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Abstract—Molecular communication is a promising paradigm
for nanoscale networks. The end-to-end (including the channel)
models developed for classical wireless communication networks
need to undergo a profound revision so that they can be applied
for nanonetworks. Consequently, there is a need to develop new
end-to-end (including the channel) models which can give new
insights into the design of these nanoscale networks. The objective
of this paper is to introduce a new physical end-to-end (including
the channel) model for molecular communication. The new model
is investigated by means of three modules, i.e., the transmitter,
the signal propagation and the receiver. Each module is related to
a specific process involving particle exchanges, namely, particle
emission, particle diffusion and particle reception. The particle
emission process involves the increase or decrease of the particle
concentration rate in the environment according to a modulating
input signal. The particle diffusion provides the propagation
of particles from the transmitter to the receiver by means of
the physics laws underlying particle diffusion in the space. The
particle reception process is identified by the sensing of the
particle concentration value at the receiver location. Numerical
results are provided for three modules, as well as for the overall
end-to-end model, in terms of normalized gain and delay as
functions of the input frequency and of the transmission range.

Index Terms—Nanotechnology, Nanonetworks, Molecular
Communication, Physical End-to-End Modeling, Physical Chan-
nel Modeling, Particle Diffusion

I. INTRODUCTION

IN THE 21ST century, nanotechnology is enabling the
miniaturization and fabrication of devices in a scale ranging

from one to a hundred nanometers. At this scale, a nano-
machine is considered to be the most basic functional unit,
consisting of nanoscale components, and able to perform a
specific task at nano-level, such as computing, data storing,
sensing or actuation. Nano-machines can be interconnected
as a network to execute more complex tasks in a distributed
manner. The resulting nanonetworks are envisaged to expand
the capabilities and applications of single nano-machines, both
in terms of complexity and range of operation. Molecular
communication (MC) is a promising communication paradigm
for nanonetworks [1], where the transmission and reception
of information are realized through molecules, as it naturally
occurs within the living organisms. The characterization of
MC mechanisms, the definition of molecular channel mod-
els and the development of architectures and protocols for
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Fig. 1. Molecular communication architectures.

nanonetworks are new challenges that need to be addressed in
the research world.
Regardless of the final application, classical communication

paradigms need to undergo a profound revision in order to
meet the requirements of these new nano-scenarios. Commu-
nication based on electromagnetic waves, using either wired
or wireless links, may not be directly applicable. Given the
size of nano-machines, wiring a large quantity of them is
unfeasible and, due to the size and current complexity of
electromagnetic transceivers, these cannot be easily integrated
into nano-machines. Only the development of nano-structures
based on carbon electronics (e.g., graphene and carbon nano-
tubes) may be able to provide the ICT community with a new
set of tools to develop tiny EM transceivers (starting with
the development of nano-antennas, for example). However,
the power consumption is still a problem to be addressed.
Regarding acoustic communication, it is the size of acoustic
transducers why the transmission of ultrasonic waves among
nano-machines is not feasible. In the case of mechanical
communication among nano-machines, i.e., the transmission
of information through linked devices at nano-level, it is
clear that both their size and random deployment limit the
usefulness of this approach.
One of the key challenges in molecular communication is

to characterize how molecules (nanoscale particles) propagate
through the medium [1]. For MC there are three main nanonet-
work architectures based on the type of molecule propagation,
as shown in Fig. 1. In the walkway-based architectures, the
molecules propagate through pre-defined pathways connecting
the transmitter to the receiver by using carrier substances, such
as molecular motors [20]. In the flow-based architectures, the
molecules propagate through diffusion in a fluidic medium
whose flow and turbulence are guided and predictable. The
hormonal communication through blood streams inside the
human body is an example of this type of propagation of
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molecular information (hormones). The flow-based propaga-
tion can also be realized by using carrier entities whose
motion can be constrained on the average along specific paths,
despite showing a random component. A good example of
this MC architecture is given by pheromonal communication
in an ant colony. In the diffusion-based architectures, the
molecules propagate through their spontaneous diffusion in
a fluidic medium [19]. In this case, the molecules can be
subject solely to the laws of diffusion or can also be affected
by non-predictable turbulence present in the fluidic medium.
Pheromonal communication, when pheromones are released
into a fluidic medium [7], such as air or water, is an example
of diffusion-based architecture. Another example of this kind
of transport is calcium signalling among cells [14].
To date, very limited research has been conducted to ad-

dress the modeling and analysis of diffusion-based particle
communication and the according end-to-end behavior in
nanonetworks. In [5,6], a particle receiver model is devel-
oped by taking the ligand-receptor binding mechanism into
account [17]. However, in both papers, the diffusion process
is not captured in terms of molecule propagation theory and,
therefore, the end-to-end model reliability and accuracy are
only accounted for the receiver side. Moreover, an ideal digital
transmitter model is used and the performance evaluation is
conducted based on an ideal synchronization between the
transmitter and the receiver.
In this paper, we develop a mathematical framework aiming

at an interpretation of the diffusion-based particle commu-
nication, both in terms of particle emission/reception and
particle propagation. For this, we provide a physical end-to-
end model and we analyze it in terms of normalized gain
and delay as functions of the system frequency and the trans-
mission range. In the physical end-to-end model, the desired
information modulates the particle concentration rate at the
transmitter side. This modulated signal is then propagated
by the diffusion process to the receiver side. The receiver
detects the concentration and generates the received signal.
We divide the physical end-to-end model into three modules:
the transmitter, the receiver and the signal propagation, as
shown in Fig. 2. Each module is analytically modeled and
investigated in terms of normalized gain and delay. The
transmitter and the signal propagation models are built on
the basis of the molecular diffusion physics [15], whereas the
receiver model is interpreted by stemming from the theory of
the ligand-receptor binding chemical process [17].
The remainder of this paper is organized as follows. In

Sec. II, the assumptions of the proposed physical end-to-end
model are introduced. The three modules composing the phys-
ical end-to-end model, namely, the transmitter, the receiver
and the signal propagation, are explained in Sec. III, Sec. IV,
and Sec. V, respectively. The delay and the normalized gain
numerical results are provided in Sec. VI for each module, as
well as for the overall end-to-end model. Finally, in Sec. VII,
we conclude the paper and present some future open research
problems.

II. THE PHYSICAL END-TO-END MODEL

Our objective of modeling the physical end-to-end model
is to study the normalized gain and delay as functions of the

Fig. 2. The three modules composing the nanonetwork physical end-to-end
(including channel) model.

system frequency and the transmission range. We consider
that the MC process takes place inside the space S, which
contains a fluidic medium and it is initially filled with a
homogeneous concentration of particles, as shown in Fig. 2.
In this model, a particle is an indivisible object that can
be released to, or collected from, the space S, by means of
chemical reactions. When a particle is not being released or
collected, it is subject to the diffusion process and moves into
the space according to the laws of diffusion of particles in
a fluidic medium. The space is considered as having infinite
extent in any possible direction and, in general, it can be of
any dimension. When more than one particle is present in the
space, we do not consider the interactions between particles
other than the elastic collisions. A system of two particles
involved in an elastic collision retains the total kinetic energy
as before the collision. Here we consider particles having
identical properties with respect to their shapes and sizes.
The results of the end-to-end model are obtained both

in terms of normalized gain ΓT(f) and delay τT(f). The
end-to-end normalized gain is computed by multiplying the
normalized gain contributions coming from each module in
the frequency spectrum f :

ΓT(f) = ΓA(f) · ΓB(f) · ΓC(f) (1)

where ΓA(f) is obtained from Eq. (13), Eq. (9) and Eq. (11);
ΓB(f) is numerically computed from Eq. (26), Eq. (25) and
Eq. (24); ΓC(f) is obtained from Eq. (38), Eq. (36) and
Eq. (34).
The end-to-end delay is obtained by summation of the

delay contributions coming from each module in the frequency
spectrum f :

τT(f) = τA(f) + τB(f) + τC(f) (2)

where τA(f) is obtained from Eq. (14), Eq. (15), Eq. (9)
and Eq. (11); τB(f) is numerically computed from Eq. (27),
Eq. (28), Eq. (25) and Eq. (24); τC(f) is obtained from
Eq. (39), Eq. (40), Eq. (36) and Eq. (34).

III. THE PARTICLE EMISSION PROCESS

The task of the particle emission process is to modulate the
particle concentration rate rT (t) at the transmitter according
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Fig. 3. Particle emission process. (left) the transmitter module. (right) the emission process mechanism.

to the input signal sT (t) of the end-to-end model. In the
following analysis, the particle concentration rate r(x̄, t) in the
space S is a function of the ndim dimensional space Cartesian
coordinates x̄ and the time t. Assuming that the transmitter
is located at the Cartesian origin coordinate 0, the particle
concentration rate rT (t) at the transmitter location corresponds
to the particle concentration rate r(x̄, t) in the space S at
x̄ = 0:

sT (t) → rT (t) = r(x̄, t)|x̄=0 (3)

The Transfer Function Fourier Transform [10] (TFFT) of
the transmitter module Ã(f) is

Ã(f) =
r̃T (f)
s̃T (f)

(4)

where s̃T (f) and r̃T (f) are the Fourier transforms [10] of the
system input signal sT (t) and the particle concentration rate
rT (t) at the transmitter location, respectively.
The particle flux is defined as the net particle concentration

leaving/entering the transmitter per unit time. As shown in
Fig. 3 (left), the particle flux causes variations in the particle
concentration cout, as a function of time t. The particle con-
centration cout is the average concentration in the proximity
of the transmitter (dashed circle in Fig. 3 (left)). The particle
concentration rate at the transmitter rT (t) is defined as the
time derivative dcout(t)/dt of the particle concentration cout.
Fig. 3 (right) shows the emission process both during

positive (rT (t) > 0) and negative (rT (t) < 0) rate modulation.
The transmitter is modeled as a box containing an inside
molecule concentration, cin, and provided with an aperture
that connects the inside to the outside of the transmitter, where
the particle concentration is cout. A particle concentration flux
is stimulated by a concentration gradient between cout and cin.
In case of positive rate modulation, cin is triggered according
to the input signal sT (t) as follows. When sT (t) increases,
the transmitter increments cin in order to reach a desired
concentration gradient between cin and cout, incrementing the
outgoing particle flux and, thus, increasing rT (t). Thus, rT (t)
increases. Whereas, when sT (t) decreases (while being posi-
tive), there is a decrement in both cin and the concentration
gradient. Thus, the outgoing particle flux is decremented and,

Fig. 4. Emission process circuit model.

consequently, rT (t), too. The opposite happens in case of
negative rate modulation. The desired particle concentration
rate r̂T (t) at the transmitter location is considered equal to
the input signal sT (t): r̂T (t) = sT (t).
In our model, we identify the emitter module with an

electrical parallel RC circuit [16]. This is shown in Fig. 4
where Iin(t) is the input current as a function of the time t,
Re stands for the resistance value, Ce is the capacitor value
and Iout(t) is the output current, equal to the current IR(t)
flowing through the resistor Re.
From the electrical circuit theory [16], the TFFT of the RC

circuit is

HRC(f) =
Ĩout(f)
Ĩin(f)

=
1

1 + j2πfReCe
(5)

where Ĩin(f) and Ĩout(f) are the Fourier transforms [10] of
the input voltage Iin(t) and output voltage Iout(t), respec-
tively.
We identify the desired particle concentration rate r̂T (t)

at the transmitter with the input current Iin(t). The particle
concentration gradient∇cT (t) at the transmitter is equal to the
voltage Ve(t). The current IR(t) flowing through the resistor
Re is equal to the particle concentration rate rT (t) obtained
at the transmitter. The particle concentration rate rT (t) can be
identified with the particle concentration flux J̄T (t), given by
the net particle concentration leaving/entering the transmitter
per unit time. The relation between the particle concentration
flux J̄(x̄, t) and the particle concentration gradient ∇c(x̄, t)
at time t and location x̄ is given by the Fick’s first law [9,15].
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J̄(x̄, t) = −D∇c(x̄, t) (6)

where D is the diffusion coefficient and it can be considered
as a constant value for a specific fluidic medium.
Therefore, since J̄T (t) and ∇cT (t) are, respectively, the

particle concentration flux J̄(x̄, t) and the opposite of the
particle concentration gradient −∇c(x̄, t) at the transmitter,
and since

IR(t) = J̄T (t) ; Ve(t) = ∇cT (t) (7)

then:
IR(t) = DVe(t) (8)

and the constant resistance value becomes

Re =
1
D

(9)

We relate the capacitor charging/discharging current IC(t)
at time t to the difference between r̂T (t), equal to the input
current Iin(t), and rT (t), equal to the output current IR(t).
The voltage applied to the capacitor Ve(t) is equal to ∇cT (t).
The particle concentration gradient ∇cT (t) is the difference
between the outside particle concentration cout and the in-
side particle concentration cin. Therefore, the time derivative
d∇cT (t)/dt changes according to the net flux of particles that
contributes to ∇cT (t). The net flux of particles is given by
the difference between r̂T (t) and rT (t). This results in the
relation:

d∇cT (t)
dt

= r̂T (t) − rT (t) (10)

and, since IC(t) = r̂T (t) − rT (t) and Ve(t) = ∇cT (t),
then IC(t) = dVe(t)/dt and, therefore, the capacitor value
becomes:

Ce = 1 (11)

The TFFT Ã(f) of the transmitter module can be consid-
ered in terms of the TFFT of the RC circuit HRC(f):

Ã = HRC(f) =
1

1 + j2πfReCe
(12)

The normalized gain ΓA(f) for the transmitter module A
is the magnitude |Ã(f)| of the TFFT Ã(f) normalized by
its maximum value maxf (|Ã(f)|) which becomes 1 from
Eq. (12):

ΓA(f) =
|Ã(f)|

maxf (|Ã(f)|) =
1√

(1 + (2πfReCe)2)
(13)

The delay τA(f) for the transmitter module A is:

τA(f) = −dφA(f)
df

(14)

where φA(f) is the phase of the TFFT of Eq. (12)

φA(f) = arctan

(
Im(Ã(f))
Re(Ã(f))

)
= arctan(−2πfReCe)

(15)
which is computed from the real part Re(Ã(f)) and the
imaginary part Im(Ã(f)) of the TFFT Ã(f).

Fig. 5. Diffusion process module.

IV. THE PARTICLE DIFFUSION PROCESS

The particle diffusion process is related to the signal propa-
gation module. This process deals with the propagation of the
particle concentration rate rT (t) from the transmitter across
the space S. The particle concentration cR(t) at the receiver
location x̄ = x̄R is considered as the output of the diffusion
process.

r(x̄, t)|x̄=0 = rT (t) → cR(t) = c(x̄, t)|x̄=x̄R (16)

The Transfer Function Fourier Transform [10] (TFFT) of
the signal propagation module B̃(f) is

B̃(f) =
c̃R(f)
r̃T (f)

(17)

where r̃T (f) and c̃R(f) are the Fourier transforms [10] of
the particle concentration rate rT (t) at the transmitter and the
particle concentration cR(t) at the receiver, respectively.
As shown in Fig. 5, the particle emission modulates the

particle concentration rate at the transmitter r(x̄, t)|x̄=0. The
particle emission creates differences in particle concentra-
tion across the space S. These differences cause a non-
homogeneous particle concentration inside the space S which,
in turn, stimulates particle movements. The particle move-
ments are directed towards a homogenization of the particle
concentration inside S. As a result, the information contained
in the modulated particle concentration rate r(x̄, t)|x̄=0 is
subject to a propagation phenomenon from the transmitter
location to the other points in the space S. The propagated
information reaches the receiver (RN) at location x̄ = x̄R

with the concentration c(x̄, t)|x̄=x̄R . The receiver is then able
to sense the particle concentration and to compute the particle
concentration rate.
We use the particle concentration distribution flux to study

the signal propagation occurring during the diffusion process.
According to the Fick’s first law [9,15], the particle concen-
tration flux J̄(x̄, t) at time instant t and location x̄, is equal to
the spatial gradient (operator ∇) of the particle concentration
c(x̄, t) occurring at time instant t and location x̄ multiplied
by the diffusion coefficient D:

J̄(x̄, t) = −D∇c(x̄, t) (18)
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where ∇c(x̄, t) is a vector of dimension ndim containing
the spatial first derivatives of c(x̄, t), one for any spatial
dimension.
At time t we assume to have a particle concentration

rate r(x̄, t) at the location x̄ in the space. The principle of
mass/matter conservation allows us to formulate the Continu-
ity Equation [8], which states that the time derivative of the
particle concentration ∂c(x̄, t)/∂t is equal to:

∂c(x̄, t)
∂t

= −∇J̄(x̄, t) + r(x̄, t) (19)

Substituting the Fick’s first law from Eq. (18) into Eq. (19),
we end up with the inhomogeneous Fick’s second law of
diffusion. According to this, the time derivative of the particle
concentration ∂c(x̄, t)/∂t at location x̄ and the time t is equal
to the Laplacian (operator ∇2) of c(x̄, t) occurring at time
instant t and location x̄ multiplied by D (diffusion coefficient)
plus the incoming particle concentration rate r(x̄, t):

∂c(x̄, t)
∂t

= D∇2c(x̄, t) + r(x̄, t) (20)

where ∇2c(x̄, t) is the sum of the ndim spatial second deriva-
tives of c(x̄, t).
As pointed out in [12], the second Fick’s law is in contradic-

tion with the theory of special relativity. The solution of the
second Fick’s law allows particle concentration information
to propagate instantaneously from one point to another point
in the space S, with a so-called super-luminal information
propagation speed. In order to overcome this problem, it was
proposed in [3] to add a new term to the Fick’s second law
accounting for a finite speed of propagation in the concen-
tration information. With this additional term, we obtain the
Telegraph Equation [3]:

τd
∂2c(x̄, t)

∂t2
+

∂c(x̄, t)
∂t

= D∇2c(x̄, t) + r(x̄, t) (21)

where τd is called relaxation time and it has its origin
from statistical mechanics of the electrons distribution for
heat diffusion [3]. Heat diffusion stems from the same laws
underlying the particle diffusion process. Therefore, despite
the fact that the Telegraph Equation in Eq. (21) was originally
formulated for the case of heat transfer, it can also be applied
to the diffusion of particle concentration.
We propose to model the processing of the system input

r(x̄, t)|x̄=0 through the linear system denoted by the impulse
response gd(x̄, t). This process is a convolution operation
performed both in time t and in space x̄:

c(x̄, t)|x̄εS =
∫

S

∫ +∞

t′=0

r(x̄′, t′)gd(x̄′ − x̄, t− t′) dt′ dx̄′ (22)

where the system input is the particle concentration rate at
transmitter r(x̄, t)|x̄=0 and the system output is the particle
concentration value c(x̄, t) at any space location x̄εS and at
any time instant t.
Since the input particle concentration rate is a non-zero

value only at the transmitter, this can be also seen as the
multiplication of a Dirac delta in the space S by the particle
concentration rate rT (t) at the transmitter. Therefore, the
convolution operation is performed only in time:

c(x̄, t)|x̄εS =
∫ +∞

t′=0

rT (t′)gd(x̄, t − t′) dt′ (23)

The impulse response gd(x̄, t) of the system is the Green’s
function [4] (the propagator) of the diffusion process occurring
between the transmitter and any other location x̄ in the space
S. The Green’s function is in this case the diffusion process
response to a particle concentration rate at the transmitter
given by a Dirac delta in time (rT (t) = δ(t)). In order
to compute the function gd(x̄, t) we study the equations
governing the diffusion process and the physical conditions
constraining their validity.
The Green’s function gd(x̄, t) of the Telegraph Equation in

Eq. (21), which is analytically equivalent to the wave equation
in a lossy medium [2,18], is the analytical solution for the
concentration evolution in space and time when r(x̄, t) is a
Dirac delta function both in time t and in space S: r(x̄, t) =
δ(x̄)δ(t). It is analytically expressed as:

gd(x̄, t) = U (t − ‖x̄‖/cd) e
− t

2τd

cosh
(√

t2 − (|x̄‖/cd)
2

)
√

t2 − (‖x̄‖/cd)
2

(24)
where ‖x̄‖ is the distance from the transmitter and cd is the
wavefront speed, defined as cd = ±√D/τd, where D is the
diffusion coefficient, τd is the relaxation time in Eq. (21) and
U(.) is the step function.
The TFFT B̃(f) of the signal propagation module is the

Fourier transform of the Green’s function gd(x̄, t) in Eq. (24):

B̃(f) =
∫ ∞

−∞
gd(x̄R, t)e−j2πftdt (25)

where x̄R contains the Cartesian coordinates of the receiver
location in the space S. The values of B̃(f) are computed
numerically.
The normalized gain ΓB(f) of the propagation module

B is the magnitude |B̃(f)| of the TFFT B̃(f) normalized
by its maximum value maxf (|B̃(f)|) which is numerically
computed from Eq. (25):

ΓB(f) =
|B̃(f)|

maxf (|B̃(f)|) (26)

The delay τB(f) of the propagation module B is:

τB(f) = −dφB(f)
df

(27)

where φB(f) is the phase of the TFFT B̃(f):

φB(f) = arctan

(
Im(B̃(f))
Re(B̃(f))

)
(28)

which stems from the real part Re(B̃(f)) and the imaginary
part Im(B̃(f)), numerically computed from Eq. (25).

V. THE RECEPTION PROCESS

The task of this process is to sense the particle concentration
cR(t) at the receiver and to modulate the physical end-
to-end model output signal sR(t) according to the particle
concentration rate. Assuming that the receiver is located at
the Cartesian coordinate x̄R, the particle concentration cR(t)
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Fig. 6. The reception process module (left). The receptor model (right).

at the receiver corresponds to the particle concentration c(x̄, t)
in the space S at x̄ = x̄R:

c(x̄, t)|x̄=x̄R = cR(t) → sR(t) (29)

The Transfer Function Fourier Transform [10] (TFFT) of
the receiver module C̃(f) is:

C̃(f) =
s̃R(f)
c̃R(f)

(30)

where c̃R(f) and s̃R(f) are the Fourier transforms [10] of
the particle concentration cR(t) at the receiver location and
the system output signal sR(t), respectively.
As shown in Fig. 6 (left), the reception process is supposed

to take place in the reception space Sr inside S where
size(Sr) << size(S). Given this assumption, we consider
a homogeneous particle concentration c(x̄, t) = cR(t) inside
the reception space Sr. The reception is realized by means of
chemical receptors which homogeneously occupy the recep-
tion space Sr. We assume that each receptor, at the same time
instant, is exposed to the same particle concentration cR(t).
Fig. 6 (right) shows a single receptor involved in the particle

capture and in the particle release (ligand-receptor binding,
[17]). The binding reaction occurs when the receptor was
not previously bound to a particle. kr

1 is the probability of
capturing a particle (ligand). The release reaction occurs when
there is a complex formed by a particle and the chemical
receptor. kr−1 is the probability of releasing a particle.
A chemical receptor, depending whether it is involved in a

complex or not, triggers an output signal accordingly. sR(t)
is proportional to the rate of change in the ratio r of the
number of bound chemical receptors (complexes) over the
total number of chemical receptors.
The particle receiver is provided with NR chemical recep-

tors inside the reception space Sr. When a particle concen-
tration cR(t) is present at time t inside the reception space
Sr, the chemical receptors change their states accordingly.
The trend is to reach a ratio between the number of bound
chemical receptors over the total number of chemical receptors
proportional to cR(t) itself.

Fig. 7. Reception process circuit model.

We define nc(t) as the number of bound chemical receptors
(complexes) inside the emission space Sr at time t. The first
time derivative in the number of complexes dnc(t)/dt inside
the reception space Sr is equal to the number of receptors NR

multiplied by the first time derivative of the ratio r:

dnc(t)
dt

= NR
dr

dt
(31)

For the proper interpretation of the reception process, we
use a series RC circuit model. The circuit model of the
reception process is shown in Fig. 7. Vin(t) is the input voltage
as a function of the time t. Rch

r is the resistance value of the
resistor active during the capacitor charging phase. Rdis

r is
the resistance value of the resistor active during the capacitor
discharging phase. Cr is the capacitor value. Iout(t) is the
output current, equal to the current Ir(t) charging/discarging
the capacitor. In the following, we assume that Rch

r � Rdis
r .

Under this assumption, we are able to remove the diodes and
to consider a single resistor Rr.
From the electrical circuit theory [16], the TFFT of the

RC circuit HRC(f) between the input voltage Vin(t) and the
output current Iout(t) is:

HRC(f) =
Ĩout(f)
Ṽin(f)

=
j2πfCr

1 + j2πfRrCr
(32)

where Ṽin(f) and Ĩout(f) are the Fourier transforms [10] of



608 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 28, NO. 4, MAY 2010

the input voltage Vin(t) and output current Iout(t), respec-
tively.
In this scheme, we identify the particle concentration cR(t)

at the receiver with the input voltage Vin(t) of the RC circuit.
The system output signal sR(t) is equal to the output current
Iout. The number nc of bound chemical receptors inside Sr

is considered as the charge Qr stored in the capacitor at time
t. The capacitor voltage Vc(t) is equal to the ratio r of the
number of bound chemical receptors (complexes) over the
total number of chemical receptors. The output current Iout is
equal to the first time derivative Qr(t)/dt of the charge stored
in the capacitor. For this, the first time derivative Qr(t)/dt is
equal to the capacitor value Cr multiplied by the first time
derivative of the voltage Vc(t):

dQr(t)
dt

= Cr
dVc(t)

dt
(33)

The similarity of Eq. (31) and Eq. (33) implies that the number
of receptors Nr can be considered equal to the capacitor value
Cr:

Cr = NR (34)

A number of bound chemical receptors inside the reception
space Sr generates a proportional ratio r between bound
chemical receptors and the total number of chemical receptors
as in an ideal capacitor, the stored charge Qr(t) generates a
proportional voltage Vc(t). The proportionality constants are
NR and Cr, respectively.
The rates of increase and decrease in the number of bound

chemical receptors Vc(t) are related to the rate constant kr
1 of

binding reaction and the rate constant kr
−1 of release reaction,

respectively. We assume that the probability of a chemical
receptor to build/break a complex and to capture/release a
particle is affected by the ratio r of the number of bound chem-
ical receptors over the total number of chemical receptors,
which is equal to Vc(t). When Vc(t) increases, the probability
of capturing a particle decreases. When Vc(t) decreases, the
release rate decreases. We assume to have a linear relation,
thus:

dnc

dt
= (Vin(t) − Vc(t))k (35)

If Vin(t) > Vc(t), then k = kr
1, whereas, if Vin(t) < Vc(t),

then k = −kr−1.
We relate the number of complexes nc to the capacitor

charge Qr(t) stored in the capacitor. dnc(t)/dt is therefore
related to the capacitor charge current Ir(t) at time t, equal
to dQr(t)/dt:

Ir(t) =
(Vin(t) − Vc(t))

Rr
⇒ Rr =

1
k

(36)

where we assume that k = kr−1 � kr
1

The TFFT C̃(f) of the receiver module can be considered
in terms of the TFFT of the RC circuit HRC(f):

C̃(f) = HRC(f) =
j2πfCr

1 + j2πfRrCr
(37)

The number of receptors NR is also related to the precision
of the particle concentration measurement. Then, the higher is
the number NR of receptors inside the receptor space Sr, the
smaller is the minimum concentration variation dcr(t) sensed
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Fig. 8. The normalized gain for the transmitter module A.

by the reception module and translated into a rate value in the
system output signal sR(t).
The normalized gain ΓC(f) for the receiver module C is

the magnitude |C̃(f)| of the TFFT C̃(f) normalized by its
maximum value maxf (|C̃(f)|) which becomes 1/Rr from
Eq. (37):

ΓC(f) =
|C̃(f)|

maxf (|C̃(f)|) =
2πfRrCr√

(1 + (2πfRrCr)2)
(38)

The delay τC(f) for the receiver module C is:

τC(f) = −dφC(f)
df

(39)

where φC(f) is the phase of the TFFT of Eq. (37):

φC(f) = arctan

(
Im(C̃(f))
Re(C̃(f))

)
= arctan

(
1

2πfRrCr

)
(40)

which is computed from the real part Re(C̃(f)) and the
imaginary part Im(C̃(f)) of the TFFT C̃(f).

VI. NUMERICAL RESULTS

In this section we show the numerical results in terms of
normalized gain and delay for each module, as well as for the
overall end-to-end model. The frequency spectrum considered
in these results ranges from 0Hz to 1kHz. Although we believe
that there is no biological justification for taking into account
this frequency range, we are expecting to study networks
of new devices which will be able to exploit the MC end-
to-end model by using various modulation techniques, even
the ones not used by biological entities. For this, we believe
that the results in this frequency range could help the future
development of nanoscale communication systems. We do
not consider a wider frequency range since the results up to
1kHz already show clearly the trend of the end-to-end model
attenuation and delay as functions of the frequency.
The normalized gain ΓA(f) for the emission process (mod-

ule A), shown in Fig. 8, is computed from Eq. (13), Eq. (9)
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Fig. 9. The normalized gain for the propagation module B.

and Eq. (11), for a frequency spectrum from 0Hz to 1kHz
and a diffusion coefficient D ∼ 10−6m2sec−1 of calcium
molecules diffusing in a biological environment (cellular cy-
toplasm, [11]). The normalized gain ΓA(f) shows a non-
linear behavior with respect to the frequency, as expected
from an RC circuit. The curves for the normalized gain in
Fig. 8 show the maximum value 1 (0dB) at the frequency 0Hz
and they monotonically decrease as the frequency increases
and approaches 1kHz. This phenomenon can be explained
considering that if the frequency of the end-to-end model
input signal sT (t) increases, the resulting modulated particle
concentration rate rT (t) decreases in its magnitude. This is
due to the fact that the particle mobility in the diffusion
process between the inside and the outside of the transmitter
is constrained by the diffusion coefficient. The higher is the
diffusion coefficient, the faster is the diffusion process given a
value for the particle concentration gradient between the inside
and the outside of the transmitter.
The delay τA(f) for the emission process (module A),

obtained from Eq. (14), Eq. (15), Eq. (9) and Eq. (11), shows a
constant zero value in the frequency range from 0Hz to 1kHz
and, for this reason, we omitted its plot here. Consequently,
the transmitter does not distort the phase of any input signal
having a bandwidth contained in the analyzed frequency range.
The normalized gain ΓB(f) for the diffusion process (mod-

ule B), shown in Fig. 9, is numerically computed from
Eq. (26), Eq. (25) and Eq. (24) for a transmitter-receiver
distance from 0μm to 50μm and a frequency spectrum from
0Hz to 1kHz. The diffusion coefficient is the one of calcium
molecules diffusing in a biological environment (cellular cy-
toplasm, [11]) D ∼ 10−6m2sec−1. The relaxation time τd

from Eq. (21) is set approximatively to the relaxation time
computed for water molecules: τd ∼ 10−9sec. The normalized
gain ΓB(f) shows a non-linear behavior both with respect
to the distance d and the frequency f . The maximum value
of the normalized gain (0dB) is at the transmitter location
(distance = 0) and for the frequency f = 0. As the frequency
increases, the normalized gain decreases monotonically. The
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behavior with respect to the distance from the transmitter is
monotonically decreasing.
The delay τB(f) for the diffusion process (module B),

shown in Fig. 10, is numerically computed from Eq. (27),
Eq. (28), Eq. (25) and Eq. (24). The delay τB(f) is shown
both with respect to the distance and the frequency. For low
frequency values, the delay is non-linear with respect to the
distance from the transmitter. Therefore, the particle diffusion
module B has a dispersive behavior in the frequency range
from 0Hz to 1kHz and, consequently, the signal propagating
through the molecular diffusion module can be distorted.
The normalized gain ΓC(f) for the reception process (mod-

ule C), shown in Fig. 11, is obtained from Eq. (38), Eq. (36)
and Eq. (34), for a variable number of receptors NR from
20 to 100, a frequency spectrum from 0Hz to 1MHz, rate
constants ke

1 = ke
−1 = 108M−1sec−1 (see [13]), ndim = 1

and size(Sr) = 10μm. The reception process normalized gain
shows a non-linear behavior with respect to the frequency, as
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Fig. 12. The delay for the receiver module C.
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Fig. 13. The normalized gain for the end-to-end model T .

expected from an RC circuit. Each different curve is related
to a different value in the number of receptors NR. All the
curves go asymptotically to 1 as the frequency tends to infinite.
The normalized gain monotonically increases as the frequency
increases. This phenomenon can be explained considering that
if the frequency of the particle concentration cR(t) increases,
the resulting output signal sR(t) increases its magnitude. The
curves related to lower values of NR show lower values of
normalized gain throughout the frequency spectrum range. A
higher number of receptors NR requires a higher number of
molecules released or captured in order to reach a desired
ratio of bound receptors over the total number of chemical
receptors. The number of receptors NR is also related to the
precision of the particle concentration measurement. Then the
higher is the numberNR of receptors inside the receptor space
Sr, the smaller is the minimum concentration variation dcr(t)
sensed by the reception module and translated into a variation
in the system output signal sR(t).
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Fig. 14. The delay for the end-to-end model T .

The delay τC(f) for the reception process (module C),
shown in Fig. 12, is obtained from Eq. (39), Eq. (40), Eq. (36)
and Eq. (34). The delay τC(f) curves are shown in Fig. 12
with the same input parameters as before. For every curve,
the delay has a non-linear behavior with respect to frequency.
This means that the shape of the system output signal sR(t) is
distorted with respect to the particle concentration cR(t). This
behavior is enhanced for higher values in the number NR of
receptors.
The normalized gain ΓT(f) for the end-to-end model T ,

shown in Fig. 13, is computed from Eq. (1) for a transmitter-
receiver distance from 0μm to 50μm. The number of receptors
is assumed to be NR = 10, since it corresponds to the lowest
normalized gain for the reception process, while maintaining
a reasonable number of receptor at the receiver. The end-
to-end normalized gain shows a non-linear behavior with
respect to the frequency. Each different curve is related to
a different value of the transmitter-receiver distance. All the
curves show the maximum value 1 at the frequency 0Hz. The
normalized gain monotonically decreases as the frequency in-
creases. If the frequency of the end-to-end model input signal
sT (t) increases, the resulting output signal sR(t) decreases
its magnitude. The curves related to higher values of the
transmitter-receiver distance show lower values of normalized
gain throughout the frequency spectrum range.
The delay τT(f) for the end-to-end model T , shown in

Fig. 14, is computed from Eq. (2). The delay τT(f) curves
are shown in Fig. 14, one for each value of the transmitter-
receiver distance. For every curve, each frequency is delayed
by a different time. Consequently, the shape of the system
output signal sR(t) is distorted with respect to the end-to-end
model input signal sT (t). This behavior is enhanced for higher
values of the transmitter-receiver distance.

VII. CONCLUSIONS

In this paper we propose a physical end-to-end (including
channel) model suitable for the study of molecular commu-
nication applied to networks of devices at the nanometer
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scale. The objective of this work is the development of
a molecular physical end-to-end (including channel) model
based on the diffusion of particles in a fluidic medium. To
date, very limited research has been conducted to address the
modeling and analysis of particle diffusion communication and
according end-to-end behavior in nanonetworks. However, the
diffusion process has not been captured in terms of molecule
propagation theory and the end-to-end model reliability and
accuracy are limited to receiver side of the molecules.
The nanonetwork physical end-to-end (including channel)

model is studied as the composition of three subsequent
modules, namely, the transmitter, the signal propagation and
the receiver. Each module is related to a specific process
involving particle exchange, namely, the particle emission, the
particle diffusion and the particle reception. The results of each
model are shown in terms of normalized gain and delay.
Typical communication engineering paradigms can be ap-

plied to this model in order to study the end-to-end behavior
in terms of noise, capacity and throughput. Moreover, in light
of the results, several classical modulation schemes could be
studied when information is sent over this physical end-to-end
model.
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