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ABSTRACT
In diffusion-based molecular communication (DBMC) sys-
tem, information is encoded in the variation of molecules
such as amounts, time shifts, or different molecule types,
at a transmitter nanomachine (TN). These molecules are
then released and propagated through a channel towards a
receiver nanomachine (RN). One of the most important per-
formance matrices in evaluating this system from an infor-
mation theory perspective is channel capacity. This paper
provides a derivation of capacity expression for multilayer
DBMC channel in which the propagation of molecules from
the TN to the RN through multiple channels follows the
Brownian motion and modeled by Fick’s equations. The
Fourier transforms is employed to convert time to frequency
domain functions. The results show that the maximum ca-
pacity can be obtained by increasing both the bandwidth
and the average transmitted power, and decreasing the TN-
RN distance.

Categories and Subject Descriptors
H.1.1 [Information System]: Models and Principles—Sys-
tems and Information Theory
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Keywords
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1. INTRODUCTION
In recent times, diffusion-based molecular communication

(DBMC) has become a significant research topic among re-
searchers, particularly for biomedical and healthcare appli-
cations. In the DBMC, interaction and information shar-
ing among bio-nanomachines in nanonetworks plays an im-
portant role in expanding the capability of a single bio-
nanomachine, from performing a simple task to complex
tasks. For example, to collect health-related information,
synthesis the health condition, and then control the release
time as well as the amount of drugs for a treatment.

Recently, researchers have shown considerable interest in
the DBMC model for realizing communication among bio-
nanomachines. A comprehensive overview of the DBMC
process is addressed in [1, 16]. The concept of body area
nanonetworks with DBMC for healthcare applications is in-
troduced in [4]. Furthermore, the concept of the Internet
of Bio-Nano Things (IoBNT), which involving the DBMC
model for intra-body communication can be found in [2].
It is expected that from the proposed IoBNT, a healthcare
provider can retrieve certain intra-body status parameters
such as glucose, sodium, and cholesterol levels, and the pres-
ence of unwanted agent through Bio-Nano Things inside the
body by using the Internet connection. In addition, existing
literatures have shown a great number of efforts in modeling
and analyzing the physical layer of DBMC system from the
perspective of telecommunication engineering such as; mod-
ulation schemes [9, 11, 17], relaying [7], capacity [22, 23, 24],
detection techniques [10, 11, 13], throughput [18], noise [21,
22], and inter-symbol interference [12, 19].
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From the information theory perspective, channel capac-
ity is the most important performance metrics which quanti-
fies the maximum amounts of information that can be trans-
ferred from the TN to the RN for a given number of trans-
mitted molecules. The work in [24, 23] studied capacity for
both the diffusion channel and the ligand-binding reception.
In [24], the capacity is developed for continuous transmis-
sion of molecules, while in [23] the on-off keying and time slot
scheme. Moreover, the general mathematical expression of
channel capacity which considered the Fick’s diffusion, and
the molecular noise can be found in [22]. The capacity is
derived for any continuous time signal of molecule trans-
mission as a function of the average thermodynamic power
spent by the TN. However, none of the works in literatures
investigate the capacity of molecule transmission over mul-
tilayer of media. Practically, diffusion can occur through
multiple channels inside the human body, such as across
an alveolar-blood capillary barrier in the respiratory sys-
tem, and over the stomach-blood barrier in the absorption
process. Therefore, modeling and analyzing the capacity of
multilayer DBMC channel is important for supporting fu-
ture biomedical and the IoBNT applications.
The primary contribution of this paper is the derivation

of a closed-form expression of the capacity for a multilayer
DBMC channel. In the DBMC system, there are three types
of noise, including molecule sampling noise due to unwanted
perturbation on the output concentration of the emission
process at the TN, molecule counting or diffusion noise due
to the randomness in the propagation of molecules through
the channel which can impair the estimation of molecule
concentration at the RN [20], and reception noise due to
the ligand-receptor binding at the RN [21]. However, any
noise is not considered in this work to simplify the analysis
and to observe the contributions of Fick’s diffusion (channel
memory) on the channel capacity.
In this paper, the solution of the mean molecular con-

centration over an n-layer channel derived in [15] and pro-
cedures in obtaining the capacity of a DBMC system pro-
posed in [22] are considered to derive a capacity expression
for multilayer DBMC channel. In order to make the ca-
pacity expression in the general form, the non-origin TN
with continuous or time function transmission of molecules is
considered. Then, numerical analyses to evaluate the effect
of parameter variation such as an average power transmit-
ted for molecule transmission, bandwidth, distance, and the
layer fraction on the capacity of multilayer DBMC channel
are presented and discussed. It is expected that the analysis
and the modeling of capacity for multilayer DBMC channel
can serve as a theoretical basis in understanding the per-
formance of molecule diffusion in multiple channels from an
information theory point of view.
The rest of this paper is organized as follows. In Section 2,

the considered models of multilayer DBMC channel and as-
sumptions made are presented. The closed-form expressions
of mean molecular concentration and capacity for multilayer
DBMC channel are also provided in this section. In Section
3, the numerical results are presented and discussed. Finally,
conclusions are given in Section 4.

2. THE SYSTEM MODEL

2.1 Communication model
The physical system of multilayer DBMC model consid-

ered in this paper is shown in Figure 1. In general, it can
be decomposed into three main stages, which are transmis-
sion, propagation, and reception. The TN modulates the
transmission of molecules based on time continuous input
signal as proposed in [22]. The transmitted molecules are
then propagated over multiple channels from the TN to the
RN through a diffusion process via random motion and fol-
lows the Fick’s second law of diffusion from the regions of
high concentration to those of low concentration. The RN
reconstructs the message according to the mean concentra-
tion of molecules present in a volume sensing area at the
RN location. The modeling of the ligand based reception is
beyond the scope of this paper.

The following assumptions are considered in modeling mul-
tilayer DBMC channel.

• A point-source type of TN is located at r0 = (x0, y0, z0)
and can transmit Q0 numbers of the same type of in-
formation molecules at time t = t0.

• The total concentration of information molecules is
considerably lower than the concentration of medium
molecules, the interaction between molecules is ignored,
and the movement of molecules is independent of each
other. Thus, the propagation of molecules in a static
medium follows the Brownian motion and can be math-
ematically modeled using the Ficks laws of diffusion.

• The RN located at r = (x, y, z) is modeled as a point
and a passive observer, and can count the number
of molecules within the RN sensing area without any
chemical reaction.

• The concentration of molecules within the RN volume
sensing area is assumed to be uniform and equal to
that counted at the center of the RN [19, 3].

• The multilayer DBMC system has no propagation im-
pairments.

• The interlayer between two dissimilar media is con-
sidered thin and permeable by the transmitted infor-
mation molecules. The thinner the interlayer is, the
higher is the permeability coefficient of the interlayer.
Thus, the transmitted information molecules can eas-
ily cross the interlayer. The interlayer also has a unity
partition coefficient and has perfect contact between
the two layers.

    Transmitter                                                                         Receiver  

Nanomachine (TN)                                                           Nanomachine (RN) 

             Information        Receiver volume 

            z      molecule        sensing area                            Receptor 

 

         

 

 

           

                y 

            

 

      

x   High           Low   

       concentration             concentration 

 

Figure 1: Diagram of multilayer diffusion-based
molecular communication (DBMC) physical system.



2.2 Propagation of Molecules through Multi-
layer Channel by Diffusion

According to the Fick’s second laws of diffusion, the mean
molecular concentration in molecules per unit volume at po-
sition r− r0, changing with time t, and propagating across
n-layer channel is given by [15]:

∂C(r− r0, t− t0)

∂t
=

(
n∑

i=1

fi
Di

)−1

∇2C(r− r0, t− t0) (1)

where
∂

∂t
is the time derivative operator of the mean con-

centration of molecules C(r− r0, t − t0), r = (x, y, z) and
r0 = (x0, y0, z0) are the observation and source locations
vectors, respectively, t is the time after the initial time t0,
i represents the number of layers that can take the value of

1, 2, 3, . . . n, fi =
ri
r

is the fraction of the i-layer (ri is the

length of the i-layer and r = |r− r0| is the transmission dis-
tance), Di is the i-layer diffusion coefficient, and ∇2 is the

Laplacian operator denotes as ∇2 =
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
.

The mean concentration of molecules, C(r− r0, t − t0)
in molecules/m3 can be derived by solving (1) using the
Fourier and Laplace transforms for an impulsive transmis-
sion of molecules (Q = Q0δ(r− r0)δ(t − t0), where both
δ(r− r0) and δ(t− t0) are the Dirac’s delta functions of the
location and impulsive nature of the source, and Q0 is the
number of molecules) at time t0 in an infinite volume of
medium, leading to [15]:

C(r− r0, t− t0) =

Q0 exp

(
−|r− r0|2

4(t− t0)

n∑
i=1

fi
Di

)
(
4π(t− t0)

[
n∑

i=1

fi
Di

]−1
) 3

2

(2)

According to the time convolution properties of the delta
function and under the assumption that the channel is a
linear system, (2) can be written as follows:

C(r− r0, t−t0) = Q0δ(r− r0)δ(t−t0)∗h(r− r0; t−t0) (3)

where C(r− r0, t−t0) is the output signal, Q0δ(r− r0)δ(t−
t0) is an arbitrary input signal, the symbol ∗ is a multi-
dimensional convolution operation, and h(r− r0; t − t0) is
the channel impulse response given by:

h(r− r0, t− t0) =

exp

(
−|r− r0|2

4(t− t0)

n∑
i=1

fi
Di

)
(
4π(t− t0)

[
n∑

i=1

fi
Di

]−1
) 3

2

(4)

Equation (4) is also known as the Green function for tran-
sient diffusion equation in 3-dimensional of space.
If the molecule is transmitted by the TN into the medium

as a function of time, Q(t− t0), the solution of (1) gives:

C(r− r0, t− t0) =

∫ ∞

0

Q(τ)
e
− (r−r0)2

4D(t−t0−τ)

(4πD(t− t0 − τ))
3
2

dτ

= δ(r− r0)Q(t− t0) ∗ h(r− r0; t− t0)

(5)

where τ is the variable of integration, δ(r− r0) is the Dirac’s
delta function of the location of the source, Q(t− t0) is the

time function of input signal or the number of molecules
transmitted into the medium, h(r− r0; t− t0) is the channel
impulse response or the Green’s function of the Fick’s dif-
fusion given in (4) and C(r− r0, t− t0) is the output signal
or the mean molecular concentration.

2.3 Capacity of Multilayer DBMC Channel
The maximum transmission rate of communication known

as channel capacity is defined as the maximum mutual in-
formation between the transmitted and the received signals
with respect to the probability density function in all the
possible values of the transmitted signal [25]. It can mathe-
matically be represented as follows [6, 25]:

C = max
fx(x)

{I(X;Y )} (6)

where C is the capacity in a bits per second, I(X;Y ) is the
mutual information in bits per second, X is the transmitted
or input signal, Y is received or output signal, and fx(x) is
the probability density function of all the possible transmit-
ted signal X.

2.3.1 Mutual Information of Multilayer DBMC Chan-
nel

In general, one of the definitions of mutual information
I(X;Y ) between the input signal, X and output signal, Y
of a communication channel as shown in Figure 2 is given
by the following relation [6]:

I(X;Y ) = H(X)−H(X|Y ) (7)

where H(X) is the entropy per second of the transmitted
signal X, H(X|Y ) is the conditional entropy per second of
the transmitted signal X given the received signal Y . The
graphical representation of Venn diagram is shown in Fig-
ure 3.
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Figure 2: Information-theoretic diagram of multi-
layer DBMC system.
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Figure 3: Venn diagrams of the mutual information
between the input signal X and output signal Y [6].



By modeling the time function of the transmitted signal
X as a band-limited ensembles function within a bandwidth
W , the entropy per second H(X) of the transmitted signal
X is given by [22]:

H(X) = 2WH(Q̂) (8)

where H(Q̂) is the entropy of the number of transmitted
molecules per time sample of the time function signal Q(t−
t0), and W is the bandwidth of the transmitted signal, X.
In the traditional communication system, the bandwidth of
the transmitted signal is commonly referred to the range of
frequencies present in the time function of input signal. In
this paper, the bandwidth is defined as the highest frequency
of the time function signal, Q(t− t0).
According to (1), (2) and Figure 2, the multilayer DBMC

channel can be classified as a linear and deterministic model.
By considering these two properties, the conditional entropy
per second of the transmitted signal X given the received
signal Y can be obtained from the following relation [22]:

H(X|Y ) = − 1

W

∫
W

log2 |h(r− r0; f)|2df (9)

where h(r− r0; f) is the transfer function Fourier transform
of the channel impulse response given in (4).
By performing Fourier transforms, variable substitution,

and manipulating the integration part as presented in [14],
after that simplification by using de Moivre’s formula, (4)
can be written in the frequency domain as follows:

h(r− r0; f) =

exp

(
−(1 + i)|r− r0|

[
πf

n∑
i=1

fi
Di

] 1
2

)

4π|r− r0|
[

n∑
i=1

fi
Di

]−1 (10)

Next, by substituting (10) to (9), the conditional entropy
per second H(X|Y ) of the transmitted signal X given the
mean molecular concentration Y becomes:

H(X|Y ) = 2 log2

(
4π|r− r0|

[
n∑

i=1

fi
Di

]−1)
+

4

3

|r− r0|
ln(2)

√√√√Wπ
n∑

i=1

fi
Di

(11)

Then, by applying (8) and (11) to (7), the mutual in-
formation of multilayer DBMC channel has the following
expression:

I(X;Y ) = 2WH(Q̂)− 2 log2

(
4π|r− r0|

[
n∑

i=1

fi
Di

]−1)

− 4

3

|r− r0|
ln(2)

√√√√Wπ

n∑
i=1

fi
Di

(12)

2.3.2 Capacity of Multilayer DBMC Channel
According to (6), the capacity C of multilayer DBMC

channel can be calculated by maximizing the mutual in-
formation, I(X;Y ) between the transmitted X and the re-
ceived Y signals with respect to the probability density func-
tion fx(x) of the transmitted signal X. The maximum fx(x)

is subjected to a constraint on the average thermodynamic
power P̄H or the energy spent by the TN for the transmission
of molecules in the medium [22]. Under the consideration of
no variations in the pressure and the volume of the channel,
the maximum entropy H(Q̂) in the number of transmitted
molecules per time sample is given by [22]:

H(Q̂) =

(
1 + log2

[
P̄H

3WKbT

])
(13)

where Kb is the Boltzmann constant, and T is the absolute
temperature of the physical system.

By substituting (13) to (12), the capacity of multilayer
DBMC channel can be expressed as follows:

C = 2W

(
1 + log2

[
P̄H

3WKbT

])
−

2 log2

(
4π|r− r0|

[
n∑

i=1

fi
Di

]−1)
−

4

3

|r− r0|
ln(2)

√√√√Wπ

n∑
i=1

fi
Di

(14)

where W is the bandwidth of the transmitted signal, X, P̄H
is the average thermodynamic power, Kb is the Boltzmann
constant, and T is the absolute temperature of the system,
|r− r0| is the transmission distance, i represents the number

of layers that can take the value of 1, 2, 3, . . . n, fi =
ri
r

is

the fraction of the i-layer (ri is the length of the i-layer and
r = |r− r0|), and Di is the i-layer diffusion coefficient.

3. RESULTS AND DISCUSSION
In this section, numerical analysis is performed to eval-

uate the capacity of multilayer DBMC channel using (14).
For simplicity, the air-water-blood plasma channel is chosen
as the multilayer DBMC channel. The simplified cross sec-
tional channel as shown in Figure 4 is chosen based on the
alveolar-blood barrier in the respiration system. The tem-
perature is set to be the normal body temperature of 37 ◦C.
The other set of parameters are given in Table 1. However,
the chosen values are only a reference value.

Cytoplasm of

red blood cell

2

O2

O2

O2
O2

O2

O2
O2

Hb

HbO2

Alveolar 

air

Alveolar 
type I
epithelial cell

Interstitial 
space
with matrix

Pulmonary
capillary
endothelial cell

Water

layer

Blood 

plasma

D3 D4

D1
D2

D5
D11

D6

D12

D7 D8 D9

D10

O2

(a)

(b)

Figure 4: Multilayer diffusion: (a) alveolar-blood
barrier [5], and (b) the simplified multilayer repre-
sentation.



Table 1: A Common Set of Parameters.
Parameter Value

Transmission distance, r 1 to 500 µm

Number of layer, n 3

Fraction of each layer, fi f1 = f2 = f3 = 1/3

The average TN power, P̄H 0.1 to 10 pW

Transmission bandwidth, W 20 to 40 Hz

Radius of molecule (v an Oxygen atom) 6.6× 10−11 m [8]

Boltzmann constant, Kb 1.3806504214× 10−23 J/K

Viscosity of air, ηair at 37 ◦C 0.01894× 10−3 kg/ms [8]

Viscosity of water, ηwater at 37 ◦C 0.6915× 10−3 kg/ms [8]

Viscosity of blood plasma, ηplasma at 37 ◦C 1.1× 10−3 kg/ms [8]

Diffusion coefficient of air, Dair 1.82× 10−7 m2/s

Diffusion coefficient of water, Dwater 4.98× 10−9 m2/s

Diffusion coefficient of blood plasma, Dplasma 3.13× 10−9 m2/s

3.1 Capacity Versus Bandwidth for Different
Values of Transmission Distance

Figure 5 shows the capacity of multilayer DBMC channel
against the transmission bandwidth for the air-water-blood
plasma with different values of transmission distance, r (50
µm of step size). The average power of TN is fixed at 0.1 p
W. Each layer is considered to have an equal fraction. It can
be seen that, increasing the transmission bandwidth from 20
to 40 Hz increases the capacity of multilayer DBMC chan-
nel from 0.85 to 1.55 kilobits per second, at the transmission
distance of 50 µm. The same trend of constant capacity in-
crement by a factor of around 1.8 to 1.9 can also be observed
at the other transmission distance. The upper line (the line
with a circle marker) refers to the transmission distance of
50 µm, whereas the lower line (the dashed-line with rectan-
gular markers) represents the capacity at 500 µm of TN-RN
distance. Doubling the bandwidth, increases the first and
the third terms of (14) by factor 1.9 and

√
2, respectively.

It can be concluded that the wider the transmission band-
width, the higher the channel capacity.

20 22 24 26 28 30 32 34 36 38 40
700

800

900

1000

1100

1200

1300

1400

1500

1600

Bandwidth (Hz)

C
ap

ac
ity

 (
bi

t/s
ec

on
d)

 

 

r
1
=50 µ m

r
2
=100 µ m

r
3
=150 µ m

r
4
=200 µ m

r
5
=250 µ m

r
6
=300 µ m

r
7
=350 µ m

r
8
=400 µ m

r
9
=450 µ m

r
10

=500 µ m

Figure 5: Capacity for various TN-RN distances in
air-water-blood plasma as a function of bandwidth.

3.2 Capacity Versus Transmission Distance for
Different Values of Bandwidth

In addition, increasing the transmission distance decreases
the capacity of multilayer DBMC channel. This is demon-
strated in Figure 6. In this numerical evaluation, the average
transmitted power is set to be 0.1 pW. According to Fig-
ure 6, for the transmission bandwidth of 38 Hz (the dashed-
line with rectangular markers), the capacity value decreases
from 1.48 to 1.32 kilobits per second as the TN-RN distance
increases from 50 µ m to 500 µ m. The other curves of
Figure 6 refers to the variation of bandwidth from 20 to 38
Hz also show a constant decrement in capacity as the dis-
tance increased. As it can be seen in (14), the decrement
in capacity value is mainly contributed by the third term
of (14) where the capacity value is directly proportional to
the transmission distance, |r− r0|. The second term of (14)
shows only a small variation. This trend shows that the
maximum capacity can be achieved with short transmission
distance and high transmission bandwidth.
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Figure 6: Capacity for various transmission band-
width as a function of TN-RN distance over air-
water-blood plasma channel.



3.3 Capacity Versus Transmission Distance for
Different Values of Layer Fraction

The effect of different layer fractions on the capacity of
multilayer DBMC channel is shown in Figure 7. The trans-
mission distance and the transmission bandwidth are set to
be 50 µm and 40 Hz, respectively. By changing the frac-
tions of air-water-blood plasma layer fraction from (f1 =
1/3, f2 = 1/3, and f3 = 1/3) to (f1 = 4/6, f2 = 1/6, and
f3 = 1/6) increases the capacity value ranging from 1.55 to
1.42 kilobits per second to 1.55 to 1.45 kilobits per second
as the distance increases from 50 µm to 500 µm. How-
ever, the capacity decreases from the range of 1.55 to 1.39
kilobits per second when the layer fraction changes from
(f1 = 1/3, f2 = 1/3, and f3 = 1/3) to (f1 = 1/6, f2 = 1/6,
and f3 = 4/6). According to (14), the last two terms will
increase with respect to the transmission distance as well as
the layer fraction. As the transmission distance and layer
fraction increases, these two terms increases accordingly,
in consequence, the capacity value has a smaller deviation
when the TN-RN distance is shorter but higher for larger
transmission distance.
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Figure 7: Capacity for various layer fraction as a
function of TN-RN distance over air-water-blood
plasma channel.

3.4 Capacity Versus Transmission Bandwidth
for Different Values of the Average Trans-
mitted Power

Figure 8 shows the capacity for different values of the av-
erage transmitted power (1 to 10 pW) spent by the TN for
molecule transmission, as a function of bandwidth from 20
to 40 Hz. The transmission distance is set to 50 µm. It can
be observed that, the higher the value of average transmitted
power, the higher the channel capacity. For the bandwidth
ranging from 20 to 40 Hz, the capacity increases from 0.98
to 1.81 kilobits per second with 1 pW of the average trans-
mitted power, and from 1.11 to 2.08 kilobits per second for
10 pW of the average transmitted power. This is because of
increment in the averaged transmitted power increases only
the first positive term of (14). In consequence, the capacity
increases as the averaged transmitted power increase.
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Figure 8: Capacity for various average transmitted
power as a function of bandwidth over air-water-
blood plasma channel.

4. CONCLUSIONS
This paper presented the derivation of a closed-form ex-

pression of capacity in a multilayer DBMC channel. The ca-
pacity was evaluated for molecule transmission through air-
water-blood plasma channel representing a multilayer diffu-
sion in the respiratory system. The numerical results show
that, the wider the transmission bandwidth, the higher the
channel capacity, and the shorter transmission distance, the
higher the channel capacity. Increasing the average trans-
mitted power increases the channel capacity as well. These
results show an interesting insight as a theoretical basis in
understanding the performance of molecule diffusion in mul-
tiple channels from an information theory point of view. Fu-
ture work will include studying a multilayer DBMC channel
by taking into account both the transmission impairments
and the ligand-binding reception at the RN.
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