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Abstract—Nanotechnology is enabling the development of de-
vices in a scale ranging from one to a few hundred nanometers,
known as nanomachines. How these nanomachines will com-
municate is still an open debate. Molecular communication is
a promising paradigm that has been proposed to implement
nanonetworks, i.e., the interconnection of nanomachines. Re-
cent studies have attempted to model the physical channel of
molecular communication, mainly from a communication or
information-theoretical point of view. In this work, we focus
on the diffusion-based molecular communication, whose physical
channel is governed by Fick’s laws of diffusion. We characterize
the molecular channel following two complementary approaches:
first, we obtain the channel impulse response, transfer function
and group delay; second, we propose a pulse-based modulation
scheme and we obtain analytical expressions for the most relevant
performance evaluation metrics, which we also validate by
simulation. Finally, we compare the scalability of these metrics
with their equivalents in a wireless electromagnetic channel. We
consider that these results provide interesting insights which
may serve designers as a guide to implement future molecular
nanonetworks.

I. INTRODUCTION

Nanotechnology, the study of nanometer-scale systems, is
a multidisciplinary field with potential applications in the
biomedical [1], environmental [2] and industrial fields [3].
A nanomachine is the most basic functional unit able to
perform very simple tasks at the nanoscale. These tasks include
computing, data storage, sensing and actuation.

Nanonetworks, the interconnection of nanomachines, pro-
vide means for cooperation and information sharing among
them, allowing nanomachines to fulfill more complex tasks.
A sample application from the biomedical field would be
an intelligent disease detection and targeted drug delivery
system, constituted by an intra-body distributed network of
nanosensors and nanoactuators.

Several techniques have been proposed to interconnect
nanomachines by drawing inspiration from biology [4], [5].
Among them is calcium signaling [6], one of the most common
techniques for intra- and inter-cellular communication, based
on the use of calcium ions (Ca2+) to encode and transmit

information. As other researchers have previously done [7],
[8], we propose calcium signaling as a method to realize
communication among nanomachines in the short range.

The propagation of a low concentration of calcium ions
in a fluid environment is a particular case of molecular
diffusion. Several authors have attempted to model the molec-
ular diffusion-based physical channel. Some researchers have
focused on the channel transfer function [9], while others
have determined the channel capacity from an information-
theoretical point of view [10], [11], [12].

In this work, we focus on a diffusion-based molecular
communication whose physical channel is governed by Fick’s
laws of diffusion. For this channel, we recover the impulse
response, the transfer function and the group delay. Further,
we propose a pulse-based modulation scheme which we use
to obtain analytical expressions of relevant communication
metrics, namely, the pulse delay, amplitude and width. These
results are validated by means of simulation. Furthermore, the
highest achievable bandwidth is analyzed and a scenario with
multiple simultaneous transmitters is evaluated.

The remainder of this paper is organized as follows. Sec-
tion II describes the molecular diffusion-based channel, for
which the impulse response is shown, and the proposed
modulation scheme. In Section III, we briefly present N3Sim,
a simulator for diffusion-based molecular communication. In
Section IV, we represent the channel transfer function and
the group delay of the molecular channel. In Section V,
we obtain analytical expressions of relevant communication
metrics in the described scenario, and we validate them with
N3Sim. Next, in Section VI we analyze the highest achievable
bandwidth and in Section VII we examine the case in which
multiple users transmit simultaneously. Finally, Section VIII
concludes the paper.

II. MOLECULAR DIFFUSION-BASED CHANNEL AND
MODULATION SCHEME

The molecular channel that we aim to characterize can
be described as a set of nanomachines which communicate
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through molecular diffusion in a fluid medium. Transmitter
nanomachines encode the information to be sent into a molec-
ular release pattern. The emitted molecules cause a variation
in their local concentration, which propagates throughout the
medium. Receivers are able to estimate the concentration of
molecules in their neighborhood and, from this measurement,
recover the release pattern and decode the sent information.

In our envisaged scenario, the concentration of emitted
molecules is much lower than the concentration of the fluid
molecules. Under these conditions, we assume that interaction
among the emitted molecules (e.g., collisions and electrostatic
forces) can be neglected. An example of this kind of scenario is
calcium signaling among cells, where extracellular concentra-
tion of calcium ions is in the millimolar range [13], while the
concentration of water (the main component of extracellular
fluid) is of 55.5 molar, more than 4 orders of magnitude higher.

In this scenario, each of the molecules released by a
transmitter moves according to Brownian motion. Since the
movement of each molecule is independent, molecular diffu-
sion can be modeled by Fick’s laws of diffusion [14] with a
homogeneous diffusion coefficient both in space and time. In
this case, the diffusion equations are linear [15].

We propose a pulse-based modulation scheme for diffusion-
based molecular communication. According to this scheme,
whenever a transmitter nanomachine wants to communicate
some information to its neighbors (e.g., after it detects an
infectious virus [16]), it instantaneously releases a pulse of
molecules. This creates a spike in the molecular concentration
at the transmitter location, which then propagates through
space and time. The propagation of this pulse can be ana-
lytically modeled by solving Fick’s laws of diffusion. If the
transmitter releases Q molecules at the instant t = 0, the
molecular concentration at any point in space is given by [17]:

c(r, t) =
Q

(4πDt)
3/2

e−r
2/4Dt (1)

where D is the diffusion coefficient of the medium, t is time
and r is the distance from the transmitter location.

It should be noted that, since the emitted molecules do not
interact among them, this scheme allows for simultaneous
transmissions by multiple nanomachines. Interferences may
be avoided if transmitters use different molecule types, in
a mechanism known as Molecular Division Multiple Access
(MDMA) [18].

III. N3SIM, A SIMULATOR FOR MOLECULAR
COMMUNICATION

In order to validate the analytical results derived in this
work, we use the simulation framework N3Sim [19]. This
tool allows the molecule-by-molecule simulation of diffusion-
based molecular networks, with multiple transmitters and
receivers suspended in a 3-dimensional fluid medium. Each
transmitter is modeled as a punctual nanomachine with a fixed
location. Transmitters encode the information by releasing
molecules into the medium with a user-specified pattern. The
emitted molecules move according to Brownian motion, as a

Fig. 1. Normalized channel impulse response.

result of collisions with the smaller fluid molecules. Finally,
receivers are modeled as spherical nanomachines which are
able to count the number of molecules in a surrounding
volume, thus estimating the local concentration. From this
measurement, the transmitted information can be decoded.

The main output of N3Sim is the concentration as a function
of time measured by each of the receivers. The interested
reader can find more details about N3Sim on our website [19].

IV. MOLECULAR CHANNEL ANALYSIS

Eq. (1) allows to obtain the concentration measured by a
receiver located at a distance r from the transmitter as a
function of time. Since the previously described molecular
channel is linear and time-invariant, this measure can be
interpreted as the channel response to an impulse of molecules,
i.e., the channel impulse response.

Fig. 1 shows the impulse response of the molecular channel,
normalized to values between 0 and 1. We set the transmis-
sion distance to r = 200 nm and the diffusion coefficient
to D = 1 nm2/ns, similar to the diffusion coefficient of
ionic calcium in cytoplasm [20]. We can observe that the
concentration initially measured by the receiver is zero, but it
sharply increases until reaching its maximum. The time instant
at which this maximum occurs can be interpreted as the pulse
delay. After the concentration peak is reached, the impulse
response slowly decreases, forming a long tail due to the effect
of diffusion.

We then obtain the channel transfer function by computing
the Fourier transform of the impulse response. The magnitude
of the channel transfer function, shown in Fig. 2 in dB, can be
interpreted as the channel attenuation. The results indicate that
only low-frequency signals can be reliably transmitted through
the channel. We observe a notch at f = 500 kHz, related to
the delay caused by the diffusion process.

Fig. 3 shows the molecular channel group delay. At low fre-
quencies, we observe two peaks: a positive peak at f = 0 Hz
and a negative one at f = 500 kHz. The latter one is due to the
delay that causes the notch in the channel transfer function at
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Fig. 2. Magnitude of the normalized channel transfer function in dB.

Fig. 3. Channel group delay.

the same frequency. At higher frequencies, the channel group
delay is approximately zero.

In Fig. 4 and Fig. 5, we plot the magnitude of the normalized
channel transfer function and the group delay, respectively, as
a function of both the frequency and the transmission distance.
The transmission distance ranges from 100 to 450 nm. As ex-
pected, the channel attenuation increases both with the increase
in frequency and in transmission distance. The channel group
delay also increases with the the distance from the transmitter,
and is nearly zero for frequencies higher than a few hundreds
of kHz.

V. COMMUNICATION METRICS

Eq. (1) can also be interpreted as the pulse equation, since
it shows the evolution of a molecular pulse in space and time.
Considering the pulse-based modulation scheme introduced in
Section II, an alternative path to explore the characteristics of
the molecular channel is to direcly analyze the pulse equation.

Fig. 4. Magnitude of the normalized channel transfer function in dB as a
function of the transmission distance.

Fig. 5. Channel group delay as a function of the transmission distance.

With this purpose, we consider several metrics that will enable
the assessment of the communication performance in this
scenario. We focus on three of them: the pulse delay, the
pulse amplitude and the pulse width. First, we obtain analytical
expressions for these metrics and validate them by simulation.
Then, we compare the scalability of these metrics with their
equivalent in a wireless electromagnetic channel.

A. Pulse Delay

In order to find the pulse delay, we compute the time instant
for which the pulse equation reaches its global maximum.
As we observe in Fig. 1, this function has only one local
maximum, which is also its global maximum. We can therefore
compute the position of this maximum by taking the time
derivative of the function and finding the time instant at which
it is equal to zero:

dc(r, t)

dt
=

d

dt

Qe−r
2/4Dt

(4πDt)
3/2

= 0 (2)
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Fig. 6. Plot of the pulse delay as a function of the transmission distance. The
dashed line corresponds to the analytical expression, and the crosses show the
simulation results with 95% confidence intervals.

From this equation, by isolating the variable t we can obtain
the time at which the pulse has its maximum td. This time can
be interpreted as the pulse delay:

td =
r2

6D
(3)

Note that the pulse delay is inversely proportional to the
diffusion coefficient D. Hence, the higher the diffusion coef-
ficient, the faster molecular pulses will propagate.

In order to validate this result, we simulate the transmission
of a 107 molecule pulse using N3Sim. The diffusion coefficient
is set to D = 1 nm2/ns and the local molecular concentration
is measured at distances from 100 to 450 nm, at intervals of
50 nm. We will use these same conditions throughout this
work, unless otherwise stated. Fig. 6 shows a comparison
between the analytical expression of the pulse delay (dashed
line) and the averaged results obtained with N3Sim after 30
simulation runs with 95% confidence intervals.

B. Pulse Amplitude

It is also worth investigating the variation of the pulse
amplitude over space, which may be interpreted as the channel
attenuation. We obtain this amplitude by evaluating the pulse
equation at the time instant at which the pulse reaches its
maximum value, which we have previously found in Eq. (3):

cmax = c(r, t)|t=td =

(
3

2πe

)3/2
Q

r3
(4)

It is interesting to note that, as opposed to the pulse
delay, the pulse amplitude is independent from the diffusion
coefficient. In consequence, the diffusion coefficient of the
medium will have no effect on the attenuation of the molecular
pulses throughout space.

As done in the previous section, we validate this result
by means of simulation. Considering a pulse transmission

Fig. 7. Log-log plot of the pulse amplitude as a function of the transmission
distance. The dashed line corresponds to the analytical expression, and the
crosses show the simulation results with 95% confidence intervals.

under the same conditions used to validate the pulse delay, we
measure the pulse amplitude as a function of the transmission
distance. Fig. 7 shows a log-log plot that compares the
analytical expression (dashed line) with the simulation results
with 95% confidence intervals, which confirms the correctness
of Eq. (4).

C. Pulse Width

Another important metric is the pulse width, since it will
be the main constraint on the achievable bandwidth. As it is
usually done in electromagnetic communications, we compute
the pulse width at the 50% level, i.e., the time interval at which
the pulse has an amplitude greater than half of its maximum
value:

c(r, t) =
Q

(4πDt)
3/2

e−r
2/4Dt =

cmax
2

=
1

2

(
3

2πe

)3/2
Q

r3

(5)
We obtain the following expression by isolating the time

variable:

t = − r2

6DW
(
− 1

22/3e

) (6)

where W is the Lambert W function [21]. This equation has
two solutions, corresponding to the two time instants at which
the pulse amplitude is equal to half of its maximum value.
These instants are given by:

t1 =
0.0728

D
r2 t2 =

0.5229

D
r2 (7)

Finally, we can obtain the expression of the pulse width tw
by subtracting these two instants:

tw = t2 − t1 =
0.4501

D
r2 (8)
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Fig. 8. Plot of the pulse width as a function of the transmission distance. The
dashed line corresponds to the analytical expression, and the crosses show the
simulation results with 95% confidence intervals.

In this case, as it happened with the pulse delay, the pulse
width is inversely proportional to the diffusion coefficient of
the medium. Therefore, the higher the diffusion coefficient,
the narrower the received pulses will be.

As before, we validate the obtained expression with N3Sim,
using the same parameters as in the previous sections. Fig. 8
shows that the simulation results are close to the values of the
analytical expression, which confirms the validity of Eq. (8).

D. Molecular vs Wireless EM Channel Comparison

It is worth comparing the communication performance met-
rics previously found for a diffusion-based molecular commu-
nication channel to their equivalent in a wireless electromag-
netic (EM) communication channel. In the molecular channel,
as we observe in Eq. (3), the pulse delay is proportional to
the square of the transmission distance: td = Θ

(
r2
)
. This is

due to the peculiarities of the Brownian motion underlying
the diffusion process, which is fundamentally different from
the wave propagation observed in EM communications. In the
latter case, the propagation delay is equal to the transmission
distance divided by the wave propagation speed: td = Θ (r).

Eq. (4) shows that the amplitude of a molecular pulse is
inversely proportional to the third power of the transmission
distance, i.e., cmax = Θ

(
1/r3

)
. This dependence shows again

a difference with respect to the behavior of waves in wireless
EM communications, for which, according to the free-space

path loss formula A =
(

4πrf
c

)2

, the pulse amplitude decreases
proportionally to the square of the transmission distance.

Finally, according to Eq. (8), the dependence of the pulse
width on the transmission distance is tw = Θ

(
r2
)
. Again,

there is a clear difference with the traditional EM channel, for
which the pulse width is independent from the transmission
distance: tw = Θ(1). Also, the behavior of the molecular
channel differs from that observed in optical communications,
where chromatic dispersion causes the pulse width to increase

Fig. 9. Concentration measured by the receiver when a train of pulses is
transmitted from a distance of 200 nm. The interval between pulses is equal
to the pulse width at the receiver location.

proportionally to the transmission distance (tw = Θ(r)), at a
slower rate than in the molecular channel.

In the following table, we summarize these comparisons
between the scalability of communication metrics in the
molecular channel and the wireless electromagnetic channel:

Metric EM channel Molecular channel
Pulse delay Θ (r) Θ

(
r2
)

Pulse amplitude Θ
(
1/r2

)
Θ
(
1/r3

)
Pulse width Θ (1) Θ

(
r2
)

VI. ACHIEVABLE BANDWIDTH

The pulse width expression, described in Eq. (8), allows us
to obtain an estimate on the achievable bandwidth of the pulse-
based modulation scheme. Let us consider the case where a
nanomachine needs to transmit a bit stream. With this purpose,
it may send a train of pulses by using different molecule types
to represent bits ‘0’ and ‘1’, respectively. In this case, the
minimum separation between the transmitted pulses needs to
be approximately equal to the pulse width at the receiver, so
that pulses can be correctly distinguished and the information
can be decoded (assuming that the transmitter and receiver
are synchronized). The achievable bandwidth in this scenario
is thus approximately equal to the inverse of the pulse width
at the receiver location.

The transmitter is able to compute the pulse width at the
receiver by using Eq. (8) and it can set the interval between the
transmitted pulses accordingly. For example, for a transmission
distance of 200 nm, the received pulse width will be of 18 µs.
Fig. 9 represents the received signal when a train of pulses
is transmitted by a nanomachine located 200 nm away with
an interval between pulses equal to the pulse width at the
receiver (18 µs). The simulation results show a stream of
distinguishable pulses and thus confirm that the transmitted
signal can be correctly decoded by the receiver.
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Fig. 10. Concentration measured by the receiver when two transmitters
simultaneously emit a molecular pulse. Transmitter 1 (orange) is located at a
distance of 300 nm, and transmitter 2 (blue) at 400 nm.

VII. MULTIPLE TRANSMITTERS

In order to demonstrate the feasibility of a scenario where
multiple nanomachines are transmitting simultaneously, we
perform a simulation where two transmitters emit a pulse
of molecules at the same time instant. Fig. 10 shows the
concentration measured by a receiver in this scenario. The
transmitter nanomachines are located at a distance of 300 and
400 nm, respectively, and they use different molecule types in
order to avoid the collision of the transmitted pulses. Since the
transmitted molecules do not interact, the pulses are orthogonal
and they can be successfully decoded by the receiver.

VIII. CONCLUSION

In this paper, we have characterized the diffusion-based
communication channel in molecular nanonetworks. First,
we have described our envisaged scenario, where molecules
emitted by transmitter nanomachines diffuse throughout the
medium according to Fick’s laws of diffusion. We have then
obtained the impulse response, the transfer function and the
group delay of the molecular channel.

We have proposed a pulse-based modulation scheme which
we consider specially well suited to the molecular environ-
ment. Based on this scheme, we have obtained analytical
expressions for relevant metrics from the communication
standpoint: pulse delay, pulse amplitude and pulse width. We
have also validated these results by means of simulations and
showed the difference in the scalability of the obtained metrics
with respect to their equivalent in wireless electromagnetic
communication. Finally, we have explored the achievable
bandwidth by the proposed communication system and we
have demonstrated the feasibility of a scenario with multiple
simultaneous transmissions.

We consider that these results provide interesting insights
which may serve designers as a guide to implement future
molecular nanonetworks.
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