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Abstract – Microstrip patch antennas (MSPAs) have
gained significant popularity due to their compact size,
ease of fabrication, low cost, lightweight construc-
tion, and compatibility with planar and non-planar sur-
faces. The aim is to identify the optimal substrate for
a designed MSPA by comparing the performance of
six different substrates. Accordingly, both rectangular
MSPA and circular MSPA (CMSPA) have been devel-
oped and simulated by using six different substrates:
FR4 Glass Epoxy, ROGERS DT5880, ROGERS 4003C,
Teflon, Arlon AD300A, and Alumina with thickness
of 1.6 mm and 1 mm. Rectangular and CMSPAs have
been fabricated and measured to verify the effects of the
substrates. The proposed antenna is designed to achieve
resonance at the target frequency of 5.8 GHz. This study
offers valuable insights into the performance of MSPAs
with various substrates, thereby assisting researchers
in selecting the most appropriate materials for their
designs.

Index Terms – Antenna efficiency, antenna gain,
dielectric substrate, impedance bandwidth, microstrip
patch antenna.

I. INTRODUCTION
An antenna is a critical component in wireless

communication systems, responsible for radiating and
receiving electromagnetic waves to enable efficient sig-
nal transmission. Its performance is primarily governed
by parameters such as operating frequency, impedance
matching, radiation efficiency, bandwidth, and physical
dimensions. Among various antenna types, microstrip
patch antennas (MSPAs) have become increasingly sig-
nificant due to their low profile, lightweight structure,
ease of integration with printed circuit boards, and

cost-effectiveness. MSPAs typically consist of a metallic
patch mounted on a dielectric substrate with a ground
plane, supporting modes such as TM10 for fundamen-
tal operation. Despite their advantages, MSPAs exhibit
limitations like narrow bandwidth and relatively low
gain, which have driven research into techniques such
as slotting, stacking, and the use of high-permittivity
substrates to enhance performance. The concept of
microstrip radiators was first introduced by Deshalbs in
1953 [1], followed by a patent granted to Gutton and
Baissinot in France in 1955 [2]. Substantial development
occurred after 1970, particularly for aerospace and mili-
tary applications where size, weight, and reliability were
critical [1].

A conventional MSPA comprises a radiating patch,
a dielectric substrate, and a ground plane. The dielectric
constant of the substrate typically ranges between 2.2
and 12, significantly influencing radiation characteris-
tics, efficiency, and bandwidth. For compact microwave
systems, particularly in miniaturized devices, the use
of a thin substrate with a high dielectric constant
is generally preferred to mitigate undesired radiation
and coupling effects while maintaining structural com-
pactness. Microstrip antennas present several inherent
advantages, including a low-profile structure, reduced
weight, ease of fabrication, conformal adaptability, cost-
effectiveness, and seamless integration with microwave
circuits. Nevertheless, these antennas exhibit certain
limitations, such as reduced radiation efficiency, sus-
ceptibility to feed and junction radiation, excitation
of surface waves, restricted impedance bandwidth, and
increased sensitivity to manufacturing tolerances. Key
design parameters include the width of the patch (Wp),
length of the patch (Lp), effective permittivity (εeff),
inset feed depth (Fi), and the directivity of the antenna
D(θ , /0) [3, 4] Additionally, εr denotes the relative
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permittivity of the substrate, while Wf represents the
width of the inset feedline, designed to maintain a
microstrip line impedance of 50Ω [5].

Several studies have investigated the performance
of different substrates utilized in microwave applica-
tions. A study investigated a 5G microstrip antenna
using FR4, Rogers RO4350B, and Arlon AD255C,
focusing on directivity and bandwidth based on permit-
tivity to operate at 60 GHz. The findings suggest that the
Rogers RO4350B substrate may exhibit favorable direc-
tivity performance at the specified thickness [6]. Another
study analyzed five different substrates: Bakelite, FR4,
RO4003, Taconic TLC, and RT/Duroid with a uniform
substrate thickness of 1.5 mm which focused on a reso-
nant frequency of 10 GHz. Among the substrates eval-
uated, RT/Duroid demonstrated superior performance,
achieving 80% efficiency and 15% bandwidth. Further-
more, RT/Duroid exhibited an impressive return loss
of −20.99 dB, positioning it as a favorable choice
compared to the other substrates for MSPAs [7]. Addi-
tionally, research utilizing Rogers RT/Duroid 5880 with
a dielectric constant of 2.2 and a thickness of 0.508 mm
focused on designing a dual-band compact antenna for
sub-6 GHz 5G applications, simulating performance in
both onbody and free-space scenarios. These findings
collectively highlight the growing relevance of substrate
properties, such as dielectric constant, loss tangent, and
thickness, in optimizing antenna performance for emerg-
ing technologies like 5G [8].

The growing demand for flexible wireless systems
has made antenna design on ultra-thin flexible substrates
increasingly significant. This study examines whether
substrate thickness and dielectric constant play a critical
role during the initial design stage of antennas. Measure-
ments conducted on three flexible antenna prototypes
fabricated using materials such as Rogers and polyimide
were compared. The results indicate that the substrate is
not merely a supporting structure; it must be considered
for accurate prediction of feeding structure performance
and resonant frequencies. Furthermore, manual mesh
refinement is essential to achieve simulation results that
closely match measurements, particularly for ultra-thin
substrates [9].

A simplified method for estimating dielectric prop-
erties, relative permittivity (εr) and dissipation fac-
tor (tanδ ), using a single open-ended microstrip
line has been introduced. Unlike traditional dual-line
approaches, this technique reduces complexity and
cost while providing accurate results for thin sub-
strates. Based on transmission line theory, it incorpo-
rates an iterative algorithm for loss estimation with-
out requiring prior knowledge of conductor or radia-
tion losses. Validation on FR-4, Rogers RT6010, and
LDPE shows good agreement with reference values for

low- and medium-permittivity materials, though accu-
racy decreases for high-permittivity, low-loss substrates.
The method offers a practical solution for rapid dielec-
tric characterization in RF and microwave design [10].

In [11], the Rogers 4003 substrate is used with
a dielectric constant of 3.55 for wide-angle frequency
scanning and to increase the gain of the antenna. As a
result, the size of the antenna decreased, and the gain
was increased to 18.8 dBi.

Six dielectric substrates including FR4 Glass
Epoxy, Rogers DT5880, Rogers RO4003C, Teflon,
Arlon AD300A, and Alumina were compared for
designing a rectangular MSPA operating at 5.8 GHz with
a fixed thickness of 1.6 mm. Simulations indicated that
substrate properties significantly influence bandwidth,
gain, directivity, and return loss, emphasizing the impor-
tance of selecting materials compatible with design
requirements and validating choices through simulation
prior to fabrication [12].

A study investigated the effect of six dielectric
substrates-FR4 Glass Epoxy, Rogers DT5880, Rogers
RO4003C, Teflon, Arlon AD300A, and Alumina-on
the performance of rectangular and circular MSPAs
(CMSPAs) designed for 5 G applications at 5.8 GHz
using CST Microwave Studio. The antennas were mod-
elled with a substrate thickness of 1.6 mm and copper for
the patch and ground. Simulation results revealed that
substrate choice significantly influences key parameters
such as return loss, bandwidth, gain, and directivity.
Teflon achieved the lowest return loss, Rogers DT5880
provided the highest directivity for rectangular MSPA,
and FR4 offered the widest bandwidth. Overall, Rogers
DT5880 appeared to be the most balanced substrate
for both antenna types, highlighting the importance of
substrate selection in optimizing MSPA designs for sub-
6 GHz 5G technologies [13].

In this work, six different substrates were selected
and designed using CST Microwave Studio software to
achieve optimal performance at the resonant frequency
of 5.8 GHz, which can be utilized sub-6 GHz for 5G
communication devices. The substrate thickness was ini-
tially set to 1.6 mm and later reduced to 1 mm to examine
its impact on the antenna parameters. The antenna is
fed using a microstrip line feeding technique, which
provides a planar and efficient method for signal trans-
mission. Different parameters of the designed MSPA
are analyzed in terms of key performance parameters,
including return loss, gain, bandwidth, and its influence
on the resonant frequency.

II. MICROSTRIP PATCH ANTENNA
DESIGN

The proposed patch antenna was designed using
CST Microwave Studio. An inset feedline technique was
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Table 1: Dimensions of the MSPA and substrates at 5.8 GHz
Substrates

Dimensions (mm) FR4 DT5880 RO4003 Teflon Arlon AD300A Alumina (%99.5)
Wg 25 31 31 31 31 31
Lg 25 31 31 31 31 31
We 25 31 31 31 31 31
Ls 25 31 31 31 31 31
Wp 15 20.4 17.1 20 18.2 11.0
Lp 11 16.4 12.9 16.9 14.1 7.8
wf 3.0 4.92 3.60 5.11 3.98 4
Fi 4.3 5.74 4.73 5.85 5.05 3.12

adopted for the feeding mechanism, offering costeffec-
tiveness and ease of fabrication while ensuring a 50 Ω

impedance match and minimal reflection. Both the patch
and ground planes were fabricated from copper with a
thickness of 0.035 mm.

The proposed rectangular MSPA is optimized for a
center frequency of 5.8 GHz, corresponding to the ISM
band, by employing rigorous electromagnetic design
principles for high-frequency wireless applications. The
resonant frequency of the patch is governed by the
fundamental TM10 mode and can be approximated using
the cavity model as:

fr =
c

2Leff
√

εeff
, (1)

where c is the speed of light in free space, Leff is the
effective length of the patch, and εeff is the effective
dielectric constant of the substrate. The effective dielec-
tric constant is calculated as:

εeff =
εr +1

2
+

εr −1
2

(︃
1+12

h
W

)︃−1/2

, (2)

where εr is the substrate dielectric constant, h is the
substrate thickness, and W is the patch width. The
optimization process also considers fringing fields and
surface wave suppression to achieve a return loss S11 <
−10 dB, low VSWR, and stable radiation characteristics
at 5.8 GHz.

Figure 1 illustrates the configuration and fabri-
cated prototype of the rectangular MSPA optimized for
5.8 GHz operation. As shown in Fig. 1 (a), the antenna
consists of a rectangular patch with dimensions of width
Wp and length Lp, mounted on a dielectric substrate
of thickness hs, backed by a full ground plane with
thickness of copper hs. The feed mechanism employs
an inset-fed microstrip line, where the feedline width
(wf) is designed for 50 Ω impedance, and the inset
depth (Fi) is adjusted to achieve impedance match-
ing at the operating frequency. The substrate outline
dimensions (Wg, Lg) are chosen to minimize edge

diffraction and maintain stable radiation characteristics.
Figure 1 (b) shows the fabricated MSPA prototype with
a SubMiniature version A (SMA) connector for mea-
surement, demonstrating the practical implementation
of the design. This configuration provides a compact,
planar structure suitable for WLAN and ISM band
applications, with performance strongly influenced by
substrate permittivity and thickness.

Fig. 1. Configuration of (a) front and side of designed
RMSPA and (b) fabricated RMSPA.

The impact of different substrate materials on the
performance of a MSPA was analyzed using FR4 Glass
Epoxy (εr = 4.3), Rogers DT5880 (εr = 2.2), Rogers
4003C (εr = 3.3), Teflon (εr = 2.1), Arlon AD300A
(εr = 3.0), and Alumina (εr = 9.9) with thicknesses of
1.6 mm and 1.0 mm, as summarized in Table 1.

A. Simulation and results of the six substrates for
rectangular MSPA

The simulation begins with FR4, followed by
Rogers DT5880, Rogers RO4003C, Teflon, Arlon
AD300A, and Alumina (99%). Each substrate is ana-
lyzed using the MSPA at a frequency of 5.8 GHz. The
results of the simulation are presented in Fig. 2, which
shows the S11 parameters, while Fig. 3 displays the
corresponding radiation patterns.

The simulation results indicate that the Teflon sub-
strate exhibits the lowest return loss of −44.2 dB among
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Fig. 2. S11 results of the six different substrates at
5.8 GHz.

the six designs evaluated. This suggests that Teflon is
the optimal material for researchers aiming to minimize
return loss in their antenna projects.

Fig. 3. Radiation pattern of MSPA.

Radiation patterns demonstrate that Fig. 3 (a) FR4
and Fig. 3 (d) Teflon produce wider beams with lower
gain, while Fig. 3 (b) Rogers and Fig. 3 (e) Arlon provide
higher gain and more directional patterns. Figure 3 (f)
Alumina creates a narrow beam, but with moderate
gain. Material choice impacts gain, beamwidth, and side
lobes. High-frequency laminates generally yield better
radiation characteristics.

Figure 4 (a) FR4 and Fig. 4 (c) RO4003C
exhibit more scattered currents, indicating higher losses.
Figure 4 (b) Rogers and Fig. 4 (e) Arlon have con-
centrated on currents along the patch edges, improving
efficiency. Figure 4 (d) Teflon shows moderate distribu-
tion, while Fig. 4 (f) Alumina has strong edge currents
but limited spread. Material choice affects current flow,
efficiency, and radiation behavior.

Higher-directivity substrates are typically lowloss,
stable laminates (e.g., Rogers family), which better con-
fine radiation. In comparison of six different substrates,
the Rogers DT5880 substrate demonstrates the highest
directivity, making it an excellent choice for applications
where focused signal transmission is critical. Also, as

Fig. 4. Surface current of RMSPA.

Fig. 5. Directivity of the six different substrates compar-
ison at 5.8 GHz.

illustrated in Fig. 5, for narrow beams at 5.8 GHz,
DT5880/RO4003C are preferable to FR4/Arlon.

Fig. 6. Gain of the six different substrates comparison at
5.8 GHz.

Rogers 4003C exhibits the highest gain, as shown in
Fig. 6, of 6.244 dBi at 5.8 GHz. In contrast, FR4 shows
the lowest gain among the six substrates analyzed, with
a value of 1.989 dBi. This difference in performance can
be attributed to the gain equation, which indicates that
gain is influenced by both efficiency and directivity.

At 5.8 GHz, Alumina shows the highest efficiency
(≈87%), followed by DT5880 (≈80%). RO4003C and
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Table 2: Dimensions of the MSPA and substrates at 5.8 GHz
Results

Parameters FR4 DT5880 RO4003 Teflon Arlon AD300A Alumina (%99.5)
Bandwidth 0.22 0.11 0.12 0.10 0.10 0.055
Return Loss (dB) −24 −39 −35 −44 −32 −11
Gain (dBi) 1.98 6.17 6.24 5.99 6.09 6.17
VSWR 1.13 1.02 1.03 1.01 1.05 1.70
Directivity (db) 6.4 7.66 7.19 7.5 7.34 6.78

Fig. 7. Efficiency of the six different substrates compar-
ison at 5.8 GHz.

Teflon are mid-tier (≈75% and ≈73%), while Arlon
AD300A is slightly lower (≈70%). FR4 remains the
least efficient (∼36%) due to higher dielectric and con-
ductor losses, as illustrated in Fig. 7. Overall, low-loss,
high-quality laminates deliver markedly better radiation
efficiency than FR4, as summarized in Table 2.

B. Experimental analysis and results
After the simulations, measurements were first per-

formed using a vector network analyzer (VNA) on a
rectangular patch antenna fabricated on an FR4 sub-
strate. Furthermore, a CMSPA operating at 5.8 GHz was
designed, simulated, and fabricated on the same sub-
strate, and its performance was subsequently measured
using the VNA. The goal was to compare the impact of
antenna shape on performance at the same frequency.
This approach helps determine the optimal geometry and
substrate for the desired application.

C. Analysis of the fabricated rectangular microstrip
patch antenna

Substrate thickness from 1.6 mm to 1 mm has been
varied to evaluate its influence on the MSPA parameters.
All other dimensions of the antenna remained constant.
FR4, which exhibited the lowest reflection coefficient
for the proposed antenna, was selected for fabrication
and measurement since it is readily available and offers
a cost-effective manufacturing process.

Fig. 8. Reflection coefficient (S11) of the FR4 with
thickness of 1 mm substrate on CST Microwave Studio.

The S11 plot, as shown in Fig. 8, presents a
comparison of return loss for six different substrates
at a thickness of 1 mm. All antennas exhibit reso-
nance near 5.8 GHz; however, DT5880 and RO4003C
achieve the deepest nulls (∼−23 dB), indicating excel-
lent impedance matching. Teflon, Arlon, and Alumina
show slightly higher S11(∼−21 dB), still acceptable.
FR4 performs worst (∼−18 dB) with a broader dip,
suggesting higher mismatch and losses. Overall, lowloss
laminates provide superior matching and bandwidth
compared to FR4, as shown in Fig. 9.

Fig. 9. Comparison between simulated and fabricated
results of the return loss (S11) of RMSPA.

The simulated antenna achieves its best
performance at around 5.918 GHz with an S11 of
approximately −22.88 dB, whereas the fabricated
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antenna resonates near 6.003 GHz with an S11 of about
−14.08 dB, as summarized in Table 3. There is a
noticeable frequency shift and reduced return loss in
the fabricated design compared to the simulation. This
variation can be attributed to fabrication tolerances and
inconsistencies in material properties

Table 3: Comparison of fabricated and simulated rectan-
gular MSPA

Substrates
Parameters FR4 Fabricated FR4
Frequency (GHz) 5.919 6.034
Bandwidth (GHz) 0.168 0.24
Return Loss (dB) −22.109 −17.251
VSWR 1.097 1.318

D. Simulation and results of the six substrates for
CMSPA

A circular patch antenna, which is also frequently
utilized in antenna design, was selected for further
design and analysis. The dimensions of the circular
patch antenna, substrate, feedline, gap, ground, and feed
width are calculated using MATLAB code to determine
the parameters of the MSPA, as illustrated in Fig. 10 [5].

Fig. 10. Configuration of (a) CMSPA front and side view
(b) fabricated CMSPA.

The materials evaluated in this section are the same
as those used for the rectangular MSPA, including
FR4, Rogers DT5880, Rogers RO4003C, Teflon, Arlon
AD300A, and Alumina (99%).

Fig. 11. Results of the return loss (S11) of six different
substrates with 1.6 mm thickness.

Based on the results of the simulation of the circular
patch antenna, the Teflon substrate has the lowest return
loss value of S11, which is −42.96 dB at 5.9 GHz among
the six designs, as evidenced in Fig. 11. As mentioned
for the rectangular patch antenna, related results were
obtained; however, the reflective frequency is 5.9 GHz,
not 5.8 GHz. Therefore, we can conclude that FR4
had the lowest return loss at 5.8 GHz. Additionally,
in terms of bandwidth performance, the operating fre-
quency ranges from 5.67 GHz to 5.94 GHz, providing
the largest bandwidth compared to the other substrates.
Researchers can utilize Teflon as the optimal material
for minimizing return loss at 5.9 GHz in their projects.
However, for 5.8 GHz circular antennas, researchers can
choose FR4 for their projects.

Fig. 12. Radiation pattern of CMSPA.

The color scale indicates gain in dBi, where red
regions correspond to higher gain and blue regions to
lower gain. Figure 12 (a) FR4 and similar low-cost
substrates exhibit broader lobes with moderate gain,
while high-frequency laminates and Fig. 12 (f) Alumina
shows more directional patterns and slightly higher peak
gains. These variations highlight the impact of substrate
dielectric properties on antenna radiation behavior.

Fig. 13. Surface current of CMSPA.

Figure 13 illustrates the surface current distribution
of a circular patch antenna for six different substrates.
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The color scale represents current intensity in dB, where
red indicates higher current concentration and blue
indicates lower levels. Figure 13 (a) FR4 and simi-
lar substrates show relatively uniform current spread,
while high-frequency laminates and Fig. 13 (f) Alu-
mina exhibit more concentrated currents near the patch
edges and feedline. These variations demonstrate how
substrate dielectric properties influence current flow and
antenna performance.

Fig. 14. Gain of the six different substrates comparison
at 5.8 GHz.

Alumina shows the highest gain, reaching about
4.24 dB near 5.8 GHz, followed by Arlon AD300A
and RO4003C with gains around 3.9–4.0 dBi. Rogers
DT5880 and Teflon exhibit moderate gains between
2.5–3.5 dBi, while FR4 has the lowest gain, staying
below 2 dBi throughout the band. As shown in Fig. 14,
the trend indicates that high-frequency laminates and
ceramic substrates significantly improve antenna gain
compared to low-cost FR4. This highlights the impor-
tance of substrate selection for optimizing antenna
performance.

E. Analysis of the fabricated circular microstrip
patch antenna

After analyzing the CMSPA simulation in CST
Microwave Studio, the fabricated CMSPA can be com-
pared with the simulated design.

Fig. 15. Comparison between simulated and fabricated
results of the return loss (S11) of CMSPA.

In Fig. 15, the blue dashed line represents the simu-
lation, showing a deep resonance at 5.928 GHz with an
S11 of about −24 dB. The fabricated antenna (red line)
resonates at 6.142 GHz with an S11 of approximately
−17.09 dB, indicating a frequency shift and reduced
return loss compared to the simulation. This discrep-
ancy is likely due to fabrication tolerances, connector
effects, and material property variations. Overall, the
antenna maintains acceptable performance despite these
differences.

For both RMSPA and CMSPA, the same measure-
ment techniques and conditions were used. We also
observe similar discrepancies between the measured and
simulated results depicted in the S11 graph. However,
these two different shapes of the MSPA are suitable
for sub-6 GHz devices and applications. In Fig. 15, the
results from the fabricated antenna closely align with
the simulated results. One potential reason for the shift
in the resonance frequency to a higher range could be
attributed to the soldering effect of the SMA connector.

Table 4: Comparison of fabricated and simulated
CMSPA

Substrates
Parameters FR4 Fabricated FR4
Frequency (GHz) 5.928 6.142
Bandwidth (GHz) 0.186 0.282
Return Loss (dB) −24 −17.09
VSWR 1.134 1.325

During the analysis of the fabricated CMSPA
assembled on an FR4 substrate, the bandwidth is larger
than the simulated one, as presented in Table 4. How-
ever, the return loss of the fabricated antenna has
decreased by approximately 0.857 dB due to the mea-
surement process. This discrepancy can be attributed to
the manufacturing process or limitations of the mea-
surement method. These small errors in the fabricated
antenna can contribute to shifts in the results. Based on
the VSWR value, we can conclude that there is mini-
mal distortion in the standing wave. Furthermore, when
comparing the fabricated antenna with the simulation,
both the return loss and VSWR results indicate that the
simulated antenna performs better than the fabricated
one. However, these differences do not mean that we
cannot use the fabricated antenna. On the contrary, we
can use the fabricated antenna for our applications and
devices that operate sub-6 GHz.

III. CONCLUSION
This study investigates the design and performance

of microstrip patch antennas (MSPAs) using six dif-
ferent substrates (FR4 Glass Epoxy, Rogers DT5880,
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Rogers 4003C, Teflon, Arlon AD300A, and Alumina)
through simulations in CST Microwave Studio. Both
rectangular and CMSPAs’ configurations were analyzed,
with copper patches and ground planes. Simulation
results revealed substrate-dependent performance varia-
tions: RMSPA achieved a maximum gain of 6.244 dBi
with Rogers 4003C, while FR4 provided the widest
bandwidth (0.229 GHz). Rogers DT5880 exhibited the
highest directivity (7.665 dB), Teflon delivered the best
return-loss (−44.20 dB), and Alumina demonstrated
superior efficiency. To experimentally validate the sim-
ulation results, FR4based antenna prototypes with a
substrate thickness of 1 mm were fabricated and char-
acterized using a VNA. In the simulation stage, both
1 mm and 1.6 mm substrate thicknesses were consid-
ered to analyze the impact of substrate thickness on
antenna performance. Measurements indicated a reso-
nance frequency shift and reduced return loss, primarily
due to manufacturing tolerances and SMA connector
soldering effects. The findings highlight the significant
influence of dielectric constant, substrate thickness, and
fabrication conditions on MSPA performance, providing
practical design guidelines for sub-6 GHz wireless com-
munication systems.
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