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Abstract
The proposed research aims to develop an efficient sidelobe canceller beamforming antenna
array for scanning and anti-jamming purposes in radars with time-modulation. Time-
modulated antennas are unconventional alternatives to phased arrays, in which the phase
deviations between the impinging signals can be controlled by suitably switching ON and
OFF the array elements at different time instants. This research addresses the design of a
quantum-inspired optimal time-modulated beamformer, aiming for a broad scan coverage of
90° towards broadside. The scanned beams are generated using quantum algorithm-inspired
time schemes, inwhich theON times of each element are optimized to achieve the optimal radi-
ation characteristics. The beamformer simultaneously aimed to suppress the sidelobes of the
scanned radiation patterns. The proposed beamformer is designed for an 8-element antenna
array, and the incorporation of time-modulation and its inherent harmonics generation enables
simultaneous beam scanning over a desired region. The scanned patterns with reduced side-
lobes are further exploited for the strategic null placement by proposing the time-modulated
single-point anti-jammers. The concept is further extended, and an 8-element beamformer is
developed for sectorized anti-jamming to show the efficiency, effectiveness, and robustness of
the proposed research. Multiple sectors in the angular region are targeted by exploiting the
harmonics and suppressing them below a desired level. The sidelobe canceller beamformer
also demonstrates decent performance, suppressing sidelobes below 20 dB across all appli-
cations. The radiation power efficiency of the beamformer is more than 78%. The proposed
sidelobe canceller time-modulated beamformer is also compared with other related research
for a detailed comparison.

Introduction

The recent upswing in antenna research has heightened the need for efficient alternate methods
of developing phased array antennas for advanced, cutting-edge applications, such as beam-
forming and beam steering. Due to the incorporation of “Time” as a fourth control parameter
alongside the existing controls of amplitude, phase, and element spacing, time-modulated arrays
have been proposed as potential substitutes for traditional antenna arrays [1]. The idea behind
time-modulation is to regulate theON andOFF switch timings of the array elements to produce
the required phase divergence for phase tapering [2]. Shifted switching instants in a time-
modulated antenna array can effectively support advanced adaptive beamforming applications
with scanned patterns in predetermined directions [3]. Compared to traditional mechanical
steering techniques, this electronic control can more effectively synthesize the radiating prop-
erties of the antenna [4]. In addition, these alternative arrays have the intrinsic advantage of
having lower sidelobes with appropriate switching [5]. Due to the incorporation of the timing
function, multiple sidebands or harmonic frequencies are produced by the Fourier transforma-
tion of coefficients from the time domain to the frequency domain [6]. Though the harmonics
cause power loss in unwanted directions, they can also be exploited to generatemultiple patterns
simultaneously [7]. The possible exploitation of harmonics has been reported for electronic
scanning, and new methods to create simultaneous beams have emerged [8, 9]. Initial research
on time-modulation has shown substantial improvements in pattern synthesis by reducing side-
lobes [10–12]. For efficiency enhancement, reducing sidelobes has become essential [13–15].
Controlling sidebands or harmonics and suppressing power in random directions also became
amajor research focus in time-modulation with the advent of optimization algorithms [16–20].
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In this context, shifting and splitting of time durations helped to
lower the side beam power [21, 22]. The combination of shifted
pulse and optimization algorithm has also been reported to simul-
taneously reduce sidelobes and sidebands [22–24]. In this respect,
optimization methods helped achieve optimal time schemes to
lower the higher-sideband power and the sidelobes of the main
beam [25–27]. Optimization algorithms have also been employed
to optimize the ON-time instants and the durations of the shifted
and splitting pulses of time-modulated antennas for harmonic
beam suppression [28–30]. In the later stages, othermeans of utiliz-
ing sideband radiation to create the desired multi-harmonic beam
patterns have also emerged [31]. The advantages of simultaneously
produced beams for multi-point transmission have also gained
momentum [32–35]. Significant improvements in harmonic steer-
ing have been demonstrated through mathematical exploitation of
the array phase center [36–38]. Time-modulated arrays are suit-
able for radar applications because of their electronic steering
capability [39].Monopulse radar applicationwith concurrent sum-
difference beams also became easier because a single optimized
beamforming network can generate both beams using the inherent
sidebands in time-modulation [40–42]. In addition, the concept
has been used to develop several scanned beam patterns for mul-
tifunction radars with good scanning coverage [43]. Researchers
have also focused on null placement across a wide angular region
to further explore harmonic controlling for radars [44, 45]. Time-
modulation has also been used for more advanced applications,
such as shaped beam pattern generation [46–48], and for cognitive
radios by exploiting its harmonics [49, 50]. Due to the adaptability
and capabilities of optimized timing frameworks, time-modulated
arrays have emerged as an efficient alternative to conventional
phased arrays.

The research in this article further extended the time-
modulation concept by proposing several optimal timing frame-
works to generate an efficient sidelobe canceller beamformer for
radars. The first objective is to design an adaptive sidelobe can-
celler beamformer that enables simultaneous multi-pattern scan-
ning across different angular regions and suppresses the sidelobes
of the scanned beams to a satisfactory level for interference rejec-
tion. The pulse-shifting and splitting methods, with optimized
switch instants, are combined to generate optimal scanned beams
for radar. The second objective is to place a deep null in a partic-
ular angular region to cancel out the transmission in that region
by producing a zero-signal space for jamming. The third objec-
tive is the extended version of the second, in which sectorized
anti-jamming is targeted using a single beamformer by control-
ling the harmonics.The objectives have been framedwith real-time
radar application in mind, where electronic beam scanning, side-
lobe reduction, null control, and jamming mitigation are required.
The specific objectives of this research, and the methods proposed
for that, are elaborated as follows.

First, a time-modulated sidelobe canceller beamforming
antenna is designed to suppress the interfering signals impinging
on the sidelobes of the simultaneously scanned beams. The
objective is to generate multiple scanned beams at prespecified
directions ranging from 45° to 135°, covering a broad scanning
area of around 90° in the broadside. For this purpose, the timing
frameworks of an 8-element antenna are optimized so that the dif-
ferent optimized start instants of each antenna create a cumulative
phase divergence in the overall radiation pattern. The mathemat-
ical foundation behind this approach is derived. The proposed
beamformer can reduce sidelobes, and in the proposed research,
the sidelobe levels (SLLs) of all scanned patterns are suppressed

below 20 dB. Mathematically, the main beam consumes the
maximum power in time-modulation. The first-harmonic beams
on the positive and negative sides consume the second-largest
power among the other higher harmonics. The scanning coverage
is controlled by directing the first negative side beam toward 75°,
60°, and 45°, and the first positive side beam toward 105°, 120°,
135°, with scanning coverages of 30°, 60°, and 90°, respectively.
The proposed beamformer also ensures that the SLLs of the
scanned positive and negative beams, along with the main beam
pattern, are below the standard levels for interference mitigation
and unnecessary power radiation in random directions. The
beamforming timing frameworks are employed with 8-element
linear and symmetric time-modulated antenna arrays to validate
the proposed approach.

Second, the adaptabilities of the beamformer are further tested
for the strategic null placements in the direction of jammers. The
strategic nulls can be placed by generating a zero-signal space in
the broadside angular region so that the interfering signals can be
efficiently blocked by concentrating only on the desired one. The
proposed beamformer is aimed at placing nulls in a single direction
as a single-point jammer, as well as for a sectorized jammer. The
first-harmonic beam patterns are used to address the single nulls
in the radiation pattern of an 8-element time-modulated antenna,
while keeping the central beam constant. Two different cases are
targeted by aiming the first-positive and first-negative harmon-
ics toward null points at 40°, 60°, and 140°, 120°, respectively. To
further extend the concept and to assess whether the proposed
beamformer is adaptable enough to suppress signals across a broad
region, sectorized jamming is targeted. Different cases of sector-
ized jamming are aimed at suppressing signals in the regions 0° to
65° and 40° to 80° using positive harmonics. Due to the symmetric
nature of the linear array and the symmetry of the harmonics, the
sectorized jamming is targeted from 115° to 180° and from 100° to
140°, with negative harmonics. The beamformer ensures the SLLs
of all the patterns are below the standard requirements. The sec-
torized jamming targets signals below 30 dB across a broad region.
For all scanning and jamming objectives, the central pattern is kept
fixed in the broadside direction to optimize power usage. The effi-
cient design of the beamformer also concentrates the maximum
amount of power on the main beam and the first harmonic beams,
thereby enhancing overall efficiency. For all the objectives, optimal
switching instants and the ON time durations of the array ensure
the efficiency of the proposedmethod. So, an efficient optimization
method is needed to design an efficient time-modulated beam-
former. The Particle Swarm Optimizer (PSO) has long been used
to solve real-time engineering problems. PSO has also been rig-
orously applied to array radiation pattern synthesis. But it lacks
efficiency and drastically increases the computation speed when
too many objectives are targeted simultaneously. To overcome the
limitations of PSO, a powerful quantum-inspired PSO is employed
in this research to simultaneously optimize multiple objectives tar-
geted by the proposed beamformer. The quantum-inspired PSO
algorithm provides the much-needed efficient solutions for the
beamformer and makes it a standout performer for efficient time-
modulated radar systems.

The remaining part of the research is organized as follows:
Section 2 describes the mathematical foundation of the time-
modulated beamformer, where a detailed insight into a generalized
time-modulated array and the incorporation of time schemes into
its radiation pattern are provided.The construction of the symmet-
ric array beamformer with pulse shifting and splitting, consider-
ing the effect of harmonics on radiation power efficiency, is also
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Figure 1. Generalized time-modulated beamforming structure with “N” antennas
and switches.

formulated.The quantum-inspired PSOmetaheuristic is presented
in Section 3. The performance of the proposed beamformer as
sidelobe canceller, single-point anti-jammer, and sectorized anti-
jammers is analyzed in Section 4. The conclusive remarks and the
future scopes are presented in Section 5.

Time-modulated beamformer design

Time-modulation includes a new control parameter, “Time”, into
the synthesis of array radiation patterns by mathematically mod-
ifying the array factor. The time-to-frequency domain conversion
of the switching function provides an edge over traditional radia-
tion pattern synthesis. The general mathematical modeling of the
array response for an N-element symmetric linear antenna array
connected with radio frequency (RF) switches, shown in Fig. 1, can
be given as [02]

AFS (𝜃, t) = e( j2𝜋f0)t.2
N/2

∑
n=1

[InUn (t) e{j𝛽( 2n−1

2
)dcos𝜃}] (1)

The above expression shows the symmetric arrangement of “N”
elements where the switching sequences of the elements in the
left half are the same as the right half of the array elements. The
beamformer in Fig. 1 shows “N” radiators connected to a power
combiner via RF single-pole-single-throw (SPST) switches. The
control board can provide the necessary tapering by controlling
the ON and OFF timings of each radiator, and the responses from
each radiator are summed to produce the synthesized radiation
pattern. In equation (1), Un (t) represents the time-modulated
switching sequences for each element from n = 1 to N, In is
the current amplitude, f0 denotes the central beam frequency, 𝛽
is the wave propagation constant, d is the spacing between each
radiator, signals are impinging at an angle 𝜃 to the array main
axis, t represents the time instants within the modulation period,
and AFSymmetric (𝜃, t) stands for the overall array response after
incorporating the time-modulation in a linear symmetric antenna
array. Due to the periodicity of the timing function, Un (t) can be
presented as [02]

Un (t) =
∞

∑
m=−∞

[amnejm(2𝜋fp)t] (2)

Here, amn is the coefficient of excitation translated from the
frequency to the time domain and represents the “m” number
of frequency components for the n-th radiator. The frequency
components, inherently generated by time-modulation, are called
harmonics; where m = 0 represents the main beam, and m =
±1, ±2, ±3, … , ±∞ correspond to the sidebands at multiple
positive and negative harmonics. The excitation coefficient amn
at time-modulation frequency (fp) with a modulation period Tp
(1/fp) can be extended as [02]

amn = 1
Tp

Tp

∫
0

Un (t) e−jm(2𝜋fp)t dt (3)

Putting the excitation coefficient into the antenna array
response, the time-modulated response is modified as

AFS (𝜃, t) = e(j2𝜋f0)t.2
N/2

∑
n=1

In [
∞

∑
m=−∞

amnejm(2𝜋fp)t.e{j𝛽( 2n−1

2
)dcos𝜃}]

(4)
Further, the simplified array response for the “m” number of

frequency components can be presented as

AFm (𝜃, t) = ej2𝜋(f0±mfp)t.2
N/2

∑
n=1

[Inamne
{j𝛽( 2n−1

2
)dcos𝜃}] (5)

The time-modulated array generates the central pattern at
m = 0, and the harmonics are generated at m = ±1, ±2,
±3, … , ±∞. The main beam, the first positive and the first
negative harmonics responses of the N-element array can be
given as

AF0 (𝜃, t) = ej2𝜋(f0)t.2
N/2

∑
n=1

[Inamne
{j𝛽( 2n−1

2
)dcos𝜃}] (6)

AF−1 (𝜃, t) = ej2𝜋(f0−fp)t.2
N/2

∑
n=1

[Inamne
{j𝛽( 2n−1

2
)dcos𝜃}] (7)

AF+1 (𝜃, t) = ej2𝜋(f0+fp)t.2
N/2

∑
n=1

[Inamne
{j𝛽( 2n−1

2
)dcos𝜃}] (8)

In this research, the first negative harmonics at m = −1
and the first positive harmonics at m = + 1 are exploited for
beam scanning and jamming in radars. Thus, it is very impor-
tant to suppress higher harmonics and SLLs to conserve power
and ensure efficient transmission and reception of the array.
Furthermore, phase-divergence characteristics are also proposed
for optimized shifted pulses in the beamformer, which need to be
investigated for radiation pattern synthesis. Detailed mathemati-
cal modeling of power transmission and time-scheme modulation
is also required to develop a multipurpose beamformer for scan-
ning, jamming, and other advanced applications in modern radar
systems.

Mathematical modeling of time schemes

The inherently generated side beams at multiple harmonics are
generally considered a source of power loss but can be exploited for
specific purposes. So, propermathematical modeling is required to
assess the sideband levels (SBLs) of the desired as well as higher-
order harmonics. The closed-form derivatives of a simple pulse
and a shifted pulse are derived in this subsection. The possible
switching schemes are shown in Fig. 2(a) and (b), where Fig. 2(a)
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Figure 2. (a) Simplified time scheme and (b) Shifted pulse time
scheme for the n-th and s-th adjacent elements.

shows a simple time scheme for two adjacent radiators, and Fig.
2(b) shows the same pulse scheme for shifted adjacent pulses.
The first pulse scheme shows the n-th and s-th adjacent radiators
with normalized time periods 𝜉n and 𝜉s within the modulating
period (Tp), given by 𝜉n = (𝜏n/Tp) and 𝜉s = (𝜏s/Tp). The 𝜏n
and 𝜏s are the time durations without normalization. The second
scheme shows the shifted n-th and s-th pulses with normalized
start instants 𝛿1

n and 𝛿1
s . The pulses end at 𝛿2

n and 𝛿2
s , respec-

tively, within the modulation period. Figure 2 shows overlapping
regions between adjacent time schemes, and the importance of
these overlapping pulses is discussed in detail throughout the
mathematical modeling of radiated power. Considering all the “m”
harmonic responses, the overall array factor can be simplified from
equation (4) as

AFm (𝜃, t) =
∞

∑
m=−∞

|Am (𝜃)| ej2𝜋(f0±mfp)t (9)

Here,Am (𝜃) = 2
N/2

∑
n=1

Inamne
{j𝛽( 2n−1

2
)dcos𝜃} (10)

The total power transmission can be given as

PT (𝜃) = {1
2

∞

∑
m=−∞

|Am (𝜃)|2}

=
⎧{
⎨{⎩

1
2 |A0 (𝜃)|2 + 1

2

∞

∑
m=−∞,

m≠0

|Am (𝜃)|2
⎫}
⎬}⎭

= P0 (𝜃) + PSB (𝜃) (11)

Here, PT , P0, and PSB are the total radiated power, main beam
power, and harmonic beampower, respectively.The total power for
“m” harmonics can further be expanded from equation (11) as

PT =
𝜋

∫
0

1
2

∞

∑
m=−∞

|Am (𝜃)|2sin𝜃 d𝜃 =
⎧{
⎨{⎩

𝜋

∫
0

1
2 |A0 (𝜃)|2 sin𝜃 d𝜃

⎫}
⎬}⎭

+
⎧{
⎨{⎩

𝜋

∫
0

1
2

∞

∑
m=−∞,

m≠0

|Am (𝜃)|2sin𝜃 d𝜃
⎫}
⎬}⎭

(12)

The first half of the above equation shows the power radiated
by the main beam, and the second half describes the power in all
the harmonic beams except the central pattern. Due to the complex
characteristics of amn and the symmetries of harmonics, as they are
always generated in pairs, such as positive and negative harmonics,
|Am (𝜃)|2 can be expanded as

|Am (𝜃)|2 = {Am (𝜃)} {Am (𝜃)}*

= [2
N/2

∑
n=1

Inamne
{j𝛽( 2n−1

2
)dcos𝜃}]

× [2
N/2

∑
n=1

Inamne
{j𝛽( 2n−1

2
)dcos𝜃}]

*

(13)

For the n-th and s-th adjacent array elements without pulse
shifting, the |Am (𝜃)|2 can be generalized as:

|Am (𝜃)|2 = 4
N/2

∑
n=1

|Inamn|
2

+ 4
N/2

∑
n,s=1
n≠s

[InI*
s amna*

ms {ej𝛽( 2n−1

2
)(dn−ds)cos𝜃}] (14)

The transformation of all the “m” harmonics is shown and also
represented by amn and ams for the two adjacent radiators, where
In, Is are the current excitations and dn, ds are the spacing between
the radiators, respectively. Putting the |Am (𝜃)|2 expression into the
total power (PT) expression in equation (12)
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PT =
𝜋

∫
0

1
2

∞

∑
m=−∞

[4
N/2

∑
n=1

|Inamn|
2

+4
N/2

∑
n,s=1
n≠s

InI*
s amna*

ms {ej𝛽( 2n−1

2
)(dn−ds)cos𝜃}⎤⎥

⎦
sin𝜃 d𝜃 (15)

= 1
2

∞

∑
m=−∞

⎡⎢
⎣
4

N/2

∑
n=1

|Inamn|
2

𝜋

∫
0

sin𝜃 d𝜃

+4
N/2

∑
n,s=1
n≠s

InI*
s amna*

ms

𝜋

∫
0

{ej𝛽( 2n−1

2
)(dn−ds)cos𝜃} sin𝜃 d𝜃⎤⎥

⎦
(16)

The above expression gives the total power in the main beam
and all the symmetric positive and negative side beams. The side
beam power (m ≠ 0) can be extracted from the above expression
as

PSB = 2
N/2

∑
n=1

⎧{
⎨{⎩

|In|
2

∞

∑
m=−∞,

m≠0

|amn|
2
⎫}
⎬}⎭

+ 4
N/2

∑
n,s=1
n≠s

⎧{
⎨{⎩
Re⟨InI*

s ⟩sinc [𝛽 (dn − ds)]
∞

∑
m=−∞,

m≠0

amna*
ms

⎫}
⎬}⎭

(17)

To further simplify the power calculation for understanding
the efficiencies of different pulse-scheme-based beamformers, a
closed-form expression for the side beam power is required.

Harmonic power for shifted time scheme

The closed-form expression for the harmonic power may be
simplified by considering the complex properties of amn and
ams and summing up for the infinite number of harmonic
frequencies as:

∞

∑
m=−∞,

m≠0

amn ⋅ a∗
ms =

∞

∑
m=−∞,

m≠0

amn ⋅ ams (18)

Considering uniform amplitudes (In = 1) and the shifted pulses
shown in Fig. 2(b), amn can be derived as:

amn = 1
Tp

𝜏2
n

∫
𝜏1
n

Un (t) e−jm(2𝜋fp)t dt

=
j

2𝜋m [e−jm(2𝜋𝛿2
n) − e−jm(2𝜋𝛿1

n)] (19)

The closed-form complex excitation for the adjacent radiators
given in equation (18) can now be finalized by expanding the
summation over the cosine series as:

∞

∑
m=−∞,

m≠0

amn ⋅ a∗
ms

= 1
2 { −|𝛿1

n − 𝛿1
s | + |𝛿1

n − 𝛿2
s | + |𝛿2

n − 𝛿1
s | − |𝛿2

n − 𝛿2
s |

−2𝛿1
n𝛿1

s + 2𝛿1
n𝛿2

s + 2𝛿2
n𝛿1

s − 2𝛿2
n𝛿2

s
}

= 1
2 {−|𝛿1

n − 𝛿1
s ∣ + |𝛿1

n − 𝛿2
s ∣ + |𝛿2

n − 𝛿1
s ∣ − |𝛿2

n − 𝛿2
s ∣ − 2𝜉n𝜉s}

(20)

The above derivation in equation (19) can be simplified
further by considering different possible combinations of start
and finish instants for the n-th and s-th adjacent elements,
based on the total ON-time duration of each. With two adja-
cent array elements and four switch ON and OFF instants,
4C2 = 4!

2!(4−2)!
= 6 combinations of time schemes are possible.

Combining all these possible conditions based on different ON
and OFF times of the n-th and s-th elements, equation (20) can be
simplified as:

∞

∑
m=−∞,

m≠0

amn.a*
ms = [𝜉ns − 𝜉n𝜉s] (21)

Here, 𝜉ns is the overlapping ON-time duration between two
adjacent elements. The closed-form derivative of the sideband
power for the shifted pulse switching scheme can finally be pre-
sented as:

PSB = 2
N/2

∑
n=1

{[𝜉n (1 − 𝜉n)]}

+ 4
N/2

∑
n,s=1
n≠s

{sinc [𝛽 (dn − ds)] [𝜉ns − 𝜉n𝜉s ]} (22)

The closed-form approximation of the sideband harmonic
power is useful for investigating the radiation power efficiency of
the array. The radiation power efficiency can be measured as the
ratio of radiated power in the desired directions to the total radi-
ated power in all “m” harmonics, including the central beam and
all the higher bidirectional symmetric harmonics. After deriving
the radiation power efficiency and a closed-form derivative of the
sideband harmonic beam power for the shifted pulse scheme, the
next step is to design a time-modulated beamformer that gener-
ates the pulse-shifting instants for all elements to scan a specific
region.

Derivation of shifting instants for scanning

To derive the starting instants of each element in a time-modulated
array for the required phase shift effect, the complex excitation
response of the antenna array can be modified from equation (19)
as:

amn =
j

2𝜋m [e−jm(2𝜋𝛿2
n) − e−jm(2𝜋𝛿1

n)]

= (𝛿2
n − 𝛿1

n)
[sin {m𝜋 (𝛿2

n − 𝛿1
n)}]

[m𝜋 (𝛿2
n − 𝛿1

n)]
e−jm𝜋(2𝛿1

n+𝜉n)

= (𝛿2
n − 𝛿1

n) [sinc {m𝜋 (𝛿2
n − 𝛿1

n)}] e−jm𝜋(2𝛿1
n+𝜉n)

(23)
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The simplified expression for amn for the shifted pulse time
scheme can affect the overall array response as:

AFm (𝜃, t) = ej2𝜋(f0±mfp)t.2
N/2

∑
n=1

(𝛿2
n − 𝛿1

n) [sinc {m𝜋 (𝛿2
n − 𝛿1

n)}]

× e−jm𝜋(2𝛿1
n+𝜉n)ej𝛽( 2n−1

2
)dcos𝜃 (24)

= ej2𝜋(f0±mfp)t2.
N/2

∑
n=1

(𝛿2
n − 𝛿1

n) [sinc {m𝜋 (𝛿2
n − 𝛿1

n)}]

× ej[{𝛽( 2n−1

2
)dcos𝜃}−{m𝜋(2𝛿1

n+𝜉n)}] (25)
The final array factor expressions for the central beam and first-

order harmonic beams can be represented as

AF0 (𝜃, t) = ej2𝜋(f0)t.2
N/2

∑
n=1

(𝛿2
n − 𝛿1

n) e
j𝛽( 2n−1

2
)dcos𝜃 (26)

AF−1 (𝜃, t) = ej2𝜋(f0−fp)t.2
N/2

∑
n=1

(𝛿2
n − 𝛿1

n) [sinc {𝜋 (𝛿1
n − 𝛿2

n)}]

× ej𝜋fp(2𝛿1
n+𝜉n)ej𝛽( 2n−1

2
)dcos𝜃 (27)

AF+1 (𝜃, t) = ej2𝜋(f0+fp)t.2
N/2

∑
n=1

(𝛿2
n − 𝛿1

n) [sinc {𝜋 (𝛿2
n − 𝛿1

n)}]

× e−j𝜋fp(2𝛿1
n+𝜉n)ej𝛽( 2n−1

2
)dcos𝜃 (28)

It is clear from equation (25) that the time-modulated array
with a shifted time scheme incorporates a specific term in the

antenna response, i.e., ej[{𝛽( 2n−1

2
)dcos 𝜃}−{m𝜋(2𝛿1

n+𝜉n)}], responsible
for the static phase distribution with a delay. So, a phase diver-
gence can be implemented by controlling the two parameters 𝛿1

n
and 𝜉n (= 𝛿2

n − 𝛿1
n) by maintaining the other parameters as con-

stants. To elaborate further and to measure the starting instants
(𝛿1

n) of each element, the aforementioned phase-divergence expres-
sion can be set to zero, as e0 = 1 yields uniform phase deviation
for the impinging array signals. This shows an extra advantage of
time-modulation, as no external phase shifters are needed to pro-
vide the necessary deviation required for the scanning or steering
performance. The starting instant (𝛿1

n) can be calculated by taking

ej[{𝛽( 2n−1

2
)dcos 𝜃}−{m𝜋(2𝛿1

n+𝜉n)}] = 1, which shows that a uniform
and static phase distribution is applied. The phase distribution can
be simplified by deriving the 𝛿1

n for a prespecified angle 𝜃0 as

𝛿1
n = [𝛽 (2n − 1) dcos𝜃0

4m𝜋 − 𝜉n
2 ] (29)

Using the above derivation, the pulse-shifting instants, or the
shiftedON-times of each element, may be derived to scan them-th
harmonics at a prespecified direction 𝜃0.The research in this article
specifically focuses on designing a time-modulated beamformer by
exploiting the first harmonic beams as the first harmonics contain
most of the power following the central beampattern. So, the above
derivation can be generalized for the first positive and the negative
harmonics (m = ±1) as

𝛿1
n = [𝛽 (2n − 1) dcos𝜃0

4𝜋 − 𝜉n
2 ] mod 1 (30)

Here, mod denotes the module operation, used to describe the
symmetric nature of the harmonic beams (m = ±1). After model-
ing the shifting times to scan the first-order harmonics toward 𝜃0,

the next step of the design process is to optimize theON-time dura-
tions 𝜉n (=𝛿2

n−𝛿1
n) or the time periods of each element of the array.

Controlling 𝜉n can reduce the SLLs of the radiation patterns; for
this, a quantum-approximated optimization technique is adopted
in this research. Further, the higher-order harmonic beams can also
be suppressed if the beamformer is properly optimized.

Quantum-inspired optimization

Thequantum-inspiredmetaheuristic algorithm is employed in this
research to design an optimized beamformer that cancels interfer-
ences by suppressing SLLs. The SLCB proposed in this research is
designed specifically for radar scanning and anti-jamming. So, sup-
pressing SLLs across all scanned or steered patterns is absolutely
necessary. Parameters like SLLs of the main beam and the first side
beams, along with all the other higher SBLs, are aimed to be sup-
pressed using optimization algorithm. The popular, well-known
swarm-intelligence-based PSO algorithm has long been used to
solve real-world engineering problems. It has also been rigorously
applied to antenna beam pattern synthesis [51, 52]. However, it is
inefficient when multiple objectives are targeted simultaneously. A
more powerful quantum-based PSO is employed in this research
to achieve multiple objectives of the beamformer.

PSO was originally proposed by Kennedy and Eberhart in 1995
[53]. This population-based swarm intelligence optimization algo-
rithm was inspired from the properties of fish schooling or bird
flocking. The particles of a population of size “N” usually move
around in the multi-dimensional or “D” dimensional search space
to find optimal and suboptimal solutions, based on some math-
ematical modeling that analyses the trajectories of each particle
in terms of its velocity and position. In a traditional or classical
PSO, the velocity (vi) and position (xi) of the ith (1 ⩽ i ⩽ N)
particle at some iteration instant t can be presented Kennedy and
Eberhart [53]

vi (t) = [vi,1 (t) , vi,2 (t) , vi,3 (t) , … , vi,D (t)] (31)

xi (t) = [xi,1 (t) , xi,2 (t) , xi,3 (t) , … , xi,D (t)] (32)

The trajectories of the ith particle in terms of its velocity and
position are updated as follows [53]:

vi,d (t + 1) = {w.vi,d (t)} + {c1.rand1. (pbesti,d (t) − xi,d (t))}
+ {c2.rand2. (gbestd (t) − xi,d (t))} (33)

xi,d (t + 1) = xi,d (t) + vi,d (t + 1) (34)

Here, w is the weight of inertia, vi,d (t + 1) is the updated velocity
of the ith particle for the dth (1 ⩽ d ⩽ D) dimension, xi,d (t + 1)
is the updated position, c1, c2 are the learning coefficients, rand1,
rand2 are random numbers ∈ (0, 1), pbesti,d (t) gives the best
position of the ith particle for dth dimension at tth iteration, and
gbestd (t) denotes the best of all the “N” particles for dth dimension.
Now, each particle will converge to its best position if the upper
limit𝜑k,d is properly selected.Thebest convergence of each particle
can be denoted by Kennedy and Eberhart [54]

pi(t) = [pi,1(t), pi,2(t), pi,3(t), … , pi,D(t)] (35)

Here, pi,d (t) = {(𝜑1,d*pbesti,d(t))+(𝜑2,d*gbestd(t))}
(𝜑1,d+𝜑2,d)

and 𝜑1,d, 𝜑2,d ∈
(0, 1) are uniformly distributed [55].
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In classical mechanics, the trajectory of a particle in the search
space can be determined by its velocity vector ⃗v and position vec-
tor ⃗x. The particle can move along this trajectory according to
Newtonianmechanics, but in the quantum regime, it does not have
a trajectory, as the simultaneous determination of ⃗v and ⃗x is not
possible due to the uncertainty principle [54]. The particle in a
quantum-inspired PSO moves within the potential field, exhibit-
ing bound-state behavior. Among various potential field models
in quantum mechanics, Delta Potential Well is one of the sim-
plest and most elegant models, giving one bound state with a finite
energy, a localizedwave function, and confinement to a region.The
quantum state of the particle moving in the Hilbert space can be
represented by wave function 𝜓 (x, t). TheDelta Potential Well has
a sharp, localized effect, with only one bound state because of the
specific nature of a delta function, which allows only one state to
exist. More precisely, in a Delta Function 𝛿 (x), the value is zero
everywhere except at x = 0, and the integral value over the range
is unity, which may be shown as follows [54]:

𝛿 (x) = { ∞, x = 0
0, x ≠ 0

and

∞

∫
−∞

𝛿 (x) dx = 1 (36)

Considering the particle in one-dimensional space, the delta
potential in its ideal form can be given as [54]

V (x) = −𝛼𝛿 (x) (37)

Here, 𝛼 is a positive coefficient that represents the strength of
the potential field analogous to the depth of the Delta Potential
Well, and 𝛿 (x) denotes the Dirac Delta Function that represents a
potential with finite strength having an infinitely narrow response
at x = 0. To achieve the bound state in a potential well, the energy
of the particle must be less than zero (E < 0). In a bound state,
the particle is confined or trapped within the potential well and is
unable to escape the well unless energy is supplied. It shows that, in
the bound state, due to the negative energy, the particle is trapped
and thewave function𝜓 (x, t) is localized around the potential.The
wave function𝜓 (x) at a particular instant decay exponentially away
from x = 0, which reflects the fact that the particle has maximum
probability of occurrence near the potential well and that the prob-
ability decreases far from the well. Now, assuming all the particles
of PSO are under a quantum potential well and attracted towards a
center point pi,d (t) for best convergence, the updated position of
the ith particle sampled from the probability distribution around
pi,d (t) can be given Agarwal et al. [55]

xi,d (t + 1) = pi,d (t) ±
Li,d (t)

2 ln( 1
ui,d (t)

) (38)

Here, ui,d (t) is the uniform random number ∈ (0, 1), and
Li,d (t) represents the dynamically adjusted potential well length
around the mean best position of the ith particle in the quantum
potential well, given by Agarwal et al. [55]

Li,d (t) = 2𝛽. ∣mbestd (t) − xi,d (t)∣ (39)

Here, 𝛽 is the contraction-expansion parameter that gradually
decreases over time to ensure good exploration at the initial stage
and better exploitation at later stages for optimal fine-tuning of the
solution. Putting the above expression in equation (38), the final
position update equation of quantum-inspired PSO becomes [55]:

xi,d (t + 1) = pi,d (t) ± 𝛽. ∣mbestd (t) − xi,d (t)∣ .ln( 1
ui,d (t)

)

(40)

The final expression shows that, in quantum-inspired PSO, only
the parameter 𝛽 needs to be controlled, rather than w, c1, and c2
in classical PSO. The major advantage is that no velocity update
expression is required to update the position of a particle, which
further simplifies the optimization process by providing quicker
results and avoiding the risk of trapping in local optimum. These
added advantages ultimately help to achieve multiple objectives
within a short time period.

This research on time-modulated arrays also deals with mul-
tiple objectives, such as SLL canceller for the main beam and the
harmonics, steering the first harmonics efficiently so that other
higher harmonics are suppressed, placing a single null in prespec-
ified directions for anti-jamming, along with sectorized jamming
mitigation bymaintaining decent SLLs for all the desired beampat-
terns. In this regard, the timing instant and period of each antenna
in the array play the most important roles, and the mathemati-
cal modeling presented in the earlier section also supports this. To
optimize the performance using quantum-inspired PSOalgorithm,
all the desired objectives of the proposed research are framed into
a single objective function as follows:

Ψ⟨𝜉n⟩ = ⎡
⎢
⎣

N

∏
i=1

⎧{
⎨{⎩
wSLL

⎛⎜⎜
⎝
H [S̃LL − SLL⟨𝜉n⟩]

∣S̃LL − SLL⟨𝜉n⟩∣
2

∣S̃LL∣
2

⎞⎟⎟
⎠

⎫}
⎬}⎭

⎤
⎥
⎦ m=0

m=±1

+ [
N

∏
i=1

{wSBL (
PSB⟨𝜉n⟩
PT⟨𝜉n⟩

)}]
m≠0
m≠±1

(41)

The first part in the above equation tries to cancel out the side-
lobes for the main beam (m = 0) and the first side beams (m =
±1) by calculating over all the iterations (i = 1, 2, 3, … , N),
where S̃LL is the desired level of sidelobes and SLL⟨𝜉n⟩ shows the
actual level of sidelobes generated after a particular ith iteration for
m = 0, ±1. H(⋅) is the Heaviside step function designed for sud-
den changes in SLLs. The second part completely deals with the
suppression of higher side beams generated at an infinite num-
ber of harmonic frequencies except m = 0, ±1, i.e., for all the
harmonics from m = ±2 to infinity. The aim is to address these
multiple objectives within a single optimization framework using
the quantum-inspired PSO.

Results and analysis

The research aims to design an efficient sidelobe-canceller beam-
forming network (BFN) that incorporates the time-modulation
concept for electronic beam scanning and jamming in radars.
The mathematical modeling of the time-modulated beamformer
is derived in the earlier sections. The main controlling parame-
ters of the array beamformer are the switching instants (𝛿1

n) and
the ON-time durations (𝜉n) of each element. The mathematical
prospect of an 8-element beamformer with shifted time instants
and optimized ON durations of each element is modeled with a
quantum-inspired PSO algorithm. The performance of the pro-
posed 8-element beamforming array in achieving multiple goals
is discussed in the following subsections.
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(a) (b)

(c)

Figure 3. Optimized sidelobe cancelling beamforming time schemes for (a) ±15°, (b) ±30°, and (c) ±45° scanned beams.

Sidelobe canceller beam scanner

The quantum-inspired 8-element time-modulated beamformer
array is intended to suppress interfering signals arriving at or
transmitted from the sidelobes. It also creates simultaneous
scanned beam patterns at prespecified directions between 45° and
135°, covering a broad angular region of 90° in the broadside.
To design a sidelobe-canceller beamformer, the mathematically
derived shifted time instant in equation (38) is used to obtain the
normalized starting instant (𝛿1

n) for each element, and the nor-
malized ON-time duration (𝜉n) of the array is optimized using
the single-objective function in equation (41). The desired level of
projected S̃LLs across all radiation patterns is set to −20 dB. The
quantum-optimized starting instants (𝛿1

n) and the time duration
of each element constitute the optimal beamforming time scheme,
which ultimately includes the desired cumulative phase deviation

in the overall array radiation pattern.Three different scanning per-
formance cases are aimed at exploiting the first-harmonic beams
while keeping the main beam constant in the broadside direc-
tion. In Case 1, the scanned harmonic beam patterns are targeted
toward 75° and 105°, i.e., 15° deviated from the broadside using
the first negative and first positive harmonics (m = ±1). To check
the adaptiveness of the proposed beam scanner, the first negative
and first positive harmonics are also steered toward 60°, 45°, and
120°, 135° in Cases 2 and 3, respectively.The optimal time schemes
for all different pairs of scanned beams are given in Fig. 3(a), (b),
and (c). The sidelobe-canceller scanning patterns generated with
the optimal switching schemes are shown in Fig. 4(a), (b), and
(c). In Fig. 3(a), the beam scanner is designed to scan the first
harmonics to 75° and 105°, and the corresponding radiation char-
acteristics, presented in Fig. 4(a), shows that the goal is achieved
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Figure 4. Optimized time-modulated beam scanning patterns with (a) ±15°, (b) ±30°, and (c) ±45° scanned beams.

by pointing the first negative harmonics at 74.89° and the first pos-
itive harmonics at 105.11°. Similarly, the desired goals of Case 2,
with scanned beams toward 60° and 120°, are also achieved by the
optimal time scheme presented in Fig. 3(b). The scanned beams
are pointed at 60.11° and 119.89°, as shown in Fig. 4(b). In Case
3, the scanning patterns at 45° and 135° are also achieved with the
quantum-inspired optimal time scheme given in Fig. 3(c), and the
corresponding scanned patterns are validated in Fig. 4(c).

The SLLs for the main beams, created along with the scanned
beams, are suppressed to −34.8 dB, which shows an impressive

improvement over the −13 dB SLL of the uniform array pat-
tern (without optimizing 𝜉n). The SLLs of the first harmonics are
also reduced to −22.8 dB, which provides convincing performance
against the targeted objective of −20 dB S̃LL for interference rejec-
tion. Only the central pattern and the first harmonic patterns
are exploited to achieve the desired beam-scanning objectives.
To show that the optimized beamformer creates power-efficient
beam-scanning radiating patterns, all higher-harmonic beams,
except the first, are also reduced. The higher-order harmonics
are suppressed as an effect of the second part of the constructed
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(a) (b)

Figure 5. Optimized single-point jammer time schemes for placing deep nulls at (a) 40°, 140°, and (b) 60°, 120°.

(a) (b)

Figure 6. Jamming with deep nulls at (a) 40° using the positive harmonics and (b) 140° using the negative harmonics.

objective function, and the radiated power in higher sidebands
up to 10 harmonics is calculated by using the closed-form side-
band power equation derived in equation (22). The main beam
and the first harmonics consume the largest portions of the total
radiated power, i.e., 39.9% and 20.8%, respectively. The radiation
power efficiency of the scanned patterns in the time-modulated
sidelobe canceller beam scanner is 81.5%, and the total wasted
power in higher harmonics is 18.5%. The other radiation proper-
ties, such as the half-power beam widths (HPBWs) of the main
beams, are reported as 17.4° for all three cases. The HPBWs for
the ±15°, ±30°, and ±45° scanned beams of all the three cases are
reported as 16.4°, 18.5°, and 23.6°, respectively.The directivities for
all the cases aremeasured as 8.5 dB.The analysis shows that an effi-
cient time-modulated sidelobe-canceller beam scanner is designed
in this research to address themuch-needed radiation performance

requirements for radars. The SPST RF switches used to implement
the proposed switching scheme for beam-scanning applications
also incur losses in a practical scenario, depending on the ON and
OFF timings of the switches. The RF switching efficiency for SPST
switches can be calculated as the ratio of the sum of the total ON
time to the overall ON andOFF timewithin themodulation period
[27]. The RF switching efficiency for beam scanning is calculated
as 61.2%.

Single-point time-modulated jammer

The adaptability of the time-modulated beamformer is further
tested to meet the advanced radar requirements, such as steering
the strategic nulls toward jammers. The idea is to point a zero-
signal space into the angular region so that interfering signals
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(a) (b)

Figure 7. Jamming with deep nulls at (a) 60° using the positive harmonics and (b) 120° using the negative harmonics.

(a) (b)

Figure 8. Optimized sectoral jammer timings to suppress (a) 0° to 65° and 115° to 180°, (b) 40° to 80° and 100° to 140°.

in this region can be blocked. The normalized time scheme for
the beamformer is designed to place single nulls by scanning the
first-harmonic beams of the 8-element array for jamming miti-
gation. The first case of a single-point jammer with the first har-
monics is targeted by producing zero-signal regions at 40° and
140°. Similarly, the second case of a single-point jammer aims to
place single nulls at 60° and 120° using the symmetric first-order
harmonics on both sides of the main beam pattern. In Case 1,
the optimal time scheme for the proposed single-point jamming
beamformer is aimed to place null points at 40° and 140°, as shown
in Fig. 5(a), and the optimal pulse scheme for the second case for
placing nulls toward 60° and 120°, is depicted in Fig. 5(b). The
corresponding radiation patterns for a single-point anti-jammer
are shown in Figs. 6 and 7. In Fig. 6(a), the first positive har-
monic is scanned such that a deep null of −98.5 dB is obtained

at 40°. Similarly, the first negative harmonic beam also creates a
deep null of the same magnitude at 140°, given in Fig. 6(b). For
the second case, the single-point jamming beamformer produces
the zero-signal regions by placing deep nulls with −110 dB mag-
nitude at 60° and 120° using the first positive and first negative
harmonic beam patterns. The single-point jamming performances
of Case 2 with the positive and negative harmonic responses are
given in Fig. 7(a) and (b), respectively. The main beams are unal-
tered in the broadside direction. In addition to that, the same level
of SLLs, i.e., −34.8 dB and −22.8 dB, is alsomaintained for themain
beam and harmonic beams, respectively.The radiated power in the
main beam pattern is 39.9%, and the first harmonic beams con-
sume 20.8% power. The directivities for all the cases are reported
as 8.5 dB. The RF switching efficiency for the SPST configurations
proposed for the time-modulated single-point jammer is reported
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(a) (b)

Figure 9. Sectoral jamming patterns to suppress (a) 0° to 65° and (b) 115° to 180° using positive and negative harmonics.

(a) (b)

Figure 10. Sectoral jamming patterns to suppress (a) 40° to 80° and (b) 100° to 140° using positive and negative harmonics.

as 61.2%. The radiation patterns simulated using MATLAB soft-
ware are also cross-validated against the CST Studio-based results
for the 8-element dipole antenna arrays. The outcomes have
shown close resemblance for the single-point time-modulated
anti-jammer application. The proposed sidelobe-canceller beam-
former performance for the single-point jammer shows much-
needed adaptability and improved reception of the intended signals
by blocking the unintended ones.

Sectorized time-modulated jammer

The idea of a time-modulated sidelobe-canceller jammer is further
expanded in this section by proposing an adaptable beamformer
to suppress interfering signals over a broad region or sector, rather
than placing a deep null at a particular point. Two different cases

of sectorized jamming are addressed in this research,where Case 1
dealswith sectorized anti-jamming in the regions 0° to 65° and 115°
to 180° using the first positive and first negative harmonic beams,
respectively. InCase 2, the sectorized jamming is aimed to suppress
signals in the regions 40° to 80° and 100° to 140° using first-
order harmonics.The angular sectors are intended to suppress S̃LLs
below −30 dB for jamming mitigation. The quantum-optimized
time schemes for both cases are shown in Fig. 8(a) and (b). The
corresponding sectorized jamming patterns for Case 1 with pos-
itive and negative harmonics are presented in Fig. 9(a) and (b).
The first positive harmonics shown in Fig. 9(a) indicates that a
broad sector from 0° to 68° is suppressed below −30 dB with
a deep null of −99.6 dB at 45°. Similarly, the first negative har-
monics in Fig. 9(b) provides sectorized jamming in the region of
112° to 180°, where the entire sector is suppressed below −30 dB,
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(a) (b)

(c) (d)

Figure 11. Power consumed by the main beam, first harmonics, and higher harmonics patterns for (a) Sidelobe-canceller beamformer, (b) Beam scanner, (c) Sectoral
anti-jammer Case 1, and (d) Sectoral anti-jammer Case 2.

with a symmetric deep null at 135°. For Case 2, the first posi-
tive harmonics shown in Fig. 10(a) produce a sectorized jamming
in the region from 35° to 80°, lowering all the responses in this
region below −30 dB with a deep null of −96.9 dB pointed at 60°.
The symmetric harmonic patterns given in Fig. 10(b) also show
similar sectorized jamming performance in the region of 100° to
145° by pointing a deep null of the same magnitude at 120°. The
SLLs of the main beam and first harmonic beams are suppressed
as −59.8 and −26.5 dB, which shows a convincing performance
over the targeted objective of −20 dB S̃LL for interference rejec-
tion. The directivities of the array in both cases are reported as
8.2 dB. The sectoral jammer also shows efficient power utilization,
with 38.8% and 19.9% of the power consumed by the main beam
and each of the first-harmonic patterns, respectively, in Case 1.
The total power efficiency for the sectorized jamming application

in Case 1 is 78.6%, and the power wasted in higher harmon-
ics is 21.4%. In Case 2, the main beam and the first side beams
accounts for 37.8% and 19.5% of the total radiated power, respec-
tively. The total power efficiency is measured as 76.8%, and the
power wasted in higher harmonics is 23.2%. The power utilized
in desired patterns and wasted in higher-order harmonics for all
the objectives is shown in Fig. 11. The RF switching efficiency for
the SPST configurations proposed in time-modulated sectorized
jammer is reported as 51.8%. The radiation patterns simulated in
MATLABare also cross-validated against CST Studio-based results
for the 8-element dipole antenna arrays.The outcomes have shown
close resemblance for the sectorized time-modulated anti-jammer
application.

The comparison of the proposed beamformer outcomes with
other state-of-the-art works is also presented in Table 1.The SLL of
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Table 1. Comparison of the proposed sidelobe cancelling time-modulated beamformer with other contemporary works

Reference Works SLL(m=0) SLL(m=±1) P(m=0) P(m=±1) P(Efficiency) P(Wasted)

Poli et al. 2011 [6] −21.6 dB −20 dB 30.5% 20.7% 71.9% 28.1%

Poli et al. 2014 (C1) [22] −21.7 dB −20 dB 30.4% 19.3% 69.7% 30.9%

Poli et al. 2011 (C2) [22] −21.2 dB −20 dB 31.5% 19.9% 71.2% 28.7%

Tan et al. 2021 [24] −20 dB −23.6 dB *Na *Na *Na *Na

Gassab et al. 2019 (C1) [34] −30 dB −12 dB *Na *Na *Na *Na

Gassab et al. 2019 (C2) [34] −18.9 dB −23.8 dB *Na *Na *Na *Na

Ram et al. 2021 (C1) [35] −15.9 dB −15.9 dB *Na *Na *Na *Na

Ram et al. 2021 (C2) [35] −17.7 dB −17.7 dB *Na *Na *Na *Na

Ram et al. 2021 (C3) [35] −14.9 dB −14.9 dB *Na *Na *Na *Na

Ram et al. 2021 (C4) [35] −18.2 dB −18.2 dB *Na *Na *Na *Na

Bhattacharya et al. 2017 (C1) [50] −18.3 dB −18.4 dB *Na *Na *Na *Na

Bhattacharya et al. 2017 (C2) [50] −22.4 dB −22.2 dB *Na *Na *Na *Na

Proposed Beamformer (This work) −59.8 dB −26.5 dB 38.8% 19.9% 78.6% 21.4%

*C1, C2, C3, C4 – Different Cases; *Na – Not available

the main beam pattern has improved to −59.8 dB. The SLL for the
anti-jamming first-harmonic beams is −26.5 dB, compared to the
best-reported result of −23.8 dB. The overall power efficiency has
also shown superior performance with 78.6% compared to 71.28%
reported in Table 1. From detailed analysis, it is proven that an effi-
cient and adaptive sidelobe-canceller beamformer is designed in
this research which is capable of electronic beam scanning, side-
lobe cancellation, placing single nulls for single-point jamming,
and suppression of signals for sectoral jamming mitigation useful
for radars.

Conclusion

The research proposes the design of an efficient time-modulated
sidelobe-canceller beamformer array for advanced radar applica-
tions by emphasizing and exploring the electronic beam scanning,
null placing, and jamming mitigation capabilities. Scanning pat-
terns toward prespecified directions is a crucial requirement for
modern radars, enabling the accurate tracking of an object or
intended signals. The associated challenges, such as sidelobe sup-
pression while maintaining the radiation efficiencies of the beam
patterns, are also addressed in this research. Furthermore, optimal
time-scheme frameworks have been developed to provide jam-
ming mitigation characteristics in the desired directions. A com-
plete mathematical model of the switching schemes required to
achieve the objectives in an 8-element time-modulated array is
proposed. In addition to that, the mathematical modeling of the
shifted switching scheme, responsible for a cumulative phase diver-
gence performance, is also presented in this research.Theproposed
sidelobe-canceller beamformer achieves decent scanning coverage
of around 90° in the broadside direction. The simultaneous har-
monic beams of the time-modulated beamformer also ensure good
sidelobe suppression properties bymaintaining below−30 dB side-
lobe levels (SLLs) for all the proposed applications. The SLLs of
the harmonic patterns are also suppressed along with the main
beam, suggesting a simple beamforming network that can affect
all harmonics and the desired beams simultaneously. The elec-
tronic beam-scanning performance shows that the first negative

and positive harmonics are utilized to scan at multiple prespecified
directions, including 45°, 60°, 75°, 105°, 120°, and 135°. The broad
scan coverage from 45° to 135°, with sidelobes below −34.8 dB and
−22.8 dB for interference rejection, is useful for scanning radars.
Further, single-point jammers are targeted by placing null points
in the angle of arrival, and the results show the jamming per-
formance of the proposed single-point jammers at 40°, 60°, 120°,
and 140° with desired sidelobe suppression. The idea is further
expanded to sectorized jamming, where specific regions such as
0° to 65°, 40° to 80°, 100° to 140°, and 115° to 180° are targeted
to suppress signals below the desired level blocking transmission
or reception in those sectors. The overall sidelobes of the main
beam and the harmonic beams are also lowered to −59.8 dB and
−26.5 dB.The radiation power efficiencies of all the proposed appli-
cations also show that around 80% of the power is utilized for
scanning and jamming applications. The proposed results are also
compared with the state-of-the-art research to show their superior
performance.This research proposes and explores time-modulated
beamforming antenna arrays capable of simultaneous electronic
beam scanning and jamming mitigation, with sidelobe reduction
characteristics.
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