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Abstract

In this thesis we develop a mathematical model of the physical layer
for an in-body nano-machine (NM) communication. The purpose is
finding what modulation and detection schemes are suitable for ap-
plication in the body and discovering what factors limit the feasible
communication distance. Inside the body, the NMs use small antennas
operating in the THz frequency spectrum. They have limited energy
resources and low computational power and must fulfill their task in
a challenging environment with large absorption losses. By employ-
ing on-off-keying pulse modulation and small integrating receiver cir-
cuits, it is possible to consume minimal energy while being able com-
municate over small distances of a few mms. This is shown through
a simulation of a point to point nano-communication link. We also
demonstrate how connecting several NMs in a network and employ-
ing amplify-and-forward relaying can facilitate communication over
larger distances. The final analysis shows that communication inside
the body is possible over short distances, a few mms at most, but trans-
mitting a signal strong enough to connect a NM network to an external
terminal may prove challenging.



Sammanfattning

Det hdr examensarbetet beskriver en matematisk model av det fysiska
lagret for kommunikation mellan nano maskiner i manniskokroppen.
Syftet dr att faststilla vilka typer av modulations- och detektionsalgo-
ritmer som dr mdojliga att anvanda och att forsta vilka faktorer som
begransar mojligheten for nanomaskiner att kommunicera 6ver lang-
re avstdnd. Nanomaskinerna anvander mycket smd antenner i tera-
hertzspektrumet. De har vildigt begransade energiresurser, liten be-
rakningskraft och maste kunna fungera i en utmanande miljo med
stora absorptionsforluster. Genom att anvianda sig av On-Off-Keying,
pulsmodulering och smd integrationskretsar gar det att kommunice-
ra Over sma avstdnd i storleksordningen ndgra mm och fortfarande
anvinda véldigt lite energi. Detta visas genom en simulering av en
kommunikationslank mellan tvd nanomaskiner. Vi demonstrerar dven
hur man genom att koppla ihop flera nanomaskiner i ett nitverk och
anvinda sig av Amplify-and-Forward relder kan kommunicera over
storre avstand. Slutsatsen av arbetet dr att det d4r mojligt for nanoma-
skiner i kroppen att kommunicera dver korta avstand i storleksord-
ningen ndgra mm. Att skicka en signal stark nog for att mojliggora ett
nanondtverk att trddlost kommunicera med en terminal utanfoér krop-
pen dr dock en uppgift som blir svar att 16sa.
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Chapter 1

Introduction

1.1 Background

The idea of molecular communications or nano-networks, as a new
paradigm for engineered biological (in-vivo) nanomachines (NMs) that
communicate with each other and with natural biological systems, is
attracting increasing research attention and raises commercial inter-
ests[16]. It is expected that in the near future it will be possible to im-
plant engineered NMs into a closed environment such as the human
body. There they can perform simple but important tasks of actua-
tion, sensing and computation. The concept of NMs include purified
protein molecules, genetically bio-engineered cells, artificial protocells
and bio-silicon hybrid devices. They can interact with existing bio-
logical systems to enable new important functions such as delivering
medicine, forming bio-sensing networks measuring important health
care parameters (for example glucose levels and ocular pressure) and
forming actuator networks [5]. A network of NMs communicating
using electromagnetic waves is often referred to as a wireless nano-
sensor network (WNSN).

The NMs will need to be able to communicate with each other in-
side the body in order for them to fulfill their functions. There are
several possible ways of making NMs communicate such as molecu-
lar communication which is similar to how cells in the body naturally
communicate or acoustic communication using sound waves. The the-
ory of electromagnetic communication and system design however is
the most developed one. It has the advantage of making it easy to pro-
pose ideas and evaluate the performance of the electromagnetic com-



2 CHAPTER 1. INTRODUCTION

s

':'5""*5 )

A

- In-Body Network
B®)) implantable device

9)) device of Body Area Network
B®) gateway

!)) analysis and control station

4
D

x nano communication

Figure 1.1: It is envisioned that in the future nano-networks will be
able to perform important medical functions inside the body and com-
municate with an external terminal.

munication system. Although using electromagnetic waves is attrac-
tive, existing wireless technology must be adopted to the nanoscale en-
vironment [4]. This introduces constraints on available computational
and transmission power due to the requirements on device and an-
tenna size of the NMs, their limited energy budget and the frequency
bands that may be used for nanoscale communication[15]. The modu-
lation and signal detection techniques used although similar to already
existing wireless technologies require new systems to be designed to
work on the nanoscale. In this project we explore how the NMs may
be able to communicate to each other. The WNSN could perhaps also
communicate to devices located on or outside the body (such as a
smart phone or a laptop) in order to transmit data to a user and to
receive information and commands from control units. An image of
a connected WNSN which enables future medical IoT applications is
shown in figure 1.1.
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1.2 Problem Formulation

In this project we help develop an electromagnetic wave-based way of
communication between NMs inside the human body. We explore if
and how it is possible to transmit information between in-body NMs
and outside-the-body devices. To this end we aim to answer the fol-
lowing questions: What are the constraints imposed on the physical
layer in NM communications and what is required of an algorithm to
be applicable to NMs? How do we best design the modulation, signal
detection and channel coding to work on the nano-scale? Is it possi-
ble to make the NMs work together and use cooperative transmission
schemes to connect a WNSN to an external device?

1.3 Goals

The goal of the thesis is to design signal transmission and reception
techniques which work on the nanoscale and classify the performances
of different physical layer algorithms. To do this, a mathematical model
of communication between NMs must be developed. A simulation
environment in Matlab of this mathematical model is used to numeri-
cally evaluate the performance of the suggested communication scheme.
An expected deliverable of the project is a mathematical model
of communication between NMs inside the body and from NMs in-
side the body to external terminals. A Matlab simulation environ-
ment of this model will be created in order to test the performance of
promising physical layer algorithms. The performance of the physical
layer algorithms will be evaluated using performance metrics such as
signal-to-noise ratio (SNR), bit error rate (BER) and energy efficiency.

1.3.1 Benefits, Ethics and Sustainability

This thesis presents research at a very early development stage. There
are no networks of operational nano-machines. However generation
of motion, molecule detection and measurements inside a person may
be performed by NMs and it is envisioned that this will create new
possibilities for future nano-medical applications. The outcome of this
project is likely to benefit developers of NMs and companies respon-
sible for the communication networks of NMs. Exactly how NMs and
WNSNSs in the future will come to benefit mankind remains to be seen.
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1.4 Methodology

The work was carried out at Ericsson Radio Research and at the De-
partment of Automatic Control of KTH Royal Institute of Technology.
Nano-communications is a relatively new research area and this thesis
is a theoretical study of applicable methods for electromagnetic com-
munication. In order to investigate the nano- communication system a
mathematical model depicting a nano- communication link or a nano-
communication network is created and implemented in Matlab. The
numerical results of the simulations are then used to evaluate the per-
formance of the proposed algorithms. The propagation channel mod-
els used herein are derived from relevant research papers and our re-
sults depend on their validity. However, our physical layer algorithms
are often taken from different areas of digital communications before
adopting them to the nano-scale.

1.5 A Note on The Scope of the Present The-
sis Report

The scope of this thesis is rather broad because the concept of physical
layer algorithms contain several different parts. We use existing chan-
nel models of certain tissues of the human body at specific Terahertz
bandwidths. Assumptions on NM capabilities have been developed
by others and are postulated. The scope of this thesis is point-to-point
communication link and relay network. It is an early stage feasibil-
ity study of a NM communication system, but the simulations are re-
stricted to not include interference between nano-machines. Deduc-
tive reasoning is sometimes used to motivate how a system parameter
might influence or can be influenced by the interference in the system,
although the numerical investigation of this issue is outside the scope
of this thesis.

1.6 Outline

The different parts of a nano-communication system make up the chap-
ters of the thesis. In Chapter 2 we will discuss theoretical background
material that is essential to understanding the thesis. This includes
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the physical capabilities of the nano-machines and the channel model.
Both are needed in order to understand the physical layer algorithms
but they are not a subject of investigation in the thesis. In Chapter
3 the design of a point-to-point nano-communication link is set up.
We discuss the channel model, signal modulation and detection algo-
rithms in details, and simulate the link in Matlab. In Chapter 4 we
discuss networks of NMs and the feasibility of cooperative communi-
cation schemes using nano relays to improve the system performance,
where NMs are enabled to connect to external devices. General con-
clusions and suggestions for future work are made in Chapter 5.



Chapter 2

Theoretical Background

2.1 Modulation

The transfer of information in wireless nano-sensor networks is con-
veyed through the process of modulation. Because of the small size of
the nano-machines and due to the recent developments in graphene
based antennas, electromagnetic transmission in the THz frequency
band is seen as a feasible option. The motivation for using THz fre-
quencies for communication between NMs is the fact that reducing
the size of an antenna down to a few hundreds of nanometers leads
to extremely high operating frequencies. New nano-antennas based
on graphene can have resonant frequencies up to two orders of mag-
nitude below that of nano-antennas fabricated with other materials.
Studies point to the THz band (0.1-10 THz) as the frequency range of
operation of these novel nano-antennas. These frequency bands are
currently unallocated and can potentially support very high capacities
due to the available wide bandwidth [2]. However, nano-machines are
very simple, and therefore the modulation and demodulation of com-
munication between nano-machines have to be very simple. In addi-
tion, in-vivo communication at the THz band is limited in range due to
the large path loss which drastically reduces the received signal power
and limits the possible communication distance to some millimeters.
When designing a communication system, it is important that the
system is efficient not just in general but for its intended purpose. This
means that each communication system has a different set of require-
ments and restrictions to account for. For most wireless systems, such
as telecommunication networks, there are often many users who have
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to share a limited bandwidth with each other. This means that each
user in the network needs to communicate in a spectrally efficient way
to achieve the highest possible reliable transmission rates by exploiting
the available radio resources. This is a well developed research field
and many advanced modulation techniques such as quadrature am-
plitude modulation (QAM) and orthogonal frequency division mul-
tiplexing (OFDM) exist that can push the bit-rate to the limit while
limiting the interference. However, such techniques — while spectrally
efficient — are computationally demanding and not always power ef-
ficient. This is because they rely on using sinusoidal waves of certain
frequencies to transmit the information. Unfortunately, it takes a lot of
energy to continuously transmit sinusoidal waveforms.

For a WNSN operating in the THz frequency band the situation
is different. There is a huge bandwidth available and external users
will not be interfering with the network and the network itself will not
interfere with others. A problem is that the NMs have limited energy
reserves and low computational power and therefore require a simple
but power efficient transmission scheme.

2.1.1 On-Off Keying

We are — in accordance with other research papers — suggesting us-
ing pulse based modulation techniques for communication in WNSNs
[10]. The communication channel of the human body differs from that
of air, not only in the attenuation of the signal due to the path loss,
but also because the molecules present in the body absorb a lot of the
transmitted signal energy and then re-radiate it into the body, effec-
tively creating an induced noise source. Because of this induced noise,
impulse-based modulation schemes are seen as promising candidates.
This is because the re-radiation of the energy caused by the molecules
will interfere with sine-wave carriers. However, pulse-based commu-
nication systems using on-off-keying (OOK) are resistant to this phe-
nomenon, since the extra noise only occurs when transmitting a pulse,
but not when being silent. This will be discussed in greater detail in
Chapter 3.
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2.1.2 Energy Efficiency

A pulse is a signal of very limited time duration. The more time lim-
ited the pulse, the more bandwidth it occupies. Because we are operat-
ing in the THz frequency band inside the body, we may employ pulses
of duration in the order of picoseconds. Such short pulses are naturally
energy efficient, and can be stacked densely, which allows for commu-
nication rates of several Gbit/s[11]. It should be noted that OOK is
preferred over BPSK from an energy efficiency (and also complexity)
perspective, because whenever the transmitter is staying silent when
transmitting a zero, it is not consuming energy. One reason for re-
quiring energy efficient communication inside the body is the limited
energy resources of the NMs as already discussed. Another reason for
imposing the requirement of energy efficiency is the safety constraints
for inside the body communications due to heating and radiation. It
will be discussed in the following section.

2.1.3 Human Body Heating

A potential issue and reason as to why in-vivo networks have to be
energy efficient is that we need to ensure that the tissues in the body
surrounding the NMs are kept at body temperature. Because the NMs
are to be installed inside the body, radiated energy will cause heating
and may potentially damage the tissues if the radiated energy exceeds
certain thresholds. If the temperature at a certain area inside the body
rises we risk harming it. Pulse-based communication also minimizes
the impact because the energy in a single pulse is generally very low
due to its short time-duration of only a fraction of a pico-second. It
is shown how the heating of the human body could be an issue when
transmitting a continuous wave of high power but for OOK the tem-
perature increase is kept at acceptable levels [6].

2.2 Physical Capabilities

Nano-machines are very small devices: up to a few cubic ym large
[2]. Because of their small size, their energy reserves are severely lim-
ited and the physical layer algorithms have to be energy efficient. It is
likely that NMs will be able to harvest energy inside the body. Poten-
tial energy sources include human body movement, biochemical com-
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pounds, ambient radiation or small temperature gradients. All meth-
ods are described in [13]. Recent progress made in the antenna tech-
nology area makes it possible to implement small antennas on NMs.
In this thesis, we are — in accordance with others — assuming that the
NMs are capable of transmitting short pulses in the low part of the
THz band [11]. Their energy is limited in the range of pJ[17]. To keep
our results realistic, we impose the following restrictions on NMs:

e energy transmitted per pulse is 1 p]J

e operational bandwidth B is 0.5 to 1.5 THz



Chapter 3

Nano-Communication Link De-
sign

3.1 Introduction

In this chapter we present the human body channel model for signal
propagation in the nano-network and discuss how to model the noise.
We further investigate suitable modulation and detection techniques
that may be used in the physical layer for communication between
NMs. Lastly we conduct a link-level simulation of the communica-
tion between two NMs and evaluate the performance of our proposed
solutions.

3.2 Human Body Channel Model

The human body channel model at THz frequencies remains largely
unexplored with many details yet to uncover. We are using the chan-
nel model presented in [19]. It is described how transmitted electro-
magnetic waves suffer a loss due to two factors. Firstly the signal
is attenuated as the power is spherically propagated outwards from
the isotropically radiating antenna. Secondly, part of the signal is ab-
sorbed by various organic molecules in the body. In-body commu-
nication at THz frequencies is primarily limited in range due to the
high absorption loss. In general, irrespectively of the type of tissue
of the body, the loss is high enough to allow propagation at distances
of at most a few mm before the signal has been lost. For our pur-

10
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poses, we are restricting the analysis to propagation inside human
blood. The reason for this is that blood offers the harshest propaga-
tion conditions due to its very high signal absorption coefficient, and
we can conclude that a particular physical layer algorithm of choice
will perform in other tissue types if it works in blood. The molecular
absorption in blood at the THz band is characterized by the absorption
coefficient . Reference [17] gives measurements of the absorption co-
efficients between 0.5 and 1.5 THz. By looking at the measurement
data in Figure 3.1, it is clear that the absorption coefficient shows a
roughly linear increase with frequency. We have therefore decided to
model «o( f) by fitting a straight line by means of the least square error
method through the measurement points. In the bandwidth B of 0.5
to 1.5 THz, the channel will be modeled as a band pass filter, allowing
signals only within this frequency range to pass. This implies that the
channel model is as follows

4mn fr

¢ _e—alfre=irfr/e if0.5 < |f| < 1.5 THz
H(f) = . G.1)
0, otherwise.

3.3 Noise Model

We model the noise as the one presented in [18]. It is due to two factors.
Firstly, there is a background radiation noise N,. Secondly, part of the
radiated signal energy is absorbed by molecules in the body and re-
radiated as an additional source of noise N;(r) in the system.

The background noise in the system NV, is independent of the trans-
mission distance and given by

Is 2
M—Aﬂﬁﬁ&ﬂwﬂﬁ' (3:2)
It is assumed to be additive white Gaussian noise (AWGN). ny = 1.97
is the refractive index of blood and 7, = 310 K is the human body
temperature. B(T, f) is Planck’s function.

The self induced noise V,(r) is also be modeled as AWGN, because
the many different molecules absorb and re-radiate energy indepen-
dently of each other, thus causing N,(r) to have a Gaussian distribu-
tion [12]. Its power is given by
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104 least squares model of absorption coefficient c(f)

alf}

28 -
*  measurement data *
261 /

05 06 07 08 09 1 11 12 13 14 15
frequency [THZz]

Figure 3.1: A least squares model of the absorption coefficient in hu-
man blood a(f).

N = [ S(-em () 3.3

where S(f) = P(f)P*(f) is the power spectral density (PSD) of the
transmitted signal p(t). P(f) is the Fourier transform of p(t) and P*(f)
its complex conjugate. The total noise in the system is equal to

Na(r) = Ny + Ny(r). (3.4)
Lastly, the received power is

C

Putr) = [ SNy 5

Only the background noise is present if no signal is transmitted. In
Figure 3.3, the received signal and noise power are shown.

3.4 Pulse Shaping Design

It is possible to transmit power in the system more efficiently by de-
signing a pulse p(t) of a shape that matches the communication chan-
nel properties. The power-spectral-density S(f) of the chosen pulse
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Figure 3.2: The nano channel model of human blood at a communica-
tion distance of 1 mm.
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Figure 3.3: received signal and noise power vs distance for a pulse
containing 1 pJ energy in 100 fs of derivative order 10.
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should ideally transmit more power at the lower frequencies of the
bandwidth which are less affected by the absorption of the channel.
The bandwidth B considered is 0.5 to 1.5 THz.

One type of pulse that is possible to fit into the bandwidth is the
Gaussian pulse of varying derivative order n and width o. a, is the
normalization-factor which sets the total energy contained in a pulse
to 1 pJ. The Gaussian pulse of derivative order n is defined as:

d* a, -t

- €202 3.6
dt" \/ 2o (36)

Pn(t)

the Power Spectral Density (PSD) of the Gaussian pulse is S5,,(f) =
P.(f)P:(f), where P,(f) is the Fourier transform of p,(¢) and P;(f) its
complex conjugate. It is calculated as:

Su(f) = (2rf) " age= D", (3.7)

There are two parameters that we may set when designing the
pulse. The first parameter is the derivative order n and the other is
the standard deviation parameter o. By increasing n the PSD shifts to
the right and attains a more narrow shape. o influences the time du-
ration of the pulse. Specifcially, lowering it increases the bandwidth
of the pulse. The design objective is to maximize the signal-to-noise
ratio:

P,.(r)
Nn(r):
We also want to ensure that at least 95% of the total power of the pulse
p(t) is confined to the bandwidth B to avoid wasting power. This prob-
lem can be formulated as:

SNR =

(3.8)

maximize SNR

n,o

o0 3.9
subject to /BS(f)df>0.95/0 S(f)df. 42

A numerical investigation of the SNR was conducted at the dis-
tance r = 1 mm. For each derivative order n a unique value of o set to
be as large as possible was calculated and the corresponding SNR plot-
ted. The results are given below in Figure 3.4. Note that we were able
to evaluate only Gaussian pulses up to order 10 because of numerical
instabilities due to large numbers in Matlab.
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Received SNR for Gaussian pulses
-71.5 T T T
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Figure 3.4: The maximum received SNR at 1 mm for pulses containing
1 pJ energy.
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Figure 3.5: This is a ¢ = 0.6 ps pulse p(t) of derivative order n = 10
containing 1 pJ energy. Its PSD S(f) is shown to the right.
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3.5 Receiver Design

An important aspect of every communication system is how to de-
sign the detector. The detector is generally more complicated than the
transmitter and has to be designed to match the modulation and con-
ditions employed at the nano-scale environment. In general, there are
two types of receivers in communication systems: coherent and non-
coherent. The difference between the two detectors is that in coher-
ent detection the receiver takes into account both the amplitude and
phase information of the received signal, while in non-coherent detec-
tion only the amplitude information of the signal is taken into account.
For the purposes of designing a receiver to be used by a NM, a non-
coherent receiver is seen as the only feasible option due to the size and
technical limitations.

For our purposes, we prefer to design a receiver which does not
rely on strict synchronization requirements with another NM. This is
because the pulses are so short in time, and the electronics available
are unlikely to be able to be set in such an exact way as to allow them
to perfectly tune into the short pulses. Therefore, we desire a detector
which is able to stay open to listen for pulses for a longer duration of
time. Another important system aspect is related to the self-induced
noise and how it affects the system performance. This self-induced
noise occurs only when transmitting pulses, and it would be desirable
to be able to utilize the extra energy of this induced noise to aid in the
detection of pulses.

An intuitive solution which fulfills these requirements is an ideal
integrator. The ideal integrator integrates the signal over a time inter-
val and whenever the energy is larger than a certain threshold value,
it is decided that a pulse was detected.

The non-coherent detector uses the signal v(t) = |p(¢)|* and contin-
uously outputs the value of the integration

V(t) = /tt+ v(T)dT. (3.10)

If at any time during signal reception the integration output is larger
than a predetermined threshold level V7, the detector decides that a
pulse was transmitted, otherwise it decides that silence was transmit-
ted. This can be formulated by introducing the peak value V[n| =
maz V(t), 0 < t < T and checking if V[n] > V;. How Vr is set is
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y(t)

((‘ | ,)) v(0) 4O] V{n]
| |2 Peak detection Threshold  —1t[n]

Vr

Figure 3.6: Block diagram of the receiver architecture.

discussed in section 3.6.

A practical problem, which arises is that an ideal integrator circuit
is too complicated to be realized on a NM. However, it is possible to
construct an approximate integrator. Our integrator of choice is an im-
plementation of the one described in [12]. It is realized as a cascade of
two RC filters, creating a low-pass filter over our bandwidth of choice.
The values of the resistance and capacitance can be made small enough
to able to fit onto a NM.

The impulse response of the circuit resembles a pulse and is de-
signed to roughly approximate the square impulse response i(t) an
ideal integrator. The detection window is 1o long and thus it contin-
uously detects the energy of the input signal in the interval of such
length. The impulse response d(t) of the detector is:

d(t) = 2*te™™ (3.11)

z = 1.4615/0 is used to minimize the mean square error [ |d(t) —
i(t)|?dt. The ideal integrator has the impulse response

1 if 0 <t
it = /o H0<t<o (3.12)
0, otherwise.

Both d(t) and i(t) are shown in Figure 3.7. An overall sketch of the
receiver design is shown in Figure 3.6.

3.6 Detection Threshold Level

In general, due to the influence of the self-induced noise, when trans-
mitting pulses we will obtain a histogram resembling two Gaussian
pulses with different variances.

We may assume that the probability of transmitting a pulse is p;
and the probability of transmitting silence is py = 1 — p; and without
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Figure 3.7: The detector impulse response which is trying to mimic the
square of an ideal integrator.

loss of generality that py > p;. To minimize the probability of making
an erroneous decision P, = pg - Pr(detect 1) + p; - Pr(detect 0) we
further assume that

P ~ N(u, o1) and S ~ N (ug, 0f). Because there is greater power
when transmitting pulses, and the pulses induce extra noise, we may
additionally assume that o > p; > 0 and 07 > 0.

The maximum a posteriori detector (MAP) has two hypotheses 6:
silence or a zero was transmitted and 6;: a pulse or one was transmit-
ted. We want to make a decision d based on the output V[n] of the
integrator compered to a threshold level V7.

0 = arg max; f (x]0)g(#). The function g is the underlying distribu-

0

tion py and p;.
This detectors threshold level V- should be at the point

_ (p—m)? _ (Vr—pg)?

P %2 Po 202 (3.13)
€ 1 = e 0o, .
V2moy V2moy
which is equivalent to 2% = e~ (VTQU“ o 4 (VT;L 1° " We may sim-

plify this expression further by taking the logarlthrn of both sides (since
it is a monotonically increasing function). We then obtain:
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Figure 3.8: The Gaussian probability functions for zeros and ones

shown together with crossover probabilities a and b and detection
threshold x.

P19 (Vr —po)® | (Ve — u)?
l — . 3.14
n<p001> = 207 202 ( )

The solution to this inequality is obtained from solving the result-

2., 9.2
ing general second degree equation 22 + pz + ¢ > 0 for p = 271527

90791

2 2 2 2 2 2 P199
niog—noi —20iogin( 1) .
and ¢ = — f021- and throwing away the smallest value

007971

solution. Thus, we have:

__p P (3.15)
VT = 5 + 1 q.

One way to calculate the characterizing values of the normal distri-
butions in an actual realization is to transmit a training sequence and
make a numerical estimation of the normal distribution parameters
based on the received signal.

3.6.1 Binary Asymmetric Channel Model

For our purposes the optimal detector operates over a binary asym-
metric channel with crossover probabilities a and b. This model is il-
lustrated in Figure 3.9. The crossover probabilities a, b and the thresh-
old level x obtained from solving the inequality are shown together
with two Gaussian distributions in Figure 3.8.
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Figure 3.9: The binary asymmetric channel with crossover probabili-
ties a and b.

3.7 Simulation Setup

In this section, we discuss the simulation of the one to one link be-
tween two NMs in the human body absent of interference. This is a
discrete time simulation of a continuous time system. The simulation
approximates how the real continuous time system works by model-
ing the most essential parts of a communication system. First, a source
of bits is loaded into the system and then transmitted one at a time
over the channel. Because the pulses are spread in time during trans-
mission over the channel, the received signal contains no inter-symbol
interference (ISI). Thus, we are free to transmit and detect each bit in-
dependently in our simulation. The system is set up as shown in figure
3.10. The information bit b is loaded, then modulated into a pulse p(?)
if b = 1 or silence if b = 0. The signal is then transmitted and con-
volved with the channel impulse response h(t). Subsequently, a noise
is added to the received signal. The noise power is dependent on we
transmitted a zero or a one. If a pulse was transmitted, we add noise
of higher power because of the extra self-induced noise contribution.
The received signal y(¢) can then be expressed as:

(3.16)
no(t) ifb=0

no(t) is AWGN of zero mean and power N, while n(t) is AWGN of
power N, + N, due to the extra induced noise. The received signal y(?)
is then sent to the non-coherent detector and approximately integrated
by the low-pass filter d(¢) as described in section 3.5. A decision is
made based on the maximum value D of the integrated signal of the
detector, depending on whether it lies above or below the threshold
level V. Specifically, if D > V7, it decides that a pulse was transmitted.

Vr is set after an initial transmission of M = 10 kbits of zeros and

y(t) = {h(t) xp(t) +m(t) ifb=1
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Figure 3.10: The communication link between two NMs.

M = 10 kbits of ones have been transmitted and the corresponding
receiver output D = max I(t) have been noted for the zeros and ones.
We then adapt two normal distributions to the data and the thresh-
old level is set as described in described in Section 3.6 using an equal
probability py = p; = 0.5 of transmitting zeros and ones. The relatively
large value of M is used to minimize the variations in the normal dis-
tribution and reduce the uncertainty in the adapted mean and variance
parameters. A histogram of 1'[n] is shown below in Figure 3.11.

As we are creating a discrete time approximation of the time con-
tinuous system, we need to obtain the channel impulse response. This
can be done by taking the Inverse Discrete Fourier Transform (IDFT)
of the transfer function H(f).

We are creating a simulation of the system at time instances spaced
ts apart. Our goal is to compute a discrete time channel model h[t;],7 =
0,ts,2ts, ..., capturing the behavior of the channel. To ensure numeri-
cal stability in our computation, we use an N = 2'* = 8192 point IDFT.
Specifically, this IDFT uses frequency-sampling of the channel transfer
function H(f) in N points evenly spaced in steps of f,/N at frequen-
cies ranging from — f, /2 to f,/2.

After a transmission of evenly distributed roughly 100 kbits is com-
plete, we may look at the histogram of the received detected signal to
gain further insight into the results. As we can clearly see, the zeros
and ones form two distinct peaks roughly resembling two normal dis-
tributions, both having their own expectation value and variance. The
extra increase in expectation value of the ones stems from the fact that
we are receiving and integrating signals with a larger power and we
therefore obtain larger output values at the detector. The extra increase
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in variance of the ones is because of the larger noise present in the in-
put signal. The integration of this extra noise term adds a greater deal
of randomness to the system and is reflected in the histogram. Table
1 gives a detailed list of all the default parameter values used in the
simulation.

Table 3.1: Table of default simulation parameters

simulation parameter numerical value
sampling frequency f 8 THz

sampling time T, = 1/ f; 0.125 ps
bandwidth B [0.5,1.5] THz
total pulse energy 1pJ

pulse derivative order n 10

pulse standard deviation o | 0.6 ps

pulse length 7.125 ps

channel length 71.25 ps
received signal length 78.375 ps
transmission distance r 2.44 mm
background noise power | 4.34 nW or -83.6 dBW
N

blood refractive index n, 1.97

3.8 Resulis

As we decrease the transmission distance, keeping all other parame-
ters of our simulation fixed, we note that the peak in the histogram
corresponding to the pulses begins to move, but it also flattens. The
increase in expectation value happens because we are receiving more
energy on average. The increase in its variance is because of the extra
additional self-induced noise the increase in pulse energy produces.
We note a similar change if the transmission energy increases. We re-
ceive more energy on average, but also a slightly higher degree of in-
duced noise power at the receiver. In Figure 3.11 it is shown how the
histogram changes when the transmission distance increases and how
it affects the bit error rate (BER). In Figure 3.12, we can see how the
BER is affected by transmitting pulses of different energies.

The threshold level has a big influence on the BER, as can be seen
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Figure 3.11: Histograms of the received peaks V' [n] of a 100 kbit long
signal for increasing communication distances (d).

in figure 3.13. By comparing the BER for different threshold levels, we
can conclude that approximating the received signal with the normal
distribution works well for minimizing the BER. The resulting opti-
mum threshold level calculated from equation (8) is very close to the
minimum BER level.

3.9 Conclusions

It was found that Gaussian pulses of derivative order 4 or higher were
able to fit 95% of their power within the bandwidth 5.

A question one may ask is why integration of a squared Gaussian
noise process produces a stochastic output that can be adequately cap-
tured by a change in variance in the resulting normal distribution. The
answer to this question lies in the Central Limit Theorem, which states
that several independent randomly distributed variables become ap-
proximately normally distributed as their numbers grow. Our integra-
tion is approximately realized as a summation of many stochastic vari-
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ables. The integration of a noise process squared may be approximated
as a summation of several Chi-square distributed random variables.
As the noise at different times is uncorrelated, this integration may
also be approximated as an additive normally distributed variable. As
indicated by 3.13, the normal distribution approximation leading to V-
does a very good albeit not perfect job of estimating the optimal detec-
tion threshold level. The main issue is that the distribution of the zeros
has a "tail" to the right which cannot adequately be described by the
normal distribution, and it results in a threshold level setting which is
too low for high SNR cases.



Chapter 4

Nano-Communication Network De-
sign

4.1 Introduction

The small size of the NMs in combination with the high signal absorp-
tion at THz frequencies limits the possible communication distance.
In order to successfully transmit a message signal over a large dis-
tance such as from inside the human body to an external out-of-body
device the NMs inside the body have to work together. The objective
is to provide the receiver with a better version of the signal through
cooperative communication.

4.2 Relaying Schemes

In order to transmit signals over longer distances, we want to inves-
tigate using multiple NMs as relays forwarding the signal to increase
the probability of having a strong signal reaching the receiver. It is
envisioned that the relays will be small nano-devices capable of sim-
ple tasks such as amplifying and forwarding (AF) a received signal.
The relays are modeled as point sources capable of retransmitting a
received signal using a half-duplex time division scheme [7, 14]. This
means that each relay will at first stay silent when it receives a signal
and then it amplifies and forwards it. This does, however, also mean
that any noise in the signal will also be amplified. Because of the sub-
stantial path loss, we assume that a transmitted signal is only able to

26
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reach the relay closest to its source [1]. It is assumed that the relays are
capable of variable gain forwarding, meaning that they always output
signals at a constant power independently of the strength of the signal
they receive [8].

The transmission scheme is such that the whole nano-network stays
silent during the transmission apart from the relays, when it is their
turn to transmit a signal. First, the communicating NM transmits a
signal. The receiving relays then amplify and forward their respective
received signals to the next relays in line. Accordingly, the envisioned
communication scheme looks like:

e a communicating NM transmits a signal.

e the closest relay or relays each receive their own copy of the sig-
nal and amplify and forward it.

e the next closest relay or relays receive an amplified and forwarded
copy and repeat the process of AF.

o after the chain of AF is complete the target NM receives a copy
of the signal from the relay or relays closest to it.

4.3 Topologies

An interesting topic is how to best place the relays. In this regard, sev-
eral configurations are possible. The simplest topologies are achieved
by either placing all of the relays in a cascade between the transmitter
and receiver or by placing all the relays equidistant in parallel between
the transmitter and receiver. Combinations of relays in a line and in
parallel are also possible.

4.3.1 Cascade Relay Network

In the first case we are forwarding a strong received signal multiple
times to bridge a larger distance. The structure of a cascade relay setup
is illustrated in Figure 4.1. It is the simplest setup we can have, where
we are forwarding the signal from one relay to another using one step
at a time. The SNR for the received signal 75 when deploying K relays
in cascade is given by:
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Figure 4.1: Several relays setup in parallel and cascade.

K

Tk = (H(1+

i1 Yiji+1

) — 1>_1. (4.1)

4.3.2 Parallel Relay Network

In the second configuration, we are instead in providing the receiver
with several versions of the signal by placing relays equidistant in be-
tween the transmitter and receiver. This arrangement provides a di-
versity gain, which is illustrated in Figure 4.1. In comparison to the
cascade setup, the parallel setup will be transmitting several slightly
more distorted versions due to the lower SNR because of the larger
communication distance. The communication system uses a maxi-
mum ratio combining (MRC) receiver. The resulting SNR at the MRC
receiver is given by

M

Vs,ri Vrid
= rilrd 42
TR ; Yorn o 1 (4.2)

As can be seen by definition of 7, if all the terms in the sum are on
average equal — which they will be given that the transmission power
and distances of each relay to its source and destination are equal — the
resulting received SNR will on average be directly proportional to the
number of relays in the system.

4.3.3 Combination Relay Network

It is possible to combine the idea of having a parallel relay structure
with that of a cascade relay structure to setup a chain of several parallel
relay structures in a cascade as illustrated in Figure 4.2.
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large cascade step P parallel relays

Figure 4.2: A combination of relays in cascade and parallel.

For a relay network between the transmitter and receiver having P
relays in parallel and C' large cascade steps, where each large step is
corresponding to a parallel relay network as shown in figure 4.2, the
total number of relays 7 is equal to the sum of the ones in parallel and
the single relays in between. The possible values of T" for a combina-
tion network depends on the parameters P and C' and given by:

T=PC+C—1. (4.3)

A list of possible values of T" for different values of P and C are
shown in Table 4.1.

Table 4.1: Possible number of relays in a topology

relay network topology possible number of relays T’
cascade relay network, P = 1 any
parallel relay network, C' =1 any

combination relay network, P =2 | 2,5,8,11, ...
combination relay network, P =3 | 3,7,11,15, ...
combination relay network, P =n | n,2n+1,3n+1, ....

The resulting SNR at the end receiver 7 is given by combining
equation (4.2) with (4.1) — resulting in

20 1 1
r=([I0+—)-1) . (44)
jl_[l Vi,5+1
where
N Yo
Vg = Y ——rred (4.5)

i=1 Vs, + Vrid +1 '

Though here d and s denotes the left and right single relays be-
tween the embedded relays in parallel. An interesting observation is
that the combination network reduces to a cascade network if P = 1 or
a parallel network if C' = 1. For the special case (P, C) = (1,1) all relay
network topologies — combination, cascade and parallel — are equiv-
alent and correspond to the case of deploying a single relay between
the transmitter and receiver.
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4.4 Simulation Setup

The system parameters investigated are the number of relays and the
type network topology. The performance metric used is the probabil-
ity of having an SNR lower than a certain threshold. If the distance
between the transmitter and receiver is large enough (typically a few
mm), the signal strength at the receiver will be very low and hard to
detect. This is mainly due to the path loss, however we may also have
a probability of a signal outage happening. The main task of the relays
is to mitigate these effects.

The path loss model is taken from [3]. This is an empirically de-
rived model, based on experimental measurements of collagen used
to resemble to propagation conditions of the human skin tissue.

The path loss between two points — either the transmitter s and re-
lay i: r; or relay 7 and destination (receiver) d —is denoted [, ,, and [, 4
and is calculated using the equations:

lsr, = —0.2N + 3.98 + (0.44N + 98.48)dy 2> + (0.068N + 2.4) f+°7
(4.6)

lnia = —0.2N + 3.98 + (0.44N + 98.48)d %) + (0.068N + 2.4) f*°7,
4.7)
where N = 5 is the number of sweat ducts of the skin containing
water which affects propagation conditions. f is the carrier frequency
and d;,, and d,, 4 are the distances from transmitter to the i, relay and
from the i, relay to the destination respectively.
The received SNRs are calculated as v;,, = [oo.ry * Py

ls_rriO'Q
|h7“i7d‘2P5

- Where g~ CN(0,1) and h,, 4 ~ CN(0, 1) are complex nor-
mal distributed channel coefficients. Because they only ever occur in
this simulation as absolute values squared, they are effectively Chi-
square distributed variables with 1 degree of freedom. We have elected
to do a numerical study of the system performance. Specifcially, o2 is
the variance of the additive white Gaussian noise, P, is the transmit
power of the transmitter and P, is the transmit power of the i, re-
lay. The relays and the transmitter both transmit using 100 nW power.
The noise variance per unit bandwidth is =174 dBm/Hz. The system

and v, 4 =
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Figure 4.3: Signal outage probability for different distances between
transmitter and the receiver. The relays are placed in parallel. The
threshold level is set to 10 dB.

bandwidth is set to be 1 GHz, and the carrier frequency is 1 THz. Due
to the stochastic nature of the channel coefficients, we are evaluating
each signal link multiple times in our simulations. We are using - as
our performance metric and are numerically calculating its Cumula-
tive Distribution Function (CDF) to evaluate the system performance.

4.5 Results

In Figure 4.3 we have plotted the outage probability as a function of
distance between the transmitter and the receiver for a communication
system employing relays all placed midway between the transmitter
and receiver. The total distance between the transmitter and receiver
varies from 0.1 to 0.4 mm. The path loss is quickly degrading the sys-
tem performance, as the distance grows.

In Figure 4.4 we can see the outage probability for relays setup in
parallel and in Figure 4.5 for relays in cascade. It is interesting to in-
vestigate the performance difference between the cascade and parallel
setup for a given number of relays. It is shown at a total transmission
distance of 0.2 mm in Figure 4.6. The relays in parallel always perform
better than the ones in a series for any number of relays.

When comparing a combination network to a parallel for a fixed
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distance and number of relays it is interesting to determine when it is
better to employ a combination network than a parallel network. The
results are shown in Figure 4.7 where deploying 5 relays in a 2 wide
combination network and 7 relays in a 3 wide combination network is
compared to their parallel counterparts. The performance slightly fa-
vors the parallel network compared to the combination network when
deploying 5 relays. When 7 relays are used it is clear however that the
combination network performs better.

Another important topic is for a given number of relays, how should
the combination network best should be set up. We investigated how
to best setup 11 relays for a communication distance of d = 0.4 mm.
This is because 11 is the smallest number able to fit combination net-
works of three different values of P = 2,3 or 5 as seen in Table 4.1.
The different relay setups are shown in Figure 4.9. The performance
comparison is shown in Figure 4.8. The result is that the network be-
ing 3 relays wide performed better than the network being 2 or 5 re-
lays wide. A related observation is that it is possible to retain the SNR
level and transmit the signal a larger distance, when employing a large
number of relays in a combination network.

Irrespectively of the setup, we see a great increase in performance
when employing relays to forward the signal. Even a single relay
yields a great improvement in outage probability as illustrated in Fig-
ure 4.5.

4.6 Conclusions

By employing more advanced structures, it is possible to transmit sig-
nals further in the body, but the complexity requirements on the NMs
also increase. The feasible communication distance can drastically be
increased by introducing relays into the system. The average system
performance is always better when placing the relays all in between
the NMs compared to placing them in a line. There is a mathematical
explanation of this phenomenon. When placing the relays in between
the NMs, there is always a risk of having a single poor performance
link ruining the whole transmission chain. When placing the relays in
parallel this risk is significantly reduced. If a certain path is in experi-
encing a fade, then another is likely working and mitigates the effect.
Due to the nature of the MRC receiver, placing another relay in be-
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Figure 4.10: An advanced topology utilizing cooperative communica-
tion.

tween the transmitter and the receiver always gives a linear increase
in the received SNR level, whereas introducing additional relays in
the line gives diminishing returns in terms of the received SNR. By
combining the two methods, we were however able to increase the
performance when more than 5 relays were being used. There are sev-
eral ways in which the combination network can be set up for a given
number of relays — however simulations are needed to evaluate which
topology is optimal. We have restricted our analysis to a few simple
relay topologies however there is likely that more advanced topologies
exist which will perform even better. A sketch of a complex topology
is shown in Figure 4.10.

The results obtained in this chapter are not necessarily fully in agree-
ment with the ones in other chapters. This is due to the fact that we
are using different channel models and assumptions on NM capabil-
ities. We are also introducing a fading parameter in the channel tap
|h|>. This model is built for communication systems using any type
of modulation to evaluate the signal performance. The peculiarities of
using OOK for nano-communication, such as self-induced noise, are
not adequately captured by this model. Nevertheless, it does provide
a simplified framework for analyzing and demonstrating the increase
in performance of nano communication networks. The increase in per-
formance is valid, even though the exact communication distance and
system performance differ.



Chapter 5

Conclusions and Future Works

5.1 Conclusions

The task of designing a fully operational nano-network presents a com-
plex problem with many technical challenges left to tackle. The small
size imposes strict requirements on low computational complexity in
combination with limited energy storage capabilities. The very large
signal absorption rate in the THz band further reduces the feasible
communication distance. However, there is also the advantage of de-
ployment in an environment which is free of interference, where one
does not have to consider how design choices cause interference to
external users. We have seen how we can overcome these challenges
(to some extent) by making clever use of modulation, coding and net-
working solutions. It seems that many solutions have to be adapted to
the low complexity and high signal absorption environment in order
to work well on the nano scale. In the future, there are likely thou-
sands of NMs densely deployed inside the body. In order to be able to
connect the nano-network to an external terminal and transmit impor-
tant medical information, new models and protocols for cooperative
communication will have to be developed. The high signal absorption
inside the human body in conjunction with the technical limitations of
each NM must be overcome. I believe that the key is to explore novel
ideas in cooperative communication between NMs, and utilize their
great numbers in order to create a working communication network
that in the future will be able to connect to a smartphone and thereby
to the cellular ecosystem.
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5.2 Future Works

We have restricted our analysis to nano-communication in an environ-
ment free of interference. A future study should preferably model the
self interference caused by the large number of NMs in the network.
Although current measurements are focused around the lower THz
bands (0.5-1.5 THz), it would be interesting to investigate the feasi-
bility of NM communications at the higher THz frequencies as well.
This is because it has been shown that water molecules experience
hindered longitudinal and rotational motion in these regions which
are likely to alter the dielectric properties [9]. Other interesting topics
include further analysis on how to best design simple energy efficient
channel coding schemes and if multi-antenna systems could be used
to increase the capabilities of NM communication. An analysis of ap-
plicable hardware in the NMs would give valuable new information
on the physical capabilities of the NMs themselves. A more detailed
framework based on the one-to-one nano link for simulating a larger
system of connected NMs would be desirable, especially when explor-
ing how it would be possible to connect the network to an external
terminal.
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