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Abstract - A compact and low-cost eight-port (2x4 configuration) tapered-edged antenna array (TEAA) with symmetrical slots and
reduced mutual-coupling is presented in this paper using the inset-feed technique. The 8-port TEAA is designed and simulated using CST
microwave studio, fabricated using the flame-resistant (FR4) substrate having a dielectric constant (€) = 4.3 and thickness (h) = 1.66mm
and characterized using Keysight technologies vector network analyzer (VNA). The designed 8-port TEAA operates at the 5.05-5.2GHz
frequency band. Various performance design parameters, like return-loss, bandwidth, gain, 2D/3D radiation patterns, surface current
distributions, and isolation-loss, are briefly studied, and the results are summarized. The eight-port TEAA has featured the bandwidth/
gain characteristic of 195MHz/10.25dB, 3dB beam-width of 52.8°, and excellent mutual-coupling (high isolation-loss) of less than -20dB,
respectively. The 8-port TEAA is proposed and characterized to work for next-generation high-throughput WLANs like IEEE 802.11ax

(WiFi-6E), Internet-of-Things (loT), and the upcoming 5G wireless communication systems.
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1. INTRODUCTION

During the last 15 years, the world has seen a rapid up-
surge in the use of wearable smart gadgets and hand-
held wireless devices like smartwatches, smart glasses,
fitness bands, etc.,, and mobile phones and tablets, re-
spectively [1, 2]. The end-users are dependent on these
devices for their day-to-day tasks, which vary from finan-
cial transactions to grocery shopping, online education
to work-from-home business users, food delivery to live-
streaming of videos and sports events, Metaverse-type
online gaming as well as usage of artificial intelligence
(Al) chatbots and social media applications, and smart-
home monitoring to smart-farming solutions are to
name the few [1-5]. This dependency is due to the ad-
vancementin the currently deployed 5G and future high-
throughput wireless systems [1-3], [6]. The wireless end-
users are exponentially growing, and it is estimated that
by 2025, there will be 75 billion wireless devices linked
to the Internet, up from the current figure of ~23 billion
[7]. In order to uphold this ever-increasing demand for
commercial and residential wireless end-users, IEEE has
standardized an upgraded version of IEEE 802.11ac [8]
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Wi-Fi, which is also known as IEEE 802.11ax (WiFi-6) [8].
In comparison to 802.11ac, the 802.11ax can achieve an
overall 37% increase in the data-rates, which is equiva-
lent to a data-transmission speed of 9.6GB/s [8]. Another
enhancement of WiFi-6 is the 2.4GHz and 5GHz dual fre-
quency band operation as compared to the single-band
operation of IEEE 802.11ac, which only operates at 5GHz.
In the years to come, enhanced wireless systems stan-
dards like WiFi-6E [8] will also be available, which are also
referred to as high-throughput wireless local area net-
works (WLANS) [1, 2, 6, 8]. WiFi-6E systems will operate
in the triple frequency bands of 2.4GHz/5GHz and 6GHz,
respectively [8].

The main reason for the technological advancement
of currently available WLAN standards and the en-
hancement of the next-generation of high-throughput
WLANSs like WiFi-6E, as well as the 5G wireless systems,
is the requirement for antennas that are compact, ex-
hibit wide bandwidth, and can be easily integrated
with the upcoming wireless devices and systems. In
modern WLAN systems, planar antennas are typically
used, which are referred to as microstrip patch an-
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tennas (MPAs) [9]. The reasons MPA based on planar
structures are preferred in modern wireless systems,
because of low-cost, low-profile, ease-of-design, com-
patibility, and conformality with the printed circuit
boards (PCBs) [8-10]. A conventional MPA resonates
at a single frequency and offers reduced gain and nar-
row bandwidth. Although by the insertion of differ-
ent stubs and slots to change the current path on the
resonating patch, the MPA can be made to oscillate at
multiple frequency bands [8-10]. Using the MPA design
techniques, many researchers [10-15] have proposed
different antenna array designs for the 5G wireless sys-
tems operating at both microwave and mmW frequen-
cy bands [12].

Recently, there has been much interest in the multi-
port antenna array systems which can operate and
cover the frequency bands of next-generation high-
throughput WLANS like WiFi-6/WiFi-6E, and the upcom-
ing 5G system [16-21]. Multi-port antenna structures
are preferred and selected by a number of researchers
because they offer the benefit of physical antenna size
reduction and also reduce the need for antenna-feed-
ing networks, also referred to as beam-forming net-
works for phased array antenna systems [22].In [16], an
eight-element single-polarization linear array antenna
has been proposed to enhance the isolation by using
the decoupling ground (DG) technique. The array was
operating at the 4.8-5GHz band and exhibited a gain
of 7.3dB. Then, authors in [17] presented a 3.3-5GHz
band operation wideband eight-port antenna array
for 5G new radio (5G-NR) applications by employing
defected ground structure (DGS) to achieve high isola-
tion between radiating elements. Also, researchers in
[18] presented an eight-port antenna system design for
future 5G mobile broadband services operating in the
C-band at the 5GHz band and demonstrated a gain of
7.4dB, respectively. In [19], an 8-element array is pro-
posed for 5G systems operating at 3.27-5.92GHz based
on L-shaped open slot antennas with an increased size
of 150 X 75 mm?. An 8-element antenna array is pro-
posed for 5G-NR and WiFi-6 applications by using the
gap-coupled feeding technique and open-stub for im-
proved bandwidth. The array achieved a gain of 4dB,
which is considered relatively quite low for multi-port
antenna systems [20]. Lastly, in [21], the authors pre-
sented an 8-element antenna array operating at 5.15-
5.97GHz frequency band for 5G systems. The proposed
antenna system uses a hybrid combination of modified
Minkowski and Peano curves [14] fractal geometries.
The proposed array [21] achieves good isolation of over
10dB between the antenna elements, although exhib-
ited a reduced gain of 4dB only. The research study [16-
21] shows that most of the researchers were trying to
improve the bandwidth and mutual-coupling between
the element of 8-port antenna arrays by using differ-
ent complex techniques like DG and DGS. This leads
to improved bandwidth and mutual-coupling but also
results in reduced antenna array gain and larger-sized
structures. Although, in this paper, the proposed 8-port
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array exhibits an overall size reduction of 55% with a
much-improved gain as compared to other similar de-
signs. Moreover, it also shows an excellent mutual-cou-
pling without using complicated design techniques.

So, in this work, the authors initially present a single-
element antenna with tapered edges and symmetrical
slots in the oscillating patch with an inset-feed tech-
nigue using the FR4 substrate for low-cost implemen-
tation of the design. All the required antenna perfor-
mance parameters are then briefly studied, and the
results are compared. Then, an 8-port (2x4 configura-
tion) tapered-edged antenna array (TEAA) has been
proposed and studied using the single-element anten-
na design. The 8-port TEAA is proposed and designed
to work for the next-generation of high-throughput
WLANSs like WiFi-6E, sub-6GHz 5G systems, and Internet
of Things (loT) and C-band applications [3, 5, 8]. The
proposed single-element antenna and 8-port TEAA
are designed to operate in the 5GHz frequency band.
The proposed 8-port TEAA in this work has many at-
tractive features, such as a high-gain and maximum in-
tensity of radiation pattern at 45°. These features make
the 8-port TEAA a worthy candidate for the upcoming
high-throughput WLANs, sub-6GHz 5G, IoT, and next-
generation wireless applications. All the 8-elements of
the 2x4 configuration TEAA are individually fed using
SMA connectors. Another salient feature of the pro-
posed 8-port TEAA is that it exhibits reduced mutual-
coupling (i.e., high isolation-loss) between the antenna
elements, which is one of the critical requirements for
the antenna arrays designed to work for next-genera-
tion WLAN applications.

The structure of the paper is as follows: Single-el-
ement antenna design parameters, simulation, and
measurement results like return-loss (S11), 2D/3D ra-
diation patterns, and surface current distribution are
studied and summarized in Section 2. In Section 3, the
8-port (2x4 configuration) tapered-edged antenna ar-
ray, design, and characterization results are discussed.
In addition to all of the above performance parameters,
the isolation-loss is also studied for the 8-port array to
study the mutual-coupling effects between the an-
tenna elements of the array. Section 4 provides a com-
parison of the results with other researchers’ work, and
finally, Section 5 concludes the paper.

2. SINGLE-ELEMENT ANTENNA DESIGN AND
CHARACTERISATION RESULTS

Initially, a single-element antenna is proposed and
designed with tapered edges and symmetrical slots
in the oscillating patch, as shown in Fig. 1(a-c). The
inset-feed technique is also employed in this design to
achieve better impedance matching between the 50Q
feed-line and the oscillating patch. The substrate used
to design and realize the antenna is FR4 having the
thickness (h), dielectric constant (¢), and loss-tangent
(tan &) of 1.6mm, 4.3, and 0.025, respectively.

International Journal of Electrical and Computer Engineering Systems



Fig. 1. (a) Basic rectangular MPA with inset-feed
(b) Modified and optimized tapered-edged MPA
with symmetrical slots (c) Layout of the final single-
element antenna design from CST-MWS with
dimensions

The patch antenna's initial calculations were con-
ducted using the transmission-line model [9-10]. All
the respective formulas are given below in Eq. (1) - (5):

L = Leg — 2AL (1

C

Legf = ——
¢ Zf\/ Ereff (2)

e+1 €-1 1
Ereff= 2 + 2 m 3)
1+12 W

[€,e¢+ 0.3] [% + 0.264]
AL = 0.412h

[€,es— 0.258] [% + 0.8]

W= C 2 (5)
T2 e+ 1

L = Actual length of the patch
W = Actual width of the patch
L= Effective length of the patch

Where:

€,op= Effective dielectric constant of the patch
AL = Extended incremental length of the patch

CST Microwave Studio (CST-MWS) has been used to
design, analyze and simulate the different antenna pa-
rameters. The overall size of the proposed antenna is 34
mm X 32 mm, as shown in Fig. 1(c).
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The resonating patch of the antenna was designed
to resonate at 5.2GHz. Fig. 1(c) and Table 1 shows the
proposed antenna dimensions.

Table 1. Proposed single-element antenna

dimensions.
Parameter Dimensions (mm)

W 18

L 134

L, 13.55

W, 3.1

L, 3.03

W, 05

L, 1.4
w 6.8

o

o
E

E

The final design of the single-element antenna is
shown in Fig. 1(c), which is used to fabricate the an-
tenna prototype. The FR4 substrate-based fabricated
prototype of the single-element tapered-edged an-
tenna with symmetrical slots, inset-feed and complete
ground-plane is shown in Fig. 2(a). The single-element
antenna was characterized using Keysight Technolo-
gies FieldFox N9916B Vector Network Analyzer (VNA),
as shown in Fig. 2(b).

The antenna-under-test (AUT) connected to VNA
Port-1 in Fig. 2(b) shows that the single-element anten-
na was resonating around the 5.2GHz frequency band.
The comparison of the simulated and measured return-
loss S11 [dB] curves of the proposed single-element
tapered-edged antenna design is summarized in Fig. 3.

It can be seen from the simulated and measured S11
[dB] result that the simulated antenna was designed to
resonate at the center frequency of 5.2GHz. Although
the measured antenna response depicts a slight shift in
the single-element antenna resonant center frequency
which is now at 5.1GHz. This could be due to the fabri-
cation tolerances, SMA connector soldering, and loss-
tangent variation of the FR4 substrate.

32mm

Tapered-Edged
Resonating Patch

Con nector/g
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(b)

Fig. 2. (a) Fabricated prototype of single-element
antenna using FR4 substrate, and (b) S-parameter
measurement setup showing the single-element
antenna connected to Keysight VNA for S, [dB]
measurement

—
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-40

S-Parameter (dB)

_50 —S11_Simulated
——S11_Measured

3 3.5 4 4.5 5 5.5 6 6.5 7
Frequency (GHz)

Fig. 3. Simulated and Measured S, [dB] of the
proposed single-element tapered-edged antenna
with symmetrical slots, and inset-feed

It can also be observed from Fig. 3 that the simulated
and measured S, [dB] responses of the single-element
antenna give the -10 dB resonant bandwidth of 248
MHz and 195 MHz, respectively. The S values also sug-
gest good impedance matching at 50 ), and reason-
able bandwidth. Based on the simulated and measured
results, it was found that the impedance bandwidths
range from 5.15-5.4 GHz and 5.05-5.2 GHz, with a volt-
age standing wave ratio (VSWR) that is less than 2 [9,
10]. The VSWR value of the proposed antenna indicates
a stable and reliable performance.

Fig. 4 (a-c) now shows the simulated/measured 2D
(E-plane/H-plane) and 3D radiation patterns (RPs) of
the proposed single-element antenna, respectively. It
can be seen from the E-plane and H-plane 2D RP in Fig.
4 (a-b) that the simulated and measured gain is 6.74 dB
and 5 dB at 5.2 GHz, respectively. The 3D RP of the pro-
posed single-element antenna is shown in Fig. 4(c). The
antenna gain of 6.74 dB can be observed from Fig. 4(c)
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at the resonant frequency of 5.2 GHz. The 2D simulated
and measured RP results show that the antenna radi-
ates maximum at 0° and 10° with fewer side lobes. It is
more clear in the 3D RP that the antenna radiation in
the boresight with respect to the structure.

After measuring the 2D and 3D RPs, the surface cur-
rent distribution of the single-element antenna is also
studied, and the results are compiled in Fig. 5. The sur-
face current distribution graph of the resonating patch
antenna shows that the current density is highest close
to the tapered edges and around the symmetrical slots.

3. 8-PORT TAPERED-EDGED ANTENNA ARRAY
(TEAA) DESIGN AND CHARACTERISATION
RESULTS

Multiple-element antenna arrays, which offer high di-
rectionality, gain, and resonant bandwidth, are one of the
critical requirements for the WiFi-6E WLANS, currently de-
ployed 5G wireless systems, and next-generation of high-
throughput wireless technologies [3,6,8, 10,11, 16-21].To
design the N-elements antenna array, the mathematical
Eq. (6) — (8) are used. The 8-port TEAA's total field is equal
to the single-element at the origin multiplied by a factor
usually referred to as the array factor (AF) [9,10].

E(Total) = [E{Single Element at Reference Point}] X [AF] (6)

For any N-element array with uniform amplitude and
spacing, the AF is given by:

Y = (kd cosf + B) (7)
. (N
AF = |:SL'TL (? W) @
sin (7 '1’)

Where:

k =Wave number given by 21/4,

d = Distance between the array elements,

6 = Angle of the main beam of the antenna array,
B = Phase difference between individual elements,
N = No. of antenna elements in an array

180° H-plane
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= = —H-Plane_Measured

Fig. 4. (a) Simulated (b) Measured 2D (E-plane
and H-plane) and (c) 3D Radiation Patterns of the
proposed single-element tapered-edged antenna

e
bt Bt
Wit

Fig. 5. Surface current distribution of the proposed
single-element antenna

So, a 2x4 configuration (8-port) antenna array has
been designed, fabricated, and characterized using the
previously proposed single-element tapered-edged
antenna, as shown in Fig. 6(a-c). The 8-port tapered-
edged antenna array (TEAA) is also simulated using the
CST-MWS to study its behavior, and fabricated/proto-
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typed using FR4 substrate. The comparison of simu-
lated and measured return-loss responses of the 8-port
TEAA are summarized in Fig. 7(a-b).

FR4
Substrate

Fig. 6. (a) Simulated design of the 8-Port TEAA using
CST-MWS showing all the ports and SMA connectors
(b) Fabricated FR4 prototype of 8-Port TEAA with
dimensions (c) Keysight VNA-based S-parameter
measurement setup of 8-port TEAA, where VNA
Port-1 is connected to one port of TEAA and all other
ports are terminated using 50Q terminators
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An important performance parameter in the antenna
array design is the spacing between the array elements,
which is kept at 5mm [9-12]. Moreover, the center-to-
center inter-element spacing is a key factor for the re-
duction of radiation side-lobes and grating. Therefore, in
the case of the 8-port TEAA, the center-to-center inter-
element spacing is kept at 0.4 A, i.e,, 23 mm. It can be
observed from the return-loss results in Fig. 7(a-b) that
the 8-port TEAA is operating in the 5.2 GHz band as de-
sired. This makes the 8-port TEAA a worthy candidate for
the currently deployed 5G wireless and loT systems as
well as for next-generation high-throughput WLAN op-
erations. The 8-port TEAA proposed and realized in this
work offers very good simulated/measured bandwidth
characteristics of 248 MHz/195 MHz and simulated/
measured return-loss responses in the range of -35 dB
to -45 dB/-20 dB to -28 dB, at 5.2/5.1 GHz respectively.

After the return-loss results, the isolation-loss study is
performed to understand the mutual-coupling behavior
between the different antenna elements of the 8-port
TEAA. Both simulated and measured results are compared
and summarized, as shown in Fig. 7 (a-b). It can be seen
from the results in Fig. 7 (a-b) that only the isolation-loss
between the TEAA port-1 (antenna element-1) is mea-
sured with the rest of the antenna elements. Fig. 7 (a-b)
shows very good inter-element isolation characteristics of
the 8-port TEAA, and the simulated/measured isolation-
loss in the range of -15 dB to -36 dB/-20 dB to -40 dB is
achieved around the 5.2 GHz frequency band, respectively.

——S821_Simulated
-10 ——S41_Simulated
- --S31_Measured

——S831_Simulated
- --821_Measured
- - -S41_Measured

)
= -20
N’
g -30
g -40
£ -s0
5
B 60
n
-70
-80
3 3.5 4 4.5 5 5.5 6 4.5 7
Frequency (GHz)
(@)
0
——S51_Simulated ——S61_Simulated
-10 ——S871_Simulated S81_Simulated
- - -S851_Measured - --861_Measured
-20 - - -S871_Measured - - -S881_Measured

-~
= - ~
v

S-Parameter (dB)

4.5 5 5.5 6 6.5 |
Frequency (GHz)

(b)

Fig. 7. Shows the simulated and measured
isolation-loss of the 8-port TEAA (a) S, S, [dB] (b)
551_587 [dB]
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The isolation-loss study features the reduced mutu-
al-coupling between the different antenna elements
of the 8-port TEAA. The reduced mutual-coupling also
shows that the proposed 8-port TEAA can be used as
a good option for the deployment of the next-gener-
ation high-throughput WLANs and loT systems. After
performing the isolation-loss study, the simulated and
measured 2D (E-plane and H-plane) RPs, 3D RPs, and
the surface current distribution results of the 8-port
TEAA are investigated to understand the behavior of
the proposed TEAA for the upcoming next-generation
high-throughput WLANs and currently deployed 5G
wireless systems. Fig. 8 (a-b) compares the simulated
and measured 2D E- and H-plane RPs of the 8-port
TEAA at 5.2GHz, which shows that the gain is ~10.3dB
and ~10dB, respectively, and the array antenna radi-
ates maximum at 45°.

After the 2D RP, the 3D RP of the 8-port TEAA is stud-
ied at the oscillating frequency of 5.2GHz, and the re-
sults are summarized in Fig. 8 (c). It can be observed
from the 3D RP in Fig. 8 (c) that at 5.2GHz resonance
frequency, the TEAA exhibits a gain of 10.25dB, which
demonstrates the directionality of the radiating elec-
tromagnetic waves from the proposed design. This is
an important requirement for both high-efficiency
next-generation WLANs and the currently deployed 5G
wireless systems because it makes the smart-antenna
beam-forming and beam-steering easier to implement
[1-3,6,9,11,12].

Fig. 9 shows the surface current distribution of the
8-port TEAA. It can be observed from the surface cur-
rent distribution graph that it is high across the feed-
ing line, edges of patches, and around the slots on the
resonating patch antenna.

4. COMPARISON STUDY

This section will present a comparison of the 8-port
TEAA presented in this paper with the similar 8-port
antenna arrays proposed by other researchers in the
literature [16-21]. The results are summarized in Table
2, which shows a comparison of the parameters like
frequency of operation, No. of antenna elements in the
array, antenna array size, gain, and mutual-coupling
characteristics.

Table 2. A comparison study of the 8-port TEAA
with existing designs

No. of . . Mutual-

Ref. Array Frequency Size Gain Coupling
Elements Band (GHz) (mm2) (dB) (dB)
[16] 8 4.8-5 300 x 60 7.3 <-27
[17] 8 3.3-5.45 150 x 75 3.5 <-18
[18] 8 4.8-5 150 X 75 7.4 <-10
[19] 8 3.27-5.92 150 X 75 <-10
[20] 8 5.18-7.71 = 4 <-18
[21] 8 5.15-5.97 150 X 75 4 <-10
v[vT:rllz] 8 51554  98x51 1025 <20

International Journal of Electrical and Computer Engineering Systems



The comparison study presented in Table 2 shows
that the previous designs [16-21] presented in the ta-
ble are more focused on improving mutual-coupling
by using different techniques, while also attempting to
enhance the bandwidth without much improvement
in gain. The results of the proposed 8-port TEAA design
show that the size of the array antenna is reduced by
55%, while the gain is drastically improved.

60°

N
N

e
s

fl
X

8

~

90° 270°

-
"

-

1200

150°

\
90° 3 ,’} < - 270°

180~ ~ ~E-Plane_Array Measured
= = —H-Plane Array-Measured

(@)

Fig. 8. (a) Simulated (b) Measured 2D (E-plane
and H-plane) and (c) 3D Radiation Patterns of the
proposed 8-port TEAA at 5.2GHz
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Fig. 9. Surface current distribution of the proposed
8-port TEAA at 5.2GHz

Moreover, the results demonstrate excellent reduced
mutual coupling characteristics as compared to previous
designs without using complicated design techniques.

5. CONCLUSION

This paper initially presented a single-element antenna
with tapered edges and symmetrical slots in the oscillat-
ing patch by employing the inset-feed technique for 5.2
GHz frequency band operation. The proposed antenna
has shown the bandwidth/gain characteristic of 195
MHz/6.74 dB, and the 3 dB beam-width is 84.5°. Then,
by employing the single-element antenna design struc-
ture, an eight-port (2x4 configuration) tapered-edged
antenna array (TEAA) has been proposed. Both single-
element antenna and eight-port TEAA are realized using
FR4 substrate for low-cost implementation of the design.
The proposed eight-port TEAA covers the 5.05-5.2 GHz
frequency band. The eight-port TEAA has also featured
the bandwidth/gain characteristic of 195MHz/10.25 dB,
3 dB beam-width of 52.8°, and excellent mutual-coupling
(high-isolation loss) of less than -20 dB. All of these fea-
tures and the reduced-sized structure of the eight-port
TEAA make it an ideal candidate for next-generation high-
throughput WLANSs like WiFi-6E, Internet-of-Things (loT),
and the upcoming 5G wireless communication systems.
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