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Optimal Design Methodology for Planar Multi-Layered Radomes for
Multiband Applications Using Nature Inspired Algorithm

Vineetha Joy' *, Ambika J. Teena2?, Hema Singh!, and Raveendranath U. Nair!

Abstract—An efficient nature inspired algorithm based on particle swarm optimization (PSO)
is presented in this paper for the optimal design of planar multi-layered radomes for multiband
applications. Material layer sequence and thickness profile are the two critical factors determining
the position of passbands in the frequency range of operation as well as the transmission performance
in those bands. These design aspects have to be appropriately optimized to achieve the desired
performance, and it becomes a daunting task for radome designers when a comparatively large database
of suitable materials is available in the solution space. Even though commercially available software
packages provide options (like particle swarm optimization (PSO), genetic algorithm (GA), etc.) for the
optimization of thickness profile, they do not have the functionality for optimizing the position of a
specific material inside the multi-layered radome wall configuration. In this regard, the proposed PSO-
based algorithm automatically chooses suitable materials from the predefined database and optimizes
the thickness for each layer, in order to achieve superior transmission in user defined passbands.
Furthermore, the superiority of the indigenously developed algorithm over the optimization techniques
available in full wave simulation software (FEKO) w.r.t. accuracy and computational efficiency is also
established using suitable case studies and validations. Although PSO has been used in the context
of radomes, its application for the simultaneous optimization of material layer sequence and thickness
profile of multi-layered radomes is not reported in literature to the best of our knowledge.

1. INTRODUCTION

Radomes are critical structures used to protect sensitive antennas from harsh environmental conditions
without degrading their electromagnetic performance. With respect to aerospace domain, various
antennas are mounted on aircrafts/missiles for different applications like navigation, communication,
surveillance, and detection. However, these antennas are frequently exposed to severe physical conditions
like wind, snow, rain, bird impacts, lightning strikes, hailstorms, extreme temperature gradients, etc.
Therefore, an electromagnetically efficient and structurally stable radome is an essential prerequisite for
such antennas. Furthermore, radar systems are becoming more autonomous to simultaneously detect
various multiple targets at different frequencies and at the same time diffuse all possible countermeasure
strategies. These state of the art systems therefore should have seeker units capable of operating at
multiple frequency bands which in turn need multi-band antennas. This requirement automatically calls
out for the development of multi-band radomes with superior transmission performance in predefined
bands. The objective to achieve superior transmission in multiple bands will be a difficult task with the
design of a streamlined radome being a complex problem even for single frequency applications.
Several radome wall configurations have been reported in literature for multiband applications [1-6].
Zhou et al. proposed an A-sandwich radome for dual-band applications where each layer was designed
with a thickness of (1/12)th wavelength corresponding to a particular design frequency [1]. Later, they
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laid out a method for tackling this specific design problem with odd number of layers [2]. Further, Zhou
et al. suggested a flat multilayer radome wall structure with passbands positioned at odd multiples
of chosen central frequencies [3] and a graded porous structure for high-temperature applications [4].
Another contribution regarding dual-band configuration has been from Pei et al. where alternating
layers of staggered composite and Kagome lattice structures were used [5]. Silicon nitride based graded
porous radome models for broadband and dual-band high Mach applications have also been reported
in [6] and [7], respectively.

Apart from multi-layered radome wall configurations composed of homogenous material layers,
frequency selective surface (FSS) based radomes present another attractive option for the realization
of multi-band functionality. Xu et al. presented a computationally efficient technique for the design
and optimization of multi-layered FSSs for realizing multiple stopbands [8,9]. Here, several layers with
dog bone shaped patches optimized for specific stopband responses have been cascaded together to
generate the multiband response. Dual-band response with independent control over the operational
frequency range has been achieved in [10] using multiple dielectric layers containing periodic arrays of
inductive wire grids and capacitive patches. In a similar manner, a dual band FSS based multi-layered
radome has been presented in [11] with two passbands operating at 10 GHz and 14 GHz, respectively.
Further, Yan et al. [12] proposed a three layered FSS based configuration using double square loops and
gridded-double square loops for realizing three transmission bands centred at 7.7 GHz, 12.8 GHz, and
18.9 GHz. Although FSSs are highly functional for realizing multiple transmission bands, an inherent
disadvantage of such radome models is the degradation in radiation performance due to mutual coupling
between antenna and FSS elements. Furthermore, it is difficult to obtain an FSS based design which is
insensitive to variations in angle of incidence and polarization of electromagnetic signals. In addition, the
fabrication of FSS-based non-planar radomes with gradually varying unit cell dimensions, periodicity,
etc. is indeed a major challenge.

The inability of conventional radome wall configurations in achieving multi-band capabilities with
randomly located passbands and the practical difficulties associated with F'SS based radomes are clearly
evident from the above mentioned reported works. Multi-layered radome wall models with distinctly
tailored material layer sequence and thickness profile present an excellent choice in this regard. More
specifically, functionally graded material (FGM) based radomes, where the properties of base material
are intelligently varied to achieve the required gradation in permittivity, are highly attractive especially
for high Mach applications [4,6,7]. FGMs were introduced in early 1990s with the aim to reduce the
thermal stress between consecutive layers which was a major issue for reentry vehicles that undergo
ultra-high temperature gradients [13, 14]. Radome wall configurations made up of dissimilar materials
get easily destroyed under such conditions due to the difference in thermal expansion coefficients of
constituent materials at junctions. This kind of high levels of stress at junctions can cause delamination
or cracks. This inherent drawback is applicable to conventional sandwich radomes as well as multi-
layered radomes made up of entirely different base materials. On the other hand, since base material is
the same across FGM based radome wall, the induced thermal stress in high temperature environments
will be less.

With respect to multi-layered radomes, material layer sequence and thickness profile are the two
critical factors determining the position of passbands in the frequency range of operation as well as
the transmission performance in those bands. However, the optimization of these parameters becomes
computationally intensive especially when a huge database of potential materials is available. In this
regard, an efficient particle swarm optimization (PSO) based algorithm for material selection as well
as thickness optimization of multi-layered planar radomes for multi-band applications is presented in
this paper. PSO has been found to be very efficient in dealing with multi-dimensional multi-objective
problems with considerably reduced computational complexity. One of the advantages of PSO compared
to other nature inspired algorithms like differential evolution, genetic algorithm (GA), central force
algorithm, etc. is its simplicity, and PSO in certain instances has outperformed other techniques like
GA [15]. With reference to electromagnetic problems with multiple dielectric layers, PSO has been
successfully used for the optimization of multi-layered radar absorbing structures [16,17]. Chiba et
al. [18] used PSO to optimize the thickness profile and shape of a seven-layered sandwich radome with
pre-identified material layer sequence. On an identical note, the optimization of thickness as well as
permittivity profile of a C-sandwich radome has been attempted using PSO in [19]. Further, Nguyen
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et al. [20] used PSO as well as ant colony optimization algorithm for obtaining the thickness profile of
a C-sandwich radome. However, the application of PSO for the simultaneous optimization of material
layer sequence and thickness profile of multi-layered radomes is not reported in literature to the best of
our knowledge.

In this paper, an indigenously developed PSO based algorithm is presented to automatically
identify the optimal material layer sequence and thickness profile for a multi-layered radome with
multi-band functionality, given a predefined material database and range of possible thicknesses. The
fitness function has been uniquely formulated so that the predicted radome wall configuration provides
maximum power transmission and minimum power reflection in the user-defined passbands for a
comparatively high angle of incidence. In order to improve the accuracy of the optimization algorithm,
a full wave formulation [21] has been used for the computation of overall reflection/transmission
coefficients of the multi-layered radome. Further, insertion phase delay (IPD), a critical factor
contributing to bore-sight error (BSE), is also computed for the predicted multi-layered radome wall
configuration.

2. PROPAGATION OF ELECTROMAGNETIC WAVES IN MULTI-LAYERED
RADOMES

Planar multi-layered radomes consist of a number of material layers stacked one over another following
a particular sequence. This arrangement results in interfaces at which the constitutive parameters
change abruptly. These discontinuities give rise to intermediate boundaries at which reflection and
transmission occur. Consider such a planar multi-layered radome with M layers, as shown in Fig. 1.
The entire structure can be considered as an inhomogeneous medium where the constitutive parameters
are constant in each layer. Further, the layers are assumed to extend infinitely along X and Y
directions. The thickness, complex permittivity, and complex permeability of mth layer are denoted by
timy Em = €y —Emy and pu, = uh, — jur | respectively. The series of multiple reflections and transmissions
occurring across the interfaces, for a plane wave incident obliquely on the multi-layered radome, is clearly
illustrated in Fig. 1. Here, it is evident that the overall reflection from a particular layer includes the
effect of reflections from all the layers beneath it.

Overall Recursive Reflection
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Figure 1. Series of multiple reflections and transmissions occurring in a multi-layered radome wall
configuration.

3. COMPUTATION OF OVERALL RECURSIVE COEFFICIENTS

In order to compute the overall recursive reflection and transmission coefficients corresponding to a
multi-layered radome wall configuration, the intrinsic (or Fresnel) coefficients need to be calculated at
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each and every interface. This in turn involves the computation of angle of incidence at each interface
using Snell’s law of refraction.

The Fresnel reflection (RCrg) and transmission (T'Crg) coefficients at the interface between
Layer#m and Layer#(m + 1) for TE polarized plane waves can be written as [21-23],

Thm+1 COS ezm — Tlm COS etm
RC = 1
TEm,me+1 N1 €08 Qi + N €08 Oy, (1)
2 0,
TCrEy s = o] O i (2)

Thm+1 COS ezm =+ 7 COS etm

where 7, and 7,41 denote the wave impedances corresponding to the mth and (m + 1)th layer,
respectively. 0;,, and 6y, are the angles made by incident ray and refracted ray, respectively, with
the normal to the interface.

Similarly, the Fresnel reflection (RCrjs) and transmission (T'Crpy) coefficients corresponding to
TM polarized plane waves can be written as [21-23],

TIm+1 COS etm — Thm COS Hzm
RC = 3
TMm,met1 N1 COS Qg + N €OS Oy (3)
2 0
TCT My s = L (4)

N1 COS Oy + N, €OS By

Once the intrinsic reflection/transmission coefficients corresponding to respective polarizations are

computed for all the interfaces, the recursive reflection coefficient (RC), m+1) at the interface between
Layer#m and Layer#(m + 1) can be defined as [21-23],

RCpmmy1 + (%m+l,m+2) X q
1+ (Rcm,erl Eém+1,m+2> X q

Eém,erl =

()

where g = 2km+1z(dmi1—dm)cosOim g dpm+1 denote the thickness of Layer #m and Layer#(m+1),
respectively. The equation clearly indicates that the recursive reflection at mth layer corresponds to
the overall reflection from mth layer including the reflections from all the layers present beneath it.

In the present case, EE’LQ will denote the overall recursive reflection coefficient corresponding to the

multilayered radome wall. Moving further, the overall recursive transmission coefficient (7'C'1s) for the
multi-layered radome can be expressed as [21-23],

M-1
j—v\élM — H €J kmz(dm*dm—l)COS@t(m_l)Sm7m+1 (6)
m=1
where,
1+ RC
Sm,m+1 = ol (7)

1+ RCm,m—l—lEé’m—i—l,m—l—Q X q

Depending upon the polarization of the incident plane wave, the corresponding Fresnel coefficients,
as presented in Equations (1) through (4) have to be appropriately substituted in Equations (5)
through (7).

Another critical parameter which plays a major role in determining the bore-sight error (BSE)
induced by radomes is insertion phase delay (IPD). It is particularly important for fire control radars
where a slight change in direction can be disastrous. IPD basically includes the phase difference between
the incident wave and transmitted wave as well as the phase difference due to the path difference
occurring as a result of refraction in each layer [24-26].

The overall recursive transmission coefficient (ﬁlM) of the multi-layered radome wall can be
expressed as, - - -
TClM = TCereal ‘|‘jTCIM- (8)

imag
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Therefore, the phase difference between incident wave and transmitted wave can be written as,

__ ~TChu,
—Z TClM = tan_l M (9)
TC1u,

Further, the phase difference due to the path difference introduced as a result of refraction through M
layers can be written as,

¢ =t1co801 +tocosby + ...+t cosbpy, + ...+t cosbyy (10)

where t,, and 6, denote the thickness of the mth layer and the angle of incidence in mth layer,
respectively. Therefore, the total insertion phase delay (IPD) can be expressed as [24-26],

IPD = —ATEW—%% (11)

eal

4. PARTICLE SWARM OPTIMIZATION (PSO) IN THE CONTEXT OF DESIGN OF
MULTI-LAYERED RADOMES

Particle swarm optimization (PSO), a computationally brilliant swarm intelligence-based algorithm,
presents a suitable choice for the optimization of material layer sequence and thickness profile of multi-
layered radome wall configurations for multi-band applications. PSO has been found to be very efficient
in dealing with multi-dimensional multi-objective problems with considerably reduced computational
complexity and high ease of implementation in comparison with other nature inspired algorithms like
differential evolution, genetic algorithm (GA), central force algorithm, etc.

PSO draws analogy from the movement of a swarm of bees where the position of each bee
corresponds to a possible solution to the problem [27]. The important terms that will be encountered
during the implementation of PSO based algorithm, in the context of design and optimization of multi-
layered radome wall configurations, are explained below:

(i) Particle: An individual bee from the swarm is referred to as a particle.

(ii) Position: With respect to the swarm of bees moving in search of flowers, position corresponds to
the particular location of a bee in the garden. Correlating to real time problems, each position
corresponds to a potential solution to the task at hand which in turn refers to the set of parameters
to be optimized. In the case of optimization of multi-layered radome wall configuration, the position
of each particle would be a set of materials and the corresponding thicknesses.

(iii) Fitness function: The quality of a particular position is evaluated with the help of fitness function.
The set of parameters constituting the position of a particular particle will be taken as input to the
fitness function and a value representing the degree of goodness of that position will be returned
back as output. In the present case, a position can be considered good, if the radome wall made
up of the set of materials and corresponding thicknesses representing that particular position, gives
maximum transmission over the user defined passbands and minimum transmission elsewhere.

(iv) Personal Best (Pbest): This refers to the location with the best value of fitness function personally
encountered so far by the bee. The bee constantly compares the fitness function value corresponding
to the current location with that given by Pbest (denoted as Pbest_value). If the current location
is found to have a better fitness function value, Pbest would be replaced with this current location.

(v) Global Best (Gbest): This refers to the location with the best fitness function value encountered
so far by the swarm of bees. At a new position, the bee would always compare the value of fitness
function with that corresponding to Gbest (denoted as Gbest_value). If found better,then GBest
would be replaced with the bee’s current location.

5. ALGORITHM FOR THE OPTIMIZATION OF MULTI-LAYERED RADOME

The step-by-step procedure for the implementation of PSO, in the context of optimization of material
layer sequence and thickness profile of an M layered radome for multi-band power transmission, is
elaborately presented here. As explained in the previous section, the position of a particle corresponding
to the M layered problem will have a dimension of 2M which includes M materials as well as M
thicknesses. The various steps in the algorithm are given below.
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5.1. Specification of User Defined Inputs and Definition of Solution Space

In this step, the parameters to be optimized and their respective ranges are clearly defined. For the multi-
layered radome problem, material numbers corresponding to each layer and the respective thicknesses
have been identified as the parameters to be optimized. The material number corresponds to the number
designated to a particular material in the pre-defined material database.The required number of layers
(M), number of particles (P), number of materials in the database (/N), number of iterations (X), angle
of incidence (Theta), edge frequencies corresponding to the required passbands and maximum and
minimum values for the thickness of each layer have been taken as user defined inputs. The maximum
and minimum values for the material number corresponding to each layer as well the maximum and
minimum values for the thickness of each layer have been stored in matrices Ay and Apax respectively.
The format for both the matrices are illustrated below:

[ 1 tl min 1 i 1 tl max
2 t2 min 2 t2 max
A = M {M min A _ M t M max
i M+1 mypimin |7 5 M+1 mpy1max
M +2 mpyi2min M +2 mpomax
2M M2M min L 2M MaM max
In both the matrices, the first element of each row corresponds to the dimension number. Further, the
first M elements in the second column (t1, %o, ..., tyr) corresponds to layer thicknesses and the remaining
M elements denote the corresponding material numbers (mas41, mar42, - .., Manr).

5.2. Formulation of Fitness Function

The fitness function has to be formulated appropriately to identify the quality of a position. The main
objective in the present case is to identify the set of parameters that can provide maximum power
transmission and minimum power reflection in the user defined passband for a comparatively high angle
of incidence. At the same time, it should also ensure minimum power transmission in the stopband.
The required variation in power transmission characteristics w.r.t. frequency (f) for a multi-layered
radome functional over a single passband and a single stopband is shown in Fig. 2. The fitness function
for achieving the characteristics as illustrated in Fig. 2 has been uniquely formulated as,

F=F + I (12)
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Figure 2. Desired variation in power transmission characteristics w.r.t. frequency for a multi-layered
radome functional over a single passband and a single stopband.
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where,
f2 s 1%
F = Z — ’a‘k + w1 X TCtmax |7 (13)
— Rcmax b
f=h
f3 -
B =Y [N la)® + wy x TCmax ]byk} (14)
f=r RCmax
=J2
0 = ROy — Ao, (15)
b= TCy — T (16)

The notations RC¢, RCyin, and RCyax correspond to the overall recursive reflection coefficient
of the multi-layered radome wall configuration at fth frequency, desired minimum value for overall
recursive reflection coefficient, and permissible maximum value for overall recursive reflection coefficient,
respectively. The same meaning applies to transmission coefficients as well. w; and wo denote the weight
parameters. Further, (f1, f2), and (fa, f3) denote the edge frequencies corresponding to the required
passband and stopband, respectively.

Here, lower the value of fitness function, better will be the position as it would yield minimum
reflection along with maximum transmission in the desired passband and reverse characteristics in the
stopband. The constant k has been introduced in the fitness function to move the focus of optimization
to those frequencies with higher reflection coefficient and lower transmission coefficient in the passband
and vice versa. In the current problem, k£ has been assigned a value of 2. As the number of passbands
and stopbands increase, the number of terms in F' have to be increased as well in order to account for
the power characteristics in each band.

5.3. Initialization of Random Positions and Velocities

The random locations from which particles start moving and the random velocities with which they
move have to be initialized in this step. The matrix (7");x; containing the initial positions of all the
particles can be written as,

1t tiz ti3 ... tim min mi2 Mz ... Mim
2 tor tog ta3 ... top M2 M2 M2z ... Moy
3 t31 t3p t33 ... t3m M3 M3z M33 ... M3M
T—| . ) ) .
| P tpy tpz tpz ... tpm mp1r mpz mp3 ... Mmpy |

where P denotes the number of particles.

The first element in a particular row denotes the particle number, and the following elements
correspond to the position of the particle. In the present problem, position is composed of the
thicknesses of different layers followed by the respective material numbers. The matrix containing
the initial velocities of the parameters can also be represented in a similar manner.

5.4. Setting the Trajectory of Particles in the Solution Space

Once the initial positions and velocities for all the particles are randomly assigned, they have to be
moved through the solution space. The steps to be followed for setting the trajectory of each particle
are given below:

Step (5.4)-1: Here, the fitness function corresponding to the current position of a particle has to be
computed and then compared with its Pbest_value and Gbest_value. If the value of fitness function
at the current location is better than Pbest_value and Gbest_value, the appropriate positions are
replaced with the current position.
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Step (5.4)-2: In this step, the velocities of all particles have to be modified w.r.t. Pbest and Gbest.
The generalized equations for updating the velocity of each dimension can be expressed as [17],

VEL, = qx VEL,' +kn x randidy () x (Phestly' —T75")
+ko x rannggl() X (Gbestg;l - 7?51) (17)
VEL, = min (VELQaX,max (VELQm,VEL{D)) (18)

where i, j, VEL;p, T;p, and q denote particle number, iteration number, velocity of the particle in
the Dth dimension, particle’s co-ordinate in the Dth dimension, and inertial weight respectively.
k1 and ko denote the acceleration constants which determine the relative pull of Gbest and Pbest.
Further, rand1( ) and rand2( ) are random number functions which generate uniform random
numbers between 0 and 1.

Step (5.4)-3: Once the new velocities are found, the particles have to be moved with these modified
velocities. The next position can be written as,

T, =T/;' + VEL], (19)

In order to confine the particles within the solution space, the modified positions have to be
constantly checked. If solution is found out of bounds, appropriate boundary conditions like
absorbing walls, reflecting walls, invisible walls etc. have to be applied [27].

5.5.

Once steps (5.1) to (5.4) are completed for all the particles, the procedure has to be repeated from
Step (5.4) until a particular condition is satisfied or when pre-defined number of iterations are completed.
A comprehensive flow chart for the developed algorithm is shown in Fig. 3.

6. PREPARATION OF SILICON NITRIDE BASED MATERIAL DATABASE

Silicon nitride is a prospective broadband radome material especially suitable for high speed applications
due to its superior temperature resistance and attractive mechanical properties. The multi-band
radomes considered in this paper have been realized using a number of layers of SigNy with varying
porosity. The constitutive parameters corresponding to mth layer, made up of SisN, with a porosity of
P (in %), can be predicted [28] as,

Erm = (1 - gm) + gm€7‘max(]‘ - j ta‘n 5max) = 67'777/7‘ea,l + jgrmimag; m = 17 27 cety M (20)

tand,, = Ermimag (21)
E"nnl'r(-za,l
P(in %) = (1 — gm) x 100 (22)

where €, . = max{e.,} = 7; tan dpax = max {tand,,} = 0.006, g,, is the relative volume of space
occupied by the dielectric in the mth layer.

In accordance with Equations (20) and (21), a material database containing several variants of
SigNy with different porosities has been created, as shown in Table 1.

7. RESULTS AND DISCUSSION

The algorithm for the optimal design of multi-band radomes using PSO has been implemented in
FORTRAN. A discrete subroutine has been developed for the computation of overall recursive reflection
and transmission coefficients of multi-layered radomes, and the results obtained have been validated by
comparing with those obtained using full wave simulation software (FEKO). The power characteristics
of a two-layered dielectric media (Layer#1: e, = 2.2, tand = 0.002, thickness = 6.44 mm; Layer#2:
er =7, tand = 0.006, thickness = 0.62 mm) computed using the developed subroutine as well as FEKO
are presented in Fig. 4. It is clear from the plots that the results obtained using developed subroutine



Progress In Electromagnetics Research C, Vol. 106, 2020

Start

Input values for Ama, Amin, X, P Update positions of all particles

Theta, M, edge frequencies and N +

+ Computation of fitness function (F)

corresponding to updated positions

Generation of random positions and velocities for each
particle

v

Computation of recursive reflection and transmission Yes Is F<
Pbest_value?

coefficients for each particle

v

Evaluation of fitness function corresponding to initial
position of each particle

* Pbest_value = F P
Computation of insertion phase delay corresponding to Pbest = Updated ] h
each particle position

v

Initialize counter = 1

| Yes Is Pbest_value
S Ny B
ForJ=1to P Gbest_value?

v

Forl=1to2M+1

* counter =
Computation of modified velocities counter+1
\4
Gbest_value= Pbest_value l

Gbest = Pbest

Are the modified
velocities within
bounds?

No

Is counter

<=

Iteration?

A
Application of Print
appropriate Gbest
boundary
conditions

Figure 3. Flowchart for the optimal design of multi-layered radome using PSO.
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Table 1. Material database based on SigN4 with different porosities.

Material Number | Porosity of SisNy (in %) | €, | tand
1 2 7 | 0.00600
2 5 6.7 | 0.00595
3 10 6.4 | 0.00591
4 15 6.1 | 0.00585
5 20 5.8 | 0.00580
6 25 5.5 | 0.00572
7 30 5.2 | 0.00565
8 35 4.9 | 0.00560
9 40 4.6 | 0.00547
10 45 4.3 | 0.00537
11 50 4 | 0.00525
12 55 3.7 | 0.00512
13 60 3.4 | 0.00490
14 65 3.1 | 0.00474
15 70 2.8 | 0.00450
16 75 2.5 | 0.00420
17 80 2.2 1 0.00382
18 85 1.9 | 0.00332
19 90 1.6 | 0.00263
20 95 1.3 | 0.00160

are in good agreement with those obtained using FEKO thereby establishing its authenticity. Once
validation of the developed subroutine is obtained, the subroutine has been integrated into the PSO
algorithm for computation of fitness function as expressed in Eq. (12).

Further, the performance of the indigenously developed code has been evaluated by carrying out
the design of multi-band radomes based on silicon nitride (SigN4). Based on the material database as
presented in Table 1, the indigenously developed PSO based code has been used for determining the
optimal material layer sequence and thickness profile of two five layered radomes with passbands as
mentioned below:

Radome#1: Passband-1: 5 GHz to 10 GHz;
Passband-2: 15 GHz to 20 GHz.

Radome#2: Passband-1: 10 GHz to 15 GHz;
Passband-2: 20 GHz to 25 GHz.

The number of particles and number of iterations have been fixed as 120 and 50. Other parameters
E@Xe been chosen as RCin = 0.2236, RChax = 0.31622, TChin = 0.31622, TCimax = 0.99949,

TComax = 04472, wy = 100, we = 200, ¢ = 0.9, k1 = ko = 1.49. All the parameters have
been finalized after performing extensive convergence studies. The maximum and minimum values
of thickness corresponding to each constituent layer have been taken as 0.1 mm and 10 mm respectively.
On fixing all the required parameters, the PSO based code has been executed assuming a T'F polarized
plane wave incident at an angle of 45° on the planar radome wall configuration. The optimized material
layer sequence and thickness profile suggested by the indigenously developed code for Radome#1 and
Radome#2 are given in Table 2 and Table 3, respectively.

A representative schematic diagram for the five-layered radome wall configuration is shown in
Fig. 5. The frequency dependent power transmission characteristics for both the radomes are presented
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Figure 4. Comparison of power characteristics of two layered dielectric media computed using

developed subroutine and FEKO. (a) § = 0° (normal incidence), (b) # = 60° (T'E polarization), (c)
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Figure 5. Schematic diagram of five-layered radome wall configuration.
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Table 2. Configuration of Radome#1.

Layer | Porosity of SisNy (in %) | e, tand | Thickness (mm)
1 65 3.1 | 0.005108 4.628
2 70 2.8 | 0.0045 3.285
3 2 7 0.006 1.848
4 75 2.5 | 0.0042 4.843
b} 70 2.8 | 0.0045 3.627
Total thickness 18.231

Table 3. Configuration of Radome#2.

Layer | Porosity of SisNy4 (in %) | €, | tand | Thickness (mm)
1 95 1.3 | 0.0016 3.496
2 35 4.9 | 0.0056 2.053
3 20 5.8 | 0.0058 3.442
4 90 1.6 | 0.0026 5.275
5 60 3.4 | 0.0049 7.358
Total thickness 21.624
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Figure 6. Variation in power transmission char-  Figure 7. Variation in IPD of optimized radome
acteristics of optimized radome wall configura- wall configurations w.r.t. frequency.

tions w.r.t. frequency.

in Fig. 6. The computed results have been validated with those of FEKO. It is clearly evident that the
percentage of power transmitted is above 80% in the passbands for both the optimized radome wall
configurations thereby establishing the accuracy of the uniquely formulated fitness function. Further, as
per the reciprocity theorem for stratified media [29-31], the magnitude of transmission coefficient will
remain the same when the plane wave is incident on Layer 1 or Layer 5. Hence, the power transmission
characteristics of both the radomes will remain unchanged irrespective of whether the antenna is in
transmitting mode or receiving mode. Furthermore, in view of structural rigidity, Layer 1 (65% Porosity)
of Radome#1 and Layer 5 (60% Porosity) of Radome#2 can be considered as outermost layers. The
variation in insertion phase delay (IPD) w.r.t. frequency for Radome#1 and Radome#2 is shown in
Fig. 7. The plots clearly indicate that IPD is well within the stipulated limits.
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Figure 8. Variation in the power transmission characteristics w.r.t. frequency for different incident
angles for T'E polarization. (a) Radome#1, (b) Radome#2.
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Figure 9. Variation in the power transmission characteristics w.r.t. frequency for different incident
angles for T'M polarization. (a) Radome#1, (b) Radome#2.

The variation in power transmission characteristics of both the optimized radome wall
configurations w.r.t. frequency at different incident angles for T'E polarization and T'M polarization
are shown in Fig. 8 and Fig. 9, respectively. It is clearly evident from the plots that the performance is
well within the desirable limits for a wide range of incident angles thereby establishing the efficiency of
the algorithm.

In order to assess the computational efficiency of the indigenously developed PSO based algorithm,
the total simulation time taken has been compared with that taken by the PSO based optimization
utility available in FEKO. However, FEKO doesn’t have the feature for automatic selection of suitable
materials for constituent layers. Therefore, different material combinations have to be selected manually
and their thicknesses have to be optimized separately in FEKO. In the present case, with a pre-defined
database containing 20 materials, the total number of material combinations possible for a five-layered
radome wall configuration can be calculated as,

Total number of possible material combinations = 20°

This implies that the PSO utility in FEKO has to be executed 20° times for all these possible
combinations in order to estimate the corresponding optimized thickness profiles for achieving user
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defined performance. On completion of all these simulations, the resulting optimized models have to be
compared to conclude upon the final optimized five-layered radome wall configuration. The estimated
simulation time in FEKO, for performing the PSO based optimization of thickness profile of a five layered
radome over the frequency regime 5 GHz to 25 GHz (total number of frequency points = 232; step size
for thickness of each layer = 0.1 mm) is 3 hours. The simulation has been performed in Dell precision
tower 7810 workstation (Two Intel Xeon CPUs E5-2650 v4 @ 2.20 GHz; RAM: 256 GB). Therefore, the
total simulation time for completing the optimization of a five layered radome wall configuration in
FEKO would be 20° x 3 = 9600000 hours. i.e., approximately 400000 days. Instead, the indigenously
developed PSO based code took less than 10 minutes for the complete procedure, thereby proving its
computational efficiency.

8. CONCLUSION

Multi-layered radome wall configurations are preferred candidates for aerospace applications due to
their superior performance w.r.t. bandwidth and structural rigidity. However, the optimization of layer
sequence and thickness profile is a computationally intensive task especially when a huge database of
potential materials is available. In this regard, an efficient particle swarm optimization (PSO) based
algorithm for material selection as well as thickness optimization of multi-layered planar radomes for
multiband applications has been introduced. The fitness function has been uniquely formulated to
identify the set of parameters that can provide maximum power transmission and minimum power
reflection in the user defined passbands for a comparatively high angle of incidence. Further, a full
wave formulation has been used for the computation of overall reflection/transmission coefficients of the
multi-layered radome in order to improve the accuracy of the optimization algorithm. The case study
using a material database containing 20 silicon nitride based materials clearly established the efficiency
of the algorithm by achieving above 80% power transmission in the user defined passbands. Further, as
per the reciprocity theorem for stratified media, the power transmission characteristics of the proposed
radomes will remain unchanged irrespective of whether the antenna is in transmitting mode or receiving
mode. The superior computational efficiency of the developed code over the PSO based optimization
algorithm in FEKO has also been proved. Therefore, the indigenously developed algorithm presents an
efficient design methodology for the realization of multiband radomes that can be used in autonomous
radar systems operating at different frequency bands.
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