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Abstract—In nano-bio networks, multiple transmitter-receiver
pairs will operate in the same medium. Both inter-symbol
interference and multi-user interference can cause saturation at
the receiver side, and this effect may cause an outage. Thus,
we propose a tractable framework to calculate the theoretical
operating points for fully absorbing receiver.

Index Terms—Molecular Communications, Absorbing Re-
ceiver, Stochastic Geometry, Interference Modeling

I. INTRODUCTION

MOLECULAR communication (MC) has attracted sig-
nificant research attention by having very wide possible

application areas such as bio-hybrid systems, nanoscale sens-
ing, intelligent drug delivery and body area networks [1], [2].
[3] introduces Internet of Bio-Nano Things (IoBNT) concept,
where MC can be utilized in applications such as intra-body
sensing and actuation networks, and environmental control
pollution. [4] presents the architecture of MC. In addition,
the medical applications of MC in diagnosis and treatment
are discussed in [5]. The possible body area nanonetworks
applications of nanomachines are investigated in [6].

MC is paving way for IoBNT, where high number of
molecular devices will operate in the same medium. In IoBNT,
multiple transmitter-receiver pairs will operate in the same
medium. The easiest solution to tackle the interference prob-
lem is utilizing different molecules for different transmitter-
receiver pairs. We consider this case highly unlikely because
there will be many nanomachines working at the same volume.
Therefore, we assume that the transmitters will use same
molecule to communicate. Both Inter-symbol Interference
(ISI) and Multi-user Interference (MUI) will create significant
limits in the communication network. For this reason, we
investigate the effects of ISI and MUI for a realistic fully
absorbing receiver model, where the receiver can only absorb
number of molecules lower than a threshold.

Existing studies mostly focus on modeling ISI in the com-
munication link for point-to-point links [7]. The closest work
to this paper is presented in [9], [10]. First, [10] provides
the statistical modeling of the multiuser interference by using
spatial homogeneous Poisson process with the assumption of
white Gaussian transmit signals. In addition, [9] proposes an
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analytical framework based on poisson point process (PPP) to
model the collective signaling for passive receiver and fully
absorbing receiver.

The contributions of this paper are two-fold. First, we
propose an analytical framework for the expected number of
molecules received at absorbing receiver volume by consid-
ering both ISI and MUI. [9] only considers the interference
coming from other transmitters at the same signaling time.
However, previous signals have a significant contribution in
interference level as well. [10] only considers the interference
statistics at the receiver, but we propose the exact expressions
for ISI and MUI in this paper. The second main contribution
of this work is investigating receiver operation points in terms
of user density and the number of molecules that can be
absorbed by the receiver at each observation time. We assume
a more realistic receiver model in which the receiver saturates
after a certain number of molecules. Therefore, this saturation
effect causes an outage in MC link. The proposed theoretical
framework is utilized to determine the maximum user density
that can operate at the same time for the first time in the
literature. At the end, the results of this study can be utilized
in designing realistic MC networks.

The remainder of the paper is organized as follows. Section
II includes the system model for the interference modeling.
Theoretical modeling of ISI and MUI is proposed in Section
III. Section IV provides the operating points for the receiver.
The conclusions are presented in Section V.

II. SYSTEM MODEL AND PROBLEM DEFINITION

This section includes the MC channel and system model for
interference modeling.

A. System Model

In this paper, we focus on the theoretical limitations on
the number of active transmitters that can be present in a
certain volume. This limitation results from the saturation in
the receiver. Most of the literature assumes that the receiver
can detect every molecule in the receive range. However,
this assumption is highly unrealistic. In real world scenarios,
receiver will have a certain number of receptor to detect the
information carrying molecules. As in Fig. 1, we model the
receiver as an absorbing receiver that can detect the molecules
from a certain volume with radius (rr) and saturates after a
certain threshold (NTH

RX ) in the observation time interval (TO).
Interference caused by ISI and MUI can limit the receiver

performance. In Section III, we investigate both interference
types and develop an analytical framework to calculate its
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Fig. 1. System Model (Information molecules and interfering molecules are
the same type.)

level without time consuming Monte-Carlo simulations. We
investigate a spherical volume such as a drop of blood or
a targeted tissue, where multiple nanomachines/nanosensors
operate as a transmitter. Both receiver and transmitters are in
the spherical volume with the radius of RD. We assume that
each transmitter has a target node to communicate, but we only
investigate the interference in the intended receiver because
the behavior of this single receiver can be generalized for
other receiving nodes. In addition, there will be no interfering
transmitter closer than than the active transmitter.

Locations of the interfering transmitters are determined
randomly. The intended receiver has a transmitting node which
is separated by a distance dint from the receive range of
the receiver. This paper do not consider the detection of the
signals at the receiver. Instead, the operating points for the
receiver in a large-scale IoBNT is investigated to provide
the receiver not to have saturation due to ISI and MUI. If
the receiver can observe the incoming signals without having
saturation, the incoming information can be estimated by using
the various techniques already proposed for MC ( [4] provides
good summary for MC.). We also assume that the receiver
absorbs all the molecules at the end of the observation time
and become ready to absorb hitting molecules in the next time
span.

B. Molecular Communication Channel

The absorbing receiver is modeled as a 3D spherical volume
as in Fig. 1. MC channel can be modeled with diffusion-based
or flow-based models. In this study, we utilize the well-known
diffusion based model [8]. In addition, the flow-based models
are especially suitable to model diffusion, collisions, and flow
effects, for example, in blood vessels [11].

[8] provides an analytical framework to model MC via
diffusion with an absorbing receiver, and we also utilize this
framework to model the channel. We use on-off keying based
modulation, where transmitters release molecules only for bit
1, and molecule release is instant. The number of expected
molecules hitting to the receiver Ωr for fully absorbing re-

ceiver between [t, t+ ∆t] can be found as [8]

E(Ωr|d, t) =
rr

d+ rr

[
erfc

(
d/
√

4πD(t+ ∆t)
)

−erfc
(
d/
√

4πDt
)]
, (1)

where rr is the radius of the receive range, d is the shortest
distance between the point transmitter and the receive range
(the distance between the transmitter and the center of the
receiver is d + rr as in Fig. 1), D is the diffusion constant
which depends on the temperature, viscosity and size of the
molecule [12], erfc(.) is the complementary error function.

Fig. 2 shows the number of molecules that are absorbed by
the receiver. As noticed, the receiver absorbs 280 molecules
in the peak time and the molecule count degrades as the
time past. Fig. 3 shows the molecule absorbed at the receiver
located at the center for random data stream. Fig. 3(a) shows
the molecule transmission between intended transmitter and
receiver. The molecule level increases as the time past due
to ISI. For 20 interfering transmitters, MUI level can exceed
2000 molecule count as shown in Fig. 3(b). If the saturation
point of the receiver is below the sum of ISI and MUI, the
receiver will be saturated and assume every transmitted bit as
1. Therefore, the number of active transmitters in a certain
volume cannot exceed a threshold that depends on receiver
specifications. To this end, we propose a theoretical model to
determine the safe operating points for multiuser MC.
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Fig. 2. Molecule count at the receiver for a single bit 1 for dint = 10µm,
r0 = 10µm, D = 79.4µm2, M = 5000 mol., and TO = 0.05s.

III. THEORETICAL MODELING OF ISI AND MUI

In this section, we propose theoretical modeling of ISI and
MUI. At the end, PPP based MUI model is developed.

A. ISI Model

ISI causes a significant increase in the molecule count level
in the receiver volume as in Fig. 3(a). The expected ISI level
can be calculated as the sum of all remaining molecules from
previous symbols as

E[NISI |ND, dint, T ] = E

[
M

ND−1∑
n=1

bnE(Ωr, dint, T − nTS)

]
,

(2)
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Fig. 3. Molecule count at the receiver vs. data length size for (a) intended
transmitter to receiver, (b) interference from other transmitters, and (c) total
number of molecules at the receiver volume for RD = 100µm, TS = 0.2s
signaling time, ND = 1000 data length and NI = 20 number of interferers.

where M is the number of molecules released from the trans-
mitter, TS is the time interval between the signals, bn ∈ {0, 1}
is the nth symbol, and ND is the number of symbols. In
(2), only randomness is on bn that follows the Bernoulli
distribution with equal probabilities. Thus, the expression is
simplified as

E[NISI |ND, dint, T ] = M

ND−1∑
n=1

E(Ωr, dint, T−nTS)E [bn] ,

=
M

2

ND−1∑
n=1

E(Ωr, dint, T − nTS). (3)

Fig. 4 shows the theoretical and simulation results for SISO
MC. As noticed, the level of the ISI increases and stabilizes
after a certain time. The theoretical curve estimated with (3)
is consistent with the simulation results. 290 molecules are
absorbed by the receiver in the stable condition due to ISI.
This result can be utilized for adaptive detection studies.
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Fig. 4. ISI at the receiver volume for RD = 100µm, dint = 10µm, rr =
10µm, D = 79.4µm2, M = 5000 mol., ND = 1000 TO = 0.05s and
TS = 0.2.

B. MUI Model

MUI results from the molecule release by interfering trans-
mitters. Both current and previous molecule releases will
create interference at the receiver volume. For this reason,
theoretical estimations are required to consider ISI coming

from the interfering nodes as well. To this end, MUI at the
receiver is estimated as

E[NMUI |ND, NI ,d, T ] =
M

2

NI∑
i=1

ND∑
n=1

E(Ωr, ri, T − nTS),

(4)
where d is a vector containing the distance between the
transmitter and the closest point to the receiver volume. The
theoretical MUI estimation only requires the distance vector.
In this calculation, we assume that all the transmitters are
synchronized and release the molecules at the same time.
Since the behavior of the unsynchronized case is almost the
same with the synchronized one, we use the synchronized
transmitters assumption for simplicity.

Fig. 5 shows the simulation results and theoretical esti-
mations of MUI. The theoretical and simulation results are
consistent with each other. The simulation results fluctuate
around the theoretical curve due to the random locations of
the interfering transmitters. This deviation from the theoretical
MUI curve is close to the Gaussian distribution as presented
in Fig. 6.
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Fig. 5. MUI at the receiver volume for RD = 100µm, dint = 10µm,
rr = 10µm, D = 79.4µm2, M = 5000 mol., ND = 1000, NI = 20,
TO = 0.05s and TS = 0.2.
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Fig. 6. Histogram of deviations from the theoretical MUI model with
Gaussian distribution fitting (N (1.9, 35.5)).

C. PPP based MUI Model

Stochastic geometry is a powerful method to avoid the
randomness coming from the locations of the transmitters,
and it is highly utilized in telecommunication to model the
random spatial distribution of the users in cellular networks
[13]. In [9], 3D-stochastic geometry based on PPP is utilized
to model the interference coming from interfering molecular
transmitters. However, this work does not include the previous
symbols coming from the interfering stations. We also utilize



PPP to investigate the level of MUI in a certain volume where
the transmitter and receiver can take random positions.

In PPP, the nearest neighbor function gives the probability
of having a node closer than R, and defined for 3D as

P(r ≤ R) = Fr(R) = 1− e(−λ
4
3πr

3), (5)

where λ = 2/(4/3πR3
D) is the node density in the volume for

a transmitter and receiver. Therefore, the probability density
function (PDF) can be defined as

fr(r) = 4λπr2e(−λ
4
3πr

3). (6)

By using PPP, we can remove the randomness in (5), and
the expression is simplified as

E[NMUI |ND, NI , T ] =

∫ ∞
rr

E[NMUI |ND, NI , r, T ]fr(r)dr,

=

∫ ∞
rr

M

2

NI∑
i=1

ND∑
n=1

E(Ωr, r, T − nTS)4λπr2e(−λ
4
3πr

3)dr,

=
M

2

NI∑
i=1

ND∑
n=1

∫ ∞
rr

E(Ωr, r, T − nTS)4λπr2e(−λ
4
3πr

3)dr.

(7)

The boundary of the integral starts from rr because the
transmitter cannot be placed inside the receiver volume. As
noticed from (7), the index i has no effect in the integral.
Therefore, the expected MUI can be simplified as

E[NMUI |ND, NI , T ] =
NIM

2

ND∑
n=1

∫ ∞
rr

E(Ωr, r, T − nTS)

× 4λπr2e(−λ
4
3πr

3)dr. (8)

Fig. 7 shows the simulation and theoretical results for the
number of MUI molecules vs. the number of interfering
transmitters for ND = 1000. The simulation results presented
in Fig. 7 is the average case results. The relationship between
MUI and the number of interfering transmitters is linear and
the theoretical model is very close to the simulation results.
The actual distribution of the MUI simulation results for 1
interfering transmitter are presented in Fig. 8. As noticed,
the actual distribution of MUI can be fitted with an expo-
nential distribution with mean E[NMUI |ND, NI , T ] = 70.6
(E(E[NMUI |ND, NI , T ])). Therefore, MUI for NI number
of interferers can be estimated with the sum of exponential
distributions, and can be modeled as the Gamma distribu-
tion with the shape factor of NI and the scale factor of
E[NMUI |ND, NI , T ] as (G(NI ,E[NMUI |ND, NI , T ])).

IV. THEORETICAL LIMITS ON MULTIUSER MOLECULAR
COMMUNICATION

In the previous sections, a tractable framework is proposed
to calculate both ISI and MUI effects. In this section, we
use this framework to calculate the maximum number of
transmitters that can operate in a spherical volume. If the
interference is higher than the number of molecules that can
be absorbed by the receiver, the receiver will saturate and the
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Fig. 7. MUI vs. the number of interfering transmitters with simulation results
and theoretical calculations with PPP.
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Fig. 8. Histogram of the MUI simulation results for 1 interfering transmitter
with exponential fitting (E(E[NMUI |ND, NI , T ] = 70.6)).

communication link will have an outage. The total amount of
expected interference can be estimated with

N I
Total = E[NISI |ND, dint, T ]+

G(NI ,E[NMUI |ND, NI , T ]) +N (µMUI , σMUI), (9)

where µMUI and σMUI is the mean and standard deviation for
the deviations from the theoretical MUI model as presented
in Fig. 6. In (10), NSISO

M and E[NISI |ND, dint, T ] can be
directly calculated by just knowing the distance between
intended transmitter and receiver. For the observation time,
we choose the time associated with the ND = 1000th symbol
(T = NDTS) in which the level of both ISI and MUI
stabilizes. After 1000 iterations, we found the average values
for µMUI = 0.24 and σMUI = 54.6.

In Fig. 2, a single signal without any interference is
presented for dint = 10µm. The molecule count reaches
NSISO
M = 280 at the maximum case. To observe the full

signal in the multi-user case, the receiver requires to have an
absorption threshold such that

NTH
RX ≥ NSISO

M +N I
Total. (10)

Fig. 9 shows the operating points for observing the full wave
at the absorbing receiver for 0.99 non-exceeding percentage.
That is, the receiver can operate without having any saturation



due to ISI and MUI for the 99% of the time. As noticed, the
relationship between the maximum number of interferers and
molecule threshold is almost linear.
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Fig. 9. Receiver operating points for RD = 100µm, dint = 10µm, rr =
10µm, D = 79.4µm2, M = 5000 mol., ND = 1000, TO = 0.05s and
TS = 0.2.

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a tractable framework to calculate
ISI and MUI in MC networks. Most importantly, the safe
operating points for the receiver threshold and the number of
active transmitters are presented. The results of this paper can
be utilized to develop adaptive MC modulation and operating
points for nano-networks.
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