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Abstract— In this study, we present a unifying framework for1

future reconfigurable intelligent surface (RIS)-assisted space shift2

keying (SSK) systems; we additionally propose two novel trans-3

mission schemes. The key strategies surrounding this concept,4

namely power-sensing RIS-SSK and partitioned RIS-SSK, grant5

knowledge of the activated transmitter (Tx) antenna index at the6

RIS, which, when using SSK, allows us to adjust the reflection7

phases. The performance of the proposed scheme is investigated8

in terms of the theoretical average bit error rate (ABER),9

and the effect of non-ideal transceivers. The performance is10

then compared to that of a reference RIS-SSK scheme, and a11

complexity analysis is provided. The obtained results, verified by12

extensive computer simulations, demonstrate that the partitioned13

and power-sensing RIS-SSK schemes achieve a higher ABER14

than the reference one. Moreover, hardware impairments clearly15

have a critically degrading impact on the system performance16

for all schemes, and should be carefully taken into account in17

future communication systems.18

Index Terms— Error performance analysis, index modulation19

(IM), maximum likelihood (ML) detection, reconfigurable intel-20

ligent surface (RIS), space shift keying (SSK).21

I. INTRODUCTION22

S IXTH-GENERATION (6G) wireless networks, as well23

as the new technological trends they will introduce, are24

predicted to be accompanied by much more challenging25

engineering problems than their state-of-the-art counterparts.26

For instance, 6G wireless communication is anticipated to27

require very high spectral and energy efficiency in addition to28

ultra-high throughput per user, since over a hundred billion29

devices will have to be connected to highly data-intensive30

applications [1]. Considering also the jump to extremely high31

frequency bands, the transition to 6G networks will inevitably32
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necessitate novel communication paradigms, especially in the 33

physical layer. 34

One such paradigm is reconfigurable intelligent surface 35

(RIS)-based transmission, which is attracting considerable 36

interest in the literature currently. An RIS is mostly designed 37

as a two-dimensional (2D) array of low-cost reflective units, 38

which intentionally manipulate the characteristics of electro- 39

magnetic waves in propagation environments. This is done 40

through a software and with the aim of enhancing the qual- 41

ity of service and/or expanding the network coverage. Each 42

reflecting element can independently adjust the phase shift of 43

the incoming signal, and as a result, the implicit randomness 44

of the propagation environment can be utilized to create more 45

efficient wireless channels through soft-controlled intelligent 46

reflection. 47

Unlike traditional reflect-/transmit-array antennas, an RIS 48

enables the dynamic shaping of the incident waves without 49

the need for a separate energy source dedicated to radio 50

frequency (RF) processing. As a passive reflecting appara- 51

tus, it also differs from the traditional relays that actively 52

retransmit received signals. All the mentioned advantages 53

make RIS popular as not only one of the key enablers of 54

6G technology but also as a promising solution to the energy 55

consumption and hardware cost problems that are ever-present 56

in the evolution of wireless networks. However, whether or 57

not conventional communication systems can be upgraded to 58

RIS-assisted forms involving passive elements has not yet been 59

clarified. 60

The emerging concept of index modulation (IM) [2], which 61

uses the indices of the available transmit entities to convey 62

additional data bits, is worthy of discussion in this con- 63

text, mainly due to its advantages in spectral and energy 64

efficiency as well as in hardware simplicity. For instance, 65

spatial modulation (SM) as an IM-based method, utilizes the 66

index of transmitter (Tx) antennas to convey extra information. 67

In [3], IM was integrated into the realm of RIS-assisted 68

communications using three RIS-based schemes built upon the 69

SM technique and its simplified version, space shift keying 70

(SSK). Among them was a scheme that uses an RIS as an 71

access point while realizing SM/SSK at the receiver (Rx). This 72

was investigated in terms of error probability, and it was shown 73

that high data rates can be achieved by using RIS-SM/SSK at 74

the cost of remarkably low error rates. An energy-efficient 75

RIS-based SSK scheme was introduced in [4] not only to 76

provide reliable transmission, but also to avoid synchronization 77
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and interference problems, and this was done by exploiting the78

SSK at the transmitter (Tx) side.79

Motivated by these promising results, researchers kept80

designing novel RIS-SM/SSK schemes. For instance,81

RIS-aided receive quadrature reflecting modulation82

(RIS-RQRM), which outperformed earlier schemes, was83

designed by partitioning the RIS into two halves, each of84

which forms a beam to a specific Rx antenna according85

to the information bits [5]. However, reflection modulation86

schemes have the main drawback of underused RIS potential,87

and they can give rise to difficult optimization problems [6].88

Another RIS-SSK scheme that grants knowledge of the active89

antenna index at the RIS and achieves passive beamforming by90

optimizing the reflection angles, was proposed in [7] alongside91

a scheme where RIS conveys its own Alamouti-coded data92

and reflects SSK signals to the Rx side. More recently,93

an RIS-assisted communication framework that adopts an94

ambient backscattering technique, along with advanced forms95

of SM, was presented in [8]. Additionally, RIS-assisted uplink96

communications using SM are investigated in [9].97

As a matter of fact, physical realizations of RF transceivers98

suffer from the adverse effects of inherent hardware impair-99

ment (HWI), such as carrier-frequency and sampling-rate100

offset, quantization error, phase noise, amplifier non-linearity,101

and I/Q imbalance. Although some of these imperfections can102

be partially canceled out using calibration, pre-distortion or103

compensation techniques, an important amount of distortion104

is unavoidable in practical scenarios due to the imperfect105

estimation of time-variant hardware characteristics and the106

random noise [10], [11]. Therefore, the effects of HWI, the107

principal of which is major performance degradation, make108

up an important area to probe when evaluating the overall109

system performance [11].110

Since there are also many previous works proving111

the undeniable destructive effects of the HWI on both112

SM-based [12]–[15] and RIS-aided [11], [16]–[20] transmis-113

sion schemes, investigating the behavior of the RIS-assisted114

SM/SSK schemes against these imperfections is crucial. With115

this in mind, the performance of a blind RIS-SSK system116

was analyzed under the effect of HWI in [21]. However,117

that study does not provide much insight into the practical118

implementations of RIS, since a blind RIS, without a dynamic119

phase-adjustment, cannot really be used in a communication120

system. The study in [22] assumes an intelligent beamforming121

scenario, and demonstrated that the performance of the tradi-122

tional SM with I/Q imbalance can be remarkably improved123

by the deployment of an RIS between the base station and the124

user.125

The first RIS-SSK/SM schemes were introduced only about126

two years ago, and considering that this field is still in its127

infancy, further investigations are required to gain a clear128

understanding about their full potential wireless communi-129

cation networks. As such, the intelligent RIS-SSK system130

proposed in [4] is discussed as a reference scheme by131

offering a more realistic Rx design in this study. How-132

ever, it is observed that cancelling all the channel phases133

in this reference scheme through the RIS reduces the dif-134

ferences between the channels, which limits the perfor-135

mance of the SSK since it inherently needs a rich scattering 136

environment. 137

Considering the abovementioned points, the main contribu- 138

tions of this work can be summarized as follows: 139

1) The performance restriction of the intelligent RIS-SSK 140

scheme in [4] is resolved by two novel schemes, namely 141

power sensing and partitioned RIS-SSK, both of which 142

are proposed in this study. 143

2) The superiority of the power sensing and partitioned 144

RIS-SSK schemes is proved by presenting their error 145

performance analysis results, which are obtained under 146

the assumption of perfect transceiver, and validated by 147

computer simulations. 148

3) In order to have more realistic results, the ABER per- 149

formances of the proposed schemes are also investigated 150

in the case of hardware-impaired transceivers. 151

4) A computational complexity analysis is provided to 152

enrich the discussion. 153

5) The effects of phase estimation errors at the RIS and 154

path loss are investigated by computer simulations. 155

Organization: The system models of the proposed RIS-SSK 156

schemes are given in Section II, while their error performance 157

analyses are presented in Section III. The computational com- 158

plexity is analyzed in Section IV. Then, extensive computer 159

simulation results are presented in Section V, and finally, the 160

study is concluded in Section VI. 161

Notations: The element of a matrix A in the ith row and 162

jth column is specified by Aij . The conjugate of a complex 163

value z is denoted by z∗ while its real and imaginary parts 164

are shown by �{z} and �{z}, respectively. The statistical 165

expectation is represented by E{·}, and CN (μ, σ2) is used 166

for a complex Gaussian random variable (RV) with mean μ 167

and variance σ2. Pr{·} stands for the probability of an event, 168

while Q(x) = 1
2π

∫∞
x exp(−u

2

2 )du denotes the Q-function. 169

II. SYSTEM MODEL 170

In this section, we present the system models for the 171

proposed RIS-SSK schemes considering both ideal and non- 172

ideal transceivers. We also discuss the idea of optimal reflec- 173

tion phase adjustment, which helps achieve the best error 174

performance. We construct the proposed schemes by building 175

on the intelligent RIS-SSK concept introduced in [4], where 176

the RIS is equipped with N low-cost passive reconfigurable 177

meta-elements and exploited as a reflector in a dual-hop 178

communication system between Nt Tx antennas and one Rx 179

antenna.1 In this manner, we assume that SSK is applied 180

by mapping the incoming bits to the index of a specific Tx 181

antenna, which is activated to enable the transmission of an 182

unmodulated carrier signal to the Rx through the RIS. For all 183

scenarios, the Tx is assumed to be communicating with the 184

Rx only through the RIS, due to physical obstacles.2 185

1Note that a multi-antenna Rx would not be a practical scenario for the
proposed designs discussing optimal phase adjustment, since the reflector
elements can be set at just one specific phase for each reflection. However,
sub-optimal solutions can be utilized to realize this scenario, such as the cosine
similarity theorem-based algorithm proposed in [23].

2Even if the Tx-Rx channel is not strictly null due to environment scattering,
the direct path is domainated by the RIS links [4], and thus, does not have a
major effect on the performance of the proposed systems for large N .
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Moreover, the reflection phases are adjusted using a com-186

munication software so as to maximize the signal-to-noise187

ratio (SNR) at the Rx side. Unlike the RIS-SSK design188

in [4], the Rx is assumed to be unaware of the selected189

reflection phase in the first model, which is more practical,190

and this model is treated as a reference scheme. In line with191

this assumption, two novel RIS-SSK transceiver designs are192

presented with the principal aim of obtaining information on193

the activated Tx antenna during phase adjustment at the RIS.194

The wireless fading channel between the tth Tx antenna195

of the base station and the ith reflecting element of the196

RIS is defined by ht,i = αt,ie
−jθt,i , while the channel197

between the ith RIS reflector and the Rx antenna is denoted198

by gi = βie
−jψi , for t ∈ {1, . . . , Nt} and i = 1, . . . , N .199

Both of the channels are assumed to be following CN (0, 1)200

distribution.3 Additionally, in all the proposed models, the RIS201

has knowledge of the channel phases, i.e., θt,i and ψi, and the202

Rx has perfect channel state information, which is a common203

assumption of the optimal system behavior [3].204

Although each type of HWI can be specified independently,205

the combined influence is modeled by the generalized impair-206

ment model given in [25], [26], and thus, all the noise is207

denoted by a single equivalent noise term. Accordingly, the208

distortion noises arising from the HWI effects in the Tx and209

Rx are represented by the parameters of ηtx and ηrx, which can210

be interpreted as the error vector magnitudes,4 respectively.211

A. Reference Intelligent RIS-SSK Scheme212

1) Perfect Transceiver Case: The reference scheme has a213

system model that operates similar to that of the intelligent214

RIS-SSK system given in [4], save for the detector design,215

which is illustrated in Fig. 1. In this scenario, the received216

baseband signal at the Rx antenna can be written as:217

yrp =
√
E

( N∑
i=1

ht,ie
jφt,igi

)
+ n, (1)218

where E is the transmitted signal energy, n is a zero-mean219

additive white Gaussian noise (AWGN) term with variance220

N0. φt,i is the adjusted phase for the ith reflector of the RIS,221

determined by a communication software based on the acti-222

vated Tx antenna t. Since the reflection phases are controlled223

by maximizing the instantaneous SNR value at the Rx side,224

it can be easily interpreted from [4] that φt,i should be adjusted225

as a phase value eliminating any channel phases, i.e., ensuring226

that φt,i = θt,i + ψi.227

The fact remains that the activation of Tx antennas carries228

information in SSK, which implies that the update rate of the229

antenna activation is on the order of symbol rate, and thus,230

the RIS also needs to acquire this information at least at the231

same rate. A possible solution to this challenge is equipping232

the RIS with a cognitive device that has machine-learning233

ability. This would enable the RIS to continually observe234

3Rayleigh fading model is chosen for this preliminary study to provide the
basis for further theoretical research in RIS-based multiple antenna systems,
since it leads to neat and understandable closed-form expressions [24].

4Error vector magnitude is the average distortion magnitude to average
signal magnitude ratio [21].

Fig. 1. Intelligent RIS-SSK scheme.

the communication environment, make decisions and learn 235

autonomously from past experiences [27]. 236

Considering the aforementioned points, a maximum like- 237

lihood (ML) detector, which determines the index of the 238

activated Tx antenna, is designed for the reference intelligent 239

RIS-SSK scheme as: 240

t̂ = arg min
t

{∣∣∣∣yrp −√
E

( N∑
i=1

αt,iβi

)∣∣∣∣2
}
. (2) 241

2) Non-Ideal Transceiver Case: Considering the distortion 242

noises at the Tx and Rx sides, which independently character- 243

ize the residual HWI effect, the received signal expression of 244

the reference intelligent RIS-SSK can be written as follows: 245

yrn =
(√

E + ηtx

)( N∑
i=1

ht,ie
jφt,igi

)
+ ηrx + n, 246

=
√
E

(
N∑
i=1

ht,ie
jφt,igi

)
︸ ︷︷ ︸

Desired signal

+ηtx

(
N∑
i=1

ht,ie
jφt,igi

)
+ηrx+n︸ ︷︷ ︸

Noise

, 247

(3) 248

where ηtx and ηrx follow the respective distributions of 249

CN (0, κ2
txE) and CN (0, κ2

rx(E|∑N
i=1 ht,ie

jφt,igi|2)) [21]. 250

According to (3), the instantaneous signal-to-total noise 251

ratio, which can also be considered the signal-to-noise-and- 252

distortion ratio (SDNR), is given by: 253

SDNRrn =
E
∣∣∣∑N

i=1 ht,ie
jφt,igi

∣∣∣2
E (κ2

tx + κ2
rx)

∣∣∣∑N
i=1 ht,ie

jφt,igi

∣∣∣2 +N0

. (4) 254

Noting that the values chosen for parameters κtx and κrx 255

are usually very small [21], [25], κtx, κrx � 1, increasing 256

the value of the term |∑N
i=1 ht,ie

jφt,igi|2 in (4) will cause 257

an increment in the numerator more than in the denominator. 258

Hence, by adjusting the reflector phases to maximize this term, 259

the SDNR will in turn be maximized: φt,i = θt,i + ψi [4]. 260

Correspondingly, (3) can be rewritten as: 261

yrn =
√
E

(
N∑
i=1

αt,iβi

)
+ w, (5) 262
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Fig. 2. Power-sensing RIS-SSK scheme.

where w = ηtx
(∑N

i=1 αt,iβi
)

+ ηrx + n has zero-mean with263

the following variance value:264

σ2
w = κ2E

∣∣∣∣ N∑
i=1

αt,iβi

∣∣∣∣2 +N0, (6)265

where κ2 = κ2
tx + κ2

rx represents the aggregate level of HWI.266

Then, an optimal ML detector is designed for the reference267

RIS-SSK scheme under the assumption of a non-ideal trans-268

ceiver as follows:269

t̂ = arg mint

{∣∣∣∣yrn −√
E

(∑N
i=1 αt,iβi

)∣∣∣∣2
}
. (7)270

B. Power Sensing RIS-SSK Scheme271

1) Perfect Transceiver Case: The system model of the272

power sensing RIS-SSK scheme, which obtains knowledge273

of the active Tx antenna index from the embedded low-cost274

sensors [27] throughout the RIS, is given in Fig. 2. In this275

scheme, each Tx antenna conveys the unmodulated carrier276

signal with a different level of power assigned to that specific277

antenna on the condition of a fixed average power.278

The sensors, possibly powered by energy-harvesting mod-279

ules, are in charge of detecting the power level of the incoming280

signals, and thus acquiring the activation status of the Tx281

antennas. Thus, the reflection phases can be adjusted for that282

transmission instant by receiving, through the communication283

software, updates from the sensors. Accordingly, the received284

signal at the Rx through the RIS, can be written as:285

ypp =
√
Ekt

( N∑
i=1

ht,ie
jφt,igi

)
+ n, (8)286

where kt = (2t− 1)/Nt is the power constant for the tth287

Tx antenna, and φt,i is specified similar to what was done in288

Section II-A-1. Now, an optimal ML detector, which identifies289

the index of the activated Tx antenna can be defined as follows:290

t̂ = arg min
t

{∣∣∣∣ypp −√
Ekt

( N∑
i=1

αt,iβi

)∣∣∣∣2
}
. (9)291

2) Non-Ideal Transceiver Case: Considering the distortion292

noises stemming from the HWIs, the received signal for the293

power sensing RIS-SSK can be written as:294

ypn =
(√

Ekt + ηtx

)( N∑
i=1

ht,ie
jφt,igi

)
+ ηrx + n295

Fig. 3. Partitioned RIS-SSK scheme.

=
√
Ekt

( N∑
i=1

ht,ie
jφt,igi

)
︸ ︷︷ ︸

Desired signal

+ηtx
( N∑
i=1

ht,ie
jφt,igi

)
+ηrx+n︸ ︷︷ ︸

Noise

, 296

(10) 297

where ηtx and ηrx follow the same distributions as in (3) 298

since the average power is maintained as E here. Clearly, the 299

instantaneous SDNR value can be obtained by writing Ekt 300

instead of E in the numerator of (4) for this scenario, and 301

the value of the SDNR can be maximized by following the 302

same procedure. Therefore, the received signal at the Rx can 303

be given by: 304

ypn =
√
Ekt

( N∑
i=1

αt,iβi
)

+ w, (11) 305

where w is as defined in (5). Hence for the power sensing 306

RIS-SSK scheme with HWI, an optimal ML detector can be 307

designed by utilizing (11) as follows: 308

t̂ = argmin
t

{∣∣∣∣ypn −
√
Ekt

( N∑
i=1

αt,iβi

)∣∣∣∣2
}
. (12) 309

C. Partitioned RIS-SSK Scheme 310

1) Perfect Transceiver Case: In the partitioned RIS-SSK 311

scheme shown in Fig. 3, the elements of the RIS are partitioned 312

into Nt groups, each having N/Nt number of elements, and 313

all reflecting the signals that strike them at a certain predeter- 314

mined angle, φt,a for t ∈ {1, . . . , Nt} and a = 1, . . . , (N/Nt). 315

Here, the reflection phase of the tth reflector group is adjusted 316

so as to eliminate the phases of the channels utilized to convey 317

the signal received from the tth Tx antenna to the Rx through 318

that group, i.e., φt,a = θt,a + ψa. For instance, assuming that 319

the first Tx antenna is utilized for a transmission instant, and 320

keeping in mind that only one antenna will be activated for 321

transmission, only the phases of the channels created by the 322

first reflector group are canceled out. 323

Hence, this scheme offers more diversity for the transmis- 324

sion channel since the phases are not entirely canceled out 325

at the RIS. Because the performance of SSK highly depends 326

on the distinctness of the channel signatures associated with 327

different active antennas, this scheme is expected to enhance 328

the overall system performance seen in the reference RIS-SSK 329

scheme detailed in Section II-A. Hence, cancelling the channel 330

phases at only N/Nt elements can turn into an advantage 331

despite losing array gain. 332
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The received signal for the partitioned RIS-SSK scheme,333

under the assumption of perfect hardware, can be written by334

considering the aforementioned points as follows:335

yp =
√
E

( Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

))
+ n, (13)336

where φk,i = θk,i+ψi. Following that, an optimal ML detector337

can be designed as:338

t̂ = argmin
t

{∣∣∣∣yp−√
E

Nt∑
k=1

( k N
Nt∑

i=
(k−1)N

Nt
+1

ht,ie
jφk,igi

)∣∣∣∣2
}
.339

(14)340

2) Non-Ideal Transceiver Case: Considering the distortion341

noises due to the residual HWI effects, the received signal342

expression of the partitioned RIS-SSK can be expressed by:343

yn =
√
E

( Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

))
︸ ︷︷ ︸

Desired Signal

344

+ ηtx

( Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

))
+ ηrx + n

︸ ︷︷ ︸
Noise

,345

(15)346

where ηtx follows the same distribution as in (3), while ηrx347

follows a zero-mean Gauss distribution with the following348

variance value:349

σ2
ηrx

= κ2
rxE

∣∣∣∣
( Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

))∣∣∣∣2. (16)350

Representing the noise part in (15) with Δ, the received351

signal at the Rx antenna can be rewritten as follows:352

yn =
√
E

( Nt∑
k=1

( k N
Nt∑

i=
(k−1)N

Nt
+1

ht,ie
jφk,igi

))
+ Δ, (17)353

where Δ follows CN (0, σ2
Δ) with:354

σ2
Δ = κ2E

∣∣∣∣
( Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

))∣∣∣∣2 +N0. (18)355

After that, an optimal ML detector can be designed by using356

(17) for the partitioned RIS-SSK under the assumption of a357

non-ideal transceiver as follows:358

t̂ = argmin
t

{∣∣∣∣yn−√E Nt∑
k=1

( k N
Nt∑

i= (k−1)N
Nt

+1

ht,ie
jφk,igi

)∣∣∣∣2
}
.359

(19)360

III. PERFORMANCE ANALYSIS 361

In this section, we present error performance analyses for 362

the proposed RIS-SSK schemes considering both the ideal 363

and non-ideal transceiver cases. In particular, we calculate the 364

average pairwise error probability (APEP) for each scheme 365

by using optimal ML detectors given in the previous sections. 366

We then propose a union bound technique to calculate the 367

average bit error rate (ABER). 368

A. Performance of the Reference Intelligent RIS-SSK Scheme 369

1) Perfect Transceiver Case: Assuming the activation of 370

Tx antenna t for the transmission of an unmodulated carrier 371

signal to the RIS to be reflected to Rx, and assuming its 372

erroneous detection to be t̂, the conditional pairwise error 373

probability (CPEP) expression can be obtained for the refer- 374

ence intelligent RIS-SSK scheme by using the ML detection 375

rule given in (2) as follows: 376

Pe = Pr
{
|yrp −

√
EGt|2 > |yrp −

√
EGt̂|2

}
, (20) 377

where Gt =
∑N

i=1 αt,iβi, Gt̂ =
∑N

i=1 αt̂,iβi. After some 378

mathematical operations, (20) can be rewritten as Pe = 379

Pr{Υp > 0}, where Υp = −E|Gt − Gt̂|2 − 2�{√E(Gt − 380

Gt̂)n
∗} is a complex Gaussian RV following CN (μΥp , σ

2
Υp

) 381

with μΥp = −E|Gt−Gt̂|2 and σ2
Υp

= 2EN0|Gt−Gt̂|2. After 382

that, the CPEP can also be written as follows: 383

Pe = Q

⎛
⎝
√
E|∑N

i=1 βi(αt,i − αt̂,i)|2
2N0

⎞
⎠ . (21) 384

Then, the APEP value can be derived by averaging (21), 385

yielding: 386

P e =
∫ ∞

0

Q

(√
Eλ

2N0

)
fλ(λ)dλ, (22) 387

where λ = |B|2 = |∑N
i=1 βi(αt,i − αt̂,i)|2 and fλ(λ) is the 388

probability density function (pdf) of λ, which follows a central 389

chi-square distribution with one degree of freedom. Besides, 390

noting that B is a zero-mean Gaussian RV with a variance 391

value of σ2
B , and considering the Central Limit Theorem (CLT) 392

for a sufficiently large number of reflecting elements, N � 1, 393

and realizing that (αt,i − αt̂,i) and βi are independent, σ2
B is 394

calculated as σ2
B = N(2 − π/2). 395

For the sake of simplicity, the APEP is computed by 396

utilizing the moment-generating function (MGF) of λ, which 397

can be given by Mλ(t) = (1 − 2σ2
Bt)

−1/2, as an alternative 398

to (22). This way, the APEP is obtained as follows [22]: 399

P e =
1
π

∫ π
2

0

Mλ

( −E
4N0 sin2 η

)
dη 400

=
1
π

∫ π
2

0

(
1√

1 + (2 − π
2 ) NE

2N0 sin2 η

)
dη. (23) 401
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2) Non-Ideal Transceiver Case: In this case, the system402

equipment is considered non-ideal at both the Tx and Rx sides.403

Assume that the signal is conveyed to the RIS with the tth Tx404

antenna; however, it has been detected erroneously as t̂ at the405

Rx side, so the CPEP is calculated by using (7) as follows:406

Pe = Pr
{
|yrn −

√
EGt|2 > |yrn −

√
EGt̂|2

}
407

= Pr
{
−E|Gt −Gt̂|2 − 2�{

√
E(Gt −Gt̂)w

∗} > 0
}

408

= Pr{Υn > 0}, (24)409

where Υn ∼ CN (μΥn , σ
2
Υn

) with μΥn = −E|Gt −Gt̂|2 and410

σ2
Υn

= 2E(κ2E|∑N
i=1 αt,iβi|2 + N0)|Gt − Gt̂|2, while Gt411

and Gt̂ are as defined in (20). Then, the CPEP is given by:412

Pe = Q

(√
Eλ

2(κ2E|∑N
i=1 αt,iβi|2 +N0)

)
, (25)413

where λ is the same as defined in (22). By CLT, it can be said414

that
∑N

i=1 αt,iβi follows a zero-mean Gaussian distribution for415

a large number of reflectors. Then, an approximation to (25)416

can be obtained by replacing the term |∑N
i=1 αt,iβi|2 with417

its expected value, i.e., E{|∑N
i=1 αt,iβi|2} = N(16−π2

16 ) [12],418

[18]. As a result, utilizing also the MGF of λ by following419

the same procedure in the previous section, the APEP can be420

rewritten as follows:421

P e ≈ 1
π

∫ π
2

0

1√
1 + NE(2−π/2)

2
(
κ2EN( 16−π2

16 )+N0

)
sin2 η

dη. (26)422

It is worth noting here that the APEP value is dependent423

on neither N nor E in the high SNR region, since (26) turns424

into the following statement under the assumption of E � 1:425

P e ≈ 1
π

∫ π
2

0

1√
1 + 4

κ2(4+π) sin2 η

dη, (27)426

which leads to the following remark.427

Remark 1: The destructive effect of HWI limits the overall428

system performance of the reference intelligent RIS-SSK429

scheme even if the number of reflecting elements, N , grows430

infinitely large in the high SNR region. Besides that, non-ideal431

transceivers will clearly cause an error floor, since increasing432

E would not help enhance the quality of the service for this433

scheme.434

B. Performance of the Power Sensing RIS-SSK Scheme435

1) Perfect Transceiver Case: Assume that the unmodulated436

carrier signal generated by source is conveyed to the RIS with437

Tx antenna t; however, it has been detected erroneously that438

the signal was transmitted through the Tx antenna t̂ at the Rx439

side, so the CPEP is calculated by using (9) as follows:440

Pe = Pr{|ypp −
√
EktGt|2 > |ypp −

√
Ekt̂Gt̂|2}441

= Pr
{− E|

√
ktGt −

√
kt̂Gt̂|2442

− 2�{
√
E(

√
ktGt −

√
kt̂Gt̂)n

∗} > 0
}

443

= Pr{Θp > 0}, (28)444

where Gt and Gt̂ are as defined in (20), kt̂ = (2t̂− 1)/Nt, 445

and Θp is a complex Gaussian RV with a mean value of 446

μΘp = −E|√ktGt −
√
kt̂Gt̂|2 and a variance of σ2

Θp
= 447

2EN0|
√
ktGt −

√
kt̂Gt̂|2. Following that, the CPEP can be 448

written by: 449

Pe = Q

⎛
⎝
√
E
∣∣∑N

i=1 βi(
√
ktαt,i −

√
kt̂αt̂,i)

∣∣2
2N0

⎞
⎠ . (29) 450

Here, defining Λ = |δ|2 =
∣∣∑N

i=1 βi(
√
ktαt,i −

√
kt̂αt̂,i)

∣∣2, 451

it can be stated that δ ∼ CN (μδ, σ2
δ ) according to CLT, and 452

thus, Λ follows the non-central chi-square distribution with one 453

degree of freedom. Then, realizing that (
√
ktαt,i −

√
kt̂αt̂,i) 454

and βi are independent, μδ and σ2
δ can be given as: 455

μδ = Nπ

(√
kt −

√
kt̂

4

)
, (30) 456

σ2
δ = N

{(
1 − (π

4
)2)(kt + kt̂) −

π(4 − π)
8

√
ktkt̂

}
. (31) 457

Utilizing the MGF of Λ, which can be given by MΛ(t) = 458

(1−2σ2
δ t)

−1/2×exp(μ2
δt/(1−2σ2

δ t)), the APEP of the power 459

sensing RIS-SSK scheme can be calculated by substituting 460

(31) into the following statement: 461

P e =
1
π

∫ π
2

0

1√
1 + 2σ2

δ × E
4N0 sin2 η

462

× exp
(
N2π2

(√kt−
√
kt̂

4

)2 × −E
4N0 sin2 η

1 − 2σ2
δ × E

4N0 sin2 η

)
dη. (32) 463

2) Non-Ideal Transceiver Case: If the transceiver of the 464

power sensing RIS-SSK scheme is non-ideal at both the Tx 465

and Rx sides, and thus, the system is exposed to the destructive 466

effect of HWI, then the CPEP can be calculated by using 467

the ML rule provided in (12) for the wrong detection of Tx 468

antenna t as follows: 469

Pe = Pr
{∣∣ypn −

√
EktGt

∣∣2 > ∣∣ypn −√
Ekt̂Gt̂

∣∣2} 470

= Pr{−E|
√
ktGt −

√
kt̂Gt̂|2 471

− 2�{
√
E(

√
ktGt −

√
kt̂Gt̂)w

∗} > 0} 472

= Pr{Θn > 0}, (33) 473

where Θn is a Gaussian RV that follows CN (μΘn , σ
2
Θn

) for 474

σ2
Θn

= 2E(κ2E
∣∣∑N

i=1 αt,iβi
∣∣2 +N0)|

√
ktGt−

√
kt̂Gt̂|2 and 475

μΘn = −E|√ktGt −
√
kt̂Gt̂|2. Now, utilizing μΘn , σ2

Θn
and 476

the Q-function, the CPEP expression of the power sensing 477

RIS-SSK in the presence of HWI is obtained as: 478

Pe = Q

(√
EΛ

2(κ2E
∣∣∑N

i=1 αt,iβi
∣∣2 +N0)

)
, (34) 479

where Λ = |δ|2 is the same as the one defined in (29). 480

Realizing that ς =
∑N

i=1 αt,iβi follows a zero-mean Gaussian 481

distribution for a large number of reflectors according to CLT, 482

the term |∑N
i=1 αt,iβi|2 in the denominator of (34) can be 483

replaced by its expected value, which is equal to the variance 484

of ς , i.e., σ2
ς = N(16−π2

16 ). Then, using the MGF of Λ and 485
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substituting σ2
ς in the following statement, an approximated486

APEP value can be achieved:487

P e ≈ 1
π

∫ π
2

0

1√
1 + 2σ2

δ × E
4(κ2Eσ2

ς +N0) sin2 η

488

× exp
(N2π2

(√kt−
√
kt̂

4

)2 × −E
4(κ2Eσ2

ς +N0) sin2 η

1 + 2σ2
δ × E

4(κ2Eσ2
ς +N0) sin2 η

)
dη.489

(35)490

It should be noted here that the APEP value is not dependent491

on E in the high SNR region, i.e., E � 1, since (35) turns492

into the following statement under this condition:493

P e =
1
π

∫ π
2

0

1√
1 +

[ (kt+kt̂)
2 − π

√
ktkt̂

(4+π)

]
1

κ2 sin2 η

494

× exp
( −Nπ2(

√
kt −

√
kt̂)

2

(16−π2)[4κ2 sin2η+kt+kt̂

2 ]−(4π−π2)
√
ktkt̂

)
dη,495

(36)496

which results in the following remark.497

Remark 2: The use of non-ideal transceivers limit the498

overall system performance of the power sensing RIS-assisted499

SSK scheme for the high SNR region, and an error floor is500

expected to be observed. However, contrary to the reference501

intelligent RIS-SSK scheme, it is clear that increasing number502

of reflecting elements still improves the system performance,503

since increasing N leads to lower values of (36).504

C. Performance of the Partitioned RIS-SSK Scheme505

1) Perfect Transceiver Case: In that case, assuming that the506

signal is conveyed to the RIS with Tx antenna t, but it has507

been erroneously detected as t̂; the CPEP expression can be508

written by using (14) as follows:509

Pe = P

{∣∣∣∣yp −√
E

( t N
Nt∑

i= (t−1)N
Nt

+1

αt,iβi510

+
Nt∑
k=1
k �=t

k N
Nt∑

i= (k−1)N
Nt

+1

αt,iβie
j(θk,i−θt,i)

)∣∣∣∣2511

>

∣∣∣∣yp −√
E

( t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

αt̂,iβi512

+
Nt∑
k=1
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

αt̂,iβie
j(θk,i−θt̂,i)

)∣∣∣∣2
}
. (37)513

After some tedious mathematical operations, and by defining514

ζi = αt,i − αt̂,ie
j(θt,i−θt̂,i), ξi = αt,ie

j(θt̂,i−θt,i) − αt̂,i and515

Ψi = αt,ie
j(θk,i−θt,i) − αt̂,ie

j(θk,i−θt̂,i), the CPEP can be516

rewritten as: 517

Pe = Pr

{
−E

∣∣∣∣
( t N

Nt∑
i= (t−1)N

Nt
+1

βiζi +

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βiξi 518

+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βiΨi

)∣∣∣∣2 519

− 2�
{√

E

( t N
Nt∑

i= (t−1)N
Nt

+1

βiζi +

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βiξi 520

+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i=
(k−1)N

Nt
+1

βiΨi

)
n∗ > 0

}
521

= Pr{Ωp > 0}, (38) 522

where Ωp follows CN (μΩp , σ
2
Ωp

) for σ2
Ωp

= 2EN0|γ|2 and 523

μΩp = −E|γ|2, while 524

γ =

t N
Nt∑

i= (t−1)N
Nt

+1

βiζi +

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βiξi +
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βiΨi. (39) 525

Then, by utilizing Q-function, the CPEP is concluded as: 526

Pe = Q

(√
E|γ|2
2N0

)
. (40) 527

In (40), it can be easily written that |γ|2 = |γI |2 + 528

|γQ|2 while γI ∼ N (μγI , σ2
γI ) and γQ ∼ N (μγQ , σ2

γQ) are 529

the real and imaginary components of γ, which can be given 530

as: 531

γI =

t N
Nt∑

i=
(t−1)N

Nt
+1

βi

(
αt,i −�{αt̂,iej(θt,i−θt̂,i)}

)
532

+

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βi

(
�{αt,iej(θt̂,i−θt,i)} − αt̂,i

)
533

+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βi 534

×�{αt,iej(θt̂,i−θt,i) − αt̂,ie
j(θt,i−θt̂,i)}, (41) 535

γQ =

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βi�{αt,iej(θt̂,i−θt,i)} 536

−
t N

Nt∑
i= (t−1)N

Nt
+1

βi�{αt̂,iej(θt,i−θt̂,i)} 537
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+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βi�{αt,iej(θt̂,i−θt,i)−αt̂,iej(θt,i−θt̂,i)}.538

(42)539

It is obvious from (41) and (42) that μγI = μγQ = 0, while540

σ2
γI and σ2

γQ can be calculated as follows:541

σ2
γI =

N

Nt

(
8 − π2

8
+Nt

)
, σ2

γQ =
N

Nt
(Nt − 1). (43)542

Noting that |γ|2 is a linear combination of two independent543

central chi-squared RVs with one degree of freedom, and544

utilizing the MGF of |γ|2, which can be given by M|γ|2(t) =545

[(1 − 2σ2
γI t) × (1 − 2σ2

γQt)]−1/2, the APEP is obtained as:546

P e =
1
π

∫ π
2

0

dη√(
1 + NE(8−π2+8Nt)

16N0Nt sin2 η

)(
1 + NE(Nt−1)

2N0Nt sin2 η

) . (44)547

2) Non-Ideal Transceiver Case: Considering the HWI548

effects at both the Tx and Rx, and assuming that the signal549

is transmitted to the RIS with the tth Tx antenna, the CPEP550

expression is obtained from (19). It can be easily achieved by551

writing yn, which is defined in (15), instead of yp in (37).552

After some extensive mathematical operations, the CPEP553

can also be written as:554

Pe = Pr

{
−E

∣∣∣∣
( t N

Nt∑
i= (t−1)N

Nt
+1

βiζi +

t̂ N
Nt∑

i= (t̂−1)N
Nt

+1

βiξi555

+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βiΨi

)∣∣∣∣2556

− 2�
{√

E

( t N
Nt∑

i= (t−1)N
Nt

+1

βiζi +

t̂ N
Nt∑

i=
(t̂−1)N

Nt
+1

βiξi557

+
Nt∑
k=1
k �=t
k �=t̂

k N
Nt∑

i= (k−1)N
Nt

+1

βiΨi

)
Δ∗ > 0

}
558

= Pr{Ωn > 0}, (45)559

where ζi, ξi and Ψi are as defined in (37), while Ωn follows560

CN (μΩn , σ
2
Ωn

) for μΩn = μΩp and σ2
Ωn

= 2κ2E|ε|2 +561

2N0 with:562

ε =

t N
Nt∑

i= (t−1)N
Nt

+1

αt,iβi +
Nt∑
k=1
k �=t

k N
Nt∑

i= (k−1)N
Nt

+1

αt,iβie
j(θk,i−θt,i). (46)563

Then, by utilizing the Q-function, the CPEP can be con-564

cluded as:565

Pe = Q

(√
E|γ|2

2(κ2E|ε|2 +N0)

)
, (47)566

where γ is as defined in (40). It should be noted from (46) here567

that ε follows a Gaussian distribution for a large number of568

reflectors according to CLT. Considering this, the term |ε|2 in 569

the denominator of (47) can be replaced by its expected value, 570

which is equal to the variance of ε, i.e., σ2
ε = N

Nt
(Nt − π2

16 ). 571

Now, since |γ|2 is a linear combination of two independent 572

central chi-squared RVs with one degree of freedom, utilizing 573

the MGF of |γ|2, the APEP can be calculated from: 574

P e =
1
π

∫ π
2

0

(
1√

1 + NE(8−π2+8Nt)

16Nt(κ2E N
Nt

(Nt−π2
16 )+N0) sin2 η

575

× 1√
1 + NE(Nt−1)

2Nt(κ2E N
Nt

(Nt−π2
16 )+N0) sin2 η

)
dη. (48) 576

It is worthy of noting that the APEP value is dependent 577

neither on N nor on E for the high SNR region, since (48) 578

can be rewritten under the assumption of E � 1 as follows: 579

P e =
1
π

∫ π
2

0

(
1√

1 + (8−π2+8Nt)
(16Nt−π2)κ2 sin2 η

580

× 1√
1 + 8(Nt−1)

(16Nt−π2)κ2 sin2 η

)
dη, (49) 581

which means that the remark provided in Section III-A-2 is 582

valid for the partitioned RIS-SSK scheme, as well. 583

D. Average Bit Error Rate (ABER) 584

Assume that the APEP is independent of the activated Tx 585

antennas, and thus identical for all pairs, i.e., P e for all 586

(t → t̂). The ABER value of an SSK scheme can hence be 587

calculated in the form of a union bound [3] as follows: 588

P b ≤ 1
log2Nt

∑
t̂

P e × d(t → t̂) =
Nt
2
P e, (50) 589

where d(t → t̂) denotes the Hamming distance between the 590

binary representations of t and t̂, while
∑

t̂ d(t → t̂) = 591

(Nt/2) log2Nt for all t due to bit symmetry. 592

IV. DETECTION COMPLEXITY ANALYSIS 593

In this section, we present the computational complexity of 594

the detectors at the Rx of the proposed RIS-SSK schemes, 595

which can be calculated by simply finding the number of real 596

additions and real multiplications. Noting that each complex 597

multiplication requires four real multiplications and two real 598

additions, while the square of the absolute value of the 599

complex number requires two real multiplications and one real 600

addition [28]. The complexity of the RIS-SSK schemes are 601

investigated using (2), (9) and (14). 602

In (2), the calculation of
∑N

i=1 αt,iβi requires N real multi- 603

plications as well as (N − 1) real summations. Multiplication 604

of
√
E accompanies a real multiplication, while subtracting 605√

E(
∑N

i=1 αt,iβi) from yrp requires a real summation. Con- 606

sidering also the square of the absolute value of the calculated 607

complex value and the repetition of this process for each 608

Tx antenna, the computational complexity of the reference 609

scheme includes (N + 3)Nt multiplications and (N + 1)Nt 610
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TABLE I

DETECTION COMPLEXITY ANALYSIS SUMMARY

summations. The calculation of (9) requires implementing the611

same procedure with an extra multiplication for
√
kt.612

In (14), (ht,iejφk,igi) can be calculated by the multiplication613

of three complex numbers with 8 real multiplications and614

4 real summations for each reflecting element, which means615

this is repeated N times. Among these N multiplications,616

N/Nt of them provides real numbers, while the others are617

complex. Taking this into account, all the values are added618

up, and the result of the summation is multiplied by
√
E,619

and then the obtained value is subtracted from yp. The end620

result is a cost of (2N −N/Nt) real summations and 2 real621

multiplications. Considering also the square of the absolute622

value and the repetition of this process for each Tx antenna,623

the computational complexity of the partitioned scheme is624

calculated as (8N+4)Nt multiplications and (6N−N/Nt+1)625

summations.626

The results of the complexity analysis are summarized in627

Table I. It is clear from this table that the partitioned scheme628

has the most complex detector, while the reference and power629

sensing scenarios have almost the same complexity. It is worth630

remembering here that the power sensing scheme needs some631

changes in the base station to be able to send the data over632

different power levels beside integrating sensors on the RIS.633

Instead, the required changes are implemented in the control634

software for the partitioned scheme, which is easier in practical635

scenarios. Therefore, it can be said that there exists a trade-off636

between the ease of implementation and detection complexity.637

V. SIMULATION RESULTS638

In this section, we present extensive Monte Carlo simu-639

lations to investigate the error performance of the proposed640

RIS-SSK schemes, which assumed to be fully-synchronized,641

considering both ideal and non-ideal transceivers. The simula-642

tions are realized by first generating a random data sequence,643

and then modulating them to be sent to the receiver through644

the RIS. Meanwhile, the modulated symbols have experienced645

channel and noise effects, which are characterized in accor-646

dance with their statistical model. During the simulations,647

at least 105 symbols have been sent for each SNR value,648

which is defined as E/N0. Our computer simulation results,649

i.e., the curves of ABER versus SNR, are verified by the650

analytical derivations provided in Section III, and compared651

to the reference scheme. The effect of any large-scale path652

loss is ignored unless otherwise stated, since it is implicitly653

counted in the received SNR [3]. Lastly, Nt is assumed to be654

two for simplicity.655

First, the effect of non-ideal transceivers is investigated for656

the reference intelligent RIS-SSK scheme in terms of ABER657

by using both the analytical derivations and computer simu-658

lations in Fig. 4. Not only is there a noticeable performance659

degradation but also an error floor, which is due to the non-660

Fig. 4. The ABER performance of the reference intelligent RIS-SSK scheme
with different values of κ and N .

Fig. 5. The ABER performance of the power sensing RIS-SSK scheme for
a fixed value of κ = 0.07 with increasing N .

ideal transceivers. The error floor becomes more serious with 661

increasing levels of HWI. According to this figure, doubling 662

the number of reflecting elements, N , enables this scheme to 663

achieve the same ABER performance with 3 dB less SNR. 664

However, this is not the case for the high SNR regions with 665

HWI, since the dominant noise is not the AWGN anymore 666

but the noise stemming from the HWI. Hence, supporting 667

Remark 1, Fig. 4 proves the restrictive effect of the non-ideal 668

transceivers on the overall system performance of the reference 669

intelligent scheme, regardless of N for the high SNR region. 670

Following that, the performance of the power sensing 671

RIS-SSK scheme is presented for a fixed level of HWI, 672

κ = 0.07, in Fig. 5. It is observed that increasing N provides 673

a much lower ABER for a fixed value of SNR. For instance, 674

assume that the value of SNR is −16 dB, then according to 675

this figure, an ABER value of 6.6 × 10−3 can be achieved 676

using a power sensing RIS-SSK scheme with 64 reflecting 677

elements, while it decreases to 3.6× 10−6 for N = 128. This 678

figure proves that our derivations are considerably accurate, 679

especially when N ≥ 96, as the theoretical analyses are 680

realized based on the CLT, which requires a sufficiently large 681

number of reflectors to hold. The performance of the power 682

sensing RIS-SSK scheme is also investigated in Fig. 6 with 683

increasing values of κ by utilizing the analytical derivations 684

in Section III-B. 685
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Fig. 6. The analytical ABER results of the power sensing RIS-SSK scheme
for different values of κ and N .

Fig. 7. The ABER performance of the partitioned RIS-SSK scheme with
different values of κ and N .

Considering both Figs. 5 and 6, it can be concluded that686

the detrimental impacts of the HWI can be resolved by using687

the power sensing RIS-SSK scheme with large values of N .688

It is obvious from Fig. 6 that the ABER is almost the same in689

case of both ideal and non-ideal hardware assumptions until690

a certain SNR value. Hence, there exists a trade-off between691

the number of reflecting elements and the required SNR for692

effects of the HWIs to be reasonably ignored. In other words,693

although an error floor is observable for the high SNR region,694

the achieved ABER for high N values are satisfying enough695

to ignore the impact of the HWI at unconventionally low SNR696

values. It is worth noting that all the presented results in both697

figures are consistent with Remark 2.698

In Fig. 7, the system performance of the partitioned699

RIS-SSK is presented for various values of κ and N . The700

obtained results show that the partitioned RIS-SSK has an701

ABER characteristic to the reference scheme, and all the notes702

made regarding Fig. 4 are also valid for Fig. 7. However,703

it should also be highlighted that the partitioning approxima-704

tion clearly offers a better quality of service.705

Then, the ABER performance of the proposed RIS-SSK706

schemes is compared to the traditional SSK [29] under the707

assumption of ideal hardware in Fig. 8. In order to present708

objective results, traditional SSK is also assumed to be realized709

between two Tx antennas and one Rx antenna. As illustrated710

Fig. 8. Performance comparison of the proposed RIS-SSK schemes and the
reference schemes under the assumption of perfect transceivers, i.e., κ = 0.

Fig. 9. Performance comparison of the intelligent, partitioned and power
sensing RIS-SSK schemes under the assumption of non-ideal transceivers.

in Fig. 8, the reference scheme needs much more than 711

128 reflecting elements to be advantageous compared to the 712

traditional SSK in high SNR region. On the other hand, the 713

partitioned and power sensing schemes have results that are 714

greatly superior to both the traditional SSK and the reference 715

RIS-SSK for all SNR values. Obviously, the best results are 716

obtained with the power sensing scheme, which achieves very 717

low error rates with unconventionally high energy efficiency. 718

Next, the ABER performance of the intelligent, partitioned 719

and power sensing RIS-SSK schemes is compared under the 720

assumption of non-ideal transceivers in Fig. 9. Comparing 721

Figs. 8 and 9, it can be concluded that the effects of the HWI 722

have been successfully eliminated for the considered SNR 723

region with the power-sensing scheme, while an error floor 724

is observable in the ABER performance of the other schemes. 725

Clearly, the presented results in both figures are consistent 726

with the provided discussions regarding Figs. 4-8. 727

Fig. 10 investigates the effect of path loss on the proposed 728

RIS-SSK schemes by assuming that the overall system path 729

loss is (λ2/16πd1d2)2 [30], where λ is the wavelength for 730

an operating frequency of 2.4 GHz, while d1 and d2 are the 731

distances between the Tx-RIS and RIS-Rx, respectively. This 732

investigation involves varying d1 for d = d1 + d2 = 10 and 733

N = 128. It is shown that a better ABER occurs when the 734

RIS is close to the Tx. Indeed, a similar result can be expected 735
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Fig. 10. The effect of path loss on the proposed RIS-SSK schemes
with perfect transceivers, i.e., κ = 0 (blue: d1 = 1 m, d2 = 9 m;
red: d1 = d2 = 5 m).

Fig. 11. The ABER performance of the power sensing RIS-SSK scheme
with perfect transceiver in the presence of phase estimation error at the RIS.

when the RIS is close to the Rx for a fixed d by considering736

the path loss expression. Comparing Figs. 8 and 10, it can737

be concluded that the path loss has a very serious destructive738

effect on all schemes.739

Lastly, the performance of the power sensing RIS-SSK740

scheme in the presence of channel phase estimation errors741

at the RIS is indicated in Fig. 11. For this, the phase error,742

ϑi, is modelled as a zero-mean von Mises variable with743

a concentration parameter κv that captures the accuracy of744

the estimation [4], [31], since the residual phase errors of745

phase trackers follow von Mises distribution [32]. Then, the746

reflection phases are specified by taking the phase error into747

account as φt,i = θt,i + ψi + ϑi. As can be seen from this748

figure, the knowledge of the channel phases is crucial to the749

overall system performance of the power sensing RIS-SSK.750

For instance, when N = 128, the deviation from perfect751

channel phase information is about 2-3 dB while κv = 10752

(more accurate estimation). However, while κv = 5 (for which753

the distribution is broad) an error floor occurs at ABER =754

2 × 10−4 in the positive SNR region.755

VI. CONCLUSION756

This paper presented a framework for future RIS-assisted757

SSK systems as well as two applicable transmission schemes.758

Theoretical derivations were presented by using ML detectors759

for the calculation of the ABER, and extensive computer 760

simulation results were provided to assess the potential of 761

the proposed systems. Moreover, the existence of non-ideal 762

transceivers has been considered as a case study. Noting that 763

the data is conveyed through the activated channels in SSK, 764

it needs a rich scattering environment to achieve a good 765

performance, which highly depends on the distinctness of 766

the channels. Regarding this, it was observed that cancelling 767

all the channel phases in the reference scheme through the 768

RIS reduces the differences between the channels, which 769

means limiting the performance of the SSK. This restriction 770

is resolved by partitioning and power sensing approximations, 771

which underlies the novel RIS-SSK schemes proposed in 772

this study. Although the partitioned RIS-SSK has a much 773

more complex detection procedure compared to the others, the 774

power sensing RIS-SSK provides a highly reliable transmis- 775

sion and unconventionally high energy efficiency with almost 776

no additional cost of complexity, even in the case of non- 777

ideal transceivers. The perfect match between the presented 778

analytical and simulation results verifies the accuracy of the 779

provided theoretical derivations. Importantly, the effects of 780

path loss should be taken into account carefully for the future 781

wireless communication networks. Since the knowledge of the 782

channel phases at the RIS is crucial, an interesting future 783

research direction can be the development of new, possibly 784

deep learning-based, algorithms for RIS-assisted SSK systems. 785

Besides, the case of imperfect channel state information at the 786

Rx side can also be investigated. 787
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