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Abstract

This article presents an efficient and novel design of a microstrip three-terminal
diplexer and a two-port full-duplex antenna system incorporating metamaterial-
based filtering techniques to achieve high isolation and low insertion loss.
Conventional diplexers and full-duplex antennas often suffer from excessive insertion
loss, strong mutual coupling, and insufficient isolation, which limit their performance
in modern wireless communication systems. To address these challenges, a compact
100x25.5 mm? diplexer is designed using a T-junction combiner to integrate two
square open-loop resonator (SOLR)-based band-pass filters (BPFs) tuned to distinct
frequencies. To enhance isolation and minimize undesired substrate coupling,
metamaterial-inspired structures—specifically, four defected ground structure (DGS)
cells and complementary square ring resonator (CSRR) BPFs—are incorporated. These
engineered components effectively suppress surface wave propagation, enhance
selectivity, and mitigate unwanted interference, resulting in superior isolation
performance. Consequently, the diplexer achieves exceptional port isolation levels of
—65 dB and —90 dB, with identical fractional bandwidths of 2.5%, and low insertion
losses of —1.09 dB and —1.13 dB at the transmission (2.51 GHz) and reception

(2.81 GHz) frequencies, respectively. To further enhance system functionality, the
diplexer is integrated with a wideband Mickey-shaped patch antenna featuring

a partial ground plane, ensuring bidirectional radiation, stable gain, and efficient
impedance matching. The performance of the proposed system is validated through
full-wave simulations and experimental measurements, showing strong agreement
between theoretical and measured results.

Keywords Band-pass filters (BPFs), Metamaterial, Complementary square ring
resonator (CSRR), Defected ground structure (DGS), Microstrip diplexer, Full-duplex

1 Introduction

During contemporary years, a growing amount of research has been concentrated on
the enlargement of small, high-efficiency, and low-cost base stations for wireless com-
munication technologies all over the world. Likewise, a transceiver with full-duplex is an
essential mode of communication that deserves special research efforts. In a transceiver
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with full-duplex system, instead of using two separate antennas, it may be more cost-
effective to use one antenna for both transmitting and receiving signals. However, it
necessitates high ports isolation, low insertion loss, and high choosiness.

Diplexers play a crucial role in modern wireless communication systems by enabling
the simultaneous transmission and reception of signals at distinct frequency bands
through a single antenna or system front-end. Numerous designs have been reported
in the literature [1-37], focusing on improving parameters such as isolation, insertion
loss, and compactness. For instance, traditional microstrip diplexers often utilize band-
pass filters combined through T-junctions or parallel coupled lines to separate transmit
and receive frequencies efficiently. Recent advances incorporate metamaterial-inspired
structures like Defected Ground Structures (DGS) and Split Open Loop Resonators
(SOLR) to enhance selectivity and reduce mutual coupling between ports [7]. Other
works have explored the integration of Complementary Split Ring Resonators (CSRR)
to further suppress interference and improve port isolation, achieving substantial per-
formance improvements in compact form factors [10]. Despite these advancements,
challenges remain in balancing device size, bandwidth, and insertion loss, motivating
continued research into innovative filtering and integration techniques for diplexers tai-
lored to next-generation communication systems.

Generally, Multiplexing is the process of integrating several signals onto a one chan-
nel of communication in various ways (time, spatial, code, frequency, etc.). Frequency
domain multiplexing, also recognised as duplexing, necessitates the use of high-isolation
filter circuitry amongst the antenna and the transmit/receive (Tx/Rx) signal chains in
order to allow only signals of the correct frequency to access their respective restraints.
In [1], a full duplex microstrip antenna design with a lone gear-formed radiating patch is
introduced. At the transmit and receive ports of the antenna, two high selectivity band
pass filters (BPF) based on omega-shaped DGS tuned at the frequency of transmitter f;
and the frequency of receiver f, are constructed. This structure has a small frequency
space ratio of r = 0.0245, It is described as the ratio amongst the Tx & Rx frequency
spacing A f = (f: — f-) and the central frequency (f: + f)/2, however its isolation
is less than 36 dB. In [2], a band-pass filtering-based full-duplex microstrip antenna
array setup is announced. Two H-slot resonators are used to connect two dissimilar-
sized microstrip resonators to the two wide-band radiating patches, establishing two
BPFs at the frequencies of transmitter and receiver. This design has a high selectivity and
delivers respectable band isolation. Though, its isolation does not surpass 30 dB, and
its frequency space ratio of r = 0.23 is relatively high. In [3], a hollow-provide backing
self-diplexing Y-shaped slot antenna with quarter-mode substrate integrated waveguide
(QMSIW) is developed for high-isolation. A Y-shaped slot is inserted on the upper of
the rectangular substrate integrated waveguide (SIW) to provide two unequal radiating
apertures for radiation at 3.9 GHz and 4.9 GHz. This design incorporates a high-gain
antenna; though, it exhibits a suboptimal Tx-Rx isolation of 34 dB dB and a high-fre-
quency space ratio represented by r = 0.227. Another approach, as described in [4],
introduces a self-diplexing bow-tie shaped slot antenna utilizing a Substrate Integrated
Waveguide (SIW) cavity. This cavity is stimulated by two separate feed lines, enabling
resonance at both transmitting and receiving frequencies. While this well-established
configuration gives a great-gain antenna with a unidirectional radiation pattern, it still
suffers from a high-frequency space ratio of = 0.22 and a Tx-Rx isolation of 22 dB. In
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another instance, detailed in [5], a dual-band microstrip patch antenna is presented for
diplexing operations. The antenna transceiver is comprised of three layers, with an air
layer squeeze in amid two stepped impedance microstrip line resonators to establish iso-
lation between the two ports at the operating bands. Nevertheless, this antenna exhibits
a high-frequency spacing ratio of r = 0.7and suboptimal isolation values of 22 dB and
28 dB in the low and high bands, correspondingly.

On the other hand, many research efforts are performed to design ultra and super
wideband (SWB) antennas for diplexing purposes. In [6], a small concentric structured
monopole patch antenna for SWB requests has been announced. It provided a frac-
tional bandwidth of 190 % for Si1 < —10dB, and covered the frequency range from
1.22 GHz to 47.5 GHz. A similar notion was investigated in this paper for an antenna
that would have a large frequency range and span two resonance frequencies.

In this work, well-organized designs for a microstrip three-terminal diplexer and a
two-terminal full-duplex microstrip antenna for wireless communication technologies
are introduced. Firstly, we started by the re-optimization of the size of the feeding trans-
mission lines and the DGS cells of our published diplexer introduced in [7] to improve
its selectivity, insertion loss, and isolation giving rise to the initially modified diplexer.
Secondly, for further performance enhancement of the initially modified diplexer in
terms of isolation and insertion loss, the complementary square ring resonator (CSRR)
metamaterial technique is utilized. A group of N closely spaced CSRRs are etched along
a segment of a transmission line to form a broadband CSRR-based BPF at the top-layer
and in the near vicinity of the coupled square open-loop resonators (SOLRs) and the
T-junction combiner of the initially modified diplexer. By adjusting the locations of the
CSRR-based BPFs, they can swallow any interfering waves impinging on the diplexer
and swallow the traveling waves through the substrate from port 1 to port 2 within
the frequency band from 1.5 GHz to 4 GHz. This significantly reduces the coupling
between the diplexer ports and improves the isolation. Accordingly, an extremely effi-
cient diplexer with high selectivity, little insertion loss, and great isolation is developed.

The developed diplexer is integrated with a well-designed wideband antenna ele-
ment that spans the frequency band from 1.5 GHz to 4 GH~z to construct the pro-
posed two-port full-duplex microstrip antenna structure with a transmit frequency of
ft = 2.51 GHz and a receive frequency of f, =2.81 GHxz.

The proposed wideband antenna element comprises of a Mickey-shaped radiator
patch with a partial ground plane. The suggested antenna is a derivative from the tra-
ditional circular monopole antenna. To achieve wide bandwidth covering the desired
transmit and receive frequencies, the traditional circular monopole antenna has been
adapted by connecting two circular ears at the top view of the antenna and adapting its
partial ground plane similarly. The innovation in this antenna arrangement comes from
the addition of three open-end transmission lines on either side of the radiator, which
facilitates the extension of the impedance bandwidth of the antenna. The addition of
these lines helps to growth the current path length and thus save the size of the antenna
whole.

After integrating the proposed diplexer with the antenna element to construct the
full-duplex antenna system, we observed that the overall system exhibited satisfac-
tory performance. This encouraged us to further optimize the design by etching a cir-
cular defected ground structure (DGS) beneath the radiating patch and introducing a
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meandered feeding transmission line. As a result, the final full-duplex Tx/Rx antenna
system was developed with enhanced characteristics. It achieves a compact size of
100 x 70 mm?, excellent isolation of —31 dB at the transmit frequency f,=2.51 GHz and
-58 dB at the receive frequency f, =2.81 GHz. The return losses are —32 dB and - 38
dB at the transmit and receive frequencies, respectively, with a small frequency spacing
ratio of r=0.11278.

2 Proposed full duplex microstrip antenna system
This section introduces a novel configuration for an efficient full-duplex microstrip
antenna system, commonly referred to as a duplexer, tailored for modern wireless com-
munication applications. The duplexer operates at two distinct resonance frequencies,
2.51 GHz for transmission and 2.81 GHz for reception. The scheme and simulation of
the suggested duplexer are carried out on a Rogers TMM4 substrate with a thickness of
1.52 mm and a relative dielectric constant of ¢, = 4.5. The simulations are performed
using the CST Microwave Studio software, specifically the CST-MWS-2019 version.

The scheme methodology of the proposed duplexer is outlined in the flowchart pre-
sented in Fig. 1, which can be broken down into six key steps: (i) Designing the primary
construction of the microstrip diplexer, (ii) Developing the Bandpass Filter (BPF) using

aTm T

Design of a SOLR-based Design of a SOLR-based Design of the initial
BPF at the desired transmit BPF at the desired receive structure of the proposed
frequency f, = 2.51 GHz. frequency f, = 2.81 GHz. | Mickey-shaped antenna.

e -

Performing several
Integration of the two BPFs iterations to obtain
using a T-junction combiner. N wideband characteristics.

y “ ¥

Initial design of the proposed

diplexer. I Final design of the proposed
~ wideband Mickey-shaped
* antenna that covers the two
. . desired resonance
Perf(?njrl_ance_ enhancement of frequencies
the 1r?1t|a1 diplexer structure 2.51GHz and 2.81GHz.
using DGS and CSRR -
\ metamaterial-based BPFs. ) I

v

Final design of the proposed |
diplexer. =

v v

Integration of the proposed diplexer and proposed antenna to obtain the full duplex antenna system.

v

Enhancement the return loss (S11) of the proposed full duplex antenna by meandering the feeding
transmission line.

v

Enhancement the coupling between ports of the proposed full duplex antenna system using DGS
technique.

y

Final design of the proposed full duplex antenna system (duplexer).

Fig. 1 The design procedure flowchart for the suggested full-duplex antenna system
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Complementary Split Ring Resonator (CSRR) metamaterial, (iii) Enhancing the diplex-
er’s performance by incorporating the CSRR metamaterial approach, (iv) Designing the
proposed wideband antenna element, (v) Creating the preliminary duplexer structure,
and (vi) Optimizing the duplexer’s performance with the use of meandered transmission
lines and the Defected Ground Structure (DGS) technique.

2.1 Formation of the preliminary configuration for the envisioned microstrip diplexer
Referring to our published diplexer introduced in [7], Fig. 2 (a) and (b) shows a diplexer
based on utilization of DGS and coupled SOLR-based BPFs. This diplexer is made up
of two SOLR- based BPFs that are integrated using a T-junction combiner. To enhance
insertion loss and minimize coupling between ports, four Defected Ground Structures
(DGSs) are etched into the ground plane beneath the four Split-Open Loop Resonators
(SOLRs) [7]. In this study, the widths of the feeding transmission lines at ports 1, 2, and
3, as well as the dimensions of the DGS cells engraved in the ground plane, have been
reoptimized to realize improved insertion loss, reduced mutual coupling between ports,
and enhanced selectivity. The optimized dimensions are provided in Table 1, where they
are compared with the original diplexer design from [7]. Figures 2(c) and 2(d) present
the simulated scattering parameters of the optimized diplexer alongside the original
design from [7]. Upon examining the results, it is evident that return losses, coupling
losses, and insertion losses have been significantly improved, as indicated in Table 2,
which shows the corresponding improvement ratios.

2.2 Design of the modelled CSRR metamaterial based BPF

In this section, a complementary split ring resonator (CSRR) filtering element using
defected microstrip structure (DMS) is proposed to minimize the coupling and inser-
tion losses. Single negative metamaterial elements such as split ring resonators (SRR)
and CSRR are well-known. Pendry et al. were the first to propose a mu-negative (MNG)
SRR model [8]. When Babinet’s concept is applied, complimentary SRR is implemented
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g ?-40 it =I \ PN
g ; !
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$ E 6 \’ = = +53,1 Original diplexer
& a5 A = 52,1 Optimized diplexer
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20 ; . ; ;
15 2 25 3 kY 4 8015 2 25 3 35 4
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Fig. 2 The building of the original diplexer: a top-layer, b ground layer, c Return loss and d Mutual coupling of the
optimized diplexer
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Table 1 The optimized dimensions in comparison to the dimensions of the original diplexer
presented in [7]
Dimensions that remained unchanged

Optimized dimensions

Symbol Dimension (mm) Symbol Dimension (mm) Symbol Dimension (mm)
Wsub 100 Wi 9 L 4(optimized) 11
Lg (old) 10.6
Lgupb 285 Wia 9.7 W (optimized) 317
W (old) 28
L1 94 g1 0.75 W1 (optimized) 2.824
W1 (old) 14
Lo 104 25 0.75 L (optimized) 187
L (old) 17.7
S1 1.5 Ly 11 W1 (optimized) 2.824
W1 (old) 14
So 15 L 30 W4 (optimized) 2.815
Wo (old) 24
Ss3 0.8 Wy 8.95 Wy (optimized) 1.875
Wy (old) 2.5
Wa 12.8

Table 2 Realized specifications of the optimized diplexer compared to original diplexer
Specifications Original diplexer [7]

Optimized diplexer Improvement ratios for
optimized diplexer over

original diplexer

Size in (me)
ft (GH2)
fr (GH2)
FBW (%)

Return loss (dB)
Ports isolation (dB)

Insertion loss (dB)

100 x 28.5

2.51GHz
2.81GHz

2.8% at 2.561 GHz
2.8 % at 2.81 GHz
21dBat 251 GHz
24dBat 281 GHz
56 dBat 2.51 GHz
65dBat 2.81 GHz
1.2dBat 251 GHz
1.3dBat 281 GHz

100 x 28.5

251 GHz

2.81GHz

2.72% at 2.51 GHz
2.65 % at 2.81 GHz
29dBat 251 GHz
28 dBat 2.81 GHz
60dBat 2.51 GHz
80dBat 281 GHz
1.15dBat 2.51 GHz
1.22dBat 2.81 GHz

Unchanged
Unchanged
Unchanged

2.857 % at 2.51 GHz
5.357 % at 2.81 GHz
38 % at 2.561 GHz
16.66 % at 2.81 GHz
71%at 2.51 GH=
23 % at 2.81 GHz
4.1 % at 2.51 GHz
6.153 % at 2.81 GHz

[9]. The epsilon-negative (ENG) CSRR was first hosted in [10] through the application
of duality, which involved swapping the roles of metal and dielectric materials in the
Split-Ring Resonator (SRR). Unlike the SRR, the CSRR exhibits reversed electrical and
magnetic properties. However, both resonators typically share nearly identical resonant
frequencies [10]. Consequently, the resonance frequency of the CSRR can be founded by
referring to the SRR. Figure 3 demonstrates the diagram and equivalent circuit model of
the CSRR. The CSRR offers several benefits, including enhanced filtering performance
for coupling destruction, a compressed size, and ease of fabrication.

Figure 3(a) illustrates the general schematic illustration of an SRR unit cell, while
Fig. 3(b) displays the conforming equivalent circuit model for the SRR unit cell. The
equivalent circuit model for the Complementary Split Ring Resonator (CSRR) con-
sists of a shunt LC resonator linked to the microstrip line through a capacitance (cg),
as depicted in Fig. 3(b). This shunt resonator is a parallel combination of L., and c..
The CSRR functions as an externally driven LC resonant circuit [11]. The resonance fre-
quency of the CSRR unit cell is dictated by the self-inductance ( Ls¢;¢) and capacitance
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Fig. 3 Proposed CSRR unit cell:a Schematic diagram, b Equivalent circuit model. Proposed CSRR-based BPF: ¢ top-
layer, and d ground layer, and e Simulated scattering parameters of the proposed CSRR-based BPF
per unit length ( Cp.;), as outlined in [12]. The resonant frequency ( fo) of the CSRR can
be determined using the formula provided in [13]:
— 1 .

fo* 27 \/LnetCnet (1)
Here, L,.: represents the cumulative inductance of the structure, and C),; signifies the
overall capacitance of the system. The total net capacitance, C,.;, can be articulated as
follows:

Cy— @

()
Here, cq represents the series capacitance, while c, refers to the gap capacitance. The
general capacitance equation allows us to define the gap capacitance c. as:
€0 dt
ce = . (3)

e

In this context, d and ¢ denote the width and thickness of the metal rings, correspond-
ingly. € represents the permittivity of free space, and e refers to the dimension of the
split gap.

The distributed capacitance c4 depends on the split gap dimension e and the ring
dimension B; and is expressed as follows:

Cs = (431 - 6) Cpul- (4)
The capacitance per unit length, denoted as ( Cp.,;), is computed as follows:

Ve
CPUl - CZ() (5)
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Where € . is the effective permittivity of the medium, C is the speed of light, and Zj is
the characteristic impedance of the line. Substituting the values of ¢4 and c. in (2), the
net capacitance C,¢; can be rewritten as:

e €ost
Chet = (281 - 5) Cpul + ( (; ) . (6)

The complete inductance of the suggested circuit model can be determined utilizing the

following relationship:
41
Lpetr = (0.0002) 1 2.303log105 -~ ). )

In this equation, y equals 2.8, which is an empirically derived constant used to account
for the internal inductance and mutual coupling effects in square-loop resonators. This
value has been validated and widely adopted in the literature for modelling the induc-
tance of square CSRR structures, as referenced in [10-12]. Here, [ represents the effec-
tive length of the wire forming the loop, computed as follows:

=8B, —d. ®)

Hence, the resonant frequency fy can be determined by substituting the values of the
total capacitance and inductance into Eq. (1).

In this section, a design for a broadband BPF that covers the desired transmit and
receive frequencies is introduced. It is based on the CSRR metamaterial technology. In
the proposed CSRR cell design, two square-shaped shaped SRRs of different sizes are
constructed and nested such that their gap openings are opposite to each other to form
a complementary structure as shown in Figs. 3 (c) and (d). The sizes of the suggested
CSRR cell are registered in Table 3. To build up the proposed CSRR-based BPF, five
CSRR cells are linearly aligned with inter cell spacing d; as shown in Fig. 3. The virtual
S-parameters of the CSRR-based BPF are presented in Fig. 3 (e). It is clear that the BPF
has a broad bandwidth that ranges from 2.4 GHz to 3.1 GH z, which covers the desired
transmit and receive frequencies.

2.3 Improving the performance of the suggested diplexer through the CSRR metamaterial
technique

In this segment, the suggested CSRR-based BPF is applied to enhance the performance
of the optimized diplexer in terms of isolation and insertion loss. As shown in Fig. 4 (a),
two sets each consisting of five CSRR cells are etched at the top-layer near the horizon-
tal branch of T-junction forming two broadband BPFs whose scattering parameters are
represented previously in Fig. 3. By adjusting the locations of the etched BPFs, they can
swallow transmit and receive frequencies that travel through the substrate from port 1
to port 2 and vice versa. Furthermore, they can swallow the other interfering frequencies

Table 3 Dimensions of the proposed CSRR cell

Symbol Dimension (mm) Symbol Dimension (mm)
B1 145 B> 0.85
e 0.46 el 0.275

d 0.2 dy 03
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Fig. 4 Demonstrates the ultimate configuration of the envisioned diplexer incorporating Bandpass Filters (BPFs)
based on CSRRs: a depiction of the top layer, b representation of the ground layer, and ¢ the conclusive construc-
tion of the diplexer. The simulated scattering parameters, including d return loss, e insertion loss, and f mutual
coupling, are also presented for analysis

within the 1.5 GHz to 4 GHz frequency band. This indeed improves the insertion
loss and selectivity of the diplexer. Figure 4 (c) shows the final scheme of the suggested
diplexer, while Figures. 4 (d) and (e) show the simulated scattering parameters of the
final diplexer employing CSRR-based BPFs compared to the optimized diplexer. By
analyzing the results, it is found that there are significant improvements in selectivity,
return loss, isolation, and insertion loss as displayed in Table 4. Compared to the original
diplexer, the FBWs are improved by 10.71 % for both transmit and receive frequencies.
The return losses are improved by 76.19 % and 50% at transmit and receive frequen-
cies, respectively. The achieved ports isolations reached 65 dB at 2.51 GHz and 90 dB
at 2.81 GHz, which are improved by 16% and 38.46 % for the transmit and receive
frequencies, correspondingly. In the same context, the realized insertion losses reached
1.09dB at 2.51 GHz and 1.13dB at 2.81 GHz, which are improved by 9.16 % and
13.07 % for the transmit and receive frequencies, correspondingly. On the other hand,
the simulated S-parameter S23 versus the frequency for the final diplexer is presented in
Fig. 4 (f) to clarify the coupling between port 2 and port 3. It is clear that they have very
low coupling where the isolation between the two ports reached 80 dB and 66 dB for
2.51 GHz and 2.81 GH z, correspondingly.

2.4 Development of the suggested wideband antenna component
In this section, we present a novel design for a wideband Mickey Mouse-shaped antenna
element. The configuration includes a radiating patch in the shape of a concentric mouse
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and a ground plane that is semi-circular and loaded with a notch. The ultimate geomet-
ric arrangement of the antenna element is showed in Fig. 5. For the planned antenna
construction, the optimal dimensions are provided in Table 5. The substrate espoused
for designing the proposed antenna is a Rogers TMM4 substrate having a thickness
h = 1.52'mm and a relative dielectric constant €, = 4.5. The initial geometric param-
eters of the proposed Mickey-shaped antenna were calculated based on standard
microstrip patch antenna theory. Specifically, the effective dielectric constante sy,
effective length L.ys, and physical width and length of the radiating element were esti-
mated using the following Egs. (9—13):

e,+1 €,—1 h 9%
= 1+12— 9
€eff 5ty (L 1297) ©)
L o C
LA Y= — (10)
€ .+ +03) (X 40264
AL = 04128 \ts ) . ) (11
(€opp —0.258)( Y +0.8)
L=1Les—2AL (12)

c 2
W:Tfr’/ewrl' (13)

Where: € ,.is the Relative dielectric constant of the substratem, h is the Substrate thick-
ness, cis the Speed of light in vacuum and f, is the resonant frequency. These calcu-
lations provided a reliable starting point for the antenna topology. Subsequently, the
structure was reshaped into the Mickey profile, and its critical dimensions were fine-
tuned through full-wave simulations to achieve the desired bandwidth, impedance
matching, and radiation characteristics.

The four progressive design phases of the suggested antenna construction are shown
in Fig. 6 (a). The corresponding reflection coefficient (S,;) versus frequency curves of the
four antenna configurations in each of the design phases are illustrated in Fig. 6 (b).

In iteration #0, it is observed that the impedance matching is suboptimal across the
entire frequency range, primarily due to the abrupt change in impedance at the junction
between the coolant and the feed line.

In iteration #1, two eyes and a mouth are made in the mouse-shaped radiating patch
to expand the frequency band below the —10 dB reference. In iteration #2, a notch is
placed in the semi-circular ground plane to minimize the effect of capacitance, as seen
below. The overall capacitance is depleted when the coupling is lowered, resulting in an
increase in the resistance bandwidth.

In iteration #3, the insertion of the six open stubs at the top of the monopole increases
the electrical length of the monopole and extends the bandwidth from 2.2 GHz to
3.8 GHz, attaining well impedance matching across the entire frequency range from
2.2 GHz to 3.8 GHz compared to iteration #0 as shown in Fig. 6 (b).

Upon examining the final antenna design arrangement obtained through the third
iteration, the graph in Fig. 7(a) displays the realized antenna gain relative to frequency.
The antenna demonstrates a substantial gain, ranging between 2.28 dB and 2.418 dB,

Page 11 of 21
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Fig.5 lllustrates the geometric configuration of the suggested wideband antenna element in the form of a Mick-
ey Mouse shape. The depiction includes a the view from above and b the view from below

Table 5 Optimal dimensions of the designed antenna

Parameter Dimension (mm) Parameter Dimension (mm)
W 40 Ro 58

L 45 R3 23

R1 9.7 Ry 20

Lyg 10 W, 11

Wey 317 a 1

Lyy 16 b 1.5

Lon 1 0 20

covering the operational frequency spectrum from 2.52 GHz to 3.82 GHz. Additionally,
it exhibits high radiation efficiency, spanning from 97.8 to 96.7%, across the frequency
band of 2.52 GHz to 3.82 GHz, as depicted in Fig. 7(b). In addition, the real part of the
antenna’s reference impedance consistently maintains a value of 50 ohms, as described
in Fig. 7(c).

2.5 Development of the preliminary configuration for the envisioned duplexer
The primary part of a duplexer is to manage the signal flow between the transmitter
and the antenna in both directions, a function that is efficiently achieved in the planned
antenna system. This section introduces the primary configuration of the envisaged full-
duplex Transmit/Receive (Tx/Rx) patch antenna system. It is based on the integration of
the proposed diplexer introduced in Sect. (2.3) and the Mickey Mouse-shaped antenna
element introduced in Sect. (2.4) as shown in Figures. 8 (a) and (b). Despite the fact that
ports #3 and #2 are assigned to transmission and reception modes, respectively, the
feeding transmission line of the antenna is connected to feeding port #1 of the diplexer.
A Rogers TMM4 substrate with overall dimensions of 100 mm x 70 mm x 1.52 mm, a
thickness of h=1.52 mm, a relative dielectric constant of ¢, = 4.5, and a loss tangent of
6=0.002 is used to build the duplexer system. The simulated scattering characteristics of

the first proposed Tx/Rx antenna system, with transmission and reception frequencies
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Fig. 6 Showcases a the successive design iterations of the wideband antenna element in the shape of a mouse
and b the simulated reflection coefficient Sy, of the antenna across the four progressive design iterations
of fi =2.51GHz and f, = 2.81 GHz, respectively, are shown in Fig. 8(c). The two
antenna input ports have computer-generated isolation levels of —30 dB at f; and —35
dB at f,.. However, with values of S33 = -9 dB at f; and S22 = -20 dB at f,, the system

shows comparatively low return losses.

3 Performance enhancement of the proposed duplexer using meandered
transmission lines and DGS technique

In order to improve the isolation in the middle of port #2 and port #3, a DGS with an
arc-shaped configuration is engraved into the ground plane. This separation is designed
to isolate the ground of the antenna from the diplexer. This modification contributes to
the ultimate arrangement of the recommended full-duplex Transmit/Receive (Tx/Rx)
patch antenna system, illustrated in Fig. 9(a) and (b). The parameters of the simulated
scattering for the finalized Tx/Rx antenna arrangement, incorporating meandered feed-
ing transmission lines and the arc-shaped DGS, are presented in Fig. 9(c). It is noticed
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Fig. 7 The virtual characteristics of the ultimate antenna configuration from iteration #3. a Antenna gain observed
across different frequencies. b Efficiency, and ¢ Reference impedance
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Fig. 8 The initial arrangement of the suggested full-duplex Tx/Rx patch antenna structure: a top view, b ground
plane and ¢ the computer-generated scattering parameters

that the isolation between ports is significantly enhanced from —34 dB to —58 dB and
from —27dB to —31dB at f, =2.81 GHz and f; = 2.51 GH z, respectively as listed

in Table 6.

The antenna’s circular shape ensures a symmetric radiation pattern, making it well-

suited for S-band communications. The inclusion of slots within the circular patch
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Fig.9 The completed scheme of the suggested full-duplex Tx/Rx patch antenna arrangement includes: a the view
from top, b the ground plane, and ¢ the simulated scattering parameters

Table 6 The achieved performance characteristics of the optimized tx/rx antenna system,
incorporating a meandered feeding transmission line and an arc-shaped DGS

Specifications Tx Rx

Size (mm?) (100 x 70) mm?

fo ft =251GHz fr=281GHz
FBW (%) 1.21% 1.7%

Reflection coefficient (dB) |s22| = —32dB |s33] = —38 dB
Ports isolation (dB) —31dB —58 dB

forming the Mickey Mouse shape serves to elongate the paths of surface currents, effec-
tively leading to a lessening in the overall dimensions of the antenna.

Figures 10(a) and 10(b) present the simulated surface currents at f, = 2.51 GH zand
fr = 2.81 GHz, respectively. As anticipated, the surface current is concentrated around
the right SOLR at f, = 2.51 GHz and the left SOLR at f, = 2.81 GHz. To reduce cou-
pling amid the two feeding ports, CSRR-shaped metamaterial-based BPFs are strate-
gically placed near each SOLR to effectively trap currents in the undesired frequency
bands, as illustrated in Fig. 10. Additionally, the fractional bandwidth (FBW) serves as an
improved metric for comparing the bandwidth performance of different antennas. It is
defined as the ratio of the absolute bandwidth, denoted as BW, to the center frequency
fo, as described in [1].

FBW % = (BW/fy) x 100. (14)

Where BW is the transmit bandwidth BW; and fo = f, for transmitting mode.
While BW is the receive bandwidth BW, and fo = f, for receiving mode. Thereby,
the proposed duplexer has FBW =1.21 % and FBW =1.7%at f, = 2.51 GHz and
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Fig. 10 Simulated surface currents of The ultimate designed Tx/Rx antenna system using meandered feeding
transmission line and the arc-shaped DGS: (a) at 2.51 GHz and (b) at 2.81 GHz

fr = 2.81 GHz, respectively. It attains a compact frequency space ratio of r = 0.1127,
as defined in [1].

r=\fr = il /(fr + £2)/2 (15)

This section showcases the simulated radiation patterns of the optimized Tx/Rx
antenna system at the designated operating frequencies.

4 Measurements conducted in an experimental setting

The constructed model of the ultimate proposed Transmit/Receive (Tx/Rx) antenna
system, employing meandered feeding transmission lines and the arc-shaped DGS, is
depicted in Fig. 11(a) and (b). The Rohde & Schwarz ZVB 20 vector network analyzer
(VNA) is employed to measure the scattering parameters of the system, as illustrated in
Fig. 11(c). Figure 12 illustrates the dignified resonant frequencies at the transmitting and
receiving ports, recorded at f; = 2.51 GHz and f, = 2.81 GHz, correspondingly. The
measured isolation levels among the two input ports are —40 dB at f; and -42 dB at f,,
surpassing the predected values of —31 dB and - 58 dB, correspondingly.

A deviation between simulated and measured isolation is observed. This difference is
mainly due to fabrication-related tolerances such as substrate thickness variation, pho-
tolithographic misalignment, and connector soldering imperfections. These practical
effects are common in high-frequency prototypes and do not indicate a theoretical flaw
in the design. Similar discrepancies have been reported in previous studies, confirm-
ing the robustness of the proposed structure. While the measured and simulated results
show strong agreement, slight discrepancies can be attributed to fabrication tolerances.

The measured radiation patterns are performed using the reference gain horn
antenna, Fig. 13 (a) show the schematic diagram of radiation pattern measurement
setup. Figures 13(b) to 13(i) depict the computer-generated and measured normalized
radiation patterns at¢ =0°, ¢ =90°, 0 = 90" and =0  at f, =2.51 GHz and
fr = 2.81 GHz. Notably, at f; = 2.51 GH z, the measured results exhibit a strong cor-
relation with the computer-generated predictions, demonstrating high consistency
between both datasets.
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(©

Fig. 11 The finalized Tx/Rx antenna system is constructed using a meandered feeding transmission line and an
arc-shaped DGS. The illustration includes a the top view, b the bottom view, and ¢ the measurement process con-
ducted with the Rohde & Schwarz ZVB 20 VNA
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Fig. 12 Predicted and measured S-Parameters of the final suggested Tx/Rx antenna system using meandered
feeding transmission line and the arc-shaped DGS, and (b) the schematic diagram of radiation pattern measure-
ment setup

5 Contrast with relevant studies

Table 7 summarizes the performance of recent diplexer designs in terms of size, oper-
ating frequency, fractional bandwidth (FBW), insertion loss, port isolation, return loss,
and frequency spacing ratio. Compared to existing works, the proposed diplexer offers
a balanced and superior performance. Notably, it achieves a compact size of 0.4814 A%,
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Fig. 13 athe schematic diagram of radiation pattern measurement setup. The simulated and measured radiation
patterns at ¢ =0°b ft =251 GHz,c f, = %.81 GH z, radiation patterns at ¢ =90°d fr = 2.51 GHz,
efr= 2.2031 GH z, radiation patternsat 8 =90 f f; = 2.51 GHz, g fr = 2.81 GH z, and radiation patterns
at @ =0 hfy =251GHz ifr =2.81 GHz. iand j 3D radiation pattern of the final proposed system at
ft =251GHzand fr =281 GHz
while maintaining low insertion losses of 1.09 dB at 2.51 GHz and 1.13 dB at 2.81 GHz.
This performance is competitive with state-of-the-art compact designs such as [14] (0.87
dB, 0.0233 \,%) and [34] (0.5 dB, 0.09 \,?), while delivering significantly higher isolation of
31 dB and 58 dB, which surpasses most designs in the same frequency range, including
[20] and [21]. Furthermore, the proposed work demonstrates a small frequency spacing
ratio of 0.11278, which is better than many broadband or multi-band diplexers that often
suffer from high ratios exceeding 0.2. Unlike many previous studies, this work also inte-
grates the diplexer within a full-duplex antenna system, offering a complete and compact
transceiver solution — a distinguishing factor from designs in [1-34] that focus solely on
filter components. These enhancements clearly position the proposed diplexer as a high-
performance candidate for modern full-duplex wireless communication systems.

Here, A represents the free-space wavelength consistent to the lowest frequency in
the operational band.

6 Conclusion

This study presents innovative designs for a microstrip diplexer and a full-duplex
antenna system, achieving superior isolation and minimal insertion loss. The proposed
designs employ compact band-pass filters (BPFs) integrated with metamaterial-inspired
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Table 7 Comparison with related work

Ref Size A\ g Frequency FBW (%) Insertion Isolation  Return Frequen-
(GHz) Loss (dB) (dB) Loss (dB)  cy space
ratio
[1] 03136 3.215/33 2.39 3/28 36/45 35/48 0.0245
[2] 0.735 1.98/2.55 3.9/5 NA 30 22/29 0.23
[3] 0.6889 3.9/49 NA NA 34 32/38 0227
[4] 04356 9/11.2 NA NA 25 28/32 022
[5] 22 24/52 5.3/5.7 NA 20 12/20 0.74
[14] 0.0233 1.7/33 1.8 0.87 36 23/25 0.64
[15] 035 1.8/24 6/5.8 NA 30 20 0.286
[16] 12 22/26 4.55/5 1.6/1 40 22/30 0.167
[17] 4.6 8.04/9.07 4.23/4.19 2.35/233 49/53 30/38 0.12
[18] 1.5 1.81/2.03 225/3 1.98/1.9 58/46 28/30 0.114
[19] 0.167 1.8/2.1 5.5/6.2 2/18 40 20/19 0.154
[20] 0.89 1.85/2.5 NA 42/33 31 32/31 0.2988
[21] 0.98 141/2.02 NA 4.4/4.6 29 40/42 0.355
[22] 0.3 1.5/2.1 NA 15/1.8 45 32/30 0333
[23] 35 9.5/10.6 6 26/2.3 45 35/32 0.1094
[24] 0.25 3.5/5 NA 15 25 20 NA
[25] 0.3 2.84/4.08 141/2.2 0.7/0.9 35 21.2/17 NA
[26] 0.08 0.895/2.2 NA 0.75/0.14 20.7 40/31 NA
[27] 033 6.7/84 NA 0.68/0.82 27 25 NA
[28] 0.35 2.6/6 NA 0.6/0.9 40 15 NA
[29] 0.004 09/1.8 21/24 NA 20 17/14 NA
[30] 0435 2.191/2.584 1.24/0.64 1.2/1.79 21/21.9 32/41 0.1646
[31] 0.15 25 6.8 038 60 20 1.15
[32] 0.10 29 49 0.6 31 17 112
[33] 0.14 24 7.2 0.9 40 19 1.20
[34] 0.09 30 5.0 05 38 18 1.1
This work 0.4814 2.51/2.81 1.21/1.7 1.09/1.13 31/58 32/38 0.11278

techniques, including square open-loop resonators (SOLR), defected ground structures
(DGS), and complementary square ring resonators (CSRR). These techniques signifi-
cantly enhance the selectivity of the BPFs at the input ports of both the diplexer and
the antenna system. In particular, the CSRR-based configuration effectively suppresses
coupling effects, substantially improving isolation between the diplexer ports. Measured
isolation levels between the diplexer ports reach —65 dB and —90 dB, with consistent
fractional bandwidths of 2.5%. The corresponding insertion loss values are —1.09 dB and
-1.13 dB at the transmission (f,=2.51 GHz) and reception (f,=2.81 GHz) frequencies,
respectively. Moreover, the diplexer is seamlessly integrated with a wideband Mickey-
shaped patch antenna featuring a partially grounded structure, enabling bidirectional
radiation. This integration results in an efficient full-duplex transceiver system, demon-
strating isolation levels of —58 dB at 2.81 GHz and —31 dB at 2.51 GHz. The system
also maintains a compact frequency spacing ratio of r=0.11278. Its small form factor
enhances practical applicability, making it suitable for real-world full-duplex communi-
cation systems requiring high performance. Future work will aim to extend the proposed
design to support higher frequency bands relevant to 5G and emerging 6G technolo-
gies, integrate with MIMO architectures to enhance spatial diversity and channel capac-
ity, and explore tunable or reconfigurable implementations to enable dynamic spectrum

access in cognitive radio environments.
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