assume that each of these signals I;,, can be multiplied
by some weighting w;. These signals radiate from the lens feed
toward the main aperture to produce the distribution

1 M2
A = —= Z w; e tI2TEdY N singn ()
VN i=—(M—1)/2

The angle ¢, measured as shown in Fig. 3(a), relates to the
focal length F and the element index “n” —(N —1)/2 < n <
(N -1)/2as

sing, =n d/F. 3)

The expression for A,y has peak values equally spaced across
the lens back face with the separation distance D, which cor-
responds to a separation defined by the beamwidth of the feed
array. This spacing is frequency-dependent for the orthogonal
matrix fed antenna, but constant for the time-delay feed. The
distance D between any two successive maxima in the aperture
illumination is given by (2) as

F (A A
o5 (3)e-n()x

)

where

The parameter Dy is the subarray spacing at center frequency.
Since M such spacings span the lens face, then DoM = dz N.
With these substitutions, and again omitting normalizing con-
stants, the expression for A, becomes

Jm (M=-1)/2

o A m

Apn = Z w; €Xp [)2m (——— —_——— K)]
VNM i=—(M=1)/2 N M

(5)

In the most basic configuration, the w; are all unity. This sum-
mation can then be done in closed form. Each subarray input
port “m,” fed by a signal J,,, thus produces a series of signals
Ay at the output of the M x N beamformer

\/—MsinMw[(—-Z— i)‘o_ - %’;— K)]
Apn = I = . ©)
N Msinm| = 2\2 LY o
N M

This expression shows the overlapped sinc-like aperture distri-
bution that radiates to form a flat subarray pattern for any given
Mth subarray and shows that for the orthogonal feed system
(K = 1) the peaks of the distribution move as a function-of
frequency. For the time-delayed feed, however, the distribution
is not orthogonal, and the location of the peaks of tliése dis-
tributions is independent of frequency. Four of these amplitude
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iltumination

Fig. 4. Selected subarray illuminations in a section of 8 subarrays and 256
elements,

distributions are plotted in Fig. 4, for w; = 1, and for a par-
ticular case of M = 8, N = 256. For reference, these distri-
butions correspond to numbered subarrays 1, 2, 3, and 4 of the
8 subarrays within each section. To scan the subarray pattern
to some angle given by uo = sin @y requires phase shifters at
the aperture. These multiply the aperture coefficients A, by
exp(—j2mnuody /o). The (normalized) far-field array factor
radiated from this distribution at the angle 8 (with arbitrary w;
and Jy, set to unity) is given below, with u = sin 6, as

(M-1)/2 ]
fm(u) = Z ,wie—Jz'/r(m/M)Ki
i=m(M—1)/2
. [T % Ao
wlovean (5 52~ wies)|
X

L2V AR
Nsin [(mh)(% ~$- z\;;fA)]

Element patterns have not been included in this expression.

These subarrays are all pulse-like, but not all are equally good
patterns. Fig. 5 shows the four subarray patterns corresponding
to the distributions of Fig. 4, with w; = 1. The subarrays of
this group nearer the center of the section have lower sidelobes,
smaller ripples within the passband, and overall better quality
for use in arraying. The subarrays near the edge of the section
are more distorted, since they are more severely truncated. In
accordance with the sketch of Fig. 2, the outer subarrays are
simply not excited, since they are of poorer quality. So, in a
system with M = 8, each section has only subarrays 3, 4, 5, and
6 retained, while the other ports are either not fabricated, or are
terminated. For M = 4, only subarrays 2 and 3 are used. The
selection of the “best” subarrays leads to patterns with lower
sidelobes and smaller ripples in the passband, and this aids in
suppressing the grating lobes located at pA\/ Dy from the main
beam. Other grating lobes remain unsuppressed, and these are
discussed in the next section,

B. Array Pattern of the Array with Partially Overlapped
Sections

The new network partially overlaps the outputs of these sec-
tions as shown in Fig. 2, by simply adding the output signals.
The array is not “fully overlapped” because each subarray dis-
tribution only extends over the length of one section. The re-
sulting network has P subarray ports, where P is any mul-
tiple of M/2. The array pattern is the scalar product of the
vector of complex subatray excitations with elements J,, =
|| exp(—jmuom(Dg /A — Doy/Ao)), and the vector of sub-
array patterns. Note that this includes phase correction to re-
move the phase shift that is in series with the time delay

=(P-1)/2

F(u) = T frn (). (8)
(P-1)/2

At center frequency, this arraying process sums subarrays that
are separated by the distance Dy, and so the array factor would
have grating lobes at the points uq = ug + ¢(Xo/Do), and thus
are spaced 0.0625 apart in u space. These are suppressed by the
subarray patterns. However, the array pattern of Fig. 1(b) (with
M = 8) shows the expected 40-dB sidelobes near the main
beam, but has a series of other quantization lobes spaced about
0.015 apart, and reaching levels of nearly —20 dB very near the
main beam. Given this spacing, these near sidelobes are not due
to the grating lobes of the basic subarray distance Dy, but are
due to some periodicity in the array that has a period 4Dg. They
arise because the subarrays themselves occur in groups of M/2
(four in this case), forming a super-subarray that is undesired.

Figs. 4 and 6 help to explain this phenomenon. Within the
group of four subarrays that are retained within each section,
the outer two are different from the center two because of prox-
imity to the edge of the section. The sinc-like distributions of
subarrays 3 and 4 (Fig. 4) are truncated at different sidelobes,
and these result in a periodicity across the array that is four sub-
arrays wide. Fig. 6 shows a comparison of two subarray pat-
terns (3 and 4 of an eignt-element group), to emphasize their
slight amplitude differences. The subarray pattern phases (not
shown) also have different ripples about the phase center. These
amplitude and phase differences mean that the set of subarrays
3,4, 5, and 6 form the grouping that is repeated by adjacent
sections, and so determines a periodicity of 4D,. The resulting
sidelobes (grating lobes or quantization lobes) are not large, and
as the array is scanned they vary from the — 15 to —20-dB level.
They occur within the subarray passband, where they are caused
by the differing ripples shown at the top of the passband, and
within the subarray sidelobe region. They can be reduced fur-
ther by making all the subarray patterns nearly identical (so that
each group is nearly identical to every other). Then, at center
frequency, the only periodicity is the subarray spacing Dy, and
any quantization lobes should be outside of the subarray pass-
band.

C. Sidelobe Control Using the Method of Alternating
Projection

The subarrays can be. made more similar by inserting a special
set of in-phase weights between the two transform networks.
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Fig. 6. Radiation patterns of subarrays 3 and 4 of section with eight subarrays.

The logic for employing this procedure is as follows. With uni-
form illumination at the feed, the feed array radiates to the main
lens face in a sinc-like distribution with sidelobes at the —13-dB
level. Altering the weights w; with, for example, a tapered distri-
bution would produce a lower sidelobe illumination at the main
lens and so perhaps a distribution that would not be so seriously
impaired by truncation. Minumizing truncation thus makes the
subarray patterns more similar and essentially eliminates the pe-
riodicity of length 4D;. A procedure is introduced below to se-
lect the proper weights w; that produce a low sidelobe distribu-
tion.

The method of alternating projections [8], [9] (also called
the intersection approach) as it is applied to antenna pattern
synthesis, depends on the finite Fourier transform relationship
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between an array illumination and its far-field pattern. The
“projection” of a point (function) in one vector space onto an-
other vector space is a point in the second space with minimum
error subject to some chosen norm. For an N-element array,
the Fourier series synthesized array pattern is the projection
of this set of all possible N-element array patterns onto the
set of (in this case) one desired pattern, since its mean square
error is minimum. The procedure, as outlined schematically in
Fig. 7 for subarray synthesis, consists of iterating a sequence of
“projections” between two vector spaces (sets of functions). In
this case, one set (set A) is the set of all subarray patterns that
can be radiated by the weights w; acting as feed for the lens.
The second set of functions (set B) is the set defined by all the
patterns that lie between the masks [8], which are the upper and
lower bounds for the subarray pattern, and shown on that figure
as between My and My, In this case, the projection of set A
onto B is obtained by producing a new pattern fj such that
every point of the original fo, whose magnitude lies outside of
the mask, is moved to the nearest mask limit My or M . This
is the nearest pattern to set B, and the projection of the pattern
in set A onto set B. So, values of the subarray pattern amplitude
>My; are made equal to My, values <My, are made equal
to My, and points within the bounds are unchanged. Fig. 7
illustrates this operation, with the resulting projection being the
solid curve in the upper right of the figure.

For convenience, we assume temporarily that the M x M
matrix has one beam that radiates broadside (call it m.= 0, and
assume ug = 0, and center frequency A = \g). This beam has
signals I; = 1 (normalized) for all i. Assume that weights w;
now multiply the signals ;. These radiate to the lens back-face,
and (7) gives the radiated subarray pattern. For convenience,
800 far field points are used to define the subarray pattern. This
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Fig. 7. Alternating projection method used to reduce subarray truncation by iterating weights w;.

pattern belongs to one vector space, called space A above, and
an example shown in the upper left of Fig. 7.

Next, this radiated subarray pattern (top left) is projected onto
the desired mask, having an upper limit My of width Ao/ Dg =
0.0625 and a lower limit My, of width about one third of the
upper limit width. This projection is sketched in the top right of
the figure. The inverse finite Fourier transform (Fourier series)
of this far field f'(u) yields a set of illuminations A}, on the
ens (lower right figure) given by the expression below.

A/2d.
, dr /2d,

e = _)\_ e‘j""“(dL/")f’(u)du.

©

~A/2d

In practice, this expression is evaluated using 800 points of the
discretized f'(u).

The essence of the synthesis procedure is to impose the con-
straint that the illuminated lens aperture be smaller than the orig-
inal (N = 256) elements. Choosing a smaller lens avoids illu-
minating the edges of the larger lens with the sidelobes of the
aperture distribution of the outermost subarrays. In a section of
256 elements with 8 subarrays, discarding the outer two on each
side leaves subarrays 3 and 6 as the outermost ones, and their
centers are 2.5D (or 80 elements) from each side for 32-ele-
ment subarrays. So, one could formulate a new subarray syn-
thesis situation to produce an illumination for a single subarray
that radiates with a flat top and is confined to a smaller lens,
one 160 elements wide. Confining the central subarray to this
smaller aperture becomes a constraint on the synthesis problem
and assures that the aperture illamination for subarrays 3 and
6 terminate at the edge of the original 256 element lens. For
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Fig. 9. Radiation patterns of subarrays 3 and 4 of section with 8 “optimized” subarrays.

a section with M = 4, the central two subarrays are 1.5D¢
(48 elements) from the edge. In that case, a trial lens would be
48 x 2 = 96 elements wide. The procedure chosen to affect this
synthesis is a variation of the technique called alternating vector
space projections. In keeping with the previous discussion, we
use NN = 160 instead of the 256 elements in the real lens. This
is one constraint put on the solution of the synthesis procedure.

These A}, may not be achievable, given the only eight pos-
sible values of the w; coefficients, but they can be approximated

optimally since they are related to the w, through the inverse
transform. These Aj,, are projected back through the network
to the front of the M x M network using the factor

1 (NN-1)/2

VN ~(NN=1)/2

Equation (10) is the inverse of the transform (2), using (3) and
(4). Having w;, (7) can again be used to compute the subarray

AOnle—jZm'n/N. (10)

w; =
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Fig. 10. Comparison of real aperture illuminations using initial weights w;
and “optimized” weights w;.

pattern. This completes one cycle of the iteration. Fig. 8 shows
the computed subarray patterns for four specific iterations,
starting at iteration #0, the initial pattern with all weights unity,
and ending at iteration #20. In this sequence, the outer mask
is the upper mask function shown, and chosen to be the width
0.0625 in u-space, and to have near sidelobes at approximately
the —30 dB is level, and decaying following a 1/(Ju — wel)
asymptote. Convergence is evident from the examples shown
in the figure.

In this case, at the end of the synthesis procedure, the final
weights were w1 = wg = 0.291; w2 = w7 = 0.753; w3 =
we = 1.006; wy = ws = 0.982. Most likely, these weights
are implemented digitally since they can readily be incorporated
in a digital beamformer which also does the smaller M x M
Fourier transform.

Fig. 9 shows the power patterns of subarrays 3 and 4 (or 6
and 5), computed directly from the final weights given above.
Clearly the procedure has made the subarrays nearly identical
down to the —32-dB level. The subarrays also have lower side-
lobes, because of the reduced truncation.

Fig. 10 compares the aperture illuminations using the initial
(uniform) weights (w; = 1) and the synthesized weights for two
adjacent subarrays of the central four, The primary constraint
imposed by the synthesizing procedure was to assure that this
illumination was little effected by truncation. Indeed, the lower
figure has far smaller ripples and so- the radiation patterns of
the subarray at left (dotted) are very similar to the one at right
(solid).

4 I
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Fig. 11. Broadside radiation patterns of array of 4 “optimized” partially
overlapped sections with 16 subarrays, and using orthogonal feed matrices
(M =38).(a) f/fo=1.0) f/fo = 1.03.
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Fig. 12. - An example of subarray clustering for orthogonal (phase shift) feed
matrix,

Fig. 11(a) shows the center frequency broadside patterns
of an array of four sections, each with eight subarrays, but
using the central four and choosing the synthesized weights.
This pattern shows the advantage of the subarray synthesis
procedure, demonstrating sidelobes at the ~40-dB design level,
and all residual grating lobes below —45 dB. Notice that these
remaining lobes are still spaced about 0.015 apart, indicating
that they arise from the periodicity 4D.

Although no distinction has been made thus far concerning
the use of an orthogonal beamformer (Butler Matrix).or a true
time-delay beamformer (Rotman Lens) or their analog or digital
equivalents, for the M x M beamformer, there is in fact a major
difference in the frequency response. Fig. 11(b) shows that the
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Fig. 13. Radiation patterns of array of Fig. 11 at center frequency and band edges (6% bandwidth).

broadside radiation pattern of the network fed by an orthogonal
beamformer at frequency f = 1.03 f, has significant sidelobes
atu = £0.0625fo/(4f) = £0.0152 not present at center fre-
quency. Fig. 12 illustrates schematically that this problem re-
sults from the choice of an orthogonal beamformer as feed, not
a true time-delay beamformer. With the orthogonal beamformer
at center frequency, the subarray amplitude and phase centers
are evenly spaced in all of the four sections, and the sections
are exactly four subarrays apart to produce an aperture distri-
bution with periodicity equal to the subarray separation. How-
ever, with the orthogonal beamformer, the angle between beam
peaks varies inversely with frequency. The cluster of beams that
excite each section has its phase center at the physical center of
the section and the whole cluster gets narrower as the frequency
increases. Fig. 12 shows the radiation peaks moving toward the
broadside direction at the highest frequency. Since each group
of four has its phase center at the center of a section, the sketch
at bottom shows there is imposed a periodicity of 4Dy across
the array at frequencies above the design center frequency.

This periodic error is removed when a true time delay or dig-
ital beamformer is used as beamformer. The beams from these
time-delayed networks remain equally spaced on the final aper-
ture, and the 4D periodicity is removed. Fig. 13 shows the re-
sulting array patterns at center frequency and at 0.97 and 1.03
times the center frequency. In all cases, the large quantization
lobes are removed, and the sidelobes are in the neighborhood
of —35 dB, increasing to —32 dB at the high end of the band.
This 6% bandwidth represents 70% of the theoretical maximum
bandwidth for the given subarray spacing. These results confirm
that it is possible to reduce all sidelobes to very low design levels
using this synthesis technique.

Additional data, not shown, at 0.965 and 1.035 times the
center frequency, have sidelobes at approximately 26 dB below
the main beam. These limits represent 82% of the theoretical
maximum bandwidth.

D. Results for a 24% Bandwidth Array

Fig. 14 shows the results of simply scaling all dimensions to
produce an array of the same size with 4 times the bandwidth of
the 6% system. Accordingly, setting Dy = 4, instead of 16,
and broadening both mask boundaries by the factor 4, reducing
the section size N by four, and increasing the number of sections
by four, one gets an array of 64 subarrays (requiring 64 instead
of the previous 16 time delay units). The figure shows grating
lobe reduction comparable to the 6% case, and good operation
over the larger bandwidth.

It is important to note that increasing the bandwidth has re-
duced the size of each section by the factor four. If the network
is built with lenses, the depth of the structure is also reduced
by four. The resulting section size for this 24% configuration
is N = 64, a size that can be achieved quite compactly with
stripline Rotman (Archer) lenses.

E. Results for a 6% Bandwidth Array Using Sections of Four
Subarrays (M = 4)

Fig. 15 shows the final radiation patterns for an array made up
of 32 subarrays, of 32 elements each, but using eight sections of
four, instead of four sections of eight. The advantage of this con-
figuration is compactness. If the.sections have lens front faces,
then the lens dimension and the number of elements in the lens
face are reduced by two and make the technology simpler. For
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Fig. 14. Radiation patterns at center frequency and band edges of array of 16 partially overlapped sections with 64 subarrays (24% bandwidth).
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Fig. 15. Radiation patterns at center frequency and band edges for array of eight sections of four subarrays each. (6% bandwidth). Subarray pattern at center

frequency shown upper left.

example, in this 6% bandwidth case, the lens face has 128 ele-
ments instead of 256, and is only one half as deep. This makes
lens development much easier.

This configuration also has a significant advantage if the
output beamformer were a true time-delay Blass matrix,. for

then each section would reduce to a two beam Blass matrix,
since the beams 1 and 4 would not be excited.

The penalty for using this compact geometry is that, with
four subarrays and (because of symmetry) only two degrees of
freedom, one cannot tailor the subarray pattern to maintain a
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flattened top while synthesizing subarrays 2 and 3 to be nearly
equal. The resulting subarray patterns (both overlayed at the top
left of Fig. 15) are identical in amplitude and nearly so in phase,
but have rounded tops and less steep skirts than the M = 8 de-
sign. This results in sidelobe levels of approximately —26 to
—27 dB over the 6% bandwidth, but raises to approximately
—18 dB at the edges of the 7% bandwidth.

III. CONCLUSION

Using an alternating projection technique to synthesize
network weights, a new subarraying technique that uses con-
strained network feeds has been shown to enable the insertion
of true time-delayed signals without resulting in high sidelobes
or grating lobes. The technique is expected to find application
to arrays with volume restrictions, such as space-based or
airborne radar.

This paper has demonstrated sidelobe reduction to the
—40-dB level and a bandwidth of approximately 70% of the
maximum theoretical bandwidth.

In terms of its practical implementation, the technique im-
poses a 3-dB combining loss beyond what one would have with
a conventional power divider network and contiguous subar-
rays. The technique is therefore useful as a feed for an array of
columns, where one would naturally have amplification or TR
modules. In most arrays of this type, the loss would bring little
disadvantage. The depth of the network shrinks as the band-
width is increased, since then more time delays are used for
scanning. Various alternate networks, such as constrained Blass
matrices or smaller (M = 4) sections, further reduce the array
volume.

In summary, the technique allows large subarrays to be used
to insert time-delay scanning of array patterns while main-
taining low sidelobes. The subarrays are up to 32 elements wide
for 6% bandwidth and 8 elements wide for 24% bandwidth.
This represents a substantial reduction in the number of time
delay units, amplifiers, and other devices in comparison with
conventional approaches, and it offers the lowest sidelobes of
any constrained feed subarraying network yet reported.
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