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ABSTRACT This work presents the design of a compact dual-port circularly polarized antenna based
on the new coupler topology. The antenna can radiate a right-hand circular polarization (RHCP) in two
opposite directions depending on the input port. In the proposed structure, the radiating system has three
inverted F antennas connected to a 120◦ hybrid coupler. The modeling and design of the 5-ports hybrid
coupler are described and experimentally validated. The antenna prototype is fabricated using two 1.6mm-
thick low-cost FR4 Epoxy substrates assembled with metal wires, with a dimension of 80mm × 80mm
× 12mm (ka < 0.74). The proposed antenna provides the realized RHCP gain of 2.4 dBic and 1.8dBic
at 868 MHz for Port 1 and Port 2, respectively.

INDEX TERMS Circular polarization, coupler, antennas.

I. INTRODUCTION

IN IN the last decade, Low Power Wide Area Network
(LPWAN) technology came out as a perfect choice for

enabling longer-range connections thanks to its efficient
power consumption and low cost. The number of connected
objects is expected to reach 41.6 billion in 2025 [1] rais-
ing the challenge of massive connectivity at the heart of
the Internet of Things (IoT) paradigm. The compactness
and antenna integration is also strong requirement for the
IoT terminal [2], especially when low-frequency bands like
868/915 MHz ISM are targeted. In several studies, the cir-
cularly polarized (CP) antennas are mentioned to reduce the
dependence on the device orientation and improve the com-
munication quality [3] needed for LP-WAN applications.
In addition, multi-port antenna with orthogonal radiation
patterns are needed for Multiple Input Multiple Output
(MIMO) communications [4]. Designing an antenna gath-
ering all the above criteria is a considerable challenge.
Multi-port antennas with CP modes have been reported
using different technologies. Quadrature hybrid coupler is
a classical solution to provide a left and right-hand CP [5],
[6], [7]. A solution based on loading modified slot feed-
ing structure below a metasurface has shown a very low
profile structure [8]. A field transformation method with a

dual-linear feed patch was demonstrated with a wideband
axial ratio characteristic [9]. However, all these techniques
have a limitation on the total electrical size, which is large
with ka > 1 (k = 2π/λ0 and a is the radius of the
smallest sphere that completely encloses the entire antenna
system). Recently, Wu et al. [10] proposed an electrically
small Huygens dipole antenna with dual-port CP modes with
ka < 1. A complex feeding system using a complex eight
substrate layers structure is required, making this solution
not optimal for low-cost IoT applications.
Recently, the use of triple feed configuration with sequen-

tial phase shift using three miniature Inverted F Antenna to
generate CP has been studied and shown optimal proper-
ties for CP antenna miniaturization [11], [12]. Similarly
to a Huygens source, this triple feed configuration radi-
ates a right-hand CP pattern in only one hemisphere. In
case of terminal misalignment, the capability to radiate in
the opposite hemisphere would increase the robustness of
the communication link. In order to provide the capabil-
ity to radiate RHCP in two opposite directions, a triple
IFA structure should be fed in a clockwise or counter-
clockwise 120◦ sequentially phase shift. Hybrid microwave
couplers were introduced in the 1940s as a development of
hybrid coils [13]. This terminology refers to the component’s

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

792 VOLUME 4, 2023

HTTPS://ORCID.ORG/0000-0003-0039-6490


FIGURE 1. 120◦ ideal Hybrid coupler proposed circuit.

functionality, where the input signal from a particular port
is coupled to some ports and isolated from others. The
concept of 120◦ hybrid coupler has been proposed in the
optical domain based on the polarization splitter and rota-
tor [14]. The development at lower frequency has only
been reported in [15] to feed a patch antenna at 5.8GHz
without any description of the coupler. To the best of
our knowledge, the complete study and comprehensive
design of a 120◦ has never been considered in the open
literature.
This paper studies a 5 ports 120◦ hybrid coupler from the

theoretical transmission line topology to a practical imple-
mentation in Section II. In Section III, the 120◦ coupler
is then connected to a trifilar antenna structure resonat-
ing at 868 MHz to provide a dual-port antenna with the
capability to radiate an RHCP pattern in two opposite
directions. The prototyping and measurements are reported
in Section IV, and a comparison with state-of-the-art is
proposed in Section V.

II. DESIGN OF A 120◦ HYBRID COUPLER
A 120◦ coupler based on an ideal transmission line is shown
in Fig. 1. The circuit structure consists of five 50 � ports
and ten transmission lines. In general, it is designed to be
symmetrical about the vertical axis. The input signals from
Port 1 or Port 2 are divided into three paths to Port 3,
4, and 5 with an equi-amplitude level. Moreover, a 120◦
sequential phase shift clockwise (Port 1) or counterclockwise
(Port 2) is obtained among the three output ports depending
on the input port used. The optimized transmission lines
parameters (characteristic impedance and phase delay) have
been computed using ADS microwave simulator and are
given in Table 1.

The full S-parameters for Port 1 are presented with dB
scale value in Fig. 2. The transmitted phase value to Ports
3, 4, and 5 are presented in Fig. 3 from Port 1 and Port 2,
respectively. According to this result, the ideal S-matrix can
be extracted. As observed, Port 1 and 2 have an isolation

TABLE 1. 120◦ hybrid coupler transmission line parameters.

FIGURE 2. Simulated S-Parameters in dB scale for ideal 120◦ hybrid coupler with
normalized frequency.

higher than 30dB, and power is equally transferred to Port
3, 4, and 5 (−4.77dB coupling). A sequential 120◦ phase
shift is obtained clockwise (Port 1) and counterclockwise
(Port 2) as predicted.
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III. CIRCULAR POLARIZED DUAL-PORT ANTENNA
DESIGN
A. RADIATING STRUCTURE
In order to radiate a circularly polarized wave, the tri-fillar
structure presented in [12] is used. From the study [16],
it is possible to conclude that an 80 mm diameter and
12 mm height structure is providing a good trade-off between
compactness, isolation between antennas, and Right Hand
Circularly Polarized (RHCP) gain. The radiation structure
is composed of three identical radiating elements placed
around a central axis. The radiating structures are the
vertical Inverted F Antenna (IFA) built using two sub-
strates as shown in Fig. 4. The orientation of the IFA will
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FIGURE 3. Simulated S-Parameters phase for ideal 120◦ hybrid coupler.

FIGURE 4. Front and Top view of the three filar antenna structure.

define the direction of the current and the sense of cir-
cular polarization (left or right). For RHCP, IFAs have to
be wrapped around the ground plane as shown in Fig. 4.
In order to facilitate the prototype assembly, the ground
plane and antenna are printed on two 1.6 mm-thick sub-
strates (εr = 4.4) connected by vertical metal wires. The
antenna dimensions are optimized to obtain a −15 dB match-
ing at 868 MHz. With a clockwise equi-amplitude 120◦
feeding, the structure radiate a RHCP pattern toward +z
direction. In case of a counterclockwise equi-amplitude
120◦ feeding, the RHCP radiation is oriented toward
−z direction.
The feeding circuit is integrated within the antenna

structure in the next step.

FIGURE 5. Simplified structure of 120◦ Hybrid coupler circuit.

TABLE 2. Microstrip line width and length on a 1.6mm-thick substrate with εr = 4.4.

B. SIMPLIFIED IMPLEMENTATION OF A 120◦ COUPLER
In this section, the ideal 120◦ coupler circuit is modified to
be fabricated on a double-layer substrate using microstrip
lines. In order to simplify and avoid the crossing line: line
N◦6 is removed, and lines 3 and 7 are unified into a single
line as shown in Fig. 5. After optimizing the structure for
a 1.6mm-thick FR4 substrate (εr = 4.4 and tanδ = 0.02),
the width and length parameter for each line is given in
mm in Table 2. The simplified solution provides sufficient
matching and isolation (> 15dB) for proper operation.
The 120◦ coupler is implemented on an 80mm-diameter

disk, as shown in Fig. 6 to fit with the antenna system. The
lines are generally folded to keep them in a compact area.
Port 3, 4, 5 are evenly distributed 120◦ around the center of
the disk, to be easily connected with the radiating elements at
the top board via the metal wires. The structure is optimized
by using ANSYS Full-wave solver.
S-parameter results for the coupler are reported in Fig. 7

with a good agreement between simulation and measure-
ment. At 868 MHz, Port 1 reflection coefficient is lower
than −15 dB, and the isolation between Port 1 and Port 2
is lower than −17 dB. Moreover, the signal from Port 1
is almost evenly distributed to Port 3, 4, and 5, with the
insertion loss ranging from −5.2 dB to −5.6 dB. Besides,
the simulated and measured phases are presented in Fig. 8.
According to these results, the phase shifts between the ports
are about 122◦, 122◦, and 116◦ for Port 4 to Port 3, Port
3 to Port 5, and Port 5 to Port 4, respectively. Thanks to
the vertical symmetry, results for Port 2 are identical with
counterclockwise phase shift distribution.
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FIGURE 6. Top View of the feeding circuit with antennas.

FIGURE 7. Simulated and measured S-Parameters in dB scale for 120◦ hybrid
coupler.

C. DUAL-PORT RHCP ANTENNA STRUCTURE
After combining the 120◦ hybrid coupler with the radiating
elements, the final structure is shown in Fig. 9. Three IFA
feeds are connected with Port 3, 4, 5 using 1mm-thick metal
wires, while the shorts are directly soldered to the ground
at the bottom layer of the coupler board. Port 1 or 2 can be
used to feed the three IFA with clockwise or counterclock-
wise phase distribution. The simulated S-Parameter results
are reported in Fig.10. Reflection coefficient on Port 1 and
Port 2 and isolation among them are lower than –15 dB at
868 MHz.
The simulated radiation parameters versus frequency are

shown in Fig. 11 for Port 1 and Port 2. A peak direc-
tivity of 4.5 dBi is obtained at 868 MHz, which justifies
the wide angular beamwidth (110◦) compared with a patch
antenna. By feeding Port 1, the RHCP gain for θ = 0◦

FIGURE 8. Simulated and measured S-Parameters Phase for 120◦ hybrid coupler.

FIGURE 9. Dual-port RHCP antenna structure.

reach 2.5 dBic with an axial ratio lower than 1.4 dB at
868 MHz. The same RHCP gain is obtained by feed-
ing Port 2 in θ = 180◦ direction with a 0.4 dB axial
ratio. A total efficiency of 65% (−1.9 dB) is obtained at
868 MHz for both ports. As shown in Table 3, substrate
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FIGURE 10. Simulated and measured S-Parameter results of dual-port CP antenna.

FIGURE 11. Simulated peak directivity and gain, RHCP gain and axial ratio versus
frequency for Port 1 and 2.

TABLE 3. Effect of substrate tanδ on antenna performances at 868MHz.

dielectric loss has a large impact on antenna performance.
Total efficiency is reduced by more than 1dB if a low-
cost FR4 substrate (tanδ = 0.02) is used in place of
a low-loss substrate with equivalent permittivity (tanδ =
0.005). Simulated radiation patterns at 868 MHz show a
123◦ beamwidth in θ = 0◦ direction for Port 1 (Fig. 14(a)
and 122◦ beamwidth in θ = 180◦ direction for Port 2
(Fig. 14(b).

IV. PROTOTYPING AND MEASUREMENTS
A. PROTOTYPE FABRICATION
The proposed concept is fabricated on a 1.6mm-thick FR4
Epoxy with the εr = 4.4 and tanδ = 0.02. The FR4 higher

FIGURE 12. Prototype front and back view.

loss substrate is selected with the knowledge of the facts,
in order to meet the low-cost IoT requirement. The two
substrates are assembled by soldering six 1mm-thick copper
wires, making the structure mechanically robust. A picture of
the front and back view of the proposed antenna is shown
in Fig. 12. The blue solder mask was removed above the
coupler copper trace for aesthetic reasons. Two SMA con-
nectors are soldered on the bottom layer with the signal pin
connected to Port 1 and Port 2, respectively.

B. ANTENNA MEASUREMENTS
The S parameters of the prototype are measured and com-
pared with the simulation results in Fig. 10. It shows a
fair agreement considering the complexity of the struc-
ture. Considering a −10 dB reflection coefficient and
isolation criteria, the proposed antenna has a 29 MHz
impedance bandwidth from 848 MHz to 877 MHz. The iso-
lation between Port 1 and Port 2 is better than −17 dB
at 868 MHz.
The radiation pattern characteristics are measured with

a near-field Satimo StarLab station with ferrite beads con-
nected to the feeding cable in order to limit the current
flowing on the cable shield. Port 1 and Port 2 are measured
independently with the second port loaded with 50 Ohm. The
measured results versus frequency are presented in Fig. 13.
The antenna has a total efficiency of −1.98dB for port 1 and
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TABLE 4. Comparison of the dual port CP antennas reported in the literature.

FIGURE 13. Measured total efficiency, total IEEE gain, RHCP gain, and axial ratio
versus Frequency for Port 1 and 2.

−2.64dB at 868 MHz. The lower performance on port 2 can
be explained by the connector and cable effect. As shown
in Fig. 12, the RHCP pattern is oriented in the direction of
the SMA connectors.
Using Port 1, the prototype radiates a 2.4dBic RHCP gain

at 868 MHz in θ = 0◦ direction with a 1.4 dB axial ratio.
With Port 2, a 1.8 dBic RHCP gain is measured in θ = 180◦
with an axial ratio of 1.1 dB.
Finally, the radiation patterns at 868 MHz are presented

for Port 1 on Fig. 14(a) and Port 2 on Fig. 14(b). It confirms
that a 120 ◦ −3dB RHCP beamwidth is obtained for Port 1.
At Port 2, a –3dB RHCP beamwidth of 87 ◦ is measured.
The decrease can be attributed to the effect of connectors
and measurement cables.

V. COMPARISON WITH STATE OF THE ART AND
CONCLUSION
In this paper, a 120◦ hybrid coupler has been successfully
analyzed, designed, and measured. A comparison with simi-
lar works is reported in the literature and is shown in Table 4.
The proposed work is much smaller than [6], [8] and provide
better performance in terms of realized gain (RG), fractional
bandwidth (FBW), front-to-back ratio (FTBW) and isolation
compared to [10] for similar size. It can also be noted that the
structure is realized using a higher loss substrate compared
with SoA. The dual-radiation RHCP pattern using 120◦ cou-
pler has been demonstrated and confirmed the effectiveness
of such approach for antenna miniaturization on low-cost

FIGURE 14. Simulated and measured radiation pattern at 868 MHz using (a) Port 1
with Port 2 matched (b) Port 2 with Port 1 matched.

FR4 substrate. With 63% of total efficiency at 868 MHz,
the proposed structure is suitable for LPWAN application.
In the future, the ideal 120◦ coupler can be implemented
on a multi-layer PCB in order to optimize matching and
isolation.
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