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Circularly polarized device for 5G-NR
applications on Industry 4.0
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Abstract— This work presents a 5G eMBB (Enhanced Mobile
Broadband) device with a circularly polarized radio frequency
front-end operating at 3.75GHz. This function enhances the
system’s reliability and versatility without being affected by its
orientation or position. To achieve this goal, the study presents the
design of a dual-polarized antenna array that is combined with
a 90◦ hybrid coupler. The radiating structure of the antenna is
then connected to a 5G eMBB commercial module, and practical
results are obtained in terms of RSSI (Received Signal Strength
Indication) and throughput using the circularly polarized radio
interface. These results are then compared to the equivalent
linear single polarization structure.

Keywords— 5G, eMBB, Performance evaluation, indoor appli-
cation, circular polarization.

I. INTRODUCTION

Since mobile communications technology reached the pri-
vate market, such as private LTE networks in 2010’s, several
companies around the globe have been exploring its benefits
for operations and management [1], [2]. In the manufacturing
industry, the 5G network has gained attention as a promising
and viable substitute for wired-based connections. This can
be attributed to the capability to provide high-speed data
transfer and ultra-low latency, as well as the potential for
quick reconfiguration of factory layouts, process awareness,
manufacturing execution systems (MES), and continuous mo-
nitoring through highly reliable wireless sensor networks. In
this context, broader coverage on the 5G-based factory is
mandatory for a complete replacement of wired-based data
infrastructure to the high-capacity wireless private network
[3]–[5].

The present study introduces a compact, simple, and cost-
effective hardware solution to facilitate 5G coverage in indoor
environments. This hardware solution is designed to meet
the connectivity in SMT factory’s environment and substitute
wired cable networks with wireless networks that offer the
same levels of reliability, availability, and retainability. The
hardware was designed to operate with commercial 5G eMBB
modules. It features a printable antenna array that optimizes
coverage in shop floor environments by enabling circular
polarization on 5G terminals. As a result, this study aids in the
rapid adoption of 5G technology for Industry 4.0 use cases,
as it describes a scalable and cost-effective system that can
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be easily attached to computers, controllers, robots, and other
industrial equipment [4], [6].

Fig. 1. Block diagram of the system including the main functional blocks
to ensure the desired functionality of a 5G indoor coverage system.

In a private network context, there are costs associated with
the number of operating cells in the environment, e.g. spectrum
licensing, software licenses, and IT running costs, among
others [7], [8]. Thereby, it is important to ensure the maximum
covered area by the minimum of radio access points across
the operational environment. Factory environment imposes
several challenges for propagation systems, as it demands the
carrier wave to penetrate and bend around obstructions [9].
Indoor communication systems typically do not require a clear
line-of-sight path to operate effectively, however, obstacles
of several kinds (metallic and dielectric objects) and shapes,
reduce the probability of having an effective transmission [9]–
[11]. In this section, it is explained the technique adopted in
this work to overcome this challenge.

The block diagram presented in Fig. 1 depicts the complete
system that was developed to address the aforementioned
challenges. This system comprises the essential functional
components necessary for enabling a 5G indoor coverage
system. Specifically, the system consists of an eMBB module
that is connected to a small computer that contains all the
required electronics to create a 5G-ready device for general
use.

This work developed a structure comprising three main
functional blocks to provide a circular polarized 5G eMBB
radio system. These blocks are:

1. The dual linear polarized antennas;
2. The 90◦ hybrid coupler; and
3. The 5G eMBB module, that provides the radio link.
By combining the three main functional blocks, a fully
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Fig. 2. Design of the half-wavelength dipole printed on FR4 PCB (printed circuit board) substrate; (a) Main dimensions and geometrical relationships;
(b) Picture of the first prototype for practical evaluations; (c) Practical and simulated reflection coefficient; (d) Realized gain radiation pattern on electric and
magnetic field obtained by FEM simulation.

functional 5G device capable of operation regardless of posi-
tion or orientation can be achieved. This feature enhances the
network range in indoor environments. Section II presents the
antenna design, along with simulated and measured validations
for operations at the center frequency f0 = 3.75GHz. The
development of the hybrid coupler is presented in Section III.
Section IV provides results to demonstrate the performance
improvement of using the circular polarized 5G eMBB ra-
dio system compared to a single-polarizing 5G device. The
presented results aim to validate the functionality of the
system and demonstrate its usefulness in applications that
demand operation regardless of position or orientation. Finally,
Section V offers overall conclusions and outlines further work.

II. ANTENNAS DESIGN

The geometry of the printed modified half-wavelength an-
tenna dipole is depicted in Fig. 2a, the reflection coefficients of
the simulated and measured final model are shown in Fig. 2b,
while the simulated radiation pattern of the E and H planes
are in Fig. 2c.

The model consists of two arms, each with a length (dL)
and width (dW ), printed on opposite sides of a substrate FR4
PCB (Printed Circuit Board), a microstrip transmission line
with a ground plane that acts as the other component of
the printed balun. The substrate has a thickness of 1.6 mm,
relative permittivity, εr = 4.4 and loss tangent, tan δ = 0.02.
The effective dielectric constant is evaluated with microstrip
approach, in which,

εeff =
εr + 1

2
, (1)

That value was further tuned by parametric simulations, lea-
ding to the total length L of the dipole is given by

L =
λ

2
= 2 dl = 24.33mm. (2)

in which,

λ =
λ0√
εeff

, (3)

and λ0 is the wavelength corresponding to the operating
frequency f0 = 3.75GHz and εeff is the effective permittivity.
ws is the width of the microstrip line that feeds the antenna.

Fig. 3. Simulations results for the structure optimization. (a) Resonating
frequency for different stab setups. (b) Reflection Coefficient for different
relief conditions.

Nevertheless, the numerical analysis (see Fig. 3a) conducted
using Ansys EM has indicated that the resonant frequency
of the dipole, with the specified dimensions, falls outside the
targeted range established for the project. Thus, suggesting
that the effective length of the dipole is shorter than initially
predicted by the design. In order to prevent enlarging the
structure, small stabs were included in the dipole arms. Fig. 3a
shows that five stabs were enough to ensure operations at
f0 = 3.75GHz. All the geometric parameters of the antenna
are listed in Table I.

Fig. 3b presents the effect of the distance of the dipole from
the ground plane rl on the antenna reflection coefficient. One
may verify that rl = 0.14λ yields the best performance among
the considered cases. It corresponds to 6.81mm. Hence, the
antenna to be deployed on the 5G device proposed in this work
is completely defined. The structure to provide correct phase
shifting is presented in the following section.

III. THE 90◦ HYBRID COUPLER

The hybrid coupler is a passive component widely used
in microwave engineering for the purpose of splitting or
combining RF signals while maintaining a precise phase
shift of 90◦ between the two output ports [12]–[14]. It has
a variety of applications, including antenna beam-forming,
beam-steering, and, specifically for the focus of this work,



XLI SIMPÓSIO BRASILEIRO DE TELECOMUNICAÇÕES E PROCESSAMENTO DE SINAIS - SBrT 2023, 08–11 DE OUTUBRO DE 2023, S. JOSÉ DOS CAMPOS, SP

Fig. 4. The hybrid coupler applied on the design. (c) Picture of the prototype with port scheme utilized on measurements.

TABLE I
GEOMETRIC PARAMETERS IN ANTENNA DESIGN.

parameter value [mm] meaning
L 24.33 Total length
dl 12.16 Dipole arm length
dw 4.00 Dipole arm width
ws 3.06 Feed line width
rl 6.81 (0.14λ) Distance from ground plane
s 0.40 Stab thickness

providing circular polarization in radio devices. This capability
has been demonstrated in previous studies by Zhang et al. [15],
[16].
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Fig. 5. The hybrid coupler applied on the design. (a) Design parameters
definitions. (b) Microstrip definitions applied on hybrid design. (c) Operational
conditions of the hybrid coupler.

The hybrid coupler design considers the combinations of
microstrip lines in two different length and width configura-
tions. The longitudinal elements, between Port 1 and 2 and
Port 4 and 3, are modeled to present characteristic impedance
Z0 = 50/

√
2. The transversal element, between Port 1 and 4,

and Port 2 and 3, must have Z0 = 50Ω. The characteristic
impedance is basically evaluated from the line width, w, and
the substrate height, hs, by:

Z0 =
120π

√
εeff [(w/hs + 1.393 + 0.667 ln (w/hs + 1.444)]

(4)

The width, w, that yields Z0 = 50/
√
2 ≡ 35.36Ω on the

longitudinal element is wZ35Ω
= 5.22mm. For the transversal

elements, the characteristic impedance Z0 = 50Ω is obtained
with wZ50Ω

= 3.06mm. The geometric parameters are presen-
ted in Fig. 5. The length of the elements should be set to ensure
90◦ phase shifting, between Port 2 and 3, as demonstraded
in Fig. 7. This is obtained by a quarter of the wavelength,
theoretically equal to l90◦ = 12.16mm. Nevertheless, the
length was tuned by FEM simulations, which indicates the
optimum l90◦ ∼= 8.60mm, as demonstrated in Fig. 6. The
resulting design parameters are detailed in Table II.

Fig. 6. Phase shifting in function of length for microstrip with wZ50Ω
and

wZ35Ω
.

TABLE II
HYBRID COUPLER DESIGN PARAMETERS.

parameter value [mm] meaning
l1 14.72 Longitudinal element length

l2 = lp = h3 8.60 Center element separation
h1 19.04 Total height
h2 10.76 Port separation

wZ50Ω
3.06 Transversal element width

wZ35Ω
5.22 Longitudinal element width

hs 1.60 PCB substrate height

The Fig. 4 brings results from practical and simulated
analysis of the hybrid coupler. One may verify in Fig. 4a an
acceptable impedance matching for the input port (Port 1),
below -10 dB along the n78 band, between 3.7 and 3.8GHz.
Moreover, in Fig. 4b, one may note a quite unbalanced trans-
mission coefficient at the operating frequency f0 = 3.75GHz,
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Fig. 7. Phase shifting effects on a hybrid coupler. (a) Measured and Simulated
phase shifting between excitation port (Port 1) and Port 2 and 3. (b) Phase
between Port 2 and 3, being the effective phase shifting on the antennas.

being S12 = −3 dB and S13 = −5 dB. The best operating
frequency in terms of balancing, is approximately 3.3GHz.
Besides such difference, the resulting device performance
remains within limits, as seen on the next section, that brings
acceptable results in terms of data transferring and signal
reception.

IV. CIRCULARLY POLARIZED RADIO SYSTEM

The circular polarized irradiating system is obtained by the
hybrid coupler, detailed on Section III, feeding two antennas
as proposed on Section II. The antennas are displaced per-
pendicularly and fed with a phase difference of approximately
90 ◦, as demonstrated by simulations results on Fig. 4c. The
final structure is presented by Fig. 8, that brings an eMBB 5G
module to operate at band n78. The network interface card
have four independent radios connectors, in which only Port 2
and 4 were utilized on the tests. Fig. 8b highlights the antennas
displacement and the hybrid coupler attached to module ports
by a pair of coaxial high-frequency cables with the same
length. This device was connected to a notebook and the data
about RSSI was extract by AT commands 1 sent by USB 3.0
serial interface [17]. The results in terms of throughput were
taken with the network analytic tool named iPerf [18]. In both
cases, it was utilized a reference device based on same module,
but only capable of linear polarization [19]. Fig. 9 shows
those results, in which one may verify that for both RSSI and
throughput, the circular polarized setup has exhibited similar
performance regardless of the board orientation. The linear
polarized device demonstrated significant better performance
when placed on vertical position, with more than 10 dB
in terms of RSSI and a throughput around 63% superior if
compared to the same module in horizontal position. The
circular polarized setup, on the other hand, did not demonstrate
significant difference when placed in vertical or horizontal po-
sition, with a performance slightly above the best evaluations
of the linear polarized setup. Actually, simulated results has
shown an axial ratio around 5 dB, even so this feature did
not affect the overall system performance, as demonstrated in
Fig. 9.

1AT commands are instructions used to control a modem

Fig. 8. The final device utilized on RSSI measurement. It consists in a eMBB
module (a) with the circular polarized irradiating structure (b).

Fig. 9. Performance evaluation by application analysis of the circular
polarized 5G radio system and its equivalent linear only radiation system.(a)
RSSI - Received Signal Strength Indicator. (b) Throughput, um mega bits per
second for both, vertical and horizontal positioning.

V. CONCLUSIONS AND FURTHER WORKS

The circular polarized device presented on this work has
exhibited an acceptable performance in terms of data rate or
throughput and RSSI if compared to this equivalent only linear
polarized setup. In fact, the linear setup has achieved better
performance when placed on vertical position, indicating a
tied dependency to positioning and orientation. However, this
work focused on industrial operations, where the position of a
given device on shop floor is not always fixed or favorable for
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RF transmissions. In this case, having devices less susceptible
to such variations, represent a gain terms of coverage, and so
on, running costs on industrial plants, as the link budgeted
should result in wide areas of serving cells operations. Other
techniques should be investigated in order to minimize the
effects on positioning and other harmful consequences of
operations in an industrial environment. Among them, one may
consider beam-steering and beam-forming, two techniques that
have been extensively explored on FR2 frequency range, but
with few applications on sub 6GHz.
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