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Abstract

This work proposes an innovative method for automatic electronic beam steering of harmonic
patterns using a Time-modulated linear antenna array (TMLAA). We’ve designed a novel fitness
function that enables the electronic steering of the main elegant/harmonic beam along the user-pre

defined Direction of Arrival (DOA) within a wide elevation range of +80" For the first time in this

context, we apply the Particle Swarm Optimization (PSO) algorithm to harmonic beam steering in
TMLAA. PSO is used to find the optimal ON and OFF switching sequence for each array element.
By leveraging the sidebands generated through time-modulation, our method can simultaneously
steer multiple harmonic beams in both positive and negative directions relative to the fundamental
beam. To validate the approach, we consider a 10- and 16- antenna element Time modulated LAA
with uniform spacing and current excitation. Statistical analysis and simulation results confirm the

precise steering of the first £ and second * harmonics, demonstrating the effectiveness and
potential of this method for flexible and efficient beam control.
Keywords: TMLAA, PSO, DOA, Antenna array, SLL.

1. Introduction
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Antenna design plays a crucial role in improving key metrics of communication systems, such as
the signal-to-interference-plus-noise ratio (SINR), bit error rate (BER), and overall throughput.
Compared to a single antenna, an antenna array offers significant advantages, including increased
gain and directivity. To maximize system efficiency, an ideal antenna's radiation beam
characteristics should feature low sidelobe levels (SLL) and a narrow beamwidth. Beam-forming
techniques are widely applied in various fields, including radar, sonar, imaging, and both
geophysical and astrophysical exploration. This process, also known as beam focusing or steering,
involves shaping the antenna's main beam to either concentrate its energy on a specific target or
direct a null toward a source of interference [1].

Controlling an antenna array's parameters is crucial for both electronic beam scanning and
synthesizing specific radiation patterns. A variety of methods, including phase shifters and
true-time delay (TTD) techniques, have been developed for beam steering. For real-time electronic
beam scanning, a phased antenna array is a viable hardware solution that manipulates the relative
phase difference between its components. However, these traditional methods are often too costly
for widespread commercial use and are primarily limited to expensive applications, such as military
systems. Alternatives like frequency scanning arrays, ferroelectric phased arrays, and true-time
delay systems also face the same challenge of high cost, which restricts their application.

The need for a reliable, affordable, and modern approach to electronic beam steering in commercial
applications is critical. Time-Modulation offers an innovative solution by providing a low-cost way
to achieve this. The core idea is to periodically modulate each antenna element, using the resulting
harmonics to steer the beam in various directions [2].

Past methods, like those in [2[, used pre-defined switching consequence, but these were limited to
specific angles and couldn't handle precise, decimal-value steering. This previous work was more
about the switching pattern itself rather than a design based on the desired direction of arrival
(DOA). While harmonics are often seen as wasted energy, our method harnesses them to achieve
beam scanning of hormonic frequency. This can be found out either with a predefined switching
sequence or an optimum ON-OFF switching instant. Previous research yielded excellent results for
obtaining maxima harmonic beam changing or steering, but it relied on predefined time sequences
[2]. This approach isn't practical for our work, as the sequence of time must change several times
the beam angle, or theta, is adjusted. To overcome this limitation, we have developed an empirical
formula, or cost function, that dynamically updates the ON and OFF times in response to any
change in theta. This ensures the system can adapt to a new steering direction without needing a
manually predefined sequence, making it more flexible and efficient. While the properties of a
TMLAA are a powerful attribute, a designer would never want to reduce the system with a optimal
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sidelobe level ("SLL") or sideband level ("SBL"). If every element in a TMLAA is active over the
whole modulating time, The radiation pattern will resemble that of a linear array with uniform
magnitude [3].

In the conventional approach to SLL reduction, Dolph pioneered several methods using specific
excitation coefficients, which other researchers later expanded upon. Plotting radiation patterns for
Dolph-Chebyshev, Binomial, and Taylor series arrays can be done using the same approach.
Although this idea can be modified for TMLAA, the system's design would become more intricate
and costly if high-valued weights were used. A great deal of the current research on
Time-Modulated Linear Antenna Arrays (TMLAA) focuses on both their advantages and effective
ways to minimize wasted radiated power. To achieve this, various evolutionary algorithms are used,
such as Genetic Algorithms (GA), and further recently, the Harmonic Search Algorithm (HSA) [4],
Particle Swarm Optimization (PSO), and Noval Particle Swarm Optimization (NPSO). Other
methods to govern the Side Lobe Level (SLL) [5,6]. Heuristic algorithms often struggle with two
major issues: getting trapped in a local optimum and a lack of adaptability across different types of
problems. To solve this, meta-heuristic approaches have been developed, many of which are
inspired by the collective behaviours observed in nature. The Particle Swarm Optimization (PSO)
algorithm, a widely-used meta-heuristic, has been successfully applied to numerous engineering
challenges. These applications include tasks such as optimizing power flow in electrical grids,
solving data analysis and clustering problems, and performing various functions in digital image
processing. This study represents the first application of a population-based PSO algorithm to solve
the TMLAA (Time-Modulated Linear Antenna Array) problem, specifically by optimizing its
performance. Statistical analysis can be employed to evaluate the effectiveness of this new
approach [7,8].

Research Objectives and Methodology

This study aims to compare the effectiveness of two different antenna array sets, The research
objectives are:

Here is a summary of the key advantages of our proposed TMLAA (Time-Modulated Linear
Antenna Array) approach compared to existing methods, along with the innovative steps we've
taken to overcome previous challenges:

a. Unique Fitness Function: We've developed a novel fitness function that concurrently minimizes
Side Lobe Level (SLL) and Side Band Level (SBL). This function also includes constraints on First
Null Beamwidth (FNBW) and beam steering, which significantly enhances the uniqueness of our
method.
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b. Wide Steering Range: The proposed TMLAA is capable of steering the harmonic beam across a

broad range of angles, 80"

2. DESIGN methods.

In this section presents a detailed method for simultaneously achieving beam-steering and reducing
both Sidelobe levels and Sideband levels. Consider a TMLAA consisting of $N$ isotropic elements
arranged in fig 1. This linear array of isotropic antennas has a uniform amplitude and an

inter-element spacing of 212 petween any two adjacent elements. If a plane wave with an angular

frequency of @o impinges on the array at an angle relative to the sideways, the time-modulated

Array Factor (AF) for this configuration is given by the following equation [8]:

. N-1 . .
AF(O,t) — e‘]wor z Wnun (t)e](kndsmeJrﬁ)
(1)

As shown in figure 1 geometry of Linear antenna array.

A Y axis
A d4 a4 a d ed ) 4 4
—> —> —> —> < X-axis
«  a mm . .0. . . . = >
“Nuveaa-4 -3 4 sasss N

Figure. 1. Geometry of Linear antenna array.

2

The array's excitation values are displayed as Wi A, theta ( 0 ) is the incident angle on the
elevation plane in the direction of the frontal, and u, (1) is the regular function/behaviours with a

period T B phase setback between every element (in this work p=0 ). The operational signal
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period ( T ), which is associated with T T, , 1s significantly smaller than this. Since
the fundamental frequency is the source of the harmonic beams, choosing the right switching
frequency is an essential first step. A key consideration when choosing this frequency is to ensure
its significantly lower than the essential frequency. The particular application and the accessibility
of useful switches determine the lower limit for the switching frequency. For multi-tone
communication systems, the Changing frequency is crucial. It must be less than the essential

frequency ( Jo ) but greater than the channel bandwidth. This ensures that both the fundamental and

first harmonic beams can be accommodated within the communication systems [9,10].
An RF-switch then controls the ON and OFF instant sequence for each antenna element in a
time-modulated array. This control can be represented as:

1,0<7,, ,<T,,<T;
un (t) = {Ocherwise !

. . h o .
"woand "7+ are ON and OFF time of that particular n" element in this study, we model the switch

as a rectangular function. Since this function is periodic, we can represent it as a series of rapidly
harmonics using a flourier series, as indicated in the equation:

0 .
u, ()= a,e™
m=—o0

. . . a .
Fourier series coefficients ( "7 ) are obtained from

1 T, — jmw t
:F:-[O un(t):e J Sdt

s

mn

The variable " stands for the harmonic order (for example, 7 =1 corresponds to the first

harmonic). The Fourier coefficients, % | can be expressed more simply using the switching ON

and OFF time instances, as shown in the equation below [11,12]. weights of Array can be expressed
by, then eq. (1) can be modified as:

> J(wo+mwg )t al jknd sin@
AF(0,t)= > ™™ Y a e

m=—wn n=0
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3. Particle Swarm Optimization (PSO) algorithm

Particle Swarm Optimization (PSO) is a metaheuristic, population-based optimization algorithm
inspired by the social behaviours of swarms, such as a flock of birds or a school of fish. In PSO,
each potential solution is a "particle" that moves through a search space. Each particle's movement
is guided by its own best-known position and the best-known position of the entire swarm. This
combination of individual and collective intelligence allows the swarm to converge on the optimal
solution. The core of the algorithm lies in two key equations that update the velocity and position of
each particle in every iteration [13.14].
Velocity Update Equation: The velocity of a particle is influenced by three components: its
previous velocity, its personal best position, and the global best position of the swarm [15].
Mathematical Formulas: Velocity Update equation as follows

k

Vit = w! + ¢ 1 (pbest, — x!) +c,r, (gbest — x!)

1

k+1 . t .
Where ¥ is new velocity of particle ! at iteration k+1 Vi ig current velocity of particle ! at

. . . . C. C . . 1, 7,
iteration k, W is weight factor, ~! and “2 are the acceleration coefficients, ! and "2 are the

random numbers, ? best, is the personal best of the ¢ element and ghest g global best.

Position Update Equation: A particle’s position is simply updated by adding its new velocity to its
current position.
= x4

1

Evaluating the Fitness Function: The fitness function is a key component of any optimization
algorithm. It serves as a metric to evaluate how well a given solution performs. The goal of the
optimization algorithm is to find the set of input parameters that either minimizes or maximizes this
function's output. In the context of antenna array design, the fitness function is used to quantify the
"goodness" of a particular configuration. The algorithm's objective is to find the optimal values for
control parameters, such as ON-OFF switching times, that result in a radiation pattern with the
desired characteristics. For example, a fitness function might be designed to: Minimize Side Lobe
Levels (SLL): This is crucial for reducing interference. Maximize Directivity: This focuses the
signal's energy in a specific direction. Steer the Main Beam: The function can measure how close
the main beam's direction is to the desired angle. By iteratively testing different parameter
combinations and evaluating them with the fitness function, the optimization algorithm can
converge on the best possible solution for a given problem.
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Fitnessfunction = AF,_(0,)+ AF,_,,(0,)+F,_,(6;)
Where ¢ =90degrees, 6, =+80degrees 0, = +80degrees

Optimizing ON-OFF Switching: The optimization order for the ON-OFF switch is chosen to

. . . . . t Nt .
ensure a specific sequence and timing. We've established two primary constraints: "~ "% : The

T N

. . . . T 4 .
"on" time for each switch must be less than or equal to its "off" time. "'~ "°/» : The "on" time

of a given element (7 ) must be greater than or equal to the ON time of the preceding element (

n—=1Y) Furthermore, following checking constraints are given to a set of three succeeding items to

guarantee smooth and reliable movements. This rigorous set of rules helps maintain the integrity of
the switching sequence and optimize performance. To obtain the optimal ON and OFF sequences
for each beam steering state, the PSO (Particle Swarm Optimization) algorithm was executed. This
process involved individually running the algorithm for each desired steering angle, with the fitness
function specifically designed to evaluate and optimize the switch sequence for that particular state

4. Results of Simulation

The time modulation frequency is typically much less than the frequency of the main signal. This is
a fundamental principle in time-modulated antenna arrays, as it allows the system to generate and
control harmonic sidebands without interfering with the primary signal's carrier frequency that is

I <1, . Rather than continuously energizing each antenna element, they're activated only for a

rnST;>]:) Tn(OSTnSI;)tO

. . . T .
specific, predetermined duration. "7 whose range is Now

implement this constraint in a PSO algorithm, the condition you're referring to, where the ON time
of every element in a linear array must not exceed a certain value, should be set as an upper bound
for the optimization problem. This means that during the optimization process, the PSO algorithm
will search for solutions where each particle's position vector, which represents the ON times of the
elements, adheres to this limit. If a particle's movement causes any ON time to exceed the upper
bound, its position is adjusted or "clamped" back to that maximum value. This ensures that the
algorithm only explores physically realistic and valid solutions within the defined constraints.
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Beam Steering of LAA
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Figure. 2. Array Factor (AF) of a 10-antenna element Time modulated LAA, beam steering toward
the user-defined Direction of Arrival (DOA).
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Figure. 3 Scanned beam radiation patterns polar form for 10-elements.
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Figure. 5 Array Factor (AF) of a 16-antenna element Time modulated LAA, beam steering toward
the user-defined Direction of Arrival (DOA).
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Figure. 3. Scanned beam radiation patterns polar form for 10-elements.
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Figure. 7 Switching sequence for 16 elements.

As shown in figure 2 represents the radiation pattern of the antenna array for 10 elements user

. . . . . 0 . = .
defined beam or direction of arrival at main beam is @, first hormonic frequency (m==£1) i

60° and 25" , for second hormonic frequency (m==£1) i5 60" ang 25" Figure 3 indicates the

scanned beam of polar form represents the beam steering or user defined direction and finally from
figure 4 explained about the switching time sequence for 10 elements.
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As shown in figure 5 represents the radiation pattern of the antenna array for 16 elements user

L . . .o ) = ) 0
defined beam or direction of arrival at main beam is €, first hormonic frequency (m==2) js 65

and —24°, for second hormonic frequency (M =%*2) js —65" and 24° . Figure 6 indicates the

scanned beam of polar form represents the beam steering or user defined direction and finally from
figure 7 explained about the switching time sequence for 16 elements.

Conclusion

This paper presents a method for automatic electronic harmonic beam steering using the Particle
Swarm Optimization (PSO) technique to direct a beam toward a user-defined Direction of Arrival
(DOA). Our proposed, population-based cost function effectively achieves the desired results.
According to our simulation results, by this fitness function enables optimal beam steering to any

angle within the range of 80" Once the desired DOA is known, the only delay experienced is the
time it takes to read from memory. The chosen cost function successfully employs the PSO method
to determine the ideal ON and OFF switching times. Our results also show that it is possible to
simultaneously detect multiple signals coming from various angles. However, outside the range of

+80"  The side lobes become dominant, resulting in a high level of interference. We also find that

the fitness function must be graceful to its augmentation.
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