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This paper focuses on the design of a thinned array antenna using microstrip patch, which is a novel task in recent years. The aim
of thinned array antenna synthesis is to obtain a desired radiation pattern with a minimum number of antenna elements. For
uniform spacing array antenna, a certain number of elements can be removed, while maintaining a desired radiation pattern using
genetic algorithm optimization. Parameters such as beamwidth and side lobe level are evaluated for proposed thinned array
antenna by comparison with those obtained for different types of uniform array antennas. Numerical examples are presented to

show the high energy efficiency of the proposed thinned array antenna.

1. Introduction

Technology and science have made major changes to the way
we live, with the development of high-tech, scientific
challenges and changes come along with it. Fifth generation
(5G) mobile communication brings faster speed, high data
rate, and larger bandwidth meeting the current demand of
the wireless technology. Antenna plays an important role in
such communication system, and its radiation characteristic
affects the overall system. The microstrip patch antenna is
widely used in varies communication systems; it is attractive
due to its thinned profile and light weight, being simple to
manufacture, being easily integrated with circuit, its low
cost, etc.

Array antenna consists of two or more antenna elements;
the research on uniform distribution array antenna is very
mature, in which the spacing between adjacent antenna
elements is the same and there are the same number of
antenna elements along each line. However, the report of
nonuniform array antenna design using microstrip patch
antenna is difficult to find.

A large-scale uniform distributed array antenna is
complex to build and increases manufactured cost, and it
occupies large area. Therefore, eliminating antenna from the

array, to be formed as thinned array, would be a wise choice,
while maintaining the desired gain and suppressing side lobe
level.

The research on thinned array received extensive con-
cern in communication engineering in recent years; relative
papers provide useful results [1-16]. But, most of these
researches study thinned array antenna based on the as-
sumption of no coupling effect which occurs between an-
tenna elements and using infinitesimal point to represent
antenna radiator. However, in practice, mutual coupling has
effect on radiation pattern and could cause pattern, beam-
width, and gain deviation [17], and in the case of microstrip
patch antenna, the patch width may be longer than the half
wavelength, so it could not be realized if the minimum
spacing is set to half wavelength as designed in many re-
searches [3, 4]. Up to now, there is no published work that
researches on the actual design of thinned array antenna,
let along thinned array antenna for 5G wireless system. So, in
this research, the thinned array antenna using microstrip
patch antenna is designed, and the designed 34 elements
thinned array is evaluated by compared with different types
of uniform array antennas, based on the full-wave simulator
HESS. To reduce the manufactured cost of PCB, the thinned
array antenna is designed on the low-cost Fr-4 substrate in
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which the thickness is 0.2 mm, dielectric constant is 4.2, and
the loss tangent is 0.02; then, the proposed thinned array
antenna is finally fabricated and measured to verify the
theoretical expectation.

2. Corporate-Feed Network and Uniform Array
Antenna Design

Before analyzing the thinned array antenna, let us first
design uniform array, because the thinned array antenna is
obtained based on the uniform array antenna. Moreover, the
designed uniform array antennas could be compared with
thinned array antenna later to observe the radiation pattern
characteristic improvement of thinned array antenna.

Before designing the uniform array antenna, the cor-
porate-feed network would be analyzed first. The corporate-
feed network is usually the power divider/combiner; in this
case, the designed TX array antennas do not need high
isolation property, thus the T-junction power divider is
chosen, as shown in Figure 1(a).

Then, the substrate material and the thickness must be
chosen to design the array antenna. To reduce the manu-
factured cost, the Fr-4 substrate is an appealing option. As
for the substrate thickness, it is needed to trade off the
relationship among the antenna efficiency and gain, and
another important aspect, higher order mode existence, as
the single-mode operation is wanted for microstrip. Through
the simulation, the second order mode has the cut-off fre-
quency above the 30 GHz for Fr-4 substrate with the di-
electric constant of 4.2 and thickness of 0.2 mm; considering
the gain and efficiency value are satisfactory, the substrate
with that specification is chosen.

To compensate the parasitic reactance at the junction,
the notch is added for power divider, as shown in Figure 1(a)
[18], and then an 8-way power divider is designed, in which
the 50 Q microstrip width W is 0.37 mm and the spacing of
adjacent output ports is about 4 mm. Through the optimi-
zation simulation, the appropriate dimension parameters are
found when 17 ym thickness of copper is used, and the
values of W,, W3, and L;, as described in Figure 1(b), are
different in three stages for designed 8-way power divider;
the values are 0.2, 0.25, and 1.28, respectively, for first stage,
0.21, 0.15, and 1.08 for second stage, and 0.1, 0.19, and 1 for
third stage, where the units are all in millimeter.

The antenna element dimension would be calculated
next, based on the reference and mass of simulation ex-
periments, when the patch length and width, L, and W5, as
illustrated in Figure 2, are 2.55mm and 3.2 mm, it has the
resonant frequency at 28 Ghz.

Finally, the impedance matching work must be done
which highly affects the return loss of the whole array
system. Generally, a quarter-wavelength microstrip im-
pedance transformer can be used, but it is found that the
width of A/4 microstrip impedance transformer would have
the width over 6 mm, which is difficult to be realized in dense
array system. Hence, a patch, in which the length (L;) is
equal to antenna element length (L,), is used for matching to
50 Q, although the added patch can radiate electromagnetic
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wave; due to its shorter width, the effect of its radiation can
be ignored.

Microstrip patch antenna usually has the maximum gain
toward the upward direction of the substrate, thus the
broadside array can make full use of radiated energy. In
broadside array, each antenna element must have the same
excitation phase, and the spacing between adjacent antenna
elements can be any value [19]. Because the patch antenna
length is approximately equal to half wavelength, the
microstrip length Ls, as illustrated in Figure 2, is set equal to
L4, and then all antenna elements can be excited in the same
phase. In addition, the optimized value of L, in Figure 2
could be equal to L,.

Based on the theories and methods discussed above, an
8 x 4 broadside uniform array antenna is designed in HFSS,
as shown in Figure 3(a). The optimized value of W, in
Figure 2 is about 1.27 mm; the substrate size is 40 x 60 mm.
The simulated return loss (S;;) and VSWR are shown in
Figure 4. It has return loss of —31dB and VSWR of 1.03 at
28 Ghz, which demonstrate the array antenna operates well
at mentioned frequency.

Then, an 8 x 8 broadside uniform array antenna is
designed, as shown in Figure 3(b). The optimized value of
W, is about 0.85 mm; the substrate size is 40 x 60 mm. The
simulated results are shown in Figure 5. The designed array
has return loss of —27 dB and VSWR of 1.05 at 28 Ghz, which
can prove the designed array antenna works well at that
frequency.

3. Thinned Array Antenna Design

3.1. 34 Elements Thinned Array Antenna. In the case of a
uniform array of identical isotropic antenna elements with
equal excitation amplitude and fixed progressive difference
of excitation phase, the radiation field can be obtained by
multiplying the array factor by the field of a single antenna
element at the reference point [19]. Hence, the radiation
pattern is closely related to the array factor for an array
system.

Then, let the array factor be multiplied by a matrix f,,;
when the antenna element is removed, the f,, =0; other-
wise, fun = 1. Then, the total number of thinned array an-
tenna elements would be equal to

M
total antenna element number = Z

m=1 "

z

o (1)
1

where M and N are the total number of lines in two di-
mensions, respectively, and then the thinned array factor
could be expressed as

< X j271//\[ (d ) sin(@)sin((p)+(d ) sin(0)cos((p)]
AFZZ de S mn 7 X f o>

m=1 "=l
(2)

where (d,),,, and (d,),,, are the distance from a reference
point along two dimensions, respectively. The fitness
function could be set to the sum of the maximum side lobe
levels (SLL) of E-plane and H-plane.
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FIGURE 1: (a) Microstrip T-junction power divider with notch; (b) structure dimension of A/4 microstrip impedance transformer.
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FIGURE 2: Dimension of linear array antenna.
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FIGURE 3: Designed 8 x 4 (a) and 8 x 8 (b) broadside uniform array antenna models in HFSS.
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FIGURE 4: Designed 8 x 4 broadside uniform array antenna sim-

ulation results of return loss (S11) and VSWR.
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FIGURE 5: Designed 8 x 8 broadside uniform array antenna sim-
ulation results of return loss (S11) and VSWR.
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where S1 = {¢| - n<Pp< — ¢, U, <P <7}, where ¢, is the
angular of the first null.

Fitness function = SSL|,_q- + SSL|,_g¢-- (4)

The optimization work is to find the lowest fitness
function, and the genetic algorithm (GA) is a useful tool for
such work.

However, the optimized thinned array may not show
good performance in EM simulation, some optimized
thinned array antennas have too small gains, and some have
large side lobe; it could be affected by the mutual coupling
between antenna elements and other reasons.

Through a lot of program simulations and electro-
magnetic (EM) simulations, a thinned array consisting of 32
elements is found to have the best radiation performance in
EM simulation, and 2 antenna elements within the feeding
network are added to enhance the gain, and it is found that
the side lobes are also suppressed after they are added, and
the normalized radiation pattern results of 34 elements
thinned array antenna, calculated by MATLAB, are shown in
Figure 6.

The 34 elements thinned array antenna can be realized
for removing undesired antenna elements from the 8 x 8
broadside uniform array antenna discussed in previous
section, and then the remained antenna elements are con-
nected with microstrip line, as shown in Figure 7. Because
the antenna element length (L,) and the microstrip line
length between adjacent antenna elements (Ls) are same to
half wavelength, hence the excited phase of remained an-
tenna could be increased by 2nm(n =0, 1, 2,...), and then it
can still be ensured that all the antenna elements can be in-
phase excited, therefore the thinned array antenna is still a
broadside array antenna. The optimized value of W, is
1.27 mm; the substrate size is 40 x 60mm. The return loss
and the VSWR simulation results are shown in Figure 8 and
the radiation pattern in E-plane and H-plane are shown in
Figure 9. The gain is 13.6 dBi, and the return loss of —28 dB
and VSWR of 1.03 indicate the proposed 34 elements
thinned array antenna is matched well at operating
frequency.

In order to prove the side lobes are effectively suppressed
for proposed 34 elements thinned array antenna, the radi-
ation pattern of E-plane and H-plane is compared with the
8 x 8 broadside uniform array antenna mentioned above, as
illustrated in Figure 10. It is apparent from the figures that
the thinned array antenna shows better side lobe suppres-
sion, though the gain is just 1dBi lower than the 8 x 8
uniform array antenna. The maximum side lobe (MSL) of 34
elements thinned array antenna is 0.4dBi and 0.7dBi in
E-plane and H-plane, respectively; they are 3.1dBi and
5.7dBi lower than the 8 x 8 uniform array antenna in
E-plane and H-plane, respectively.

Then, the radiation pattern of proposed 34 elements
thinned array antenna is also compared with the 8 x4
broadside uniform array antenna designed before, as il-
lustrated in Figure 11. The gain is about 1.2 dBi higher than
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FIGURe 6: Normalized radiation pattern of proposed 34 elements
thinned array antenna in E-plane and H-plane in MATLAB.
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FIGURE 7: Proposed 34 elements thinned array antenna dimension.

the uniform array antenna and the MSL are 4.4 dBi lower in
H-plane, though the MSL is just 0.5 dBi higher in E-plane.

The proposed 34 elements thinned array antenna
beamforming characteristic is shown in Figure 12; it is
capable of beam scanning at the range of —40° ~ 40° from
upward direction of array antenna in H-plane where 3 dBi
is considered as reference. To set progressive phase dif-
ference between each linear antenna array line, 8 ports are
added in the front of each linear antenna array line, as
shown in Figure 13. The gain shown in Figure 12 is slightly
higher than that of Figure 9; it is because the loss exists
through the corporate-feed network. As the phase shifter
researched in our laboratory has resolution of 5.6°, thus the
beam pattern is observed when the progressive phase
difference is changed in 5.6°-step; the results show that the
beam direction is changed in 2.4"-step approximately.
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FIGURE 8: Proposed 34 elements thinned array antenna simulation results of return loss (S11) and VSWR.
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FIGURE 9: Proposed 34 elements thinned array antenna radiation pattern in E-plane and H-plane in HFSS.
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FIGURE 12: Proposed 34 elements thinned array antenna beam scanning angle range of 0° ~ 40° (a) and —40° ~ 0° (b).

Therefore, it is concluded that after removing certain an-
tenna elements, the array antenna maintains the beam-
forming characteristic, and the thinned array distribution
has no effect on that.

3.2. Measurement Result of the Proposed 34 Elements Thinned
Array Antenna. The proposed 34 elements thinned array
antenna is fabricated inexpensively, and its photograph is
shown in Figure 14. The proposed antenna is measured

using Agilent E8351A network analyzer, and the com-
parison results of simulation and measurement return
loss are demonstrated in Figure 15. The resonance fre-
quency shift occurs between the simulated and measured
results; it may be due to the fabrication tolerance on the
copper etched, as well as the error of the dielectric
constant of the used Fr-4 substrate at operating fre-
quency. As there is no equipment for measuring the
radiation pattern in our laboratory, the radiation per-
formance is not presented.
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FIGURE 13: Ports setup for proposed 34 elements thinned array
antenna.

FIGURE 14: Photograph of fabricated 34 elements thinned array
antenna.
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Figure 15: Comparison of simulation (solid line) and measure-
ment (dotted line) return loss (S11) results.

4. Conclusion

In this thesis, a novel thinned array antenna is presented for
5G wireless applications, and it provides good radiation
pattern at 28 GHz. The proposed 34 elements thinned array
antenna shows good performance in terms of side lobe
suppression. By comparing with 8 x 8 broadside uniform
array antenna, though the gain is just 1 dBi lower than that,
the maximum side lobes (MSL) are 3.1 dBi and 5.7 dBi lower
than the comparative 8 x8 uniform array antenna in
E-plane and H-plane, respectively. By comparing with 8 x 4
broadside uniform array antenna, the gain is 1.2 dBi higher
than that, and the MSL is 4.4 dBi lower than the comparative
uniform array antenna in H-plane, though the MSL is just
0.5dBi higher in E-plane.

To reduce the manufactured cost of PCB, all the men-
tioned array antennas are designed on the Fr-4 substrate,
which has the thickness of 0.2 mm, dielectric constant of 4.2,
and loss tangent of 0.02. The measured resonant frequency
of the proposed 34 elements thinned array antenna shows
slightly shift down from 28 Ghz by 0.2 GHz that can be
considered due to the fabrication tolerance of the copper
etched as well as the error of the dielectric constant at
operating frequency.
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