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Abstract

The double helix structure of DNA makes it diverse, stable and can store information with
high density, and these characteristics are consistent with the requirements of molecular
communication for transport carriers. In this paper, a specific structure of molecular
communication system based on DNA length coding is proposed. Transmitter (Tx) adopts the
multi-layer golden foil design to control the release of DNA molecules of different lengths
accurately, and receiver (Rx) adopts an effective and sensitive design of nanopore, and the
biological information can be converted to the electric signal at Rx. The effect of some key
factors, e.g., the length of time slot, transmission distance, the number of releasing molecules,
the priori probability, on channel capacity is demonstrated exhaustively. Moreover, we also
compare the transmission capacity of DNA-based molecular communication (DNA-MC)
system and concentration-based molecular communication (MC) system under the same
parameter setting, and the peak value of capacity of DNA-MC system can achieve 0.08 bps,
while the capacity of MC system remains 0.025 bps. The simulation results show that DNA-
MC system has obvious advantages over MC system in saving molecular resources and
improving transmission stability.
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1. Introduction

Currently, DNA-based molecular communication (DNA-MC) becomes an emerging

research direction. Just as its name implies, DNA-MC represents a communication system
with DNA as its information carrier, and many research groups believe that DNA is a potential
storage media for its structural stability. In the water-rich environment, the conventional
communication model based on electromagnetic waves is infeasible [1]. This special
information carrier enables DNA-MC system to complete the task of information transmission
in special scenarios, such as: body fluid environment monitoring [2][3], drug delivery,
molecular directional communication, and environmental monitoring, etc. According to the
Fick’s law, the characteristics of diffusive molecules arriving the destination are exhaustively
studied, Tao et al. have proposed a synthetic molecular communication modulator which is
realized by multi-layer assembly technique to immobilize DNA molecules on the golden foil,
and this nanodevice can control the releasing order of DNA molecules through electrical
signals [4]. Yao et al. have established a channel capacity model with DNA as the data packets
in one-dimensional environment, and Yao’s group has proposed the mechanism of observation
window to ensure the reception of packets was in order [5], otherwise, it may lead to severe
inter symbol interference (1SI) [6]. Bilgin et al. have proposed the structure of nanopores which
can convert the length of the arriving DNA strands into the electrical signal in Rx, and the
DNA length coding mechanism is applied to this system [7]. This paper has proposed a novel
design of DNA-MC system based on these researches.

DNA, the full name of Deoxyribonucleic Acid, has the double helix spatial structure, and
abundant research work have been accomplished studying the characteristics of DNA [8].
Owing the double helix structure, the phosphoric acid and deoxyribose sequence in DNA
molecules is stable, and extra energy is needed to break hydrogen bond. Information is stored
in the DNA strand in the form of base sequence firmly. Moreover, the base pairs are all
independent of each other, and each nucleotide has four options: adenine (A), cytosine (C),
guanine (G), or thymine (T), so the DNA strands can store information at an extremely high
density [9]. Due to the property that different base sequences determine different DNA
molecules, there are different expression patterns in a DNA strand with only base pairs.
Recently, the technology of manipulating DNA is developing in an unprecedented pace, and
this technology enable us to synthesize DNA molecules as needed in a quicker and more cost-
effective way [10][11]. Especially, in the nanoscale communication system, the transceiver
needs to be within the nano size, and there is limited space for the transceiver to store the
information molecules. However, the DNA manipulating technology can convert massive of
information into the base sequence [11][12] or the length information [13] of the DNA strands,
hence satisfying the actual requirements of information transmission. All these features make
DNA an ideal information carrier in diffusion environment characterized by low arrival
probability at receiver (Rx).

The theoretical research of each part of the system is very exhaustive [14][15][16], and the
multi-layer golden foil is assembled by soaking the golden foil with DNA molecules and ionic
solution in turn. Electrical signals control the release of specific DNA molecules by dissolving
the ionic layer of the multi-layer golden foil, so as to complete the conversion from electrical
signal to biological signal. Moreover, the foil plays the role of interface between macro world
and micro system [17][18][19]. In the general system, a container is embedded in the Tx to
store the releasing molecules [20]. If this structure is adopted, the channel capacity of the
system will be limited due to the volume of the container [21], and multiple kinds of molecules
cannot be stored at the same time. Moreover, the replenishment of molecules is also a



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 15, NO. 8, August 2021 2925

significant issue which affects the system performance [22][23]. Compare with this structure,
the multi-layer foil compensates these defects, and it can even fix the number of molecules
released in each slot to a constant. Therefore, the application of multi-layer foil makes the
release of molecules easier to control.

Brownian motion is an irregular motion caused by the collision between solute molecules
and solvent molecules, and the motion is suitable for the case that solvent molecules are much
smaller and lighter than the solute molecules, and the collisions should not lead to the change
of two molecules [24]. The diffusion of molecules in body-fluid environment is often regarded
as the simple Brownian motion, assuming that the body-fluid environment remains stable at
all times, and according to Fick’ law, the probability of one molecule diffuses to the Receiver
(Rx) can be calculated in one-dimensional. Although the diffusion motion of a molecule in the
body-fluid environment is stochastic, in the beginning of one time slot, the Tx releases a certain
number of information molecules, and the probability that the Rx detects the corresponding
molecule before the end of slot can be regarded as the channel response in this slot.

The structure of nanopore is often used in DNA analysis, and the paper [7] introduces the
system which adopts the nanopore structure in Rx, and taking the processing time of Rx which
is related to the length of DNA strands into account. Thanks to this mechanism, the length of
DNA molecules can be applied to encode information. Moreover, the size of each nanopore is
designed elaborately, and only one DNA molecule which is negatively charged can pass
through the nanopore each time. Based on this structure, the Rx can convert the length of DNA
molecules into the electrical signal that can be easily recognized. In DNA-MC system, the Rx
consists of several nanopores, and the employ of multiple nanopores makes the Rx more
efficient and more sensitive to the changes of molecules around. Thus, the nanopores is of
great significance in the diffusive environment with low probability of arrival, i.e., the body-
fluid environment.

This article has proposed a joint design of DNA-based molecular system, and the
transmitter adopts the multi-layer foil structure, and the receiver uses the nanopores for
reception. The researches on the two structures are exhaustive, but this paper is the first to
combine the two structures together and apply them to the DNA-MC system at the same time.
Besides, the influence of the key parameters of the transceiver on the transmission capacity is
analyzed comprehensively, and it provides suggestions for the parameter setting of actual
DNA-MC system.

As an information carrier, the stability and diversity of the double helix structure of DNA
make is possible to encode information into the strand lengths and the base pair sequences.
This unique way of information encoding can make up for the defect of low probability of
arrival between transceiver in diffusive environment. Nevertheless, in the field of DNA-based
molecular communication, the research on channel capacity is not comprehensive. Applying
the DNA length encoding mechanism, the influences of key factors, e.g., the number of
released molecules , the number of nanopores (N, ), distance (x), the length of time slot (T)

and the probability of transmitting “1” ( p ) on channel capacity is exhaustively analyzed.
Moreover, this paper compares the performance differences between DNA-based
molecular communication and concentration-based molecular communication, namely, using
the molecular concentration at Rx to encode information. Although the reception process of
the two systems is different, supposing two systems release the same number of DNA
molecules N, or have the same transmission distance x and the results show that DNA-MC is

better than MC in terms of transmission capacity. The simulation results indicate the peak
value of channel capacity of DNA-MC system can achieve 0.08 bps when the x =8um and
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N, =400 while the capacity of MC system remains 0.025 bps.

The remainder of the manuscript is organized as follows. Section II introduces the structure
of DNA-MC system, and the factors which affect the successful reception of DNA molecules
is analyzed as well. The channel capacity is deducted in Section III, and simulation results of
the system performance and capacity comparation between DNA-MC system and MC system
are presented in Section IV. Finally, some conclusions and the plans for future work are
discussed in Section V.

2. DNA-based Molecular Communication System Analysis

In this section, we consider the DNA-based molecular communication (DNA-MC) scheme is
in the one-dimensional situation, that is, the DNA molecules are transmitted between one pair
of transmitters and receiver. In this system, the structures of Tx and Rx are delicately designed
to meet the needs of release or distinguish different DNA strands in specific time slot, and the
ICT metrics are calculated based on this model. The structure of DNA-MC is introduced as
followed.

2.1 Basic system structure

The structure of DNA-Based molecular communication is divided into three parts: transmitter
(Tx), diffusive channel and receiver (Rx). In order to increase the realizability and performance
of the system, the Tx and Rx have applied practical structures, and the whole system is
operating on the diffusive body fluid environment. The system model is described as Fig. 1.
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Fig. 1. The structure of DNA based molecular communication system
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2.1.1 Transmitter

The Tx has introduced in the structure of multilayer film, which is fabricated by layer-by-layer
assembly technique. As shown in Fig. 1, the Tx has contained various kinds of DNA molecules
which are distinguished by strands length, and the molecules are attached to a gold thin film.
Therefore, the gold thin film has immersed DNA molecules and zr** alternately to separate
different kinds of DNA molecules [4], and DNA molecules are immersed to gold thin film in
descending order of strand length. To convert the information sequences into the release order
of specific DNA molecules, the Tx generates the electric potential signal based on the
information sequences, and the electric pulse acts on the multilayer and dissolves the zr* film
layer on the surface, so the shortest DNA strands were released if the current signal level is
high. To sum up, OOK modulation is used at the transmitter for simplicity. Based on this
mechanism, the Tx can release certain number N, of corresponding DNA strands per slot

according to the information sequence to be transmitted.

Furthermore, it is assumed that the Tx transmits N bits of information sequence by

controlling the release of N kinds of DNA molecules with different lengths | measured in kilo
base pairs (kbp). The initial bit releases the DNA strands which length is |, then the length of

DNA molecules representing each bit is fixed to increase ¢ in turn. According to the arrival
probability curve of diffusive channel, the molecules released at the previous 8-th slot has little
effect on the current slot, so the length of DNA molecules in each time slot circulates once
every 8 slots, and the length of n-th DNA molecules is shown as (1) (\ represents the integer
modular operation). Tx and Rx are synchronized, and Tx transmits each kind of molecules
with the interval of T, that is, Tx releases the n-th DNA molecules at the beginning of the n-th

slot t=nT .
l, =1, +((n\8)-)*c (1)

From the representation above, the main difference in encoding mechanism between DNA-
MC system and MC system is the transmitted information is encoded into the length of DNA
strands, and if the Rx receives one molecule released in current slot, the Rx will determine the
current bit information is "1". While in MC system, the Rx needs to detect the molecular
concentration continuously, and if the concentration reaches the threshold, the current bit
information will be judged as symbol "1". Therefore, the Tx is required to release more
molecules to ensure the concentration achieve the threshold, and with the increase of releasing
molecules, the probabilities of nanopores are occupied by the interfering molecules become
larger, and DNA-MC system is more resistant to the inter-symbol interference (ISI) caused by
the molecules released in previous slots.

2.1.2 Diffusive channel

The DNA-MC mechanism is operating on the body fluid environment, and the movement of
molecules can be described as simple Brownian motion. During the diffusion, no extra energy
is required, and the molecules can hardly lead to toxic reaction of body organs which is
consistent with the actual needs of the whole system. Obviously, the randomness of diffusion
motion has a great influence on the information transmission efficiency between the receiver
and the transmitter, and the diffusion motion of different information molecules is not the same.
Therefore, it is necessary to find a universal model to represent the successful arrival of
information molecules at the receiving end.
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In the diffusive environment, there is a general mathematical model to describe the relation
between the solute density (r.ty and the solute molecular flux sty , that is the average net

increase of the solute molecules inside an infinitesimal volume element equals to the average
net influx of the molecules through the element’s six sides during the time interval.
p(r,t+dt)-dxdydz — p(r,t)-dxdydz

= (Jx(r,t)-dydz~dt—Jx(r+;<dx,t)~dydz-dt)

. )
+(J,(r,t)-dxdz-dt—J (r +ydy,t)-dxdz-dt)
+(Jz(r,t)~dxdy-dt—JZ(r+de,t)-dxdy-dt).

In (2), dt,dx,dy,dz are all infinitesimals, let these variables approaches zero, we can conclude
the continuity equation:

ot OX oy 0z )

According to the Fick’s Law, the diffusion equation can be derived from the continuity
equation, therefore, the Fick’s Law asserts that:

__noprt)
J,(rt)= D—au (u=x,2) (4)

op(r,t) :_(6Jx(r,t) .\ ad,(r,t) . 6Jz(r,t)j

D is the diffusive coefficient, then, substituting (4) into the right side of (3), we can obtain
the diffusion equation:

ap(r.t) :D(azp(r,t)ﬁzp(r,t)+82p(r,t)j ©)

ot ox? oy’ oz’

the average density of solute molecules is only related to the one-dimensional distance X and
time {, and the density satisfy the following equation [25]:
op(x,t) D o’ p(x,t)

ot ox’ ©)

The solution for one-dimensional diffusion equation (6) must satisfy three conditions, those
are (7)(8)(9),

p(x,0) =N&(x) ()

["p(x,0)dx=N ®)

p(teo,t) =0 )

(7) is the initial condition, N represents the total number of solute molecules close
together at X=0, and 0 is the Dirac delta function, (8) represents the total solute molecules
at time 0 inside any interval (a,b) equalsto N . The two boundary conditions for this problem

are (9). Hence, the probability of molecules arriving at a certain point ! after time { can be

calculated as [24]:

X2

exp(— 4Dt) (10)

gy (X, t) = S
J(4zDt)

D is the diffusive coefficient which represent the diffusive velocity and direction of
molecules, and it is positively correlated with the length of the DNA strands [26]. Hence, this
formula can calculate the probability of the current released DNA molecules reaching the Rx
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at the end of the time slot. In this model, the arrival probability of DNA molecules has a great
influence on the system performance, because it can be treated as the successful transmission
probability of encoded information. Due to the randomness of diffusion, DNA molecules
released from previous time slots often arrive in this time slot, and the formula can be used to
evaluate the impact of this situation on the transmission of information molecules.

For instance, given the transmission distance x =8um, according to the formula, although

the arrival probability of DNA molecules in the previous slots decreases with time, there is
still a relatively high probability that the DNA molecules in the previous three slots will arrive
at the Rx in the current slot. It should not be ignored the situation that these unwanted DNA
molecules will occupy the receiving resources at the Rx. In our model, three significant factors,
namely the length of the time slot interval (T), the number of molecules released (N,) and the

transmission distance (x) should be taken into account, and these factors have a direct impact
on the occupancy of receiving resources at the Rx. In the simulation part, the range of the three
variables can be obtained when the channel capacity is maximized.

2.1.3 Receiver

As shown in the Fig. 1, the transmitted information is encoded as the length of the DNA
molecules. In order to efficiently decode the transmitted DNA molecules arriving at the RXx,
the nanopore structure is introduced into this system, and the Rx is composed of several
individual nanopores. The nanopore is negatively charged, assuming that, the molecules which
arriving at the Rx side can pass through the Rx in a specific direction one by one. During the
translocation time, the nanopores are blocked by DNA strands, so the current in Rx side will
drop to a lower level. Therefore, the Rx can detect the duration of the current of lower level to
decide which kind of DNA molecules are passing through, and this process completes the
transition from length information to electrical information.

Because the length of DNA strand released in each time slot is fixed, and the length of
DNA strands is increased with the number of time slots, the duration of blocked time should
be increased. Based on this mechanism, the Rx can recognize the DNA molecules
corresponding to the current slot regardless of the influence of the released molecules in the
previous slot.

2.2 Reception index

As illustrated in Fig. 1, the receiving resource of Rx is limited. Too few molecules of current
slot and too many molecules of previous slot arriving may cause great influence on the channel
capacity. As discussed above, the length of the time slot interval (T ), the transmission

distance (1) and the number of molecules released (N,) are the main factors that causes the

change of molecular arrival probability. In this part, we will discuss how these three variables
affect the arrival probability and the trade-off relationship between them.

Length of time slot interval: In DNA-MC system, if the one DNA molecule of the current
slot has arrived the Rx, and been detected correctly, Rx will automatically determine that the
current bit information is "1". This is quite different from the traditional molecular
communication, cause the information is encoded into the concentration of Rx side in
traditional situation, that means the Rx needs to detect new arrival information molecules
constantly [27]. Obviously, the residual information molecules of the previous slots can affect
the detection process. Under this mechanism, the value of arrival probability is the maximum
value during the whole slot time.

According to the arrival probability formula, the probability of the arrival situation of
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previous three time slots in current time slot should not be ignored. If the setting of the length
of time slot interval T is too small, the probability of the previous slot reaching the Rx will
increase, which will occupy the receiving resources of the current slot. On the contrary, if T
is set too large, it surely will reduce the influence of previous slot molecules, but at the cost of
time resource, which will hinder the improvement of channel capacity.

Transmission distance: When we discuss the transmission distance between the
transmitter and the receiver, we should consider the actual scenario of DNA molecular
communication, such as the relative size between the transmission distance and the designed
transceivers. When the order of magnitude of the transmission distance is determined, there is
still a trade-off relationship about the distance. Both the information and interfering molecules’
arrival probability at Rx will increase when the transmission distance is too small, and the
increase of interfering molecules may degrade the reception performance. Moreover, with the
same whole transmission distance, the demand for the system's transceiver resources will
increase. Otherwise, when the transmission distance increases, the influence of the reduced
arrival probability of information molecules on the transmission efficiency should also be
considered.

Number of releasing molecules: When the time slot length and transmission distance are

fixed, the probability of a single molecule arriving at the receiver is about 10~. In order to
ensure that each bit of information transmission is successful, it is assumed that the Tx released
a fixed number of molecules in each time slot. When the number of transmitting molecules is
too small, the information of the current bit may be missed because the molecules do not arrive.
When the number of transmitting molecules is too large, the previously transmitted interfering
molecules will occupy the receiving resources. Thus, it is of great significance to select the
appropriate number of transmitting molecules. In the simulation part, the numerical results
will give the number of molecules sent by the Tx and the channel capacity when the
information transmission efficiency is maximum.

3. Channel capacity analysis

Due to the system model, in diffusive body fluid environment, the probability of one molecule
arrives at the certain point x in a fixed time t can be described as (10). Moreover, the DNA
molecules need to be decoded successfully, namely, the translocation time of various DNA
strands should be recorded correctly. Assuming that, the length increment of DNA molecules
released from adjacent time slots is 2 kbp, and the initial shortest DNA strand length is set to
be 1 kbp [7], so the length of DNA molecules represented by the m-th bit can be expressed as
N ... = @+2m)kbp . Moreover, the length of each base pair is 1, =0.34xm, and the translocation

speed of DNA molecules in Rx side is set to be v, =o0.015nm/ s In an ideal situation [28].

Thus, the time for the m-th bit DNA strand to pass through the nanopore can be expressed as
(12).
N_. *I
tp - M,US (11)
Vtrans

Considering the limitation of receiver operation accuracy, the molecular translocation time
will not remain constant t,. The actual translocation time which is less than t, conforms to

Gaussian probability distribution, as shown in (12). Based on the assumption of increasing
translocation time before, the wrong reception probability of the current slot is the integral of

f(t) fromOto t, [29][30].
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1 ()
— 20°
f(t)= ot e t<t, (12)

Therefore, the process of information transmission consists of two parts: molecular
diffusion and decoding. The probability of successful information transmission of one
molecule is: q(t) = g(x,t)- f (t). The multiple nanopores structure is applied in the Rx side,

suppose the Rx contains N, nanopores. If one nanopore receives and decodes the current

molecules successfully, it is determined that the Rx has successfully received the information
of the current slot. The probability of successful transmission of Rx is:

G, =1-(L-q(t))"™ (13)

/ ﬁ\\\
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/
/
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Time slot
Fig. 2. The probability of one molecule arriving at Rx in different time slots

According to [3], Fig. 2 depicts the probability of one molecule arriving at the Rx in
different time slots when the transmission distance is fixed at 8 M, and obviously, the arrival

probability reaches the peak at the end of the first slot. The magnitude of the peak value F, is

only 10~*yet, and the probability is too small to satisfy the demands of reliable communication
between the transceivers. To increase the probability of information molecules arriving at the
RX, the Tx is required to release N, number of DNA molecules at the beginning of each slot.
Nevertheless, due to the randomness of Brownian motion, the diffusive time per molecule
is not fixed, and the molecules released in previous slot may reach the Rx in current slot. As
illustrated in Fig. 2, although the arrival probability begins to decline after the first slot, the
probability of the molecule arriving at the Rx after the first slot is not small enough to be
ignored. Hence, we set a threshold P, , when the arrival probability of the interfering molecules

reaches this threshold, we need to consider the occupation of the receiving resources caused
by such interfering molecules. P, is an optimizable variable, and the parameter setting of B,
is supposed to satisfy the system demand of sensitivity towards the occupancy of nanopores.
After the simulation data test, here we take P, =0.4-F,.
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As depicted in Fig. 3, these brown dots represent the information molecules released by
current time slot, and the other colored dots represent the interfering molecules. The Rx uses
several nanopores to detect the information molecules, the yellow colored nanopores indicate
the successful detection of information molecules, and the red colored nanopores indicate the
occupancy of receiving resources caused by interfering molecules. According to the threshold
P, there are three main types of interfering molecules, thus, the exponent of the formula of

successful reception can be modified to:
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Fig. 4. The probability of successful reception considered the influences of occupancy

Here, N; represents the number of molecules of the previous three slots arriving at the Rx
in the current slot, and the value of n - S n, represents the number of nanopores that can be
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used to detect information molecules in current slot. Fig. 4 depicts the probability curve of
successful reception, when the number of nanopores is set to 1" and the number of releasing
molecules equals to 4000, the value of probability of successful reception is negative. It
represents the situation that numerous interfering molecules occupy the nanopores at Rx, and
there is no remaining nanopores to detect information molecules.

As introduced in the system model, the OOK modulation is adopted in the Tx. For the
transmitted information of each bit, there is a priori probability p to send symbol "1" and

1— p tosend symbol "0". Assuming that the Tx and Rx are time synchronized and only one
bit information is transmitted in each time slot. Moreover, the probability for the Rx receipts
and decodes properly is P and Q , that is:

P[Y, =0|X, =0]=P, (15)

PY, =1|X, =1]=Q, (16)
Thus, for an information sequence of length n, the probability of successful bit transmission
can be expressed as [5] :

Q,=1-]]-pa) (17)
n-1
P, =]10-pa) (18)

Here, g; represents the probability of successful transmission g, which is calculated in (14).

Based on the information theory, the information transmission capacity c is the maximum of
mutual information.

C =max{l(X:Y)}=max{H(Y)-H, (X)} (19)
Considering the characteristics of DNA-based molecular communication system, the
mutual information for each slot can be expressed as [31]:

L(X;Y)=H(Y)=H(Y|X)= (@~ p)P, + pL-Q,)) - px(Q,) + {1~ p) 2(P,) (20)
Moreover, if the length of information sequences n>2, we can conclude the results of
H(X,5Y,)
1(X,3Y,) = x[(l— [~ pa)+ p(l—(l—(l—q())]‘[(l— pqi))D
i=1 i=1 (21)
—{ p;((l—(l—%)l_[(l— pg;)) + (- p);((H a- pqi))}

where y(&)=-¢log, & - (1-£)log,(1-£) . Moreover, to analyze the influence of time slot length

T on transmission efficiency, the channel capacity can be further deduced as follows:

C=max I(X—r‘];Y‘)bits/slot (22)
1 n

C= max | (X.:Y;) bps
nxT; (X;;Y,) bp (23)

The simulation results are based on this capacity derivation.
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4. Numerical Results

In this paper, the simulation is mainly focused on the main factors which affect the system
performance of DNA-based molecular communication, such as: the priori probability of
sending 1, transmission distance, the number of released molecules and nanopores, etc. The
numeral results show the positive and negative effects on channel capacity of each factor, and
the peak value is obtained assuming that other factors are constant. Moreover, the simulation
also reveals the relationship between the DNA-MC system and the traditional molecular
communication system, and the numeral results show that the DNA-MC system has better
performance than the traditional molecular communication system from the perspective of
transmission distance and transmission resource saving.

4.1 Performance analysis of DNA-based molecular communication

In Fig. 5, the channel capacity curve is computed based on a set of parameters, and the values
are set as follows. The transmission distance ! is set to 8 xm, the length of each time slot T

is set to 10 s, the diffusion coefficient D which is related to the length of DNA strands is set
to 1 um’/s for simplicity, the probability of sending symbol “1” ( p) is set to 0.5, and the
number of time slot is set to 10, and number of nanopores N, at Rx is set to 10. The curve is
obviously convex, and the capacity of n-th slot is obtained when p is set around 0.5 which is
consistent with the common channel capacity conclusion. When the Tx releases an increasing
number N, of DNA molecules, the Rx has a greater probability of receiving information
molecules, so the channel capacity increases when p is fixed. Moreover, the channel capacity

is easily affected by the number of transmission molecules. If Tx releases a large number of
molecules each time, the molecules released in the previous slot will occupy the receiving
resources of current slot, accordingly, the curve peak moves slightly to the left which means a
smaller probability of releasing molecules.

0

) —8&— NC=10,Nn=10
0.091 —S—A : = =
Y- A 4— NC=50,Nn=10
/ %, NC=100,Mn=10
0.08 [ Y —A&— NC=200,Nn=10] 1

Fig. 5. The channel capacity curve when the probability of transmitting “1” ( p ) changes
(with different N,)
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To get the results of Fig. 6, the N, and N, are set to 400 and 10 respectively, and other
parameters are set as before. Although both Fig. 5 and Fig. 6 depict the relationship between
transmission capacity and prior probability, the different descent speed of the curve indicates
the extent to which transmission distance I affects capacity. Take the peak point of the curve
for comparison, it’s obvious that the upper bound of transmission capacity that the system can
reach gradually decreases with the increase of transmission distance. Moreover, the parameter
of N, issetslightly redundant, when p approaches 1, which means that the transmitter is more
likely to release information molecules, that is, the receiver is more likely to accumulate
redundant molecules. According to the results, when the transmission distance is set 8 xm and
10 um, the capacity declines more gently. When the transmission distance is set to 4 xm and
6 um, the peak point of the curve is obviously shifted to the direction of p =0, and the

transmission capacity decreases sharply along the direction of p =1, which indicates that a

large number of redundant molecules remain at the receiving end, causing interference to
information molecules of the current slot. Declining the transmission distance will increase
the peak capacity, but it will decrease more sharply when p is larger, and this is a trade-off.
Thus, it is necessary to specify the transmission distance between the Tx and the Rx according

to the characteristics of the transmission information.
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Fig. 6. The channel capacity curve when the priori probability ( p ) changes (with different [)

In Fig. 7, §is set to 5um, N, is set to 200, and other parameters remain the same. At RX,
the information molecules are detected by several nanopores, and this picture has revealed the
relationship between N, and transmission capacity. It is obvious that the peak value of
transmission capacity increases about three times when N, =13 compared with that of N, =8,

and by adding several nanopores, the transmission capacity can be promoted by several times.
However, in (14), N, is the exponential part of the equation of successful reception, so it can
multiply the occupation impact of interference molecules at Rx. Thus, the transmission
capacity decreases faster along the direction of p approaching 1 when N, =13, and this is a
trade-off. Similarly, the number of nanopores at Rx should be determined based on the
characteristics of the transmitted information to achieve the optimal transmission efficiency.
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Fig. 7. The channel capacity curve when the priori probability ( p ) changes (with different N,)

The results of Fig. 8 are obtained under the set conditions of the N, and N, are set to 100
and 10 respectively, and other parameters are set as before. When the length of time slot T
is set to constant, the transmission capacity decreases as the distance increases. As the
transmission distance increases, according to (10), the molecules have less chance of reaching
the Rx, and the capacity declines due to the uncertainty of molecular arrival. When the
transmission distance is longer than 15 um, the value of capacity remains very low and has
little change with T , this is owing to the limitation of the accessibility of diffusion motion,
which indicates that the suitable transmission distance of DNA-based molecular
communication must be controlled within 15 um. Moreover, when the transmission distance
is longer than 12 um, the increase of the T can rise the arrival probability slightly, then
further enhances the capacity. However, the increment is very small at the expensive of time
effectiveness. To sum up, it is not feasible to rise the transmission capacity by increasing the

length of time slot in DNA-MC system.
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Fig. 8. The channel capacity curve when the transmitting distance changes
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In Fig. 9, f equals to 8 um, other parameters are set as before. From this picture, regardless
of the number of nanopores N, , the capacity first increases to the peak and then decreases to a

stable value, and the decline can be explained by the nanopores occupancy caused by the
interfering molecules reduces the probability of successful detection of current slot. With the
increase of N, , the capacity gradually reaches and stabilizes at about 0.08 bps, and the larger

the N, is, the lower number of molecules the peak shifts to. This is because the increasing of
N, can promote the sensitivity of the capacity to the change of the number of molecules.
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Fig. 9. The transmission capacity curve when the number of releasing molecules changes

4.2 Comparation between DNA-MC system and MC system

DNA-MC and MC mechanism are easy to distinguish in system structure, In DNA-MC system,
the transmitted information is encoded into the length of DNA strands, while the MC system
uses the molecular concentration at Rx to transmit information, and there are many
improvement schemes in this field, such as Zebra-CSK coding mechanism, to significantly
reduce the impact of ISI [32]. However, in order to maintain the same molecular utilization,
this paper only compares the performance with the original CSK coding system. The length-
based system adopts nanopore structure in Rx to decode information, and the other adopts
multiple ligands to bind the molecules. Because both systems operate in the body fluid
environment, and it’s of great significance to compare the performance of the two from the
perspective of transmission efficiency and resource utilization. Then, we will compare the
transmission capacity of the two systems when transmitting the same number of information
molecules, because the two systems adopt different structure of the transceivers, this part does
not consider the influence of the system energy consumption on the channel capacity, and the
enhancement degree of the capacity when increasing the number of released information
molecules.
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Fig. 10. The transmission capacity of MC and DNA-MC when priori probability p changes

In Fig. 10, the MC system modeling is different from DNA-MC, and some parameters are
only applied in the MC system, based on [31], those are: the releasing rate of information
molecules at Rx k,=0.08, the concentration of receptors at Rx N =1 zmol /1, the radius of

Rx r, =0.8um . Moreover, the common parameters are set as follows: D=1um’/s, X = 8um,

N, =100, and the number of time slot M =10 . The capacity curves of the two system are both
upwards convex, and in DNA-MC system the peak value appears at p =0.35 while the peak
value is obtained at p =0.4 in MC system. The peak value of both curves shifted slightly to

the left, indicating that the two systems were sensitive to the interferences caused by molecules
sent in previous slots, and reducing the probability of sending molecules or increasing the
interval of releasing different information molecules will promote the transmission capacity.
The capacity of DNA-MC is always greater than MC, and the peak value can reach 0.065 bps.
From this picture, we observe that the DNA-MC can achieve higher transmission efficiency
with less information molecules.
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Fig. 11. The transmission capacity of MC and DNA-MC when the number of
releasing molecules changes
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In Fig. 11, the priori probability P is set to 0.5, and other parameters are set as the same

as Fig. 10, and this picture describes the relationship between the transmission capacity and
the number of releasing information molecules in both systems. Take DNA-MC system as
example, when the number of released information molecules increases from 0 to 400, the
transmission capacity just rises to the peak value. If the number of molecules continues to
increase, the capacity gradually decreases instead. This is because when Tx releases few
number of molecules, increasing the number can promote the probability of molecules arriving
at the Rx. However, if the number continue to rise, the number of interference molecules
reaching the Rx will also increase. These redundant molecules will occupy the nanopores at
Rx, and it will degrade the performance on transmission capacity. On the other hand, in MC
system, as the number of releasing molecules increases from 0 to 4000, the transmission
capacity increases by 0.0006 bps. This shows that the effect of increasing the number of
sending molecules on the capacity is not obvious at this order of magnitude. Although the
performance of DNA-MC system is not stable under this condition, it still has advantages over
MC system.
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Fig. 12. The transmission capacity of MC and DNA-MC when the transmission distance changes

In Fig. 12, the number of releasing molecules N, is set to 100, and the other parameters

setting is the same as before. The simulation results show the relationship between the capacity
and transmission distance. In DNA-MC system, when the transmission distance is less than 4
um, the number of molecules sent by the Tx is redundant for the Rx. Thus, with the increase
of the distance, the capacity will also increase. When the transmission distance is longer than
4 um , increasing the distance will significantly degrade the probability of information
molecules arriving at the receiving end, then degrading the transmission capacity. In addition,
through observation, there is a fixed match between the number of molecules released and the
transmission distance, so the optimal release number can be set according to the transmission
distance. In MC system, when the distance is increased from 1 xm to 9 um, the capacity is
reduced by 0.0001 bps. This phenomenon is mainly because of the too few molecules, and the
capacity is not sensitive to the change of transmission distance. Obviously, no matter how long
the transmission distance is, the capacity of DNA-MC system is always better than that of MC
system.
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5. Conclusion

This article has proposed a novel model for DNA-based molecular communication. The
system is composed by three parts, e.g., transmitter (Tx), diffusive channel, receiver (Rx). The
Tx is a multi-layer golden foil, and the release of DNA molecules in each layer is controlled
by the information transmitted per bit, then the molecules reaches the Rx through the diffusive
channel, and the Rx decodes each bit of information by detecting the length of the arriving
DNA molecules per slot through the nanopores. There are some main factors e.g., the number
of releasing molecules (N,) and nanopores (N, ), the transmission distance (x), the length of

time slot (T), which have a significant influence on the probability of molecules arriving the
Rx and being detected correctly. According to the equation of q,, the transmission capacity

can be derived, and the simulation results reveal the trade-off relationship between each factor
and the transmission capacity. Moreover, we have finished the comparison of transmission
capacity between DNA-MC system and MC system. Since the concentration of molecules at
the Rx is not used as the information carrier in the DNA-MC system, the equivalent messages
can be transmitted through fewer molecules. The numerical results show the transmission
capacity of DNA-MC system has an obvious advantage over MC system, and the capacity can
reach 0.08 bps when the number of releasing molecules is set to 100.

This article provides reasonable suggestions for the parameters setting of DNA-MC system
in body fluid environment, and the future work is mainly focused on the channel modeling of
DNA-MC system which applies the base sequence coding, and the capacity analysis of a multi-
transceiver system.
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