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ABSTRACT As a promising communication paradigm, Molecular Communication (MC) has been
developing for more than ten years. During this period, with the continually development and mature of
molecular channel, more and more factors from the actual molecular environment are taken into account to
model the molecular channel more precisely. Due to the fact that chemical reactions are common and crucial
in molecular communication environment, this paper investigates the impacts of various reaction rates on
the channel modeling and channel capacity of MC. First, a detailed molecular system model is presented
with a first-order degradation reaction in the channel and a second-order reversible reaction at the receiver
side. Because of the Inter-Symbol Interference (ISI) induced by the stochastic nature of molecule motions,
we propose an approximation method with low complexity to describe the received molecule signal with
an arbitrary length of ISI. Based on the noisy molecular signal, closed-form expressions for probabilities of
detection and false alarm are derived. The performance of channel capacity is evaluated concentrating on
different circumstances with decoupled reaction rates and two prevalent modulation techniques (BCSK and
MoSK) are implemented to ensure the accuracy and scientific of the conclusion. Numerical results show
that the channel capacity could be enhanced significantly by selecting proper messenger molecules with
desirable reaction rates in specific molecular channel.

INDEX TERMS Molecular communications, degradation reaction, reversible reaction, modulation

technique, reaction rates, channel capacity.

I. INTRODUCTION
Molecular communication systems are widespread among
cells and organisms at nano-scale in biology, attracting a
large number of researchers to be engaged in interdisciplinary
research and cooperation recently [1]-[3]. Meanwhile, MC is
widely applied to the field of environmental monitoring,
biological detection and disease treatment, due to the envi-
ronment in which it exists and bio-compatibility [4]-[6].
Unlike traditional wireless communication, MC adopts
molecules as carriers to deliver information [7]. Further-
more, the transmitter and the receiver in a typical MC
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system are suspended in an aqueous or a gaseous environ-
ment [8]. A variety of molecular channels has been found
and modeled [9]-[19], which is divided into two major cat-
egories: passive diffusion and active transport. The former
one refereed to as Molecular Communication via Diffu-
sion (MCvD) attracts more researchers’ attention because
the diffusion-based molecular channel does not require any
additional facilities, saving the cost of both equipment and
energy.

For the sake of reasonably designing modulation, cod-
ing and detection mechanism of MCvD, accurate molecular
channel model as well as Channel Impulse Response (CIR)
are essential in most scenarios [20], [21]. After years of
research, the molecular channel model has become more

VOLUME 8, 2020


https://orcid.org/0000-0001-6875-9716
https://orcid.org/0000-0002-8073-7859
https://orcid.org/0000-0002-3630-8010

S. Liu et al.: Channel Capacity Analysis of a Comprehensive Absorbing Receiver for Molecular Communication via Diffusion

IEEE Access

and more complicated considering more physiological and
chemical mechanisms in the actual cell environment.

Initially, the researchers focus on the passive molecu-
lar receiver, assuming that the receiver is transparent and
the signal is represented by quantity (e.g. concentration) or
structure (e.g. type) characteristics of messenger molecules
inside the receiver [9]. Nevertheless, the passive model is
lack of interpreting ability to account for how the receiver
senses and receives the messenger molecules. With the
in-depth research, a fully-absorbing receiver model is pro-
posed in [10]. In this situation, messenger molecules released
by the transmitter are absorbed by the receiver through bind-
ing reactions once they hit the surface of receiver, and a
closed-form analytical expression for the number of absorbed
molecules varying over time is derived. However, a colli-
sion between a messenger molecule and the receiver surface
does not necessarily form an absorption process, the reac-
tion follows the principle of ligand-receptor binding kinet-
ics [11], [12], where the receptors are distributed on the
surface of receiver. The messenger molecule could react
with the receptor via a second-order reversible reaction [13].
Some researches are inspired by this mechanism such as
the consideration of the number and size of receptors [14].
Moreover, during the propagation, messenger molecules may
be degraded through certain reaction in the bio-environment
such as enzyme mechanism [15], [16], which enlightens
the authors in [17] and [18] to study the effect of a lim-
ited amount and the deployment of enzymes respectively.
Based on above considerations, a comprehensive molecular
absorbing receiver model is researched by the authors in [19],
taking into account the reaction process of the messenger
molecules both during the propagation and on the surface
of receiver. Unfortunately, this work focuses most on the
channel model but does not study the channel capacity with
continuous molecular signals.

In fact, the reactions occurred in the channel have a great
influence on CIR, which would further affect the continuous
molecular signals. Thus it is quite necessary to evaluate the
impacts of various reaction rates on the quality of commu-
nication, assisting to select proper messenger molecules for
communication in specific environment.

Our main contributions in this paper are listed as follows:

(1) We first investigate the channel model with a first-order
degradation reaction and a second-order reversible reaction
in detail, then the analytical expressions for the CIR under
variable circumstances of reaction rates are derived.

(2) Given the CIR of each case, we derive the total number
of messenger molecules received by the receiver considering
all the ISI and the background noise in a low complexity
manner employing normal approximation. On this founda-
tion, the probabilities of detection and false alarm are derived
for two modulation techniques (BCSK and MoSK) to ensure
the validity and universality.

(3) Numerical results obtained by particle-based simula-
tions are provided, which indicates that different reaction
rates have various impacts on the CIR and the performance
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of channel capacity. Moreover, the effective length of ISI is
influenced by the reaction rates as well.

The remainder of this paper is organized as follows. The
system model is described in Section II. In Section III,
the molecular signal modeling, modulation techniques and
the conditional probabilities are elaborated in detail. The
numerical results are shown in Section IV. Lastly, we con-
clude our paper in Section V.
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FIGURE 1. A typical MCvD channel model in 3-D fluid environment.

Il. CHANNEL MODEL AND ANALYTICAL EXPRESSIONS

A. CHANNEL MODEL

In this subsection, an end-to-end MCvD channel is consid-
ered which includes a point transmitter (Tx) and a spherical
receiver (Rx) of radius 7, as sketched in Fig. 1. The trans-
mitter and the receiver are fixed and stable (i.e., can not be
moved or destroyed) during the communication. The channel
is present in an unbounded 3-D environment full of a homoge-
neous fluid medium with constant viscosity and temperature,
which means the overall temperature of the environment
wouldn’t be changed by chemical reactions occurred during
the communication. The transmitter is located at distance ry
from the center of the receiver and we define the distance
from the transmitter to the closest point on the surface of the
receiver as d, where d = ry — rr,. The molecules released
from Tx diffuse into the environment through Brownian
motion [22] with diffusion coefficient D until absorbed by Rx.
The diffusion coefficient is a physical quantity indicating the
degree of molecular diffusion. The motion of each messenger
molecule is independent of each other, and the collision
between them could be ignored since the size of them is
negligible [23]. The diffusion coefficient is determined by the
temperature 7" and viscosity 1 of the medium, the radius of
messenger molecule r,,,, and Boltzmann constant kp:

kpT

D=——
67 N m

ey

Without loss of generality, we regard A molecules as the
messenger molecules to study the propagation and absorb-
ing properties. During the propagation, A molecules may be
degraded via certain chemical reactions such as the enzyme
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reaction:

ki kp
E4+A=FEA=FE+Ap 2)

-1
where E, EA, Ap, and k_;, ki, k, are the enzyme,
enzyme-messenger molecule complex, product, and reaction
rates respectively. The assumptions in [15] are adopted which
assume that the degradation rate is relatively very fast and
the reversible rate is relatively very slow, i.e. k, — 00 and
k_1 — 0. Thus the reaction equation is simplified as:

AKX Ap 3)

where ky is the first-order degradation reaction rate in s~

and Ap is the product of the reaction which is unable to be
absorbed or recognized by Rx.

Each messenger molecule that successfully arrives at the
receiver may react with the receptor covered on the surface
of the receiver, forming a ligand-receptor complex molecule
to retrieve the original information, via a second-order
reversible reaction in the form as:

ky
A+R=C “)
kp
where k¢ is the forward reaction rate in m3s~! and k,, is the
backward reaction rate in s~'. R and C denote the recep-
tor and the ligand-receptor complex respectively. In order
to obtain the analytical expression of CIR and analyze the
effect of reaction rate on the performance of information
transmission, the receiver is regarded as a fully absorbing
model. Under this condition, the messenger molecules could
react with the receptor once they reach the surface of the
receiver. Besides, once a messenger molecule is separated
from the receptor, it continues moving in the manner of Brow-
nian Motion until degraded or recombining with a receptor
again.

B. ANALYTICAL EXPRESSIONS

The CIR of the considered MCvD system is defined as
the probability of a messenger molecule released from Tx
forming a molecule C during the time interval ¢ (start with
t = 0), denoted by P(r,t). In three-dimensional channel
environment, the Brownian motion of messenger molecules
obeys the Fick’s Second Law and is restricted by degradation
reaction in (3):

a@r - P(r, 1)) 3%(r - P(r, 1))
=D.
ot ar2
Equation (5) satisfies the following initial conditions:

— kg -P(r,t) (5)

P(r,t - 0) =

2S(r —ro)
Try
P(r — oo, tlrg) =0 (6)

where §(-) is the Dirac function, and the two initial con-
ditions correspond to the states of messenger molecules at
Tx and at the infinite distance, respectively. At the receiver,
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the reversible reaction between the messenger molecule and
receptor is expressed by the following equation:

p P, 1)

Da(P(era T))d‘t
ar

ar @)

t
=@Hmﬁ—@£

where r, denotes the radius of Rx. Since the number of
molecule C on the surface of Rx is zero at ¢ = 0, the following
initial conditions exist:

P(rr,0)=0 ®)

Given the assumptions above, the CIR of the considered
MCvD system is derived as [19]:

d
_ krexp(—kqt) { W (ﬁ’““ﬂ)

P s —
0 = oD | & —a)a — B)
Y (Gt Y (G
B—y)a—B) * B-y)y —a) } ®

where we define W(a,b) = exp(ab + b?) - erfc(a + b),
and erfc(-) is referred to as the complementary error function.
The constants «, 8, and y are the solutions of the following
equations:

i

a+,3+y=<1+ Y )@

ArrpD ) T
ay + By +aBf =ky — ky, (10
VD k N/
aBy = kp~— — ky (1 + ) .
Trx 4¥D ) Frx

In the remainder of this subsection, we investigate the CIR
of the MCvD system in three circumstances, in which we
focus on the impact of specific reaction rate.

1) FIRST-ORDER DEGRADATION REACTION RATE

In the molecular channel, the degradation rate k; depends on
the concentration and distribution of enzymes in the chan-
nel [24]. In order to investigate the effect of degradation
rate on CIR, the reversible reaction in (4) is simplified as
a one-way reaction, and it is assumed that the forward and
backward reaction rates are infinite and zero respectively,
i.e., kf — ooand k, = 0. Itis readily to see that the solutions
to the equations in (10) are:

o —> 00, B= kd,yz—\/k7. (11

After substituting the solutions into (9), the CIR simplifies to:

P(r,t) = ;—:;{exp (—d/%) x erfc <\/‘% — kdt)
+ exp (d\/%) x erfc <\/%+ kdt> } (12)
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2) SECOND-ORDER FORWARD REACTION RATE

At the receiver, the forward reaction rate ky is mainly related
to the size of the receptor and the activation energy in the
process of ligand receptor binding [25]. In order to study
the influence of forward reaction rate on CIR, it is nec-
essary to eliminate the interference of degradation reaction
rate and backward reaction rate. In this situation, we also
consider the one-way reaction, and we assume that the mes-
senger molecules won’t be degraded during the propagation,
ie., kg =0,k > 0and k; = 0. It is shown that the solutions
to the equations in (10) are:

a=<1+ k )ﬁ, B=0,y=0  (I3)

Frx

The CIR is simplified by substituting the values of «, 8 and y

into (9), as:
kf Fry { ( d >
Pr,t)= —— " - W (| —,avt
rO(kf + 4mrp D) /4Dt

d
f . 14
+erc< _4Dt> } (14)

3) SECOND-ORDER BACKWARD REACTION RATE

In molecular channel, the backward reaction rate k; mainly
depends on the stability of chemical bond between the ligand
and receptor [26]. In the research on the backward reaction
rate, it is first assumed that k; = 0, kr > O and k, > O
to obtain a feasible solution for (10). Although no obvious
solution could be obtained from (10) directly, fortunately, due
to the special symmetric cycle characteristics of the equation,
a set of trivariate cubic equations could be solved to get the
value of o, B and y. Equation (10) is thus simplified as a
unary cubic equation:

k D ~D
= (1 + —f> £x2 ~+ kpx — kp =0. (15
Arr, D r

Frx X

Suppose that x1, x», x3 are the three solutions of a unary cubic
equation:

B4 bx’+ex+d=0, (16)

then we have (x — x1)(x — x2)(x — x3) = 0 with its expansion
as:

% +(—x1—xp—x3 ))c2 +(x1x2 +x1x3 +x2x3)x —x1x0x3 = O,

(17)
by comparing (17) with (16), the coefficients of (16) are:
X1+ x2+x3=—b,
X1X2 + X1X3 + X2Xx3 = ¢, (18)

X1x2x3 = —d.

Solving (10) is much more simpler via Cardano’s method
or Vieta’s method [27], and the roots here are «, 8 and y
respectively.

It is worth noting that in the vast majority of the liter-
atures for MC, the CIR is defined as the variation of the
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number of received messenger molecules (i.e., the number of
molecule C) over time ¢. To be consistent with them, we use
R0 as the CIR in Section IV.

IIl. PRELIMINARIES AND MODULATION TECHNIQUES

A. PRELIMINARIES

During the communication, it is assumed that the time is
divided into equal sized slots, i.e., symbol interval 7. At the
beginning of each time slot, Ny messenger molecules are
released by the transmitter to represent bit ‘1’ with a priori
probability 71, whereas no molecule is released to represent
bit ‘0’ with probability 7o. When Ny molecules are released,
since each molecule moves independently, the number of
received molecules by the receiver follows the binomial dis-
tribution as B (Ny, P(r, t)), where P(r,t) is the probability
described in Section II, which is determined by the dis-
tance between the transmitter and receiver, channel envi-
ronment, the property of receiver, etc. Since the value of
Ny is always large and |NoP(r,t)| is not zero, the bino-
mial distribution is approximated as a normal distribution
N (NoP(r, 1), NoP(r, t)(1 — P(r, t)).

CIR

t(s)

FIGURE 2. A schematic diagram of ISI in molecular channel.

Due to the stochastic nature of the molecular movement,
a molecule released from a transmitter follows different tra-
jectories before absorbed by a receiver, leading to some
molecules emitted earlier arriving later than the ones emit-
ted in the next transmission period, referred to as crossover
as well, as depicted in Fig. 2. Therefore, this phenomenon
causes severe ISI which increases the error rate and limits the
channel capacity. Therefore, the total number of messenger
molecules Nr[n] received during the n'h symbol interval is
mainly composed of three terms: effective signal from the
current symbol Nc[n], ISI from the previous symbols N,[n]
and the noise term N,[n]. Then we write N7[n] as:

Nr[n] = Nc[n] + Np[n] + Nplnl, (19)
as mentioned earlier, N.[n] follows a normal distribution as:

Nc[n] ~ N (Nosnl, P1) , (20)
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where s[n] is the bit sent by the transmitter at the n'h symbol
interval and P; = P(r, T,). Then we write N,[n] as:

I
Npln] ~ > N (Nostn — il ¢i ) » 1)
i=1
where [ is the length of ISI, s[n —i] is the bit sent by the trans-
mitter at the (n — i) time slot and ¢; = (P;1 — P;). We con-
sider each item in the sum as Ny[n, i] ~ N (Nos[n —il, gi ),
then the mean values of Np[n,i] and (Np[n, iN? are
derived as:
E(Npln, il) = moEWNp[n, illsln —i] = 0)
+mEWN[n, illsln — il = 1)
= Nom1qi, (22)
E((Npln, i)*) = moE(N,[n, i))*|s[n — il = 0)
+ BN [n, i)*|sln — il = 1)
= Nomigi(1 — gi) + Ngmig;,  (23)
thus the variance value of Ny[n, 7] is derived as follows:
DWNyln, i) = E((Np[n, il)*) — E*(N,[n, i)
= Nomigi(1 — gi) + Ngmimoq;  (24)

based on the derivations above, the mean and variance values
of Np[n] are calculated in low computational complexity as:

1

E(Nylnl) = > Nomigi
i=1
1

Var(Npln]) = ) (Nomq,-(l — ) +N§moq%), (25b)

i=1

(25a)

therefore we write the final form of N,[n] as:

1 1
Npln] ~ N Nomigi. Y _(Nomigi(1 — i) + Ngmimog))
i=1 i=1

(26)

The background noise, also known as signal-independent
noise of a MCvD system [28], mainly consists of the ran-
dom generation and annihilation of messenger molecules,
and interference from other communication links utilizing the
same type of messenger molecules. The noise originated from
these phenomenons is similar to the white noise in wireless
communication, which means the noise could be modeled as
Additive White Gaussian Noise (AWGN). Hence N,[n] is a
random variable following a normal distribution with zero
mean and o;, standard deviation:

Nyln] ~ N (0, a,f) 27)

B. BCSK

Concentration-based Shift Keying (CSK) is one of the most
prevalent modulation techniques used in MCvD systems with
the lowest complexity [29], [30], as depicted in the left half
of Fig. 3. The transmitter only utilizes one type of messenger
molecules, and the receiver decodes the original information
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FIGURE 3. A schematic diagram of BCSK and MoSK modulation
techniques.

by comparing the number of received messenger molecules
with proper thresholds. In Binary-CSK (BCSK), only one
threshold 7 is applied to distinguish two different symbols.

The decision mechanism is as follows:
1 if N >
Sn] = Nl = T (28)
0 if Nrln] <t

thus we calculate the probabilities of detection and false
alarm as:

P; (s =0ls = 0)
= moP(Np + N, < 1)

T—§
= 1-o| —=11, 29
no[ Q( F-FU,%)} (29)
P (5 =1[s=0)
= moP(N, + N, = 1)

r—§
=m0 | —= . (30)
V1 +o,
P (s =0ls=1)
= mP(Ne +Np + N, < 1)
T — NoP1 —
—m|i-0 I PESD
VNoP1(1 = P1) + 1 + o
Py G =1ls=1)
= P(Ne + Ny, + N, > 1)
T —NoP) —§
=mQ A
VNoP1(1 =P +1+0;
where the values of & and n are ZleNom gi and

Z{:l (Nomqi(l —qi) + Ngmnoqiz) as described in (25).

(32)

Q(-) function is defined as Q(x) = %erfc(x / V2).

C. MoSK

Molecular Shift Keying (MoSK) is another frequently-used
modulation technique in MCvD systems with a better per-
formance for information transmission and a relatively hight
complexity [31], as depicted in the right half of Fig. 3. The
transmitter utilizes multiple types of messenger molecules to
represent different symbols. It is assumed that all types of
molecules have similar properties that they share the same
diffusion coefficient and reaction rates.
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At the beginning of each time slot, the transmitter releases
one of these types of molecules to represent specific infor-
mation. Then the receiver decodes the original information
based on both the concentration and the type of received
molecules in the current time slot. If the concentration of a
certain molecule is higher than the threshold t while the rest
types of the molecules are not, the decoded symbol is related
to this particular molecule type.

The correct detection implies that the information detected
by the receiver is consistent with the original information in
the current time slot. For instance, the transmitter releases
type o molecules and the decoding result is o molecule as
well. Correspondingly, the false alarm is defined as that the
information detected isn’t equal to the symbol intended. For
example, o molecule is to sent yet 8 molecule (one of the
molecule types utilized except «) is detected.

Thus the probabilities are:

P =als=a)
1
= —[P(NC +N, + N, > )P DN, + N, < r)}
m

_ 1 < T —NoP1 — & )
m=\/NoPi(1 — P1) +n+o02

T—& (m—1)
[-ofio)]

Ps G =Bls = a)

(33)

1
=~ |:P(Nc +Np+No < DPINp + N, = 7)

PN, + N, < z)}
)
m VNoP1(1 = Py) 4+ 1+ 02

(m—=2)
t—§ T—§
(Grall-p)] @
n+o? n+o?
where m is the number of types of molecules in MoSK,

and the values of & and n are similar to those in (29)—(32),
requiring replacing w1 and 7y with % and (1 — %).

IV. NUMERICAL RESULTS AND ANALYSIS
Using the conditional probabilities, we define the mutual
information /(X, Y) and the channel capacity Cap as [32]:

PX,Y

IX.Y)=> > PX, Y)1og2% (36)
X Y

Cap = max I(X,Y) 37

where P(X) and P(Y) are the probabilities of symbol X
transmitted and symbol Y detected. Moreover, we compare
the performance of different reaction rates under various
noise levels. The channel capacity performance of BCSK
and MoSK at different reaction rates is evaluated in the
comprehensive MCvD system model with a first-order degra-
dation reaction and a second-order reversible reaction as
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elaborated in Section II. Unless explicitly noted, numerical
results are obtained from the parameters listed in Table 1 and
all the results are validated by averaged particle-based
simulations [33].

80 T T T T T
kq = 0s~!, Analytical
kq = 5571, Analytical
60 kg = 10s7L, Analytical T
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kq = 50571, Analytical
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FIGURE 4. The impact of different reaction rates on CIR.

In Fig. 4(a), we apply the settings as in the first case in
Section II-B with kr — o0 and k, = 0. It is shown that
the simulation results are in good agreement with the results
obtained by analytical calculations. Besides, it is observed
that with the increase of degradation reaction rate k4, the CIR
decreases. This is mainly because that the degradation of
messenger molecules results in a reduction of the number
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FIGURE 6. The impact of forward reaction rate ks on channel capacity for BCSK and MoSK.

TABLE 1. Global Parameters Used in Section IV [10].

Parameter Value

Viscosity (1) 0.001kg/sec-m
Temperature (77) 310K

Radius of messenger molecule (7,yn,) 2.86nm
Diffusion coefficient (D) 79.4um? /s
Distance between Tx and Rx (d) 4um

Radius of Rx (ryz) 10pm

Symbol interval (1) 0.2s

Number of Molecules for transmitting bit ‘1’ (Ng) | 20000

Probability of transmitting bit ‘1’ in BCSK (7q) 0.5
Probability of transmitting bit ‘1” in BCSK (7r1) 0.5
Number of types of molecules in MoSK (m) 8

Length of ISI (1) 20

of messenger molecules in the channel, and then causes a
reduction of the number of molecule C at the receiver. At the
same time, the ISI of molecular signal also decreased with
the increase of k;, and the ISI could be even completely
eliminated when k is large enough (k; > 10s~!).

In Fig. 4(b), we apply the settings as in the second case
in Section II-B with k; = 0 and k, = 0. As can be seen
from Fig. 5, the CIR increases with the increase of forward
reaction rate kp. In addition, when kf is relatively large
(kr > 0.5 x 10~ Bm3s~1), the increase of ks does not result
in a significant increase in ISIL.

In Fig. 4(c), we apply the settings as in the third case in
Section II-B with k; = 0 and kr = 1 x 107 Bm3s~! It is
shown that the increase of backward reaction rate k;, leads to
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a reduction of CIR, and even negative values of CIR appear
when kj;, and ¢ are large enough. The negative CIR indicates
that the number of messenger molecules dissociated from
receptors is larger than the number of messenger molecules
combined with receptors at certain time.

Fig. 5 depicts the channel capacity for BCSK and MoSK
under different k;. It is shown that the channel capacity
decreases with the increase of background noise o,. The
maximum channel capacity that could be achieved for BCSK
is 1 and for MoSK is logym = 3, which is consistent with
the law of Shannon channel. The channel capacity increases
with a larger value of k; when o, is relatively small, which
is benefit from the degradation reaction that reduces the ISI.
However, the result is quite the reverse when o, is rela-
tively large. This is because the effective signal that could be
received is reduced under this circumstance, resulting in the
reduction of Signal-to-Noise Ratio (SNR), thus reducing the
channel capacity.

Fig. 6 depicts the channel capacity for BCSK and MoSK
under different k;. It is shown that the channel capacity
increases monotonically with the increase of k¢, and this trend
is independent with o;,. This phenomenon is consistent with
Fig. 4(b) that the increase of k¢ leads to a larger effective sig-
nal and thus improves the SNR without great impact on ISI.

Fig. 7 depicts the channel capacity for BCSK and MoSK
under different k. It can be seen from Fig. 7 that the
phenomenon is similar to that in Fig. 5 that the channel
capacity does not increase monotonically with the increase
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of k, and the influence of background noise should be
considered.

In addition, a comprehensive observation of Fig. 5,
Fig. 6 and Fig. 7 shows that under the same noise and reaction
rate conditions, the channel capacity of MoSK is closer to
the theoretical maximum capacity than that of BCSK, which
indicates that MoSK is more resistant to noise and ISI.

The length of ISI considered in the above simulation results
and analysis is long (I = 20), while in practical channel
estimation and signal detection, the length of ISI is usu-
ally set to a smaller value. This is because the value of
ISI gradually decreases over time, therefore only the first
few bit intervals of ISI (I < 3) affects the molecular sig-
nal significantly. Without losing generality, Fig. 8 depicts
the channel capacity under various reaction rates with dif-
ferent length of ISI for BCSK. As can be seen from
Fig. 8(a) and (b), with the increase of I, the channel capacity
gradually approaches to a constant. Besides, when k; is large
enough, only the first bit interval of ISI has an affect on
the channel capacity. However, no similar phenomenon is
observed with the increase of kr, which further indicates
that the inhibition ability of degradation reaction on ISI is
stronger.

It is shown from Fig. 8(c) that when k;, is relatively small
(0 < k < 2.5s71), the channel capacity is influenced by
a smaller length of ISI. However, when k; is larger enough
(kp = 8s’]), each bit interval of ISI has an obvious impact
on channel capacity. This is mainly because the appearance
of negative ISI. It can be seen from Fig. 4(c) that this negative

VOLUME 8, 2020

IST will exist for a long period of time. Therefore, in this case,
the length of ISI to be considered should be appropriately
increased when channel estimation and channel capacity cal-
culation are implemented.

V. CONCLUSION

In this paper, a comprehensive molecular channel model
with a first-order degradation reaction in the channel and a
second-order reversible reaction at the receiver side is investi-
gated. The CIR of this channel model is provided and decou-
pled into three cases to investigate the impacts of different
reaction rates respectively. Subsequently, each component of
molecule signal is quantified by Gaussian approximation,
including effective signal from the current symbol, ISI from
previous symbols and background noise. On this foundation,
we derive the correct and false detection probability under
BCSK and MoSK modulation techniques to obtain the chan-
nel capacity. From the numerical results, it is observed that the
CIR and channel capacity could be significantly influenced
by reactions. The selection of messenger molecules according
to the environment and the receiver with proper reaction rates
(e.g., a relatively large forward reaction rate kr) is critical
to the performance of information transmission for MCvD.
Besides, the effective length of ISI is also subject to the
reaction rates such as the increase of degradation rate kg
and forward reaction rate kr could mitigate ISI markedly.
In our future work, the realization of physical protype for
the biological channel by utilizing nano-machines is our next
research direction.
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