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ABSTRACT

This paper presents the design, simulation, and fabrication of a novel compact metamaterial-based patch
antenna for Internet of Things (IoT) applications. The antenna operates over four frequency bands: 868
MHz, 2.45 GHz, 4.2 GHz, and 5.8 GHz. The reduction in the size of the antenna was achieved using a
parasitic patch along with a combination of Complementary Split Ring Resonators (CSRRs). The total
area of the final patch antenna was 40 mm x 46 mm. In addition to achieving miniaturization, the Defected
Ground Structure (DGS) and the uniplanar Electromagnetic Band Gap (EBG) array were integrated into
the patch antenna to enhance performance by suppressing the surface waves and improving the impedance
matching. Simulated and measured results show that the impedance matching is very good at the operating
frequencies of 868 MHz, 2.45 GHz, 4.2 GHz, and 5.8 GHz with approximate bandwidths of 7 MHz, 73
MHz, 120 MHz, and 90 MHz, respectively. The antenna was fabricated on a Rogers RO4003C substrate
(thickness 1.524 mm, er = 3.38, tand = 0.0027) and the Rohde & Schwarz ZVAS0 Vector Network Analyzer
(VNA) was used to obtain the measured results and compare them with the simulated results. Good
agreement was obtained between the simulated and measured results, confirming the feasibility of the
proposed antenna as a suitable candidate for compact, low-power, multiband IoT applications.

Keywords-IoT; multiband antenna; Complementary Split Ring Resonator (CSRR); Defected Ground Structure

(DGS); Electromagnetic Band Gap (EBG)

I.  INTRODUCTION

A new paradigm is required in light of the explosion of the
Internet of Things (IoT), to design "all-in-one" wireless
hardware that can support multiple communication standards
[1]. New IoT nodes must bridge the gap between long-range
Low-Power Wide Area Network (LPWAN) protocols (at 868
MHz) and high data rate standards such as Bluetooth (2.45
GHz) and Wi-Fi (5.8 GHz). As a result, a significant barrier
exists due to the inherent trade-off between antenna size and
radiation efficiency.

At sub-GHz frequencies, conventional patch antennas are
typically too large to fit in a compact device. Conversely,
miniaturizing patch antennas often leads to very narrow
bandwidth and/or very poor gain [2, 3].

Recently, many researchers have investigated various ways
to create multiband functionality in small sizes. Some examples
include fractal geometries which provide a longer electrical
current path; for example, a third iteration Koch design
demonstrated resonant frequencies of 868 MHz, 2.4 GHz, and
6 GHz [4]. However, designs employing fractals may exhibit
reduced performance stability at higher frequency bands (e.g.,
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5.8 GHz), and typically lack built-in methods to mitigate
surface wave interference. Other metamaterial-inspired
structures, such as Complementary Split Ring Resonators
(CSRRs) and Defected Ground Structures (DGSs), have
emerged as superior alternatives for sub-wavelength resonance
and size reduction [5, 6]. For example, recent studies utilizing
Rectangular CSRRs (RCSRRs) achieved size reductions of
over 46% when compared to traditional patch antennas;
however, they were limited to the GHz bands (i.e., 2.4 GHz
and 5.8 GHz) and did not address the 868 MHz band essential
for long-range IoT connectivity [5, 7, 8].

Although great progress has been made recently, there is
currently a gap in the literature concerning the simultaneous
integration of sub-GHz (868 MHz) support with high-
frequency GHz bands in a single-layer planar design without
losing gain or significantly increasing footprint area. Although
some wearable LoRa antennas have effectively supported the
868 MHz band with high efficiency, they are primarily single-
band antennas and thus unsuitable for use in multi-standard
gateways [9]. On the other hand, high-frequency Multiple-
Input Multiple-Output (MIMO) and 5G-IoT antennas achieve
excellent isolation and gain at 28 GHz or 5.8 GHz, yet entirely
ignore the sub-GHz requirements of the LPWAN ecosystem [8,
10, 11]. Furthermore, the challenge of maintaining a consistent
radiation pattern and gain across such widely-spaced
frequencies (868 MHz to 5.8 GHz) remains largely unresolved.

More recent studies have extended these limits even further.
A wearable Coplanar Vivaldi Antenna (CVA) with an overall
size of 60 mm x 60 mm was designed for the detection of
toddler stunting [12]. The authors were able to achieve a
simulated bandwidth of 133.17% (1.98-3.76 GHz and 5.27-
10.84 GHz) and a peak gain of 7.858 dBi through optimization
of the cavity radius and corrugations. Although this represents
a significant advance in antenna size, the design is specifically
intended for Ultra-Wideband (UWB) sensing and does not
provide discrete sub-GHz support. Second, the size of the
antenna is 49% larger than the design proposed in this study,
which also includes the 868 MHz band as part of its hybrid
CSRR-patch design.

Additionally, other authors proposed a textile-based CVA
for medical IoT application that measures 50 mm x 50 mm,
operates between 2.6 GHz and 8.7 GHz, and provides a
107.5% bandwidth and 6.35 dBi gain [13]. Although flexible, it
completely lacks support of the sub-GHz band. In the extreme
miniaturization trend, other authors introduced a super-compact
UWB monopole antenna (15 mm x 17 mm) covering 3.026—
12.556 GHz with a high radiation efficiency of about 90% [14].
However, the design does not cover resonance at the 868 MHz
or 2.45 GHz bands because of its exclusive focus on UWB
sensing.

For 5G sub-6 GHz applications, other authors used the
Theory of Characteristic Modes (TCM) for a flexible
metasurface MIMO antenna with a volume of 70 x 25 x 0.4
mm?3, achieving greater than 3 dBi gain over a 2,700 MHz
bandwidth. However, the design lacks compatibility with
legacy sub-GHz IoT systems [15]. Interference mitigation was
the subject of other authors, who used a quintuple band-
notched UWB antenna with dimensions of 38 x 38 x 0.8 mm?3

that employed dual Elliptical Split-Ring Resonators (ESRRs)
etched into the monopole radiator and Electromagnetic Band
Gap (EBQG) structures to reject Wireless Local Area Networks
(WLANSs) and C-band signals across 3.1-10.6 GHz [16]. A
major gap in [16] is its "subtractive" nature; it filters existing
bands rather than creates them. In contrast, our work uses
metamaterials for "additive" resonance creation, thereby
generating discrete peaks at 868 MHz and 2.45 GHz while
employing EBG arrays for surface wave suppression. Finally,
while other authors employed machine learning to estimate
parameters for metamaterial antennas, the physical
implementation of a quad-band "all-in-one" gateway antenna is
still primarily unaddressed [17].

The principal objective of this project is to develop a highly
miniaturized triple-band (868 MHz, 2.45 GHz, and 5.8 GHz)
patch antenna by integrating three different metamaterial-
inspired  structures: CSRRs for extreme sub-GHz
miniaturization, a DGS for impedance matching, and a
uniplanar EBG array for surface-wave suppression. This study
demonstrates that a hybrid approach will yield a compact
footprint of 40 mm x 46 mm and an additional emergent fourth
resonance at 4.2 GHz that can be used for private 5G
applications. Experimental verification shows that the designed
antenna presents a versatile, multi-protocol solution for the
next generation of heterogeneous [oT environments.

II. MATERIALS AND METHODS

A. Mathematical Model and Design Specifications

To determine the preliminary size of the radiating element
of the proposed antenna, a transmission line model was used
[18]. Therefore, the width (Wp) and length (Lp) of a
rectangular microstrip antenna can be determined by empirical
equations that consider the working frequency (fr), substrate
height (h), and the relative permittivity (er) of the substrate. In
this work, the initial patch was designed to operate at 2.45
GHz, on a Rogers RO4003C substrate (er = 3.38, tand =
0.0027, h = 1.524 mm); the first step was to define an antenna
structure on a ground plane (size: 60 mm x 60 mm). The results
obtained from these preliminary calculations were taken into
account in the successive iterative optimizations to achieve
multi-frequency operation and miniaturization of the antenna.

B. Antenna Design Strategy

The design was developed using a three-step iterative
multiband design approach, with CST Studio Suite employed
to model and simulate each step. With each iteration, the size
of the radiating elements was varied to include additional
frequency bands while decreasing the footprint as much as
possible.

1) Step 1: Multiband Excitation and Parasitic Loading

The 2.45 GHz rectangular patch was used as the starting
point on a 60 mm x 60 mm substrate, as shown in Figure 1.
This phase established the base design for triple-band
performance. Slots were added to the radiator, and a parametric
sweep was performed to optimize these slots so that the
antenna could operate at two of the three desired frequencies
(245 GHz and 5.8 GHz). An electromagnetic coupling
parasitic patch was then added to excite a low-frequency
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resonance at 868 MHz, enabling sub-GHz operation for IoT
applications. Parametric sweeps were conducted to find the
optimal dimensions and configuration of the parasitic patch
such that it functions properly without exceeding the 60 mm x
60 mm footprint.

A

60mm >

(d)

Structure of the first-stage antenna: (a) top view, (b) bottom view.

Fig. 1.

2) Step 2: Miniaturization via Complementary Split Ring
Resonators

After the triple-band resonance was created, Stage 2
focused on extreme miniaturization to meet the very compact
hardware requirements of IoT devices, as shown in Figure 2.
Two CSRRs were etched into the main radiating patch of the
antenna. The CSRRs provided inductive and capacitive loading
at the same time, allowing the resonant frequencies of the
antenna to remain the same while reducing the overall footprint
by an additional 33% down to 40 mm x 46 mm. This
represents a very high level of miniaturization, especially for
the 868 MHz frequency band.

v

<
< 46mm

(@)

4bmm
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Structure of second-stage antenna: (a) top view, (b) bottom view.

Fig. 2.

3) Step 3: Performance Enhancement and Final Optimization

The addition of a DGS and a 1 x 5 uniplanar EBG periodic
array improved both impedance matching and radiation
efficiency of the final-stage antenna. The DGS influenced the
distribution of current on the ground plane, thereby improving
the bandwidth. The periodic EBG structure suppressed the
generation of surface waves. The final integration of these two
structures resulted in an additional fourth resonance at 4.2
GHz, extending the application of the antenna to private 5G
(NR band n77).

During this phase, several parametric refinements were
made to the slot geometries, the gaps within the CSRRs, and
the periodicity of the EBG array. To verify that the meandered
paths would provide a return loss (Si1) less than —10 dB and a
voltage standing wave ratio between 1 and 2 over the target
bands of 868 MHz, 2.45 GHz, 4.2 GHz, and 5.8 GHz; current
distribution analysis was performed.

The fully labeled design, including the enhanced ground
plane and the finalized parameters prior to fabrication, is shown
in Figure 3. The detailed geometry and the optimal values for
each dimension of the final antenna are presented in Table I,
including parameters from the CSRR width to the EBG
periodicity, providing a basis for the prototype.
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TABLE L. FINAL ANTENNA DESIGN PARAMETERS III. RESULTS AND DISCUSSION
Parameter | Value (nm) | Parameter | Value (mm) This section presents a comprehensive analysis of the
Lg 40 Lo 9 results obtained from the simulation and experimental
We §6 Fl 133'5 validation of the proposed metamaterial-inspired antenna. The
Lp 1 Fw 1 evaluation focuses on S-parameters, bandwidth, gain, and a
Wp 44 Lw 3.175 . X ! .
comparative analysis with previously reported works to
S1 34 Rr 1 hiehlicht the effecti f the desi
Sw 1 Rb 3 ighlight the effectiveness of the design.
l():dg 13'1 ll:a }‘21 A. Reflection Coefficient (S11) and Bandwidth
w o .
cd 3 Gl 15 The performance of the antenna was first analyzed through
Fw2 0.6 Gf 7 simulation using CST Studio Suite, and then measured using a
Lp2 3 Gh S Rohde & Schwarz ZVAS50 Vector Network Analyzer (VNA).
Ldg 8 Wdg 45 A comparison between the measured and simulated reflection
Ceb 4 Deb 2 coefficient is shown in Figure 4. The measurements closely
Heb 2 Seb 0.20 matched the simulations, successfully exciting all the targeted
Geb 1.5 Leb 7 IoT bands.
— Stage 1(S,,)
Stage 2(S,,)
— 54 — Stage 3(S,,)
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Fig. 4. Simulated and measured return loss (Si1) of the antenna during
design.

The antenna's bandwidth and resonance characteristics are
summarized below:

e 868 MHz band: Measured resonant frequency of 0.8685
GHz with an Si: of —11.61 dB. The narrow bandwidth of 7
MHz is expected due to the high Q-factor resulting from the
extremely small size achieved through the use of the CSRR
and parasitic patch loading. However, this bandwidth is
sufficient for standard LPWAN protocols such as LoRa
(125-500 kHz channels) and Sigfox (ultra-narrowband =
100 Hz) [19].

e 245 GHz band: Deep resonance observed at 2.4525 GHz
with an Si1 of —30.60 dB and a bandwidth of 73 MHz,
making this band suitable for Bluetooth, Zigbee, and Wi-Fi
based IoT applications.

e 4.2 GHz band: Emergent resonance introduced by the
periodic EBG array, peaking at 4.2125 GHz with a return

(b)
Fig. 3. Structure of the third-stage antenna: (a) top view, (b) bottom view. loss of =37.36 dB and a broad bandwidth of 120 MHz.

e 5.8 GHz band: High-frequency resonance at 5.802 GHz
with an Si: of —28.21 dB and a bandwidth of 90 MHz.
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B. Radiation Efficiency

Figure 5 shows the simulated radiation efficiency,
illustrating the deliberate trade-off between antenna
miniaturization and performance over the operating frequency
range. The radiation efficiency at 868 MHz is approximately
5%, which is typical of electrically small antennas with
extreme miniaturization techniques (i.e., CSRR loading and
parasitic coupling) utilized at sub-GHz frequencies; the result
being an extremely high Q-factor of the compact resonator. As
a result, a deliberate trade-off between antenna dimensions and
radiation efficiency was established. Similar trends in
efficiencies have been documented by other researchers who
utilize miniaturized metamaterial-inspired antennas at sub-GHz
frequencies. However, the overall performance is sufficient for
LPWAN applications including LoRa and Sigfox that include
link budget designs to allow low power levels while
maintaining ultra-compact hardware. Conversely, the antenna
has a relatively high radiation efficiency of 80.37% at 2.45
GHz, 79.07% at 4.2 GHz, and 66.21% at 5.8 GHz. These
significantly improved radiation efficiency values at the GHz
frequencies support the effectiveness of the integrated DGS and
uniplanar EBG arrays in reducing losses, improving impedance
matching, and reducing surface wave effects.

W Total Efficiency (dB)|
—m— Efficiency (%)

— 80

70

@
=1

\
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Total Efficiency (dB)

1 2 3 4 5 6
Frequency (GHz)

Fig. 5. Radiation efficiency of simulated design.

C. Radiation Patterns

Radiation patterns in both the E-plane and H-plane for the
2D configurations of the antenna are shown in Figure 6. Figure
6 illustrates the antenna's 2D radiation patterns on an angle-by-
angle basis as a function of each of the bands in which the
antenna operates. The antenna's 2D radiation patterns in the H-
plane show a quasi-omnidirectional (all-around) radiation
pattern at 868 MHz, which is a critical parameter for [oT node
antennas to ensure a stable link margin independent of the
node's spatial orientation relative to the access point.
Conversely, the E-plane radiation patterns demonstrate a
classic dipole-type radiation pattern and are characterized by
nulls at 868 MHz. As the operating frequency is increased to
the 2.45 GHz, 4.2 GHz, and 5.8 GHz bands, the antenna
exhibits a transition from quasi-omnidirectional radiation to a
more directional radiation, 1i.e., broadside radiation.
Additionally, the antenna becomes increasingly directive

normal to the patch plane as the operating frequency increases.
The stability of the 2D radiation patterns for all frequencies,
especially the suppression of ripple in the side-lobe level in the
E-plane, is due to the presence of the DGS and the uniplanar
EBG array, which are used in conjunction to suppress surface
wave radiation. The measured 2D radiation patterns indicate
that the antenna exhibits a high Front-to-Back (F/B) ratio and a
high degree of polarization purity in multi-environmental
conditions.

0 H-plane at 868MHz
T —— E-plane at B68MHz
ST g Pl

o a3
oy
25} 300 80
-3
44 /
54 |
(a) 270 + { a0
54 \ ]
\
44 \
|
sl
i 240 120
4
0 210 = . 150

180

—— H-plane at 2.45GHz|
—— E-plane at 2.45GHz

e}
6 330 T 30
ol
21
ol
-2 300 60
]
=5
8]
~104 [
(b) ::Z: 270 |» 50
-10 | F]’
cq ]
by /
g
-2 240 120

& 210 180
—

180

e O H-plane at 4.2GHz
a8 B 30 E-plane at 4.2GHz|

54 330

-5 300 60

-5 240 120

37 210 150
180

www.etasr.com

Chigwende et al.: Design and Development of a Miniaturized Multiband Patch Antenna Incorporating ...



Engineering, Technology & Applied Science Research Vol. 16, No. 2, 2026, 34226-34234 34231
;
—— |=—— E-plane at 5.8GHz
0
(©) 5 8
-10
(d) \
-15

Fig. 6. 2D radiation patterns for both H-plane and E-plane at: (a) 868
MHz, (b) 2.45 GHz, (c) 4.2 GHz, and (d) 5.8 GHz.

D. Far-Field 3D Radiation Characteristics

Figure 7 shows the 3D far-field radiation patterns, which
provide an overview of the antenna's power distribution over
the entire range of the target frequencies. The 3D radiation
pattern of the antenna at the 868 MHz band exhibits a
"doughnut" shape, as expected from a quasi-omnidirectional
radiator; this behavior supports reliable communication
between all types of mobile IoT devices. When increasing the
frequency to the 2.45 GHz, 4.2 GHz, and 5.8 GHz bands, a
clear trend can be seen toward a broadside directive pattern,
where the major portion of the radiated power is concentrated
in a single main lobe along the z-axis. The spatial concentration
of the radiated power is directly attributed to the uniplanar
EBG array and the DGS, as they are effective in reducing
surface wave propagation and in minimizing back radiation.
Therefore, the 3D results clearly show that the antenna exhibits
high radiation efficiency, a stable maximum gain (reaching
4.70 dBi at 4.2 GHz), and suitability for multiple IoT protocols.

(@)

o
o
fany e

(b)

{ap) ue

(C))

Fig. 7. 3D far-field radiation patterns of the proposed antenna (dBi) at: (a)
868 MHz, (b) 2.45 GHz, (c) 4.2 GHz, and (d) 5.8 GHz.

E. Surface Current Distribution

The surface current distribution shown in Figure 8
illustrates how different regions of the antenna contribute in the
generation of the multiple operating bands.

At 868 MHz, the current is distributed around the parasitic
patch and the CSRRs, whereas the main patch exhibits minimal
current flow, implying that the sub-GHz resonance is primarily
produced by the electromagnetic coupling between the CSRRs
and the parasitic patch, as well as by the metamaterial loading,
which increases the effective electrical length of the structure
and enables significant size reduction.

At 2.45 GHz, the current is at the center of the main patch
near the feeding port, thus creating a typical TMio mode in a
rectangular patch; the CSRRs and parasitic element contribute
very little to this mode. At 5.8 GHz, two symmetrical current
paths are observed on the main patch, illustrating a higher-
order resonant mode that is dominated by the dimensions of the
radiator.

At 4.2 GHz, the current distribution is more confined and is
influenced by the CSRRs and DGS, confirming that this
resonance is a hybrid mode generated by their interaction.

(@)
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Fig. 8. Surface current distribution of the proposed design at: (a) 868
MHz, (b) 2.45 GHz, (c) 4.2 GHz, and (d) 5.8 GHz.

(d)

(@

F. Prototype Fabrication and Measurement Setup

The proposed antenna was fabricated and evaluated using
commercially available RF evaluation tools. This section
illustrates how the theoretical model was converted to a
working hardware prototype. The physical model of the
antenna in Figure 9 was created using high-precision ProtoMat
S103 milling and Rogers RO4003C material that was 1.524
mm thick. The top view of the antenna in Figure 9(a) shows all
components of the radiating patch, the CSRRs that were etched
onto the surface, and the electromagnetic coupling between the
radiating and parasitic patches. The backside of the antenna in
Figure 9(b) shows the DGS and the uniplanar EBG array. The
size of the fabricated antenna is quite small (40 mm x 46 mm)
but still allows operation over four bands. The test setup in
Figure 9(c) shows the antenna attached to a Rohde & Schwarz
ZVA50 VNA. The prototype was attached to the VNA through
a 50 Q SMA connector. The VNA was calibrated to provide
accurate measurements of the return loss (S11) and bandwidth
of the antenna. The results obtained from the prototype
measurements showed excellent agreement with those obtained
from the CST Studio Suite simulations; however, some minor
deviations were observed due to tolerances in manufacturing
and the effects of the SMA connector on the antenna's

operation. This physical verification confirms the reliability of
the designed antenna for use as a component in future IoT and
5G wireless communication systems.

(a)

(b)

(©)

Fig. 9. Prototype of the proposed antenna: (a) fabricated top layer showing
CSRRs and parasitic patch, (b) fabricated bottom layer showing DGS and
EBG array, (c) experimental measurement setup with the VNA.

To mitigate the issue of integrating a DGS into a practical
application, a small air gap or a non-conductive spacer inserted
between the defected ground region and the metallic
component(s) is advised. This inclusion of a spacer is an
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effective integration technique for maintaining the desired
current distribution throughout the ground plane while ensuring
that the antenna preserves the impedance and radiation
properties for which it was designed when integrated with
compact [oT hardware.

IV. COMPARISON WITH PREVIOUSLY PUBLISHED
WORK

As shown in Table II, although some designs, such as those
reported in [4], are able to operate at multiple frequency bands,
the proposed antenna achieves a higher maximum gain (4.7
dBi) and additionally includes the 868 MHz band used for
LPWAN applications, which are omitted in most other compact
designs. The use of metamaterial-inspired CSRRs and EBG
structures in this design provides an improved trade-off among
bandwidth, physical size, and maximum gain.

TABLE IL COMPARISON WITH PUBLISHED LITERATURE
Ref. Size Operational Gain Miniaturization
. (mm) bands (GHz) (dBi) technique

[20] 33 x22 2.4,3.7,5.8 1.43,0.89, 1 SRR
1.893,7.17, CSRR in DGS
[21] 40 x 40 24,52,5.8 671 configuration
[22] 131.6 x 34 | 0.915,2.45,5.8 1.8,7,7 SRR
[23] 86 x 86 0.915,2.45,5.8 2,5.1,5.7 Multilayer
[4] 45 x 41 0.868,2.4,5.8 0.7,2.3,3.3 | Fractal geometry
—-12.38,
[5] 30 x 24.8 24,58 —4.065 RCSRR
1.98-3.76, .
[12] 40 x 60 597-10.8 7.85 Textile CVA
(3.7—4.12),
(4.34-4.73),
[16] | 38x38 | (5.43-625). 3.5 Dual ESRRs and
(7.73-8.69),
(5.15-5.26)
Proposed 46 x 40 0.868,2.45,4.2, | -12,4.16,4.7, | CSRR, EBG, and
work 5.8 3.94 DGS

V. CONCLUSION

A compact metamaterial-inspired patch antenna for Internet
of Things (IoT) applications was designed, simulated, and
fabricated. The proposed antenna operates over four frequency
bands at 868 MHz, 2.45 GHz, 4.2 GHz, and 5.8 GHz,
achieving multiband functionality within a small footprint of 40
mm x 46 mm. The integration of Complementary Split Ring
Resonators (CSRRs) enabled extreme miniaturization at sub-
GHz frequencies, the Defected Ground Structure (DGS)
improved impedance matching, and the uniplanar
Electromagnetic Band Gap (EBG) array suppressed surface
waves, resulting in enhanced radiation efficiency and stable
gain across all operating bands. Measured results closely
matched the simulations, confirming the reliability of the
design for practical IoT and private 5G applications. Overall,
the proposed antenna offers a compact, low-power solution
suitable for IoT applications.
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