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Abstract—In this paper, we address the symbol synchronization
issue in molecular communication via diffusion (MCvD). Symbol
synchronization among chemical sensors and nanomachines is
one of the critical challenges to manage complex tasks in
the nanonetworks with molecular communication (MC). As in
diffusion-based MC, most of the molecules arrive at the receptor
closer to the start of the symbol duration, the wrong estimation
of the start of the symbol interval leads to high symbol detection
error. By utilizing two types of molecules with different diffusion
coefficients we propose a synchronization technique for MCvD.
Moreover, we evaluate the symbol-error-rate performance under
the proposed symbol synchronization scheme for equal and non-
equal symbol duration in MCvD systems.

Index Terms—Molecular communication, diffusion-based com-
munication, synchronization, nanonetworks, receiver design

I. INTRODUCTION

Molecular communication (MC), a bio-inspired approach,
is emerging as a promising technique for communication in
nanonetworks [1]–[3]. MC that is foreseen as one of the
driving technologies for Internet of Things at the biological
and nanoscale domains can be widely applied to future wear-
able and implantable devices for healthcare, environmental
protection, and nano-medicine applications [1]–[6].

Among many MC systems, we consider molecular commu-
nication via diffusion (MCvD) where the emitted molecules
reach to the receiver through fluid medium via diffusion
process. The MC systems have several distinct characteristics
compared to traditional wireless and acoustic communications
such as: 1) the signal is transmitted by changing the molecule
releasing time, molecular concentration, and molecular type
(i.e., different chemical structure), 2) since the generation
rate of the bio-molecules depends on energy and chemical
budgets [7], it is not always possible to maintain either fixed
number of transmitted molecules in each symbol interval or
fixed symbol duration in the transmitter, and 3) due to size
and power consumption limitation, to manage complex tasks
in nanonetworks, synchronization among several components,
e.g., chemical sensors and molecular machines, is one of the
major challenges in the nanonetworks.

In the MC systems, modulation of information is done
in symbol slots, which are assumed to be synchronized for

effective modulation and demodulation. Precise clock syn-
chronization is an essential part of nanonetworks to perform
collaborative tasks [8], [9]. Furthermore, a clock synchroniza-
tion pattern among molecular machines is suggested in [10].
Although the oscillation period is synchronized, the alignment
of the clock is not adequately considered. A clock sequence is
calculated in [11] based on the molecular channel delay. The
main limitation of this scheme is that the released frequency
and clock offset are assumed to be fixed. To overcome this
limitation, Jamali et al. [12] suggested two low-complexity
symbol synchronization schemes, namely, peak observation-
based and threshold-trigger scheme for the MCvD systems.
The threshold-trigger synchronization is based on the idea that
an increase of concentration of specific molecule triggers a
response of a cell. Thus, instead of considering total symbol
interval, the detection of information molecules is performed
during the interval when the number of synchronization
molecules is above the predefined threshold. Although the
previous studies [9], [11], [12] laid a strong background on
symbol synchronization, the receiver complexity and same dif-
fusion coefficient of the molecules still limit the performance
in terms of throughput and number of transmitted molecules
in MCvD. A small estimation error on the starting of the
symbol duration based on the peak concentration level of
synchronization molecules has adverse impact on the symbol
detection since most of the molecules arrive at the start of the
symbol interval.

The main contributions of this paper include:

• We propose a symbol synchronization scheme for
diffusion-based MC systems. We exploit the concentra-
tion of received molecules that heavily depends on diffu-
sion coefficients. It is thus possible to estimate the starting
of the symbol duration based on the high concentration
level of synchronization molecules that are expected to
arrive in advance due to higher diffusion coefficient than
information molecules.

• The proposed synchronization method utilizes two types
of molecules with different diffusion coefficients, there-
fore the proposed method does not require a training
sequence to be sent.
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Fig. 1. System model, processes, and the block diagram of an MCvD system with synchronization.

• In addition, since both of the synchronization and in-
formation molecules are released at the same time from
the transmitter, the unequal symbol duration can be eas-
ily handled in the proposed per-symbol synchronization
scheme for the MCvD systems.

The rest of the paper is organized as follows. Section II
presents the MCvD system model. The proposed frameworks
for synchronization are discussed in Section III. The simula-
tion results are presented in Section IV. Finally, conclusions
are drawn in Section V.

II. SYSTEM MODEL

We consider a point-to-spherical MCvD system in a 3-
dimensional (3-D) environment as illustrated in Fig. 1. The
transmitter emits two types of molecules, type-A molecule for
information transmission and type-B molecule for synchro-
nization purpose. Assuming fluid propagation medium without
any drift, the molecules that are released from the point source
to the medium diffuse according to Brownian motion [13].
We assume that the random displacement of two-types of
molecules are independent to each other. Let d be the distance
between the point source and the surface of the spherical
receiver. The radius of the spherical receiver is denoted by
r and we assume fully absorbing boundary for the receiver
where every molecule that collides with the surface is absorbed
by the receiver and removed from the environment, thus, these
molecules contribute to the received signal only once.

Assume that intra-molecule collisions have negligible effect
on the molecule’s random movement. Using first hitting for-
mula to model the fully absorbing reception process where the
receiver is fully covered with perfect absorbing receptors, the
hitting rate of type-x molecules in 3-D environment by solving
Fick’s second law of diffusion is expressed as

fx(t) =
r

d+ r

d√
4πDxt3

exp

(
− d2

4Dxt

)
, (1)

where Dx is the diffusion coefficient for the type-x
molecule [14]. It is assumed that the diffusion coefficient is
stationary throughout the medium. Since, (1) has only one
peak-value, the mean peak-time is obtained as follows

∂

∂t

(
r

d+ r

d√
4πDxt3

exp

(
− d2

4Dxt

))
= 0. (2)

By solving the above equation, we get E[tx,peak] =
d2

6Dx
.

Furthermore, to obtain the fraction of molecules that hit the
receiver until time t, we integrate fx(t) over the interval t as

Fx(t) =

∫ t

0

fx(τ) dτ =
r

d+ r
erfc

(
d√

4Dxt

)
, (3)

where erfc(·) is the complementary error function [14].

III. RECEIVER STRUCTURE AND THE PROPOSED
ALGORITHM

The receptors are deployed over a percentage of the receiver
surface without any significant loss in the number of detected
molecules [15]. In addition, the receiver can separately count
two different types of molecules with different receptors. Thus,
both synchronization and information carrying molecules can
be counted separately via utilizing particular receptors.

We denote the k-th data symbol by a[k] and model
{a[k]}∞k=1 as a sequence of independent and identically dis-
tributed variables that take on {1, 0} equiprobably for binary
concentration shift keying (CSK) [16]. Note that binary CSK
is analogous to on-off keying in classical communications.
Let nT,x(k) be the number of released type-x molecules for
the a[k]-th symbol. Therefore, the hiting rate of received
molecules for the a[k]-th symbol with type-x at time t becomes

nR,x(k, t) = a[k]nT,x[k] fx(t)︸ ︷︷ ︸
desired signal

+

k−1∑
m=1

a[m]nT,x[m] fx(t−mTs)︸ ︷︷ ︸
intersymbol interference

+ηb(t), (4)

where Ts is the symbol duration and ηb(t) is the Brownian
noise due to the random motion of the molecules. This
non-stationary Brownian noise [17] can be approximated by
Gaussian distribution N

(
0, NT,x[k]Fx(t)(1−Fx(t))

)
by con-

sidering Binomial arrival process B (NT,x[k], Fx(t)) [18].
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Fig. 2. Hitting rate f(t) for r = 4 µm, d = 4 µm, with different diffusion
coefficient Dx. Note that E[tx,peak] = 0.0345 s, 0.0165 s, and 0.0049 s for
Dx = 79.4 µm2 s−1, 158.8 µm2 s−1, and 520 µm2 s−1, respectively.

Finally, the total number of received molecules for k-th
symbol until time t is expressed as

NR,x(k, t) = a[k]NT,x[k]Fx(t)

+

k−1∑
m=1

a[m]NT,x[m]Fx(t−mTs) +Nb, (5)

where NT,x[k] and Nb =
∫ t

0
ηb(t)dt are the total number

of released type-x molecules for the k-th symbol and total
number of noise molecules due to random molecular motion,
respectively. Thereafter, we define the signal-to-noise ratio for
type-x molecules as SNRx = E[nT,x,k(t) fx(t)]/E[ηb(t)].

Symbol detection with the proposed synchronization: The
proposed symbol synchronization scheme in MCvD systems
has the following two aspects:

1) As observed in Fig. 2, the peak of received molecule
ratio for higher diffusion coefficient is obtained ear-
lier than the molecules with low diffusion coefficient.
To exploiting this feature in the MCvD systems, the
diffusion coefficient of the synchronization molecules
is assumed to be higher than that of the information
molecules. Therefore, based on the high concentration
level of the received synchronization molecules, which
is earlier than the information molecules, the receptors
for information molecules estimate the starting of the
symbol duration, thereafter, start to count the informa-
tion molecules for the k-th symbol.

2) Since we consider per-symbol synchronization, the pro-
posed technique can be used for the non-equal symbol
duration and emitting-frequency. In addition, it also
relaxes the constraint of maintaining a fixed clock-
frequency at the receiver.

Algorithm 1 presents the main steps for our proposed
schemes, where t̂sync, peak(k) is the estimated peak time of
the received synchronization molecule for the k-th symbol,
t̂info,start(k) is the estimated start time for the k-th information

Algorithm 1: Proposed synchronization scheme
1 begin
2 for k = 1 to K do
3 Estimate t̂sync, peak(k) for synchronization molecules related

for the k-th information symbol;
4 t̂info,start(k) = t̂sync, peak(k);
5 T̂ (k) = t̂info, start(k + 1)− t̂info, start(k) /* Estimated

k-th information symbol */
6 if NR,info(k, T (k)) > Th then
7 a[k] = 1

else
8 a[k] = 0;

end
end

end

symbol, and K is the total number of information symbols.
Basically, the transmitter emits the synchronization molecules
on a per-symbol basis, the receiver takes the symbol duration
information from the peak of the current synchronization
molecules until it detects the next peak of the synchronization
molecules. Although the selection of decision threshold Th
is itself a novel work, addressing these issues is beyond the
scope of this paper. We utilize binary CSK, and we use a fixed
threshold simply as Th = NT,info[k]/2.

Non-equal symbol duration: Let T (k) = (1 + ψ)Ts be the
symbol duration of the k-th time slot for information and
synchronization molecules, where −0.5 < ψ < 0.5 is a trun-
cated Gaussian random variable with zero mean and variance
σ2

symbol. If the transmitter lacks of information molecules due
to the variation of energy and chemical budgets then non-
equal symbol duration can be considered, otherwise ψ = 0.
Although storage element is assumed in the transmitter to
supply molecules, the release time may change due to several
physical behaviors. Therefore, the starting time as well as
symbol duration of the release molecules are not same for all
transmitted symbols. To highlight the impact of the variation
in release time for the emitted molecules, Fig. 3 illustrates the
eye-diagram for the received information molecules assuming
non-equal symbol duration. It is observed that the eye-height is
higher in the proposed scheme compared to the binary CSK
without synchronization. The eye-height determines the eye
closure due to molecular noise. As the eye-width corresponds
to the time interval of the received molecules, the wider eye-
opening results less inter-symbol interference. As observed
in Fig. 3, eye-width is more wider in the proposed scheme
compared to the CSK without synchronization. Besides, these
metrics are useful to measure the standard deviation of the
received molecules. Therefore, it is clearly observed that the
proposed symbol synchronization scheme effectively handles
the variation in release time by properly estimating the peak
of the synchronization molecules compared to the binary CSK
without synchronization. Moreover, it is easy to implement the
proposed low-complexity symbol synchronization scheme in
the small devices without significantly increasing the hardware
complexity at the receiver. The interested reader may refer
to [19] for per-block synchronization in MCvD systems.
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(a) CSK without synchronization.
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(b) Proposed scheme with synchronization.

Fig. 3. Eye-diagram of the received information molecules. We consider
the non-equal symbol duration for the emitted molecules. The starting of the
each symbol is estimated, thereafter all the received information molecules are
plotted in an overlapping manner. Simulation parameters are given in Table I.

TABLE I
SIMULATION PARAMETERS

Parameter Definition Value

DA
Diffusion coefficient of type-A
(information) molecule 79.4 µm2 s−1

DB
Diffusion coefficient of type-B
(synchronization) molecule 158.8 µm2 s−1

r Radius of the spherical receiver 2 µm

d
Distance between transmitter and
surface of the corresponding receiver 4 µm

Ts Fixed symbol duration 380 ms
σ2

symbol Variance of symbol duration 0 ∼ 0.3

∆t Sampling time at the receiver 10 µs

IV. SIMULATION RESULTS

To compare with traditional binary CSK [16] for the MCvD
systems, we consider the normalized synchronization error
as [12] ē = E[e(k)]/E[T (k)], where the synchronization
error is defined as e(k) = |t̂sync, peak(k) − tsync, peak(k)|,
where tsync, peak(k) is the actual peak time of the received
synchronization molecules for the k-th symbol. When the
synchronization scheme fails to detect the actual peak of
the synchronization molecules, then the starting of symbol
duration becomes erroneous, resulting wrong estimation of the

SNR in dB
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Fig. 4. SER performance with various SNR values with perfect synchroniza-
tion. We consider σ2

symbol = 0.1 for unequal symbol duration.

detected information molecule count.

The simulation parameters are summarized in Table I. The
results are averaged over 100 different runs with at least 105

symbols in each run. For each synchronization and information
bearing symbols, we use 1000 molecules.

Fig. 4 illustrates the symbol-error-rate (SER) performance
with different SNR values. We use the same SNR values for
both synchronization and information molecules. In fact, SER
performance is same for the proposed scheme and traditional
CSK for equal symbol duration without any synchronization
error. However, proposed scheme performs significantly better
than CSK when the symbol duration varies. A reduced SER
is obtained in the proposed synchronization scheme compared
to traditional CSK. Moreover, the error-floor, where the SER
performance curve does not decrease significantly with the
increase of the SNR, reaches earlier in the traditional CSK
compared to the proposed scheme for the MCvD systems.

The effect of unequal symbol duration is shown in Fig. 5.
The proposed scheme outperforms binary CSK in presence
of unequal symbol duration even with a small value of
its variance, e.g., σ2

symbol ' 0.1. Furthermore, we obtain the
SER ' 1× 10−2 with proposed synchronization at σ2

symbol =
0.2, whereas most of the symbol are erroneous in traditional
binary CSK for the MCvD systems. These results show that
the proposed synchronization scheme handles the unequal
symbol duration by effective estimation of the peak of the
synchronization molecules, thereafter, the starting of symbol
duration for the information molecules.

As shown in Fig. 6, the SER increases with the increasing of
synchronization error. Since most of the transmitted molecules
(both synchronization and information molecules) hit the re-
ceiver surface at the beginning of the symbol interval, a small
error in the estimation of starting of the symbol duration has
adverse impact on the symbol detection based on the received
molecule number in MCvD systems. Moreover, in high values
of the standard deviation of the unequal symbol duration, the
SER is higher with the increase of synchronization errors.



Variance of symbol duration (σ
2

symbol
)

0 0.05 0.1 0.15 0.2 0.25 0.3

S
y
m

b
o
l-
e
rr

o
r-

ra
te

10
-4

10
-3

10
-2

10
-1

CSK sync error = 0.05

CSK sync error = 0.025

CSK without sync error

Proposed scheme sync error = 0.05

Proposed scheme sync error = 0.025

Proposed scheme without sync error

Fig. 5. SER performance with the variance of symbol duration at 8 dB SNR
for both synchronization and information bearing molecules.

Synchronization error

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

S
y
m

b
o
l-
e
rr

o
r-

ra
te

10
-3

10
-2

10
-1

σ
2

symbol
 = 0.25

σ
2

symbol
 = 0.20

σ
2

symbol
 = 0.01

Fig. 6. SER performance with the normalized synchronization error ē.

V. CONCLUSION

In this paper, we proposed synchronization scheme for
MCvD systems with two types of molecules, namely syn-
chronization and information molecules for the transmission.
We have exploited the fact that the concentration of re-
ceived molecules heavily depends on diffusion coefficients
of the transmitted molecules. In the proposed system, the
synchronization molecules arrive earlier compared to the in-
formation bearing molecules, thus the receiver detects the
peak of synchronization molecules which act as an indicator
for the starting of the information block. In our proposed
frameworks, we have considered two cases when both of
the synchronization and information molecules are released
at the same time and information molecules are released after
an offset to the release time of synchronization molecules.
First, we analyzed the performance of the proposed system
with eye-diagram and continued with BER analysis. From the
extensive results, we also evaluated the BER performance of
the proposed frameworks with synchronization errors. This
work can be extended to see the tradeoff between the cost in
term of the number of synchronization molecules and BER
performance in the presence of synchronization error. The
future work will include to find the optimum offset value in the
presence of drift in molecular medium for the MCvD systems.
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