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ABSTRACT Recently, a reconfigurable intelligent surface (RIS) that provides alternative wireless propaga-
tion paths (by reflecting an electromagnetic wave from a base station in desired directions) has attracted
attention as a key facilitating technology for Beyond 5G and 6G wireless communications. This paper
presents an improved path-loss model suitable for RIS-aided wireless communications. Unlike previously
reported RIS path-loss models, the proposed model considers more practical electromagnetic phenomena
(e.g., the incident and reflected gain patterns of the RIS unit cell, the effective received power at the
RIS, the reflection phase error of each unit cell, and the specular reflection loss), by applying rigorous
analysis. Furthermore, the accuracy of the proposed path-loss model is validated by extensive experimental
measurements using our developed RIS prototype. The prototype consists of 576 phase-reconfigurable unit
cells operating at 29GHz, each ofwhich features two PIN diodes. Each PIN diode is independently controlled
to produce the desired phase distributions on the RIS. It is shown that the calculated received power in the
proposed path-loss model matches the measurement results within a 1 dB margin across various practical
test environments.
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15

INDEX TERMS Metasurface, millimeter wave, path-loss model, reconfigurable reflector, reconfigurable
intelligent surface (RIS), wireless communication system.

I. INTRODUCTION16

IMT-2020, also known as 5th generation (5G) wireless17

mobile communications, became commercially available in18

2019, including operations in millimeter-wave (mmWave)19

frequency bands between 24.25 GHz and 52.6 GHz, referred20

to as Frequency Range 2 (FR2). In general, 5G FR2 has the21

advantage of being able to support new mobile applications22

that demand extremely high data rates, thanks to the wide23

range of channel bandwidths available (as large as several24

hundreds of MHz). Despite the more severe path loss in the25

FR2 bands (compared to the microwave frequency bands),26

massive multiple-input and multiple-output (MIMO) antenna27

systems featuring advanced beamforming technologies in 5G28

The associate editor coordinating the review of this manuscript and

approving it for publication was Barbara Masini .

can provide an improved end-user experience with enhanced 29

coverage and spectral efficiency. Therefore, numerous studies 30

have been conducted on mmWave beamforming systems [1], 31

[2], [3], [4], [5], [6], [7], [8], [9], [10], [11]. 32

However, the coverage hole problem in a non-line-of- 33

sight (NLOS) environment remains difficult to solve, even 34

with the advanced beamforming technologies of 5G FR2 35

bands, as explained below. The coverage hole is an area in 36

a wireless communications network where data transmission 37

is not achievable because of arbitrary obstacles. When the 38

high-frequency signal reaches an arbitrary object, the rough- 39

ness of the object surface appears larger than that observed 40

under the legacy microwave frequency signals. Accordingly, 41

the wireless propagation paths permitted via reflection and 42

diffraction from these objects are reduced. As a result, in 5G 43

FR2, base stations must be deployed more densely than in 44
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lower-frequency cellular networks. In addition, this coverage-45

hole problem is not limited to 5G New Radio FR2. A similar46

problem is expected to occur in subsequent 6G wireless com-47

munications, whichmay employ even higher frequency bands48

(e.g., the sub-terahertz bands) and wider bandwidths to real-49

ize emerging data-intensive applications such as immersive50

extended reality, high-fidelity mobile holograms, and digi-51

tal replicas [12]. Many ‘‘6G White Papers’’ have proposed52

diverse technologies to solve this problem, and numerous53

studies have been actively undertaken [12], [13], [14], [15],54

[16], [17], [18], [19], [20].55

FIGURE 1. RIS-aided wireless communication [12].

One technique introduced in a white paper [12] to solve56

the coverage hole problem was a reconfigurable intelligent57

surface (RIS). A RIS, defined as an actively controlled meta-58

surface, can provide alternative wireless propagation paths59

when new ones are required, as shown in Fig. 1. When60

obstacles block the line-of-sight paths between the base sta-61

tion and user equipment, alternative paths can be provided62

to users in the blocked area via the reflected signal at the63

RIS. The RIS consists of uniformly distributed reconfigurable64

unit cells with integrated switching devices (or components).65

The reflection phase of each unit cell can be intelligently66

changed by controlling the state of the integrated switching67

components (e.g., PIN diodes [21], [22], RF switches [23],68

[24], [25], varactor diodes [26], [27], liquid crystals [28],69

microelectromechanical systems [29], graphene [30], field70

effect transistors [31], and VO2s [32]).71

The utility of RIS for solving coverage hole issues has72

been demonstrated via wireless-communication-based the-73

oretical analysis [33], [34], [35], [36], [37], [38], [39].74

The RIS can extend coverage not only outdoors but also75

indoors [40], considering various form factors pertaining to76

different environments and purposes. Moreover, the appli-77

cations of RIS (asides from coverage extension) include78

interference management [22] and MIMO spatial channel79

enhancement [21].80

In particular, to characterize the practical performance81

of RIS-aided communication systems, an accurate path-loss82

model involving RIS is essential. This is because the proper83

position and requisite size of the RIS can vary according84

to the performance predicted by the path-loss model. Many85

studies into RIS path-loss model (reported in [41], [42], [43],86

and [44]) were based upon a simple mathematical model; 87

hence, discrepancies may arise between the calculated and 88

actual measurement results. In [45], the path-loss model was 89

revised from an electromagnetic-theory based perspective. 90

However, the unit cell gain pattern and received power of 91

the RIS were not considered sufficient for practical applica- 92

tions. Additionally, this path loss model does not account for 93

physical phenomena such as actual phase errors and specular 94

reflection. This could result in an inaccurate path-loss model 95

at certain distances and angles. 96

In this paper, an improved path-loss model is proposed 97

considering practical electromagnetic phenomena that have 98

not been accurately analyzed in previous papers; it can accu- 99

rately predict the path-loss of RIS-aided communications sys- 100

tems. This can be used for accurate communication channel 101

modeling or codebook design in the future [46], [47], [48]. 102

Section II describes the proposed path-loss model and our 103

contributions in detail. The unit cell gain pattern, received 104

power at the RIS, unit cell phase errors, and specular reflec- 105

tion loss are discussed. In Section III, we design a 2-bit unit 106

cell at 29 GHz, to implement the actual RIS and simulate the 107

reflected beam performance according to the phase distribu- 108

tion of the RIS surface; to this end, we use the 3D electromag- 109

netic simulation tool. To control the phase distribution of the 110

RIS surface, it is necessary to control each unit cell and design 111

shift registers and an Arduino microcontroller, as presented 112

in Section IV. Finally, in Section V, the path-loss model 113

proposed in Section II is verified by comparing it with experi- 114

ment results obtained using the fabricated RIS prototype from 115

Section IV. 116

II. PATH-LOSS MODELING 117

The concept of RIS-aided propagation paths is illustrated 118

in Fig. 2. Theoretically, the electromagnetic field radiating 119

from Tx is reflected by the unit cells in the RIS. Hence, the 120

received power of Rx in the RIS-aided propagation path can 121

be obtained from the product of two-divided paths (Tx to RIS 122

and RIS to Rx). In addition, each path can be represented as 123

the superposition of each independent propagation path of the 124

unit cell, expressed as [45] 125

Pr = Pt
N∑
n=1

[
Gt
(
θ ′n, φ

′
n
)
Gunit (θin, φin)

(
λ

4πdtn

)2
]

126

×

N∑
n=1

[
Gr
(
θ ′′n, φ

′′
n
)
Gunit(θrn, φrn) |0n|2

(
λ

4πdrn

)2
]
, 127

(1) 128

where N is the number of unit cells on the RIS; Pr is the Rx- 129

received power of the RIS-aided propagation path; primed 130

and double-primed coordinates denote the radiation pattern 131

of the Tx and Rx antennas, respectively; Gt (θ ′n, φ′n) and 132

Gr (θ ′′n, φ′′n) are the Tx and Rx antenna gains, respectively, 133

for the nth unit cell; Gunit (θ, φ) is the gain of the unit cell and 134

is reciprocal between incident and reflection; (θin, φin) and 135

(θrn, φrn) are the incident and reflected angles, respectively, 136
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FIGURE 2. Scattering concept of RIS-aided propagation path.

of the nth unit cell; dtn and drn are the distances from the137

nth unit cell to each Tx and Rx, respectively; and |0n| is138

the reflection amplitude of the nth unit cell. We assume139

that the polarization is always properly matched. This is a140

theoretical equation based upon the Friis equation; hence,141

it is not sufficient to accurately estimate the path loss in142

a RIS-aided environment. To increase the accuracy of the143

equation, detailed analyses of the electromagnetic phenom-144

ena are performed from various perspectives in the following145

subsections, and an improved path-loss model is proposed.146

A. UNIT CELL GAIN PATTERN147

It is convenient to calculate the gain pattern of the unit cell148

using the effective aperture from antenna theory, expressed149

as150

Gunit (θin, φin) =
4π
λ2
Ae (θin, φin) (2.1)151

Gunit (θrn, φrn) =
4π
λ2
Ae (θrn, φrn) (2.2)152

where Ae denotes the effective aperture of the unit cell.153

The aperture efficiency is defined as the ratio between the154

available power at the aperture and the power flux density of155

a plane wave incident upon a unit cell:156

Ae (θin, φin) =
PA
S

(3)157

Here,PA is the available power and S is the power flux density158

of the incident wave.159

Because the unit cell reflects most of the electromagnetic160

fields radiating from the Tx antenna, most of the power161

incident upon the unit cell surface is available. Therefore, the162

FIGURE 3. Effective aperture of the RIS unit cell with respect to the
incident and reflected angles in the azimuth plane.

effective aperture of the unit cell can be determined as the 163

projected aperture area of the unit cell from the Tx-antenna 164

direction. In Fig. 3, the effective aperture of the unit cell 165

is represented graphically when Tx and Rx both lie in the 166

azimuth plane (φin = φrn = 0◦). Extending this to a 3D 167

environment, when the RIS surface is on the x-y plane, the 168

projected aperture region of the unit cell is determined by the 169

degree of inclination (θin or θrn) from the normal direction of 170

the unit cell, regardless of φin or φrn. Therefore, the aperture 171

efficiency is determined only from θin and θrn, and (2.1) and 172

(2.2) are derived as follows: 173

4π
λ2
Ae (θin, φin) =

4π
λ2
Ap cos θin (4.1) 174

4π
λ2
Ae (θrn, φrn) =

4π
λ2
Ap cos θrn (4.2) 175

where AP is the physical aperture area of the unit cell. 176

In practice, each effective aperture of the unit cell is different, 177

because θin and θrn are varied depending on the position of the 178

cells. However, it can be assumed to be a single value base on 179

the center point of the RIS, because the distances between the 180

RIS and the Tx and Rx are sufficiently large in the RIS-aided 181

environment. Consequently, the single values of the incident 182

and reflected angles based on the RIS center (θic and θrc) are 183

applied to (4.1) and (4.2), and (1) can be rewritten as 184

Pr = Pt

(
Ap
4π

)2

cos θic cos θrc 185

×

N∑
n=1

[
Gt
(
θ ′n, φ

′
n
)

d2tn

]
N∑
n=1

Gr
(
θ
′′

n , φ
′′

n

)
|0n|

2

d2rn

, 186

(5) 187

where θic and θrc are the incident and reflected angles, respec- 188

tively, based on the center of the RIS. 189

From (5), it can be observed that Rx receives maximum 190

power when the reflected angle lies in the normal direction 191

of the RIS surface at a fixed incident angle, and the received 192

power follows the cosine of the reflected angle. Simultane- 193

ously, maximum power is received when the Tx is placed in 194

the normal direction, and it decreases according to the cosine 195
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of the incident angle. To summarize, Rx receives a larger196

power when the directions of Tx and Rx are more closely197

aligned to the normal direction of the RIS surface and vary198

according to the cosine of the incident and reflected angles.199

B. EFFECTIVE RECEIVING POWER OF RIS200

The RIS can be installed in various RIS-aided communication201

environments for different user scenarios. However, if the202

distance between Tx and the RIS is small or the size of the203

RIS is increased, the received power may differ between unit204

cells (as shown in Fig. 4), owing to the radiation pattern of205

the Tx antenna. However, the path-loss models of conven-206

tional papers assume that all unit cells on the RIS receive207

the same power; this is inaccurate in the above-mentioned208

environments and should be modified to improve accuracy209

across various RIS-aided environments. In this subsection,210

the power intensities incident upon the unit cells from the211

Tx antenna are accurately calculated for application to the212

path-loss model. These can be obtained from the radiation213

pattern shape of the Tx antenna and the configuration of the214

RIS-aided environment.215

FIGURE 4. Received power intensity at the RIS surface in case of a short
distance between the Tx and RIS.

First, because the antenna gain is generally given as a single216

value of boresight, it is necessary to compute the radiation217

pattern from the gain value. Theoretically, the gain pattern of218

the antenna can be assumed to form a rectangular radiation219

pattern, as shown in Fig. 5; this can be written as [49]220

Gain =
Area of sphere

Area of antenna pattern
221

=
4πd2BW

d2BW sinBWθ ′ sinBWφ′
=

4π
sinBWθ ′ sinBWφ′

,222

(6)223

where BWθ ′ and BWφ′ are the beamwidths of each axis and 224

dBW is the distance from the pattern aperture to the antenna. 225

In general, the gain of the Tx antenna is high with a narrow 226

beamwidth, and (6) can be rewritten as 227

Gain =
4π

BWθ ′BWφ′
. (7) 228

However, this beam pattern is impractical because it rep- 229

resents an ideal rectangular beam, which assumes that the 230

antenna radiates equally in the rectangular area. In [49], the 231

beam efficiency is applied in (7) to calculate the practical 232

case, as 233

Gain = εM
4π

BWθ ′BWφ′
, 234

εM = �M/�A, (8) 235

where εM is the beam efficiency, and �M and �A denote 236

the beam solid angle of the main beam and overall pattern, 237

respectively. The beam efficiency indicates the ratio between 238

the main beam and total radiation power; it is ‘‘1’’ for the 239

ideal rectangular beam pattern, as shown in Fig. 5. In other 240

words, the beam efficiency is determined by the shape of the 241

beam pattern and generally has a value smaller than ‘‘1’’. 242

The Tx antenna is generally implemented using a planar 243

aperture with an antenna array, and the beam efficiency can 244

be determined as 0.6 [49]. In addition, the Tx antenna main 245

beam pattern can be approximately defined as the cosine of 246

θ ′ with a constant value for φ′; this is expressed as 247

Gt
(
θ ′, φ′

)
= cospt θ ′, (9) 248

where pt is determined using the beamwidth from (8). 249

FIGURE 5. Antenna radiation pattern approximated as rectangular.

Second, the angle of each unit cell from the Tx antenna 250

must be calculated when applying (9). Fig. 6 shows the con- 251

cept of the Tx antenna gain for the nth unit cell propagation 252

path in the azimuth plane. When the boresight of the Tx 253

antenna is directed towards the center of the RIS surface, the 254

angle between the position vector of the unit cell and the Tx 255

antenna can be written as 256

θtn = cos−1
(
rn · d tc
|rn||d tc|

)
, (10) 257

where rn is the position vector of the nth unit cell, d tc is 258

the position vector of the Tx antenna, and θtn is the angle 259
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FIGURE 6. Concept of the Tx antenna gain for the nth unit cell
propagation path in the azimuth plane.

between these two vectors. Using the calculated θtn, θ ′n can260

be obtained as261

θ ′n = tan−1
(

|rn| sin (π − θtn)
|d tc| + |rn| cos (π − θtn)

)
262

= tan−1
(

|rn| sin (θtn)
|d tc| − |rn| cos (θtn)

)
. (11)263

By substituting this into (9), the Tx antenna gain of the nth264

unit cell propagation path can be written as follows:265

Gt
(
θ ′n, φ

′
n
)
= cospt

(
tan−1

(
|rn| sin (θtn)

|d tc| − |rn| cos (θtn)

))
266

(12)267

The average of the Tx antenna gain across all propagation268

paths of the unit cell can be replaced with a representative269

value of the Tx antenna; the average is defined as270

Gta =
1
N

N∑
n=1

[
cospt

(
tan−1

(
|rn| sin (θtn)

|d tc| − |rn| cos (θtn)

))]
,271

(13)272

where Gta is the average value of the Tx antenna gain for273

the unit cell propagation path. In addition, the gain of the Rx274

antenna can also be calculated reciprocally as275

Gra =
1
N

N∑
n=1

[
cospt

(
tan−1

(
|rn| sin (θrn)

|drc| − |rn| cos (θrn)

))]
,276

(14)277

where Gra is the average value of the Rx antenna gain for278

the unit cell propagation paths, θrn is the angle between the279

position vector of the unit cell and that of the Rx antenna, and280

the pattern of the Rx antenna is defined as cospr (θ
′′

) where pr281

is determined by the beamwidth. The (13) and (14) can be282

applied to (5) as follows: 283

Pr = Pt

(
Ap
4π

)2

cos θic cos θrcGtaGra
N∑
n=1

1

d2tn

N∑
n=1

|0n|
2

d2rn
. 284

(15) 285

The received power of each unit cell propagation path differs 286

with respect to the distances from the Tx and Rx to each unit 287

cell; however, these differences are very small. Thus, the dtn 288

and drn can be replaced by the representative single values 289

dtc and drc represented in Fig. 2, which denote the distances 290

measured from the center of the RIS; thus, we have 291

Pr = PtN
(
Ap
4π

)2 cos θic cos θrcGtaGra
d2tcd2rc

N∑
n=1

|0n|
2 . (16) 292

FIGURE 7. Calculated received power with respect to distance between
the Tx and RIS.

To identify the difference between the proposed and con- 293

ventional calculations, an example of the received power with 294

respect to the distance between the Tx antenna and RIS is 295

shown in Fig. 7. The calculation was performed when the Tx 296

gain was 30 dBi, the Rx gain was 0 dBi, the RIS size was 297

1 m × 1 m, and the distance between the Rx and RIS was 298

10 m without scanning at 29 GHz. 299

Because the conventional path-loss model assumes that the 300

Tx antenna gains of all unit cells are equal to the boresight 301

gain, the received power exponentially increases when the 302

distance between the Tx and RIS (dtc) decreases, as shown 303

in Fig. 7. However, in the proposed calculation, the received 304

power did not increase exponentially when the distance 305

decreased. The received power was highest at a particular dis- 306

tance and decreased when the distance (dtc) decreased. This 307

shows that if the distance between the RIS and Tx antenna is 308

too small, the received power distribution on the RIS surface 309

becomes tapered; thus, the overall received power is reduced. 310

This result was validated by comparing measurements in last 311

section. 312

C. PHASE ERROR OF UNIT CELL 313

Each unit cell of the RIS changes the reflection phase, and 314

each unit cell is controlled depending on the required RIS 315
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phase distribution, to reflect the desired beam. If the desired316

beam direction and location of the Tx antenna are defined, the317

reflection phase that compensates for the delay difference in318

the propagation path of each unit cell can be calculated. The319

distance from the phase center of the Tx antenna to each unit320

cell can be obtained as321

Rn =
√
|d tc|2 + |rn|2 − 2|d tc||rn| cos θn, (17)322

where Rn is the distance between the nth unit cell and Tx.323

Subsequently, the required reflection phase of the unit cell324

for the plane wave in the desired direction is derived as325

ϕrn = kRn − k sin θr
(
rnx cosφr + rny sinφr

)
, (18)326

where ϕrn is the required reflection phase of the nth unit cell,327

rnx is the x-axis component of rn, rny is the y-axis component328

of rn, and k is the wavenumber. However, it is difficult to329

ensure that the unit cell reflects tunable continuous reflection330

phases, because they are usually designed to have discrete331

values (e.g., 1-bit or 2-bit). Thus, the quantization produces332

a phase error depending on the number of bits (number of333

states) of the unit cell, and the phase error of each element334

can be represented as335

ϕen = ϕrn − ϕq, (19)336

where ϕen is the phase error of the nth unit cell and ϕq is the337

closest value to ϕrn amongst the quantized reflection phases.338

This quantization error produces a gain degradation of 2–3339

dB for the 1-bit case and less than 1 dB for the 2-bit one [50].340

FIGURE 8. Example surface composed of periodically arranged poles and
projected structure with respect to incident angle.

In addition, the phase error of the unit cell is changed341

according to the incident angle. In Fig. 8, an example surface342

composed of a periodically arranged pole is depicted to343

explain the reflection phase change with respect to the inci-344

dent angle. The reflection phase of the unit cell is determined345

from the equivalent circuit characteristics of inductance and346

capacitance generated by the structural characteristics. How-347

ever, if the incident angle is changed, the inductance and348

capacitance of the equivalent circuit vary because of the349

difference in the projected structure generated by the incident 350

angle. Similarly, the quantized reflection phases of the unit 351

cell vary according to the incident angle, and the phase error 352

is simultaneously altered. By applying this phenomenon, the 353

phase error can be rewritten as 354

ϕen (θi, φi) = ϕrn − ϕq (θi, φi) . (20) 355

Consequently, the phase error loss is obtained from the dif- 356

ference in the array factor directivity of unit cells between the 357

ideal and quantized reflection phase of the unit cells, as 358

LPE (θi, φi, θr , φr ) =
|
∑N

n=1 e
j[ϕrn+ϕen(θi,φi)]|

2∣∣∣∑N
n=1 e

j[ϕrn]
∣∣∣2 , (21) 359

where LPE (θi, φi, θr , φr ) denotes the phase-error losses with 360

respect to the incident and reflected angles. By adding this to 361

(16), the received power can be derived as 362

Pr = PtNLPE

(
Ap
4π

)2 cos θic cos θrcGtaGra
d2tcd2rc

N∑
n=1

|0n|
2 . 363

(22) 364

In addition, the reflection amplitude of the unit cell can be 365

approximated as the average value over all states, as follows: 366

Pr = PtN 2LPE

(
Ap
4π

)2 cos θic cos θrcGtaGra
d2tcd2rc

|0av|
2 . 367

(23) 368

FIGURE 9. Specular reflection on the unit cell.

D. SPECULAR REFLECTION LOSS 369

Specular reflection is a physical phenomenon in which an 370

electromagnetic wave is reflected (via geometric optics) back 371

in the opposite direction when it impinges upon the reflect- 372

ing material. In the RIS-aided environment, the same phe- 373

nomenon occurs when the electric field is reflected by the 374

unit cell surface, as shown in Fig. 9. Thus, the RIS surface 375

is designed to generate the desired reflection phase via the 376

unit cell; however, a relatively small portion of the field 377

that cannot be controlled is also reflected. This means that 378

although the phase distribution at the RIS is controlled for the 379

beam scanning, the specular reflection power always remains 380

at the specular angle. This produces a power loss when 381

the scan angle of the RIS is not a specular reflected angle. 382

However, when the scan angle matches the specular angle, 383
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controllable and specular reflection can be combined. This384

can be added to (23) as a power-loss parameter at the reflected385

angle (excluding the specular reflected angle), expressed as386

Specular Reflection Loss = LSR (θi 6= θr , φi 6= φr ) ,387

(24)388

where LSR is the specular reflection loss. This loss is approx-389

imately −1 dB to −2 dB in most cases and is determined390

by the unit cell structure; furthermore, the value can be391

inferred by comparing the magnitude of the main lobe in392

the RIS-reflected angle with the magnitude of the specular393

reflection [51]. Finally, by adding (24) to (23), the received394

power can be derived as395

Pr = PtN 2LPELSR

(
Ap
4π

)2 cos θic cos θrcGtaGra
d2tcd2rc

|0av|
2 .396

(25)397

E. PROPOSED PATH-LOSS MODEL398

The received power obtained from analyses of the practical399

RIS-aided environment was derived in terms of the electro-400

magnetic mechanisms in (25). This can be rewritten in the401

form of path loss as402

Path Loss = Pt/Pr403

=
d2tcd

2
rc16π

2

N 2LPELSR cos θic cos θrcGtaGra |0av|2 A2p
,404

(26)405

which contains most of the practical physical phenomena406

related to the RIS. Hence, a more accurate path loss can407

be obtained for various RIS-aided wireless communication408

scenarios. Hardware characteristics (e.g., the phase error of409

the unit cell and specular reflection) can be applied to produce410

a more practical estimate.411

III. RIS PROTOTYPE DESIGN AND FABRICATION412

To validate the accuracy of the proposed path-loss model,413

the RIS comprising 24 × 24 cross-dipole-shaped unit cells414

was designed to operate at 29 GHz. In previous studies415

[44], [45], the validity of the models was verified through416

experiments; however, no detailed explanation of the unit cell417

design was given even though the practical electromagnetic418

phenomena (e.g., the reflection phases of the incident and419

reflected angles, the phase error, and the reflection loss)420

should be considered. In another paper [26], a new unit421

cell structure was proposed as an influencing factor in RIS422

performance; however, the relationship between the designed423

RIS and path-loss model was not discussed.424

This section describes the RIS unit cell design method425

and simulation results (e.g., the s-parameters, reflection426

phase variation, and RIS-reflected radiation patterns). It also427

includes the configuration of the RIS control board used428

to individually control unit cells. Finally, the RIS prototype429

was manufactured by integrating the designed unit cells and430

control circuit into one printed circuit board, and it was431

confirmed that the desired phase distribution on the RIS was 432

appropriately switched at high speeds. 433

FIGURE 10. Structure of the proposed 2-bit unit cell: (a) Top view,
(b) exploded view, (c) DC circuit configuration of unit cell with PIN diodes,
and (d) equivalent RLC model of PIN diode with respect to states.

A. UNIT CELL DESIGN 434

In Fig. 10(a), the black-colored structures indicate copper and 435

the PIN diodes are denoted by blue symbols. The top-layer 436

copper pattern of the RIS unit cell was divided into three 437

parts, which were connected by two PIN diodes. These PIN 438

diodes were individually controlled using the voltage control 439

signal received from the Bias via holes #1 and #2. Both were 440

connected to the DC GND through a center via hole. The 441

size of the unit cell was set at 5 mm × 5 mm (less than the 442

half-wavelength at 29 GHz) to avoid grating lobe generation. 443

Furthermore, Fig. 10(b) shows that the proposed 2-bit unit 444

cell was designed as a four-layer structure using the dielectric 445

substrate Isola I-Tera MT, which has a relative permittivity of 446

3.45, a loss tangent of 0.0031, and a thickness of 0.78 mm. 447

The four quantized reflection phase states (with a 90◦ phase 448

difference) can be generated by tuning the dimensions of each 449

separated part and switching the state (ON or OFF) of PIN 450

Diodes #1 and #2. In particular, the length difference between 451

the two sides (L1, L2) is the dominant parameter for tuning 452

the reflection phase difference of each state [52], [53]. 453

Fig. 10(c) and (d) show the DC circuit configuration of 454

the unit cell (with PIN diodes) and the equivalent circuit 455

model of a diode, respectively. A MADP-000907-14020P 456

PIN diodewas used; this can bemodeled as a series of lumped 457
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resistor–inductor–capacitor (RLC) elements. When the PIN458

diode is in the ON state, it can be treated as a series circuit of459

parasitic inductances and resistances; when in the OFF state,460

a series circuit of parasitic inductance and capacitance is used461

to describe it. The geometric parameters of the unit cell are462

L1 = 3.15 mm, L2 = 2.6 mm, L3 = 1.7 mm, W1 = 0.6 mm,463

and W2 = 1.2 mm.464

The characteristics of the proposed 2-bit reconfigurable465

unit cell were simulated using an ANSYS high-frequency466

structure simulator (HFSS). As mentioned in the previous467

section, the reflection phase of the unit cell is changed accord-468

ing to the incident angle; hence, it is necessary to deter-469

mine which incident angle condition is to have a reflection470

difference of 90◦. In our design, the target incident angle471

was set to θi = −45◦ and φi = 0◦, in consideration472

of coverage improvement for various RIS-aided wireless473

communications.474

FIGURE 11. Simulated reflection coefficients of the 2-bit unit cell:
(a) reflection phase, (b) reflection amplitude, and (c) reflection phase
with respect to incident angle.

The simulated results of the reflection phase and the ampli-475

tude of the unit cell are presented in Fig. 11(a) and (b),476

respectively. The phase differences between the four states477

TABLE 1. States of the unit cell.

were ∼90◦ at 29 GHz, as summarized in TABLE 1. The 478

reflection amplitudes of the four states were −0.34 dB, 479

−1.56 dB,−2.12 dB, and−0.17 dB at 29 GHz, respectively. 480

The reflection amplitude of each state differed because the 481

shape of the electromagnetic field in the unit cell varied 482

according to the PIN diode state. The average value of these 483

simulated reflection amplitudes was used as the magnitude of 484

the reflection coefficient |0av| in (26). 485

The simulated reflection phases of the unit cell for inci- 486

dent angles of 0–90◦ at a frequency of 29 GHz are shown 487

in Fig. 11(c). As predicted from the previous section, the 488

designed phase difference changed with respect to the inci- 489

dent angle. This variation in the reflection phase produced a 490

difference in the phase error loss, depending on the incident 491

angle. 492

FIGURE 12. Simulation setup for verifying the RIS characteristics.

B. RIS DESIGN 493

To verify that the designed unit cell is suitable for RIS-aided 494

communications, the RIS was designed as an arrangement 495

of 24 × 24 unit cells (120 mm × 120 mm), as shown 496

in Fig. 12. The standard horn antenna employed as the Tx 497

antenna was placed at an angle of θi = −45◦, φi= 0◦ and a 498

distance of 1 m from the RIS surface. The scanning capability 499

was verified via simulation under the azimuth plane (φi= 0◦) 500

condition, and the simulations were performed for the various 501

reflected angles of θr= 25− 65◦ (in intervals of 10◦). The 502

two PIN diode states of each unit cell were determined by 503

calculating the required phase compensation value according 504

to the steering angle and direction of the Tx antenna, as shown 505

in (17). 506

The reflected gain patterns are shown in Fig. 13. The 507

reflected peak gains are 14.82 dB, 14.77 dB, 15.46 dB, 508
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FIGURE 13. Reflected gain pattern of the RIS across various reflected
angles.

12.01 dB, and 10 dB for 25◦, 35◦, 45◦, 55◦, and 65◦ reflection509

angles, respectively. These results show that the reflected gain510

was highest at the specular reflected angle (θr = 45◦) com-511

pared to other angles which included the specular reflection512

loss. Moreover, it was observed that the reflection gain was513

markedly reduced when the reflected angle was varied at514

angles far from the normal direction (θr = 0◦) of the RIS,515

owing to the unit cell gain pattern.516

C. RIS CONTROL BOARD DESIGN517

The designed RIS is composed of 576 unit cells each518

equipped with two PIN diodes; in other words, it contains519

1152 PIN diodes that must be controlled individually. There-520

fore, a control board must be designed to apply the required521

DC bias to the PIN diodes in the unit cells. In contrast to522

varactors [54], and liquid crystals [55], [56], which require523

multi-stage voltage control, the PIN diode has only two states524

(turn-on and -off voltage conditions). Hence, the control525

circuit can be designed simply using a commercial microcon-526

troller instead of a complicated control circuit based upon a527

field-programmable gate array [57].528

One of themost challenging issues when using commercial529

microcontrollers to operate RIS unit cells is that the number530

of ports on commercial microcontrollers is insufficient to531

control numerous PIN diodes [58]. In addition, simply using532

many microcontrollers causes another problem: it increases533

design complexity and requires a relatively large amount of534

space to mount. Therefore, in our design, a shift register was535

used to ensure an efficient control circuit configuration. The536

shift register is a series-input-parallel-output (SIPO) compo-537

nent with one data input port, eight data output ports, and538

two control signal ports (clock and latch). When the clock539

signal is high, a 1-bit value is entered through the data input540

and change the first output pin (Q0) to one. As the process is541

repeated, the values of the input port change the data output542

port from Q0 to Q7. The latch pin should be maintained in543

the low state whilst the output pins are changed according to544

the data input pin, and it should switch to a high state when545

all data transmissions are complete.546

FIGURE 14. Schematic of the RIS control board.

Fig. 14 shows a block diagram of the designed RIS con- 547

trol board. A single shift register controls the states of four 548

2-bit unit cells (eight PIN diodes) using an 8-bit binary data 549

value. To implement the RIS control board more compactly, 550

a combination of series and parallel connections in the shift 551

registers was used. 552

In the case of the series connection, the serial data output 553

port was connected to the serial data input of another shift 554

register. These two serie’s connections facilitate the transmis- 555

sion of 16-bit binary data and make it possible to transmit 556

input data from a single port to eight output ports. If six shift 557

registers are sequentially connected, the 48 PIN diodes can be 558

controlled. This series connection can increase the number of 559

data bits transmitted by a single data port. 560

Parallel connections are used to simultaneously control 561

shift registers connected to different data ports in a micro- 562

controller. If the microcontroller port is accessed directly, 563

8 or 16 ports can be manipulated simultaneously, depending 564

on the bit number of the microcontroller used. Therefore, 565

when using an 8-bit microcontroller (even with 24 parallel 566

connections), the data transmission time is increased by a 567

factor of three only, rather than 24. Consequently, the connec- 568

tions of the 6-series and 24-parallel shift registers are used to 569

efficiently control a total of 1152 PIN diodes. The operating 570

conditions of the PIN diodes and LEDs can be regulated using 571

proper resistors by considering the current–voltage character- 572

istics. When the RIS unit cells are turned on, each resistance 573

(RPIN, RG−LED, RR−LED) adjusts the current flowing through 574

the PIN diode and LED, respectively, as shown in Fig. 15. 575

D. FABRICATION AND TESTING 576

The RIS control system was integrated with unit cells on a 577

single board. Fig. 16(a) shows the top and bottom layers of the 578

fabricated RIS. From the top view, we can see two PIN diodes 579

per unit cell. At the bottom of the RIS, one shift register was 580

implemented per four unit cells, to control eight PIN diodes. 581

In addition, the LEDs were mounted on the bottom side of the 582

RIS, to indicate the state of the unit cells; the 2-bit unit cell 583

status can be confirmed from the color of the LEDs. 584

Fig. 16(b) shows the bottom view of the overall RIS pro- 585

totype. The total PCB size was 12 cm × 18 cm, the unit 586

cells were arranged in a 12 cm × 12 cm block, and the 587

control circuit component for beam control was implemented 588
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FIGURE 15. Overall configuration of the RIS control board.

FIGURE 16. Fabricated RIS prototype: (a) configuration of the unit cells
viewed at the top and bottom and (b) bottom view of the RIS (including
the Arduino microcontroller board).

in the remaining 12 cm × 6 cm space. The control and589

DC lines were internally printed on the inner layer of the590

multilayer PCB. An Atmel AVR (8-bit) CPU-based Arduino 591

Mega 2560 was used to control the phase distribution of 592

the RIS, and 144 shift registers consisting of 6-series and 593

24-parallel connections were used. As shown in Fig. 16(b), 594

the desired phase distribution for the reflected beam was 595

confirmed from the distribution of LED colors. 596

Furthermore, the data-transmission period from the 597

Arduino to the shift register was ∼0.25 µs (3.84 MHz). 598

It took ∼2 µs to convert the 8-bit data series input to 599

the parallel output via the shift register, and a total of six 600

series connections took 12 µs. If the coding scheme directly 601

manipulates the ports of an 8-bit AVR, eight shift registers 602

can be controlled simultaneously. Consequently, even though 603

24-parallel connections were involved, the total time required 604

for beam switching was 36 µs. 605

IV. VERIFICATION OF PATH-LOSS MODEL WITH 606

MEASURED RESULTS 607

Using the fabricated RIS, the proposed path-loss model was 608

verified under various RIS-aided communication conditions 609

(e.g., varying incident angles, reflected angles, and distances 610

between the RIS and Tx/Rx antennas). The Tx and Rx anten- 611

nas were connected to each port of the network analyzer 612

(Keysight, N5247B), and S21 was measured to obtain the 613

power decrement in the RIS-aided propagation path, as shown 614

in Fig. 17. The connected PC controlled the states of the unit 615

cells for the desired phase distribution. In addition, absorbers 616

were positioned beside the Tx and Rx antennas, to eliminate 617

the influence of direct paths therebetween. 618

FIGURE 17. RIS measurement setup.

All experiments were conducted in an anechoic chamber to 619

prevent unwanted interference, as shown in Fig. 18. Standard 620

horn antennas (Eravant, SAR-1725-28KF-E2) with a 17 dBi 621

antenna gain were used as the Tx and Rx antennas, respec- 622

tively. The boresight of each horn antenna was directed at the 623
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FIGURE 18. RIS measurement setup in anechoic chamber: (a) placement
of Tx, Rx, and RIS in chamber; (b) Rx and RIS with the absorber; and (c) Tx
and RIS with the absorber.

center of the RIS. The antennas and RIS were placed at the624

same height, to measure various test conditions in the azimuth625

plane.626

Measurements were performed across three test scenarios,627

to prove the accuracy of the proposed path loss model. First,628

the received power was measured by changing the reflected629

angle at several fixed incident angles, to validate the accuracy630

of the proposed method regarding unit cell pattern, phase631

error loss, and specular loss. The incident angle and reflected632

angles were changed in the azimuth plane (φi = φr= 0◦).633

The incident angle (θi) was varied from 0◦ to 45◦ with634

a 15◦ interval, and the reflected angle (θr ) was varied in635

the range of 0◦ to 65◦ with a 5◦ interval. The Tx and Rx636

antennas were located 1 m from the RIS (dtc = drc = 1m).637

As discussed in Section II, it was confirmed that the path638

losses follow the cosine of the reflected angle at all incident639

angles, as shown in Fig. 19(a). In addition, it can be observed640

that the specular loss occurred at an angle other than that641

of the specular direction. In addition, the received power642

varied as the incident angle was changed, increasing when the643

incident angle was closer to the normal direction of the RIS,644

as previously discussed. Although the measurement values645

were slightly lower than the calculations from the proposed646

path-loss model, these are strongly matched in the various647

incident and reflected angles.648

FIGURE 19. Received power at various incident and reflected angles
(φi = φr = 0◦): (a) proposed model calculation and (b) measurement
result.

FIGURE 20. Received power with respect to distance between the Tx and
RIS (φi=φr= 0◦,θ i= −45◦,θr= 45◦).

Second, experiments were conducted to verify the effec- 649

tive received power of the RIS with respect to the distance 650

between the Tx and RIS. The received power of the Rx was 651

measured when the distance between the Tx and RIS was 652

reduced from 1 m. The incident and reflected angles were 653

set as –45◦ and 45◦ (θi = −45◦, θr= 45◦), respectively. The 654

measurement results in Fig. 20 show that the received power 655

decreased after a specific distance, as seen in the proposed 656

model. Therefore, it is confirmed that the path loss can 657

be predicted more accurately using the proposed path-loss 658
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model when the RIS is deployed in an environment in which659

the power received on the RIS is tapered.660

FIGURE 21. Received power with respect to distance between the RIS and
Rx (db= 3m,φi=φr= 0◦,θ i= −45◦,θr= 25◦).

Third, the path loss was measured at various distances661

between the RIS and Rx (with a 1 m interval), as shown662

in Fig. 21. The incident and reflected angles were fixed at663

θi = −45◦ and θr = 25◦, respectively. The distance between664

the Tx and RIS was 3 m. As the distance between the RIS and665

Rx increased, the received power decreased as the square of666

the distance, and the values corresponded with those of the667

path-loss model.668

By comparing the measurement values and proposed669

model predictions, it is shown that the measured values670

for various RIS-aided wireless communication scenarios671

accurately match the proposed model calculations. The672

error between the proposed model and measurement was673

within 1 dB.674

V. CONCLUSION675

This study primarily sought to derive an improved path-loss676

model for RIS-aided wireless communications, and to con-677

duct experimental validation. The proposed model contained678

four critical parameters that have not been precisely con-679

sidered in previous path-loss models: 1) the incident and680

reflected gain patterns of the RIS unit cells, 2) the effective681

received powers, 3) the phase error of each unit cell, and682

4) the specular reflection loss. These parameters cannot be683

neglected in path-loss-based performance evaluations for the684

realization, deployment, and operation of the RIS. The effects685

of all parameters were thoroughly analyzed in terms of elec-686

tromagnetic phenomena before application.687

Moreover, the RIS consisting of 24 × 24 cross-dipole-688

shaped unit cells was designed and simulated, considering689

actual operation and measurement conditions. The four states690

(with a 90◦ phase difference in the unit cell) and the reflection691

gain of the RIS were confirmed via 3D EM simulations.692

In addition, the RIS phase control system composed of a693

microcontroller and 144 shift registers with 6-series and694

24-parallel connections was developed to efficiently control695

the 1152 PIN diodes. Subsequently, the RIS prototype was696

fabricated for validation. The measurement results obtained697

in an anechoic chamber showed excellent agreement with the 698

results calculated using the proposed path-loss model. Conse- 699

quently, we confirmed that the proposed path-loss model can 700

provide an accurate performance estimation for RIS-aided 701

communications in various indoor and outdoor deployment 702

scenarios in which direct communication paths between the 703

transmitter and receiver systems are unavailable. 704
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