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ABSTRACT In this paper, a compact 1 × 4 patch array antenna with a fan-beam radiation pattern is
introduced for use in 3.5 GHz band applications. The proposed antenna consists of a planar two-layer
printed structure so that the radiation elements and feeding network are located in the upper and lower layers
respectively. In this way, the antenna has very compact dimensions while achieving a high radiation gain.
Using a reflector plane under the antenna has improved the radiation pattern and decreased the antenna back
radiation. The fabricated array antenna has an impedance bandwidth of 3.35-3.75GHz (11.27%), amaximum
realized gain of 10.91 dBi, and half power beamwidths (HPBWs) of 23.86◦ and 85.44◦ on the H- and
E-panels, respectively. The overall dimensions of the antenna are 209×32.3 × 3.708 mm3 with a 250 ×
50 mm2 conductive reflector at a distance of λ/4 from the antenna, and the theoretical and practical results
show a good agreement with each other. The presented antenna is suitable for 5G systems and radar
applications in the 3.5 GHz frequency band.

12 INDEX TERMS Antenna array, fan-beam pattern, radar, 5G system.

I. INTRODUCTION13

A fan-beam antenna is a directional antenna generating a14

narrow beamwidth in one plane and a wider beamwidth15

in the orthogonal plane [1]. Consequently, the surrounding16

space on one plane can be scanned. Generally, this type of17

pattern is accomplished using a truncated parabolic reflector18

or a circular paraboloid reflector by illuminating an asym-19

metrical section of the paraboloid [2]. Fan-beam antennas20

have many applications in the telecommunication systems,21

such as imaging [3], [4], radar systems [5], [6], [7], [8],22

beam steering [9], 5G components [10], [11], [12], industrial,23

scientific and medical (ISM) purposes [13], traffic monitor-24

ing [14], application of Photonic Bandgap (PBG) structures25

[15], Wireless Gigabit (WiGig) applications [16], back-haul26

antennas [17] and IEEE 802.l1ac applications [18]. This27

type of antenna is mainly used in point-to-multipoint data28

transmission systems. Different techniques are employed to29

produce a fan-beam radiation pattern for the antenna. The use30

of Leaky-wave structures is one of the methods of forming31
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fan-beam radiation patterns [9], [15], [16]. In [9], a planar 32

leaky-wave antenna is reported, which uses the Substrate 33

IntegratedWaveguide (SIW) structures in the antenna config- 34

uration to create the desired radiation pattern and is suitable 35

for beam steering applications with compact dimensions. 36

In addition, metasurface-based structures are good choices 37

for this purpose [17], [19]. A planar structure of a metasur- 38

face lens is applied to create a narrow radiation pattern at 39

a frequency of 10.4 GHz in [17]. Also, a radially gradient 40

hybrid metasurface (RGHMS) is proposed in [19] fed by 41

a slot antenna and achieves a narrow radiation pattern in 42

the elevation plane for satellite communication. Using array 43

structures is one of the most widely used methods for produc- 44

ing fan-beam radiation patterns [6], [8], [10], [11], [14], [18]. 45

The presented array antennas in [6], [8], and [11] have eight 46

elements, in [18] has ten elements, in [10] sixteen elements, 47

and in [14] only two elements. All of the mentioned antennas 48

use a fed network to excite the antenna elements. Subse- 49

quently, the use of the fed network increases the dimensions 50

of the antenna and complicates its structure. 51

Recently, a compact 8-element array antenna with a 52

fan-beam pattern for 5G applications is introduced [20]. 53
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An Artificial Magnetic Conductor (AMC) reflector is used in54

this work, is placed behind the array antenna elements, and55

creates a complex structure for the antenna. This antenna has56

a multi-layer structure, which uses two layers of substrates57

for its construction. The foremost advantages of multi-layer58

antennas are lower dielectric loss, compact dimension, facil-59

itating the connection of the mounting surfaces with devices,60

and integrated circuits [21], [22].61

A patch array antenna using four radiation elements is62

introduced in this work. A feeding network includingWilkin-63

son power dividers is located in the lower layer of the64

antenna to feed the antenna elements. The two-layer struc-65

ture reduces the dimensions of the antenna, and the input66

signal is transmitted to the antenna array elements over67

a shorter distance through four feeding pins. The results68

show that this antenna has a narrow radiation pattern in the69

zy- plane.70

II. WIDEBAND ANTENNA DESIGN WITH HIGH GAIN AT71

3.5 GHz FREQUENCY72

In the first step of the presented design in this paper, a planar73

printed antenna with coaxial feed is introduced. Accord-74

ing to Fig. 1, the designed antenna is a patch antenna and75

consists of a bow-tie-shaped radiating element with a rect-76

angular slot, in which a microstrip line is responsible for77

transmitting the signal from the coaxial cable to the radiation78

patch. This antenna is accomplished on an FR4 substrate79

with a thickness of 3.2 mm, a relative permittivity (εr) of80

4.4, loss tangent (tan δ) of 0.02, and an overall dimension81

of 30× 50 mm2.82

A complete conductor plate behind the radiation patch83

forms the ground plane of the antenna. The used excitation84

in the form of coaxial cable, allows the antenna to be easily85

fed by the conductor pin if the array structure is formed,86

with the fed network in the lower layer. Fig. 2 shows a87

comparison between the experimental results and the simu-88

lation of the return loss of the patch antenna. Both graphs89

show almost the same results. According to the simulated90

result, the designed patch antenna has an operating frequency91

band of 3.36-3.79 GHz (12.03%). However, the experiment92

shows that the antenna has an operating frequency band93

of 3.41-3.75 GHz (9.49%).94

The LS specifies the length of the rectangular-shaped slot95

of the patch. The length of the LS parameter can change the96

position of the antenna resonance frequency and its band-97

width, as shown in Fig. 3. The figure indicates how the posi-98

tion of the center frequency decreases from 3.6 to 3.4 GHz by99

providing an increase in the length of the rectangular-shaped100

slot from 2 to 7 mm. Increasing the length of this slot can also101

diminish the antenna bandwidth. In this design, to achieve102

resonance at the frequency of 3.5 GHz, the length of the LS103

is set at 5 mm.104

The antenna radiation pattern is shown in Fig. 4. The105

patterns are relatively stable, and the Cross-polarization level106

is lower than the Co-polarization.107

FIGURE 1. Presentation of the patch antenna configuration
(a) Dimensions of the patch antenna at the front-and side-views, and
(b) 3D view and dimensions of the patch antenna.

FIGURE 2. Numerical and experimental impedance bandwidth of the
patch antenna.

FIGURE 3. The LS parameter controls the bandwidth and the resonance
frequency of the patch antenna.

The numerical and experimental results related to the gain 108

of the patch antenna are shown in Fig. 5. For this antenna, 109

the maximum measured gain at the frequency of 3.5 GHz 110
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FIGURE 4. The radiation pattern of the patch antenna at 3.5 GHz.

equal to 4.38 dB has been reported. According to the results111

obtained from the proposed patch antenna, this design has a112

wide impedance bandwidth, high gain, and a stable radiation113

pattern. These results are achieved while the antenna has114

compact dimensions.115

FIGURE 5. Simulated and measured gains of the patch antenna.

III. THE FEEDING NETWORK116

Four radiation elements are considered in this work. To feed117

the elements, a fed network is needed to excite them. For the118

fed network, two essential conditions are considered, 1. hav-119

ing compact dimensions and 2. having signal transmission to120

the elements with low losses. For this purpose, Wilkinson121

power dividers are used on the Rogers RO4003 substrate122

with a relative permittivity (εr) of 3.55 and a thickness of123

0.508 mm. Fig. 6 (a) shows the Wilkinson power divider124

structure for power transmission and distribution in the125

3.5 GHz frequency band. In addition, the simulation results126

related to this power divider are shown in Fig. 6 (b) and (c).127

The results show that using the Wilkinson structure on the128

Rogers substrate with a loss tangent (tan δ) of 0.002 dis-129

tributes the power evenly with very little loss and a negligible130

phase difference between the two output ports.131

Using the proposed power divider structure, a feeding net-132

work is designed with four outputs, according to Fig. 7 (a).133

Furthermore, the feeding network simulation results are also134

shown in Fig. 7 (b) and (c). According to the results, we can135

see that the power transfer from the input to the outputs136

FIGURE 6. Configuration of the divider and simulations (a) dimensions of
the proposed Wilkinson power divider, (b) S-parameters of the Wilkinson
power divider, and (c) phase responses of the Wilkinson power divider(c).

of the feeding network with an insertion loss of about 137

0.6 dB (S1j ≈ −6.6 dB), and we can ignore the phase 138

difference between the output signals. 139

IV. ANTENNA ARRAY WITH A FAN-BEAM RADIATION 140

PATTERN 141

As discussed in Section II, the presented planar patch antenna 142

in this work, similar to other patch antennas, has an average 143

gain of approximately 4 dB and an HPBW of almost 95.1◦ 144

and 70.4◦ on the E- and H-planes, respectively. These results 145

are not sufficient for radar applications and 5G networks. 146

According to [6] and [23], the directivity of the planar patch 147

antenna can be approximated as follows: 148

Directivity ≈ 10 Log(
35230

HPBW ◦E × HPBW
◦
H
) dB (1) 149

In this equation, HPBWE and HPBWH are, respectively, 150

the half-power beamwidths of the antenna on the E- and 151

H-planes. Given that the antenna directivity is related to the 152
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FIGURE 7. Proposed feeding network and simulation results
(a) dimensions and configuration of the proposed feeding network,
(b) S-parameters of the feeding network, and (c) phase responses of the
feeding network.

inverse of the beamwidth, providing an array structure and153

reducing the beamwidth on the H-plane can almost double154

the amount of directivity and meet the needs of these sys-155

tems. The array antenna structure proposed in this work is156

illustrated in Fig. 8.157

A 1×4 patch antenna array with a narrow radiation pattern158

with a beamwidth of 21◦ on the H-plane is introduced. The159

proposed structure is composed of two substrates. In the lower160

substrate, the feeding network, and in the upper substrate, the161

radiation elements of the array antenna are located. In the162

middle layer between the two substrates, the ground plane163

is positioned, and the microstrip lines related to the feed-164

ing network and the antenna elements are isolated. In this165

design, four feeding pins connect the network outputs to the166

radiation elements through four holes on the ground plane167

and transmit the signal in vertical currents to the radiation168

patches. The simulation and experimental results of the return169

loss response of the proposed array antenna are shown in170

Fig. 9. The simulation indicates that the array antenna has an171

operating frequency range of 3.34-3.73GHz (11.03%), and172

according to the measured result, the operating frequency173

band is 3.38-3.76 GHz (10.64%).174

FIGURE 8. Proposed patch antenna array configuration (a) dimensions of
the proposed patch antenna array at the front-view, and (b) 3D view of
the layers of the proposed patch antenna array Simulated and measured
S11 responses of the patch antenna array.

FIGURE 9. Simulated and measured S11 responses of the patch antenna
array.

Themeasured and simulated results of the radiation pattern 175

on two panels, E and H, are demonstrated in Fig. 10. It can 176

be seen that the array antenna has a beamwidth of 94.2◦ on 177

the E-plane and 21.2◦ beamwidth on the H-plane. Radiation 178

patterns are relatively stable, and the difference between 179

the Co- and Cross-polarization levels at 3.5 GHz is more 180

than 25 dB. 181

The gain of the array antenna is shown in Fig. 11. Accord- 182

ing to the simulation result, the array antenna has a maximum 183

gain of 9.83 dB, and the maximum measured gain is 9.73 dB 184

both of them at 3.5 GHz. All the simulations are carried out 185

using a full-wave EM simulator HFSS in this study. The slight 186

difference between the experiments and the simulations in 187

this design can be associated with the measurement error and 188

the low accuracy of placing the upper and lower substrates on 189

top of each other. 190

V. MODIFIED ANTENNA ARRAY WITH A REFLECTOR 191

PLANE 192

In the design of the array antenna in the previous section, due 193

to the presence of the feeding network in the lower layer of the 194
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FIGURE 10. The radiation pattern of the patch antenna array.

FIGURE 11. Simulated and measured gains of the patch antenna array.

antenna, the level of the back radiation is significant. In this195

section, to improve the radiation behavior of the antenna and196

reduce the back radiation level, a conductor plane is used as197

a reflector under the antenna. In addition to reflecting the198

radiation pattern upwards, this conductor plane also reduces199

the destructive effect of unwanted radiation from the feeding200

network. The final structure of the proposed array antenna201

with the reflector plane underneath the feeding network is202

shown in Fig. 12. According to this figure, two plastic spacers203

with the dimension of 30 × 3 mm2 and thickness of λ/4204

(λ is the free space wavelength at the center frequency of205

the antenna operating bandwidth) are used to support the206

reflector plane under the antenna.207

The simulated and measured results of the return loss208

response of the proposed array antenna with the reflector209

plane are presented in Fig. 13. The experiment indicates210

that the array antenna has an operating frequency band211

of 3.35-3.75 GHz (11.27%).212

The measured and simulated E- and H-plane radiation213

patterns are illustrated in Fig. 14. It is observed that the214

array antenna with the reflector plane has a beamwidth of215

85.44◦ on the E-plane and 23.86◦ beamwidth on the H-plane.216

Compared to the previous section, the radiation pattern of the217

final proposed patch antenna array with the reflector plane218

has been improved and the back radiation has been reduced219

by about two times.220

The simulated and measured gains of the array antenna221

with the reflector plane are exposed in Fig. 15. It is observed222

FIGURE 12. The final structure of the proposed patch antenna array with
the reflector plane (a) 3D-view, and (b) side-view.

FIGURE 13. Simulated and measured S11 responses of the final proposed
patch antenna array with the reflector plane.

FIGURE 14. The radiation pattern of the final proposed patch antenna
array with the reflector plane.

that the proposed final array antenna has a maximum gain 223

of 10.91 dB, which has increased by 12.13% compared to 224

the previous section. The antenna gain diagrams in this work, 225
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TABLE 1. Comparison of the proposed patch antenna array with other fan-beam antennas.

FIGURE 15. Simulated and measured peak gains of the patch antenna
array with the reflector plane.

FIGURE 16. Simulated 3D radiation pattern of the patch antenna array
with the reflector plane.

have been extracted in the direction of its maximum radiation226

(ϕ = 0◦, and θ = 0◦).227

Correspondingly, to make a better understanding of the228

antenna radiation pattern, a three-dimensional representation229

of it is shown in Fig. 16.230

FIGURE 17. Simulated radiation efficiency of the patch antenna array
with the reflector plane.

Due to the radiation pattern of the array antenna, a decrease 231

is seen in the antenna beamwidth compared to the patch 232

antenna in Section II, which leads to an increase in the 233

antenna gain in the array configuration. Furthermore the 234

simulated radiation efficiency of the patch antenna array 235

with the reflector plane is plotted in Fig. 17. The proposed 236

antenna has a peak radiation efficiency of 89.8% at 3.5 GHz 237

frequency. 238

Photos of the fabricated proposed antennas and the antenna 239

test steps in the anechoic chamber are shown in Fig. 18. In this 240

study, an Agilent E8363C Network Analyzer was used to test 241

the proposed antennas. 242

Table 1 compares the performance of the proposed array 243

antenna with other fan-beam antennas. It can be seen that the 244

proposed array antenna has the merit of compactness due to 245

the operating frequency and realized gain. 246
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FIGURE 18. (a) Fabricated proposed patch antenna, (b) patch antenna
connected to the VNA, (c) the feed network of the proposed array
antenna, (d) 3D view of the fabricated proposed array antenna with the
reflector plane, (e) antenna connected to the VNA, and (f) antenna in the
anechoic chamber.

VI. CONCLUSION247

A high-gain and compact size fan-beam array antenna248

for radar applications and 5G systems is presented in249

this paper. The measurement results approve that the pro-250

posed array antenna has a wide impedance bandwidth of251

3.35-3.75 GHz (11.27%), HPBW of 85.4◦, and 23.8◦ on the252

E- and H-panes and a maximum gain of 10.91 dB. These253

results are achieved while the proposed array antenna with254

a two-layer structure has small dimensions of 209 ×32.3 ×255

3.708 mm3 and has smaller dimensions compared to sim-256

ilar fan-beam antennas. Furthermore applying a reflector257

underneath the antenna decrease the antenna back radi-258

ation by about two times and is improved the radiation259

pattern.260
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