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Abstract

The paper presents an analytical model of the terahertz (THz) communication channel (0.1
- 10 THz) for in-vivo nano-networks by considering the effect of noise on link quality and
information rate. The molecular absorption noise model for in-vivo nano-networks is devel-
oped based on the physical mechanisms of the noise present in the medium, which takes into
account both the radiation of the medium and the molecular absorption from the transmit-
ted signal. The signal-to-noise ratio (SNR) of the communication channel is investigated for
different power allocation schemes and the maximum achievable information rate is studied
to explore the potential of THz communication inside the human body. The obtained results
show that the information rate is inversely proportional to the transmission distance. Based
on the studies on channel performance, it can be concluded that the achievable transmission
distance of in-vivo THz nano-networks should be restrained to approximately 2 mm maxi-
mum, while the operation band of in-vivo THz nano-networks should be limited to the lower
band of the THz band. This motivates the utilisation of hierarchical/cooperative network-
ing concepts and hybrid communication techniques using molecular and electromagnetic
methods for future body-centric nano-networks.

Keywords: Body-centric communication, Nano-networks, Noise modelling, THz channel
modelling

1. Introduction

Nanotechnology is an emerging field of research with the potential to introduce entirely
new scientific innovations. Nanotechnology enables the miniaturization and fabrication of
devices in a scale ranging from one to a few hundred nanometres. The interconnection of
nano-devices in a network or nano-network will expand the capabilities and applications of
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individual nano-devices [1]. Due to the advantages of small size, bio-compatibility and bio-
stability, this small-scale network is especially promising in biomedical fields, such as medical
diagnostics and selective sickness treatment [2, 3]. Two main alternatives for communication
at nanoscale, namely molecular communication and electromagnetic (EM) communication
are proposed and widely explored. Intra-body wireless communication at the optical fre-
quencies has been studied in [4] showing that the propagation of EM waves at optical fre-
quencies inside the human body is mainly affected by the scattering from cells. The latest
advancements in graphene-based electronics have opened the door to EM communication
among nano-devices in the THz band inside human tissues [2]. Besides, the envisioned EM
nano-communication is handled in the THz band because of its non-ionisation hazards for
biological tissues and less susceptibility to some of the propagation effects (i.e., Rayleigh
scattering etc.) [5, 6]. Some studies have been conducted on the applicability of THz commu-
nication for biomedical applications in [2, 7, 8], which motivates further investigation on the
channel characterisation of the in-vivo nano-networks at the THz band and the development
of novel models for system performance assessment and link quality analysis.

To date, a limited number of studies have been performed on the channel characterisation
and model of nano-communication at the THz band. Channel modelling of the THz wave
propagating in the atmosphere with a different concentration of water vapour and the cor-
responding channel capacity for different power allocation schemes were studied in [9, 10].
Subsequently, both numerical and analytical EM channel modelling at the THz band for
in-body nano-communication were investigated in [11]. In order to quantify the potential of
the THz communication, and to proceed with realistic and accurate representation of the
actual capacity and channel model in the THz band, consideration of channel noise model
is necessary.

In the open literature, some studies have been performed on the THz channel noise char-
acterisation [9, 10, 11]. A noise model for nano-communication channels in the atmosphere
was first introduced in [9], approximating the noise temperature as the molecular absorp-
tion noise, which is considered as a basis in [12, 13]. The same noise model was applied
in [11, 14] to characterise the in-vivo nano-communication channel. However, this noise
model only takes into account the radiation energy from the medium and focuses on the
transformation of the energy directly into antenna temperature, while ignoring the molec-
ular absorption from the transmitted signal. The noise model was updated in [15] where
the statement was proposed that the molecular absorption noise is composed of the atmo-
spheric noise and the self-induced noise, and the molecular absorption of the transmitted
signal should be an additional noise source in the THz band. Such models were further
investigated and applied in [16, 17, 18] to evaluate the channel performance, such as mutual
information rate and bit error rate. However, the atmospheric noise is only valid for THz
communication in the atmosphere. Furthermore, a general background noise is provided
based on the physical causes and mechanisms behind the molecular absorption noise in [19],
which pave the way for the investigation on the noise model for the in-vivo scenario in this
paper. Nevertheless, the molecular absorption noise model developed in [19] is not fully
comprehensive, since the distance-dependent spreading path loss is not considered, which
should also be added in the energy conservation to provide a clearer and more complete
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understanding of the noise influence on the channel and network quality. The noise model
of in-vivo communication is studied based on the physical mechanism of the channel noise in
the medium, which takes into account both the radiation of the medium and the molecular
absorption from the transmitted signal in [20].

In this paper, the noise model for in-vivo nano-communication is developed, which is
considered as the combined results of the background noise and the self-induced noise.
The updated noise model is applied to calculate the Signal-to-Noise Ratio (SNR) of the
communication channel in order to evaluate the link quality. Furthermore, to quantify the
potential of the THz band for communication in the human body, the information rate with
a single user case has been studied.

The remainder of the paper is organised as follows. In section 2, the basics of molecular
absorption and path loss model for EM communication at the THz band is provided. The
physical mechanisms of the molecular absorption noise, the noise model for the in-vivo nano-
networks with the consideration of the physical background and derivation of the model is
developed and the molecular absorption noise power spectral density (p.s.d) for different
human tissues is discussed and analysed in section 3. SNR of the nano-communication
inside human tissues for different power allocation schemes is studied in section 4. The
information rate of the in-vivo nano-networks at the THz band is investigated in section 5.
Finally, the paper is concluded in section 6.

2. Theoretical and analytical considerations

In this section, the analysis of the end-to-end (including channel) noise model including
transmission, propagation and reception of the EM wave is performed. Considering the
complexity of the real human tissues, two assumptions are made here:

e A spherically symmetric propagation environment is assumed with the receiver at the
centre of the sphere and the transmitter at the distance r from the receiver.

e The antennas of the transmitter are assumed to be ideal isotropic ones.

2.1. Molecular absorption

Molecular absorption is a process that the EM energy is partially transformed to kinetic
energy internal to vibrating molecules [10], which can be described by the absorption coef-
ficient. Because the vibration frequencies at which a given molecule resonates change with
the internal structure of the molecule [10], this quantity depends on the frequency and gives
the THz band a unique frequency-selective spectral absorption profile. Given the absorption
coefficient, the amount of incident EM radiation that is capable of propagating through the
absorbing medium at a given frequency can be calculated. This parameter is defined by
transmittance, which is obtained by using the Beer-Lamberts law as [21, 22],

(. f) = e 0

where f is the frequency of the EM wave, r stands for the total path length and «(f) is the
absorption coefficient.
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Figure 1: Molecular absorption coefficient as a function of frequency of human blood, skin and fat

Molecular absorption causes attenuation to signals, which can be obtained from the
transmittance of the medium 7 given by (1), when travelling a distance r as [9, 10],

_ 1 e

Aabs(r7 f) - 7_(7,7 f) =e€ (2)

In this paper body-centric nano-networks are focused on human blood, skin and fat tis-
sues and their absorption coefficient at the frequency band of interest are shown in Fig.
1. The details on the calculation of the absorption coefficient for human blood, skin and
fat tissues can be found in [11, 14]. Compared to the absorption coefficient in the atmo-
sphere provided in [10], on the one hand, the absorption coefficient in human tissues can
be thousands times of that in air at the same frequency. On the other hand, different from
the thousand resonant peaks of water vapour over the THz band, the absorption coeffi-
cient of human tissues increases with frequency much more steadily. It gives in-vivo THz
communication some peculiar behaviours, which will be presented in the following sections.

2.2. Path loss

The path loss in human tissues is divided into two parts: the spreading loss and molecular
absorption loss [9]. The spreading loss is a part of attenuation, caused by the expansion of
a wave propagating through the medium and it can be calculated from the modified Friis

transmission equation [22],

drnfr o,
Aspr (1, ) = (— ) (3)

where f is the frequency of the EM wave and n is the corresponding refractive index of

the THz wave in the human tissue medium. 472 denotes the isotropic expansion term and

4r(nf/c)? stands for the frequency dependent receiver antenna aperture term. Considering

the attenuation, the total path loss can be described as,

drnfr
c

APL (Tv f) - ASPT (Tv f)AabS(r7 f) = ( )2€a(f)r (4)
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and the expected received signal power can be represented by [23],

Palr) = [ S e )

where S(f) is the transmitted signal p.s.d from the transmitter antenna and B is the channel
bandwidth.

The dependency of the channel path loss on the distance and the frequency has also been
illustrated in [11]. Due to the significantly high absorption coefficient in human tissues, the
path loss suffers more from the molecular absorption loss than the spreading loss. More
specifically, at the same frequency and transmission distance, the exponential loss caused
by the molecular absorption is approximately double the spreading loss contributions to
the path loss. Furthermore, it is demonstrated that the path loss increases with both the
transmission distance and frequency and that the path loss would reach 80 dB when the
transmission distance increases to 2 mm for all the three different human tissues [11].

3. Molecular absorption noise

3.1. Noise model

The noise in the THz band is primarily contributed by the molecular absorption noise.
This kind of noise is caused by vibrating molecules which partially reradiate the energy
that has been previously absorbed [10]. Thus, this noise is dependent on the transmitted
signal. The total molecular absorption noise p.s.d. Sy is proposed to be contributed by the
atmospheric noise Syo and the self-induced noise Sy in [15], and can be obtained as,

Sn(r, f) = Sno(r, f) + Sni(r, f) (6)

C

Var fo
Swi(r.f) = S(f)L = e D) ()2 ®)
wfr
where r refers to the propagation distance, f stands for the frequency of the EM wave,
kp is the Boltzmann constant, Tj is the reference temperature of the medium, «(f) is the
absorption coefficient, c¢ is the speed of light in vacuum, f; is the design centre frequency,
and S is the p.s.d of the transmitted signal.

The atmospheric noise is caused by the temperature of the absorbing atmosphere, making
the atmosphere (or any medium) an effective black body radiator in homogeneously absorb-
ing medium (in the frequency domain) [19]. This atmospheric noise is therefore known as a
background noise, which is independent of the transmitted signal. However, the noise model
in (7) is only a special case for THz communication in air. Without loss of generality, the
term kg Tp should be replaced with the Plancks law, since it is a general radiative function of

the surface of the black body [19]. Consequently, it is believed that the molecular absorption
noise is contributed by the background noise and the self-induced noise.

5
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The background noise caused by the radiation of the medium can be described by the
Planck’s function [24],
_ 2hmw 2 nt

B(Ty, ) = =5 (e — 1) )

where kg is the Boltzmann’s constant and A is Planck constant. Planck’s function is multi-
plied with 7 to transform the unit from W/Hz/em?/sr to W/Hz/cm?.

For simplicity, the transmission medium is assumed to be an isothermal and a homoge-
neous layer with the thickness r. As mentioned above, this background noise is generated
by the radiation of the local sources of the medium and it is assumed that this radiation is
only from the original energy state of the molecules before transmission happens; thus it is
independent of the transmitted signal. The background noise can be described as [24],

&MﬁzéBmwmmews
= B(Ty, /)(1 — e~y ~ B(Ty, f)

(10)

The integral in (10) describes the noise intensity at the centre of a sphere with a radius r,
given all the points s in the medium contribute to the noise intensity. Since this is obtained by
the Planck’s function, the unit of the background noise p.s.d is W/Hz/cm?. The background
noise can be further approximated by taking into account the (ideal) antenna aperture term
c? /(47 fy)? to get the background noise p.s.d with the unit W/Hz [19],

02

Sn(f) = B(Toyf)m (11)

In terms of the induction mechanism of the self-induced noise, the internal vibration
of the molecules turns into the emission of EM radiation at the same frequency of the
incident waves that provoked this motion [9, 10]. It is obtained with the assumption that
all the absorbed energy from the transmitted signal received at the receiver would turn into
molecular absorption noise as shown in (8), where (477 f/c)? accounts for the spreading loss.

In addition to the molecular absorption noise, there are other noise sources that can
affect the communication performance, such as the device noise. A number of prototypes of
antennas emitting at the THz band available today are built with conventional materials.
In this case, the Johnson-Nyquist thermal noise should be taken into account as a source of
noise [13]. However, with the development of new materials, it is possible that the thermal
noise can be neglected with the use of graphene and its derivatives to create THz antennas.
Graphene-based nanostructures allow the ballistic transport of electrons, leading to very low
thermal noise in the device; thus, it is reasonably expected that the noise is minor [25, 26].
Therefore, the molecular absorption noise in the transmission is the dominant contributor
to noise at the receiver.

3.2. In-vivo scenario

With regards to the in-vivo scenario, the speed of light in the human body could change
with the composition of the medium and the frequency of the THz wave. Therefore, c is

6



replaced with ¢/n in (7-9) and (11), which results in that the total molecular absorption
noise p.s.d. Sy is contributed by the background noise Sy and the self-induced noise Sy,
and can be represented as,

Sn(r, f) = Snu(r) + Sns(r, f) (12)

Sni(f) = B(To, f)( )? (13)

\/Enofo
Swalr, ) = ()1 = e 0n) (2 (14)

where n is the corresponding refractive index of the THz wave in the medium, when the
frequency is f, fo is the design centre frequency and ng is the corresponding refractive index.

It is clearly shown that the background noise depends on the temperature and compo-
sition of the medium in (14). It is assumed that the human tissues are isothermal; thus,
the background noise changes slightly with the refractive index in different transmission
mediums. Moreover, the self-induced noise is dependent on the transmitted signal and for
simplicity in this section only transmitted signal with flat p.s.d over the entire frequency is
considered to comparatively illustrate the difference between these two kinds of noise. To
keep the numerical results realistic, and in light of the state of the art in nano-transceivers,
the flat power is adopted with the total energy equal to 1 pJ and the pulse duration be 100
fs [27, 28]. The background noise and self-induced noise p.s.d for human blood, skin and
fat tissues are shown in Fig. 2 and Fig. 3, respectively.

From Fig. 2, it can be clearly seen that the background noise p.s.d is almost the same
in different kinds of tissue, because the slight difference of refractive index does not play
a significant role in (14). Besides, when sharing the same transmitted signal power, the
self-induced noise slightly increases from blood to fat, because the absorption coefficient and
refractive index increase with the water concentration in the medium and comparatively
blood has higher water proportion than skin and fat. More importantly, it can be seen from
Fig. 3 that the noise p.s.d has a steady change with frequency, which is different from the
abrupt fluctuation of THz communication in air as shown in [10].The reason is that the
molecular absorption coefficient has steady increase over the frequency of interest. Further-
more, the self-induced noise p.s.d decreases with distance. Because the self-induced noise
is directly proportional to the transmitted signal, and the signal is inversely proportional
to the transmission distance. Thus, the self-induced noise is inversely proportional to the
distance.

Moreover, comparing Fig. 2 with Fig. 3, the self-induced noise p.s.d is about seven
orders of magnitude higher than the background noise in all these different human tissues.
The main reason is that the transmitted pulse energy is chosen to be high enough in order
for better information transmission. In this case, it can be concluded that the self-induced
noise is the dominant noise source and the background noise is negligible in the THz band
for in-vivo nano-networks.
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The molecular absorption noise p.s.d for these considered tissues is illustrated in Fig. 4,
which is almost the same with the self-induced noise p.s.d. This highlights the fact that the
background noise can be discarded in our analysis.

4. Power allocation and Signal-to-noise ratio

For the general communication systems, besides the effect of both path loss and noise,
communication capabilities are also strictly influenced by the distribution of power trans-
mission Pr in the frequency domain [29]. As discussed in section 3, it is clear that the
molecular absorption noise is directly related to the transmitted signal, and when the trans-
mitted signal is high enough, the self-induced noise could be the only noise source in the
channel; thus, in this section, two communication schemes (namely, flat and pulse-based)
are considered to investigate the SNR of the in-vivo communication at the THz band.

4.1. Flat communication

In the simplest case, the total transmitted signal power Py is uniformly distributed over
the entire operative band (0.5-1.5 THz). Thus the corresponding transmitted signal p.s.d is,

Stat(f) = Pr/Bforf € B,0otherwise (15)

4.2. Pulse-based communication

The transmitted signal can be modelled with an nth derivative of a Gaussian-shape:
o(f) = (27 f)?nel=277/)°[5]. Thus, the signal p.s.d can be expressed as [10],

SI(f) = ago(f) (16)

where ¢ and a? are the standard deviation of Gaussian pulse and a normalising constant,
respectively. Considering that [ ; M SI(D")( f)df = Pr, the normalising constant is obtained as

[5],
Pr

el

In the subsequent simulation, as described in section 3, the total energy and the pulse
duration of the flat power is equal to 1 pJ and 100 fs, respectively. Meanwhile, for the
Gaussian pulse-based transmission scheme, the derivative order n and the standard deviation
of the Gaussian pulse o are set to 4 and 0.15, respectively.

(17)

2
Qg

4.3. Signal-to-noise ratio

In order to analyse the communication performance, especially the achievable commu-
nication range, SNR of the in-vivo communication channel is investigated, which can be
written as a function of the transmission distance and frequency,

S(H)ApL(r. f)
SN<T7 f)

SNR(r, f) = (18)
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where S stands for the p.s.d of the transmitted signal, Ap; denotes the channel path loss
and Sy refers to the molecular absorption noise p.s.d.

In our analysis, because the pulse energy is high enough to enable the background noise
to be neglected and the self-induced noise is the dominant noise source for in-vivo nano-
networks and the self-induced noise is directly proportional to the transmitted signal, with
the simplification of (18), it can be easily concluded that SNR is independent of the trans-
mitted signal under this circumstance.

For the considered human tissue types, i.e., blood, skin and fat, the two communication
schemes (flat and Gaussian-shaped pluses) result in similar SNR values as shown in Fig.
5. It allows us to conclude that the SNR can be independent of the transmitted signal
power, when high pulse energy is transmitted, which enables the self-induced noise to be
the dominant noise source for the in-vivo nano-networks at the THz band.

T T T T T T T T
-10% —%— 0.5THz |q 10 —%—0.5THz
{ B

SNR(dB)
SNR(dB)

250 . . . . . 250 . . . . .
0.5 0.75 1 1.25 1.5 1.75 2 0.5 0.75 1 1.25 15 1.75 2

Dist.(mm) Dist.(mm)

(a) Flat pulse (b) Gaussian pulse

Figure 5: Channel SNR as a function of transmission distance for different power allocation schemes in
human human blood (red), skin (blue) and fat (green) tissues

Furthermore, the SNR decreases with the increase of the distance and the frequency
regardless of the composition of the human tissues. Apart from the dependence on the
transmission distance and frequency, the water concentration in the medium also plays a
significant role. Table. 1 summarises the typical SNR for THz communication in human
skin, fat and blood tissues at different transmission distances for three frequencies (0.5, 1
and 1.5 THz). Comparatively, the SNR in human skin is lower than the case in human
fat at the same distance and frequency due to the lower water concentration in human skin
tissue, and the values reduce below -80 dB at 1.5 THz, when the transmission distance tends
to 2 mm for both skin and fat. However, the SNR of human blood with the highest water
concentration represents severe scenario: the value reduces much faster, which is around -80
dB at 1THz for distance of 1 mm but drops to -239 dB at 1.5 THz, with the transmission
distance going to 2 mm. It is indicated that SNR degrades rapidly with the increase of the
water concentration in the communication medium.
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Table 1: Signal-to-noise ration of human blood, skin and fat

Tissues Blood SNR (dB) Skin SNR (dB) Fat SNR (dB)
Freq. (THz) | lmm | 1.5 mm |[2mm | lmm | 1.5 mm | 2mm | 1 mm | 1.5 mm | 2 mm
0.5 -65 -98 -130 | -35 -52 -70 -24 -36 -48
1 -93 -140 -187 | -48 -72 -96 -35 -52 -70
1.5 -120 -180 -239 | -61 -91 -122 | -48 -72 -96

In light of the state of the art in communication devices and to an effort to make the
in-vivo THz nano-networks realistic, it can be concluded that the maximum achievable
transmission distance of in-vivo THz nano-networks should be restrained to approximately
1 to 2 mm. While more specific transmission distance limitation depends on the composition
of the transmission medium especially the water concentration of the medium; the operation
band of in-vivo THz nano-networks is limited to the lower band of the THz band, which
tends to be about 1 THz. The results further encourage the use of cooperative networking
and also hybrid communication techniques using molecular and EM methods.

Although the communication distance is strongly limited in the THz band, this distance
is estimated to be sufficient for the dense in-vivo nano-networks. For example, in Wire-
less Nano-sensor Networks (WNSNs), the density of nano nodes is extremely high, which
is in the order of hundreds of nano-sensors per square millimetre [16], hence making the
communication distance acceptable in nano-networks.

5. Information rate

In order to evaluate the effect of the molecular absorption noise on the performance of
THz communication inside the human body, the communication scheme is taken into account
in this section. Due to the fact that nano-communication at the THz band is strictly energy
and distance limited, hence carrier-less communication scheme can be better adapted [30].
Based on the expected capabilities of an EM nano-transceiver, TS-OOK is proposed to be
the communication scheme, where a logical “1” is transmitted by using a femtosecond-long
pulse and a logical “0” is transmitted as silence[16].

As the molecular absorption noise is dependent on the transmitted signal, the theory
using SNR to calculate channel capacity is not valid. Alternatively, the maximal mutual
information rate is calculated by the transmitted and received signals to quantify the po-
tential of THz band for communication inside the human body with the use of TS-OOK
communication paradigm.

Utilising TS-OOK, only the background noise is present, when transmitting silence for a
logical “0”, and the noise power can be obtained by integration of (13) over the bandwidth
as,

2

C
2df

Mo = /B B, f)47T(”0fo)

(19)

13



While both the background noise and the self-induced noise are present, when transmit-
ting a pulse for a logical “1”, and the noise power can be written as,

c2

4m(no fo)?

where B is the channel bandwidth.
The maximum achievable information rate in bit/symbol of a communication system for
a specific modulation scheme is given by the well-known Shannon Limit Theorem [31],

C

+S5(f)1 - e_a(f)T(W

m:éwmj> 2)df (20)

IR =mazxx {H(X)— H(X | Y)} [bit/symbol] (21)

where X refers to the source of information, Y stands for the output of the channel, H(X)
refers to the entropy of the source X, and H(X|Y') stands for the conditional entropy of
X given Y or the equivocation of the channel. When using TS-OOK, the source X can be
modeled as a discrete binary random variable. Therefore, the entropy of the source H(X)
is given by [31],

1
HIX) = =3 px(wn)logspx (wm) (22)
m=0
where py(x,,) refers to the probability of transmitting the symbol m = 0,1, i.e., the prob-
ability to stay silent or to transmit a pulse, respectively.
Since the molecular absorption noise can be modelled as Additive Coloured Gaussian
Noise (ACGN) [32], the probability density function (p.d.f) N of the molecular absorption
noise at the receiver conditioned to the transmission of symbol z,, is given by [33],

1 n2

T 2Nm 23
\/27TNm€ (23)

where n refers to noise and N, refers to the molecular absorption noise power when symbol
m is transmitted in (19-20).

When considering a 1-bit hard receiver based on power detection, the system becomes a
Binary Asymmetric Channel (BAC) and Y is a discrete random variable. This channel can
be fully characterised by the four transition probabilities [33],

| X =an) =

th2
py(Y =0|X=0)= fr(y | X =0)dy

thl
py(Yzl’X:O):l—py(Y:(HX:O)

he (24)
pY(Y:0|X:1): fy(y|X:O)dy

thl
py(Yzl|X:1):1—py(Y:O|X:1)
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where th; and thy are two threshold values and fy(y | X = z) is the p.d.f of the channel
output Y conditioned to the transmission of the symbol X = x, which is given by [33],

1 (’ﬂ*ﬂm>2
e ?Nm (25)
V21N,

where 0 stands for the Dirac delta function, a,, refers to the received symbol amplitude,
obtained from (5).

Contrary to the classical symmetric additive Gaussian noise channel, in the asymmetric
channel, there are two points at which fy(y | X = 0) and fy(y | X = 1) intersect. It
is considered these thresholds to be defined for the case without interference [33]. There-
fore, thy and thy can be analytically computed from the intersection between two Gaussian
distribution N (0, Ny) and N(0, N7 ) respectively, which results in [33],

fry| X =zm) =0y —an) x fx(n=y| X =2,) =

CLlN()
thy s =
1,2 No — N,
5 N 5 N 2 (26)
\/QNONllogN—(l) — 2NZN1log %t + a?No N,
+
No— N,

The equivocation of the channel H(X |Y') for the BAC is given by [33],

Hpac(X |Y) =) py(V =y| X = 2)px(X = z)
y=0 =0 (27)
" (Zf,opy(Y =y X =qpx(X = q))
g2 py(Y=y| X =2)px(X =2)

Finally, the maximum achievable information rate in bit/second is obtained by multiply-
ing the rate in bit/symbol (21) by the rate at which symbols are transmitted, R = 1/Ts =
1/(BT,), where T is the time between symbols, T, is the pulse length, and f is the ratio
between them. If we assume that the BT, ~ 1, where B stands for the channel bandwidth,
the rate in bit/second is given by [33],

IR, = g[ Ry,
If =1, i.e., all the symbols (pulses or silences) are transmitted in a burst, and the
maximum rate per nano-device is achieved, provided that the incoming information rate
and the read-out rate to and from the nano-transceiver can match the channel rate. By
increasing [, the single-user rate is reduced, but the requirements on the transceiver are
greatly relaxed.
In this paper, the bandwidth of the THz communication channel is considered to be 1
THz, and the information rate for three considered human tissues has been studied and
the results are shown in Fig. 6. It can be clearly seen that the information rate tends to
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be 1 Terabits per second (Thps) for communication in three kinds of human tissue, when
the communication distance is 0.5 mm. The information rate decreases steadily with the
transmission distance regardless of the medium type, and reaches about 0.96 Thps when
the transmission distance is further increased to 2 mm. Differently, the information rate
presents the best case in human fat, because it has the least water concentration comparing
with human blood and skin. The main reason for such high information rate is the extremely
high bandwidth for the THz communication. The obtained information rate indicates that
complex tasks can be completed in the envisioned nano-communication inside the human
body by the high ability of successfully transmitting information over the communication
channel.
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Figure 6: Information rate as a function of transmission distance for different human tissues

6. Conclusion

In this paper, the molecular absorption noise model for the in-vivo nano-communication
links and investigation on the physical principles and mathematical derivations of the back-
ground and self-induced noise are presented. The channel noise is dominantly contributed by
the self-induced noise and is dependent on the transmitted signal power allocation schemes,
which motivates the investigation of SNR on different transmitted power schemes. The
study highlights that the SNR is independent of the power allocation schemes mainly be-
cause of the signal-dependent molecular absorption. Moreover, the results indicate that
the maximum achievable transmission distance of in-vivo THz nano-networks should be re-
strained to approximately 1 to 2 mm. While more specific transmission distance limitation
depends on the composition of the transmission medium, especially the water concentration
of the medium; and the operation band of in-vivo THz nano-networks is limited to the lower
band of the THz band, which tends to be about 1 THz. The information rate decreases
steadily with the transmission distance regardless of the medium type, and reaches about
0.96 Tbps when the transmission distance is further increased to 2 mm. These results moti-
vate further analysis in hierarchical/cooperative networking and the development of hybrid
communication techniques 7.e., a combination of molecular and EM methods.
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