
120 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 12, NO. 2, MARCH 2013

Rate-Delay Tradeoff With Network Coding
in Molecular Nanonetworks

Bige D. Unluturk, Student Member, IEEE, Derya Malak, Student Member, IEEE,
and Ozgur B. Akan, Senior Member, IEEE

Abstract—Molecular communication is a novel nanoscale com-
munication paradigm, in which information is encoded in messen-
ger molecules for transmission and reception. However, molecular
communication is unreliable and has highly varying long propa-
gation delays mainly due to the stochastic behavior of the freely
diffusing molecules. Thus, it is essential to analyze its delay char-
acteristics, as well as the tradeoff between the rate and delay, in
order to reveal the capabilities and limitations of molecular infor-
mation transmission in nanonetworks. In this paper, first, a new
messenger-based molecular communication model, which includes
a nanotransmitter sending information to a nanoreceiver, is in-
troduced. The information is encoded on a polyethylene molecule,
CH3(CHX)nCH2F, where X stands for H and F atoms repre-
senting 0 and 1 bits, respectively. The emission of the molecules
is modeled by puffing process which is inspired by the alarm
pheromone release by animals in dangerous situations. In this
work, the rate-delay characteristics of this messenger-based molec-
ular communication model are explored. Then, a Nano-Relay is in-
serted in the model, which XOR’s the incoming messages from two
different nanomachines. Performance evaluation shows that in-
deed, a simple network coding mechanism significantly improves
the rate given delay of the system, and vice versa.

Index Terms—Molecular communication, molecule puffing,
nanonetwork coding, rate-delay tradeoff.

I. INTRODUCTION

ADVANCES in nano- and bio-technology require the devel-
opment of biocompatible nanomachines, which have fun-

damental roles in complex biohybrid structures. These machines
have a wide range of duties such as assisting the biological
cells in performing the sustainment of vital activities and taking
charge of disorders in biological entities, i.e., molecules, cells,
and organs. In order to attain macroscale objectives, nanoma-
chines need to communicate with each other to realize cooper-
ative tasks, which leads to the development of nanoscale com-
munication techniques. Molecular communication, as one of
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these techniques, is inspired by the natural behaviors of the ex-
isting biological structures, which paves the way for upcoming
communication applications in nanoscale environments.

Since molecular communication inherently exists in nature, it
is biocompatible, biostable and it has also the capability of oper-
ating at nanoscale. Hence, it may be applied to a wide variety of
areas such as environmental applications, which include water
and air pollution control, industrial applications, which include
development of nanorobots, nanoprocessors and nanomemory,
and medical applications, which are drug delivery, disease treat-
ment, and health monitoring [1].

Despite the novelty of molecular commmunication, there are
several physical implementations such as [3] where Cu2+ ions
are used as information carrying molecules. With the help of
fluorescence microscopic observations, in [4], the hybridiza-
tion of DNA is used to employ a molecular communication
path between vesicles. A physical reception mechanism is dis-
cussed in [5], where a biomimetic nanosensory device is imple-
mented for detection and amplification of biologically important
entities.

In the literature, the studies are concentrated on modeling [6],
capacity [7], [8], noise analysis of molecular channels [9], and
gain and delay with respect to input frequency and transmission
range [6]. None of these studies investigates the rate-delay trade-
off in molecular domain, which is very crucial to determine the
possible application areas. One of these areas is delay tolerant
networks used for applications such as health monitoring, drug
delivery, and molecular computers [1], [15].

Molecular communication differentiates from standard wire-
less communications with its dramatically higher and varying
propagation delays [2], even up to hours [11], its operational
uncertainties and proneness to noise and interference, due to dif-
fusion of large molecules. Moreover, the nanomachine spends
time generating multiple redundant molecules for a single mes-
sage to guarantee the delivery of the message and preparing them
for transmission. This unfortunately yields low rates. Therefore,
a joint rate and delay analysis for molecular communication is
needed to investigate its capabilities and shortcomings.

In classical communications domain, the rate-delay tradeoffs
are examined to accommodate different types of traffic in elec-
tromagnetic networks with composite links [16], to optimize rate
for two-layered, namely, physical and network packet transmis-
sion system [17], and mitigate delay in multipath routed and
network coded networks [18]. Albeit these studies point out the
rate-delay tradeoffs for classical communication domains, no
study has concentrated on the tradeoff between rate and delay
in molecular communications, which led us to this very study.
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In this paper, a new diffusion-based model for molecular com-
munication, whose main distinction with respect to previously
proposed models, such as [6] and [7], arises from the utilization
of a messenger molecule as information carrier, is introduced. A
hydrofluorocarbon molecule, fluorinated polyethylene, is cho-
sen as the messenger molecule on the grounds of biocompatibil-
ity of hydrofluorocarbons, which are the basic molecules used as
reversible oxygen carriers in artificial blood formulations [19].

We analyze the stochastic nature of a basic point-to-point
messenger-based molecular communication model with one
nanotransmitter and one nanoreceiver, named Nano-Alice and
Nano-Bob, respectively. Furthermore, a nanonetwork consisting
of two nanomachines and a Nano-Relay is established. Then, a
simple network coding is applied on this nanonetwork, and the
rate and delay for both uncoded and network coded cases are
derived to reveal the tradeoff between propagation delay and
reception rate. With network coding, we attain higher rates with
the same delay compared to the uncoded case, and lower delays
for the same rate of operation, as discussed in Section IV.

The remainder of this paper is organized as follows. Using
the messenger-based molecular communication model intro-
duced in Section II, we investigate the delay characteristics of
this model. In Section III, to examine an analysis of rate-delay
tradeoff over a networking case with a single Nano-Relay, a
simple network coding is applied. The expressions derived in
Section II and III are evaluated numerically and the results on
the rate-delay tradeoff are discussed thoroughly in Section IV.
Finally, in Section V, a brief conclusion is given.

II. MESSENGER-BASED MOLECULAR

COMMUNICATION MODEL

Messenger-based molecular communication inherently exists
in different types of cells from the simplest prokaryotic cells
such as bacteria using quorum sensing to more complex mam-
malian cells using intracellular communication [20]. For exam-
ple, nitric oxide, an intracellular messenger molecule, provides
cell-to-cell communication in mammalians, which is exploited
in artificial intracellular communication for gene regulation
[20]. Since messenger-based molecular communication is ubiq-
uitous, it is crucial to model it by benefiting from inherent com-
munication mechanisms, which also promotes nanomedicine
applications.

In this paper, a messenger-based molecular communication
model is proposed. This model includes partially fluorinated
polyethylene messenger molecules, CH3(CHX)nCH2F, carry-
ing n bits of information on predefined X atoms by diffusion. X
is replaced by an hydrogen (H) or fluorine (F) atom representing
the bit 0 or 1. n can reach up to 109 bits, which is a practi-
cally high amount of information for a single molecule despite
its longer propagation delay [11]. Therefore, the messenger-
based approach is an intriguing case for realizing the rate-delay
tradeoff.

In our model, the transmitter nanomachine is capable of pro-
ducing molecules on which the information is encoded, combin-
ing them into puffs, and releasing the puffs to the medium where
they are propagated by Brownian motion with drift which arises

from the mean drift velocity of the fluid medium. The receiver
nanomachine, which has the receptors that bind the propagating
molecules, is capable of picking the molecules, and decoding
them. The radii of these nanomachines are assumed to be a few
nanometers. Hence, they are capable of handling fluorinated
polyethylene molecules, the size of which is 10−2 × n nm3 .
Moreover, they are assumed to be separated by a few microme-
ters so that the size of the nanomachines are negligible compared
to the distance traveled by the messenger molecule [11].

Our model embodies five main processes; information encod-
ing process, transmission process, propagation process, recep-
tion process, and information decoding process. In the following
sections, we investigate these five main processes.

A. Information Encoding Process

In this model, it is assumed that nanomachines use
information-storing packets, i.e., messenger molecules for the
transfer of information which are similar to data link-layer pack-
ets in classical wireless communication systems. These two dif-
fer in that the molecular packets store information physically
on themselves so that they cannot interfere with each other. Be-
sides, the messenger molecules are assumed to be bioinactive,
i.e., not easily corrupted or destroyed by natural processes. They
are easily recognized by nanoreceptors such as molecular pumps
or sorting rotors due to the special structure of these molecules
containing a distinctive head [11].

The partially fluorinated polyethylene molecule [11] is a can-
didate for such messenger molecule since it has an information
density of di ∼ 26 bits/nm3 which gives a distinguishably higher
density when compared to DNA whose information density is
∼1 bit/nm3 [11], which is widely suggested as an information
storing molecule. Suggested in [12] for nanocomputer memory
systems, a partially fluorinated polyethylene molecule is in the
form, CH3(CHX)nCH2F, where X stands for H and F atoms
representing 0 and 1 bits, respectively. These coded atoms are in
one side of the chain while the other side of the chain is full of
H atoms so that the receiver can recognize the coded side easily.

This molecule carries 50% H and 50% F atoms on the coded
side of the molecule to equalize the molecular weight, hence the
diffusion coefficient of all the intended symbols to reduce the
analytical complexity. Still, for any source distribution, the ratio
of the H and F atoms can be kept fixed doing an appropriate
encoding at the nanotransmitter. However, any ratio of H and F
atoms is feasible in the expense of unequal diffusion coefficients.

A partially fluorinated polyethylene molecule can carry lm
bits of information which is approximately given by lm ≈
4di/3πr3 , where r is the spherical radius of the messenger
molecule and di is the information density [11]. n �= lm because
of the allocation of some part of n bits for extra information
about the message. In this study, to ease the decoding process at
the receiver nanomachine, we allocate n − lm bits for message
ID. Therefore, actual information density is slightly less than
di . The head and tail structure of the molecule, CH3 and CH2F
forming the two ends of the molecule, provides a decoding order
for the message.
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Fig. 1. Constellation diagram for QMoSK modulation, n = 2.

To increase the information carrying capacity of messengers,
one needs larger molecules. However, larger molecules diffuse
more slowly. According to the Einstein-Stokes relation [13],
the diffusion coefficient D is inversely related with the size of
the particles, i.e., D = kB T/6πηr, where kB is Boltzmann’s
constant, T is the absolute temperature, and η is the viscosity.

The information encoding process described here can exploit
a molecular modulation technique such as molecule shift keying
(MoSK) introduced in [14]. This modulation scheme requires
2n different molecules to represent n bits of information. For the
transmission of an intended symbol, one of these molecules are
released by the transmitter and the receiver decodes the intended
symbol according to the type of the received molecule. Inspired
by [14], an n = 2 bit constellation diagram for Quadruple MoSK
realized by fluorinated polyethylene is shown in Fig. 1.

B. Transmission Process

The transmitter nanomachine is assumed to have a spherical
shape and the messenger molecules are released to the medium
from the boundary of it. The emission process is uniformly
distributed over this boundary called emission boundary.

The transmission strategy is chosen as puffing of messengers,
i.e., instantaneous emission of puffs which are sets of released
message molecules. Since the information is encoded in the type
of molecule and not in its concentration, the transmitter does not
need to continuously fill the medium with molecules which cor-
responds to continuous emission. In nature, puffing is usually
used for modeling pheromone released in alarm situations such
as presence of predators and enemies, injured conspecifics, ex-
posure to toxic compounds, which require a sudden release of
a limited amount of pheromones [22] as in the case of insect
pheromone release [23], [24]. Thus, the transmitter does not pre-
pare the molecules in advance, and does not store the molecules
generated for future use.

When a nanomachine needs to transmit a single message, it
generates puffs of NM molecules. The probability of successful
transmission of the message with just one puff is very low,
therefore, for a single message NP puffs of NM molecules are

sent. Accordingly, the transmission rate can be defined as

R(T X ) =
lm

NP TM
(1)

where TM is the time required to prepare a puff and NP TM to
prepare a message.

C. Propagation Process

The position of a messenger molecule due to thermal noise
as a function of time is modeled as a Brownian motion. The first
hitting time of one molecule τ to a spherical surface at a distance
d away from the emission boundary is distributed according to
an inverse Gaussian probability density function [10], i.e.,

fτ (τ) =
d√

4πDτ 3
exp

(
− (ντ − d)2

4Dτ

)
, τ ≥ 0 (2)

where v is the mean drift velocity of the medium and D is the
diffusion coefficient. The random variable τ can also be defined
as the propagation delay of a single puff for a distance d.

D. Reception Process

A messenger molecule is assumed to be received at the
time instant when it hits the boundary of the receiver. To cal-
culate the reception rate, an interval of time beginning with
the reception of the first message t1 and ending with the re-
ception of the (k + 1)th message, tk+1 , is considered. The
length of this time interval is Δt = tk+1 − t1 . Assume that
tk+1 − t1 = τk+1 − τ1 + kNP TM , where τk+1 is the propaga-
tion delay for the (k + 1)th message and τ1 is the propagation
delay for the first message. We assume that E {τk+1} = E {τ1}
for all k regarding that the channel imposes the same expected
delay to all messages. Hence, expected length of Δt can be
calculated by E {Δt} = kNP TM .

During this time interval, klm information carrying bits are
received. Thus, reception rate is expressed as

R(RX ) =
lm

NP TM
. (3)

Having a closed-form expression for rate, we try to obtain the
cumulative distribution function (CDF) of delay. The probability
of receiving the message is considered first.

If the reception boundary is the entire spherical surface that
encapsulates the transmitter source, the probability of receiving
the message before time t can be denoted by PM (t). It is the
probability of the complementary event that none of NM NP

molecules released for one message is received before time t.
For each molecule of the ith puff, Fτ (t − iTM ) is the proba-

bility that it is received before time t, hence, 1 − Fτ (t − iTM )
is the probability that it is not received. Thus, for that en-
tire puff, (1 − Fτ (t − iTM ))NM is the probability that all NM

molecules of ith puff is not received before time t. Multiply-
ing these probabilities for all puffs of a message, we obtain
PM (t) =

∏NP

i=1 (1 − Fτ (t − iTM ))NM , representing the prob-
ability that none of NM NP molecules is received before t.
Finally, the probability that at least one molecule carrying the
intended message is arrived, PM (t), is 1 − PM (t) and expressed
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Fig. 2. Particle propagation and detection processes.

by

PM (t) = 1 −
NP∏
i=1

[1 − Fτ (t − iTM )]NM (4)

where Fτ (τ) is the CDF of τ . For simplicity, the initiation time
of the message, i.e., release time of the first puff is taken as 0.

However, the reception boundary cannot encapsulate the
transmitter source practically. Thus, there should be a proba-
bility Pd for detecting a messenger molecule when it is d away
from the emission boundary. Pd can be expressed as the ratio
of the length of receiving boundary, l (=2πd0 , for the shell
shaped receiver), to the perimeter of the circle at distance d. Pd

is expressed by

Pd =

⎧⎨
⎩

1, if d ≤ d0

d0

d
, if d > d0

. (5)

Up to a critical distance d0 , i.e., in the vicinity of the transmitter,
the probability of reception is close to 1. However, when the
receiver moves away beyond d0 , the probability of receiving
falls below 1. As the receiver has a spherical shape, the receiving
boundary cannot fit the arc with radius d completely as the shell
shaped receiver shown in Fig. 2. Thus, d0 is not directly equal
to l/2π but it is proportional with l/2π in this case.

When NP puffs are released, the probability of receiving
the message as time goes to infinity becomes Pr =1−(1−
Pd)NP NM . Then, to calculate the delay, we are conditioned that
the message has to be received. Otherwise, we cannot define a
finite delay for a nonreceived message. The probability PM (t)
in (4) can be modified as a conditional probability, where M is
the event that the message is received, i.e.,

PM (t|M) =
1 −

∏NP

i=1 [1 − PdFτ (t − iTM )]NM

Pr
. (6)

The probability that the message is received before t cor-
responds to the CDF of the message propagation delay, i.e.,
FτM

(τM ) = PM (t|M). Since τM is a nonnegative random vari-
able, the expected message propagation delay can be calculated

by integrating the complementary CDF of τM ,

E {τM |M} =
∫ ∞

0
(1 − FτM

(t)) dt. (7)

For a single puff containing a single molecule, i.e., NM =1 and
NP =1 in (6), the CDF of the delay, FτM

(t), becomes equal to
Fτ (t) whose pdf is given in (2). Hence, the expected message
propagation delay is equal to d/ν, the expected value of Fτ (t).

E. Information Decoding Process

Decoding of the messages is realized as the demodulation of
the incoming molecule stream according to MoSK described
in Section II-A. This demodulation is based on differentiating
between different molecule types containing different numbers
of H and F atoms. In nature, such a differentiating mechanism is
found in pheromone receptors. For example, a very sensitive re-
ception of pheromones exists in a male moth who can recognize
potential mates, prey, and specific features of the environment
such as food sources through the antennas placed on its olfactory
system [25] which produces electrical signals in their neurons
according to the type of the received pheromone. A similar
system of antennas may be used by the receiver nanomachine
which will process the information brought by the messenger
molecule.

Another decoding mechanism, which is assumed to be used in
this study, may be constructed to read the encoded information
on the molecule, bit by bit using a convenient probe as suggested
in [26]. The receiver nanomachine may be equipped with the
specific C5H5B or C3H3N2B probe to identify the H or F atom
using the difference in interaction energies between B atom of
the probe and H/F atoms of the polyethylene. After decoding
the message with this mechanism, the receiver identifies the
message ID from the n − lm bits inserted in the message as
suggested in Section II-A which will be the same for all NM

molecules of all NP puffs carrying the same message.
A nanomachine may receive a message multiple times since

there are redundant messenger molecules in the medium. Once
a message is received and its ID is decoded, the subsequent
molecules, which have the same ID, are not taken into consider-
ation. The preparation time for one message is NP TM as defined
in Section II-B. To reduce the energy for decoding the redundant
molecules, the receiver waits during Twait = αNP TM (α > 1),
after the reception of the first message since a second one cannot
be generated by the transmitter in a time duration of NP TM .

III. RATE-DELAY TRADEOFF WITH NETWORK CODING

In this section, a mathematical model is derived to character-
ize the rate-delay tradeoff of a molecular nanonetwork which
also describes a simple network coding mechanism that im-
proves the rate-delay performance of this nanonetwork. Con-
sider a relay network containing a Nano-Relay as shown in
Fig. 3, where Nano-Alice and Nano-Bob need to send each
other a message.

Nano-Alice and Nano-Bob function as both nanotransmitter
and nanoreceiver realizing all the five main processes mentioned
in Section II. Assume that Nano-Alice and Nano-Bob are not
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Fig. 3. Simple uncoded network mechanism.

in the communication range of each other but in the commu-
nication range of Nano-Relay, i.e., dAR <d0 , dRB <d0 , 2d0 >
dAB >d0 . Nano-Relay can operate both as a nanotransmitter
and a nanoreceiver. Additionally, Nano-Relay combines the in-
coming messages from Nano-Alice and Nano-Bob and deter-
mines whether to generate new molecules or relay the incoming
molecules.

In order to improve the rate-delay characteristics of this sys-
tem, in the second part of this section, we introduce a basic
network coding mechanism where Nano-Relay XORs the mes-
sages coming from Nano-Alice and Nano-Bob. Although there
is no study on XOR operation for fluorinated polyethylene, an
XOR gate can be implemented at the molecular level by pseu-
dorotaxane [34]. A molecular XOR scheme can be generated
such that Nano-Relay combines the information coming from
Nano-Alice and Nano-Bob by XORing H and F atoms sequen-
tially, i.e., starting from head of the molecule until its tail, which
is in fact similar to binary XOR operation on a string of zeros and
ones. More specifically, if the message strings coming from both
Nano-Alice and Nano-Bob contain the same atom to be XORed,
Nano-Relay outputs H. Otherwise, it transmits F. Hence, know-
ing the bit they sent, Nano-Alice and Nano-Bob decide what
was sent by the other.

In this scheme, the ultimate goal is that Nano-Alice and Nano-
Bob exchange a pair of messages. Without network coding,
Nano-Alice sends its message to Nano-Relay which forwards it
to Nano-Bob and Nano-Bob sends its message to Nano-Relay
which forwards it to Nano-Alice. Thus, we have four transmis-
sions in total. When the network coding mechanism is consid-
ered, Nano-Alice and Nano-Bob send their messages to Nano-
Relay which XORs and sends the combined message back to
them which requires a total of three transmissions instead of
four. As Nano-Alice and Nano-Bob know their sent message,
they can decode Nano-Relay’s message and extract the mes-
sages of their respective partners. Hence, the molecular network
coding can be used for increasing the rate since the same infor-

mation is sent now with less number of transmission, i.e., in a
shorter time interval.

A. Rate-Delay Tradeoff for an Uncoded Case

Assume that Nano-Alice and Nano-Bob start transmitting
their messages at the same time instant. Both of them do not
know about the position of the other and release NP puffs of
messenger molecules into the communication medium. Since
the propagation delay for a Brownian message is a random
variable, Nano-Relay receives messages from Nano-Alice and
Nano-Bob at random time instants. The forwarding procedure
for a message starts when it is received by Nano-Relay. However
if a second message arrives during the transmission of the first,
Nano-Relay puts it in the queue and this second message waits
until the transmission of the first is finished. The waiting time
of a message in the queue is denoted as Tq .

Let A and B be the messages of Nano-Alice and Nano-Bob,
respectively. Both A and B can reach their destinations directly
or from the path over Nano-Relay. Then, the expected delay
E {TD} for a message to reach its destination can be calculated
as

E {TD} = E {TD |AB}P (AB) + E
{
TD |AB

}
P (AB) (8)

where AB is the event when the same message is transferred
on both Nano-Relay and the direct path between Nano-Alice
and Nano-Bob, simultaneously. AB represents the complement
event when the message is transferred on only Nano-Relay.

The probability AB event is P (AB)=1−(1−d0/dAB )NP .
If the message fails to reach its destination on the direct path
(AB case), the delay is completely determined by the transmis-
sion path over Nano-Relay, which is given by E

{
TD |AB

}
=

E {TARB }, where TARB is the delay for the path ARB. Other-
wise, when AB event occurs, the delay is the minimum of time
delays to which the message molecules are exposed for paths
ARB and AB, E {TD |AB} = E {min(TAB , TARB )}, where
TAB is the delay for the path AB.

E {TD |AB} is upper bounded by E {TAB } since
E {TAB } < E {TARB } due to the triangle inequality

E {TD |AB} < E {TAB } = E {τM } . (9)

Then, the expected message delay between A and B using (7)
is

E{τM}=
∫ ∞

0

[∏N P
i=1 (1−PdFτ (t−iTM ))N M −(1−Pd )N P N M

1−(1−Pd )N P N M

]
dt.

(10)

Nevertheless, it is troublesome to find a closed-form expression
using (10). Thus, we provide the upper and lower bounds for
this integral to show the behavior of delay. A lower bound for
the expected message delay between A and B is obtained as

E {τM }>
1−(1 − Pd )N P N M +1−Pd (NP NM + 1) (1 − Pd )N P N M

ξPd (NP NM + 1) Pr

.

(11)
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To arrive to this bound let us define a new CDF, Fτ (u ) (t), which
is the CDF of a uniform random variable τ (u) ,

Fτ (u ) (t) =

⎧⎪⎨
⎪⎩

t/ξ, if t ∈ (0, ξ)

1, if t ≥ ξ

0, else

(12)

where ξ is mode of the pdf of τ , i.e., the point where the peak of
the pdf occurs, which can be calculated by differentiating fτ (t)
and equating to zero, i.e., ξ = (−3D +

√
9D2 + d2v2)/v2 > 0.

Note that compared to the infinite duration pdf of τ , which is
inverse Gaussian distribution, we observe that the uniformly
distributed τ (u) has a much narrower pdf. However, its density
is greater than fτ (t) for t ∈ (0, ξ). Hence, the CDF Fτ (u ) (t)
is larger than Fτ (t) for every t in (0, ∞). Thus, uniform dis-
tribution approximation of fτ (t) yields an upper bound on the
propagation delay pdf, which, in turn, yields the lower bound for
E{τM } in (11) calculated by substituting (12) into Fτ (t − iTM )
for each i in (10).

Similar to lower bound in (11), an upper bound is obtained as

E {τM } < − (1 − Pd )N P N M

Pr

+
(1−PdNP NM/μ)N P N M +1 −(1−Pd (NP NM +μ)/μ)N P N M +1

μPd (NP NM + 1) Pr

.

(13)

To get this bound, we define a new CDF, Fτ ( v ) (t), which is the
CDF of a uniform random variable τ (v ) ,

Fτ ( v ) (t) =

⎧⎪⎨
⎪⎩

t/μ, if t ∈ (0, μ)

1, if t ≥ μ

0, else

(14)

where μ is the expected value of the pdf of τ . Note that for the
expected value, μ, Fτ (t) reaches 0.99 which is sufficiently close
to 1 so that we can assume Fτ (t) is 1 for t > μ. Besides, Fτ ( v ) (t)
increases very slowly compared to Fτ (t) for t ∈ (0, μ). Hence,
the CDF Fτ ( v ) (t) is smaller than Fτ (t) for every t value in ∈(0,
∞). To simplify (10), we replace Fτ (t − iTM ) by Fτ ( v ) (t −
NP TM ) for all i, since Fτ ( v ) (t − NP TM ) ≤ Fτ (t − NP TM ) ≤
Fτ (t − iTM ) for all i. Thus, this approximation yields a lower
bound on the propagation delay CDF, which, in turn, yields the
upper bound for E{τM } in (13). Using (9), we obtain

E {TD}< E {TAB }P (AB)+(E {TARB }+E {Tq}) P (AB).
(15)

E {Tq} is included in (15) to represent the expected queu-
ing delay for message A in the Nano-Relay defined in
Section III-A.

First, assume that only messages A and B of Alice and Bob,
respectively, need to be forwarded by Nano-Relay without cod-
ing. In that case, if A is received during the transmission of the
message B, the message A waits a period of time, E{Tq

(C )},

which is expressed by E{Tq
(C )}=P{Q(C )}E{Tq

(C ) |Q(C )},

where Q(C ) is the event that A is received in the transmis-
sion period of B. The probability of queueing in an uncoded

Fig. 4. Simple network coding mechanism.

case is

P
{

Q(C )
}

= Pr {NP TM > τA − τB > 0} (16)

where τA and τB are the respective propagation delays of mes-
sages A and B. We assume that puff propagation delays are
exponentially distributed with mean d/ν.

For exponentially distributed propagation delays, the proba-
bility P{Q(C )} is given by

P
{

Q(C )
}

=
dAR

dAR + dBR

(
1 − exp

(
−νN 2

P TM

dAR

))
. (17)

Suppose that message streams from Nano-Alice and Nano-Bob
have Poisson arrivals with rates α and β, respectively. Then,
Nano-Relay can be modeled as an M/G/1 server having a ser-
vice time distribution with mean μ and variance σ2 . Thus, the
expected queueing delay can be derived using the Pollaczek-
Khintchine formula [29]. Specifically, Nano-Relay becomes an
M/D/1 server when network coding is not allowed, i.e., direct
forwarding.

For M/D/1 case, the relay throughput is constant with rate
1/NP TM messages per unit time and the expected queueing for
an arbitrary message can be calculated by [29] as

E
{

Tq |Q(C )
}

=
1
2

(α + β)N 2
P T 2

M

1 − (α + β)NP TM
. (18)

Similar to the reception rate calculation in Section II-D, re-
ception rate of Nano-Alice’s messages at Nano-Bob can be
calculated as

R
(RX )
C

=
lm

NP TM
. (19)

B. Rate-Delay Tradeoff for a Network Coded Case

Now, consider the case when Nano-Relay uses a network
coding mechanism, which is shown in Fig. 4. When Nano-Relay
receives a message, it starts waiting TW s for the other message
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to arrive before transmitting the received message. If the other
message arrives within TW s, Nano-Relay starts transmitting
the XORed version of two messages. Otherwise, Nano-Relay
transmits messages separately.

If Nano-Relay forwards messages with the network coding
mechanism, the expected queuing delay for message A becomes

E
{
T (C )

q

}
=P

{
W (C )

}
E

{
T (C )

q |W
}

+ P
{
W

(C )
}

TW (20)

where W is the event when the message B arrives within the
waiting time TW in a coded case with probability P

{
W (C )

}
,

calculated assuming exponential propagation delays as

P
{
W (C )

}
=

dBR

dBR +dBR

(
1−exp

(
−νNP TW

dBR

))
. (21)

Even when each of Nano-Alice and Nano-Bob generates one
single message, the advantage of network coding is reflected
as reduced resource consumption in Nano-Relay. However, if
both sources generate message streams, then the forwarding ef-
ficiency of Nano-Relay can significantly affect the delay. When
both sources continously emit puffs of molecules, Nano-Relay
continously combines the molecules. Since there are always
molecules ready to combine arriving from the other source, no
molecule waits up to TW for its conjugate to arrive. Hence, the
total waiting time which adversely affects the delay, decreases.

In the network coding case, the relay throughput can be as-
sumed to have a bimodal distribution. Assume that only mes-
sages transmitted at the same time can be coded with each
other. When a message is going to be transmitted and its con-
jugate message is in the queuing buffer, then these messages
can be forwarded together meaning that the relay throughput is
2/NP TM messages per unit time. Otherwise, they are transmit-
ted with rate 1/NP TM messages per unit time.

Similar to the uncoded case, the expected queueing delay for
an arbitrary message in the network-coded case can be calcu-
lated by

E
{

T (C )
q |W

}
=

(1 − 0.75PAX B ) (α + β) N 2
P T 2

M

2 (1−(α + β)(1−0.5PAX B )NP TM )
(22)

where PAX B is the probability of coding the messages A and
B.

Note that as the probability PAX B increases, E {Tq}, i.e.,
the expected queueing delay, decreases. However, the proba-
bility PAX B is also a function of the queueing delay Tq since
longer queueing delays increase the chance for coding of con-
jugate messages. Therefore, the probability PAX B is defined
as PAX B = Pr {|τA − τB | < Tq}, where τA and τB are the
reception times of conjugate messages from Nano-Alice and
Nano-Bob.

Similar to the reception rate calculation in Section II-D, re-
ception rate of Nano-Alice’s messages at Nano-Bob can be
calculated as

R
(RX )
C =

lm
NP TM

(
2P

{
WC

}
+ (1 − P{WC })

)
. (23)

TABLE I
SIMULATION PARAMETERS

Parameter Symbol Value
Diffusion coefficient D 2.2 × 10−11 m2/s
Drift velocity v 0.2 × 10−9 m/s
Distance b/w two transceivers d 10−5 m
Puff preparation time TM 10−3 s
Probability of coding messages PAXB 1
Poisson arrival rate of Alice α 0.1 s−1

Poisson arrival rate of Bob β 0.1 s−1

Distance b/w Alice and Relay dAR 10−6 m
Distance b/w Bob and Relay dBR 10−6 m
Distance b/w Alice and Bob dAB 2 × 10−6 m
Area of perfect reception A 10−10 m2

Number of molecules in a puff NM 10
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Fig. 5. Delay and rate characteristics with NP .

IV. SIMULATIONS

In this section, we evaluate rate and delay expressions found
in Section II and III with the simulation parameters given in
Table I, chosen in agreement with [11]. Then, the uncoded and
the network coded cases are compared to reveal the rate-delay
tradeoff.

A. Simulation for an Uncoded Case

We investigate the rate-delay tradeoff of the uncoded case
without a relay in Fig. 5 to illustrate the decaying trend of
rate and delay with increasing NP . The rate expression in (3)
is utilized to evaluate the rate variation. Our analysis is not
based on the exact expressions of the delay but on the lower
and upper bounds, given in (11) and (13). Although the two
bounds follow the same trend, the lower bound is far beyond the
realistic propagation delays in molecular domain, hence, upper
bound (13) is preferred.

On the one hand, for a single message, as the number of puffs
NP increases, the preparation time for the message increases
proportionally. Therefore, the transmission rate R(T X ) and the
reception rate R(RX ) increase. On the other hand, increasing NP

augments the message reception probability, causing a descent
in expected message propagation delay E {τM }. Thus, there
is a tradeoff between the expected message propagation delay
E {τM } and the expected reception rate R(RX ) . These results
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Fig. 6. Rate versus delay analysis.

Fig. 7. Rate versus delay analysis in uncoded and coded network cases.

are also intuitively expected from (3), (11), and (13). The trade-
off between rate and delay is illustrated in Fig. 6. This rate-delay
tradeoff analysis is crucial for designing an efficient molecular
communication network. An important application of molecular
networks is molecular computers which will be an alternative for
electronic computers in the future [27] due to the hundred times
smaller size of molecules with respect to silicon chips of elec-
tronic computers and the high parallel computing capacity of
molecular computers [28]. The rate and delay characteristics of
different molecular communication techniques will be essential
criteria for the design of these molecular computers which will
boost the computing power to ten-thousandfold of electronic
computers. Especially, in gene regulatory applications, molecu-
lar computers doing DNA computations are highly investigated
in various studies such as [30] and [31].

B. Simulation for a Network Coded Case

In Fig. 7, reception rates with respect to delay of both un-
coded and network coded cases with different waiting times
in Nano-Relay, denoted by TW, are illustrated. TW = 0 rep-
resents the uncoded case. On the one hand, as TW increases,
the waiting interval for conjugate messages increases, which, in

turn, increases the probability of coding. Therefore, total delay
increases due to the extra delay introduced by Nano-Relay be-
fore coding takes place. On the other hand, as the probability
of coding increases, the reception rate increases since Nano-
Relay combines the incoming messages to decrease the number
of transmitted messages. As illustrated in Fig. 7, by increasing
the waiting time TW , 40% higher reception rate compared to
the uncoded case, i.e, TW = 0, is achievable for a given delay
yielding the advantage of using network coding in molecular
nanonetworks.

The network coding technique is a beneficial tool to overcome
long propagation delay problem for molecular communication
in vast different applications. For medical applications, to im-
prove the intervention time of nanorobots placed in the human
body described in [32], the molecular communication between
them may be accelerated by network coding in order to identify
the tumor cells effectively. Another medical application can be
stated as the regulation of the behaviors of engineered bacteria
used in cancer therapy [33]. These bacteria form quorum sensing
networks by communicating via signaling molecules to sense
the environment of a tumourous cell, invade that cell and release
cytotoxic agents. The efficient operation of these bacteria arises
from their proper synchronization which may be established by
a low delay molecular network.

V. CONCLUSION

Molecular communication is a promising field open to evo-
lution because of its feasibility in a vast variety of fields, such
as environment, industry, military, and especially biomedicine.
Biomedical applications utilize messenger-based approaches
that have crucial roles in intervening in biological processes
to artificially control biosystems. For this reason, we build our
analysis on a specific case of messenger-based molecular com-
munication model. First, we model the puff propagation using
a Brownian motion model. Next, using this model, the mathe-
matical relation between reception rate and message delay is ex-
tracted to justify the tradeoff between them. Then, this model is
applied to a simple nanonetwork in two different cases, namely,
uncoded and network coded cases. Finally, the expressions of
rate and delay are evaluated for both cases.

In brief, our analysis shows that high data rate and negli-
gible propagation delay cannot be achieved simultaneously as
opposed to an ideal communication system. The tradeoff should
be exploited in delay or rate sensitive molecular nanoscale ap-
plications. This pioneering study constitutes a basis for rate and
delay optimization of future nanomolecular frameworks.
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