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ABSTRACT In this paper, single-layer ultra-Wide Band (UWB) microstrip patch antennas loaded with
asymmetrical U-shaped slot in both microwave and millimeter wave applications are presented. These novel
antennas cover a fractional bandwidth around 40% in both microwave and millimeter applications. The
applications cover the C-band (4-8) GHz, V-band (40-75) GHz, and W-band (75-110) GHz. In addition to
that, it is the sole article that cover the bands (5.15-5.825) GHz and (8.025-8.4) GHZ for WiMaX and ITU
band applications, respectively. Moreover, it covers three bands for Automotive radar applications within
(71-76) GHz, (81-86) GHz, and (92-95) GHz, in addition to further 5G/mm-wave applications at 60 GHz.
Each antenna is coaxial fed and implemented on a Roger 5880 substrate with relative dielectric constant
of 2.2, thickness of 1.575 mm and loss tangent of 0.0009. They operate over the frequency band (5.5-9.5) GHz
for microwave band and (55-95) GHz for mm-wave band. To achieve either a notch in other bands or develop
a multi-band structure, the conventional ground is replaced by two different structures. The first ground is an
array of patches and the other is a mushroom ground. The first ground results in a notch within the band
(73-79) GHz while the second one achieves a multi-band within (55-68) GHz and (81-95) GHz. Both
antennas are simulated and verified using Finite Difference Time-Domain analysis (FDTD); CST Microwave
Studio and Finite Element Method (FEM); Ansoft HFSS. For microwave band, the antenna is fabricated
and measured for verification. Concerning the mm-wave version, three different types of ground planes
are presented; traditional, periodic structure of patches and mushroom. The structure with periodic patches
conducts the same band as the traditional ground plane does. This is a prestep for the design of the
notches. The mushroom ground is carried out for multi-band applications. The average gain of the antennas
is 7 dB.The measured two dimensional cuts of the radiation pattern, radiation efficiency, and reflection
coefficient of the microwave version are presented and are in good agreement with the simulated results
while for the mm-wave antenna the same parameters are simulated with two different methods and are in
good agreement.

INDEX TERMS U-Slotted patch antenna, millimeter wave, microwave band, mushroom ground antennas,
metamaterial.

I. INTRODUCTION

Along with the great increase in the mobile data requirements,
despite that the microwave spectrum has a great application
in mobile and wireless communications systems, the fifth
generation mobile network (5G) is expected to make use of a
large quota of the mm-wave spectrum bands [1]-[4], which is
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expected to significantly increase the current communication
capacity.

Prior to optimization, the initial dimensions of the antenna
in the mircrowave band were PL = 12.5 mm and PW =
15.8 mm. On the other hand, for the mm-wave band, the initial
dimensions were PL. = 0.26 mm and PW = 1.58 mm.

These antennas can be used for different airborne appli-
cations, point-to-point communication systems, Synthetic
Aperture Radar (SAR) applications [5] and cellular systems.
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What s at stake

FIGURE 1. 5G Spectrum in Microwave and mm-wave bandwidths - ITU
Standardization-July 2019.

Moreover, people’s needs and way of living change, and
the demand to improve communication system facilities
increases. Most of the devices were developed and reached
much higher standards in order to have low profile, light
weight, and low cost which are often highly demanded.
To achieve these requirements microstrip patch antenna has
been widely used because of its compact structure, low
profile, and easy integration [6]. However, conventional
microstrip antennas suffer from very narrow frequency band,
which is typically only a fraction of a percent or at the
most few percent [1]. On the other hand, core differences
currently exist between the ongoing communication systems
particularly in terms of directivity, propagation losses and
antenna technology [7]-[13].

In order to support the 5G for both the small quota of
the microwave band and the large quota of the mm-wave
band, several methods have been presented to enhance the
bandwidth of microstrip patch antennas [14], [15]. One of the
most popular ways is to introduce some slots into the patch
radiators [16], which can yield extra controllable resonances
for bandwidth enhancement. Another approach used recently
by researchers [12], [17]-[22] is to insert shorting vias into
the dielectric substrate, resulting in the expansion of the
impedance bandwidths of the antennas.

The goal of this work is to develop a low-profile wide-
band antenna with acceptable radiation performance cov-
ering both the frequency bands (5.5-9.5) GHz and (55-
95) GHz for 5G and mm-wave applications. The antenna is
designed, analyzed, fabricated, and measured using ROHDE
& SCHWARZ ZVB20 vector Network Analyzer and ane-
choic chamber for microwave band. Due to limitation in
fabrication resources in mm-wave, the antenna in this band
is simulated using both FDTD; CST Microwave Studio and
FEM; Ansoft HFSS for the validation of the presented work.
On the other hand, for mm-wave band antenna structure a
ground layer of an array of patches and a mushroom ground-
type structure [23] are added to the antenna to notch some
bands and achieves multi-band antenna. The paper is orga-
nized as follows. The designs for both antennas are outlined
in Section II. In Section III, simulation and measured results
are presented. Finally, conclusions are drawn in Section IV.

Il. ANTENNA DESIGN
This section is devoted to the antenna design in both
microwave and mm-wave bands operating from 5.5 GHz to
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FIGURE 2. The proposed antenna for both bands.

TABLE 1. Antenna dimensions of the proposed antenna.

Parameter | Microwave band (mm) | mm-wave band (mm)
L 50 5
w 40 4
t 0.015 0.015
hs 1.575 1.575
L1 18 1.8
L2 12 1.2
L3 5 0.5
Px 1.9 0.19
Py 2.3 0.23
PL 20 2

PW 15 1.5

9.5 GHz and 55 GHz to 95 GHz respectively. Itis based on the
equations of length and width of printed patch antenna [1].
Thus, the preliminary values of the antenna length PL and
width PW can be determined from these equations and later
optimized.
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Figure 2 illustrates the proposed antenna structure with its
dimension are depicted in tablel. The patch is implemented
on a Roger 5880 RT substrate with relative dielectric constant
2.2 and loss tangent 0.0009. The patch is loaded with a slot
and fed using coaxial probe. The overall dimensions of the
antenna are 4 x 5 x 1.575 mm?> for mm-band and 40 x 50 x
1.575 mm? for microwave band.
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(a) Top (b)Bottom

FIGURE 3. Fabrication of proposed antenna (a) Top layer (b) Bottom layer.

FIGURE 4. Measurement of reflection coefficient (S;;).

Ill. SIMULATED AND MEASURED RESULTS

A. ANTENNA OPERATING IN MICROWAVE

BAND (5.5-9.5) GHz

The antenna is fabricated as shown in figure 3 and mea-
sured using ROHDE & SCHWARZ ZVB20 vector Network
Analyzer and anechoic chamber as depicted in figure 4 and
figure 5. A parametric sweep of the feed position (x-position,
y-position) is carried out to study its effect on the reflection
coefficient. Figure 6 shows that reflection coefficient for
different x positions and y positions. It is clear that the value
at x = 1.9 mm left from the center and y = 2.3 mm down from
the center is the optimum location.

Figure 7 illustrates the simulated and measured reflection
coefficients. The measurements are carried out using two
different network analyzers. It is clear that the antenna oper-
ates in the band from 5.5 GHz to 9.5 GHz. The measured
and simulated realized gain of the antenna is presented in
figure 8. Itis bounded between 4 and 9 dB. Since the physical
dimensions of the antenna is maintained unaltered, the higher
the frequency, the lower the wavelength, the higher the elec-
trical dimensions of the antenna structure, hence the gain
increases [24], [25].

The two-dimensional radiation pattern at two different
frequencies 5.6 GHz and 7.8 GHz in the two principle
planes (® =0° & ® = 90°) are depicted in figures 9.
Figures 10 and 11 show the Co and X-polarization, and the
axial ratio over the operating band respectively. It is noticed
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FIGURE 5. Measurement of the radiation pattern and gain in anechoic
chamber.
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FIGURE 6. Reflection coefficient of different feed positions.

Frequency,GHz

FIGURE 7. Simulated and measured reflection coefficient.

that the antenna is linearly polarized and the axial ratio is
over 3dB over the whole band. [26] Notice the a fair agree-
ment between the measured and simulated patterns. Radiation
efficiency is illustrated in figure 12 where the measured and
simulated results match. The zoomed in radiation efficiency
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FIGURE 8. Simulated and measured realized gain.
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FIGURE 9. Simulated and measured 2D radiation patterns (a) E-plane
® = 0°, (b) H-plane & = 90°.
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FIGURE 10. Co and X-polarization for frequencies 5.6 GHz and 7.8 GHz.
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FIGURE 11. Simulated and measured axial ratio.
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FIGURE 12. Simulated and measured radiation efficiency.
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FIGURE 13. Comparison of the simulated reflection coefficient using
HFSS and CST.
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FIGURE 14. Comparison of the simulated realized gain using HFSS
and CST.

efficiency generated by CST and HFSS shows nearly perfect
behavior. The antenna has an outstanding radiation efficiency
that exceeds 95% and thus, has a flat-like response across the
whole band [27], [28].

B. ANTENNA OPERATING IN MILLIMETER

BAND [55 TO 95 GHz]

The reflection coefficient of the antenna operating in the
mm-wave band is determined using FDTD and FEM meth-
ods. The simulated results are illustrated in figure 13. The
antenna operates over the frequency band 55 GHz to 95 GHz.
There is a fair agreement between the simulated results using
both tools. Similarly, a simulation of both the realized gain
and radiation efficiency are carried out and illustrated in
figures 14 and 15 respectively. Notice the good agreement
between the results. Again, the zoomed in radiation efficiency
for the range (55-95) GHz clearly show that it is not flat, as it

for the range (5.5-9.5) GHz clearly show that it is not flat, fluctuates between 0.92 and 0.985.
as it fluctuates between 0.92 and 0.985. The total efficiency Further more the two-dimensional radiation patterns
has the same behavior as the realized gain but the radiation extracted from both simulators are accurately coincident as
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FIGURE 15. Comparison of radiation efficiency using HFSS and CST.

f=56GHz
[

30 330 30 330

60 300 60 300

90

270 90 270

120 240 120 240

(a) 180 180 (b}
f=78GHz 1=78GHz
0

60 300

150 210 150 210
10 180

FIGURE 16. Comparison of 2D radiation patterns using HFSS and CST
(a) E-plane ¢ = 0° (b) H-plane ¢ = 90°.
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FIGURE 17. Reflection coefficients with different separations.

shown in figure 16. To achieve an ultra-wide band, the tra-
ditional ground of the antenna is replaced by an array of
patches with different separations from s = 0.1 mm to s =
0.9 mm between the patches as shown in figure 17. The patch
dimensions of 1 x 0.75 mm? offer the best values for an ultra-
wide band.

The reflection coefficient of the antenna configuration is
shown in figure 17 for ten different separations. It is clear that
the separation 0.2 notches the whole band except for the range
from 75 GHz to 79 GHz, while the separation 0.3 notches the
whole band except for the range from 61 GHz to 79 GHz.
However, the separation 0.25 mm successfully passes the
whole band from 57 GHz to 93 GHz.

For the sake of demonstrating why the ground of the
adopted antenna is replaced by an array of patches that

VOLUME 9, 2021
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FIGURE 18. Reflection coefficient for separation 0.2 mm with transmitted
coefficient of S,; transmission line with patched ground.

FIGURE 19. Proposed mm-wave antenna using a mushroom ground.

notches some bands and passes others. The wave propaga-
tion along a transmission line with patched ground which
resembles the meta-material structure is studied. Consider
the case of separation of 0.2 mm. Figure 18 illustrates the
transmission coefficient of the transmission line and also
the reflection coefficient of the antenna of the configuration
shown in 18 is superimposed. One can notice that the wave
propagating along the transmission line is considered as a
surface wave preventing the wave from traveling through
the antenna structure. Consequently, this leads to decreasing
radiation efficiency. In the same time, the structure of the
array of patches contributes impedance mismatching with the
feed port. These two effects are noticeable in the range from
90 GHz to 95 GHz in figure 18 at which the band is notched.

Concerning the band from 73 GHz to 79 GHz the transmis-
sion line passes energy 10% more than the energy intercepted
by the antenna. In the same time the patches contribute a fair
matching for the antenna structure. The later effect leads to a
little notch.

To achieve multi-band, the traditional ground of the
antenna is replaced by a mushroom ground as shown in fig-
ure 19 where the ground of patches of the antenna is replaced
by a grounded mushroom. The grounded mushroom consists
of three layers. The first one is the conventional metal sheet
ground, the second one is the substrate material Rogers 5880
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TABLE 2. Antenna dimensions of the proposed antenna.

Parameter | Value (mm)
hs2 5
Mw 4
ML 0.015
P 0.55
d 0.4
S aumn,
10 R e v e,
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FIGURE 20. Comparison of simulated reflecting coefficient S;; using
HFSS and CST for mushroom grounded antenna.

S o ©
Treaaay
04 i
i 1
g
2o,

Realized Gain / dB
N

=+ HFSS] |
=CST

50 55 60 65 70 75 80 85 90 95
Frequency / GHz

FIGURE 21. Comparison of simulated realized gain using HFSS and CST
for mushroom grounded antenna.

of thickness equals to 1.575 mm, and the last layer is the
array of patches which are connected to the ground using an
array of vias. The missing dimensions are presented in table 2.

This structure provides the reflection coefficient illustrated
in figure 20 where a multi-band is achieved and operates
on the bands from 55 GHz to 68 GHz and 81 GHz to
95 GHz. One notices the good agreement between the results
of HFSS and CST. It is very important to point out that
the physical reason behind notching the band from 68 GHz
to 81 GHz is the propagation of the surface wave along
the mushroom grounded transmission line under the antenna
structure. It divides the operating band into sub-bands which
can be demonstrated by the same methodology previously
mentioned for the patched ground antenna.

The realized gain, radiation efficiency and radiation pat-
tern 2D for the mushroom ground base antenna are illus-
trated in figures 21, 22, and 23 respectively which conducts
a good agreement between their simulation results using
HFSS and CST. The frequency band, fractional bandwidth,
gain, applications and computational methods are depicted
in table 3 for the adopted antennas and others in literature.
Figures 24 and 25 depict the current distribution along the
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FIGURE 22. Comparison of simulated radiation efficiency using HFSS and
CST for mushroom grounded antenna.
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FIGURE 23. Comparison of 2D radiation pattern susing HFSS and CST for
mushroom grounded antenna (a) E-plane @ = 0° (b) H-plane & = 90°.

FIGURE 24. Current distribution along the patch and the ground
at 57 GHz.

patch and ground layers at the frequencies 57 GHz and
92 GHz respectively. It is noticed that a current is accurately
outlined along the antenna edges.

In the microwave band, the antenna covers the bands
(5.15-5.825) GHz and (8.025-8.4) GHZ for WiMaX and
ITU band applications respectively. In the millimeter band,
the antenna covers three bands for Automotive radar appli-
cations within (71-76) GHz, (81-86) GHz, and (92-95) GHz
[33], [34]. Further 5G applications are planned in the
Americas according to the latest ITU release include
(24.25-86) GHz band planned for planned for licensed use in
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TABLE 3. Comparison between recent papers and this work in millimeter and microwave band.

Frequency, Dimensions Gain
Ref Bandwidth, in A2 Applications (dBi) Implementation
Fractional BW[GHz %]
(5.35-7), . .
71 1.65, 1.53x1.23 Differential fed 7.7-10.7 HESS,
26.7% application fabrication
Microwave
band (7.7-8.5), MIMO Not mentioned
[8] 0.8, 3.78x3.78 applications 8 and fabricated
8.7%
(5.46-6.27), Wireless HFSS
[9] 0.81, 1.66x0.83 communication 7.2-8.9 L)
fabrication
13.8% systems
(5.503-6.12), CST.
[29] 0.617, 0.9x0.78 Sub 6 GHz 6.89 fabri .
7.84% abrication
(2.4-2.6), CST.
[30] 0.4, 0.48x0.31 Sub 6 GHz 8 fabrication
56.87 %
proposed (5.5-9.5), WIMAX, ITU, and CST,
in this j 1x1.25 5G applications 59 fabrication
paper 40 %
proposed (55-95), . .
in this 40, 1x1.25 5G bandssAm ACanada,' Coll{umbla, and 5.9 CST
paper 40% USA, Automotive Radar
(58-62), . .
[10] 4, 5.08x5.08 Micro-metric 13.6 CST,
6.6% mesh metal technology fabrication
mm-wave
band (1 (57,;64)’ 2205222 16 QAM 8.6 Not mentioned
1 ;70 Sty and MIMO systems . and fabricated
(57-64), . . .
[13] ) 1.21x2.96 Unllcense('i w1'de-band 145 Not ment.loned
14.2% application and fabricated
(53.97-66.06), CST
[31] 6.06, 0.57x0.34 5G and mm-wave 6.54 e
10% fabrication
(57.57-62.32), CST
[32] 4.75, 1.94x2.66 5G and mm-wave 4.51 fabri ’,
8% abrication
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FIGURE 25. Current distribution along the patch and the ground
at 92 GHz.

Columbia, (64-71) GHz band planned for shared/unlicensed
use in Canada and USA [2], [3], [29]-[32], [35]-[37]. It is
clear that the adopted antenna achieves higher fractional
bandwidth and can be used in different applications with
acceptable gain.

IV. CONCLUSION
The paper presents microwave and mm-wave antennas for
UWB and multi-band applications. The microwave antenna
achieves a bandwidth of 4.5 GHz (40%) and a average
gain of 7dB. It is applied to C-band (4-8) GHz, V-band
(40-75) GHz, and W-band (75-110) GHz. The mm-wave
antenna covers the bandwidth of 45 GHz (40%) for UWB
design and multi-band application for the following bands,
the 13 GHz band from 55 GHz to 68 GHz, a 2 GHz band
from 70 GHz to 72 GHz and a 13 GHz band from 82 GHz to
95 GHz with gains of 5, 6, and 7dB respectively. It notches
the bands (68-70) GHz and (73-83) GHz. It could be used in
mm-wave applications for the pass bands.

The antenna is fed using coaxial cable. It is implemented on
a Roger 5880 substrate with relative dielectric constant 2.2,
thickness 1.575 mm and loss tangent 0.0009. To achieve the
notches and multi-band applications in mm-wave, the con-
ventional ground is replaced by two different ones. The first
one is a ground of an array of patches and the other is a
mushroom ground. There is a good matching between the
measured and simulated results for the microwave antenna
in terms of the reflection coefficient, realized gain, radiation
efficiency, and the radiation patterns in the two principle
planes. These parameters are in good agreement for the pro-
posed mm-wave antenna that is analyzed using both FEM and
FDTD based software.
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