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ABSTRACT This paper presents two different antenna modules at two different bands with a compact size
structure that is used for both of mm-Wave and microwave bands, with the objective of keeping the size as
minimum as possible. The presented structure consists of two integrated modules with overall dimensions
of 24 x 15 x 0.787 mm?> and is implemented on a Rogers RT5880 substrate. The first module is designed
to resonate at 25.75 GHz with bandwidth of 4.15 GHz. The length of this module is taken as a constraint
in designing the second module, which is the microwave one. This module is designed to have resonance
frequency of 5.45 GHz with bandwidth of 1.12 GHz. The two modules are etched on the same substrate in
an integrated fashion to give the required structure with two separate feeds and a separation gap between
them in the ground plane. The proposed antenna structure is simulated using the CST-MW studio simulator,
where it is found that for the mm-Wave module, the band’s gain is 5.58 dBi and the efficiency is 0.87 at
25.75 GHz. As for the microwave module, the gain is 2.45 dBi and the efficiency is 0.77 at 5.45 GHz.
The proposed structure is implemented practically and the relevant measures agree with the simulated ones.
A comparison of the proposed structure with other designs available in literature shows that it exhibits the
minimum size among them, while keeping the other parameter values of comparable orders. The proposed
structure is suitable for being used in 5G applications where both of the microwave and millimeter- wave
bands are utilized.

INDEX TERMS Microstrip antenna, dual-band antenna, fourth-generation (4G), mm-Wave fifth generation
(5G), DGS.

I. INTRODUCTION

The fifth generation (5G) wireless communication systems
was developed to cope with the modern wireless devices
requirements which the fourth-generation (4G) could not
handle. The most critical characteristics of 5G are high data
rate, high capacity, high reliability, and low latency [1]-[3].
Since current devices are unable to meet the demands of
5G, new devices with new designs and features need to be
developed. The antenna characteristics are considered among
the most prominent features of the new designs [4], [5].
However, there are many challenges that face the design of
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antennas suitable for 5G applications. Among these are the
variety of the utilized bands, beam scanning capability with
wide angles, ultra-wideband circularly-polarized antenna ele-
ments, high-gain, and low-profile in addition to the possibility
of being manufactured at low-cost [6].

To handle the excessive number of expected users, the allo-
cated spectrum of the 5G is extended to reach the millimeter
wave bands [7]. This will make it necessary to introduce
mobile devices that can operate in dual widely separated
frequency bands.

The problem of designing an antenna that can cope with
very widely separated bands is dealt with through three differ-
ent approaches. The first one is to design a single-port fractal
antenna module that works in the microwave and mm-Wave
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5G bands at the same time along with band-pass filter. The
second approach is to design a single port dual-band patch
antenna that works in both of the microwave mm-Wave 5G
band. The third approach is to design two different antenna
modules at two different bands with two separate ports that
operate simultaneously in an independent manner in both
microwave and mm-Wave 5G bands.

As far as the first approach is concerned, monopole anten-
nas with fractal geometries were proposed. The authors in 8]
proposed a patch that incorporated printed star-triangular
fractal microstrip-fed monopole antenna with a semiellipti-
cal ground plane. The antenna covered the frequency band
from 1 to 30 GHz continuously with a compact size of
20 x 20 mm?”. In [9] a compact monopole antenna using
fractal geometries was proposed with bandwidth extending
from 3 to 26 GHz with a bigger size of 22 x 33.4 mm?.
A staircase fractal curve was applied on a microstrip line
which fed a truncated corner square patch antenna. This
configuration was proposed by the authors in [10], where the
band 0.1GHz — 30 GHz was continuously covered, with a
size area of 60 x 60 mm?. In [11], the authors presented a
geometrical structure that incorporated a combination of the
Peano-Gosper, Koch and Minkowski fractal curves. It cov-
ered a frequency range 1-20 GHz with maximum gain of
5.08 dBi at 3.4 GHz. This antenna occupied a size area of
50 x 50 mm?.

The key issue with this first approach was the continuous
bandwidth, which necessitated the addition of new measures
to the main design in order to eliminate unnecessary res-
onance frequencies and increase antenna efficiency while
lowering losses. This approach’s complicated architectures
and repetitive steps were also a concern [12], [13].

As for the second approach, it was based upon a sin-
gle port patch antenna that could work in both microwave
and mm-Wave 5G bands. A compact Phi-shaped monopole
antenna derived from the conventional elliptical monopole
for super wideband applications was proposed in [14]. The
use of quarter elliptical ground plane allowed merging of
the distinct bands resulting in a single continuous band from
3.8 to 38 GHz. In [15] the authors proposed a patch antenna
that utilized the photonic- band gap (PBG) to operate in the
5G microwave band (3.1-3.5 GHz) and 5G mm-Wave band
(24-27 GHz ) through a switching technique. The achieved
gain had a peak value of 9.46 dBi, but with a large size of
44 x 48 mm?. A single-fed 4G/5G multiband antenna was
presented in [16], where Franklin strip monopole antenna
was designed to cover the 2.4 and 5.5 GHZ bands, while a
rectangular patch was designed to cover the 28 GHz band.
The antenna had peak gain of 7.35 dBi and moderate size
of 35 x 45 mm?. Although this structure offered continu-
ous bandwidth coverage with a simple design, the moder-
ate gains with moderate size in a single design were not
achieved simultaneously. The authors in [17] presented a
single port antenna composed of a monopole patch to cover
the microwave band (2.7 — 7.9GHz) in addition to a patch
array to cover the mm-Wave band (58.6 — 61.3 GHz) with
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maximum gains reaching 5 dBi and 12.5 dBi, respectively.
This antenna had a large size of 40 x 50 mm?2. This technique
had numerous drawbacks that ought be addressed, such as
the large size of most of its designs, in the existence of
cross polarization, the complexity of the design, in addition
to requirement for a filter in most circumstances [15].

The third approach was based upon designing two sepa-
rate antennas one for the microwave and the other for mm-
Wave 5G bands, then integrating both in one structure. The
idea of a dual-band monopole MIMO antenna combined
with a tapered slot antenna array (TSAA) for 4G/5G mobile
devices was presented in [18]. The proposed structure used
the geometry of 2-element monopole MIMO to cover the
microwave 5G frequencies. An end-fire antenna array was
added to cover the high frequencies of 5G. This structure
provided high isolation (more than 25-dB) while achieving
a high gain of 15 dBi at the mm-Wave band. However, the
size was considerably big (70 x 50 mm?. The authors in [19]
presented a structure composed of a 4G MIMO antenna that
was combined with a mm-Wave 5G slot antenna array with
an overall size of 60 x 100 mm?. The MIMO antenna had a
resonance frequency of 2160 MHz and mild isolation (more
than 15 dB), while the mm-Wave 5G antenna array had a
resonance frequency of 27.6 GHz and high isolation from
the 4G MIMO antennas (more than 25-dB). In [20], the
authors proposed an integrated MIMO scheme suitable for
(4G) and mm-Wave (5G) wireless applications and relevant
handheld devices. It comprised a two-element array for the
4G band and another two-element array for the 5G one with
Defected Ground Structure (DGS). This design had an over-
all size of 110 x 75 mm? and was capable to resonate at
3.8, 5.5 and 26.85 GHz with peak gain of 10.29 dBi. The
isolation was found to be about 43 dB for both microwave
and millimeter-wave band. In [21], the authors proposed a
corner-bent structure to achieve high isolation between the
antenna modules incorporated. The proposed structure com-
prised a 4G LTE MIMO module composed of two-element
microstrip-fed slot antennas that operated at the 1.7-3GHz
band, in addition to a MIMO module composed of two
element wideband tapered slot antennas that operated at the
25-38 GHz band. The structure had the size of 30 x 14 x
0.254 mm?> The corner- bent approach was also adopted by
the authors in [22] to design an LTE - mm-Wave 5G dual
band antenna configuration. The proposed configuration was
composed of two geometrically perpendicular arms with a
bent substrate, one for the LTE band (2.5-3.5 GHz) and the
other for the 5G band (28 GHz). The arm sizes were 63 x
5.6 x 0.5 mm? and 28.3 x 5.6 x 0.5 mm? respectively, and
the coupling between them was less than 25 dB. However,
still there is a need for new designs with smaller dimensions
to cope with the miniaturized portable 5G devices. All of
the designs listed above still had comparably larger sizes for
being utilized in miniaturized terminal equipment that oper-
ate in dual band (e.g. 5G applications). Still there is a need for
simple and smaller sizes dual band antennas without degrad-
ing the performance metrics. Realizing higher performance
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metrics as Gain, efficiency and VSWR) is also a challenging
issue.

In this paper, an antenna structure that is capable of oper-
ating in both of the mm-Wave and microwave bands of the
5G is introduced. The proposed structure incorporates two
antenna modules with two separate ports: one is operating
at the 5G mm-Wave band while the other is operating at the
5G microwave one. The objective of the proposed designs
is to build an integrated structure that comprises two dif-
ferent antenna modules operating at two different frequency
bands. The integrated structure is designed so as to attain
the compacted possible dimensions, while not sacrificing the
performance measures (e.g. gain, efficiency, etc.).

The main contributions of this paper are as follows:

1- Proposing a patch antenna module that resonates
at 26 GHz (mm-Wave band). The design is based on a
circular patch that is fed from a tapered feedline. To facil-
itate control of the resonance frequency, slots and slits are
introduced. To allow the module to resonate at the required
frequency with a smaller size patch, an elliptically shaped
DGS is introduced.

2- Under the length constraint of the previously proposed
mm-Wave module, a microwave patch antenna module is
designed to resonate at 5.4 GHz. The design is based upon
an H-shaped patch with insets and slots to facilitate control
of the resonance frequency. In order to come down to the
required resonance frequency, an elliptically shaped DGS
is introduced.

3- The proposed two modules are incorporated in one struc-
ture with two opposite and separate feeds. To eliminate
coupling between the two modules, an isolation gap of a
suitable width is introduced in the common ground plane
between the two modules.

The paper is organized as follows. The methodology
of antenna design is clarified in section II. The antenna
configuration and the design steps for all of the mm-
Wave, microwave 5G bands antennas and the two compact
and integrated microstrip antenna modules are discussed
in Section III. The practical measurements are presented in
Section I'V. Finally, Section V brings the paper to a close in
the conclusion.

Il. METHODOLOGY
The methodology adopted here is based upon designing
two separate patch antenna modules; one operates in the
mm-Wave band and the other in the microwave band. The
two modules are then combined in one structure. In each of
them, we start to design a patch that resonates at a higher
frequency than the required one (f;), and then by introducing
a patch-insets and a patch-slots, along with a ground-slots
(DGS), the resonance frequency is reduced to the desired one
(f;). In fact, this approach reduces the overall dimensions of
the designed module.

The sequence followed is to first design the mm-Wave
band antenna module. This antenna is designed as a tapered
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feedline circular patch with insets, circular slot, and DGS.
The parameters of this antenna are adjusted to allow it to
resonate at 25.75 GHz with gain of 5.58 dBi and overall
size 15 x 6 mm?2. Secondly, the other antenna module that
operates at the microwave band of the 5G is designed. This
module is designed under the length constraint of 15 mm,
which is the same length of the first antenna module so as
to facilitate combining it with the mm-Wave module in one
structure. The second antenna module is a modified version of
the H-shaped patch [23] with its size selected to allow it to res-
onate at higher mm-Wave band (above 32.0 GHz). Then, it is
customized so to be able to resonate at the lower microwave
desired frequency by adding edge slots, insets, and DGS. The
proposed antenna module resonates at 5.45 GHz with overall
size 15 x 16 mm?. Finally, the proposed antenna structure is
formed by combining and etching the two antenna modules
on the same substrate with an inter-gap (2.0mm) between
them in the common ground plane. This is smallest gap width
that achieves an acceptable value of isolation between them
(more than 25-dB).

The proposed designs and relevant simulation results are
carried out using CST_MW Studio platform. The proposed
designs as well as the final integrated one are practically
implemented and tested. Measured and simulated results are
compared to each other, and also compared with similar
designs available in literature

Ill. PROPOSED DESIGN

A. MM-WAVE ANTENNA MODULE

1) DESIGN STEPS

In this section, we use the circular geometry to take the advan-
tage of the small size [24]. It has another important advantage
as it is easier to achieve the best impedance matching in the
mm-Wave bands [25].

The design is carried out through a number of steps, with
relevant results that are carried out using the CST_MW
Studio simulator. These steps are shown in Figure 1 with
the implementation steps illustrated in Figure 1(a) and the
relevant reflection coefficients plotted versus frequency in
Figure 1 (b).

The design starts with a circular patch with tapered feed-
line [26] as a first step. To design a circular patch in that
resonates at a certain frequency, we follow these equations
given [27] to get the required radius as follows:

F
a= (1)
1 h
{1+ 2% [in(55)+1.7726]}
where
8.791x10°
F=——
fr«/gr
The feed line width (Wy) is calculated as follows [28]:
Wy 8et
= = 6)
2 e2A —2
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FIGURE 1. Design steps of the mm-Wave antenna module
(a) Implementation steps (b) Return loss at each design steps (c) Return
loss of design step 5-a and 5-b.
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when
M <2
5 =
Wi 2
2 B-1-m@eB-1)
2 T
er—1 0.61
+ In(B—-1)40.39——— 3)
2er er
when
% >
5 =
where;

Zy is the characteristic impedance of transmission line, &7 is
the Effective dielectric constant,

Zo Jer+1 er+1 0.11 377w
= — —(©0.23+—)and B= ————
60V 2 T (OBt amdE= o e

The tapered feeding is found most suitable since both
the feed-line and the patch are approximately of the same
width. The dimensions of the patch in this step are selected
to allow it to resonate at 30 GHz. However, this frequency is
higher than the required one (25.75 GHz). In order to reduce
the resonance frequency, we modify the construction of the
patch by adding a circular slot as a second step. Although
the introduction of this slot results in changing the current
distribution on the patch, the resonance frequency is slightly
lowered. In step 3, a connecter is added at the middle of
the slot, with two slits introduced at both sides. Although
this results in lowering the return loss more significantly, the
resonance frequency is increased to reach 32 GHz. To allow
the patch to resonate at a lower frequency, we introduce an
elliptically-shaped DGS as a final step (shown in Figure 1(a)
step 5-a). A parametric study is carried out to select the
appropriate dimensions of the DGS so as to allow the module
to resonate at the required frequency (25.75 GHz). The effect
of the connector in the middle of the slot in the presence of
the DGS is illustrated by comparing the return loss of the
design in step 5-awith that when there is no middle connector
as illustrated in design step 5-b. As shown in Figure 1(c), the
return loss is lowered more significantly in the presence of
the connector in the middle of the slot.

The proposed design of the mm-Wave patch antenna mod-
ule is shown in Figure 2. Table 1 illustrates the front view
dimensions of the designed microwave band patch antenna
module, while table 2 illustrates back view dimensions of the
module.

2) SIMULATION RESULTS

Figure 3 illustrate the frequency response of the gain, effi-
ciency and VSWR respectively. It is clear that the gain is
5.58 dBi, efficiency is 0.87 and the VSWR value is 1.008 at
25.75 GHz. In all of these curves, it is obvious that the
optimum values are obtained at nearly the same required
frequency.
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FIGURE 2. The proposed design of the mm-Wave patch antenna module
(a)Front view (b) back view (c) details of the circular patch.

TABLE 1. Front view dimensions of the designed mm-wave patch
antenna module.

Width (in mm) Length (in mm)

Symbol Value Symbol Value
Patch Rout 3.34 Rout 3.34
Slot Rin 1.3 Rin 1.3
Feed-line Wre 2.519 L¢ 3.5
Tapper L 2.519 Lt 6.665
We
Left insect Xin 0.3 Yin 0.8
Right insect Xin 0.3 Yin 0.8
Connect We 0.1679333 Lc 9.25

TABLE 2. Back view dimensions of the proposed mm-wave patch
antenna module.

width Length
(in mm) (in mm)
Ground Ws 6 Ls 15
DGS Major axis Minor Axis
Xe 3.64 Ye 3.5

The radiation pattern at the frequencies 23.7, 25.75 and
27.7 GHz (which are within the bandwidth) are shown in
Figure 4 (a) in E- and H- planes. In the H-plane when
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FIGURE 3. Frequency response of the of the designed mm-Wave 5G band
(a) antenna Gain (b) Efficiency (c) VSWR.

¢ = 0°, it has an omnidirectional pattern. The E-plane when
¢ = 90° has one deep null at &6 = —90° for all of the
measured frequencies and another non-deep null appears at
6 = 60° in case of f = 25.7 GHz. So, it could be considered
a quasi- omnidirectional pattern in the mm-Wave band. The
3-D pattern at 26 GHz is shown in Figure 4 (b)

As shown in Figure 4(a) the gain is nearly the same at the
three frequencies, namely 23.7 GHz, 25.7 GHz and 27.7 GHz
(within 1.3 dB). This is in agreement with the results given in
the diagrams shown in Fig. 3(a).

Table 3 gives a comparison between the parameter values
of the proposed mm-Wave patch antenna and other different
designs available in literature. The proposed design has the
smallest width of 6 mm. It is quite notable that the other
parameters are of comparable values with those of other
available designs. Moreover, the proposed design exhibits the
highest return loss among the other designs

B. MICROWAVE BAND ANTENNA MODULE

1) DESIGN STEPS

Here, a rectangular patch is selected for the design. The
principal constraint in the design is the length of the module
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TABLE 3. Comparisons between the parameter values of the proposed
mm wave patch and different designs available in literature.

Parameter I;ZS(;T;:LC; Size Gain BW Rit;;lsn
dBi
Ref. No. (GHz) (mm) (dBi) (GHz) (dB)
[29] 26 13.1x179 741 4788 -35.66
3.94 40
30 23.1,28 9.1x9 77
(301 : " 376 -40
[31] 285 6%6 10 1.637 -32.86
[32] 28 8x 10 3.95 8 37
180 Proposed 25.75 6% 15 558 415 -47.65

— {=23.7GHz (Phi=0)
=== {=23.7GHz (Phi=90)

which should not exceed that of the previously designed mm-
Wave one. This constraint necessitated designing a patch that
resonates at higher frequency (13 GHz) than the required
microwave one. However, the use of an ordinary ground plane
permits the patch to resonate at other two frequencies as a
result of other modes. To lower the resonance frequency, edge
slots and slits are introduced to the patch. By introducing
DGS, we can change the current distribution on the patch,
allowing lowering the resonance frequency [33]. The DGS
also has the advantage of preventing the unwanted resonance
frequencies in the mm-Wave bands. Moreover, elliptically
shaped DGS allow this patch to resonate at the required
microwave band. The patch with the selected DGS gives the
required microwave band module.

The designed module is based upon a shaped rectangular
patch antenna with two edge slots and two insets (H-shaped)
with elliptically-shaped DGS. In order to reach the final
design, we have gone through several steps that are simulated
using the CST_MW Studio platform.

The design steps are shown in Figure 5(a) while the plots of
relevant return loss at all the steps are shown in Figure 5 (b).
We start the first step by considering a conventional rectan-

180
— {=25.75 GHz (Phi=0)
===1=25.75GHz (Phi=90)

180 gular patch to resonate at 13GHz. The corresponding width
— {=27.7GHz (Phi=0) (Wp) and length (L,) are obtained according to [27] as
==-={=27.7GHz (Phi=90) follows:
(a) X

“

=]

W,=——°
P2 /05(e + 1)

where &, is the wavelength in the free space and ¢, is dielec-
tric constant of the substrate.

Ly = Ly —2AL 5)

fiar
NN DN

BOGE AL T ) e
LILITI NI NI b 0 O s e 00
bl el el e S o mE e

e i SN S

where Effective length (Legr):
C

Legp= ————
TV

Length extension (AL):

(eff+0.3) (% +0.264)
AL = 0.412h
(6) (eerr—0.258) (}§+0.8)

FIGURE 4. The radiation pattern of the proposed mm-Wave antenna . . .
module (a) E and H plane patterns at different frequencies (b)The 3-D However, as shown in Flgure 7 (b), the viewed band also

radiation pattern at 26 GHz. has a lot of wobbles. The second step is adding two insets
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FIGURE 5. Design steps of the microwave antenna module
(a) Implementation steps (b) Reflection coefficient at each design steps.

to the patch. Such insets results in lowering the resonance
frequency to a value which is around 11.5 GHz. The next step
is to add the edge slots to the patch so as to take the H-shape.
We note in Figure 7(b) that several nulls appear, one of which
is at nearly double the value of the required one. The last step
is to introduce an elliptically-shaped DGS to the design to
lower the resonance frequency.

A parametric study is carried out to select the appropriate
dimensions of the elliptically-shaped DGS so as to allow
this patch to resonate at 5.45 GHz. The results of this study
are illustrated in the reflection coefficient plots shown in
Figure 8. The study demonstrate that the resonance frequency
is reduced by increasing the dimension of the major or axis
(Figure 6(a)), while reducing the dimension of the minor axis
Y, (Figure 6(b)).

Figure 7 illustrates the front and back views of the pro-
posed microwave patch module with all dimensions labeled.
Table 4 gives the front view dimensions of the designed
microwave band patch antenna module while table 5 gives
the back view dimensions of the module. The overall size of
the antenna is 16 x 15 mm?.

2) SIMULATION RESULTS

Figure 8 illustrates the frequency response of the gain, effi-
ciency and VSWR respectively. It is clear that the gain is
2.45 dBi, efficiency is 0.77 and the VSWR value is 1.044 all
at 5.45 GHz. This insures that the optimum values of these
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FIGURE 6. Return loss plot in accordance with the parametric study of
the elliptically shaped DGS dimensions (Xe and Ye ) (a) Major axis (X)
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FIGURE 7. The proposed design of the microwave patch antenna module

(a) Front view (b) back view.

merits are obtained at the resonance frequency. Outside the
bandwidth region (£0.5 GHz), these values start to drop
significantly.
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TABLE 4. Front view dimensions of the designed microwave band patch
antenna module.

Width (in mm) Length (in mm)
Symbol Value Symbol Value
patch w, 9.1 L, 7.3
Feedline Wy 2.519 L 5

Right X; 0.25 Yin 5.2
Inset

Left Inset Xin 0.25 Yi 52

Left slot Wyvt 1.5 LSlol 4.3

Right slot Wtor 1.5 Lsiot 4.3

TABLE 5. Back view dimensions of the designed microwave band patch
antenna module.

Width (in mm) Length (in mm)
Ground W, 16 Ly 15
DGS Major axis Minor Axis
X, 15.35 Y. 4.8

Realized Gain,3D,Max. Value (Solid Angle)

6
' y
2 : ~
0 /
/[ bo(54524552) O\,
/ [ —| N
3 / \
2 3 4 5 6 7 8
Frequency / GHz
(a)
i Total Efficiency [Magnitude]
0.8 Y
0.6 /
’ Y rryrarerrren BN
/1o (5.45,0.77327) TN
04 o/ 1 i N
) /
0 —
2 3 4 5 6 7 8
Frequency / GHz
(b)
) Voltage Standing Wave Ratio (VSWR)
\
18 \\ 1
14 \ /
12 [o (5456, 1.0444 I\\W/
1 Il(“ o )I \:4
2 3 4 5 6 7 8

Frequency / GHz
(c)

FIGURE 8. Frequency response of the proposed microwave patch antenna
modules (a)Gain (b) Efficiency (c) VSWR.

The radiation patterns of the proposed module are illus-
trated in Figure 9. The E- and H- plane plots are shown in
Figure 9(a) at three frequencies, namely 4.95 GHz, 5.45 GHz
and 6 GHz. It is quite notable that the far field pattern is not
much affected if the frequency deviates from the resonance
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180
= =4.95GHz (Phi=0)
=== {=4.95GHz (Phi=90)

180
= {=5.45GHz (Phi=0)
===1=5.45GHz (Phi=90)

180
—— (=6GHz (Phi=0)
=== {=6GHz (Phi=90)
(a)

(b)

FIGURE 9. The radiation pattern of the proposed microwave antenna
patch module (a) E- and H- plane plots (b) 3-D plot at resonance
frequency.

one within the bandwidth limits. It is clear the proposed
design exhibits omnidirectional pattern in H-plane when
¢ = 0 ° and at the H-plane is has a figure of eight pattern
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TABLE 6. Comparisons between the parameter values of the proposed
microwave patch and different designs available in literature.

Parameter l::::::::; Size Gain BW Rf;':sm
Ref. No. (GHz) (mm) (dBi) (GHz) (dB)
2.5 1.37 .1 -29.9
(341 58 44 x4l 39 2 -1516
[35] 5 60 x 50 5.295 -28.35
[36] 2 26 x24 2.86 4 -35.47
28] 5.4 27.5%27.5 5.012 2.02% -47.27
Proposed 5.45 16 x 15 2.45 1.12 -33.26
S-Parameters [Magnitude in dB]
-15 I
n \
15 K / jemmos P
35 / . ’ * Do e N
g N b / NN e \
450/ \\ I/ \\ f‘: --512 d-0mm....\Y !
\/ | ==51,2 d=2mm "
'65 i : | |
23456789 11 13 15 17 19 21 23 25 27 29 31 34
Frequency / GHz
(a)
0 S-Parameters [Magnitude in dB]
5 ‘\‘ ¥, L 3 : E"- —
. ~3 i
-10 \ / =S1,1 d=0mm \\
@ -15 =S1,1 d=2mm
=20 = =$2,2 d=0mm \
-25 =—S52,2 d=2mm
-30 = i
v

35 — ;

23456789 11 13 15 17 19 21 23 25 27 29 31 34
Frequency / GHz

(b)

FIGURE 10. The effect of the fully connected gap and that isolated by
2mm gap for the (a) isolation parameter s21 (b) return-loss.

TABLE 7. Comparisons between the parameter values of the proposed
compact and integrated microstrip antenna modules and different
designs available in literature.

Resonance

Parameter Frequency Size Isolation
2
Ref. No (GHz) (mm?) (dB)
[16] 24,55and 28 GHz 40 x40 0508
mm
21.6 15
[19] 276 60 x 100 25
38&5.5
[20] 26.85 110x 75 43
from 1.7 to 3
[21] from 25 to 38 110x 75 30
63x5.6
[22] 25&35 28.3x 5.6 25
27 & 31
(orthogonal)
5.4
Proposed 25.75 24 %15 26

(like dipole antenna) when ¢ = 90 °. The plot of the 3-D
radiation pattern at 5.45 GHz is shown in Figure 9(b).
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(i) Front view
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FIGURE 11. The structure of the proposed dual band antenna (a) Structure
front and back view (b) Return loss of the proposed integrated
structure.

(b) (c)

FIGURE 12. The fabricated proposed dual band antenna (a) The
microwave patch module (b) The mm-Wave patch module (c) The
integrated structure.

Table 6 gives a comparison between the parameter values
of the proposed microwave patch and different designs avail-
able in literature. It is clear that the proposed design has the
smallest size among them while keeping comparable values
of other performance parameters.
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FIGURE 13. Comparisons of the practical measurements with the simulated ones of the proposed design (a) The microwave patch antenna module return
loss (b) The microwave patch antenna module VSWR (c) The mm-Wave patch antenna module return loss (d) The mm-Wave patch antenna module VSWR
(e) The compact and integrated microstrip antenna modules (f) The coupling between the compact and integrated microstrip antenna modules.

C. TWO DIFFERENT ANTENNA MODULES AT TWO
DIFFERENT BANDS STRUCTURE

In this stage, the two previously designed antennas modules
are integrated in on structure. A common substrate is used
on which the two antennas are etched on the same side but
with opposite directions to minimize the size of the structure
from one hand, and to offer some degree of isolation between
them on the other hand. However, it is necessary to ensure
the highest degree of isolation between them. For this reason,
a separating gap is introduced in the ground plane between the
two antenna modules. Figure 10 shows the isolation parame-
ter S12 at different values of the gap width d. It is clear that
the case of d=2mm is better than that of the case of d=0
(no gap) at the microwave band. However, no much improve-
ment is obtained in the mmWave band. This is because the
wavelength of the resonance frequency in the microwave
band is comparable to the ground plane length dimension,
hence coupling is more significant. On the other hand, the
wavelength of the resonance frequency at the mmWave band
is less than that of the length of the ground plane, hence
coupling is less significant. The opposite mounting of the two
antennas minimizes the effect of coupling between the outer
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connectors (the coaxial cables) due to leakage currents. Also
figure (10-b) shows the effect of the isolation on the return
loss parameter.

The final proposed structure is shown in Figure 11(a) with
an overall size of 24 x 15 mm? while the plot of the return loss
for the complete structure is shown in Figure 11(b). It is clear
that the performance does not differ than those of the case
of separate antennas. The antenna structure still resonates at
the two required frequencies of the microwave and mm-Wave
bans with deep nulls obtained (less than —25 dB).

A comparison between the parameters values of the pro-
posed compact and integrated microstrip antenna modules
with other structures having integrated two different antennas
available in literature are given in Table 7. The proposed
structure has the smallest size as a trade off with the operating
frequencies. It also exhibits a fairly good degree of isolation
between the two antenna ports.

IV. PRACTICAL MEASUREMENTS

The proposed antenna structure is implemented using Rogers
RT5880 substrate. Each antenna has been tested separately
using the vector network analyzer (ROHDE & SCHWARZ
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FIGURE 14. Measured and simulated radiation patterns of the proposed
microwave patch module (a) E-plane (b) H-plane.

ZVA 67), and then the integrated antennas are tested with
the same analyzer. The microwave antenna is connected with
SMA connector while the mm-Wave antenna is connected
with SMA KS-TO8 connector with ® 0.5mm rear socket pin
inside and PCB thickness 0.8mm.

The fabricated antennas are shown in Figure 12 while
the experimental results of the return loss as compared with
simulated ones are shown in Figure 13. As can be observed,
there is a high degree of agreement between simulated results
and practical measurements.

The radiation pattern of the proposed microwave patch
module is tested inside an anechoic chamber. A plot of the
E-plane and H- plane patterns are shown in Figure 14 as
comparted with the simulated one at 5.4 GHz. It is clear that
the simulated and measured radiation patterns approximately
have same shape with same locations of peaks and nulls.

Some pictures of the practical measurements setup are
shown in Figure 15 as well as the device’s model.
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(b)

FIGURE 15. Measured setup (a) single mm-wave antenna (b) integrated
microwave antenna.

V. CONCLUSION

The introduction of the millimeter-wave (mm-Wave) fre-
quency bands along with the microwave band in communi-
cation systems, made it necessary to propose new designs
of antennas that can cope with the two bands while keeping
the sizes as small as possible. The current work presented
a design, simulation and practical implementation, of two
different antenna modules at two different bands integrated
on one structure in which the miniaturized size was the main
objective to achieve. The proposed structure was based on
two separate modules designed under dimensions constraint.
The practical measurements were in good agreement with
the simulated ones. On the other hand, main objective of the
design was achieved as illustrated in the comparison with
other designs available in literature. The proposed structure
is suitable for 5G systems where the allocated frequency
bands lie within the range of the operating frequencies of the
structure. On the other hand, it is most suitable being used in
miniaturized devices utilized in applications such as the Inter-
net of Things (IoT). The proposed antenna structure can oper-
ate in two of the assigned 5G bands, namely the sub-6 GHz
(0.41 GHz to 7.125 GHz) and the mmWave (24.25 GHz
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to 52.6 GHz) according to the 3GPP. The sub-6 GHz band
is suited for mobile communications and WiFi, while the
mm-wave band is suited for applications that require high
data rates but in limited regions such as IoT
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