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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-
defined metamaterials, in-body communication, and on-chip communication. This study adopts a modulation
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 conventional ML-PPM. For instance, ML-PPM with 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 1Tbps under the same network conditions. At the same time, a 2dB 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.

INDEX TERMS Level trimming, multilevel, nanocommunication, pulse position modulation, terahertz
band.

I. INTRODUCTION

Nanomachines, which are typically nano to microsized
devices that can perform simple tasks such as sensing, local
actuation, storage, and limited computation at the nanolevel,
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are under investigation as a breakthrough in nanotechnol-
ogy [1], [2]. Communication among nanomachines, that
is, nanocommunication [3], [4], [5], increases the range
of operation and capability of a nanomachine multifold
to accomplish complex tasks. The resulting nanonetwork
[2], [5], [6], [7], [8] can enable new advanced applications
of nanotechnology in the fields of biomedicine [9], [10],
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environment [5], [8], and military [7], [8], [11]. One of the
forefront applications of nanonetworks lies in the medical
field for in-body communications. For example, mobile med-
ical nanodevices can access regions of the human body, such
as blood vessels and the brain, and monitor the levels of
nutrients in real time. In addition, nanomachines can aid in
the early diagnosis and treatment of malicious agents, such
as viruses and cancer cells. This can enable pioneering appli-
cations such as immune system support, bio-hybrid implants,
targeted drug delivery systems, and real-time health monitor-
ing [3]. In case of the environment, chemical nanosensors can
be used for crop monitoring, bio-degradation assistance, and
air pollution control [4]. Similarly, chemical and biological
nanosensors can be used to detect harmful chemicals and
biological weapons in a distributed manner [2]. A wireless
nanosensor network can converge information on the molec-
ular composition of air at a specific location to a macro device
in a very short time. In addition, nanocommunication forms
an essential part of future wireless communication, which
includes 6G and beyond 6G networks [12], [13] and the
Internet of nano things (IoNT) [14], [15], [16]. Using IoNT,
a nanotransceiver can be embedded in every object, thereby
allowing it to be permanently connected to the internet.

Several nanocommunication paradigms have been pro-
posed in the literature, including electromagnetic (EM),
molecular, and acoustic communications. Among these,
EM nanocommunication is the foremost research area, which
can be realized in the terahertz (THz) band, that is, from
0.1-10THz [3], [11], [17], [18], [19], [20]. This can be
attributed to the discovery of novel nanomaterials, such as
graphene and carbon nanotubes, which exhibit promising
electrical and optical properties and support the transmis-
sion of surface plasmon polariton (SPP) waves with THz
frequencies [21], [22], [23]. In addition, the THz band has
been extensively explored from different aspects over the last
decade for future wireless communication [11], [19], [24],
[25]. Moreover, in 2019, the U.S. Federal Communications
Commission licensed the use of THz frequency, specifically,
from 95 GHz to 3 THz, to develop 6G technology in subTHz
frequency bands. This license is called the spectrum hori-
zon license [26]. Therefore, EM nanocommunication in the
THz band is envisioned as a key technology for ubiquitous
wireless communications beyond 5G. More importantly, the
application domains of nanonetworks, including the Internet
of multimedia nanothings [16] and bio-nano things [27],
require ultrahigh-speed data rates in the terabits per second
(Tbps) range, which could be accomplished using the THz
nanocommunications [28].

Although nanocommunication has considerable potential,
it suffers from certain fundamental challenges, as techniques
to establish communication between nanomachines are yet to
be developed. This can be attributed to several reasons. First,
conventional communication techniques cannot be directly
applied to the nanoscale domain. Nanodevices are extremely
small-scale devices, and the properties of materials here dif-
fer significantly from those at the macroscale. In addition,
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owing to the nanoscale dimensions, there exist size, mem-
ory, and signal generation, as well as signal processing,
constraints on the nanomachines. For example, conven-
tional high-frequency carrier-based communication cannot
be used for nanoscale communication, predominantly owing
to the ultra-small size and limited capabilities of nanodevices
[22], [23]. Moreover, the generation and reception of
ultrahigh-frequency carrier signals require power-hungry cir-
cuits and processors, which is not feasible at the nanolevel.
Overall, the nanoscale dimension imposes stringent restric-
tions on size and power, which indicates the pressing need for
simple and ultraefficient modulations. Morever, state-of-the-
art wireless technologies still cannot support Tbps links [11].
Therefore, carrier-less communication can be considered as
an alternative [29]. In other words, pioneering research on
nanonetworks discourages the use of methods that require
significant signal processing and suggests pulse-based com-
munication as a alternative to achieve Tbps data rates simul-
taneously [28], [30], [31]. In [28], the authors analyzed the
THz channel and proposed the use of an ultrashort one-
hundred femtosecond long pulse for transferring information
bits. The scheme proposed in [30] depends on the emission of
femtosecond-long Gaussian pulses by adopting on-off keying
modulation. Conversely, the scheme proposed in [31] follows
pulse position modulation (PPM) utilizing the same one-
hundred-femtosecond-long Gaussian pulses.

Along the same lines, in our previous study, we developed a
modulation scheme for THz band-based nanocommunication
called multilevel pulse position modulation (ML-PPM) [32].
A multilevel scheme uses several orthogonal codes simul-
taneously and is combined with a PPM scheme to achieve
not only variable and high data rates but also processing
gain at the nanoreceiver end, thereby guaranteeing the ben-
efits of PPM. This paper proposes an enhanced version of
the conventional ML-PPM scheme. In particular, we employ
a new technique called level trimming to the conventional
ML-PPM. In the conventional ML-PPM, the probability that
multilevel signals have larger values is small and smaller
values is large. In other words, the multilevel signal fol-
low a binomial distribution. In this study, using the level-
trimming approach, we trim our multilevel signal to trans-
mit only the levels with higher occurrence probabilities and
eliminate levels with lower occurrence probabilities. That
is, we prohibit the transmission of levels that occur with
lower probabilities. This results in two effects: First, this will
increase the data rate with additional performance enhance-
ment, and second, this can significantly reduce computational
complexity at the nanoreceiver. Moreover, we analyze how
transmitting fewer levels with higher probabilities boosts the
data rate of the ML-PPM. The primary contributions of this
study are as follows.

1) The proposed scheme with a level-trimming approach
increases the data rate of the THz nanocommunication
system by over two times with a lower number of levels,
thereby achieving spectral gain in the THz band and
spectral-efficient modulation.
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2) The bit error rate (BER) performance of the proposed
scheme is compared with that of the conventional
ML-PPM scheme, and the results reveal that the pro-
posed scheme performs better.

3) The computational complexity of transceivers is
reduced comparatively by the transmission of fewer
levels.

The remainder of the paper is organized as follows.
Section II provides an overview of the conventional ML-PPM
scheme. In Section III, we introduce the level-trimming
scheme in ML-PPM and discuss how level trimming achieves
spectral efficiency along with a signal model. Section IV
describes the THz propagation environment in which the
simulations were carried out. In Section V, we model the
nanoreceiver along with THz noise and show how level trim-
ming reduces the nanoreceiver complexity manifolds without
affecting the data rates. Through simulations, in Section VI,
we confirm that the proposed ML-PPM with level trimming
presents an improved BER curve and a significantly greater
achievable data rate compared to the conventional ML-PPM
under the same nanocommunication channel environment.
Finally, Section VII concludes the paper.

Il. BACKGROUND OF MULTILEVEL PULSE

POSITION MODULATION

First, we describe the conventional ML-PPM scheme. Fig. 1
illustrates a block diagram of the proposed ML-PPM with
a level-trimming scheme; note that the figure essentially
illustrates the conventional ML-PPM scheme if the level-
trimming block is excluded. Each data block comprises L
binary phase-shift keying modulated datab = [by, ..., b, ],
which are then encoded by L binary orthogonal codes of
length N, to obtain a multilevel signal vector as follows:

T
d=S-b=[di,....dy,] . (1)
where
S={st,...,s] (2)
is an N, x L binary orthogonal code matrix, and §; =
[s1.0,---s sz,l]T, sn.1 € {+1, —1} denotes the /th orthogonal

code. Then, each element of d has L 4 1 symmetric possible
multilevel values, thatis,d, = {—-L,—-L+2,...,L —2,L}.
In addition, L < N, — 1. In other words,

Np = 2", 3
where
m = [logy(L)]. “
Subsequently, each element of d is then pulse position
modulated to generate a pulse position vector, given as
T
m=[m,....my]", 3)
with
dy+L
2 b

(6)

my, =
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where m,, denotes the delay in determining the pulse position.
Note that we only require L 4+ 1 positions to transmit L bits,
which is the central idea of the ML-PPM scheme. For sim-
plicity, we omit the multiple-access scheme [32] and assume
a single user case. After passing through the THz pulse
shaping filter, the transmitted THz signal in ML-PPM has
the form

o Np—1
s(t) = Z Z p (t —iTs — nTy — m,,(?) , @)

i=—00 n=0

where & denotes the pulse spacing between two consecu-
tive emission time slots, and p(¢) represents a one-hundred-
femtosecond long Gaussian pulse with a duration 7, and
energy E,. The transmitted signal, which contains L data,
occupies a total of N, frames with a duration Ty and requires
a time duration Ty = N,Ty, where Ty = (L + 1)4. The basic
THz pulse p(¢) is Gaussian in nature and is defined as

@ -/ 202
Voo / ®
where « is a constant, o is the standard deviation, and w is the
pulse mean. The pulse energy E, can be expressed as E, =
ffooo pz(t)dt. The width of the pulse is chosen to be ultrashort
at just 100fs, and the energy is considered on the order of
attojoules (1aJ = 10718 J),

The reason for choosing a 100 fs-long pulse is supported
by the recent developments in state-of-the-art THz band
signal generators and detectors. First, from the hardware
perspective, the application of a voltage between the source
and drain of a high-electron-mobility transistor (HEMT)
excites SPP waves. At room temperature, SPP waves are
overdamped, which only generates broadband incoherent
waveforms, that is, extremely short pulse-like radiation (one-
hundred-femtosecond long) [30]. Additionally, the generated
SPP wave can be radiated by graphene-based plasmonic
nanoantennas [22]. During reception, the injection of SPP
waves into the channel of the HEMT results in electrons being
pushed from the source to the drain, thereby generating a
voltage difference between them. Second, the major spectral
components of these pulses are contained within the THz
band [28]. Considering the THz propagation environment and
support of SPP waves at THz frequencies by the HEMTs and
graphene nanoantennas, the power spectral density (p.s.d.)
of the transmitted pulse is centered around 1.6 THz with a
3 dB bandwidth between 0.7- 2.5 THz. As we will describe in
Section IV, frequency directly affects spreading losses in THz
channels. Therefore, it is appropriate to work in the initial
part of the THz band with a pulse whose p.s.d. is centered
at approximately 1.6 THz. The Gaussian nature of the pulse
is chosen based on the simplicity with which it can be real-
ized [28]. From a hardware perspective, the time derivatives
of the Gaussian pulse can be easily obtained by combining
nanoscale delay lines [30]. Owing to the nanoantenna transfer
function, the first time derivative of the Gaussian pulse is
transmitted.

pt) =
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FIGURE 1. Block diagram of the proposed ML-PPM with level trimming.

Probability
o f=]
— e ¥} e
W (3] W w

o

)

=)
= S
& —o
f——o

-
W
w
w
W
~

Multi-level values

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

Ill. PROPOSED LEVEL TRIMMING SCHEME

Fig. 1 illustrates a block diagram of the proposed ML-PPM
with level trimming. Further, we consider Fig. 1 with a level
trimming block. As can be observed, we trim out multilevel
values before mapping them to the pulse positions. Level
trimming implies that we do not map all multilevels to the
pulse position. We exclude some of the insignificant levels
and map a short version of the multilevel vector to the pulse
position. This can be achieved based on the following criteria.
Orthogonal codes used to generate the multilevel signal, dj,,
in (1) follow the tendency of the random binary code to
exhibit equal probability with possible values {+1, —1} when
L is sufficiently large. Therefore, we can conclude that the
probability P {d, = I} follows a binomial distribution [33]:

Pld, =1} = L AN 9
“"&+w96>’ ©

D p!
Q>:¢@—W' (10

From the above equation, we can observe that the proba-
bility that the multilevel signal has a large value is small.
For instance, the probability that a multilevel signal will
have a value of 1 (or —1) is 0.2734. This can also be
observed in Fig. 2. As values of L becomes large, the
multilevels become smaller. In the conventional ML-PPM

where
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(see Section II) [32], after generating the transmitted signal,
as shown in (7), we transmit all the generated positions
regardless of their different occurrence probabilities. Intu-
itively, we can observe that it is better to transmit the mul-
tilevels with large occurrence probabilities and eliminate the
multilevels, which occurs with small probabilities. In other
words, we are transmitting several multilevels with high
probabilities in place of multilevels having low occurrence
probabilities. This will definitely going to increase the data
rate as the time duration of the final symbol is getting reduced
(due to elimination of some levels). Furthermore, that time
period is utilized in transmitting the next symbol, hence,
improving the spectral efficiency. In addition, even though we
do not transmit the multilevels having small occurrence prob-
abilities, it will not degrade the performance much as these
multilevel do not occur frequently. On the contrary, the BER
performance improves compared to conventional ML-PPM
as level trimming improves the decoding performance by
reducing the number of levels. In addition, level trimming
decreases the computation complexity at the nanoreceiver,
which requires each level to process. Note that now, the
nanoreceiver has to process a trimmed (reduced) vector size
rather than a full transmit vector. Hence, the signal processing
in the demodulation stage is significantly reduced.

Focusing on this phenomenon, we propose a simple and
powerful method to enhance the data rates of the proposed
scheme via level trimming. In level trimming, we trim the
final ML-PPM signal to only transmit levels with higher
occurrence probabilities and restrict the levels with lower
probabilities of occurrence. In this a manner, we can max-
imize the spectral efficiency of the ML-PPM and increase
the achievable data rate significantly. This can be attributed
to the inter-relation between the three key parameters of
the proposed scheme, that is, the occurrence probabilities of
multilevels, trimming threshold, and the spectral efficiency.
As presented in Fig. 2, the ML-PPM signal has a binomial
distribution. First, if the number of multilevels (L) increases,
the occurrence probabilities of tails on both sides of the
distribution become significantly low. In such cases, we can
increase the trimming threshold to trim more levels that occur
with lower probabilities. Conversely, if the number of mul-
tilevels is low, we cannot increase the trimming threshold,
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TABLE 1. PPM mapping rule as per (12).

dp my,
—Lyp, 0

—Lip + 2 1

—Liyp +4 2

Ly, —4 Ly, — 2
Ly, — 2 Ly, —1
Lip Ln

considering that all multilevels occur with similar proba-
bilities. Second, if we increase the trimming threshold, the
spectral efficiency will increase as more bits can be transmit-
ted per hertz within a given bandwidth. Therefore, trimming
threshold directly affects the spectral efficiency. Third, this
significantly reduces the computational complexity at the
nanoreceiver. The nanoreceiver must now process fewer slots
to obtain the signal energy and estimate the transmitted bit.
Therefore, we perform trimming of the multilevel signal that
exceeds the trimming threshold.

A. SIGNALING FORMAT

If we let the limited maximum trimming threshold of the
multilevel signal be L (< L), the number of each multi-
level values of d, is eliminated to Ly + 1 with a range of
{—Lmp, =Ly, + 2, ..., Ly — 2, Lyp}. Then, each element of a
multilevel signal vector is converted into a pulse position
vector as

T
m’ = [m’lh,...,mf\}llp] , (11)

where
mih =Gt Ln
2
Therefore, from (7), the transmitted signal for the ML-PPM
with a level-trimming scheme can be expressed as

(12)

o Np—1
shoy= 30 3 (=i —nTy —miis) . (13)
i=—o00 n=0

For an easier understanding, we present the PPM mapping
rule in Table 1 for all possible multilevels.

As mentioned above, the level-trimming scheme maxi-
mizes spectral efficiency. This can easily be observed via a
simple example. Considering N, = 4 and L = 3, the symbol
duration Ty becomes Ty = Np(L + 1) = 4-4 -5 = 164.
Using the level-trimming scheme, we set Ly, = 1. Therefore,
Ty, = 4 -2 -85 = 86§. That is, the symbol duration can be
reduced by half by employing a level-trimming scheme. As a
result, the data rate of the ML-PPM with a level-trimming
scheme is (L + 1)/ (L + 1) times higher than that of the
conventional ML-PPM scheme. However, the level-trimming
scheme inevitably suffers from artificial errors. Nevertheless,
transmitting only a lower number of levels having higher
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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.
We will discuss this in the simulation results section.

IV. PROPAGATION IN THE TERAHERTZ CHANNEL

Unlike a conventional macroscale wireless network, in a
nanonetwork, the nanomachines are separated only by a few
nano to micrometers. Fortunately, in this distance range,
the THz band provides extremely large bandwidth, that is,
an almost 10 THz wide communication window [28]. How-
ever, simultaneously, the THz band is highly affected by the
water vapor concentration in the transmission medium owing
to the fact that the presence of water vapor molecules in
the medium results in the rise of molecular absorption loss.
Therefore, as the medium becomes humid, the communica-
tion range decreases significantly.

A path loss model for the entire THz band, i.e., from
0.1-10 THz, was presented in the pioneering work conducted
in [28]. Therefore, we can conclude that the THz channel
is highly distance dependent and frequency selective. The
total path loss A for a traveling EM wave in THz channel
can be described by combining the spreading loss Ay, and
molecular absorption loss A as [28]

A(f,d) =Aspr(fad)Aahs(fad)a (14)

where f is the wave frequency, and d is the distance between
nanomachines. The spreading loss and molecular absorption
loss can be further expressed as

drfd \?
Awmd)=< ”Cf ) (15)
and
1
Aas(f o d) = —g757- (16)
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where ¢ is the speed of light, and k(f) is the frequency-
dependent medium absorption coefficient [28]. The path
losses are related to the THz channel frequency response,
H(f,d), as [30]
1 ; .
H(f,d) — < )ejzﬂfd/c
VA, d)
L\ k)2 —jngfo
=——)e e . (17)
< VAand )
Following this, the THz channel impulse response can be
easily computed by taking the inverse Fourier transform of
the above equation as

ht,d) = F'H(, d)]. (18)

Note that the impulse response doesn’t have a closed-form
and is evaluated numerically.

Fig. 3 presents one of the THz channel realizations. The
THz channel was concentrated with 10% water vapor, and the
pulse propagation distance was fixed at 5 mm. In the channel
frequency response, that is, Fig. 3a, the frequency selectivity
of the channel could be observed. That is, the attenuation
varied significantly for different frequencies across the band.
Furthermore, the THz channel time response, that is, Fig. 3b,
revealed the attenuation of a propagating pulse, as well as the
time of arrival of the pulse at the nanoreceiver. Additionally,
several small ripples can be observed in the impulse response
owing to the impact of molecular absorption loss in the
channel, as described above. However, note that the impact
of molecular absorption is quite negligible at the range of
nanocommunication distances; this is because in the current
scenario, we considered the water vapor concentration in a
normal environment. However, as the water vapor concen-
tration increases, the formation of ripples becomes signifi-
cant, thereby leading to further degradation of the transmitted
signal.

V. NANORECEIVER SIGNAL PROCESSING

The transmitted pulse was received by the nanoreceiver after
passing through the THz channel. The received signal can be
expressed as

r(1) = s(t) % h(t) + nawg(r) + npcx (1), (19)

where h(t) is the impulse response of the THz channel,
Nawg(t) is additive white Gaussian noise (AWGN), and np (1)
is the background noise of the transmission medium. Simi-
lar to conventional communications, two primary sources of
noise are noted in THz communications [34]: 1) electronic
thermal noise arising at the nanoreceiver, and 2) molecular
absorption noise induced by water vapor molecules [35].
For the thermal noise, the corresponding histogram of the
measured noise follows a Gaussian distribution, according
to the noise behavior at lower frequencies. As far as the
absorption noise is concerned, it consists of background noise
that uses sky noise as a basis [35], [36]. In our simulation
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setup, the nanocommunication distance between the nan-
otransmitter and nanoreceiver was set to 0.5 mm for which
we will compute the background noise next.

The atmospheric noise is caused by the temperature of the
absorbing medium, making the medium an effective black
body radiator [35]. This atmospheric noise is therefore known
as a background noise and can be derived from the Planck’s
law. This is because Planck’s law gives a general radiative
function of the surface of the black body [36], [37]. The
background noise caused by the radiation of the medium can
be given as [35]

2 hf3 1
Npek(f) = 2f

¢ exp (,(i;—’;) -1

where £ is the Planck constant, kg is the Boltzmann constant,
T is the temperature, and c is the speed of light in the com-
munication medium. Note that (20) corresponds to spectral
excitance of the surface of the black body [37]. For simplicity,
we assume that the transmission medium is an isothermal
and homogeneous medium with a thickness d. In addition,
considering the absorption coefficient of the water vapor
molecules, background noise p.s.d. can be formulated as [35]

(20)

d
SNy ) = /0 Npek (Fk(f e K ds 1)
= Nper(f)(1 — e 7Ky, (22)

where k(f) is the absorption coefficient of the medium and
d is the distance between the nanotransmitter and nanore-
ceiver. In other words, the integral in (21) describes the noise
intensity at the center of a sphere with a radius d, given all the
points s in the medium contribute to the noise intensity. Fur-
thermore, by taking into account the ideal antenna aperture
term, background noise can be approximated as

2
_ c
SN F) = Npet ()1 — e ¥ — (23)
arf;
where fj is the antenna radiation center frequency. Combining
above equations, the final backgroud noise can be given as

2
C

— ) . 24

V47Tfo> 9

Note that as a special case of THz communication in air, the
Planck’s law term in (20) is reduced to kgT .

Fig. 4 shows the background noise for the THz nanocom-
munication considering our simulation scenario. As can be
observed, the p.s.d. of the noise is very small and hence, the
conventional electronic thermal noise at the receiver will play
a major role. Although using the AWGN model is not ideal
for the entire THz band, accurate stochastic noise models
for electronic noise at THz nanoreceivers are still lacking.
Therefore, in this study, we have used the AWGN model with
noise power adjusted according to the Ej /Ny values and the
code length.

Sh () = Jim kgT (1 — ) <
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FIGURE 4. Background noise in the THz communication for the distance
of d = 0.5 mm and f, = 1.6 THz.

Next, we assume that the nanoreceiver is exactly syn-
chronized with the nanotransmitter. Demodulation at the
nanoreceiver is performed using a noncoherent energy detec-
tion receiver. The signal is first passed through continuous-
time moving average integrators, followed by a subsequent
sampler. The nanoreceiver performs demodulation at the
ith signal interval and produces a correlation metric of length
(L + DN, as

r={[ro,....tn1]", (25)

with
T
. rn,L,;,] ’ (26)

where the decision variable 7, ; is obtained as

rp=[rno. ..

iTs+nTy+(j+1)8
Fuj = / r2(t)dt, (27)
i

Ts+nTy+j

where r2(f) is the square of the received signal [38].
Here, we observed a reduction in the computational com-
plexity at the nanoreceiver compared to the conventional
ML-PPM. In the traditional ML-PPM, the number of metrics
required to process during demodulation was (L + 1) Np.
However, by introducing level trimming, the length of
the correlation metric was significantly reduced by a fac-
tor of (L, + 1) /(L + 1). Therefore, based on the value
of Ly, nanoreceiver signal processing can be significantly
reduced, whereas the data rate can be significantly improved
simultaneously.

Following this, based on the maximum-likelihood decision
rule, we detected the position of the transmitted pulse and
regenerated the multilevel signal as

T
~th _ | ~th ~th
i —[ml,...,mNp] , (28)
where
~ th
' =arg max (). (29)
J=0,....Lp
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TABLE 2. Physical Parameters Used in the Simulations.

Parameter Value

Pulse width (7} 100 fs

Level trimming threshold (L) 1,3,5,7
Number of multilevels (L) 5,7

Number of pulses (V) 8

Distance (d) 0.5 mm
Normalizing constant (c) 8510729
Speed of light (c) 2.99-10% m/s
Antenna design center frequency (fo) 1.6 THz

Next, the demodulated multilevel signal d can be
described as

R N R T
dz[dl,...,dN] , (30)
where
dy = 2" — Ly, (31)

Finally, L data contained in d are decoded by orthogonal
codes used at the transmitter with a hard decision as

z=S8".d (32)
and
b= sgn{z}. (33)

Owing to the level-trimming process, the demodulated
multilevel signal suffers from artificial errors. However, the
de-spreading process using orthogonal codes reduces the
occurrence of errors owing to the processing gain [39].
Artificial errors occur owing to level trimming at the transmit-
ter, that is, signal vector size reduction. Considering that the
level trimming reduced the transmit vector size, the receiver
thinks that the reduced vector size is the original transmitted
vector size and starts to demodulate the signal processing the
level-trimming errors. In other words, the receiver demod-
ulates a vector, where each element of the vector possess
level trimming errors. Conversely, our signal is generated by
multiplication via an orthogonal code (similar to the CDMA).
Considering that the signal is generated using orthogonal
codes, a processing gain is achieved at the nanoreceiver.
Owing to this processing gain, the performance of the pro-
posed scheme further improves.

VI. SIMULATION RESULTS

Herein, we present the simulation environment and the results
to verify the validity of the proposed scheme. For the trans-
mission, we used a 100 fs-long Gaussian pulse with a cen-
tral frequency of 1.6 THz and a 3dB bandwidth between
0.7-2.5THz. In other words, note that the pulse width is
fixed, that is, the pulse bandwidth is fixed. Therefore, our
goal is to increase the data rate within a given bandwidth,
which is spectral efficiency. Additionally, the energy of the
pulse was considered to be 1al per energy constraint at the
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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 to
generate a multilevel signal. A THz channel with a 10%
water vapor concentration was considered as a transmission
medium for the signal. For other atmospheric gases, their
average concentrations in a dry atmosphere were used [28].
Moreover, one pulse per frame was used in the simulation.
At reception, an energy detection-based nanoreceiver was
considered. After extracting energy from each chip, the max-
imum energy was chosen as the correct position and sub-
sequently demodulated. The number of Monte Carlo runs
was fixed at 10 per channel. Table 2 presents the remaining
simulation parameters.

As a performance metric, we decided to consider the BER
and achievable data rate. The achievable data rate, R, can be
defined as a function of the BER and maximum transmission
data rate, Rpmax, as

R £ Rpmax(1 — BER), (34)

where
total number of bits transmitted/symbol

(35)

max time to transmit one symbol

is given in bits per second (bps). Considering that § = T,
Ty = (L + 1)§, and Ty = N,Ty, the maximum achievable
data rate can be expressed as

L
Ny(L +1)§°
Similarly, the achievable data rate of the proposed ML-PPM
with a level-trimming scheme is given as

(36)

Rmax =

LT LT
R~ = R;«(1 —BER), (37)
with

Rr oL (38)
XN, (L + 1)8

Note that the BER is simulated, where as achievable data
rate, R, is numerically evaluated using (34).
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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.
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FIGURE 7. BER performance of ML-PPM with level trimming according to
various threshold values of Ly, [d = 0.5 mm, Np =38, and L = 5].

Fig. 5 compares the BER results of the proposed and
conventional ML-PPM schemes for a nanocommunication
distance of 0.5 mm. The value of Ly, is 3. The figure reveals
that the proposed level-trimming scheme can enhance the
BER performance of the conventional scheme, considering
that the allocated energy to each pulse becomes larger to
maintain the same Ej/Ny with fewer pulses. Next, Fig. 6
depicts the achievable data rate of the proposed scheme,
which is extremely high compared with that of the conven-
tional scheme. The data rate of the conventional ML-PPM
saturates at approximately 1 Tbps, whereas the data rate of the
proposed level-trimming scheme almost achieves a value of
1.6 Tbps. Moreover, compared to the five levels transmitted
in conventional ML-PPM, level-trimming scheme eliminates
two levels that has lowest occurrence probabilities and trans-
mitted only three levels, which reduced signal processing at
the nanoreceiver.
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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 various
levels on the ML-PPM scheme. The distance between the
nanotransmitter and the nanoreceiver was fixed at 0.5 mm.
Similar to the previous results, the value of L was 5.
However, the values of Ly, varied, that is, an equal number
of levels were trimmed from both sides of the distribution,
and only the levels with higher probabilities were transmitted
(cf. Fig. 2). As presented in Fig. 7, the higher the level of
trimming, the better is the BER performance. In other words,
transmitting a lower number of levels with higher occurrence
probabilities results in better BER performance. This can be
attributed to the higher energy allocated to each pulse and the
reduced correlation metric obtained via level trimming, which
can minimize the possibility of error while demodulating
the pulse position. For instance, in the case of Ly, = 1,
where we eliminated all the levels with lower probabilities
and transmitted only the levels with the highest probabilities,
that is, levels corresponding to —1 and 1, we achieved the
best performance. This resulted in better decoding at the
nanoreceiver.

Fig. 8 presents the achievable data rate of the proposed
scheme for various values of Ly,. The data rate improved as
the number of transmitted multilevels decreased. For L, = 1,
we obtained over three times the data rate compared with that
in the conventional ML-PPM, that is, Ly, = 5. This indi-
cated that our proposed level-trimming scheme significantly
boosted the data rate of the nanolink.

Fig. 9 illustrates the performance of the conventional
ML-PPM scheme with L = 7. For the ML-PPM with level
trimming, we used four different trimming thresholds, that
is, Ly, = 1,3,5, and 7. The remaining parameters were
maintained constant. We observed that the BER improved as
L, decreased. Note that as Ly, decreased, the total number of
fundamental bit energies, E}, increased. In other words, each
pulse received a larger amount of energy to maintain the same
Ey/No. Moreover, owing to level trimming, the number of
pulse positions was reduced, which led to a denser pulse train
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FIGURE 9. BER performance of ML-PPM with level trimming according to
various threshold values of Ly, [d = 0.5 mm, Np =8, and L = 7].

and higher average power of the signal ultimately improving
the BER.

Fig. 10 presents the achievable data rate of the conventional
ML-PPM scheme with L = 7. For the ML-PPM with level
trimming, the trimming threshold values were maintained the
same as above. Note that with a higher value of L, trimming
threshold can also be higher. From the figure, we observed
that depending on the value of trimming threshold, data rate
was increased manifolds. Another interesting fact was that
increasing L itself increased the data rate over one order
of magnitude. For instance, with L, = 1 and L = 5,
we obtained a data rate of 3.125 Tbps, whereas for L, = 1
and L = 7, we obtained 4.375 Tbps in the high signal-to-
noise ratio region, considering that level trimming resulted in
a shorter symbol duration. This results in more data transmis-
sions per time interval. Simultaneously, it should be noted that
the nanoreceiver was highly relaxed as it had to decode fewer
multilevels, thereby reducing the decoding positioning errors.
Overall, the proposed level-trimming approach functioned
well with all trimming thresholds and improved the data rate
of the conventional ML-PPM scheme. Note that the authors
have not considered any numerical criteria to set the trim-
ming threshold, and they only trimmed multilevels with lower
probabilities. In other words, multilevels should always be
trimmed based on the lowest occurrence probability criteria.

There is another insight that can be derived from the
above simulations. From the simulation results, we found that
even though level-trimming causes artificial errors, it reduces
the decoding positions for the nanoreceiver, hence, improving
the decoding performance. It means that reducing the number
of decoding positions is much better than getting artificial
errors caused by the level-trimming. In other words, even
though we add artificial errors by level trimming, by reducing
the number of decoding positions for the nanoreceiver, we get
a better BER and achievable data rate. At the same time, com-
putational complexity of the nanoreceiver is also reduced.
Therefore, we can say that even though level trimming causes

VOLUME 10, 2022



P. Singh, S.-Y. Jung: ML-PPM With Level Trimming for Electromagnetic Nanocommunications

IEEE Access

h
n
<

B~
O
.

a
£35¢ —&—L,=5L=7
§ 5! —e—L,=3,L=7| |
P —=L,=L 15T
Q

2 D
| 2r ]
5 ¢

=

Q

<

0 5 10 15 20 25 30

E/N, (dB)

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-
cation performance of the system.

VIl. CONCLUSION

This paper presents a modulation scheme called ML-PPM
for THz band-based nanonetworks. Furthermore, we propose
an enhancement to the scheme by introducing the concept
of level trimming. Level trimming significantly boosts the
achievable data rate of the nanocommunication system by
eliminating levels that are below a certain threshold. During
our analysis, a THz channel with 10% concentration of
water vapor molecules was considered. The simulation results
demonstrated a maximum of approximately 2 dB gain in BER
performance of the proposed level-trimming scheme com-
pared to that of the conventional ML-PPM scheme, as well
as a fourfold boost in the achievable data rate. Moreover,
it addressed the complexity at the nanoreceiver, considering
that it had very few levels for comparison and decoding.
In addition, we can deduce that reducing the decoding posi-
tion error is better than increasing the artificial errors caused
by level trimming. As application domains of nanocommu-
nications demand extremely high data rates on the order of
Tbps, we believe that this study is a way forward in establish-
ing the same.
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