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Abstract—The impact of the interference on the molecular com-
munication (MC) between a transmitter and receiver pair which
are connected through a microfluidic channel containing fluid flow
is investigated. The interference modeling and the capacity analy-
sis is performed based on the microfluidic channel geometry, the
flow velocity, and the distance. During the analysis, time-scale of
biological oscillators is specifically targeted, which is in the range
of several minutes to a few hours. The signal-to-interference and
noise ratio is shown to be constant with respect to the location
of the interfering transmitter. The capacity of the MC link be-
tween the designated transmitter and the corresponding receiver
is shown to be upper bounded by 1 bit/per channel use when ex-
posed to a single interfering transmitter. For the multiple, i.e., N,
transmitters, the decay of pairwise MC capacity is also studied
as a factor of N. Finally, placement of the two transmitter and
receiver pairs on the opposite sides of the microfluidic channel
is studied. Three different microfluidic interference channel con-
figurations, i.e., both-sided interference (microfluidic X channel),
one-sided interference (microfluidic Z channel), and interference-
free, are proposed based on the distance of the receiver from the
interfering transmitter, microfluidic channel cross section, and the
fluid flow velocity. For large-scale integration of chemical analysis
systems on a microfluidic chip, the provided information-theoretic
analysis and the capacity expressions for the MIC can be utilized to
analyze the throughput of the chip, which can lead to improvement
in efficiency and optimization of the design.

Index Terms—Capacity analysis, interference avoidance, inter-
ference modeling, microfluidics, molecular communication (mc).

I. INTRODUCTION

S PECTACULAR evolution of the microfluidic chip tech-
nologies has enabled miniaturization, parallelization, au-

tomation, and integration of chemical assays for detection,
separation, reaction, and sample manipulation operations. Cur-
rently, microfluidic platforms for chemical analysis systems are
planned to enable rapid and cost-efficient processing of the
application-specific distinct molecules with low reagent con-
sumption [1]–[5]. These advances in the microfluidic chip tech-
nologies and their salient features for entirely molecular sens-
ing and computation have further entailed the networking of
distinct microfluidic systems, i.e., lab on a chip [6]–[8]. For
this purpose, the emerging field of molecular communication
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(MC), in which the molecular concentration signals are mod-
ulated to carry information, stands as a promising solution to
enable information transfer among distinct chemical systems
[9], [10]. Consequently, molecular nanonetworks are emerging
as the convergence of the large-scale integration of microfluidic
systems and MC over microfluidic channels with the objective
of high throughput, multi-step on chip chemical automation in
a microfluidic platform.

Molecular nanonetworks can facilitate not only higher
throughput and accuracy, but also the automation of biochem-
ical assays that would otherwise require the intervention of an
external human operator. In this respect, the distinct patches
of chambers can be connected through microfluidic channels
to develop bacteria-based chemical analysis systems [11], [12].
Bacteria are highly capable of detecting biomolecules [13]–
[19]. Furthermore, bacteria can be genetically engineered to
function as a biological molecular oscillator, so that, they can
be utilized as the transmitter and receiver nodes for MC in a mi-
crofluidic platform [12], [20]–[22]. Therefore, bacteria-based
molecular nanonetworks can be utilized in microfluidic plat-
forms to enable integrated assay operations in multiple steps
via on-chip information transfer. Using bacteria as the chemist
inside microfluidic platform, MC between bacteria populations
can combine multi-stage reactions on a single microfluidic chip.

A typical point-to-point MC architecture on a microfluidic
chip is illustrated in Fig. 1. In this architecture, the transmitter
and receiver chambers, where the transmitter and the receiver
nodes can be hosted, respectively, are connected over a microflu-
idic channel with fluid flow. In response to a specific stimulus,
e.g., external molecular input, the transmitter node releases a
concentration of molecules, i.e., transmits the information car-
rying molecular signal, which propagates through the transmit-
ter chamber, the microfluidic channel, and the receiver chamber
via diffusion, convection, and diffusion again, respectively, until
reaching to the receiver node.

Towards enabling the parallel molecular processing and
computation on a chip, the microfluidic channels can also
be used to connect multiple transmitter and receiver pairs.
The microfluidic MC channel, can empower parallel testing,
processing, and preparation of the chemical samples on a
microfluidic chip. In the multi-pair MC communication system,
we consider that each transmitter is aimed to communicate
using same type of molecules with only its designated receiver.
However, the transmissions of multiple transmitters using same
type of molecules yield interference to each other. The interfer-
ence effect coupled with the physical limitations of microfluidic
channels call for a thorough analysis and efficient design of
MC schemes to realize nano communications in microfluidic
platforms. The research on the information-theoretic study of
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Fig. 1. The conceptual illustration of the microfluidic channel with transmitter and receiver chambers. lch is the microfluidic channel distance between the
transmitter and the receiver, ach is the height of the microfluidic channel, ltx/ rx is the distance from the molecular transmitter to the microfluidic channel (the
distance from the microfluidic channel to the molecular receiver), and atx/ rx is the chamber width.

the MC has been a research field of interest recently [24]–[27].
So far, to the best of our knowledge, there is no prior work on
analytical modeling of interference and capacity analysis for
microfluidic channels from the MC point of view.

In [28], for the MC based on free-space diffusion, modeling
of interference is performed for multiple transmitting nanoma-
chines. The transmitters are taken to be spatial Poisson dis-
tributed, and the statistics of the received signal is studied. The
provided analysis aims to characterize the interference in free-
space MC under random distribution of transmitters, which is
not applicable to microfluidic MC channels. In [24], the informa-
tion capacity of a free-space MC system is investigated. The ca-
pacity is expressed based on the diffusion constant, the distance
between the transmitter and the receiver, and the bandwidth of
the transmitted signal. Additionally, the thermodynamic power
spent at the transmitter for molecule emission is used for capac-
ity evaluation. The capacity formulation for MC is applicable
only for a single molecular transmitter and receiver pair, and
for purposes of solely diffusion-based molecular propagation.
In [25], the information capacity in a molecular nanonetwork
is investigated based on stochastic models in chemically re-
acting systems. The free-space MC models for a transmitter
and receiver pair, single transmitter and multiple receivers, and
multiple transmitters and single receiver scenarios are also pro-
posed. For each of these models, the capacity expressions are
derived for molecular transport solely based on diffusion. How-
ever, the capacity analyses in [24] and[25] do not capture the
attenuation, and the noise characteristics of the flow-induced
molecular transport and are not suitable for the MC over mi-
crofluidic channels.

In this work, based on the channel modeling and the noise
analysis performed in [29] and [30], respectively, we investigate
the interference effects and the capacity of the microfluidic MC
channel, i.e., microfluidic interference channel (MIC). The in-
terference amplitude and variance, and the interference-induced
noise at the receiver are modeled first. In the course of this work,
we focus on the received signal level and do not assume any un-
derlying encoding and modulation schemes. Then, the MC link
capacity under interference is studied for the single interfering
transmitter and the multiple interfering transmitter cases. The
impact of the distance as well as the number of interfering trans-
mitters are investigated. The microfluidic MC channel capacity
is shown to be severely constrained under the interference, which
requires the development of practical detection schemes by con-

sidering capabilities of the biological molecular receivers, e.g.,
genetically engineered bacteria, to distinguish the transmission
of designated transmitter from interferer signals.

Furthermore, the placement of the chambers on the opposite
sides of the microfluidic channel is also investigated for two
pairs of transmitters and receivers. Each transmitter communi-
cates with its designated receiver on the same side of the mi-
crofluidic channel, and causes interference to the undesignated
receiver on the opposite side based on the flow velocity and
the microfluidic channel configuration. Accordingly, three mi-
crofluidic channel configurations are presented based on the dis-
tance of the receiver from the interfering transmitter, microflu-
idic channel cross-section and the fluid flow: 1) microfluidic X
channel, i.e., both receivers are exposed to interference, 2) mi-
crofluidic Z channel, i.e., only one of the receivers is exposed to
the interference, and 3) microfluidic interference-free channel,
i.e., none of the receivers is exposed to interference. The pro-
vided analysis for capacity, enables information-theoretic eval-
uation of the microfluidic MC systems. The throughput and the
accuracy of these systems can be assessed via the information
theory.

The remainder of this paper is organized as follows. In
Section II, we provide the system model for the MC over mi-
crofluidic channels. In Section III, we model the interference
in the microfluidic channels. In Section IV, capacity of the
microfluidic MC channel under interference is investigated. In
Section V, MIC configurations are presented. We provide con-
cluding remarks in Section VI.

II. MICROFLUIDIC MC CHANNEL

In this section, we present the system model for the microflu-
idic MC channel which forms the basis for interference model-
ing and capacity analysis. The microfluidic channel and chamber
dimensions are illustrated in Fig. 1. The molecular transmitter
and the receiver are placed in the chambers which are attached
to a connecting microfluidic channel with fluid flow. It can be
inferred from [30] that the microfluidic MC channel can be rea-
sonably modeled as a linear communication channel, and the
memoryless AWGN model of a microfluidic MC system can
be developed when the range of frequencies for a molecular
signal is limited to a few millihertz (mHz), which conforms
with the capabilities of biological oscillators such as genetically
engineered bacteria [12], [21]–[23].
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The transmitter node modulates the information on the molec-
ular signal x by changing the level, i.e., the amount, of the
released molecular concentration. We assume the transmitter
nodes are adjusted to change the released concentration level
with a rate of f0 = 1/T0 , and T0 is the period of the signal.
Furthermore, we assume the bandwidth of the molecular re-
ceiver is greater or equal to f0 , i.e., the molecular receiver is
capable of responding to the changes in the received signal level
with a frequency of f0 . Therefore, the molecular receiver can
respond to the changes in the input signal with frequency f0 by
the transmitter. The transmitted molecular signal x is subject to
a variance constraint φ2 for each transmission as

E[x2 ] ≤ φ2 . (1)

The received molecular signal y is given by

y = αx + n (2)

where α is the channel gain, and n is AWGN [30]. We provide
below the complete channel model for the MC link between a
transmitter and a receiver pair, i.e., point-to-point MC link.

A. Attenuation

The fluid flow is characterized as laminar, steady, unidirec-
tional, and driven by the pressure drop across the microflu-
idic channel [31]. For the rectangular cross-section microfluidic
channel, the area-averaged flow velocity uch , which is also the
propagation velocity through the microfluidic channel, is given
by [32]

uch =
a2

ch

12μlch

(
1 − 0.63

ach

bch

)
Δp (3)

where μ is the viscosity of the fluid, lch is the microfluidic
channel length, ach is the microfluidic channel height, bch is the
microfluidic channel width, and Δp is the pressure drop across
the microfluidic channel. Molecular transport via the fluid flow
is modeled via the one-dimensional solution of the convection-
diffusion equation for the microfluidic channel [33]–[37].

In this work, we use the temporal frequency f for analysis,
apart from our former works based on spatial frequency ν, i.e., in
radians k = 2πν [29], [30]. The equality of both representations
for molecular propagation is presented in [29]. The conversion
is provided by [29]

f =
k

2πu
(4)

where u is the propagation velocity in the medium. While the
spatial frequency provides compact representation for formula-
tions, the temporal frequency is preferred during the course of
this work to relate our results to time-scale and the operating
frequency of the molecular transmitters and receivers.

The block diagram representation of signal propagation be-
tween the transmitter and the receiver pair is given in Fig. 2.
We take the transmitter and the receiver chambers identical, i.e.,
the gains of the transmitter and the receiver chambers are equal.
The end-to-end channel gain α is defined as

α = αchα2
tx/rx (5)

Fig. 2. Block diagram representation of the microfluidic AWGN channel.

where αch is the gain of the microfluidic channel, αtx/rx is the
gain of the transmitter and the receiver chambers. Both chambers
have equal gain, i.e., αtx/rx = αtx = αrx , since the transmitter
and chambers are taken to be identical. For the microfluidic
channel, the signal gain is given in [30] based on the obtained
impulse response for the microfluidic channel with the lami-
nar flow in [29]. Here, we assume the microfluidic channel is
straight, and hence, the signal gain αch in [30] reduces to

αch = exp
(
−4π2f 2

0

u2
ch

Dτch

)
(6)

where D is the Taylor dispersion adjusted diffusion coefficient
for the rectangular microfluidic channels, which is given by [38]

D =
(

1 +
8.5u2

cha2
chb2

ch

210D2
0 (a2

ch + 2.4achbch + b2
ch)

)
D0 , (7)

and τch is the propagation delay from the transmitter chamber to
the receiver chamber, which is referred as extended microfluidic
channel delay in [30] and given by

τch =
lch + atx/rx

uch
(8)

where atx/rx is the width of transmitter and receiver chambers.
Both chambers have equal width, i.e., atx/rx = atx = arx , since
the transmitter and the receiver chambers are taken to be iden-
tical, which is illustrated in Fig. 1.

For the identical transmitter and the receiver chambers, the
signal gain is obtained as [30]

αtx/rx = exp

(
−4π2f 2

0

u2
tx/rx

D0τtx/rx

)
sinc

(
atx/rx

utx/rx
f0

)
(9)

where τtx/rx and utx/rx are the propagation delay and the prop-
agation velocity, respectively, at the transmitter and the receiver
chambers. Due to the identical dimensions, the propagation de-
lays at the both chambers are equal, i.e., τtx/rx = τtx = τrx ,
which is given by [30]

τtx/rx =
l2tx/rx

2D0
(10)

where ltx/rx is the distance of the transmitter and the receiver
placed in the chambers to the microfluidic channel, which is
illustrated in Fig. 1. The distances inside the identical chambers
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Fig. 3. The illustration of the multiple transmitters (Tx1, Tx 2,. . ., Tx N), and the receiver (Rx 1) placed on the microfluidic channel. The distances l
(11)
ch , . . .,

l
(1N )
ch represent the separation between the transmitters and the Rx 1.

are equal for both transmitter and receiver, i.e., ltx/rx = ltx =
lrx . The propagation velocity at the both chambers are also
equal, i.e., utx/rx = utx = urx , which is obtained using (10) as

utx/rx =
ltx/rx

τtx/rx

=
2D0

ltx/rx
. (11)

The received signal is said to be under the effect of memory
when the molecular signal period is less than the propagation
duration of the signal through the microfluidic channel, i.e., the
following condition is satisfied [30]

1
f0

< τch . (12)

During this study, we focus on the frequencies in the range
of a few mHz based on the capabilities and time-scale of the
bacteria-based receivers, which are proposed as the potential
nanomachines to test and implement molecular receivers [20]–
[22]. Therefore, for the physical system we have, 1 � f0τch ,
and hence, MC channel can be taken as memoryless.

B. Molecular Noise

For sufficiently small frequencies, i.e., the frequency range of
biological oscillators based on the genetically engineered bac-
teria, spectral density of the received molecular signal is shown
to be flat, and hence, the Gaussian distribution assumption is
valid for molecular noise [30]. Therefore, the microfluidic MC
channel can be treated as an AWGN channel for sufficiently
small transmission frequency ranges.

The noise effects on the received signal are illustrated in the
block diagram in Fig. 2. The propagation noise n is composed of
the transmitter/receiver chamber, and the microfluidic channel
noises. The molecular propagation noise is shown to be well-
approximated based on microfluidic channel noise in [30]. The
variance of the microfluidic channel noise σ2 of the n is derived
in [30] as

σ2 =

(
2α4

tx/rx
Dτch

u2
ch

+ 4
D0τtx/rx

u2
tx/rx

α2
chα2

tx/rx

)
4π2f 2

0 φ2 .

(13)
The distribution of propagation noise n is taken as

n ∼ N
(
0, σ2) . (14)

Next, we model the interference in microfluidic channels before
proceeding to the capacity analysis.

III. INTERFERENCE IN MICROFLUIDIC MC CHANNEL

Each transmitter attempts to communicate with the receiver,
meanwhile causing interference to other transmitters’ signal at
the receiver, which is illustrated in Fig. 3. We assume there is
no coordination among the transmitters.

We characterize the interference based on the received signal
rather than assuming employed modulation and coding tech-
niques. The interference effect is modeled based on the flow ve-
locity, channel dimensions, and the distance between the trans-
mitters and the receiver. In the following sections, we present an
analytic model for the interference magnitude and interference-
induced noise.

A. Interference Magnitude and Variance at the Receiver

For the interference modeling, we assume that all chambers
are identical. The channel gain αij for the interfering signal
from transmitter j at the receiver i is obtained based on (5) as

αij = α
(ij )
ch α2

tx/rx (15)

where αtx/rx is given in (9), and α
(ij )
ch is the microfluidic channel

gain between the transmitter j and the receiver i, which is given
based on (6) as

α
(ij )
ch = exp

(
−4π2f 2

0

u2
ch

Dτ
(ij )
ch

)
(16)

where τ
(ij )
ch is the delay between the transmitter j and receiver

i, which is given based on the distance l
(ij )
ch between interferer

chamber j and the receiver chamber i using (8) as

τ
(ij )
ch =

l
(ij )
ch

uch
. (17)

The variance ζ2
ij of the interference from interferer j at the

receiver i is defined to incorporate the interference at the receiver
i as

ζ2
ij = (α(ij )

ch )2α4
tx/rxφ

2
j (18)

where φ2
j is the interferer signal variance. Furthermore, the

memory condition given in (12) also does not hold for
interferer signals, i.e.,

1
f0

� τ
(ij )
ch . (19)

Therefore, all transmissions in the MIC are memoryless. Next,
we analyze the interference-induced noise of the MIC link
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using the performed modeling for interference magnitude
here.

B. Interference-Induced Molecular Noise

In MIC, the receiver i is also exposed to the interference-
induced noise nij from transmitter j. The noise in the microflu-
idic channel is shown to be dominating the noise in the chambers
[30]. The interference-induced noise variance ξ2

ij at the receiver
i due to the interference caused by transmitter j can be obtained
based on the attenuation in the microfluidic channel as

ξ2
ij = (1 − (α(ij )

ch )2)α4
tx/rxφ

2
j . (20)

For the frequency range of interest, i.e., a few mHz, the molecu-
lar noise is shown to be taken distributed as white Gaussian [30].
Thus, the distribution interference-induced noise nij is given by

nij ∼ N
(
0, ξ2

ij

)
. (21)

C. Multiple Transmitters

Due to received signal from multiple transmitters, we assume
that the molecular receiver is capable of detecting and producing
a distinct response for multiple levels of received concentration
signal. Furthermore, the largest distance between transmitters
and the receiver, i.e., the distance between Tx N and the RX in
Fig. 3, is sufficiently small, i.e.,

T0 �
l
(1N )
ch + atx/rx

uch
, (22)

that all signals can be taken as received all together, and then, a
total response is produced by the molecular receiver. Moreover,
the difference in transmission instants of multiple transmitters
is negligible due to low rate of change in the signal level f0 , i.e.,
large signal period T0 compared to the total propagation delay
as stated in (22).

IV. CAPACITY ANALYSIS

In this section, we analyze the capacity of the microfluidic
MC channel under the interference from single and multiple
interferer transmitter cases. The signal-to-interference and noise
ratio (SINR) and capacity expressions are derived for the MIC,
and the impact of physical parameters is elaborated.

A. Single Interferer

Here, we assume there are two transmitters that are attached
to the microfluidic channel, i.e., Tx 1 and Tx 2 in Fig. 3. The
transmitters cause interference to each other at the receiver. We
focus on the individual MC capacity of the transmitters with a
receiver connected to the microfluidic channel, i.e., RX in Fig. 3.
Therefore, the impact of the interference from a single interferer
transmission on the MIC capacity is investigated.

1) SINR: The variance of the received signal at the receiver
i under the interference is given by

ψ2
i = α2

i φ
2
i + σ2

i + ζ2
ij + ξ2

ij (23)

where αi and φ2
i represent the channel gain and the variance of

the transmitted molecular signal, respectively; ζ2
ij represent the

variance of the interference component in the received signal
caused by the interferer j at the receiver i; σ2

i is the variance of
the molecular propagation noise at receiver i; ξ2

ij represents the
variance of the interference-induced noise in the received signal
caused by the interferer j at the receiver i. The computation
of αi , σ2

i , ζ2
ij , and ξ2

ij are given in (5), (13), (18) and (20),
respectively. Overall, the noise distribution for MIC is given by

ni ∼ nii + nij

∼ N
(
0, σ2

i + ξ2
ij

)
. (24)

SINR at receiver i under interference from interferer j is ob-
tained as

SINRi =
ψ2

i

σ2
i + ζ2

ij + ξ2
ij

. (25)

2) Capacity: In our analysis, we look at the frequencies in
the range of few mHz such that MC channel can be taken as
linear [30]. We further assume that the transmitted signal is
drawn from a Gaussian distribution. Accordingly, we utilize the
AWGN channel capacity as the basis of our analysis.

The mutual information among the transmitter i and the re-
ceiver i under the interference from transmitter j can be found
via definition of the mutual information and the entropy of a
Gaussian random variable given in [39] as

I(xi ; y)=
1
2

log2
(
2πe

(
α2

iiφ
2
i + ζ2

ij + σ2
i + ξ2

ij

))

−1
2

log2
(
2πe

(
ζ2
ii + ζ2

ij + σ2
i + ξ2

ij

))

=
1
2

log2

(
1 +

α2
iiφ

2
i

ζ2
ij + σ2

i + ξ2
ij

)
bits per channel use.

(26)

Based on the fact that transmitter changes the transmitted signal
level with an interval of 1/f0 , i.e., degrees of freedom per second
is f0 , which can also be perceived as the channel use duration,
so the capacity is

Ci =
1
T0

log2

(
1 +

α2
i φ

2
i

σ2
i + ζ2

ij + ξ2
ij

)
bits/s. (27)

Under the assumption that the variance of the transmitted signals
from both transmitters are equal, i.e., φ2

i = φ2
j , the capacity of

the MC link between the designated transmitter i and the receiver
i under a single interferer j can be obtained based on the physical
system parameters as

Ci =
1
T0

log2

(
1 + α2

i

/(
+

(
2α4

tx/rx
Dτ

(ii)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(ii)
ch )2α2

tx/rx

)
4π2 1

T 2
0

+α2
ij + (1 − (α(ij )

ch )2)α4
tx/rxφ

2
j

))
bits/s. (28)
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Fig. 4. SINR with respect to the interferer distance l
(ij )
ch .

Fig. 5. Capacity with respect to the frequency f0 = 1/T0 .

TABLE I
THE VALUES OF THE PHYSICAL PARAMETERS

Parameter Value

D0 (Diffusion constant) 10−9 m2 /s
ach (microfluidic channel width) 250 μm
bch (microfluidic channel height) 10 μm
a t x / r x (chamber width) 150 μm
lt x / r x (chamber length) 1 μm
u ch (flow velocity) 10−2 m/s

The SINR and the capacity for the single interferer case are
studied numerically in Figs. 4 and 5, respectively. For the evalu-
ations, the parameter values given in Table I are used. We char-
acterize the SINR and the capacity with respect to the distance
l
(ij )
ch between the interfering transmitter j and the designated

receiver i. The distance l
(ii)
ch between the designated transmitter

i and the designated receiver i is evaluated at 1 and 50 mm. The
period T0 of the receiver is evaluated at 30 s and 50 min.

In Fig. 4, the SINR at the receiver i is presented with respect
to the distance of the interferer transmitter. The SINR curves are
shown to be upper bounded by 1 and stay constant for various
T0 and l

(ii)
ch pairs. In Fig. 5, we study of the capacity under a

single interferer with respect to f0 . Since the SINR is constant
and almost equal to 1, capacity is shown to be linearly scaling
with the reciprocal of the channel use duration. Additionally,
it should be noted that the channel capacity curves in Fig. 5
overlaps for different l

(ij )
ch values due to negligible change in the

SINR.

B. Multiple Interferers

Here, we assume there are multiple transmitters that are
attached to the microfluidic channel, i.e., Tx 1 to Tx N in
Fig. 3. The impact of interference from multiple interferers
on the MC capacity of a single transmitter and receiver pair is
studied.

1) SINR: Under multiple interferers, the variance of the re-
ceived signal at the receiver i is given by

ψ2
i = α2

i φ
2
i + σ2

i +
N∑

j=2

ζ2
ij + ξ2

ij (29)

where N is the number of transmitters. We take Tx 1 as the des-
ignated transmitter with N − 1 remaining interferers. Overall,
the noise distribution under multiple interferers is given by

ni ∼ nii +
N∑

j=2

nij

∼ N

⎛
⎝0, σ2

i +
N∑

j=2

ξ2
ij

⎞
⎠ . (30)

Accordingly, the SINR at receiver i under interference is ob-
tained as

SINRi =
ψ2

i

σ2
i +

∑N
j=2 ζ2

ij + ξ2
ij

. (31)

2) Capacity: Similar to single interferer case, based on the
AWGN model, the capacity under multiple interferers is ob-
tained as

Ci =
1
T0

log2

⎛
⎜⎜⎜⎜⎜⎝

1 +
α2

iiφ
2
i

σ2
i +

N∑
j=2

ζ2
ij + ξ2

ij

⎞
⎟⎟⎟⎟⎟⎠

bits/s. (32)

We further extend our analysis over the case where the variances
of the input signals from all transmitters are equal in value, i.e.,
φi = φj for all i, j ∈ {1, . . . , N}. The capacity of the receiver
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Fig. 6. The capacity under multiple interferers in (32) versus the upper limit in (33) for (a) T0 = 10 s, (b) T0 = 30 s, and (c) T0 = 10 min.

Fig. 7. The microfluidic X, i.e., the both-sided interference, channel.

Fig. 8. The microfluidic Z, i.e., the one-sided interference, channel.

i is obtained based on physical system parameters as

Ci =
1
T0

log2

(
1 + α2

ii

/((
2α4

tx/rx
Dτ

(ii)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(ii)
ch )2α2

tx/rx

)
4π2 1

T 2
0

+
N∑

j=2

(α(ij )
ch )2α4

tx/rx

+ (1 − (α(ij )
ch )2)α4

tx/rx

))
=

1
T0

log2

(
1 + α2

ii

/

×
((

2α4
tx/rx

Dτ
(ii)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(ii)
ch )2α2

tx/rx

)
4π2 1

T 2
0

+ (N − 1)α4
tx/rx

))
≤ 1

T0
log2

(
N

N − 1

)
bits/s (33)

where we utilized the fact that attenuation is negligible due
to signal period and practical distance values in the range of

1–100mm, hence, α2
ii ≈ 1, αtx/rx ≈ 1, and (2α4

tx/rx
Dτ

( i i )
ch

u2
ch

+

4Dτ t x / r x

u2
t x / r x

(α(ii)
ch )2α2

tx/rx)4π2 1
T 2

0
≈ 0.

In (33), it is observed that channel capacity decays from
1 bit/per channel use to 0 as N increases from 2 to infinity.

Fig. 9. The microfluidic interference-free channel.

Furthermore, similar to single interferer case, capacity scales
linearly with reciprocal with the channel use duration.

Numerical results are provided for capacity under multiple
interferers in Fig. 6(a)–(c) for T0 = 10 s, T0 = 30 s, and T0 =
10 min, respectively. The values of the physical parameters are
listed in Table I, l

(11)
ch is set to 50 mm, and the displacement

between interfering Tx nodes is taken 0.5 mm. The upper limit
on capacity under multiple interferers in (33) is shown to be
providing a better approximate of the capacity in (32) as T0
is increased from 10 s to 10 min. Accordingly, the provided
upper limit can be regarded as a good approximation of the MC
capacity under interfering transmitters for the frequencies in
the range of a few mHz and below, where biological molecular
transceivers are expected to operate [23].

V. MIC CONFIGURATIONS

MICs can be realized via various design choices such as uti-
lizing the concentration of distinct type of molecules for com-
munication between different transmitter and receiver pairs, or
placing different pairs on distinct microfluidic channels. The
use of distinct molecules requires engineering of the specific
transmitter and the receiver nodes capable of processing dif-
ferent types of molecular concentrations, meanwhile, the sep-
aration of different transmitter and receiver pairs onto distinct
microfluidic channels requires larger microfluidic chip size area
as well as additional micropumps. Here, we specifically inves-
tigate the placement of the two transmitter and receiver pairs
on the opposite sides of the microfluidic channel, which use the
concentration of same type of molecules for MC.

Each receiver is exposed to the interference from its undes-
ignated transmitter on the opposite side, when its distance to
the chamber of the undesignated transmitter is large enough,
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Fig. 10. Block diagram representation of the three MIC configurations: (a) both-sided interference, (b) one-sided interference, (c) and inferference-free.

such that the transmitted signal by the undesignated transmitter
j can traverse, i.e., diffuse across the microfluidic channel, and
reach to the receiver placed at the opposing side. Using the delay
expression for the diffusion-based propagation in (10), the con-
dition for the distance between the transmitter j and the receiver
i for the interference from the transmitter j at the receiver i is
given by

l
(ij )
ch � uchτint . (34)

where i �= j, and τint is the needed duration to have the inter-
ference by diffusion of the molecules from the one side of the
channel to the opposing side, which is obtained via the diffusion
delay as

τint =
a2

ch

2D0
. (35)

In the following, we describe different MIC configurations
based on the distance of the receivers to their corresponding
interfering transmitter. Three MIC configurations, namely, the
both-sided interference, i.e., the microfluidic X channel, the
one-sided interference, i.e., the microfluidic Z channel, and the
interference-free configuration are defined.

A. Microfluidic X Channel

In this configuration, both receivers are exposed to the inter-
ference from the non-designated transmitter, which is illustrated
in Fig. 7. The necessary condition defined in (34) is satisfied for
both receivers. The distances between both receivers and their
corresponding undesignated transmitters are sufficiently large
so that transmitted molecular signal can traverse across the mi-
crofluidic channel, i.e.,

l
(12)
ch � uchτint and l

(21)
ch � uchτint . (36)

The block diagram representation of the microfluidic X channel
is given in Fig. 10(a). The capacity of the MC between the Tx 1

and the Rx 1 is obtained via (28) as

C1 =
1
T0

log2

(
1 + α2

1

/((
2α4

tx/rx
Dτ

(11)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx
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ch )2α2
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)
4π2 1

T 2
0

+ (α2
12 + (1 − (α(12)

ch )2)α4
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))
(37)

and likewise the capacity of the MC between the Tx 2 and the
Rx 2 is

C2 =
1
T0

log2

(
1 + α2

2

/((
2α4

tx/rx
Dτ

(22)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(22)
ch )2α2

tx/rx

)
4π2 1

T 2
0

+ (α2
21 + (1 − (α(21)

ch )2)α4
tx/rx

))
. (38)

B. Microfluidic Z Channel

In this configuration, only one of the receivers is exposed
to the interference, which is illustrated in Fig. 8. The required
condition in (34) for interference holds only for one of the
receivers. One of the receivers is placed sufficiently close to
its undesignated transmitter such that the molecules released
from undesignated transmitter do not travel to the opposing
side of the microfluidic channel. Meanwhile the other receiver
and its corresponding undesignated transmitter is sufficiently far
apart so that the transmitted molecular signal can traverse the
microfluidic channel from one side to the other. Thereby, based
on Fig. 8 the following conditions are satisfied:

l
(12)
ch � uchτint and l

(21)
ch � uchτint . (39)
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The block diagram representation of the microfluidic Z channel
is presented in Fig. 10(b), where α12 = 0. In this MIC config-
uration, the capacity of the MC between the Tx 1 and the Rx 1
is as in (37), while the MC capacity expression for Tx 2 and the
Rx 2 in (38) reduces to

C2 =
1
T0

log2

(
1 + α2

2

/((
2α4

tx/rx
Dτ

(22)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(22)
ch )2α2

tx/rx

)
4π2 1

T 2
0

))
.

(40)

C. Interference-Free Configuration

When both receivers are at a distance to their corresponding
undesignated transmitters closer than the required distance for
the interference, none of the receivers are exposed to the in-
terference from its non-designated receiver, which is illustrated
in Fig. 9. The condition given in (34) does not hold for both
receivers, i.e.,

l
(12)
ch � uchτint and l

(21)
ch � uchτint . (41)

This placement of the receivers is called the interference-free
configuration. The interference-free configuration is illustrated
in Fig. 10(c), where α12 = 0 and where α21 = 0. In this MIC
configuration, the capacity of the MC between the Tx 1 and the
Rx 1 is as in (40), while the MC capacity expression for Tx 1
and the Rx 1 in (37) reduces to

C1 =
1
T0

log2

(
1 + α2

1

/((
2α4

tx/rx
Dτ

(11)
ch

u2
ch

+ 4
Dτtx/rx

u2
tx/rx

(α(11)
ch )2α2

tx/rx

)
4π2 1

T 2
0

))
.

(42)

VI. CONCLUSION

In this paper, the interference modeling and capacity analy-
sis for the microfluidic MC channel are presented. The impact
of interferer signal on the MC capacity is studied for single
and multiple interferer cases. The MC capacity is shown to
be severely limited under interference, which requires develop-
ment of practical interference-aware communication schemes
considering the capabilities of the biological molecular trans-
mitters and receivers. Furthermore, three different MIC con-
figurations are introduced based on the flow velocity and the
receiver placement on the microfluidic channel, namely, the mi-
crofluidic both-sided interference configuration, the microflu-
idic one-sided interference configuration, and the microfluidic
interference-free configuration.

MC over microfluidic channels can enable in parallel sens-
ing and processing of chemicals by molecular transmitters, and
these transmitters can engage in multi-stage chemical reactions
with the receivers via sending their message molecules over a
common microfluidic channel. The modeling of the molecular
transmitter and receivers is still an open research problem which

can help to design a complete microfluidic MC system. To distin-
guish the designated signal from interference, the development
of modulation and detection schemes based on constraints of
biological transmitters and receivers, respectively, is essential.
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