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Abstract—A highly compact substrate integrated waveguide
(SIW) self-diplexing antenna, operating at wireless local area
network bands (3.6 and 5.4 GHz), is proposed in this letter.
The proposed antenna consists of two closely placed (0.0221,
where A, is the guided wavelength at 3.6 GHz) quarter-mode
SIW resonators, exited by two coaxial probes. Two rectangular
slots are added to the closed-ends of each resonator to gener-
ate additional capacitances. Therefore, both resonators operate
below their fundamental frequencies, and hence, miniaturization
is achieved. Moreover, a reliable circuit model is developed to
validate the design process. The proposed antenna has ultra-
compact dimensions of 0.08k§ with simulated gains of 4.9 and
5.34 dBi at 3.6 and 5.4 GHz, respectively. In addition, the simulated
isolation levels are 32.5 and 36.6 dB at the lower and higher resonant
bands, respectively. Furthermore, both resonant frequencies can be
independently controlled by changing the length of the capacitive
slots. Due to its compactness, independent resonance control and
high isolation, the proposed antenna is suitable for compact and
planar radio frequency components.

Index Terms—Antennas, duplex antenna, substrate integrated
waveguide (SIW) antenna, transmit/receive antenna.

1. INTRODUCTION

DVANCED communication systems require high perfor-

mance, ultracompact, and multiband antennas. Previously,
single-port multiband antennas have been adopted [1], [2].
However, their operation, due to their single-port topology,
is limited to only one mode (transmit or receive). Therefore,
additional multiplexers with high isolation levels are needed
for simultaneous mode operations [3]. Nevertheless, additional
multiplexer circuitry consumes more power, and increases the
system’s complexity, cost, and overall geometry [4], [S]. Thus,
single-port multiband antennas are less desirable in compact
wireless communication systems [6]. In fact, the self-diplexing

Manuscript received April 9, 2021; accepted April 30, 2021. Date of pub-
lication May 4, 2021; date of current version July 7, 2021. This work was
supported in part by the Abu-Dhabi Department of Education and in part by
the Knowledge (ADEK) Award for Research Excellence 2019 under Grant
AAREI19-245. (Corresponding author: Amjad Igbal.)

Amjad Igbal and Ismail Ben Mabrouk are with the Department of Engineering,
Durham University, DH1 3LE Durham, U.K. (e-mail: amjad730@gmail.com;
ismail.benmabrouk @durham.ac.uk).

Muath Al-Hasan is with the Network and Communications Engi-
neering Department, Al Ain University, Al Ain 64141, UAE (e-mail:
muath.alhasan @aau.ac.ae).

Mourad Nedil is with the Communications Research Laboratory, University
of Quebec at Abitibi-Temiscamingue, Val-d’Or, QC JOP 1Y3, Canada (e-mail:
Mourad.Nedil @uaqat.ca).

, Student Member, IEEE, Muath Al-Hasan
, Senior Member, IEEE, and Mourad Nedil

, Senior Member, IEEE,
, Senior Member, IEEE

antennas concept has been recently proposed in order to re-
duce additional power consumption, complexity, and size [7].
Moreover, the dual-mode operation is possible with these an-
tennas without the need of multiplexer circuits [8]. Recently,
substrate integrated waveguide (SIW) technology is considered
as a suitable candidate for high quality factor, high gain, and
unidirectional radiation pattern [9]. This technology maintains
the privileges of the 3-D structures, which make it suitable
for the integration with different planar circuits [8], [10]. In
the same area, several highly isolated SIW self-multiplexing
antennas have been reported, which can be integrated with
planar circuits [11], [13]. In [14], SIW self-diplexing antenna
is designed, where bowtie slot acts as a radiating structure. The
authors in [15] used a half-mode STW (HMSIW) cavity resonator
to design couple of quarter-mode SIW (QMSIW) resonators for
radiation. Each resonator uses open-ended portion of the cavity
for radiation. In [16], a pair of rectangular slots are integrated for
SIW cavity to make a dual-band self-diplexing antenna. In [17],
circular slots are used for square-SIW to form a dual-band duplex
antenna. One circular slot is used in the square SIW resonator
and the second one is used in the circular embedded resonator.
In fact, each SIW resonator is individually excited using coax-
ial probe. Similarly, many self-diplexing antennas have been
reported using plus-shaped slots [18], square slots [19], cross
slots [20], triangular patches [21], and bowtie slots [22]. Despite
good in-band performance of these antennas, they suffer from
poor isolation levels and large footprints that limit their employ-
ment in ultracompact RF devices. Furthermore, none of them is
validated through lumped element equivalent circuit model.

In this letter, ultracompact QMSIW resonators are used to de-
sign a dual-band self-diplexing antenna. The proposed antenna
operates at 3.6 and 5.4 GHz with respective gains of 4.9 and
5.34 dBi. Moreover, each band is independently controllable
with high isolation in both bands. In fact, each QMSIW resonator
has additional rectangular slots to provide extra capacitance.
Hence, a size reduction of around 41% is achieved compared to
the conventional QMSIW cavity. To the authors’ knowledge, this
is the most compact (0.08k§) self-diplexing antenna reported in
the literature so far. In addition, this is the first self-diplexing
antenna, where the EM model is also validated using lumped
element equivalent circuit model.

II. QMSIW-BASED SELF-DIPLEXING ANTENNA

Fig. 1(a) shows schematic diagram (top view) of the pro-
posed QMSIW-based self-diplexing antenna. It consists of two
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Fig. 1. Geometry of the proposed self-diplexing antenna. (a) Top view (a1 =

a2 =0.5,b1 =64,bs =2.5,¢=0.5, g = 1; unit: mm. (b) Bottom view (L =
20.7, and W = 9.7, unit: mm). (c) E-field distribution at 3.6 and 5.4 GHz.

TABLE I
MINIATURIZATION RATIO AS A FUNCTION OF PARAMETER ¢

¢ (mm) 0.5 1 1.5 2
39.2 | 385 | 37

Miniaturization ratio (%) 41

QMSIW resonators separated by a gap (g), and excited by two
50 Q coaxial probes, as shown in Fig. 1(b). Rectangular slots
are loaded to each cavity to miniaturize the cavity dimensions.
Consequently, the antenna achieves an ultracompact dimensions
of 0.08A§ (20.7 x 9.7 mm?). Initially, the dimensions of the di-
electric filled rectangular SIW for the TE;(; mode are calculated
using the following [23], [24]:

e 1\? [1)? |
rera () + (2) v

d? d?
We—me and L. =1L — 005s"

In the above equation, f, represents the resonant frequency, €,
is the relative permittivity of the resonator’s material, L and W
are the length and the width of the resonator, respectively. L. and
W, are the resonator’s effective length and width, respectively,
s is the gap between the metallic vias and d is the diameter of
the vias. The diameter and gap between the vias are chosen as
suggested in [25].

Then, full-mode SIW is divided into two equal sections to de-
sign the HMSIW. Finally, the HMSIW resonator is divided into
two equal parts to design the QMSIW resonators for radiation.
The slots in the cavity are resonant in nature [17]. SIW cavity
resonates through the open-ended portion of the cavity and the
rectangular slots, as shown in Fig. 1(c). In fact, the distance
between the via wall and the slots affects the miniaturization
ratio through changing the length of the current path. More
specifically, increasing the distance between the via wall and
the slots reduces the length of the current path, and hence, the
miniaturization ratio is also reduced, as shown in Table 1. In
addition, this distance affects the impedance matching level.

where
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Fig. 3. Lumped elements model of the slot loaded cavity.

Therefore, a parametric study is carried out in HFSS to choose
the optimum slots’ lengths and distances from the via wall.

A. Design Methodology

In the first step, the QMSIW resonator is excited using a 50 2
coaxial probe in the full-wave electromagnetic (EM) simulator,
as shown in Fig. 2. Notwithstanding the many good attributes of
the SIW technology, its large dimensions limit its applications
in compact devices [26]. Therefore, the size of the SIW compo-
nents need to be reduced for compact devices. In the second step,
arectangular slot is added to generate an additional capacitance
in order to reduce the size of the QMSIW cavity resonator.
Consequently, the resonant frequency of the fundamental TE;o;
mode is shifted to 4.84 GHz, as shown in Fig. 2. In the third
step, a second rectangular slot is added to further lower down the
resonant frequency of the TE;p; mode. As a result, the resonant
frequency is shifted to 3.6 GHz, as shown in Fig. 2. In the fourth
step, two QMSIW cavity resonators are combined to form a
self-diplexing antenna. Accordingly, slots of different lengths
are loaded to both QMSIW cavity resonators to ensure different
frequency band operation. In addition, a gap (g) between the
resonators is introduced to maintain high isolation level.

The size reduction due to the extra capacitance of the slot can
be explained using lumped element equivalent circuit model.
Conventionally, resonators are modeled as a parallel RLC
tank [27]. Moreover, the rectangular slots are modeled as an
additional shunt capacitor. The lumped elements model of the
cavity resonator with the rectangular slots is shown in Fig. 3;
where R, Ly, and C, represent the resistance, the inductance,
and the capacitance of the QMSIW resonator, respectively. The
capacitance due to the additional rectangular slots is expressed as
Cs. The input impedance of the QMSIW resonator, which oper-
ates below its resonant frequency, can be expressed as [28], [29]

JwLg

Do = —3220
1 —w2CsL,

2
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TABLE II
COMPUTED VALUES OF THE CIRCUIT MODEL (FIG. 3) IN THE DESIGN STEPS

Component N Ry () | Lg mH) | Cq (pF) | Cs (pF)
Step 1 0.53 154 1.05 0.64 0
Step 2 0.53 154 1.05 0.64 0.7
Step 3 0.53 154 1.05 0.64 2.3
XI.'l Rq] CqI Lq] | m | LqZ CqZ Rq2 1 '.XZ
R ST P e e
% Csl CsZ g
B¢ 3T T 3 3¢
M N
Component Value Component Value Component Value
R, 330 Q R, 378 Q M, 0.88
C, 0.64 pF Cp 0.64 pF M, 3.10
L, 1.05 nH L, 1.05 nH X, 0.378
C, 1.16 pF C,, 0.20 pF X, 0.348
Fig.4. Lumpedelement equivalent circuit model of the self-diplexing antenna.
and
1
Wo = ——= 3)

VCL,

From (3), itis observed that the resonant frequency depends on
the inductance of the cavity (L) and the slots’ capacitance (Cy).
Thus, the capacitance (C') has a direct relationship with the slot
dimensions. When the slot dimensions increase, the capacitance
(Cy) increases, and the resonant frequency shifts to the lower
frequencies. This concept is further validated by simulating the
equivalent circuit model in keysight advanced design system
(ADS) for the first three steps. Table II illustrates the circuit
parameters of the first three steps. Similarly, the rectangular
slots have direct relationship with Cs. In the first step, the C
value is zero due to the absence of the slot. However, the value
of Cy reaches 0.7 pF when one rectangular slot is added to
the QMSIW cavity resonator (second step). The value of C is
further increased to 2.3 pF when two rectangular slots are added
to the QMSIW cavity (third step). On the other hand, a circuit
model is developed for the self-diplexing antenna, as illustrated
inFig.4. Rq1,Cy1, and Ly represent the resistance, capacitance,
and inductance of the first resonator, respectively; R,2, Cy2, and
Lo represent the resistance, capacitance, and inductance of the
second resonator, respectively; C; is the slot’s capacitance of
the first resonator; Cjo is the slot’s capacitance of the second
resonator; M is the coupling coefficient at the lower resonant
band; and Mj, is the coupling coefficient at the higher frequency
band.

B. E-Field Distribution

Maximum E-fields of the fundamental TE;y; mode are lo-
cated at the open-ended area of the QMSIW resonator and the
edges of the rectangular slots, as shown in Fig. 1(c). The antenna
resonates at 3.6 GHz when port 1 is excited, and similarly,
the antenna operates at 5.4 GHz when port 2 is excited. It is
worth mentioning that both miniaturized cavities follow the field

1271

—_
(=]
!

=]
=}
!

N
(=]
!

S-Parameters (dB)
R
(=}

S-Parameters (dB)
(9%}
(=)

40 -
-50 4
-60 T T T
3 35 4 4. 5 5.5 6 6.5
Frequency (GHz)
(b)
0
-10
@—20
5-30
£ 40
5
&0 17,77
"’_60 v {—02mm --04mm - 0.6mm
0.8 mm —1mm
=70 T T T T
3 35 4 4.5 5 55 6 6.5
Frequency (GHz)
©

Fig. 5. Parametric analysis of the self-diplexing antenna by varying (a) by:
when by = 2.5 mm and ¢ = | mm, (b) b2: when b; = 6.4 mm and ¢ = | mm,
and (c) g: when by = 6.4 mm by = 2.5 mm.

pattern of the fundamental TE;¢; mode. A negligible E-field can
be observed on the second QMSIW resonator when port 1 is
excited. Consequently, the fields are confined inside the excited
QMSIW cavity and high isolation between the two resonators
is achieved.

C. Parametric Analysis (Independent Controllable Bands)

It is shown in the previous section that the resonant frequency
of both QMSIW cavity resonators is dependent on the slot
lengths. In fact, the rectangular slots increases the effective
capacitance of the QMSIW resonator. As a result, the resonant
frequency of the QMSIW cavity resonator changes. The resonant
frequency of the first and second bands depend on the slot lengths
b1 and bs, respectively. It can be seen from Fig. 5(a), that the
resonant frequency of the first band decreases with increasing b .
Similarly, the resonant frequency of the second band decreases
with increasing b, as shown in Fig. 5(b). Thus, the tuning of
one resonant band does not affect the second one. Moreover, the
isolation between the two ports is negligibly affected. In fact,
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Fig. 6. EM model (dashed line), circuit model (dotted line) and measured
(solid line) S-parameters of the proposed self-diplexing antenna.

high concentration of the E-fields is noticed on the open-ended
sides of the cavity. Therefore, the gap (g) between the two ports
determine the isolation level. Fig. 5(c) shows the isolation level
of the antenna with varying gap (g). The isolation of the two
resonators increases with increasing g. In fact, the isolation of the
resonators can be more increased at the cost of miniaturization
ratio reduction. Therefore, the value of g is selected as 1 mm to
ensure high isolation and high miniaturization ratio.

III. EXPERIMENTAL RESULTS AND DISCUSSION

After the EM and the circuit model analysis, a prototype of the
antenna is fabricated using 1.524 mm thick Rogers RO4003C
laminate (¢,. = 3.55 and tand = 0.0027) to validate the simulation
results. The fabricated prototype and the simulated and measured
S-parameters of the proposed antenna are shown in Fig. 6. The
resonances of the measured reflection coefficients are observed
at 3.6 (lower band) and 5.39 GHz (upper band) with respective
FBWs of 1.9% (3.57-3.64 GHz) and 5.3% (5.23-5.52 GHz).
Furthermore, the measured isolation level is better than 29.15 dB
in the lower band and 34.2 dB in the upper band, as illustrated
in Fig. 6. It can be observed that the simulated and the measured
S-parameters are in good agreement, which validates the pro-
posed concept. Similarly, the measured realized gains are 4.5 and
5.1 dBi at 3.6 and 5.4 GHz, respectively. Fig. 7 shows the
simulated and measured radiation patterns of the self-diplexing
antenna at 3.6 GHz (when port 1 is active and port 2 is matched)
and 5.4 GHz (when port 2 is active and port 1 is matched).
The copolarized (Co-Pol) and cross-polarized (X-Pol) radiation
patterns are measured in an echo-free anechoic chamber using
high gain log periodic antenna as a transmitting antenna. The
simulated and measured radiation patterns of the proposed self-
diplexing antenna are unidirectional due to the QMSIW cavity.
At 3.6 GHz, the simulated and measured front-to-back ratio
(FBR) are 25.6 and 24.04 dB, respectively. At 5.4 GHz, the
simulated and measured FBR are 22.76 and 21.16 dB, respec-
tively. Moreover, the simulated cross-polarization is lower than
-50 dB in the main lobe direction. The simulated and measured
radiation patterns are sufficiently matched, where the mismatch
could be caused by cable losses, SMA losses and fabrication
tolerances.

The self-diplexing antenna is compared with similar ones
reported in the literature, as shown in Table III. Clearly, the
proposed antenna has the most compact geometry, and highest

ZIITPhi =02 Sim (Co-Pol)
------ Phi = 90: Sim (Co-Pol)
= = Phi=0: Sim (X-Pol)
=+ =Phi = 90: Sim (X-Pol)

——Phi = 0: Meas (Co-Pol)
——Phi = 90: Meas (Co-Pol)
—— Phi = 0: Meas (X-Pol)

Gain (dBi)

0 60 120 180 240 300 360

Gain (dBi)
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lillO
Angle (%)
(b)

Fig. 7. Simulated and measured radiation patterns at (a) 3.6 and
(b) 5.4 GHz.

TABLE III
COMPARISON OF THE PROPOSED SELF-DIPLEXING ANTENNA WITH REPORTED
SELF-DIPLEXING ANTENNAS

Ref This
oo [14] | 1151 | [16] | (170 | 119 | [20] | [21] | [22] | o
Size 0?) | 042 | 1.07 | 1.34 | 1.95 | 0.93 | 0.53 | 1.62 | 0.63 | 0.08
Frequency | 6.62/ | 6.44/ | 826/ | 5.2/ | 9.5/ |11.2/] 82/ | 9/ | 3.6/
(GHz) | 11.18 | 7.09 | 10.46| 5.8 | 10.5 | 123 | 10.6 | 11.2] 5.4
IS‘(’?];‘)"“ >293 [ >30 | 279 | 28 | 29 | >15 | >25 | 25 [>32.5
Gain 3.1/ | 3.56/ |6.97/]5.75/ | 5.8/ | 4/ 4.9/
@iy | 37| 48 | 524 | 62 | 595|585 | 43 | | 534
Circuit No No No No | No No No | No | Yes
Model

isolation. In addition, to the best of the authors’ knowledge,
this is the first self-diplexing antenna, where the EM model is
also validated using a reliable lumped element equivalent circuit
model.

IV. CONCLUSION

A highly compact QMSIW cavity backed self-diplexing an-
tenna is presented. The overall size of the proposed antenna
is 0.08k§. Compared to the conventional QMSIW cavity res-
onators, a size reduction of 41% is achieved by introducing
additional rectangular slots. The proposed dual-band antenna
operates at 3.6 and 5.4 GHz with gains of 4.9 and 5.34 dBi,
respectively. The resonant frequencies of the self-diplexing an-
tenna can be independently controlled by adjusting the lengths of
the rectangular slots. The radiation patterns of the antenna are
unidirectional with high FBR. Due to its compactness, planar
structure, high isolation, and independent resonance control,
this antenna is suitable to be integrated in low-cost, compact,
and planar RF components for modern wireless communication
applications.
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