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Abstract: An ultracompact self-triplexing antenna realized on a substrate-integrated rectangular
cavity (SIRC) is discussed in this study. The proposed structure employs two L-shaped slots and an
inverted U-shaped slot to radiate at three independent operating frequency bands. Three 50-ohm
microstrip feed lines were used to excite the radiation in these slots. The operating frequency was
individually tuned using the slot size. The slot placement and size were designed having in mind
considering obtaining one or more frequency bands below the SIRC cutoff frequency, which had
the advantage of enabling an ultracompact size. High port isolation was achieved by applying one
of the ports orthogonally to the two remaining ones, which created a weak cross-coupling channel.
A lumped-circuit model was created to examine the antenna operation. The presented design has
been prototyped and experimentally validated with the measured operating frequencies of 1.92 GHz,
4.43 GHz, and 5.25 GHz for GSM, 5G, and WLAN applications, respectively. The port isolations are
better than 32.4 dB according to both EM simulations and measurements. Meanwhile, the measured
realized gain of the antenna is better than 4.3 dBi at all bands.

Keywords: substrate-integrated rectangular cavity; self-triplexing; antenna; multiband; isolation

1. Introduction

Personal communication devices frequently employ multiband communication sys-
tems. Usually, these systems have two or more wireless transceivers for a variety of
applications. Multiband antennas are typically utilized instead of multiple antennas to de-
liver better performance for transceivers. It is challenging to arrange antenna components
tightly in a limited space while maintaining adequate isolation between them. One method
for enhancing input port isolation is a decoupling network [1]. However, as a result, the
size of the circuitry increases, limiting its applicability for handheld devices.

Therefore, current research has focused on creating multiband antennas, with monopole-
, slot-, and SIW-based structures being the most prevalent architectures [2–11]. A rectangu-
lar monopole truncated patch loaded with a U-shaped slot was employed for the design
of a tri-band millimeter-wave antenna in [2]. In [3], a monopole dual-band antenna was
realized by applying a microstrip resonant-cell-based low-pass filter feed. A multiband
antenna was designed by using the ground plane radiation mode in [4]. A triband dual-
polarized antenna was constructed by using cross-shaped slots and L-shaped slots in [5]. A
triband antenna was developed based on a substrate-integrated waveguide (SIW) loaded
with a pair of open-loop slots in [7]. In [8], a triband antenna was realized on a half-mode
SIW loaded with multiple slots. A quarter-mode SIW cavity loaded with multiple slots
was employed to design a triband antenna [9]. In [10], a triangular SIW cavity loaded
with slots was applied to build a wearable antenna. A rectangular loop and a rectangular
slot were used to construct a planar antenna-triplexer in [11]. At each working frequency,
the aforementioned designs provide strong in-band performance, and the structures are
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small. However, when used with several transceivers, a single-input arrangement becomes
a deficiency. To facilitate connectivity between several transceivers and the multiband
antenna, frequency-selective devices, such as a diplexer or triplexer, are needed because
the differences in frequency interfere with other transceiver circuits. However, this new
component will take up more space, and the design will become complex. Many re-
searchers have suggested the construction of self-diplexing [12–24], self-triplexing [25–27],
or self-multiplexing [28–30] antennas to reduce the required area and to improve isolation.

Substrate-integrated waveguide (SIW) technology has recently become an attractive
alternative for constructing planar self-multiplexing antennas [12–30]. A self-diplexing
antenna (SDA) was realized based on the SIW cavity-backed transverse slots in [12]. A
self-diplexing antenna involving SIW cavity-backed bowtie-ring slots has been reported
in [13]. In [14], the construction of a self-diplexing antenna using a shielded-quarter mode
SIW loaded with a Y-shaped slot was described. By attaching two U-shaped slots to the top
of the SIW cavity, a self-diplexing antenna was created in [15]. In [16], a rectangular SIW
cavity-based asymmetric cross-shaped slot antenna was designed for circularly polarized
applications. A self-diplexing antenna was constructed in [17] using square SIW cavity-
backed stepped patches. In [18], a high-isolation self-diplexing antenna was developed
using a cavity-backed U-shaped slot. A quarter-mode SIW was employed to design an
ultracompact SDA [19]. In [20], a tunable SDA based on an SIW cavity loaded with open-
ended slots was proposed. Rectangular and triangular radiating patches were employed
on the SIW to realize a high isolation SDA in [21]. In [22], a shielded quarter-mode SIW
cavity was employed to design an SDA with high isolation. An ultracompact SDA was
developed by using a shielded quarter-mode SIW [23]. In [24], a tunable SIW-based SDA
was constructed by employing microfluidic channels.

Although the aforementioned SDA structures work effectively, the design of self-
triplexing or self-multiplexing antennas should be investigated further. Based on different
SIW cavities, several self-triplexing antennas (STAs) [25–27] and self-multiplexing antennas
(SMAs) [28–30] have been realized. In [25], an STA was built based on an SIW cavity loaded
with two bowtie slots. Two SIW cavities, one of which is incorporated within the other,
have been used to build a self-triplexing antenna [26]. In [27], a self-triplexing antenna
was designed using a square SIW cavity loaded with a modified I-shaped slot. In [28], a
substrate-integrated rectangular cavity was used to create a self-quadruplexing antenna.
A self-hexaplexing antenna based on a substrate-integrated rectangular cavity loaded
with two Pi-shaped slots was constructed [29]. In [30], a self-multiplexing antenna (SMA)
was constructed using a rectangular SIW cavity loaded with modified radiating patches.
Despite the satisfactory performance of the aforementioned antenna topologies, design-
ing a highly miniaturized self-triplexing antenna featuring high port isolation remains a
strenuous endeavor.

This paper presents an ultracompact self-triplexing antenna constructed on a substrate-
integrated rectangular cavity (SIRC). Two L-shaped slots and an inverted U-shaped slot
were used by the proposed structure to radiate at three separate operational frequency
bands. The operating frequency can be independently altered using the slot size. For
validation, a prototype was manufactured and tested at 1.94 GHz, 4.4 GHz, and 5.3 GHz.
As demonstrated by both EM simulations and measurements, the isolations were better
than 32.4 dB. The observed realized gains of the antenna are greater than 4.3 dBi. The
unique technical contributions of the work are as follows:

(i) A systematic design approach for SIRC cavity-based slot antennas is presented.
(ii) We suggest, fabricate, and test an ultracompact single-layer tri-band antenna with

high isolation and gain in all three bands.
(iii) The proposed STA configuration exhibits a highly miniaturized footprint area.
(iv) It is possible to tune all three bands independently without disturbing the other

radiating frequency bands.
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(v) For a better comprehension of the working principle of the proposed STA, an equiva-
lent lumped-circuit model is developed.

(vi) Port one is orthogonally connected to ports two and three, resulting in a very weak
cross-coupling path between ports and increased isolation. As a result, all three ports
achieve excellent isolation of greater than 32.42 dB.

2. Development and Analysis of the Proposed SIRC-Based Self-Triplexing Antenna
2.1. Antenna Configuration

Figure 1 shows the layout of an ultracompact self-triplexing antenna (STA). The
proposed STA uses a substrate-integrated rectangular cavity (SIRC), a U-shaped slot (USS),
two L-shaped slots (LSS), and three microstrip feed lines. The design steps followed
to realize the STA are shown in Figure 2. In Step 1, an SIRC with the dimensions of
26 mm × 34 mm is designed to operate at 4.65 GHz in the fundamental mode (TE110). In
Step 2, three microstrip 50 Ω lines are used to feed the cavity to obtain a self-triplexing
property. The matching at each port is obtained by employing inline feeds. Since port 1 is
orthogonal to ports 2 and port 3, a very weak cross-coupling path is formed that enables
maximum port isolation. In Step 3, an inverted U-shaped slot (USS) is created on the top
plane and excited by port 1, resulting in the first radiating frequency band and an isolation
greater than 20 dB. 1. The resonant frequency of the fundamental mode is shifted towards
a lower value as a result of the suggested U-shaped slot loading. This reduction in resonant
frequency from the SIW cut-off frequency results in an ultracompact antenna footprint.
This provides a size reduction factor of 80.4% for the suggested STA. Finally, two L-shaped
slots (LSS) are attached to both sides of the USS, which results in the generation of two
more radiating bands and provides freedom to control the isolation level. These slots
create a very weak cross-coupling path between ports, which results in isolation greater
than 32 dB. The suggested STA is optimized using CST Microwave Studio to operate at
1.92 GHz, 4.43 GHz, and 5.25 GHz. For a better understanding of the radiation mechanism,
the surface current density at each port is demonstrated, as shown in Figure 3. It can be
inferred from the figure that the maximum current flows through the port that has been
excited, and almost negligible current passes through the other ports.

Electronics 2023, 12, x FOR PEER REVIEW 3 of 13 
 

 

(v) For a better comprehension of the working principle of the proposed STA, an equiv-
alent lumped-circuit model is developed. 

(vi) Port one is orthogonally connected to ports two and three, resulting in a very weak 
cross-coupling path between ports and increased isolation. As a result, all three ports 
achieve excellent isolation of greater than 32.42 dB. 

2. Development and Analysis of the Proposed SIRC-Based Self-Triplexing Antenna 
2.1. Antenna Configuration 

Figure 1 shows the layout of an ultracompact self-triplexing antenna (STA). The pro-
posed STA uses a substrate-integrated rectangular cavity (SIRC), a U-shaped slot (USS), 
two L-shaped slots (LSS), and three microstrip feed lines. The design steps followed to 
realize the STA are shown in Figure 2. In Step 1, an SIRC with the dimensions of 26 mm × 
34 mm is designed to operate at 4.65 GHz in the fundamental mode (TE110). In Step 2, three 
microstrip 50 Ω lines are used to feed the cavity to obtain a self-triplexing property. The 
matching at each port is obtained by employing inline feeds. Since port 1 is orthogonal to 
ports 2 and port 3, a very weak cross-coupling path is formed that enables maximum port 
isolation. In Step 3, an inverted U-shaped slot (USS) is created on the top plane and excited 
by port 1, resulting in the first radiating frequency band and an isolation greater than 20 
dB. 1. The resonant frequency of the fundamental mode is shifted towards a lower value 
as a result of the suggested U-shaped slot loading. This reduction in resonant frequency 
from the SIW cut-off frequency results in an ultracompact antenna footprint. This pro-
vides a size reduction factor of 80.4% for the suggested STA. Finally, two L-shaped slots 
(LSS) are attached to both sides of the USS, which results in the generation of two more 
radiating bands and provides freedom to control the isolation level. These slots create a 
very weak cross-coupling path between ports, which results in isolation greater than 32 
dB. The suggested STA is optimized using CST Microwave Studio to operate at 1.92 GHz, 
4.43 GHz, and 5.25 GHz. For a better understanding of the radiation mechanism, the sur-
face current density at each port is demonstrated, as shown in Figure 3. It can be inferred 
from the figure that the maximum current flows through the port that has been excited, 
and almost negligible current passes through the other ports. 

 
Figure 1. Parameterized geometry of the proposed SIRC-based self-triplexing antenna. The design 
parameter values are: Lp = 34, Wp = 26, L1 = 7.0, L2 = 24.6, L3 = 24.6, L4 = 10.95, L5 = 8.65, W1 = 0.8139, 
W12 = 0.8139, W2 = 1.1168, W3 = 4.1696, W4 = 1.5, W5 = 1.5, a1 = 2.111, a2 = 0.511, a3 = 3.2191, a4 = 0.5922, 
a5 = 3.0945, a6 = 0.5302, d = 1.0, p = 2.0; unit: mm. 

Figure 1. Parameterized geometry of the proposed SIRC-based self-triplexing antenna. The design
parameter values are: Lp = 34, Wp = 26, L1 = 7.0, L2 = 24.6, L3 = 24.6, L4 = 10.95, L5 = 8.65, W1 = 0.8139,
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2.2. Equivalent Lumped-Circuit Model

The working principle of the STA was explained by developing an equivalent lumped-
circuit model (LCM), as presented in Figure 4. The cavity-backed radiating aperture is
expressed as shunt-connected resistance (Rxj), capacitance (Cxj), and inductance (Lxj), with
j = 1, 2, and 3 standing for ports 1, 2, and 3, respectively. The U-shaped slot provides
extra capacitive loading that is represented as shunt-connected capacitance (Cy1), which is
responsible for producing the first radiation frequency. The L-shaped slots excited by ports
2 and 3 provide extra capacitive loadings, which are expressed as the shunt-connected
capacitances Cy2 and Cy3, respectively. These capacitive loadings are responsible for the
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second and third radiating frequencies. Since the capacitances Cy1, Cy2, and Cy3 depend on
the geometry of the USS and LSS, the radiating frequencies can be controlled by altering the
corresponding slot dimensions. Series-connected inductance (Lk) and capacitance are used
to describe the mutual connections between the ports (Ck). Impedance matching between
cavity-backed patches and feed lines is accomplished using impedance transformers. The
Keysight Advanced Design System simulates the proposed equivalent network model, and
Table 1 lists the optimized component values. Figure 5 displays the circuit and simulated
EM reflection coefficients.
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2.3. Independent Frequency Tunability

The proposed STA operating at 1.92 GHz, 4.43 GHz, and 5.25 GHz is suitable for,
but not limited, to Global System for Mobile Communications (GSM), 5G, and WLAN
applications. However, the dimensions of inverted U-shaped and L-shaped slots can
be varied to tune the operating frequencies f 01 (1.93 GHz to 2.80 GHz), f 02 (4.16 GHz
to 5.60 GHz), and f 03 (4.36 GHz to 5.73 GHz), which support various applications such
as WiFi, Bluetooth, Extended PCS, 5G, WiMAX, and WLAN wireless standards. The
frequency tunability range in relation to the design parameters and supporting application
bands is shown in Table 2. It is clear that the suggested STA is appropriate for a variety
of communication standards. Parametric studies were carried out with respect to the
radiating patch height to establish a broad concept of independent control of the resonant
frequencies, as shown in Figure 6. The heights of Lx, Ly, and Lz corresponding to USS and
LSS are employed for the tunability of fo1, fo2, and fo3, respectively. From Figure 6, it can be
inferred that the radiating frequency increases by decreasing the height of the radiating
apertures. Referring to Figure 6a, the radiating frequency fo1 increases from 1.93 GHz to
2.80 GHz by decreasing the height Lx from 23.09 mm to 15.09 mm. When the height Ly
decreases from 10.35 mm to 6.35 mm, the operating frequency fo2 increases from 4.16 GHz
to 5.60 GHz, as depicted in Figure 6b. From Figure 6c, it is found that by decreasing the
height from 10.13 mm to 6.63 mm, the radiating frequency increases from 4.36 GHz to
5.73 GHz. Moreover, it can be concluded that when one of the frequency bands is changed,
the other bands remain unaffected.

Table 2. Tunable range of the proposed STA and possible application standards.

Parameter Range Frequency Range Application Standards

15.09 ≤ Lx ≤ 23.09 (port 1) 1.93 ≤ f 01 ≤ 2.80 GSM/WiFi/ISM/Bluetooth/LTE/Extended PCS

6.35 ≤ Ly ≤ 10.35 (port 2) 4.16 ≤ f 02 ≤ 5.60 5G/WLAN/WiFi/C-band

6.63 ≤ Lz ≤ 10.13 (port 3) 4.63 ≤ f 03 ≤ 5.73 5G/WLAN/WiFi/Standard C-band/LTE
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(c) fo3 (port 3).
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3. Fabrication, Measurement, and Results Discussion

As a proof of concept, a prototype of the self-triplexing antenna (STA) based on
the SIRC was devised, manufactured, and experimentally validated. The prototype was
fabricated on a low-loss 0.762 mm thick Arlon AD250 substrate with a permittivity of
2.5 and a loss tangent of 0.0014. The proposed STA is ultracompact with a size smaller
than 0.086λg

2. Photographs of the STA prototype and the experimental setup are displayed
in Figures 7 and 8, respectively. The comparison between the EM-simulated and tested
S-parameters is shown in Figure 9. The measured reflection coefficients were recorded as
−24.11 dB, −28.76 dB, and −25.73 dB, whereas the EM simulated reflection coefficients
were obtained as −29.03 dB, −37.6 dB, and −49.5 dB at 1.92 GHz, 4.43 GHz, and 5.25 GHz,
respectively. The port isolations for the EM simulation and experiment were greater than
32.42 dB at each band, as shown in Figure 10. Considering a 10 dB reflection coefficient
level, the measured impedance bandwidths were computed as 0.93%, 1.17%, and 1.88%,
whereas the EM simulated impedance bandwidths were found to be 1.36%, 1.58%, and
1.89% at 1.92 GHz, 4.43 GHz, and 5.25 GHz, respectively. As the narrow band is coming, we
can use it for pinpoint applications in the mentioned commercial wireless application band,
such as Global Systems for Mobile Communications (GSM) (at 1.92 GHz), 5G (at 4.43 GHz),
and WLAN (at 5.25 GHz). If a thicker substrate with the same dielectric constant is utilized,
then the bandwidth and the radiation efficiency will increase [31–33]. Farfield radiation
patterns were observed and recorded in an automatic anechoic chamber. A single port
was excited at each measurement, with the remaining ports terminated using a matched
50-ohm load. The estimated realized gains and EM-simulated radiation efficiencies are
shown in Figures 11 and 12, respectively. In Figure 11, the measured realized gains are
recorded as 4.10 dBi, 5.59 dBi, and 4.94 dBi, whereas the EM simulated realized gains
are calculated as 3.8 dBi, 5.3 dBi, and 4.86 dBi at 1.92 GHz, 4.43 GHz, and 5.25 GHz,
respectively. A small discrepancy was found between the tested and EM-simulated realized
gains. The deviation was attributed to the precision of the radiating aperture, imperfection
of substrate properties, fabrication, and SMA connector. However, the deviation of the
realized gains is less than 7.31%, 5.18%, and 1.62% at center frequencies of 1.92 GHz,
4.43 GHz, and 5.25 GHz, respectively. Referring to Figure 12, it was discovered that the
proposed STA’s radiation efficiency was higher than 82% across all bands. Table 3 provides
an overview of the measured reflection coefficients, isolations, realized gains, and EM
simulated radiation efficiencies. Figure 13 shows the normalized radiation patterns of the
proposed STA. Linear polarization and unidirectional patterns were obtained using the STA
prototype. As expected, an overall excellent agreement between the LCM model results,
the EM simulation results, and the measurement results was observed. Nevertheless, minor
differences were noticed, resulting from the connection loss and manufacturing tolerances.
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Table 3. Measured reflection coefficients, isolations, realized gains, and EM-simulated radiation
efficiencies.

Ports Freq. (GHz) Reflection Coeff. (dB) ISL (dB) Realized Gain (dBi) Radiation Efficiency (%)

1 1.92 24.11 32.42 4.10 86.4

2 4.43 28.76 32.74 5.59 90.24

3 5.25 25.73 39.45 4.94 92.84
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Table 4 shows a performance comparison analysis of the proposed STA and previously
published STAs or triband antennas. The proposed STA achieves an ultracompact size,
high isolation, and excellent realized gain, according to the table. The proposed STA has a
smaller footprint area than those in [2,5,7,10,11,25–27]. Furthermore, the suggested STA
is 50% smaller than the most compact STA reported in [27], and there is no significant
difference in the realized gains. The proposed STA has a minimum port isolation of
32.4 dB across all bands, which is greater than the isolation level obtained in previously
documented antennas [2,5,7,10,11,25–27]. It should be mentioned that the proposed STA
includes a lumped-circuit model to analyze the antenna’s working principle, whereas,
with the exception of [26], no lumped-circuit model was provided for antenna analysis
in [2,5,7,10,11,25,27]. These findings indicate that the proposed STA is potentially more
attractive for use in triband wireless communication networks.

Table 4. Performance of the suggested STA and previously reported STAs.

Ref. Opertion Self-Triplexing Size (λg
2) ISL (dB) Gain (dBi) LC Model

[2] Tri-band No 0.195 NA 2.1/1.9/5.1 No

[5] Tri-band No 0.462 >30 5.0/6.0/6.5 No

[7] Tri-band No 0.232 NA 5.05/4.58/3.17 No

[10] Tri-band No 0.912 NA 1.1/0.9/2.1 No

[11] Tri-band Yes 0.28 >19 0.85/4.0/4.23 No

[25] Tri-band Yes 0.42 >22.5 7.2/7.2/7.0 No

[26] Tri-band Yes 0.69 >26 4.5/5.9/6.0 Yes

[27] Tri-band Yes 0.17 >30.8 4.26/4.41/6.27 No

This work Tri-band Yes 0.086 >32.4 4.10/5.59/4.94 Yes

ISL: Isolation, λg: Guided wavelength at the lower frequency band, NA: Not available.

4. Conclusions

This work introduced an ultracompact self-triplexing antenna realized on a substrate-
integrated rectangular cavity (SIRC). For transmission in three distinct operational fre-
quency bands, the proposed antenna employs two L-shaped slots and an inverted U-
shaped slot. To stimulate the radiation in these slots, three 50-ohm microstrip feed lines
were utilized. The operating frequency can be individually controlled using the slot size.
The slot arrangement and size were chosen with the purpose of obtaining one or more
frequency bands below the SIRC cutoff frequency, which allowed for an ultracompact size.
High port isolation was achieved by connecting one port orthogonally to two other ports,
resulting in a weak cross-coupling channel. To explain the operating principles of the
proposed antenna, a lumped-circuit model was developed and analyzed. The proposed
antenna was prototyped and experimentally validated at 1.92 GHz, 4.43 GHz, and 5.25
GHz for GSM, 5G, and WLAN applications, respectively. The prototype was manufactured
using a low-loss 0.762 mm thick Arlon AD250 substrate with a relative permittivity of
2.5. In the EM simulations and tests, the isolations were more than 30 dB. The estimated
realized gains for the suggested antenna are more than 4.1 dBi. The agreement between
the full-wave EM analysis results and experimental data is satisfactory with respect to
all antenna characteristics. The proposed antenna structure is suitable for a number of
applications, which include the Global System for Mobile Communications (GSM), 5G
mobile technology, and WLAN applications, among others. Upon appropriate changes in
antenna dimensions, it can also support a broad range of other applications, such as WiFi,
Bluetooth, Extended PCS, and WiMAX.
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