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A Low-Profile Wideband Dual-Sense Circularly
Polarized MIMO Antenna for mmWave Applications

Shahid Ullah ¥, Yejun He

Abstract—A wideband, dual-sense circularly polarized milli-
meter-wave multiple-input multiple-output (MIMO) antenna with
alow profile is presented in this letter by using a tapered microstrip
line, parasitic/meta-surface elements, and shared defected ground
plane. The electrical footprint of the four-port MIMO antenna is
1.631 X 1.631 < 0.041, where A is the free space wavelength at
the lower operating frequency, and has a single-layered prototype
manufactured on the Rogers 5880 substrate. The wide operating
frequency bandwidth (17.5 GHz to 40 GHz) is achieved by the
installation of a special meander line structure and tapered mi-
crostrip line. The isolation and axial ratio (AR) bandwidth are
enhanced with the help of parasitic meta-surface elements and con-
nected ground plane with circular shape defected ground structure.
A good diversity performance with channel capacity loss of no more
than 0.25, mean effective gain of no more than 1.05 dB, envelope
correlation coefficient of no more than 0.025, diversity gain value of
no less than 9.99 dB, and total active reflection coefficient of lower
than —10 dB is achieved. The AR covers 5G bands of 24 GHz,
28 GHz, and 31 GHz.

Index Terms—Axial ratio (AR), circularly polarized (CP),
millimeter-wave (mmWave) technology, multiple-input multiple-
output (MIMO) antenna, wide bandwidth.

1. INTRODUCTION

URRENTLY, the lower frequency microwave band has

been already occupied, and there is a need for a

high data rate, improved channel capacity, and high reliabil-
ity for advanced wireless communication systems [1]. The
new millimeter-wave (mmWave) frequency band (30 GHz to
300 GHz) is introduced in 5G new radio that has a demand for
multigigabit/second data rate speed [2]. Different countries are
using different frequency ranges for 5G mmWave applications.
The modern wireless communication system requires a
multiple-input multiple-output (MIMO) antenna, wide band-
width for high data rate, and circular polarization for reliable
communication. However, fast wireless communication has
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multipath fading issues in dense areas, and the MIMO antenna
is the solution that will enhance the channel capacity, spectral
efficiency, and reliability of the communication system. The
channel capacity is affected by the coupling between the antenna
elements, and for the isolation improvement between antennas,
different techniques have been presented in previous works,
such as split ring resonator (SRR) [3], defected ground structure
(DGS) [4], electronic band gap [5], parasitic elements [6], and
metamaterial superstrate [7]. For a wide bandwidth MIMO
antenna, a simple patch structure is not a good candidate because
it has a narrow bandwidth. In the literature, multiple techniques
have been used for wide bandwidth achievement, such as SRR
base monopole antenna [8], slotted microstrip feeding [9], and
semicircular monopole, by using a slot on the radiator and
ground plane [4]. For MIMO antennas, every radiating element
must have a common connected ground plane that will maintain
a single reference voltage and achieve a high gain.

In mmWave technology, circularly polarized (CP) MIMO
antennas play an important role in removing the mismatch
loss between transmitter and receiver during the rotation of
communication devices, which is not possible in linearly po-
larized (LP) antennas. The LP antennas radiate in one direction,
whereas CP antennas radiate in two directions with the same
magnitude [10]. Moreover, with the help of CP patterns, ob-
stacle penetration is possible and that is why CP antennas are
widely used for the enhancement of communication capacity,
and effectiveness to resist multipath propagation. Nowadays,
dual-polarized MIMO antennas are more attractive for research
work. Several dual-band CP polarized antennas are discussed,
such as an inverted L-shape dual-CP antenna [11], a CP MIMO
antenna based on a dielectric resonator [12], and a series slot-fed
MIMO antenna array is presented with CP diversity in [13].
The MIMO antennas have produced only left-hand CP (LHCP)
or right-hand CP (RHCP) waves, as depicted in [14], whereas
Sofi et al. [15] produced dual-CP waves, but their bandwidth
of operating frequency and axial ratio (AR) are smaller and
have multiple layers. There is a lack of work on the CP MIMO
antennas in the mmWave frequency band used for 5G commu-
nication, and mostly, the MIMO antennas have wide bandwidth
but do not have CP properties [16]. To the best of the authors’
knowledge, none of the reported four-port of MIMO antennas
in the literature simultaneously includes the performance of
single layer, connected ground, wide bandwidth, dual circular
polarization, high isolation, large AR bandwidth, and MIMO
features at the range of mmWave band.

The main contributions of the letter are as follows. 1) Low-
profile MIMO antenna with dual-sense property is obtained.
We organize the four antennas with appropriate placement,
which plays an important role in the compactness and dual-sense
property of the MIMO antenna. 2) Wide operating impedance
bandwidth is achieved due to the use of a meander line structure
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Fig. 1. (a) Structure of single meander line antenna. (b) 3-D (front and back
side) view. (c) Detailed dimensions of the proposed four-port MIMO antenna.
(d) Parasitic element.

TABLE I
DIMENSIONS OF THE PROPOSED MIMO ANTENNA
Parameter Value Parameter Value Parameter Value
(mm) (mm) (mm)
L=W 28 P1=P6=G7 5 P7 2
Ws=Ls=G 13.4 P2 1.5 PS8 0.35
M 2.46 P3 0.8 P9 4.3
M1 4.09 P4=W1I 1.2 R 1.4
P=S1 2.1 P5=G2 7 R1 0.25
S 8.37 52=53 0.7 S4 0.3
S5 1.5 S6 6 S7 4.6
Gl 11 G3 33 G4, G5 57,14
G6 10 G8 5.8 GY, L1 0.55, 7.63

and tapered microstrip line. 3) Three wide bandwidths of AR
are obtained by using parasitic elements and shared DGS.

II. CP MIMO ANTENNA DESIGN

A. Single Antenna Configuration and Operation

A single wide bandwidth antenna is designed using Roger
RT5880 substrate with €, = 2.2, thickness of 0.787 mm, and
loss tangent of 0.0009, and the total dimensions are Ws x Ls,
as shown in Fig. 1(a). Tapered microstrip 50 €2 feeding line
is used for best matching and having low loss. An S-shaped
stepped meander line radiating structure is used at the top side
of the substrate, and at the bottom side a half ground plane is
used to achieve a wider bandwidth. Every brick of the meander
line has its separate operating frequency, and their dimensions
are shown in Table I. The width and length of every brick and
the space between the parallel bricks are optimized to achieve
a wide bandwidth. The higher length lines are operating at
the lower frequency, and smaller lengths are operating at the
higher frequency. The single antenna simulated with the help of
CST Microwave Studio 2022 operates at the frequency range
of 14.1 GHz to 40 GHz, and two dual-band AR bandwidths
(28.3 GHz t0 29.5 GHz and 37.3 GHz to 38.8 GHz) are obtained,
as shown in Fig. 2(a). As shown in Fig. 2(c), the gain and
efficiency are 6 dBi and 95%, respectively.

B. Four-Port MIMO Antenna Configuration and Operations

The proposed MIMO is configured into four steps for the
optimal value of isolation, small size, dual-sense CP properties,
and wider AR bandwidth. The “3-D” view of the proposed
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Fig. 2. Simulated (a) reflection coefficient (dB) and AR. (b) Transmission
coefficient (dB) of four steps. (c) Efficiency (%) and gain (dBi) of the sin-
gle antenna, and along with all four steps of MIMO antenna configuration.
(d) S-parameters of a unit parasitic element and DGS cell.

MIMO antenna with four-port is shown in Fig. 1(b). In the first
step, four-port elements are settled by placing two single mirror
structure (S-shaped and Z-shaped) elements at a distance of S6,
and both the pairs of the same element are placed identically
along the x-axis by placing at the edge-to-edge distance of S7S7,
as depicted in Fig. 1(c). The advantages of the element placement
in the MIMO system are for miniaturization and dual-sense
properties. The dimensions parameter values of the MIMO
antenna are discussed in Table I. At this stage, the MIMO antenna
operates at the frequency range of 13.8 GHz to 40 GHz, and its
AR has too much narrow bandwidth (36.5 GHz to 37.3 GHz).
The mutual coupling between two adjacent-port antenna is very
high ( >10.2 dB), which affects the performance of the MIMO.
The simulated reflection coefficient (dB) and AR (dB) of all
steps are presented in Fig. 2(a), and isolation is presented in
Fig. 2(b). The gain (dBi) and efficiency (%) of all the steps are
presented in Fig. 2(c).

To solve the issue of isolation and improve AR bandwidth
in the second step, a new parasitic element is placed among
two adjacent radiating elements, as represented in Fig. 1(d).
At this step, the antenna impedance operating frequency bands
are 12.95 GHz to 16.1 GHz and 18.1 GHz to 40 GHz, and the
AR bandwidth is enhanced, which is operating from 28.1 GHz
to 31.3 GHz. It has a 7.5 dB isolation improvement at the
required higher frequency. The simulated reflection coefficient
and transmission coefficient of this element are presented in
Fig. 2(d). It is used as a reflector between the antenna elements
in the MIMO that can filter the lower operating frequency and
have high isolation. Before adding these elements, the effect of
coupling among the MIMO elements is substantive, but with
these elements, it is decreased, as illustrated in Fig. 2(b). There
is still a smaller coupling effect at the lower frequency that is
removed in the next step with the connected ground plane. In the
next step, a new structure is added to the ground of the MIMO
that can help to increase the isolation and improve the bandwidth
of AR for a good circular polarization, as illustrated in Fig. 2(a),
with all the proposed dimensions. It has connected the ground
plane of each element of the MIMO antenna with the intention
of the same voltage flow during operation. Now, the operating
frequency is from 17.9 GHz to 40 GHz, and the AR is operated
at the triband (22.2 GHz to 23.5 GHz, 27 GHz to 29 GHz, and
30.5 GHz to 36 GHz), and isolation among the elements is better
than 18.5 dB. To enhance the bandwidth of AR operating bands
and isolation, a circular DGS structure is added into the ground
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Fig. 3. Surface current distributions between two mirror structures at phase
angles (0° and 90°) for (a) 24 GHz and (b) 28 GHz.

of the antenna with a radius of R, as illustrated in Fig. 1(a), and
the S-parameter results of the cell are shown in Fig. 2(d). There
is no change in the operating impedance frequency, but the AR
operates at the three wide bandwidths of 2.2 GHz (21.9 GHz
to 24.1 GHz), 2.12 GHz (26.9 GHz to 29.2 GHz), and 6.6 GHz
(30.5 GHz to 37.1 GHz), and the isolation is below of 20 dB.
The DGS slot can interrupt the uniform current distribution in
the ground, and as a result, the antenna has better CP properties.
The current MIMO antenna has a simulated gain of 7.61 dBi and
has 93% radiating efficiency.

The current direction of the elements (S-shaped and Z-shaped)
is opposite and has the same magnitude, which proves the prop-
erties of a dual-CP antenna. Due to the dual-polarized property
of the proposed meander line antenna, the current flow changes
at different operating frequencies. At the lower frequency of
24 GHz, the Z-shaped radiator has a clockwise while S-shaped
has anticlockwise current flow at both angles (¢ = 0° and 90°) of
variation, as depicted in Fig. 3(a). However, at the high frequency
of 28 GHz, the Z-shaped is anticlockwise while the S-shaped
is clockwise current flow, as depicted in Fig. 3(b). Thus, the
Z-shaped line has a property of LHCP at 24 GHz but RHCP at
28 GHz. Also, the S-shaped line is RHCP at 24 GHz but LHCP
at 28 GHz. So, the proposed MIMO shows a dual CP property.

III. EXPERIMENTAL, NUMERICAL RESULTS, AND DISCUSSION
OF CP MIMO ANTENNA

A. S-Parameters, AR, Gain, and Efficiency

The presented MIMO antenna is fabricated and tested with the
help of a vector network analyzer (VNA) and high-frequency
mmWave anechoic chamber. The front and backside views of
the prototype are shown in Fig. 4(a). The comparison of the
simulated and measured reflection coefficient is depicted in
Fig. 4(b), where all the ports are measured with the help of
VNA, but at the same time only two ports can be measured,
and the other two are connected with 50 {2 load connectors. It
is detected that the measured results agree with the simulated
results and cover the wide bandwidth (17.5 GHz to 40 GHz)
of the mmWave band. The antenna is highly sensitive, and the
small difference occurs due to the fabrication and soldering
of the special connector. The AR and gain are tested at the
peak radiation direction (theta=0°), where the measured AR
is operating at the frequency bands of 21.5 GHz to 24.05GHz,
27 GHz to 29.7GHz, and 30.9 GHz to 36.9 GHz, as shown in
Fig. 4(b). The AR results of all the ports are the same, so only
a single port result is presented. The isolation performance of
the four-port MIMO antenna is characterized by the help of
S-parameters where the simulated and measured results have
greater than 20 dB isolation, as depicted in Fig. 4(c). The
proposed CP MIMO antenna gain and efficiency are depicted
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Fig. 4. Simulated and measured (a) reflection coefficient (dB) and AR (dB),
(b) transmission coefficient (dB) of four ports, as well as (c) gain (dBi), and
radiation efficiency (%).
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Fig. 5. (a) Measurement setup of anechoic chamber. The simulated and
measured radiation patterns at operating frequencies of (b) 24 GHz and
(c) 28 GHz.

in Fig. 4(d). The maximum measured gain and efficiency at the
operating band are 8 dBi and 96%, respectively.

B. Radiation Patterns

The Anechoic chamber testing setup for the proposed MIMO
antenna is illustrated in Fig. 5(a). In a chamber, only one port
can be measured at a time, whether in port 1 (Z-shaped) or port 2
(S-shaped) structure. The patterns are generated at a single plane
with the orientation of 90° (“Phi” angle) to find the polarization
properties of both shapes used in the CP MIMO. It shows
that both of the shape’s polarization characteristics (LHCP and
RHCP) are switched to each other, but there is no variation in
the magnitude. The S-shaped elements have RHCP polarization
behavior, and the Z-shaped elements have LHCP behavior at
operating frequencies of 24 GHz, as depicted in Fig. 5(b). In the
main lobe of the S-shaped, the RHCP radiation surpassed LHCP,
whereas the Z-shaped LHCP surpassed RHCP by a difference of
more than 20 dB. At 28 GHz, the behavior of the CP property is
changed, as depicted in Fig. 5(c). The S-shaped elements have
LHCP polarization behavior, and the Z-shaped elements have
RHCP behavior. Thus, it is evident that this CP MIMO antenna
exhibits both RHCP and LHCP characteristics.

C. Diversity Performance

The diversity performance of the MIMO antennas is very
important to describe the standard isolation of the MIMO. The
diversity parameters consist of total active reflection coefficient
(TARC), channel capacity loss (CCL), envelope correlation
coefficient (ECC), diversity gain (DG), and mean effective gain
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Fig. 7. (a) CCL (bit/s/Hz), and MEG plots, as well as (b) ECC and DG (dB)
of the proposed MIMO antenna.

(MEG). The meaning of the TARC is the same as that of the
single antenna reflection coefficient that considers the overall
MIMO elements reflection coefficient. It is important for the
effective bandwidth determination and to define the radiation
performance of the MIMO. The proposed four-port CP MIMO
uses the equation as mentioned in [17] to calculate the diversity
parameters. TARC values can be calculated by using the input
signal at different angle excitation. The input signal phase at the
first element is 70 (reference phase), while the other elements
receive different phase excitations. In the current work, four
different cases (C-I, II, III, and IV) are discussed to evaluate the
TARC values by changing phase differences. Fig. 6(a) and (b)
indicates that cases one (C-I) and two (C-II) have a difference
of 30°, whereas cases three (C-III) and four (C-IV) have a
difference of 45°. These results show that the values are below
—10 dB in the mentioned operating band.

The next important metric is CCL, which describes the highest
standard threshold value of the transmission loss in transfer with
a high data rate at which the signal can be safely transmitted
throughout the operating band with less than 0.4 bit/s/Hz loss
value. The calculated value of the proposed simulated and mea-
sured MIMO antenna is less than 0.25 bit/s/Hz throughout the
operating wide band, as depicted in Fig. 7(a).

The gain of the MIMO antenna is analyzed by the diversity
parameter known as MEG. For multiple antenna elements (port
i and port j), it is calculated with the help of the four-port MEG
equation. The values of the simulated MEG in this work are
less than —6.2 dB, and the measured values are less than —6.15,
as illustrated in Fig. 7(b), while the acceptable value of MEG
should be less than —3 dB [17].

The ECC is an important parameter to calculate the correlation
between the MIMO antenna elements. In practice, the value
should be less than 0.5, which shows that there is a low corre-
lation between MIMO antenna elements. The accurate method
of ECC calculation uses far-field radiation patterns rather than
S-parameters [10]. The calculated ECC is illustrated in Fig. 7(c),
where a maximum of 0.0026 value is depicted throughout the
operating simulated frequency band, and the measured ECC
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TABLE II
COMPARISON OF THE PROPOSED MIMO ANTENNA WITH EXISTING WORKS

Ref. This
Number tsl sl 119 1201 Work
Size 1.5 x2.92 2.9 x1.8 4.3 x1.7 1.5 x1.86 1.63 x1.63
(A3 x2.92 %0.04 %0.03 x0.04 x0.04
Number 4 5 3 4 4
of ports
B““('i}{”)‘d‘h 16.8, 2.5 26.9 58 5.6, 18.42 78.2
- LHCP, LHCP, LHCP,
Polarization RHCP RHCP LHCP LHCP RHCP
AR 16.6, 10.5, 11.2,9.5,
%) 115, 3.69 29, 4.1 162 32, 1.65 177
cp Using Slots in Me_lz{m_alenal Characteristic | oo q
Techniques polarization | circular patch inspired mode analysis Desian
ues converter | and ground | elements (CMA) Sg!
Tsolation
> >
dB) >19 >20 >20 >20 > 20
Radiation
. 9 9
efficiency(%) % 7 o4 %
Gain (dBi) 575 6 20.5 12.69 8
ECC/ <0.15/ <0.003/ < 0.005/ B <0.025/
DG (dB) >9.99 >99 >9.99 >9.99
MEG (dB)/ - <6/ PRy N < —6.15/
CCL (bps/Hz) <0.26 = <0.25

value is up to 0.025, which is too much less than the acceptable
value.

The DG has a link with ECC, which is described in [10]. When
the ECC values decrease, then the DG values are near 10 dB. In
the MIMO antenna, the values of DG are greater than 9.99 dB
at the operating frequency band, as illustrated in Fig. 7(c).

IV. COMPARISON

Table II explains the comparison of the proposed MIMO
antenna with the previous wide bandwidth single and dual-sense
CP MIMO antennas used for 5G applications. In the literature,
there are a few wide bandwidth MIMO antennas with dual-sense
CP properties and mostly have wide operating bandwidth but
no CP property. In contrast to other wide bandwidth mmWave
MIMO antennas, this one is nearly small in size and constructed
on a less expensive substrate, making it cheaper for the mmWave
spectrum. Itis presented in [19] that the MIMO antenna has wide
operating bandwidth with CP properties and has three AR bands,
but it has eight ports, no dual-sense CP properties, and a large
size. In comparison, the measured results of this work presented
a wide bandwidth of operating frequency, miniaturized size,
and three AR-wide operating bands covering the key mmWave
bands.

V. CONCLUSION

This letter presented a new structure of the meander line,
which has properties of mutual coupling for wide bandwidth
achievement. A tapered microstrip line is used for best matching,
and a new parasitic element is presented for high isolation. It
uses shared ground with the defective ground via a single hole
to provide dual CP characteristics with a wide range of ARs. A
prototype of this CP MIMO antenna is fabricated and measured.
The three important mmWave bands are covered by this MIMO
antenna with measured AR (dB) at the central frequency of
24 GHz, 28 GHz, and 36 GHz. It has a wide relative operating
frequency bandwidth of 78.2 %, which will replace the use of
multiple antennas by using only a single MIMO antenna. The
performance of TARC, DG, ECC, MEG, and CCL is highly
acceptable as compared to the corresponding standard values.
Due to the shared ground, single-layered, wide AR bandwidth,
as well as high isolation, the presented MIMO antenna is a good
candidate for mmWave wireless communication system.
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