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Sequential Nonlinear Programming based
Optimization for Z-Shape Microstrip Antenna
Design

Swarnaprava Sahoo* Laxmi Prasad Mishra* and Mihir Narayan Mohanty*

Abstract : The patch antenna is one of the important elements in modern wireless communication systems
and hence its design optimization is an important aspect for improving the overall performance of the system.
In this paper, sequential nonlinear programming optimization technique has been utilized in HFSS software
for optimization of the Z-shape patch antenna dimensions in order to achieve return loss, VSWR, directivity
and gain. The designed antenna is to operate in Wi-Max / S- band and C- band satellite application with the
centre frequency at 3.4 GHz, 4.25 GHz, 4.7 GHz and various important performance metrics of the patch
antenna are analysed for performing comparative analysis between un-optimized patch antenna and
optimized patch design. The main point of the paper is to examine the suitability of sequential nonlinear
programming for antenna parameter optimization to achieve the design objectives subject to constraints.
The basic principle of sequential approximations is to replace the given nonlinear problem by a sequence of
quadratic sub problems that are easier to solve.

Keywords: Microstrip antenna, Wi-Max, multi band antenna, dual band antenna, broadband antenna,
optimization

1. INTRODUCTION

The patch antennas are popular for their attractive features like: low profile, ease of fabrication, light
weight and compatibility with Monolithic Microwave Integrated Circuits (MMICS). The patch antennas
are used in satellite communication, wireless and microwave applications due to their compact and planar
structures [1-3]. The main disadvantage is an intrinsic limitation in band width due to the resonant nature
of the structure of the patch. The intensive research has been done to develop bandwidth enhancement
techniques for patch antenna [4-6]. The popular methods for enhancement of band width are increasing
height of substrate and adding parasitic elements to the patch. In order to overcome the shortcomings of
the patch antenna it is important to make an optimal design of antenna for best performance. In this case
various existing optimization algorithms can come handy. Sequential nonlinear programming algorithm
is one of the global optimization algorithms has been used widely in the past by antenna designers [7],
[8] for the optimization of the patch shape and size in order to achieve better overall performance of
the antenna.

In this paper, the patch antenna and Z-shape patch antenna are designed using HFSS. The inbuilt
optimization software in HFSS are sufficient for optimization of the designed parameters of the antenna
[9] in order to get objective functions like S- parameter, VSWR, bandwidth, directivity, gain etc of
designed antenna. Here, sequential nonlinear programming algorithm has been used for the optimization
of Z- shape patch antenna dimensions operated at 3.4 GHz, 4.25 GHz and 4.7 GHz for Wi-Max / S- band

* Department of Electronics and Communication Engineering, ITER, Siksha ‘O’ Anusandhan University Bhubaneswar, Odisha, India.
E-mail : swarna.sahoo@gmail.com, laxmimishra@soauniversity.ac.in, mihir.n.mohanty@gmail.com



226 Swarnaprava Sahoo, Laxmi Prasad Mishra and Mihir Narayan Mohanty

& C- band satellite application. It was exactly used to optimize the slit width (L6). It has been verified that
by cutting the slots into radiating edges of microstrip patch antenna, a triple band frequency response is
achieved. The performance is improved by inserting a pair of slits in an appropriate radiating edge to form
Z-shape patch antenna. In this work, a geometric Z-shape is developed from a rectangular patch, and then
optimization is done in order to achieve better overall performance of the antenna.

The antenna is designed using FR4- epoxy substrate with a dielectric constant (¢ ) of 4.4 and a
thickness of 1.6 mm respectively. The simulated result shows that the performance of the optimized Z-
shape patch antenna using sequential nonlinear algorithm is better than the un- optimized in terms of the return
loss and VSWR. To increase the bandwidth of antennas, including increase of the substrate thickness, the
use of low dielectric substrate, the use of various impedance matching and feeding techniques, the use of
multiple resonators and the use of slot antenna geometry, there are numerous and well known methods [10].

While optimizing the antenna parameter, the overlapping problems most often encountered using
HFSS. The best possible optimization is done with the calibration and redesigning of the antenna in HFSS
simulation tool.

To achieve optimal gain, pattern performance, bandwidth, VSWR and so on subject to specified
constraints, antenna design is a topic of great importance to electromagnetic and involves the selection
of antenna physical parameters. In finding the optimum solution or unconstrained maxima or minima
of continuous and differentiable functions, the classical optimization techniques are useful. These are
analytical methods and make use of differential calculus in locating the optimum solution. The sequential
nonlinear programming studies the general case in which the objective function or both contain nonlinear
parts. The work has been performed by interfacing the sequential nonlinear programming algorithm to
An soft High Frequency System Simulator (HFSS). The paper is organized as follows: section II presents
a design approach for Z- shape patch antenna, section III gives a brief about sequential nonlinear
programming algorithm and the flow chart used, in section IV simulation results are presented and finally
in section V conclusion is drawn.

2. ANTENNA DESIGN
A. Design Methodology

Microstrip patch antennas consist of a very thin metallic strip (patch) placed on a ground plane where
the thickness of the metallic strip is restricted by t <<'A, and the height is restricted by 0.0003 A <h <},
where A is the free space wavelength. The microstrip patch is designed so that its radiation pattern
maximum is normal to the patch. For a rectangular patch, the length L of the element is usually A /3 <L
< A,/2. The dimension has major impact on operating frequency [11-12].

B. Antenna Design Procedure

The bandwidth of an antenna is mainly determined by the thickness, the nature of the dielectric substrate
and the geometry of the antenna. To expose the band width matter in simple planar structures and to give
a benchmark in terms of space and bandwidth, a rectangular patch has first been sized. The dimensions of
the antenna can be deduced from analytical expressions [1], [4].

(a) Width of Patch :
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(c) Due to fringing effects the change in dimension of length :

(e + 0.3)[\: + 0.264]
AL = W
(Erer — 0.258)[h + 0.8]

(d) Length of Patch :
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Where, g, = dielectric constant,
h = Substrate thickness,
f, = Resonant frequency

Increasing the width of this antenna is one of factors controlling its bandwidth. Nevertheless, it is very
difficult to obtain a satisfactory result with a simple shape microstrip patch antenna. That is why we propose
Z-shape geometry in order to widen the bandwidth of the antenna while retaining reasonable dimensions.
This geometry changes the distribution of surface current density generating multiple resonances.

Table 1
Optimized Dimensions of Proposed Antenna

Un- Optimized dimensions of patch antenna

Parameter Value
Substrate FR4- epoxy
Centre frequency (f ) 2.32 GHz, 3.62 GHz
Height of substrate (h) 1.6 mm
Loss tangent 0.02
Dielectric constant (g,) 4.4
Width of patch (W) 38.04 mm
Length of patch (L) 29.44 mm
Feed width (w,) 1.8 mm
Yo 5 mm
X 0.6 mm

0

Un-optimized dimensions of Z-shape patch antenna

Parameter Value
L, 30 mm
L2 5 mm
L6 6 mm
L, 32 mm

Optimized dimensions of Z-shape patch antenna

Parameter Value

L 7.6153 mm

6
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The goal of designing antenna at 3.4 GHz, 4.25 GHz and 4.7 GHz was to get better performance
using optimization for Wi-Max / S- band & C-band Satellite application. The width of the rectangular
patch antenna is usually chosen to be larger than the length of the patch to get higher bandwidth. To design
patch antenna lower dielectric constant is used because in case of lower dielectric constant of the substrate,
surface wave losses are more severe and dielectric and conductor losses are less severe. Table 1 shows the
specifications for the proposed microstrip patch antenna.

C. Design of Z-shaped microstrip patch antenna

The most important design features of the patch are its width (W), length (L), width of transmission line
and the length of the feeding line. The patch is fed by a 50 Q2 inset feed. The geometry and configuration
of Z-shaped microstrip patch antenna is shown in Fig. 1 and Fig. 2.
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Figure 1: Un-optimized Z- shape microstrip patch antenna
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Figure 2: Patch configuration of Z- shape microstrip patch antenna
In patch antenna the feed line impedance (50 ohm) is always same as the resistance at the edge of the
patch which is usually few hundred ohms depending on the patch dimensions and the substrate used. As a

result the maximum power is not being transferred and input mismatch affects the antenna performance.
The input impedance of the rectangular patch antenna decides the matching between feed line and patch.
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According to the Transmission line theories, the resistance of the patch varies as a cosine squared function
along the length of the patch.

The proposed antenna is the Z — shape patch antenna and after theoretical calculation for the rectangular
microstrip patch antenna the optimization technique is used for the desired output. The parameters defined
by HFSS are generally controlled by bound and direction with fixed rate. It has been observed that for
any variations of the optimization parameters, overlapping problems arise in the HFSS simulation and
the iterations terminate prematurely with an error. This error can be minimized by using the powerful
optimization tool.

3. SEQUENTIAL NONLINEAR PROGRAMMING ALGORITHM

The basic principle of sequential approximations is to replace the given nonlinear problem by a sequence
of quadratic sub problem that are easier to solve. Sequential Nonlinear Programming Algorithms consider
the equality constrained problem:

min f(x) subjecttoh(x) = 0
Where, X represents the design variable set or vector. And f(X) is the objective function. The other

functions h(x) are equally constraints. Using the Lagrange — Newton method described in most optimization
books at the k' iteration, we have

W, Al S —Vif!
Ao 0] T oh M)
Where W = Vf +1ATV2h,
A = Vh
A = vector of Lagrange multipliers.
Solving the above equation iteratively, we can obtain the iterates X, , =X, , , and A, which should

eventually approach X and A, the optimal values. Alternatively, we may observe that the above equation
can be viewed as the Karush — Kuhn — Tucker (KKT) condition for the quadratic model.

. 1
min sas) = fi +V,Ls, +ES[Wksk
subject to As +h =10 (2)
Where, VL = Vi +AT Vh

Solving the quadratic programming sub problem (2) gives the same s,and A, , | as solving equation (1)
and thus two formulations are equivalent. In the second formulation, the values X and A will be obtained
from solving a sequence of quadratic programming (QP) sub problems, hence comes the name of SQP
methods for the relevant algorithms. The QP sub problem can be solved efficiently by some general NLP
algorithms such as reduced space or projection methods or augmented Lagrangian methods. Using active
set strategy, we can also handle problems with both equality and inequlity constraints.

Fig. 3 shows the flow chart used to design Z- shape patch antenna. First we calculate the antenna
parameters that we analyse its performance, if the results are not satisfied we use sequential nonlinear
programming optimization. The optimization is terminated when criteria is met. After five iterations,

the sequential nonlinear programming optimizer found the following optimal values for the parameters:
L6 =7.61 mm (Fig. 2 and Table 1).

4. SIMULATION RESULTS

The Z-shape patch antenna resonates at three bands of frequency at 3.35 GHz, 4.25 GHz and 4.6 GHz.
These frequencies are related to the dimensions (L, L, and L, L.). These dimensions are linked by the fact
that the single excitation point must have matched impedance (50 Q) with the two resonant frequencies.
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Rectangular Patch antenna has been designed in HFSS software and various important performance
metrics are measured to analyse the performance of the designed Z-shape patch antenna (Fig. 1). Now the
Z-shape patch antenna has been optimized to get the best possible results in all the possible ways and final
results are presented in this section.

START

\ 04

Enter the centre frequency, Dielectric constant and Height of substrate
in patch calculator programmed by MATLAB

Use the outputs (W, L) for designing Z- shape patch antenna in HFSS

{

Analyse the performance of designed antenna in terms of return loss,
VSWR

Is return
loss better
than -20

Optimized designed antenna

using sequential nonlinear Designed antenna
programming optimization in optimized

HFSS and analyse its
performance

— <>

Figure 3: Flow chart showing use of SNP in Z- shape patch antenna design

Return Loss : For better performance at resonance frequency the return loss should be minimal. The
return loss plot for the designed Z- shaped patch antenna are shown in fig. 4.

The optimized Z- shape patch exhibits return loss of -26.8279 dB at 3.4 GHz, -19.2961 dB at 4.25
GHz and -20. 2078 dB at 4.7 GHz. Where as the return loss plot of the un-optimized Z- shape patch
antenna is -17.82 dB at 3.35 GHz, -17.49 dB at 4.25 GHz and -12.89 dB at 4.6 GHz.

It shows that the resonant frequency is not exactly at 3.35 GHz, 4.25 GHz and 4.6 GHz. This is in
accuracy in terms of the centre frequency is removed by optimizing the Z- shape patch using sequential
nonlinear programming algorithm HFSS environment. Sequential nonlinear programming algorithm is
one of the EM optimization techniques integrated with An soft HFSS. This can be utilized to reduce the
efforts of manual tuning of the Z- shape patch dimensions in order to achieve the desired goal.

VSWR : To describe the performance of an antenna when attached to transmission line, VSWR
is used. It is the measure of how well the antenna terminal impedance is matched to the characteristic
impedance of transmission line. Ideal value of SWR is unity indicating that there is no standing wave on
the line. VSWR variation with frequency of the optimized and un-optimized Z-shape patch antenna is
shown in fig. 5.
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Figure 4: Return loss plot of optimized and un-optimized Z- shape patch antenna
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Figure 5: VSWR Vs frequency plot of optimized and un-optimized Z- shape patch antenna
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From this plot it is clear that the un-optimized Z- shape patch antenna has VSWR of 1.29, 1.30, 1.58 at
3.35,4.25, 4.6 GHz. and the optimized Z- shape patch has a SWR of 1.09, 1.24,1.21 at 3.4, 4.25, 4.7 GHz.

Directivity : The most important parameter of the patch antenna. Fig. 6 (2), 7(a) shows the radiation
pattern of both un- optimized and optimized antenna. For optimized Z- shape patch antenna, the maximum
directivity achieved is 6.31 dB which is 1% more as compared to the un- optimized Z- shape patch antenna.
2-D Radiation pattern polar plot for @ = 0° at the frequencies for both optimized and un- optimized
Z-shape patch antenna is shown in Fig. 6, 7.

Gain: Fig. 6 (b), 7(b) shows the radiation pattern of both un- optimized and optimized antenna.

Radiation Pattern 7 HFSS Design1 &

Curve Info
== dB (Dir Total)
Setup 1: Sweep
Freq = '3.35 GHz’ PHi = ‘Odeg’
=} dB (Dir Total)
Setup 1: Sweep
Freq = '4.25 GHz' PHi = ‘0deg’
=0~ dB (Dir Total)

Setup 1: Sweep
Freq = ‘4.6 GHz' PHi = ‘0deg’

-180
Radiation Pattern 9 HFSS Design1 A
0 Curve Info

=~ Gain Total
A—A 30 Setup 1: Sweep

=30 A N Freq = '3.35 GHz' PHi = ‘Odeg’
= e X =/ Gain Total
A Setup 1: Sweep
‘ an Freq = '4.25 GHZ' PHi = ‘0Odeg’
¢ K —O— Gain Total
-60 A A 60 Setup 1: Sweep
A\ 0 Freq = ‘4.6 GHz' PHi = ‘0deg’
Q =
K R0
(§ ..'. ; ‘.i A” ‘
paY oD
90 \&“43;—!‘. 90
~ " 120

-150 150

-120

-180

Figure 6: 2D polar plot radiation pattern (a) directivity (b) gain of un-optimized Z- shape patch antenna
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Figure 7: 2D polar plot radiation pattern (a) directivity (b) gain of optimized Z- shape patch antenna

5. V.CONCLUSION

The Z- shape patch antenna is optimized using sequential nonlinear algorithm. Now the results of both the
un-optimized antenna as well as the optimized antenna are compared. These results are presented in the
table 2 below. The proposed antenna Z-shape patch antenna will work in the frequency range of 3.4 GHz,
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4.25 GHz, and 4.7 GHz which covers the frequency of operation of Wi-Max / S- band and C- band satellite
application. That’s why it is multi purpose antenna. From the table it is observed that the performance of
the optimized Z- shape patch antenna using sequential nonlinear algorithm is better than the un- optimized
in terms of the return loss, VSWR.

Table 2
Comparison Table
Antenna Frequency (GHz) Return loss Bandwidth VSWR Directivit Gain
quency (dB) (MH2) y

Z-shaped

patch 3.35,4.25,4.6 -17.82, -17.49,-12.89 92.7,130.7 | 1.29.1.30,1.58 6.32 3.45
antenna
Optimized
Z';:fc%ed 3442547 -26.82,-19.29.-20.20 100,150 | 1.09.1.24.1.21 6.31 3.01
antenna
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