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Abstract— This work presents a novel compact, low-cost,1

metamaterial-based, wide-angle beam-scanning array antenna2

with monopole-like Huygens pattern reconfigurable element for3

fifth-generation (5G) base station application. A miniaturized4

and broadband hybrid metasurface with a compact size of5

0.28λ0 × 0.28λ0 × 0.11λ0 is first proposed by combining a6

dielectric resonator and a 3 × 3 mushroom-like metasurface.7

By exploring a monopole-like Huygens radiation mechanism,8

a pattern reconfigurable hybrid metasurface antenna is imple-9

mented. It can be switched between one broadside and two tilted10

(θ = ±40◦) modes. To increase the beam-scanning range, the11

proposed pattern reconfigurable antenna as the array element12

is adopted in a phased array. For demonstration, a five-element13

hybrid metasurface linear array antenna using the reconfigurable14

element is fabricated and measured. It is operated in the band15

of 3.30–3.80 GHz (5G-N78 band). This reconfigurable method16

can extend the beam-scanning angle of the five-element array17

symmetrically from [−35◦, +35◦] to [−70◦, +70◦]. With the18

merits of broadband, low-cost (simple design and fewer array ele-19

ments), wide-angle beam-scanning capacity, and good radiation20

performance, the proposed hybrid metasurface pattern reconfig-21

urable antenna and array are well poised for 5G multibeam base22

station and microcell applications.23

Index Terms— Beam scanning, dielectric resonator (DR), fifth-24

generation (5G) base station antenna, hybrid metasurface,25

metamaterial-based antenna, pattern reconfigurable antenna,26

phased array.27

I. INTRODUCTION28

THE evolving development of fifth-generation (5G) com-29

munication technology has brought a high data rate, large30

channel capacity, and low-latency transmission experience to31

the users [1], [2]. However, multireflection and scattering32

are unavoidable due to the occlusion of buildings or/and33

trees in practical indoor and outdoor environments, which can34
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Fig. 1. 5G multibeam base station application scenario with the low-cost,
wide-angle beam-scanning phased array.

seriously affect the link quality and robustness of 5G commu- 35

nication [3], as shown in Fig. 1. It is worth mentioning that 36

multibeam antennas (such as pattern reconfigurable antenna 37

and phased array) with the ability to improve multipath effect 38

and dynamically switch the coverage have been considered as 39

one of the key technologies for 5G base station applications 40

[4], [5]. Therefore, multibeam antennas have received substan- 41

tial research interest for 5G applications. 42

Compared with the pattern reconfigurable antenna [6], the 43

phased array not only realizes wide-angle continued beam 44

scanning but also achieves beamforming, especially for wide- 45

angle beam-scanning array [7]. Therefore, the phased array 46

is widely used in radar, wireless communication, and satellite 47

applications [7]–[9]. To broaden the beam-scanning region of 48

the phased array, many works and efforts for the wide-angle 49

beam-scanning array have been done in the past two decades. 50

They can be divided into four categories [10]–[17]. 51

1) The first method is to employ a mechanical beam 52

scanning reflector [10]. However, the complex and heavy 53

mechanical structures (high cost) and slow scanning speed are 54

hard to improve. 55

2) The second category is to use a small radiation source 56

with wide beamwidths, such as an electric current source and 57

magnetic dipole [11], [12]. Although the beam-scanning angle 58

can be obviously enhanced, they usually suffer from a narrow 59

bandwidth and low radiation gain. 60
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3) The third idea is to load the phase-shifting metasur-61

face [13]. By refracting the electromagnetic wave, the scanning62

angle is widened. However, high profile, complex multilayer63

structure, and limited bandwidth are unavoidable.64

4) The final form is to adopt the pattern reconfigurable array65

element. By combining the beam-scanning region for different66

modes (broadside and tilted beams), the pattern reconfigurable67

array can easily realize a wide-angle beam-scanning func-68

tion [14]–[17]. Due to the limitation of the reconfigurable69

element, the conventional methods exhibit either a narrow70

bandwidth, large size, or poor radiation performance [14],71

[16]. Generally speaking, the abovementioned conventional72

designs cannot be employed in space-limited broadband 5G73

base station applications because of the narrow bandwidth,74

limited radiation capacity, large size, and complex structure75

(high cost). Therefore, it is desirable to develop a low-cost,76

wide-angle beam-scanning array with wide bandwidth and a77

compact size for 5G applications.78

To meet the demand of the space-limited 5G base sta-79

tion applications, a miniaturized array element (miniaturized80

antenna) has been considered. Note that, usually, a small81

antenna realizes a wide beamwidth due to the small aper-82

ture distribution principle, which is helpful to achieve wide-83

angle beam scanning [18]. Also, note that metamaterials with84

unusual electromagnetic characteristics and novel working85

mechanisms have been widely adopted in miniaturized antenna86

designs [19]–[21]. Although the resonant-type metamaterial-87

based antennas have a small size, they usually suffer from88

a fairly narrow bandwidth [22], [23]. As a type of wide89

bandwidth metamaterial, the metasurface-based antenna has a90

large dimension that is larger than its half-wavelength, which91

makes it not suitable for wide-angle beam-scanning phased92

array design [24]. Thus, it is a big challenge but a very93

meaningful topic to design a metamaterial-based wide-angle94

beam-scanning antenna/array with a compact size and broad95

bandwidth for 5G base station applications.96

In this article, a novel low-cost, wide-angle, beam-scanning,97

metamaterial-based antenna/array using five monopole-like98

Huygens pattern reconfigurable elements is proposed for 5G99

base station applications. The detailed application scenario is100

shown in Fig. 1.101

1) By loading the mushroom metamaterial on the dielec-102

tric resonator (DR), a novel compact and broadband hybrid103

metasurface is first proposed.104

2) A pattern reconfigurable metasurface-based antenna is105

then realized by etching two monopole-like vias with a p-i-n106

diode based on the monopole-like Huygens principle.107

3) Finally, a low-cost, wide-angle beam-scanning array108

using five pattern reconfigurable elements is implemented and109

demonstrated.110

II. NOVEL PATTERN RECONFIGURABLE HYBRID111

METASURFACE112

A. Novel Miniaturized Hybrid Metasurface113

A novel miniaturized hybrid metasurface is first proposed114

by combining/mixing a DR and a mushroom-like metama-115

terial, as shown in Fig. 2. To clearly explain the working116

Fig. 2. Evolution of the proposed DR hybrid metasurface structure.
(a) Case 1: the conventional DR with a slot-coupled feed. (b) Case 2: the
DR with a metallic patch. (c) Case 3: the DR with a 3 × 3 metasurface.
(d) Proposed hybrid metasurface structure with a mushroom-like metasurface.
The size parameters are listed in Table I.

principle of the proposed hybrid metasurface, three refer- 117

ence designs are compared. First, a rectangular DR (εr = 118

9.4 and tan δ = 0.009) is placed above the ground substrate 119

(0.508 mm-thick F4BM substrate: εr = 2.2 and tan δ = 0.001), 120

which is excited by using a slot-coupled feeding structure. It is 121

named Case 1, as shown in Fig. 2(a). Second, a metallic patch 122

is loaded on the surface of the DR to reduce the size (Case 2), 123

as shown in Fig. 2(b). Third, the original metallic patch is 124

replaced by a 3 × 3 metasurface to improve the impedance 125

matching and radiation performance, as shown in Fig. 2(c) 126

(Case 3). Finally, four shorting vias are loaded around the 127

surface, and a mushroom-like metasurface is loaded on the DR 128

to enhance the impedance bandwidth, as shown in Fig. 2(d). 129

It is marked as Case 4 (the proposed hybrid metasurface). 130

Unlike the classical mushroom structure [24], four shorting 131

vias are loaded in the corners of the metasurface to facili- 132

tate the implementation of the coupled feeding structure and 133

the reconfigurable monopole-like vias with p-i-n diode bias 134

circuits. Besides, fewer shoring vias not only obtain a larger 135

shunt inductor but also introduce less loss [23]. Therefore, 136

by loading fewer shorting vias on the DR, the proposed hybrid 137

metasurface simultaneously realizes a compact size and good 138

radiation effectively. 139

Fig. 3 shows the simulated |S11| for three reference designs 140

and the proposed hybrid metasurface. As expected, Case 1 has 141

a single resonant mode (TE111 mode), and it suffers from large 142

size and limited bandwidth [25]. It is noted that, although 143

the slot-coupled antenna can easily extend the bandwidth by 144

exciting coupled slot mode, the coupled slot resonance mode 145

is not applied due to its large back-lobe levels in this design 146

[24]. By loading the metallic patch, the resonant frequency 147

of Case 2 shifts to a lower region. Besides, a severe mis- 148

matching phenomenon is also observed due to the large loaded 149

capacitance. Relying on the metasurface, although the resonant 150



7648 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 70, NO. 9, SEPTEMBER 2022

Fig. 3. Simulated reflection coefficient (|S11|) for the antennas for different
cases (Cases 1/2/3/4), as shown in Fig. 2.

frequency of Case 3 moves to a higher frequency region, the151

impedance matching is obviously improved compared with152

Case 2. This is mainly due to that the metasurface has a smaller153

loaded capacitance with multiple radiation slots. To balance154

the size and bandwidth, a mushroom-like metasurface is155

employed in the proposed hybrid metasurface (Case 4). A new156

resonant mode is generated, and a dual-mode broadband157

response with good impedance matching is clearly observed.158

Specifically, the new radiation mode (3.70 GHz) comes from159

the resonance of the mushroom-like metasurface [24], [26].160

The resonant frequency for the DR (Case 4) slightly shifts161

to a high frequency (3.30 GHz). Here, the shorting vias can162

be considered as the extra shunt-loaded inductance. The total163

equivalent inductance for its equivalent resonant circuit model164

is then reduced. Importantly, by mixing a DR and a mushroom-165

like metasurface, a novel hybrid metamaterial-based design166

mechanism is proposed. This proposed hybrid metasurface167

not only realizes a miniaturized size but also achieves stable168

wideband broadside radiation by introducing the dual-mode169

resonance.170

To further explain the working principle of the proposed171

hybrid metasurface, its equivalent circuit is summarized,172

as shown in Fig. 4. In detail, the conventional DR can be173

considered as an RLC resonant tank [27]. Ld and Cd represent174

the equivalent inductance and capacitance of the resonator175

model, respectively. Rd represents the radiation resistance176

of the DR antenna. The mushroom-like metasurface can177

be seen as a composite right/left-handed transmission line178

(CRLH-TL)-based equivalent circuit model with a radiation179

resistance (Rm) [28]. LR and CR are contributed by the180

right-handed (RH) small patch units. CL and LL come from181

the left-handed (LH) capacitive gaps and LH shorting vias,182

respectively. The coupling between the DR and mushroom-183

like metasurface resonator is demonstrated by a coupling184

capacitor (Cc). Besides, this hybrid metasurface antenna is185

excited by a slot-coupled feeding structure. Thus, the feed-186

ing structure is modeled by a π-type capacitance circuit187

(C1 and C2). The simulated |S11| for the proposed hybrid188

metasurface obtained by EM simulation and ADS circuit189

simulation is shown in Fig. 4(b), respectively. The resonance190

modes from the EM model and the equivalent circuit model are191

very consistent. The impedance matching difference between192

EM and circuit models is mainly caused by the parasitic effect193

Fig. 4. (a) Equivalent circuit model for the proposed antenna. (b) Simulated
|S11| for the hybrid metasurface antenna by using EM simulation and circuit
model simulation. The circuit parameters are given as follows: C1 = 18.0 pF,
C2 = 0.01 pF, Cd = 1.40 pF, Ld = 0.95 nH, Rd = 75 �, Cc = 0.70 pF,
Rm = 37 �, CL = 1.04 pF, CR = 2.0 pF, LL = 0.9 nH, and LR = 1.08 nH.

of the microstrip structure. More importantly, these resonant 194

modes for the proposed hybrid metasurface can be well 195

controlled based on the equivalent circuit model [in Fig. 4(a)]. 196

It agrees with the analysis shown in Fig. 3. In addition, 197

a wide bandwidth response can be easily realized by tuning 198

the coupling (Cc) between the dual modes. 199

Fig. 5 shows the simulated electric field (E-field) dis- 200

tribution and current distribution for the proposed hybrid 201

metasurface at 3.30 and 3.70 GHz. The classical TE111 mode 202

field distribution of the DR is clearly observed [23], as shown 203

in Fig. 5(a). Besides, the surface current is evenly distributed in 204

the metasurface, as shown in Fig. 5(c). At 3.70 GHz (metasur- 205

face mode), its E-field distribution is mainly concentrated in 206

the gaps of the hybrid metasurface, and a uniform current loop 207

is observed, as shown in Figs 5(b) and (d), which are similar 208

to the fundamental mode of the classical mushroom-type 209

metasurface [26]. What is more, the in-phase field distributions 210

are excited in both the two modes. Therefore, a stable radiation 211

pattern with the same polarization can be maintained in the 212

whole passband. 213

To understand the effect of the key geometric dimensions, 214

Fig. 6 shows a parametric study for the proposed hybrid meta- 215

surface antenna. With reference to Fig. 6(a), two resonance 216

modes shift to the lower region, as the height of the DR (h) 217

increases. The result shows that Ld and LL are increased by 218

increasing h. However, only higher resonance is obviously 219

changed, and the lower mode shifts only slightly when g 220

tunes, as shown in Fig. 6(b). This is due to that varying g 221

mainly affects the LH capacitor (CL) of the mushroom-like 222

metasurface. These results are well proven by its equivalent 223

circuit model [in Fig. 4(a)]. As shown in Fig. 6(c), a wideband 224

dual-mode response with good impedance matching can be 225

easily obtained by tuning the length of the coupled feeding 226
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Fig. 5. Simulated E-field distribution and current distribution for the
proposed hybrid metasurface antenna at different resonant frequencies. E-field
distribution: (a) 3.30 and (b) 3.70 GHz. Surface current distribution: (c) 3.30
and (d) 3.70 GHz.

Fig. 6. Parametric study for the proposed hybrid metasurface antenna
by varying key parameters. (a) |S11| by varying h. (b) |S11| by varying g.
(c) Smith chart by varying fl. (d) Radiation pattern by varying ground size
(wg = lg).

microstrip line (fl). Besides, the simulated radiation pattern at227

3.60 GHz with different ground sizes (w = l) is displayed,228

as shown in Fig. 6(d). The radiation pattern changes slightly229

by varying w & l. The main reason for this phenomenon is230

that its radiated field is mainly distributed on the surface of231

Fig. 7. Simulated 3-D radiation patterns for the proposed hybrid metasurface
antenna at different resonant frequencies: (a) 3.30 GHz. (b) 3.70 GHz.

Fig. 8. Comparison of a 2 × 2 mushroom-loaded hybrid metasurface,
a 3 × 3 hybrid metasurface, a 4 × 4 hybrid metasurface, and their corre-
sponding simulated |S11|, E-field distribution, and radiation directivity-based
radiation pattern.

the hybrid metasurface, as shown in Fig. 5. More importantly, 232

since the ground size has little effect on its radiation pattern, 233

the array space between array elements could be flexibly 234

controlled to realize an optimized beam-scanning angle. This 235

excellent characteristic is adopted in the latter (wide-angle 236

beam-scanning phased array design). 237

Fig. 7 shows the simulated 3-D radiation pattern for the 238

proposed hybrid metasurface antenna at 3.30 and 3.70 GHz. 239

At the same time, the broadside radiation pattern with roughly 240

equal radiation gain is observed at two resonant modes, 241

respectively. The proposed hybrid metasurface realizes stable 242

broadside radiation in the whole passband. These results are 243

well verified by its in-phase E-field and current distributions, 244

as shown in Fig. 5. 245

Fig. 8 shows the simulated |S11|, E-field distribution, and 246

radiation directivity for different hybrid metasurface structures. 247

In 2 × 2 metasurface form, the lower resonance frequency 248

is observed due to the larger shunt RH-handed capacitance 249

(CR). Besides, since the number of metasurface gaps (capac- 250

itance gaps) reduces, both the radiation aperture and antenna 251

directivity are decreased. Although the 2 × 2 form can help 252

to reduce the size, it suffers from a lower radiation gain. 253

The 4 × 4 metasurface achieves a uniform field distribution 254
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Fig. 9. Basic principle of the Huygens antenna. (a) Huygens principle.
(b) Monopole-like Huygens principle. Ee/Em: Electric fields of the E-dipole
and the M-dipole, respectively. Eh is the resultant electric field of the Huygens
antenna.

(larger radiation aperture) and a larger radiation directivity255

by introducing more capacitance gaps. However, its reso-256

nance frequency shifts to the high-frequency region due to257

the smaller shunt RH-handed CR. Compared with the 2 ×258

2 and 4 × 4 forms, the 3 × 3 metasurface not only realizes259

miniaturization and broadband response but also leads to a260

good radiation directivity. Therefore, the 3 × 3 form is the261

best choice to realize optimal performance (compact size,262

broadband, and good radiation capacity).263

Generally speaking, due to the mushroom-like metasurface,264

the novel hybrid metasurface structure not only reduces the265

size but also expands the bandwidth. It helps to realize a266

compact Huygens pattern reconfigurable antenna and a wide-267

angle beam-scanning array.268

B. Pattern Reconfigurable Antenna Based on Monopole-Like269

Huygens Principle270

To realize pattern switching for the proposed hybrid meta-271

surface, the Huygens principle is utilized. As shown in272

Fig. 9(a), a classical Huygens principle is illustrated by using273

one symmetrical electric dipole (E-dipole) and one small274

magnetic dipole (M-dipole) [29], [30]. A directional (endfire)275

pattern without a back lobe is realized. In order to further276

miniaturize the size and obtain rich multibeam switching277

capacity, a monopole-like Huygens principle is first proposed.278

As shown in Fig. 9(b), by introducing a metallic ground279

layer (PEC surface/electric wall), a monopole radiator with a280

half-size replaces the symmetrical electric dipole, as the new281

E-dipole, which is based on the basic mirror principle [31].282

Similarly, the original current loop (magnetic dipole) can be283

replaced by a half-size small loop with its mirror source (new284

M-dipole). It is worth saying that the new M-dipole radiates285

a broadside pattern rather than the omnidirectional beam due286

to the reflection of the ground, which is similar to the vertical287

split-ring resonator-based antenna [32]. Therefore, a linearly288

polarized (LP) tilted directional radiation pattern with a large289

front-to-back (F/B) ratio is obtained, as shown in Fig. 9(b).290

Furthermore, the tilted direction of the main beam can be291

selected by tuning the phase difference between the E-dipole292

Fig. 10. Configuration of the proposed pattern reconfigurable hybrid
metasurface antenna. (a) 3-D view. (b) Top view. (c) Top view without the
top layer. (d) Equivalent circuit model of the p-i-n diode.

TABLE I

DIMENSIONS OF THE PROPOSED ANTENNA (mm)

and the M-dipole [33], which can be used to implement an LP 293

multibeam antenna or pattern reconfigurable antenna design. 294

Based on the monopole-like Huygens principle, a pat- 295

tern reconfigurable hybrid metasurface antenna is proposed, 296

as shown in Fig. 10. The detailed size parameters are listed in 297

Table I. In order to avoid overlapping the feeding microstrip 298

line and the bias circuits of the p-i-n diode (MA4AGP907), 299

a T-shaped coupling feeding structure is implemented on the 300

ground layer, as shown in Fig. 10(a). To realize pattern recon- 301

figurability, two metallic vias with the p-i-n diode (monopole- 302

like via) are loaded on both sides of the coupled slot. The 303

dc bias circuits of two p-i-n diodes are printed on the bottom 304

layer of the ground, as shown in Fig. 10(c). In detail, a lumped 305

inductor (L0 = 56 nH) and a capacitor (C0 = 100 pF) are used 306

to isolate the RF signal and dc source, respectively. A series 307

resistor (R0 = 100 �) is used to limit the current magnitude 308

of the dc bias circuit. The equivalent circuit model of the 309

p-i-n diode is shown in Fig. 10(d), and it is referenced in 310

EM simulation. Note that the slot-coupled feeding structure 311

not only excites a directional M-dipole mode (along the 312

y-direction) but also successfully couples and generates an 313

omnidirectional E-dipole mode (in the z-direction) [34]. Here, 314
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Fig. 11. Simulated E-field distribution and radiation directivity for the
proposed Huygens antenna with M-dipole or E-dipole. E-field distribu-
tion: (a) M-dipole and (b) E-dipole. Radiation directivity: (c) M-dipole
and (d) E-dipole.

a wideband pattern reconfigurable metamaterial-based antenna315

with a compact size of 0.28λ0 × 0.28λ0 × 0.11λ0 (λ0 is the316

free space wavelength at 3.30 GHz) is well implemented.317

To further verify the working mechanism, the equivalent318

M-dipole and E-dipole modes of the proposed hybrid meta-319

surface antenna are studied, as shown in Fig. 11. By using320

the coupled feeding structure, the dual-mode response (TE111321

mode and mushroom-like metasurface mode) with equal mag-322

nitude and the same polarization for the hybrid metasurface323

is well excited. The dual-mode response realizes a ring-324

shaped E-field distribution (odd mode) and a broadside pat-325

tern, as shown in Fig. 11(a) and (c), which are similar326

to a magnetic current source (small loop) on the metallic327

ground. Therefore, the dual-mode formed resonator can be328

considered as a y-direction arranged M-dipole. As shown in329

Fig. 11(b) and (d), the electric monopole mode (E-dipole) for330

the hybrid metasurface is introduced by loading a shorting331

via on the DR (Monopole-like via), and a monopole-like field332

distribution (even mode) and an omnidirectional pattern are333

observed. Thus, this monopole-like mode provides the required334

equivalent z-directed E-dipole. The omnidirectional pattern has335

some slight distortions due to the asymmetric field distribution.336

Note that, in the proposed reconfigurable design (in Fig. 10),337

the M-dipole is directly excited by the slot-coupled feeding338

structure, and the E-dipole (monopole) is successfully coupled339

by the E-field of the feeding slot. By combining the M-dipole340

mode and the E-dipole mode, an equivalent monopole-like341

Huygens source is formed. A tilted directional pattern is342

operated, as shown in Fig. 8(b).343

To realize switchable patterns, two monopole-like vias with344

the switch (D1 or D2) are loaded on each side of the coupling345

TABLE II

TUNING STATES OF THE PROPOSED ANTENNA

Fig. 12. Simulated E-field distribution of the proposed pattern reconfigurable
antenna with different states at 3.60 GHz. (a) S1. (b) S2. (c) S3.

slot, as shown in Fig. 10(c). When the switch (D1) has turned 346

on the ON-state and D2 is OFF (S1 state), the rear monopole- 347

like via (in the −x-axis) is driven, and an equivalent z- 348

directed E-dipole is obtained. Thus, a tilted directional pattern 349

(θ = +40◦) is realized based on Fig. 8(b). On the contrary, 350

another tilted pattern (θ = −40◦) is switched when the D1 351

is OFF and the D2 is ON (S3 state). Besides, when both D1 352

and D2 are OFF (S2 state), two monopole-like vias are not 353

driven, and only the M-dipole mode is excited, leading to a 354

broadside beam (θ = 0◦). Therefore, multiple radiation modes 355

(θ = −40◦, 0◦, and +40◦) can be switched by controlling the 356

switches, as shown in Table II. 357

Fig. 12 shows the simulated E-field distribution for the 358

proposed pattern reconfigurable hybrid metasurface antenna 359

at 3.60 GHz with different states. In the S1 state, since one 360

y-directed (x-polarized) M-dipole and one z-directed E-dipole 361

are simultaneously excited, the backward E-field distribution 362

(in the −x-axis) is canceled out based on the Huygens 363

principle. The E-field is mainly distributed in the front of 364

the hybrid metasurface, so a frontward tilted beam is realized, 365

as shown in Fig. 12(a). By reversing the switch states, a similar 366

phenomenon (S3 state) is also observed in Fig. 12(c). When 367

both of the two switches are OFF (S2 state), a symmetrical 368

and in-phase E-field distribution is observed in Fig. 12(b). 369

This phenomenon is also similar to a classical half-wavelength 370
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Fig. 13. Simulated radiation pattern of the proposed pattern reconfigurable
hybrid metasurface antenna at S1 state by (a) varying le and (b) varying DR
size (w = l).

Fig. 14. Simulated 3-D radiation patterns for the proposed pattern reconfig-
urable antenna with different states at 3.60 GHz: (a) S1, (b) S2, and (c) S3.

patch antenna, so a broadside pattern is achieved [35]. In short,371

the proposed pattern reconfigurable Huygens antenna can real-372

ize LP multibeam switching in the XoZ plane by controlling373

the OFF-/ON-states of two p-i-n diodes.374

Fig. 13 shows a parametric study on the simulated pattern375

for the proposed pattern reconfigurable metasurface antenna376

to further elaborate the reconfigurable principle. As shown377

in Fig. 13(a), by increasing the length of the monopole-like378

via (le) from 5.0 to 15.0 mm, the magnitude of the E-dipole379

component is increased, and the tilted angle of its main380

beam is also synchronously increased. The influence of the381

width (length) of the DR (w = l) is shown in Fig. 13(b). It is382

shown that the value variation of w(l) affects the tilted angle.383

With the increase in the DR dimension from 20.0 to 30.0 mm2,384

the magnitude of the M-dipole component is adjusted, and the385

tilted angle is enlarged from 16◦ to 45◦, which is well proven386

by the Huygens principle. To sum up, the optimized tilted387

angle of the main beam can be selected by tuning the size of388

the M-dipole and E-dipole modes.389

Fig. 14 shows the simulated 3-D radiation pattern for390

the proposed pattern reconfigurable metasurface antenna at391

Fig. 15. Geometry of the proposed hybrid metasurface pattern reconfigurable
wide-angle beam-scanning phased array.

3.60 GHz with different states. It is clearly observed that the 392

main-lobe direction of the proposed reconfigurable antenna 393

can be tuned among +40◦, 0◦, and −40◦ by controlling 394

the OFF-/ON-states of two p-i-n diodes. Besides, the power 395

in the back-lobe direction is much lower than that in its 396

main-lobe direction, as expected. Since the proposed pattern 397

reconfigurable hybrid metasurface antenna has the advantages 398

of wide bandwidth, switchable beams, and simple design, 399

it can be very suitable for 5G wide-angle beam-scanning 400

array, MIMO system, and diversity/multifunction microcell 401

applications. 402

III. HYBRID METASURFACE ARRAY DESIGN 403

A. Metasurface Low-Cost, Wide-Angle Beam-Scanning Array 404

To further meet the demands and solve the challenges of the 405

5G base station in complex application scenarios, a compact 406

low-cost, wide-angle beam-scanning array using the pattern 407

reconfigurable hybrid metasurface elements is designed and 408

implemented, as shown in Fig. 15. Based on the application 409

scenario and low-cost requirement, a five-element linear array 410

is developed and fabricated. The array space between the 411

elements (d) is set to be 0.50λ0 (50 mm). The total dimension 412

of the proposed reconfigurable phased array is 245 mm × 413

50 mm × 10 mm (2.45λ0 × 0.50λ0 × 0.11λ0 only). Here, 414

a 0.8 mm-thick aluminum sheet is fastened to the ground 415

layer for the proposed array, which enhances the mechanical 416

strength and is easy to install. It is also pointed out that, 417

since the array element has three switchable pattern modes 418

(S1/S2/S3), the proposed phased array can realize contin- 419

ued wide-angle beam scanning by switching different pattern 420

modes, as shown in Table III. Note that, in order to balance the 421

size reduction and wide-angle beam-scanning range, the tilted 422

angle of the main lobe of the proposed pattern reconfigurable 423

array element is determined to be [−40◦, 0◦, +40◦]. Therefore, 424

the proposed reconfigurable phased array can easily extend 425

the beam-scanning region from ±35◦ (A2 state) to ±70◦ by 426

using the tilted pattern elements (A1/A3 state). The prototype 427

of the metamaterial-based wide-angle beam-scanning array is 428

fabricated and evaluated. 429

B. Simulation and Discussion 430

Fig. 16 shows the simulated E-field distribution of the 431

proposed metamaterial-based array at 3.60 GHz with different 432

array states. In state A1, the switch (D1) of every element 433

(E1-5) has turned on the ON-state, and all D2s are in OFF-state; 434
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TABLE III

BEAM-SCANNING STATES OF THE PROPOSED ARRAY

Fig. 16. Simulated E-field distribution of the proposed hybrid metasurface
wide-angle beam-scanning phased array with different states at 3.60 GHz.
(a) A1 state with δϕ = −220◦. (b) A2 state with δϕ = 0◦. (c) A3 state with
δϕ = 220◦ .

the main-lobe direction of the original radiation pattern of435

every element (θ) is about +40◦. When the feeding phase dif-436

ference between elements (δϕ) is −220◦, a +70◦ tilted beam437

with a peak gain of 11.5 dBi is realized, and a +x-directed438

tilted E-field distribution of this array is clearly observed,439

as shown in Fig. 16(a). In Fig. 16(b) (A2 state), the switches440

(D1 and D2) for every element have turned on the OFF-state,441

the main-lobe direction of the original radiation pattern of the442

element (θ) is 0◦. When the feeding phase difference between443

elements (δϕ) is 0◦, a broadside pattern (θ = 0◦) with a peak444

gain of 12.7 dBi is realized. Meanwhile, a uniform and in-445

phase field distribution is also clearly observed, as shown in446

Fig. 16(b). In state A3, the switch (D1) of every element (E1-5)447

is OFF, and all D2s are turned on; the main-lobe direction of448

the original radiation pattern of every element (θ) is −40◦.449

On the contrary, when the feeding phase difference between450

elements (δϕ) is 220◦, a −70◦ tilted beam with a peak gain of451

11.5 dBi is obtained, and a -x-directed tilted field distribution452

is clearly observed, as shown in Fig. 16(c). Generally speaking,453

the beam-scanning angle or direction for the proposed array454

can be well controlled by its surface field distribution.455

Importantly, every array element has three pattern states456

(−40◦, 0◦, and +40◦), so the wide-angle beam-scanning func-457

tion is realized by combining three different scanning regions458

(A1, A2, and A3), as shown in Fig. 17. Note that, in order459

Fig. 17. Simulated scanning beam for the proposed hybrid metasurface
phased array with varied feeding phase differences at 3.60 GHz. (a) A1 state.
(b) A2 state. (c) A3 state.

Fig. 18. Simulated radiation patterns for the proposed hybrid metasurface
phased array with different states at 3.40/3.60/3.80 GHz for (a) A2 state and
(b) A3 state.

to simplify the control and effectively verify the proposed 460

working principle, only the feeding phase difference for the 461

proposed phased array (Phase only) is adjusted. As shown in 462

Fig. 17(a), the beam-scanning region (θ) for the main beam 463

direction is from +35◦ to +70◦ by tuning the feeding phase 464

difference (δϕ) from −100◦ to −220◦. In state A2, the beam- 465

scanning region for the main beam direction is from −35◦
466

to +35◦ by tuning the feeding phase difference from −120◦
467

to 120◦, as shown in Fig. 17(b). In the final state (A3 state), 468

by tuning the feeding phase difference from 100◦ to 220◦, the 469

beam scanning region covers from −35◦ to −70◦ well, which 470

is observed in Fig. 17(c). Note that the side- and back-lobe 471

levels for the large-angle beam-scanning condition are slightly 472

larger. This phenomenon can be well improved by adjusting 473

the port magnitude of the array elements (amplitude control) 474

or increasing the number of the array elements in practical 475

applications. 476

In practical applications, the effective beam-scanning band- 477

width for the array is very important, which directly affects 478

the quality of the wireless communication system. To further 479
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Fig. 19. Photograph of the proposed pattern reconfigurable hybrid metasur-
face antenna. (a) Top view. (b) Back view.

demonstrate the stability of the scanning beam, Fig. 18 shows480

the simulated radiation pattern for the proposed metamaterial-481

based array at 3.40/3.60/3.80 GHz with different array states.482

The proposed linear array can realize stable and wide-angle483

beam-scanning capacity with good radiation performance and484

high polarization purity across the bandwidth from 3.30 to485

3.80 GHz.486

C. Design Guideline487

Based on the mentioned working principles, a general488

design guideline is summarized as follows.489

Step 1: Calculate the rough dimensions of the antenna based490

on its working frequency and DR theory [36].491

Step 2: Determine the number of elements of the proposed492

hybrid metasurface structure based on the desired size and gain493

(in Fig. 8).494

Step 3: Determine the length of the switchable monopole-495

like vias (le) based on the Huygens principles and the desired496

tilted beam (in Fig. 13).497

Step 4: Select the number of array elements (n) and array498

space between elements (d) to realize the desired beam499

scanning region.500

Step 5: Optimize the final size parameter of the proposed501

array by using EM simulation software (HFSS or CST).502

Note that steps 2–5 need to be carried out repeatedly to503

achieve optimal performance.504

IV. MEASUREMENT AND COMPARISON505

A. Array Element Measurement506

A pattern reconfigurable hybrid metasurface antenna based507

on the proposed monopole-like Huygens principle is fabricated508

and measured, as shown in Fig. 19. To control the OFF-/ON-509

states of two p-i-n diodes, two dc bias circuits are implemented510

by using two dc+ signals (yellow line) and two GND signals511

(purple line), as shown in Fig. 19(b). Note that, to reduce512

the complexity of the control circuit (p-i-n diode bias circuit),513

the GND signals of multiple p-i-n diodes can be combined514

together by using a common ground, especially for array515

designs.516

Fig. 20 shows the measured and simulated |S11| for the pro-517

posed hybrid metasurface antenna with different states. The518

measured overlapped −10 dB impedance bandwidth for the519

Fig. 20. Simulated and measured |S11| for the proposed pattern reconfig-
urable hybrid metasurface antenna with different states. (a) Simulated results.
(b) Measured results.

Fig. 21. Simulated and measured peak gains and radiation efficiencies for
the proposed pattern reconfigurable hybrid metasurface antenna with different
states: (a) S1 state, (b) S2 state, and (c) S3 state.

three states is from 3.30 to 3.85 GHz, which well covers 520

the 5G-N78 (3.30–3.80 GHz) band. Besides, two resonant 521

modes are clearly observed in the passband, and its realized 522

bandwidth is wider than that of the original DR antenna with 523

a single mode. 524

Fig. 21 shows the measured and simulated peak gain and 525

radiation efficiency for the proposed reconfigurable hybrid 526

metasurface antenna with different states. It is seen that the 527

proposed antenna can realize stable radiation with a peak gain 528

larger than 5.0 dBi and a peak radiation efficiency of greater 529

than −1.05 dB (78.4%) for different modes. Note that the 530

measured results are slightly lower than that in simulation, 531

which is mainly caused by the fabrication tolerance and the 532

extra loss from the SMA connector. 533

Fig. 22 shows the measured and simulated radiation patterns 534

for the proposed reconfigurable hybrid metasurface antenna at 535

3.60 GHz with different states. The measured results are in line 536

with the simulation. The proposed reconfigurable metasurface 537

antenna can be operated at −40◦, 0◦, and +40◦ tilted pattern 538

modes by switching the OFF-/ON-states of two p-i-n diodes 539

based on Table II, respectively. In addition, the cross-pol. 540

levels for three modes are lower than −15 dB, and their back- 541

lobe levels are also suppressed. Therefore, the proposed pattern 542
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Fig. 22. Simulated and measured radiation patterns for the proposed pattern
reconfigurable hybrid metasurface antenna with different states at 3.60 GHz:
(a) S1 state, (b) S2 state, and (c) S3 state.

Fig. 23. Photograph of the proposed hybrid metasurface reconfigurable wide-
angle beam-scanning phased array.

reconfigurable metasurface antenna with a compact size, wide543

bandwidth, and flexible beam-scanning capacity is very suit-544

able for space-limited multibeam sub-6 GHz microcell and545

router applications.546

B. Wide-Angle Beam-Scanning Array Measurement547

To validate the proposed design principle and working548

mechanism, a five-element metamaterial-based pattern recon-549

figurable low-cost, wide-angle beam-scanning linear array is550

fabricated and tested, as shown in Fig. 23.551

Fig. 24 shows the measured and simulated S-parameter for552

the proposed hybrid metasurface linearly array at the A2 state.553

The proposed hybrid metasurface array works from 3.30 to554

3.80 GHz (covering the 5G-N78 band well), which is slightly555

narrower than that in simulation. The resonance frequencies556

for every element have a small shift compared with the single557

pattern reconfigurable hybrid metasurface element, which is558

due to the coupling between the array elements. The reflection559

coefficients of the edge elements are slightly different from560

the center elements because of the edge effect. In addition,561

the port isolation between the array elements is better than562

Fig. 24. Simulated and measured S-parameters for the proposed hybrid meta-
surface wide-angle beam-scanning phased array at the A2 state. (a) Simulated
results. (b) Measured results.

Fig. 25. Measured radiation patterns of the active element of the proposed
hybrid metasurface wide-angle beam-scanning phased array with different
states at 3.60 GHz: (a) A1 state, (b) A2 state, and (c) A3 state.

18 dB in the whole passband. Note that, based on the reflection 563

coefficient for the single pattern reconfigurable antenna (in 564

Fig. 20) and good port isolation between array elements, 565

similar S-parameter curves are also observed at A1 and A3 566

states. Therefore, only the S-parameter at state A2 is shown 567

here. 568

The beam-scanning angle (θ) for the proposed phased array 569

is determined by the active array element radiation patterns 570

with the effects of mutual coupling. The active array element 571
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TABLE IV

COMPARISON WITH THE PREVIOUS WORKS

pattern is obtained by driving one array element and matching572

other array elements with 50 � resistors [11]. The measured573

radiation patterns for every active element at three states (A1,574

A2, and A3) in the E-plane (in the XoZ plane) at 3.60 GHz are575

shown in Fig. 25, respectively. As shown in Fig. 25(a) and (c),576

the tilted patterns for every element with a low cross-pol. levels577

of −15 dB are clearly observed, which is in good agreement578

with the single antenna. In state A2, five broadside patterns579

with a half-power beamwidth of 90◦ are shown in Fig. 25(b).580

Note that the ripple on the pattern is due to the impact of other581

terminated unit cells.582

By selecting the states of p-i-n diodes (A1, A2, and A3)583

and tuning the feeding phase difference (δϕ), the proposed584

metamaterial-based array can realize wide-angle beam scan-585

ning. Fig. 26 shows the measured and simulated radiation pat-586

terns for the proposed metamaterial-based array at 3.60 GHz.587

It is clearly seen that the main beam with a low cross-pol.588

levels can be continuously steered from −70◦ to +70◦ in589

the E-plane. The measured beam-scanning angle has now590

been extended to a wide range from [−35◦, +35◦] to [−70◦,591

+70◦] due to the reconfigurable multibeam working mech-592

anism. Besides, the measured peak gain for the proposed593

phased array is greater than 11.4 dBi. Note that the measured594

realized gain is slightly lower than the simulated results, which595

is mainly due to the fabrication tolerance, the extra loss596

from SMA connectors, and the parasitic effects of the bias597

circuits. In other words, the proposed pattern reconfigurable598

metamaterial-based phased array can bidirectionally move the599

beam of the conventional array to a wider region, which makes600

it suitable for low-cost multibeam base stations and phased601

array systems.602

C. Comparison With the Previous Works603

A comprehensive comparison between the proposed604

metamaterial-based wide-angle beam-scanning array and the605

reported wide-angle beam-scanning arrays and the pre-606

vious base station antennas is given in Table IV. Two607

Fig. 26. Simulated and measured beam-scanning results for the proposed
hybrid metasurface wide-angle beam-scanning phased array at 3.60 GHz.
(a) Simulated results. (b) Measured results.

metasurface-based array antennas were proposed in [13] and 608

[37], but their beam-scanning range is limited, and they require 609

more elements (higher cost). Compared with two conventional 610

pattern reconfigurable beam-scanning arrays [14], [38], the 611

proposed design has a wider bandwidth, more compact size, 612

and a simple design (low-cost). Recently, the work in [39] 613
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presented a DR-based phased array, but it suffers from a614

narrow bandwidth, high profile, and limited continuously615

beam-scanning capacity. The proposed design realizes a more616

compact size, flexible beam-switching/ scanning function, and617

wide-angle coverage capacity, compared with other base sta-618

tion antennas [40]–[42].619

Compared with the conventional works, the proposed design620

exhibits a compact size, low cost (simple design and fewer ele-621

ments), and wide bandwidth (>14.1%) while yielding a wide622

beam-scanning region of [−70◦, +70◦] and good radiation623

properties, which verifies that it is a competitive candidate for624

5G base station and microcell applications. Besides, this novel625

work enables or opens a new application direction for hybrid626

metamaterials.627

V. CONCLUSION628

In this study, a novel hybrid metasurface, DR, low-cost,629

wide-angle beam-scanning antenna/array with the Huygens630

pattern reconfigurable element is proposed for the 5G appli-631

cation. An aperture-shared hybrid metasurface with a broad632

bandwidth of 15.4% is first proposed, which is designed633

as a Huygens-based pattern reconfigurable antenna. A low-634

cost, wide-angle beam-scanning array is realized by using635

multiple pattern reconfigurable elements. To demonstrate the636

idea, a five-element phased array with an array space of637

0.5λ0 is fabricated and measured. The proposed phased array638

can realize a continuous beam-scanning region from −70◦ to639

+70◦ by tuning the feeding phase difference. The proposed640

wide-angle beam-scanning phased array as a novel hybrid641

metamaterial application has the advantages of compact size,642

broadband, low cost (simple design and fewer elements), and643

wide beam-scanning range. It is very suitable for 5G base644

stations, radar, and positioning systems.645
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