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ABSTRACT 

This study presents the design, simulation, and optimization of a compact inset feed microstrip antenna for 

fifth-generation (5G) applications. With dimensions of 6.2 × 8.4 × 1.57 mm³, the proposed antenna utilizes 

a Rogers RT5880 substrate (εr = 2.2, loss tangent = 0.0013) and operates at resonant frequencies of 28 GHz 

and 26 GHz. The design, performed using CST Microwave Suite 2018, achieves an operational bandwidth 

of 5.368 GHz (25.144–30.512 GHz), with a relative bandwidth of 19.3%. At 28 GHz, the antenna exhibits a 

return loss of -25.166 dB and a gain of 7.33 dB, while at 26 GHz, it achieves a return loss of -13.2 dB and a 

gain of 7.88 dB. Enhancements using a 2-by-1 MIMO configuration, including inverted, mirrored, and 

nearby arrangements, were investigated. The inverted configuration demonstrated the highest gains of 

8.15 dB and 7.96 dB at 26 and 28 GHz, respectively. The proposed antenna demonstrates applicability in 

compact mobile devices, Internet of Things (IoT) systems, and smart city infrastructure, underlining its 

practical relevance. 

Keywords-microstrip antenna; 5G applications; MIMO configuration; bandwidth optimization; CST 

microwave suite   
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I. INTRODUCTION  

The advent of 5G communication technology has 
revolutionized telecommunications by significantly enhancing 
data rates and capacity within the millimeter-wave spectrum. 
This advancement facilitates communication speeds over 100 
times faster than fourth-generation (4G) systems, promoting 
applications, such as mobile communication, artificial 
intelligence, smart city connectivity, GPS, RFID, blockchain, 
and IoT. However, designing antennas compatible with high-
frequency 5G bands, poses challenges in achieving 
compactness, high gain, and wide bandwidth [1-3]. 

Microstrip antennas have emerged as a leading solution due 
to their lightweight, low-cost, and easy-to-fabricate 
characteristics. Previous studies have demonstrated gains 
ranging from 5.06 to 12.7 dB for rectangular and arrayed 
microstrip patch antennas. Despite these advancements, the 
need for compact designs with improved gain and operational 
bandwidth remains unmet [4-6]. This study addresses the gap 
in achieving compact designs with high gain and wide 
bandwidth. While previous works have achieved gains ranging 
from 5.06 to 12.7 dB, the need for optimized designs persists. 
The proposed antenna achieves notable improvements in gain 
and operational bandwidth, tailored for 5G applications at 28 
GHz and 26 GHz. Key practical uses include integration into 
smartphones, IoT devices, and other compact systems. 

More complex antenna designs have been explored for 
wideband reception, covering multiple resonant frequencies 
with gains ranging from 5.7 to 9.21 dB [7-9]. For instance, an 
antenna array modification resulting in a gain of 12.7 dB was 
proposed [10]. Additionally, a two-element microstrip antenna 
operating at 28 and 38 GHz yielded gains of 7.51 and 9.712 
dB, respectively, was presented in [11]. Even, designing L-
slotted antennas with super high gains can achieve 11.26 dBi at 
28.2 GHz [12]. Additionally, multiband antennas can operate at 
28 GHz and 38 GHz with gains of 6.7 dB and 7.92 dB, 
respectively [13]. A wideband antenna covering 25–40 GHz 
reported gains of 7.18 to 7.2 dB [14], while microstrip antennas 
operating at 29.6 GHz and 28 and 50 GHz achieved gains of 
5.51 dB and 2.6 dB, respectively [15-16]. Numerous studies 
have also explored ultra-wideband and MIMO microstrip patch 
antennas to enhance bandwidth and increase gain [17-22]. 

The main goal of this study is to develop an inset feed 
microstrip antenna that operates at a resonant frequency of 28 
GHz and provides substantial gain. Furthermore, the study 
aims to enhance the received signal without increasing the 
transmitted power by utilizing various 2-by-1 MIMO antenna 
configurations. 

II. ANTENNA DESIGN PARAMETERS 

The proposed antenna operates at 28 GHz, a frequency 
chosen for its advantages, including minimal interference, short 
wavelength, and support for high data rate applications. The 
Rogers RT5880 substrate, with a permittivity (εr) of 2.2, was 
selected due to its low loss tangent and excellent thermal 
stability. Key design parameters, such as substrate height and 
feed line dimensions, were optimized using CST Microwave 
Suite 2018 because of its fast time-domain solver, intuitive 

interface, efficient meshing, multi-physics integration, and 
superior performance in broadband antenna and PCB 
simulations over HFSS and other tools. 

To enhance performance, elliptical extensions were 
incorporated into the patch antenna design, and the inset feed 
gap was matched to 50 Ω to ensure maximum power transfer. 
The optimized antenna dimensions are presented in Table I. 

TABLE I.  THE PROPOSED ANTENNA PARAMETERS 
CALCULATED AND OPTIMIZED 

Parameters 
Calculated 

mm 

Optimized 

mm 

Ws 13.65 8.4 
Ls 11.88 6.2 
Wp 4.23 3.56 
Lp 2.46 3.14 
hs ≤3.45 1.57 

tp=tg 0.05 0.05 
Lf 4.71 2.51 
Wg 13.65 8.4 
Lg 11.88 6.2 
R0  2 

Insert feed gap 
V0  0.64 
X0  0.42 

r0 (semi minor axis)  0.35 

 
The antenna design is based on the operating frequency (f), 

the substrate height (hs), and the εr. All parameters (Table I) are 
established and well-documented in [23–25], and calculated 
by: 
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To ensure the maximum power transfer from the feed line 
to the antenna, the inset feed gap is selected to be matched with 
50 Ω, where the antenna is connected. The inset feed gap (fgap) 
has a value of 2 mm and is calculated by: 



Engineering, Technology & Applied Science Research Vol. 15, No. 2, 2024, 21373-21382 21375  
 

www.etasr.com Alkasassbeh et al.: Design and Optimization of a Compact Inset Feed Microstrip Antenna for 5G … 

 

184.65 10

2
r

gap

reff

c f
f



  
    (8) 

To determine the dimensions of the feed line, the auxiliary 
variables α and b, for Zc =50 Ω were calculated by (9), (10) and 
have values α=1.158 and b=7.97: 
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The width and length of the feed line were calculated using: 

 

 

2
1 ln 2 1

1 61
     ln 1 0.39

2

f

r

r r

W b b

b




 

    

  
      

 

  (11) 

3f sL h       (12) 

 The selection of 28 GHz as the operating frequency was 
driven by several factors. This frequency band offers multiple 
bandwidths, critical for supporting high data rates and 
accommodating multiple users. Additionally, its short 
wavelength enables compact antenna designs and high-speed 
performance in short-range communication systems. The 
relatively low interference levels at this frequency further 
enhance its suitability for the proposed design. 

The ground plane of the patch antenna is designed to have 
the same dimensions as the substrate. To enhance the antenna's 
performance for resonance at 28 GHz, additional elliptical 
extensions were added to both sides of the patch antenna, 
allowing for adjustments in its dimensions to achieve the 
desired resonance. The semi-major axis of these extensions 
matches the patch length. The fully optimized antenna design is 
depicted in Figure 1. 

 

 
Fig. 1.  The proposed microstrip antenna with inset feed: (a) visible view, 
(b) side view, (c) rear view. 

III. THE PROPOSED ANTENNA RESULTS 

The proposed 5G antenna, was designed, analyzed, and 
simulated using CST STUDIO SUITE 2018, with the substrate 
chosen being Rogers RT5880, with a permittivity of 2.2 mm 
and a height of 1.57 mm. The resonant frequency of the 

antenna is 28 GHz with a reflection coefficient S11= -25.166, as 
portrayed in Figure 2. The bandwidth (S11≤ -10 dB) ranges 
from 25.144 GHz to 30.512 GHz, which means that the 
operating bandwidth is 5.398 GHz. 

 

 
Fig. 2.  Simulation results of the proposed 5G inset feed microstrip 
antenna. 

The gain of the proposed antenna varies over the operating 
bandwidth from 5.42 to 7.69 dB, with 7.38 dB at 28 GHz, as 
shown in Figure 3, and is sufficient for 5G antenna 
applications. 

 

 
Fig. 3.  The released gain of the proposed 5G inset feed microstrip 
antenna. 

The 2D radiation patterns for the proposed antenna at 
resonant frequencies of 26, and 28 GHz are illustrated in Figure 
4. It seems that the antenna is directional, with a gain of 7.3 dBi 
for the main lope and -17.9 and -18.2 dB for the side lobes, 
which is much less than the threshold value of -13.46 dB, while 
the Half-Power Beam Width (HPBW) ranges from 82.3° to 
90.9°, respectively. 
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Fig. 4.  2D radiation patterns for (a) 26 GHz, (b) 28 GHz. 

IV. MIMO ANTENNAS DESIGN 

Many related works have deployed MIMO antennas, 
whether they were 2-by-1 or 2-by-2 [20–22], to increase the 
realized gain. Authors in [20] modified an antenna to a 2-by-1 
MIMO antenna, receiving about a 1.5 dB increase in the 
realized gain, while authors in [21] investigated the effect of 
changing the formation of the 2-by-1 and 2-by-2 antennas in 
MIMO antennas on the realized gain by testing many 
formations of MIMO antennas and analyzing the results to 
choose the best-realized gain. Authors in [22] evaluated 
different antenna modifications and obtained an increased gain 
ranging from 1 to 2.5 dB. In the present study, the initial 
antenna was modified in a 2-by-1 MIMO antenna to evaluate 
its ability to increase gain [20–22]. Three MIMO 
configurations (nearby, inverted, and mirrored) were studied as 
they have shown good results in previous studies. 

A. Nearby Orientation 

The proposed 2-by-1 MIMO antenna with a nearby 
configuration, as can be seen in Figure 5, comprises two 
antennas which are etched in the substrate nearby with the 
same dimensions as those of the original antenna. Also, the 
substrate length is the same as that of the original antenna, 
while the substrate width is twice that of the original single 
antenna, with an additional width Ro separating the ground of 
the nearby antennas to minimize the mutual effects. 

The simulated results of the return loss, as evidenced in 
Figure 6, of the two antennas S11, S22 and the mutual return loss 
of S12 and S21, show that the antenna has a resonant at 28 GHz 

with a return loss of about -24.3 dB for both antennas, and the 
operating bandwidth is from 25.3 to 30.77 GHz, giving a 
bandwidth of 5.47 GHz. 

 

 
Fig. 5.  (a) The proposed 2-by-1neraby MIMO antenna, (b) the ground of 
MIMO antenna. 

 
 

Fig. 6.  Simulated S11, S22, and the coupling S12 and S21 for the 2-by-1 
nearby MIMO antenna. 

Figure 7 depicts the simulated realized gain for the 
neighboring MIMO antenna across the frequency range (24 
GHz to 32 GHz). The gain varies over the bandwidth from 5.7 
to 7.96 dB. The realized gain at 28 GHz is 7.58 dB, about 0.18 
dB more than in the single antenna. 

In the nearby configuration, two antennas were etched on 
the same substrate with minimal separation to reduce mutual 
coupling. This configuration achieved a return loss of -24.3 dB 
and a bandwidth of 5.47 GHz, with a maximum gain of 7.96 
dB at 26 GHz. 
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Fig. 7.  Simulated realized gain for the neighboring MIMO antenna across 
the frequency range (24 to 32 GHz). 

B. Inverted Orientation 

In the proposed 2-by-1 inverted MIMO antenna, as 
displayed in Figure 8, the length of the substrate is the same as 
the length of the single element, while the width of the 
substrate is the same as that of the nearby MIMO for the same 
reasons. Both antennas are identical with one of them being 
inverted upside down. 

 

 
Fig. 8.  (a) The proposed 2-by-1 inverted MIMO antenna, (b) the ground of 
the MIMO antenna. 

The simulation results of the return loss, as portrayed in 
Figure 9, show that the reflection coefficient at 28GHz is -
25.84 dB and the operating bandwidth ranges from 25.28 to 
30.63 GHz, with a bandwidth of 5.35 GHz, which is a little less 
than that of the nearby MIMO antenna. 

The realized gain varies over the operated bandwidth from 
5.7 to 8.16 dB. The gain at 28 GHz is 7.63 dB, which is by 0.42 
dB more than that of the single antenna. The maximum gain 
achieved at 26 GHz is 8.16 dB, as can be seen in Figure 10. 

 
Fig. 9.  Simulated S11, S22, and the coupling S12 and S21 for the 2-by-1 
inverted MIMO antenna. 

 
Fig. 10.  Simulated realized gain for the 2-by-1 inverted MIMO antenna. 

The inverted configuration featured one antenna flipped 
upside down. This setup resulted in the highest gain of all 
configurations, reaching 8.16 dB at 26 GHz and 7.63 dB at 28 
GHz. The bandwidth was slightly lower than the nearby 
arrangement, measuring 5.35 GHz. 

C. Mirrored Orientation 

The proposed 2-by-1 mirrored MIMO antenna is 
configured by doubling the length of the single antenna design 
substrate and adding Ro, to avoid coupling interference 
between the proposed antennas, as illustrated in Figure 11. The 
return loss of both antennas is identical, as depicted in Figure 
12. The coupling return loss of both antennas is identical as 
well. The resonant frequency has become a little less than 28 
GHz, which is about 27.8 GHz, while the operating band 
ranges from 24 to 30.35 GHz, with an operating bandwidth of 
6.35 GHz, which is more than the bandwidth of a single 
antenna, nearby MIMO, and inverted MIMO by 0.952, 0.88, 
and 1 GHz, respectively. The simulated realized gain for the 
proposed antenna, as evidenced in Figure 13, demonstrates that 
the realized gain in the operational bandwidth ranges from 6.7 
to 7.73 dB, with the highest gain having been recorded at 27.5 
GHz. 
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Fig. 11.  (a) The proposed 2-by-1 mirrored MIMO antenna, (b) the ground 
of the MIMO antenna. 

 
Fig. 12.  Simulated S11, S22, and the coupling S12 and S21 for the 2-by-1 
mirrored MIMO antenna. 

 
Fig. 13.  Simulated realized gain for the 2-by-1 mirrored MIMO antenna. 

V. RESULTS AND DISCUSSION 

This study presented various 5G antenna designs operating 
around the 28 GHz frequency. The results confirm that the 
proposed antenna effectively operates at the desired 28 GHz 
resonant frequency, achieving an enhanced operational 
bandwidth of 5.398 GHz (25.144–30.512 GHz) and a realized 
gain of 7.4 dB at resonance. Across the operational bandwidth, 

the gain ranged from 5.42 to 7.64 dB. Figure 14 provides a 
comparative analysis of the single antenna and all proposed 2-
by-1 MIMO configurations. 

 

 
Fig. 14.  Comparison of the return loss of the single antenna with the 
proposed MIMO antennas. 

The 2-by-1 inverted MIMO antenna exhibits the most 
comparable to the single antenna performance metrics. 
Notably, the flipped antenna configuration achieved 
approximately 1 GHz wider bandwidth than the single antenna 
and other MIMO configurations, highlighting its potential for 
broader applications, as outlined in Table II. 

TABLE II.  COMPARATIVE FINDINGS BETWEEN THE 
SINGLE ANTENNA AND THE PROPOSED MIMO 

ANTENNAS 

Investigated 

antennas 

Resonant 

frequency 

[GHz] 

Return 

loss at 

resonant 

[dB] 

Operated BW 

[GHz] 

BW 

[GHz] 

Single 28 -25.2 25.144 - 30.512 5.37 

Nearby 
S11 28.17 -24.5 

25.3 - 30.77 5.47 
S22 28.18 -24.3 

Inverted 
S11 28.07 -26 

25.28 - 30.63 5.35 
S22 28.07 -26 

Mirrored 
S11 27.8 -17 

24 - 30.35 6.35 
S11 27.8 -16.9 

 

The selection of nearby, inverted, and mirrored MIMO 
configurations was based on their potential to enhance gain and 
bandwidth while addressing mutual coupling. The mirrored 
configuration’s wider bandwidth (6.35 GHz) highlights its 
suitability for broader applications. Mutual Coupling mitigation 
techniques, such as separating antenna grounds and flipping 
orientations, minimize coupling. For example, the inverted 
MIMO achieves a coupling loss of -25.84 dB, reducing 
interference. It is observed that the gain across the operating 
bandwidth (BW) for all MIMO antennas is higher than that of a 
single antenna. At the resonant frequency, the gain is improved 
by 0.1 dB, 0.25 dB, and 0.34 dB for the nearby, inverted, and 
mirrored configurations, respectively, compared to the single 
antenna. Notably, the gain at 26 GHz is superior to that at the 
resonant frequency of 28 GHz for the single, nearby, and 
inverted MIMO configurations, as observed in Figure 15 and 
Table III. This indicates that the proposed antenna is well-
suited for 5G applications at 26 GHz. 
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Fig. 15.  Simulated realized gain for the single antenna and all proposed 

2-by-1 MIMO antennas. 

The single antenna achieved a return loss of -25.2 dB and a 
released gain of 7.38 dB at 28 GHz. The 2-by-1 MIMO 
configurations demonstrated enhanced performance, with gains 
ranging from 7.96 dB to 8.16 dB and operational bandwidths 
extending to 6.35 GHz. 

The proposed antenna designs offer several notable benefits 
over existing works. Their compact size enabled by the use of 

Rogers RT5880 substrate, addresses space constraints in 5G 
devices while maintaining high performance in addition to 6G 
frequencies [26]. The enhanced gain and bandwidth across both 
single and MIMO configurations ensure efficient signal 
transmission and wide coverage [27]. Compared to other 
studies, the proposed designs demonstrate clear advantages, 
such as higher relative bandwidth, competitive gain, and 
smaller size. These positive attributes position the proposed 
designs as highly effective solutions for 5G applications, 
including mobile devices, IoT systems, and smart city 
infrastructure, while providing a robust foundation for future 
advancements in wireless communication technology. The 
comparative analysis in Table IV highlights key trade-offs 
among gain, size, and bandwidth in the proposed designs and 
previous works.  

TABLE III.  COMPARATIVE ANALYSIS OF REALIZED GAIN 
FOR THE SINGLE ANTENNA AND THE PROPOSED MIMO 

CONFIGURATIONS 

Investigated 

antennas 

Maximum gain 

[dB] 

Operated 

BW gain 

[dB] 

Gain at 

resonant 

frequency 

[dB] 

Single 7.69 at 26 GHz 5.42-7.69 7.38 
Nearby 7.96 at 26 GHz 5.7- 7.96 7.48 
Inverted 8.16 at 26 GHz 5.7- 8.16 7.63 
Mirrored 7.72 at 28 GHz 6.7- 7.73 7.72 

 

TABLE IV.  COMPARISON BETWEEN CURRENT WORK AND OTHER REPORTED WORKS 

Reference 
Antenna size 

[mm3] 
Substrate material 

Resonant frequency 

[GHz] 

Return 

loss [dB] 
Gain [dB] 

Operating 

BW 

[GHz] 

Relative 

BW% 

[1] 6.283×7.235×0.5 Roger RT Duroid 5880 27.854 -13.48 6.63 0.419 1.5 
[2] 85×8.5×0.244 FR-4 28 -40 7.58 1.064 3.74 
[3] 13.59×12×1.57 FR-4 28 -26 5.06 5.57 19.89 
[4] 10×8×1.57 FR-4 27 -40 6.6 4 9.14 
[5] 10.3×9×0.5 Roger RT duroid 5880 27.97 -20.95 7.5 1.06 29.9 
[6] 7. 35×5.85×0.5 Roger RT duroid 5880 24-60 -12.63 to -46.23 Average 5.34 36 85 
[7] 7.56×6.57×0.5 RT Duroid 5880 26 -54.8 8 1.236 - 

[11] 15×15×0.508 Rogers RT5880 
Single element 

28.02 -30.02 6.639 
2.305 8.19 

37.952 -20.15 8.578 

Two elements 
27.946 -27.84 7.581 

3.651 6.09 
37.83 -18.35 9.24 

[12] 20×16×0.508 Rogers RT5880 
25.98 -24.14 8.63 0.55 2.12 
28.2 -25.43 11.26 1.1 3.93 

[13] 8.5×8×0.254 Rogers RT 5880 
28 -32 6.7 - - 
38 -40 7.97 - - 

[14] 8×8×1.6 FR-4 
28 -15.88 7.18 15.7 48 
38 -29.2 7.2 15.7 48 

[15] 6×7×0.5 Rogers RO3003 
20.6 -23.7 3.75 1 

8.3 
29.6 -24.3 5.51 2.46 

[16] 11×8×0.5 Rogers RT/duroid 5880 
28.3 -21 2.6 - - 
50.3 -31 2.6 - - 

This work 

6.2×8.4×1.57 

Rogers RT5880 

Single 
26 -13.2 7.88 

5.368 19.3 
28 -25.166 7.38 

6.2×18.8×1.57 Nearby MIMO 
26 -11.83 7.96 

5.47 19.5 
28 -23.92 7.48 

6.2×18.8×1.57 Inverted MIMO 
26 -12.4 8.15 

5.35 19.13 
28 -25.9 7.63 

14.4×8.4×1.57 Mirrored MIMO 
26 -13.96 7.12 

6.35 23.36 
28 -16.8 7.73 
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It has been found that larger antennas often achieve higher 
gains, while the proposed designs maintain competitive gains 
(up to 8.16 dB in the inverted MIMO configuration) despite 
their compact dimensions (6.2 × 8.4 × 1.57 mm³ for the single 
antenna). This compactness is particularly advantageous for 
their integration into modern 5G devices, such as smartphones 
and IoT systems, which demand minimal physical footprints. 
The mirrored MIMO configuration achieves the widest 
bandwidth (6.35 GHz), indicating its suitability for broader 
applications. However, this comes at the cost of an increased 
substrate size (14.4 × 8.4 × 1.57 mm³). Conversely, the single 
antenna achieves a narrower bandwidth (5.368 GHz) but 
retains a highly compact form factor, showcasing a balance 
between bandwidth and size. Finally, the inverted MIMO 
configuration achieves the highest gain (8.16 dB) while 
maintaining a bandwidth (5.35 GHz) comparable to that of the 
single antenna. This configuration demonstrates that moderate 
trade-offs in bandwidth can result in significant gain 
enhancements, which are critical for improving signal strength 
and communication reliability in 5G systems. After a thorough 
comparison, it is observed that the single antenna and nearby 
MIMO configurations are ideal for devices with strict size 
constraints. The inverted MIMO configuration is well-suited 
for scenarios demanding enhanced signal strength, such as 
long-range or high-density urban environments. Furthermore, 
the mirrored MIMO configuration, with its broader bandwidth, 
is advantageous for multi-channel or wideband communication 
systems. 

VI. CONCLUSIONS 

This study designed and optimized a compact inset-feed 
microstrip antenna for fifth-generation (5G) applications, 
leveraging the Rogers RT5880 substrate. The antenna achieved 
operational resonant frequencies at 26 GHz and 28 GHz, with 
realized gains of 7.88 dB and 7.38 dB, respectively. Its 
operational bandwidth spans from 25.144 GHz to 30.512 GHz, 
yielding a bandwidth of 5.368 GHz and a relative bandwidth of 
19.3%. The Half-Power Beam Width (HPBW) ranged from 
82.3° to 90.9°, showcasing its directional characteristics. 
Further performance enhancements were achieved through 
three 2-by-1 MIMO configurations—nearby, inverted, and 
mirrored. The inverted MIMO configuration demonstrated the 
highest gains, reaching 8.16 dB at 26 GHz and 7.63 dB at 28 
GHz, with an operational bandwidth of 5.35 GHz. The 
mirrored configuration provided the widest bandwidth at 6.35 
GHz, indicating its potential for broader 5G applications. These 
results confirm the proposed design's capability to meet the 
high-performance demands of 5G communication systems, 
offering significant enhancements without increasing the 
transmitted power. This work contributes to the development of 
efficient and compact antenna systems for next-generation 
wireless technologies. 

NOMENCLATURE  

Symbol Description 

fr Resonant frequency (GHz) 
λ Wavelength (mm) 
c Speed of light in a vacuum (m/s) 
εr Relative permittivity of the substrate 
h Substrate height (mm) 

W Width of the patch (mm) 
L Length of the patch (mm) 
Z0 Characteristic impedance (Ω) 
S11 Reflection coefficient (dB) 

S12, S21 Mutual coupling coefficients (dB) 
BW Bandwidth (GHz) 

HPBW Half Power Beam width (degrees) 
G Gain (dB) 

tanδ Loss tangent of the substrate 
Γ Reflection coefficient 
Ζin Input impedance (Ω) 
Rrad Radiation resistance (Ω) 
hs Substrate height (mm) 
tp Patch thickness (mm) 

Wg Width of the ground plane (mm) 
Lg Length of the ground plane (mm) 

BWr Relative bandwidth (%) 
μ Efficiency % 
x0 Inset feed position (mm) 
g Inset feed gap (mm) 
Wf Feedline width (mm) 
Lf Feedline length (mm) 

ΔL 
Effective length extension due to 

fringing effects (mm) 
Leff Effective length of the patch (mm) 
k Wave number (2π/λ) 
� Azimuth angle (degrees) 
θ Elevation angle (degrees) 

R 
Distance from the antenna to 

observation point (m) 
fgap Feed gap (mm) 
εeff Effective permittivity 
Wp Patch width (mm) 
Lp Patch length (mm) 
tg Ground plane thickness (mm) 
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