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ABSTRACT: This paper presents a highly miniaturized self-quadplexing antenna based on a quarter-mode substrate integrated waveguide.
The miniaturization of the antenna is achieved by utilizing a pair of complementary split-ring resonator-inspired slots. The quadplexing
characteristics of the antenna are achieved by varying the width of the inner CSRR-shaped slot. The antenna is designed to resonate at
four distinct frequencies: 2.09 GHz, 2.18 GHz, 2.26 GHz, and 2.36 GHz. It demonstrates a minimum port isolation exceeding 32.6 dB
between the ports. Additionally, this self-quadplexing antenna offers frequency tunability and maintains a unidirectional radiation pattern
across the designated operating frequencies. The antenna’s simulated and measured gains are 5.32 dBi (5.44 dBi), 5.58 dBi (5.42 dBi),
5.41dBi (5.15dBi), and 5.18 dBi (5.26 dBi). The design supports independent frequency tunability through the activation of four ports,
with a compact size of 0.037 \¢2, where )¢ is determined at lowest resonant frequency. These features indicate the antenna’s suitability

for S-band applications.

1. INTRODUCTION

he advancement of modern wireless communication sys-

tems has significantly increased the demand for planar, low-
profile, multi-band antennas. Integrating multiple antennas
onto a single platform is essential to accommodate the various
requirements of different frequency bands. These antennas are
finely tuned to meet the specific needs of contemporary com-
munication systems. However, practical implementations of-
ten require external multiplexers for frequency band selection,
which adds to the system’s spatial footprint. To overcome this
challenge, innovative antenna topologies with inherent multi-
plexing capabilities have been developed, enabling multi-band
functionality without external multiplexers. Additionally, the
ongoing trend toward miniaturization requires these devices to
remain compact. Substrate Integrated Waveguide (SIW) tech-
nology provides an effective solution for reducing antenna sys-
tem size [1-3], offering further benefits like improved isolation
between ports, enhanced performance characteristics [4-6], and
seamless integration with existing platforms [7—10]. Integrat-
ing SIW technology with self-multiplexing antennas presents
a promising approach to achieving compactness alongside im-
proved performance in modern wireless systems.

A key consideration in the design of self-multiplexing SIW
antennas is miniaturization, which is essential for integration
into compact and space-constrained applications. Miniaturized
antennas facilitate efficient multi-band functionality within a
smaller footprint, meeting the needs of modern devices. An-
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other crucial factor is the frequency ratio between operational
bands. A smaller frequency ratio allows for closer spacing of
different frequency bands, enabling more efficient use of avail-
able sub-bands and providing additional channels within the
target range. This compact frequency spacing also improves
data rate capacity, optimizing the limited frequency spectrum.
The demand for multiband antennas with small frequency ra-
tios continues to grow, as they support simultaneous opera-
tion across multiple frequencies within the same band, max-
imizing spectral efficiency. In recent years, significant re-
search has focused on the design of antennas incorporating SIW
technology, with many dual-band [11-16] and triple-band [17—
21] configurations being proposed. Additionally, SIW-based
self-quadplexing antennas have been developed using modes
such as half-mode SIW [22, 23] and quarter-mode SIW [24, 25].
Various slot shapes have been explored in these designs, includ-
ing V-shaped [26, 27], U-shaped [28], unequal patch resonators
[29], T-shaped slots [30], swastik-shaped slots [31], combina-
tion of 3 different slots (rectangular-shaped slot, V-shaped slot
and annular Bowtie slot) [32].

Achieving miniaturization with high isolation becomes pro-
gressively challenging as the number of ports in quadplexing
antennas increases, compared to simpler diplexing and triplex-
ing configurations. For example, a self-quadplexing antenna
in [23] utilized V-shaped slots to achieve a notable isolation of
30.5 dB with a frequency ratio of 1.46, but required an electri-
cal size of 0.42)\3. Similarly, by employing V-shaped slots in
[27], an isolation of 22 dB with a frequency ratio of 1.34 was
obtained, although with a larger electrical size of 0.81A3. Ad-
ditionally, the antenna design in [22] used U-shaped slots to
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reach a high isolation of 32.5 dB with an increased frequency
ratio of 2.63. In contrast, the designs presented in [27] and [30]
achieved lower frequency ratios of 1.34 and 1.38, respectively,
accompanied by limited isolation levels of 22 dB and 26 dB.
While these antenna structures demonstrate commendable per-
formance characteristics, they often confront trade-offs—either
exhibiting a higher frequency ratio with increased size or a
lower frequency ratio with reduced isolation. As a result, de-
signing a self-quadplexing antenna that combines high isola-
tion, a low frequency ratio, compact size, and stable perfor-
mance remains a significant challenge.

In this paper, a self-quadplexing antenna based on Sub-
strate Integrated Waveguide technology, featuring Quarter-
Mode SIW cavities is introduced. The design incorporates pairs
of CSRR-inspired slots with varying widths, the resonating ele-
ments operates at four distinct frequencies 2.09 GHz, 2.18 GHz,
2.26 GHz, and 2.36 GHz and obtained self-quadplexing func-
tionality. One notable aspect of the antenna is its ability to in-
dependently adjust each frequency band by varying the width of
selected CSRR-shaped slots. This approach offers several ad-
vantages, including substantial miniaturization, strong isolation
between adjacent ports without additional decoupling compo-
nents, a small frequency ratio, and high gain. These features
make the antenna a strong candidate for deployment in modern
wireless communication systems.

2. SELF-QUADPLEXING ANTENNA DESIGN AND
ANALYSIS

Figures 1(a) and (b) illustrate the top and side views of the
self-quadplexing antenna, respectively. The middle substrate
layer is constructed from Rogers RT/Duroid 5870 with a thick-
ness of 0.787mm. Both the top and bottom metallic layers
are composed of copper, with each layer having a thickness of
0.035mm. The optimized geometrical parameters are as fol-
lows: Log=26 mm, w; =4 mm, w, =3 mm, wz =2 mm, and wy
=1 mm.
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FIGURE 1. (a) Schematic-view and (b) side-view of the proposed an-
tenna.
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The design methodology of the proposed self-quadplexing
antenna is shown in Fig. 2 is as follows:

1. Design a square SIW cavity (Structure 1) with four mi-
crostrip feed lines to each side of the square cavity.

2. To obtain the miniaturization, design four quarter-mode
cavity resonators by introducing a pair of CSRR-inspired
slots at the four corners on the top plane of the square cav-
ity.

3. To enable self-quadplexing characteristics, adjust the di-
mensions of the width of the inner CSRR-shaped slot to

obtain the resonant frequencies with high isolation suit-
able for different wireless standards and applications.

4. Assess the performance of the self-quadplexing antenna
through electromagnetic and circuit model simulations,
prototyping, and experimental measurements.

Initially, an SIW based SCR (Structure 1) is designed with
the effective length and width of 28 mm x 28 mm with 502
feed lines as shown in Fig. 3. The resonant frequency of the
conventional SIW square cavity resonator (SCR) for the TE ;¢
can be calculated by using 1

2 2
SCR c 1 1
21/67“ qu weﬁr

where €, represents the relative permittivity of the substrate,
and the effective length and width of the SCR can be calculated
in terms of the length () and width (w)) of the top metallic
plane by using 2 and 3

(1

SCR d? d?
R = 1, — —— + 10— 2
o P 0935 I @
> d?
SCR
wift = w, — —— + 10— 3)
7 P 0.93s w,

To avoid the leakage losses from the SCR, the diameter of
via (d) and center-to-center distance between the vias (s) can
be chosen as

d d
—<01l,s< —

Ao 0.5 @

Structure 1 resonates at 5.02 GHz, which can be verified by
using 1. The reflection and transmission coefficients of the
SCR are shown in Fig. 3. Since the four ports are orthogo-
nal with each other, the SCR exhibits high mutual coupling be-
tween the four ports. By loading the CSRR-shaped slots (Struc-
ture 2) with inner and outer side lengths of 10 mm, 12 mm, re-
spectively, on four sides of the top plane of SCR as shown in
Fig. 4(a). These slots effectively increase the antenna’s elec-
trical length and alter the distribution of surface currents. Ad-
ditionally, the CSRR slots enhance the inductance and intro-
duce capacitive coupling due to their geometry and position-
ing, which in turn lowers the resonant frequency. It can be ob-
served from Fig. 5(a) that there is a shift in resonant frequency
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FIGURE 2. Design flowchart of the proposed self-quadplexing SIW antenna.
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FIGURE 3. (a) Design of the square cavity resonator. (b) Reflection coefficients of the SCR.

of the antenna from 5.02 GHz to 2.82 GHz, and a reduction in
frequency of 43.82% is obtained. In order to further achieve
miniaturization, an additional CSRR-shaped slot (Structure 3),
with inner and outer side lengths of 6 mm and 8 mm, respec-
tively, is incorporated on the top metallic plane, as shown in
Fig. 4(b). Structure 3 resonates at 2.1 GHz, achieving a minia-
turization of 58.17% from 5.02 GHz to 2.1 GHz, as depicted
in Fig. 5(b). The widths of the inner square rings of the sec-
ond CSRR-shaped slots on the four sides are varied to obtain
the self-quadplexing characteristics of the antenna (Structure

11

3), as shown in Fig. 4(c). The quadplexing antenna resonates at
four distinct frequencies: 2.09 GHz, 2.18 GHz, 2.26 GHz, and
2.36 GHz. These slots are strategically designed and precisely
positioned at the four corners of the square cavity to suppress
mutual coupling. By varying the widths of the inner rings,
there is low mutual coupling between the four ports, and the
antenna achieved an isolation of 32.6 dB, as shown in Fig. 5(c).
When the dimensions of the cavity are fixed, the introduction
of CSRRs within the SIW structure plays a pivotal role in scal-
ing the frequency bands. CSRRs effectively introduce localized
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FIGURE 4. Design steps of the proposed self-quadplexing antenna. (a) Structure 2. (b) Structure 3. (c¢) Structure 4.
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FIGURE 6. Electric field distributions of proposed antenna at four different resonant frequencies (a) f; =

and (d) fy = 2.36 GHz.

inductive and capacitive effects, which modify the electromag-
netic field distribution within the cavity. By adjusting the size,
shape, and placement of the CSRRs, the resonant frequencies
can be precisely tuned without altering the overall cavity di-
mensions. This makes them particularly effective in achieving
miniaturization and enhancing the frequency-selective behav-
ior of SIW-based antennas, providing flexibility in designing
for specific frequency bands while maintaining the compact-
ness.

To wunderstand the physical mechanism of the self-
quadplexing antenna, the electric field distribution at the
four resonant frequencies is illustrated in Fig. 6. In the self-
quadplexing antenna, the electric fields are concentrated near
the edges of the CSRR-shaped slots, a result of the resonant
behavior of these slots. This design creates high-intensity

12

2.09 GHz, (b) /s =2.18 GHz, (c) f; =2.26 GHz,

electric fields along the slot boundaries, as the slots act as
resonators that enhance the electromagnetic field in their im-
mediate surroundings. This field confinement stems from both
the geometric configuration of the slots and their interaction
with the excited ports, which enhances the local field intensity
near the slot edges. Additionally, to elucidate the operational
concept of the self-quadplexing antenna, an equivalent circuit
model has been developed, as shown in Fig. 7.

Each of the resonating elements is represented by a paral-
lel RLC network shown in Fig. 7 which can be expressed as
Ri, Ro, R3, Ry, L1, Lo, Ls, Ly, Cq, Cs, C3, and C4 for the
corresponding ports 1, 2, 3, and 4, respectively. The gaps be-
tween the resonating elements are represented as C'1, C’5, C'3,
and C'4, and the coupling between the resonating elements rep-
resented as Mo, Mg, M3y, and My, are also modeled using
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TABLE 1. Parameters of circuit model of the proposed antenna.

Ry 2210 R3 2390 C'y | 3.92pF | Loz | 12.61nH

L1 1.56nH L3 2.08 nH Clg 2.57 pF 023 6.45 pF

Ci | 0.011pF | Cs 0.02pF C's | 257pF | L3y | 12.91nH

Ry | 2100 | Ry | 230Q | C'4 | 2.57pF | Csa | 12.45pF

L2 2.08 nH L4 1.915nH L12 13.8nH L41 12.91 nH

Cy | 0.084pF | Cy | 0.016pF | Cia | 9.15pF | Cuy | 12.45pF

P, 2.1. Tunability of the Self-Quadplexing Antenna
YW

oo The frequency tunable characteristics of the proposed antenna
o | can be obtained by varying the side width of the inner CSRR-
BV shaped slot. By varying the widths w,, ws, w3, and w4 of
G the CSRR, the independent frequency tunability is achieved
oy as shown in Fig. 9. By varying the width w; from 0.5 to
My _ﬁL \Mﬁ 2.5 mm, the lowest resonant frequency can be tuned from 2.02

FIGURE 7. Equivalent circuit model of the proposed quadplexing an-
tenna.
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FIGURE 8. Simulated and circuit model reflection coefficients.

the series inductance and capacitance, namely (L2, C12), (La3,
C93), (L3g, C34), and (L41, Cy41), respectively. The impedance
matching between the microstrip feed line and radiating ele-
ments is provided by using a transformer. The optimized pa-
rameters are listed in Table 1. The reflection coefficients of the
simulated and circuit model of the self-quadplexing antenna is
shown in Fig. 8.

13

to 2.22 GHz as illustrated in Fig. 9(a). This shows that the width
w; affects the lowest resonant frequency, while the other reso-
nant frequencies remain unchanged. The second resonant fre-
quency can be varied from 2.09 GHz to 2.42 GHz by adjusting
the width wy from 1 to 4 mm, as shown in Fig. 9(b). Simi-
larly, the width of the slot wjg is varied from 1 to 5 mm, so that
the frequency f3 is varied from 2.08 GHz to 5.57 GHz, as de-
picted in Fig. 9(c). Lastly, Fig. 9(d) shows that the resonant
frequency f, can be tuned from 2.14 to 2.62 GHz by adjusting
the width of the slot from 1.5 to 5.5 mm. This extensive tuning
range (3.78-5.89 GHz) renders the proposed antenna suitable
for various wireless standards. It is important to emphasize
that adjustments to one frequency band have minimal impact
on the others, enabling precise and independent frequency tun-
ing. With a broad tuning range of 2.04-2.62 GHz, the proposed
antenna is well suited for various wireless standards. Addition-
ally, the antenna achieved a low frequency ratio of 1.12 while
keeping other frequencies stable, highlighting the effectiveness
of'its design and optimization in supporting efficient multi-band
performance.

3. RESULTS AND DISCUSSION

The top view photograph of the fabricated prototype of the pro-
posed self-quadplexing antenna is shown in Fig. 10(a). Mea-
surements of the reflection coefficients and isolation were car-
ried out using a Keysight ES063A two-port vector network an-
alyzer. Reflection coefficients were obtained by exciting ports
1, 2, 3, and 4 individually, while isolation was measured be-
tween various port combinations: (1 and 2), (2 and 3), (3 and
4), (4 and 2), (4 and 1), and (4 and 3). The simulated and mea-
sured reflection coefficients, S, S22, S33, and S44, for ports 1,
2, 3, and 4 are depicted in Fig. 10(b). The measured operat-
ing frequencies of the self-quadplexing antenna are 2.09 GHz,
2.17 GHz, 2.26 GHz, and 2.35 GHz, showing a discrepancy of
less than 2% compared to the simulated resonant frequencies.
Furthermore, the simulated and measured isolation values in-
dicate that S»; exceeds 33 dB; S3, is greater than 38 dB; S3;
surpasses 36 dB; S34 is above 33 dB; Sy, is greater than 35 dB;
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FIGURE 10. (a) Fabricated prototype. (b) Simulated and measured values of the reflection coefficient of the self-quadplexing antenna.

and S, exceeds 46 dB. Thus, the overall isolation between any
two ports (S21, S31, Sa1, S23, S24, S34) remains above 32.6 dB,
as illustrated in Fig. 11.

The proposed self-quadplexing antenna features a directional
radiation pattern, with peak radiation concentrated in the broad-
side direction. Fig. 12 displays the normalized radiation pat-
terns derived from both simulated and measured results. The
antenna exhibits a unidirectional radiation pattern, maintaining
a cross-polarization level greater than 22 dB at its resonant fre-
quencies. The radiation patterns for excitations at ports 1, 2,
3, and 4 are shown in Figs. 12(a)—(d), respectively. A strong
alignment is observed between the measured data and electro-
magnetic simulation results across all frequency bands. The
patterns were evaluated in the F-plane (¢ = 0°) and H-plane

14

(¢ = 90°) for various port excitations. Both the measured
and simulated radiation patterns demonstrate unidirectional and
stable behavior in both planes throughout the frequency range.
Additionally, the EM simulations indicate a cross-polarization
level below —22.12 dB, while the measured results confirm a
cross-polarization level below —22.08 dB for all frequencies.
This is a significant feature, as it minimizes the effects of cross-
polarization and ensures better signal quality and reduced in-
terference between the channels, which is crucial for practical
applications such as wireless communication systems. .

The gains for the antenna, based on simulations and mea-
surements at frequencies of 2.08 GHz, 2.18 GHz, 2.26 GHz,
and 2.36 GHz, are recorded as 5.32/5.44 dBi, 5.58/5.42 dBi,
5.41/5.15dBi, and 5.18/5.26 dBi, respectively, as depicted in
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Fig. 13. Furthermore, the self-quadplexing antenna demon- value for DG is approximately 10dB. The proposed antenna

strates a radiation efficiency exceeding 80% when ports 1, 2, achieves DG values close to this ideal benchmark 9.19 dB by

3, and 4 are activated. the excitation of port 1, validating its suitability for robust com-
munication in multi-path environments. The DG is calculated
by using Eq. (5).

4. MULTIFUNCTIONAL PERFORMANCE ANALYSIS

The dive.rsity performance of the prqposed SIW—‘t.)as.ed self- DG —10./1 — 1099, )

quadplexing antenna was analyzed using key metrics: Enve-

lope Correlation Coefficient (ECC), Diversity Gain (DG), and
Mean Effective Gain (MEG). ECC determines the correlation
between the signals received at the antenna ports. For an ef-
fective multiplexing system, ideally the ECC should be less
than 0.5 [33] to ensure good diversity in radiation patterns. In
the proposed design, the calculated ECC value is 0.085 signif-
icantly below the threshold of 0.5, by the excitation of port 1
ensuring excellent diversity performance and minimizing sig- N

nal correlation. DG quantifies the reduction in fading margin MEG; = 0.5]1 — Z| Sijm (6)
achieved by the antenna in a multiplexing system. The ideal

MEG is defined as the ratio of the average received power to the
average incident power. Ideally, the MEG for a multiplexing
antenna should be close to 0 dB to ensure balanced power dis-
tribution. The MEG of the proposed antenna aligns well with
this ideal value —2.57 dB by the excitation of port 1, demon-
strating balanced power reception among the antenna ports.

j=1
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TABLE 2. Performance comparison of STW-based self-quadplexing antennas.

. Frequencies Minimum .
Overall Size . Gain frlfi | MES
Ref Type of Slot f1s f2s f3, fa Isolation .
(Mo?) (dBi) (FR) | (M)
(GHz) (dB)
[23] Rectangular-slots 0.14 4.8,5.4,28,30 20 5.4,52,8,8.7 6.25 | 0.192
[27] V-shaped slots 0.81 8.19,8.8,9.71, 11 22 5.5,6.9,7.47,7.45 1.34 | 0.038
[24] Rectangular-slots 0.2 3.5,52,55,58 23.6 5.43,4.10, 3.56, 3.6 1.65 | 0.051
[30] T-shaped slots 0.31 8.85,10.4,11.4,12.23 26 >6 1.38 | 0.534
[29] Rectangular-slots 0.14 5.14,5.78,6.74,7.74 28 4.1,4.96,6.2, 6.1 1.5 0.085
[28] U-shaped slots 0.11 3.2,4.1,58,7.2 30.5 5.8,5.3,3.9,34 2.25 | 0.021
[26] V-shaped slots 0.42 6.54,7.64,8.3,9.6 30.5 5.8,53,3.9,3.4 1.46 | 0.087
[22] U-shaped slots 0.12 2.33,2.96,5.43,6.15 32.5 4.21,3.39,6.1,4.34 2.63 | 0.058
PW | Modified CSRR-inspired slots 0.037 2.09, 2.18, 2.26,2.36 32.6 5.32,5.58,5.41,5.18 | 1.13 | 0.013
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FIGURE 13. Simulated and measured gains of the self-quadplexing an- FIGURE 14. Simulated and measured ECC and DG of the self-

tenna.

A comparison of the performance of the proposed quadplexing
antenna against other reported designs is provided in Table 2.
In comparison, the antenna introduced in this work exceeds the
performance metrics of other SIW-based quadplexing antennas.

5. CONCLUSION

This paper presents a self-quadplexing antenna that utilizes
CSRR-inspired slots to facilitate quadplexing functionality. By
varying the widths of these slots, the antenna resonates at
four distinct frequencies: 2.09 GHz, 2.18 GHz, 2.26 GHz, and
2.36 GHz. The optimal position and configuration of the slots
within the SIW structure provide minimal overlap, thereby re-
ducing mutual coupling and enhancing port isolation. The an-
tenna achieved a minimum port isolation of over 32.6 dB, with a
compact footprint of 0.037A3 and a frequency ratio of 1.13. Ad-
ditionally, the antenna exhibits a gain greater than 5 dBi. The
antenna’s |.S|-parameters and radiation patterns, derived from
both simulations and measurements, demonstrate satisfactory
performance. A notable advantage of the proposed quadplex-
ing antenna is its capability for independent frequency tunabil-
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ity across the operational bands, positioning it as a suitable op-
tion for S-band applications.
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