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Abstract: In this paper, a model based on constraint convex optimization is proposed for the radiation
pattern synthesis in cylindrical and spherical microstrip conformal array antennas. The optimization
algorithm is modeled to decrease the Euclidean distance between the obtained radiation pattern of
the deformed array and the desired radiation pattern of the planar array by calculating the suitable
amplitude and phase values for the individual array patches. Four prototypes of 2× 2, 3× 3, 4× 4,
and 5× 5 microstrip patch array antenna are used as the radiating elements which are deformed
from planar arrangement and placed on the faces of prescribed spherical and cylindrical shapes
with various radii of curvatures. The results reveal that the performance of optimization algorithm
performs better in 5 × 5 array, followed by 4 × 4 array, 3 × 3 array, and 2 × 2 array. However,
5× 5 array provides more degrees of freedom for tuning the radiation pattern in desired form. The
5× 5 array computes suitable amplitude and phase values for the radiating elements of the array,
which restore the radiation pattern in terms of mainlobe reconstruction, null locations, sidelobe
levels, up to the deformation of 20 cm in both spherical and cylindrical configurations of conformal
array. The proposed optimization technique when applied to conformal antenna array offers fast
computational speed and good convergence accuracy for radiation pattern synthesis, which can be
useful for various engineering applications.

Keywords: constraint convex optimization; conformal array antenna; radiation pattern correction;
mainlobe; sidelobe levels

1. Introduction

Conformal arrays can also be used in 5G applications to improve the performance
and efficiency of wireless communication systems [1]. Indeed, 5G networks require a
high density of small cells, which can be challenging to deploy in urban environments.
Conformal arrays can help by providing compact and adaptable antennas that can be
easily integrated into existing infrastructure, such as lamp posts or building facades. One
of the main advantages of conformal arrays in 5G applications is their ability to provide
directional coverage [2]. With beamforming capabilities, the arrays can steer the signal
towards a specific area or user, increasing the signal strength and improving the overall
network capacity. Conformal arrays are a type of antenna array that are designed to
conform to the surface of a particular structure or platform, such as an aircraft, vehicle, or
building. This means that instead of having a traditional flat or planar antenna array, the
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conformal array is shaped to fit the curvature of the structure it is mounted on, resulting in
improved aerodynamics and reduced radar cross-section. Conformal arrays can use digital
signal processing techniques to steer and shape the beam in multiple directions, even in
real time. The combination of the conformal design and beamforming capabilities make
these arrays well-suited for a variety of applications, including military and aerospace
systems where high performance and low visibility are critical. They can also be used in
commercial applications, such as for wireless communication or radar systems [3].

Antenna surface deformation significantly deteriorates the radiation performance of
an antenna [4]. When an antenna is designed, its surface shape is carefully engineered to
achieve specific radiation properties, such as beam pattern, polarization, and gain. Any
deformation of the surface can cause changes in these properties, which can lead to a
degradation of the antenna’s performance. One common effect is the variation in the
resonant frequency of antenna. This can occur when the deformation alters the physical
measurements of the antenna, which in turn changes its resonant frequency. As a result,
the antenna may no longer be optimized for the frequency at which it is intended to
operate. Another effect of surface deformation is a change in the antenna’s radiation pattern
including sidelobe level (SSL) elevation, broadside beam divergence, nulls positioning
alteration, and lower antenna gain. In order to moderate this surface deformation effect,
it is important to include an adaptive pattern synthesis capability system in the antenna
array, which can correct for the distortion and maintain the desired radiation pattern. This
paper examines the impact of static deformation for several configuration of cylindrical
and spherical structures of conformal array antenna, which is deformed from planar
configuration.

Radiation pattern synthesis in conformal array antennas is usually more complex as
compared to planar arrays. This involves designing and optimizing the radiation pattern
of the antenna to meet specific performance goals [5]. The radiation pattern describes
the directional characteristics of the antenna’s electromagnetic field, and the optimization
process involves adjusting the position, orientation, and phase of the antenna elements to
achieve the desired pattern. The main goal of synthesizing the array pattern in conformal
arrays is to attain the desired radiation pattern through adjusting the mutual coupling
effect, weight excitations, and polarization information of the array. In literature, a va-
riety of methods and algorithms has been employed to resolve the synthesis problem
for radiation pattern correction in conformal array antennas. In mechanical correction
techniques, the compensation algorithm synthesizes the radiation pattern by adaptively
changing the contour of the array surface and the location of the radiating elements with
the help of mechanical beam steering conformal transmitarray [6], mechanical translation
of the parasitic elements [7], driving mechanism, dielectric elastomer actuator [8], tuning of
antennas with mechanical action [9], and employing electro-active polymers to adjust the
antenna pattern [10]. However, these techniques demand sophisticated control strategies,
micro servos, additional mounting space, sustainable power supply, and have a limited
accuracy for the adjustment of radiation pattern with slow reaction time. Compared to the
mechanical techniques, the electrical correction techniques correct the radiation pattern
with high accuracy, in lesser time, and without the need of mechanical adjustments in the
array. To compensate the field distortion, a variety of numerical methods and optimization
algorithms has been used to optimize the field pattern in phased array antennas owing
to the computer hardware limitations. These optimization methods include several evo-
lutionary and probabilistic techniques that iteratively look-up and adjust the parameters
determining the best-fitted results. For example: Method of moments [11]: This is a numer-
ical method that solves Maxwell’s equations to compute the antenna’s radiation pattern.
The method involves discretizing the antenna’s surface into small segments and solving for
the electric and magnetic fields at each segment. The resulting system of equations is then
solved to obtain the current distribution on the antenna surface, which is used to compute
the radiation pattern. Geometric optimization [12]: This technique involves optimizing the
shape and size of the antenna elements in the array to achieve the desired field patterns.
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Genetic algorithms [13]: These are optimization algorithms that use a population-based
approach to search for the optimal antenna design. The algorithm generates a population
of potential antenna designs, evaluates their radiation patterns, and then selects the best
designs for further iteration. The algorithm continues until the best radiation pattern is
achieved. Particle swarm optimization [14]: This is another optimization algorithm that
simulates the behavior of a group of particles in a search space. The particles move through
the search space to evaluate the optimum solutions, guided by their own experience and
the experience of the other particles in the swarm. The algorithm continues until the best
radiation pattern is achieved. Finite element method [15]: This numerical method solves
the partial differential equations of electromagnetics to compute the antenna’s radiation
pattern. The method involves discretizing the antenna’s volume into small cells and solving
for the electric and magnetic fields at each cell. The resulting system of equations is then
resolved to acquire the current distribution on the surface of antenna, which is used to
calculate the field patterns. Once the optimal radiation pattern has been synthesized, the
antenna elements are positioned and oriented to achieve the desired pattern. This involves
selecting the appropriate phase and amplitude for each antenna element to create construc-
tive and destructive interference, shaping the radiation pattern in the desired direction.
Simulated annealing [16]: This technique is a stochastic optimization method that involves
iteratively searching for the global minimum of a cost function by randomly changing the
antenna element positions. The algorithm accepts moves that increase the cost function
with a probability that decreases over time. This technique has been used successfully in
conformal array synthesis, but it can be computationally expensive. Neural networks [17]:
This technique involves training a neural network to obtain the relationship between the
antenna element positions and the radiation pattern. Once trained, the network can be
utilized to make predictions about the radiation pattern for new antenna element positions.
This technique has been shown to be effective for conformal array synthesis, but it requires
a large amount of training data.

The performance of large, phased array antennas is scanned using an active element
pattern method developed in [18], which accounts for all the mutual coupling effects to
correct the field patterns of the array. Similar approach of using active element pattern
method has been followed in [19–21] to synthesis the radiation pattern in conformal arrays.
Reference [22] introduces a technique to mitigate random errors in amplitude and phase
excitations of array elements, which can disrupt radiation patterns by clustering array
elements and discretizing amplitude excitations to restore the desired patterns. Convex
optimization theory is applied into the synthesis of conformal arrays with matched dual-
polarized patterns, highlighting the importance of achieving polarization compatibility
in spherical and cylindrical arrays design [23]. In [24], iterative convex optimization is
applied to attain optimal difference patterns for 3D conformal beam-scanning arrays, with
a specific focus on addressing the design challenges posed by hemispherical and conical
conformal arrays featuring asymmetric radiation apertures. An iterative procedure that
linearizes the non-convex power pattern function is used to solve the synthesis problem
for narrowband conformal arrays in which the beam pattern synthesis is performed using
second-order cone programming (SOCP) that results in a convex subproblem considering
the magnitude constraints [25]. In [26], a projection technique is employed to determine the
phase and amplitude distribution analytically, resulting in low sidelobe levels for spherical
arrays. The projection method is further analyzed in mutually coupled phased arrays for
radiation pattern correction in [27–29].

In conclusion, it has been demonstrated that various correction methods, signal pro-
cessing techniques, sensor electronics, and amplitude and phase modifications can all be
applied to optimize the radiation pattern of a conformal antenna array.

In particular, the paper describes a constraint convex optimization algorithm for
the radiation pattern synthesis in cylindrical and spherical microstrip conformal array
antennas. The goal of this optimization technique is to reduce the impact of surface
deformations of the conformal array by finding the accurate weight excitations (phase
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and amplitude values) of the array elements. The optimization model is designed to use
the convex optimization framework while incorporating constraints on the field pattern.
This involves formulating an objective function that minimizes the Euclidean distance
between the obtained radiation patterns of the deformed arrays and the desired radiation
pattern of the planar array, while also controlling the mainlobe direction, null locations,
and also the sidelobe levels. By formulating the optimization problem with appropriate
constraints, the weights (amplitudes and phases) for the antenna radiating patches can be
determined that will produce the radiation pattern in the deformed array nearly similar
to the radiation pattern obtained in planar array. Four prototypes of 2× 2, 3× 3, 4× 4,
and 5× 5 microstrip patch array antenna are used as the radiating elements—which are
bent from the planar configuration to the prescribed spherical and cylindrical shapes with
several radii of curvatures—are evaluated to determine the effectiveness of the proposed
optimization algorithm.

2. Array Factor Formulation

The conformal microstrip array antenna consists of M×N identical radiating elements,
and the spacing between adjacent elements is dx and dy along the x and y direction,
respectively, with main beam along the z-axis. The design for 4× 4 array is illustrated in
Figure 1. The inter-element space between radiating patches is fixed at dx = dy = 0.5λ and
all the four prototypes optimized for 28 GHz.
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Figure 1. Design of M× N Conformal Array on flexible ground surface.

The position (spatial coordinates) and orientation (azimuthal and elevation angles) of
each antenna element array is determined in CST. Based on the location and normalized
angle of the radiating elements of M × N conformal array imported from CST into the
algorithm, Equation (1) is used to calculate the array factor AF(θ, ϕ) for both cylindrical
and spherical arrays.

AF(θ, ϕ) =
M−1

∑
m=0

N−1

∑
n=0

wm,ne[j[ψx+ψy ]] (1)

For cylindrical arrays, the expressions for ψx and ψy are given by ψx = kdx sin θ + βx
and ψy = kdy sin θ + βy, while in spherical arrays, the values of ψx and ψy are given
by ψx = kdxsinθcosϕ + βx and ψy = kdysinθsinϕ + βy. The variables m and n denote
the positions of array elements in M× N array along the x axis and y axis, respectively.
The vector wm,n = I(m,n)ej∆φ represents the complex weighting function (Amplitude and
Phase) required to steer the mxnth element position within the array. λ represents the
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wavelength, and ‘θ’ and ‘ϕ’ correspond to the elevation steering angle and azimuth steering
angle, respectively. The variable ‘k’ represents the propagation constant, while ‘βx’ and ‘βy’
denote the progressive phase shifts associated with each radiating element. These phase
shifts can be represented as the matrix to be utilized within the algorithm to control the
Array Factor as follows:

βm,n =

 β1,1 · · · β1,n
...

. . .
...

βm,1 · · · βm,n

 (2)

The Array Pattern, denoted as AP(θ, ϕ), is determined by taking the Kronecker prod-
uct (kron product) of AF(θ, ϕ) and a matrix K. This matrix K is compiled by concatenating
the individual element pattern vectors. Mathematically, it is given by the following:

AP(θ, ϕ) = AF(θ, ϕ)⊗ K (3)

Equation (3) represents the array pattern for M× N conformal array antenna with uni-
form spacing. The resulting radiation pattern of the antenna can be obtained by calculating
the magnitude of the array factor and plotting it as a function of the elevation and azimuth
angles. In the analysis of the algorithm, the azimuthal angle ‘ϕ’ is assumed constant, and
the results are obtained for only varying the elevation angle ‘θ’.

3. Proposed Solution

Figure 2 presents a flow chart illustrating the methodology employed for synthesizing
the radiation field pattern in the deformed structures of conformal array.
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The electric field pattern is used as the objective function, and the problem is refor-
mulated as a constrained convex optimization problem. The use of constraint convex
optimization enables to reach the most optimum performance of the antenna system by
finding the best amplitude and phase values for the antenna array. To transform the radia-
tion pattern synthesis problem into a convex optimization problem, the objective function
and the constraints are expressed in a form that is agreeable to convex optimization tech-
niques. This involves the use of linear and quadratic programming. The objective of the
proposed algorithm is to determine the excitation amplitudes and phases for the antenna
elements that produce the desired radiation pattern. The correction of the radiation field
pattern synthesis involves adjusting the weights of an existing antenna array to correct for
specific deformation from a desired radiation pattern. Convex optimization is used to solve
this problem, and several constraint vectors are adopted to ensure that the optimization
problem is tractable and can be efficiently solved. The convex optimization itself contains
linear constraints that can be formulated to reduce the search space. However, using
this approach, the compensated pattern will perform well at the mainlobe peak only and
null points but does not care for the rest of the radiation pattern. As a result, mainlobe
beamwidth distortion, higher side-lobe level at the edges, and all areas of field away from
the constraint points can be distorted. The error performance of this approach, however,
tends to improve as more constraints are strategically placed across the radiation pattern,
especially at extremal points. Nevertheless, it is worth noting that the maximum number of
constraint points has an upper limit. Therefore, convex optimization is introduced within
the loops after constraining the pattern in order to allow the corrected/measured field to
track the desired field pattern. This closely ensures that the desired null’s location, direction
of main beam, and sidelobe levels are accurately achieved.

These constraint vectors are as follows:

• Unit-modulus constraint: The weights of the antenna elements have a magnitude of
one over maximum value of mainlobe, as this ensures that the power radiated by the
array is conserved. The unit-modulus constraint is formulated as follows:

||wm,n ||2 = 1 (4)

where ||wm,n ||2 denotes the squared L2-norm and is non-negative.

• Nulling constraint: The field pattern of the antenna array is taken as constrained
to have nulls in certain directions, such as to minimize interference from unwanted
signals.

Mathematically, ∣∣wm,n
H ∗ α1(θ, ϕ)

∣∣2 = 0∣∣wm,n
H ∗ α2(θ, ϕ)

∣∣2 = 0
. . . . . .∣∣wm,n

H ∗ αk(θ, ϕ)
∣∣2 = 0

(5)

where wm,n
H denotes the Hermitian transpose of the weight vector wm,n, * denotes complex

conjugation, αi(θ, ϕ) denotes the steering vector for the specific direction along z-axis, and
the equality constraints ensure that the radiation pattern of the antenna array has nulls in
the desired directions.

• Constant-envelope constraint: The envelope of the array factor is constant. The
constant-envelope constraints ensure that the power radiated by the array is constant
over all angles.

• Directional constraint: The radiation pattern such as a specific beamwidth or sidelobe
level of the antenna array is taken as constrained along z-axis.

• Hermitian symmetry constraint: The array factor is symmetric about the zero-frequency
axis. This ensures that the array does not radiate energy in the opposite direction.
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These constraint vectors are imposed, and the optimization problem is formulated
as a constraint convex optimization problem, which is efficiently solved using gradient
descent numerical optimization technique. Mathematically the technique is described as,

minimize wm,n ∑
θ,ϕ

∣∣∣Fde f wcor − Fplwpl

∣∣∣2
subject to

∣∣∣Fde f wcor − b
∣∣∣ ≤ β

Fc =
[

Fde f (θ1, ϕ1), Fde f (θ1, ϕ2) · · · Fde f (θm, ϕn)
]T

b =
[

Epl(θ1, ϕ1), Epl(θ1, ϕ2) · · · Epl(θm, ϕn)
]T(

Fde f

)†
= FH

de f

(
Fde f FH

de f

)−1

(6)

The term wcor constitute the corrected weight excitation, and is given by

wcor = K·wpl (7)

K = Fpl

(
Fde f

)†
= Fpl FH

de f

(
Fde f FH

de f

)−1
(8)

where Fc ∈ Cp×(m×n) and b ∈ Cq×(m×n) are the Matrices containing the p and q constraint
vectors at (mxn)th position of M × N conformal array in deformed array and planar
array, respectively. Fpl ∈ Cm×n is the matrix that includes the electric field pattern of
each radiating patch of the planar array that has the initial weights wi = wpl . † indi-
cates the pseudo inverse and β is the convergence factor of the search space ranges from
0 ≤ β ≤ 1. Fde f (θ, ϕ) represent the individual array element pattern in deformed structure
and Epl(θ, ϕ) is the electric field pattern of planar array.

4. Results and Discussions

This paper describes a technique for correcting radiation pattern distortions in confor-
mal array antennas caused by surface deformities and mutual coupling between antenna
radiating elements. The proposed technique is based on constraint convex optimization, a
mathematical approach that involves finding the optimal solution to update the complex
weights for the array elements subject to certain constraints that ensure that the corrected
radiation pattern meets desired mainlobe direction, beamwidth, null locations, and sidelobe
levels. In order to evaluate the performance of an optimization algorithm, the antenna array
in planar configuration is deformed to the prescribed spherical and cylindrical configura-
tions with varying radii. The spherical and cylindrical configuration both has three different
radiuses: r = 30 cm, r = 25 cm, and r = 20 cm, and the result are shown separately for each
case. Four prototypes of 2× 2, 3× 3, 4× 4, and 5× 5 conformal array have been chosen for
the analysis. The mainlobe radiation pattern having first nulls at 30◦ and −30◦ has been
selected and the inter-element spacing between the array elements is taken as 0.5λ. The
MATLAB is used for the simulation of optimization algorithm, while CST Studio Suite is
used for the verification of its accuracy.

The proposed experimental structure includes a power combiner/splitter feed net-
work, which is coupled to a high gain power amplifier. Following that, RF variable
attenuators and voltage-controlled phase shifters are individually attached to this feed
network. The phase shifters and attenuators are supplied the amplitude and phase values,
which are regulated by variable power supply. A multi-step process for optimizing the
performance of the conformal microstrip antenna arrays is initiated. The first step involves
obtaining the position vectors of individual array elements in planar as well as deformed
structures of conformal array. Then, the computation of the array factor is carried out
utilizing the methodology outlined in Sections 2 and 3 of the study and to obtain the
electric field intensity for all the units, preliminary simulations are conducted in CST. The
optimization algorithm implemented in MATLAB, outlined by Equations (6) and (8), is
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then used to evaluate the accurate weight excitations (phase and amplitude values) of the
array elements in the deformed conformal array. This optimization algorithm uses the array
factor and electric field intensity data obtained in previous steps to calculate the optimal
weight excitation values for each antenna unit. After obtaining the calculated weight and
phase results, the data are subsequently transmitted back to CST, where the final simulated
radiation pattern for the deformed array antenna is validated (Figures 3–5).
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The result reveals that the performance of the optimization algorithm is highly depen-
dent on the physical configuration and number of radiating elements of the antenna array.
It is observed that when the array is bent from its planar arrangement to the prearranged
spherical and cylindrical configurations, the spacing and orientation of the radiating ele-
ments is significantly altered. This results in loss of mainlobe, null positions, and sidelobe
levels, and hence a major distortion of the radiation pattern is realized. However, after the
deformed arrays have been subjected to the optimization algorithm, the distorted radiation
pattern successfully recovers the sidelobes and nulls, and the mainlobe is observed nearly
at the same position as that of the planar array. This demonstrates the effectiveness of
the optimization algorithm in recovering desired radiation patterns even when the array
is not in its ideal geometry. The conformal array performs better when the array is less
deformed (with a radius of curvature of 30 cm), enabling the obtained radiation pattern
to closely approximate the desired radiation pattern. In contrast, when the array is more
deformed (with a radius of curvature of 20 cm), the obtained radiation pattern deviates
more from the desired radiation pattern, indicating that the optimization algorithm is
less effective in this case. Additionally, increasing the number of elements increases the
degrees of freedom available for the optimization algorithm, allowing for a more precise
tuning of the radiation pattern. So, the performance of optimization algorithm is best in
a 5 × 5 array, followed by the 4 × 4 array, the 3 × 3 array, and the 2 × 2 array, in that
order. This is because the 5 × 5 array provides more degrees of freedom for tuning the
radiation pattern in desired form. The 5 × 5 array computes appropriate amplitude and
phase values for the radiating elements of the array, which restore the radiation pattern in
terms of mainlobe reconstruction, null locations, sidelobe levels, up to the deformation of
20 cm in both spherical and cylindrical configurations as shown in Figure 6.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 

Figure 6. Results for 5 × 5 conformal array. 

Table 1 provides a comprehensive overview of techniques utilized in synthesizing 

radiation patterns for conformal phased arrays. These optimization techniques are pur-

pose-built for specific applications, each carrying its own set of strengths and limitations. 

Their strengths encompass enhanced computational efficiency and enhanced convergence 

properties, while their limitations may include increased computational complexity or 

sensitivity to system parameters. 

Table 1. Comparison of different optimization techniques in conformal phased arrays. 

Ref Algorithm Used Design Technique Followed Performance Comparison 

[13] 
Modified Ge-

netic Algorithms 

1 × 9 linear array 

mounted on a circu-

larly cylindrical plat-

form. 

Conventional phase shifting tech-

niques failed to adjust the main 

beam, leading to the introduction of 

a genetic algorithm for optimizing 

element phase excitations to achieve 

the desired radiation pattern. 

Suitable for basic pattern shaping, 

addressing design of linear arrays 

with a fixed and uniform cylinder 

radius. The algorithm exhibits lim-

ited control over sidelobe levels. 

[30] 

Eigen-correla-

tion matrix tech-

nique 

1 × 8 cylindrical mi-

crostrip patch array. 

Amplitude and phase values are de-

termined by correlating the desired 

signal with interferers. This correla-

tion process is employed to attain a 

particular sidelobe level while en-

suring a specific mainlobe direction.  

The synthesis is suitable for single-

curved linear arrays with cylindri-

cal deformations. The synthesis re-

quires prior knowledge to generate 

the main beam and nulls. The effect 

of cylindrical deformation results in 

the deviation of sidelobe levels and 

HPBW is also increased as the cur-

vature increases. 

[31] Taylor series 

An 8-element cylin-

drical linear array 

with different beam 

configurations. 

Approximate the phase excitations 

to achieve the desired pattern by it-

erative minimization of the objective 

function while considering con-

straints in different directions.  

The weighting factors give this 

technique greater flexibility to con-

trol the desired lobes; however, the 

paper focuses only on a static array 

with a fixed radius, without explor-

ing the results for other radii of cur-

vature. 

[32] 
Minimizing 

Square Errors 

An arbitrarily shaped 

conformal microstrip 

array with an inter-

The method provides a solution 

based on Linear Constrained Mini-

mum Variance (LCMV) by incorpo-

The analysis assumes that noise on 

each antenna is independent of 

both the impinging signals and 

Figure 6. Results for 5× 5 conformal array.

Table 1 provides a comprehensive overview of techniques utilized in synthesizing
radiation patterns for conformal phased arrays. These optimization techniques are purpose-
built for specific applications, each carrying its own set of strengths and limitations. Their
strengths encompass enhanced computational efficiency and enhanced convergence proper-
ties, while their limitations may include increased computational complexity or sensitivity
to system parameters.
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Table 1. Comparison of different optimization techniques in conformal phased arrays.

Ref. Algorithm Used Design Technique Followed Performance Comparison

[13] Modified Genetic
Algorithms

1 × 9 linear array
mounted on a circularly

cylindrical platform.

Conventional phase shifting
techniques failed to adjust the

main beam, leading to the
introduction of a genetic algorithm

for optimizing element phase
excitations to achieve the desired

radiation pattern.

Suitable for basic pattern
shaping, addressing design of
linear arrays with a fixed and
uniform cylinder radius. The

algorithm exhibits limited
control over sidelobe levels.

[30] Eigen-correlation
matrix technique

1 × 8 cylindrical
microstrip patch array.

Amplitude and phase values are
determined by correlating the
desired signal with interferers.

This correlation process is
employed to attain a particular
sidelobe level while ensuring a

specific mainlobe direction.

The synthesis is suitable for
single-curved linear arrays

with cylindrical deformations.
The synthesis requires prior
knowledge to generate the
main beam and nulls. The

effect of cylindrical
deformation results in the

deviation of sidelobe levels
and HPBW is also increased as

the curvature increases.

[31] Taylor series

An 8-element
cylindrical linear array

with different beam
configurations.

Approximate the phase excitations
to achieve the desired pattern by

iterative minimization of the
objective function while

considering constraints in different
directions.

The weighting factors give this
technique greater flexibility to

control the desired lobes;
however, the paper focuses
only on a static array with a

fixed radius, without exploring
the results for other radii of

curvature.

[32] Minimizing Square
Errors

An arbitrarily shaped
conformal microstrip

array with an
inter-element spacing

of 0.5λ.

The method provides a solution
based on Linear Constrained

Minimum Variance (LCMV) by
incorporating the radiating
element responses into the

constraint matrix applied to the
main beam branch of the

generalized sidelobe canceller
(GSC) structure.

The analysis assumes that
noise on each antenna is
independent of both the

impinging signals and each
other. Furthermore, the

analysis does not consider the
effect of antenna coupling,

which, if taken into account,
would degrade the original

radiation pattern.

[33] Particle Swarm
Optimization

1 × 20 cylindrical
conformal microstrip

array with
half-wavelength

interelement spacing
considered.

The Modified PSO involves
initializing a population, updating
individual and global best values,
optimizing velocity and position,

and iterating until a stopping
criterion is satisfied under clonal

selection operation, and ultimately
selecting the best individual as the

final solution.

In this method, the global best
particle is replicated into

multiple copies, and each of
these copies is searched

independently. This approach
can lead to slow convergence
and sensitivity to parameter

settings.

[17] Deep Neural
Networks (DNNs)

A 1 × 16 microstrip
patch array considers

two types of
arc-shaped structure

deformed from planar
configuration.

To address beam degradation due
to array deformation, intelligent

beam stabilization algorithm using
DNNs (referred to as

PMDL-based) is utilized to rapidly
adjust the amplitude and phase

distribution of the deformed
conformal array antenna.

Requires large amounts of
training data and computation.
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Table 1. Cont.

Ref. Algorithm Used Design Technique Followed Performance Comparison

[34] Grey Wolf
Optimization

A linear array
composed of 2N

isotropic elements
arranged in a

symmetrical manner.

The technique is employed to
improve pattern synthesis in linear

antenna arrays through two
methods: optimizing antenna

positions with uniform excitation
and optimizing current

amplitudes while maintaining
uniform spacing and phase. The
technique helps achieve antenna
patterns with minimal sidelobe

levels and strategically positioned
nulls.

The optimization aims to
achieve minimum SLLs in a
specific direction. However,

the process is characterized by
slow convergence and limited

exploitation capability.
Furthermore, it focuses

exclusively on linear antenna
configurations, and the

analysis neglects the impact of
antenna coupling. Considering

antenna coupling could
potentially lead to degradation

in the original radiation
pattern.

[35] Inverse Fourier
Transform

172 × 88 circularly
shaped array of 5800

elements arranged on a
triangular lattice.

The technique frameworks a
process of applying optional

constraints to element excitation
samples, including addressing

element failures, amplitude-only
or phase-only synthesis, and

limiting the dynamic range of
magnitudes. These constraints are

repeatedly adjusted until the
sidelobe characteristics of the

Array Factor (AF) align with the
desired pattern.

This method is suited for large,
phased arrays as it allows

Fourier transform to mitigate
radiation pattern degradation
The use of weighting factors

enhances flexibility in shaping
desired lobes. However, its
applicability may differ for
smaller arrays. Moreover,

deriving array element
excitations based on the
prescribed array factor

introduces computational and
calibration challenges, and the

method is sensitive to the
physical characteristics and
imperfections of the array.

[36] Differential
Algorithm

36 elements planar
antenna array

positioned randomly in
terms of wavelength.

The positions of antenna array
elements serve as the parameter

vector for optimization. The array
elements are considered as
isotropic antennas with no

coupling between them. The
optimization aims to attain the
desired radiation patterns by

optimizing both element
positioning and amplitude

tapering.

The optimization process is
suitable at identifying the
global optimum solution
regardless of the initial

parameters, displaying fast
convergence, and requiring
only a minimal number of

control parameters. However,
it is susceptible to premature

convergence, which may result
in becoming stuck in local

optimal solutions.

This
Work Convex Optimization

2× 2, 3× 3, 4× 4, and
5× 5 microstrip patch

arrays are used in
cylindrical and

spherical
configurations.

Constraint Convex Optimization is
modeled to decrease the Euclidean

distance between the obtained
radiation pattern of the deformed

array and the desired radiation
pattern of the planar array by

calculating the suitable amplitude
and phase values for the
individual array patches.

The algorithm restores the
radiation pattern nulls

locations and sidelobe levels
up to the deformation of 20 cm

in both spherical and
cylindrical deformation of

conformal array.
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5. Conclusions

In this paper, a model based on constraint convex optimization is proposed for the
radiation pattern synthesis in cylindrical and spherical microstrip conformal array antennas.
The analysis of M× N square array configurations, which represent a special case where
both the rows and columns contain an equal number of radiating patches, is discussed.
All the configurations of the conformal square arrays have been precisely designed at the
central frequency of 28 GHz. The focus centers on the synthesis of radiation patterns in
microstrip conformal square arrays of cylindrical and spherical shapes, while considering
the impact of varying the number of elements within the array. The optimization algorithm
is modelled to decrease the Euclidean distance between the obtained radiation pattern of
the deformed array and the desired radiation pattern of the planar array by calculating
the suitable values of amplitude and phase for the array elements. Four prototypes of
2× 2, 3× 3, 4× 4, and 5× 5 microstrip patch array antenna are used as the radiating
elements which are deformed from the planar configuration to the prescribed spherical and
cylindrical shapes with various radii of curvatures. The results reveal that the performance
of optimization algorithm performs better in a 5 × 5 array, followed by 4 × 4 array,
3 × 3 array, and 2 × 2 array; the 5 × 5 array provides more degrees of freedom for tuning
the radiation pattern in the desired form. The 5 × 5 array computes appropriate amplitude
and phase values for the radiating elements of the array, which restore the radiation pattern
in terms of mainlobe reconstruction, nulls locations, sidelobe levels, up to the deformation
of 20 cm in both spherical and cylindrical configurations of conformal array.
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