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Abstract—For a long time, people have carried out various
studies on molecular communication (MC) and the Internet of
Bio-Nanothings (IoBNT) in order to realize biomedical appli-
cations inside the human body. However, how to realize the
communication between these applications and the outside body
has become a new problem. In general, different components in
the blood have different light absorption rates. Based on this,
we propose a new through-body communication method. The
nanomachine in the blood vessel transmits signals by releasing
certain substances that can influence blood oxygen saturation.
The change in blood oxygen saturation can be detected by an out-
side body device measuring the attenuation of the light through
the blood. The framework of the entire communication system
is proposed and mathematically modeled. Its error performance
is discussed and evaluated. The mutual information (MI) of the
designed communication system is also derived and calculated.
This research will contribute to the realization of the connection
of the IoBNT inside the human body to the outside device.

Index Terms—molecular communication, nanomachine, oxy-
gen saturation, light absorption, mutual information.

I. INTRODUCTION

N recent years, the Internet of Bio-Nanothings (IoBNT)

which envisages interaction between biological cells or
nano-devices and the Internet has become a research hotspot
[1]-[3]. The main goal of this emerging network framework
is to enable direct and seamless interaction with biological
systems in order to accurately sense and control their dynamics
in real time. In the health monitoring application of IoBNT,
nanomachines need to transmit data outside the human body
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from biosensors in the human body regarding the health status
and vital signs of the human body. Similarly, in the disease
prevention application, when sensors identify biomarkers, the
nanomachines in IoBNT could send a signal to external
devices for early diagnosis and intervention. So far, how to
design a suitable interface for information transfer between
nanomachines inside the human body and outside the human
body remains an open research question in the field of [oBNT.

This problem has been explored by many different re-
searchers from different fields. In [4], the authors proposed
an ultra-low-power intra-body communication approach by
implementing a galvanic impulse method for communication
between an implant and an on-body device. An experimen-
tal study based on functional electrical stimulation with the
human body as a communication channel was proposed by
authors in [5]. In [6], the authors considered a neural commu-
nication approach to address this issue. Nanomachines were
deployed in the human body and send signals by stimulating
nerve fibers through electrodes. This signal propagated through
the nerves and produced a surface electromyography signal,
which serves as the information received by the body surface
receiver. However, the signal transmission through the nervous
system is susceptible to the interference of the action caused
by the subjective consciousness of the human body on the
neural signal reception.

Molecular communication is one of the very promising
communication schemes for building the IoBNT, which en-
ables communication between nano-devices in the human body
[7], [8]. Combining molecular communication with some in-
vitro detection methods enables the transfer of information
from inside to outside the body. Thus many researchers
tried to solve this problem with molecular communication
methods. Some researchers considered using different kinds
of nanoparticles like fluorescent nanoparticles [9] and metallic
nanoparticles [10] as communication bridges. Information
transfer between inside and outside the body through the
use of molecules that can be selectively detected by in-vitro
receivers. Some other researchers considered nanomachines
and smart probes to solve this problem [11], [12]. In [13], the
authors proposed to use smart probes fixed in blood vessels
to release substances that will cause allergic reactions on the
skin surface, so as to realize the interaction between the inside
and outside of the human body. The probes were expected
to release a substance that generates an allergic reaction on
the skin surface or is detectable in the infrared bandwidth



or by ultrasound. However, the authors did not elaborate on
how to implement these ideas. The authors in [14] proposed
an experimental platform for MC based on light absorption,
providing experimental support for the design of molecular
communication systems based on optical principles.

Our solution to this problem is inspired by the oximeter.
A pulse oximeter is a portable and noninvasive tool widely
used in clinical practice to evaluate the oxygenation status of
a patient by monitoring arterial oxygen saturation [15]. We
notice that the oximeter is often used outside the human body
to detect the blood oxygen saturation in blood vessels. We
can utilize this technique to realize the communication system
through the human body. Blood oxygen saturation is one of
the important basic data in clinical medicine, which can be
inferred by measuring the attenuation of different light through
blood [16]. The signal transmission through the body can be
achieved by altering blood oxygen saturation and detecting
its change outside the human body by optical method. The
optical detection method based on blood oxygen saturation
measurement is quite mature and has strong feasibility [17],
but the idea of applying it to communication inside and
outside the human body is still proposed for the first time.
We presented the initial system framework in [18]. The main
contributions of this paper are:

1) We propose a new through-body communication method
that people can make use of blood oxygen saturation detec-
tion. The framework of the entire communication system is
presented.

2) Our proposed system is mathematically modeled and the
error performance is evaluated.

3) We use the knowledge of information theory to analyze
and calculate the mutual information (MI) of the proposed
system and evaluate various key parameters.

The rest of this paper is organized as follows. Section
IT introduces preliminary knowledge of optical technology
and oxygen saturation and the design of our through-body
communication system. Section III presents the mathematical
model of our system. Section IV derives the MI for our system.
Section V presents the simulation results. Section VI concludes
the paper.

II. DESIGN OF THROUGH-BODY COMMUNICATION
SYSTEM

In this section, we first explain the concept of blood oxygen
saturation and the principle of its optical detection. After that,
we present the design of the through-body communication
system.

A. Blood Oxygen Saturation

The oxygen consumed by the human body mainly comes
from the oxygen carried by hemoglobin. Hemoglobin is
the protein contained in red blood cells that is responsible
for the delivery of oxygen to the tissues. There are four
kinds of hemoglobin in normal blood: oxygenated hemoglobin
(HbO»), deoxyhemoglobin (Hb), carboxyhemoglobin (COHDb),
and methemoglobin (MetHb). Among them, Hb and HbO, are
reversibly combined with oxygen, while COHb and MetHb are

not combined with oxygen. The function of hemoglobin is to
carry oxygen to all parts of the body. The oxygen content
of hemoglobin at any time is called blood oxygen saturation
(So,)- So, is used to describe the change of oxygen content
in blood. It refers to the percentage of bound oxygen volume
in total blood volume. When characterizing So,, only the two
functional hemoglobins of HbO5 and Hb are considered [19].
COHb, MetHb, and other non-functioning hemoglobins are
usually not considered. Sp, can be expressed as [19]

CHbOQ

So, = ——"F ——.
©z (Cmvo, + Crp)
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The oxyhemoglobin dissociation curve also called the oxy-
gen dissociation curve (ODC), is a curve that plots the propor-
tion of hemoglobin in its saturated (oxygen-laden) form on the
vertical axis against the prevailing oxygen tension on the hor-
izontal axis. This curve is an important tool for understanding
how our blood carries and releases oxygen. Specifically, the
oxyhemoglobin dissociation curve relates oxygen saturation
and partial pressure of oxygen in the blood (Pp,) [20]. The
hemoglobin oxygen dissociation curve is altered by changes
in pH, temperature, and the red cell concentration of 2,3
diphosphate glyceride (2,3-DPG) [21].

B. Principle of Optical Detection

Photoplethysmography is a noninvasive optical technique
widely used in the study and monitoring of the pulsations
associated with changes in blood volume [22]. This technology
is used in the optical detection method of the oximeter. As we
mentioned before, HbO, is in the oxygen-carrying state and
Hb is in the no-carrying state. HbO5 and Hb have different
absorption characteristics in the spectrum range of visible light
and near-infrared. Hb absorbs more red-frequency light and
less infrared-frequency light. HbO» absorbs less red frequency
light and more infrared frequency light. The principle of a
fingertip pulse oximeter is based on this fact [23]. When
red light and infrared light irradiate the finger alternately, the
photodiode in the fingertip pulse oximeter will produce a weak
photocurrent that changes with the pulse. After converting,
filtering, and amplifying the photocurrent, the pulse waveform
is obtained. The pulse frequency is calculated from the peak
spacing, and the blood oxygen saturation is calculated from
the photocurrent ratio of red light and infrared light.

According to [24], when light of a specific wavelength is
incident on the fingertip, the transmitted light intensity can be
divided into two parts: the pulsatile component and the non-
pulsatile component in the fingertip tissue. When the arterial
blood vessels in the light-transmitting area pulsate, the amount
of light absorbed by the arterial blood will change accordingly,
which is called the alternating current (AC) component. The
absorption of light by other tissues such as skin, muscle,
bone, and venous blood is constant and is called the direct
current (DC) component. If the attenuation due to factors
such as scattering and reflection is ignored and according
to the Lambert-Beer law, when the wavelength is A and the



|::> direction of blood flow

P
2,3-DPG @ -

T nanomachine

(a) Set the nanomachine in human body

::> direction of blood flow

2,3.DPG g T~
> e T

T nanomachine

(b) The nanomachine releases 2,3-DPG

::> direction of blood flow incident light
—‘_‘__C O = -’ /_-‘_
o — o —
T nanomachine
Detect light

intensity changes

(c) Detect light intensity changes

Fig. 1. The data transmission via human oxygen saturation detection.

monochromatic light with the light intensity of Ij is vertically
incident, the transmitted light intensity can be written as [25]

I = I()S*EUCULE*EHIJOQC'HbozLE*SHbCHbL7 )

where g, Cy, L are the absorption coefficient, the concentra-
tion of light-absorbing substances, and the optical path length
of non-arterial components in the tissue and venous blood.
CHbvo,, EHbO, are the absorption concentration and coefficient
of HbO; in arterial blood. Cp, and ep are the absorption
concentration and coefficient of Hb in arterial blood.

C. Through-Body Communication System Design

In order to achieve a feasible change of blood oxygen
saturation in the blood vessel and make decisions based on
the received light intensity at the receiving end, the nanoma-
chine needs to release something to change the affinity of
hemoglobin for oxygen. According to [26], CO2 concentra-
tion, pH value, temperature, and 2,3-DPG all affect the affinity
of hemoglobin for oxygen, thus causing changes in blood
oxygen saturation. For safety and practical considerations, the
pH value and temperature in human blood vessels cannot
be easily changed, and CO> is unable to be carried by
nanomachine as a gas molecule, so we consider that 2,3-DPG
is used to change blood oxygen saturation.

The oxyhemoglobin dissociation curve shifts to the right
with the increase of 2,3-DPG [27], which also represents the
decrease in blood oxygen saturation. Due to the fast blood
flow, the time for 2,3-DPG molecules to travel from the
nanomachine to the receiver in our system is very short, and
we can consider that the changes in blood oxygen saturation
caused by changes in 2,3-DPG are much faster than regular
natural saturation changes. The basic idea of our system design
is that the nanomachine releases 2,3-DPG to change the blood

oxygen concentration, thereby producing a change in the light
intensity at the receiver and realizing the decision judgment.
The whole process is shown in Fig. 1.

In fact, the role of 2,3-DPG on Hb binding and O, release
is more complex [28]. Further studies are needed to determine
the effect of controlling 2,3-DPG on changes in oxygen satura-
tion, as it is not clear whether other tissue or cellular changes
are induced during 2,3-DPG release and affect changes in
blood oxygen levels. However, this is beyond the scope of
this article, so it will not be discussed further here.

III. MATHEMATICAL MODELING OF DESIGNED
COMMUNICATION SYSTEM

In this section, the mathematical modeling of the entire
communication process from the nanomachine in the human
body to the outside-body processing unit is presented.

The general idea is that 1) the nanomachine is deployed
at the upstream fingertips of the human body to release the
2,3-DPG when it needs to send signals, and 2) we use a
device that makes an optical measurement of blood oxygen
saturation at the downstream fingertips. In this way, the data
transmission from the nanomachine to the outside body device
can be realized.

In a MC system, if the nanomachine transmits a bit a €
{0,1} to the outside of the human body, the nanomachine
will release a certain amount of 2,3-DPG, which may be set

as A molecules as
M,a=1
A= {0, a=0. 3)

where M is the number of released molecules when bit “1”
is transmitted.

So the concentration of the released information molecule
at the transmitter can be expressed as

s(t) =Y A;o(t - jT), (4)
j=0

where A; is the number of the released molecules for the jth
symbol and T is the symbol interval.

Next, in order to simplify the problem, we first consider
that 2,3-DPG molecules move with blood flow. The diameter
of a 2,3-DPG molecule is much less than the diameter of
the transverse palmar branch since the volume of 2,3-DPG
is around 107! mm?® and the diameter of blood vessels in
fingers is up to 1.5 mm [29]. In the case of limited transmission
distance, we can regard the process of 2,3-DPG molecular
transmission in fingertip vessels as a borderless system. We
adopt a model in [30] for 3-D advection-diffusion where the
channel impulse response (CIR) was obtained as

1 (d—vt)?
= — 4Dt
"= ot ’ ©)
where v is the average speed of the blood flow, and d is the
distance between the nanomachine and the receiver. D is the
diffusion coefficient for 2,3-DPG molecules in blood vessel.

Based on the principle of communication, the output signal

is equal to the convolution of the input signal with the



CIR. Thus, the molecular concentration y(t) after propagation
through the blood vessel via diffusion is given by

y(t) = s(t) * h(t)

=Y Ajh(t—jT), j=0,1,..., (6)
§=0

where * denotes the convolution operator.

Here y(t) can be further split into the sum of the molecular
concentration of the jth signal and the inter-symbol interfer-
ence(ISI) signal and expressed as

y(t) = C;(t) + z1s1,5(1), @)

where Cj(t) is the received molecular concentration of the
current jth symbol and can be expressed as

C;(t) = Ajh(t — jT). (8)

And zgr;(t) is the sum of the remaining molecular concentra-
tions of the previous symbols. The ISI signal can be expressed
here as

7j—1
asp(t) = Ah(t—iT), jT<t<(j+1T. (9
1=0

Additive counting noise is generated due to the random
motion of the information molecules. From [31], the total
noisy molecular concentration z(t) is given by

z(t) = Cj(t) + 2151, (1) + n(t), (10)

where n(t) is the non-stationary and signal-dependent additive
noise. According to the definition of Sp, in (1) we mentioned
before, when 2,3-DPG molecules arrive at the receiver area,
the blood oxygen saturation Sy can be expressed as

g _ Cmo, — f(M,1)
* Crvo, + CHp

where f(M,t) is the function which represents the decrease
part in HbO, concentration after the release of 2,3-DPG. This
function is related to both the molecular quantity M of the
released 2,3-DPG and the current time ¢.

Reference [26] gives a clear derivation of the relationship
between the concentration of 2,3-DPG and oxygen saturation,
which is too complex. We consider another way to calculate it
approximately. We adopt a model in [32] to calculate oxygen
saturation. In [32], the equation for the ODC describes the
oxygen saturation Sp, as a function of oxygen partial pressure

; Y

Po, relative to the half-saturation level Psg
Po
(p2)"
S0, = — o —, (12)
L4+ (52)"

where n is the Hill exponent. The value n = 2.7 was found to
fit well to the data for normal human blood in the saturation
range of 20-98%. According to [26], when pH = 7.24, Pco,
=40mmHg, T = 37 °C, the relationship between P5y and 2,3-
DPG concentration C' can be calculated as

Psp = 26.8+795.63(C' — 0.00465)

—19660.89(C' — 0.00465). (13)

From [33], Pp, in arterial blood is around 90 mmHg. Thus,
we can calculate the current Sp, as long as we know the
concentration of 2,3-DPG based on (12) and (13) when all
other conditions are certain, providing a theoretical basis for
the following calculation of mutual information quantities
when calculating 2,3-DPG directly.

The output decoding can also be performed based on the
general method of oximeter measurement. Two beams of light
with different wavelengths (red light and infrared light) are
used as the incident light in the measurement of blood oxygen
saturation. According to [25], when the wavelength of the
infrared light is taken near 805 nm, the blood oxygen saturation
can be expressed as

Lio/Ipe
Lo/ Ty
where A and B are expressions about the absorption coef-
ficient, which can generally be regarded as constants. ;\‘10
I;\f’c are respectively the pulsatile component of transmitted
light intensity when the light with a wavelength of A\; or A,
vertically enters the arterial blood of the fingertip of the human
body. 1 j}lc, I 320 are respectively the non-pulsatile component
of transmitted light intensity when the light with a wavelength
of A\ or Ay vertically enters the venous blood of the fingertip
of the human body. In this way, we can detect the oxygen
saturation at the receiver as S,. The decision equation of the
receiver is

So, = A % B, (14)

15)

. [bit17, S, < Sy,
bit“0”, Sy, > S,

where Sy, is the receiver’s decision threshold and Z is recov-
ered signal. In a time interval, if S, > Sy, is detected, the bit
received in this time period is considered to be 0. Otherwise,
it is 1.

IV. MUTUAL INFORMATION FOR PROPOSED SYSTEM

In this section, the mutual information of the designed
communication system is derived and calculated.

In information theory, MI of two random variables is a
measure of interdependence between two variables. More
specifically, it measures the amount of information that can
be obtained about one random variable by observing another
random variable. From a system-wide perspective, MI repre-
sents the reduction in uncertainty of the entire system after
communication. It measures the information shared between
two random variables, X and Y. When the value of one
random variable is known, it reduces the uncertainty of the
other random variable. In a communication system, if we use
X to represent the information sent by the transmitter and Y
to represent the information received by the receiver, then MI
between these two variables X and Y is closely related to
the statistical characteristics of the channel in our constructed
communication system.

We mentioned before that the blood oxygen saturation is
measured by the optical detection method at the receiver. The
receiver of the actual system should be outside the human
body. Here, in order to calculate the number of 2,3-DPG



molecules in the blood vessel detected by the receiver, we
assume a cylindrical receptive space with radius r, height
h, and volume Vg = 7r2h is used to statistically calculate
the number of molecules of 2,3-DPG. The purpose of using
a cylindrical space is to characterize the number of 2,3-
DPG molecules in the area where the light enters the blood
vessel to make it more intuitive. In fact, the choice of the
shape of the space does not make much difference to the
simulation. Moreover, the concentration of molecules in this
receptive space is uniform. This assumption is widely adopted
in literature such as [34], [35]. So the number of noise-free
molecules N (t) received at the receiver can be expressed as

N(t) = y(t) x V. (16)

We have referred in section III that due to the random
movement of information molecules, an additive counting
noise is generated. The number of received molecules in the
reception space affected by noise is represented by N (1),
which follows a Poisson distribution [36]. The mean and
variance of this random variable are both equal to N (¢). If we
assume that N (¢) is big enough, N (¢) could be approximated
as a normal distribution [31], i.e.,

N(t) ~ N(N(t),N(t)). (17)

Thus the additive noise ngt) follows a zero mean normal

distribution n(t) ~ A0, T¥]. With (16), we can further
R

obtain

y(t)
n(t) ) ViR

This system is a static molecular communication system
under the influence of blood flow rate, and its CIR is shown
in (4). The probability of sending symbol “1” (event H;) and
symbol “0” (event Hy) is

~ N0, =] (18)

b1 = P(H1)7
po = P(Hp).

We assume that ISI mitigation techniques are used to fully
mitigate the impact of ISI on the received signal [37], the
expected peak concentration of the current symbol is expressed
as

19)

C? CJO (jT + tpeak) = th(tpeak)y
le (]T + tpeak) = Alh(tpeak)

for symbol “0” and symbol “1” respectively.

Here cg? and cjl- are the average received peak concentrations
of the jth symbol interval for symbol “0” and symbol “1”
respectively. Same as in (8), C(t) is the concentration of
molecules received when the current jth symbol is 1, and
C’?(t) is the concentration of molecules received when the
current jth symbol is 0.

As shown in (18), in order to calculate the signal-dependent
noise variances o and o1, the expected received peak concen-
tration is first calculated. The expected ISI amplitude of the
ith symbol at peak time ?pcak in the jth symbol interval is

2y

(20)

1
Cj

zigr; = (PoAo + p1A)h[(j — )T + tpeax]-

So the total ISI signal in the jth symbol interval can be
expressed as

Jj—1
o i
ZISLj = 2181,j
i=0
j—1

= (PoAo + p1A1) D h[(j = )T + tpea]-
i=0

(22)

Although ISI is mitigated in the peak concentration, its
contribution to noise cannot be simultaneously mitigated as
discussed above. Then the noise variance of symbols “1” and
“0” in jth symbol can be expressed as

1
(02)2 = 7R(02 + 21s1,5)
M
PN MG~ DT + tpea),

=0

Vr

1
= 73(031 + zis1,5)
1 =
—R[Mh@peak) +p1M D> (G — )T + tpear)],
=0
(23)

where O’? and O'Jl» are the variances of the received peak

concentrations of the jth symbol interval for symbol ”0” and
symbol ”1” respectively.

Due to the fact that the transmitter and receiver are static
in a static molecular communication scenario, the average
peak concentration of the received symbols “0” and “1” does
not vary depending on the time slot. This also means that
) and ¢ do not vary with j but maintain the same for
different symbol intervals. Therefore, we define pg and p
as the average received peak concentrations of symbol “0”
and symbol “1” respectively. Since we have adopted the OOK
modulation method, Ay, A; in (20) can be represented by the
value in (3), and then the average received peak concentrations
of symbol “0” and symbol “1” can be expressed as

= 0,
Mh(tpeax)-

Ho = €;

H1 =

= S0

(24)

J

We can clearly find that the distribution of signal molecules
received by the receiver for the bit “0” obeys a Gaussian
distribution with an average value of 0. But in theory, the
receiver we use in practical applications cannot receive signal
molecules with negative values. Although this problem can be
easily solved by modifying the modulation method, this article
uses the OOK modulation method, so we ignore this problem
for the time being and still try to use the normal distribution
to calculate MI when doing simulation.

We already mentioned that the transmitter and receiver are
static in this communication scenario, so the noise variance of
symbols “1” and “0” also does not vary with j. However, the
results in (23) seem to contradict our proposed conclusions.
But in fact, the farther the distance from the current jth
symbol, the less the contribution to ISI, and the smaller the
impact on the signal variance, so the distance from the current
jth symbol is too far away and can be ignored. In the actual



simulation, we consider the current signal and ISI effect can
last for q time slots. So the variance can be re-expressed as

(00)? = 5W§éhwf+%mx
LA
_ L

q
(01)* = o~ [Mh(tpeax) + p1M Y h(iT + thead)]. (25

VR i=0

In Section III, we have already mentioned that the de-
termination of blood oxygen saturation is achieved through
optical detection methods. The relationship between the con-
centration of 2,3-DPG molecules at the receiver and blood
oxygen saturation is determined, which can be approximated
as an inversely proportional relationship. Therefore, we detect
the signal by comparing the number of 2,3-DPG molecules
received within the jth symbol interval (represented as y;)
with the threshold (represented as y,). The symbols detected
by the system receiver can be represented as

b.t“l” . >
g _ ] . ”a Yi Z Yth (26)
bit“0”,  y; < Y.
The error probabilities of each symbol are
+o0 2
1 —(y — ko)
P,,(1]0) = / ex d
y( | ) e \/%O'O p[ 20_(2) )
_ Q (yth — Mo ) ,
0o
o1 —(y— /tl)Q}
P.,(0]1) = ex d
v(0[1) - Too p[ 207 y
=1-Q (yth_ul) ’ (27)
01

where Q(-) is the ) function.
Then the bit error probability of the entire communication
system, denoted as P,, can be expressed as

P, = p1Pyy(0]1) 4+ poPyry(1]0). (28)

According to probability theory, we can further calculate
the joint probability of X and Y, which can be expressed as

p(0,1) = poPyy(1]0)
_ (yth—uo>
=pQ| —— |,

go

p(l,O) :plpry (0‘1))
=p[l1-Q (yth_lil>]’

01

p(ovo) =Po (1 - Pacy(1|0))
=po[1—Q<M>],

00
p(1,1) = pi (1 — Pyy(0[1))
=mQ<%h’“). (29)
o1

Next, we can calculate the marginal probabilities p(z) and
p(y) by

(30)

Then, we can calculate the MI by

HXﬂ3:§:§:M%yM%J&5Qn

31
22 ppw) OV

where X is the random variable at the transmitter, and Y is
the random variable at the receiver in our system.

V. STIMULATION RESULTS

In this section, the bit error rate (BER) and MI of the
through-body communication system are evaluated by MAT-
LAB. The impacts of several important parameters such as
distance between the nanomachine and the receiver, blood flow
velocity, and decision threshold on BER in our communication
system are investigated. In addition, the impact of the above
parameters, symbol probability, and the number of released
molecules on MI is further analyzed and discussed.

On the selection of the parameter range, the distance be-
tween the nanomachine and receiver is chosen from 8 mm
to 12mm since the distance between the middle transverse
palmar branch and the distal transverse palmar branch is about
10.33 mm [38]. Considering that the reasonable range of the
blood flow velocity is from 30 mm/s to 126 mm/s [39], we
set the velocity from 60 mm/s to 100 mm/s. The molecular
diffusion coefficient is set as 200 mm?/s. As for the setting of
the receptive space, we chose a cylinder with a radius of Imm
and a height of 1.5mm [41]. Table I shows some important
parameters used in the simulation.

The relationship of decision threshold, the distance between
the nanomachine and the receiver, and BER is shown in Fig. 2.
Here, we define M in (3) as 50000 when the nanomachine
sends the symbol “1”. Symbol interval is chosen as 1 ms. The
probability that the transmitter sends symbol “1” and symbol
“0” are the same, both are 0.5. In this simulation, the blood
flow velocity was set as 80 mm/s. It can be seen from the figure
that the selection of the decision threshold has a great influence
on the performance of the whole system. When other param-
eters are stable, there is an optimal decision threshold in the
graph, which can minimize the error probability of the system.
Correspondingly, the distance between the nanomachine and
the receiver determines the minimum level limit of the system
bit error rate. The relationship of MI to the threshold is also
investigated which is shown in Fig. 3. It shows the opposite
trend to the error probability curve. When the appropriate
threshold is selected, the error probability decreases whereas
the MI increases with respect to the decrease of the distance
between the nanomachine and the receiver.

Fig. 4 and Fig. 5 show the relationship between decision
threshold and BER and MI with different blood flow velocities.
In this simulation, the distance between the nanomachine and
the receiver is set to 10 mm. Except for the blood flow velocity
and distance, the rest of the simulation parameters are the
same as the above simulation. Similar to what is shown in the
previous figure, when other parameters are stable, there is also
an optimal decision threshold, which can minimize the error
probability of the system and maximize the MI of the system.
The blood flow velocity determines the minimum level limit
of BER and the maximum level limit of MI. In this process,



TABLE I
STIMULATION PARAMETERS

Parameters Symbol Value
Distance between nanomachine and receiver d 8-12mm [38]
Blood flow velocity v 60-100 mm/s [39]
Diffusion coefficient D 200 mm?/s [40]
Number of 2,3-DPG molecules M 10000-50000
Radius of the receptive space T 1mm [41]
Height of the receptive space h 1.5mm [41]
Decision threshold Yth 0-15
Symbol interval T 1ms
Symbol probability of bit “1” p1 0.1-0.9
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Fig. 2. The relationship of the BER and the decision threshold for different
distances between nanomachine and receiver.
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Fig. 3. The relationship of the MI and the decision threshold for different
distances between nanomachine and receiver.
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Fig. 7. The relationship of the BER and the distance between nanomachine
and receiver for different blood flow velocities.

BER decreases with increasing blood flow velocity, while MI
increases with increasing blood flow velocity.

From the above simulations, it is not difficult to see that
the selection of the decision threshold is very important to the
entire simulation process. So in all the following simulation
tests, the decision thresholds we choose are calculated based
on other parameters in the current simulation to minimize
the system BER. This process can be achieved by giving the
system receiver different decision thresholds and calculating
the minimum value of BER when other parameters are certain.

After determining the decision threshold, the relationship
between BER and blood flow velocity is shown in Fig. 6.
It can be seen that as the increase of velocity v, the BER
decreases. This is because the increase of v leads to a larger
peak value in (5). It also speeds up the concentration decay to
reduce the influence of the long tail effect of signal molecules
when 2,3-DPG molecules diffuse. Therefore, the ISI effect is
reduced in this process and more molecules will be received at
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Fig. 8. The relationship of the MI and the symbol probability for different
distances between nanomachine and receiver.
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Fig. 9. The relationship of the MI and the symbol probability for different
blood flow velocities.

the receiver. It can also be seen that as the increase of distance
d, BER decreases in Fig. 7. Similar to the discussion process
for v, the increase of d leads to a smaller peak value C(t),
and further less 2,3-DPG molecules arriving at the receiver.
In Fig. 8 and Fig. 9, the impact of symbol probability, blood
flow velocity, and the distance between the nanomachine and
the receiver on the MI is investigated. It is not difficult to find
that MI first increases and then decreases with the increase of
symbol probability p;, and when p; = pg = 0.5, MI takes the
maximum value. It is obvious in Fig. 8 that the MI increases
as the distance decreases. In Fig. 9, we can find that the MI
increases as the velocity increases. There is another obvious
thing that the MI curve is not symmetric about p; = 0.5. For
example, for all five curves in Fig. 9, MI at p; = 0.1 is larger
than that at p; = 0.9 when the blood flow velocity is relatively
low. But as the speed increases, the MI at p; = 0.9 finally
exceeds that at p; = 0.1. The change of speed will have a
greater impact on 1 and o but has less impact on o, and no
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Fig. 10. The relationship of the MI and the symbol probability for different
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impact on po. When the probability of p; is high, this process
will also affect MI to a greater extent, making P, (0[1) <
P, (1]0) gradually become P,,(0[1) > P,,(1]0).

Fig. 10 shows the influence of symbol probability p; and
the number of 2,3-DPG molecules nanomachine released for
symbol “1” on ML It can be clearly seen that as the number
of released molecules increases, MI also increases. When the
number of released molecules increases to a certain extent, MI
basically remains unchanged. This is because when the number
of released molecules is small, the number of molecules
arriving at the receiver is also small, and the selection of
the judgment threshold is highly demanding, which is prone
to misjudgment. When the number of released molecules
increases, the distance between po and pq increases, the
probability of misjudgment decreases, and MI increases.

The impact of symbol probability and ISI effect are inves-
tigated and the result is shown in Fig. 11. It can be seen that
considering the ISI effect, the longer the ISI length, the smaller
the MI. This is easy to understand because ISI increases the
noise variance. Even if the ISI is completely eliminated after
the fact through the ISI mitigation method, its influence on the
noise cannot be eliminated. Increased noise variance increases
BER and reduces mutual information.

VI. CONCLUSION

In this paper, we propose a novel communication system
between a nanonetwork consisting of biosensors inside the hu-
man blood vessels and outside the human body. The nanoma-
chine acts as the transmitter in the blood vessel, sending sig-
nals by releasing 2,3-DPG to alter the blood oxygen saturation.
The outside receiver detects the blood oxygen saturation by
optical technology to make decisions. The framework of the
whole communication system is presented and mathematically
modeled. We calculate and simulate the bit error rate and
mutual information of the proposed model, and discuss the
influence of various important parameters such as decision
threshold, blood flow velocity, and simulation of transmitting
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Fig. 11. The relationship of the MI and the symbol probability with different
IST lengths.

and receiving distances on the bit error rate and mutual
information. This study is an exploration of the through-body
communication system for the principle of optical detection. In
our future work, we will conduct practical experimental tests
of this system design and consider experiments in live animals.
In addition, we are also considering further improvements to
the current 3-D advection-diffusion model by using a more
refined model of molecular diffusion in blood vessels.
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