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Abstract. This paper presents a multi-band circular microstrip patch antenna with
annular slots and feeding line structure for 5G wireless devices and mm-wave ap-
plications. The proposed design is a tri-band resonating at 40.05GHz, 49.69GHz
and 63.37GHz. To improve the antenna bandwidth and gain further, two annular
slots are inserted to the circular radiating patch. The proposed structure is imple-
mented on FR-4 epoxy dielectric substrate material with a relative permittivity ()
= 4.4, a height (h) = 0.508 mm and a tangent loss (tand) = 0.02. A parametric
analysis is carried out in order to achieve the optimum gain and bandwidth. The
total radius of the optimized circular patch is 1.8 mm and the overall antenna size
is 8x 7.6x 0.508 mm®. The achievable fractional bandwidths are 6.64%, 20.4%
and 11.72% of the tri-bands operating frequencies respectively. Moreover, simu-
lated peak gains of 5.21 dBi, 5.23 dBi and 7.67 dBi are achieved at resonant fre-
quencies 40.05/49.69/63.37GHz respectively. The proposed microstrip patch an-
tenna was designed, simulated and optimized using the ANSYS High Frequency
Structure Simulator software (HFSS). The proposed antenna is compact in size
and provides wide impedance bandwidth and good gain.

Keywords: 5G Communications, Tri-band microstrip patch antenna, Circular
patch Antenna, Annular slots.

1 Introduction

The wireless communication technology is one of the most growing technolo-
gies that has been widely used in modern communication systems. Especially
interesting is the fifth generation (5G) wireless networks that are mainly de-
signed to offer high data rates and to reduce the latency time by utilizing milli-
meter-waves spectrum and microstrip antenna technology. Due to these ad-
vantages, 5G wireless technologies including, Internet of Things (loT), Device-
to-Device (D2D) communication and smart cities represent the main direction in
future wireless developments [1], [2]. There is a rapid increase demand for per-
fect antenna design to meet the great potential of millimeter-wave bands for 5G
wireless applications and to overcome the problem of severe path losses associ-
ated with this part of spectrum. The required antennas should have high gains,
wide bandwidths, and small size, lightweight, low-cost and low-power con-
sumptions [3]. Microstrip antenna technology is appropriate candidate to
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achieve these requirements. However, the microstrip antennas are mostly omni-
directional and inherently narrowband antennas where only up to 2% of band-
width can be offered [4], [5], [6] and [7]. More importantly, in emerging 5G
technologies, however, large bandwidths and high gains are necessary to trans-
mit high data rates and to compensate for the inherited path loss in the millime-
ter portion of electromagnetic spectrum [8], [9].

Numerous research papers have been published in the literature proposing tech-
nigques to enhance gain and bandwidth of the microstrip patch multiband anten-
nas [10-17]. For instance, authors in [10] proposed a multiband microstrip an-
tenna of 3x3 mm? patch dimensions on an RT/Duroid 5880. This patch is oper-
ating at 30.9 GHz, 49.2GHz and 57.3GHz, with three impedance bandwidths of
2.2175 GHz, 3.4542 GHz and 3.1557 GHz at the resonant frequencies. Further-
more, maximum gains obtained are 7.09 dBi, 7.6 dBi and 8.5 dBi at the center
resonant frequencies.

Khattak et al [11] designed a dual- band elliptical microstrip patch antenna res-
onates at 28/45 GHz with patch radius of 2 mm implemented on Rogers RT5880
with overall dimensions of 6 x 6 x 0.508 mm?®. Maximum gains of 7.6 dBi and
7.2 dBi with two impedance bandwidths 1.3 GHz & 1 GHz were achieved at the
mentioned resonant frequencies. Furthermore, the maximum averaged gain is
7.4 dBi with a total bandwidth of 2.3 GHz over the two bands.

Imran et al [12] designed a dual-band antenna at 38/54 GHz integrated on Rog-
ers RT5880 with substrate thickness of 0.508 mm, the patch size is 2x2 mm?,
achieving a maximum gain of 6.9 dBi & 7.4 dBi and bandwidths of 1.94 GHz
and 2 GHz at the two resonant frequencies respectively. Moreover, a maximum
averaged gain of 7.15 dBi and total bandwidth of 3.94 GHz are obtained over
the two frequency bands.

A tri-band microstrip antenna operating at 50 GHz, 57 GHz and 63 GHz, with a
patch size of 5x5 mm? implemented on 0.51 mm Rogers (RO3003) substrate
thickness was proposed in [13]. The maximum gain averaged over the three
bands is 5.66 dBi and impedance bandwidths of 1.2 GHz, 1GHz and 2 GHz are
achieved.

Paper [14] proposed a dual-band microstrip antenna resonating at 28 GHz and
38 GHz, integrated on Rogers RT5880 with substrate thickness of 1.575 mm,
the patch size is 20x20 mm®, achieving impedance bandwidths (below -10dB
return loss) of 4.7 GHz & 3.6 GHz and maximum gain of 5.75 dBi & 7.23 dBi
were provided. Hence, a maximum averaged gain of 6.49 dBi and total band-
width of 8.3 GHz are obtained over the frequency bands.

Additionally, a maximum gain of 3.3 dBi was obtained by the tri-band antenna
designed in [15]. The antenna that operates at 28 GHz, 31.45 GHz and 34.6 GHz
has a patch size of 4x3 mm?, printed on RT5880 substrate with a thickness of
1.6 mm. The obtained bandwidth is 1.37 GHz, 0.11GHz and 2.4 GHz at the
three bands respectively. Authors in [16] proposed a multiband antenna operat-
ing at 10 GHz, 28 GHz and 38 GHz. This antenna has a size of 20x16.5x0.508
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mm?®, printed on Rogers RT5880 substrate material. The maximum gain
achieved is 5.67 dBi, 9.33 dBi and 9.57 dBi. Therefore, the maximum gain aver-
aged over center frequencies is 8.19 dBi. In addition, the impedance bandwidths
(<-10 dB return loss) of 0.343 GHz, 0.761 GHz and 1.5 GHz with a total of
2.604 GHz were obtained over the three bands. Moreover, a tri-band microstrip
antenna operating at 24.4 GHz, 28 GHz and 38 GHz, was proposed by Kamal
and Islam [17]. This antenna has a patch size of 3.4x4.127 mm? printed on Rog-
ers RT5880 with 0.25 mm substrate thickness. The maximum achievable gain is
6.65 dBi, 7.02 dBi and 5.05 dBi at the three resonant frequencies, whereas, the
bandwidth provided by this antenna is 0.53 GHz, 0.9 GHz & 0.48 GHz at the
three frequency bands respectively, with a total bandwidth of 1.91 GHz. Further,
the maximum averaged gain achieved over the three resonant frequencies is 6.24
dBi.

In this paper, a tri-band circular microstrip patch antenna is proposed. The

proposed antenna provides a wide impedance bandwidth over the three operat-
ing bands. The bandwidth and gain of the proposed antenna are improved by in-
serting two annular slots on the circular radiating patch. The proposed antenna
can achieve a better bandwidth and a good gain in comparison with all the pro-
posed antennas discussed above. However, the antenna is kept as small and low
profile as possible. The impedance of the proposed structure is 20.32 GHz and
the peak gain achieved is ranging from 5.21 dBi to 7.67 dBi.
This paper is organized as follows. The introduction and literature review are
discussed in Section 1. Section 2 covers the design and optimization process
through the parametric analysis. The simulation results are presented and dis-
cussed in Section 4. Finally, the conclusion is drawn in Section 5.

2 Antenna Design and Parametric Analysis
2.1 The Initial Antenna

The dielectric substrate selection is the first and most important step in the de-
signing process of microstrip antennas. The antenna performance is highly in-
fluenced by the specifications of the substrate material like its height, dielectric
constant and loss tangent (tan &). The proper selection of the aforementioned
parameters will result in a good design that achieves the desired performance.
There are many substrates that can be used for the design of microstrip antennas,
and their dielectric constants are usually in the range of 2.2 < g < 12. The ones
that are most attractive for good antenna performance are the thicker substrates
whose dielectric constants are in the lower end of the range because they pro-
vide Dbetter efficiency, larger bandwidth, loosely bound fields for radiation into
space, but at the expense of larger element size [18].
According to [19], the optimum performance will be obtained when the sub-
strate thickness falls in the range,

0.003% < h < 0.05X
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where Aq IS the resonant wavelength. In this paper, the low-cost RF-4 epoxy die-
lectric substrate material with a relative permittivity (g;) of 4.4, a height (h) of
0.508 mm and a tangent loss (tan §) of 0.02 is selected. To get the resonance at
40 GHz, the initial dimensions of the circular patch are obtained by applying
Equations (1) and (2). The actual radius (a) and the effective radius (a.) of the
circular patch are determined first and then optimized to get the optimum anten-
na characteristics [19].

F
a= 2h F 1/2 (1)
{1+ nng[ln(§)+1.7726]}
8.791x10° . . .
where F = S h is the substrate thickness, f; is the resonance frequency

in hertz and ¢, is the dielectric constant of the substrate.

2 (Z2) + 1772672 (2)

are,

a, =afl+

The input impedance of the antenna should be matched with the source imped-
ance, which equals to 50 Q for all RF sources and microwave sources [20]. In
this work, the inset-feeding technique is applied. After that, the antenna is opti-
mized using HFSS simulator to get the optimum characteristics as required. A
top view of the initial circular patch antenna is shown in Fig. 1.

Fig. 1. The Initial Circular Patch Antenna Geometry.

2.2 The Final Optimized Design

The optimization process is performed using Ansys High Frequency Structure
Simulator (HFSS) software. Two annular slots are etched on the circular patch
to get the optimum characteristics in terms of return loss, gain and bandwidth.
Fig. 2 and Fig. 3 show different views of the final optimized proposed design
and Table 1 lists the optimized dimensions of the optimized proposed antenna.
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The overall dimensions of the proposed antenna are 7.6 x 8 x 0.508 mm?® and the
radius of the circular patch is 1.8 mm, with two etched annular slots on the cir-
cular radiating patch, which is printed on the top part of the substrate material.
To improve the efficiency of the proposed antenna, a 50 Q microstrip line
through an inset feed is used to feed the radiating patch. In addition, a full metal-
lic ground is located at the bottom of the dielectric substrate.

©

Fig. 2. The Optimized Antenna geometry  a) The Perspective View  b) The Top View.

Ls

Ws

Fig. 3. The Proposed Antenna Geometry.

2.3 Parametric Analysis

The design of an efficient antenna requires a good understanding of how differ-
ent parameters affect the antenna performance. The effect of varying antenna
parameters including, the dimensions of the radiating patch, number, dimensions
and shape of the etched slots and the inset distance of the microstrip feeding line
are studied and simulated using HFSS simulator until we get the optimum de-
sign that fulfills all the specifications required.
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Table 1. The Optimized Geometrical Dimensions of the proposed antenna.

Parameter Symbol Value (mm)
Patch Radius R 1.8
Slot1 Outer Radius R1 1
Slotl Inner Radius R2 0.8
Slot2 Outer Radius R3 0.7
Slot2 Inner Radius R4 0.5
Substrate Thickness h 0.508
Substrate Width Ws 8
Substrate Length Ls 7.6
Inset Distance F 0.82
Inset Gap Fg 0.25
Feed Width WEe 0.8
Feed Length Le 2.45

Etching slots on the radiating patch will produce a multiband characteristic and
hence improve the bandwidth of the antenna [21]. Simulation shows that using
more slots with changing the width of these slots enhances the return loss, pro-
duces wider bandwidth and higher gain. It could be seen from Fig. 4 and Table 2
that with two slots of 0.2 mm width, the total bandwidth of the three bands is
equal to about 20.23GHz and the averaged gain over the three resonant frequen-
cies is equal to 6.037 dBi, which are the best values we can get for this circular
patch.

Fig.4 shows the return loss performance of the circular antenna with and without
slots. When there are no slots on the radiating patch, there is only two resonant
frequencies with a value of -16.15 dB at 39.64 GHz and -12.32 dB at 61.15 GHz
and the total impedance bandwidth achieved is 5.422 GHz as can be seen from
Table 2. Inserting annular slot into the radiating patch will improve the anten-
na’s bandwidth by multi resonance characteristics. Another resonant frequency
will appear and the patch will be a tri-band antenna. As a result, the return loss
performance is substantially improved and hence the impedance bandwidth of
the antenna becomes much wider. Table 2 reveals that by inserting a one annular
slot, the S;; value is enhanced by a 64.3% at the first operating frequency,
195.2% at the second operating frequency and 52.6% at the third operating fre-
guency. Further, the total impedance bandwidth is increased from 5.422 GHz to
17.333 GHz, which means an improvement of 219.7% is obtained. Inserting an-
other annular slot will improve the impedance even further and the S;; values
will be improved. Table 2 shows that the total impedance bandwidth is 20.23
GHz for the two slots case that is 273.1% improvement. Simulations show that
the widest bandwidth is obtained with two annular slots with a width of 0.2 mm.
Table 2 summarizes the values of S;;, gain and impedance bandwidth obtained
for different number of annular slots.
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Fig. 4. Effect of varying number of slots on the simulated return loss (S11) performance of the
proposed antenna.

Table 2. Effect of varying number of slots on the performance of the proposed antenna.

#slots  Freq. (GHz) S;; (dB) 86‘8'3 Avg. Gain (dBi) BW (GHz) Total BW (GHz)

N 3964 -1615 543 1.946

Initial 5331 95 6.77 5 i 5 422
(noslots) 6115 -1232 581 3.476
4025 2653 53 2502

L 511  -2804  4.86 5 76 9.130 17,333
6356  -18.8  7.12 5.701
4005  -40.16 521 2.66

2 4969  -2657 523 6.037 10.14 20.23
6336  -17.06  7.67 7.43

Fig. 5 shows the simulated return loss performance versus frequency for differ-
ent slot widths (Wg)ot) and Table 3 summarizes the effects of different slot
widths on the return loss, gain and impedance bandwidth of the proposed anten-
na. It is clearly seen that the highest gain is obtained for a slot width (W) of
0.25 mm, while at W, = 0.2 mm, the return loss values are the best and the im-
pedance bandwidth achieved is the widest.

Fig. 6 and Table 4 show the return loss, gain and the bandwidth for different in-
set distances. The optimum gain and bandwidth are obtained for an inset dis-
tance (d) of 0.85 mm but the return loss values decrease as shown in Table 4.
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Fig. 5. Effect of varying slot’s width (Wse) on the return loss performance of the proposed
antenna.

Usior (M Freq. (GHz) Si: (dB) (CsaB'ir)‘ Avg. Gain (dBi) BW (GHz) Total BW (GH2)

3964 2498 5234 2.66

0.15 50.3 -47.51 5.37 5.827 10.6 19.13
63.16 -1518  6.876 6.13
4005  -40.16 521 2.66

0.2 4969 2657 523 6.037 10.14 20.223
6336  -17.06  7.67 7.43
4045  -2645 5.4 255

025 4989 -19.32 523 6.118 9.82 19.3
64.17  -17.85 7726 6.93

Table 3. Effect of varying slot’s width (W) On characteristics of the proposed antenna.
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Fig. 6. Effect of varying inset distance (d) on the return loss performance of the proposed an-

Table 4. Effects of varying inset distance (d) on the proposed antenna performance.

Inset dis- Freq.
(GHz)

tance

S11
(dB)

Total BW
(GHz)

Avg. Gain BW
(dBi) (GHz)
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(d)

mm
40.05 -22.34 5.29 2.68

0.8 50.3 -31.68 5.09 6.043 10.22 20.546
63.45 -16.42 7.75 6.583
40.05 -40.16 5.21 2.66

0.82 49.69 -26.57 5.23 6.037 10.14 20.223
63.36 -17.06 7.67 7.43
40.45 -26.45 5.26 2.666

0.85 49.89 -19.32 5.25 6.09 10.75 22.02
64.17 -17.85 7.76 8.6

Fig. 7 shows the return loss versus frequency for different feed widths (Wg).

Table 5 outlines the effects of different feed widths on circular patch antenna
performance. A maximum gain is obtained at a feed width (W) of 0.75 mm and
higher bandwidth is achieved at a feed width (Wg) of 0.85mm. A tradeoff be-
tween the maximum gain and total bandwidth to enhance antenna performance
Is obtained at a feed width (W) of 0.8mm.
Fig. 8 and Table 6 describe the effect of inset gap (Fg) on antenna performance
in terms of return loss, gain and bandwidth. A higher gain is obtained for inset
gap (Fg) of 0.2 mm, while a wider bandwidth is achieved for inset gap (Fg) of
0.3 mm as shown in Table 6.

Active S Parameter Patch_Antenna ADKv1 .
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Fig. 7. Effect of varying feed width (W) on the proposed antenna return loss performance.

Table 5. Effect of varying different feed width (W) on the proposed antenna performance.

Feed Width (W) Freq. S11  Gain Avg. Gain BW Total BW
mm (GHz)  (dB) (dBi) (dBi) (GHz) (GHz)
- 5.15
4005 31 89 25
- 5.31
0.75 50.1 28.43 6.09 965 18.87
63.77 - 7.82 6.72
18.93




3000 ' " T30 T 000

Yé axmd aY Yo i Jad daala dygan Al
4005 4016 521 2.66
- 10.14
0.8 49.69 96.57 5.23 6.037 20.223
- 7.67 7.43
63.36 17 06
40.45 18.93 5.35 3
- 5.07
0.85 49.3 23.49 6.02 10.84 21.18
63.77 - 7.64 7.34
17.01
XY Plot 1 Patch_Antenna ADKv1 b,

aaaf

FAAEIEIEIEES
=
8
R
5

"asbo

5000
Freq[GHE

' 5500

85.00

70000

Fig. 8. Simulated S11 vs. Frequency for Different Inset Gaps (F,).

Table 6. Effects of Different Inset Gaps on Circular Patch Antenna Performance.

Inset Freq. S11 (dB) Gain Avg. BW
Gap Total
(Fg) mm (GHz) (dBi) Gain (dBi) (GH2)
BW(GH?z)
40.65 -31.84 5.12 2.44
50.1 -22.47 5.23 6.06 10.45
0.2 19.65
64.57 -22.28 7.83 6.76
40.05 -40.16 521 2.66
49.69 -26.57 5.23 6.037 10.14
0.25 20.223
63.36 -17.06 7.67 7.43
39.85 -26.94 5.34 2.69
0.3 49.3 -31.15 5.13 6.027
' 11.055 22.555
63.36 -15.22 7.61 8.81

10




Yé axmd a¥ e Yo udisw Jad daala dygan Al

3 Simulation Results and Discussion

In this section, the simulation results of the proposed circular patch antenna are
discussed. The simulated bandwidth and return loss versus frequency are illus-
trated in Fig. 9. The curve shows that peak return losses are 40.16 dB, 26.57dB
and 17.06 dB at 40.05 GHz, 49.69 GHz and 63.36 GHz respectively. Moreover,
impedance bandwidth of 2.66 GHz, 10.14 GHz and 7.43 GHz are achieved at
the three operating bands. The total bandwidth over the three bands is about
20.223 GHz. The VSWR versus frequency is provided in Fig. 10. A VSWR of
1.02, 1.1 and 1.32 are obtained at 40.05 GHz, 49.69 GHz and 63.36 GHz respec-
tively. the values of VSWR are in general less than 2 for all frequencies within
the operating bandwidth of the optimized proposed antenna. The small values of
the VSWR parameter reflect the good matching between the feeding line and the
radiating circular patch, which in turn improves the radiation efficiency of the
proposed antenna.

XY Plot 3 Patch_Antenna_ADKvL &
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Fig. 9. The Simulated Return Loss vs. Frequency for the Optimized Antenna.

XYPlots  Pach _Antenna LADKVL 4,

Fig. 11 describes 3D radiation pattergisoofhthenprepasee optignized antenna at the
resonant frequencies. A maximum achievable gain of 5.21 dBi, 5.23 dBi and
7.67 dBi are achieved at the three operating frequencies respectively. The max-
Imum gain averaged over the three center frequencies is 6.037 dBi. The gain
could be further improved if this antenna design is extended to an array so that a
gain that is required by the 5G applications is produced.

A comparison between the proposed antenna and some recent designs published
in the literature is summarized in Table 7. The comparison is based on the patch
size, the resonant frequencies, the return loss, the gain and the bandwidth. In

11
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terms of size, it is clearly seen that our design is smaller than other designs. An-
tennas presented in [11], [12], [14], [16] and [17] achieved better gain than the
gain obtained by our proposed antenna, however the impedance bandwidths re-
alized by these antennas are far below the impedance bandwidth achieved by the
proposed antenna in this work as could be seen from Table 7. Our proposed de-
sign achieves an averaged gain of 6.037 dBi and an impedance bandwidth of
20.32 GHz.

Gai

Patch Freq 0 Avg. BW Total
Ref.  Size(mm . S11 (dB) . Gain BW
2) (GH2) (d)BI (dBi) (GH2) (GH2)
309  -365 zéz 7.09
no] g 492 27 354 ,95 16 6,63
573  -14 3.1 8.5
6
_ 28 40 76 1.3
117 Radi- 45 14 72 7.405 1 2.3
us=2 1
38 155 6.9 1.94
(21222 5 p 74 T 3.94
50 15 . 1.2
[13] 5x5 57 22 . 566 1 4.2
63 .20 2
5.7
20%20 4.7 8.3
28 40 5
[14] 38 25 72 049 34
3
28 125 1.37
[15] 4x3 315 -166 33 33 011  3.88
346  -15.7 2.4
5.6
10 258 7 0.343
[16] ... 28 24.9 9:-33 819 0761 264
38 329 95 15
7
6.6
244 147 5 0.53
0.9
[17] 34x4127 28  -193 72'0 6.24 191
38 187 50 0.48
5
This Radius 4005 -40.16 521 , oo 266
Wor =18 4969 -2657 523 >Vl 1014 203

12
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k 63.36 -17.06 7.67 7.43

Table 7. A Comparative Analysis for Related Multiband Antenna Designs with This Work.

(a) dB(GainTotal) (b)

7.6681e+000
5.9203e+000
4.1724¢+000
2.4246e+000
6.7677¢-001
-1.0711e+000
-2.8189¢+000

| -4.5667¢+000

-6. 3146+000

S -8.0624¢+000
. -9. 8102¢+000

-1.1558e+081

-1.3306e+001
-1.5054%¢+801
-1.6802e+801
~1,8549e+001
-2.0297¢+201

o Phi

(©

Fig. 11. The Simulated 3D gain at (a) 40.05 GHz (b) 49.69GHz (c) 63.36 GHz.

4 Conclusion

In this work, a compact, tri-band, circular patch antenna with two annular slots
has heen decinned ontimized, and simulated usina Ansys High Frequency
S 0 5 three bands and oper-

| g 250 | achievable impedance
ol M52 Al 1 7.43 GHz (LL72%)
re| s e | . is about 20.223 GHz
w WS 1| r frequencies is 6.037
d I e | IE ons due to its compact
Sij e
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