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ABSTRACT
Nanonetworks consist of nano-sized communicating devices
which can perform simple tasks at the nanoscale. Nanonet-
works are the enabling technology for long-awaited applica-
tions in the biomedical, industrial and military fields. In
this paper, the use of low-weight channel codes is proposed
as a mechanism to prevent channel errors in nanonetworks.
Rather than utilizing channel codes only to detect and cor-
rect transmission errors, it is shown that, by appropriately
choosing the code weight, both molecular absorption noise
and multi-user interference can be mitigated and, ultimately,
the number of channel errors can be reduced beforehand.
The performance of the proposed scheme is analytically and
numerically investigated in terms of achievable information
rate after coding and Codeword Error Rate (CER). An ac-
curate Terahertz Band channel model, validated by COM-
SOL simulation, is used, and novel stochastic models for the
molecular absorption noise in the Terahertz Band and for
the multi-user interference in pulse-based Terahertz Band
communication are developed. The results show that low-
weight channel codes can be used to reduce the CER without
compromising the achievable information rate. Moreover, it
is shown that there is an optimal code weight, which de-
pends on the network conditions, for which the information
rate is maximized.

Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network
Architecture and Design—Wireless Communication; H.1.1
[Models and Principles]: Systems and Information The-
ory—Information Theory
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Theory
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1. INTRODUCTION
Nanotechnology is providing a new set of tools to the en-

gineering community to design and manufacture novel elec-
tronic nanoscale components, which can perform only li-
imted tasks, such as computing, data storing, sensing and ac-
tuation. The integration of several of these nano-components
into a single entity will enable the development of more ad-
vanced devices, just a few cubic micrometers in size. By
means of communication, these nano-devices will be able to
achieve complex tasks in a distributed manner [1]. The re-
sulting nanonetworks will enable many applications in the
biomedical, environmental, industrial and military fields,
such as advanced health monitoring systems, wireless nanosen-
sor networks for biological and chemical attack prevention,
or wireless network on chip systems for very large multi-core
computing architectures.

For the time being, the communication options for nano-
devices are very limited. The miniaturization of a conven-
tional metallic antenna to meet the size requirements of the
nano-devices would impose the use of very high operating
frequencies (several hundreds of Terahertz), thus limiting
the feasibility of nanonetworks. Alternatively, nanomateri-
als enable the development of nano-antennas that can op-
erate at much lower frequencies. Amongst others, ongoing
research on graphene-based nano-transceivers [12, 17] and
nano-antennas [10, 20] points to the Terahertz Band (0.1-
10.0 THz) as the communication frequency band for nano-
devices. The peculiar propagation properties of electrons in
graphene [6, 7] enable the creation of compact RF compo-
nents which can operate at a relatively low frequency, alle-
viating the energy constraints of nano-devices.

The Terahertz Band brings many opportunities for com-
munication among nano-devices. Contrary to long-range
Terahertz Band communication, in which molecular absorp-
tion drastically limits the available bandwidth [15], the Ter-
ahertz Band behaves as a single transmission window al-
most 10-THz-wide for distances below one meter [8]. This
very large band can theoretically support the transmission
at very high rates and enables new communication mecha-
nisms more suited for the very limited capabilities of nano-
devices. In this direction, a novel communication scheme
based on the transmission of one-hundred-femtosecond-long
pulses spread in time known as TS-OOK has been recently
proposed [11]. This modulation takes into account the dif-
ficulty of generating high-power carrier signals at Terahertz
Band frequencies from a nano-transceiver and leverages the
state of the art in pulse-based nano-transceivers.

Channel errors in nanonetworks become frequent due to
http://dx.doi.org/10.1145/2619955.2619961
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the impact of both molecular absorption noise in the Tera-
hertz Band [8] as well as the multi-user interference in un-
coordinated nanonetworks operating under TS-OOK [11].
Classical error control mechanisms need to be revised before
being used in nanonetworks. On the one hand, Automatic
Repeat reQuest (ARQ) mechanisms might not be suited for
nanonetworks due to the energy limitations of nano-devices,
which require nanoscale energy harvesting mechanisms to
operate [21]. The very long time needed to harvest enough
energy to retransmit a packet make render the data useless.
On the other hand, the majority of Forward Error Correc-
tion (FEC) mechanisms might be too complex for the ex-
pected capabilities of the nano-devices. As we described
in [1], the number of nano-transistors in a nano-processor
limits the complexity of the operations that it can complete.
Even with current processing technologies, the time needed
to encode and decode a packet can be much longer than the
packet transmission time. As a result, there is a need for
novel error control mechanisms.

In this paper, we propose the use of low-weight channel
codes for error prevention in electromagnetic nanonetworks.
Rather than retransmitting or trying to correct channel er-
rors, we propose to prevent these errors from happening in
first instance. In particular, we show that, by reducing the
code weight, i.e., the average number of logical “1”s in a
codeword, both the molecular absorption noise in the Tera-
hertz Band and the multi-user interference in TS-OOK can
be mitigated. As a result, fewer channel errors are gener-
ated. Moreover, an optimal coding weight exists for which
the number of channel errors can be minimized while maxi-
mizing, or at least not penalizing, the achievable information
rate. This optimal code weight depends on the channel and
network conditions. This result motivates the development
of novel link policies that can dynamically adapt the code
weight to the channel and network conditions.

The main contributions of this paper are summarized as
follows. First, in Section 2, we review our recently pro-
posed pulse-based communication scheme for nanonetworks
and develop analytical stochastic models for the two main
causes of channel errors in electromagnetic nanonetworks,
namely, molecular absorption noise and multi-user interfer-
ence. These models are based upon an accurate Terahertz
Band channel model for nanonetworks and take into account
the capabilities of state-of-the-art nano-transceivers. In Sec-
tion 3, we analytically show that the channel code weight can
be reduced to mitigate noise and interference. In Section 4,
we analytically and numerically investigate the performance
of low-weight channel codes in terms of information rate af-
ter coding and Codeword Error Rate (CER). We consider
two di↵erent receiver architectures: a continuous-output soft
receiver and a discrete-output hard receiver. In addition, we
show that there is an optimal code weight which can simul-
taneously maximize the information rate. Finally, we use
COMSOL Multi-physics [5] to validate our models by mean
of time-domain electromagnetic simulations, and we numer-
ically investigate the information rate and CER achieved
when using low-weight channel codes are provided. We con-
clude the paper in Section 6.

A preliminary version of this work can be found in [9].
Compared to our previous work, in this paper we have i)
revised the molecular absorption noise and multi-user inter-
ference model; ii) analyzed the performance of low weight
codes with a hard receiver architecture, in addition to the

soft receiver case; iii) analyzed the CER and the optimal
code weight; and iv) performed extensive COMSOL simula-
tions to validate our models.

2. SYSTEM MODEL
In this section, we first review the recently proposed pulse-

based communication scheme for nano-devices and then we
develop the analytical models for molecular absorption noise
and multi-user interference used in our analysis.

2.1 TS-OOK: Time Spread On-Off Keying
In light of the state of the art in graphene-based na-

noelectronics, we consider that nano-devices communicate
by utilizing TS-OOK [11], a recently proposed transmission
scheme for nano-devices, which is based on the transmission
of very short pulses, just one-hundred-femtosecond long, by
following an on-o↵ keying modulation spread in time. These
pulses can be generated and detected with nano-transceivers
based on graphene and high-electron-mobility materials such
as Gallium Nitride or Indium Phosphide [12, 17]. While
conceptually similar to Impulse-radio Ultra-wide-band (IR-
UWB) communication [23], note that the pulses in TS-OOK
are three orders of magnitude shorter than that of IR-UWB
and, thus, a simpler modulation is used instead of orthogo-
nal time hopping with pulse position modulation.

In particular, the functioning of TS-OOK is as follows.
The symbol“1”is transmitted by using a one-hundred-femto-
second-long pulse and the symbol “0” is transmitted as si-
lence, i.e., the nano-device remains silent. The time between
symbols T

s

is much longer than the symbol duration T
p

, i.e.,
� = T

s

/T
p

� 1. The reason for this is twofold. On the one
hand, due to technology limitations, pulses cannot be emit-
ted in a burst. On the other hand, the separation of pulses
in time allows for the relaxation of the vibrating molecules in
the channel [8]. During the time between symbols, a device
can either remain idle or receive other incoming information.
Therefore, TS-OOK enables simple multiple-access policies.

2.2 Stochastic Model of the
Molecular Absorption Noise

Molecular absorption noise is one of the main channel ef-
fects that impact the performance of electromagnetic nanonet-
works. EM waves at frequencies in the Terahertz Band cre-
ate internal vibrations in many types of molecules which are
commonly present in nanonetworking scenarios such as wa-
ter vapor, oxygen or nitrogen, amongst others. As a result,
part of the EM energy is first absorbed by the molecules
(channel absorption) and then re-radiated (channel emis-
sion) [8]. The resulting molecular absorption noise is cor-
related to the transmitted signal and can be modeled as
Additive Colored Gaussian Noise (ACGN).

The probability density function (p.d.f.) N of the molecu-
lar absorption noise at the receiver conditioned to the trans-
mission of symbol x

m

(silence for a logical “0” and a pulse
for a logical “1”), fN (n|X = x

m

), where n refers to noise, is
given by

fN (n|X = x
m

) =
1

p

2⇡N
m

(d)
e
� 1

2
n2

Nm(d) , (1)

where N
m

refers to the molecular absorption noise power



when symbol m is transmitted, which is given by

N
m

(d) =

Z

B

S
Nm (f, d) |H

r

(f)|2 df, (2)

where B is the receiver’s noise equivalent bandwidth, S
Nm

is the molecular absorption noise power spectral density
(p.s.d.), and H

r

is the receiver’s impulse response. For the
time being, we consider a matched-filter receiver architec-
ture for simplicity. The total molecular absorption noise
p.s.d. S

Nm a↵ecting the transmission of a symbol m 2 {0, 1}
is contributed by the background atmospheric noise p.s.d.
S
N

B [3] and the self-induced noise p.s.d. S
N

X
m
, which are

defined as

S
Nm (f, d) = S

N

B (f) + S
N

X
m

(f, d) , (3)

S
N

B (f) = lim
d!1

k
B

T0 (1� exp (�k (f) d))

✓

c0p
4⇡f0

◆2

, (4)

S
N

X
m

(f, d) = S
Xm (f) (1� exp (�k (f) d))

✓

c0
4⇡df0

◆2

, (5)

where f stands for the frequency, d refers to the transmis-
sion distance, k

B

is the Boltzmann constant, T0 is the room
temperature, c0 is the speed of light in the vacuum, f0 is the
design center frequency, and S

Xm is the transmitted signal
p.s.d.. k refers to the molecular absorption coe�cient, which
depends on the molecular composition of the transmission
medium, i.e., the type and concentration of molecules found
in the channel and it is computed as in [8]. The term S

N

B

takes into account that the background noise is i) generated
from molecules that radiate just for being at a temperature
above 0 K, and ii) detected by an isotropic broadband an-
tenna with e↵ective area given by A

eff

= �2
0/4⇡. The term

S
N

X
m

takes into account that the induced noise is i) generated
by the transmitted signal X

m

, ii) spherically spread from
the transmitting antenna, and iii) detected by an isotropic
broadband antenna with e↵ective area A

eff

.
In Figure 1, the molecular absorption noise power when

a logical “0” and a logical “1” are transmitted, N1 and N0,
respectively, are shown as functions of distance. The trans-
mitted energy per pulse E

p

is fixed and equal to 0.1 aJ, in
light of the performance of existing nano-transceivers [12,
17]. Two observations are made. First, N1 decreases with
distance, but at a lower rate than the received signal power
P when a pulse is transmitted. Second, N0 does not vary
with the distance (the background noise is always the same)
and, in addition, N0  N1 always. Therefore, it is clear
that the transmission of logical “0”s is less likely to su↵er
from channel errors. There are additional noise sources that
can introduce errors, such as the electronic thermal noise
of the nano-receiver. However, for the time being, there is
no accurate noise model for graphene-based electronic de-
vices. Initial predictions of thermal noise in graphene-based
devices point to very low noise factors in this nanomate-
rial [14]. For this, we currently focus only on the channel
noise, i.e., the molecular absorption noise.

2.3 Stochastic Model of the
Multi-user Interference in TS-OOK

Multi-user interference is another major e↵ect that lim-
its the performance of electromagnetic nanonetworks. TS-
OOK enables simultaneous transmission among a very large
number of nano-devices [11]. However, in light of the very
large nano-device density in the envisioned applications and
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Figure 1: Analytical and approximated received sig-
nal power, P and P̂ , respectively; noise power when
a pulse is transmitted N1, and noise power associ-
ated with silence N0 (E

p

= 0.1 aJ).

by considering a scenario in which nano-devices can start
transmitting at any specific time in an uncoordinated man-
ner, collisions between symbols can occur. These collisions
result in interference and this imposes a limitation on the
information rate at which nano-devices can communicate.

To quantitatively evaluate the impact of collisions on the
system performance, we develop a new stochastic model for
the interference power at the receiver which captures the
peculiarities of the Terahertz Band channel as well as the
properties of TS-OOK. Many stochastic models of interfer-
ence have been developed to date. For example, an exten-
sive review of the existing models can be found in [2, 4,
22]. However, these models do not capture the peculiarities
of the Terahertz Band channel, such as the molecular ab-
sorption loss and the additional molecular absorption noise
created by interfering nodes. In [11], we analyzed the inter-
ference in TS-OOK by modeling it as a Gaussian process.
This assumption is valid for the case in which the network
is supporting a very high tra�c load, and it is shown that it
is a useful asset for the analysis of the multi-user achievable
information rate. However, in order to be more general, we
need much more complete models for the interference.

Our final objective is to have a closed-form expression for
the p.d.f. of the interference power I created at the receiver
side, f

I

. Without loss of generality, we position the receiver
at the origin of coordinates. The interference created at the
receiver side by the nano-devices J contained in an area of
radius a is given by

I
a

=
X

j2J |dja

P (d
j

) , (6)

where P refers to the power of a given signal at a distance
d from its transmitter. From [8], P can be written as

P (d) =

Z

B

S
x

(f) |H
c

(f)|2 |H
r

(f)|2 df, (7)

where d stands for distance, B refers to the bandwidth of the
transmitted signal, S

x

is the p.s.d. of the transmitted sym-
bol x, and f stands for frequency. H

c

refers to the channel
frequency response, which is given by

H
c

(f) =

✓

c0
4⇡fd

◆

exp

✓

�k (f) d
2

◆

, (8)

where c0 refers to the speed of light, and k is the molecular
absorption coe�cient of the medium. In Figure 1, P is illus-



trated as a function of the distance d by using the channel
model developed in [8]. For the distances considered in our
analysis, between a few hundred of micrometers and up to
one meter, P can be approximated by the polynomial P̂

P (d) ⇡ P̂ (d) = � (d)�↵ , (9)

where ↵ and � are two constants which depend on the spe-
cific channel molecular composition as well as on the power
and the shape of the transmitted signal. In particular, for
a standard medium composition with 10% of water vapor
molecules, ↵ ⇡ 2.1 and � ⇡ 1.39 · 10�18, when using pulses
with E

p

= 0.1 aJ.
To compute the overall interference created by the nano-

devices contained within a disc of radius a, it is necessary
to know the spatial distribution of the nodes. In our analy-
sis, we model the positions of the nano-devices as a spatial
Poisson point process. Therefore, the probability of finding
k nodes in a disc of radius a and area A in m2 is:

P [k in A (a)] =
(�A (a))k

k!
e��A(a), (10)

where � refers to the Poisson process parameter in nodes/m2

and ! stands for the factorial operation.
A collision between symbols will occur when two or more

symbols reach the receiver at the same time. In TS-OOK, by
considering also a Poisson distribution of the arrivals in time,
the probability of having an arrival during T

s

seconds is a
uniform random probability distribution with p.d.f. equal
to 1/T

s

. Thus, for a given transmission, a collision will
occur with probability 2T

p

/T
s

. Not all types of symbols
harmfully collide, but only pulses (logical “1”s) create inter-
ference. Therefore, we can replace the Poisson parameter �
in (10) by

� ! �0 = �
T

(2T
p

/T
s

) p
X

(X = 1) , (11)

where �
T

refers to the density of active nodes in nodes/m2,
T
p

refers to the symbol length, T
s

stands for the time be-
tween symbols, and p

X

(X = 1) refers to the probability of
a nano-device to transmit a pulse (logical “1”).
Following a similar procedure as in [18], to obtain a closed-

form solution of the interference power, we first compute the
characteristic function of the interference I

a

created by the
nodes in a disc of radius a, �

Ia , calculate its limit when
the radius a goes to infinity, �

I

, and obtain the p.d.f. of the
interference power f

I

as the inverse Fourier transform of �
I

.
We define the characteristic function of the interference

power I
a

as

�
Ia (!) = E {exp (|!I

a

)} , (12)

which by using conditional expectation and taking into ac-
count the spatial Poisson distribution of the nodes, becomes:

�
Ia (!) = E

n

E
n

e|!Ia |k in A (a)
oo

=
1
X

k=0

�

�0⇡a2
�

k

k!
e��

0
⇡a

2

E
n

e|!Ia |k in A (a)
o

,
(13)

where “k in A (a)” refers to the event of having k active
nodes in a disk of radius a, and the expectation is over the
random variable I

a

. To compute this last term, we can pro-
ceed as follows. Under the Poisson assumption, when having
k nodes in a disc of radius a, their locations follow indepen-
dent and identically distributed uniform distributions. If R

is the distance to the origin from a point that is uniformly
distributed in A, then the p.d.f. of R is

f
R

(d) =

(

(2r)/a2 0  d  a

0 otherwise.
(14)

Taking into account that the characteristic function of the
sum of a number of independent random variables is the
product of the individual characteristic functions, we can
write

E
n

e|!Ia |k in A (a)
o

=

0

@

a

Z

0

2r
a2

e|!g(d)dr

1

A

k

. (15)

By combining (15) in (13), summing the series, and com-
puting the limit when a ! 1, the characteristic function of
the interference power becomes

�
I

(!) = exp

0

@|�0⇡!

0

@

1
Z

0

[1/P (t)]2 e|!tdt

1

A

1

A , (16)

where �0 refers to spatial Poisson point process parameter
as defined in (11) in nodes/m2 and P is the received power
at the origin for a signal transmitted at a distance t in (9).

Finally, for the specific case in which P can be approx-
imated as a polynomial of the form �t�� , with 0 < � =
2/↵ < 1, the integral in (16) may be evaluated to obtain:

�
I

(!) = exp
⇣

��0⇡�� (1� �) e�⇡�/2!�

⌘

, (17)

where � (·) stands for the gamma function. For 0 < � < 1,
the p.d.f. of I can now be obtained by taking the inverse
Fourier transform, and results in

f
I

(i) =
1
⇡i

1
X

k=1

� (�k + 1)
k!

✓

⇡�0�� (1� �)
i�

◆

k

sin k⇡ (1� �) ,

(18)
where �0 refers to the spatial Poisson point parameter given
by (11), � ⇡ 0.95 and � ⇡ 1.39 · 10�18.

In Figure 2(a), the p.d.f. f
I

of the interference power (18)
is illustrated for di↵erent values of �0. In particular, �0 is ob-
tained from (11), with T

s

/T
p

= 1000, p
X

(X = 1) = 0.5 and
for �

T

ranging between 0.01 nodes/mm2 and 0.1 nodes/mm2.
For example, the interference created by a Poisson field of
nano-devices with �

T

= 0.1 nodes/mm2 which are operating
under the previous conditions, has an average power of ap-
proximately -153 dBW. When the node density is decreased
to �

T

= 0.01 nodes/mm2, this value goes to -167 dBW.
In Figure 2(b), the p.d.f. f

I

of the interference power (18)
is illustrated for di↵erent values of p

X

(X = 1), with T
s

/T
p

=
1000 and �

T

= 0.1 nodes/mm2. It can be seen that the over-
all interference can decrease in more than 10 dB when the
probability to transmit a pulse (logical “1”) changes from
0.9 to 0.1. Based on these results as well as on the out-
comes of the molecular absorption model, it is clear that the
transmission of pulses (logical “1”s) increases both the total
molecular absorption noise and the multi-user interference,
which potentially results in a higher number of channel er-
rors. New error control mechanisms can be developed by
exploiting this unique behavior, as we present next.
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ference power for di↵erent transmitting node densi-
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(left) and di↵erent probabilities to transmit
a pulse p

X

(X = 1) (right), when T
s

/T
p

= 1000.

3. ERROR PREVENTION WITH
LOW-WEIGHT CHANNEL CODES

In existing communication systems, channel codes are used
to allow the receiver of a message to detect and correct trans-
mission errors. Going one step ahead, we propose to use
channel codes to reduce the chances of creating these errors
in first instance. Our aim is not to develop new types of error
correcting codes, but to analytically and numerically show
how by controlling the code weight, i.e., the average number
of bits equal to “1” in a codeword, of any type of codes, the
molecular absorption noise power and the interference power
can be reduced without compromising the information rate.

Existing channel codes generally make use of all the pos-
sible codewords independently of their weight. However, it
is sometimes desirable to limit the values that the weight
of the codewords can take. In this direction, ration cod-
ing techniques were proposed in [19] to reduce the electronic
noise in chip interconnects. By keeping the weight of the
codewords constant, it was shown that the electronic noise
can be reduced. In a similar direction, in [16], the perfor-
mance of sparse Low Density Parity Check (LDPC) codes
was analyzed in terms of error probability as a function of
their weight. In particular, the authors showed that for the
binary symmetric channel and the parallel Z channel, the
block error probability of LDPC codes could be reduced by
reducing the code weight. In [13], the authors present a way
to construct low-weight minimum energy Hamming codes
for nanonetworks. To the best of our knowledge, these are
the only papers in which the impact of the code weight in

the performance of a communication system is investigated.
Based on the molecular absorption noise model and the

multi-user interference model introduced in Section 2, it is
clear from (2), (11) and (18) that the probability of transmit-
ting a pulse (logical “1”) is directly related with the molec-
ular absorption noise and the interference behaviors. By
controlling the weight of the transmitted codewords, the
probability distribution of “1”s and “0”s can be modified.
Ultimately, by using constant low-weight channel codes, we
can reduce the molecular absorption noise and the interfer-
ence of the system. This reduction comes with the price
of longer codewords, as usually in order to uniquely code a
message with a lower weight, it will be necessary to use a
larger number of bits.

To illustrate this e↵ect, we proceed as follows. In our
analysis, the length of an unencoded message is constant and
equal to n bits. For a given n, the total number of possible n-
bit words is given by 2n. The length of an encoded message
is m � n bits, and its weight, which is defined as the number
of bits equal to “1”, is denoted by u. For a given m, the total
number of possible codewords with weight exactly equal to
u is given by:

W (m,u) =
m!

(m� u)!u!
. (19)

Therefore, in order to be able to encode all the possible
n-bit source messages into fixed weight u codewords, the
following condition must be satisfied:

W (m,u) � 2n, (20)

where m refers to the length of the encoded words. For
example, for n = 32 bits, a total of m = 35 bits are needed
to generate 232 codewords with exact weight equal to u = 17.

For a constant weight code, the probability p
X

(X = 1)
of transmitting a logical “1” or pulse, and the probability
p
X

(X = 0) of transmitting a logical “0”, i.e., being silent,
are:

p
X

(X = 1) =
u

m
; p

X

(X = 0) =
m� u

m
, (21)

where m stands for the number of bits in the encoded mes-
sage, u stands for its weight and both m and u must sat-
isfy (20). In Figure 3, the necessary codeword length in
bits and the codeword weight necessary to achieve a spe-
cific probability of transmitting a pulse when encoding 32-
bit messages is shown. For example, in order to achieve
a probability of pulse transmission p

X

(X = 1) = 0.3, the
encoded message length is m = 42 bit with weight u = 12.

Note that we are not advocating for any specific type of
coding scheme. We are mainly estimating the additional
number of bits which are necessary to obtain a constant low-
weight set of codewords. Ideally, low-weight error correction
codes can be built in one step. Alternatively, these can be
obtained in a two cascade coding design. In any case, by
reducing the weight of the code, we can reduce the molecular
absorption noise and interference in the network. However,
due to the fact that additional bits are being transmitted
to reduce the coding weight, it is intuitive to think that the
amount of useful information that can be transmitted per
unit of time is reduced. This compromise is analyzed next.

4. PERFORMANCE ANALYSIS
In this section, we analytically study the impact of low

weight channel codes on the information rate after coding
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Figure 3: Codeword length m and constant code
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and the Codeword Error Rate (CER). In addition, we show
the existence of an optimal coding weight that maximizes
the information rate after coding.

4.1 Information Rate After Coding
In [11], we computed the achievable information rate with

TS-OOK over the asymmetric Terahertz Band channel in
the absence of coding. Next, we compute the achievable
information rate after coding of TS-OOK with constant low-
weight channel codes. In particular, the information rate
after coding IR

u�coded

in bits/second is given by

IR
u�coded

=
B

�

n

m

⇣

H (X)�HI (X|Y )
⌘

, (22)

where n and m are the unencoded and encoded message
lengths respectively, B stands for the bandwidth, � is the
ratio between the symbol duration and the pulse length, X
refers to the source, Y refers to the output of the channel,
H (X) refers to the entropy of the source X, and HI (X|Y )
stands for the equivocation of the channel with interference.

We model the source of information X as a discrete binary
random variable and, thus, the source entropy H (X) is

H (X) =
1

X

x=0

p
X

(X = x) log2
1

p
X

(X = x)
(23)

where p
X

(X = x) refers to the probability of transmitting
the symbol X = x (silence for a logical “0” and a pulse for a
logical “1”) and is given by (21).

The output of the transmitter is attenuated by the channel
and corrupted by molecular absorption noise and interfer-
ence. We consider the channel behavior to be deterministic.
Thus, the only random components a↵ecting the received
signal are the noise and the interference. For the receiver,
we consider both a soft receiver architecture, which provide
us with a continuous output, and a hard receiver architec-
ture, whose output is discrete.

4.1.1 Information Rate with a Soft Receiver
When using a soft receiver architecture, the output Y is

continuous. The p.d.f. f
Y

(y|X = x) of the channel output
Y conditioned to the transmission of the symbol is given by

f
Y

(y|X = x) = � (y � a
m

)⇤fN (n = y|X = x)⇤
�

2yf
I

�

i = y2��

(24)

where � stands for the Dirac delta function, a
m

stands for
the received symbol amplitude, obtained from (7), fN is the
p.d.f. of the noise given by (1), f

I

stands for the p.d.f. of the
interference power given by (18), and ⇤ denotes convolution.
This equation considers the overall interference power I to
be independent of the current symbol transmission X = x.

The equivocation of the channel HI (X|Y ) is given by

HI (X|Y ) =

Z

y

1
X

x=0

f
Y

(y|X = x) p
X

(X = x)

· log2

0

B

B

B

@

1
P

q=0
f
Y

(y|X = q) p
X

(X = q)

f
Y

(y|X = x) p
X

(X = x)

1

C

C

C

A

dy.

(25)

The maximum achievable information rate in this case
can be obtained by combining (23), (24) and (25) in (22).
Analytically solving the resulting equation is not feasible.
Instead of this, we numerically investigate the achievable in-
formation rate after coding with a soft receiver in Section 5.

4.1.2 Information Rate with a Hard Receiver
A soft receiver with a continuous output infers the maxi-

mum achievable information rate at the cost of complexity.
In practice, due to the limitation on the internal data size
in nano-devices, quantization is unavoidable. For this, in
our analysis, we also consider a 1-bit hard receiver archi-
tecture tailored to the asymmetric Terahertz Band channel.
With a 1-bit hard receiver, the channel becomes a Binary
Asymmetric Channel (BAC) and Y is now a discrete ran-
dom variable. This channel is fully characterized by the four
transition probabilities:

p
Y

(Y = 0|X = 0) =

Z

th2

th1

f
Y

(y|X = 0) dy,

p
Y

(Y = 1|X = 0) = 1� p
Y

(Y = 0|X = 0) ,

p
Y

(Y = 0|X = 1) =

Z

th2

th1

f
Y

(y|X = 1) dy,

p
Y

(Y = 1|X = 1) = 1� p
Y

(Y = 0|X = 1) ,

(26)

where f
Y

(y|X = x) is the probability of the channel output
Y conditioned to the transmission of the symbol X = x
in (24) and th1 and th2 are two threshold values. Contrary
to the classical symmetric additive Gaussian noise channel,
in the asymmetric channel, there are two points at which
f
Y

(y|X = 0) and f
Y

(y|X = 1) intersect. We consider these
thresholds to be defined for the case without interference.
Thus, th1 and th2 can be analytically computed from the
intersection between two Gaussian distributions N (0, N0)
and N (a1, N1) respectively, which results in

th1,2 =
a1N0

N0 �N1

±
p

2N0N2
1 log (N1/N0)� 2N2

0N1 log (N1/N0) + a2
1N0N1

N0 �N1
,

(27)

where a1 is the amplitude of the received signal given that
a pulse has been transmitted and N0 and N1 stand for the
distance dependent noise powers given by (2).



The equivocation of the channelHI

BAC

(X|Y ) for the BAC
can be written as

HI

BAC

(X|Y ) =
1

X

y=0

1
X

x=0

p
Y

(Y = y|X = x) p
X

(X = x)

· log2

0

B

B

B

@

1
P

q=0
p
Y

(Y = y|X = q) p
X

(X = q)

p
Y

(Y = y|X = x) p
X

(X = x)

1

C

C

C

A

.

(28)

Finally, the information rate can be obtained by combin-
ing (22), (26) and (28). In Section 5, we numerically ana-
lyze the information rate of low-weight codes with a hard
receiver with double threshold.

4.1.3 Optimal Coding Weight
From the information rate IR

u�coded

given by (22), we
can make the following statements:

• For a message length n, the encoded message length
m increases exponentially when reducing the coding
weight u, according to (20) and (19), as shown in Fig-
ure 3.

• The source entropy H (X) given by (23) is maximized
when p

X

(X = 1) = p
X

(X = 0) = 0.5. The coding
weight u that maximizes the source entropy is n/2.

• The channel equivocation H (X|Y ) both for a soft re-
ceiver (25) and for a discrete output hard receiver (28)
decreases when the coding weight u is reduced.

As a result, we can state that there is an optimal coding
weight for which the information rate is maximized. The op-
timal coding weight depends on the channel conditions, i.e.,
the molecular absorption noise (1), and the network con-
ditions, i.e., the multi-user interference (18). Analytically
finding the optimal coding weight is not feasible. Alterna-
tively, we numerically investigate the optimal coding weight
that maximizes the information rate in Section 5.

4.2 Codeword Error Rate
In addition to the information rate, an additional relevant

metric is the CER. The use of low-weight channel codes
prevents the generation of channel errors due to molecular
absorption noise and multi-user interference. This turns into
a reduced symbol error rate (SER). The SER is given by

SER =p
Y

(Y = 1|X = 0) p
X

(X = 0)

+ p
Y

(Y = 0|X = 1) p
X

(X = 1) ,
(29)

where p
Y

(Y = y|X = x) is the probability of receiving sym-
bol Y = y given that symbol X = x has been transmitted,
which is given by (26), and p

X

(X = x) is the probability to
transmit symbolX = x, which depends on the coding weight
u and it is given by (21). By assuming the independence of
errors in time, the CER can be computed as

CER = 1� (1� SER)m , (30)

where m is the encoded message length. We numerically
investigate the CER in Section 5.

5. NUMERICAL RESULTS
In this section, we numerically investigate the performance

of constant low-weight channel codes in terms of information
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Figure 4: Validation of the Terahertz Band channel
response with COMSOL.

rate after coding as well as CER. In our analysis, the unen-
coded message length n is equal to 32 bit. The code weight u
and the resulting probabilities to transmit a pulse or silence,
p
X

(X = 1) and p
X

(X = 0), respectively, are computed ac-
cordingly by using (19) and (21).

We utilized the models for the received signal power (7),
molecular absorption noise power (2) and multi-user inter-
ference power (18) developed in Section 2. These models
strongly depend on the Terahertz Band channel, which we
validate by means of COMSOL Multi-physics [5]. Extensive
frequency domain simulations are conducted to characterize
the channel response when an ideal electric point dipole is
used in transmission and reception. In Figure 4, we illustrate
the channel frequency response H

c

both as analytically ob-
tained from (8) and simulated with COMSOL. In both cases,
we consider a standard medium composition with a 10% of
water vapor molecules. The analytical model can accurately
reproduce the simulation results both in terms of frequency
and distance. There is a discrepancy between the models be-
low 1 THz, which is related to the frequency response of the
transmitting and receiving antenna. Finally, as before, in
an attempt to keep these numbers realistic and significant,
the energy of the transmitted one-hundred-femtosecond-long
Gaussian pulses is limited to 0.1 aJ.

5.1 Information Rate After Coding

5.1.1 Information Rate with a Soft Receiver
The information rate IR

u�coded

with a soft receiver archi-
tecture, obtained by combining (23), (24) and (25) in (22),
is shown in Figure 5(a) as a function of the transmission dis-
tance d, for di↵erent node densities �

T

in nodes/mm2 and for
di↵erent probabilities to transmit silence, p

X

(X = 0) (21).
For very short transmission distances d < 10 mm, the

received signal power when a pulse is transmitted, i.e., a1,
is much higher than the molecular absorption noise N1, N0

and the multi-user interference I, and the information rate
reaches its maximum value. For this region, the maximum
information rate is obtained when the coding weight is 0.5,
as in the classical symmetric channel. As the transmission
distance is increased, the received signal power when a pulse
is transmitted a1 tends to 0, but the noise power N1 remains
larger than the noise power N0. Because the interference af-
fects in the same way the transmission of “0”s and “1”s, a
soft receiver will still be able to distinguish between sym-
bols, and its equivocation can be minimized by choosing a
lower coding weight. As the transmission distance is fur-
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Figure 5: Information rate with a soft receiver archi-
tecture (top) and a hard receiver architecture (bot-
tom) as functions of the transmission distance for
di↵erent node densities and di↵erent probabilities
of pulse transmission (� = 1000).

ther increased, the noise power N1 tends to N0, and thus,
symbols cannot be distinguished anymore.

5.1.2 Information Rate with a Hard Receiver
The information rate IR

u�coded

with a hard receiver ar-
chitecture, obtained by combining (23) and (28) in (22), is
shown in Figure 5(b) as a function of the transmission dis-
tance d, for di↵erent node densities �

T

in nodes/mm2 and for
di↵erent probabilities to transmit silence, p

X

(X = 0) (21).
For a specific node density, we can also distinguish three

main regions in the behavior of the information rate after
coding. In this case, the impact of the coding weight is
more noticeable because the multi-user interference I (18)
drastically impacts the performance of the hard receiver. In
particular, interference shifts the received signal and makes
a fixed-threshold th1, th2 in (27) detection scheme not op-
timal (contrary to the far more complex soft receiver archi-
tecture). In this case, the reduction of the coding weight,
i.e., the increase of p

X

(X = 0), turns into an improvement
in the achievable information rate after coding. This re-
sult validates our original hypothesis and justifies this work.
This e↵ect can clearly be seen by analyzing the behavior of
the codeword error rate (Section 5.2).

5.1.3 Optimal Coding Weight
In Figure 6, the optimal probability to transmit a log-

ical “0”, p
X

(X = 0), that maximizes the information rate
is shown for both a soft receiver architecture and a hard
receiver architecture, as a function of the distance d.

Following the same discussion as for the information rate
after coding, we can also distinguish three main regions.
For very short transmission distances, d < 1 mm, the op-
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Figure 6: Optimal probability to transmit a logi-
cal “0”, p

X

(X = 0), for a soft receiver architecture
(top) and a hard receiver architecture (bottom)
(� = 1000).

timal coding weight corresponds to the equiprobable source
distribution p

X

(X = 0) = p
X

(X = 1) = 0.5. As the trans-
mission distance is increased, the optimal coding weight in-
creases the transmission of logical “0”s, i.e., silence, and
p
X

(X = 0) > 0.5. This is specially visible for the hard-
receiver architecture.

5.2 Codeword Error Rate
In Figure 7, the CER (30) is shown as a function of the

transmission distance d, for di↵erent node densities �
T

in
nodes/mm2 and for di↵erent probabilities to transmit a log-
ical “0”, p

X

(X = 0) (21). For a specific node density, the re-
duction of the coding weight turns into reduced error rates.
This is specially valid for high interference scenarios, i.e.,
high node densities in our analysis. For distances in the or-
der of a few millimeters, which is expectedly the transmis-
sion range of nano-devices, the use of low-weight channel
codes can clearly improve the CER. In particular, for very
high node-densities, the improvement can be up to 150%.

6. CONCLUSIONS
In this paper, we propose the utilization of low-weight

channel codes to prevent channel errors in pulse-based elec-
tromagnetic nanonetworks in the Terahertz Band. For this,
we first stochastically model the two main error sources in
electromagnetic nanonetworks, namely, the molecular ab-
sorption noise and the multi-user interference. Then, we
propose the control of the code weight as a mechanism to
reduce the noise and interference power. Finally, we investi-
gate the performance of low-weight codes in terms of infor-
mation rate and codeword error rate. The results show how,
by using low-weight channel codes, the overall noise and in-
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terference can be reduced while keeping constant or even in-
creasing the achievable information rate. Moreover, we show
that there is an optimal code weight, which depends on the
channel and network conditions, for which the information
rate is maximized. These results motivate the development
of novel link policies that can dynamically adapt the code
weight to the channel and network conditions.
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