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ABSTRACT: Conventional sidelobe reduction methods such as analytical or parametric approaches and complex numerical optimization
approaches were accomplished via specific tapering windows. Among all of the tapering windows a rectangular window gives the simplest
array feeding network, narrower beamwidth, and highest directivity. The only drawback is its highest sidelobe level due to sharp edges
at the array ends. In this paper, a simple trapezoid taper window which is something between typical rectangular and triangular windows
is first suggested as the best compromise between uniform and nonuniform amplitude window functions. Then, it is further developed by
making it adaptive or adjustable by including a number of controllable-amplitude elements in the linear edges of the trapezoid window.
Thus, the proposed taper window becomes very flexible to accommodate different user-defined constraints. To find the optimal values of
those controllable-amplitude elements, a genetic optimization algorithm is used to design and optimize the trapezoid window such that
the desired sidelobe peaks and controlled nulls can be met while maximizing the complexity reduction as much as possible. The linear
and planar antenna arrays are simulated to validate the superiority of the proposed taper window.

1. INTRODUCTION

phased antenna array with electronically scanned capabil-

ity can create a major beam of radio wave and steer it to a
point in any direction without moving the antenna system [1].
Many applications such as tracking radar, wireless communi-
cations, and remote sensing use two-dimensional planar phased
arrays with symmetrical patterns to control the direction of the
major beam toward the desired direction and reduce the side-
lobes or place nulls toward interfering directions [2, 3].

In general, the far-field antenna pattern can be obtained by
taking the Fourier transform of the antenna’s aperture illumina-
tion function [4]. Consequently, tapering the amplitude and/or
the phase of the array’s aperture illumination can reduce the un-
desirable sidelobes and shape the array’s far-field pattern [5].
Accordingly, many tapering functions have been proposed in
the literature [6, 7], and they become common for antenna ar-
ray pattern synthesis of all types. Among all of these taper-
ing functions, only rectangular (or uniform) window gives nar-
rower beamwidth and the highest directivity. The main draw-
back of this taper function is its highest sidelobe level due to
sharp edges or amplitude discontinuities at the ends of the ta-
per. Thus, many other tapering functions have been designed to
have a nonuniform envelope with the highest amplitudes at the
array’s centre and gradually decreased values toward the aper-
ture’s ends according to the designed taper function. In fact,
every element of the array is individually assigned a specific
taper’s value which practically needs a very high tunable attenu-
ator to realize it. For large arrays, the resulting taper’s hardware
becomes costly and complex. Moreover, imparting a nonuni-
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form amplitude taper to an array aperture can be problematic
where the beamwidth of its array pattern can be significantly
widened, thus reducing the array’s directivity [8].

Apart from the deterministic or parametric window func-
tions, global optimization algorithms such as genetic algo-
rithm [9], particle swarm optimization [10], convex optimiza-
tion [11], and many other algorithms have also been used to
optimize the amplitude and/or phase of the tapered elements to
get the optimum performance and minimized sidelobes.

The tapering functions have been implemented at the subar-
ray level instead of its elemental radiators [12—14]. Controlling
the signal’s amplitude and phase at the subarray output reduces
the number of needed hardware components, but it may cause
distortion in the subarray’s far-field pattern [15, 16].

Partially tapering functions either by controlling a few
existing side elements [17-19] or by adding extra side ele-
ments [20,21] have also been suggested for specific sidelobe
suppression or nulls control. It is proved that partially tapering
functions are more preferable than those conventional fully
tapering functions especially when the number of interfering
signals is much smaller than the total number of the array
elements.

In this paper, a new trapezoid taper window, which is some-
thing between typical rectangular and triangular windows is
first introduced. Its performance in trading-off between de-
sired sidelobe peaks and main beamwidths is highlighted with
comparison to many other existing taper windows. Then, it
is further developed by including a number of controllable-
amplitude elements in the linear edges of the trapezoid win-
dow. Thus, it becomes adaptive and flexible to accommodate
different designer’s requirements or user-defined constraints.
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FIGURE 1. Trapezoid taper windows and their corresponding FT patterns.
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FIGURE 2. Comparison between various taper windows and their corresponding FT pattern.

An optimization based on a genetic algorithm is used to op-
timize these controllable elements in the linear parts on both
sides of the array’s aperture. The number and location of the
controllable elements and their amplitudes are optimized to ob-
tain desired sidelobe peaks and steered nulls in the linear and
planar antenna arrays. Since the resulting adaptive trapezoid
taper function has a number of unity-amplitudes at the flat-top
center and nonsharp linear edges, it will give a best compromise
between the main beamwidths and sidelobe peaks. Moreover,
the remaining array elements at the flat-top center of the re-
sulting adaptive trapezoid taper have unity or fixed amplitudes,
thus, it enjoys a relatively simple feeding network.

2. THE TRAPEZOID TAPER WINDOW

Consider an amplitude taper function given by w,, where n =
1,2, ..., N is the array elements index. For simplicity, it is as-
sumed that the total number of array elements [V is even, and the
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inter-element spacing d is uniform which is equal to % A de-
terministic taper function might be any one of the conventional
common window functions such as Hamming, Taylor, Dolph,
or any other type [6]. The Fourier transform of such amplitude
tapers with equally-spaced elements will yield a far-field array
pattern given by

N2 (2n—1) .
FF,(0) = anl Wy, COS {2 kd sin 9] (1)
where k = 27”, A is the wave length, and 6 is the direction of

arrival angle from the broadside. The array aperture length is
L = dx N. Letw, = anef™ where a,, and P, represent
the amplitude and phase of the tapered window w,,. In this
work, we consider amplitude-only control (i.e., varying a,, and
zero phases p,, = 0). a, will be calculated using trapezoid
taper which is something between common rectangular and tri-
angular windows. It has a flat center section and linear tapers

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 129, 83-90, 2024

PIERM

1.2 T T T T T T T T T
Multi-Level Trapezoid Amplitudes

o
@

Amplitude
=3
o

o
~

0.2

2 4 6 8 10 12
Number of Elements

14 16 18 20

20 T T T T T T T
FT of Multi-Level Trapeziod Amplitudes

Magnitude (dB)

60 . . . . . . . . .

0 (deg.)

FIGURE 3. Multi-level trapezoid amplitudes and it’s corresponding FT pattern.

toward the edges. Like the other typical tapers, this taper is de-
terministic (or parametric) window where its amplitudes can be
calculated by

2
e =M
an =1 i M<n<N 2)
0 n>N

where M is the number of the flat-top central elements of the
trapezoid window, which have unit-amplitudes. Note that the
trapezoid window can also be generated as the difference be-
tween two triangle windows. The far-field array pattern can be
obtained by taking the Fourier transform (FT) of (2). Fig. 1
shows the trapezoid window as well as its corresponding FT
for two cases M = 2, M 8 and for a total array ele-
ments equal to N = 20. It can be seen that its sidelobe level
(SLL) and half power beamwidth (HPBW) for M = 2 case
are 28.6 dB and 7.6°, respectively, and for M = 8 case, they
change to —18.3dB and 7.0°, respectively. A comparison of
such a trapezoid window with other typical windows is shown
in Fig. 2. Clearly, the trapezoid window gives a good com-
promise between SLL and HPBW compared to other windows.
The proposed trapezoid window is further modified to include
multi-level amplitudes for seeking a greater reduction in the ar-
ray feeding complexity. The modified trapezoid window with
multi-level amplitudes and its corresponding array pattern are
shown in Fig. 3.

3. THE TRAPEZOID WINDOW WITH CONTROLLED
AMPLITUDE-TAPERS

In the previous two variants of the proposed trapezoid window,
the linear parts (i.e., the non-unity amplitudes of the trapezoid
taper) at the sides of the array are non-optimal due to its simple
parametrical calculation. Better performance can be obtained
by further developing this window by including a number of
the controllable-amplitude elements in the linear regions of the
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original trapezoid window. A genetic algorithm can be used
to optimize the amplitudes of these controllable side elements.
The optimization variables are: the number of the optimized
side-clements at each side of the array and their amplitudes, the
number of the fixed elements in the flat-top center region of this
window, and the number of the fixed elements in the flat-middle
region.

To proceed with the optimized multi-level trapezoid taper,
the array elements of a linear antenna array are first divided
into three different subsets according to their locations in the
trapezoid regions. These regions or sections are: the flat-top
central region which is assumed to have a total of M ele-
ments, two outer linear regions which are assumed to have
a total of M, elements, and the middle fixed-element region
consists of M3 elements. Thus, the total number of array el-
ements is N = M; + My + M3, and their amplitudes are
Gy, = Gy, + A, + Q. As in the original trapezoid window,
the first subset M| elements have unit-amplitudes, thus, they
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FIGURE 4. Three subsets M7, M>, and M3 of the trapezoid amplitudes
for N = 40, M1 = M3 = 10, and My = 20.
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FIGURE 5. Variation of PSLL, ND, D, and TE of the optimized trapezoid window versus the number of variable-amplitude elements M.

are fixed, a,,, = 1 form; = 1,2,..., M;. The second subset
M, elements have variable amplitudes, thus, they are control-
lable which can be computed either parametrically according
to (2) or optimally by means of an optimization method. The
third subset M3 elements have half amplitudes a,,, = 0.5 for
ms = 1,2,..., M3 to produce multi-level taper as shown in
Fig. 4. Note that due to the existence of subset M3, the ele-
ments of M, may be divided into two parts in each side of the
array.

Since the amplitude tapers of the M, will be optimized, its
new amplitudes can be written as

mo = 1,27...,M2 (3)

where A,,, is the amount of amplitude changes with respect to
the original linear trapezoid amplitudes a,,,. Then, the far-field
array pattern of these corresponding three amplitude tapers can
be written as

a]\/[z = a’mz + Amz

FF(0)

kdsin @

M, |:(2m1 — ].)
E Gy, €COS | ——=
mi=1 2

Flat-Top Central Subset
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Mo _(2m2 — 1) . ]
+ ZmFl ., COS _# kdsin 9_
Outer Variable Subset
Ms _(27’)’13 — 1) . 1
+ an3:1 Gy COS _# kd sin 9_ 4

Middle Fixed Subset

As mentioned, the normalized amplitudes of a,,,, = 1 for M;
elements, apr, = @, + Ay, for My elements, and a,,, = 0.5
for M3 elements. Thus, (4) can be rewritten in a simplified form
as

Mo _
+Y 0 Ay cos [(2’"221) kd sin 0] (5)

From (5) it is clear that there are only M variables to be opti-
mized instead of IV total array variables for a prespecified SLL,
HPBW, and nulls control. To maintain the array pattern of (5)
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FIGURE 6. Original and optimized trapezoid tapers and their corresponding patterns for N = 40, M, = 14, M = 26, and M3z = 0.

within the user-defined constraint (UDC) limits, the difference
between them, E'(#), should be minimized as follows

E(6)=Y" IFF(6)-UDCO)P (6

where s = 1,2, ..., S are the sample points between these two
patterns, and the UDC is given by

UDC(#) =

{2010g10 (SLLjimit) , 90° < |6] < FNBW -
7

FF(0)

4. SIMULATION RESULTS

This section carries out various simulations to demonstrate the
validity of the proposed trapezoid taper and its developed vari-
ants in reducing the SLL, placing multiple wide and deep nulls
in the array pattern using a partial amplitude control.

In all examples, a symmetrical uniform linear array with
N = 40 elements and equal inter-element spacing d = % was
examined. The specification parameters of the used genetic op-
timization algorithm were: the number of iterations was 1000;
the number of population was set to 50; the number of marriages
was 25; the number of crossovers was 2; a uniform crossover
was chosen, and the selection was tournament. The mutation
probability was set to 0.04, and the eligible tournament was set
to 10.

In the first example, the performance metrics in terms of peak
sidelobe level (PSLL), null depth (ND), directivity (D), and the
taper efficiency (TE) of the optimized trapezoid window un-
der different numbers of variable-amplitude elements, M>, and
zero half-amplitude elements, M3 = 0 have been numerically
studied. Fig. 5 illustrates such results. It can be seen from
these results that the PSLL and ND are both improved with in-
creased number of variable-amplitude elements, M>. In other
words they are both getting worse with increased number of
unit-amplitude elements, M7, until they reach the typical rect-
angular window values at M, = 40 and M3 = 0. The D and

87

TE values are both getting lower with increasing the number of
variable-amplitude elements, M5. They are both at their high-
est values only when M; = 40 and M> = 0 which corresponds
to the typical rectangular taper window.

In the second example, the array patterns of the original non-
adaptive trapezoid and the optimized adaptive trapezoid win-
dows for My, = 14, My = 26, M3 = 0 elements on both
sides of the array center are illustrated. The user-defined con-
straints in this scenario were set according to the dashed red-
line limits where the peak sidelobe level is assumed to not ex-
ceed SLLjjmiy = —30dB. The initial pattern of the original
non-adaptive trapezoid window was also included in this fig-
ure for comparison purpose. Fig. 6 shows these array patterns
and their corresponding taper windows. The PSLL in the origi-
nal and optimized trapezoid patterns were —20 dB and —30 dB,
respectively. The superiority of the optimized adaptive trape-
zoid window compared to its original non-adaptive counterpart
is clear.
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FIGURE 7. Variation of CR% of the optimized trapezoid window versus
the number of variable-amplitude elements Ms.
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In the third example, the array complexity in terms of the
number of variable amplitude elements, M, in the outer sec-
tions of the trapezoid window is studied. The following metric
is used for calculating the complexity reduction (CR)

Total number of array elements

CR — —Total number of variable elements

100% (8
Total number of array elements x100% (8)

This equation is applied to the optimized trapezoid window un-
der various numbers of My, Ms, and M3 = 0. The CR% result
is shown in Fig. 7. It can be seen that the complexity reduction
of the feeding network is linearly proportional to the number
of adaptive-amplitude elements, Ms. For M; = 20 variable
elements, the CR% is 50%. The CR% of the common typical
Dolph taper window is CR% = 100% where all of its ampli-
tude elements are variable, and none of them are fixed. This
validates the simplicity of the proposed trapezoid window com-
pared to other nonuniform windows.
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In the next example, the array pattern and its corresponding
optimized adaptive trapezoid window for My = 14, My = 26,
and M3 = 0 are illustrated in Fig. 8 where CR = 35%. Besides
such reduction in the complexity, the PSLL was maintained
below —30dB, and two wide-deep nulls around the centers at
0 = £40° (from § = £35° up to § = +45° with width of each
of them equal to 10°, and the required depth is set to —60 dB,
respectively) are also validated. In another example, the array
pattern and its corresponding optimized adaptive trapezoid win-
dow for M7 = 10, My = 20, and M3 = 10 are illustrated in
Fig. 9 where CR = 50%. Besides such a great reduction in the
complexity, the PSLL was maintained below —30 dB, and four
wide-deep nulls around the centers at § = +40° and § = +65°
with depths more than —60 dB were also validated.

Finally, the proposed taper window that has been applied
to the one-dimensional linear array is extended to the two-
dimensional planar array with a total number of equal-spaced
elements equal to 40 x 40. In this example, two scenarios
are considered. The first scenario is the original non-adaptive
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trapezoid window (see Fig. 10), while the second scenario is
the optimized adaptive trapezoid window with M; 10,
Ms = 20, and M3 = 10 and four wide-deep nulls around the
centers = +40° and § = £65° (see Fig. 11).

5. CONCLUSIONS

The proposed adaptive trapezoid taper window with
controllable-amplitude elements at the taper’s edges has
been found to best compromise between the sidelobe peaks
and main beam widths of the array’s pattern. It has a maximum
or unit-amplitudes in the center of the window and taper away
from the center. Both the unit-amplitude and taper-amplitude
parts were made controllable to provide the best performance
while optimizing them. By changing the number of the unit-
amplitude elements or taper-amplitude elements, the resulting
window becomes something between common rectangular
and triangular windows. It is worthy to mention that such an
adaptive or adjustable taper window is only introduced here for
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the first time to the best of authors’ knowledge, and it is clearly
more preferable than all the other existing non-adjustable taper
windows. Results show that the proposed adaptive trapezoid
taper window can achieve a considerably lower peak sidelobe
level to less than —30dB with a narrower main beamwidth
and a less number of the variable-amplitude elements than
the results in the literature, which demonstrates its feeding
network simplicity.
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