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Abstract. This paper presents a design and analysis of a compact inset-fed polyimide-based
substrate rectangular patch antenna for a fifth-generation (5G) system. The proposed design
operates at a resonant frequency of 28 GHz and uses copper material for ground and radiating
patch elements with polyimide plastic material has a dielectric constant of 3.5 for the substrate.
The thickness of the substrate was fixed at h= 0.27 mm. While the thickness of the patch and
ground was kept at t = 0.035 mm. The Computer Simulations Technology (CST) program was
used to simulate and evaluate the performance of the proposed antenna. It shows a returns loss
(S;;) value of -17.68 dB. Voltage standing wave ratio (VSWR) of 1.3. Bandwidth (BW) value
of 1.427 GHz. Gain (G) value of 5.406 dBi and radiation efficiency (nrad %) 86%. These
obtained results are used to be compared with similar existing designs in the scientific
literature.

Keywords: Rectangular Patch Antenna, Antenna Performance Parameters, Polyimide, 28
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1. Introduction

The cellular mobile communication system has encountered significant growth in recent decades. It has
evolved from an analog first-generation (1G) system to a digital second-generation (2G) system, afterward
to third generation (3G) system which had multimedia transmission and then to fourth generation (4G) system
through high-speed packet access (HSPA) and long term evolution (LTE) systems which are capable to
support high data rate transmission [1,2]. The new upcoming cellular mobile communication technology,
which is still in the nascent stage, is the fifth generation (5G) system [3]. For the 5G system, the International
Telecommunication Union (ITU) has nominated a frequency band extending from 24GHz - 80GHz, which
is located in the mm-wave spectrum band [2,4]. In general, 5G will provide additional services and add more
advantages around the world over previous systems, 5G system is expected to significantly increase the
communication capacity by utilizing a massive unlicensed bandwidth, mainly in the millimeter-wave range,
furthermore, 5G will capable to connect a large number of devices, minimize end-to-end delay approximately
5 times, prolong battery life for lower battery communication equipment, and providing higher data rate
which is greater ten to hundred times than the previously existing systems [3,5].

To satisfy these expected services, the 5G network needs a challenging replacement in terms of antenna
design [3]. The goal of any communication system is to exchange information in form of electromagnetic
waves between sender and receiver, for this purpose, the communication system needs an antenna that acts
as an electromagnetic device to radiate and receive the electromagnetic device[2], on the other hand, due to
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the development of wireless communication technologies, the antenna in such an advanced 5G
communication system needs to have a low profile, inexpensive mass fabrication, ease of installation,
appropriate to a planar and nonplanar surfaces and able to transmit and receive electromagnetic waves at
mm-wave frequency band [3,5,6].

Despite their limited bandwidth, the mm-wave microstrip patch antenna could be a promising choice to
satisfy all the above needs in 5G [2, 6]. The structure of a microstrip patch antenna consists of three layers;
the top layer represents the radiating metallic patch element; the bottom layer is the ground plane, and in
between these layers is a dielectric substrate layer [2,7,8]. Typically, the patch is printed on a dielectric
substrate using the printed circuit board (PCB) technique; therefore, microstrip patch antenna is known as
the printed antenna.[5,7]. Although there are several possible geometrical shapes for the radiating patch, the
rectangular geometrical shape is the most frequent [2,8]. There are various feeding approaches for a
microstrip patch antenna including coaxial probe, aperture coupling, and microstrip line, which is commonly
used [2,8].

The antenna is an essential element in any communication system because its main function is to transmit
and receive information in the form of electromagnetic waves. Hence, it is important to design an efficiently
performing antenna. For this purpose, many research studies have suggested and designed a microstrip patch
antenna as a type of antenna for 5G wireless cellular systems. Mohammed et al. [9] presented a
comprehensive overview of the previous and subsequent studies' achievements carried out on patch antennas
operating at 28 GHz for 5G applications. Kavitha et al. [10] suggested a design of FR-4 based substrate
rectangular microstrip feed line patch antenna. The proposed single-element antenna operates at a resonant
frequency of 28GHz. The simulation results show that the proposed antenna has a return loss ( S;;) value of
-14.150 dB. Voltage standing wave ratio (VSWR) of 1.487 and gain (G) value of 6.06 dB. Darboe et al. [6]
introduced a compact rectangular patch antenna for 5G applications. The introduced inset fed
Roger RT Duroid 5880-based substrate antenna resonant at 27.954 GHz and provides (S,;) value of
13.48 dB. (G) of 6.63. The efficiency of 70.18% and the bandwidth (BW) of 847 MHz. Goyal and Modani
[11] designed a compact inset-fed rectangular patch antenna for 5G systems. The proposed antenna uses
Roger RT5880 as substrate and provides (S;;) value of -18.25dB at 28.06 GHz. (VSWR) 1.278 at
28.06 GHz and (G) value of 6.83 dB. In [5], the authors have designed a single element inset fed rectangular
patch antenna based on the FR-4 substrate material; the antenna provides (S;;) value of -15.352dB at
27.901GHz. (VSWR) value of 1.787 at 28 GHz and a directivity value of 6.921 dBi. It can be noticed from
previous literature that most of the studies focused on designing patch antennas for 5G applications using
non or semi-flexible substrate materials such as FR-4, Roger RT5880 and Roger RT Duroid 5880, which are
commonly used in this research area. However, this research proposed a new design based on polyimide (PI)
as a flexible substrate for flexible patch antennas for 5G applications.

This article presents a new design of mm-wave rectangular patch antenna that operates at 28GHz for a 5G
system. This proposed antenna design uses an inset-fed technique for feeding purposes and employs a
polyimide material that has a 2.5 dielectric constant as substrate. The main contribution of this research is to
employ polyimide (PI) which belongs to plastic or polymer materials and they can be the best choice for
flexible antenna fields [12]. The proposed antenna design is simulated using Computer Simulations
Technology (CST) program [13] to evaluate its performance and compare it with similar structures existing
in the literature. The remainder of the research is structured as follows. In section 2 mm-Wave rectangular
patch antenna designed for the 5G System is introduced. The simulation results analysis and discussions are
provided in section 3. Section 4 provides a comparison of the proposed structure with similar structures for
the 5G system. The conclusion is in section 5.

2.  mm-Wave Rectangular Patch Antenna Designed for 5G System

The proposed antenna design consists of a rectangular patch element and ground plane which are made from
copper material having a conductivity of 5.96e+07 [S/m] and thickness of 0.035 mm. This proposed antenna
is using a flexible material polyimide (P1) which has a dielectric constant, loss tangent and thickness of 3.5,
0.0027 and 0.27 mm, respectively. Polyimide (PI) is categorized under the high-glass transition temperature
Tg materials as one of the plastic or polymer materials which are desirable for flexible antenna applications
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[12]. To start the design process, it is required to identify the operating frequency, the substrate material, and
its relative permittivity [14]. The design introduced in this work is capable of operating for 5G systems at 28
GHz and is based on polyimide (PI) with a dielectric constant of 3.5.

In the design process. The value for the thickness of the substrate (h) was determined based on the following
equation [14,15].

0.3¢ 0.3x3 x 108
< <
h < 2nf, Er T 2m %28 x 102435 — 0.27mm @

Where ( f, ) is the resonant frequency, c = 3 x 108 represents the electromagnetic waves' speed in free space
and ( &) relative permittivity.

The width of the patch ( Wp ) element is calculated according to the following equation [14,15]:

c 2 3x108 2
2f, A &r+1 2x28 x 1094)3.5+1

Wp= = 3.57mm 2

For patch length. The effective dielectric constant ( &, ) is required to be determined first, ( &..¢r ) can
be obtained based on the following equation [14,15] :

1 £—1 _3sH 35-1

= 3.16

Ereff= + = ©)
2 2 x /1+12(%) 2 2x 1+12(%)

Moreover. The effective length ( 1.¢ ) of the patch is needed to be calculated based on the following
formula [14,15]:

¢ 3x108
lerr= o [ererr 2728 x 109316 3.01mm “)

The next step is to calculate decreased rate value ( Al) in radiating element length based on the following
formula [14,15]:

174 .
0.412%h (Erep+0.3) (5L +0.264)  0.412x0.27x107% (3.16+03) (552 +0.264)

Al= 027 =0.13mm 5
(Ereff-0.258)( 5L+ 0.8) (316-0.258)( 557+ 0.8) ®)

Then, The actual length of the patch ( Lp ) the element will be calculated based on the following equation
[14,15]:

Lp = Lg— 2A1 =3.01 — 2(0.13) = 2.75mm (6)

The ground plane length (L,) is calculated using the following formulas [14, 15]:
Ly=Lp+6h =275+ 6(0.27) = 4.37mm (7)
Also, the ground plane width W, is determined using the following formula [14, 15]:

W, = Wp+ 6h =357 + 6(0.27) = 5.19mm (8)
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The substrate length ( L) and width (W) are the same ground plane length and width as it is placed on the
ground plane. Therefore Ly = Lyand width Wy = W,

Regarding the inset feed depth F;. The inset depth can be calculated using the following formula [6]:

F;=1074[0.001699¢,” + 0.1376¢,° — 6.1783¢,° + 93.187¢,* — 682.69¢,° +
2561.9¢,% — 4043¢, + 6697] £ 9)

F, = 1074[0.001699(3.5)” + 0.1376(3.5) — 6.1783(3.5)° + 93.187(3.5)* —

2.75x1073
2

682.69(3.5)% + 2561.9(3.5)2 — 4043(3.5) + 6697] = 0.78mm

In addition. To identify the feed line width with characteristic impedance ( Z, = 50 Q) the auxiliary
parameters (A )and (B) are needed to be calculated [14,15] :

—Zc [etl | &1 011y _ 50 (35+1 | 35-1 011y _

A=% Nz e (0.23 + & )=%{ 7 T (023+35) =14 (10)
_eom? _ e0m?
T ZoJE 50935 633 (11)

Since (A) value is less than 1.52. The feed line width ( W; ) can be determined from the following equations
[14,15]:

2 £r—1 0.61
wy=2{B-1-m@B-1)+ o i - 1)+ 039 - 22} 4 (12)

&r

351 [l (6.33 — 1) + 0.39 0'61]} x 0.27x1073
2x35 ' 3.5 '

2
W= ;{6.33 —1-In(2x633-1) +

W = 0.61mm.

The notch width (g ) is calculated based on the following formula [7]:

w
g=~ (13)

=357 — 0.07mm.
50

After the initial numerical values of the antenna parameters were calculated, these numerical values were
used to design the proposed antenna. Furthermore, the trial and error technique is applied to obtain a better
performance of the proposed antenna [8, 16]. According to this principle, W, value is changed to 0.52 mm
and Lp is modified to 2.751 mm. Whereas, the reminder calculated numerical value is kept the same. The
detailed parameters of the suggested design are provided in table 1. The top and back view sides of the
proposed simulated antenna in the CST program are also shown in Figure 1
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Table 1. Design Parameters of Proposed Antenna.

Parameter Symbol Value
Dielectric Constant & 3.5
Substrate Thickness h 0.27 mm
Patch Width Wp 3.57 mm
Patch Length Lp 2.751 mm
Ground Plane Width W, 5.19 mm
Ground Plane Length L, 4.37 mm
Substrate Width A 5.19 mm
Substrate Length L 4.37 mm
Feed Line Width We 0.52 mm
Feed Line Length L¢ 1.59 mm
Cooper Thickness Cug, 0.035 mm
Inset feed depth F; 0.78 mm
Notch Width g g 0.07mm

Fig. 1. Top view of the proposed structure

Fig. 2. Back view of the proposed structure
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3. Simulation Results Analysis and Discussion

In this research paper. The performance metrics are used to evaluate the performance of the proposed
Antenna structure, These performance parameters include voltage standing wave ratio (VSWR), returns loss
(S11), bandwidth (BW), radiation pattern and gain (G), and radiation efficiency (nrad %).

3.1 Voltage Standing Wave Ratio (VSWR)

This parameter indicates how much power is reflected in the direction of the transmitter [15,17]. Regarding
the patch antenna, the acceptable range of VSWR is located within 1 and 2 through the antenna bandwidth,
and its ideal value equals 1 [6,14,15,17]. Figure 3 indicates the VSWR plot of the proposed antenna. It can
be noticed that the VSWR value at the resonant frequency is 1.3. This is an acceptable value as it is less than
2 and close to 1.

Voktage Standing Wave Ratio (VSWR)

| ! — vsw
VSWRL:1300097) i 4 VSWR1

------------------------------------------------------------------------------

_____________________________________

% 265 7 7.5 85 29 295 30
Frequency / GHz

Fig. 3. VSWR plot of the proposed structure

3.2 Return Loss (Sq;)

Returns loss ('S;;) which is also named a reflection coefficient shows the rate of incident power to the
reflected power and its measurement unit is dB [15,17-19]. S;, value of -10dB is used to be a referenced
value which means that only 10% of the incident power is reflected and 90% is received and this value is
regarded as suitable for mobile communications [17]. Therefore, -10 dB or lower provides better performance
[18,19]. Figure 4 presents ( S;,) plot of the proposed structure. It can be noticed that ( S;,) value at 28GHz is
-17.69 dB meaning only 1.7 % of the incident power is reflected which is considered a reasonable result.

S-Parameters [Magnitude in dB]

—st11

________________________________________________________

51,1: -17.68969

B
=

2 265 27 275 285 29 295 30
Frequency / GHz

Fig. 4. S;; plot of the proposed structure
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3.3 Bandwidth (BW)

The BW of the introduced antenna structure can be determined as the frequencies range difference on S;;
figure where it is lower than -10 dB [17]. From figure 5, BW can be calculated as the frequency difference
between 28.693 GHz and 27.269 GHz (28.696-27.269=1.427GHz). Therefore BW=1.427 GHz is considered
a competitive value.

S-Parameters [Magnitude in dB]

—sit

---------------------------------------------------------------------------------------------------------------------------------------

g (27289, 10.0%)
§ (28633,1002)

de

...............................................................................................................................................................

18

2 26.5 7 275 8 285 P 2.5 0
Frequency / GHz
Fig. 5. BW plot of the proposed structure

3.4 Radiation Pattern and Gain (G)

The radiation pattern is an essential performance index in antenna design as it provides how much energy is
radiated by the antenna [18,19]. Regarding antenna gain. It refers to the rate of the antenna power density at
a specific point to the isotropic antenna power density at the same point if the two antennas feed by equal
power [15]. The proposed structure provides a realized gain value of 5.33 dBi at 28GHz as indicated by the
3-D radiation pattern in figure 6, which represent a reasonable value for a patch antenna.

dBi
533
-0.729
-6.79
-12.9
-18.9
-25
4.7
farfield (f=28) [1]
Type Farfield
Approximation enabled (kR >> 1) ¥
Component  Abs
QOutput Realized Gain
frequency 28 CH X
Red. i -063%4 B 2
Tot. Effic <0709 dB
Rizd. Gain 5332 dBi

Fig. 6. 3-D radiation pattern of the proposed structure

TUJES. Open Access. LRN 293-2022 Available at www.tu.edu.ly | 7


https://tu.edu.ly/

Furthermore, the proposed antenna shows 93.4° angular width value and 5.35 for main lobe magnitude
value as indicated in figure 7

Farfield Gain Abs (Phi=90)

farfield (f=28) [1]

Phi=g90 30 30 phi=270

Frequency = 28 GHz

180 Main lobe magnitude =  5.35 dBi
Main lobe direction = 0.0 deg.
Theta / Degree vs. dBi Angular width (3 dB) = 93.4 deg.

Fig. 7. 2-D radiation pattern of the proposed structure

3.5 Radiation Efficiency (nrad %)

Radiation efficiency nrad (%) is the ratio of total radiated power by the antenna to total input received power
by the same antenna [19]. This index shows how the antenna is good in the radiation and receiving
mechanism, therefore, for a better performance this performance index should be higher [15]. The proposed
antenna structure provides ad (%) of -0.6354 dB as indicated in figure 6 which is equivalent to 86 %, and
this value is considered a competitive result.

4.  Comparison of the Proposed Structure with Similar Structures For 5G System

The performance of the proposed antenna structure has been compared with similar structures existing in the
literature as presented in Table 2. In terms of VSWR, the introduced antenna structure shows better
performance than other structures in [ 5,6,20] because the VSWR value is more close to the ideal value 1.
Similarly, regarding S, the proposed antenna structure provides minimal return loss in comparison with the
structures reported in [5,6,20] which shows that the proposed design has again better performance in terms
of S;;. The BW of the designed antenna is wider than the BW of the design introduced in [6]. Finally, in
terms of nrad (%). The proposed structure outperforms the nrad (%) of the design in [6] but slightly less
than the nrad (%) of the design reported in [5]. In terms of G, the proposed structure indicates a reasonable
result compared to other designs in [6,20]. Therefore, the introduced antenna design shows a reasonable and
competitive performance in comparison with some similar designs reported in the scientific literature.

Table 2. Comparison of Performance Parameters of the Proposed Design and Published Designs.

Work Ref. No. VSWR ST BW nrad G
[5] 1.78 -15.35 - 87.78 % -
[6] 153 -13.48 847MHz 70.18% 6.63 dB (Rlzd.using CST)
[20] 1.77 -12.59 - - 6.69 dB (Gain using HFSS)
This work 1.3 -17.68 1.427GHz 86% 5.33 dBi (Rlzd.using CST)

In general, the proposed design aims to obtain a good performance in terms of all antenna performance
parameters. The proposed design shows reasonable and competitive results in terms of radiation efficiency,
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voltage standing wave ratio, gain and return loss. In terms of bandwidth, the proposed design achieves a
wider bandwidth compared to many designs existing in the literature.

5. Conclusion

This article has presented a mm-W rectangular patch antenna with a polyimide plastic substrate for a 5G
communication system. The compact proposed structure with dimensions 5.19 x 4.37 x 0.27 mm? was
designed and simulated using the CST program, it is resonated at 28 GHz and shows simulation results
including a VSWR of 1.3, S;, value of -17.69 dB and BW value of 1.42 GHz. The designed antenna achieved
a G value of 5.33 dBi. The simulation results have been compared with similar structures existing in the
scientific literature. The comparison indicated that the proposed antenna design can be a suitable choice for
integration with modern communication devices for 5G applications.
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