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ABSTRACT: In this work, a novel circularly polarized antenna with four ports and loaded with complementary split ring resonator (CSRR)
for beam steering applications without phase shifters or PIN diodes is presented. The single antenna loaded with CSRR is arranged in
a rotational manner forming a 4-port structure. The separation distance among the four antennas is optimized for achieving a steering
angle of 28◦ with an isolation level greater than 25 dB over the whole bandwidth. When one of the four antennas is excited, the others
either open-circuited or terminated to a 50-Ω impedance, the antenna has a resonant frequency of 5.8GHz and produces a left-hand
circularly polarized (LHCP) tilted beam in the elevation plane. The introduction of the CSRR leads to achieving a small design and also
to get circular polarization characteristics. The proposed structure has a radiation efficiency of 90% and a gain of 6 dBi over the whole
bandwidth. This characteristic can be tuned which makes the proposed design suitable for many modern communication systems.

1. INTRODUCTION

Antennas with beam steering capability have gained a lot of
interest during the last decade and are being widely used

in satellite communications, weather surveillance radars, and
military radar systems owing to their ability to tackle many
problems that wireless communications can suffer nowadays
[1–3]. For example, the use of those antennas can solve the
problem of interference/noise, increasing the data rate trans-
mission. One of the most straightforward methods for beam
steering involves the use of phased array antenna [4]. Never-
theless, despite their numerous advantages, including high gain
and beam control, phased array antennas do exhibit certain lim-
itations. These limitations encompass the need for a substantial
number of radiating elements, resulting in bulkiness, increased
costs due to power dividers and phase shifters, and overall com-
plexity [5]. Consequently, these factors render phased array an-
tennas unsuitable for use in modern mobile and portable com-
munication systems. Therefore, these drawbacks have urged
many researchers to explore other solutions that have the ad-
vantage of a small size and low cost. One interesting approach
that has been proposed is called briefly ESPAR which refers to
electronically steerable passive array radiator. This approach
has the feature of achieving beam steering capability without
relying on the use of phase shifters, which makes it very at-
tractive [6–12]. This type of antenna is composed of a sin-
gle driven antenna surrounded by closely spaced parasitic el-
ements loaded with reactive loads. Owing to mutual coupling,
the parasitic elements can be excited, and by controlling the re-
actance, the beam can be directed in a specific direction. Other
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approaches that have gained much attention more recently rely
on the use of a single element antenna to achieve beam steer-
ing capability by modifying the antenna current path using ei-
ther PIN diodes [13], microelectromechanical system switches
(MEMS) [14], or photoconductive switches [15]. Another in-
triguing method based on the use of gradient index lenses fab-
ricated using 3D printing is also being investigated to get beam
steering antennas [16, 17]. Thismethod’s primary benefit is that
lens antennas are often used for beam steering applications due
to their high gain and capacity to concentrate electromagnetic
waves in certain directions. The use of liquid antennas, partic-
ularly those based on salty and pure water, offers an interesting
approach for beam-steering applications [18]. For example, in
[19], the authors present a salty water antenna with 360◦ beam-
steering capabilities, combining the concepts of an electroni-
cally steerable parasitic array radiator (ESPAR) antenna and a
water-based antenna. To the best of our knowledge, the ma-
jority of the developed mentioned antennas with beam steering
capability are linearly polarized. This feature limits their ap-
plications in modern communications systems, such as satellite
communications or weather surveillance due to the reasons dis-
cussed at the beginning of the introduction section.
In this paper, a novel, compact, and low-cost design featur-

ing four circularly polarized antennas, each loaded with a com-
plementary split ring resonator (CSRR) and equipped with four
feeds to enable beam steering capability, is presented for the
first time. The beam steering capability was achieved without
the use of phase shifters or PIN diodes. The proposed structure
operates at 5.8GHz and exhibits a gain of 6 dBi. The intro-
duction of a CSRR into the antenna not only reduces antenna
size but also enable producing circular polarization. However,
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FIGURE 1. Geometry of proposed beam steering antenna array with CP: (a) Single antenna, (b) Side view, (c) Front view.
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FIGURE 2. The evolution of the proposed CP antenna.

the beam steering capability is originated from the mutual cou-
pling with other antennas. The separation distance among the
four antennas is optimized for achieving a steering angle of 28◦
with an isolation level greater than 25 dB over the whole band-
width.

2. ANTENNA DESIGN AND ANALYSIS

The proposed structure is composed of four square loaded
CSRR patch antennas placed in a rotational symmetry, shar-
ing the same ground plane and occupying an overall size of
50 × 50 × 1.527mm3 as shown in Fig. 1. This structure has
been optimized to have a resonant frequency around 5.8GHz.
The radiating elements are printed on the top of a dielectric

substrate RO3003 having a dielectric permittivity constant of 3,
loss tangent of 0.001, and thickness of 1.52mm. The dimension
of a single square antenna is 25× 25mm2.
The CSRR has the following dimensions: the radius of outer

slot ring is R = 3mm. The separation distance between the
inner and outer slot rings is S = 1.4mm. The width of slots is
C = 0.5mm, and the anti-gap length is 0.4mm. In this study,
loading the square patch antenna with a CSRR plays an impor-
tant role in achieving circular polarization and enhancing beam
steering tilt angle.
Each antenna is excited separately by an SMA connector cre-

ating a 4-port configuration. The separation distance among
the four antennas is optimized for achieving high isolation and
broadens the scope of beam scanning capability. When a sin-

gle one of these antennas is excited while the others are ter-
minated with 50-Ω, the antenna radiates with a tilted beam in
the elevation plane. The excited antenna acts as a driven struc-
ture, and it establishes parasitic coupling with the other three
antennas, which act as parasitic elements. The latter are ex-
cited through the generation of surface and lateral waves by the
primary driven antenna. Note that compared to other ESPARs
configurations published in the literature, this work removes
the necessity for diodes and costly phase shifters leading to a
notable decrease in both cost and fabrication complexity. To
study the main characteristic of the proposed structure, CST
Microwave Studio, particularly time domain solver, was used.
To explain the design development process as shown in Fig. 2.
We have started by simulating a conventional square microstrip
(configuration 1) to achieve good impedance matching around
the resonant frequency 5.8GHz. Then, we have introduced a
single circular slot with an anti-gap as shown in Fig. 2(b). The
idea is to reduce the dimension of the first configuration and
to achieve circular polarization characteristics. The latter has
been optimized in the case of the introduction of a complemen-
tary split ring resonator (CSRR) as shown in Fig. 2(c) with a
reduced size (Configuration 3). The reflection coefficients and
axial ratios of three configurations are plotted in Fig. 3.
FromFig. 3, it is evident that all configurations have the same

resonant frequency. However, the third configuration stands
out for its smaller size and enhanced circular polarization char-
acteristics. In contrast, the first configuration acts as a linearly
polarized antenna.
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FIGURE 3. (a) Reflection Coefficient and (b) Axial ratio of the three configurations as a function of frequency.
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FIGURE 4. Current distribution at Port 1.

The simulated surface current distributions of the proposed
CP array antenna at different feeding phases are shown in Fig. 4.
These are 0◦, 90◦, 180◦, and 270◦ for port 1.
To clarify the operating principle of the CP antenna, the vec-

tor current distributions on the patch and around CSRR were
examined. The surface currents are uniformly distributed, with
maximum intensity on the patch and CSRR of each element.
These distributions are presented over a period corresponding
to a frequency of 5.8GHz.
The current paths are designated by J1 to J6. At a phase

of 0◦, J1, J2, J3, J4, J5, and J6 mainly contribute to the sur-
face current distribution, with currents in J6 and J4 being can-
celled out by those in J1 and J3. Then, at 0◦, J2 and J5 are
primarily responsible for directing the current in the −y direc-
tion, whereas at 90◦, J1, J2, J3, J4, J5, and J6 are primarily
responsible for directing the surface current distribution seen
in Fig. 4. In J3 and J6, the surface current in the y direction
cancels out that in J2 and J5. The 90◦ phase surface is then
primarily pointed in the x direction by J1 and J4. Additionally,
the current direction shifts to the+y direction at 180◦ and then
back to the−x direction at 270◦. The magnitudes of the current

vectors at 0◦ and 90◦ are similar to those at 180◦ and 270◦, with
opposite phase orientations. The figure clearly shows an anti-
clockwise wave progression with a changing phase, confirming
the generation of circularly polarized radiation. Consequently,
a left-hand circularly polarized (LHCP) wave in the +z direc-
tion is achieved.
Figure 5 shows the simulated 3D radiation pattern at

5.8GHz.

3. FABRICATION, MEASUREMENTS AND DISCUS-
SION

The proposed structure is fabricated and measured to validate
the design approach. A photograph of fabricated antenna is
shown in Fig. 6. This structure has been fabricated using an
LPKF Protomat S100 mill/drill unit machine controlled via a
computer.
Measurements of theS-parameters for the proposed structure

were conducted using an Agilent N5234B PNA-L network an-
alyzer, and the obtained results are presented in Fig. 7(a). The
measured and simulated results demonstrate good impedance
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FIGURE 5. Simulated 3D radiation pattern of the proposed antenna with
different port excitation.

 

FIGURE 6. Photo of the fabricated structure.
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FIGURE 7. Measured and simulated S-parameters of the proposed structure: (a) S11; (b) S21, S31, and S41.
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 FIGURE 8. Measured and Simulated realized Gain, and Simulated ra-
diation efficiency.

matching, with a reflection coefficient (S11) below−10 dB be-
tween 5.6 and 5.9GHz. To be concise, the measured reflection
coefficients (S11) of the other antennas not shown herematched
well with the one presented in Fig. 7(a), owing to the symmet-
rical arrangement of the four antennas.
Figure 7(b) illustrates that the mutual couplings among the

four antennas when one is excited are small which are less than
−20 dB over the whole bandwidth.

Transmitting antenna

(Horn)
The proposed 

antenna under test

FIGURE 9. Measured setup used to measure radiation patterns.

Next, we have measured the realized gain which is presented
in Fig. 8. We can see clearly that the loaded antenna with a
CSRR provides a gain of more than 6 dBi over the whole band-
width, and the radiation efficiency is close to 90%.
To experimentally demonstrate the capability of the proposed

structure, which consists of 4 circularly polarized antennas pro-
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FIGURE 10. 2D Measured and simulated radiation patterns of four antennas at 5.8GHz.

TABLE 1. Comparison of the proposed beam steering antenna with other similar published antennas.

Reference
Number of
substrate

Beam tilt
angle (◦)

Peak Gain
(dB)

Polarization Method Size (λ)

[12] 3 37◦ 8 LP Varactor Diodes 1.4λ× 1λ× 0.037λ

[21] 1 30◦ 6 LP Change feed ports 0.8λ× 0.8λ× 0.012λ

[22] 1 27◦ 7 LP
Combination of
reconfigurable
parasitic patches

0.98λ× 0.74λ× 0.07λ

[23] 1 24◦ 6 LP PIN diodes 0.56λ× 0.56λ× 0.012λ

[24] 2 28◦ 7 LP Varactor Diodes 0.7λ× 0.7λ× 0.083λ

This work 1 28◦ 6 CP Change position of port 0.48λ× 0.48λ× 0.003λ

viding beam steering characteristics, we measured their 2D ra-
diation patterns corresponding to the elevation plane at the reso-
nant frequency of 5.8GHz. Here, we have used a UWB system
for Time-Domain Near-Field AntennaMeasurement developed
by Geozondas [20], as shown in Fig. 9.
The obtained results, illustrating the 2D radiation patterns,

are presented in Fig. 10. A significant level of agreement is
observed when comparing the measured results with the simu-
lated ones. It is evident that main beam direction changes with
the proper choice of the port or the antenna. Specifically, the
main radiated beam of the structure is steered by −28◦ with a
peak gain of 5.77 dBi when port 1 is excited. Port 2 excitation

results in a maximum peak direction of 5.77 dBi, and the radi-
ated beam can be steered by −23◦. The structure successfully
achieves a steer of +23◦ with a gain of 5.77 dBi when port 4 is
excited. As depicted in Fig. 10, a beam steering of 28◦ with a
gain of 5.77 dBi was achieved when port 3 was excited.
The beamsteering capability can be obtained by controlling

the coupling between the driven and parasitic elements. This
coupling is influenced by both the distance and orientation rel-
ative to the driven element. The closer the parasitic components
are, the greater the current flow through them.
It is noteworthy that tilting the beam did not affect the gain.

Furthermore, the tilting angles could be potentially increased
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by integrating a varactor diode to load each parasitic element,
allowing precise control over the required phase shift for beam
steering. This approach could be explored in future research.
A detailed comparison of our antenna with previously re-

ported designs, focusing on beams numbers, angle tilt, gain,
number of substrates, polarization type, and the beam-steering
method, is presented in Table 1. We can see clearly that our de-
sign presents numerous features like minimum overall size and
circular capability compared to the papers presented in Table 1.

4. CONCLUSION
This paper details the development, simulation, fabrication, and
testing of a circularly polarized structure with beam steering
capability operating at 5.8GHz. The proposed design boasts
several advantages, including satisfactory gain, acceptable half-
power beamwidth, high efficiency, wide bandwidth, circular
polarization enabled by a Complementary Split Ring Resonator
(CSRR), and the ability to steer the beam in four directions. The
latter functionality is achieved without the necessity of an addi-
tional phase shifters, varactor diodes or PIN diodes for switch-
ing, making the feed network simple and low cost. The pro-
posed design holds promise for applications in MIMO technol-
ogy, radar communications, and various wireless scenarios.
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