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Abstract. As the nanotechnology becomes more and more mature,
the concept of molecular communication emerged and attracted lots
of researchers’ attention. The most widespread model for a molecu-
lar communication channel is the diffusion-based channel, where the
information-carrying molecules propagate randomly in the medium
based on Brownian motion. As for multi-input multi-output (MIMO)
transmissions, there are not only inter-symbol interference (ISI), some
molecules may arrive at the receiver after their intended time-slot, as
interference. Another source of interference is the inter-link interference
(ILI), which emerges when receiver receive other transmitters’ molecules.
In this paper, we study the bit error rate (BER) performance of a molec-
ular communications system having two transmitters and two receiver
with two receptors by considering ISI and ILI. Last, dual threshold algo-
rithm is proposed to optimize the system BER.

Keywords: Molecular communication + Diffusion-based channel -
MIMO - Dual threshold algorithm

1 Introduction

In recent years, there is more and more attention being paid to molecular com-
munication (MC), which is defined as the molecules are used to physically carry
the information [1,2]. In MC systems, nano-machines are considered as the most
fundamental functional units that are able to perform simple tasks such as com-
putation, sensing or actuation [3]. Furthermore, it proposed that The idea of
forming a nanonetwork by interconnecting several nanomachines has been pro-
posed in [4,5]. As for MC, Information can be encoded onto the molecules in
different ways, such as concentration shift keying (CSK), molecular shift keying
(MoSK) [6], molecular-concentration shift keying (MCSK) [7].

Supported by the Fundamental Research Funds for the Central Universities (Grant
No. ZYGX2019J001) and National Natural Science Foundation of China (NSFC-2014-
61471102).

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2020
Published by Springer Nature Switzerland AG 2020. All Rights Reserved

Y. Chen et al. (Eds.): BICT 2020, LNICST 329, pp. 27-41, 2020.
https://doi.org/10.1007/978-3-030-57115-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-57115-3_3&domain=pdf
https://doi.org/10.1007/978-3-030-57115-3_3

28 Z. Lu et al.

Undoubtedly, multi-input multi-output (MIMO) MC system is a further
study of the previous work. The performance of molecular motors in MIMO
MC and result of compared with single-input single-output (SISO) MC system
is proposed in [8]. Blind synchronization in SIMO molecular communication
systems is studied in [9]. Reference [10] takes a summary about MIMO commu-
nications based on molecular diffusion and puts forward application of spatial
multiplexing mode in MIMO firstly. Machine learning based channel modeling
for molecular MIMO communications in [11] means that MIMO MC is poten-
tial to study combined with other field. And in [12], the performance of MIMO
considering IST and ILI is studied by compared with SISO, SIMO and MISO
systems, where the mathematical model is established by random distribution.

In this paper, the MIMO systems model proposed in [12] is improved in being
closer to reality, some of related parameters in model are studied to explain
their influence to the performance with BER. Last, a dual threshold algorithm
is proposed to improve the performance ulteriorly.

2 System Model

As shown in Fig. 1, the considered MIMO molecular communication system is
composed of two transmitters (T'z; and Tx9) and a receiver with two receptors
(Rzy and Rxs). Tz is related to Rx; and unrelated to Rxo, which means
there are two interactional link. Each receptor is assumed to be spherical with
radius R. The distance of related transmitter and receptor is defined as dy, and
the distance of unrelated transmitter and receptor is defined as ds. Also, each
transmitter is assumed to perfectly control the emission process of the molecules
into the environment.

2.1 Fundamental Formula

CSK is the coded scheme of this system, as the two transmitters Tz and Txo
are considered to release n; and no molecules for transmitting the bit 1, while
transmitting the bit 0 means that no molecules will be release in current slot.
And in this system, transmitters are interrelated, which means transmit the
same binary sequence simultaneously.

As for diffusion-based channel, due to the random motion of the released
molecules in the fluid medium, the time that the molecules arrive at the receiver
is probabilistic. Assuming the transmitter is located at the origin and a molecule
is released at time ¢ = 0, the position of the released molecule at any time ¢ is
denoted by X(¢), and the probability density function of X (¢) can be written
as [12]
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Fig. 1. Illustration of the MIMO molecular communication

where x is the distance from the transmitting node and D is the diffusion
constant of information molecules in the medium in wm? /s unit. The probability
that a molecule is absorbed by the receiver within time-slot duration ¢, is also
given by [12]

erfe( d ) (2)

R
d.t,) =
pldits) = 5y 1Dt,

where erfe(x) is the complementary error function, d is the distance from
the transmitter to the surface of the receiver and R is the radius of the receiver.

In view of CSK, we set that the transmitter releases n molecules into the
medium for transmitting a bit 1 and no molecules to transmit a 0. Let N denote
the number of molecules that are absorbed by the receiver within the time ¢;. N
is a random variable with binomial distribution (with n trials and p(d,t;) as a
success probability) [12]; i.e.

N ~ B(n,p(d,ts)) 3)

A binomial distribution B (n,p(d,ts)) can be approximated with a normal
distribution N ~ N (np,np(1 — p)) when p is not close to one or zero and np is
large enough [12]. Under it, conditions (3) can be approximated as

N ~ N (np(d; ts),np(d, ts)(1 = p(d,1,))) (4)

2.2 Inter-symbol Interference

As one of interference, some of the released molecules may arrive at the receiver
after their intended time-slots, which can lead to the information molecules of
the subsequent transmission intervals are more than expectation, causing ISI.
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A easy but faulty way of decrease ISI is setting the time slot between two trans-
mitted bits longer. In one hand, this can effectively reduce the number of residual
molecules left in the channel. On the other hand, increasing the symbol dura-
tion would also decrease transfer efficiency, which is already low compared to
the classical electromagnetic channels [13]. As an alternative, signal processing
and coding techniques can also be used in [14] to further mitigate the ISI.

Suppose that IN; denotes the number of molecules that were emitted i time-
slots before, i.e., at ¢ X ts seconds before, and leak into the current time-slot.
Then, according to [15], N; is a random variable following the subtraction of two
normal distributions as follows:

N; ~ ;N<np(d, (i + D)ty), np(d, (i + 1)ts)
(1ol i+ 10 ) = 5 (it ) ot i) o)

(1 pld.it.))

where the factor % is due to equal probability of transmission of bits 0 and 1.
The first term indicates the total number of molecules that are emitted at that
time-slot and absorbed by the receiver within all subsequent ¢ + 1 time-slots
and the second term indicates those molecules that were absorbed within the
subsequent i time-slots. The total ISI can be written as the sum of interference
due to all previous transmissions:

o0
Nisr =Y _N; (6)
i=1

As for different accuracy requirements, we can consider a reasonable approxi-
mation for the ISI by only relating interference with &y, (k =1,2,3...) time-slots
as:

k+1

Nisra1~ % Z N<n1p(d1, (m + 1)t), nip(dy, (m + 1)ty)
m=2
(memm+mm)—N@m@mm% (7)

(s, )1 = )
where all of these formulas only take into account when k£ > 2, as the formulas
of k < 2 are easy to deduce.

2.3 ILI

As the other of interference, the molecules released from the transmitter prop-
agate randomly in the fluid medium based on diffusion, which cause that those
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molecules may reach at disrelated receptor and are absorbed by it. Both trans-
mitters are considered to transmit independent information and similar to the
SISO system, and the arrival times of the molecules at receiving side follow the
Brownian motion model. Since that the transmitters release the molecules simul-
taneously and they are identical and indistinguishable, each receptor also suffers
from the ILI, which means that the interference due to all transmitted symbols
of the disrelated transmitter.

Similarly, k., time-slots are considered for the ILI as a reasonable approx-
imation. However, the different way of the ISI and the ILI is that the IST just
need consider past time-slots, while one of time-slots the ILI considered is the
current time-slot. Let us define N;pr .2 as the distribution of the ILI from Tz,
to Rxq, if the current transmitted bits from Txzo are 0. Then, the distribution
of the ILI becomes:

k
1
Nirroz2 ~ 2 Z N<n2p(d27mts)’ nop(da, mty)

m=2

a —p<d2,mts>>) - N(nzp(dz, (m — 1)t,),
mM@AmDMOM®AmDm0
_ N(;ng[p(dg,kts) ~ p(da,t4)], 8)

N[ —

k—
= Z p(da, mts)(1 — p(de, mts))

Hs

+ anp(dg, kts)(1 — p(da, kts))

+ %ﬂzp(dz, ts)(1 — p(da, ts)))

Where p(d, t) as defined in (2), is the probability of success for the molecules
released by Txo at the current time-slot and to be absorbed by Rz also at
the current time-slot. Likewise, if the current transmitted symbol from Tzs is
1, then the distribution of the molecules arrived at Rx; can be written as the
subtraction of two normal distributions as:

1
Nitrna ~N<n2 (p(da, kL) + plda, 1))

s
52 p(dz, mt,)(1 — p(da, mty))

1
+ anp(dz, kts)(1 — p(da, kty))

+ Zn2p(d2a ts)(1 = p(da, ts»)
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Similarly, the distribution of the ILI and the ISI from Tz, to the signal of
Tzo can be easily obtained from (11) by replacing ny with nq, respectively. All
of these formulas only take into account when k > 2, as the formulas of £ < 2
are easy to deduce.

3 Receptors Analysis

For the case of the MIMO system, when T'x; is transmitting bit 0, the number
of the absorbed molecules by the first receptor within the current time-slot,
denoted by Ny 1, includes both the ISI from the previous symbol transmitted by
Tzq and ILI from T'zy. Therefore, Ny ; has the following normal distribution:

No1 = Nrrro2+ Nisri~ (o1, 53,1) (10)
Where:

1
fo1 =g5m [p(dy, (k4 1)ts) — p(di,ts)

1
+ 5”2[]7((12» kts) - p(d27 ts)
And

k—1
1
51 = 3 > nap(da, mt)(1 — p(da, mts))

m=2

1
+ graplda bt,) (1 = plda, Kt.)

1
+ Aol 1)1~ plda, )
Lk
t3 Z nip(di, mts)(1 — p(di, mts))

m=2

n %nlp(dl, (k+ 1)ts) (1 — pldi, (k + 1)t,))

1
+ anp(dhts)(l - p<dla ts))

When Tz is transmitting bit 1, it releases m; molecules. The number of
absorbed molecules by Rz, in this case Ny 1, has the following normal distribu-
tion

No,1 =Nirr0.2 + Nisra
+ N((nip(di,ts), map(di, ts)) (13)
~ (111,01 ,)
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Where:

1
Ho,1 = §n1[p(d17 (k4 1)ts) + p(dy,ts)

1
+ 5”2[p(d27 kt‘?) +p(d27t8)

And

k—1
1
651 =5 D map(dz, mt.) (1~ p(dz, mt.))

m=2

1
+ Zn2p(d23 kts)(l - p(an kts))

+ Z"zp(dz,ts)(l — pldz; L))
(15)

k
1
5 > mip(dy,mt.) (1= pldy,m.)

m=2

+ qraplds, (b -+ 1t)(1 = plds, (b + 1)t,)

)
+ Snap(ds,£)(1 - plds, 1))

Similarly, the distribution of Ny 2 and Nj 2, which are the number of absorbed
molecules by Rz, can be easily obtained from (10), (11), (12), (13), (14), and
(15) by replacing ny with ng and ne with nq, respectively.

4 Bit Error Rate Analysis

In this MIMO system, single receive judgement are considered, firstly. Let Z;
denote the number of molecules observed at Rx1. Then, the two detection
hypotheses are:
Ho: Zy ~ N(po,1,05 1)
Hy:Zy ~ N(M1,1,5%,1)

Applying LRT results in the following equation:

(16)

P(Ho|Z,) _ P(Ho)P(Z1|F)

P(Hy|Z,)  P(H1)P(Z:|P)

. 5%,1 {(21 - Ml,l)2 (21 - MO,l)Z}

o 262, 263,
By taking logarithm and setting to zero, the optimal decision threshold
becomes:

(17)

_ —B+VB?—4AC

oA (18)

1
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Where:

1 1
201, 205,
H11 Ho,1
B — - T
61 03 (19)
= M%J _ H%,l
207, 205,

The BER for the information transmitted from Tz; can be written as

1
P61:§

Where Pp, and Py, are the probability of false alarm and probability of
misdetection, respectively, and are derived as:

(Pr, + Par,) (20)

S
Pp, = P(No1 > 71) = Q(lTlfO’l)

Py, =P(Nyy<m)=1- Q(%)
1,1

In the case of two receptors’ different result, dual threshold algorithm is
proposed to choose the better result and reduce BER. As for the decisions of two
receptors, we have enough confidence in their judgments and choose it as final
decision, if both of decisions are same. However, if both of decisions are different
like (0,1) or (1,0), the handling method is proposed to use a new threshold for
the receptor, where decision is 1, and trust the new decision as final decision.
New threshold 7, and single threshold 75 have the following relationship:

(21)

Tn =1 X Tg (22)

Where t is a proportionality coefficient and 1 < ¢ < 2.

Further, we find that the coefficient can be adjusted dynamically, which offer
better help in dual threshold algorithm. We choose the other decision to adjust
it:

t=2-N,/7 (23)

where N, is the received molecular number of the decision “0” receptor and 7,
is its single threshold.

5 Simulation Results

In this section we present the simulation results for the error probability of
the proposed MIMO transmission schemes over the diffusion channels. We con-
sider the short-range molecular communication where communication distances
are typically within tens of micrometers. Throughout the simulations, we set
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default parameters as: the radius of receptors R = 10 wm; the distance of related
transmitter and receptor d,, = 30 pum;the distance of disrelated transmitter and
receptor dg = 50 wm; the diffusion coefficient D = 100 wm? /sec; the number of
transmitting moleculars, when the transmitter sends bit 1, is 100; the width of
time slot is 30s.

In Fig. 2, we plot the BER performance of different schemes versus the num-
ber of released molecules, which represents the transmission power, under the
numerical results obtained from the number of correctly-detected bits over the
total number of transmitted bits and the theoretical results obtained using
derivations in (20) and (21), which show the exactness of the theoretical analysis.
Three curves corresponding to various number of transmitted bit are plotted.
We observe that proposed theoretical model can represent actual situation to
some extent. Furthermore, we observe that simulation results are more fitting
analytical result with more number of transmitted.

Analytical and Simulation Result

=1.25 4 —— Analytical result
—#— Simulation result(1000bits)
-1.50 A —&— Simulation result(10000bits)
—&— Simulation result(100000bits)
-1.75 1
S —2.00
o
o
& -2.25 4
9]
-2.50 A
-2.75 4
—3.00 A

T T T

25 50 75 100 125 150 175
molecular nums

Fig. 2. Analytical and Simulation Result

In Fig.3, we plot the BER performance versus the number of released
molecules which represents the transmission power under different width of time
slot between two launches. Five curves corresponding to various width of ts = 5,
ts = 10s, ts = 30s, t; = 50s and t; = 100 s are plotted. We observe that a lower
BER can be achieved by a bigger width of time slot, while other related parame-
ters remain unchanged. Furthermore, we observe that the BER has major change
from the case of t; = 5s to the case of t; = 30s and less change from the case of
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ts = 30s to the case of t; = 100s. Taking transfer efficiency into consideration,
we choose ts = 30s as default parameter.

Change time slot

0.30
0.25 -
0.20

H 0.15 -
0.10 -

0.05 A1

0.00 A

T T T

T T T T
25 50 75 100 125 150 175
molecular nums

Fig. 3. Different width of time slot between two launches

In Fig.4, we plot the BER performance versus the number of released
molecules which represents the transmission power under different distance of
related transmitter and receptor. Five curves corresponding to various width of
d, =11pm, d, = 30 um, d, = 40 wm, d,, = 50 pm and d, = 100 wm are plotted.
We observe that a lower BER can be achieved by a smaller distance, while other
related parameters remain unchanged. Furthermore, we observe that the case of
d, = 11 pm, which means the distance of related machines is much less than the
distance of disrelated machines, is easy to reduce the BER to zero, and the case
of d, = 100 wm, which means the distance of related machines is much more
than the distance of disrelated machines, is difficult to reduce the high level
BER. However, the data we need should be at normal scale, which means that
the case of d, = 11 wm is not necessary to discuss. As for other case, the BER
will increase, if the distance increases.

In Fig.5, we plot the BER performance versus the number of released
molecules which represents the transmission power under different diffusion
coefficient. Five curves corresponding to various width of D = 50um?/s,
D = 75um?/s, D = 100 pm?/s, D = 150 um? /s and D = 200 pm?/s are plot-
ted. We observe that the BER will keep less level in bigger diffusion coefficient’s
circumstances.
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Change Distance of Related Machines
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Fig. 4. Different distance of related transmitter and receptor

Change Diffusion Coefficient
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Fig. 5. Different diffusion coefficient
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In Fig.6, we plot the BER performance versus the number of released
molecules which represents the transmission power under different numbers of
related time slot k. In this figure, the BER is mathematically processed into its
logarithm form, and five curves corresponding to various width of k =1, k = 2,
k=3, k=4 and k =5 are plotted. We observe that more time slot are consid-
ered, more interference factors are considered and the BER level are higher, but
the result is closer to reality. Furthermore, we observe that the remote time slot
is less influential than the proximal time slot.

Change k from 1 to 5

BER(log10)

50 100 150 200 250 300
molecular nums

Fig. 6. Different influential time slots

In Fig.7, we plot the BER performance versus the number of released
molecules which represents the transmission power under single decision in Rx;
and easy dual threshold decision. In this figure, the t of dual threshold is set to
1.5, which is a empirical choose. We observe that dual threshold decision plays a
good improvement function in reducing BER,but the proportionality coefficient
t has no rule to find and the effect may be counterproductive if t is inappropriate.

In Fig.8, we plot the BER performance versus the number of released
molecules which represents the transmission power under many kinds of ways.
Firstly, this figure shows that the performance of single decision is worse than the
performance of dual threshold decision. Secondly, we observe that selfadapted
dual threshold decision plays a better improvement function in reducing BER
than every easy dual threshold decision. Lastly, one of easy dual threshold
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single and dual threshold decision

—— single decision
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Fig. 7. Single decision of Rz; and dual threshold decision
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Fig. 8. Easy dual threshold and selfadapted dual threshold decision
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decision is very close to selfadapt way, and we think that the associated coeffi-
cient t is appropriate in easy dual threshold decision.

6 Conclusion

In this paper, we studied the performance of a MIMO molecular communica-
tions system in a diffusion-based environment governed by the Brownian motion
of molecules, and proposed two dual threshold algorithms to reduce BER. In
particular, we analyzed the BER of the MIMO system in the presence of ISI and
ILI. The dual threshold algorithm is considered for the case that two receptors
have different decision, and a empirical threshold is set to finish final judgment.
It was shown that the analytical results closely follow the simulation results.
The dependency of the BER on the number of released molecules and width of
time slot, distance of related machines, diffusion coefficience were studied in the
simulation results. It was shown that a lower BER can be achieved by a bigger
width of time slot, a more released molecules, a bigger diffusion coefficient and
a shorter distance of related machines in the MIMO molecular communication
system. Finally, we compared the two algorithms and analyzed the result, which
show that it is true to select the appropriate parameters to adjust the coefficient
dynamically.
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