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Abstract — The design and development of a compact
tapered slot antenna (TSA) for the fifth generation (5G)
phased array communications is described in this
manuscript. The proposed low-profile TSA element is
designed on a Rogers RT 5880 (¢=2.2 and 6=0.0009)
dielectric to work in the frequency range from 21 to
23 GHz. The configuration of the employed TSA antenna
elements is composed of a slot-line flare from a small
gap to a large opening, matching to free space’s wave
impedance. Eight TSA elements with well-defined end-
fire radiation patterns have been used on the top portion
of a mobile-phone PCB to form a 1x8 linear phased
array. The TSA elements are fed by hockey-stick
baluns. In addition, the radiation performance and SAR
characteristics of the phased array 5G antenna in the
vicinity of user’s hand & head have been investigated
in this study. The results show that the proposed design
provides good characteristics in terms of S-parameters,
antenna gain, efficiency, SAR, and beam steering, which
fit the need of 5G cellular communications.
Index Terms— 5G wireless networks, cellular
communications, planar phased array, TSA.

I. INTRODUCTION

The fifth generation (5G) networks are expected to
use the higher frequency bandwidths due to the growing
need for wider bandwidths and higher data rates [1-2].
Compared with the cellular networks used today
(operating at the frequencies less than 4 GHz), 5G
mobile networks will use broader mm-Wave frequency
bandwidths [3]. 22 GHz, 28 GHz, and 38 GHz are some
of the candidate bands for 5G wireless communications
[4-5]. Different from the conventional antennas (patch
and slot antennas) in order to cover the required
coverage-space of 5G communications, the end-fire
antennas, such as horn waveguide antenna, Yagi antenna
and linear tapered slot antenna (LTSA) are more
suitable. Among them, the TSA is a promising candidate
for reasons such as easy fabrication and easy integration
[6-7]. Our work presents the study on the design of a
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22 GHz phased array tapered slot antenna for the future
5G cellular communication applications.

Tapered slot antenna (TSA) has received
considerable amount of research effort owing to their
attractive futures such as high gain and relatively wide
bandwidth compared with other designs such as typical
patch antennas. They can provide excellent directional
propagation at the higher frequencies and could be used
for radar, detecting and phased array applications [8-9].
The TSA array with compact size and high-gain
characteristics is also among one of the most promising
candidates meeting the requirements of 5G systems,
and hence, could be used to form multiple antenna
systems for 5G systems [10].

The designed TSA element is operating from 21 to
23 GHz and has compact-size, sufficient-gain, high-
efficiency, high-fidelity, and good end-fire radiation
pattern. The designed antenna element has a good
potential to be used in linear and planar phased array
applications. Eight elements of the TSAs have been
used to form a linear phased array in the edge region
(top-side) of a 5G mobile phone PCB. Another set of
the linear phased array could be used on the bottom
portion of the PCB. The designed 5G phased array
mobile-phone antenna provides good features in terms
of fundamental radiation properties. Furthermore, 64-
elements of the antennas are employed to form a planar
phased array with high-gain property. More than 20 dB
gain, and -0.5 dB (90%) total efficiency have been
obtained when its beam is tilted to 0° elevation. The
results show that the designed TSA arrays (linear &
planar) satisfy general requirements for use in 5G
platforms.

1. SINGLE ELEMENT TSA
The configuration of the single element TSA is
shown in Fig. 1. As illustrated, it contains a slot-line
flare from a small gap to a large opening, matching
to free space’s wave with hockey-stick balun feed
technique. The strip-line/slot-line transition is specified
by W (strip-line width) and W- (slot-line width). The
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exponential taper profile is defined by the opening rate
and two points P1 (z1, y1) and P2 (22, ¥2):

y=ce¥+c,, 1)
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The taper length L is z»-z; and the aperture height H
is 2(y2-y1)+W:. In the case where x approaches zero, the
exponential taper results in a so-called linearly tapered
slot antenna (LTSA) for which the taper slope is constant
and given by so= (y2-y1)/(z2-z1). For the exponential taper
defined by (1), the taper slope changes continuously
from s; to sp, where s; and s; are the taper slope at z=z;
and at z=zy, respectively, and s;< s <s, for x>0. The
taper flare angle has been defined by a=tan’s. In theory,
the maximum opening width [11] is:

Jy=— 0

’ fmin \]gr ’
where C is speed of light, fmin is frequency minimum,
and & is dielectric constant of the substrate.

Fig. 1. Proposed TSA configuration: (a) side view, (b)
top layer, and (c) bottom layer.

The equivalent circuit for the TSA is shown in Fig.
2. The total impedance Zge at the reference plane T
on the strip-line can be expressed as a series connection
of the strip-line stub reactance JXsrg and the antenna
impedance Za [12]. Based on Fig. 2, Zinpu(s) and T (s)

of the TSA can be calculated as:
1
Zinput (S) = Lls + R”LZ "Cl_sl

which is equal to:
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(RL,+RL)+LL,S+RLL,CS® 3)
R, +L,S+RL,CS, ’

_ Zinput (S)
FZ (S) - Zinput (S) + 2ZO . (4)

The antenna has a compact size of WsxLs. The
design parameters of the antenna and the proposed
array are specified in Table 1. The simulated Sii
characteristic of the designed TSA is illustrated in
Fig. 3. It can be seen that the proposed TSA antenna
covers the frequency band from 21 to 23 GHz (2 GHz
bandwidth for Si; less than -10) and has a reflection
coefficient of -30 dB at the resonance frequency (22 GHz).

:

Zinput (S) = S{

Xs1g L,

M
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{77774

W
7]
Il

ZRP=RA+ijP
Fig. 2. Equivalent circuit for the TSA.

Table 1: Dimension of the antenna parameters

Parameter | Wx | Lx | Ws |Ls=La| Wa h

Value (mm) | 48 428 6 12 48 | 0.8

Parameter Ly | W L W, Ls r

Value (mm) | 15 |225| 4 11 [425] 8
Parameter W, L Wk L¢ X X1

Value(mm) | 05 | 3 | 05| 3 |125]| L5
0
E -10
=,
= 20
(/7]
30, =S,

20 21 22 23 24
Frequency [GHz]

Fig. 3. S11 characteristic of the LTSA.

The frequency response (S11) of the designed TSA
can be controlled by changing the values of critical
parameters such as the width of the hockey-stick balun.
Figure 4 depicts the Si1 characteristics of the antenna
for different values of Wi. As illustrated, when the
value of Wi increases from 2.05 to 2.45 mm, the
resonance of the antenna response increases from
22.05 to 22.6 GHz. The efficiency characteristics of the
antenna over the operation band is described in Fig.
5 (a). In theory, the radiation and total efficienies are
related according as:

€, =€6€,. 5)

r
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In addition, the 3D radiation pattern of the antenna
at 22 GHz is illustrated in Fig. 5 (b). The antenna gain
can be calculated using the total efficiency and the
directivity as follows:

G, (dB) =10log (e, D,), (6)
where ey is the total antenna efficiency, er is reflection
(mismatch) efficiency=(1-|712), ecq is antenna radiation
efficiency and Dy is the antenna directivity [13]. As can
be seen, the antenna has a desirable end-fire radiation
property with 4.45 dB gain (IEEE gainxmissmatch).
Based on the obtained results, the antenna has high
efficiency function at the different frequency of the
operation band (especially at the resonance frequency=
22 GHz).

0
) /_
m
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Fig. 4. Sa1 curves for different values of Wi.
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Fig. 5. Simulated (a) efficiencies and (b) radiation pattern
of the designed TSA.

In the analysis on the microstrip antennas, the
transfer function is transformed to time domain by
performing the inverse Fourier transform. The fourth
derivative of a Gaussian function is selected as the
transmitted pulse. Therefore the output waveform at the
receiving antenna terminal can be expressed by
convoluting the input signal and the transfer function.
The shape of the transmitted signal in free space is
shown in Fig. 6.

The input and received waveforms for the face-to-
face and side-by-side orientations of the antenna are
shown in Fig. 7. It can be seen that the shape of the
pulse is preserved in all the cases. There is slight
distortion on received pulses but it was expected. Using
the reference and received signals, it becomes possible
to quantify the level of similarity between signals.
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Fig. 6. Transmitted signal in free space.
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Fig. 7. Received pulses (a) side by side and (b) face to
face.

In telecommunication systems, the correlation
between the transmitted (Tx) and received (Rx) signals
is evaluated using the fidelity factor (7):

[sre-7)

[+ = + ! (7)
\/j s(t)zdt.j r(t)’dt

—0

F = Max,

where s(t) and r(t) are the Tx and Rx signals,
respectively. For impulse radio in UWB communications,
it is necessary to have a high degree of correlation
between the TX and RX signals to avoid losing the
modulated information. However for most of other
telecommunication systems, the fidelity parameter is
not that relevant. In order to evaluate the pulse
transmission characteristics of the proposed antenna,
two configurations (side-by-side and face-to-face



orientations) were chosen. The transmitting and receiving
antennas were placed in a distance of d=100 mm. As
shown in Fig. 7, although the received pulses in each
of two orientations are broadened, a relatively good
similarity exists between the Rx and Tx pulses. Using
(7), the fidelity factor for the face-to-face and side-by-
side configurations were obtained equal to 0.93 and
0.97, respectively. The obtained values of the fidelity
factor show that the antenna imposes negligible effects
on the transmitted pulses. The pulse transmission results
are obtained using CST [14].

I1l. THE TSA LINEAR PHASED ARRAY

The proposed phased array antenna is designed
using eight elements of TSAs. Figure 8 illustrates the
configuration of the linear phased array. The array has a
compact size of WaxL,=48x12 mm?. The antenna element
are arranged with a distance of d=Ws.

Figure 9 shows the S parameters (S21 to Sg1) of the
array. As shown, the array has a good performance in
the frequency range of 21 to 23 GHz. The highest
mutual-coupling characteristic (Sz1) between the TSA
elements is less than -12 dB at the center frequency of
the operation band (22 GHz).

L
‘ (0)

Fig. 8. Geometry of the linear array: (a) side view and
(b) top view.
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Fig. 9. S parameters of the array shown in Fig. 8.
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In array designing, the adjacent element spacing
must be chosen carefully due to its effect on the
radiation performance of the array [15-16]. Figure 10
shows the configurations of the proposed array with
different distance (d) between the elements. Simulated
mutual coupling characteristics of the middle elements
of the array for different values of d are illustrated
in Fig. 11. As seen, in order to obtain a low mutual
coupling characteristic for the antenna array, the
distance between antenna elements must be near A/2.
When the distance between antenna elements increases
from 7 to 5 mm, the mutual coupling characteristic of
the array decreases from -9 to -16 dB. In addition, the
radiation performance of the array for different values
of d has been investigated.

(c)

Fig. 10. Side views of the array for: (a) d=5 mm, (b)
d=6 mm, and (c) d=7 mm.
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Fig. 11. Simulated Sy characteristics of the antenna for
different values of d.

Figure 12 shows the main radiation beams of the
array at 0° of scanning for different values of d. It can
be seen for d=6 mm, the array has good efficiency,
sufficienct gain level and compact size which is suitable
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for cellular phased array applications. As illustrated,
the array has 11.2, 12.2, and 12.7 dB gains with -0.54,
-0.67, and -0.84 values of total efficiency for d=5 mm,
d=6 mm, and d=7 mm, respectively. Based on the
obtained results, in order to have high-gain, high-
efficiency beams of antenna array with wide scanning
function (0 to 75 degree), the distance between elements
(d) must be calculated near A/2 of the operation
frequency (d=6 mm).

Tot. Effic.; -0.54 dB  Tot. Effic.: -0.67 dB  Tot. Effic.j -0.84 dB

-28.8 dB 11.2 -27.8 dB 12.2 .27.3 dB 12.7
(@) (b) (©

Fig. 12. 3D beams (at 0°) of the array for different
values of d: (a) d=5 mm, (b) d=6 mm, and (c) d=7 mm.

Figure 13 (a) illustrates a system architecture in
which the proposed linear phased array antenna can be
used for 5G applications. For operations using time
division duplex, the feed network can be implemented
using low loss phase shifters (such as HMC933LP4E
[17]) for beam steering). One of the important issues to
achieve a functional array antenna is the feed network.

Bias

Y

| Feed Network
i
Input

(a)

#Antennas

#Phase
Shifters

(b)

Fig. 13. (a) Phased array architecture for the proposed
design, and (b) typical 1:8 feed network.

In the proposed design, a 1x8 uniform linear array
antennas could be used and each radiating element with
equal magnitude must be excited. There are various
techniques of feed network design for this purpose:
parallel [Fig. 13 (b)], series, and etc. The power dividers
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(such as Wilkinson) divide the power to equally 1:N
and also unequally by changing the input and output
[9]. It should be noted the usage of the feed network
could has influence on the antenna parameters in
terms of directivity, mutual coupling, gain and etc.
Additionally, the mutual coupling in combination with
the feed network causes notable changes in the excitation
currents. So, the losses of the antenna performance in
the vicinity of feeding network and active elements
should be considered.

IV. APPLICATION OF THE LINEAR
ARRAY FOR 5G HANDHELD DEVICES

Figure 14 depicts the configuration of the 5G
mobile-phone antenna. It consists of eight 22-GHz TSA
elements used to form a linear phased array in the edge
region (top-side) on a mobile phone PCB. Another set
of the designed array could be used in two sets of
phased arrays in the top and bottom portion of the
mobile phone PCB [18].

@
e R RaReRe ety

(b) (©)

Fig. 14. Phased array 5G antenna configuration: (a) side
view, (b) top layer, and (c) bottom layer (GND).



The simulated S-parameters (Si11 to Ss1) of the
designed 5G mobile-phone antenna are shown in Fig. 15.
The antenna operates at the central frequency of 22 GHz
(2 GHz bandwidth). It can be seen that the highest
mutual-coupling characteristic between the elements is
less than -12 dB which is sufficient for typical phased
array applications.
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S-Parameter [dB]
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Fig. 15. Simulated S-parameters of the proposed 5G
mobile-phone antenna.

Fig. 16. 3D Radiation beams with directivity values at:
(a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, and (f) 75°.

The beam steering characteristic of the antenna
with directivity values at different scanning angles
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(0° to 75°) are shown in Fig. 16. The analysis and
performance of the antenna beams are obtained by
using CST Microwave Studio®. The shape and direction
of the array beams are determined by relative phases
amplitudes applied to each radiating element as below:

w=2x(d/A)sing, (8)
where d is the distance between the radiation elements
and 6 is the angle of incidence.

As seen, the proposed antenna has a sufficient
beam-steering function in the scanning range of 0 to 75
degree. It should be noted that for plus-minus (&)
scanning angles, the beam-steering characteristic of the
antenna are almost the same. Figure 17 () illustrates
the simulated realized gains of the proposed 5G mobile-
phone antenna at different angles. From the beam
steering characteristic, it can be observed that the antenna
has sufficient gains at different scanning angles. For the
scanning range of 0 to 75 degree, the antenna gains are
almost constant and more than 10 dB.

Figure 17 (b) describes the fundamental radiation
properties of the antenna beams for the scanning range
of 0 to 70 degree. As seen, in the scanning angle of
0-60 degree, the antenna has more than -0.1 dB -0.5 dB
radiation and total efficiencies, respectively. It is noted
that the antenna has high efficiencies for different
scanning angles. Furthermore, when the scanning angle
of the radiation beam is <+60°, the proposed antenna
has more than 11 dBi directivity.

Realized Gain [dB]

= %----a--"‘& e -14%
¢=>>' 80 "'-*---*;____@:;_*,123
g —% - Directivity 0.2
= =B~ Radiation Efficiency §
Ll =&~ Total Efficiency a
0 20 40 60
Angle [deq]
(b)

Fig. 17. (a) Realized gains and (b) radiation properties
of the antenna at different scanning angles.
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The radiation performances of the proposed 5G
mobile-phone antenna with different lengths of the
PCB ground-plane have been investigated in Fig. 18.
As illustrated, the size of PCB ground plane does not
have significant impact on the radiation properties of
the antenna in terms of gain and total efficiency.

275 ~—d—12.7
Total Efficiency= -0.69

(a)

12.5

Total Efficiency= -0.65

(c)
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Figure 20 shows the 3D radiation beams of the
antenna patterns in the vicinity of user’s hand for
different scanning angles at different positions. As
illustrated, the antenna has a good beam steering function
with acceptable gain levels at different scanning angles.

In addition, the Sn, characteristics of the designed
5G mobile-phone antenna in the presence of the user’s
hand is illustrated in Fig. 21. As can be observed, the
antenna has good impedance matching with less than
0.4 GHz frequency-shifting in the operation band of the
designed array in free space.

Fig. 18. Radiation characteristics of the 5G mobile-
phone antenna (at 0°) for different length of the ground
plane: (a) full, (b) half, and (c) without PCB-GND.

The handsets for mobile communication systems
are practically operated in the vicinity of a human body.
Especially, the user’s hand is one of the parts that touch
the mobile handsets most frequently [19-20]. In general,
the user’s hand has a negative impact on the antenna
performance in terms of efficiency, gain, impedance-
matching etc. Changing its position can increase/
decrease the amount of the losses. The impact of user-
hand on the performance of the proposed phased array
TSA has been studied and Fig. 19 illustrates different
placement of the antenna in the presence of the user’s
hand.

(b)

Fig. 19. Different placement of the antenna in the
vicinity of user’s hand: (a) bottom and (b) top positions.

Table 2 summarizes the effect of user’s hand on the
properties of the proposed phased array TSA. The total
losses of antenna parameters in terms of realized gain,
radiation efficiency, and total efficiency are about 3 dB,

Fig. 20. Radiation beams at different scanning angles
for: (a) bottom position and (b) top position.

15%, and 25%, respectively.

Table 2: Total losses of the antenna parameters

Antenna Parameters | Position (a) Position (b)
Radiation efficiency 10~25% 10~20%
Total efficiency 20~35% 15~35%
Realized gain 0.5~2.5dB 1~2 dB

0
E‘ S =—%
=, 10+ —3,
b _ 333
2 20 —s,,
E - s55
S 30t s
© 66
o —_—
A -40}
wn . . . Sge
18 20 22 24 26

Frequency [GHz]

Fig. 21. Snn characteristics of the antenna in the
presence of the user-hand (S11 to S88).



The proposed antenna’s specification absorption
rate (SAR) is studied in Fig. 22. SAR is the measurement
of the energy has absorbed by the human body during
transmit the radio frequency electromagnetic field. The
human body absorbed the energy that’s mean we will
lose some energy the second problem that’s mean will
affect the human body badly [21-24]. The SAR is
described by the following equation:

2
oMEOL o ©)

p(r)

As illustrated in Fig. 22, the antenna has sufficient
SAR values. It should be noted the distance between 5G
antenna PCB and human-hand in z-axis is less than
10 mm. As can be seen, due to close distance of the
designed phased array with the head in top location,

there is a difference between the SAR values of the top
and bottom locations which it was predictable.

SAR:I

(b)

Fig. 22. Analysis specific absorption rates of the
proposed 5G antenna at 22 GHz: (a) top location and
(b) bottom location.

Figure 23 depicts the 3D-directional radiation
beams of the proposed 5G phased array antenna in the
presence of the human-hand (top location) at different
scanning angles. As seen, the antenna has good beam-
steering characteristics with good gain values at different

angles.
dBi

£

D R
-30 9.6~13

Fig. 23. Radiation beams of the 5G antenna at different
angle in the presence of the human-head.

V. PLANAR PHASED ARRAY TSA DESIGN
FOR 5G CHANNEL MEASUREMENTS
Figure 24 displays the 3D view of the planar

phased array TSA. 64-elements of 22 GHz TSAs with
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hockey-stick balun Feeds have been used to form the
proposed planar array design. On the other hand, the
proposed planar array have been designed using eight
rows of the proposed linear phased array described in
Section Ill. The designed planar phased array antenna
has a compact size of WxxLx.

Fig. 24. 3D view of the designed 8x8 planar phased
array TSA.

The proposed planar phased array antenna is
operating in the same operation band of the single
element TSA (frequency range from 21 to 23 GHz). It
has compact-size, high-gain, sufficient-efficiency and
beam-steering properties. The designed planar array
could be used for 5G base station or channel
measurement applications [25].

The 3D directional radiation beams of the proposed
antenna with directivity values at different angles are
shown in Fig. 25. It can be seen that the antenna has
a good beam steering characteristic with high-level
realized gains. The planar phased array design has more
than 21 dB realized gain when its beam is tilted to 0
degree.

_%1 Sdai% 19~21.5

Fig. 25. 3D beams of the proposed phased array at
different angles.
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V1. CONCLUSION

Low-profile TSA arrays for 5G channel
measurement applications are designed and investigated
in this study. The antenna elements are designed to
work at 22 GHz which is one of the candidate bands for
the future communication systems and have a 2 GHz
bandwidth. Eight TSA elements formed a linear phased
array in the top portion of the mobile-phone PCB. For
the deigned 5G mobile-phone antenna, fundamental
radiation properties and also user’s hand and head
impact are studied. The designed array features high-
gain/high-efficiency, compact-size good and beam-
steering characteristic. In addition, using 8x8 elements
of the single element 22 GHz TSA, a planar phased
array with high-gain property is designed and its
characteristics are investigated. Based on the obtained
result, the TSA element, its linear and planar arrays are
promising for 5G applications.
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