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Abstract — In this work a novel design of a compact-size
patch antenna is introduced for dual-band operation at
28/38 GHz. The antenna is constructed as a perforated
resonant patch on a defected ground structure (DGS).
The development stages of the design are described in
detail. The patch is inset-fed through a microstrip line. A
four-port MIMO antenna system is constructed using the
proposed patch antenna. The antennas are arranged at the
corners of a mobile handset in orthogonal orientations
which results in polarizations and spatial diversities
as well as low mutual coupling. The single antenna
as well as the MIMO antenna system performance is
assessed through numerical simulations and experimen-
tal measurements. The scattering parameters including
the reflection and coupling coefficients are calculated
using the commercially available CST® package and
measured experimentally showing good agreement. The
proposed antenna has a bandwidth of 0.6 GHz at 28 GHz
and 1.17 GHz at 38 GHz. To evaluate the performance of
the proposed MIMO antenna system, key performance
parameters such as the radiation efficiency, envelope cor-
relation coefficient (ECC), and diversity gain (DG) are
investigated. The proposed four-port MIMO antenna sys-
tem configuration is shown to be suitable for polariza-
tion and spatial diversity schemes as illustrated from
the resulting radiation patterns. The proposed antenna
has high radiation efficiency and the MIMO system has
very good values for the ECC and DG over the operat-
ing frequency bands. The MIMO system possesses good
polarization and spatial diversities with good isolation
between the antennas without the use of any isolation
enhancement techniques.

Index Terms - Fifth Generation, Patch Antenna, MIMO.

L. INTRODUCTION
Large bandwidth, high data rate and reliability are
the main objectives for 5G mobile communications.
The multiple channels through multiple-input-multiple-
output (MIMO) technology result in high through-
put in non-line-of-sight (NLOS) communications. The
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International Telecommunications Union (ITU) has allo-
cated some bands for the 5G communications including
the 28, 38, 60, and 73 GHz bands [1]], [2]. Short range
communications and high speed wireless communica-
tion have been assigned the unlicensed frequency band
59-64 GHz by the FCC [3]], [4].

The polarization diversity in MIMO antenna sys-
tems is a diversity scheme that employs several antennas
placed in orthogonal orientations [3]]. It can be equally
incorporated with similar/dissimilar or mixed radiating
structures. The orthogonal orientation of the antennas
limits the coupling between the different ports [6-8]. In
[9], a compact 2x2 dual-band MIMO antenna is pro-
posed with polarization diversity technique for wire-
less applications in the frequency bands 38/41. A 2x2
circular disc array antenna with conical beam radiation
pattern for all polarization senses and polarization diver-
sity at 2.4 GHz is introduced in [10]. In [11], an 8-port
planar UWB MIMO antenna is proposed for 5G micro
wireless access point applications formed by integrat-
ing three monopole strips with different structures and
resonant modes. In [12], a dual-band MIMO antenna
consisting of two printed dual-band PIFAs with a slot-
ted strip using polarization diversity is proposed for 4G
mobile handset application. A compact MIMO antenna
for polarization and spatial diversity applications con-
sisting of two planar-monopole antenna elements printed
on one side of FR-4 substrate is proposed in [13]. In
[14]], a planar low-profile wideband circularly polarized
MIMO antenna operating in the X-band, with pattern and
polarization diversity is introduced where a grounded
stub between two linearly polarized monopole antennas
is used to realize wideband circular polarization, pattern
diversity, and high isolation between the antennas.

This work uses the CST Studio Suite® for 3D mod-
eling, designing, analyzing and optimizing the proposed
antenna design. The time domain solver is selected for
calculating the numerical results including the reflec-
tion and transmission coefficients, radiation patterns, and
the MIMO performance assessment parameters as the
envelope correlation coefficients and the diversity gain.
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The hexahedral meshing is applied on the metallic and
dielectric parts with. The simulation frequency is set
to 20-45 GHz with discretization cell size of 15 cells
per wavelength. Also, the simulation accuracy is set
to —40 dB. Finally free space boundary conditions are
selected to ensure accurate results.

In this paper a diamond patch antenna operates
in its principal mode at 28 GHz is modified to have
another higher order resonant frequency at 38 GHz. A
new design method is proposed to achieve the dual-
band operation and a suitable radiation pattern at both
operating frequencies and high radiation efficiency with
accepted values for maximum gain. The basic idea of the
design method is to reduce the size of the diamond patch
by eliminating parts of its conducting surface that has
negligible surface current density at higher order reso-
nant mode at 38 GHz. This will prevent the higher order
surface current density pattern to form on the patch sur-
face and thus nulls will be avoided in the resulting radi-
ation pattern with no effect on the antenna performance
at 28 GHz. To get a higher order resonance located at
38 GHz frequency band, a cross-shaped slot is cut in
the ground plane of the reduced size 28-GHz patch. The
cross-shaped slot disturbs the current distribution in the
ground plane resulting in a field configuration between
the patch and the ground that is appropriate for radia-
tion at 38 GHz. The dimensions of the patch and the
ground slots are set such that the first-order resonance of
the structure occurs at 28 GHz and the second resonance
occurs at 38 GHz.

The present work introduces a MIMO antenna
system with four ports and polarization diversity for
operation in the dual-band 28/38 GHz. The reflection
and coupling coefficients, and the radiation patterns at
each port, are calculated using the commercially avail-
able CST® package showing the suitability of the pro-
posed MIMO system with polarization diversity scheme
for 5G mobile communications. The envelope correla-
tion coefficient (ECC) and diversity gain (DG) are also
calculated proving a good performance of the proposed
MIMO system.

In section II, the design steps and the operation
mechanisms of the 28/38 GHz modified diamond patch
antenna on defected ground structure (DGS) are inves-
tigated in detail. In Section III, a four port MIMO sys-
tem configuration that employs polarization diversity in
5G mobile handset is described. The simulation results
and the experimental verifications concerning the perfor-
mance assessment of the proposed diamond patch with
detailed discussions are presented in section IV. Com-
parisons of the antenna size and performance with other
published works are presented in section V. At the end of
the paper in Section VI, the important conclusions of the
present work are discussed.
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II. PROPOSED DUAL-BAND PATCH
ANTENNA
In this section, the design of the proposed diamond
patch antenna is explained in detail showing the steps of
the design starting from a regular diamond patch which
resonates at 28 GHz till we reach a compact size dual-
band patch antenna resonates at 28 and 38 GHz.

A. Diamond patch antenna design at 28 GHz

A curved-corners diamond patch antenna with solid
ground plane is designed to operate at 28 GHz with the
dimensions shown in Fig. [1| (a). The patch is inset fed
through a microstrip line. The inset length is 1.35 mm.
The used substrate material is Rogers RO3003™ with
dielectric constant & = 3 and height 4 = 0.25 mm.
The surface current distribution, the reflection coefficient
|S11[, and the radiation pattern in the two principal planes
¢ =0 and ¢ = 90" of the diamond patch antenna are
shown in Figs. [I] (a), (b), and (c), respectively. The max-
imum antenna gain is 5.98 dBi.

At higher frequencies greater than 28 GHz, the
designed patch is considered electrically large. This
allows the formation of higher order resonant modes with
sidelobes and nulls in the radiation pattern and this is not
suitable for a mobile handset antenna. The shape of the
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Fig. 1. Resonant diamond patch antenna operating at
28 GHz. (a) Surface current distribution and patch
dimensions, (b) reflection coefficient S}/, (c) radiation
patterns in the two principal ¢ =0 and ¢ = 90’ planes
at 28 GHz.
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Fig. 2. Modified diamond patch antenna with triangu-
lar cut at 28 GHz. (a) Surface current distribution and
dimensions, (b) reflection coefficient |S;;], (c) radiation
patterns at 28 GHz.

diamond patch can be modified by removing the con-
ducting surface parts with insignificant current density
without affecting the patch performance at 28 GHz. This
has the effect of reducing the patch size which in turn
allows the formed surface current pattern at higher fre-
quencies to have appropriate distribution for a radiation
pattern with accepted shape without nulls.

B. Diamond patch size reduction

By looking at the surface current distribution in
Fig.[T] (a), it can be seen that the center of the patch has
very low current density. Thus, the metal at the center
of the patch can be removed without significantly affect-
ing the patch performance at 28 GHz. A triangular cut is
made at the center of the patch as shown in Fig. 2] (a).
The patch dimensions are modified to let it resonate at
28 GHz and also the inset length is changed to 1.64 mm.
The new modified patch has a 13% reduction in size from
the original diamond patch in Fig. [I] (a). The surface
current distribution, reflection coefficient, and the radi-
ation pattern of the modified diamond patch are shown
in Figs. 2] (a), 2] (b), and 2] (c), respectively. The maxi-
mum antenna gain is 5.57 dBi.

C. Compact patch design on a defected ground

To further reduce the diamond patch size and in
order to get a higher-order resonance at 38 GHz, a
crossed-slot defect is made in the ground plane as shown
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in Fig. 3] (a). The dimensions of the compact patch
together with the dimensions of the crossed-slot defect
of the ground plane are set to get the higher-order res-
onance exactly at 38 GHz. Extensive parametric stud-
ies have been done through electromagnetic simulation
to arrive at the optimal dimensions of the patch and
the ground slots to let the structure resonate at 28 and
38 GHz. By comparing the dimension of the original
diamond patch and the patch designed on a defected
ground, it can be deduced that the patch dimension has
been reduced by about 45%. The surface current distri-
bution of the modified diamond patch antenna with DGS
is shown in Fig.[3|(a). The reflection coefficient |Sy| and
the elevation radiation patterns at 28 GHz is presented in
Figs. E| (b) and|§| (c), respectively. The maximum antenna
gain is 4.39 dBi at 28 GHz. The design of the proposed
patch, with its final dimensional parameters, is shown in

Fig. [

III. MIMO ANTENNA SYSTEM WITH
SPATIAL AND POLARIZATION
DIVERSITIES

A MIMO antenna system with four ports is con-
structed from four elements of the proposed dual-band
28/38 GHz diamond patch antenna for the future 5G
mobile handsets. It is proposed that the four anten-
nas of the MIMO system are arranged at the cor-
ners of the mobile handset with progressive rotational
orientations such that the successive elements have

226mm

1S,,1(B)

Fig. 3. Design of diamond patch antenna with curved
corners and triangular cut on DGS. (a) Patch dimensions
and surface current distribution, (b) reflection coefficient
IS11], (c) elevation radiation patterns at 28 GHz.
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Fig. 4. Design and dimensional parameters of the
proposed dual-band diamond patch antenna, (a) patch
dimensions, (b) DGS dimensions.

orthogonal orientations as shown in Fig.[5] Two antennas
are horizontally oriented (x—directed) whereas the other
two antennas are vertically oriented (y—directed). This
arrangement including the orthogonal orientation and the
wide separation among the antennas result in both polar-
ization and spatial diversities which are recommended to
enhance the communication system performance for the
target 5G applications.

Moreover, this MIMO antenna system can produce
circular polarization. If the MIMO antenna elements are
fed with progressive rotational phase such that the phase
shift between the successive elements is 90° degrees, this
will produce circular polarization |15 [16].

The reflection and coupling coefficients at the
proposed MIMO antenna system ports are investigated

d Port2” |
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¥
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Fig. 5. Four-port MIMO antenna system proposed for 5G
mobile phones arranged for polarization diversity.
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together with the resulting radiation patterns in the ele-
vation planes through numerical simulation and experi-
mental measurements.

IV. RESULTS AND DISCUSSIONS
The single element diamond patch antenna as well
as the proposed MIMO system performance is studied by
numerical simulations and experimental measurements.

A. Dual-band diamond patch antenna simulations
and experimental measurements

In this section, the dual-band patch antenna is sub-
jected to performance assessment through electromag-
netic simulation as well as experimental measurements
of the impedance matching bandwidth and the radiation
patterns.

A.1. Operating bands and return loss

The substrate material used in constructing the
printed diamond patch antenna is Rogers RO3003C™
with dielectric constant & = 3, dielectric loss tangent
tan 6 = 0.0021, and height # = 0.25 mm. The conduct-
ing metal of the upper and lower surfaces of the substrate
is made of high conducting copper. The dimensions
of the microstrip line that feeds the modified diamond
patch is Wy x Ly and have a characteristic impedance of
50Q. The antenna is fed through and inset to match the
source impedance to 50 Q. The final values of the design
parameters shown in Fig. [4] are given in Table [I] The
fabricated prototype is shown in Fig. [] (a) compared in
size to a one-inch metal coin. A long feeding microstrip
line is employed for the ease of measurements. It is clear
in the figure that the designed patch is very compact
in size. The fabricated antenna prototype is fed using
an end-launcher connector from Southwest Microwave
Co. as shown in Fig. [6] (b). The fabricated prototype is
connected to the vector network analyzer (VNA) from
Rhode and Schwartz model ZVA67 as shown in Fig. @(c)
to measure the dependence of the reflection coefficient,
|S11|, over a wide frequency band 20-45 GHz. As shown
in Fig. |7} the reflection coefficients at 28 and 38 GHz
are —21.5 and —20 dB, respectively. The numerical
simulations are verified by experimental measure-
ments showing good agreement. The slight difference
between the experimental and simulated results is due
to the accuracy of the fabrication process. At 28 GHz,
the bandwidth is about 0.6 GHz (27.6 — 28.2 GHz),
whereas at 38 GHz, the bandwidth is about 1.17GHz
(37.5 — 38.67 GHz). The radiation efficiencies are 87%
and 89.5% at 28 and 38 GHz, respectively.

A.2. Radiation patterns of the modified diamond
printed antenna

The radiation pattern in the principle elevation
planes ¢ =0 and ¢ = 90 is measured experimentally
using the setup shown in Fig. |[8| A reference antenna



Table 1: Modified diamond patch final dimensions

Dimension |L; |L, L3 Rg, |Rs, |W; |Lc
Value(mm)|1.34|2.26 |1.44 |1.5 [0.3 [0.25 [10.58
Dimension |L;, |L;, |L; Wg |Ly |Ws
Value(mm)|0.62 |3.46 |1.27 |0.58 |11.15]0.2

(c)

Fig. 6. (a) Fabricated prototype compared to a one-inch
metal coin, (b) the top and bottom of the fabricated
antenna connected to the end-launch connector, (c) the
antenna connected to the VNA model ZVA67.

model LB-018400 is connected to one port of the VNA
ZVAG67 and the antenna under test (the modified diamond
patch) is connected to the second port. The transmis-
sion coefficient |Sy; | between the two ports is measured.
The elevation radiation patterns at 28 GHz are shown in
Fig.[9l Also, the E-plane and H-plane radiation patterns
corresponding to ¢ =0 and ¢ = 90°, respectively, at
38 GHz are presented in Fig.[I0] The measured radiation
patterns show good agreement with the corresponding
radiation patterns obtained through numerical simula-
tions using the commercially available CST™ package.

B. MIMO antenna system for polarization and spatial
diversity

The MIMO antenna system with four ports shown
in Fig. [f] is designed to achieve spatial and polariza-
tion diversities. It is subjected to performance assessment
through electromagnetic simulation as well as experi-
mental measurements. The results are concerned with the
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mutual coupling among the four ports, ECC, DG, and the
radiation patterns.

The four antennas are mounted on a handset antenna
mockup as shown in Fig. [I1] with d = 3 mm,
L, = 150 mm, and W,, = 75 mm. Each antenna has
the dimensions listed in Table [l The handset antenna
mockup is shaped like a solid rectangle of overall
dimensions 75 x 150 mm?. In order to measure the
mutual coupling between each two antenna ports in the
MIMO system, a 2.4 mm end launch connector is used.
The VNA ZVAG67 is then employed to measure the trans-
mission coefficient |Sy;| between the two ports. The
antenna ports which are not tested are terminated with
50Q matched load to prevent any reflections at their
ports.

B.1. MIMO antenna system performance measure-
ments

The dependence of the scattering parameters S»i,
Sa3, S31, Sa2, Sa1, and S3, on frequency for the proposed
MIMO antenna system are obtained through numerical
simulations and compared to those obtained experimen-
tally and the results shown in Fig. [I2] The experimen-
tal results appear to be in agreement with the simula-
tion showing very weak coupling between the MIMO
ports.

The ECC and the DG are calculated over a wide
frequency range 25-45 GHz for the MIMO antenna
system ports and the results are illustrated in Fig. [I3]
The ECC is near zero at the both of the resonant fre-
quency bands 28/38 GHz and the value of the DG is
nearly 10. These values are perfect for a MIMO sys-
tem. The radiation efficiencies of the MIMO antenna
system are about 87 % and 90% at 28 and 38 GHz,
respectively.

IS |, 1(0B)

—-—-Meas.
-25 i

20 25 30 35 40 45
Frequency (GHz)

Fig. 7. The reflection coefficient |S;;| dependence on fre-
quency of the proposed diamond patch antenna with the
dimensional parameters given in Table 1.
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Fig. 8. Measurement setup for measuring the radiation
patterns experimentally for the proposed modified dia-
mond patch antenna.

Fig. 11. Mobile phone mockup with the proposed modi-
fied diamond patches MIMO system.

)
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Fig. 9. Modified diamond patch radiation patterns at
28 GHz in the principal planes, (a) ¢ = 0 and, (b)
$=90" _
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Fig. 10. Modified diamond patch radiation patterns at
38 GHz in the principal planes, (a) ¢ = 0  and, (b)
¢ =90".

B.2. Radiation patterns of the four-port MIMO
antenna system

It should be noted that the term “horizontal polariza-

tion” is used to indicate that the electric field is parallel antenna.

-100 .
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Fig. 12. Scattering parameters S»>1, Sa3, S31, Sa2, Sa1,
and S3; of the MIMO antenna system constructed from
four elements of the proposed modified diamond patch
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Fig. 13. ECC and DG are calculated over a wide fre-
quecny band for the proposed MIMO system constructed
from four elements of the modified diamond patch
antenna.

to the (horizontal) xy — plane whereas the term “vertical
polarization” indicates that the electric field is parallel to
the (vertical) zx — plane.

The radiation patterns of the vertically and horizon-
tally polarized fields produced at 28 and 38 GHz by the
proposed MIMO antenna system in the planes ¢ =0 and
¢ = 90", shown in Fig. [3| are presented in Figs.
when the MIMO antenna system is excited at the differ-
ent ports. As antenna 1 produces the same polarization
as 3, and antenna 2 produces the same polarization as 4,
the radiation patterns are demonstrated for antenna 1 and
2 only. It should be noted that the x-direction is desig-
nated for the horizontally polarized electric field and the
y-direction for the vertically polarized electric field.

For each antenna, the cross-polarization ratio is
defined as the ratio between the electric field component
in the direction normal to the feeding transmission line
and that in the direction parallel to it. For example, at
antenna 1, the cross polarization ratio is the ratio between
the y-component to the x-component of the electric field.
It is shown in Fig. [T4] that the radiated field at 28 GHz
is mainly horizontally polarized (x-directed) where the
cross polarization ratio is about —35 dB in the plane
¢ =0, and about —15 dB in the plane ¢ = 90°. It is
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(@ )

Fig. 14. Radiation patterns for the horizontally (x-
directed) and vertically (y-directed) polarized fields at
28 GHz in the planes (a) ¢ = 0°, and (b) o= 90" when
the MIMO antenna system is fed at port 1.

(a) b

Fig. 15. Radiation patterns for the horizontally (x-
directed) and vertically (y-directed) polarized fields at
38 GHz in the planes (a) ¢ = 0°, and ) ¢ = 90" when
the MIMO antenna system is fed at port 1.

shown in Fig. [T3] that the radiated field is horizontally
polarized with cross polarization ratio at 38 GHz of about
—30 dB in the plane ¢ =0, and —12 dB in the plane
o = 90°. It is shown in Figs. and |17| that the radi-
ated field is mainly vertically polarized. Thus, the above
results indicate that the proposed MIMO system has sat-
isfactory performance regarding polarization diversity.

V. PERFORMANCE COMPARISON WITH
PUBLISHED WORK
Comparisons among the dual-band patch antenna
proposed in the present work and some other published
designs are presented in Table[2} The comparison criteria
are the size of the antenna, port isolation, efficiency, and
gain.
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(@) (b)

Fig. 16. Radiation patterns for the horizontally (x-
directed) and vertically (y-directed) polarized fields at
28 GHz in the planes (a) ¢ = 0 ,and ®d) o= 90" when
the MIMO antenna system is fed at port 2.

(a) (b)

Fig. 17. Radiation patterns for the horizontally (x-
directed) and vertically (y-directed) polarized fields at
38 GHz in the planes (a) ¢ = 0 ,and b)) o= 90" when
the MIMO antenna system is fed at port 2.

VI. CONCLUSIONS

A novel design of a compact-size modified
diamond-shape patch antenna is introduced for dual-
band operation at 28/38 GHz. The antenna is constructed
as a perforated resonant patch on a defected ground
structure (DGS). The evolution stages of the design
are described in detail. The patch is inset-fed through
a microstrip line. A four-port MIMO antenna system
is constructed using the proposed patch antenna. The
antennas are arranged at the corners of a mobile handset
in orthogonal orientations which results in polarizations
and spatial diversities as well as low mutual coupling.
The single antenna as well as the MIMO antenna system
performance is assessed through numerical simulations

ACES JOURNAL, Vol. 37, No. 6, June 2022

Table 2: The proposed modified diamond patch com-
pared to published mm-wave antennas

Work Center|Gain  |Radiation|Port |Patch

Fre- |(dBi) |Effi- Iso- |Dimensions

quen- ciency |la- |(mm)

cies (%) tion

(GHz) (dB)
[L17] 28/38 |7/7.3  |96/95 —36 |26.4x20.4
(18] 28/38 |3.7/5.1|83/88 —25 [3.7x5.1
[19] 28/38 19.1/9  198.3/96.5|—40 |8.25 x 9.45
[Present]|28/38 [4.7/3.75|88/90 —50 |2.26 x2.71

and experimental measurements. The scattering param-
eters including the reflection and coupling coefficients
are calculated using the commercially available CST™
package and measured experimentally showing good
agreement. The proposed antenna has a bandwidth of
0.6 GHz at 28 GHz and 1.17 GHz at 38 GHz. To evalu-
ate the performance of the proposed MIMO antenna sys-
tem, key performance parameters such as the radiation
efficiency, envelope correlation coefficient (ECC), and
diversity gain (DG) are investigated. The proposed four-
port MIMO antenna system configuration is shown to
be suitable for polarization and spatial diversity schemes
as illustrated from the resulting radiation patterns. The
proposed antenna has high radiation efficiency and the
MIMO system has very good values for the ECC and DG
over the operating frequency bands. The MIMO system
possesses good polarization and spatial diversities with
good isolation between the antennas without the use of
any isolation enhancement techniques.
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