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Abstract. Binary concentration shift keying in molecular communi-
cation is a modulation technique that transforms binary information
onto the concentration of molecules. Transmitter releases a pre-specified
number of molecules into the environment according to the informa-
tion it wishes to transmit to receiver. In this paper, we consider binary
concentration shift keying in mobile molecular communication where a
mobile receiver performs multiple measurements of molecule concentra-
tion to demodulate information that the transmitter transmits. Numer-
ical experiments are conducted to evaluate the performance of mobile
molecular communication with the binary concentration shift keying with
multiple measurements of molecule concentration in terms of achievable
information transmission rate.
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1 Introduction

In molecular communication, bio-nanomachines communicate by propagating
diffusive molecules in the environment [4,5,11,12]. Bio-nanomachines in molec-
ular communication are at the nano-to-micro meter in size, composed of bio-
logical materials, and capable of biochemical functionalities such as sensing a
specific type of molecule. Bio-nanomachines in molecular communication are
often mobile since their spatial positions fluctuate due to thermal noise [10].
Examples of bio-nanomachines are biological cells including genetically engi-
neered cells. Molecular communication is more energy efficient and compatible
with biological environments than existing telecommunication, and its applica-
tion to medicine is anticipated [13].

In this paper, we consider binary concentration shift keying (BCSK) in
molecular communication. In transmitting binary information, a transmitter
bio-nanomachine releases the corresponding number of molecules into the envi-
ronment. The released molecules propagate in the environment. A receiver
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bio-nanomachine performs multiple measurements of molecule concentration to
demodulate information that the transmitter bio-nanomachine transmits. We
also consider mobile molecular communication where the spatial position of the
receiver bio-nanomachine fluctuates due to thermal noise [1,2,6,8].

The paper is organized as follows. In Sect.2, we develop a mathematical
model of the molecular communication described above. In this section, we also
describe a mathematical model of molecular communication where a receiver
bio-nanomachine performs a single measurement of molecule concentration [9].
In Sect. 3, we conduct numerical experiments and examine the impact of key
model parameters on the performance of molecular communication. We use the
achievable rate as a performance measure and compare the binary concentration
shift keying with multiple measurements of molecule concentration and that with
single measurement. Finally, we discuss the future work and conclude the paper
in Sect. 4.

2 Molecular Communication Model

Figure 1 shows an overview of the molecular communication model, consisting of
a transmitter bio-nanomachine (Tx) and a receiver bio-nanomachine (Rx). Tx
is a single point source of molecules. Rx is a passive receiver and modeled as a
three-dimensional sphere of radius a. Also, Rx moves randomly due to thermal
noise.
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N
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Fig. 1. Overview of the molecular communication model
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In the model, we consider binary concentration shift keying (BCSK) for the
modulation scheme, where the transmitted information symbol z is either “0”
or “1”. Tx sends information symbol x by releasing a pre-specified number of
molecules, A,, as a pulse wave into the three-dimensional environment. The
concentration is A; for transmitting symbol “17, and Ag for “0”, respectively
where A1 > Ag > 0 is assumed.

The center location of Rx is initially ry distance away from Tx, and the
concentration of molecules at the center location of Rx after time ¢ is

Dy A i
he(roit, De) = (axD.)? 2 [ 4Det] ’ (1)
where D, is the effective diffusion coefficient given by the diffusion coefficient
D, of Rx and the diffusion coefficient D,, of signal molecules: D, = D,. + D,,
[1]. Note that, by using the concept of effective diffusion coefficients, mobile
molecular communication is transformed into static one where molecules diffuse
with the effective diffusion coefficient and the location of Rx is fixed.

Rx is assumed to be a perfectly monitoring sphere, meaning that Rx is able
to count the number of molecules within the volume of Rx without capturing
the molecules. The number of molecules Rx receives at time ¢ is given by

Nw(t;To) =V x hm(To;t,De), (2)

where z € {0,1} and V is the volume of Rx. We assume that rg is sufficiently
large enough for molecules to distribute uniformly around Rx.

When molecules move randomly due to thermal noise, the number of
molecules Rx receives fluctuates. We express the number N, (t) of molecules
that Rx receives in the presence of noise, using the normal distribution [7]:

Na(t) ~ N (Na (1), Na(1)) - 3)

Through demodulation, Rx decides whether the symbol received Y is either “0”
or “1” based on the number of molecules received, N, (t), within a period of time

T, ie., {Nz(t)} . A simple demodulation scheme is to detect the maximum
0<t<T

concentration Nmax = Omta<XT {]\Afm (t)}7 and compare it with a threshold number
<t<

of molecules, w; when Nmax >w,Y =1, and Y = 0 otherwise.

In this paper, we determine w such that w minimizes the sum of error prob-
abilities as follows. When Nyax follows probability distribution go (n) for x =0,
or gi(n) for = 1, the error probability is expressed as

e(w) = Py x(1]0) + Pyx(0[1)
“+o0 w
= / go(w)dw + / 91 (w)dw. (4)
w — 00
The necessary condition for w to minimize e(w) satisfies

< o) = 1) — go(w) = 0. (5)
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Probability density
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Fig. 2. Example plot of go(n) and g1(n), and corresponding w

Figure 2 shows example plots of go(n) and g;(n), and corresponding w. It shows
that e(w) coincides with an intersectional area between go(n) and g;(n).

In the following, we consider two measurement schemes for estimating Nmax:
the single measurement scheme and the multiple measurement scheme. In the
single measurement scheme, Rx measures the number of molecules once at the
time when the number of molecules is the largest and obtains Nmax. In the mul-
tiple measurement scheme, Rx measures the number of molecules multiple times
at a constant time interval, and then obtains Nipax as the maximum number of
molecules among the multiple measurements.

2.1 Single Measurement of Molecule Concentration

In the single measurement scheme, Rx measures the number of molecules at the
peak time or when the number of molecules becomes the largest. The peak time
is given by the solution of the first derivative of (1) with respect to time ¢:

dhy(ro;t, De)
tpeak - g1<aif§{ dti - =0

V9D2 ¥ 4kr2D, — 3D,)
= < : (6)

4k D,
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From (3), Nmax is drawn from the following normal distribution:

f(n; (E) = N (N:c (tpeak§ 7"0), Nx(tpeaM TO))

SR SO (TN
\/m 2N:v (tpeak§ TO)

2.2 Multiple Measurements of Molecule Concentration

In the multiple measurement scheme, Rx measures the number of molecules
multiple times at a constant time interval, 7. The k-th measurement follows the
probability distribution:

1

fk»,—(n; SC) = m exp <_

(o~ Malhriro))

2N, (kT;r0) )

The cumulative probability distribution of the maximum number of molecules,
Nmaxa is

G(m;z) =Pr [Nmax < m} =Pr max N, (kT;710) <m
ke{0,1,---,|T/7]}

LT/m]  m [T/7]
~ I [ sctmsaan= I] Fumia) (9)
k=0 - k=0

where

oy = 211y e [ M Na(kT;70)
Frr(m;x) = 5 {1 + erf ( SN (hroro) >} (10)

Therefore, Ninax follows the probability distribution:

d [T/7]
glm;x) = —G(m;x) = Z fir(m;z) H Fir(m; ). (11)
7=0

dm _
ke{0---|T/7]},k#]

3 Numerical Results

In this section, we examine the impact of key parameters, the number of
molecules that Tx transmits, Ay, and the measurement time interval, 7.
By default, we use the following parameters: D,, = 3600 (um?/h), D, =
300 (wm?/h), A3 =1 x 10° (1/pm?), Ag = 8.0 x 10* (1/pm?), and T = 10 (h).
We obtain these values from [9].
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For the measurement time interval 7, we determine the default value based
on [3]: Rx is a perfectly monitoring sphere of radius a, the turnover time tyymover
for measuring diffusive molecules whose diffusion coefficient D is

2a?
tturnover = f (12)

For the range of 3600 < D < 36000 (wm?/h) assumed in [9] and a typical cell
size of @ = 5 (pm), 0.0014 < tiyrmover < 0.014 (h), we choose 7 = 0.01 (h).

We evaluate the performance of molecular communication using the achiev-
able rate defined by

P
Ixy = max Z ZPXY x,y) log XY(x y) (13)
xEByEB

where B = {0,1}. Figure 3 shows the pairs of probability distributions, f(n;0)
and f(n,1) in (7), and g(n,0) and g(n,1) in (11) under the default config-
uration. wy and wy, are determined to meet (5): f(ws;0) = f(wy;1) and
g(wg;0) = g(wy;1). The figure shows numerical results when the default con-
figuration is used. It shows that Nmax from the multiple measurements follows
the distribution with larger mean and smaller variance than that from the sin-
gle measurement. This figure indicates that the multiple measurement scheme
leads to a higher achievable rate than the single measurement scheme, when the
default configuration is used.
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Fig. 3. Nmax distributions under default configuration
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Figure 4 shows the impact of the effective diffusion coefficient D, of molecules
on the achievable rate with 7 varied. We see that the achievable rate stays
unchanged regardless of D, in the single measurement scheme whereas it
decreases in the multiple measurement scheme. In the single measurement
scheme, as D, increases, molecules diffuse more quickly reaching its peak in
a shorter time at Rx, however, the number of molecules that Rx detects is con-
stant, and thus results in the same achievable rate. In the multiple measurement
scheme, as D, increases, molecules dissipate in a shorter period of time, and
the chance that Rx detects a large number of molecules decreases. Numerical
results show that, as D, increases, the achievable rate in the multiple measure-
ment scheme decreases due to this effect. As the measurement time interval
T increases, the achievable rate in the multiple measurement scheme decreases
since the chance of detecting a large number of molecules decreases. The same
observation is made in the results to be presented below in this section (Fig. 5).

Figure 5 shows the impact of the number Ay of molecules that Tx transmits
on the achievable rate when 4; = 1.0 x 10° and 7 is varied. As Ay increases, the
achievable rate decreases because the number of molecules that Rx measures for
x = 0 and that for + = 1 become the same with a higher probability. Note that
the ratio of Ag/A; represents the ability of Tx to differentiate the two symbols.

Figure 6 shows the impact of the measurement time interval 7. The single
measurement scheme is not dependent on 7 and the achievable rate in the sin-
gle measurement scheme is constant with tpeq; = 0.43 in this figure. In the
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multiple measurement scheme, as 7 increases, the achievable rate tends to
decrease. This is because, as 7 increases, the number of measurements that
Rx performs decreases, and thus the chance that Rx detects a large number
of molecules (e.g., the maximum number of molecules) decreases. The figure
also shows that the single and multiple measurement schemes obtain the same
achievable rate around 7 = 0.4.

4 Conclusion

In this paper, we computed the achievable rate of molecular communication
where the binary concentration shift keying with multiple measurements of
molecule concentration is employed. For comparison, we also computed the
achievable rate of molecular communication where the binary concentration shift
keying with single measurement of molecule concentration is employed.

In future work, we plan to consider transmission of multiple symbols in mobile
molecular communication. In the molecular communication model in this paper,
we focused on transmission of one symbol. We plan to extend the model to
consider transmission of multiple symbols and consider the transmitter’s motion
and inter symbol interference (ISI) in mobile molecular communication [8]. In
future work, we also consider other types of mobility such as directed motion and
collective motion, and obtain the achievable rate of molecular communication.
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