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In this paper, the optimization of an ultra-wideband optimal gain parasitic circularly polarized patch antenna for C-Band, 
X-Band, and Ku-Band applications has been presented. The proposed geometry of the antenna is designed using a negative
mutual coupling approach and parasitic array techniques. The geometrical structure has been configured by a ground plane,
driven element, and top layer U- slot director. The greenhouse analysis is being used for the calculation of total inductance
and mutual inductance of the geometries. The gap coupling and negative mutual approaches have been used for enhancing
the gain and impedance bandwidth of the designed antenna. The novel U-shaped directors have been used to improve the
radiation characteristics of the antenna. The optimization of the antenna is discussed in five sections. The mathematical
modeling of inductance and mutual inductance has been done for an appropriate solution. After all optimizations, the
optimum antenna design has been found, providing an operating impedance bandwidth and optimal gain from 5. 8 GHz to
18.15 GHz. The proposed parasitic array antenna has been designed with appropriate dimensions and can be used for X-
Band, Ku-Band, and C-Band wireless communication. The simulated antenna has been fabricated and validated
experimentally.
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1 Introduction 
Microstrip antennas motivate researchers to 

investigate various possible configurations of the 
antenna to satisfy recent requirements while facing 
issues of mutual inductance, low gain, and narrow 
bandwidth. Simultaneously, there is a need for 
improvement in the axial ratio bandwidth and 
impedance bandwidth. To reduce these issues, this 
paper presents a mutual inductance reduction 
technique using greenhouse analysis. In microstrip 
antenna design, the inductance of geometry plays a 
significant role in providing mutual coupling and 
impedance bandwidth. The total inductance of the 
antenna consists of three parts: self-inductance, 
positive mutual inductance, and negative mutual 
inductance. A large number of studies have been 
conducted in the past decade; several mutual coupling 
methods are used for optimizing the total inductance 
of the geometry. The performance of antennas is 

degraded due to self -inductance and mutual 
inductance.  

2 Literature Review 
In the past decade, various techniques have been 

employed to reduce the mutual inductance of 
antennas. The infinitesimal dipole model (IDM) was 
discussed to analyze mutual coupling across antenna 
structures and provides significant results, also 
demonstrating radiation characteristics1. The high-
gain microstrip antenna based on a metasurface 
antenna that can be used in wideband applications2. 
The multiband L-slot microstrip antenna that could 
support multiple wireless communication bands3. The 
other method that has been examined extensively is 
the application of metasurfaces and metamaterial 
arrays to boost the gain and bandwidth of the antenna. 
A parasitic patch antenna with a defected ground 
structure (DGS) was suggested to enhance the 
bandwidth of impedance and radiation efficiency4. 
Similarly, the hybrid slot antenna was proposed has 
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the potential to support ultra-wideband 
communication systems with enhanced bandwidth 
qualities5. The patch antenna with slot loading was 
shown to produce a dual patch wideband microstrip 
antenna that had a high operating bandwidth6. The 
gain of a microstrip antenna was improved through 
dielectric substrate layers7. Additionally, the small 
wideband microstrip antennas that can be used in 
modern wireless communication practices were 
discussed8. The antenna impedance matching was 
further enhanced for the broadband U-Shaped 
Director configuration9. The inductive microstrip lines 
and capacitive slot hybrid techniques were used to 
develop antenna structures that significantly reduced 
the mutual coupling effect by generating different 
values of inductance and capacitance10. The 5G and 
beyond antenna was developed using a 45° angled 
inclined dipole structure with a balun to reduce 
mutual coupling across the antenna structure11. The 
challenges, issues, and proposed solutions related to 
mutual coupling across various wireless 
communication systems and also analyzed the 
radiation characteristics of a 2×1 linear microstrip 
antenna array12. The E-type patch antenna; the 
complementary U-shaped polarization converter was 
used to reduce mutual coupling across the antenna 
geometry, achieving a gain up to 8 dB with a structure 
designed with the distance between elements at 
0.1λ₀13. The dual-band U-Shaped Director microstrip 
antenna in 5G with an antenna modified ability that 
altered the bandwidth and radiation properties14. The 
other method that has been examined extensively is 
the application of metasurfaces and metamaterial 
arrays to boost the gain and bandwidth of the antenna. 
The different design of a metasurface-based MIMO 
antenna was developed that had better gain and 
bandwidth performance15.  Some other researchers 
have studied other antenna structures and gain 
enhancement methods. The wideband quasi-Yagi 
antenna for wireless communication systems with 
enhanced radiation functions. Hybrid antenna systems 
have more recently been explored to allow for ultra-
wideband performance16. The initial works on 
optimization of microstrip patch antennas operating in 
C, X, and Ku bands were carried out for improving 
bandwidth and gain17, 18. Simultaneously, the 
pioneering work of on lumped elements offers 
important background information on RF and 
microwave circuit design. Their works explain how 
lumped components behave, couple, and are 

implemented in integrated circuits, and are the 
theoretical foundation to current antenna and circuit 
integration19. Early works of Greenhouse 
experimented with inductive element design and 
properties and their use in microwave integrated 
circuits20, recent research trends are more towards 
reconfigurable and multifunctional antenna systems. 
Innovative designs were discussed which include 
circularly polarized reconfigurable patch antennas, 
metamaterial-based IoT absorbers21-22, Overall, the 
literature shows that there is a clear transition between 
simple optimization and theoretical modeling to complex, 
reconfigurable and application-specific antenna designs. 
The incorporation of metamaterials, reconfigurability, and 
multi-bands highlights the changing needs of the latest 
wireless communication systems, where efficiency, 
flexibility, and miniaturization are paramount. 

3 Methodology  
3.1 Proposed Antenna Design 

The theory of parasitic antenna array is used for the 
design of the geometry. The proposed antenna has 
been constructed with three elements: a ground plane, 
driven elements, and directors shown in Fig. 1. 
The proposed geometry consists of: 

i The glass epoxy PCB dielectric constant and air 
gap (FR-4 - air - FR-4). 

ii The dimensions of the ground plane are chosen 
as 1137 x 1172 mil² (0.5λ x 0.5154λ mil² 
reflector) for the optimum reduction in the 
mutual coupling across the geometry.  

iii The spacing distance is 0.29λ between the 
ground plane and the driven element.  

iv The spacing distance is 0.308λ between the 
driven element and the director.  

v The middle layer driven element has been 
designed with dimensions L x W = 411 x 446 
mil² (0.1808λ x 0.1962λ mil² driven elements).  

Fig. 1 — Proposed Model 
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vi The total height of the designed antenna is 121 
mil.  

vii The top parasitic director is designed with 
dimensions L1 x W1 = 100 x 150 mil² (0.044λ x 
0.066λ mil²). 

viii The top layer director has been optimized in five 
antenna configurations. 

The proposed reflector ground plane is designed 
with dimensions of 0.5λ*0.5154λ mil2. This specific 
dimension causes a 180-degree phase shift, which 
helps convert most of the reflected wave into a forward 
wave and achieves good impedance matching. The 
driven element has dimensions of 0.1808λ * 0.1962λ 
mil2, providing a 70-degree phase shift. This allows 
most of the incident signal to move forward, improving 
the impedance matching bandwidth and the gain of the 
antenna. It is known that to achieve maximum gain, the 
phase shift inside the antenna structure should be 90 
degrees. In this design, the gain and bandwidth of the 
antenna are enhanced at the same time. The -10dB 
impedance bandwidth and the 3dB axial ratio 
bandwidth have both been improved simultaneously. 
The spacing between the elements is chosen based on 
the design principles of a Yagi-Uda antenna. The 
spacing between the elements is D1 = 0.308λmil and 
D2 = 0.29λmil, which results in approximately a 
10-degree phase shift within the antenna structure. This
reduces signal reflection and path losses between the
elements, and increases the antenna's directivity. The
U-shaped director is designed to have dimensions of
0.044λ * 0.066λ mil2 and provides a 13-degree
phase shift.

The Self and mutual inductance optimization 
techniques are implemented in the U-shaped director. 
An air gap of 3 mils has been inserted between two 
FR-4 layers to enhance impedance matching over a 
wide frequency range. The design of the proposed 
antenna has been optimized in five sections, with 
attention to the ground plane using greenhouse theory. 
The improved bandwidth and gain of the antenna are 
achieved through the use of a parasitic U-Shaped 
director with negative mutual coupling. The negative 
mutual coupling is configured using greenhouse 
analysis. The currents generated on the adjacent 
U-shape parasitic director are caused by the
electromagnetic fields from the driven radiating patch. 
Due to the proper arrangement of the slot geometry 
and positioning, the induced current on the parasitic 
element is in the opposite direction to the current on 
the driven element, resulting in negative mutual 

coupling between the elements. This negative 
coupling helps regulate and enhance the effective 
input impedance of the antenna, which improves the 
impedance matching over a broader frequency range. 
As a result, multiple resonant modes are generated, 
contributing to the formation of a wide impedance 
bandwidth. The U-shaped director also serves as a 
radiating component, re-emitting the electromagnetic 
energy that has been coupled. The driven patch radiates 
in the forward direction, which strengthens the parasitic 
director’s radiation field and increases the overall gain 
and radiation efficiency of the antenna. Furthermore, 
the new surface current distribution adds an extra 
length to the effective current path on the antenna, 
which contributes to its ultra-wideband performance 
across the C-, X-, and Ku-bands. 

3.2 Mutual Coupling Approach for Designing of Proposed 
Antenna (Green House Analysis) 

The Greenhouse analytical model20  was used for the 
mathematical modeling of the proposed antenna. The 
self-inductance, as well as positive and negative mutual 
inductances, was calculated both with and without the 
presence of the ground plane. Equations (1) - (6). 

Total mgL L M M L        … (1) 

where  
LTotal = Overall calculated inductance of the microstrip 

antenna 
ΣM_+ = Total calculated Positive value of mutual 

inductance 
ΣM_- = Total calculated Negative value of the mutual 

inductance 
= Total computation value ofSelf Inductance 

3.3 Analytical Models for Self-inductance, Surface Resistance 
and Capacitance using Greenhouse Analysis 

The self-inductance, surface resistance, and 
capacitance are calculated using Greenhouse 
analysis19-20 
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The coefficient Kg is an aspect that contributes to 
the impact of ground plane. The value of Kg is 1 
when there is no ground plane and it reduces as the 
ground plane approaches the radiating patch. K is a 
correction factor, which determines the coroner 
current of the radiating patch. Where W, t, h, l and 
Rsh are the line width, line thickness, substrate 

thickness, length of the section and the sheet 
resistance per square of the conductor respectively. 
The proposed antenna minimizes the mutual 
inductance of the geometry. The U-shape director 
creates negative mutual coupling through the vertical 
arms of the U-Shaped Director has shown in Fig. 2. 

The current flowing in the same way in two 
sections has positive mutual inductance and the 
current flowing in opposite directions has negative 
mutual inductance as represented in Fig. 3. Extensive 
downward paths that the added rims offer explain the 
extension of the effective patch current paths. This 
implies that the radiation properties of this small 
design can be just as good as that of a standard patch 
antenna with a planar radiating patch. The frequencies 
at which adjacent resonant modes can be excited are 
similar and hence the radiation characteristics of the 
adjacent resonant modes can be measured at closely 
spaced frequencies, leading to a wide band of 
microstrip antenna based on it. The adjacent resonant 
modes can match well both in terms of impedance by 
appropriately tuning the slot parameters and the 
broadband of the antenna is made compact. 

3.3.1 Self-inductance Computation Method 
The calculation of self-inductance of the proposed 

antenna has been done by Eq. (2). with and without 
consideration of ground plane. The ground plane 
defining coefficient Kg is considered for calculation 
self-inductance. 

The proposed antenna reduces the mutual 
inductance of geometry using the concept of the 
negative mutual coupling approach. In this geometry, 
two directors are used. Self-inductance is analyzed in 
Tables 1 and 2; the total self-inductance of the top 
surface is 16.1 mH with a U-Shaped director and 

Fig. 2 — Structure of Proposed U-Shape radiating Patch
(Director) 

Fig. 3 — (a) Positive Mutual Coupling; and (b) Negative Mutual
Coupling 

Table 1 — Self-inductance computation of the U-shaped director without consideration of the 
effect of the ground plane (Kg = 1, height of antenna is 59 mil) 

Section  of Top Patch L (mil) W (mil) t (mil) L (mH) 

Vertical section 1 20 120 0.08 8.0 
Horizontal Section 2 100 20 0.08 1.4 
Vertical section 3 120 20 0.08 1.4 
Horizontal Section 4 20 100 0.08 6.7 
Vertical Section 5 20 100 0.08 6.7 
Vertical section 1 20 120 0.08 8.0 
Horizontal Section 2 100 20 0.08 1.4 
Vertical section 3 120 20 0.08 1.4 
Horizontal Section 4 20 100 0.08 6.7 
Vertical Section 5 20 100 0.08 6.7 
Total Inductance  of top surface Patch 48.3 
Total Inductance  of top surface Patch with U-Slot 100 160 0.08 10.7 
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consideration of the effect of the ground plane. 
Table 1 shows the total self-inductance of the top 
surface without consideration of the ground plane. 
Without a U-Shaped director, the total inductance of 
the geometry is 16.1 mH; the total self-inductance 
reduces three times when considering the ground 
plane in an analysis. 

Case 1: Computation of mutual between driven 
element (middle layer) and ground plane (bottom 
layer)  

Case 2: Computation of mutual between director 
(top layer) and ground plane (bottom layer)  

In case 2, the inductance value is optimized much 
better than the inductance value in case 1 because the 
interaction between the two coils is negative mutual 
coupling and the inductance and capacitance of the 
designed antenna is lower. 

3.4 Analytical Modeling of U-Shape Patch(Director) 
The U-Shape director is adopted in order to 

minimize the total mutual induction by enhancing 
negative mutual induction via the vertical arms of the 
U-Patch. The arms of currents which run vertically in
the same direction produce positive mutual
inductance and those which run in opposite direction
produce negative mutual inductance. From Fig. 4 (a),
le1 is an effective length between the sections 3 & 4,
d34 are distance between arms 3 & 4. The M34 are
mutual inductance between arms 3 & 4.

3.4.1 Computation of Negative Mutual Inductance (ΣM_) of  
U-Shape Patch (Director)

According to greenhouse computation, the positive
and negative mutual inductances equations are 
developed shown from Eqs. (1) - (14) is used to 
calculate the negative mutual inductance of single 
U-Shaped patch at the top layer.
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= effective length substitute by the two arms 
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For this approximation,  considered as an 

average length between two arms. 
d13= Mutual distance between vertical arms 1 and 3. 

The developed greenhouse calculation equations 
for the computation of negative mutual inductance of 
the proposed antenna are shown from equations 9 to 
13 using analysis. 
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Table 2 — Self-inductance computation of the U-Shape Director Consider with Effect of Ground Plane 

Section(arms)  of  U-Shape Director L 
(mil) 

W (mil) t (mil) Kg L(mH) 

Vertical section 1 20 120 0.08 0.3 2.2 
 Horizontal Section 2 100 20 0.08 0.5 0.8 
Vertical section 3  120 20 0.08 0.5 0.8 
Horizontal Section 4 20 100 0.08 0.3 2.2 
Vertical Section 5 20 100 0.08 0.3 2.2 
Vertical section 1 20 120 0.08 0.3 2.2 
 Horizontal Section 2 100 20 0.08 0.5 0.8 
Vertical section 3  120 20 0.08 0.5 0.8 
Horizontal Section 4 20 100 0.08 0.3 2.2 
Vertical Section 5 20 100 0.08 0.3 2.2 
Total Inductance  of top surface Patch with U-Slot 100 160 0.08 0.2 1.9 
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Total Negative Mutual inductance is computed as 

5
1 2M M   … (12) 

15 13 24M M M M    … (13) 

15 45 242 2 2M M M M       … (14) 

The develop computation equation of positive 
mutual inductance (ΣM +) is shown in Eq. 13 
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3.5 Analytical Modeling of two U-Shaped Patches (Director) 
In Fig. 4 (b), the top layer Directors has two 

U-Shape patches. From Fig. 4, le1 is an effective
length of between the sections 3 and 4 and le2 is the
effective length of the sections 1 and 6.  d16 and d34

are distance between arms 1 & 6 and arms 3 & 4
respectively. The M16 and M34 are mutual inductance
between arms 1 & 6 and 3 & 4 respectively

3.5.1 Computation of Negative Mutual Inductance 
When two U-shaped directors are taken into 

account, length and average lengths must be 
computed according to the greenhouse analysis theory 
for determining mutual inductance.  

The Table 3 summarizes the lengths and average 
lengths of two U-shaped directors. Table 4 shows a 
summary of the width and average width. Table 5 
presents the computation data of negative mutual 
inductance of the geometry with two U-shaped 
directors in the radiating patch. The calculation 
details of the two nearby patches have shown in 
Tables 3 and 4. Hence for two U=shaped patch 
negative mutual inductance compute as:   

15 13 24 110 18 36

68 610 79 56

M M M M M M M

M M M M
      

   
… (16) 

The value of total negative mutual inductance of 
the designed antenna with the effect of the ground 
plane is computed to be 2*8.58=17.16mH. The length 

Fig. 4 — (a) Analytical modeling of single U-Shape top Patch
(Director); (b) Analytical modeling of two U-Shape Director 

Table 3 — Length of Geometry -II 

Length of the section Value 
(mil) 

Length of the section Value 
(mil) 

Average Length of the section Value 
(mil) 

L6 20 L10 20 L(6,10) 20
L6 120 L8 120 L(6,8) 120
L9 100 L7 100 L(7,9) 100
L1 20 L5 20 L(1,5) 20
L1 120 L3 120 L(1,3) 120
L2 100 L4 100 L(2,4) 100
L1 20 L10 20 L(1,10) 20
L1 20 L8 20 L(1,8) 20

Table 4 — Width of Geometry –II 

Width of the section Value 
(mil) 

Width of the section Value 
(mil) 

Average Width 
of the section 

Value  
(mil) 

W6 120 W10 100 W(6,10) 110
W6 120 W8 120 W(6,8) 120
W7 100 W9 100 W(7,9) 100
W1 120 W5 100 W(1,5) 110
W1 120 W3 120 W(1,3) 120
W2 100 W4 100 W(2,4) 100
W1 120 W10 100 W(2,5) 110
W1 120 W8 120 W(1,8) 120
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and width of the top U-shaped director have been 
shown in Tables 3 and 4. The distance between the 
elements and respective calculated negative mutual 
inductance has shown in Table 5. 

3.5.2 Computation  of Positive Mutual Inductance 
For computation of positive mutual inductance of 

Geometry –II shown in Fig. 4 (b). The mutual length 
& width due arms are calculated and shown in 
Tables 6 and 7  

Table 8 provides the calculation summary of the 
self-inductance, positive mutual inductance, negative 
mutual inductance, and total inductance of 
Geometries I and II. 

Based on the analysis, it may be noted that the 
addition of more U-shaped directors has a major 

influence on the inductive coupling behavior of the 
antenna. The findings suggest that Geometry V offers 
the best inductive performance while simultaneously 
reducing structural complexity; thus, it provides better 
impedance matching through the proposed antenna 
system. The improvement in negative mutual 
inductance enhances the overall impedance bandwidth 
and radiation characteristics of the antenna. The core 
aim of this research is to improve the negative mutual 
coupling. The U-shaped director, which is applied to 
the top surface, is utilized to add more negative 
mutual inductance to the antenna structure. 

3.6 Inductance Computation in Presence of Ground Plane 
The Equations17 is developed base on the lumped 

element theory19 are used to compute the effect of the 

Table 5 — Negative mutual inductance calculation of the geometry-II 

Spacing between Elements Value (mil) Kg Mutual Inductance (mH) Mutual Inductance 

d (6,10) 20 0.29 0.56 M(6,10) 
d (6,8) 60 0.28 5.45 M(6,8) 
d (7,9) 120 0.32 2.57 M(7,9) 
d (1,5) 20 0.3 0.56 M(1,5) 
d (1,3) 60 0.28 5.45 M(1,3) 
d (2,4) 120 0.32 2.57 M(2,4) 
d (1,10) 120 0.3 0.099 M(1,10) 
d (1,8) 180 0.28 0.061 M(1,8) 

Total Negative Mutual inductance 17.32mH 

Table 6 — Length calculation of geometry –II 

Length of the section Value (mil) Length of the section Value (mil) Average Length of the 
section 

Value (mil) 

L9 100 L10 20 L(9,10) 60
L8 20 L10 20 L(8,10) 20
L4 100 L5 20 L(1,3) 60
L3 20 L5 20 L(3,5) 20
L5 20 L10 20 L(5,10) 20
L3 20 L8 20 L(3,8) 20
L1 20 L6 120 L(1,6) 70
L5 20 L8 20 L(5,8) 20

Table 7 — Width of geometry –II 

Width of the section Value 
(mil) 

Width of the section Value 
(mil) 

Average Width of the 
section 

Value (mil) 

W9 20 W10 100 W(9,10) 60
W8 120 W10 100 W(8,10) 110
W4 20 W5 100 W(4,5) 60
W3 120 W5 100 W(3,5) 110
W10 100 W5 100 W(5,10) 100
W3 120 W8 120 W(3,8) 120
W1 120 W6 120 W(1,6) 120
W5 100 W8 120 W(5,8) 110
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ground plane on the inductance of the antenna 
geometry.  

The Lmg is the total mutual inductance either 
computed between driven element and ground plane 
or between director and ground plane.  

where  
h= total height of the antenna and as per image 

theory, the total height of the antenna is taken to 
be 2h. 

LG = length dimension of the ground plane 
C= Dependent correction factor  

22 2
4 2 2

2 10 ln 1 1 1
2 2 2
G G G

mg G
G G

L L L h h
L L C

h h h L L


                                  

     … (17) 

The computation of the correction factor C is based 
on skin depth δ and width of director or driven element. 

4
0.25 tanhC

W


 … (18) 

0

1


 … (19) 

This section concluded that most of the impedance 
matching and radiation characteristics are improved 
by the U- shaped director of the top layer and ground 
plane. 

3.7 Computation of Probe Inductance 
The probe inductance is calculated by the Eq. (20): 

 0
0

2.25
tan 0.5 lnPX k h

k d




 
  

 
… (20) 

4 Optimization of Proposed Antenna 
The proposed design has been optimized in five 

sections namely Geometry-I to Geometry-V to 
enhance the performance of the design in the areas of 
return loss, impedance bandwidth, and radiation 
characteristics. The top layer U-type patches have 
been moved on to five positions to eliminate the 
mutual coupling in the geometries. Separate detailed 
discussion is done between Geometry-I and 
Geometry- V.  

i GEOMETRY - I: Two U-type radiating 
patches will be positioned on the top layer, 
diagonally left side corner to right side corner  

ii GEOMETRY - II: Two U-type radiating 
patches are placed at the top layer right side 
corner diagonally to the left side corner of the 
patch. 

iii GEOMETRY: III: A top layer has four 
symmetrical U-type patches 

iv GEOMETRY- IV: There are two radiating 
patches U-type on the top layer, which are 
placed near one another 

v GEOMETRY - V:  Single U-type patch at the 
left side of the top layer. 

4.1. Designing and Analysis of Geometry-I 
The Geometry-I involves the use of two 

U-shaped director patches on the left and on the right
sides of the top layer as indicated in Fig. 5. The
optimization model of Geometry-I presented in Fig. 5.

4.1.1   Return Losses Vs Frequency (Simulation Results) 
The return loss of Geometry I is shown in 

Fig. 6. It has the -10 dB impedance bandwidth of 5.9 
GHz to 16 GHz, 10.1 GHz operating impedance 
bandwidth, and 17 GHz to 18.5 GHz, the 1.5 GHz 
operating impedance bandwidth. Highest return losses 
of up to -20 dB are attained at 12 GHz and 6 GHz. 

4.2 Designing and analysis of Geometry –II 
The optimized Geometry-II involves the 

application of two U-shaped Director Patches on the 
right hand side and the left hand side of the top layer 
as illustrated in Fig. 7.  

Table 8 — Calculation Summary of inductance for geometry I and II 

Antenna 
Geometry 

No of U-Shaped 
Director 

Total Self 
Inductance  (mH) 

Total Positive Mutual 
inductance(mH) 

Total Negative Mutual 
inductance(mH) 

Total Inductance of the top 
layer (mH) 

I 1 8 12.26 17.16 3
II 2 16.1 14.35 17.32 10.15

Fig. 5 — Optimization Model for Geometry-I 
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4.2.1 Return Losses Vs Frequency (Simulation Results)
 

Figure 8 presents the return loss of Geometry -II. 
Based on this validation, a -10 dB band of impedance 
(S11 = -10 dB) of 12GHz was obtained. According to 
the analysis of the return loss, three notches were 
realized, the first notch was at 6.2 GHz at -22 dB, the 
second was at 12 GHz at -26 dB and the third was at 
14.2GHz at -20 dB. The negative mutual inductance 
of the antenna gets enhanced due to the orientation of 

the U-type radiating patch and results into the overall 
enhancement of the impedance bandwidth to 15.83 % 
over the Geometry-I. 

4.3  Designing and Analysis of Geometry –III 
Under this optimization sub-section, the four 

U-Slots are attached on all four corners of the radiating 
patch as indicated in Fig. 9. The two U-Shaped director 
patches to the left side and two U-slots to the right side 
of the top layer have been laid out. Geometry -III 
Optimization Model is presented in Fig. 9.  

4.3.1 Return Losses vs Frequency (Simulation Results) 
Figure 10 has indicated the return loss of geometry - 

III. The highest -10 dB impedance bandwidth has been
obtained was 12.1 GHz and the amount of return losses
was obtained was also up to -22.2 dB. The orientation of
the U-type radiating patch gives enhanced negative
mutual inductance of the antenna such that overall
bandwidth of the impedance is enhanced to 0.08 %
compared with the past geometry yields

4.4 Designing and analysis of Geometry-IV 
The Optimization Model of Geometry-IV involves 

the application of two U- shaped director patches on 
the left section of the upper layer as illustrated in 
Fig. 11. The proposed geometry is verified with the 
help of IE3D simulator.  

Fig. 6 — Return Losses Vs Frequency 

Fig. 7 — Optimization model for geometry-II 

Fig. 8 — Return loss of Geometry -II Vs. Frequency 

Fig. 9 — Optimization model for geometry –III 

Fig. 10 — Return losses of Geometry-III Vs Frequency 
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4.4.1 Return Losses Vs Frequency (Simulation Results) 
In Fig. 12, the return loss of Geometry Two is 

presented. Out of validation, -10 dB of impedance 
bandwidth has been achieved up to 12.2 GHz. The 
overall imp of the bandwidth is bettered to 0.08 % 
than the Geometry-IV. 

4.5 Designing and Analysis of Geometry –V 
The Geometry-V involves the application of a 

single U- shaped Director on the left side of the top 
layer has been presented in Fig. 13. In the comparison 
of all the five geometries, Geometry -V has a 
considerable mutual coupling reduction as compared 
to all the five geometries. Total inductance is 
optimized up to 10.15mH and with two U-shaped 
Directors, total inductance is optimized to a value of 

3 mH, thus, the mutual coupling efficiency is three 
times more optimized with a single U-Shaped 
Director than with two U-Shaped Directors. 

4.5.1 Return Loss Vs Frequency (Simulation Results) 
The Geometry –V gives a 12.25 GHz, -10 dBi 

impedance bandwidth slot that is between 
5.8 GHz and 18.17 GHz, as shown in Fig. 14; The 
return loss at 12 GHz is -21 dBi and at 
6 GHz, it is -20 dBi. As the orientation of the 
U-type radiating patch is changed, the negative
mutual inductance of the antenna doubles, and the
total impedance bandwidth improves to the 0.04 %
relative to the Geometry-IV.

5 Results and Discussion 
The Table 9 shows the stepwise increase in the 

impedance bandwidth achieved as the antenna 
optimization process continued. The first architecture 
(Geometry–I) offers -10 dB of impedance bandwidth 
at 10.1 GHz (5.9 16 GHz) and an added bandwidth at 
1.5 GHz (1718.5 GHz). This is the configuration 
taken as the reference design in further optimization. 
Geometry-II improves the coupling structure by 
adding parasitic components and maximizing the 
bandwidth of the impedance up to 12 GHz, which is a 
15.83 percent improvement over Geometry-I. More 
geometrical improvements, such as manipulation of 
the U-Shaped Director and parasitic element 
separation, result in small increments in bandwidth of 
Geometry-III and Geometry-IV. Lastly, Geometry–V 
has the highest impedance band width of 12.25 GHz 
and this shows both the negative mutual coupling and 
parasitic array techniques have been provided 
satisfactory outcomes. The Directivity, axial ratio 
bandwidth, antenna and radiating efficiency have been 

Fig. 14 — Return Loss Vs Frequency 

Fig. 11 — Optimization Model for geometry –IV 

Fig. 12 — Return losses vs. Frequency 

Fig. 13 — Optimization Model of Geometry-V 
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analyzed in this section as far as final concluded 
geometry-v is concerned. The bandwidth and other 
antenna parameters are being enhanced by the geometries 
between Antenna- I and Antenna- V. Based on the 
simulation results of Antenna-I, it can be deduced the 
negative mutual inductance of antenna is significantly 
improved overall performance of the antenna. 

5.1 Fabrication and Hardware Validation of Proposed 
Antenna 

The proposed Geometry-V has fabricated and 
demonstrated in Fig. 15. The CAD simulator is used 

for creating layout of the design antenna. Forthe 
fabrication, choose two FR-4 glass epoxy substrate 
and both are inter-connected with air gap of 3 mils. 
The fabrication process carried out using a standard 
procedure of photolithography was followed by using 
a ferric chloride (FeCl 3). All the measurements were 
performed in controlled laboratory conditions in order 
to obtain reliable results. 

5.2 Return loss and VSWR Measurement 
The performance of the proposed ultra-wideband 

parasitic circularly polarized patch antenna is checked 
by comparing simulated and acquired results of the 
reflection coefficient S11. The antenna was first 
optimized by designing and optimizing a full-wave 
electromagnetic simulation tool and then optimized 
geometry was fabricated on the substrate of choice to 
test the design. To measure the antenna prototype, the 
antenna prototype was interface with a bridge matrix 
connector and Vector Network Analyzer (VNA) with 
50 Ω SMA connector and coaxial cable as indicated 
in Fig. 16. These measurements were in controlled 
laboratory conditions so as to reach out to reliable 
results. In Fig. 16, the simulated and measured S11 
characteristics of the proposed antenna are compared. 
The findings indicate that the antenna has an ultra-
wide impedance bandwidth of 5.8 GHz to 18.15 GHz 
which covers the C-band, X-band, and Ku-band 
frequency bands. The return losses were less than -10 
dB throughout the operating band, which shows that 
the impedance matching is good between the antenna 
and the feeding transmission line. The comparison of 
geometry I V results has been introduced in all the 
cases in Fig. 17. All the five geometries have 
provided successful Ultra-wide bandwidth. Geometry 
II was found to have low impedance bandwidth as 
compared to Geometries I, III, and IV (over 12 GHz). 
Simulated and measured are close to each other. The 
conclusions are drawn and it has been established that 
the proposed antenna design is valid methodology. 
There are small differences in the curves which are 

Table 9 — Impedance Bandwidth Improvement during Antenna Geometry Optimization 

Propose Geometry/Parameters -10 dB, Impedance Bandwidth Percentage of Improvement in Impedance Bandwidth 
after optimization 

Geometry-I 10.1GHz (5.9GHz to 16GHz), 1.5GHz 
(17GHz to 18.5GHz) 

In optimization, Geometry–I is considered as the 
reference design 

Geometry-II 12GHz 15.83% better than  Geometry–I 
Geometry-III 12.1GHz 0.83% better than Geometry–II 
Geometry -IV 12.2GHz 0.826% better than Geometry-III 
Geometry-V 12.25GHz 0.41%, better than Geometry-IV 

Fig. 15 — Fabricated antenna 

Fig. 16 — Return Loss Measurement setup 
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attributed to tolerances in fabrication, variations of 
dielectric constant of substrate. Findings on Geometry 
I to Geometry V have been presented in Fig. 17. All 
five Geometries have resulted in effective ultra-wide 
bandwidth. The results were discussed according to 
returned losses (S11≤-10 dB) and percent impedance 
bandwidth. All geometries had reported an impedance 
bandwidth exceeding 12 GHz, except geometry II. 

5.3 Measurement Setup for Testing of the Radiation Pattern 
The radiation pattern of the design antenna is 

measured with the help of the microwave anechoic 
chamber shown in Fig. 18. Experiment was carried 
out in real conditions of electromagnetic 
measurements. Pyramidal RF absorbing materials 
coded on the chamber walls and suppress the 
electromagnetic reflections and cause outside 
interference. The return losses, VSWR coefficient and 

radiation pattern of the fabricated antenna is measure 
using a Vector Network Analyzer (VNA). A coaxial 
RF cable with 50Ω termination is used to interface 
antenna and Vector Network Analyzer. The VNA is 
then calibrated to a standard Open-Short-Load (OSL) 
method before measurements are taken to remove 
systematic errors in measurements caused by cables 
and connectors. The AUT lies within the anechoic 
chamber of the center of the chamber on non-
conductive support platform. There is a standard horn 
antenna in front of the AUT and which is used as 
transmitting/receiving reference antenna in the 
determination of radiations. Measurement of radiation 
pattern of the antenna measure under far field zone 
conditions  

5.4 Directivity Vs Frequency Analysis for Geometry -I to 
Geometry –V 

The Directivity of Antenna varies from 5 dBi to 
11.5 dBi for Geometry-I to Geometry-V. The 
Directivity show in Fig. 19 varies from 5 dBi to 11.5 
dBi. All Geometry has been reported maximum 
directivity up to 11.5 dBi at 16 GHz. 

5.5  Axial Ratio Vs Frequency for Geometry -I to Geometry-V 
The geometry optimization of the proposed antenna 

was analyzed by the axial ratio (AR) properties of the 
antenna to determine the circular polarization 
behavior of this antenna. The axial ratio shows the 
purity of the circular polarization of the antenna in 
which AR values below 3 dB indicate good circular 
polarization. Figure 20 shows axial ratio analysis 
from Geometry I to Geometry V. With a Geometry-I 
configuration, the values of the axial ratios vary and 
they are relatively higher in the introduction of 

Fig. 17 — Return Loss of the Fabricated Antenna 

Fig. 18 — Measurement setup of the Radiation Pattern 
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Geometry II and the parasitic element, there is 
enhanced performance of the axial ratio as the 
Geometry II has added features in terms of gap 
coupling, and the electromagnetic coupling between 
the driven element and the directors, is enhanced by 
the presence of the parasitic element. The U-Shaped 
Director geometry and the distance between parasitic 
elements in Geometry III and Geometry IV are further 
optimized to produce the improved orthogonal current 
components which are necessary in the generation of 
the circular polarization. Lastly, the Geometry-V 
optimized antenna design has the smallest and stable 
values of axial ratios over the operating band, and it 
has shown a good performance of circular 
polarization. 

In order to check the results represented by the 
simulation, the optimized antenna prototype 
(Geometry V) was built and tested experimentally. 
Measurement of axial ratios was done in anechoic 
chamber arrangement with a standard horn antenna as 
a reference antenna. The measured values of the axial 
ratio are in good faith with the simulated value, with 

just small deviations being noticed owing to 
fabrication tolerances, connector losses as well as 
measurement uncertainties. The fact that simulated 
and measured axial ratio values are closely correlated 
proves that the negative mutual coupling process and 
the new U-shaped parasitic directors are efficient to 
increase the performance of circular polarization of 
the proposed antenna. Thus, the antenna will be 
applicable in the wireless communication of C-band, 
X-band and Ku-band. The 1 to 5 ratio axial of the
geometry has been demonstrated in Fig. 19, the 3dB,
axial ratio bandwidth of all geometry and provides the
circular polarization. Geometry-I to Geometry-V:
Circular polarization bandwidth (axial ration< 3dB) 2
12GHz and the axial ratio of all geometries is less
than 1. 2 dB, and the axial ration 2 3 dB. Geometries I
to V have been reported to have > 12 GHz and
Geometry IV is highly circularly polarized more than
any geometry. Geometry I also has highly circularly
polarized at 15. 7 GHz with value of axial ratio is 0.
001 dB and Geometry is most circularly polarized at
17. 6 GHz with axial ratio of value 0. 001 dB.

Fig. 19 — Directivity Vs Frequency analysis 

Fig. 20 — Axial Ratio Vs Frequency analysis 



NEMA et al.: OPTIMIZATION OF OPTIMAL GAIN ULTRA WIDE BAND MICROSTRIP PATCH ANTENNA 515

5.6 Radiation Pattern (E–Plane and H–Plane) 
Simulation and experimental data were both 

achieved in the determination of the radiation 
characteristics of the proposed ultra-wideband 
parasitic circularly polarized patch antenna. The 
knowledge of the radiation patterns was obtained in 
the microwave anechoic chamber with the help of 
standard horn antenna as a reference antenna. The 
antenna under test (AUT) was placed on non-
conductive rotating platform and transmitting horn 
antenna was placed in sufficient distance of the 
far-field of the AUT during the measurement process. 
The antenna was rotated by a full 360-degree and the 
radiated power was read at the different angular 
positions to find the radiation patterns at the E plane 
and the H plane. The output demonstrates the 
simulated and experimental radiation distributions of 
the optimized antenna within some of the 
characteristic operating frequencies in C-band, 
X-band and Ku-band. According to the radiation
patterns, the antenna has constant directional
radiations, which are highly symmetrical both in
E- plane and in H- plane. E-plan E-plane pattern
demonstrates a large major lobe and low side-lobe
values whilst H-plane pattern indicates near
Omnidirectional behavior as exhibited by patch
antenna systems. Overall, the results confirm that the
antenna developed has fixed radiation patterns and
gain within the frequency band of operation of
5.8 GHz to 18.15 GHz and hence is applicable in the
C-band, X-band and Ku-band wireless 
communications usage.

5.6.1 Elevation Pattern Gain ETheta, (dBi) at f-17(GHz), 
phi=70(deg) 

The radiation pattern of E -theta polarization 
(700) at 17 GHz also exhibits a clearly directional
behavior with a maximum gain of about 9.28 dBi
shown in Fig. 21. An elevation angle of 50o to 60 o

forms the center of the main lobe which shows the 
direction of the maximum radiation. The pattern 
shows clear nulls at about 90o where the gain is 
sharply decreased to about -25 to 27 dBi, which 
implies a small amount of radiations in the directions. 
Besides the main lobe, some side lobes are seen to 
occur especially around the angle 120-150 deg with 
gains of between 3 and 5 dBi and are indicators of the 
secondary radiation content. The above properties 
imply that the antenna is very directional in nature 
with a good amount of radiations blocked in some 
direction. The simulation and hardware validation 
results are almost match to each other. 

5.6.2 Azimuth Radiation Pattern at 12 GHz (E-phi , θ = 60°) 
The azimuth radiation pattern at 12 GHz (E-phi 

polarization, θ = 60°) shown in Fig. 22, exhibits a 
directional and asymmetric behavior with a peak gain 
of approximately 6.7–7 dBi. the maximum fields 
distribution occurs across the angle 120° to 140° The 
radiation pattern exhibits notable nulls near −150° and 
approximately 60°–70°, where the gain diminishes to 
roughly −12 dBi, signifying minimal radiation in 
these specific directions. Secondary lobes are present, 
notably around −130° and 20°–30°, with moderate 
gain levels of about 2–3 dBi. The gain varies over a 
wide range from approximately −12 dBi to +7 dBi, 
and moderate back radiation is observed near ±180°, 
with gain values close to 0 to −3 dBi. Overall, the 
pattern indicates a non-uniform and directional 
radiation characteristic, with energy concentrated in a 
preferred direction and reduced radiation in other. The 
simulation and hardware validation results are almost 
match to each other. 

5.6.3 Azimuth Radiation Pattern at 12 GHz (E-phi polarization, 
θ = 50 

The azimuth radiation pattern at 12 GHz 
(E-phi polarization, θ = 50°) shows in Fig. 23, 
 

Fig. 21 — Azimuth radiation pattern of the proposed antenna at 6 GHz for θ = 120° 
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exhibits a directional and asymmetric behavior with a 
peak gain of approximately 5.75–6 dBi. The principal 
lobe's orientation spans from 130° to 140°, thereby 
denoting the direction of peak radiation. A 
pronounced null is apparent around 60°, where the 
gain undergoes a rapid decrease, reaching 
approximately −16 dBi, which suggests significant 
radiation attenuation in that particular direction. 
Furthermore, a noticeable reduction is detected near 
−150°, with gain values nearing −9 dBi.  Throughout
the negative azimuth angles, the gain remains
comparatively low and exhibits moderate fluctuations;
conversely, a gradual increase is noted as one
approaches positive angles, Overall, the pattern
demonstrates a directional radiation characteristic,
with strong radiation concentrated in a preferred
angular region and reduced radiation in other
directions due to the presence of deep nulls and side
lobes. The simulation and hardware validation results
are almost match to each other.

5.6.4 Elevation Radiation Patterns at 6 GHz (E-theta 
polarization) for φ = 50° 

Figure 24 which illustrate the radiation patterns of 
6 GHz (E-theta polarization) with 50 and 70 degrees 
have indicated that the radiation pattern is directional 
with significant differences in the distribution of gain. 
The highest peak gain of the antenna is higher with φ 
= 500 at around 2.53 dBi, implying that the higher phi 
the lower is the efficiency of the radiation. The 
dominant radiation field. Sharp nulls are found at 
about 90, and the 700 case (compared to 500) shows 
deeper nulls (approximately -26 dBi and -18 to -20 
dBi respectively) showing more suppression of the 
radiation in these directions. The gain then rebounds 
above 90, especially at 500 of the front that a 
comparatively constant level of radiations 
(approximately 2-3 dBi) is noticed. In general, the 
angle 500 pattern has been shown to exhibit improved 
and smoother radiation performance, except that 700 
has less gain and deeper nulls, indicating a more 

Fig. 22 — Azimuth radiation pattern at 12 GHz (E-phi, θ = 60°) 

Fig. 23 — Azimuth radiation pattern at 12 GHz (E-phi polarization, θ = 50 
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dampened and nonuniform radiation behavior. 
Validation of a simulation and hardware is almost 
identical. 

5.7 Comparative Analysis 
The performance comparison of the proposed 

antenna and the literature of recently reported antenna 
designs is discussed. Based on the comparison, it is 
possible to observe that most of the available antennas 
are limited in terms of frequency range or offer 
moderate bandwidth and gain performance. For 
example, the Metasurface High-Gain Antenna2, over 
the frequency range of 6 GHz to 15 GHz, provided an 
85 % bandwidth with a gain of 10.1 dBi and linear 
polarization. The Parasitic Patch with DGS4, over the 
frequency range of 5 GHz to 12 GHz, provided an 80 
% bandwidth and a gain of 8. 6 dBi with linear 
polarization. The Hybrid Slot Antenna5, over the 
frequency range of 3 GHz to 14 GHz, provided a 95 
% bandwidth and a gain of 8 dBi with linear 
polarization. The Dual-Patch Slot Loaded Antenna6, 
over the frequency range of 3 GHz to 14 GHz, 
increased the impedance bandwidth to 65 % by 
loading slots, with a gain of 7.1 dBi and linear 
polarization. The Dielectric Superstrate Microstrip 
Antenna7 used a dielectric layer for gain improvement 
in the frequency range of 5 GHz to 10 GHz and 
generated a 50 % impedance bandwidth with a gain of 
9. 3 dBi. The Compact Wideband Antenna Design8

was developed to provide a 55 % impedance
bandwidth over the frequency range of 4 GHz to 8
GHz with a gain of 6. 8 dBi. The Broadband
U-Shaped Director Microstrip Antenna9 provided a 70
% impedance bandwidth over the 4 GHz to 12 GHz
frequency range with a gain of 9 dBi. Nevertheless,

most of these designs continue to be limited in terms 
of bandwidth, linear polarization, or fairly large 
antenna sizes. Similarly, the antenna suggested by14 
has dual-band operation that matches that of 5G, and 
the antenna gain and bandwidth have been enhanced 
by 15 with the help of metasurface. In contrast, the 
proposed antenna has a much broader impedance 
bandwidth of 5.8 GHz to 18.15 GHz, implying 
applications in C-band, X-band, and Ku-band wireless 
communication. It offers a 102 % impedance 
bandwidth with a gain of 11.5 dBi and circular 
polarization. Negative mutual coupling and parasitic 
array techniques are used to enhance the antenna gain 
and radiation performance. Additionally, U-shaped 
directors have been introduced, which increase the 
radiation properties and facilitate circular 
polarization, Thus, the proposed antenna demonstrates 
better performance regarding ultra- wideband, high 
gain, and circular polarization compared to other 
reported designs. Both the simulated and experimental 
outcomes have been found to be quite similar. 

6 Conclusion 
This paper has presented the mutual coupling 

reduction technique using greenhouse analysis. The 
method of calculating self-inductance, Positive, and 
Negative mutual inductance has been discussed.  The 
appropriate design of the top layer director is 
generating appropriate negative mutual inductance 
and optimizes the total inductance of the proposed 
antenna. The optimization of the proposed antenna 
has been done in five sections with consideration of 
the effect of the ground plane. With reference to 
validation of work, concluded that Single U-Shaped 
Director significantly producing the negative mutual 

Fig. 24 — Elevation radiation patterns at 6 GHz (E-theta polarization) for φ = 50° 
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inductance and positive mutual inductance to 
reduce total inductance and mutual coupling 
inside the antenna geometry. All the five 
geometry have reported impedance bandwidth up to 
12.2 GHz. S11 ≤ -10 dB response between 5.8 GHz to 
18.17 GHz has been achieved 102 % BW, and utilized 
38 % BW for X-Band, 19 % BW for C – Band, and 
45 % BW for Ku –Band. The propose geometry is 
provided directivity 5d Bi to 11.3 dBi over 12.2GHz 
impedance bandwidth slot, achieved, 60 % to 100 % 
radiating efficiency, 50 % to 95 % antenna efficiency 
and 3dB. Axial bandwidth up to 12.2 GHz. The 
Proposed antennas are highly circular polarized 
antennas and the circular polarization bandwidth 
(axial ratio ≤ 3 dB), is ≤ 12 GHz, this proposed 
antenna can be used for X-Band, Ku Band, and C-
Band applications. The Hardware results are validated 
and found similar. 
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