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ABSTRACT: A multiband planar antenna fed by an asymmetric coplanar waveguide (ACPW) is proposed and fabricated. The design incor-
porates branched stubs within split-ring resonator (SRR) and integrates this modified SRR with the ACPW structure, thereby expanding
the antenna’s operational bandwidth and improving gain performance. The antenna has dimensions of 60 mm x 58 mm x 0.813 mm,
which are equivalent to 0.48\g x 0.46 Ao x 0.0065)\¢ at 2.4 GHz. Simulation and measurement results demonstrate close agreement. The
antenna exhibits |S11| < —10dB in the frequency bands of 2.23-2.51 GHz, 3.54-4.47 GHz, and 5.01-6.29 GHz, with a maximum gain
of 7.07 dBi at 5.1 GHz and over 2.5 dBi gain across all bands. This antenna meets the requirements for WLAN, UAV communications,

and 5G applications.

1. INTRODUCTION

n recent years, remarkable breakthroughs have been made in

the fields of fifth-generation (5G) mobile communications,
drones, and wireless local area networks (WLANSs). Conse-
quently, the demand for high-performance antennas for mod-
ern wireless communication systems has shown exponential
growth.

In complex electromagnetic environment engineering sce-
narios, the combination of wide-band coverage characteristics
(e.g., compatibility with 2.4/5.8 GHz dual bands) and high gain
performance has become an important technical index for the
development of wireless communication equipment.

In this context, planar antennas have become a crucial re-
search focus for radio frequency (RF) front-end integrated de-
sign. Their key advantages, such as compact size, low pro-
file, and compatibility with standard manufacturing processes,
make them highly attractive. In particular, coplanar waveg-
uide (CPW)-fed planar antennas with asymmetric topology op-
timization can break through the limitations of traditional sym-
metric structures. This approach enables significant improve-
ments in both operational bandwidth and radiation efficiency.
These benefits highlight the importance and necessity of further
exploring ACPW-fed multiband planar antennas.

In recent years, multi-band antenna design has seen the in-
troduction of various innovative structures, such as defective
ground structure [1-6], inverted-L structure [7-9], parasitic
structure [10—13], and slotting technique on radiating surfaces
[14]. Defective ground structure modifies surface current dis-
tribution via geometric cuts or etches on the ground plane, en-
abling multi-band operation. Inverted-L structure excites elec-
tromagnetic radiation at distinct frequencies through its unique

* Corresponding author: Weina Liu (naliu529_i5@163.com).

doi:10.2528/PIERC25060401

261

spatial layout, while parasitic structure expands the operational
frequency range via electromagnetic coupling with the main
radiator. Meanwhile, slotting technique achieves multi-band
radiation by precisely controlling current paths through adjust-
ments to slot geometry, dimensions, and positioning. These ap-
proaches significantly enhance antenna performance and drive
advancements in multi-band technology.

Notably, metamaterials have shown remarkable potential in
antenna design. Their unusual electromagnetic properties en-
able flexible field distribution regulation, offering a novel ap-
proach to multi-band design. Among them, loading techniques
based on split-ring resonators (SRRs) and their derivatives have
become a research focus. For example, SRR loading struc-
tures [15—17] and square SRR structures [18-21] trigger res-
onance effects to excite additional radiation bands. Etching
SRR or complementary split-ring resonator (CSRR) on radiat-
ing surfaces [22—27] or ground planes [28—30] further enhances
multi-frequency performance by optimizing electromagnetic
coupling with the antenna body.

Although existing antennas reported in the literature have
been optimized to achieve multi-band communication require-
ments through different structures, the existing designs gener-
ally face the challenge of maintaining good radiation gain dur-
ing multi-band operation.

This paper introduces an ACPW-fed tri-band planar antenna
with overall dimensions of 60 mm x 58 mm x 0.813 mm. The
bandwidth and gain performance of the antenna are improved
by adding branches inside an SRR structure. Additionally,
the integration of the SRR structure with an ACPW structure
also contributes to the performance improvement. Further-
more, measurement results show that the antenna has a return
loss of less than —10 dB in the 2.23-2.51 GHz, 3.544.47 GHz,
and 5.01-6.29 GHz bands, and achieves a relatively high ra-
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TABLE 1. Antenna geometry.

parameters | dimensions/mm | parameters | dimensions/mm | parameters | dimensions/mm
Lo 58 b 2.5 Ly =c 1
Wo 60 q 0.23 Lo 1.8
S=e 6 Wy 3.94 L3 11
U 20 Ly 10 Ly 8
N 3.5 Ry 16 Ls 44
D 18 Rs 15 Ls 3.6
M 12 k 24.8 Ly 3

diation gain, with the maximum gain reaching 7.07 dBi. The
proposed antenna meets the band requirements of WLAN, un-
manned aerial system (UAS), and certain frequency ranges of
5G.

2. ANTENNA DESIGN AND ANALYSIS

The antenna structure proposed in this paper is shown in
Fig. 1. Specifically, the antenna is printed on a 0.813 mm thick
ROC4003c substrate with a relative dielectric constant of 3.38
and a loss angle tangent of 0.0027 as shown in Table 1.
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FIGURE 1. Antenna structure schematic.

The antenna proposed in this paper adopts an ACPW feeding
scheme. The asymmetric structure of the ACPW provides more
independently adjustable parameters, thereby offering greater
design flexibility and superior impedance matching. The sig-
nal line width W f is 3.94 mm, and the gap ¢ between the two
sides of the signal line is 0.23 mm, which enables impedance
matching to a characteristic impedance of 50 ohms.

In antenna design, the resonant frequency (f) and input
impedance (zi,) are two core parameters that jointly determine
the antenna’s radiation efficiency and impedance matching per-
formance. The resonant frequency of the antenna is determined
by the interaction between the internal equivalent inductance
(L) and capacitance (C), as expressed in Equation (1). This
equation describes how the values of inductance and capaci-
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tance interact to define the specific frequency at which the an-
tenna will resonate.

PR
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When the operating frequency equals the resonant frequency
(fo), the antenna operates in resonance. At this frequency, the
imaginary part (xj,) of the input impedance approaches zero,
and the impedance characteristic is reduced to a purely resistive
form, as expressed in Equation (2). This relationship is crucial
for ensuring optimal impedance matching, which in turn affects
the overall performance of the antenna.

(M

Uin
I;

Resonance

= Rin +]in —

Zin = Zin N Rin (2)
The simplified equivalent circuit of the antenna is shown in
Figure 2.
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FIGURE 2. Simplified equivalent circuit diagram of the antenna.

Figures 3(a)—(d) depict the 4-stage design process involved
in the proposed antenna design. Fig. 4 illustrates the simulated
input reflection coefficient (S11) results for the 4 design stages
(Stage 1 to Stage 4). Fig. 3(a) shows the symmetric CPW-fed
SRR patch antenna, which has a resonant frequency of 6.7 GHz
as shown in Fig. 4 (stage 1). Fig. 3(b) presents an SRR patch an-
tenna with symmetric CPW feeding, which is formed by adding
bilateral ground planes. As reflected in the circuit model of
Fig. 2, this structural modification is manifested by an increase
in the values of Lcy and Lcy. Corresponding to Stage 2 in
Fig. 4, the resonant frequency of this antenna is 6.4 GHz. For
Fig. 3(c), extending the left ground plane further tunes the res-
onant frequency to 6.3 GHz, a modification that increases the
value of Lcy in the circuit model of Fig. 2. This structure is
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FIGURE 3. Design stages of proposed antenna.
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FIGURE 4. Comparison of S} at different design stages.

formed with asymmetric grounding and an ACPW feed. Mean-
while, as illustrated in Fig. 4, the S1; of Stage 3 at the resonant
frequency is 7dB lower than that of Stage 2, indicating that
the impedance matching performance of Stage 3 is superior to
that of Stage 2. Finally, Fig. 3(d) shows that by incorporating
branches of different lengths into the SRR, the corresponding
circuit model in Fig. 2 is represented as the SRR being in series
with C,,, and L,,,. These two components modify the reactance
characteristics of the resonant circuit and, in conjunction with
the design of Stage 4 in Fig. 4, ultimately enable the antenna to
form three resonant points at 2.4 GHz, 3.8 GHz, and 5.3 GHz.

3. SIMULATION RESULTS AND ANALYSIS

Figures 5(a)—(c) illustrate the simulated current surface distri-
bution of the proposed antenna at three resonant frequencies.
From Fig. 5, it can be seen that the antenna feedline current is
large at these three resonant frequencies, indicating that the an-
tenna is in operation and has good impedance matching. Specif-
ically, the current distribution of the antenna at 2.4 GHz mainly
originates from the SRR and the left ground plane, while at
3.8 GHz and 5.3 GHz, it mainly originates from the SRR and
its internal branches.

To confirm the resonance mechanism of the antenna and in-
vestigate the relationship between the antenna resonance and
antenna parameters, a study was carried out by varying di-
mensions of the SRR and its internal branches as shown in
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Figs. 6(a)—(d). Fig. 6(a) demonstrates the effect of paramet-
ric tuning of the outer diameter R; of the SRR from 16 mm to
16.8 mm on the resonance characteristics. It is observed that
as the value of R; increases, both the second and third reso-
nant frequency points shift towards lower frequencies, while
the first resonant frequency point does not show any significant
displacement. When R; = 16 mm, the antenna presents the
best impedance matching characteristic at the first resonance
point, while this characteristic shows a significant decreasing
trend with the increase of R;. Fig. 6(b) demonstrates the ef-
fect of parametric tuning on the resonance characteristics over
the SRR ring width ¢ from 0.2 mm to 1 mm. It is observed that
the impedance matching at the first resonant frequency point
is significantly improved with increasing values of ¢, and bet-
ter matching is obtained for ¢ = 1 mm. Thus, it can be eas-
ily demonstrated that the first resonance is caused by the SRR
structure. Fig. 6(c) demonstrates the effect of parametric tun-
ing of branch L, from 8 mm to 10 mm on the resonant char-
acteristics. It is observed that increasing the value of L4 sig-
nificantly decreases the impedance matching at the third res-
onant frequency point, and better impedance matching is ob-
tained when L, = 8 mm. In addition to the effect of branch L,
the influence of branch Lg on the resonant characteristics is also
investigated. Fig. 6(d) shows the effect of parametric tuning of
branch Lg from 3.4 mm to 5.8 mm on the resonant characteris-
tics. It is observed that the third resonant frequency disappears
at Lg = 3.4 mm; the second resonant frequency disappears at
Lg = 5.8 mm; and both the second and third resonant frequen-
cies show optimal impedance matching at Lg = 4.6 mm. Thus,
it can be easily demonstrated that the second and third reso-
nances are due to the branching inside the SRR.

In light of the aforementioned conclusion, the final optimized
antenna was physically manufactured, and a photograph of the
proposed antenna was presented in Fig. 7. Subsequently, mea-
surements were carried out using a vector network analyser
as depicted in Fig. 8. The three operating bands of the an-
tenna have bandwidths of 280 MHz (2.23-2.51 GHz, relative
bandwidth 11.8%), 930 MHz (3.54—4.47 GHz, relative band-
width 23.2%), and 1280 MHz (5.01-6.29 GHz, relative band-
width 22.8%). These bands meet the band requirements for
WLAN, unmanned aerial vehicle (UAV), and 5G. Fig. 9 illus-
trates the comparison of the simulated and measured .S11, and it
is evident that the measured impedance matching outperforms
the simulated results.
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FIGURE 5. Current distribution of proposed antenna. (a) 2.4 GHz. (b) 3.8 GHz. (¢) 5.3 GHz.
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FIGURE 6. Influence of key structural parameters (r1, ¢, l4, lg) on Sii.

Figure 10 presents a comparison between the simulated and
measured results of the far-field radiation patterns in the F-
plane and H-plane at the frequencies of 2.4 GHz, 3.8 GHz,
and 5.3 GHz. Fig. 11 shows the 3D gain pattern of the an-
tenna at 2.4 GHz, 5.2 GHz, and 5.8 GHz, and the antenna has a
gain of 3.4 dBi, 7 dBi, and 6 dBi respectively at these frequen-
cies, which can be used in a practical communication system.
Fig. 12 shows the simulated maximum gain of the antenna from
2.23GHz to 6.29 GHz. The antenna has lower gain at lower
frequencies because there are fewer current distribution paths.
As the frequency increases, the number of current distribution
paths increases, and the gain increases gradually.
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4. ANTENNA PERFORMANCE COMPARISON

From Table 2, it can be seen that the present antenna achieves a
maximum gain of 4.11 dBi in the 2.23-2.51 GHz band, a max-
imum gain of 6.51 dBi in the 3.54-4.47 GHz band, and a max-
imum gain of 7.07 dBi in the 5.01-6.29 GHz band.

The overall size of the antenna designed in this study is
60mm x 58mm x 0.813mm, which is both lightweight
and compact. The antenna covers multiple frequency bands
required for UAV communication with gains of 3.44dBi at
2.4GHz, 6.9dBi at 5.2GHz, and 5.98dBi at 5.8 GHz, re-
spectively. Moreover, its compact size, lightweight structure,
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FIGURE 7. Photograph of the proposed antenna.

=== Simulated

=== Measured
104
= 20+
=
s
730 -
,40 -
T T T T 1
2 3 4 5 6 7

Freq [GHz]

FIGURE 9. Comparison between simulated and measured S, of the
proposed antenna.

and high gain in multiple frequency bands make the antenna
ideal for UAV communication scenarios, and it also meets the
antenna performance requirements of WLAN and 5G.

In comparison, small-sized designs (such as those in [20] and
[25]) are compact but exhibit significant gain fluctuations when
covering multiple frequency bands. For instance, the antenna in
[20] has a gain ranging from 1.66 dBi to 3.87 dBi within 2.23—
5.90 GHz band. The antenna in [5] also suffers from low gain,
with its performance in corresponding frequency bands being
notably below expectations. In contrast, our 60 x 58 mm? de-
sign achieves more stable and gradually increasing gain (4.11—
7.07 dBi) across three frequency bands within 2.23—6.29 GHz.

When comparing performance in the same frequency bands
(e.g., 2.23-2.51 GHz), the gain values reported in literature are
3.3dBi in [1], 1.94 dBi in [20], and the gain of the antenna in
[5] is also at a low level, while our design reaches 4.11 dBi. In
the high-frequency band (5.01-6.29 GHz), our design achieves
a gain of 7.07 dBi, which is superior to 5.41 dBi of the design
in [30] within the same band. These results fully demonstrate
the advantages of our design in terms of gain performance.
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FIGURE 8. Measurement of proposed antenna S1; with a vector network
analyzer.

TABLE 2. Comparison of the proposed antenna with the existing an-
tenna.

References | dimensions/mm | frequency/GHz | Peak Gain/dBi
0] 10 % 40 2.24-2.93 33
4.48-5.54 5.7
1.42-2.08 2.10
[5] 50 x 30 3.49-4.13 1.75
5.23-7.53 2.50
2.23-2.51 1.94
2.98-3.11 22
[20] 35 x 34 3.42-3.57 1.66
4.82-5.15 3.87
5.71-5.90 3.65
24-2.6 3.8
[25] 99 % 38 2.9-3.1 32
3.3-35 1.8
4.0-8.3 5.1
2.45 1.03
[30] 60 x 60 3.56 5.10
5.60 5.41
2.23-2.51 4.11
This work 60 x 58 3.54-4.47 6.51
5.01-6.29 7.07

Of course, we are clearly aware of certain limitations in our
design. In terms of size, the 60 x 58 mm? specification has
obvious shortcomings in miniaturization compared with some
small-sized schemes in the literature, which may restrict its ap-
plication in scenarios with extremely strict space constraints.
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FIGURE 12. Simulated maximum gain of the proposed antenna.

In the future, while ensuring the existing gain performance, we
will actively draw on ideas and experiences in miniaturization
design from relevant literature, exploring ways to further re-
duce the antenna size by adopting new substrate materials and
optimizing the layout of the radiation structure, with the aim of
expanding its practical application scope.

5. CONCLUSION

In this study, a multi-band planar antenna based on ACPW feed
and SRR structure is successfully designed and fabricated. By
innovatively introducing a branch structure inside the SRR unit
and combining the branch structure with an ACPW feed system,
we optimize the antenna’s multiband characteristics and radia-
tion performance by balancing their mutual influences and de-
sign trade-offs. The test results show that the antenna exhibits
good impedance matching characteristics in the three frequency
bands of 2.23-2.51 GHz, 3.54—4.47 GHz, and 5.01-6.29 GHz,
and achieves a peak gain of 7dBi at 5.1 GHz. Moreover, in
all the operating frequency bands, the high degree of agree-
ment between simulated and measured data verifies the effec-
tiveness of the design method. The obtained wide-band cov-
erage successfully meets the technical requirements of modern
wireless communication systems, such as WLAN, UAV com-
munication, and 5G communication.
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