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ABSTRACT This paper proposes a new wireless enabling technology for future smart radio environments.
The approach aims to enhance signal coverage within the shadow region(s) of wireless networks with the
aid of so-called ‘reconfigurable intelligent edges (RIEs)’. RIEs may be installed at the fringes of shadowing
objects such as buildings, walls and other obstacles which obscure the optical signal path from a transmitter
to a receiver. We investigate two approaches to illuminating the shadow region in wireless networks using
RIEs that exploit refraction or diffraction, operating in passive or active mode. The operation of RIE-assisted
communications are investigated, in particular the ways they can redirect electromagnetic energy towards
regions with little or no wireless network coverage. Following from this, a number of variations of RIEs are
tested in real-world scenarios which consider illuminating the shadow region behind high-rise buildings, first
in a city center, and then along a shoreline. Refractive RIEs in particular, are shown to provide significant
gains compared to the case when no RIEs are involved, enhancing signal reception in the shadow region at
street level behind a high-rise building by as much as 12 dB. Summary gain statistics are provided so that they
can be easily included in system-level analyses and simulations. Critically, it is shown that reconfigurable
intelligent edges offer a low complexity and cost-effective solution for improving connectivity in shadowing-
limited environments.
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I. INTRODUCTION18

In built-up environments, network operators often struggle19

to provide wireless users and devices with uninterrupted20

connectivity, and guaranteed quality of service. A primary21

reason for this is the lack of control of the physical character-22

istics and attributes which make up the wireless environment23

throughwhich broadcast signals are propagated. Recognizing24

this challenge, and the potential performance enhancement25

opportunities, wireless designers are now weaving technolo-26

gies which support the manipulation of propagated signals27

into the fabric of urban design. In the process, converting28

The associate editor coordinating the review of this manuscript and

approving it for publication was Meng-Lin Ku .

classical network coverage areas into intelligent communi- 29

cation and/or sensing environments [1]. 30

Pathloss prediction models and algorithms have long 31

considered the effects of electromagnetic (EM) wave prop- 32

agation over buildings [2], [3], [4] and around corners in 33

buildings [5], [6], [7]. Taking a dense city center environment 34

as an example, buildings are often closely spaced and mul- 35

tiple stories high. Shadow regions are inevitable due to the 36

high probability of the direct (optical) signal path between 37

the base station (BS) and the wireless user being obscured 38

(or blocked) by high-rise buildings or other obstacles residing 39

in the environment. In these situations, any ensuing network 40

coverage in the shadow region will most likely be the result 41

of diffracted and/or scattered multipath which manages to 42
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FIGURE 1. (a) Reconfigurable intelligent edge – concept and operation, (b) RIE-enabled wireless system serving multiple UEs in the shadow region.

circumvent the blocking structure. It is well-known that EM43

energy dissipation through propagation mechanisms such as44

diffraction and scattering tends to be greater than line of sight45

(or free-space) propagation and reflection [8], [9]. To limit46

the number of areas with poor or no network coverage in47

dense city center environments, understandably, over the last48

number of decades we havewitnessed a progressive shrinking49

of cell sizes to micro-, pico- or even femtocell. However, this50

comes at significant cost as introducing new BSs requires51

specialized core network infrastructure and depending on the52

location may require extensive planning and approval.53

Another method of dealing with this problem is to exploit54

the randomness in the radio environment by introducing55

advanced beamforming to existing BSs. Such a technique56

is now an integral part of 5G new radio and expected to57

play an increasingly important role in 6G wireless systems.58

Beamforming is shown to be especially useful when used in59

conjunction with reconfigurable intelligent surfaces (RISs);60

programmable structures that adapt the electric and magnetic61

properties of their surfaces to control signal propagation62

within wireless networks [10], [11], [12], [13]. RISs (also63

referred to as intelligent reflecting surfaces (IRSs)) can be64

realized through the dense packing of radiating elements,65

with separation distances smaller than half of the wave-66

length. This makes them work in a different way compared to67

other multi-element transmission technologies, e.g., phased68

arrays, multi-antenna transmitters, metasurfaces, and relays.69

A shadow region constantly being illuminated by an RIS70

will not require any additional phase shifting, significantly71

reducing transmission overheads [14]. Another attractive fea-72

ture of RISs is the ease with which their placement and73

orientation can be optimized based on the targeted coverage74

requirements [15]. Nonetheless, depending on the method of75

implementation, theymay need bulky periodic structureswith76

thousands of unit cells and a DC biasing system deployed on77

planar surfaces, such as walls. Recently, there have been a78

number of works that have attempted to overcome the issue79

of diffraction loss in wireless systems. In [16] and [17], the80

authors have proposed the use of arrays of dipole antennas81

fitted along the corner1 of a building to exploit scattering 82

and re-radiate impinging waves towards the shadow region. 83

A multi-point approach, based on a series of repeaters (made 84

up of two antennas and an amplifier), was presented in [18] 85

to improve signal propagation through various stages of an 86

indoor non-LOS wireless link at 2.45 GHz. Unlike [17], the 87

repeaters were placed away from the corner so as to provide 88

LOS links between the transmitter and repeater, and then the 89

repeater and receiver. 90

Complementing these advances, in this work we propose 91

an additional tool aimed at controlling signal propagation in 92

future wireless networks. More specifically, we introduce the 93

concept of a reconfigurable intelligent edge (RIE) that can 94

be used to illuminate shadow regions in wireless networks. 95

As we shall show in the sequel, RIEs can be fitted directly to 96

building edges, are low-complexity and offer a cost-effective 97

method of improving signal coverage in shadowing-limited 98

environments with little or no network coverage. We intro- 99

duce two types of RIE which operate by exploiting the 100

physics of refraction and diffraction. Among the different 101

ways that a refractive RIE can be developed include using 102

active or passive frequency selective, band-gap or wideband 103

materials [19], [20], [21], [22], while a diffractive RIE can 104

be implemented using passive or reconfigurable corrugated, 105

periodic or semi-periodic surfaces, developed using metal- 106

lic or high conductivity materials [8], [9], [23], [24], [25]. 107

Working within wireless networks, such as 6G, RIEs can 108

be made to work intelligently, for example, by judiciously 109

controlling their excitation, or if supported, adaptively tuning 110

their electrical properties or structure in orchestration with 111

network demands. 112

II. RIE-ENABLED SMART RADIO ENVIRONMENTS 113

Fig. 1(a) demonstrates the operation of an RIE in the context 114

of a cellular system. Here a BS antenna purposely illuminates 115

the RIEwhich is fixed at the boundary of the face and roof of a 116

1In [17], the dipole structures were placed at a separation of 0.8 to
1 wavelength from the corner of the building.
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high rise building so as to redirect the transmitted EM energy117

from the BS towards the shadow region behind the building.118

In this instance, we consider the RIE to have a 3
4 cylindrical119

structure,2 with a radius of r . The RIE, shown in red in120

Fig. 1(a), is attached to the edge of a concrete building. It is121

assumed to be capable of redirecting the EM energy arriving122

from the BS along chosen ‘bending’ angles θ1, θ2, . . . , θN123

illuminating the shadow region, while the redirectivity is124

assumed to remain consistent along the y-axis for every125

angle θ . Using this approach simplifies the 3-dimensional126

(3D) redirectivity problem to a 2D one and allows a thorough127

investigation of the functionality of the RIE, discussed further128

in section III.129

The system level operation of the RIE involves the com-130

bined effort of beamforming at the BS and redirectivity at131

the RIE, to extend the network coverage in to the shadow132

region. An example RIE-enabled smart radio environment is133

illustrated in Fig. 1(b) in which a roof-top BS is responsible134

for illuminating multiple RIEs in response to demand from135

a number of user equipment (UE) operating in the shadow136

region of the buildings with respect to the BS.137

III. RECONFIGURABLE INTELLIGENT EDGE138

CLASSIFICATION139

In this section RIEs are classified according to the physical140

mechanism that they use to redirect EM energy received from141

a BS. In this paper, we consider r to range between 0.5λ to142

1.5λ for the RIE structures. Here λ denotes the wavelength at143

the operating frequency. This selection is made to ensure that144

the investigated RIE structures have practical dimensions to145

be attached to the edge of a building while offering sufficient146

electrical size to manipulate the BS radiated electromagnetic147

wave-fronts as will be shown in the following sub-sections.148

A. PASSIVE REFRACTIVE RIE149

This is the simplest class of the RIE which relies primarily150

on the properties of the material it is constructed from and151

the (reconfigurable) angle of excitation from the BS. In a152

passive refractive RIE, the impinging EM energy is basically153

absorbed by the material and then redirected in the desired154

direction, hence two boundary conditions apply. The maxi-155

mum directivity direction can be defined by controlling the156

refractive index of the material n (where n =
√
εr (ω), εr is157

the relative permittivity of the material and ω is the angular158

frequency). Thus, tailored dispersion characteristics of the159

material used to develop the refractive RIE can be exploited.160

To explore the impact of n on the RIE’s refraction charac-161

teristics, consider a test signal impinging upon the refractive162

RIE, with a relative permeability of 1. For the sake of sim-163

plicity, using the coordinate system definition in Fig. 1(a),164

we consider the case where the impinging signal arrives165

parallel to the x-axis, while the results are observed in the166

xz-plane. The time harmonic incident, scattered and refracted167

2It is worth highlighting that the RIE is not limited to a cylindrical structure
and other geometrical configurations are also possible.

E-field is surface plotted to measure the extent of the shadow 168

region being illuminated by an RIE of radius r = 2/3λ. 169

Fig. 2(a) presents results in terms of the maximum 170

E-field, simulated using the finite element method (FEM) 171

(see [26] and references therein for mathematical formula- 172

tions). Before considering the RIE, a perfect electric conduc- 173

tor (PEC) cylinder of r = 2/3λ is used to create a benchmark 174

for comparison. As expected, fields of the range ∼ 1 V/m 175

are diffracted along the x-axis, while very little EM energy 176

is diffracted towards the shadow region. When the PEC is 177

replaced by a passive refractive RIE, using a material with 178

known n, a higher average magnitude to E-field can be seen 179

to be directed towards the shadow region. As n increases, the 180

angle of peak directivity from the+x-axis increases, however, 181

there is a limit to the extent that the shadow region can 182

be illuminated. For example, taking n > 1.7, it is observed 183

that a portion of the redirected EM energy begins to get 184

absorbed within the concrete. Considering θ = 0◦ aligned 185

to x-axis, across the intermediate bending angles, ranging 186

from 0◦ to −20◦ (Fig. 2(b)), the passive refractive RIE with 187

n = 1.41 can be seen to provide relatively uniform coverage. 188

For the more extreme bending angles (e.g. θ < −20◦) RIEs 189

with higher values of n can be used to provide coverage, 190

however they do this in a more focused manner, i.e. with a 191

reduced angular spread of the signal. Remarkably, the results 192

verify that a passive refractive RIE with a radius as small as 193
2λ
3 is capable of providing enhanced radio coveragewithin the 194

shadow region. In addition to the examples shown in Fig. 2, 195

and given the refractive nature of the RIE material, it will 196

be shown in later sections that wave-fronts with different 197

(i.e. reconfigurable) angles of incidence on the RIE yield sim- 198

ilar coverage within the shadow regions. This suggests that an 199

RIE operating in conjunction with beamforming capable BSs 200

will be a promising solution for expanding radio coverage, 201

even when the RIE is passive. 202

B. PASSIVE DIFFRACTING RIE 203

This second class of RIE acts to enhance the diffraction at the 204

building edge. Classical diffractionmodels such as knife edge 205

or equivalent geometric structure diffraction have shown that 206

small amounts of EM energy are diffracted towards wireless 207

users situated behind single or multiple obstacles [8], [9]. For 208

the first time, we show how to enhance this diffraction with 209

an aid of an RIE. Consider the case where the RIE cylinder 210

shown in Fig. 1 is replaced by a cylindrical numerical PEC 211

of r = 1λ [4], [27], [28], and illuminated by a plane wave 212

impinging at an angle of 45◦ from the −x-axis. The goal 213

of an RIE is to keep a portion of the impinging EM energy 214

locked on the surface, and release it towards the shadow 215

region. Theoretically, this can be achieved by converting 216

the smooth PEC surface into a ‘bumpy’ one, however two 217

additional factors need to be considered. First, the actual area 218

illuminated by any impinging wave is curved, so the standard 219

boundary conditions for a periodic bumpy surface [23] can 220

not be applied directly. This is especially the case when r is 221

comparable to the λ. Secondly, given the curved cylindrical 222
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FIGURE 2. (a) Simulated E-field when a plane wave parallel to x-axis
impinges on a (concrete) building corner equipped with a passive
refractive RIE. (b) E-field strength vs elevation angle across the shadow
region.

surface of the RIE, a very limited amount of EM energy223

can remain as surface waves and contribute to the desired224

enhanced diffraction because the overall receiving aperture225

area is small.226

In the example simulations in Fig. 3, a narrow surface-227

wave bandgap sheet such as corrugated surface [23], [24]228

is imprinted on a PEC RIE. Here, the gap between two229

parallel plates is p, the plate length is l and the plate width230

is w (Fig. 3(a)). The surface in Fig. 3(b) in planar config-231

uration has the ability to lock an impinging plane wave at232

an angle of 45◦ from the −x-axis, locking it to the sur-233

face and creating a surface wave. The same surface, using234

a curved configuration, appears to be incapable of creating235

additional diffracted signal components to be propagated236

towards the desired shadow region (Fig. 3(b)). However, the237

FIGURE 3. (a) Passive diffractive RIE surface structure, (b) and
(c) simulated E-field when a plane wave impinges on a building corner
equipped with a passive diffractive RIE.

same corrugated surface featuring a l of ∼ 0.1λ, approxi- 238

mating a so-called rough conducting interface [25] can be 239

seen to enhance the diffraction, as shown in Fig. 3(c). 240

As argued in [29], the majority of the power factor of the 241

surface wave propagating through the corrugated metal sheet 242

is determined by the shape of the uppermost part of the 243

roughness. Hence, a curved corrugated RIE surface, with 244

longer l and a wider gap between the plates, results in low 245

effective capacitance along the outer edge, making it a high 246

impedance surface. When l is reduced, it increases the effec- 247

tive capacitance, helping to lock the propagating wave. Thus, 248

in Fig. 3(c), the outer edge of the RIE can be seen to have 249

the highest value of E-field, where surface waves become 250

locked, and are then slowly released towards the shadow 251

region. This phenomenon governs the operation of a passive 252

diffractive RIE. 253

C. ACTIVE REFRACTIVE RIE 254

Changing the effective n of a material is an active area of 255

research [19]. Future innovations here will create smart mate- 256

rials and surfaces, paving the way for active refractive RIEs 257

which can be retuned in response to requests to illuminate 258

different portions of the shadow region. Under this regime, 259

two different types of aperture can be considered, the first, 260

in which the receiving aperture area is planar, and second, 261

in which receiving aperture area is curved. One approach to 262

creating an active refractive RIE with a planar surface area is 263

to use layers of metasurfaces with periodic or quasi-periodic 264

sub-wavelength structures, capable of redirecting the incident 265

wave towards the desired direction. 266

A number of approaches to create layered structures and 267

their associated active controls are given in [20], [30], 268

and [31]. One such approach is to implement layers with 269

switching capabilities. Each layer is then programmed to 270

slightly tilt the impinging signal, channelling it in the desired 271

direction of propagation. It is worth highlighting that while 272

conceptually relatively straightforward, the practical imple- 273

mentation of such an RIE will be non-trivial as a number 274

of boundary conditions between sandwiched layers apply, 275

requiring extensive hardware considerations. Also, due to the 276

number of layers, higher insertion losses are to be expected. 277

To develop an active RIE with a curved surface facing the 278

impinging signal, one option is to divide the RIE cylinder 279
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FIGURE 4. Simulated E-field for a diffractive RIE with r = λ and
(a) p = 0.16λ, w = 0.05λ, l = 0.10λ, (b) p = 0.16λ, w = 0.06λ, l = 0.13λ,
and (c) p = 0.16λ, w = 0.04λ, l = 0.10λ. (d) E-field strength vs elevation
angle across the shadow region.

into multiple sectors or quadrants with tunable refraction280

properties to achieve the desired effective n. Such advances281

in dielectric interface techniques are discussed in [21], [32],282

and [33]. These approaches can be exploited to realize refrac-283

tive responses similar to the ones shown in Fig. 2. Another284

option is to compensate for the imaginary part of the active285

refractive RIE’s surface impedance as a function of the286

inter-element separation distance of an array of spherical287

dielectric particles having sub-wavelength radii [22]. If tun-288

ablity is achieved, such RIE can handle multiple incident289

impinging angles, making it a universal solution for smart290

radio environments.291

D. ACTIVE DIFFRACTIVE RIE292

As discussed in section III-B, controlling the capacitance293

of the top layer of a corrugated surface creates the ability294

to translate impinging waves into surface waves. The gap295

between two plates in the corrugated surface can be regarded296

as a parallel-plate transmission line, running across the sur-297

face of the RIE, and shorted at the bottom. In theory, a quarter298

wavelength slot between two parallel plates can be converted299

into an open-circuit one [24]. Similarly, a range of equivalent300

capacitances on the top layer of a curved corrugated surface301

can be achieved by varying the length l from 0 to λ/4.302

Note that capacitance in a corrugated surface can also be303

achieved by changing p or even w, while keeping l constant,304

giving rise to a number of reconfigurability options using tun-305

able electronics implemented on the diffractive RIE surface.306

One representative RIE is shown in Fig. 4, where three corru-307

gated surface conditions are shown to sequentially enhance308

the diffraction capability of the RIE. One important point309

to note is that the periodicity of the corrugated surface is310

constant in this example, which results in the locked EM311

energy leaving the corrugated surface sequentially as can312

FIGURE 5. Instantaneous E-field map (normalized to 2 V/m) showing
(a) high directivity coverage in the shadow region using a refractive RIE,
and (b) low directivity wider area coverage in the shadow region using a
diffractive RIE.

FIGURE 6. Simulated E-field versus frequency along multiple bending
angles when a building corner is equipped with an R-RIE and a D-RIE.

be seen in Figs. 4 (a) - (c). One way around this is to 313

break the periodicity and create a high impedance along 314

the RIE surface where the incident wave is impinges and 315

decreases the impedance along the corrugated RIE surface. 316

Another way is to create a curved, sinusoidally modulated, 317

impedance surface on the RIE (similar to the planar ver- 318

sion in [34]). Nevertheless, the goal of improved signal 319

strength within the shadow region is achievable as shown 320

in Fig. 4(d). 321

IV. SOME OPERATIONAL CONSIDERATIONS 322

Based on our initial analysis, to provide directive coverage 323

within a shadow region, active or passive refractive type 324

RIEs show the most promise (see Fig. 5(a)). This will be 325

advantageous in scenarios where the network knows the 326

approximate location of wireless users and can adapt the 327

‘bending’ angle accordingly. Correspondingly, to achieve 328

wider coverage across the entire shadow region (and hence 329
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low directivity), passive or active diffractive RIEs are a330

better option (Fig. 5(b)). Clearly, this form of transmission331

will be most beneficial in situations where the location332

of wireless users is unknown or cannot be estimated in333

advance.334

Some additional operational considerations are impor-335

tant to note. First, the overall aperture area on the RIEs336

considered here is likely to be much smaller compared to337

widely proposed reflecting (e.g. RIS) or refracting surfaces338

(e.g., transmissive metasurfaces). Hence, the impinging sig-339

nal’s power may need to be higher, meaning that for many340

practical implementations, a focused beam of energy will341

be required for the excitation of RIE. Secondly, the RIE is342

expected to maintain its performance within a bandwidth, say343

for instance, in sub-bands of 5G n73, say 3.46 - 3.48 GHz344

and 3.50 - 3.54 GHz (see Fig. 6). However, for wider band-345

widths, e.g., considering the entire 3.41 - 3.58 GHz band,346

the operation is expected to vary over extended frequen-347

cies. Lastly, the proposed active RIE configurations will348

require specialised hardware capable of tuning the relevant349

parameters, but the flexibility they provide in expanding the350

radio coverage is expected to be greater than that of the351

passive RIEs.352

V. SOME REAL-WORLD EXAMPLES353

In the previous sections, RIEs were classified and analyzed354

using FEMwhich enabled a clear visualization of the electric355

field in close proximity of the building for different RIE356

configurations. For a full scale simulation of a real-world357

scenario, the use of finite elements, finite difference time358

domain or method of moments (MoM) would be computa-359

tionally expensive. Therefore, in this section, we have utilized360

ray-tracing as an alternative, to investigate the additional gain361

provided by the RIEs compared to the case where no RIE362

is used to illuminate the shadow region above the ground363

(street) level and along the sides of buildings. The first364

real-world example scenario (Scenario I) considered a city365

center environment. Here, we used data freely available366

from OpenStreetMaps [35] to replicate a full-scale section of367

Belfast City in the United Kingdom, as shown in Fig. 7(a).368

In our system, the RIE is irradiated by a BS situated on369

the roof of a high-rise building, as depicted in Fig. 1(b).370

Subsequently, the propagating signal is rebroadcast from the371

RIE (or building edge in the case that no RIE is used),372

acting as the ray launcher in our simulations. In Scenario I373

the selected building edge was located on top of the Grand374

Central Hotel building, which is 80 m tall and separated from375

another building located on the opposite side of the street376

by 22 m (Fig. 7(c)).3377

The second real-world example scenario (Scenario II) was378

created to replicate a beach-front (or equivalently shore-379

line) environment where high-rise buildings dominate the380

3For illustrative purposes, also shown in Fig. 7(c) is a 2D section of
the equivalent pattern of the Refractive RIE (n = 1.41), later referred to as
Refractive RIE A, superimposed on the building structure.

FIGURE 7. Simulated real-world examples: (a) 3D images extracted from
Google Maps for Scenario I and; (b) Scenario II; (c) CST model used for ray
tracing in Scenario I and; (d) Scenario II, with overlaying resultant
far-field patterns on the building corners (note: 2D plot is not
normalized); (e) Example ray tracer output with Refractive RIE A in
Scenario I and; (f) Scenario II, where the red lines along the edges of the
building and above street level (1 m & 1.5 m) indicate the lines followed
by the probe locations.

shoreline (e.g. as found in Miami Beach in the USA and 381

Recife in Brazil, Fig. 7(b)). For this case, and to keep con- 382

sistency with the analysis conducted for the city center envi- 383

ronment, an 80 m tall building was placed at the edge of a 384

22m street, as depicted in Fig. 7(d). In contrast to the previous 385

example (Scenario I), there were no buildings on the opposing 386

side of the street. The choice for the distance between the 387

building and the roadside pathway was based on a survey of 388

satellite images from different cities, which were consistently 389

between 22 and 24 m, except for places where hotels with 390

pools are located at the beach. 391
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A. SIMULATION SET-UP392

We used the Asymptotic Solver (A-Solver) available within393

CST Studio Suite to simulate the two example scenarios.394

In the A-Solver, lossy materials, such as concrete, are not395

natively supported; therefore we used a lossless dielectric396

material of permittivity εr = 4.47, corresponding to CST’s397

first order fit for the dielectric constant of concrete, whilst398

also placing perfect matching layers (PML) boundary con-399

ditions around the structure to absorb the rays which pen-400

etrated the material. Moreover, to increase the accuracy of401

the modelled scenario and reduce computation time, the PML402

boundaries were limited to a width of 1 m, and extended 1 m403

from within the concrete layers, which included the ground.404

Farfield sources obtained from a small-scale FEM simulation405

(such as previously depicted in Figs. 2 – 5) were used in406

conjunction with the ray launcher. The farfield sources for the407

refractive and diffractive RIEs were placed at a distance of λ3408

and λ
2 from the building corner, respectively. These farfield409

source locations are the centre of the effective aperture areas410

of the refractive and diffractive RIEs, respectively. The sim-411

ulation frequency chosen for Scenarios I and II was 3.5 GHz412

as specified in 5G New Radio [36].413

In Figs. 7(c) and (d), which depict Scenarios I and II,414

respectively, the ground-floor edge of the building415

(with the RIE) is located at the origin of the coordinate system416

and the receiving probes are placed along the xz-plane. For417

Scenario I, the probes on the street were placed to form a418

‘U-shape’, starting from the top of the right building, follow-419

ing the front face of the structure down to street level, then420

across the street, and ending on the top of the left building.421

The street level probes start from the right building (adjacent422

to the building wall) and are uniformly spaced 2 cm from each423

other until the left building (see red contour in Fig. 7(e)). Two424

sets of probes were placed on the street, one at an elevation of425

z = 1 m and the other at z = 1.5 m. The street level locations426

were chosen to be representative of the signal received by a427

UE located in the pocket (1 m) or being handheld (1.5 m)428

of a pedestrian crossing the street. The vertical probes were429

located corresponding to the floors of the building. Here it is430

assumed the floor height is 3 m, meaning that the vertical431

distances z = 0, 3, 6, . . . ,m represent the ground floor,432

first floor, second floor etc. The probes were then placed at433

1 and 1.5 m elevation from each floor (again representing434

a UE in the pocket and being handheld, respectively). For435

Scenario II, the probes running along the side of the left436

building (Scenario I), were removed, as no building was437

located on the opposite side of the street to the building with438

the RIE. Note that the probes used in this study are polariza-439

tion agnostic, meaning that they can receive signals in any440

polarization.441

In the A-Solver, 10175688 Shooting and Bouncing Rays442

(SBR) were used in both Scenarios I and II, with a max-443

imum of 3 reflections permitted. A total of 5 simulations444

were performed for each scenario, where we compared the445

E-field strength received at the probes for the ‘No RIE’446

FIGURE 8. Illustration of the street level zones used for the analysis in
(a) Scenario I in front of the Grand Central Hotel building in Belfast City,
UK and (b) Scenario II in front of Edf. Vânia building in Recife, Brazil.

case, Refractive RIEs with n = 1.44 and n = 1.73 (see 447

Fig. 2), and the Diffractive RIEs variations 2 and 3 (see 448

Fig. 4) with a normalized amplitude of 1 V/m used for the 449

farfield sources in all simulations. An example of the output 450

of the ray tracer for Scenarios I and II is given in Fig. 7(e) 451

and (f), respectively. For ease in referencing, henceforth, the 452

refractive RIEs with n = 1.44 and 1.73 will be termed refrac- 453

tive RIE A and B, respectively. Similarly, the diffractive RIE 454

variations 2 and 3 will be termed as diffractive RIE A and B, 455

respectively. 456

B. SIMULATION RESULTS AND DISCUSSION 457

The results obtained from the ray tracing performed in CST 458

were post-processed in Matlab, by converting the simulated 459

E-Field measured by the probes using 460

PX = 10log10

(
|E|2

η0

)
(dB), (1) 461

where PX is the power density measured in Watts/m2 at each 462

probe, X ∈ {No RIE, Refractive RIE A, Refractive RIE B, 463

Diffractive RIE A, Diffractive RIE B}, and η0 = 120π is the 464

free-space impedance measured in Ohms. 465

As discussed previously, one of the key challenges in cel- 466

lular networks is ensuring sufficient coverage at street level in 467

dense city center environments. This is often hampered by the 468

close proximity of tall buildings, as depicted in Fig. 7, which 469

can shadow signal transmissions from the BS positioned on 470

the top of the high-rise structures. To investigate the ability 471

of RIEs to support BS transmissions in this case, we now 472

employ four of the RIE variations introduced in Section III. 473

In our analysis, we split the street level into three distinct 474

zones as shown in Fig. 8.4 These are: Zone 1, which con- 475

siders the section of the street closest to the building with 476

the RIE; Zone 2, which is made up of the central area of 477

the street in between the two buildings; and Zone 3, which 478

is the section of the street closest to the building on the 479

opposite side of the street. For our analysis Zones 1, 2 and 480

3 covered the distances (intervals) [0 m, 7.333 m), [7.333 m, 481

14.6667 m) and [14.6667 m, 22 m), where 0 m is the closest 482

4Image courtesy: Google Earth, Data SIO, NOAA, U. S. Navy,
NGA, GEBCO Maxar Technologies landset/Copernicus TerraMetrics and
CNES/Airbus.
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FIGURE 9. RIE gain (dB) vs distance from building (meters) at 1 m
elevation from street level in the city center environment (Scenario I)
considering: (a) refractive RIEs A and B, and (b) diffractive RIEs A and B.

point to the building with the RIE. All zones are obviously483

within the shadow region of the building fitted with the484

RIE (and BS).485

To conduct our analysis, we make use of the RIE gain486

calculated at each distance (d), which is defined as487

IE GaindB(d) = PX (d)− PNo IE(d), (2)488

where PX and PNo IE are defined in (1).489

We first consider Scenario I. Fig. 9 shows the RIE gain490

experienced 1 m above street level compared with the dis-491

tance from the base of the building fitted with the RIE.492

As we can see from the plots (Fig. 9(a)), both refractive RIEs493

offer improved gain in Zone 1 compared to the no RIE case494

(i.e. their traces are in the positive region above the ‘gain495

boundary’), achieving an RIE gain greater than 10 dB. From496

Fig. 9(b), we can also see that in close proximity (between497

0 and 1 m) to the building fitted with the RIE, diffractive498

RIE A provided improved gain compared to diffractive RIE499

B which struggled to outperform the no RIE case, suggesting500

that it may offer little benefit for illuminating the shadow501

region closest to a building. However beyond this (between502

1 and 7.333 m), both diffractive RIEs generally performed503

better than the no RIE case, although not to the same extent504

as the refractive RIEs. In the central region between the two505

buildings, i.e. Zone 2, we can see that the performance of506

refractive RIEs A and B was largely identical, with both con-507

sistently offering over 6 dB enhanced gain over the majority508

of the region compared to the no RIE case (Fig. 9(a)), which is509

approximately equivalent to quadrupling the received power.510

In this zone, both diffractive RIEs struggled to deliver a511

significant improvement in the gain, except for a small dis-512

tance between 9 and 11 m. This pattern of signal enhance-513

ment was repeated in Zone 3, where again both refractive514

RIEs continually performed better than the no RIE case,515

whereas diffractive RIE A only provided a marginal improve- 516

ment and diffractive RIE B consistently performed worst 517

overall. 518

These observations are confirmed by the empirical cumula- 519

tive distribution functions (CDFs) given in Fig. 10. As can be 520

seen from Fig. 10(a), in Zone 1, both refractive RIEs deliver 521

a signal enhancement over nearly 100% of the shadow region 522

covered by Zone 1 compared to the no RIE case. As shown in 523

Table 1,5 the mean RIE gains for refractive RIEs A and B in 524

Zone 1 are 6.07 dB and 5.26 dB, respectively. Interestingly, 525

both of the diffractive RIEs are shown to provide an enhance- 526

ment over 70% of the shadow region covered by Zone 1, 527

although as discussed above, the RIE gains are much lower 528

than those delivered by the refractive RIEs, suggesting that 529

for this type of scenario, refractive RIEs are the best option 530

for illuminating the shadow region closest to the base of the 531

building. Fig. 10(b) provides the empirical CDFs of the RIE 532

gain in the central region between the two buildings (Zone 2). 533

Here we can see that the refractive RIEs again offer the best 534

performance, with both guaranteeing a signal enhancement 535

for 95% of the shadow region covered by Zone 2 compared 536

to the no RIE case. In Zone 2, the performance of both 537

diffractive RIEs was degraded compared to Zone 1, with both 538

being outperformed by the no RIE case for approximately 539

50% of the zone. In Zone 3, both refractive RIEs performed 540

similar to Zone 1, offering increased RIE gain across the 541

entire zone, with mean RIE gains of 4.90 dB (refractive 542

RIE A) and 5.20 dB (refractive RIE B). Diffractive RIE A 543

outperformed the no RIE case for at least 65% of the shadow 544

region covered by Zone 3, however, as before the benefits 545

here were marginal (mean RIE gain = 1.25 dB, Table 1). 546

In this region, the diffractive RIE B performed poorer than 547

the no RIE case offering a degradation in the mean RIE gain 548

= −1.55 dB (Table 1). For completeness, Fig. 10(d) shows 549

the empirical CDFs of the RIE gains calculated over the entire 550

region between the two buildings (i.e. Zone 1+Zone 2+Zone 551

3).With the exception of diffractive RIEB, themajority of the 552

empirical CDF plots reside in the positive half of the figure, 553

providing strong evidence for the use of reconfigurable intel- 554

ligent edges to enhance signal coverage in shadowed regions 555

at street level within city center environments. 556

Fig. 11 provides a sample of the empirical CDF plots 557

for the case when the probes are situated: (a) 1.5 m above 558

street level6; (b) at the front face of the ‘left’ building on 559

the opposite side of the street to the building with the RIE 560

fitted and; (c) at the front face of the ‘right’ building, i.e. 561

the building with the RIE fitted. Again, in all three cases, the 562

refractive RIEs provide favorable performance, outmatching 563

the no RIE case in the majority of cases. Following a sim- 564

ilar trend to results discussed so far, diffractive RIE A per- 565

formed best achieving signal enhancements for around 70% 566

5Tables 1 to 6 provide summary statistics for the RIE gain, which can
conveniently be incorporated as an additional gain parameter in system-level
analyses and simulations.

6For brevity, we only show the aggregated results for this case, however,
a summary of the RIE gain statistics are provided in Table 2.

VOLUME 10, 2022 101739



S. L. Cotton et al.: RIEs: Illuminating the Shadow Region in Wireless Networks

FIGURE 10. Empirical CDFs showing the distribution of the RIE gain for the different reconfigurable
intelligent edge structures within (a) zone 1 (same side of street to building), (b) zone 2 (central region),
(c) zone 3 (opposite side of street to building) and (d) across all zones, with the UE operating at 1 m
elevation from street level in the city center environment (Scenario I).

FIGURE 11. Empirical CDFs showing the distribution of the RIE gain for the different reconfigurable intelligent edge structures in the city center
environment (Scenario I) considering (a) 1.5 m elevation from street level and, (b) the front face of the left building and, (c) the front face of the right
building.

of the shadow region for cases (a) and (c), however it strug-567

gled to improve coverage into the building on the opposite568

side of the street to the RIE. As shown in Tables 2 and 3,569

diffractive RIE B proved ineffective in the majority of the570

cases considered here, on average degrading the overall571

performance.572

Previously, in Scenario I, the building on the opposite side573

of the street acted to contribute additional signal components574

to the field strength. In environments such as beach fronts 575

(Fig. 7(b)) or at the peripheries of city centers, the propaga- 576

tion geometry may mean that signal components arriving at 577

the receiver are primarily the result of propagation around the 578

building edge or those reflected from the ground. To investi- 579

gate this Scenario II, we replicated the simulation performed 580

above, except in this instance, no building was positioned on 581

the opposite side of the street (Fig. 7(d)). Again the street 582
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TABLE 1. Mean (Av.) and Standard Deviation (std.) of the RIE Gain in decibels at 1 m elevation from street level in the city center environment
(Scenario I). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

TABLE 2. Mean (Av.) and Standard Deviation (Std.) of the RIE Gain in decibels at 1.5 m elevation from street level in the city center environment
(Scenario I). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

TABLE 3. Mean (Av.) and Standard Deviation (Std.) of the RIE Gain in decibels at the front of the left and right buildings in the city center environment
(Scenario I). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

TABLE 4. Mean (Av.) and Standard Deviation (Std.) of the RIE Gain in decibels at 1 m elevation from street level in the beach front environment
(Scenario II). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

TABLE 5. Mean (Av.) and Standard Deviation (Std.) of the RIE Gain in decibels at 1.5 m elevation from street level in the beach front environment
(Scenario II). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

TABLE 6. Mean (Av.) and Standard Deviation (Std.) of the RIE Gain in decibels at the front face of the right building in the beach front environment
(Scenario II). Note maximum and minimum mean RIE gains are highlighted in green and pink respectively.

level was segmented into three zones (i.e. Zones 1, 2 and 3)583

using the same distances (intervals) used in Scenario I.584

Fig. 12 shows the RIE gain experienced 1 m above street585

level comparedwith the distance from the base of the building 586

fitted with the RIE for the beach environment. From the 587

figure, it is clear that both refractive RIEs outperform the no 588
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FIGURE 12. RIE gain (dB) vs distance from building (meters) at 1 m
elevation from street level in the beach front environment (Scenario II)
considering: (a) refractive RIEs A and B, and (b) diffractive RIEs A and B.

RIE case across all three zones (Fig. 12(a)). What is most589

striking, is the significant RIE gain that can be achieved,590

notably in Zone 3where both refractive RIEs A and B provide591

between 5 and 12 dB of RIE gain. Of the two diffractive RIEs,592

diffractive RIE A performs best in the beach environment,593

particularly in Zone 3, farthest from the building with the594

RIE, achieving RIE gains of up to 10 dB (Fig. 12(b)). Despite595

this, it is observed that both diffractive RIEs struggle in the596

central region, i.e. Zone 2, with no improvement over the no597

RIE case.598

Another important observation from Fig. 12 (beach front599

environment) is the more gradual variations in the RIE gain600

compared with Fig. 9 (city center environment). This is601

the result of the reduced number of multipath components602

(MPCs) in the beach front environment, caused by the lack603

of a tall structure on the opposite side of the street to the604

buildingwith the RIE fitted to it. The origin of this can be seen605

clearly in Fig. 7(e) and (f), which show example ray traces for606

refractive RIE A, where the high number of interactingMPCs607

in the city center environment leads to more rapid variations608

in the RIE gain.609

Fig. 13 provides the empirical CDFs of the RIE gain610

in the beach front environment. As we can see from611

Figs. 13(a) to (d), both refractive RIEs provide a positive612

RIE gain over more than 99% of the coverage area. This613

confirms the observations made above and reinforces the614

benefit of using a refractive RIE to help provide signal cov-615

erage in the shadow region behind buildings. This is further616

supported by the mean RIE gain figures provided in Table 4,617

which were between 5.25 dB and 8.96 dB, assuming the618

optimum refractive RIE is chosen. Thus having some method619

of actively adapting the refractive index of the RIE will620

be of extreme benefit. Contrasting the performance of the621

refractive RIEs in the beach front environment to the city622

center environment, we can see that in nearly all cases (where 623

the optimal refractive RIE was chosen), the RIE gain for 624

the beach front was greater than that achieved in the city 625

center. From Fig. 13, we can see that both diffractive RIEs 626

offered poorer performance than the refractive RIEs, with 627

refractive RIE B performing worst overall. Lastly, and for 628

completeness, Fig. 14 provides the empirical CDFs of the 629

aggregated RIE gain for (a) 1.5 m above street level and; 630

(b) the face of the ‘right’ building, i.e. the building with 631

the RIE fitted, with the corresponding summary statistics 632

provided in Tables 5 and 6. Here we can see that the refrac- 633

tive RIEs again outperform the diffractive RIEs, however 634

it is worth pointing out that diffractive RIE A still man- 635

aged to provide a positive RIE gain for over 70% of the 636

shadow regions at the street level and the front face of the 637

building. 638

VI. EXAMPLE CHANNEL SNAPSHOTS 639

As we have seen in Section V.B, RIEs have significant poten- 640

tial to enhance signal reception in regions behind large shad- 641

owing objects such as high-rise buildings. As part of the 642

propagation manipulation process, they will also impact the 643

channel as observed by the receiver, in this case, in the down- 644

link. To illustrate how RIEs can alter the channel, we present 645

some snapshots of the characteristics of the downlink signal 646

as experienced in the city center environment for a selection 647

of receiver positions above ground level and along the sides 648

of the buildings. For the study, we focused on time and angle 649

dispersion characteristics which are important in wideband 650

systems (e.g. to understand the potential impact of effects 651

such as intersymbol interference (ISI)) as well as beamform- 652

ing systems (to understand the most likely angle of arrival 653

(AOA) and the degree of signal spreading across the angular 654

domain). For brevity, we only consider refractive RIE A in 655

our analysis since it was observed to show the most promis- 656

ing results based on the analysis performed in Section V.B. 657

To conduct the channel simulations, we used the same setup 658

as described in Section V.A, however in this instance instead 659

of electric field probes as receivers (or equivalently UEs), 660

we used isotropic receivers to enable antenna coupling cal- 661

culations and channel parameters to be computed within 662

the CST A-solver. To obtain the channel snapshots we used 663

7 isotropic receivers for the 1m above ground level (and again 664

for 1.5 m above ground level) simulations. In this instance, 665

the receivers were placed at the center and boundaries of each 666

zones defined in Section V.A. The receivers along the sides 667

of the buildings were positioned 3 m apart, from ground level 668

upwards. 669

Figs. 15(a) and (b) show an example of the power delay 670

profiles (PDPs) obtained at the receivers (or equivalently 671

UEs) positioned 3.66 metres apart, 1 m above ground level 672

across the entire street (i.e. boundary and center of zones 1, 673

2 and 3 combined) for the case where no RIE is used and, 674

when refractive RIE A is used, respectively. As is common 675

practice in channel studies, to calculate the PDP, we deter- 676

mined the excess delay of each arriving signal component 677
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FIGURE 13. Empirical CDFs showing the distribution of the RIE gain for the different reconfigurable
intelligent edge structures at 1 m elevation from street level in the beach environment (Scenario II):
(a) zone 1 (same side of street to building), (b) zone 2 (central region of street), (c) zone 3 (opposite side
of street to building) and (d) across all zones.

FIGURE 14. Empirical CDFs showing the distribution of the RIE gain for the different reconfigurable
intelligent edge structures in the beach environment (Scenario II) considering (a) 1.5 m elevation from
street level and, (b) 1 m from the front face of the right building.

relative to the first arriving signal component. One immediate678

observation from Fig. 15 is the significantly higher powers of679

the signal components arriving at the UEs when the RIE is680

used compared to the no RIE case. This is apparent for all681

of the early arriving components across positions 1 to 7, sup-682

porting the observations made above in relation to the RIEs683

improving the received signal in deeply shadowed regions684

behind high-rise buildings.685

Another observation from Fig. 15 is the different numbers 686

ofMPCswhich are detected at the UE. For practical purposes, 687

we set the noise threshold at a level of −120 dBm, meaning 688

that any signal components that arrived with a power less 689

than this value were disregarded as it is unlikely they would 690

make ameaningful contribution to the received signal.We can 691

see in Fig. 15(b) that many more signal components arrive 692

at the UE compared to Fig. 15(a). In some cases, MPCs, 693
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FIGURE 15. (a) PDPs showing the excess delay of the signal components arriving at the UE (for positions 1 to 7) from the top edge
of the building closest to the base station (i.e. the no RIE case), (b) identical scenario except in this case refractive RIE A is placed at
the top edge of the building. Note, to assist with the interpretation of the plots, the signal components are color coded according to
the power that they contribute to the received signal.

FIGURE 16. (a) PDPs showing the excess delay of the signal components arriving at the receiver positions on the front face of the
left building and, (b) the front face of the left building when refractive RIE A is placed at the top edge of the building closest to the
base station. Note, to assist with the interpretation of the plots, the signal components are color coded according to the power that
they contribute to the received signal.

TABLE 7. Summary delay dispersion statistics.

which were present for the no RIE case, are no longer present694

in the case when refractive RIE A was used. The greater695

number of MPCs in Fig. 15(b) shows that the use of an RIE696

in scenarios where UEs are operated close to ground level697

opens up opportunities for additional signal paths to be cre-698

ated (see discussion of the RMS angle spread below), which699

may be beneficial for beamforming systems attempting to 700

re-establish broken links by seeking alternative signal paths 701

in the angular domain [37]. 702

In wireless systems design, two key metrics for deter- 703

mining the likely impact of ISI are the mean excess delay, 704

denoted τ̄ , and the RMS delay spread, denoted στ . The mean 705
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FIGURE 17. (a) PAPs showing the AOA of the signal components arriving at the UE (for positions 1 to 7) from the top edge
of the building closest to the base station (i.e. the no RIE case), (b) identical scenario except in this case refractive RIE A is
placed at the top edge of the building. Note, to assist with the interpretation of the plots, the signal components are color
coded according to the power that they contribute to the received signal.

TABLE 8. Summary angular dispersion statistics.

excess delay may be determined from the PDP as [38]706

τ̄ =

∑N−1
i=0 |αi|

2 τi∑N−1
i=0 |αi|

2
, (3)707

where |αi| represents the amplitude and τi represents the708

excess delay of the ith multipath component, respectively.709

To calculate the RMS delay spread, we evaluate [38]710

στ =

√
τ̄ 2 − (τ̄ )2, (4)711

where,712

τ̄ 2 =

∑N−1
i=0 |αi|

2 τ 2i∑N−1
i=0 |αi|

2
. (5)713

Table 7 presents the average (av.) and the standard devia-714

tion (std.) of τ̄ and στ computed across each of the scenarios715

considered above. As we can see, the average mean excess716

delay for the UE operating at 1 m and 1.5 m elevation from717

street level in the city center environment is very low, insin-718

uating that the bulk of the power received arrives close to719

the first arriving component. The equivalent figures for the720

receivers positioned along the front face of the left and right721

buildings are larger, especially for the right building, sug-722

gesting that the significant contributing signal components723

are more spread out in the delay domain. This is supported724

by the average RMS delay spread which was much greater725

for the signal illuminating the building faces compared to the 726

UEs operating close to ground level. Fig. 16 illustrates this 727

further, showing the PDPs recorded at the receiver positions 728

spanning the left and right building faces. Here additional 729

MPCs, enhanced by the RIE, and reflected off the sides of 730

the building contribute significantly to the received power and 731

increase the RMS delay spread. It is also worth highlighting 732

that when used in the city center environment, the RIE causes 733

an increase in the maximum excess delay time compared to 734

the no RIE case. This is presumably due to the enhanced 735

gain offered by the RIE, meaning that signal components that 736

extend below the noise threshold, which would ordinarily 737

not be sensed by the receiver, are now detected. This may 738

or may not be problematic depending on data transmission 739

rates and ISI countermeasures employed such as adaptive 740

equalization [39]. 741

Similar to the mean excess delay and RMS delay spread, 742

equivalent metrics can be computed to understand signal 743

dispersion in the angle domain. To characterize the angu- 744

lar spread of the MPCs in the city center environment, 745

we computed the mean angle of arrival (AOA), β̄, according 746

to [38] 747

β̄ =

∑N−1
i=0 |αi|

2 βi∑N−1
i=0 |αi|

2
. (6) 748
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Following from equation 6, the RMS angle spread can be749

determined as750

σβ =

√
β̄2 −

(
β̄
)2
, (7)751

where,752

β̄2 =

∑N−1
i=0 |αi|

2 β2i∑N−1
i=0 |αi|

2
. (8)753

As can be seen from Table 8, refractive RIE A acts to754

increase the mean angle compared to the no RIE case across755

all of the considered scenarios (see Fig. 7(e) for the angular756

reference system for AOA used in this study). Critically,757

the RIE also increases the RMS angle spread of the sig-758

nal components arriving at the receivers in all scenarios.759

When combined with the significant RIE gains reported in760

Section V.B, this demonstrates the superior coverage that761

can be achieved by using an RIE to illuminate the shadow762

region behind high-rise buildings compared to no RIE. For763

completeness, Fig. 17 shows an example of the power angle764

profiles (PAPs) obtained for the UE positioned 1 m above765

ground level across the entire street. The much richer set of766

AOAs promoted by refractive RIE A (Fig. 17(b)) compared767

to the no RIE case (Fig. 17(a)) is clearly evident, reinforcing768

the point made above about exploiting the angular diversity769

created by RIEs along with directional wireless systems to770

overcome shadowing.771

VII. CONCLUSION AND FUTURE WORK772

Providing radio coverage behind large obstacles and struc-773

tures continues to be one of the key challenges for network774

designers wishing to provide ubiquitous access to wireless775

services. To help address and overcome this, for the first time,776

we have introduced the concept of a reconfigurable intelligent777

edge, which can be placed on the fringes of buildings to alter778

the natural propagation of radio signals. Specifically, we have779

introduced two classes of RIE, namely refractive and diffrac-780

tive, which exploit the physics of refraction and diffraction,781

respectively, to help redirect radio signals and provide illu-782

mination in the shadow region. To accelerate future design783

and adoption, we have also highlighted some techniques and784

emergent technologies that could be used to operate RIEs in785

a passive or active manner. Based on our initial investigation,786

it was found that passive or active refractive RIEs, can be used787

to provide directive coverage within the shadow region. This788

will be beneficial in cellular networks when the approximate789

location of users relative to the building edge is known in790

advance of signal transmission. Where this information is not791

known or cannot be estimated in advance, passive or active792

diffractive RIEs will be able to provide wider signal coverage793

across the shadow region, albeit at the cost of reduced gain.794

To understand the improvement in wireless network cov-795

erage that could be achieved in a real-life setting using796

RIEs, we have conducted full-scale ray tracing simulations797

of city center and beach front environments using the well-798

established asymptotic method. From our analysis it is shown799

that choosing the right RIE configuration (e.g. refractive 800

index or corrugated surface structure) can lead to consid- 801

erable signal enhancements in both environments. Overall, 802

it was found that the RIE gain (that is the improvement 803

compared to the case where no RIE is present) was great- 804

est for refractive RIEs. These performed best in practice, 805

offering a mean gain of at least 5.20 dB, with instantaneous 806

gains of up to 12 dB across the shadow region for a user at 807

street level (1 m) in both environments. It is worth remark- 808

ing that although we have demonstrated the RIE concept 809

for rooftops in a cellular setting, the same principles apply 810

for manipulating signal propagation around building corners 811

(e.g. to assist device-to-device communications [40]) and by 812

extension within indoor environments to assist with wireless 813

local area network (WLAN) coverage [41]. 814

As with any new technology, many unanswered questions 815

remain. For instance, the successful adoption of RIEs will 816

require a greater knowledge of the relationship between their 817

geometrical and material properties and signal re-directivity. 818

Determining how these structures perform at different fre- 819

quencies, and how they can be made sufficiently broadband 820

(e.g. to provide seamless coverage across cellular bands) will 821

be paramount. Understanding how RIEs can be integrated 822

into future smart radio environments will also be important, 823

in particular, how they can be used to augment other prop- 824

agation manipulating technologies such as RISs. This will 825

require determining their role in increasing capacity, improv- 826

ing reliability and reducing latency. The next stage of this 827

work will include the physical implementation and testing 828

of RIEs using layered surfaces. This will incorporate further 829

detailed channel studies to understand how the inclusion 830

of RIEs impacts the end-to-end spectral efficiency in both 831

outdoor cellular and indoor WLAN settings. 832
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