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Abstract — This work proposes a spiral filter-based
diplexer antenna for dual-band full-duplex 5G appli-
cation in C-band. The shared radiator is formed by
a cross-shape Yagi-Uda antenna. The dual-band full-
duplex characteristic is obtained by applying a diplexer
with two different band-stop filters (BSFs) based on
a high-order rectangular spiral-shaped open-stub filter.
The proposed diplexer antenna is suitable for mod-
ern 5G full-duplex communication system applications
with a small frequency ratio and high isolation between
two ports by applying a Wilkinson power divider. The
diplexer antenna is designed, fabricated, and measured,
showing good performance of channel isolations of 27
dB/23 dB and the antenna gain of 4.7 dBi/4.2 dBi at two
operation bands from 3.56 GHz to 3.68 GHz and from
3.72 GHz to 3.83 GHz covering the required 100 MHz
maximum bandwidth in C-band while its frequency ratio
is only 1.04.

Index Terms — Bandstop filter, diplexer antenna, dual-
band antenna, full duplex, small frequency ratio.

L. INTRODUCTION

Full-duplex communication allows a device to trans-
mit and receive signals at the same time. It can poten-
tially increase capacity of the system and contribute to
minimize the latency [1]. In the terminal devices, the
full-duplex antenna enables transmitting and receiving
signals using a shared radiator-based antenna. However,
the main challenge in the full-duplex antenna is the inter-
ference between the transmitter (TX) and receiver (Rx)
when they operate at the same time on the same fre-
quency band or close frequency bands [2, 3]]. It has
been receiving many studies to solve this problem [4}-
9]]. In [4]], a duplexing antenna is developed and denoted
based on a dual-band slot antenna. The bandwidths are
6.2% and 11%, with a frequency ratio of 1.48, defined

Submitted On: October 9, 2023
Accepted On: February 7, 2024

by the high band’s center frequency divided by the low
band’s center frequency. The isolation between Tx and
Rx is higher than 20 dB. A dual-port dual-band antenna
with an integrated duplexer and filter working at 4.3
GHz and 6 GHz was proposed in [5]. The proposed
antenna showed a high isolation of 30 dB with a fre-
quency ratio of 1.39. However, it required three sub-
strates, leading to a complex design process. In [6],
the dual-band patch antenna is achieved by coupling a
square patch with a hairpin resonator through a slot in
the ground, and the frequency ratio is just 1.14. How-
ever, these structures are complex, with high insertion
loss because they used the resonators for higher-order
filters. In addition, multi-substrates lead to high-cost fab-
rication processes. In [8], a highly integrated dual-band
duplex antenna for the base station was proposed using a
cross-dipole antenna. The diplexer with a band-pass fil-
ter was integrated with a balun, which coupled a quarter-
wavelength resonator operating at 3.5 GHz and 4.9 GHz,
respectively. However, the isolation between two fre-
quency bands is just 20 dB with a frequency ratio of 1.4.
In [9], a low-profile single-layer duplex-filter antenna
using a SIW-based cavity resonator was presented. Dual-
band characteristics can be controlled by the slot-cum-
loaded vias that half-mode SIW realized. Although it
realized a small frequency ratio of 1.08, the isolation is
just 21 dB. In most existing literature, the antenna and
diplexer are integrated into a single inseparable module,
namely a duplex antenna for more compact with small
dimensions and high selectivity [5 16, 10l [11]. However,
they use high-cost substrates and multi-layers. Besides,
these structures are more suitable for patch antenna
applications.

One band that has proven particularly highly con-
tested is the C-band, parts of which have been iden-
tified by the International Telecommunications Union
for International Mobile Telecommunications (IMT)
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services, more commonly called 5G in the 3.6 GHz band
and fixed satellite service (FSS) earth stations operating
in an adjacent frequency band of 3.8 GHz [12]|. These
two close bands may cause significant interference in
designing a dual-band antenna for C-band full-duplex
applications.

To overcome all these limitations, in this work, we
propose a novel planar diplexer antenna with a minimal
frequency ratio of 1.04 for dual-band full-duplex applica-
tion in C-band. The diplexer antenna combines a diplexer
and a wideband antenna element in a single layer for low-
cost fabrication. Firstly, we design a wideband dipole
antenna. Then, a diplexer is proposed using a Wilkin-
son power divider with two high-order spiral open stub
filters to obtain high isolation between two close fre-
quency bands. Note that using a diplexer will decrease
the operating bandwidth, but the proposed antenna still
covers the required 100 MHz bandwidth in C-band [13].
The contribution of the proposed work is as follows: (i)
The Tx and Rx channels share a single Yagi-Uda antenna
structure, making them more compact and flatter than
separate radiation parts. (ii) The bent diplexer is pre-
sented with a compact size, adjustable frequency ratio by
changing the stub length, and high Tx/Rx isolation. To
the best of our knowledge, no dual-band antenna struc-
ture for complete duplex application in the open litera-
ture has a smaller frequency ratio than this work.

II. DIPLEXER ANTENNA DESIGN

A. Antenna element design

The initial dipole antenna is designed at the cen-
tral frequency of 3.7 GHz, as antenna 1 in Fig. [T} The
antenna evolution using V-arms dipole is shown in Fig. [T}
To extend the bandwidth, the second dipole is added
and rotated at an angle of 90" with the first two arms
of the initial dipole, namely V-arms. The proposed V-
arms-shaped dipole antenna uses an integrated J-shaped
balun. The gap between the two lines and the length of
the balun’s shorted line are critical factors in adjusting
impedance matching between a V-arms-shaped dipole
and a J-shaped balun as antenna 3.

Antenna 1: Simple dipole | Antenna 2: Half V-arm
dipole

Fig. 1. Evaluation process of the antenna design.

Antenna 3:V-arm dipole

The bandwidth expansion ability of the proposed
structure is described through the reflection coefficient

NGUYEN, DO, HOANG, NGUYEN, LE: DIPLEXER ANTENNA FOR 5G FULL-DUPLEX APPLICATION

P a—

N Yo'l
Vi

o -20

2

= -25

[0}
-30
.35 - = Simple dipole

Half V-arm dipole

-40 - —\/-arm dipole

1
T T T T T T T
32 3.4 36 38 4.0 4.2 4.4

Frequency(GHz)

Fig. 2. Simulated S11 of three design steps.

Fig. 3. Electric field distribution of the proposed antenna
at the metal-dielectric interface: (a) 3.5 GHz and (b) 3.9
GHz.

in Fig. [2| As can be seen, the bandwidth increases 10%
from 13.2% to 23.2%.

As shown in Fig. 3] the E-Field of the lower band is
mostly determined by the two upper arms and the lower
right arm. On the other hand, the E-Field distribution of
higher frequencies is mainly created by the left V-arm
and the gap between two V-arms.

To enhance the antenna’s gain up to 6 dBi, two
directors are placed above the V-arms according to
the Yagi-Uda antenna principle. The geometry of the
printed dipole antenna using Roger 4003C substrate
(h=0.8 mm, &= 3.55, and tand = 0.0027) is shown in
Fig. @] Figure [5] (a) shows the simulated and measured
results of the proposed printed V-arms dipole antenna
and the gain simulation and measured result. It was
found that there is an agreement between the simu-
lated and the measured reflection coefficient. The simu-
lated bandwidth of the proposed V-arms shaped dipole is
17.7% (3.45-4.12 GHz), and the measured result is 19%
(3.41-4.13 GHz), respectively, fully cover the sub-6 5G
frequencies band. The simulated gain of the proposed
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Fig. 5. (a) The simulated and measured S11 result of a V-
arms dipole antenna and antenna gain and (b) radiation
pattern at 3.7 GHz.

antenna is 5.64-6.64 dBi, while the measured value is
4.9-6 dBi over the operating bandwidth. The simulated
radiation pattern is well matched with the measured one
at the center frequency of 3.7 GHz, which indicates a
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directional radiation like a traditional Yagi Uda antenna,
as in Fig. [5] (b). The half-power beam widths (HPBWs)
are 122 and 75 in the E- and H-plane, respectively.

B. Diplexer design

A diplexer typically comprises two microwave
bandpass filters (BPFs) at distinct center frequencies, and
it was studied in the early 1960s by Matthaei et al. [14].
The desired diplexers are compact, low-cost, high iso-
lation, planar and easily integrated into transceiver cir-
cuits [ISH19]. In [15], a hairpin line diplexer with two
wideband band-pass filters and high isolation was pro-
posed. It comprises a T-junction connecting with two
Sth-order hairpin line wideband band-pass filters oper-
ating at two bands of 3.1-4.9 GHz and 6.2-9.7 GHz.
However, the isolation between the two channels is just
20 dB and poor S11 of -10 dB in the lower band. The
hairpin line diplexer has considerable size and complex-
ity limitations in design. In [17], a novel diplexer was
proposed, which comprises two pairs of open-loop ring
resonators with different resonant frequencies to couple
with three microstrip lines of different lengths. However,
its insertion loss is 2.73/3.68 dB, leading to low diplexer
efficiency. Although numerous diplexers have been pro-
posed, most focus on a large frequency ratio. However,
for most modern 5G terminal devices, the TX and RX
bands are incredibly close to each other. Thus, high iso-
lation is challenging. This section proposes a compact,
simple, high isolation design with a frequency ratio of
nearly 1.0.

The proposed diplexer consists of two spiral-shaped
filters working at two center frequencies of 3.6 GHz and
3.8 GHz, as shown in Fig. |§| (a). Because these two fre-
quencies are close, applying BSFs instead of band-pass
filters is more appropriate. The desired diplexer requires
two narrow-operating bands to let the 3.6 GHz center fre-
quency pass through and block the 3.8 GHz frequency
and vice versa to other ports. Therefore, we use two high-
order rectangular spiral-shaped open stubs for BSFs. The
equivalent circuit of BSFs is shown in Fig. [6] (b). The
open stub is equivalent to a serial L;—Cj circuit. Ly and
C, represent the inductance and the capacitance of the
open stub, respectively. The ohmic loss is represented
by a serial resistor R; that is inserted next to the induc-
tor since the conductive material is non-ideal. The center
stop-band frequencies f, are calculated by the inductor
and the capacitor of the open stub, which can be adjusted
by stub length. When the size of the open stub increases,
the inductance L and the capacitance Cs become larger,
resulting in a decrease in f,. The stub width is an essen-
tial factor to adjust the impedance matching of Port 3’ to
Port 3.

BSF is formed by L,= (2n+1)A,/4 open stub hav-
ing narrow bandwidth and excellent selectivity (L), is
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Fig. 6. (a) Proposed diplexer (all dimensions are in mm)
and (b) equivalent circuit of an m-order rectangular spiral
shape open-stub.

the stub length). The filter’s bandwidth can be obtained
as follows [20]:
Af 1

Bw_fs_2n+1’ M
where A, is the wavelength of the stopband f; in the
dielectric substrate. n is a natural number represent-
ing the filter level. When n gets higher, the bandwidth
becomes narrower. The stub length is carefully chosen
depending on n and A,. To the best transmittance of f;,
the desired transmission frequency, and the best reflec-
tion of the stopband f; the best chosen 7 is calculated as

follows:

n=1<fs+f‘ —1). )
4\ Ifs—fil

The operating frequency of the diplexer depends on
n, as shown in Fig. m For instance, if the blocked fre-
quency is 3.6 GHz and the desired transmission fre-
quency is 3.2 GHz, n and the stub length, according to (2)
will be 4 and 91 /4 for the best performance (as shown
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Fig. 7. Simulated S-parameters of diplexer at different
values of n: (a) S11 and (b) S21.

in Fig.[d solid black line). This type of diplexer can con-
trol the frequency ratio between f; and f;, even if the fre-
quency ratio is very close to 1, and it can be suitable for
controllable dual-band transceiver or dual-band antenna
applications and full-duplex applications. In this work,
the diplexer operates at 3.6 GHz and 3.8 GHz, so n is
selected as 9 and each stub length is chosen Ly,= 194,/4
for the best selectivity and rejection. With two long stubs,
the overall size of the diplexer is bulky. It is crucial to
miniaturize the stub size for a more compact diplexer.

Many previous works proposed various methods to
miniaturize the size of the RF circuit [22]]. In this
work, to reduce the total size, we proposed a bending
method to turn the stubs into a rectangular spiral shape,
as shown in Fig.[3] (a). The length of the rectangular spi-
ral stub is calculated based on the arithmetic progression
as follows:

Lyp = 8md + 4m*w + 4m(m — 1)gap, 3)
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where m is the number of turns, w is the width of the
stub, and gap is the distance of two turns. d is the length
of starting coil as shown in Fig. |§| (a).

The dimensions of the rectangular stub are cho-
sen with m= 4 for compactness and good matching. w,
d, and gap are optimized by numerical optimization.
After completing the design of two filters based on 4-
order open spiral stubs, they are connected to the V-
arms dipole antenna through a Wilkinson power divider
to form a diplexer. A Wilkinson power divider whose
resistor is 100Q2 is used to enhance the isolation between
two ports. As shown in Fig. [f](a), a diplexer prototype is
fabricated with the dimension of 1.3A¢x 1.94¢ which is
19 times smaller than the original stubs, where A is the
wavelength of the center frequency in the substrate.

Figure [§] illustrates the simulated and measured S-
parameters of the proposed diplexer. The diplexer shows
a good filtering performance in the operating frequency
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Fig. 8. Simulated and measured S-parameters of the pro-
posed diplexer: (a) S12 and S13 and (b) S23.
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bands. Port 2 shows the S21 at 3.6 GHz with -20 dB and
3.8 GHz with -1.9 dB of insertion loss, whereas Port 3
shows the S31 at 3.8 GHz with -21 dB and 3.6 GHz
with -1.75 dB of insertion loss, respectively. The agree-
ment of the simulation and measurement indicates that
the diplexer has good band rejection and in-band trans-
mission, except for a little frequency shift due to the fab-
rication tolerances and soldering technique. It also has
good isolation of less than -20 dB in the 3.6-3.8 GHz
band. The highest isolation reaches -30 dB at 3.64 GHz
and -27 dB at 3.78 GHz. To our knowledge, this is
the first time a diplexer with a frequency ratio below
1.05 has been proposed. The above results prove that
the diplexer has a good performance and is suitable for
full-duplex applications with two close frequency bands.
The diplexer and antenna are then integrated to form the
diplexer antenna. Because the bandwidth of the V-arms
dipole antenna fully covers the bandwidth of the pro-
posed diplexer, the proposed antenna has no extra 50 Q
connector or transmission line, which avoids additional
insertion loss due to the imperfect connection, as shown

in Fig.

|
Bottom view

Top view

Fig. 9. Fabricated proposed antenna.

III. RESULTS AND DISCUSSION

Figure [I0] presents the simulated and measured S-
parameter of the proposed diplexer antenna. The antenna
has two operating bands excited by two corresponding
ports (or two channels). The measured results agree well
with the simulated results showing a bandwidth of 3%
(3.72-3.83 GHz) in measurement and 3.3% (3.78-3.86
GHz) in simulation for channel-1 and a bandwidth of
3.3% (3.563.68 GHz) in measurement and 3.3% (3.57-
3.7 GHz) in simulation for channel-2, covering the C-
band for 5G and satellites, respectively. The achieved
frequency ratio is 1.04. The two operating bandwidths
are narrow because of two BSFs with higher order mode
according to equation (1).



NGUYEN, DO, HOANG, NGUYEN, LE:

)
RS
o
(0]
€
©
8_30_ ——S11, simulation |
%) —---S11, measurement :
— S22, simulation |
—---522, measurement .
-40 I } — :
34 3.6 3.8 4.0 4.2
Frequency(GHz)
0
-104
A-ZO—
m
3-30—
N
) -40
-50+ —— S21 Simulation
60 ---- 821 Measurement
30 32 34 36 38 40 42 44
Frequency(GHz)
(b)

Fig. 10. Simulated and measured S-parameter of the
diplexer antenna: (a) S11 and S22 and (b) S21.

As shown in Fig. @ (b), the antenna exhibits
high isolation with the measured S21 up to -27 dB at
3.61 GHz and -23 dB at 3.8 GHz. It also has good isola-
tion of less than -20 dB in the operation band. Figure[T1]
shows the radiation patterns at 3.6 GHz and 3.8 GHz
with a good agreement between simulation and measure-
ment. At 3.6 GHz, the half-power beam widths (HPBWs)
are 125" and 55 in the E-plane and H-plane, respec-
tively. The patterns also maintain slightly similar shapes
within the operating bandwidth, when HPBWs of 72°
and 65 are yielded at 3.8 GHz.

To provide a clearer understanding of the ability of
frequency selectivity in two adjacent frequency bands of
the antenna, the antenna gain is simulated and measured,
as shown in Fig. [T2] The results show that the antenna
maintains high gains in the transmission bands and
achieves near-null radiation at the stopbands. Although
the gain of the diplexer antenna decreases compared
to the antenna element, it maintains a small difference
between the measured gain of 4.2-4.7 dBi and the simu-
lated gain of 4.6-5.7 dBi.

DIPLEXER ANTENNA FOR 5G FULL-DUPLEX APPLICATION

Fig. 11. Simulated and measured radiation pattern of
diplexer antenna: (a) 3.6 GHz and (b) 3.8 GHz..
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Fig. 12. Simulated and measured gain of proposed
diplexer antenna.

The related diplexer antennas are summarized in
Table[T] In [4], the proposed duplexing antenna has high
gain and compact compared to other works, but a high
frequency ratio (FR) and lower isolation are reported.
[6, [7]] proposed a compact duplexing antenna and low
frequency ratio, but using a two-layer substrate can lead
to a high-cost and complex fabrication process. In addi-
tion, the proposed antenna in [6] can change the fre-
quency ratio by modifying the foam thickness between
two substrates, which results in a bulky system if the
frequency ratio comes to 1. In [9]], a low-profile single-
layered duplex-filtenna scheme was proposed by using
two feeds, and a common substrate integrated waveg-
uide (SIW) cavity. Although the antenna used a high-
cost substrate and SIW technique, the proposed antenna
has the same results as our proposed antenna. Compared
with the related works, the proposed solution is signif-
icant in terms of high isolation at the lowest frequency
ratio (1.04). Note that the smaller the frequency ratio, the
more challenged the high isolation level. Our diplexer
antenna uses a single layer of Roger 4003C substrate,
which is low-cost for fabrication, while all related works
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Table 1: Comparison between this work and related
works

Ref. | Freq./FR Subs. Gain Iso.
[4] 3.5/5.2, RT/Duroid |4.67/6.3| 20.3
1.48 5880 single
[6] | 1.8/2.045, | Roger 4003C | 7/7.2 21/35
1.14 double
[71 | 4.1/4.9, RT/Duroid | 4.3/4.8 | 25/23
1.19 5880 double
[O] | 8.75/9.4, RT/Duroid | 4.48/4.6 |21.5/29.7
1.08 5880 single
This | 3.6/3.8, | Roger4003C | 4.6/4.1 | 27/23
work 1.04 Single

use double layers or a high-cost substrate of Duroid
5880. Moreover, the proposed diplexer can easily change
the frequency ratio by modifying the stub length. In addi-
tion, the two ports are close to each other and enable easy
connection to the transceiver in most terminal devices.

IV. CONCLUSION

In this paper, we propose a spiral filter-based
diplexer antenna with low-cost, small frequency ratio,
high isolation, and high selectivity advantages. The dual-
band characteristics with a frequency ratio of 1.04 are
achieved using a single printed V-arms dipole antenna
integrated with the diplexer based on high-order rect-
angular spiral-shaped open-stub filters. The proposed
diplexer exhibits good filtering performance, which
could be used in an integrated RF front-end with reduced
complexity, cost, and size with a small and flexible fre-
quency ratio. By changing the length of the stub, the fre-
quency ratio of the diplexer and the proposed antenna is
easily adjustable, and the bandwidth of the in-band fre-
quency selectivity and out-of-band rejection is adjusted.
In addition, our proposed model may find potential uses
in C-band full-duplex applications for 5G and satellites.
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