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Abstract - Pattern synthesis is one of the most important problems in all wireless communications and Radar systems.
Each application demands the generation of a different type of radiation pattern structure. Pencil beams are generated
either from parabolic dish antennas or from array antennas for point-to-point communication. Similarly, sector beams
are used in search Radars. On the other hand, csc? beams are used for ground mapping and airport surveillance.
However, the difference patterns associated with narrow beams are sequentially used in IFF radars. In the present work,
investigations are carried out to optimize such difference patterns from array antennas. The patterns are designed using
a genetic algorithm, and the results are compared with those of Taylor's distribution. The patterns are presented in sin 8
Domain for different arrays. It is found from the results; the designed patterns are extremely useful in all search

applications.
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1. Introduction

In all communications and Radar systems, the
antenna is an essential device to perform desired functions
[1]. Antenna types are large in number, and they vary in
size, which is inversely proportional to the frequency of
operation [1]. That means the higher the frequency, the
smaller the size of the antenna, and vice-versa. The
smallest size of the antenna is a Hertzian dipole, whose
length is much smaller than ‘A’. However, it is only a
theoretical element and cannot be excited practically.
Quarter-wave monopoles and half-wave dipoles are
generally used in combination with other elements. This
is due to impedance matching requirements. Monopoles
are popular in automobiles, and dipoles are widely used in
yagi-uda arrays and log-periodic arrays. It may be pointed
out that the yagi-uda array is a narrowband antenna. The
log-periodic array is frequency independent, and hence it
can be used for TV reception to receive a greater number
of channels. The antennas mentioned above can be
fabricated in the form of printed antennas to save space.

Individual elements are constrained by limited gain,
and fixed directivity and impedance problems often arise.
These problems and constraints can be suitably addressed
by using those elements in the form of arrays [1-3]. The
array elements can be linear or nonlinear. They can also
as well be planar type. The planar arrays are preferred in
applications where the scanning is required either in
elevation in azimuth or both [4]. It is possible to control
the gain, directivity, radiation characteristics, and beam
shapes using array antennas.

Over and above, pattern synthesis is one of the most
important problems to be solved by antenna designers [5-

6]. It is the process to make the desired pattern in the
required shape with minimum side lobe level. The pattern
consists of the main lobe, which is the radiation in the
required direction, and the side lobes are to represent the
radiation in an unwanted direction. More side lobe level
reduces the original signal power [S], so reducing side
lobe level is the most important factor in pattern
synthesis. Pattern synthesis is achieved by adjusting array
excitations such as amplitude, phase, or both amplitude
and phase or by adjusting element positions of an array
with uniform or non-uniform spacing [7-8]. Each user
demands a specific pattern shape depending on the
application under consideration. Each shape of the
radiation beam has its application in both radar and
wireless communications [9]. In fact, the arrays are also
used in electromagnetic radiation therapy applications.

For example, Pencil beams are very sharp, highly
focused narrow beams used for point-to-point
communications and in high angular resolution radar in
search applications [9]. It is not easy to meet the
objectives if a narrow beam is scanned to detect fast-
moving objects. As the beam is very narrow, it requires
many scans. This leads to generating broad beams or
sector beams to reduce the number of scans in searching.
This, again, is constrained by the small ripples in the trade
in regions. Csc? beams are essentially generated for
ground mapping and airport surveillance radar [10].

Several researchers in the open literature present
multiple pattern synthesis methods. In standard
distribution methods, the SLL is reduced from one
distribution to another at the cost of increasing the main
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beam width. The empirical methods are the experimental
methods implemented based on the measured pattern data
under realistic conditions [11]. It is a very laborious and
time-consuming method, requiring measured data until
the optimum design is achieved. The conventional
analytical pattern synthesis methods are developed to
improve specific pattern characteristics; dealing with one
parameter improvement may degrade the other parameters
[12]. These analytical synthesis methods have limitations
and cannot control multiple parameters.
Evolutionary/stochastic/meta-heuristic ~ algorithms  can
handle a greater number of optimization parameters to
control [12]. Among these, the Genetic algorithm (GA) is
one of the best optimization techniques, and it is useful to
solve problems in every domain. It takes care of
constrained and unconstrained parameters. This algorithm
is evolved based on natural selection. It modifies the
population of individual solutions. An individual is
characterized by a set of variables, which are known as
genes. A chromosome is usually called a solution which is
formed by joining the genes into a string.

In general, a set of genes of an individual is
represented using a string in terms of alphabets. However,
a string of 1's and 0's is used in terms of binary values.
The genetic algorithms are classified into the following
types, namely generational GA, steady state general
algorithm, and steady generational genetic algorithm. The
main components in the GA operation are crossover,
mutation, and selection of the fittest. The GA is used in
all problems, either in computer science or in operations
research. The GA is a metaheuristic, and the process of
natural selection inspires it. It belongs to a larger class of
evolutionary algorithms.

2. Genetic Algorithm

This paper uses a genetic algorithm to determine the
amplitude weights for achieving low SLL (Sidelobe
level). It is a nature-inspired kind of global evolutionary
search optimization algorithm [13] that works on
selecting the best chromosomes from the parent
population via crossover and mutation operators
according to the fitness function value to generate the new
population in a better way. The fitness function selects the
individual chromosomes from the parents or present
generations [13]. The algorithm continues until it meets
the optimized solution or until the maximum generations
limit is crossed [35]. Figure 1 shows the details of GA in
the form flowchart.

The Genetic Algorithm contains the following
parameters

2.1. Chromosome

The chroma means colored, and soma means body.
Therefore chromosomes mean colored bodies. It is an
organized arrangement of DNA and protein; the number
of chromosomes per cell varies for different species. A
chromosome contains a unit of inheritance; hence the
chromosome is a collection of genes; the genetic
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information is stored in the chromosome, and the basic
building block of GA is the gene [13]. The chromosomes
are used to encode the search parameters information
[15]. The cost function is assigned to each chromosome;
according to this, the chromosomes are divided into best
chromosomes and poor chromosomes.

Population Initialization

v

Evaluation of fitness function

v

Next generation of chromosomes

(Selection, crossover, mutation)

v

Is the requirement met?
Or
The iterations converged?

No

Yes

Fig. 1 Flow chart of genetic algorithm

2.2. Selection

The GA selects the best-fit chromosomes which are
most suitable for the target function [15]. The best fit to
the last fit will be assigned to the chromosomes based on
the cost function evaluation ranking. There are several
selection methods like Roulette-wheel selection (most fit
chromosomes get more slices of roulette wheel than least
fit ones), Elitist selection (selects only most fit ones), Cut-
off selection (selects the chromosomes which fit above
the chosen cut-off), etc. The unwanted chromosomes are
discarded, and the best chromosomes are chosen for the
next offspring, which are suitable for the target function.
This process starts after determining the individual
chromosome fitness and continues until a new population
is formed [13].

2.3. Crossover

It is the operation of combining different parts of
selected parent chromosomes to form new offspring [15].
It has different types like a single-point crossover, two-
point crossover, uniform crossover, etc. GA can produce
new chromosomes through this operation [15]. It is done
by the hope that the new generation of chromosomes
consists of all the good parts of the old parent
chromosomes; hence new offspring is better [13].
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2.4. Mutation

It is done after crossover. The mutation causes
changes in the parts of chromosomes [15]. The
chromosomes which contain good characteristics are not
mutated; to preserve them for the next generations, these
are called non-mutated chromosomes. The mutation rate
is the rate at which minimum random changes can occur
on chromosomes. If it is 100%, the whole chromosome
will change if it is 0%, there will be no change in
chromosome [13].

3. Formulation
3.1. Sum Pattern

The sum and difference patterns are used to steer the
antennas in the desired direction of the target [16]. An
array of elements gives better control of parameters to
make the desired beam and improves directivity & gain,
which may not be possible with a single antenna.
Consider the array of N isotropic line sources placed from
-1 to 1 array length. An example of a continuous line
source array arrangement is shown in figure 2.

Bore Sight
A

Line of observer

A

Fig. 2 Continuous line source

In a continuous line source, the elements are assumed
to be infinite in a finite length of the line source, but such
a line source is a theoretical concept. This is applicable
only when radiating elements are assumed to be point
sources. However, the continuous line source concept is
considered by several researchers [17-20] who developed
integral equations to evaluate radiation patterns from such
radiating sources. In such expressions, X becomes a
continuous variable, A(x) is a continuous amplitude
distribution and similarly ®(x) is a continuous phase
distribution. The field pattern equation for a continuous
line source array is given by [21].

E(u) = f_llA(x)ejz”’“/““""q’(x)]dx @

As continuous line source is a theoretical concept,
here we used a discrete array, the integration is replaced
with the finite summation, and the continuous points are
replaced by several numbers of elements in the array [21].
In the case of discrete arrays of isotropic radiators, x
becomes x,, , A(x) becomes A(x,,), ®(x) becomes O(x,).
In discrete arrays, the spacing can be uniform or non-
uniform, and it can be resonant or non-resonant spacing.
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% spacing of the radiating elements is resonant; the

. A .
spacing other than 7 Is non-resonant. In the arrays under

consideration, there can be a center element, or there can
be no center element. The spacing is usually symmetric
from the array's centre, along with symmetric amplitude
and phase distributions. The arrays with such
consideration will also produce symmetrical radiation
patterns. That means the side lobes on either side of the
main beam are identical to their levels and sidelobe
widths. The radiation pattern equation for the discrete
array is given by [7]

E(U) - TI\llzlA(xn)ejZHL/A[uxn+d>(xn)] (2)
Where;
E(u) = Electric field pattern (v/m)
A (x,,) = Amplitude excitation weights of the nth element
2L/ 2 = Normalized length of the array
A = Wave length, L = Length of the array
u=sinf
6 = angle of the line of the observer with a broadside
®(x,,) = Phase excitation of the nth element.

It is possible to optimize the spacing functions by the
following techniques.

e lterative technique

e  Perturbation technique

e Dynamic programming technique

e  Analytical programming technique

e  Empirical programming technique etc.

Interestingly, Ishimaru [35] has reported a unique
spacing function valid for arrays of odd and even
elements in the array. For the sake of completeness, a few
details of such an important spacing function are
presented below. A radiation pattern of an array of N
radiators is given by [23]

E(u) = XN=1 A(x,)e/2mt/Aluxnl 3
Where x,,represents the position of the n element.
Rewriting equation (3) in the form of
EW=X3-1 /(™) (4)
According to the following Poisson's sum formula [22].
T f(0) = X [, f(0) €27 dv ®)

It may be noted in the above expression LHS value
summation extending from -oo to oo and the RHS as o to
summation of an integral, where the integral is also
indefinite. It is possible to write

EW) = Snemw fy f@) 2™ dv (6)
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Using Dirac delta functions and making some
mathematical manipulations from the equations (3), (4),
(5) & (6), it is possible to write

EW=XY%__o f€€+Nf(v) ej2mmy g,

)
Where 0 < €< 1
X =x(v) 8)
x, = X(n) )
v =v(x) (10)
n=v (x) (11)

Using the steps described by Ishimaru [21], we can
write

© (12)
E(w) = Z (~D)™WVE, (u)
1 -t m=—0<zly e~ Jr)+imuN (y=x) w
E,(w) = Ef—l A(x)a eJurmnN)x o (13)
u=kasiné
2a=XN— Xo

x=x(y) normalized source position function -1 < x < +1
y=y(x) normalized source position function -1 <y < +1
Thus, the actual position of the nth element is

Xn = ax(yn) (14)
If Nis odd, N = 2M+1
n=0 I, +2, ..., +M.
If Niseven, N =2M
n—(3)
Yn = M2 forn >0,
n+(3)
Yn = M2 for n <0,

It is obvious that the above expressions are written,
one spacing function for odd numbers and another
spacing function for even numbers, but it is possible to
write the following single expression for a spacing
function, valid for both odd and even element arrays. i.e.,

2n—-N-1
= ”T (15)
Where x,,= Position of n"element in the array.
N = the total number of elements in the array.
n = the element number.
The normalized far field is
= |z (16)
En(u) |E(u)MAx
The far-field in dB is given by
E(u) =20 log (En(u)) dB @17
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3.2. Difference Pattern

The difference pattern is a radiation pattern which
contains a null in the boresight direction. On either side of
the null, two major lobes of equal height will be in
symmetric arrays. It can be generated from the discrete
array equation shown in equation (1) by giving 180
degrees phase shift in one half of the array [21].

N
Ed(U) - Z? 1A(xn)ej(21'1:L//1[uxn+11>(xn)] +a) oy +
n=
ZN NA(xn)ej((Zn:L/A[uanD(xn)]+a))dx (18)
n=—
2
Where « is an additional phase to produce the
difference patterns to produce null in the bore sight
direction. a should be 'z' for one-half of the array of
elements, and it is '0' for the second half.

3.3. Design of SLS Difference Patterns from Sectorial
Beam

As evident from the popular literature, difference
patterns can be generated from the narrow beams by
providing antiphase excitation to one-half of the array on
a line source. But the requirement of the height of the
difference lobes above the side lobes of the pencil beam
cannot be maintained. Usually, the difference between the
Side Lobe Level and the main difference lobe is about 8
db. In order to achieve this, it is required to produce a
sector beam first and then convert it into difference
patterns with the above-mentioned antiphase excitations.
The so-called sector beams are produced from pencil
beams by introducing an optimized phase distribution
keeping the amplitude the same. As seen in the preceding
sections, amplitude-only control generates sum patterns
with symmetrical side lobes. However, additional phase
distribution and fixed amplitude functions are required
when sector beams are required. Such a phase function
can be designed analytically using the stationary phase
concept [17, 25]. This concept is widely used in signal
processing. However, it is extended for the design of
required phase distribution to produce sectorial beams
where the beam has constant amplitude during the trade-
in region, and low-level sidelobes exist in the trade-off
region. The sectorial beams can be either symmetric or
asymmetric, depending on the user's requirements.

3.4. Design of Phase Distribution
The relation between E-field produced from a

continuous line source with a typical amplitude
distribution is given by
E(u)= f_LL a(s)e/Pus ds (19)

Where u =sin 8, 0 is the angle between the direction
of propagation and normal to the array, = 27/A, A is the
operating wavelength, and 2L is the length of the
aperture. A typical geometry is shown in figure 2. If
x=s/L, the line source extends from -1 to +1, and a(x) is
amplitude distribution. Equation (19) becomes the
following
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E(u)= f_ll a(x)elBlux gy (20)

The above a(x) can be written as
(21)
A(x) ell¥@+v1(0]

Where

a(x) =
w(x) =L D(x) (22)

From equations (19), (20), (21) and (22), we get
(23)
E(u)= f_llA(x)ejﬁL[u’”q’(")] dx

In order to explain the concept behind, x can be
replaced by y, A(X) by B(y), BL by 1], [ux + ®(x)] by
Z(y), the lower limit of the integral by yi and the upper
limit by y» then equation (23) is simplified to equation
(24)

F()) = f;’f B(y)e/Bzo gy (24)

It may be noted that y; and y., B(y), and Z(y) are
independent of 7]. If I] becomes large, the integrand of
equation (24) leads to rapid oscillations and cancels
themselves for most of the range [25]. But when y is
infinite in the neighbourhood of y1 and y2, cancellation
does not take place.

Over & above, when Z(y) has a minimum rate of
variation, cancellation does not take place near the zeros

of az(yy ) and hence they are called as stationary points.

3.5. Methods of Evaluation of Phase Function

According to energy relations [28], only one point in
the aperture domain illuminates one point in the new
domain. It is, therefore, possible to write the following
expressions.

217 NEaQu)Pdu = [, A(x) dx (25)
Or E;(w)|*du =

I, AZ(xf> o ! 20
Or

LI B ()P du = [ A2(x) dx @7
Or

L[y (u)Pdu = [ A (x) dx (28)
Or

L[ |Eau)Pdu = [ A2(x) dx (29)

A change in the variable 'u' results in the

corresponding change in the location of stationary points,
and it is given by

EP [ux + d(x)] =0

Thus gives

(30)

u=-ao'(x) (31)
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Assume the desired sector beam to be in the form of

E,(w) =K

u, — u, = desired sectorial beam width.

for u; <u<u, (32)

Where K is a constant, one of the energy relations is
given by

2 (1B lPdu = [ A2(x) dx (33)
The constant K is obtained from (33) and (34) i.e.
K2=C= [f A?(x) dx] (34)

L(uz uq)

In order to solve the expression (31), a relation
between u & x is obtained from the following.

LM 1B Qo) Pdu = % A% (x) dx (35)
e, LKu+l] = ¥ A%(0) dx (36)
i — A *x 42 _Lc 37

ie. u=— [0 A%(x) dx - (37)
. _ fl AZ%(x) dx
he U= (“2 W A e (38)
(ug—u )f Az(x) dx
’ 2
() = = [, 42(0) dx +
fl A%(x) dx 39
( 1)f AZ(x) dx ( )
In the above expression, A(x) is evaluated

conventionally using Taylor's amplitude distribution or
cosine on the pedestal. However, it is found from the
literature that the resulting patterns are not optimum with
such amplitude distributions.

To improve the pattern characteristics, an attempt is
made in the present work to design amplitude distribution
using a genetic algorithm. The amplitude distribution so
determined is wused to produce sector beams by
introducing the evaluated phase function. The details of
the genetic algorithm are presented in the preceding
section.

4. Taylors Amplitude Distribution

Taylor's method of designing amplitude distribution
is confined to the design of line sources. A line source is
an array of finite lengths with an infinite number of
elements. It means there is no spacing between the
elements; hence it is an ideal array antenna. However, the
resultant amplitude distribution will be continuous in
nature, characterized by the maximum value of the center
tapering towards the end. Introducing such an amplitude
distribution to the line source yields a radiation pattern
with a narrow lobe in the boresight direction with a set of
minor lobes on either side.
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The Taylor expression for the desired pattern is given
by [37]
w?

o2 n? {AZ +(n—l

2
__w? }
{1 )2

1

E(u) = cosh(nA Y- [T} /] (40)

Where 11 is an integer, u :%sincb, @ is the angle
measured from maximum radiation. 2L is the array

length, and A is an adjustable parameter having the
property that cos(wA) is the side lobe ratio.

n

0O=r——"—"7>

e 7]

It has been possible to make the desired number of

sidelobes at equal heights by choosing the value of #. for

example, if n is 5, there will be 4 side lobes of equal
height. The remaining side lobes decay exponentially.

(41)

Using equation (40), the amplitude distribution of an
array is found by using Woodward's method given by
A(X) = Xi—oo ane ™ (42)

Where x=X/L, X being a variable point on the array.
The pattern E(u) related to A(x) is given by

Eu)= [, A e™ dx (43)
Using expressions (42) and (43), we get
E(U) = Dy an T (44)
Thus gives
ay = E(U)]u=nr
Therefore, the expression (44) reduces to
E(u) = X5z E(nm) S0 (45)

(u—nm)
The aperture distribution is obtained in the form of

A(X)= ag+Y-, 2a,cos (nmx)
or
A(X)= E(0)+2 Y2, E(nm)cos (nmx)

(46)

and E (nm)=0 for n>n
In fact, the above distribution can be discretized by
taking amplitude values at the sampled locations of the
elements.

5. Results and Discussion

In the present work, a Genetic algorithm is developed
and implemented using MATLAB software to find out the
excitation levels of each radiator, which intern gives a
minimum cost function. The cost function represents the
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minimum Side Lobe Level (SLL) [13]. The variables in
the GA are population size, mutation rate, maximum
generations, maximum function, and cost function [30].
The desired SLL is set at -35 dB, and the remaining
parameters are assigned randomly to evaluate the cost
function. This procedure is valid for any array containing
'N' number of elements.

The random values are passed on to the parameters of
the genetic algorithm to estimate the fitness function.
Natural selection is to retain half of the best chromosomes
and leave the remaining half of the unhealthy ones [31].
Then the selected healthy chromosomes are combined to
generate the next offspring. This leads to the existence of
only the best chromosomes in new breeding.

In the present work, arrays with different numbers of
elements are considered for the design. It is evident from
the preceding sections that a pattern with one main
narrow beam by introducing an optimized phase function.
For that, the sector beam is converted into Side Lobe
Suppressed (SLS) difference patterns by an additional
phase of 'a.' The Genetic Algorithm is used for amplitude
distribution, and the stationary phase concept is used for
phase distribution. This design is unique and, to the best
of the author's knowledge. The useful results are produced
for the first time using the above methods.

The design involves an analytical approach as well as
a numerical approach. The universal approach can be
applied to design any type of array while saving a lot of
computational time.

The numerically computed results for the variation of
amplitude distribution (A(x,)) and phase distribution
(®(x,)) along the array for N= 40 & 80 are presented in
figures 3 to 6. The amplitude distributions are normalized
to vary between O to 1. The phase distribution for
sectorial width of 0.6 is presented.

Moreover, the two distributions mentioned above
obtained from the present design are compared with those
of Taylor's distributions. Introducing the above
distributions in the expressions of field strength patterns,
the pattern characteristics are numerically evaluated, and
results are presented in figures 7 to 14.

1

0.9 ] Q

| “TTTTT |
I

0.4 0. 1
Fig. 3 Normalized amplitude distribution for N = 40 elements
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12 Normalized radiation pattern using GA with amplitude
nly control for N = 80 elements (a) Sum Pattern (b) SLS
difference pattern

Fig. 14 Normalized radiation pattern for N = 80 elements (a)
Sum pattern using GA with amplitude only control (b) SLS
difference pattern using GA with amplitude and phase
control for u = 0.6 (c) SLS difference pattern using Taylor's
with amplitude and phase control for u = 0.6
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It is evident from the results that it has been possible
to change the narrow beam to a sector. The sector to
difference patterns with the additional phase weights for
each element in the array are found to be practically
realizable by using either analog phase shifters or digital
phase shifters. In the present work, the phase weights are
calculated using the stationary phase concept and require
amplitude weights generated using the genetic algorithm
and Taylor method. The sector beams obtained using GA
are flatter in trade in the region than those of sector beams
obtained using Taylors.

The difference patterns obtained after the addition of
phase weights a as well can suppress the effect of side
lobes as the height of the difference lobes is more than 8
dB above SLL. In the case of fast scanning applications,
4-bit digital phase shifters are found to yield good results.
These patterns are widely used in IFF (Identifying Friend
or Foe) applications. It may be brought to the notice of
antenna users that; the so-called sum and difference
patterns are generated from two different antennas [32].
However, in the present work, only one antenna can
produce both patterns and hence the results are very
useful as they met all the requirements of IFF
applications.

6. Conclusion

A genetic algorithm is one of the state-of-art
algorithms for optimizing any parameters in a given
system. It is developed for the design of antenna arrays
for pattern synthesis. To compare the present results on
input excitations, sum patterns, sector beams, and
difference patterns are compared with those of Taylor's
distribution. It is found from the results of the Genetic
Algorithm that each pattern presented is technically and
practically useful for antenna designers. Although the
results are presented for N = 40, 80, the method can be
extended for any array type. The array can be linear,
nonlinear, or even can be planar.
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