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ABSTRACT In this paper, we propose a one-dimensional (1D) array antenna with improved sidelobe level
(SLL) and cross-polarization (x-pol) characteristics. The array elements constituting the 1D array antenna
comprise different numbers of dipole elements, and each array element has a different gain and E-field phase.
The positions of the array elements in the z-axis direction are adjusted to equalize their E-field phases in the
far field, and the array elements are arranged symmetrically with respect to the z-axis to obtain a low x-pol.
The same amount of power is supplied to all the array elements of the 1D array antenna of the proposed
structure. Therefore, a complexly structured feeding network is not required to achieve a low SLL and low
x-pol. The gain of the proposed array antenna with a corporate feeding network is 15.2 dBi, and its SLL and
x-pol level are –21.3 dB and 20.3 dB, respectively. The –10 dB impedance bandwidth of the proposed array
antenna is 35.6% (8.3–11.9 GHz).
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INDEX TERMS Dipole array, endfire antenna, X-band, low sidelobe level, millimeter-wave antenna, printed
dipole.

I. INTRODUCTION13

Many communication systems in civilian and military14

applications require high-gain and low-sidelobe-level (SLL)15

antennas [1], [2], [3], [4], [5], [6], [7], [8], [9]. These demands16

have prompted many studies aimed at improving the gain and17

SLL characteristics of array antennas. Examples of high-gain18

and low-SLL antenna structures include reflector antennas19

[10], [11], [12], lens antennas [13], [14], [15], and array20

antennas with multiple radiating elements [16], [17], [18].21

Among these antenna structures, reflector and lens anten-22

nas require high precision; they are therefore difficult and23

expensive to fabricate. Array antennas are widely used in24

various fields requiring high gain and low SLL characteristics25
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because they are relatively simple in design and usually 26

lighter and cheaper than reflector and lens antennas. 27

Generally, the SLL characteristics of an array antenna can 28

be improved by adjusting the power supplied to each radiat- 29

ing element. The method of lowering the SLL by adjusting 30

the power distribution ratio includes Chebyshev and Taylor 31

distributions [19], [20], and such methods provide a low 32

SLL, but they have a complicated feeding structure and are 33

difficult to design. Instead of adjusting the power distribu- 34

tion ratio, a design featuring nonuniform spacing between 35

adjacent radiating elements has been published as a method 36

for improving SLL characteristics [21], [22]. However, the 37

design and optimization of this method are highly complex. 38

To overcome this problem, researchers have presented a 39

method to lower the SLL that involves adjusting the gain 40

of each radiating element [23], [24]. The presented structure 41

improves the SLL characteristics by adding a complementary 42
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FIGURE 1. Geometry of 1 × 8 array antenna designed using three dipole
elements.

split-ring resonator (CSRR) structure to the patch antenna or43

by reducing the size of the patch itself to provide a weight44

to the array antenna. However, the overall gain of the array45

antenna decreases because these methods lower the gain of46

each radiating element.47

Another factor that affects the radiation pattern of array48

antennas is the cross-polarization (x-pol) components of49

array elements [25]. As the number of array elements consti-50

tuting the array antenna increases, the x-pol of each array ele-51

ment is combined to increase the x-pol of the array antenna,52

and a high x-pol adversely affects the radiation pattern of53

the antenna. To implement an array antenna with low x-pol,54

a method of arranging array elements symmetrically with55

respect to the H-plane and supplying power with a phase dif-56

ference of 180o using a feeding structure has been proposed in57

[26], [27], and [28]. This method is widely used because the58

co-polarization (co-pol) of each array element is combined,59

and the x-pol is canceled to ensure a low x-pol level. However,60

the feeding structure becomes large and complicated due to61

the size of the array element when this method is applied to a62

patch array antenna.63

In this study, a 1× 8 array antenna is designed using array64

elements that have different gains and comprise different65

numbers of dipole elements. The endfire dipole antenna used66

as an array element can easily increase the gain by increas-67

ing the number of dipoles constituting the array element.68

Therefore, compared with array antennas with a low SLL69

using CSRRs or reducing the patch size, the proposed array70

antenna is advantageous for implementing a high gain and for71

its ease of controlling the SLL. The proposed array antenna72

has a simpler feeding structure than the method of adjusting73

the power distribution ratio of array elements or maintain-74

ing nonuniform spacing between adjacent array elements.75

In addition, in the proposed array antenna, array elements are76

symmetrically arranged with respect to the z-axis of the array77

center. It has a feeding structure that supplies power with78

a 180o phase difference to each symmetrical array element.79

Because of this, the x-pol components of the left and right80

array elements with respect to the array center are canceled81

so the x-pol level is lower than that of conventional arrays.82

II. ANTENNA GEOMETRY83

A series-fed endfire dipole antenna printed on a thin substrate84

is widely used in many communication systems because of its85

FIGURE 2. Array element with three angled dipole elements: (a) front
view and (b) side view.

advantages of high gain, wide impedance bandwidth, inex- 86

pensive manufacture, low weight, and small size [29], [30], 87

[31], [32], [33], [34]. In addition, the desired gain level can 88

be achieved easily by varying the number of dipole elements 89

constituting the antenna. Because of these advantages, an 90

endfire dipole antenna is used as an array element of a one- 91

dimensional (1D) array antenna. Hereafter, the elements of 92

the 1D array antenna are denoted as array elements, and the 93

elements constituting an array element are denoted as dipole 94

elements, as shown in Fig. 1. A 1D array antenna comprises 95

eight array elements, and each array element, in turn, com- 96

prises one, two, three, or six dipole elements. The ANSYS 97

high-frequency structure simulator was used to design and 98

optimize the array antennas. 99

A. ONE-DIMENSIONAL ARRAY ANTENNA HAVING ARRAY 100

ELEMENTS COMPRISING THREE ELEMENTS 101

Fig. 2 shows the structure of an array element comprising 102

three angled dipole elements at a center frequency of 10 GHz. 103

The substrate used for the array element design is Rogers 104

AD250C (εr = 2.5, tanδ = 0.0015) with a thickness of 105

0.762 mm. The power input through the microstrip line is 106

transmitted to each angled dipole element through the parallel 107

stripline, and a quarter-wavelength impedance transformer 108

is used to match the 50 � microstrip line. The length and 109

spacing of the angled dipole elements are linearly reduced 110

by, respectively, 1Ld and 1Sd to increase the impedance 111

bandwidth [33]. The design parameters of the array element 112

comprising the three optimized dipole elements are as fol- 113

lows:W = 30 mm, Lg = 15 mm,Wf = 2.1 mm, Ld1 = 7.8 mm, 114

Wd = 2.1 mm,1Ld = 0.8 mm, Sd1 = 9.5 mm, Sd2 = 9.5 mm, 115

1Sd = 0.8 mm, Wr = 2.1 mm, Wq = 1 mm, Lq = 2 mm, and 116

S = 10 mm. 117

Fig. 3 shows the characteristics of an array element com- 118

prising three dipole elements. The –10 dB impedance band- 119

width is 8.9–11.5 GHz, and the gain within the impedance 120

bandwidth is in the range of 7.9–9.2 dBi. The gain at the 121

center frequency of 10 GHz is 9.2 dBi, and the half-power 122

beamwidths (HPBWs) of the E-plane and H-plane are 58.1◦ 123

and 85.1◦, respectively. Using the antenna in Fig. 2 as an 124

100216 VOLUME 10, 2022



H. Wang et al.: Novel Method for Sidelobe Level Suppression in Multielement Angled Dipole Array Antennas

FIGURE 3. Simulation results of array comprising three dipole elements:
(a) reflection coefficient and gain and (b) radiation pattern at 10 GHz.

FIGURE 4. Radiation pattern of 1 × 8 array antenna designed using three
dipole elements at 10 GHz.

array element, a 1× 8 array antenna, as shown in Fig. 1, was125

designed and simulated. The distance D between adjacent126

array elements is 0.7λ, where λ is the free-space wavelength127

at 10 GHz. A port is set for each array element, and power128

with the same amplitude and phase is supplied to all the array129

elements. Fig. 4 shows the normalized radiation pattern of the130

1 × 8 array antenna, where the gain is 16.8 dBi and the SLL131

is –13.1 dB.132

B. ONE-DIMENSIONAL ARRAY ANTENNA HAVING ARRAY133

ELEMENTS COMPRISING DIFFERENT NUMBERS134

OF DIPOLES135

To obtain array antennas with good SLL characteristics, array136

elements with different gains are designed. Fig. 5 shows array137

elements comprising one, two, three, and six dipole elements.138

FIGURE 5. Array elements comprising (left to right) one, two, three, and
six dipole elements.

TABLE 1. Design parameters of array elements comprising different
number of dipole elements.

Each of these array elements is designed in the same manner 139

as the above-described array element comprising three dipole 140

elements. Table 1 summarizes the design parameters of the 141

array elements comprising one, two, three, and six dipole 142

elements, and Fig. 6 shows their reflection coefficients, gains, 143

and E-field phases on the xz-plane. The –10 dB impedance 144

bandwidths of these array elements are 9.2–11.8 GHz, 145

8.3–11.6 GHz, 8.9–11.5 GHz, and 8.3–11.3 GHz, respec- 146

tively. The difference in the gains of the array elements 147

at the center frequency increases linearly by approximately 148

2.3–2.7 dB. In addition, the E-field phases at the same dis- 149

tance from the ground plane of each array element are 272.3◦, 150

258.5◦, 217.0◦, and 175.2◦, respectively. Fig. 7 shows the 151

radiation patterns of these four array elements. At the center 152

frequency of 10 GHz, their gains are 4.2 dBi, 6.5 dBi, 9.2 dBi, 153

and 11.5 dBi, respectively. Table 2 summarizes the charac- 154

teristics of the designed array elements. A 1D array antenna 155

is designed using these four array elements (see Fig. 8), 156

which are arranged symmetrically with respect to the z-axis 157

to obtain a symmetrical radiation pattern and low x-pol. The 158

ground plane between adjacent array elements is sectioned 159

into triangles to minimize the effect of its discontinuity on the 160

radiation patterns of the array elements. Each array element 161
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FIGURE 6. Characteristics of array elements comprising one, two, three,
and six dipole elements: (a) reflection coefficient, (b) gain, and (c) E-field
phases on the xz-plane.

has a different gain and phase in the far field, but this problem162

is overcome by adjusting the z-axis position of each array163

element. When the phase difference between the electric164

fields of two array elements in the far field is θ , the free-space165

wavenumber is k , the phase constant of the line is β, and the166

line length Lpd required to compensate for θ can be expressed167

as follows:168

Lpd = θ/(kβ) (1)169

Based on the far-field phase of an array element comprising170

two centered six-dipole elements, the position of each array171

element is adjusted using the above equation to equalize the172

far-field phases. Table 3 summarizes the phase differences173

of the array elements comprising one, two, and three dipole174

elements relative to the array element comprising six dipole175

TABLE 2. Comparison of characteristics of designed array elements
comprising different number of dipole elements.

TABLE 3. E-field phase differences and position of antennas having
different array elements.

FIGURE 7. Radiation patterns of array elements comprising one, two,
three, and six dipole elements.

elements and the line lengths required for correcting the phase 176

differences. Fig. 9 shows the normalized radiation pattern 177

of the array antenna at 10 GHz, and its gain and SLL are 178

16.4 dBi and –21.0 dB, respectively. In the proposed array, 179

the array elements are arranged symmetrically with respect to 180

the z-axis, and power with a 180◦ phase difference is supplied 181

to the array elements. Therefore, in the proposed array, the 182

co-pol of each array element becomes in-phase, and the x-pol 183

becomes 180◦ out of phase, so the x-pol level is low. 184

When an array is configured as an array element using 185

multiple antennas, the radiation pattern of the array element 186

in the array antenna is termed an active element pattern and 187
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FIGURE 8. Structure of 1 × 8 array antenna designed using array
elements comprising different numbers of dipole elements.

FIGURE 9. Simulated radiation pattern of 1 × 8 array antenna designed
using array elements comprising different numbers of dipole elements.

FIGURE 10. Active element patterns of array elements comprising one,
two, three, and six dipole elements.

is different from that of an individual array element [35].188

Fig. 10 shows the active element patterns of array elements189

comprising one, two, three, and six dipole elements, and190

their active element gains are 4.8 dBi, 5.8 dBi, 7.8 dBi, and191

10.2 dBi, respectively. These gains are converted into a power192

distribution ratio and fed to a conventional 1D array antenna193

composed only of array elements comprising three dipole194

elements, and the radiation pattern of this array antenna is195

compared with that of the proposed array antenna structure.196

Fig. 11 shows the normalized radiation patterns of the pro-197

posed array antenna shown in Fig. 8 and of the conventional198

array antenna shown in Fig. 1. The radiation patterns of the199

conventional array antenna with a weighted power distribu-200

tion and the conventional array antenna with a uniform power201

TABLE 4. Radiation pattern characteristics.

FIGURE 11. Normalized radiation patterns of three different array
antennas.

FIGURE 12. Geometry of modified rat-race coupler.

distribution are compared with the radiation pattern of the 202

proposed array antenna. The proposed array antenna has a 203

gain 0.4 dB lower than that of the conventional array antenna 204

with a uniform power distribution but an SSL 7.7 dB lower. 205

It can also be observed that the proposed array antenna has 206

a similar radiation pattern to the conventional array antenna 207

with a weighted power distribution. The gain of the proposed 208

array antenna is identical to that of the conventional antenna 209

with a weighted power distribution, and its SLL is 2.8 dB 210

lower. These comparison results are summarized in Table 4. 211

III. FABRICATION AND MEASUREMENT 212

A 1 × 8 array antenna was designed and fabricated by com- 213

bining the feeding network with the array antenna structure 214

proposed in Section 2. In the proposed structure, the left- 215

and right-side array elements are symmetrical with respect to 216

the z-axis. Therefore, the phase difference between the left- 217

and right-side output powers with respect to the center of the 218
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FIGURE 13. Characteristics of modified rat-race coupler: (a) amplitude
and (b) phase difference between output ports.

FIGURE 14. Geometry of proposed array antenna with feeding network.

TABLE 5. Performance comparison of the antenna.

feeding network must also be 180◦ to ensure the phase of the219

power radiates from each array element in phase. A modified220

rat-race coupler was designed to achieve a phase difference221

FIGURE 15. Photographs of fabricated antenna: (a) front side and (b)
back side.

FIGURE 16. Simulation and measurement results of fabricated antenna:
(a) reflection coefficient and (b) gain.

of 180◦, and Fig. 12 shows its geometry. The area occupied by 222

the coupler was reduced by folding its transmission lines [36]. 223

Fig. 13 shows the characteristics of the modified coupler, 224
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FIGURE 17. Simulated and measured radiation patterns at 10 GHz:
(a) xz-plane and (b) yz-plane.

which has a good impedance match over a wide frequency225

range. In addition, the difference in the magnitude of the226

output power between the output ports is extremely small,227

and a phase difference of almost 180◦ is output over a wide228

frequency range. Fig. 14 shows the 1 × 8 array antenna229

with the feeding network. A simple T-junction power divider230

was used to design the feeding network, each output port of231

which produces the same amount of power. Fig. 15 shows232

photographs of the fabricated antenna, the characteristics of233

which (i.e., its reflection coefficient, gain, and radiation) were234

measured and compared with the corresponding simulation235

results.236

The reflection coefficient was measured using a Rohde &237

Schwarz ZVA 67 vector network analyzer, and the radiation238

pattern and gain were measured using an MTG anechoic239

chamber. Fig. 16 shows a comparison of the simulated and240

measured characteristics of the proposed 1× 8 array antenna.241

Specifically, Fig. 16(a) shows the simulated and measured242

reflection coefficients of the proposed array antenna. The243

–10 dB impedance bandwidth is 8.3–11.9 GHz (35.6%).244

Fig. 16(b) shows the simulated and measured gains of the245

proposed array antenna. Due to the loss in the feed network,246

the gain of the array antenna was reduced by about 1 dB247

compared to that of the array antenna without the feed net-248

work. The simulated and measured 3-dB gain bandwidths are249

8.0–11.7 GHz and 8.0–11.8 GHz, respectively. Fig. 17 shows250

the simulated andmeasured radiation patterns of the proposed251

array antenna at 10 GHz, which are 15.4 dBi and 15.2 dBi,252

respectively, and the simulated and measured SLLs are – 253

20.9 dB and –21.3 dB, respectively. The x-pol level of the pro- 254

posed antenna is 20.3 dB. The simulation and measurement 255

results can therefore be considered to have good agreement. 256

IV. COMPARISONS 257

The proposed 1 × 8 array antenna was compared with other 258

gain-weighted array antennas. The patch array antenna pre- 259

sented in [23] implements a weighted gain array antenna 260

by lowering the gain of CSRR-loaded array elements. The 261

antenna proposed in [23] consists of 12 elements, and its gain 262

and SLL are 16.1 dBi and −23 dB, respectively. However, 263

because the impedance bandwidth of the array element is 264

very narrow, the−10 dB impedance bandwidth of the antenna 265

is only 1.8%. In [24], a patch array antenna with weighted 266

gain using array elements of different sizes is presented. The 267

antenna consists of 13 array elements; its gain is not provided, 268

the SLL is −17.5 dB, and the −10 dB impedance bandwidth 269

of the antenna is highly narrow, about 2.3%. 270

The array antenna proposed in this paper is composed of 271

8 array elements, and the gain and SLL are 15.2 dBi and 272

–21.3 dB, respectively, so it has excellent characteristics com- 273

pared to the number of array elements. In addition, the –10 dB 274

impedance bandwidth is 35.6%, which is much wider than 275

that of conventional array antennas with weighted gain. The 276

characteristics of the proposed 1 × 8 array antenna and the 277

conventional gain weighted array antennas are summarized 278

in Table 5. 279

V. CONCLUSION 280

In this study, a 1 × 8 array antenna with a simple feeding 281

structure and excellent SLL characteristics was designed by 282

the method of adjusting the gain of each array element consti- 283

tuting the array antenna. Array elements comprising one, two, 284

three, and six dipole elements were used to design the array 285

antenna. The positions of the array elements were adjusted 286

to equalize their phases in the far field. Four array elements 287

were grouped and arranged symmetrically on the left and 288

right sides to ensure symmetry of the radiation pattern. The 289

gain and SLL of the proposed array antenna were 15.2 dBi 290

and –21.3 dB, respectively, and its impedance bandwidth was 291

8.3–11.9 GHz (35.6%). The proposed structure can be useful 292

in various applications that require high directivity and low 293

SLL characteristics. 294
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