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Abstract

In this paper, a substrate integrated waveguide (STW)-based circularly polarized
(CP) self-diplexing antenna is proposed and discussed. The proposed antenna
makes use of an elliptical slot in the metallic ground plane which is excited with

Correspondence the help of two separate microstrip feed lines, placed face-to-face with each
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other. This arrangement produces two different frequencies, centered around
21.70 and 27.10 GHz when separately excited by port-1 and port-2, respectively.
The CP operation in both frequency bands can be brought by rotating the
elliptical slot, which gives 3 dB axial-ratio bandwidth (ARBW) of 3.01% and
6.62% in lower and upper-frequency bands, respectively. A unidirectional radia-
tion pattern and a peak gain of 7.70 and 9.84 dBic are obtained in lower and
upper-frequency bands, respectively. The radiation efficiency of more than 80%
in both the operating frequency bands has been achieved. The behavior of the
cavity modes is explained using an equivalent circuit model. The proposed
antenna has been fabricated and the measured results are experimentally
verified with the simulated ones. The attractive features such as low profile and
low weight make the proposed SIW antenna suitable for satellite and

millimeter-wave 5G applications.
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1 | INTRODUCTION

Waveguides are used to transfer electromagnetic energy
from one point to another with negligible losses. How-
ever, such structures are rigid and are always not desir-
able, and require high precision manufacturing devices.'
Hence, the concept of substrate integrated waveguide
(SIW) has, therefore, been introduced*® which has
emerged as one of the versatile and promising candidates

Abbreviations: ARBW, axial-ratio bandwidth; CP, circularly polarized;
LP, linearly polarized; SIW, substrate integrated waveguide.

in providing multiband/wideband antenna structures
along with high gain.*> They possess advantages for both
cavity-backed (high gain/directivity levels and unidirec-
tional radiation patterns) and planar antenna (easy fabri-
cation and low profile).

Recently, dual-band SIW cavity backed antennas have
gained attention from antenna researchers as only a sin-
gle antenna can be used instead of two different ones for
supporting two different frequency bands.® The circular
polarization (CP) operation is also equally important as it
eliminates the need of line-of-sight alignment of trans-
mitter and receiver antenna systems. Also, it helps in
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combating multipath-fading, and polarization mismatch
issues in a wireless scenario.” Dual-band antennas gener-
ally have poor isolation when connected to multiple
transceivers, which can be improved by using a diplexer.”
But the introduction of this extra circuitry will increase
the overall size and complexity of the antenna system.
Thus, self-diplexing feature, that is, where no additional
circuitry is used for multiple frequency operation was
introduced due to several attractive features such as less
complexity, low cost, compact size, and high isolation.’
Several possible SIW self-diplexing antenna candidates
were presented in References [10-25]. The SIW based
diplexers as discussed in References [10-17] are linearly
polarized (LP) with different slot shapes such as modified
U-slot,"®'! bowtie slot,'* two transversely placed rectan-
gular slots,"? rectangular ring slot,'* hemispherical cavity
with rectangular slot,’> half-mode SIW antenna with V-
shaped slot'® and plus-shaped slot'” are discussed.

On the other hand, the antenna structures presented
in References [18-25] are CP. In Reference [18], a dual-
band CP antenna having two annular exponential slots
having 3 dB axial-ratio bandwidth (ARBW) of 1.1% and
1.5% is presented. Another SIW based CP antenna, hav-
ing a cavity similar to Reference [18] (rather half-size)
with a spoon-shaped slot is discussed in Reference [19]
shows the ARBW of up to 2.8%. Both antenna struc-
tures, as discussed in References [18,19] applies
grounded coplanar waveguide (GCPW) operating in
dominating TMy;, mode. Another GCPW-fed antenna
structure having an octagonal slot and a similar para-
sitic patch is proposed in Reference [20] shows an
ARBW of 0.9% due to with chamfered corners at both
slot and parasitic patch. Another SIW based coaxial-fed
antenna discussed in Reference [21] where six elliptical
slots of different dimensions are used to introduce the
CP behavior. However, the ARBW of only 1.6% is
reported. A novel idea of using an elliptical SIW cavity
is explored in Reference [22] where the slot antenna
shows ARBW up to 0.44% with four different arc-shaped
slots. To improve the ARBW and gain,”® implement
complex additional circuitry such as quadruple ridge
waveguide polarizers for obtaining CP operation and
successfully achieved ARBW of 2.4%. Another coaxial
probe-fed antenna with a high gain of 26.8 dBic is
received in Reference [24] whereas an ARBW of the
only maximum up to 1.1% is reported when 8 x 16 array
is implemented. In Reference [25], SIW based CP
diplexer with modified cross-slot is discussed. Here, an
ARBW of 0.81% is obtained, and the structure was the
first CP self-diplexing antenna with SIW technology.

In this paper, a cavity backed SIW antenna capable of
supporting dual-band dual-sense CP operation is pro-
posed for satellite broadcasting and 5G applications. The

proposed antenna consists of a simple feeding network
and an elliptical slot of appropriate ground plane dimen-
sions. Further, this elliptical slot is rotated around its cen-
ter, which will eventually produce CP operation in both
frequency bands while maintaining the high isolation
between the input ports. The generation of the perturbed
cavity modes is also explained with the help of equivalent
circuit analysis.

2 | ANTENNA DESIGN

2.1 | SIW cavity design
The geometrical configuration of the proposed dual-
polarized SIW cavity-backed slot antenna is shown in
Figure 1 where a low loss Rogers RT/Duroid 5880 copper
laminated dielectric substrate material of permittivity
& = 2.2, loss tangent tan§ = 0.0008 and thickness
h = 0.787 mm is used. The proposed antenna consists of
a SIW cavity of dimension Lsrw X Wgw as a resonator
which is implemented using four rows of metallic vias of
diameter d;,, separated by the distance p.;, (or pitch) as
depicted in Figure 1A.

The value of d,;, and p,;, is chosen in such a way that
there will be minimum radiation loss and leakage of
energy and given by.*

Dyia

— <2 la
dvia ( )
dvia < %g (1b)

The relationship between the resonance frequency for
any TEny, of the SIW cavity formed by the metallic vias
and geometrical parameters related to the proposed
antenna dimensions can be calculated as follows.?’

et )+ () @ e

1 -ngxzzia 0. lpxzzia
dyia Wsiw/Lstw

Wett /Lett = Wstw /Lstw — (2b)

where the terms m, n, p are the modal indices. The
dimensions of the SIW cavity are chosen in such a way
that they support and keep the dominant TE;;, mode
within the upper 5G band. Two separate microstrip lines
having characteristic impedance of 50 Q are used for
excitation and make the connections of 50 Q SMA con-
nectors straightforward.
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FIGURE 1 Schematic of the o2
proposed antenna. (A) Top view Y ($=90°)
(B) Bottom view. Wpaten = 12, g
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FIGURE 2

(A) Sy, of the proposed antenna when excited separately with each port; surface current density at (B) 21.50 GHz and

(C) 28.05 GHz, when excited only with port-1 and port-2, respectively. f;, (=21.50 GHz) and f;; (=28.05 GHz) are the operating frequency

bands generated when excited either with port-1 or port-2, respectively.

An elliptical slot is etched in the metallic ground
plane at an offset distance of ds ( # LS%) from the center
as shown in Figure 1B. The asymmetric position of the
elliptical slot divides the whole SIW cavity into two
unequal parts. This will generate two different resonant
modes due to perturbed electric field (E’) when excited
separately with port-1 and 2 as shown in Figure 2A. The
frequency bands generated are centered around
21.50GHz (21.37-21.64GHz; 1.26%) and 28.05GHz
(27.42-28.63 GHz; 4.32%). The surface current distribu-
tion at 21.50 and 28.05 GHz frequency bands is shown in
Figure 2B,C, respectively.

Figure 2B shows the surface current which is mainly
concentrated in the upper-half of the SIW cavity while
excited with port-1 only. Similarly, when port-2 is
excited, the current density mainly concentrates only
around lower-half of the SIW cavity. The electric field
generated around the elliptical slot when excited either
with port-1 or port-2 are out-of-phase with each other
and hence, helps the proposed SIW cavity antenna to
radiate into the free space as a dual-port dual-band
antenna. The longitudinal placement of elliptical slot pre-
vents the spilling of electromagnetic waves from one port
to other. The negligible transmission (S;,/S,;) from one
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FIGURE 3 Plots of vector surface current density (A) wt = 0°,

(B) wt = 90° taken at 21.50 GHz and (C) wt = 0°, (b) wt = 90° taken
at 28.05 GHz when excited from port-1 and port-2, respectively.

port to other as depicted from Figure 2A (green dotted
line) enhances the isolation between them.

2.2 | Effect of elliptical slot

A rotated elliptical slot having semi-major axis ag, and
rotation angle @ is etched in the ground plane as shown
in Figure 1B due to which the SIW cavity is segmented
into two unequal resonators. The dual-frequency
(fvenddy corresponding to dominant TMS®™°4 mode of
an elliptical slot of given eccentricity and semi-major axis

is given by.*®

,odd
even,odd) _ 15 qtlﬂllen © (3)

11 -
Teslot Aslot &r

2
where ego(=1/1— (%) ) is the eccentricity of the ellip-
tical slot, by, is the semi-minor axis length, ¢}y is an
approximated Mathieu function which can be calculated

as follows.?

g5y = —0.0049¢40 + 3.7888¢€3,, — 0.7228¢3, + 2.2314¢]

slot slot

(4a)

g% = —0.0063eg0; + 3.8316€2, — 1.1351¢3) , + 5.2229¢%

slot slot

(4b)
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FIGURE 4
proposed SIW antenna

Polarization conversion ratio (PCR) for the

The elliptical slot present in the metallic ground
plane is rotated around its center (having rotation angle 8
as shown in Figure 1B) that generates two orthogonal
E-field vectors of almost equal amplitude and phase dif-
ference of 90° and hence CP operation is obtained. The
variation in distance d; and rotation angle € helps in
achieving wide axial-ratio bandwidth (ARBW) in both
lower and upper frequency bands. Figure 3 shows the
vector surface current distribution (7) at 21.50 and
28.05 GHz when excited from port-1 and port-2, respec-
tively. It is evident that the proposed antenna
shows RHCP behavior (clockwise movement of 7) when
excited with port-1 and LHCP when excited with port-2
(anticlockwise movement of j). Furthermore, the purity
of LHCP/RHCP behavior can also be confirmed from
polarization conversion ratio (PCR), which can be
defined as

PCR=13,/(13,+73,) (5)

— —
where ry=| E} / E, | and ry,=| E| / E} | represent the
ratio of E-field in y-to-x and y-to-y polarization conver-
sion, respectively.*® The magnitude of RHCP is remark-
ably higher than LHCP magnitude in lower frequency
band and that of LHCP than RHCP in upper frequency
band as shown in Figure 4.

3 | EQUIVALENT CIRCUIT MODEL

To understand the propagating modes within the SIW
cavity, the proposed antenna is analyzed with the help of
equivalent circuit model. A keysight advanced design sys-
tem (ADS) software is used to simulate and optimize the
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FIGURE 5
antenna for (A) lower and (B) higher resonant mode.
The modal parameters are n, = 18.29, Ccr, = 8.08 {F,
Rer, = 63 KQ, Loy, = 6.79 nH, ny = 25, C¢p, = 11 {F,
Rer, = 80.26 KQ, Lor, = 3.05 nH, and Ry, = 4.68 Q

Equivalent circuit model of the proposed

Excitation

port '::>

Excitation

port ==>

equivalent circuit of the proposed SIW cavity antenna.
The SIW cavity can be modeled as a parallel combination
of LCR resonant circuit corresponding to each propagat-
ing resonating mode.’’ Therefore, the frequency bands
generated around 21 and 28 GHz can be modeled as
three parallel LCR circuits where n,, Lcy, Ccp and Rep
corresponds to lower 21.50 GHz resonant mode while nyy,
Lcy, Cen, and Ry corresponds to higher 28.05 GHz fre-
quency bands as shown in Figure 5.

4 | PARAMETRIC STUDY

As discussed in previous sections, the resonating frequen-
cies obtained depend mainly on cavity and slot dimen-
sions. Also, slot position can also be changed to tune the
lower and upper frequencies (or fy/fi) and to obtain high
level of isolation between the input ports. Here, the effect
of distance ds, rotation angle # and slot dimensions in
terms of eccentricity e on antenna matching characteris-
tics is discussed.

COMPUTER-AIDED ENGINEERING

Coupling between feed-line
and SIW cavny mode

Ce

20.0 205 21.0 21.5 220 225 23.0 235 240
Frequency (GHz)

Coupling between feed-line ¢ "‘ ‘
and SIW cavity mode ' L ‘_
b e @

Re(Z,) &Im(Z,)

B 255 260 265 270 275 280 285 200 295
( ) Frequency (GHz)

4.1 | Effect of distance d,

Both lower and upper resonant frequencies of the pro-
posed antenna vary with the change in the position of
the slot position dg as shown in Figure 6A. It is observed
that the lower resonant frequency decreases from 22.06
to 21.50 GHz while upper resonant frequency increases
from 27.87 to 28.50 GHz with increase in distance d, from
3 to 6 mm. Correspondingly, the frequency ratio (:f}—‘:)
varies from 1.26 to 1.33 while maintaining a good level of
isolation (or S,; > 22 dB) between the input ports.

4.2 | Effect of rotation angle, 6 of
elliptical slot

The elliptical slot is rotated around its center in order to
bring the CP operation in the desired frequency bands. The
effect of rotation angle & on matching characteristics is
shown in Figure 6B. It is evident that as 8 goes from 0° to
60°, the lower and upper resonating frequencies shifts from
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FIGURE 6

matching characteristics

20.95 to 21.05 GHz and 27.10 to 28.35 GHz, respectively.
The percentage bandwidth in lower and upper frequency
bands shifts from 0% to 1.39% and 0.37% to 4.28% as 0 varies
from 0° to 45°. At & = 60°, the upper band splits into two
separate frequency bands, centered around 27.40 and
28.35 GHz whereas lower frequency bands shifts to
21.05 GHz. The another effect of rotation angle # on axial
ratio is illustrated in Figure 6C. At 8 = 0°, no CP operation
is seen in both upper and lower frequency bands. As 6
approaches to 15°, CP in only upper resonating frequency
(around 27.2 GHz) is seen as depicted from Figure 6C. For
further increase in 6, the maximum ARBW of 3.01% and
6.62% for lower and upper frequency bands, respectively, is
reported at @ = 45°. As @ reaches to 60°, the ARBW goes
down to 2.73% and no CP operation is seen beyond 60°.

4.3 | Effect of eccentricity, e of
elliptical slot

The effect of eccentricity e of the elliptical slot on match-
ing characteristics is shown in Figure 6D. It is observed
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Effect of (A) distance dg, (B) rotation angle 6 with S;;, (C) rotation angle 6 with AR and (D) eccentricity of elliptical slot on

that the effect of e is negligible on lower frequency band
whereas the upper frequency band divides into two as
e goes from 0.25 to 0.45 (or becomes more like a circle).

5 | EXPERIMENTAL RESULTS
AND DISCUSSION

5.1 | Matching characteristics

The photograph of the fabricated prototype (front side,
back side and having the SMA connectors while testing)
of the proposed SIW cavity antenna is shown in
Figure 7A. The Keysight N9951A FieldFox Microwave
Analyzer is used to measure all S-parameters of the pro-
posed antenna. The comparison of the simulated and
measured S-parameters of the proposed antenna is illus-
trated in Figure 7B. The measured results show that the
proposed antenna supports two different frequency
bands, that is, within 21.38-21.92 GHz (2.49%) and
26.68-27.58 GHz (3.32%) frequency bands, S;; is
below —10 dB.
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Back side

Front side

Proposed antenna while testing
(50Q connectors on both sides)

(A)

FIGURE 7

COMPUTER-AIDED ENGINEERING
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(A) Fabricated version of the proposed SIW antenna and (B) simulated S;;, Sy, and S1,/S,; of the proposed SIW antenna.

(i) Solid blue line: simulated S;; when only port-1 is ON; (ii) solid green line: simulated S;; when only port-2 is ON; (iii) solid violet line:

simulated S1,/S,1; (iv) orange dotted line: measured S;,/S,1; (v) red dotted line: measured S;; when either port is ON.

FIGURE 8 (A) Proposed SIW
cavity-backed antenna inside
anechoic chamber during gain/
efficiency and radiation pattern
measurement; simulated/measured
and (B) gain/radiation efficiency

5.2 | Gain, efficiency, and radiation
pattern characteristics

The measurements related to gain, efficiency and radiation
pattern are performed inside the properly calibrated
anechoic chamber where a horn antenna of known gain is
placed at a distance of 8.1 m away from the proposed
antenna (whose gain/radiation pattern has to be measured).
The measurement setup for the same is shown in Figure 8A.

The peak gain and efficiency are measured for the
given operating frequency band against frequency at
6 = ¢ = 0 as shown in Figure 8B. The peak gain varies
from 5.69 to 7.70 dBic with an average gain of 6.69 dBic
within the lower operating frequency band. Also, the
peak gain varies from 7.88 to 9.84 dBic with an average
gain of 8.77 dBic within the upper operating frequency
range. Figure 8B also shows the radiation efficiency of
the proposed wide-slot antenna. It is seen that the radia-
tion efficiency at @ = ¢ = 0 varies from 70.37% to 97.49%
and 82.16% to 95.19% within the lower and upper operat-
ing frequency range, respectively. The average radiation
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® Measured Efficiency
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oo b 70

T T T T
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(B)

Radiation Efficiency (%)

efficiency within lower and upper operating frequency
range is 82.95% and 87.62%, respectively.

The radiation patterns of the proposed antenna in YZ-
plane (¢ = 0) and XZ-plane (¢ = 90°) at 21.70 and
27.10 GHz (resonating frequencies of lower and upper fre-
quency bands) are plotted in Figure 9. It is evident from
Figure 9 that measured results are in good agreement with
corresponding simulated patterns. A small inconsistency
in both the results due to fabrication imperfection may be
attributed. It is also observed that an isolation of >22 dB
in both frequency bands is obtained. The measured cross-
polarization is about (38, 40dB) in YZ-plane and
(31, 38dB) in XZ-plane at the frequencies 21.70 and
27.10 GHz, respectively. The front-to-back ratio (FTBR) in
all cases is better than 15 dB.

5.3 | Axial-ratio versus frequency

The measured 3-dB ARBW for both the frequency
bands of the proposed SIW cavity antenna is about
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FIGURE 10 Simulated versus measured axial-ratio of the

proposed antenna

650 MHz (21.25-21.90 GHz) and 1850 MHz (27-
28.85 GHz) at # = ¢ = 0 is shown in Figure 10. The
measured percentage ARBW for both frequency bands
is 3.01% and 6.62% which lies slightly out of the mea-
sured operating frequency range. The minimum axial
ratio of 0.02 and 0.52 dB at 21.5 and 27.80 GHz, respec-
tively, is obtained.

FIGURE 9 Simulated and measured
radiation patterns (A) ¢ =0, (B) ¢ = 90°
at 21.70 GHz when excited with port-1
only; (C) ¢ =0, (D) ¢ =90 at

27.10 GHz when excited with port-2 only

6 | COMPARISON ANALYSIS

Table 1 shows the comparison of the proposed dual-band
dual-sense CP SIW antenna with other reported SIW
based diplexers and CP antenna structures. The main
contributions of the proposed work along with its com-
parison with existing antenna structures as discussed in
this paper are as follows:

6.1 | Linearly polarized SIW diplexers

1. Comparison in terms of size: The proposed antenna
possesses more compact physical dimensions as com-
pared to antenna structures reported in References
[10-17]. This is achieved due to the perturbation of
dominant TE;;o and hybrid mode generated due to
merging of TE,3, and TE3;o modes. These degenerated
modes arise due to loading of elliptical slot on the
SIW cavity.

2. Comparison in terms of impedance bandwidth: The
proposed antenna has highest 10 dB impedance band-
width (IBW) among SIW based diplexers reported in
References [10-17] except [11]. However, the peak
gain and maximum radiation efficiency of the pro-
posed antenna is about 4.29dB and 33.49%,
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respectively, better than the antenna structure
reported in Reference [11].

3. Overall advantage: The proposed antenna exhibits
self-diplexing mechanism along with flexibility in tun-
ing frequency ratio from 1.26 to 1.33, compact size,
high gain, high isolation of more than 22 dB and
front-to-back ratio (FTBR) of more than 15 dB in both
frequency bands.

6.2 | Circularly polarized SIW antennas

1. The proposed antenna shows simple geometry,
high 10 dB IBW, compact size among the SIW
based antenna structures reported in Refer-
ences [18-25].

2. The 3 dB ARBW of the proposed antenna is also high-
est among the antennas discussed in Refer-
ences [18-25].

3. The proposed antenna shows both LHCP and RHCP
polarization states whereas the antenna structures
reported in References [18-23] either show LHCP or
RHCP polarization state.

4. Overall advantage: The proposed antenna is best
suited for 5G applications including 26.50-27.50 GHz
in Italy and Switzerland, 26 GHz in Germany and
France, 24.25-27.50 GHz in India. In 21.38-21.90 GHz
in amateur satellite, broadcasting, and Amateur radio
operators which includes terrestrial, satellites and
planetary communications.

7 | CONCLUSION

A compact self-diplexing circularly polarized (CP) SIW
antenna with an elliptical slot is presented. Initially, an
elliptical slot is etched in the metallic ground plane,
and its proper positioning (i.e., distance ds) helps in
achieving dual-band operation, that is, centered around
21 and 28 GHz. The rotation of the elliptical slot helps
in producing two orthogonal electric field vectors of
almost equal amplitude and phase difference of 90°,
thereby achieves CP operation in both frequency bands.
Proper tuning of elliptical slot dimensions and rotation
angle are the two factors that affect the 3 dB axial-ratio
bandwidth (ARBW) of the proposed antenna. Measured
results show that the proposed antenna exhibits dual-
band operation in 21.38-21.92 GHz (2.49%) and 26.68-
27.58 GHz (3.32%) along with corresponding ARBW of
21.25-21.90 GHz (3.01%) and 27-28.85 GHz (6.62%),
respectively. Due to the SIW cavity, the proposed
antenna shows a unidirectional radiation pattern with a
gain more than 5 dBic and isolation better than 22 dB

in both the frequency bands. This makes the proposed
antenna an attractive/suitable candidate for both satel-
lite broadcasting and 5G applications.
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