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Abstract: The rapid emergence of Fifth-Generation (5G) technologies necessitate the development of highly efficient antenna systems
with compact design that can support Ultra-Wideband (UWB) frequencies. This work presents the design and enhancement of a Circular
Microstrip Antenna (CMSA) for 5G UWB applications using metamaterials. The study focuses on the design of CMSA and the
integration of a Complementary Split-Ring Resonator (CSRR) into the circular patch of the CMSA. The design is simulated using
Computer Simulation Technology (CST) Studio 2023. The system design without metamaterials achieved a gain of 5.28 dBi and a
bandwidth of 353.0 MHz. The integration of the CSRR led to an improvement in gain, 5.39 dBi at 3.8 GHz, which is above most of the
literature reviewed, although there was a slight reduction in bandwidth to 135.2 MHz. The objectives of achieving a CMSA design with a
gain between 5 to 10 dBi while maintaining a compact size were accomplished. Despite the slight reduction in bandwidth observed when
integrating the CSRR into the CMSA, the overall results highlight the significant role metamaterials played in enhancing the
performance of microstrip antennas for 5G technology applications.

Keywords: Antenna Performance, Circular Microstrip Antenna (CMSA), Complementary Split Ring Resonator (CSRR), Fifth
Generation (5G) Communications, Metamaterials

1. INTRODUCTION

Antenna plays very significant role in wireless communication systems including terrestrial and satellite communication
networks [1,2,3,4]. Fifth-generation (5G) wireless communication systems provide significant improvements in data rates
[5] latency and reliability compared to fourth-generation (4G) [6,7, 8,9]. To achieve these improvements, 5G utilizes a
wider range of frequency bands, including the ultra-wideband (UWB) spectrum from 3.1 to 10.6 GHz [10, 11, 12].

Microstrip antennas (MSAs) are preferred for 5G applications due to their low profile, lightweight, and ease of
fabrication. However, conventional MSAs have a narrow bandwidth, limiting their use in UWB systems [13]. To address
this limitation, various approaches have been proposed in the literature. For example, Kim and Yang [14] designed a
miniaturized circular microstrip antenna (CMSA) for wearable applications, achieving good performance at 2.4 GHz by
using a flexible substrate and a meandered slot design. Similarly, introduction of superstrate layer to enhance the radiation
efficiency and gain of CMSAs, achieved a gain improvement of 3 dB with good efficiency [15].

Despite these advancements, conventional microstrip antennas still face challenges in accommodating Nigeria's UWB
frequency range (3.1 to 10.6 GHz), which is essential for high-speed data transmission in applications such as wireless
USB, radar imaging, and real-time location systems [16]. To overcome these challenges, metamaterials—artificial
materials with unusual electromagnetic properties—are introduced to provide negative permittivity and permeability.
Metamaterial-based antennas can achieve wider bandwidths than conventional microstrip antennas, making them suitable
for UWB applications [17]. The circular microstrip antennas (CMSAs) with metamaterials are particularly attractive for 5G
UWAB applications due to their omnidirectional radiation pattern and compact size [18, 19, 20].

Although metamaterial-based CMSAs envisage good applications for 5G, there is still a need to further improve their
performance in terms of bandwidth, gain, and radiation efficiency [21]. This research investigates the use of metamaterials
to enhance the performance of CMSAs for 5G UWB services. Specifically, the study aims at improving the impedance
bandwidth to cover the 5G UWB band allocated for mobile telecommunication and satellite communication in Nigeria (3.4
to 4.2GHz), improve the gain, radiation efficiency, and reduce the antenna's size. The proposed antenna design is evaluated
using Computer Simulation Technology (CST) Studio Suite 2023 software. The success of this research will contribute to
the development of high-performance metamaterial-based CMSAs for 5G UWB systems, enhancing the deployment of 5G
UWB services in Nigeria for improved quality of experience.
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2. DESIGN METHODOLOGY
2.1 Design of Circular Microstrip Antenna:

A single-element circular microstrip antenna is designed according to Balanis [22]. The primary requirement is the
CMSA without metamaterial. Thereafter, emphasis is converged on the design of a CSRR of the metamaterial-based
circular microstrip antenna. In the design process of a Circular Microstrip Antenna, some parameters such as resonant
frequency (f;), substrate thickness (h) and relative dielectric constant (er) are very significant. Some structural parameters
such as circular patch radius (a), substrate length (L), substrate width (W) and feed line inset distance (Fi) are also
calculated. The radius of the circular patch is expressed as Balanis [22]. The Circular microstrip antenna is designed based
on the cavity model formulation for the dominant TMz110 mode [22, 23].

i. Operating frequency: The resonant frequency (f,.) of the antenna are determined appropriately. The operating
frequency of the proposed antenna range from 3.4 GHz to 4.2 GHz. The resonant frequency selected for the design
was 3.8GHz because the proposed antenna is designed for 5G UWB applications.

ii. Substrate: The height (k) of the substrate is between 0.00310 < h < 0.05A0 and its dielectric constant (er) is
commonly in the range 2.2 < er < 12 [22]. The performance of microstrip antennas depends on a balancing act
between substrate thickness and dielectric constant. While thicker substrates with lower dielectric constants (&)
generally lead to improved radiation characteristics, wider bandwidth, and higher efficiency, they also result in larger
antenna sizes. Conversely, thinner substrates with higher er decrease the fringing fields, resulting in higher resonant
frequencies and smaller antenna sizes. According to Balanis [22], the height of the substrate is determined by the
wavelength of the operating frequency using the equation below:

Ao
h <0.3 me/S_r Q)

and

Ao = (2)

C
fr
where ¢ is the speed of light = 3 x 108m/s, and f, is the selected resonant frequency (3.8 GHz), and A,is the
wavelength in free space. The proposed substrate used for the antenna is FR-4 (lossy) with a dielectric constant (g,.) of
4.4, loss tangent (tan &) of 0.019, and a resonant frequency (f;.) of 3.8 GHz, respectively. The height of the substrate is
determined from Equation (1) and (2) as:

8
0= 20 = 78.95mm
38 Xl% 07895
h <03x p— = 1.797 mm

Thus, substrate height (h) was chosen as 1.6 mm in line with the range of values calculated for height from Equation
(1) A substrate with a high dielectric constant has been selected to further reduce the dimensions of the antenna. The
resonance frequency, f, is given as [22]:

1.8412 ¢

f r= 2maver (3)

fT‘_ 1.8412 x 3.0x10"8
T 243.142%10.58+V4.4

Where c is the speed of light in free-space and a is the radius of the microstrip antenna.

= 39.612 GHz

iii. Determination of the radius of the circular patch: The circular microstrip patch antenna (CMSA) is designed to
suits certain applications. It occupies less space compared to a rectangular patch antenna operating at the same
frequency. The formula for computation of the circular microstrip radius is given by the Equation (2) [9].:

F

o (4)
o {1 217726}
where F is given as:
8.79 x 10°
o ©
N 8.79 x 10°
hence, F= i - 1103
therefore, the radius, a = 11 . =1057723mm
2x1.6 Tx 1.1
[1+ TX 44X 1.1[m(2 x 1.6)+1'7726]}

As a result of the effect of fringing, the electrical radius extends slightly beyond the physical radius. This makes the
effective radius, a to be:

21 (29) + 1.7726]}1/2 (6)

i ae=a{1+ ™

where:
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f; = Resonance frequency, €, = Substrate’s Relative Permittivity, h = Substrate height, a = Physical Radius of the Patch,
and a, = Effective Radius.

a, = 10577 {1+ 222 _[In (%) 4 1.7726]}1/2 =11.043 mm.

In this design, FR-4 (lossy) substrate is examined. The dielectric constant, the height of the substrate, the radius of the
microstrip, and the effective radius are tabulated below. The centre frequency for the frequency range of between 3.4 GHz
and 4.2 GHz is taken as 3.8 GHz. The effective diameter of the microstrip is tabulated in Table 1.

Table 1: Substrate parameter for system design
Substrate Dielectric Constant, Height Radius, A  Effective Radius, a, Effective Diameter, d.

€r (mm) (mm) (mm) (mm)
FR-4 4.40000 1.600 10.57723 11.04304 22.08608
00

A.
2.2 Determination of the Feed Line Parameters

For circular microstrip antenna, the feed line dimension is between 0.3a to 0.5a, where a is the radius of the circular
patch. The feed line of a circular microstrip antenna (CMSA) was designed after the dimensions of the patch were finalized.
For CMSAs with microstrip feed lines, the conductive strip is typically connecting directly to the periphery of the circular
patch. A quarter-wave transmission line with a characteristic impedance (Z;) connected the CMSA to a microstrip
transmission line with a characteristic impedance of Z, = 50 Q. This matching technique ensures an efficient energy
transfer from the antenna's input impedance to the feed line to minimize the signal reflection and power loss towards the
transmission line. If R;, represents the input edge impedance of the antenna, then the characteristic impedance of the
quarter-wave transformer (Z;) can be calculated as:

Zy = JZyRin (7

where Z; is the impedance of the quarter-wave transformer, Z, is the characteristic impedance of the microstrip feed line,
and R;, is the input edge impedance of the antenna.

For effective integration of the patch onto the substrate, the width of the feed must be less than the diameter of the
circular patch. Modifying the width of the quarter-wave strip allows for adjustments to Z,. As the width of the microstrip
line increases, its characteristic impedance (Z,) decreases. To ascertain the resonant input impedance, the conductance of
the slots is initially determined. An approximation for calculating the resonant input edge resistance (Rin) of the patch is
provided by:

. 1
Rin = mﬂ. (8)
where G; represents the self-conductance of a single slot with finite width, and G,, stands for the mutual conductance
between two slots. For CMSASs, considering the transmission line model, the mutual conductance Gy, is typically small and
can be disregarded. This model approximates the impedance at the feed point of the microstrip by treating the edges of the
circular patch as slots represented by a parallel equivalent admittance Y (comprising conductance G and susceptance B).
Determining the input edge impedance of a patch antenna presents a challenge due to the complex interaction between
its geometry and electromagnetic fields. One approach to determine the transformer input impedance [24]:
s n
Zin = Ve )
where: Zin: input impedance at the edge (), n: intrinsic impedance (= 120n Q for free space), W: width of the patch (m) =
3.8 mm and er: Dielectric constant of the substrate = 4.4

. 120%3.143  _
Zin = m =26.9 Q.

For the design, the Software, CST Studio Suite, 2023 edition, is used to model the antenna and calculation of input
impedance:

i. Calculation of the width of the feed line (W): The width of the feed line for a desired characteristic impedance (Z,)
in a microstrip line can be calculated using Wheeler's formula, which provides a good approximation for W. For a
microstrip line over a substrate with an effective dielectric constant geff and a substrate height h, the width (W) can be
calculated from: when Z, < (60)/() (which is usually the case for 500hms in typical substrates like FR-4):

Wy ge4
h T e?Ap

Where, W is the feed line width, h is the substrate height = 0.0016 m, and

W = (10)
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A=Zo |errtly eyt (0.233 + °'“> ) (11)
60 2 ‘geff+1 Eeff

50 [3.33+ 1 N 333-1 ( N 0.11)
T 60 2 333+1\" 3.33

A=1.363

Hence,
8e1.244
W= iz,
W = 2.356
W;/0.0016 = 2.356
W; = 2.356 * 0.0016 = 0.0038 m = 3.8 mm.

Moreover, to achieve 50 Q characteristic impedance, for the rectangular microstrip antenna, it was discovered from the
CST studio software that the width of the feeding line must be 3.083mm. This was applied to the circular patch for
simulation evaluation.

ii. Calculation of the quarter wavelength of the feed line: the length of the quarter wave transmission line, L, is given

by [22,23] as:
Ao

)\'_ —
Le=37 o (12)
c 3X108 _
A = E = a0 0.07895 m
Thus, Le = ZZS_:; = 10.82 mm
»Wra
F,I\ - ([ o
\ W,
a7 | |
W - W .
() (h)

Figure 1: The front and back view of the circular microstrip antenna.

iii. Determination of the 50 Q microstrip feed line length: Based on the literature [23], the length of a microstrip
transmission line L, is adjusted on the CST Studio software to arrive at a value that gives optima efficiency. For this
design, L, = 8.58 mm. Table 2, shows the dimensions of the system design and simulated circular microstrip antenna
using FR-4 (lossy) as the substrate.

Table 2: Dimensions of the system design.

Design Parameter Values

Patch dimensions:

Radius (r) 10.580 mm
Dielectric constant (&) 4.400
Substrate height (h) 1.600 mm
Patch thickness (t) 0.036 mm
Ground plane dimensions:

Ground plane radius (rg) 21.160 mm
Feed line dimensions:

Width of 50 Q transmission line (W) 3.083 mm
Length of 50 Q transmission line (L) 19.740 m
Input edge impedance of the patch (Ry,) 26.9 00Q
The characteristic impedance of the feed line (Zg) 50.0 Q
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B. 2.3 Metamaterial Design
i. Split Ring Resonator: the schematic diagram of the SRR is shown in Figure 3. The resonance frequency is given as

[22]:
fo= = oy (13)

where ¢, is the distributed capacitance, Cg is the gap capacitance and L is the self-inductance of the rings.

L= por (lni}—r - g) (14)

The gap capacitance Cg is calculated as a parallel-plate capacitance with a fringing field correction term.
Cg = eO[[h?W+(h+w+ g)]] (15)

w is the width of the metallic ring and # is its thickness; g = g; = g, is the split gaps, r is the SRR mean radius formulated
as:

r=r+w+d/2 (16)
where d is the inter ring spacing and r is the inner ring radius. The mutual (distributed) capacitance is demonstrated as:
Co=mrCpy. 17
where Cy is per unit length capacitance which is also calculated as:
Coul = €o€eF(K) (18)
g =1+ E2fl (19)
k=a/b;a=d/2;and b=d/2+w (20)
k'=v1— k? : (21)

where k’ is wave effective number which represents the effective propagation constant of the electromagnetic wave within
the SRR's conductive strip. k is the wavenumber in free space. &, = 8.85 * 102 is the permittivity of free space, &, is the
dielectric constant of the material and t is the substrate thickness.

_ sinh(%)
- sinh(z—f)

(22)

k, = characteristic impedance factor. k; accounts for the impedance mismatch between the SRR's strip and the surrounding
medium (usually air). It arises due to the abrupt change in geometry at the strip's edges. The values a, b and t refers to
the radius of the SRR, the inner radius of the SRR and the thickness of the strip respectively and F (k) is given by Equation

(21):
P ) 1
{ 'rn'nZ e 0<k<= -
F(k) . "”_ 2 .
lf'lnf(’)] ’\") 1__ 3 1
1-vk v2 (23)
= — 7?’ \
| ¢ ' &e DN\ =
| ‘g’k( Lz s | ‘} / —>
U\ \e,- /_/'_ /' C,-, /2 Cn /2
\ \\J_,,/ . J/| —
“»\__--_‘d-:_ o C-,
J ==& C:=C./4

Figure 2: SEh—emaﬁic view of a circular split ring resonator [23]  Figure 3: SRR and the equivalent circuit model.

ii. Complimentary split ring resonator: Complementary Split Ring Resonators (CSRRs) is used in this design. It
represents a pivotal advancement in the domain of metamaterials, particularly influencing microwave and antenna
engineering. Initially conceptualized by [25] for achieving negative permeability, CSRRs have been widely adopted
for filtering and miniaturization purposes in microwave circuits and antennas. CSRRs are essentially the inverse of
Split Ring Resonators (SRRs); they consist of etched concentric ring slots on a planar substrate. When these structures
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are excited by an electromagnetic field, they exhibit a negative effective permittivity within a specific frequency range,
leading to unique electromagnetic properties not found in natural materials [12]. One of the foremost applications of
CSRRs is in the design of compact and efficient filters for microwave circuits. By embedding CSRRs into microstrip
lines or patch antennas, engineers can achieve miniaturization, enhance bandwidth, and improve selectivity [25].
Furthermore, CSRRs have been instrumental in the development of novel antenna designs, offering solutions for size
reduction without compromising performance—critical for modern wireless communication systems [25]. The
integration of CSRRs into microwave and antenna design provides several advantages, miniaturization, enhanced
bandwidth and selective filtering.

2.4 Design of Metamaterial-Based Circular Microstrip Antenna
To calculate the dimension of the metamaterial, the resonance frequency must be known. For this research work, the
frequency range is between 3.4 GHz to 4.2 GHz. Therefore, 3.8 GHz is set as the middle frequency. To design a
Complementary Split Ring Resonator (CSRR) for 3.8 GHz, with a substrate having a relative permittivity (er) of 4.4 and a
thickness (h) of 1.6 mm, several factors are considered. The design process involves calculating the outer radius, inner
radius, and the gap of the CSRR structure. A general approach is outlined based on electromagnetic theory and resonant
condition considerations.
i. Determine the effective permittivity (g.5): The effective permittivity accounts for the dielectric substrate's impact on
the wave's propagation speed. It can be estimated for a microstrip line, which is similar in structure to the substrate
part of a CSRR, using the formula:

&+l &—1 1
Seffz r2 + r - (24)

2 h
1+12W

where W is the width of the CSRR. Since CSRR does not have a specific "width" like a microstrip line, this formula is
more indicative and the actual e might be derived from full-wave simulations for accurate design. From the CST Studio
software, e is found to be 3.3.

ii. Estimate the guided wavelength ()g): The guided wavelength on the substrate is different from the free-space
wavelength due to the dielectric medium and can be estimated as:

Y~ 29 _ 0.0434m = 43.4 mm (25)

Y= o v

where A, is the free-space wavelength, Ay = c/f, with ¢ being the speed of light (3x10% m/s) and f, the resonant frequency
(3.8 GHz in this case):

c 3.0 x 108
=24y = E= 382109 = 0.079m
iii. CSRR dimension estimates: The actual dimensions of a CSRR depend on the targeted resonant frequency, substrate
properties, and the desired coupling strength. A starting point for the dimensions can be derived from empirical
formulas or, more commonly, from parametric studies and optimizations using CST Studio. A common approach is to
start with dimensions that are a fraction of the guided wavelength (1g), adjusting for the desired resonant frequency:
1. Outer Radius (R,): A fraction of Ag, e.g., Ag/4 to Ag/10, as a starting point.
2.Gap (9): The gap width influences the resonance's frequency and quality factor. A smaller gap can lead to higher
quality factors. The starting values is 0.5 mm, adjusted based on simulation results.
3. Inner Radius (Ri): This can be determined based on the desired outer radius and gap width, keeping in mind the
structural integrity and fabrication capabilities.
4. The final value as adjusted during simulation is indicated in Table 2.

Table 2: Metamaterial dimension

Parameter Value (mm)
Outer Radius R 4.34
Gap, s 0.50
Space u 0.50
Inner Ring r 3.34

Ring’s width, q 0.50

Using the above parameters, the inductance, L of the SRR is 11.3388 nH and the capacitance = 154.544 fF (154.544
femtofarads).

The challenge of getting appropriate feed line in the design was resolved using error checking method during simulation.
The Circular Microstrip Antenna and the final feed line parameters are given in Table 3.
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Table 3: The final dimension of the system esign

Parameters

Dimension (mm)

Substrate length 50.580
Substrate Breadth 21.160
Substrate Thickness 1.600
Ground plane Diameter 42.320
Ground Plane Thickness 0.036
Circular Patch Diameter 21.160
Circular Patch Thickness 0.036
Feed line Width 3.083
Feed line Length 18.260
CSRR Dimension (mm)
Outer Ring 4.000
Gap, s 0.500
Space, u 0.500
Ring width, q 0.500
Inner Ring 3.000

Figure 4 (a): Circular patch

[11]

Figure 4 (b): Ground plane

3. RESULTS AND DISCUSSION

To assess the bandwidth of the two antennas, one with metamaterial (MTM) and one without (Non-MTM) metamaterial,
the respective Voltage Standing Wave Ratio (VSWR) and reflection coefficient (S1,1) values across the frequency range
provided was assessed. In the context of antenna design, bandwidth typically refers to the range of frequencies over which
the antenna performs satisfactorily, commonly defined by a VSWR less than 2 or a return loss (S1,1) better than -10 dB.

=

farfield (f=3.8) [1]

Type
Approximation
Component
Cutput
Frequency
Rad. Effic.

Tot. Effic.

Dir.

CST Studio Suite
Learning Edition

enabled (kR >> 1)
Directivity
-0.9542 dB

-1.458 dB
5.281 dBi

Figure 5: Gain of 5.28dBi at 3.8 GHz single band antenna (Non-MTM CMSA)
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CST Studio Suite
=

Learning Edition

farfield (f=3.8) [1]

Type Farfield
Approximation enabled (kR >> 1)
Component Abs
Output
Frequency

Rad. Effic

3.1 Analysis of Simulation Results:

VSWR data: For the CMSA without MTM, the VSWR remains below 2 from about 3.5 GHz to 3.8 GHz, indicating a
narrow bandwidth (300 MHz approx.) The VSWR peaks to values higher than 3.0 as frequency increases, reaching up
to 5.36 at 4.2 GHz, showing poor performance outside the aforementioned narrow band. When metamaterial is
incorporated, the VSWR stays below 2 from approximately 3.5 GHz to 3.68 GHz, similar to the Non-MTM case,
indicating a narrow bandwidth of approx. 168 MHz. However, the VSWR is generally higher across the range with
MTM, spiking to values as high as 7.65 at 4.1 GHz, suggesting worse performance at higher frequencies compared to
the Non-MTM setup.
Table 4: The VSWR Performance at different frequencies

Frequency VSWR (Non MTM) VSWR (MTM)
3.400 2.005 3.450
3.500 1.745 2.106
3.516 - 2.000
3.600 1.649 1.798
3.686 - 2.000
3.700 1.736 2.059
3.800 1.989 2.702
3.900 2.396 3.876
4.000 3.006 5.902
4.100 3.980 7.650
4.200 5.360 5.482

The Voltage Standing Wave Ratio (VSWR) tables for a circular microstrip antenna without and with metamaterial

(MTM) across a range of frequencies provide additional insight into the antenna's performance and the effect of
incorporating metamaterial into its design.

S1,1 Parameter Data: Without metamaterial, the CMSA Shows a progressive improvement in reflection coefficient
as frequency increases, starting from -9.513 dB at 3.4 GHz to -3.28 dB at 4.2 GHz. Best performance (lowest
reflection) around 3.6 GHz to 3.7 GHz with values nearing -12.222 dB, aligning with the VSWR findings. With
metamaterial incorporated, the reflection coefficients are generally poorer across the board compared to Non-MTM,
with values ranging from -5.219 dB at 3.4 GHz to -3.205 dB at 4.2 GHz. The reflection coefficient shows a notable
deterioration, especially at 3.8 GHz and higher frequency.

4. CONCLUSION
In this research work, metamaterial-based CMSA (CMSA-MTM) and non-metamaterial CMSA (Non-MTM) were

studied for 5G applications. Both antenna system designs operate within the frequency range of 3.4 GHz to 3.800 GHz, it

is

observed that the inclusion of metamaterials influences the impedance characteristics of the antenna, due to its

interaction with the antenna's near field. Generally, while the directivity of the system design is slightly higher with MTM,
it has been observed that bandwidth degraded with the inclusion of metamaterials. This could be due to the specific
properties of the MTM affecting the resonant behaviour of the antenna system. The narrow bandwidth of both antennas
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limits their application flexibility, though without MTM, the antenna demonstrates slightly better gain and less volatile
response across the studied frequency range.

Figure 7: S-parameter of the Designed CMSA without MTM

SParameness [Magntuce]

14 16 i 8 14 ] 4| 4.
Uy el

F e
Figure 8: S-parameter of the Designed CMSA with MTM

However, the proposed design has achieved gain of 5 to 10 dBi while maintaining a compact profile. The design antenna is
more applicable where a high directivity with a narrower bandwidth might be beneficial, such as in directional
communication systems [26], radar, or in environments where channel specificity is crucial to avoid interference [27].
Though several metamaterial-based microstrip antennas have previously been discussed in the literature, the novel
geometry presented in this research work covers the approved C-band 5G deployment frequency for the Nigerian market
while maintaining a small, compact, planar profile making it suitable for portable devices.
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