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Abstract — In this paper, an electronically continuous
tunable phased array antenna is proposed, which inte-
grates a 1-port to 4-ports unequal power divider, four
electronically continuous tunable phase shifters, and a
4 % 3 right hand circularly polarized patch array antenna.
The unequal power divider is designed with a power
ratio of 1:2.25:2.25:1 to achieve a side-lobe level sup-
pression of 20 dB. The phase shifters provide elec-
tronically linear and continuously tunable phase control
within £180°. Their phase difference can be easily
controlled by adjusting the direct current voltage. The
array antenna consists of 12 hexagon patches, providing
right hand circular polarization within the operating
bandwidth and achieving a high gain of 13.68 dB. Fur-
thermore, the proposed phased array antenna is capable
of continuously steering the main beam over a range
of —50° to 55° in the Y-Z plane at 3 GHz. Finally,
the measurement results show good agreement with the
simulations, confirming that the proposed electronically
continuous tunable phased array antenna exhibits excel-
lent performance.

Index Terms — Circularly polarized, phased array
antenna, right hand circular polarization (RHCP), side
lobe level (SSL), unequal power divider.

I. INTRODUCTION

Phased array antennas have become indispensable
in modern wireless communication and radar systems
due to their capability of electronically steering beams
without physically moving the antenna structure. Com-
pared to conventional antennas, phased arrays provide
advantages such as high gain, adaptive beam steering,
and robustness against interference, making them suit-
able for applications ranging from satellite communica-
tions to 5G and beyond [1-3].

Beam steering in phased array antennas is typi-
cally achieved through phase shifters, which introduce
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relative phase differences between antenna elements [4].
Conventional phase shifters are often based on switched
networks or digital step tuning, which limit their phase
resolution and result in discrete steering angles [5].
A low-cost 4 x 4 Butler matrix-fed patch antenna array
for millimeter wave applications was proposed in [6].
This phased array is suitable for 5G mmWave appli-
cations; however, its beam steering relies on a four-
port Butler matrix network, which limits the steering
capability to only four discrete angles. Such a restric-
tion is insufficient for applications that require wide-
angle or continuous beam steering. These limitations can
degrade system performance, particularly in applications
that require continuous beam tracking and fine angular
resolution.

To overcome these challenges, researchers have
investigated continuously tunable phase shifters using
technologies such as ferroelectric materials [7]. How-
ever, these designs typically require high control volt-
ages of up to 150 V, which may pose safety risks and
increase the cost of associated equipment. Researchers
have also proposed using RF microelectromechanical
systems (MEMS) [8]. This approach enables smooth
and precise control of the antenna main beam, providing
enhanced flexibility and improved overall performance.
However, the complex structure and fabrication process
significantly increase cost. In [9], a similar MEMS-
based phase shifter was designed for beam steering.
However, it also required a relatively high control volt-
age of 125 V to produce phase differences, and the
resulting beam steering range was limited to about 10°,
which is insufficient for wide-angle applications.

In this work, we propose an electronically contin-
uous tunable phased array antenna that integrates an
unequal power divider, four continuously tunable phase
shifters, and a 4 x 3 circularly polarized array antenna.
The proposed design employs low control voltages for
beam steering, ensuring safety and cost efficiency due to
its simple structure. These features highlight its strong
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potential for future microwave and wireless communi-
cation applications.

II. DESIGN, SIMULATION, AND
MEASUREMENT OF THE 4 x 3 PHASED
ARRAY ANTENNA

e PCB 1PCB 2
Source H

1x3 Array
Antenna |

1x3 Array
Antenna 2

RFIN"

y
IOPIAI(] Jomog [enboun)

Fig. 1. Structure of the 4 x 3 phased array antenna.

Figure 1 shows the structure of the 4 x 3 phased
array antenna, which consists of two PCBs. PCBI1 is
responsible for RF power distribution and phase con-
trol. When the RF signal enters the unequal power
divider, it is divided into four output ports with a power
ratio of 1:2.25:2.25:1, respectively. Each output port
is connected to a phase shifter for RF phase control,
where each phase shifter requires a DC bias voltage to
achieve the desired phase adjustment. PCB2 is respon-
sible for radiating the RF power, consisting of four
sets of 1 x 3 array antennas that correspond to the four
phase shifter outputs. The following sections present
the design methodology at the operating frequency of
3 GHz, together with the simulation and measurement
results of these components. The simulations were per-
formed using Ansys HFSS and Keysight ADS, while the
measurements were conducted with a Keysight P9371A
VNA. All PCB simulations and fabrications were carried
out on an FR4 substrate with a relative permittivity of
4.4, a loss tangent of 0.02, a thickness of 0.8 mm, and
1 oz copper cladding.

A. Design of the unequal power divider

In array antenna design, one important considera-
tion is the suppression side lobe level [10, 11]. The most
widely used approach is the optimum amplitude distri-
bution, in which Dolph-Tschebyscheff distribution [12]
is applied to calculate the input power of each array
element. Since the proposed array antenna is a patch-
type antenna with an inherent reflector, our experience
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shows that one of the standard Dolph-Tschebyscheff
distribution equations must be modified accordingly, as
shown in:

SSL

1020
R=——,
V2
where R denotes the voltage ratio, SSL is expressed in
dB, and /2 represents the modified term.
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Fig. 2. Normalized gain pattern: (a) dipole array, (b)
patch array.

Figure 2 shows the normalized gain patterns of
a 1 x 4 dipole array antenna and a 1 x 4 patch array
antenna. In Fig. 2 (a), the unmodified pattern of the
1 x 4 dipole array antenna is illustrated, where SSL is
set to 20 dB with each port excited at a power ratio
of 1:3:3:1. Figure 2 (b) compares the unmodified and
modified patterns of the 1 x 4 patch array antenna. The
modified design achieves the desired SSL of 20 dB with
a power ratio of 1:2.25:2.25:1, while the unmodified
pattern shows a significantly degraded SSL, reduced
by approximately 8 dB. Because the reflected power
is superimposed on the original directional power, a
modified term of v/2 must be included in (1) to modify
the excitation power ratio, ensuring the designed SSL is
accurate.

Based on the above analysis for achieving an SSL
of 20 dB at patch array antenna, the output power ratio
of the unequal power divider must be 1:2.25:2.25:1. This
ratio is then applied to determine the impedance of each
output port in the design of the unequal power divider.
Furthermore, since each output port must maintain the
same phase, a two-layer T-junction circuit structure is
employed to design the unequal power divider, as shown
in Fig. 3 (a).

The unequal power divider adopts a symmetric
structure, so only half of the circuit needs to be designed
and then mirrored to form the complete structure. The
key design consideration is determining the impedances
Z1 and Z; to achieve the desired output power ratio of
2.25: 1 at ports P3 and P2. Here, the calculation first
employs the electric power formula in:

V2
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Fig. 3. (a) Circuit structure and prototype of the unequal

power divider. (b) Detailed dimensions of the unequal
power divider in mm.

Assume that node 1 has a voltage V and an
impedance Z, of 30Q, while the other end of Z; and Z,
are connected to ground. Accordingly, the power ratio of
P2 and P1 can be formulated as:

v y?
— 1 =—=225:1 3
7 7 3)

Moreover, by applying the parallel resistance for-

mula, another equation can be obtained as:

D7
L+ 7y

n “)

Using (3) and (4), the impedances of Z; and Z; can
be calculated. Z, plays an important role in controlling
Z1; if Z becomes too large, it may lead to manufacturing
issues in the transmission line. All transmission line
impedance values of the unequal power divider are
designed and assigned as shown in Fig. 3 (a). Detailed
dimensions are shown in Fig. 3 (b).

Figure 4 (a) presents the simulated and measured S-
parameters of the unequal power divider. The measured
S11 exhibits a frequency offset of S0 MHz, shifting the
resonance to 2.95 GHz; however, this deviation does not
significantly affect the overall performance.

Furthermore, S;; remains below —10 dB within
the observed bandwidth of 600 MHz. Theoretically, the
power ratio of 1:2.25:2.25:1 corresponds to —8.13 dB,
—4.6 dB, —4.6 dB, and —8.13 dB, respectively. At
3 GHz, both the measured and simulated results are
lower than the theoretical values. Specifically, S3; and
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Fig. 4. Simulated and measured results of the unequal
power divider: (a) S-parameters and (b) phase response.

S41 are approximately —6.6 dB and —6.02 dB, while
S»1 and Ss; are approximately —10.3 dB and —9.25 dB.
Although the measured results exhibit higher loss, the
output power ratio still remains approximately 2.25:1.
Figure 4 (b) shows the simulated and measured phase of
the unequal power divider. The results remain in phase
across the observed bandwidth; however, the measured
data exhibits an additional phase delay of approximately
96° at 3 GHz, which is attributed to the SMA connectors
and does not impact the overall performance. From the
above discussion, the unequal power divider is success-
fully designed to meet the requirements, achieving an
output power ratio of 1:2.25:2.25:1 with all ports in
phase.

B. The phase shifter

The phase shifter is a critical component in phased
array antennas as it directly controls the main beam
steering. The phase shifter employed in this work has
been designed and analyzed in detail with the results
in [13]. It provides a linear, continuous, and tunable
phase response within +180°. Furthermore, the tun-
able phase response includes both leading and lagging
phases, which can be easily controlled by adjusting the
DC bias voltage.

Figure 5 presents the equivalent circuit model of
the phase shifter, whose structure enables the above
description properties. In addition, the proposed phase
shifter includes a design guideline that allows arbitrary
design of its operating frequency and phase shifting
bandwidth (PSBW). These phase shifters are designed
for an operating frequency of 3 GHz with a PSBW of
400 MHz in this paper.

Figure 6 shows the prototype of PCB1, which
includes the unequal power divider, four phase shifters,
and four DC sources. The DC source (lumped compo-
nents) consists of a 10 kQ variable resistor in series with
a 2 kQ resistor to form a voltage divider circuit, which
outputs a DC bias voltage to control the phase of the
phase shifter. The measurement results of the prototype
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Fig. 5. Equivalent circuit model of the phase shifter.

Fig. 6. PCBI1 prototype including the unequal power
divider, four phase shifters, and four DC sources.

are presented in Fig. 7. Figure 7 (a) shows a resonance at
3 GHz with a minimum reflection coefficient of —20 dB,
remaining below —6 dB within the observed bandwidth.
It also exhibits two sets of transmission coefficients at
approximately —14 dB and —20 dB, respectively. These
losses are consistent with expectations, as the additional
transmission loss introduced by the phase shifter is
approximately —8 dB, compared to —6 dB and —10 dB
for the case with only the power divider.

Figure 7 (b) shows the phase responses of the four
output ports of the PCB1 prototype. At 3 GHz, the
responses are clearly in phase, corresponding to 0°.
Furthermore, the responses exhibit an approximately
linear phase variation within £180° over the frequency
range from 2.8 GHz to 3.16 GHz. This frequency range
is important, as it also represents the tunable phase range
of each phase shifter.

Figure 8 shows the measured phase response of each
phase shifter with respect to the applied DC bias voltage
at 3 GHz. All curves exhibit a similar trend, where
adjusting the DC bias voltage from 3.5 V to 12 V results
in a corresponding phase shift from —180° to 180°.

The curve of PS4 reaches a 180° phase shift at a
bias voltage of 8.5 V, indicating that varactor diodes in
this phase shifter exhibit slightly different characteristics
as shown in Fig. 5. It should be noted that because the
DC bias voltage is continuously adjustable, the phase
shift also changes continuously. Consequently, the main
beam steering of the phased array antenna is naturally
continuous as well.
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Fig. 7. Measurement results of the PCB1 prototype: (a)
S-parameters and (b) phase response.
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Fig. 8. Measured phase response of each phase shifter
corresponding to the control voltage.

C. Design of the 4 X 3 array antenna
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Fig. 9. Structure of the 4 x 3 array antenna: (a) top view,
(b) front view, and (c) prototype.

Figure 9 illustrates the structure and prototype of
the 4 x 3 array antenna, comprising two FR4 PCBs. The
upper PCB consists of 12 hexagon radiators arranged
in a 4 X 3 configuration, with an element spacing of
0.6A¢ along the Y-axis and A, along the X-axis. The
lower PCB consists of four feeding lines and a ground



Table 1: Design parameters of the array antenna
L L. L, L, L, h
255 16 215 | 1875 | 225 | 6
w | W, %%’ Ao Ag | ¢1 | mm
185 | 18.75 3 100 55 4

Unit

plane. The two PCBs are assembled using five holders
with a separation distance of h. The distance h is
designed to enhance the radiation efficiency of the patch
antenna [14]. The 12 radiators are connected to their
corresponding feeding lines through 12 copper wires.
Each copper wire has a diameter of 1 mm. Table 1 lists
all design parameters of the array antenna.
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Fig. 10. Simulated and measured results of the 4 x 3
array antenna: (a) reflection coefficient and (b) axial
ratio.

Figure 10 (a) shows the simulated and measured
reflection coefficients of a single port of the array
antenna, along with the results obtained for different
corner-cut lengths Lo of the rectangular patch. The
corner-cut L, is introduced to improve the circular polar-
ization radiation characteristics of the array antenna.
The axial ratio (AR) is a key indicator for evaluating
whether an antenna exhibits circular polarization, with
a threshold of 3 dB commonly used to assess circular
polarization performance. However, a L¢ of 16 mm was
selected, as it provides the best AR bandwidth, as shown
in Fig. 10 (b), with only a slight degradation in the
reflection coefficient. Therefore, in this case, the reflec-
tion coefficient and AR exhibit a trade-off. To achieve a
better AR, we slightly sacrifice the reflection coefficient,
which degrades to —8 dB at 3 GHz. Figure 10 illustrates
the measured results (red lines) are better overall than
the simulated results. In general, a reflection coefficient
below —6 dB is considered acceptable in industry stan-
dards. If this criterion is adopted, the bandwidth of the
antenna array exceeds 600 MHz, as shown in Fig. 10 (a).

Figure 11 shows the current distribution of the
RHCP at 3 GHz, with four identical current directions
at 0°,90°,180°, and 270°, respectively. In addition, the
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Fig. 11. Current distribution of the RHCP at 3 GHz:
(a) 0°, (b) 90°, (c) 180°, (d) 270°.

feeding spacing of A, ensures that the currents of all 12
radiators and feeding lines remain in phase. A uniform
current distribution is observed on each radiator along
the four directions.

The isolation is an important evaluation index for
reducing interference in array antennas. In general, the
isolation should be lower than —20 dB, which indicates
that the mutual coupling power between elements is less
than 1/100. As shown in Fig. 12, both the simulated
and measured isolation values are all below —23 dB,
meaning that the coupling power between each port
of the 4 x 3 array antenna is less than 1/200, thereby
achieving good isolation performance.
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Fig. 12. Isolation of the 4 x 3 array antenna: (a) simu-
lated and (b) measured.

Figure 13 shows a 3D gain pattern and measurement
setup of the 4 x 3 array antenna with an unequal power
divider. The 3D gain pattern demonstrates a maximum
gain of 15.11 dB, with suppressed side-lobes in the Y-Z
plane, when the four ports are excited with a power ratio
of 1:2.25:2.25:1.

Figure 14 compares the simulated and measured 2D
gain patterns in the X-Z and Y-Z planes. Both results
exhibit similar trends; however, the angular resolution
differs, being 5° in simulation and 15° in measurement.
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Fig. 13. 3D gain pattern and measurement setup of the
4 x 3 array antenna with an unequal power divider.

The 15° resolution in the measurements also leads to a
more symmetric radiation pattern. The measured max-
imum gain is 13.68 dB, which is lower than the simu-
lated value due to approximately 1.43 dB of insertion
loss introduced by the five SMA connectors. Moreover,
the measured side-lobe levels are below —20 dB on
both sides, confirming the effective side-lobe suppres-
sion achieved by the unequal power divider, as shown
in Fig. 14 (b). In addition, the measured half-power
beamwidth is approximately 20°, which is consistent
with the simulated result.
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Fig. 14. Comparison of 2D gain patterns in the X-Z and
Y-Z planes: (a,b) simulated and (c,d) measured.

III. PHASED ARRAY ANTENNA

Figure 15 shows the measurement setup of the
4 x 3 phased array antenna, where PCB1 and PCB2 are
connected using four L-shaped SMA connectors. The
measurement setup employs the ETS-Lindgren’s AMS
8923-14-G Antenna Measurement System.

Figure 16 shows the measured and simulated gain
patterns of the 4 x 3 phased array antenna at different
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Fig. 15. Measurement setup of the 4 x 3 phased array
antenna.
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Fig. 16. (a) Measured and (b) simulated steering angle
of the 4 x 3 phased array antenna.

steering angles. Since the measured gain was com-
pensated for the 10 dB loss introduced by the phase
shifters, the patterns are nearly identical in shape. Even
after compensation, the measured gain is still about
3 dB lower than the simulated gain, which can be
attributed to losses from the connectors and substrates.
Figure 16 (b) shows the simulated maximum steering
angle from —50° to 50° in the Y-Z plane. This indicates
that when the main beam is steered to its maximum
angle, a secondary main beam appears at the opposite
angle. A similar situation can also be observed in the
measurements, where a secondary main beam appears,
though smaller than the primary beam. The measured
steering angle ranges from —55° to 50° in the Y-Z
plane, which is 5° wider than the simulated result. This
discrepancy may be attributed to measurement errors
according to:

¥ = fBdsin6 + 6, (5)

where W = 0, is the wave number, d is the element
spacing, 0 is the azimuth angle, J is the phase differ-
ence. In other words, the azimuth angle 6 corresponding
to the required phase difference can be easily calculated.
Furthermore, each phase difference can be mapped to a
control voltage for each phase shifter, as illustrated in
Fig. 8. Table 2 summarizes the steering angles of the
4 x 3 phased array antenna along with the corresponding
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Table 2: Steering angle of the 4 x 3 phased array antenna corresponds to the phase difference and control voltage of

each phase shifter

Steering —55° —40° —20° 0° 20° 40° 50°
angle ) A% o A\ o V|iJd|V 0 A% o v o A%
PS1 —180° | 3.5 —150° 371 =74°| 4 |0° |47 148° | 7 150° 751 00 |49
PS2 0° 4.6 0° 46| 0° |46|0°|4.6| 74° |56 0° 46| 180° |34
PS3 180° 12 150° 10| 74° |65(0°151| 0° |51 —150° 371 0° 5.1
PS4 360° (0°) | 4.5 | 300° (—60°) | 4.2 | 148° | 7 |0°|4.5|—=74°| 4 | —300° (60°) | 5.1 | —180° | 3.5
Table 3: Comparison of the proposed 4 x 3 phased array antenna with other designs
Ref. Technology Control Voltage | Steering Type | Steering Range | Complexity/Cost
[6] Passive 4 x 4 Butler matrix N/A Discrete 4 fixed angles Low
[7] Ferroelectric 0~ 150V Continuous —50° ~ 50° Medium
[9] RF MEMS 0~125V Continuous 0° ~ 10° High
This Work | Varactor based phase shifters 35—-12V Continuous —55° ~ 50° Low

phase differences and control voltages. It is worth noting
from Table 2 that the phase differences are relative,
incorporating both leading and lagging phases. In con-
trast, most other phase shifters employ only lagging
phases and achieve phase shifting in discrete steps.
Furthermore, since the control voltage is continuously
adjustable, the corresponding phase variation is also
continuous. These two features represent the major
contributions of the proposed electronically continuous
tunable phased array antenna.

IV. COMPARISON WITH OTHER DESIGNS

Table 3 compares the proposed 4 x 3 phased array
antenna with other reported phased array systems. The
Butler matrix-fed design in [6] is low cost and suitable
for mmWave 5G applications, but its discrete phase
states restrict beam steering to only four directions.

Ferroelectric-based phase shifters [7] allow contin-
uous tuning, but the high control voltage (~150 V) raises
safety and integration concerns. MEMS-based phase
shifters [9] provide precise phase control; however, their
complex fabrication increases cost, and the achieved
steering angle is typically narrow ~10°.

In contrast, the proposed 4 x 3 phased array antenna
achieves wide-angle steering (—55° ~ 50°), robust cir-
cular polarization, and continuous tunability with a safe
and low control voltage (3.5 — 12 V). Additionally, its
structure is relatively simple, leading to lower cost and
higher manufacturability. These advantages make it an
attractive candidate for practical microwave and wireless
communication applications.

V. CONCLUSION

In this work, an electronically continuous tunable
phased array antenna operating at 3 GHz has been

proposed and demonstrated. The design integrates an
unequal power divider, four electronically continuous
tunable phase shifters, and a 4 x 3 RHCP patch array
antenna. The unequal power divider achieves the opti-
mized power ratio of 1:2.25:2.25:1, effectively suppress-
ing the SSL by 20 dB.

The proposed phase shifter provides linear, con-
tinuous, and wide-range phase control within +180°,
which can be easily adjusted via a DC bias voltage.
Unlike conventional phase shifters that typically offer
only lagging phase (phase delay), the proposed design
enables both leading and lagging phases. This capability
significantly enhances beam-steering flexibility. Conse-
quently, a wide steering range from —55° to 50° is
achieved without the need for complex phase-wrapping
algorithms commonly required in conventional designs.

The array antenna, consisting of 12 hexagon shaped
patches, achieves RHCP across the operating band-
width, a high gain of 13.68 dB, and excellent isolation
performance with all port coupling below —23 dB.
Beam steering from —55° to 50° in the Y-Z plane
has been experimentally verified, with measured results
showing good agreement with simulations. Overall, the
proposed phased array antenna demonstrates high gain,
robust RHCP, low SSL, low isolation, wide-angle beam
steering, and continuous phase control, which are key
features required for future microwave and wireless
communication applications.
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