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ABSTRACT Nanomachines are submicrometer-scale devices led by nanotechnology that can perform
simple sensing, local actuation, limited data processing, storage, and communication tasks in the terahertz
(THz) band, that is, from 0.1-10 THz. Electromagnetic nanocommunication among nanomachines results
in a nanonetwork which could breakthrough promising applications in multiple domains such as software-
definedmetamaterials, in-body communication, and on-chip communication. This study adopts amodulation
scheme for nanomachine communication based on multilevel pulse position modulation (ML-PPM). The
multilevel scheme uses several orthogonal codes and is combined with PPM to generate the final transmit
signal consisting of several multilevels. In this paper, we propose a more advanced scheme called level
trimming to further boost the data rates of the ML-PPM scheme. Employing level-trimming, we transmit
a fewer number of levels than required in ML-PPM, which will result in an spectral efficiency gain at the
nanoreceiver. The simulation results reveal that the link capacity of the proposed scheme can be increased
more than twofold using the level-trimming approach while the error rate performance remains better than
the conventionalML-PPM. For instance, ML-PPMwith level trimming achieves a data rate of approximately
4.5 terabits per second (Tbps) when trimming the levels from seven to one compared to ML-PPM that
achieves around 1 Tbps under the same network conditions. At the same time, a 2 dB gain in BER
performance is achieved with level trimming.Moreover, the computational complexity of nanotransceivers is
reduced with the transmission of fewer levels. Furthermore, although level-trimming causes artificial errors,
it improves the decoding performance by reducing the number of levels. We believe that the potential impact
of this study will open doors for further investigations on various possible modulation formats for THz
nanocommunication.
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INDEX TERMS Level trimming, multilevel, nanocommunication, pulse position modulation, terahertz
band.

I. INTRODUCTION23

Nanomachines, which are typically nano to microsized24

devices that can perform simple tasks such as sensing, local25

actuation, storage, and limited computation at the nanolevel,26

The associate editor coordinating the review of this manuscript and

approving it for publication was Saroj Tripathi .

are under investigation as a breakthrough in nanotechnol- 27

ogy [1], [2]. Communication among nanomachines, that 28

is, nanocommunication [3], [4], [5], increases the range 29

of operation and capability of a nanomachine multifold 30

to accomplish complex tasks. The resulting nanonetwork 31

[2], [5], [6], [7], [8] can enable new advanced applications 32

of nanotechnology in the fields of biomedicine [9], [10], 33
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environment [5], [8], and military [7], [8], [11]. One of the34

forefront applications of nanonetworks lies in the medical35

field for in-body communications. For example, mobile med-36

ical nanodevices can access regions of the human body, such37

as blood vessels and the brain, and monitor the levels of38

nutrients in real time. In addition, nanomachines can aid in39

the early diagnosis and treatment of malicious agents, such40

as viruses and cancer cells. This can enable pioneering appli-41

cations such as immune system support, bio-hybrid implants,42

targeted drug delivery systems, and real-time health monitor-43

ing [3]. In case of the environment, chemical nanosensors can44

be used for crop monitoring, bio-degradation assistance, and45

air pollution control [4]. Similarly, chemical and biological46

nanosensors can be used to detect harmful chemicals and47

biological weapons in a distributed manner [2]. A wireless48

nanosensor network can converge information on the molec-49

ular composition of air at a specific location to a macro device50

in a very short time. In addition, nanocommunication forms51

an essential part of future wireless communication, which52

includes 6G and beyond 6G networks [12], [13] and the53

Internet of nano things (IoNT) [14], [15], [16]. Using IoNT,54

a nanotransceiver can be embedded in every object, thereby55

allowing it to be permanently connected to the internet.56

Several nanocommunication paradigms have been pro-57

posed in the literature, including electromagnetic (EM),58

molecular, and acoustic communications. Among these,59

EM nanocommunication is the foremost research area, which60

can be realized in the terahertz (THz) band, that is, from61

0.1-10 THz [3], [11], [17], [18], [19], [20]. This can be62

attributed to the discovery of novel nanomaterials, such as63

graphene and carbon nanotubes, which exhibit promising64

electrical and optical properties and support the transmis-65

sion of surface plasmon polariton (SPP) waves with THz66

frequencies [21], [22], [23]. In addition, the THz band has67

been extensively explored from different aspects over the last68

decade for future wireless communication [11], [19], [24],69

[25]. Moreover, in 2019, the U.S. Federal Communications70

Commission licensed the use of THz frequency, specifically,71

from 95GHz to 3 THz, to develop 6G technology in subTHz72

frequency bands. This license is called the spectrum hori-73

zon license [26]. Therefore, EM nanocommunication in the74

THz band is envisioned as a key technology for ubiquitous75

wireless communications beyond 5G. More importantly, the76

application domains of nanonetworks, including the Internet77

of multimedia nanothings [16] and bio-nano things [27],78

require ultrahigh-speed data rates in the terabits per second79

(Tbps) range, which could be accomplished using the THz80

nanocommunications [28].81

Although nanocommunication has considerable potential,82

it suffers from certain fundamental challenges, as techniques83

to establish communication between nanomachines are yet to84

be developed. This can be attributed to several reasons. First,85

conventional communication techniques cannot be directly86

applied to the nanoscale domain. Nanodevices are extremely87

small-scale devices, and the properties of materials here dif-88

fer significantly from those at the macroscale. In addition,89

owing to the nanoscale dimensions, there exist size, mem- 90

ory, and signal generation, as well as signal processing, 91

constraints on the nanomachines. For example, conven- 92

tional high-frequency carrier-based communication cannot 93

be used for nanoscale communication, predominantly owing 94

to the ultra-small size and limited capabilities of nanodevices 95

[22], [23]. Moreover, the generation and reception of 96

ultrahigh-frequency carrier signals require power-hungry cir- 97

cuits and processors, which is not feasible at the nanolevel. 98

Overall, the nanoscale dimension imposes stringent restric- 99

tions on size and power, which indicates the pressing need for 100

simple and ultraefficient modulations. Morever, state-of-the- 101

art wireless technologies still cannot support Tbps links [11]. 102

Therefore, carrier-less communication can be considered as 103

an alternative [29]. In other words, pioneering research on 104

nanonetworks discourages the use of methods that require 105

significant signal processing and suggests pulse-based com- 106

munication as a alternative to achieve Tbps data rates simul- 107

taneously [28], [30], [31]. In [28], the authors analyzed the 108

THz channel and proposed the use of an ultrashort one- 109

hundred femtosecond long pulse for transferring information 110

bits. The scheme proposed in [30] depends on the emission of 111

femtosecond-long Gaussian pulses by adopting on-off keying 112

modulation. Conversely, the scheme proposed in [31] follows 113

pulse position modulation (PPM) utilizing the same one- 114

hundred-femtosecond-long Gaussian pulses. 115

Along the same lines, in our previous study, we developed a 116

modulation scheme for THz band-based nanocommunication 117

called multilevel pulse position modulation (ML-PPM) [32]. 118

A multilevel scheme uses several orthogonal codes simul- 119

taneously and is combined with a PPM scheme to achieve 120

not only variable and high data rates but also processing 121

gain at the nanoreceiver end, thereby guaranteeing the ben- 122

efits of PPM. This paper proposes an enhanced version of 123

the conventional ML-PPM scheme. In particular, we employ 124

a new technique called level trimming to the conventional 125

ML-PPM. In the conventional ML-PPM, the probability that 126

multilevel signals have larger values is small and smaller 127

values is large. In other words, the multilevel signal fol- 128

low a binomial distribution. In this study, using the level- 129

trimming approach, we trim our multilevel signal to trans- 130

mit only the levels with higher occurrence probabilities and 131

eliminate levels with lower occurrence probabilities. That 132

is, we prohibit the transmission of levels that occur with 133

lower probabilities. This results in two effects: First, this will 134

increase the data rate with additional performance enhance- 135

ment, and second, this can significantly reduce computational 136

complexity at the nanoreceiver. Moreover, we analyze how 137

transmitting fewer levels with higher probabilities boosts the 138

data rate of the ML-PPM. The primary contributions of this 139

study are as follows. 140

1) The proposed scheme with a level-trimming approach 141

increases the data rate of the THz nanocommunication 142

system by over two timeswith a lower number of levels, 143

thereby achieving spectral gain in the THz band and 144

spectral-efficient modulation. 145
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2) The bit error rate (BER) performance of the proposed146

scheme is compared with that of the conventional147

ML-PPM scheme, and the results reveal that the pro-148

posed scheme performs better.149

3) The computational complexity of transceivers is150

reduced comparatively by the transmission of fewer151

levels.152

The remainder of the paper is organized as follows.153

Section II provides an overview of the conventionalML-PPM154

scheme. In Section III, we introduce the level-trimming155

scheme inML-PPM and discuss how level trimming achieves156

spectral efficiency along with a signal model. Section IV157

describes the THz propagation environment in which the158

simulations were carried out. In Section V, we model the159

nanoreceiver along with THz noise and show how level trim-160

ming reduces the nanoreceiver complexity manifolds without161

affecting the data rates. Through simulations, in Section VI,162

we confirm that the proposed ML-PPM with level trimming163

presents an improved BER curve and a significantly greater164

achievable data rate compared to the conventional ML-PPM165

under the same nanocommunication channel environment.166

Finally, Section VII concludes the paper.167

II. BACKGROUND OF MULTILEVEL PULSE168

POSITION MODULATION169

First, we describe the conventional ML-PPM scheme. Fig. 1170

illustrates a block diagram of the proposed ML-PPM with171

a level-trimming scheme; note that the figure essentially172

illustrates the conventional ML-PPM scheme if the level-173

trimming block is excluded. Each data block comprises L174

binary phase-shift keying modulated data b = [b1, . . . , bL]T ,175

which are then encoded by L binary orthogonal codes of176

length Np to obtain a multilevel signal vector as follows:177

d = S · b =
[
d1, . . . , dNp

]T
, (1)178

where179

S = [s1, . . . , sL] (2)180

is an Np × L binary orthogonal code matrix, and sl =181 [
s1,l, . . . , sNp,l

]T , sn,l ∈ {+1,−1} denotes the lth orthogonal182

code. Then, each element of d has L + 1 symmetric possible183

multilevel values, that is, dn = {−L,−L + 2, . . . ,L − 2,L}.184

In addition, L ≤ Np − 1. In other words,185

Np ≥ 2m, (3)186

where187

m = dlog2(L)e. (4)188

Subsequently, each element of d is then pulse position189

modulated to generate a pulse position vector, given as190

m =
[
m1, . . . ,mNp

]T
, (5)191

with192

mn =
dn + L

2
, (6)193

wheremn denotes the delay in determining the pulse position. 194

Note that we only require L + 1 positions to transmit L bits, 195

which is the central idea of the ML-PPM scheme. For sim- 196

plicity, we omit the multiple-access scheme [32] and assume 197

a single user case. After passing through the THz pulse 198

shaping filter, the transmitted THz signal in ML-PPM has 199

the form 200

s(t) =
∞∑

i=−∞

Np−1∑
n=0

p
(
t − iTs − nTf − mnδ

)
, (7) 201

where δ denotes the pulse spacing between two consecu- 202

tive emission time slots, and p(t) represents a one-hundred- 203

femtosecond long Gaussian pulse with a duration Tp and 204

energy Ep. The transmitted signal, which contains L data, 205

occupies a total of Np frames with a duration Tf and requires 206

a time duration Ts = NpTf , where Tf = (L + 1)δ. The basic 207

THz pulse p(t) is Gaussian in nature and is defined as 208

p(t) =
α
√
2πσ

e−(t−µ)
2/2σ 2 , (8) 209

where α is a constant, σ is the standard deviation, andµ is the 210

pulse mean. The pulse energy Ep can be expressed as Ep = 211∫
∞

−∞
p2(t)dt . The width of the pulse is chosen to be ultrashort 212

at just 100 fs, and the energy is considered on the order of 213

attojoules (1 aJ = 10−18 J). 214

The reason for choosing a 100 fs-long pulse is supported 215

by the recent developments in state-of-the-art THz band 216

signal generators and detectors. First, from the hardware 217

perspective, the application of a voltage between the source 218

and drain of a high-electron-mobility transistor (HEMT) 219

excites SPP waves. At room temperature, SPP waves are 220

overdamped, which only generates broadband incoherent 221

waveforms, that is, extremely short pulse-like radiation (one- 222

hundred-femtosecond long) [30]. Additionally, the generated 223

SPP wave can be radiated by graphene-based plasmonic 224

nanoantennas [22]. During reception, the injection of SPP 225

waves into the channel of the HEMT results in electrons being 226

pushed from the source to the drain, thereby generating a 227

voltage difference between them. Second, the major spectral 228

components of these pulses are contained within the THz 229

band [28]. Considering the THz propagation environment and 230

support of SPP waves at THz frequencies by the HEMTs and 231

graphene nanoantennas, the power spectral density (p.s.d.) 232

of the transmitted pulse is centered around 1.6 THz with a 233

3 dB bandwidth between 0.7- 2.5 THz. As we will describe in 234

Section IV, frequency directly affects spreading losses in THz 235

channels. Therefore, it is appropriate to work in the initial 236

part of the THz band with a pulse whose p.s.d. is centered 237

at approximately 1.6 THz. The Gaussian nature of the pulse 238

is chosen based on the simplicity with which it can be real- 239

ized [28]. From a hardware perspective, the time derivatives 240

of the Gaussian pulse can be easily obtained by combining 241

nanoscale delay lines [30]. Owing to the nanoantenna transfer 242

function, the first time derivative of the Gaussian pulse is 243

transmitted. 244
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FIGURE 1. Block diagram of the proposed ML-PPM with level trimming.

FIGURE 2. Binomial distribution of a typical ML-PPM signal with
L = 7 and Np = 8.

III. PROPOSED LEVEL TRIMMING SCHEME245

Fig. 1 illustrates a block diagram of the proposed ML-PPM246

with level trimming. Further, we consider Fig. 1 with a level247

trimming block. As can be observed, we trim out multilevel248

values before mapping them to the pulse positions. Level249

trimming implies that we do not map all multilevels to the250

pulse position. We exclude some of the insignificant levels251

and map a short version of the multilevel vector to the pulse252

position. This can be achieved based on the following criteria.253

Orthogonal codes used to generate the multilevel signal, dn,254

in (1) follow the tendency of the random binary code to255

exhibit equal probability with possible values {+1,−1}when256

L is sufficiently large. Therefore, we can conclude that the257

probability P {dn = l} follows a binomial distribution [33]:258

P {dn = l} =
(

L
(l + L)/2

)(
1
2

)L
, (9)259

where260 (
p
q

)
=

p!
q!(p− q)!

. (10)261

From the above equation, we can observe that the proba-262

bility that the multilevel signal has a large value is small.263

For instance, the probability that a multilevel signal will264

have a value of 1 (or −1) is 0.2734. This can also be265

observed in Fig. 2. As values of L becomes large, the266

multilevels become smaller. In the conventional ML-PPM267

(see Section II) [32], after generating the transmitted signal, 268

as shown in (7), we transmit all the generated positions 269

regardless of their different occurrence probabilities. Intu- 270

itively, we can observe that it is better to transmit the mul- 271

tilevels with large occurrence probabilities and eliminate the 272

multilevels, which occurs with small probabilities. In other 273

words, we are transmitting several multilevels with high 274

probabilities in place of multilevels having low occurrence 275

probabilities. This will definitely going to increase the data 276

rate as the time duration of the final symbol is getting reduced 277

(due to elimination of some levels). Furthermore, that time 278

period is utilized in transmitting the next symbol, hence, 279

improving the spectral efficiency. In addition, even thoughwe 280

do not transmit the multilevels having small occurrence prob- 281

abilities, it will not degrade the performance much as these 282

multilevel do not occur frequently. On the contrary, the BER 283

performance improves compared to conventional ML-PPM 284

as level trimming improves the decoding performance by 285

reducing the number of levels. In addition, level trimming 286

decreases the computation complexity at the nanoreceiver, 287

which requires each level to process. Note that now, the 288

nanoreceiver has to process a trimmed (reduced) vector size 289

rather than a full transmit vector. Hence, the signal processing 290

in the demodulation stage is significantly reduced. 291

Focusing on this phenomenon, we propose a simple and 292

powerful method to enhance the data rates of the proposed 293

scheme via level trimming. In level trimming, we trim the 294

final ML-PPM signal to only transmit levels with higher 295

occurrence probabilities and restrict the levels with lower 296

probabilities of occurrence. In this a manner, we can max- 297

imize the spectral efficiency of the ML-PPM and increase 298

the achievable data rate significantly. This can be attributed 299

to the inter-relation between the three key parameters of 300

the proposed scheme, that is, the occurrence probabilities of 301

multilevels, trimming threshold, and the spectral efficiency. 302

As presented in Fig. 2, the ML-PPM signal has a binomial 303

distribution. First, if the number of multilevels (L) increases, 304

the occurrence probabilities of tails on both sides of the 305

distribution become significantly low. In such cases, we can 306

increase the trimming threshold to trimmore levels that occur 307

with lower probabilities. Conversely, if the number of mul- 308

tilevels is low, we cannot increase the trimming threshold, 309
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TABLE 1. PPM mapping rule as per (12).

considering that all multilevels occur with similar proba-310

bilities. Second, if we increase the trimming threshold, the311

spectral efficiency will increase as more bits can be transmit-312

ted per hertz within a given bandwidth. Therefore, trimming313

threshold directly affects the spectral efficiency. Third, this314

significantly reduces the computational complexity at the315

nanoreceiver. The nanoreceiver must now process fewer slots316

to obtain the signal energy and estimate the transmitted bit.317

Therefore, we perform trimming of the multilevel signal that318

exceeds the trimming threshold.319

A. SIGNALING FORMAT320

If we let the limited maximum trimming threshold of the321

multilevel signal be Lth(≤ L), the number of each multi-322

level values of dn is eliminated to Lth + 1 with a range of323

{−Lth,−Lth + 2, . . . ,Lth − 2,Lth}. Then, each element of a324

multilevel signal vector is converted into a pulse position325

vector as326

mth
=

[
mth1 , . . . ,m

th
Np

]T
, (11)327

where328

mthn =
dn + Lth

2
. (12)329

Therefore, from (7), the transmitted signal for the ML-PPM330

with a level-trimming scheme can be expressed as331

sth(t) =
∞∑

i=−∞

Np−1∑
n=0

p
(
t − iTs − nTf − mthn δ

)
. (13)332

For an easier understanding, we present the PPM mapping333

rule in Table 1 for all possible multilevels.334

As mentioned above, the level-trimming scheme maxi-335

mizes spectral efficiency. This can easily be observed via a336

simple example. Considering Np = 4 and L = 3, the symbol337

duration Ts becomes Ts = Np(L + 1)δ = 4 · 4 · δ = 16δ.338

Using the level-trimming scheme, we set Lth = 1. Therefore,339

Ts = 4 · 2 · δ = 8δ. That is, the symbol duration can be340

reduced by half by employing a level-trimming scheme. As a341

result, the data rate of the ML-PPM with a level-trimming342

scheme is (L + 1)/ (Lth + 1) times higher than that of the343

conventional ML-PPM scheme. However, the level-trimming344

scheme inevitably suffers from artificial errors. Nevertheless,345

transmitting only a lower number of levels having higher346

FIGURE 3. Terahertz channel with 10% water vapor concentration for a
distance of 5 mm. (a) Channel frequency response showing frequency
selectivity behavior and (b) channel impulse response showing the
attenuation and time delay in reception.

occurrence probabilities results in better BER performance. 347

We will discuss this in the simulation results section. 348

IV. PROPAGATION IN THE TERAHERTZ CHANNEL 349

Unlike a conventional macroscale wireless network, in a 350

nanonetwork, the nanomachines are separated only by a few 351

nano to micrometers. Fortunately, in this distance range, 352

the THz band provides extremely large bandwidth, that is, 353

an almost 10 THz wide communication window [28]. How- 354

ever, simultaneously, the THz band is highly affected by the 355

water vapor concentration in the transmission medium owing 356

to the fact that the presence of water vapor molecules in 357

the medium results in the rise of molecular absorption loss. 358

Therefore, as the medium becomes humid, the communica- 359

tion range decreases significantly. 360

A path loss model for the entire THz band, i.e., from 361

0.1-10 THz, was presented in the pioneering work conducted 362

in [28]. Therefore, we can conclude that the THz channel 363

is highly distance dependent and frequency selective. The 364

total path loss A for a traveling EM wave in THz channel 365

can be described by combining the spreading loss Aspr and 366

molecular absorption loss Aabs as [28] 367

A(f , d) = Aspr (f , d)Aabs(f , d), (14) 368

where f is the wave frequency, and d is the distance between 369

nanomachines. The spreading loss and molecular absorption 370

loss can be further expressed as 371

Aspr (f , d) =
(
4π fd
c

)2

(15) 372

and 373

Aabs(f , d) =
1

e−k(f )d
, (16) 374
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where c is the speed of light, and k(f ) is the frequency-375

dependent medium absorption coefficient [28]. The path376

losses are related to the THz channel frequency response,377

H (f , d), as [30]378

H (f , d) =
(

1
√
A(f , d)

)
e−j2π fd/c379

=

(
1
√
4πd

)
e−k(f )d/2e−j(2π fd/c). (17)380

Following this, the THz channel impulse response can be381

easily computed by taking the inverse Fourier transform of382

the above equation as383

h(t, d) = F−1[H (f , d)]. (18)384

Note that the impulse response doesn’t have a closed-form385

and is evaluated numerically.386

Fig. 3 presents one of the THz channel realizations. The387

THz channel was concentrated with 10%water vapor, and the388

pulse propagation distance was fixed at 5mm. In the channel389

frequency response, that is, Fig. 3a, the frequency selectivity390

of the channel could be observed. That is, the attenuation391

varied significantly for different frequencies across the band.392

Furthermore, the THz channel time response, that is, Fig. 3b,393

revealed the attenuation of a propagating pulse, as well as the394

time of arrival of the pulse at the nanoreceiver. Additionally,395

several small ripples can be observed in the impulse response396

owing to the impact of molecular absorption loss in the397

channel, as described above. However, note that the impact398

of molecular absorption is quite negligible at the range of399

nanocommunication distances; this is because in the current400

scenario, we considered the water vapor concentration in a401

normal environment. However, as the water vapor concen-402

tration increases, the formation of ripples becomes signifi-403

cant, thereby leading to further degradation of the transmitted404

signal.405

V. NANORECEIVER SIGNAL PROCESSING406

The transmitted pulse was received by the nanoreceiver after407

passing through the THz channel. The received signal can be408

expressed as409

r(t) = s(t) ∗ h(t)+ nawg(t)+ nbck (t), (19)410

where h(t) is the impulse response of the THz channel,411

nawg(t) is additive white Gaussian noise (AWGN), and nbck (t)412

is the background noise of the transmission medium. Simi-413

lar to conventional communications, two primary sources of414

noise are noted in THz communications [34]: 1) electronic415

thermal noise arising at the nanoreceiver, and 2) molecular416

absorption noise induced by water vapor molecules [35].417

For the thermal noise, the corresponding histogram of the418

measured noise follows a Gaussian distribution, according419

to the noise behavior at lower frequencies. As far as the420

absorption noise is concerned, it consists of background noise421

that uses sky noise as a basis [35], [36]. In our simulation422

setup, the nanocommunication distance between the nan- 423

otransmitter and nanoreceiver was set to 0.5mm for which 424

we will compute the background noise next. 425

The atmospheric noise is caused by the temperature of the 426

absorbing medium, making the medium an effective black 427

body radiator [35]. This atmospheric noise is therefore known 428

as a background noise and can be derived from the Planck’s 429

law. This is because Planck’s law gives a general radiative 430

function of the surface of the black body [36], [37]. The 431

background noise caused by the radiation of the medium can 432

be given as [35] 433

Nbck (f ) =
2πhf 3

c2
1

exp
(

hf
kBT

)
− 1

, (20) 434

where h is the Planck constant, kB is the Boltzmann constant, 435

T is the temperature, and c is the speed of light in the com- 436

munication medium. Note that (20) corresponds to spectral 437

excitance of the surface of the black body [37]. For simplicity, 438

we assume that the transmission medium is an isothermal 439

and homogeneous medium with a thickness d . In addition, 440

considering the absorption coefficient of the water vapor 441

molecules, background noise p.s.d. can be formulated as [35] 442

SNbck (f ) =
∫ d

0
Nbck (f )k(f )e−k(f )sds (21) 443

= Nbck (f )(1− e−k(f )d ), (22) 444

where k(f ) is the absorption coefficient of the medium and 445

d is the distance between the nanotransmitter and nanore- 446

ceiver. In other words, the integral in (21) describes the noise 447

intensity at the center of a sphere with a radius d , given all the 448

points s in the medium contribute to the noise intensity. Fur- 449

thermore, by taking into account the ideal antenna aperture 450

term, background noise can be approximated as 451

SNbck (f ) = Nbck (f )(1− e−k(f )d )
c2

4π f 20
, (23) 452

where f0 is the antenna radiation center frequency. Combining 453

above equations, the final backgroud noise can be given as 454

SNbck (f ) = lim
d→∞

kBT (1− e−k(f )d )
(

c
√
4π f0

)2

. (24) 455

Note that as a special case of THz communication in air, the 456

Planck’s law term in (20) is reduced to kBT . 457

Fig. 4 shows the background noise for the THz nanocom- 458

munication considering our simulation scenario. As can be 459

observed, the p.s.d. of the noise is very small and hence, the 460

conventional electronic thermal noise at the receiver will play 461

a major role. Although using the AWGN model is not ideal 462

for the entire THz band, accurate stochastic noise models 463

for electronic noise at THz nanoreceivers are still lacking. 464

Therefore, in this study, we have used the AWGNmodel with 465

noise power adjusted according to the Eb/N0 values and the 466

code length. 467
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FIGURE 4. Background noise in the THz communication for the distance
of d = 0.5 mm and f0 = 1.6 THz.

Next, we assume that the nanoreceiver is exactly syn-468

chronized with the nanotransmitter. Demodulation at the469

nanoreceiver is performed using a noncoherent energy detec-470

tion receiver. The signal is first passed through continuous-471

time moving average integrators, followed by a subsequent472

sampler. The nanoreceiver performs demodulation at the473

ith signal interval and produces a correlation metric of length474

(Lth + 1)Np as475

r =
[
r0, . . . , rNp−1

]T
, (25)476

with477

rn =
[
rn,0, . . . , rn,Lth

]T
, (26)478

where the decision variable rn,j is obtained as479

rn,j =
∫ iTs+nTf+(j+1)δ

iTs+nTf+jδ
r2(t)dt, (27)480

where r2(t) is the square of the received signal [38].481

Here, we observed a reduction in the computational com-482

plexity at the nanoreceiver compared to the conventional483

ML-PPM. In the traditional ML-PPM, the number of metrics484

required to process during demodulation was (L + 1)Np.485

However, by introducing level trimming, the length of486

the correlation metric was significantly reduced by a fac-487

tor of (Lth + 1) / (L + 1). Therefore, based on the value488

of Lth, nanoreceiver signal processing can be significantly489

reduced, whereas the data rate can be significantly improved490

simultaneously.491

Following this, based on the maximum-likelihood decision492

rule, we detected the position of the transmitted pulse and493

regenerated the multilevel signal as494

m̂th
=

[
m̂th1 , . . . , m̂

th
Np

]T
, (28)495

where496

m̂thn = arg max
j=0,...,Lth

(
rn,j
)
. (29)497

TABLE 2. Physical Parameters Used in the Simulations.

Next, the demodulated multilevel signal d̂ can be 498

described as 499

d̂ =
[
d̂1, . . . , d̂Np

]T
, (30) 500

where 501

d̂n = 2m̂thn − Lth. (31) 502

Finally, L data contained in d̂ are decoded by orthogonal 503

codes used at the transmitter with a hard decision as 504

z = ST · d̂ (32) 505

and 506

b̂ = sgn{z}. (33) 507

Owing to the level-trimming process, the demodulated 508

multilevel signal suffers from artificial errors. However, the 509

de-spreading process using orthogonal codes reduces the 510

occurrence of errors owing to the processing gain [39]. 511

Artificial errors occur owing to level trimming at the transmit- 512

ter, that is, signal vector size reduction. Considering that the 513

level trimming reduced the transmit vector size, the receiver 514

thinks that the reduced vector size is the original transmitted 515

vector size and starts to demodulate the signal processing the 516

level-trimming errors. In other words, the receiver demod- 517

ulates a vector, where each element of the vector possess 518

level trimming errors. Conversely, our signal is generated by 519

multiplication via an orthogonal code (similar to the CDMA). 520

Considering that the signal is generated using orthogonal 521

codes, a processing gain is achieved at the nanoreceiver. 522

Owing to this processing gain, the performance of the pro- 523

posed scheme further improves. 524

VI. SIMULATION RESULTS 525

Herein, we present the simulation environment and the results 526

to verify the validity of the proposed scheme. For the trans- 527

mission, we used a 100 fs-long Gaussian pulse with a cen- 528

tral frequency of 1.6 THz and a 3 dB bandwidth between 529

0.7-2.5 THz. In other words, note that the pulse width is 530

fixed, that is, the pulse bandwidth is fixed. Therefore, our 531

goal is to increase the data rate within a given bandwidth, 532

which is spectral efficiency. Additionally, the energy of the 533

pulse was considered to be 1 aJ per energy constraint at the 534
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FIGURE 5. Comparison of BER performance of the enhanced ML-PPM and
conventional ML-PPM schemes with d = 0.5 mm and Np = 8.

nanolevel [30]. Walsh Hadamard codes [40] were used to535

generate a multilevel signal. A THz channel with a 10%536

water vapor concentration was considered as a transmission537

medium for the signal. For other atmospheric gases, their538

average concentrations in a dry atmosphere were used [28].539

Moreover, one pulse per frame was used in the simulation.540

At reception, an energy detection-based nanoreceiver was541

considered. After extracting energy from each chip, the max-542

imum energy was chosen as the correct position and sub-543

sequently demodulated. The number of Monte Carlo runs544

was fixed at 104 per channel. Table 2 presents the remaining545

simulation parameters.546

As a performance metric, we decided to consider the BER547

and achievable data rate. The achievable data rate, R, can be548

defined as a function of the BER and maximum transmission549

data rate, Rmax, as550

R , Rmax(1− BER), (34)551

where552

Rmax =
total number of bits transmitted/symbol

time to transmit one symbol
(35)553

is given in bits per second (bps). Considering that δ = Tp,554

Tf = (L + 1)δ, and Ts = NpTf , the maximum achievable555

data rate can be expressed as556

Rmax =
L

Np(L + 1)δ
. (36)557

Similarly, the achievable data rate of the proposed ML-PPM558

with a level-trimming scheme is given as559

RLT = RLTmax(1− BER), (37)560

with561

RLTmax =
L

Np(Lth + 1)δ
. (38)562

Note that the BER is simulated, where as achievable data563

rate, R, is numerically evaluated using (34).564

FIGURE 6. Comparison of achievable data rate performance of the
enhanced ML-PPM and conventional ML-PPM schemes with d = 0.5 mm
and Np = 8.

FIGURE 7. BER performance of ML-PPM with level trimming according to
various threshold values of Lth [d = 0.5 mm, Np = 8, and L = 5].

Fig. 5 compares the BER results of the proposed and 565

conventional ML-PPM schemes for a nanocommunication 566

distance of 0.5mm. The value of Lth is 3. The figure reveals 567

that the proposed level-trimming scheme can enhance the 568

BER performance of the conventional scheme, considering 569

that the allocated energy to each pulse becomes larger to 570

maintain the same Eb/N0 with fewer pulses. Next, Fig. 6 571

depicts the achievable data rate of the proposed scheme, 572

which is extremely high compared with that of the conven- 573

tional scheme. The data rate of the conventional ML-PPM 574

saturates at approximately 1 Tbps, whereas the data rate of the 575

proposed level-trimming scheme almost achieves a value of 576

1.6 Tbps. Moreover, compared to the five levels transmitted 577

in conventional ML-PPM, level-trimming scheme eliminates 578

two levels that has lowest occurrence probabilities and trans- 579

mitted only three levels, which reduced signal processing at 580

the nanoreceiver. 581
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FIGURE 8. Achievable data rate performance of the enhanced ML-PPM
and conventional ML-PPM schemes [d = 0.5 mm, Np = 8, and L = 5].

Next, we demonstrate the effect of trimming of various582

levels on the ML-PPM scheme. The distance between the583

nanotransmitter and the nanoreceiver was fixed at 0.5mm.584

Similar to the previous results, the value of L was 5.585

However, the values of Lth varied, that is, an equal number586

of levels were trimmed from both sides of the distribution,587

and only the levels with higher probabilities were transmitted588

(cf. Fig. 2). As presented in Fig. 7, the higher the level of589

trimming, the better is the BER performance. In other words,590

transmitting a lower number of levels with higher occurrence591

probabilities results in better BER performance. This can be592

attributed to the higher energy allocated to each pulse and the593

reduced correlationmetric obtained via level trimming, which594

can minimize the possibility of error while demodulating595

the pulse position. For instance, in the case of Lth = 1,596

where we eliminated all the levels with lower probabilities597

and transmitted only the levels with the highest probabilities,598

that is, levels corresponding to −1 and 1, we achieved the599

best performance. This resulted in better decoding at the600

nanoreceiver.601

Fig. 8 presents the achievable data rate of the proposed602

scheme for various values of Lth. The data rate improved as603

the number of transmitted multilevels decreased. For Lth = 1,604

we obtained over three times the data rate compared with that605

in the conventional ML-PPM, that is, Lth = 5. This indi-606

cated that our proposed level-trimming scheme significantly607

boosted the data rate of the nanolink.608

Fig. 9 illustrates the performance of the conventional609

ML-PPM scheme with L = 7. For the ML-PPM with level610

trimming, we used four different trimming thresholds, that611

is, Lth = 1, 3, 5, and 7. The remaining parameters were612

maintained constant. We observed that the BER improved as613

Lth decreased. Note that as Lth decreased, the total number of614

fundamental bit energies, Eb, increased. In other words, each615

pulse received a larger amount of energy to maintain the same616

Eb/N0. Moreover, owing to level trimming, the number of617

pulse positions was reduced, which led to a denser pulse train618

FIGURE 9. BER performance of ML-PPM with level trimming according to
various threshold values of Lth [d = 0.5 mm, Np = 8, and L = 7].

and higher average power of the signal ultimately improving 619

the BER. 620

Fig. 10 presents the achievable data rate of the conventional 621

ML-PPM scheme with L = 7. For the ML-PPM with level 622

trimming, the trimming threshold values were maintained the 623

same as above. Note that with a higher value of L, trimming 624

threshold can also be higher. From the figure, we observed 625

that depending on the value of trimming threshold, data rate 626

was increased manifolds. Another interesting fact was that 627

increasing L itself increased the data rate over one order 628

of magnitude. For instance, with Lth = 1 and L = 5, 629

we obtained a data rate of 3.125 Tbps, whereas for Lth = 1 630

and L = 7, we obtained 4.375 Tbps in the high signal-to- 631

noise ratio region, considering that level trimming resulted in 632

a shorter symbol duration. This results in more data transmis- 633

sions per time interval. Simultaneously, it should be noted that 634

the nanoreceiver was highly relaxed as it had to decode fewer 635

multilevels, thereby reducing the decoding positioning errors. 636

Overall, the proposed level-trimming approach functioned 637

well with all trimming thresholds and improved the data rate 638

of the conventional ML-PPM scheme. Note that the authors 639

have not considered any numerical criteria to set the trim- 640

ming threshold, and they only trimmedmultilevels with lower 641

probabilities. In other words, multilevels should always be 642

trimmed based on the lowest occurrence probability criteria. 643

There is another insight that can be derived from the 644

above simulations. From the simulation results, we found that 645

even though level-trimming causes artificial errors, it reduces 646

the decoding positions for the nanoreceiver, hence, improving 647

the decoding performance. It means that reducing the number 648

of decoding positions is much better than getting artificial 649

errors caused by the level-trimming. In other words, even 650

though we add artificial errors by level trimming, by reducing 651

the number of decoding positions for the nanoreceiver, we get 652

a better BER and achievable data rate. At the same time, com- 653

putational complexity of the nanoreceiver is also reduced. 654

Therefore, we can say that even though level trimming causes 655
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FIGURE 10. Achievable data rate performance of the enhanced ML-PPM
and conventional ML-PPM schemes [d = 0.5 mm, Np = 8, and L = 7].

artificial errors, it is beneficial as it improves the communi-656

cation performance of the system.657

VII. CONCLUSION658

This paper presents a modulation scheme called ML-PPM659

for THz band-based nanonetworks. Furthermore, we propose660

an enhancement to the scheme by introducing the concept661

of level trimming. Level trimming significantly boosts the662

achievable data rate of the nanocommunication system by663

eliminating levels that are below a certain threshold. During664

our analysis, a THz channel with 10% concentration of665

water vapormolecules was considered. The simulation results666

demonstrated amaximum of approximately 2 dB gain in BER667

performance of the proposed level-trimming scheme com-668

pared to that of the conventional ML-PPM scheme, as well669

as a fourfold boost in the achievable data rate. Moreover,670

it addressed the complexity at the nanoreceiver, considering671

that it had very few levels for comparison and decoding.672

In addition, we can deduce that reducing the decoding posi-673

tion error is better than increasing the artificial errors caused674

by level trimming. As application domains of nanocommu-675

nications demand extremely high data rates on the order of676

Tbps, we believe that this study is a way forward in establish-677

ing the same.678
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