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Abstract— Sidelobes (SLs) in the two-way radiation pattern
are of serious concern in a radar array. Several techniques have
evolved to mitigate the problem, which include amplitude taper-
ing, genetic algorithm (GA) optimization, thinning transceiver
aperture, and two-weight amplitude distribution. With such
optimization schemes, the SLs can be considerably suppressed
but at the cost of a reduction in directivity or taper efficiency.
Furthermore, such amplitude tapers require a complex feeding
network design. This work alleviates such design restrictions
and proposes a systematic approach to lower the SLs in radar
two-way shared aperture arrays. The proposed methodology can
achieve an SL level (SLL) of below −52 dB in both linear
and planar arrays, which is about 18 dB enhancement in SLL
compared with uniform transmit and thinned receive arrays.
In addition, as a result of the equal transceiver array size in the
proposed design, an improvement of approximately 0.44 dB and
0.68 dB in directivity is achieved in linear and planar arrays,
respectively. A novel feeding architecture is also illustrated to
reduce the cost and complexity of the overall feeding network.
A set of full-wave simulations have also been performed to
validate the theoretical results.

Index Terms— Antenna array, array thinning, feeding network,
radar array, sidelobe level (SLL), tapering efficiency, two-way
array factor.

I. INTRODUCTION

ONE of the major problems of radar-based antenna arrays
is the presence of unwanted sidelobes (SLs) [1], [2],

which reduces its overall radiation efficiency. Many techniques
have evolved to suppress SLs, which include the usage of
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characteristic amplitude distribution about the radiation aper-
ture [3], [4], [5], [6], genetic algorithm (GA) [7], and randomly
overlapped subarrays [8]. However, an amplitude distribution
reduces array directivity and taper efficiency and requires a
complex feed network, increasing the cost and footprint of the
system. Prominent works can also be noted where the element
positions are adjusted to achieve better SL suppression [9],
[10]. In radar antenna, the transmission and reception of
electromagnetic waves happen through the same aperture, thus
requiring the analysis of the two-way pattern, which is the
product of the patterns in transmit and receive test cases.
Therefore, imposing design considerations such as optimum
SL level (SLL), high directivity (or gain), and taper efficiency
on the two-way array pattern is of foremost importance [11].
Even though the concept of the two-way array factor was
prominent from the 1990s [12], [13], it was not considered
for reducing the SLLs of a radar array until 2008 [14].

Brock [14] investigated three different techniques to sup-
press the SLL, which included the use of Taylor illumination,
subarrays with uniform excitation, and uniform transmit array
through quadratic phase adjustment and a Taylor-weighted
receiver array. The first approach produces better SLL perfor-
mance but it suffers from low directivity and complex feeding
network design. In the second method, due to the splitting
of the transmit array, the transmitted power is not effectively
concentrated over the main beam. In the last method, the use
of quadratic phase adjustment and Taylor weighting increases
the design complexity of the feeding network and leads to
poor taper efficiency. The design of a low SLL two-way array
using uniform transmit and thinned receive arrays has been
studied in [11], [15], [16], and [17]. The thinning (deactivating
elements) in receive arrays was achieved either by equating
the first peak SL and null of the transmitter and receiver,
respectively [11], [16], or using the GA [15], [17]. With lower
number of active elements, the directivity performance in such
array is generally poor [18].

The idea of introducing two-/three-weighted amplitude dis-
tribution [19], [20], [21], [22] for linear transceiver array was
to boost the array SLL performance. Such designs relied on
different test sets (based on the SL and null locations) to find
the relationship between transmit and receive array size or
the number of elements excited with higher weights, hence
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Fig. 1. Linear transmitting and receiving isotropic antenna array showing
two-weight amplitude distribution (note that the number of elements illumi-
nated with weight w2 is different in both the arrays).

producing non-optimal solutions. Realizing such a transceiver
requires a feeding architecture with several circulator blocks
equal to that of the transmit/receive array elements, hence
being a cumbersome and costly solution [11], [20], [21].
This work mitigates the limitations of the state-of-the-art in
transceiver array design to provide an optimal solution in the
SLL in linear and planar arrays, while maintaining a high
directivity and taper efficiency. The proposed design achieves
an SLL of below −52 dB at the cost of only 0.96 dB and
1.91 dB loss in directivity compared with a conventional linear
and planar two-way array pattern, respectively, where the min-
imum achievable SLL is −26.52 dB. Two-weight amplitude
distribution is used to bring down the design complexity of
the feed network. Furthermore, a feeding mechanism has also
been modified with a lesser number of passive elements (cir-
culators, splitters, combiners) to reduce the overall footprint
and production cost.

The rest of this article is organized as follows. The proposed
two-weight amplitude distribution in linear and planar arrays,
including two-way array factor modeling, is illustrated in
Section II. In Section III, an exhaustive parametric study is
carried out to find the best design parameters to achieve the
lowest SLL and minimum loss in directivity. The effectiveness
of the proposed solutions, overall performance, and low-cost
feeding network architecture is addressed in Section IV. The
full-wave simulation results are shown in Section V, and
conclusions follow in Section VI.

II. TWO-WEIGHT AMPLITUDE IN LINEAR
AND PLANAR ARRAYS

In this section, the formulation of linear and planar
arrays using two-weight amplitude distribution is discussed.
Two-weight amplitude distribution is used to minimize the
corporate feed network design.

A. Linear Array

Consider a linear transmit and receive array comprising NTx

number of transmit and NRx number of receive elements, which
have been separated spatially by a distance d along the z-axis,
as shown in Fig. 1. Without loss in generality, let the transmit
and receive array be illuminated by two-weight amplitudes, w2

and w1 (w2 > w1). For this particular work, both the arrays

Fig. 2. Planar transmitting and receiving isotropic antenna array showing
two-weight amplitude distribution in the x- and y-directions.

have been asymmetrically fed, the central region being fed
with w2, while its two edges with w1, which has been marked
as red and blue, for the ease of understanding. It is worth
noting that the number of elements excited with w2 (or w1)
in the transmit and receive cases is different, with Rt (0 ≤

Rt ≤ 1) and Rr (0 ≤ Rr ≤ 1) being the ratios of the number
of elements excited with amplitude w2 to the total number of
elements in the transmit and receive array, respectively. Hence,
the number of elements that are excited with amplitude weight
w2 in transmit and receive arrays is given in the following
equations:

Mt = integer(Rt × NTx) (1)
Mr = integer(Rr × NRx). (2)

The receive array size (NRx) in connection with transmit array
size (NTx) can be related as

NRx = integer(S × NTx). (3)

Here, S (0 < S ≤ 1) is the ratio of the receive array elements to
the transmit array elements (NRx ≤ NTx). The array factor for
the transmit (AFT) and receive (AFR) cases can be computed
as in [19], [20], [21], and [22] and is given in the following
equations:

AFT = e− j NT x −1
2 ψ

·
2w1cos

( NT x +Mt
4 ψ

)
sin

( NT x −Mt
4 ψ

)
+ w2sin

( Mt
2 ψ

)
sin

(
ψ

2

)
(4)

AFR = e j NRx −1
2 ψ

·
2w1cos

( NRx +Mr
4 ψ

)
sin

( NRx −Mr
4 ψ

)
+ w2sin

( Mr
2 ψ

)
sin

(
ψ

2

)
(5)

where ψ = kdcos θ , with θ being the angle from the broadside
direction, k being the wavenumber (=2π /λ), and λ is the free-
space wavelength.

B. Planar Array
In this section, a similar design methodology of linear arrays

is adopted for analyzing planar arrays, as shown in Fig. 2,
and the array factors of the transmit and receive test cases are
determined. The product of the array patterns along the x- and
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y-directions determines the array factor of the 2-D rectangular
array in the xy plane [4]. In our case, the total number of
transmit elements is NTx × NTy, and the corresponding array
factor (AFT) is given as

AFT = AFT x × AFT y (6)

where AFTx and AFTy are the transmit array pattern of the
1-D array with two-weight amplitude distribution along the
x- and y-directions, respectively, and are given in the following
equations:

AFT x

= e− j NT x −1
2 ψx

·
2w1 cos

( NT x +Mt x
4 ψx

)
sin

( NT x −Mt x
4 ψx

)
+ w2 sin

( Mt x
2 ψx

)
sin

(
ψx
2

)
(7)

AFT y

= e− j
NT y −1

2 ψy

·

2w1 cos
(

NT y+Mt y

4 ψy

)
sin

(
NT y−Mt y

4 ψy

)
+w2 sin

(
Mt y

2 ψy

)
sin

(
ψy

2

) .

(8)

Similarly, the number of elements in the receiving mode is
NRx × NRy (with NRx × NRy ≤ NTx × NTy), which are related
to transmitting elements as given in (9). The corresponding
receive array factor (AFR) is expressed as in (10)

NRx × NRy = integer(S × NT x )× integer
(
S × NT y

)
(9)

AFR = AFRx × AFRy . (10)

Here, AFRx and AFRy denote the patterns of the receive arrays
with two-weight amplitude distribution along the x- and y-axis
and are represented in the following equations:

AFRx

= e j NRx −1
2 ψx

·
2w1 cos

( NRx +Mr x
4 ψx

)
sin

( NRx −Mr x
4 ψx

)
+ w2 sin

( Mr x
2 ψx

)
sin

(
ψx
2

)
(11)

AFRy

= e j
NRy −1

2 ψy

·

2w1 cos
(

NRy+Mr y

4 ψy

)
sin

(
NRy−Mr y

4 ψy

)
+w2 sin

(
Mr y

2 ψy

)
sin

(
ψy

2

) .

(12)

In (7), (8), (11), and (12), ψx = kd sin θ cosφ and ψy =

kd sin θ sinφ with θ and φ are the elevation and azimuth
angles, respectively. The number of elements being excited
with the weight w2, in the x- and y-directions of both the
transmit and receive modes of operation is given by the

following equations:

Mt x
(
or Mt y

)
= integer

(
Rt × NT x

(
or NT y

))
(13)

Mr x
(
or Mr y

)
= integer

(
Rr × NRx

(
or NRy

))
. (14)

It is worth noting that the physical interpretation of S in (9)
and Rt, Rr in (13) and (14) are the same as (1)–(3) of
the linear array as discussed in Section II-B. In addition,
when the array patterns of the 1-D arrays along the x- and
y-directions are multiplied, the excitation coefficient of the (m,
n)th element in the array is the amplitude weight at the mth

element in the x-direction times the nth element in the
y-direction [4]. Since the proposed approach uses two-weights
along the x- and y-directions, a planar array of any size can
be illuminated with only three distinct amplitude weights,
as represented in Fig. 2.

To avoid grating lobes in both the linear and planar arrays,
an interelement spacing d < λ is maintained [4], [23]. Now,
with the individual transmit (AFT) and receive (AFR) array
factors of the linear and planar arrays, a two-way array factor
(AFTwo-way) can be calculated as

AFTwo-way = AFT × AFR . (15)

The SLL and directivity of the radiation pattern for a two-way
system are defined as the sum of the individual pattern SLL
and directivity (both expressed in dB) for the standalone
transmit and receive cases. The directivity of the proposed
transceiver arrays and the corresponding two-way radiation
patterns is determined by the following equations:

DT,R =
4π

∣∣(AFT,R
)

max

∣∣2∫ π
0

∫ 2π
0

∣∣AFT,R
∣∣2 sin θdθdϕ

(16)

DTwo-way(dB) = DT (dB)+ DR(dB). (17)

In addition, (16) and (17) can also be used to determine
the directivity of the uniform two-way pattern by setting w1

= w2 = 1 in (4) and (5) for the linear case, and (7), (8),
(11), and (12) for the planar configuration. The relative loss
of directivity in the tapered array to that of a conventional
uniform array is known as the taper efficiency [23] and is
given by (18). For this work, two-weighted amplitudes have
been considered

ηt =
DTwo−way(proposed)

DTwo−way(uni f orm)
. (18)

III. EXHAUSTIVE OPTIMIZATION PROCEDURE

The primary objective of this work is an exhaustive process
of optimizing the design parameters d, Rt, Rr, w1, w2, and S
of the linear and planar two-way radiation patterns. The goal
is to achieve the best SLL suppression while maintaining the
minimum loss in directivity (or taper efficiency).

A. Potential Range of Values of the Design Parameters

In this section, the meaningful range of values for each
design parameter is provided and discussed.

1) Parameter d: The interelement spacing d for designing
a two-way communication system should be less than
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Fig. 3. Variation in SLL and directivity in transmit array pattern as a
function of Rt for various interelement spacing d in (a) linear array with NTx =

100 elements and (b) planar array with NTx × NTy = 100 × 100 elements;
other parameters being w1 = 1 and w2 = 2.

one wavelength, to avoid grating lobes [4]. Thus, in the
conventional array design, the spacing is generally kept
as 0 < dmax < λ depending on the specific application.

2) Parameter Rt and Rr: Quantities Rt and Rr determine
the number of central elements being excited with a
higher amplitude weight w2 in the transmit and receive
test cases, respectively. The remaining adjacent elements
are fed with weight w1 [as governed by (1), (2), (13),
and (14)]. It is worth highlighting that the significant
range of Rt and Rr is 0 ≤ Rt ≤ 1 and 0 ≤ Rr ≤ 1
respectively, for both the linear and planar arrays. The
extreme values 0 and 1 lead to uniform excitations and
lead to a conventional array [1], [2], [4].

3) Parameter S: The parameter S determines the receive
array size for a given transmit array size, considering
that the receive array has a lesser number of elements
than the transmit array. Hence, the meaningful range of
values of S can be 0 < S ≤ 1 [1], [2], and for any value
out of this range, the array factors in (4)–(6) and (10)
do not hold true.

4) Parameter w1 and w2: Amplitude feeding coefficients
w1 and w2 are complex values with magnitude and phase
varying as 0 < |w1|, |w2| < ∞ and 0 ≤ ̸ w1, ̸ w2 ≤

360◦, respectively.
Through these extensive ranges of each design variable, a com-
prehensive parametric study is performed to find the optimum
value for the design of radar arrays. Here, a linear array of NTx

= 100 elements and a planar array of NTx × NTy = 100 ×

100 elements are considered. However, the obtained solutions
are independent of array size and discussed in Sections IV
and V.

B. Optimal d and S

The variation in SLL and directivity in linear and planar
transmit patterns as a function of Rt with a distinct spacing
d is portrayed in Fig. 3, considering w1 = 1 and w2 = 2.
Here, as evident from (1) and (13) when Rt = 0 (or =1),
an entire transmit array is illuminated uniformly with weight
w1 = 1 (or w2 = 2) and results in a conventional array. Thus,
an SLL of −13.26 dB with a maximum directivity of 20 dB
in a linear and 44.94 dB in a planar array (for d = λ/2) is
observed [4]. In addition, when Rt = 0.57, an improvement of
7.6 dB in SLL at the cost of 0.42 dB and 0.81 dB reduction in

directivity (for d = λ/2) is noticed in linear and planar arrays,
respectively. It is worth emphasizing that the directivity in
linear and planar arrays is dependent on d, for d varying from
0.3λ to 0.9λ, while the SLL is independent of it. However,
in most applications, d = λ/2 is considered to avoid grating
lobes [15], [16], [17], [18], [19], [20], [21], [22]. Thus, the
interelement spacing d = λ/2 is considered in this work
for further analysis. Nevertheless, while designing a practical
antenna array, a larger interelement spacing [1], [2], [3], [4]
can be considered to reduce the mutual coupling. As evident
in Fig. 3, SLL responses for the linear and planar arrays are
fully symmetric. Therefore, the plots on planar arrays are
not included in all the cases for compactness of the article.
However, the discussion and the final design equations are
elaborated in Sections IV and V for both the arrays.

The traditional approach to reduce the SLL in a two-way
radiation pattern is to align the nulls of the transmit (or
receive) array in the same direction as the peak SLL of
the receive (or transmit) array pattern. This can be achieved
by maintaining unequal transceiver array sizes [15], [16],
[17], [18], [19], [20], [21], [22], which, however, suffer from
a reduced directivity and taper efficiency due to the lower
number of active elements. In this article, we have maintained
equal transceiver size by setting S = 1, ultimately resulting
in a higher number of active elements and hence directivity
and taper efficiency. Furthermore, the appearance of certain
nulls (or SLLs) of the transmit pattern in the direction of the
certain SLLs (or nulls) of the receive pattern is achieved by
maintaining the unequal number of elements with weight w2

(and w1) in transmit and receive test cases. An interesting
observation from the above study is that when Rt = 0.57,
although a better reduction in SLL in linear and planar transmit
arrays is achieved (refer to Fig. 3), it does not guarantee
optimum SLL in a two-way array pattern. In a more general
sense, as long as Rt and Rr are identical, the transmit and
receive patterns are exactly equal (i.e., the position of null
and SLLs is at the same locations), and hence, the system
fails to reach the optimum SLL. Therefore, to modify null and
SLL locations in optimum transceiver array patterns, Rt and Rr

must be unequal and have to be investigated in Section III-C.
This has been elaborated through the illustrative examples and
simulation test cases in Sections IV and V.

C. Optimal Rt, Rr, w1, and w2

The relationship between transceiver array elements and
the number of elements being fed with higher weight w2

was derived based on null and SLL locations or heights of
the transmit or receive or two-way radiation patterns [16],
[19], [20], [21]. As a result, the selection of a specific null
and SLL to achieve optimum relationship between transceiver
array elements and the number of elements excited with w2

is challenging and it may result in non-optimal solutions. The
amplitude coefficients w1 and w2 in [19] are assumed to be
1 and 2, respectively, whereas in [20] and [21], one of the
coefficients is fixed, and the other is determined by applying
certain conditions on the array pattern. Thus, the amplitude
weights w1 and w2 in [19], [20], and [21] may not be optimal
for the design of radar arrays. In principle, the amplitude
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Fig. 4. Exhaustive process of optimizing the design parameters Rt, Rr,
and w2 for achieving best SLL suppression in the two-way radiation pattern
(a) visualization of global minimum SLL, portions of this are expanded to
highlight the optimum SLL of −52.18 dB when (b) Rt = 0.47, Rr = 0.68,
and w2 = 2.17, and (c) Rt = 0.68, Rr = 0.47, and w2 = 2.17 in a linear array
of NTx = 100 elements; other parameters being w1 = 1, S = 1, and d = λ/2.

weights w1 and w2 are complex numbers characterized by
magnitude and phase in the interval of (0, ∞) and [0,
360◦], respectively. In this section, we perform an exhaustive
optimization of Rt, Rr, w1, and w2 by inferring w1 and w2

as positive real coefficients. However, an extensive discussion
of w1 and w2 when they are complex, positive, and negative
real coefficients is carried out in Section III-D. In addition,
we prove that regardless of their values, the ratio between
them is essential for achieving the optimum SLL reduction.

Now, to attain the best SLL suppression, an exhaustive
search of Rt (0 ≤ Rt ≤ 1), Rr (0 ≤ Rr ≤ 1), and w2

(0.5 ≤ w2 ≤ 5) (considering w1 = 1) with a minimum
step size of 0.01 has been carried out. The computations are
performed using MATLAB R2023a software and the entire set
of simulations requires about 168 h on a desktop computer
of 128 GB of RAM and Intel Core i7 3.4 GHz processor.
In addition, the visual interpretation of a full set of results
becomes challenging. Therefore, to enhance the readability of
the findings, the minimum granularity of 0.01 is assumed in
the vicinity of the optimum value, while the remaining data
have been acquired with a larger step size. The obtained results
of the SLL and directivity in a linear array as a function of
design variables Rt, Rr, and w2 are depicted in Figs. 4 and 5,
respectively. The equivalent graphs in the case of planar arrays
are not shown for article conciseness, which follow the same
trend for SLL with change in directivity only, as evident in
Fig. 3. However, for a better visual interpretation of directivity
and SLL variations around the optimal and non-optimal values
of Rt, Rr, and w2, a 2-D graph is plotted for both the linear and

Fig. 5. Alteration of directivity in a two-way pattern as a function of design
parameters Rt, Rr, and w2 (a) comprehensive visualization, a portion of this
is magnified to show the directivity of 39.03 dB for optimum, (b) Rt = 0.47,
Rr = 0.68, and w2 = 2.17, and (c) Rt = 0.68, Rr = 0.47, and w2 = 2.17 in
a linear array of NTx = 100 elements; other parameters being w1 = 1, S =

1, and d = λ/2.

planar arrays as shown in Fig. 6. In this figure, the SLL and
directivity changes as a function of w2 (0.5 ≤ w2 ≤ 5) and
three distinct combinations of Rt and Rr are considered, with
one being optimal while other two being non-optimal. The
following observations can be made.

1) The SLL and directivity variations in a linear two-way
array pattern with all possible permutations of Rt, Rr,
and w2 are shown in Figs. 4(a) and 5(a), respectively.
The SLL variation in Fig. 4(a) shows that for a given Rt

and Rr when w2 = 1, the array turns out with uniform
illumination and leads to a conventional array. Thus,
it achieves an SLL of −26.52 dB and a peak directivity
of 40 dB as shown in Fig. 5(a), and the same can
be more effectively visualized in Fig. 6(a). Similarly,
a planar array achieves an identical SLL response with
a maximum directivity of 89.88 dB as depicted in
Fig. 6(b).

2) The attained SLL of −52.18 dB in both the linear and
planar two-way radiation patterns illustrates a global
minimum at Rt = 0.47, Rr = 0.68, and w2 = 2.17,
and in the case of linear array it can be visualized in
Fig. 4(a) and (b). At these optimal values, the achieved
directivity in linear and planar arrays is 39.03 and
87.87 dB as shown in Fig. 5(a) and (b) [or Fig. 6(a)]
and Fig. 6(b), respectively.

3) As a result of equal transceiver array sizes, an identical
SLL and directivity are observed in both the linear and
planar arrays, when Rt = 0.68, Rr = 0.47, and w2 remain
the same. In the case of a linear array, an identical
SLL of −52.18 dB can be seen in Fig. 4(c), while the
directivity of 39.03 dB is seen in Fig. 5(c).
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TABLE I
EFFECT OF AMPLITUDE EXCITATION COEFFICIENTS w1 AND w2 ON PERFORMANCE OF THE TWO-WAY ARRAY PATTERN

Fig. 6. Alteration of SLL and directivity in a two-way radiation pattern
as function weight w2 for optimal and non-optimal values of Rt and Rr in
(a) linear array of NTx = NRx = 100 elements and (b) planar array of NTx ×

NTy = NRx × NRy = 100 × 100 elements; other parameters being w1 = 1 and
d = λ/2. (Note that the directivity is different in both the arrays.)

From the discussion above, it is worth noting that when the
ratio w1/w2 = 0.46̸ 0o, an optimal SLL reduction is achieved.
Furthermore, any deviation in this ratio leads to degradation
of SLL and directivity.

D. Choice of Amplitude Weights w1 and w2

In the earlier discussion, we considered amplitude weights
w1 and w2 to be real, however; in principle, they are complex
numbers that can be represented as

w1 = |w1|e jθ1 (19)

w2 = |w2|e jθ2 (20)

where θ1 and θ2 are the arguments of w1 and w2, respectively.
Various combinations of amplitude weights w1 and w2 which
either meet or do not meet the condition w1/w2 = 0.46̸ 0o

are reported in Table I. It shows that irrespective of their
magnitude and phase, the following two conditions must be
satisfied, to ensure the best SLL suppression (for optimum
Rt = 0.47, Rr = 0.68 or Rt = 0.68, Rr = 0.47) in a shared
aperture two-way radiation pattern.

1) The ratio of magnitudes of w1 and w2 (i.e., |w1|/|w2|)
must be equal to 0.460.

2) The corresponding arguments of w1 and w2 must be the
same (i.e., θ1 = θ2).

These two conditions are satisfied by test cases 1, 5, 6, and
7 in Table I, which provides the optimal SLL and directivity.
However, it is important to note that when w1 and w2 are
complex or negative real numbers, it necessitates an extra
phase shifter, which leads to a complex feed network design.

Hence, positive real weights, as shown in cases 5 and 6,
are recommended, which provide optimal SLL and directivity
while reducing the overall system complexity.

Overall, Figs. 4–6 offer a graphical design guideline wherein
the end-users have the flexibility to choose the SLL and
directivity as per their requirements.

IV. ANALYSIS AND RESULTS

In this section, the design of the linear and planar two-way
radiation patterns using the optimized values obtained from
Section III is validated.

A. Performance Analysis

The selected design parameters of the two-way array factor
are Rt = 0.47, Rr = 0.68, S = 1, d = λ/2, w1 = 1, and w2

= 2.17. Now using (1), (2), (13), and (14), the final design
equations of the linear and planar two-way array pattern are
provided in the following equations:

Mt = integer(0.47 × NT x ) (21a)
Mr = integer(0.68 × NRx ) (21b)

Mt x
(
or Mt y

)
= integer

(
0.47 × NT x

(
or NT y

))
(22a)

Mr x
(
or Mr y

)
= integer

(
0.68 × NRx

(
or NRy

))
. (22b)

In addition, S = 1 implies that both the transmit and receive
arrays share the same aperture size. To clarify the importance
of these design equations, linear and planar arrays with differ-
ent transmit aperture sizes varying from 20 to 1000 elements
and 20×20 to 500×500 elements, respectively, are analyzed.
The corresponding number of elements excited with w2 =

2.17 in the transmit and receive arrays is evaluated by (21)
and (22). The performances of the radar two-way radiation
pattern in terms of SLL and directivity loss in comparison to
the traditional arrays are plotted in Fig. 7. The results confirm
that the proposed solution can suppress the SLL further by
approximately 25 dB at the cost of only 0.96 dB (or 0.19) and
1.91 dB (or 0.35) loss in directivity (or tapering efficiency) in
linear and planar arrays, respectively. Furthermore, in planar
arrays a significant improvement of about 19 dB in SLL and
0.68 dB in directivity is observed compared with uniform
transmit and thinned receive aperture [16], where the optimum
SLL is nearly −33 dB and directivity loss is about 2.59 dB.
In the state-of-the-art literature, the low SLL is achieved by
either applying amplitude taper or turning off some of the
edge elements in the transmit or receive aperture which leads
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Fig. 7. Comparison of peak SLL and directivity loss between the proposed
and conventional two-way array patterns by varying (a) linear array size (NTx)
from 20 to 1000 elements and (b) planar array size (NTx × NTy) from 20 ×

20 to 500 × 500 elements; other parameters being Rt = 0.47, Rr = 0.68,
w1 = 1, w2 = 2.17, and d = λ/2.

Fig. 8. Feeding architecture of a two-weight linear array comprising any
number of elements.

to lower directivity and hence taper efficiency [11], [16], [19],
[20], [21], [22]. On the contrary, the proposed design uses only
two-weight amplitude excitation with an equal transmit and
receiver aperture to enhance the directivity and taper efficiency.

B. Feeding Network Architecture

In radar communication, the transmission and reception of
electromagnetic waves occurs via the same antenna system
(in standalone or array form), with circulators being most
commonly used for segregating the transmitted and received
signals. In the earlier work, researchers mainly focused on
SLL suppression of the two-way pattern, and only a few
publications [11], [20], and [21] are available with the feeding
architecture, which shows that the number of circulators
required is proportional to transmit (or receive) array elements.
For example, a transmit array with 80 elements needs 80 cir-
culators, one power splitter, and one combiner which results in
an expensive radar system. Although this work deals with the
minimization of the SLLs and the feeding network architecture
is not a prime focus, we recommend a new feeding architecture
as shown in Fig. 8. This design uses only two amplitude
weights and identical transmit and receiver apertures with an
unequal number of elements illuminated with w2. Therefore,
the full linear array can be grouped into a total of five groups,
and each group is excited with the same weight w1 or w2

or w1/w2, represented in Fig. 8. As is evident, in the current
scenario, with only five splitters/combiners, five circulators,
one splitter, and one combiner (a total of 12 components),

Fig. 9. Normalized radiation patterns of (a) linear isotropic array with NTx =

NRx = 49 and Mt = 23, Mr = 33 elements and (b) planar isotropic array with
NTx × NTy = NRx × NRy = 34 × 34, Mtx = Mty = 16, and Mrx = Mry =

23 elements; other parameters being w1 = 1, w2 = 2.17, and d = λ/2.

a linear array of any size can be implemented, reducing the
overall system cost. In addition, note that by combining two
subarrays illuminated with w1 (blue) and w1/w2 (white), a total
of only eight (3 + 3 + 2) passive components can be used
but it may lead to the requirement of extra components like
crossover while designing planar structures [24]. Depending
on the application, the number of passive components can be
optimized and designers can operate with fewer components
when compared with [11], [20], and [21].

C. Illustrative Examples

Two real-life scenarios have been considered (one linear
and the other planar), to have a better understanding of the
operation of the transceiver.

1) Linear Array: Let us consider a linear array of NTx =

49 isotropic elements arranged along the z-axis with an
interelement spacing d = λ/2 (refer to Fig. 1). The Mt =

integer (0.47 × 49) = 23 elements are illuminated with
w2 = 2.17 and the remaining adjacent elements are fed with
w1 = 1 (highlighted in red and blue, Fig. 1). The transmit
radiation pattern is portrayed in Fig. 9(a) confirming an SLL
of −17.99 dB which is better by 4.73 dB compared with
the conventional uniform array. This improvement comes at
the cost of a 0.58 dB reduction in directivity. When transmit
and receive apertures share the same size, i.e., NTx = NRx

(i.e., S = 1) and the same number of elements Mt = Mr =

23 is excited with w2 = 2.17 in the center of the array, the
achieved SLL in a two-way radiation pattern is −2 × 17.99 =

−35.98 dB. However, to further enhance the SLL of the two-
way pattern, the receive (or transmit) nulls must appear in the
same direction of certain peak SLLs of the transmit (or receive)
pattern. This can be achieved by controlling the number of
elements excited with w2 in the receive array. Therefore, Mr =

integer (0.68 × 49) = 33 elements are fed with weight w2

as shown in Fig. 9(a), with the receive pattern peak SLL at
−17 dB and directivity of 16.51 dB. The achievable SLL of the
two-way pattern is −51.98 dB and the achievable directivity
is 32.83 dB, hence providing an improvement of about 25 dB
in SLL, at the cost of only 0.96 dB loss in directivity when
compared with the traditional arrays.

2) Planar Array: Let us assume a planar array with NTx ×

NTy = 34 × 34 transmit elements and each element is separated
by d = λ/2 in the x- and y-axes as shown in Fig. 2. The number
of center elements illuminated with weight w2 = 2.17 in the



RAJENDER et al.: DESIGN OF LINEAR AND PLANAR ARRAYS WITH LOW SLLs AND HIGH DIRECTIVITY 4157

x- and y-directions is Mtx = integer (0.47 × NTx) = 16 and
Mty = integer (0.47 × NTy) = 16 elements, respectively, and
the remaining elements are illuminated with weight w1 = 1.
As shown in Fig. 9(b), the transmit pattern exhibits an SLL
of −17.94 dB and a peak directivity of 34.39 dB. This results
in a two-way radiation pattern peak SLL of −2 × 17.94 =

−35.88 dB, when the number of elements with weight w2 =

2.17 in the x- and y-axis of the receiving mode remains the
same as that of transmit array (i.e., Mrx = Mtx and Mry =

Mty). Now, to modify the null locations in the receive array, the
number of elements with weight w2 has to be different than the
transmit one. Therefore, the number of elements with weight
w2 along the x- and y-axis is Mrx = integer (0.68 × 34) =

23 and Mry = integer (0.68 × 34) = 23 elements, respectively.
Here, note that due to the same array elements in the x- and
y-directions of the transceiver array size, the same number of
elements with weight w2 in x and y also remains the same. This
results in a two-way pattern SLL of −52.03 dB and a peak
directivity of 69.18 dB (receive array directivity of 34.79 dB)
as shown in Fig. 9(b). An improvement of about 25.5 dB in
SLL and a 1.85 dB degradation in directivity (or 0.35 loss
in taper efficiency) when compared with conventional arrays
is observed. It is important to remember that while designing
a practical antenna array, three distinct amplitude excitation
coefficients (i.e., w1 × w1, w2 × w2, and w1 × w2) are required
as discussed in Section II-B.

V. SIMULATION RESULTS

Sections II–IV developed a theoretical framework to mini-
mize the SLL in linear and planar two-way radiation patterns,
considering the isotropic point source as the radiator. How-
ever, such radiators are practically not realizable and cannot
be used in the actual implementation of the radar array.
Therefore, to validate the feasibility and robustness of our
technique in a realistic scenario, we have considered the
radiators as conventional 28 GHz microstrip patch antenna
elements with dimensions Lp × Wp = 3.20 × 4.23 mm2

[4], [25]. Two test cases, namely: 1) linear array with NTx =

NRx = 34 and 2) planar array with NTx × NTy = NRx ×

NRy = 15 × 15 elements, are demonstrated using CST Studio
Suite 2021 full-wave simulations. The array is designed on
Rogers RT5880 substrate with a thickness (Hs) of 0.508 mm,
a dielectric constant (εr) of 2.2, and a loss tangent (tan δ)
of 0.0009.

A. Microstrip Patch Linear Array

A standard microstrip patch linear array (MPLA) of equal
transceiver array size NTx = NRx = 34 elements with interele-
ment spacing d = λ/2 along the z-axis is depicted in Fig. 10(a).
The number of middle elements illuminated with amplitude
w2 = 2.17 in the transmit and receive test cases is 16 and
23 elements [refer to (21)], respectively, and the remaining
neighboring elements are illuminated with w1 = 1. The
simulated two-way array pattern shows an SLL of −51.87 dB
(directivity is 46.87 dBi), which features an improvement of
about 25.27 when compared with the uniformly illuminated
array, where the achieved SLL is −26.6 dB (directivity is

Fig. 10. Full-wave simulation setup of (a) linear array with NTx = NRx =

34 elements and (b) planar array of NTx × NTy = NRx × NRy = 15 ×

15 elements. A 28 GHz standard coaxial feed microstrip patch antenna element
is used as a radiator.

Fig. 11. Comparison of the theoretical and simulated two-way radiation
pattern (normalized) of (a) linear array with NTx = NRx = 34, Mt = 16, and
Mr = 23 elements and (b) planar array with NTx × NTy = NRx × NRy = 15
× 15, Mtx = Mty = 7, and Mrx = Mry = 10 elements; other parameters being
w1 = 1, w2 = 2.17, and d = λ/2.

47.78 dBi), as shown in Fig. 11(a). As a result of the directive
nature of the microstrip patch radiator, a higher directivity
is observed. The theoretical and simulated SLL responses
were found to be in good agreement with an error of only
0.6%, and expected to be a similar error for the larger arrays,
as evident in Fig. 7(a). The interelement spacing of 0.5λ
ensures good interelement isolation of about −20 dB at a
design frequency 28 GHz. The authors are aware that further
reduction is possible by introducing defects in the ground
plane [26], or ground stubs [27], to name a few, but this is
outside the scope of this work and has been not investigated
further.

B. Microstrip Patch Planar Array

Here, a small planar transceiver array with NTx × NTy =

NRx × NRy = 15 × 15 elements, separated by d = λ/2 in the
x- and y-directions, are investigated as shown in Fig. 10(b).
As per (22), the number of middle elements illuminated with
w2 = 2.17 in the x- and y-directions of the transmit and receive
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TABLE II
COMPARISON OF THE PROPOSED RADAR TWO-WAY ARRAY FACTOR WITH THE CURRENT STATE-OF-THE-ART

test case is Mtx = Mty = 7 and Mrx = Mry = 10 elements,
respectively. The resultant amplitude weights of each element
in the transmit and receive modes are shown in Fig. 10(b), and
the corresponding two-way array pattern in comparison to the
array with an isotropic point source is depicted in Fig. 11(b).
It confirms an SLL of −47.75 dB (directivity is 64.03 dBi),
with a 21 dB improvement in the SLL at the cost of only
1.71 dBi loss in the directivity compared with the conventional
array pattern. In this case, due to the smaller array size, an SLL
error between the simulated and theoretical results of nearly
2.61% is achieved. Herein, we chose a smaller array size to
minimize the computational time; however, as evident from
Fig. 7(b), the SLL can be achieved below −52.75 dB for
larger arrays. An interelement isolation of below −15 dB is
achieved. Although two test cases have been demonstrated
using a standard microstrip patch element, such a scenario
can be extended to any array of radiators, incorporating the
relevant element factor in the overall array pattern [4]. The
proposed methodology provides an estimate of the number of
elements to be illuminated with weights w1 and w2 in linear
and planar arrays, to achieve the best SLL suppression at the
cost of minimum loss in directivity, as portrayed in Fig. 7.

C. Figure of Merit

The overall performance of a tapered radar antenna array
relies on the minimum SLL achieved with the least loss
in tapering efficiency. Therefore, for a consistent design,
we introduce a figure of merit (FoM) that allows for the best
tradeoff between SLL reduction and tapering efficiency loss
(ηtl) and is given by the following equation:

FoM =
|SL L|

ηtl
(23)

where ηtl = 1 − ηt and ηt is given in (18). The FoM is a
dimensionless number in the interval [0 ∞), and the larger the
FoM, the better the tradeoff between ηtl and SLL performance
of the array. A comparison of the proposed design with the
recently published work is reported in Table II. It shows
that uniform thinned arrays [11], [15], [16] achieve marginal

improvement in SLL with a higher directivity loss and tapering
efficiency in comparison to conventional arrays, ultimately
resulting in lower FoM. The two-weighted arrays [19], [20],
[21] achieve comparable SLL with slightly increased loss
in directivity and efficiency compared with uniform thinned
arrays [11], [15], [16], resulting in moderate FoM. Three-
weighted arrays discussed in [21] and [22] achieve a better
SLL suppression and a comparable FoM but the loss of the
directivity and tapering efficiency is still high. Furthermore,
it calls for complex feeding network design. Therefore, the
proposed design methodology provides an optimal tradeoff
between SLL, directivity, taper efficiency, and system com-
plexity for both the linear and planar transceiver arrays.

VI. CONCLUSION

In this work, a theoretical background to design a linear and
planar shared aperture radar array is developed using a sequen-
tial parametric study. The generalized design parameters of the
radar two-way radiation pattern are determined. The solution
is independent of array size for both the linear and planar
arrays. The achieved SLL is below −52 dB at the cost of
only about 0.96 and 1.91 dB loss in directivity compared with
the traditional linear and planar two-way radiation patterns,
respectively. Furthermore, the theoretical results have been
validated with a set of simulation data, and they are found to
be in good agreement with an error of about 0.6% and 2.61%
in linear and planar arrays, respectively. The simulations have
been performed with a 28 GHz conventional coaxial feed
microstrip patch antenna element as a radiator. Nevertheless,
it can be extended to an array of any radiating element,
with the expense of design complexities of the radiating
element and corporate feed network in practical scenarios. Our
methodology provides an optimal number of elements in a
given array that needs to be illuminated with weight w1 and
w2, for the design of optimal radar array. A novel feeding
architecture for the linear array has also been proposed and
investigated. It shows that a total of only 12 or 8 passive
components such as splitters, combiners, and circulators are
needed to separate both the transmit and receive signals in an
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array of any size. Overall, a methodology has been developed
that leads to optimum array design solutions, providing a
better tradeoff between SLL, directivity, taper efficiency, and
system complexity. Therefore, these array design solutions are
potential candidates for radar systems.

The use of metaheuristic algorithms (e.g., particle swarm
optimization (PSO), GAs), amplitude tapers, phase tapers, etc.
could be a possible approach to enhance the performance
of the radar two-way array pattern. Moreover, the primary
challenge lies in the design and fabrication of the corporate
feed network, with adequate bandwidth and power to each
output port of the feed. In addition, the weights (w1 and
w2) and the associated phase need to be precisely controlled
for the optimal SLL without compensating too much on the
directivity and taper efficiency. Along with these specific
challenges, more general issues related to the design of a
circulator effectively isolating receiving and transmitting parts
and design of specific radiating elements should be considered.
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