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Abstract

Body centric communication has been extensively studied in the past for a range of fre-

quencies, however the need to reduce the size of the devices makes nano-scale tech-

nologies attractive for future applications. This opens up opportunities of applying

nano-devices made of the novel materials, like carbon nano tubes (CNT), graphene

and etc., which operate at THz frequencies and probably inside human bodies.

With a brief introduction of nano-communications and review of the state of the

art, three main contributions have been demonstrated in this thesis to characterise

nano-scale body-centric communication at THz band:

• A novel channel model has been studied. The path loss values obtained from

the simulation have been compared with an analytical model in order to verify

the feasibility of the numerical analysis. On the basis of the path loss model and

noise model, the channel capacity is also investigated.

• A 3-D stratified skin model is built to investigate the wave propagation from the

under-skin to skin surface and the influence of the rough interface between dif-

ferent skin layers is investigated by introducing two detailed skin models with

different interfaces (i.e.,3-D sine function and 3-D sinc function). In addition, the

effects of the inclusion of the sweat duct is also analysed and the results show

great potential of the THz waves on sensing and communicating.

• Since the data of dielectric properties for biological materials at THz band are

quite scarce, in collaboration with the Blizard Institute, London, UK, different

human tissues such as skin, blood, muscle and etc. are planned to be measured

with the THz Time Domain Spectroscopy (THz-TDS) system at Queen Mary

University of London to enrich the database of electromagnetic parameters at

the band of interest. In this chapter, collagen, the main constitution of skin was
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mainly studied. Meanwhile, the measured results are compared with the simu-

lated ones with a good agreement.

Finally, a plan for further research activities is presented, aiming at widening and

deepening the present understanding of the THz body-centric nano-communication

channel, thus providing a complete characterisation useful for the design of reliable

and efficient body centric nano-networks.
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Chapter 1

Introduction

”I want to build a billion tiny factories, models of each other, which are manufacturing simul-

taneously. . . The principles of physics, as far as I can see, do not speak against the possibility

of maneuvering things atom by atom. It is not an attempt to violate any laws; it is something,

in principle, that can be done; but in practice, it has not been done because we are too big.”

Richard Feynman

1.1 Introduction to Nanotechnology

Nanotechnology has garnered great attention since its first proposal in 1959 by Richard

Feynman in his talk There’s Plenty of Room at the Bottom, where the possibility of syn-

thesis via direct manipulation of atoms was described; but the term ”nano-technology”

was not used until 1974 by Norio Taniguchi to describe the technology manipulating

materials at the nano-meter level [1]. Later in 1986, K. Eric Drexler proposed the idea

of a nanoscale ”assembler” inspired by Feyman’s talk in the book of Engines of Creation:

The Coming Era of Nanotechnology [2]. Then, through Drexler’s popularisation, the na-

notechnology has been widely accepted by public and well developed in academic

fields.
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According to ISO/TS 27686:2008, the nano-scale is defined as the size from 1 nm

to 100 nm [3]. Thus, the nanotechnology can be defined as: ”Nanotechnology is sci-

ence, engineering, and technology conducted at the nanoscale, which is about 1 to 100

nanometers. Nanoscience and nanotechnology are the study and application of ex-

tremely small things and can be used across all the other science fields, such as chem-

istry, biology, physics, materials science, and engineering.”[4] according to National

Nanotechnology Initiative (NNI). Therefore, two other statements should be emphas-

ized to further understand the definition [5]: first, nanotechnology should contain the

formation and application of materials, structures, devices, and systems with unique

properties due to their nano-scale size; second, nanotechnology should also include

the technologies which can control the materials at nano scale.

Three main research areas have been conducted since its proposal: nano-science

where the interaction and behaviour of the nano-materials would be studied; nano-

materials fabrication which studies the experimental development of nano-materials

and computer modelling to study the interactions and properties of nano-materials

by simulation. Recently, nanoparticles such as dendrimers, carbon fullerenes (bucky-

balls) and nano-shells are used to target specific tissues and organs [6] and molecular

and genomic tools are used to uncover the complexity of the induced defence sig-

nalling networks of plants [7]. And also, molecular-scale filters and pores with well-

defined sizes, shapes, and surface properties allow engineering better functionality in

molecular sieving [8].

Four generations were proposed for the roadmap of nanotechnology by Mihail

Roco in [9]:

• Passive nanostructures: a) Dispersed and contact nanostructures; b) Products

incorporating nanostructures;

• Active nanostructures: a)Bio-active, health effects; b) Physico-chemical active;

• Systems of nanosystems

• Molecular nanosystems
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Figure 1.1: Development map of the micro/nano-devices (reproduced from [10])

1.2 Recent Development in Nano-Communication

Based on the general development time-line of nanotechnology, it can be easily seen

that the ultimate goal of nano technology would go for nano-network, where the cur-

rent entire network systems would be shrunk into nanoscale with the nano-robots and

molecular machines as the elements in the near future [10]. The development of nano-

devices is shown in Fig. 1.1. With the introduction of nanotechnology, the idea of

decreasing the size of present sensor network into nano level was also proposed; but

at the same time, how to connect the nano-devices in such networks to conduct com-

plex tasks was also questioned, leading to the proposal of the nano-network, followed

by the introduction of the concept of nano-communication [11, 12].

The size can make the nano-devices reach the places where current technologies

cannot, like in-body environment or some harsh environment [11]. At the same time,

the non-invasive method can be realised or the goal of minimal wound would be

achieved. Due to the characteristics of iniquitousness and variety of the nano-sensor,

different kinds of information can be sensed and gathered together to complete com-

plicated tasks. By using bio-nano-sensors in medicine, e-health monitoring system
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[13] can be realised, so is the e-drug delivery system [12] with the aid of nano-robots.

The ultimate goal is to connect the nano-network to the internet, by which e-office and

e-living house can be fulfilled [14].

Due to the increasingly garnered attention, more and more academic groups have

put their focuses on nano-communication since the concept was first mentioned in

2004 by Kaifu Cheng [15]. The NaNoNetworking Center in Catalonia (N3Cat) was

set up in 2009 at Universitat Politècnica de Catalunya (UPC), Spain as an initiative

of Prof. Ian F. Akyildiz and Prof. Josep Sol-Pareta with the main goal of carrying

fundamental research on nanonetworks. Now, three main projects are undergoing:

Graphene-enabled Wireless Networks-on-Chip for Massive Multicore Architectures

(GWNoCS), Graphene-enabled Wireless Communications and Fundamentals and Ap-

plications of Molecular Nanonetworks through Cell Signalling [16]. Later, Nano Com-

munications Centre (NC2) was established at Tampere University of Technology, Fin-

land to mainly study the molecular communication for nano-network where bacterial

nanonetworks, neuronal networks and calcium signalling were investigated [17]. The

PhD work of Dr. Josep Miquel Jornet was mainly on EM nano-communication at THz

band [18], under the guidance of Professor Ian F. Akyildiz whose another project was

on Molecular Nano-Communication Networks (MoNaCo) supported by the National

Science Foundation. Meanwhile, as a part of COMNET (Computer Networks) fam-

ily, a new journal, i.e., Nano Communication Networks, was published in 2010 with

Prof. Ian F. Akyildiz as the editor-in-chief, where all aspects of nano-scale networking

and communications were covered [19]. In 2014, Josep joined in University at Buffalo,

The State University of New York as a professor and built a group whose research

emphasis was put on the THz channel characterisation on the basis of the model and

design of the graphene-based plasmonic nano-antennas and nano-transceivers. To

expand the current ISM and mm-wave work at Queen Mary University of London

(QMUL) to nano-scale, the theoretical and numerical studies on the channel perform-

ance of nano-communication at THz band was initially investigated [20] [21]. To make

nano-network systematic, the IEEE has initiated the standard development project

IEEE P1906.1/Draft 1.0 Recommended Practice for Nanoscale and Molecular Com-

munication Framework to provide a definition, common framework, and common

parameters for nanoscale communication networks [22], led by S.F. Bush.
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1.3 Applications of Nano-Networks [13]

There are a great number of potential applications of nanonetworks, which can be

mainly divided into four groups: biomedical, environmental, industrial and military

[13][12]. Detailed descriptions of the envisioned applications have been summarised

and classified in [12], shown in table 1.1. From it, we can see that nano-networks are

born for biomedical fields due to its advantages of size, bio-compatibility and bio-

stability. Nano devices spreading over the human body can monitor the human phys-

ical movement. For example, nano pressure-sensors distributed in eyes can detect

the intraocular pressure (IOP) for the early diagnosis and treatment of glaucoma to

prevent vision loss [10]. At the same time, the nano devices deployed in bones can

monitor the bone-growth in young diabetes patients to keep them from osteoporosis

[10]. Furthermore, nano-robots inside the biological tissues can detect and then elim-

inate malicious agents or cells , such as viruses or cancer cells, make the treatment less

invasive and real time [23]. Moreover, networked nano-devices will be used for or-

gan, nervous track, or tissue replacements, i.e., bio-hybrid implants. While in [14], the

concept of intelligent office was proposed, shown in Fig. 1.2. Nano-transceivers are

attached to all the elements in the office and even their internal components, which en-

ables them to connect to the Internet all the time; therefore, the user can keep track of

the location and status of all the belongings in an effortless fashion. At the same time,

all the nano-sensors can detect the user’s movement to make essential activity accord-

ing to the corresponding user’s behaviour/needs. The detailed explanation would be

given in Appx.A while the specific application such as health monitor, plant monitor

and etc. will be further explained in Chapter 2 with the structure of the nano-network.

1.4 Research Challenges

To enable nano-devices communicate with each other, many fundamental challenges

need to be addressed. As the functional devices shrink into nano-scale, design, fabric-

ation and control of the systems would require design principles which would greatly

differ from that of macro-scale [10].

• Nano-addressing is an outstanding physical challenge because of the large amount
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Figure 1.2: Schematics of intelligent office (reproduced from [14])
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Biomedical [6] Environmental Industrial Military

• Active Visual Imaging for Disease Diagnosis [24] [25] [26] [27] [28]
Health Monitor • Mobile Sensing for Disease Diagnosis [29] [30] [31] [32]

Bio-Degradation [13] Product Quality Control [33] Nuclear, Biological and Chemical Defences [34]

• Tissue Engineering [35] [36] [37]
• Bio-Hybrid Implant [38] [39]
• Targeted Therapy/Drug Delivery [40] [41] [42] [43] [44]
• Cell Manipulation [45] [24] [46] [47] [48]

Therapy

• Minimally Invasive Surgery [49] [50] [51]

Bio-Control [52] [7] [8] Intelligent Office [14] Nano-Fictionalized Equipment [53]

Table 1.1: Overview of the envisioned applications [10][12]



of nano-sensors;

• The synchronisation between different devices at nano-scale, another essential

aspect of communication, is also a tough job, especially for large-scale distrib-

uted networks;

• Reliability and communication speed of the nano-network is another additional

challenge because most current communication schemes, e.g. molecular com-

munication, are subject to random processes and diffusion of the molecules;

• Designing the complex nano-scale devices and deploying them is fairly challen-

ging due to the current manufacture technology;

• The interface not among nano-scale components, but also between nano-scale

and macro-scale network is also difficult to deal with according to current tech-

nology;

• Very limited simulation or analysis tools of nano-scale networks have been put

forward. Since the nano-communication is a multidisciplinary topic, the differ-

ent communication paradigms should work together to complete the full task.

However, there is no such simulation platforms to model all the communication

methods.

1.5 Research Objectives

The design of reliable and efficient body-centric systems working at THz band re-

quires a detailed analysis of the communication channel. Being the human body

a lossy and dispersive medium, the effects of its existence on both antennas and

propagation channel have to be properly investigated and modelled.

The initial objectives of this research are summarised as follows:

• Is it possible to use the THz wave for the body-centric nano-communication,

especially the in-body communication?

• If so, is it possible to build the corresponding nano-system?

With these two main questions in mind, the following inquiries should be dis-

cussed and answered:
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• What is the channel performance? Is it different from the traditional ones?

• How can we study the channel? Or what kind of tools can we use to study the

channel performance?

• If the nano-system can be built, what is the characteristics of such systems?

• What kind of tools can we use to set up such systems?

1.6 Our Contributions

With the objectives in mind, three key contributions have been achieved, which are

summarised below:

• A novel channel model was proposed with the aim to characterise Body-Centric

Nano Communication. The path loss values obtained from the simulation have

been compared with an analytical model in order to verify the feasibility of the

numerical analysis. On the basis of the path loss model and noise model, the

channel capacity is also investigated.

• A 3-D stratified skin model is built to investigate the wave propagation from the

under-skin to skin surface. Then, the influence of the rough interface between

different skin layers is investigated by introducing two detailed skin models

with different interfaces (i.e.,3-D sine and 3-D sinc functions). The effects of the

inclusion of the sweat duct was studied as well. The results show great potential

of the THz waves on sensing and communicating.

• Collagen, main constitute of epidermis of skin, was measured with the THz Time

Domain Spectroscopy (THz-TDS) system at Queen Mary University of London

(QMUL) to obtain its electromagnetic parameters with the cooperation of Blizard

Institute, London UK. At the same time, the double Debye model of the dielectric

function at THz band was studied, followed by the investigation of the power

loss.

9



1.7 Thesis Organisation

The rest of the thesis is organised as follows:

Chapter 2 presents the fundamentals of nano communication with a brief introduc-

tion to its definition, framework, and various paradigms. The development of the

micro/nano-devices is also investigated. Finally, currently available simulation plat-

forms are reviewed.

Chapter 3 gives a brief introduction to EM fundamentals of the communication from

the aspects of antennas for body-centric, especially in-body communication, present

technology of phantom applied for the study, THz technologies and the correspond-

ing channel performance, and etc..

Chapter 4 presents a thorough investigation of the possibility of THz technology ap-

plied to the nano body-centric communication based on the previous studies. A new

model is proposed to study the channel performance, i.e., path loss and noise perform-

ance. Then the capacity of the channel is studied and numerical models are built to

evaluate the proposed model.

Chapter 5 presents a detailed numerical skin model to investigate the effects of the

rough interface between different skin layers on the wave performance. First, two

skin models with different interfaces defined as 3-D sine and 3-D sinc functions are

proposed and compared with a flat model. Then, the sweat duct is included to study

the influence of its different states (with sweat as on and without sweat as off). At the

same time, the impact of the antenna location is also studied.

Chapter 6 contributes to the database of the EM parameters (mainly dielectric con-

stants) of human tissues at THz band. In this chapter, the collagen, the main constitu-

tion of skin, is cultivated and measured by the Time-Domain Spectroscopy system to

investigate the suitability to use collagen to represent the skin at the band of interest.

Then, an analytical model is proposed based on the measured dielectric constant, i.e.,

permittivity. Finally, measured power losses of the sample is compared to the theoret-

ical calculation to validate the accuracy of the model presented in Chapter 4.

Chapter 7 provides a summary of the main contributions and findings of the study

and concludes the accomplished work. Potential future research activities are also

introduced.
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Chapter 2

Preliminaries of

Nano-Communication

In this chapter, the fundamentals such as the definition, framework, structure and

paradigms of nano-communication will be discussed. In addition, a brief review of

the development of small-scale devices will be given. In the end, different simulation

platforms will also be reviewed briefly with an emphasis on the state-of-art.

2.1 Definition of Nano-Communication

Nano-communication has been a hot topic since its proposal, so is its concept. Below

are some explanations on both nano-network and nano-communication from the open

literatures:

• ”... there are many nano-scale networks embedded within each device that

might be otherwise more effectively utilized for communication. ...” (2006) [1]

• ”Nanonetworks. i.e., the interconnection of nano-machines are expected to ex-

pand the capabilities of single nano-machines by allowing them to cooperate

and share information.” (2008) [2]
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• ”Nanonetworks are communication networks that exist mostly or entirely at the

nanometer scale.” (2010) [3]

• ”Nanocommunication is the exchange of information at the nanoscale and it is

at the basis of any wired/wireless interconnection of nanomachines in a nanon-

etwork.” (2011) [4]

• ”As the name indicates, nano-communication encapsulates the communication

between devices at the nano-scale applying novel and modified communication

and radio propagation principles in comparison to conventional and existing

solutions.” (2015) [5]

• ”Nanonetworking is an emerging field, communicating among nanomachines,

expanding the capacity of single nanomachine.” (2015)[6]

To make it clearer, four requirements of a nano-scale communication system are

summarised [7] as follows:

• At least one essential component of the defined system should be at the nano-

scale, even at just one dimension.

• The physical properties applied in the defined system should be different from

the ones at macro scale. Take the EM properties as an example, quantum ef-

fects can change it at nano scale. The resonant frequency of an antenna would

no longer increases when its size decreases at the nano scale; furthermore, the

wave propagation velocity would be influenced leading to its reduction below

the speed of light.

• The fundamentals of the communication theory should be mapped, where there

should be a fully distinguishable transmitter, receiver, medium, message carrier

and message.

• Some components of the proposed system should be artificial.
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2.2 Framework of Nano-Communication

The model of nano-communication is shown in Fig. 2.1a, which is an enhanced ver-

sion of the most basic model, i.e., Shannon-Weaver model shown in Fig. 2.1b, of tradi-

tional communication. From the figures, it can be seen that the three elemental parts

of the traditional communication is reserved while the role of the medium is further

considered, focusing on the influences of noise on the messages.

(a) Model of nano-communication

(b) Shannon-Weaver model of communication

Figure 2.1: Various communication models [7]. (The size of the circle indicates the im-
portance of the elements.)

To make it open and broad, the framework of nano-communication is divided into

the following 5 parts in IEEE 1906.11 [7]:

• Message Carrier: As the name indicates, this component is the physical sub-

stance to transmit the message, which can be EM waves, molecular motors or

1An IEEE Communications Society sponsored group, which aims to develop the standard such as
the definition, framework, simulators and etc. for nano-communication. [8]
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even nano-bots. Since the message carrier is minute (for molecular commu-

nication) or the equipment to produce the carrier is small (for the EM, acous-

tic communication), the principle at nano scale should be obeyed, for example,

huge surface to mass ratio, Brownian motion (for molecular communication) or

slow wave propagation and Surface Plasmon Polariton wave along graphene to

hugely reduce the antenna size (for EM communication).

• Motion: This part is to make the message carrier move, which can be either

active or passive; but the force to move the carrier is not steerable, leading to the

random or semi-random motion at the nano-scale.

• Field: Unlike motion part, this element is to guide the message carrier [9], which

can be attached to the message carrier or applied externally to the nano-scale

communication system. It can be modelled as a mathematical vector field to

describe the phenomenon such as organised fluid flow, diffusion gradients, EM

fields, microtubule rails, or any other form of well-defined coordinated message

carrier organisation.

• Perturbation: Similar to modulation in traditional communication systems, per-

turbation part could produce controlled variation to introduce the symbols of

the message. On the other hand, it should be more abstract and broader because

it should contain any controllable modifications in the nano-scale system. To cre-

ate a message, some aspects of the massage carrier should be modified, which

is the process of perturbation. The aspects which can be altered include molecu-

lar structure modification, particle concentration variation, voltage level change

through nano-wires and specificity change of the receiver. It should be poin-

ted out that unlike macro scale, much more forms of perturbation could exist,

besides EM ways.

• Specificity and Sensitivity: These two terms were first proposed to measure the

performance of the molecular communication. Specificity measures the propor-

tion of message carrier that are not received by the wrong receiver while sens-

itivity is to quantify the proportion of message carrier which are received by

correctly intended receiver [7]. The reason to put forward such terms is that
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in nano bio-systems binding is a natural phenomena but from the communica-

tion perspective it should be regarded as message lost when the message carrier

binds with another entity along the path to the intended receiver; thus, the goal

is to avoid such bindings to the wrong receivers between the transmitters and

receivers. To promote these to EM technique, specificity may refer to as the tun-

ing and resonance with the appropriate receiving antenna while the sensitivity

is the capability of the receiver to detect the signal.

2.3 State-of-Art Achievement of Devices due to Nano-Technologies

Due to the developments in micro-fabrication and nano-technologies, the limits of

the sizes and capabilities of devices have been pushed further and further. A cheap

Integrated Chip (IC), whose cost would be less than 1 dollar, was designed by National

Applied Research Laboratories, Taiwan using sensor fusion technologies, shown in

Fig. 2.2a. From the figure, it can be easily seen that the chip is smaller than a grain

of rice. A full-duplex transceiver IC, shown in Fig. 2.2b were presented by Harish

Keishnaswamy from Clumnia High-Speed and mm-wave IC Lab (CoSMIC Lab) at

the International Solid State Circuits Conference [10] in 2015, whose size is extremely

small.

To access the complex and small regions of the human body like gatrointestinal(GI),

spinal cord, blood capillaries, the present tethered medical devices are made smal-

ler and smaller. At the same time, the discomfort due to the tissue loss would be

decreased. The micro-robots voyaging around human body has been developed re-

cently. For example, a tiny permanent magnet, guided inside the human body by a

magnetic stereotaxis system was proposed in [12] while a magnetically driven screw

was made to move through tissues [13]. Micro-mechanical flying insect robots were

first created in 2000 at University of California, Berkeley [14] and then later a solar-

powered crawling robot was realised by Prof. Kristofer S.J. Pister in 2003 [15]. The first

medical-used capsule endoscopes, to replace the traditional ones, were applied clinic-

ally in 2001 with the FDA’s approval. Later the introduction of a crawling mechanism

[16] and on-board drug delivery mechanism [17] were marked as another milestone

for the development of the capsule endoscopy. A nano-scallop - capable of swimming
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(a) Comparison of the chip with a rice (reproduced from [11])

(b) Photo of the full-duplex transceiver IC c©CoSMIC Lab

Figure 2.2: The Realized IC chips

in biomedical fluids - whose size is only a fraction of a millimetre has been developed

by the team led by Prof. Peer Fischer at the Max Planck Institute for Intelligent Sys-

tems [18], shown in Fig. 2.3a and at the same time a tiny bio-bot powered by skeletal

muscle cells, shown in Fig. 2.3b was reported by the engineers at the University of

Illinois at Urbana-Champaign [19]. A magnetic helical micro-swimmer was success-

fully targeted in a wireless way to deliver a single-cell gene to human embryonic kid-

ney whose SEM image is shown in Fig. 2.3c [20].

Besides research on tiny robots, there are also investigations on other applications.

A wireless radiation detector was designed by Prof. Babak Ziaie at Purdue University

to inject into a tumour to detect the level of the therapeutic radiation received by the

tumour [21]. Applying micro-machining techniques, this dosimeter was shrunk to 2

cm long and 2 mm wide. A miniature CO2 sensor, shown in Fig. 2.4a was developed

by the researcher at ETH Zurich based on a novel material whose conductivity would

change according to the CO2 concentration [22]. Nano-switches were realised in the

form of multiple patterned nano-islands with 10 nm in thickness and 300 nm in dia-

meter [23], shown in Fig. 2.4b. A nano-wire, around 300 nm wide in diameter, used as
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(a) Nano-scallop which can swim in bio-fluids (reproduced from [18])

(b) Bio-bot powered by skeletal muscle cells c©UIUC

(c) SEM image of the artificial bacterial flagella (reproduced from [20])

Figure 2.3: Photos of the nano-bots which can be used in human body
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solar cell was studied in 2007 in Harvard University and it shows a great potential for

producing 200 picowatts of electricity, which is believed enough for the nano-devices.

The SEM image of this nano-wire was shown in Fig. 2.4c [24]. Also, due to the recent

advances in nano-optics, the design and fabrication of the nano-lasers is possible [25],

the SEM image and corresponding schematics is shown in Fig. 2.5.

2.4 Various Paradigms of Nano-Communication

To connect the nano-devices, the communication between them need to be completed.

According to [2], nano-communication can be divided into two scenarios: (1) Commu-

nication between a nano-machine and a larger system such as micro/macro-system,

and (2) Communication between two or more nano-devices. Furthermore, the ways

of electromagnetic, acoustic, nanomechanical or molecular can all be applied to nano-

communications [26] which will be discussed in this section.

2.4.1 Molecular Paradigms

As the origin of the idea of the nano-communication, molecular communication are

considered as the most promising paradigm to achieve the nano-communication be-

cause there are numerous examples in nature for us to learn and study. In molecu-

lar communication, an engineered miniature transmitter releases small particles into a

propagation medium while the molecules are applied to encode, transmit, and receive

information. Molecular communication can be classified into several categories such

as walkway-based where molecules propagate along a predefined pathway via mo-

lecular motors, flow-based where molecules propagate in a guided fluidic medium,

diffusion-based where molecules propagate in a fluidic medium via spontaneous dif-

fusion and etc. [27]. As the most general and widespread scheme found in nature, the

diffusion-based molecular communication (DMC) is also the most widely investigated

in literature. Some of the most prominent works include mathematical framework for

a physical end-to-end channel model for DMC [28], development of an energy model

for DMC [29], modeling of diffusion noise [30], channel codes for reliability enhance-

ment [31], and relaying-based solutions for increasing the range of DMC [32, 33]. On
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(a) Photo of miniature CO2 sensor c©ETH Zurich

(b) Schematics of the nano-switch (reproduced from [23])

(c) SEM image of the nano-wire c©Harvard University

Figure 2.4: Nano devices for other applications
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(a) SEM image of the proposed nanolaser

(b) Schematics of the proposed nanolaser

Figure 2.5: SEM image and schematics of the nano-laser with rcore = 750nm, rclad =
690nm (∆r = 60nm), and dshield = 150nm with silver coating where rcore is the radius of
InGaAs gain layer, rclad is the radius of InP cladding. ∆r is the difference between rcore
and rclad. dshield is the thickness of SiO2 shield layer.(reproduced from [25])

23



the other hand, the flow-based molecular communication (FMC) is also studied, espe-

cially the one of communication in the circulatory system [34, 35].

Diffusion-Based Molecular Communication

In diffusion-based molecular communication, molecules are used to encode, trans-

mit, and receive information, which propagate through spontaneous diffusion in a

fluidic medium. Massimiliano and Ian developed a mathematical framework to inter-

pret diffusion-based particle communication in details in 2010 [36], where the general

model can be divided into three parts: emission, diffusion and reception. By investig-

ating these three parts individually, the total attenuation and delay was also studied.

And the closed-form mathematical expression for the information capacity of DMC

was provided later in 2013 [37], which depends on the medium diffusion coefficient,

the system temperature, the distance between the transmitter and the receiver, the

bandwidth of the transmitted signal and the average transmitted power. Pulse-based

modulation scheme [38] was studied, where two detection techniques, energy detec-

tion techniques where the nano-receivers measure the energy of the molecular pulse

and amplitude detection where the nano-receiver measures the variation of local con-

centration were compared, showing that energy detection is more robust and suitable

for communication over larger communication distances [38, 39]. Fig. 2.6 and 2.7

show two common communication ways in DMC: direct communication and relay

communication, whose error performance were analysed in [40].

Figure 2.6: A simple diffusion-based molecular nano-network

Flow-Based Molecular Communication

In diffusion-based molecular communication, the propagation medium is assumed to

be stationary; however, it is not always accurate in practice. For some applications,
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Figure 2.7: A simple nano-network with network coding operation

a drift velocity of the medium may be used to boost the throughput of the molecu-

lar communication systems, such as the scenario that the propagation medium are

human blood, rivers or wind. Thus, flow-based molecular communication started to

catch people’s attention. Usually, in molecular communication, information can be

encoded in various ways, such as in the release time of the molecules (timing mod-

ulation) [41, 42], in the concentration of the molecules or number of molecules per

unit area (concentration modulation) [36, 43], in the number of molecules (amplitude

modulation) [44], or in the identities of the molecules and etc.. [42] first studied the

case of molecules with timing modulation in the fluidic medium which refers as to

the fact that the messenger molecules propagate in the fluid, propelled by a posit-

ive drift velocity and Brownian motion, where the channel was pointed out to be an

Additional Inverse Gaussian Noise channel. Then, flow-based molecular communic-

ation with concentration modulation was initially analysed by Ian in 2013 [43], where

a flow model of microfluidic channel has been proposed and an end-to-end concen-

tration propagation model was developed. To yield the transfer function, the building

blocks, shown in Fig. 2.8, of micro-fluidic channel were introduced. Later, flow-based

molecular communication with amplitude modulation scheme was investigated [44],

where the close form of the probability of error for different schemes (i.e., 2 amplitude

levels, 4 amplitude levels and hybrid scheme), was derived. A more general flow-

based molecular communication model has been proposed recently which can be ap-

plied to both Molecule Shift Keying (MoSK) and Concentration Shift Keying (CSK)

[45], where the effects of the moving medium on the signal propagation and Bit Error
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Rate (BER) performance was investigated. The noise characterisation was also stud-

ied in [46, 47], which shows that it can be divided into two additive elements for the

medium Brownian noise nb(t) ∼ N (0, s(t)) 2, caused by the random thermal motion

of the molecules which can be described by the Wiener process, and Residual noise

nr(t) ∼ N (α, β) 3, caused by messenger molecules existing in the receiver sensing

area from previous transmissions or messenger molecules that have been released by

the receptors.

(a) straight block (b) turning block

(c) division block (d) combination block

Figure 2.8: Building blocks of the microfluidic channels [43]

Based on the development of the nanotechnology, a new paradigm of touch com-

munication (TouchCom) 4 was also proposed in [34], which use a swarm of nano-

robots as message carrier for information exchange. In TouchCom, transiet microbots

(TMs) [48–50] were applied to carry the drug particles, which can be controlled and

tracked by the external macro-unit (MAU) with a guiding force [35, 51]. These TMs

would survive some time in body and their pathway would be the channel for the

information exchange while the process of loading and unloading is the correspond-

ing transmitting and receiving process. A specific application, illustrated in [34], is

shown in Fig. 2.9 while the structure of the applied nano-robots is shown in Fig. 2.10.

The channel model of TouchCom was derived by defining the propagation delay, path

loss with the angular/delay spectra of the signal strength. Meanwhile, a simulation

2 s(t) is the mean number of messenger molecules in the receiver sensing area.
3 α and β depend on the medium and system design factors (such as the propagation area, trans-

mission rate and etc.).
4Here, touch means the communication (i.e., drug delivery) process is controllable and trackable.
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tool was proposed to characterise the movement of the nano-robot swarm in the blood

vessel.

Figure 2.9: Envisioned TouchCom system [34]

Figure 2.10: Structure of the envisioned nano-robots [34]

2.4.2 Electromagnetic Paradigm

As the name indicates, electromagnetic methods use the electromagnetic wave as the

carrier and its properties like amplitude, phase and etc. are used to encode the inform-

ation.

The possibility of EM communication is first discussed in [27], where THz EM

waves travelling in the air were thoroughly investigated. THz band was chosen be-

cause the emerging new materials like Carbon Nano-Tube (CNT) and Graphene [52]

can work at this frequency band as the necessary element to make the nano-transceiver.

Later, [53] demonstrates the theoretical model of the nano-network whose nodes are

made of CNT. Later, the channel model for THz wave propagating in the air with dif-

ferent concentration of the water vapour was presented in [54] and the corresponding

channel capacity was also studied. Based on the characteristics of the channel, a new

physical- layer aware medium access control (MAC) protocol, Time Spread On-Off
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Keying (TS-OOK), was proposed [55]. Meanwhile, the applications of THz techno-

logy in imaging and medical field [56, 57] have also achieved great development and

the biological effects of THz radiation are reviewed in [58] showing minimum effect

on the human body and no strong evidence of hazardous side effects.

A modified Friis equation has been proposed by Jornet et al. in [54] to calculate the

path loss of the THz channel in water vapour, which can be divided into two parts:

the spread path loss introduced by the expansion of the wave in the medium and the

absorption path loss caused by the absorption of molecules in the air:

PL = PLspr + PLabs [dB] (2.1)

Later, a more detailed model of THz communication was proposed with the con-

sideration of multi-ray scenario; thus, the propagation models for reflection, scatter-

ing and diffraction were considered in [59]. At the same time, the scattering effects of

small particles was discussed with the analysis frequency and the impulse responses

[60]. Also, the Finite-Difference Time-Domain (FDTD) and the Ray-Tracing (RT) tech-

nique were compared to evaluate the reception quality in nanonetwork with the con-

sideration of two cases: line-of-sight (LOS) and multiple objects dispersed near the

LOS [61]; then, the conclusion was drawn that at the THz band RT is as good as FDTD.

Meanwhile, a discussion of the use of VHF band was conducted with the study of the

bit error rate (BER) performance of the nano-receiver made of CNT [62].

The noise power at the receiver can be obtained [54]:

Pn(f, d) =

∫

B
N(f, d)df = kB

∫

B
Tnoise(f, d)df

≃ kB

∫

B
Tmol(f, d)df

(2.2)

where, Tmol is the equivalent noise temperature due to molecular absorption; kB is the

Boltzmann constant; To is the reference temperature.

The path loss and molecular noise power of the air with 10% water vapour are

shown in Fig. 2.11 and details of EM methods, especially THz wave, will be further

discussed in Chapter 3.

28



(a) Total path loss [dB] vs. frequency and the distance

(b) Molecular absorption noise temperature [K] vs. frequency and the
distance

Figure 2.11: Path loss and molecular absorption noise temperature for 10% water con-
centration [54]
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2.4.3 Acoustic Paradigm

Acoustic propagation introduces slight pressure variations in the fluid or solid me-

dium, which could satisfy Helmholtz equation when the time dependence is con-

sidered [63]:

∇2p(x) + k2p(x) = 0 (2.3)

where ∇2 is the Laplace differential operator and k = ω
c + iα is the complex-valued

wave vector with c as the sound speed in the medium and α as the attenuation coeffi-

cient of the sound wave in the medium, which is different from medium to medium.

By solving Eq. 2.3, the sound pressure can be obtained to describe the sound wave

propagation in the medium, where the source of the sound is the motion of the sur-

face in the nano-robot. The behaviour of the nano robots is relevant to their physical

properties, surrounding medium and the working frequency. The feasibility of in vivo

ultrasonic communication is evaluated by Hogg et. al. [64], where communication ef-

fectiveness, power requirements and effects on nearby tissue were examined on the

basis of discussion on the principles. And an isolated robot, shown in Fig. 2.12a and

an aggregated robot were designed to use in blood vessel, whose size are around 10

µm. Later, the nanoscale opto-ultrasonic communications in biological tissues was

discussed in [65, 66], where the generation, propagation model were studied and in

line with [64] the hazards and design challenges were investigated.

2.5 Structure of Nano-Network to Specific Applications

A simple overview of structure of nano-network was briefly mentioned in Section

2.4.1, where the TouchCom is discussed. Similar to the traditional body-centric com-

munication, the nano-one can also be divided into three parts: in-body, on-body and

off-body. An overview of the structure of nano-network can be summarised as below

[67]:

• Nano-nodes: they are the smallest and simplest nano-devices. Due to the lim-

ited energy, limited memory and reduced communication capabilities, they can

only perform simple computation task and can only transmit over very short

distances. The nodes could be composed of sensor and communication units,
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(a) Radial pulsations of a sphere, whose radius changes as a + aǫ cos(ωt)
with ǫ << 1. The ǫ in [64] ranges from 109 to 103.

(b) Sound from a 5µm radius sphere at f = 10MHz

Figure 2.12: Schematic and simulation results of the pulse sphere [64]
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which is shown in 2.14.

• Nano-routers: since they are nano-devices with slightly larger computational

resources than nano-nodes, they can aggregate information from limited nano-

machines and also can control the behaviour of nano-nodes by sending extremely

simple order (such as on/off, sleep, read value, etc.). However, this would in-

crease their size; thus, their deployment would be more invasive.

• Nano-micro interface: they are used to collect the information forwarded by

nano-routers and send the information to the micro-scale devices. At the same

time, they can send the information from micro-scale to nano-scale by the same

way. Nano-micro interfaces are hybrid devices not only able to communicate in

the nano-scale using the nano-communication techniques shown in Section 2.4

but also can use classical communication paradigms in micro/macro commu-

nication networks.

• Gateway: it makes the users to control or monitor the entire system remotely

over the Internet.

Fig. 2.13 shows an example of health monitor system with nano-network: the

nano-machines spreading over the clothes can sense the change of the surrounding

and make the corresponding response to protect the user or make the user comfort-

able; the nano-sensors inside the body can sense the body information to indicate the

health level, for example, nano-sensors around the heart can monitor the activity of

the heart to indicate the health level of the host while the ones in neuro-system can

also detect the abnormal situation such as stroke and pain to help the host in time;

nano-phones can entertain the user in the process of exercise or make a phone call,

but much more importantly, it can be used as the nano-micro interface and the nano

social tags inside the users’ body can be used as the identity which could make the

communication between people much more convenient.

The network architecture of the e-office, part of internet of nano-things (IoNT) is

shown in Fig. 2.14. In the e-office, every single element normally found in an office

and even its internal components are provided with a nano devices which allows them

to be permanently connected to the Internet. As a result, the location and status of all
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Figure 2.13: Architecture of a health monitor nano-network

its belongings can be tracked effortlessly. Furthermore, by analysing all the inform-

ation obtained both from the intra-body network and from the off-body, the actuator

can be enabled to change the environment such as the temperature, the light and etc.,

seamlessly in order to make office pleasant and intelligent.

Figure 2.14: Network architecture of the e-office [67]

A conceptual network model of IoNT, based on On-Off Keying (OOK) protocol

and TDMA framework, was done in [6], where the nano sensors were randomly de-

ployed at organs of the human body and may be moved by body fluid. The suggested
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model assumes hexagonal cell-based nano-sensors deployed in cylindrical shape 3-D

hexagonal pole, which is closer to the shape of organs. The network architecture of

the IoNT for intra-body disease detection is shown in Fig. 2.15a. As normal, the net-

work contains nano-sensors, nano-routers, nano-micro interface and gateway. When

nano-sensors detect specific symptoms or virus by means of molecules [52] or bacteria

behaviours [68], simple data (e.g., 1 for detection or 0 for non-detection) will be trans-

mitted over short ranges to nano-routers to inform the existence of symptoms or virus

because of the limited capacity of the nano-sensors. Because of the relatively more

computational resources, nano-routers can aggregate the data and send the related in-

formation to the nano-micro interface. The gateway (i.e., micro-scale device) enable

the remote control of the entire system over the Internet possible. Each cell, the smal-

lest living unit of organs, is considered as a hexagonal shape cell, shown in Fig. 2.15b,

resulting a 3-D structure for the nano-sensor networks. A 3-D space for the individual

target organ, for example, heart, lungs, and kidney, is constructed by the accumulated

unit layers which consist of unit cells. As many nano-sensors as possible are put in the

model where each hexagonal cell has one active nano-sensor.

Nano-sensors within each layer construct a cluster, where the information sensed

by each nano-sensor can be transmitted to the nano-micro interface through the nano-

router of each cluster. Each hexagonal cell may have more than one nano-sensors. To

make the load of the energy consumption evenly distributing in the nano-networks,

only the nano-sensor with the most energy can be selected as the active nano-sensor

while the others will go into the sleep mode which would be used for the next data

transmission. The information detected by the nano-sensors would be transmitted

within the occurrence layer to the nano-router at the center cell (annulus A0) of the

same layer which are also served as an active nano-sensor. Then the data collected by

the nano-router of each layer are sent to layer 0’s nano-router which will forward the

collected data to the nano-micro interface to communicate with micro scale devices,

i.e., gateway. From Fig. 2.15, it can be seen that there are three transmission methods:

• Direct data transmission: the data would be sent directly from the nano-sensor

to the corresponding nano-router [69].

• Multi-hop data transmission: the data would be sent to the adjacent nano-sensors
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which locate in the neighbour cell and is randomly selected until the correspond-

ing nano-router is reached in the way of annulus by annulus hierarchically.

• Hybrid data transmission: the data can be sent by combining the multi-hop and

direct transmission methods. First, a threshold range is defined. Then, within

the threshold range, every nano-sensor sends the data directly to the nano-router

in the same layer. Otherwise, the multi-hop transmission should be used when

the nano-sensor is outside the range.

Similarly, there are also three data transmission methods between layers, shown in

Fig. 2.15b.

Fig. 2.16 shows an example of using nano-network for agricultural crop-monitor

[70]. The chemical compound released by plants can be caught by the nano-sensors

and such information can be sent to the micro-devices to analyse the knowledge of en-

vironmental conditions and plant interaction patterns; thus, an enhanced chemical de-

fence systems could be developed or the underground soil condition can be retrieved

by using plants as sensors. A large numbers of nano-devices equipped with chem-

ical nano-sensors and THz radio units are deployed on the plant, which can transfer

the data detected to a micro-scale networking device over a short distance, where the

transmission frequency can be dynamically selected in order to optimise throughput

of the network. The hierarchical structure of this monitoring network is illustrated in

Fig. 2.16a where numerous nano-sensors are situated on the plant through suspen-

sion in a spray applied to the plants [70]. The chemical nano-devices deployed in the

nano-network comprise a power block and a communication block along with relev-

ant sensors, processing and storage units. The nano-devices are supposed randomly

scattered on the plant leaves and cluster are formed based on their location and prox-

imity to micro-devices which are located at specified points on the stem to manage

clusters of nano-devices, shown in Fig. 2.16b. The information can only be sent by

single-hopped way which means that there is no NLoS.
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(a) Network structure of the proposed IoNT

(b) Structure of the nano-cell of IoNT

Figure 2.15: Details of the network architecture of the proposed IoNT [6]
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(a) Hierarchical structure of nano-networks for the plant monitoring ap-
plication

(b) Details of the nodes distribution

Figure 2.16: Nano-network for plant monitoring [70]
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2.6 Available Simulators of Nano-Communication

With the wide acceptance of nano-communication, increasingly numerous researches

are on the exploration of novel protocol stacks, network architectures, algorithm com-

munication paradigms and channel access procedures to be adopted at the nanoscale

[3, 67, 71]; therefore, a modular and freely available simulation platform is indispens-

able to enable research activities to achieve the final goal of nano-communication.

NanoNS [72] and N2Sim [73] are simulators for molecular diffusion based on Brownian

motion among immobile nano-devices. A simulator of Brownian motion was invest-

igated in [74] where a dual time-step approach was adopted to manage the runtime

complexity to deal with the large number of the simulated particles: for the particle

far from the destination, its movement is simulated in a coarse-grained time steps;

and when it comes closer to the destination, the fine-grained time steps would be

applied. The simulator development of molecular diffusion using High Level Ar-

chitecture (HLA) is reviewed in 2013 [75] while [76] proposed a generic simulation

platform to fit in with multiple nano-devices, channel models, molecular propagation

models and nano-devices mobility models. However, the platforms mentioned above

are all related to short-range molecular communication. To accommodate the long-

range communication, the neuron-based communication platform was developed and

evaluated in [77]. At the same time, an open source simulator for EM-based nano-

networks, namely Nano-Sim, is proposed in [78, 79], implemented on the top of the

Network Simulator 3 (NS-3) platform [80]. Nano-Sim was designed as an open source

modular tool to allow the community to devise, add, and test new functionalities and

solutions intended for the Terahertz wireless communications. Unfortunately, none of

these simulators could capture all features characterising the nano-communication as

one completed platform; thus, a novel simulation tool is being developed as a refer-

ence simulation model in IEEE P1906.1 [7] which is open-source and extensible.

2.7 Summary

In this chapter, a brief overview of the nano-communication was given starting from

what is nano-network, followed by a brief summary of how to build a nano-network.

Then, current developments of small-scale devices were summarised and various
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paradigms of nano-communication were illustrated where the emphasis was put on

three main methods: molecular communication (DMC and FMC), EM communica-

tion and acoustic communication. Additionally, the structure of nano-network was

analysed with the consideration of specific applications. Finally, a brief introduction

to the available simulation platform was summarised to make the whole concept of

nano-communication complete.
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Chapter 3

Fundamentals of Electromagnetic

Waves for Nano-Network

Communication

Since the concept of nano-network was proposed, increasing number of papers ap-

pear to discuss the communication paradigm at nano-scale [1–3], most of which put

their emphasis on the molecular communication because it is totally bio-compatible

and easy to fabricate [4]. However, like coins have two sides, the molecular commu-

nication also has disadvantages: the actual communication distance is short; the time

delay of the channel is quite large; and the channel is not stable because the molecules

diffused by random motion [4, 5], which would be addressed by the EM communica-

tion. Therefore, some papers start to study the performance of the EM communication

[6–9], which will be discussed in details later in this chapter.

The possibility of the application of EM communication is investigated in [8] and

the THz band is considered as the most promising candidate frequency band for nano-

EM communication. At the same time, another method based on electromechanical

CNT transceiver is presented [10]. After the validation of the application of the THz
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band, the performance of THz channel are studied in many papers [6, 11–13]. In this

chapter, a brief review of the recent development of the in-body communication will

be made, followed by an overview of the recent development in THz communication

of nano-network.

3.1 Recent Developments in In-Body Communication

3.1.1 Antennas for In-Body Communication

The antenna plays an essential part in robust communication links. Recently, the alloc-

ation of the Medical Implant Communication System (MICS) band (402∼405 MHz),

with the ISM and UWB bands, boosted the research on the design of optimised im-

plantable antennas.

So far, so many ways has been adopted to reduce the antenna size to make it com-

fortable to implant in human body. The simplest way is to use the spiral and meander

planar antenna which has a long arm in the limited area [14, 15]. Then, the multi-

layered stacked structure is applied [16, 17]. At the same time, the combination of

fractal and inverted-F design, one example of 3D design, is also a good way to bal-

ance the desired performance and the size requirements [18]. Miniaturized cavity slot

antennas working in ISM band are discussed in [19, 20], shown in Fig. 3.1.

Figure 3.1: Miniaturized cavity slot antennas (reproduced from [19])

In most cases, packaging requirements get priority over the antenna requirements;

but if the antenna design can take advantage of the package structure, the problem

would be easily to solve. A PIFA is investigated in [21] focusing on pacemaker ap-

plications in the MedRadio frequency range while a circumference planar inverted-F

antenna is studied [22]. A meandered dipole antenna using the insulation as the sup-

porting structure is proposed in [23], shown in Fig. 3.2, which makes the whole system
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as small as 11× 26mm2. Later, the designs with such technology are realised and pro-

posed in [24–26], shown in Fig. 3.3. In [27], a much more special case is discussed

which uses the cardiovascular stents as the antenna for short range communication at

2.45 GHz.

(a) Top view

(b) Side view

Figure 3.2: Conformal chandelier meandered dipole antenna (reproduce from [23])

3.1.2 Human Body Models

In order to predict the effects of the human body on the performance of the im-

planted antennas and the channel characteristics, an extremely broad selection of body

phantoms has been proposed and investigated. Extensive work for the numerical ana-

lysis and the physical realisations have been done by Ito [28]. Particular attention is

paid to the fact that the human body is highly lossy for the propagation of RF waves.

The dielectric properties of the human tissues can be obtained from [29] from 10 Hz to

100 GHz, which are derived from the pioneering work of Gabriel [30].

Among all the phantoms, canonical geometries are the simplest, which not only

allows reducing the simulation time but also provides easy-to-realise conditions for

the radiator formulae. A rectangular cuboid (box) phantoms are considered in [20],

while the cylindrical one, modelled in [31, 32], is recommended as a standard by the

European Telecommunications Standards Institute (ETSI) [33]. Furthermore, a lossy

cylinder was also used in the first experimental validations of theoretical studies on

the EM wave propagation through a lossy medium (sea water) in [34]. Spherical geo-

metries are always used to mimic the head [35–37] but can also be used to model the

whole body [38]. Canonical geometries can be combined for a better representation

of the human body. Human body models made of boxes or cylinders are modelled

in [39] at 2.4GHz for on-body applications, shown in Fig. 3.4. Another example is
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Figure 3.3: Bio-compatible capsule with embedded antenna (reproduced from [26])

illustrated in [27], where a cylinder is used to mimic the human torso integrated with

a realistic lung. It should be pointed that for the pilot study such simple models are

good enough because it would be time-efficient and memory-efficient. However, if

the more precise results are required, the detailed phantoms should be applied.

The most detailed human body phantoms are obtained from high-resolution scan

data of the human body, for instance, the U.S. Visible Human Project [40]. To com-

plete the database, cryosection MRI and CT image data of the head of a 72 years old

male were built at 0.174mm intervals and photographed at a resolution of 1056×1528

pixels at first. Later, a male cadaver was cut in the axial plane at 1mm intervals while

the female intervals are 0.33mm. These body phantoms are used in [41–44] with ideal

sources, and in [45] with a helical antenna, to evaluate the EM propagation within the

body. Other complete male models are introduced in [46, 47], respectively. In particu-

lar, the latter two are considered to compare the performances of implanted antennas

in [18, 35, 48]. Also based on medical data, complete Japanese male and female models

are developed in [49], including the possibility of modifying their postures [50].

The Virtual Family and Virtual Classroom are shown in [51, 52] consisting of high-

resolution models of a complete family and of four kids based on magnetic resonance
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(a) Box [39] (b) Cylindrical [27]

Figure 3.4: Approximations of a complete human model combining canonical geomet-
ries

images. These phantoms describe accurately the human body geometry with differ-

ent organs for different people with various genders and ages but also allow for the

investigations of different body constitutions (according to age and gender). Some

postures of these models are illustrated in Fig. 3.5.

Figure 3.5: Examples of different body postures for the Virtual Family Models (repro-
duced from [52])

From the above, we can see that for the initial study of nano-communication, the

simple phantoms should be used at first and then if needed, more detailed elements

can be added step by step.
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3.1.3 Channel Characterisation

The path loss in free space between a transmitter and a receiver as a function of the dis-

tance separating them can be expressed by the Friis transmission equation [53]. This

equation can also be used to model radio propagation in some of the BAN scenarios

by adding a term to represent the random variations around the mean path loss value.

Those variations are known as shadowing, which is caused by the movement of the

body or surrounding objects, and, in the case of implant channel, by varying dielectric

properties of the different organs (heart, lung, liver, etc.) along the propagation path.

Fig. 3.6 shows the scatter plot for the path loss as a function of the transmitter-

receiver separation for deep tissue implant to body surface scenarios at MICS band

with the central frequency locating at 403.5 MHz. The mean value of the random path

loss has been displayed by the solid line. This is obtained by fitting a least squares lin-

ear regression line through the scatter of measured path loss sample points in dB such

that the root mean square deviation (8.18 here) of sample points about the regression

line is minimized.

Figure 3.6: Scatter plot of the path loss vs. distance for deep tissue implant to another
implant (reproduced from [54])

The scatter plot of the path loss in the 1-6 GHz band for implant to body surface is

shown in Fig. 3.7 [55]. To obtain the scatter plot, the chest was exposed to an incoming

plane wave from the front while ideal 595 electric field probes were placed inside the

chest, arranged in seven planes consisting of 85 probes each and parallel to the skin.

The plane wave was excited with a 2nd derivative Gaussian pulse with duration of

420 ps in order to have most of the pulse energy within 1 ∼ 6GHz. The received signal
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strength at every probe location was obtained and recorded. This model predicts an

RMS delay spread below 1 ns, which is in agreement with the results in [56].

Figure 3.7: Scatter plot of the path loss in the 1-6 GHz band for implant to body surface
(reproduced from [55])

From both numerical and statistical studies of path loss model at lower frequency

band, it can be hypothesised that the path loss to THz wave for body-centric nano-

communication can be divided into two parts: i) the part caused by the propagation

of the wave; ii) the part caused by shadowing and scattering.

3.2 Recent Developments in THz Communication

3.2.1 Graphene/CNT as the Elements of THz System

Despite numerous papers on nano-technology are being published every year, en-

abling the EM communication between nano-devices is still a major challenge, which

is mainly related to the development of nano-antennas and the corresponding elec-

tromagnetic transceivers. Reducing the size of the traditional antenna down to a few

hundreds of nanometers would lead to extremely high operating frequencies, which

compromises the feasibility of electromagnetic wireless communication among nano-

devices. However, it has been proved that such limitation can be overcome by adopt-

ing the graphene as the building materials to fabricate the antennas because the wave

propagation velocity in CNTs and GNRs can be up to one hundred times below the

speed of light in vacuum depending on the structure geometry, temperature and Fermi

energy [57], leading to the fact that the resonant frequency of nano-antennas made of
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graphene can be up to two orders of magnitude below that of nano-antennas fabric-

ated with other materials. Recent studies have already proved that CNT/graphene

antenna can work at the THz band (i.e., 0.1− 10 THz); thus, the band of interest is the

most promising candidate for the EM communication [8, 58, 59]. The CNT antenna

was compared with classical dipoles by numerical analysis [60], while the possibility

of CNT as dipole antenna was discussed, giving a mathematical framework [61]. [62]

first demonstrated the performance of the propagation of EM waves on a graphene

sheet. GNR-based nano patch antenna and CNT-based nano dipole antenna were

compared [63], showing that graphene-based antenna with the length of 1 µm can

radiate EM wave at THz band, which agreed with the prediction in [64].

An example of THz antenna made of plasmonic resonant graphene sheets is shown

in Fig. 3.8 with its radiation pattern [65] from which it can be seen that the radiation

pattern is similar to the traditional Hertzian dipole. In the paper, the comparison

with typical metal implementations in terms of return loss and radiation efficiency

was conducted and the result showed the great potential of the graphene. Later, the

reconfigurable capability was studied in [66].

In addition to the antenna, graphene is also considered as the building material

of novel nano-devices able to operate at Terahertz Band frequencies. Graphene-based

nano-systems for Terahertz wave generation have been analytically and experiment-

ally proved in [67–69]. Modulators for Terahertz Band signals have also been experi-

mentally shown in [70, 71], which take advantage of the intra-band transitions in the

conductivity of graphene at Terahertz Band frequencies. Similarly, filters and polar-

izers [72] and frequency mixers and multipliers [73–76] for Terahertz Band operation

have been analytically and experimentally demonstrated. Moreover, Terahertz Band

signal detection with graphene devices has been demonstrated in [77].

3.2.2 Channel Modelling of the THz Communication for Nano-Network

Because of the limitations such as size, complexity and energy consumption, EM com-

munication between nano-devices have been thought impossible [78]. However, with

the advent of the carbon-based materials like graphene and CNT, attention has been

moved to the EM communication [8, 10] slowly. With the consideration that the com-

munication is at nanoscale, the study of the communication between very short range
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(a) antenna structure

(b) E-plane

(c) H-plane

Figure 3.8: Graphene-sheet resonant plasmon antenna and its radiation pattern [65]
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is essential [6, 7]. In this section, the details of the channel model will be investigated.

A modified Friis equation has been proposed by Jornet et al. in [6] to calculate the

path loss of the THz channel in water vapor, which can be divided into two parts: the

spread path loss and the absorption path loss. Later, a more detailed model of THz

communication is proposed with the consideration of multi-ray scenario; thus, the

propagation models for reflection, scattering and diffraction is considered [79]. At the

same time, the scattering effects of small particles was discussed with the analysis fre-

quency and the impulse responses [80]. Also, the Finite Difference Time-Domain and

the Ray-Tracing technique were compared to evaluate the reception quality in nano-

network with the consideration of two cases: LOS one and multiple objects dispersed

near the LOS [81]; then, the conclusion is drawn that at the THz band RT performs as

good as FDTD. Meanwhile, a discussion of the use of VHF band is conducted with the

study of the bit error rate (BER) performance of the nano-receiver made of a carbon

nano-tube (CNT) [82]. Similarly, the path loss in human tissues was also studied in

[83].

The noise power of the channel can be obtained:

Pn(f, d) =

∫

B
N(f, d)df = kB

∫

B
Tnoise(f, d)df

≃ kB

∫

B
Tmol(f, d)df

(3.1)

where, Tmol = To(1− e−4πfdκ/c) is the equivalent noise temperature due to molecular

absorption; kB is the Boltzmann constant; To is the reference temperature; d is the

travelling distance; c stands for the light speed in the free space; f is the frequency; κ

stands for the extinction coefficient of the air.

Fig. 3.9 and 3.10 show the path loss and noise temperature of the air with different

water vapour concentration, individually.

The capacity of the channel was also studied to evaluate the potential of the EM

paradigm. Fig. 3.11 shows the corresponding capacity for four different power spec-

tral densities: optimal p.s.d., flat p.s.d., the Gaussian pulse and the p.s.d. for the case

of the transmission window at 350 GHz, from which it can be easily seen that for the

very short communication range, quite high transmission bit-rates can be supported,

up to Terabits per second indicating the promising future of the application of the EM
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(a) 0.1% (b) 10%

Figure 3.9: Total path loss in dB for two different water vapour concentrations [6]

(a) 0.1% (b) 10%

Figure 3.10: Molecular absorption noise temperature in K for two different water vapor
concentrations [6]
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mechanism for nano-communication [6].

Figure 3.11: Capacity as a function of the distance for four different power spectral dens-
ities [6]

3.2.3 Other Aspects of the THz Communication for Nano-Network

The peculiar channel performances indicate the fact that new information encoding

and modulation techniques should be introduced. In [13], a new communication

paradigm named TS-OOK is presented and femtosecond pulse is suggested to com-

plete the communication between the nano-devices [8]. [84] gave a thorough analysis

on this pulse-based modulation which is based on the transmission of the pulse with

100 fs length by obeying an asymmetric On-Off Keying modulation Spread in Time.

At the same time, the channel access scheme for nano networks at THz band was pro-

posed and analysed to meet the requirement of the channel and the signal generators

and detectors. In the paper, the cases of single user in an interference-free scenario and

multi-user with interference were investigated. Finally, the whole model was evalu-

ated by COMSOL Multi-physics [85] showing that the nano-networks can support a

very large number of nano-devices communication simultaneously and the achievable

rates range from a few Gbps to a few Tbps, depending on the TS-OOK parameters and

nano- device density.

Because of the simple structure of nano-nodes, reducing power consumption is
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challenging. To save the trasmitted energy, various coding methods were proposed.

Fixed-length codewords with a constant weight were applied to mitigate interference

in [86], which also reduces the transmitted energy. Kocaoglu et al. [87, 88] studied

the design of fixed-length coding to keep the necessary Hamming distance between

codewords while minimising the Average Code Weight (ACW). Based on the study of

the dependence of the performance of fixed-length codes on the ACW and the code

length [89], the problems of variable-length low weight codes for OOK modulation

was investigated by Chi et al.in [90], aiming to minimise the transmission energy but

guarantee the desired throughput at the same time. Based on the characteristics of

the codes, two algorithms, i.e., Binary Tree-based Weight Decreasing (BT-WD) and

Binary Tree-based Length Decreasing (BT-LD), were proposed to dealt with the integer

nonlinear programming problem, both of which performed well in average code word

weight.

To support the extremely high density of nano-devices in nano-network, Jornet et.

al. proposed a novel PHysical Layer Aware MAC protocol for Electromagnetic nanon-

etworks in the Terahertz Band (PHLAME) in 2012 [91], based on a novel pulse-based

communication scheme, Rate Division Time-Spread OnOff Keying (RD TS-OOK). In

this protocol the nano-transmitter and nano-receiver jointly select the optimal com-

munication parameters and channel coding scheme to minimize the interference and

maximize the probability of successfully decoding the received information. The res-

ults showed that by using such protocol, the network are able to support tens of

Gbps throughput. Later, an energy and spectrum aware MAC protocol to achieve per-

petual network was proposed [92], where a novel important system design parameter,

namely, the critical packet transmission ratio (CTR) was derived. The CTR is the max-

imum allowable ratio of the transmission time to the energy harvesting time, below

which the nano-sensor node can obtain more energy than the consumed one. By us-

ing this term, a symbol-compression solution was introduced and a packet-level time-

line scheduling algorithm, built on a theoretical bandwidth-adaptive capacity-optimal

physical layer, is proposed in order to keep the balance between single-user through-

put and limited network lifetime. The results showed that the proposed simple schedul-

ing algorithms would enable nano-sensors to transmit with high speed perpetually

without draining the limited energy.
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3.3 Summary

In this chapter, the emphasis was moved to the EM paradigm by briefly browsing the

fundamentals and current development of the body-centric communication. It should

be pointed out that because of the characteristics of CNT and graphene, THz band

was chosen as the most suitable candidate for nano-communication. After the study

of the CNT/graphene antennas, people started focusing on the channel characteristics,

modulation, coding and etc.. Although the research is still at its early phase, its huge

potential remains attractive to numerous academic groups.
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Chapter 4

Numerical Modelling of THz Wave

Propagation in Human Tissues

To enable electromagnetic paradigm realisable, the characterization of the frequency

band at which nano-devices communicate is essential. In this chapter, a new channel

model for body-centric, especially in-body communication at THz band (0.1 THz to

10 THz) was proposed by investigating the path loss and noise model on the basis

of the previous work where the concept of molecular absorption and noise was re-

visited. Additionally, the channel capacity was calculated to investigate the potential

of the THz band by applying different power allocation. Finally, simple models were

simulated in CST to evaluate the channel model.

4.1 Motivation and Related Work

As shown in Chapter 3, graphene-based plasmonic nano-antennas are expected to

work at THz band [1–3]; thus, THz band is considered as a promising candidate for

nano-communication. At the same time, a substantial amount of work has been per-

formed on the channel characterisation and modelling for body-centric wireless com-

munications at microwave frequencies and mm-wave band [4]. Statistical on-body
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path loss models for different links and body scenarios have been developed by ana-

lysing the measurement data from on-body propagation with two patch antennas

working at 2.45 GHz in an anechoic and lab environment [5]. The path loss model of

radio propagation in human tissues was presented in [6] and subsequently compared

to experimental results for muscle, validating the reliability of the numerical simula-

tion at 2.45 GHz. A numerical modelling method using parallel FDTD was applied

to study the radio propagation and system performance of the wireless body area

network at UWB band [7], proving that both channel performance and system per-

formance are subject-specific. The path loss model for mm-wave was studied by com-

paring the numerical results from Remcom XGTD and measured data in [8], which

indicated the path loss model for on-body communication at 94 GHz was closely re-

lated to the body shape and garments. At the same time, several papers on THz in-

door communications have been published [9, 10]. In addition, the optical parameters

of human tissues up to 2.5 THz have been empirically characterized in [11], [12] fol-

lowing the discussion of the possibility of applying EM waves in nano-networks [13].

The channel model for THz wave propagating in the air with different concentration

of the water vapor was presented in [14] and the corresponding channel capacity was

also studied. Based on the characteristics of the channel, a new physical- layer aware

medium access control (MAC) protocol, Time Spread On-Off Keying (TS-OOK), was

proposed [15]. Meanwhile, the applications of THz technology in imaging and med-

ical field [16, 17] has also achieved great development and the biological effects of

THz radiation are reviewed in [18] showing minimum effect on the human body and

no strong evidence of hazardous side effects. However, most work presented in the

open literature does not explicitly investigate the EM channel modelling at THz for the

body-centric nano-networks, which would be the main contribution of this chapter.
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4.2 Channel Modelling of Human Tissues at THz Band

4.2.1 Relationship of Optical Parameters to Electromagnetic Parameters

At optical frequencies, all the information is usually delivered in terms of refractive

index or index of refraction:

ñ(f) = nr(f)− jni(f) (4.1)

The real part nr can be usually obtained directly from the measurement while the

imaginary part ni (which would also be referred to as κ, named extinction coefficient)

can be calculated from the absorption coefficient α. The relationship between the two

can be given by

ni(f) =
α(f)λo

4π
(4.2)

where, λo = c/f is the wavelength in free-space.

From ñ, we can obtain the relative permittivity constant ǫ as

ǫ(f) = ñ(f)2

= nr(f)
2 − κ(f)2 − j2nr(f)κ(f)

(4.3)

Thus, we can obtain:










ǫ′ = nr(f)
2 − κ(f)2

ǫ′′ = 2nr(f)κ(f)
(4.4)

where, ǫ′ and ǫ′′ are the real and imaginary part of the relative permittivity ǫ.

The absorption coefficient of some human tissues, i.e. blood, skin and fat, is shown

in Fig. 4.1a ([11], [12]) while the EM parameters, i.e., permittivity of the corresponding

tissues, calculated from Eq. 4.4, were shown in Fig. 4.1b and 4.1c. 1

4.2.2 Path Loss

A modified Friis equation has been proposed by Jornet et al. in [14] to calculate the

path loss of the THz channel in water vapor, which can be divided into two parts: the

spread path loss PLspr and the absorption path loss PLabs. Similarly, the path loss in

1 The refractive index nr is 1.97, 1.73 and 1.58 for blood, skin and fat, respectively.
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(a) Measured absorption coefficient α (Reproduced
from [11, 12])

(b) Real part of the relative permittivity (calculated
from Eq. 4.4)

(c) Imaginary part of the relative permittivity (calcu-
lated from Eq. 4.4)

Figure 4.1: Optical and electromagnetic parameters of human tissues (blood, skin and
fat)
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human tissues can also be divided into two parts:

PLtotal[dB] = PLspr(f, d)[dB] + PLabs(f, d)[dB] (4.5)

where, f stands for the frequency while d is the path length.

The spread path loss is introduced by the expansion of the wave in the medium,

which is defined as:

PLspr(f, d) = (
4πd

λg
)2 (4.6)

where λg = λo/nr stands for the wavelength in medium with free-space wavelength

λo, and d is the travelling distance of the wave. In this study, the electromagnetic

power is considered to spread spherically.

The absorption path loss accounts for the attenuation caused by the molecular ab-

sorption of the medium, where part of the energy of the propagating wave is conver-

ted into internal kinetic energy of the excited molecules in the medium. The absorp-

tion loss can be obtained from the transmittance of the medium τ(f, d):

PLabs =
1

τ(f, d)
= eα(f)d (4.7)

The dependence of the channel path loss for blood, skin and fat on the distance

and frequency is shown in Fig. 4.2. It is demonstrated that there are some fluctu-

ations in each individual figure due to the fact that absorption path loss is related

to the extinction coefficient, κ, which is not an analytical function along the required

frequency band, in addition to the expected increase in path loss values with larger

distances and higher frequency components. For different tissues, the path loss var-

ies: with blood experiencing the highest losses, followed by the skin due to the water

concentration, which contributes a significant absorption path loss. At the level of the

millimeters, the path loss of the blood is around 120 dB, while the skin is around 90

dB and the fat is around 70 dB. Compared with the channel attenuation of the mo-

lecular communication [19], the future of the EM paradigms is promising because at 1

kHz (here, the frequency is the operation frequency of the RC circuit which depicted

the emission and absorption process of the diffusion-based particle communication)

and at a distance of 0.05 mm the molecular channel attenuation is above 140 dB which
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is substantially higher than the case for blood at the distance of 1mm applying THz

EM communication mechanism. In [20], the capacity was also compared between the

two paradigms, showing that the EM communication keeps extremely high data rate

until the distance is up to 10mm while the molecular communication scheme provides

much lower capabilities.
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Figure 4.2: Total path loss as a function of the distance and frequency for different hu-
man tissues
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Figure 4.3: Channel capacity comparison between EM and molecular communication
[20]

4.2.3 Delay

As the name indicates, the propagation delay is the length of time it takes for waves

travelling from the origin:

D =
d

ν
(4.8)

where, d is the path distance while ν = c/nr is the wave speed in the medium.

The delay of blood, skin and fat are all at the order of pico-second along the fre-

quency which indicates that the effect of the frequency on the delay can be ignored

since the refractive index is considered as the same over this band. At the same time,

for different tissues the delay would be different because the refractive index would

change. From Fig. [11, 12] it can be concluded that waves in fat took the shortest time

while the wave in blood will travel for the longest time.

4.2.4 Noise

The molecules along the path not only introduce the attenuation of the wave but also

introduce the noise because their internal vibration, provoked by the incident wave,

would turn into the emission of EM radiation at the same frequency [21], which can

be measured by the parameter of the emissivity of the channel, ξ :

ξ(f, d) = 1− τ(f, d) (4.9)

Where, τ(f, d) = e−α(f)d is the transmissivity of the medium, f is the frequency of the

EM wave, d stands for the path length.
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Thus, the equivalent noise temperature due to molecular absorption can be ob-

tained:

Tmol(f, d) = T0ξ(f, d) (4.10)

where T0 is the reference temperature, f is the frequency of the EM wave, d stands for

the path length, ξ refers to the emissivity of the channel given by Eq. 4.9. It should

be noted that this kind of noise only appears around the frequencies in which the

molecular absorption is quite high.

The total noise temperature of the system Tnoise is composed of the system elec-

tronic noise temperature, Tsys, and the total antenna noise temperature, Tant, which

includes not only the molecular absorption noise temperature, Tmol, but also other

contributions from several sources, Tother , such as the noise created by surrounding

nano-devices or the same device.

Tnoise = Tsys + Tant = Tsys + Tmol + Tother (4.11)

For a given bandwidth, B, the total system noise power at the receiver can be

calculated as follows:

Pn(f, d) =

∫

N(f, d)df = kB

∫

Tnoise(f, d)df (4.12)

Where, N stands for the noise power spectral density; kB is the Boltzmann constant;

Tnoise is the equivalent noise temperature.

Because the electronic noise temperature of the system is assumed to be low due to

the electron transport properties of graphene [22], the main factor affecting the chan-

nel performance will be the molecular absorption noise temperature, which indicates

Tnoise ≈ Tmol.

The molecular absorption noise temperature is shown in Fig. 4.4. It can be seen

that the noise temperature increases with the rise of the frequency and distance, which

will lead to the rise of the noise power. At the level of millimeters, the molecular noise

temperature reaches 310 K , the normal human temperature.
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(a) Blood

(b) Skin

(c) Fat

Figure 4.4: Noise temperature as a function of the distance and frequency for different
human tissues
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4.3 Channel Capacity of Human Tissues at THz Band

In order to evaluate the potential of the Terahertz Band, the channel capacity would

be used as the performance metric. In the analysis, THz Band is considered as a single

transmission window which is almost 1 THz wide (from 0.5 THz to 1.5 THz) because

of the limit of the current database for human tissues at THz band [11, 12].

According to the Shannons theory, the channel capacity can be obtained as follows

[23]:

C = Blog2(1 +
S

N
) (4.13)

where B is the whole bandwidth of the system while S
N stands for the signal-noise-

ratio.

From the previous investigation, the channel is frequency-selective and the noise

is non-white, thus the whole bandwidth need to be divided into many narrow sub-

bands which can be chosen small enough to make the channel appear non-selective

and the noise power spectrum distribution locally flat [23]. The ith sub-band is centred

at fi with the bandwidth ∆f(i = 1, 2, 3...). Then, the Eq. 4.13 can be rewritten as

C(d) =
∑

i

∆flog2[1 +
S(fi)

PL(fi, d)SN (fi, d)
] (4.14)

where, S(fi) is the power spectral density of the transmitted signal while ∆f is fixed

to 0.1 THz; PL(fi, d) is the path loss over the sub-band; SN (fi, d) is the noise power

spectral density over the sub-band. And here the frequency band covering from 0.5

THz to 1.5 THz with 1 THz bandwidth is considered.

From Eq. 4.13, it can be easily seen that besides the effect of both path loss and

noise temperature communication capabilities are also strictly influenced by the way

how the transmitted power, Ptx, is distributed in the frequency domain. In line with

[14], three communication schemes (i.e., flat, pulse-based, and optimal) are considered in

this work and characterised in what follows.
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Flat Communication

The total power transmission, Ptx, is uniformly distributed over the entire operating

band. Thus, the corresponding power spectral density is:

Sf (f) =



















S0 = Ptx/B if fm ≤ f ≤ fM

0 otherwise

(4.15)

where, obviously,

∫ fM

fm

Sf (f)df = Ptx, that is, S0 = Ptx/B.

Pulse-Based Communication

Taking into account capabilities of graphene-based nanoelectronic, the pulse gener-

ated by a nano-device, i.e., the wave form used to transmit the logical ‘1’, can be mod-

elled with a n-th derivative of a Gaussian-shape, i.e., φ(f) = (2πf)2ne(−2πσf)2 [14].

Hence, the power spectral density can be expressed as:

Sp(f) = a20 · φ(f) , (4.16)

where σ, and a20 are the standard deviation of the Gaussian pulse and a normalising

constant, respectively.

Considering that
∫ fM
fm

Sp(f)df = Ptx, a20 is given by:

a20 = Ptx

/

∫ fM
fm

φ(f) . (4.17)

Optimal Communication

This scheme aims at maximising the overall channel capacity by optimally adapting

the power allocation as a function of frequency-selective properties of the channel. The

optimal transmission scheme can be obtained by solving the following optimisation
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problem with the consideration of Eq. 4.14:



















max
{

∑

i ∆f log2

[

1 + So(fi)
PL(fi,d)N(fi,d)

]}

subject to
∑

i So(fi)∆f = Ptx

(4.18)

As known, the maximum value of a concave function, like the one in Eq. (4.18), can be

done by using Lagrange multiplier, λ. Thus, the optimisation problem can be rewritten

as:

max

{

∑

i

∆f

(

log2

[

1+
So(fi)

PL(fi, d)N(fi, d)

]

+λSo(fi)

)

−Ptx

}

(4.19)

The maximum is found by equating to zero the derivative of the argument of Eq.

4.19 with respect to So(fi) and λ. This produces:

1

ln(2)[So(fi) + PL(fi, d)N(fi, d)]
= λ ∀i . (4.20)

That is, the overall channel capacity is maximised when:

So(fi) + PL(fi, d)N(fi, d) = β, (4.21)

where β is a constant to be evaluated.

The problem can be solved by using the water-filling principle, which adopts an

iterative procedure for finding the most suitable power distribution on available sub-

bands. In details, at the n-th step, β is computed as:

β(n) =
1

L(n)

[

Ptx

∆f
+

∑

i

PL(fi, d)N(fi, d)

]

(4.22)

where L(n) is the number of sub-bands at the n-th step.

In particular, considering the i-th sub-band, the power spectral density is set as

So(fi) = β − A(fi, d)N(fi, d). If it results So(fi) ≤ 0, then the corresponding power

spectral density is set to 0 and Eq. (4.22) should be computed again (without consider-

ing the identified sub-band) as long as there are no sub-bands with a negative So(fi).

At the end, the procedure optimally distributes the total power transmission over the

available sub-bands by assigning higher power spectral density values to sub-bands
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offering better channel conditions (i.e., lower path loss and lower noise power).

Fig. 4.5 shows the capacity for different tissues with different power allocations.

From the figure, it can be seen that with the increase of the distance the capacity will

keep almost the same at first and then drop significantly at some point (for different

tissues and different power allocation, the point changes). And also we can see that

the optimal one always occupies the top while the performance of the pulse-based one

is not as good as the other two but the differences between them is not very huge. By

comparing the three figures listed, we can see that the capacity of fat is better than the

other two.
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Figure 4.5: Capacity for different tissues with different power allocations
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4.4 Numerical Models and the Corresponding Results

In the previous section, the theoretical model of path loss was proposed where a new

term, absorption path loss, was introduced. In this section, a validation through sim-

ulation would be conducted and then the layered model would be built to investigate

the wave propagation at THz band.

4.4.1 Homogeneous Model

A simple model, shown in Fig. 4.6, is set up in CST Microwave Studio [24] to obtain

the path loss due to the absorption of the human tissues [25]. As generally known,

the magnitude of the electric field of the plane wave does not vary when propagating

in free space but attenuates propagating in the lossy material, thus the plane wave

propagating in the tissue is studied to obtain the absorption path loss. As shown in

the Fig. 4.6, a dielectric cube, at the level of mm3, is built first. This assumption is

valid considering the THz range wavelength in comparison to the examined tissue

size (7mm × 7mm × 7mm). By aligning the dielectric constants to the cube, the ho-

mogeneous human tissue can be modelling, which can be obtained from Fig. 4.1b and

4.1c and shown in table 4.1, calculated from the optical parameters in [11], [12] by Eq.

4.4.

(a) 2D Cross-Section of the simplified model of the
propagation of the plane wave in human tissues

(b) 3-D Schematics of the simplified model of the
propagation of the plane wave in human tissues

Figure 4.6: Schematics of the simplified model of the propagation of the plane wave in
human tissues

As shown in the figure, several probes have been equally spaced in order to mon-

itor the variation of the E-field with the distance from the source. A PML (Perfect
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Tissues Blood Skin Fat

ǫ′ 3.5781 2.9240 2.2130
ǫ′′ 2.0109 0.9085 0.5732

Table 4.1: The Dielectric parameters of blood, skin and fat at 1 THz

Matched Layer) has been considered as the boundary condition in the direction of

propagation and the periodic conditions in other directions. A plane wave has been

defined as the propagating wave travelling in the direction of +z while E-field is point-

ing to +x.

Eq. 4.7 is used to calculate the absorption path loss and the comparison of the

analytical and numerical results with the corresponding difference are demonstrated

in Fig. 4.7. It can be easily observed that the results agree well, indicating the reliability

of the numerical model thus paving the road to the further study of the THz wave for

body-centric nano-communication.

Figure 4.7: Absorption path loss vs. distance at 1 THz for different human tissues

4.4.2 Layered Model

To investigate the effect of the layered structures, the model shown in Fig. 4.8 is nu-

merically simulated in CST Microwave Studio. It can be seen that a traditional 3-

layered human model is built - skin, fat and muscle, whose thickness are 1.5 mm, 5

mm and 1.9 mm, respectively - with the PML as the boundary. Two dipoles working

at the band of 0.8THz ∼ 1.2THz are allocated for two different scenarios: one dipole

in skin with another one in fat (vertical simulation, shown in Fig. 4.8a); both dipoles

in skin allocated along the direction of the interface (horizontal simulation, shown in
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Fig. 4.8b). By changing the distance between two dipoles, the power loss, i.e., S21 can

be obtained. From Table 4.1 it can be seen that the permittivity of skin and fat are very

close to each other in values in the frequency range of interest; therefore the power loss

caused by the interface is minimum. The comparison between the simulated power

loss (vertical simulation and horizontal simulation) and calculated path loss is shown

in Fig. 4.9, from which it can be easily concluded that the effect of the layered structure

on power loss is quite limited.

(a) 2D Displany of planar layered model of human
body with dipole aligned vertically

(b) 3-D Display of planar layered model of human body
with dipoles aligned horizontally

Figure 4.8: Planar layered models of human body with dipoles aligned in
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Figure 4.9: Comparison of the calculated power loss with the simulated one of different
dipole allocation for the layered structure (hor. sim. is the short form of horizontal simu-
lation; ver. sim. is the short for vertical simulation; cal. means the results calculated from
theory)

4.5 Summary

In this chapter, a new channel model was proposed to compute the path loss and noise

at THz band. Then, the corresponding channel capacity was investigated by discuss-

ing the effect of different tissues and power allocation schemes. The results showed

that THz band channel was strongly dependent on both the type of the medium and

the distance where the concentration of water had a lot of influence because it not

only caused attenuation to the THz wave but also introduced non-white noise. In

the very short distance, i.e., at the distance of millimeters, the capacity can reach as

high as 100 Terabits per second (Tbps) depending on the environment and exciting

pulse types. And in the end of the chapter, two 3-D numerical models of THz nano-

communication channel have been applied for in-body scenarios and validated by the

analytical model. In summary, the proposed models pave the way to the further stud-

ies considering more body structures and tissue properties.
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Chapter 5

Effects of Non-Flat Interfaces in

Human Skin Tissues on the In-Vivo

THz Communication Channel

Following the work of Chapter 4, a numerical computational studies would be con-

ducted in this chapter to investigate the quality of the radio communication of nano-

networks depending on the skin structure, where layered models of the human skin of

various geometries in the scale of the THz wavelengths was considered. Additionally,

the effects of the sweat duct would be considered and investigated.

5.1 Motivation and Related Work

The channel model of THz wave in human tissues has been investigated in Chapter

4, but to analyse the wave propagation in the human body, more accurate and finer

model should be considered instead of the homogeneous one. In this chapter, detailed

skin models would be introduced to observe the wave propagation and EM interaction

with the finer skin structures.
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According to the current researches, there are three main models to describe the

skin structure: 1) 3 layered model; 2) 2 layered model and 3) model with detailed

parts. For the 3-layer models, the skin is divided into 3 layers: stratum corneum layer

(SC), epidermis and dermis layer (E-D) and subcutaneous fat layer (SCF)[1, 2]. In

2 layered models, the skin is modelled as the combination of epidermis and dermis

[3, 4]. On the basis of these models, more sophisticated models with detailed parts are

introduced to further study the skin performance [5, 6]. Furthermore, the helical sweat

duct structure was inserted into the epidermis layer of a 3-layered stratified model to

study its effects on electromagnetic (EM) reflection spectrum of skin in the frequency

range of 100 GHz to 450 GHz [6]. The results have shown that the morphological

features of the skin and the structure of the sweat ducts play an important role in the

reflectance spectrum. It also pointed out that at the higher frequencies the roughness

of the boundary should be incorporated into the model due to the same order of the

magnitude of the wavelength and the roughness but the detailed studies were not

considered. From the 3-D cross-sectional images depicting the different layers of the

skin [7] [8], it can be seen that the interface between the layers was not flat and the

roughness between the different layers of the skin was at the order of millimetre which

was considerable to the wavelength of the applied THz band (300 GHz to 10 THz [9])

of Nano-Communication Network [6]; thus, it is evident that more detailed models of

skin are required in order to understand the effects on EM wave propagation, which

is the main concern of this chapter.

5.2 Applied Numerical Skin Models

5.2.1 Human Skin Structure

The skin is a complex heterogeneous and anisotropic medium, where the small parts,

like blood vessel and pigment content, are spatially distributed in depth [10] [11],

as shown in Fig. 5.1. Human skin can be generally divided into three main visible

layers from the surface: the epidermis (∼ 100 µm, blood-free layer), the dermis (∼
1 - 4 mm, vascularized layer) and the subcutaneous fat (from 1 to 6 mm dependent

on the location) as shown in Fig. 5.1 [12]. The epidermis contains two sub-layers:

stratum corneum with only dead quamous cells and the living epidermis layer, where
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most of the skin pigmentation stay. The stratum corneum is a thin, stratified and

highly specialized layer which is accumulated on the outermost skin surface. The

dermis, supporting the epidermis, is thicker and mainly composed of collagen fibres

and intertwined elastic fibres enmeshed in a gel-like matrix. The subcutaneous fat

layer is composed of the packed cells with considerable fat, where the boundary is

not well demarcated; thus the thickness of this layer varies widely for different part of

human body [13].

Figure 5.1: General 3-layer skin model [14]

5.2.2 Numerical Skin Models

Models with Rough Boundary

From the skin model shown in Fig. 5.1 [15], it can be observed that the interface

between the layers is non-flat [6], and the dermal ridges prolong and penetrate into

the epidermis. In this paper, the influence of rough interface between these two lay-

ers was studied, making the model more physiologically plausible. CST Microwave
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StudioTM software package using Finite Integration Technique was selected to simu-

late the propagation and interaction of THz wave in the three-dimensional (3-D) nu-

merical model of skin, shown in Fig. 5.2 where the interfaces between the epidermis

and dermis are 3-D sine and 3-D sinc wave, respectively. A cube, L µm wide and

H µm high was built to model the skin cube, including a hepi µm upper layer as the

epedermis and a hderm µm layer as the dermis. The bisected cross-section of both

models are shown in Fig. 5.3 and the corresponding applied functions, depicting the

3-D surface were shown below:

z = ±Acos(
2πx

S
)cos(

2πy

S
) (5.1)

where, A and S are short for amplitude and span, respectively; ”+” stands for the

peak scenario while ”−” refers to the valley case (in Fig. 5.3a, ”−” is chosen).

z =











±A
sin(

√
(x−nS)2+(y−nS)2)√

(x−nS)2+(y−nS)2
, when −(2n− 1)S/2 ≤ x, y ≤ (2n+ 1)S/2;

0, else.

(5.2)

where, A represents the amplitude of the sinc function while S is the span of sinc

function shown in Fig. 5.3b; n = L/S is the ratio of skin cube length to sinc functin

span; ”+” stands for the peak scenario while ”−” refers to the valley case (Fig. 5.3b

shows the case of ”+”).

The parameters of the two models in Fig. 5.2 are summarised in Table 5.1.a

model Sine Sinc

H 2105 1600

L 2100 2100

hepi [405 − 105] [40 − 240]
hderm [1000 − 1700] [1260 − 1460]

Table 5.1: Different parameters of simulated models using sine and sinc functions as the
interface (unit: µm)

Two dipoles are also modelled as the nano-antennas, working at THz band. One

is placed on the skin surface while the other is located within the skin. Two discrete

aFor sine model the amplitude of the surface A is 350 µm while for sinc model the amplitude of the
surface A is 200 µm.
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(a) Stratified skin model with 3D sine function as the
interface

(b) Stratified skin model with 3D sinc function as the inter-
face

Figure 5.2: Numerical models with different function interfaces, developed in CST Mi-
crowave Studio
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(a) Stratified skin model with 3D sine function as the
interface in CST

(b) Stratified skin model with 3D sinc function as the inter-
face in CST

Figure 5.3: Cross section of the applied models in Fig. 5.2 (L is the cube length, H is the
cube height, hepi and hderm is the thickness of epidermis and dermis, A is the amplitude
of the surface while S is the span of the surface)
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ports were applied to the dipoles and the tranmission coefficient, S21, was recorded

to investigate the power loss. The dimensions of the dipoles are shown in Table 5.2,

and they are optimised to ensure that the impedance matching is better than −10 dB.

The open boundary ,i.e., Perfect Match Layer (PML) was applied to ensure that the

reflections of the abruptly-cutting boundaries are neglectable. The nano-second long

Gaussian pulse is applied in the Time-Domain simulation while hexahedral mesh type

was applied. The permittivities applied to the different parts of skin are shown in Fig.

5.4 [16].

dipole on the skin surface dipole in the skin

arm length (µm) 43 36

radius (µm) 5 5

Table 5.2: Parameters of the dipole antennas used as transmit and receive elements for
the EM propagation power loss study across and within the human skin tissue models
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(a) Real part of the relative permittivity
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(b) Imaginary part of the relative permittivity

Figure 5.4: Permittivity of different skin layers and sweat at THz frequencies [16].
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Skin Models with Sweat Ducts

For this part of the study, similar detailed skin model as shown in Fig. 5.2a was applied

with the inclusion of sweat ducts, as shown in Fig. 5.5. The sweat duct is 265 µm in

height and 40 µm in diameter. It includes three turns to be considered as a helical

antenna (For helical antenna number of turns should be at least 3.). Only when the

sweat duct contains sweat, containing 99% water and 1% salt and amino acid [17], it

can be regarded as a conductor; and hence the permittivity of water at THz band was

used to model sweat duct, as shown in Fig. 5.4.

Figure 5.5: Numerical model of skin while including sweat ducts.

5.3 Analysis of Skin-Internal Non-flat Interfaces on the THz

EM Channel

5.3.1 Effects of Different Shapes

Since the shape of the interface is determined by amplitude A and span S, to sim-

plified the case one of these two variables is fixed and the other changed with equal

difference. Four scenarios were investigated with model parameters as shown in Table

5.3.

The power loss for individual cases were recorded. Take the sine model as an

example, the line array records are illustrated in Fig. 5.6. Based on the recorded power

90



Sine Model Sinc Model

S = 700 A=350 S = 700 A = 200

A S A S
175 350 100 300
245 560 120 400
350 700 140 500
420 910 160 600
525 1050 180 700

200

Table 5.3: Amplitude and span change for the different interface models (unit: µm)

losses, the mean values and deviations of the power losses for each case are calculated

with Matlab (as shown in Fig. 5.7). The obtained power losses for different distance

are then compared with the power losses obtained from the common flat one and the

homogeneous models, shown in Fig. 5.7. It can be seen that all values decrease due

to the distance increment. The power loss of the flat model and the mean values of

stratified models with 3-D sine and sinc surfaces are close to each other, pointing out

that the influence of the rough interface could be neglected, when the general study

is being conducted. Additionally, the deviation of the stratified model with 3-D sine

interface is greater than the one with sinc interface. The biggest difference is around

2 dB and they both increases with the increasing distance. By comparing the results

shown in Fig. 5.7a and Fig. 5.7b, it can be concluded that the span variation would

cause more changes to the power loss because of its larger deviations, reaching around

10 dB (sine model) and 5 dB (sinc model) at the distance of 600 µm, respectively, while

the deviation of the amplitude is always less than 1 dB.

5.3.2 Effects of the Antenna Location

The impact of the location of the antennas are also studied. In one of the scenarios,

both antennas are placed along the line going through the peak of the 3-D wave as

shown in Fig. 5.8a while another going through valley of the wave as shown in Fig.

5.9a. The field distribution for both cases of the sine model are shown in Fig. 5.8

and 5.9. It can be easily seen that the applied PML boundary has no effect to the per-

formance of the antenna and the interface between the epidermis and dermis barely

affect the wave propagation. The results shown in Fig. 5.10 agree well indicating
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(a) Power loss of different span values when A is set to
350 µm
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(b) Power loss of different amplitude values when S is
set to 700 µm

Figure 5.6: Effects of parameter changes on power loss for sine-wave model listed in
Table 5.3
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(b) Influence of amplitude change on power loss

Figure 5.7: Dependance of the power loss on the distance for different models
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that the effect of the antenna location can be ignored, when the antennas are loc-

ated above/below the peak/valley boundary for the 3-D sine model. However, when

the span and amplitude values go beyond 300 µm, the difference between the power

losses is noticeable with a 5 dB difference at 600 µm (as shown in Fig. 5.11). The power

loss for the scenario that two dipoles locates above/below the peak is larger for the

one with the valley scenario because for the peak scenario the second antenna would

be in the dermis most of the time.

(a) Electric field distribution for the
dipole in skin at the plane of xoz (y =
0)

(b) Electric field distribution for the
dipole in skin at the plane of xoz (y =
0)

(c) Electric field distribution for the
dipole on skin surface at the plane of
yoz (x = 0)

(d) Electric field distribution for the
dipole on skin surface at the plane of
yoz (x = 0)

Figure 5.8: Electric field distribution of the dipoles at 1 THz for the peak scenario of the
sine wave model

5.3.3 Effects of the Sweat Duct

The effects of the sweat duct for the sine wave model was investigated, shown in Fig.

5.12. It is observed that with the increase of the distance the power loss increases, as

predicted. When PEC was applied to the sweat duct to make it as the ideal conductor,

the power loss is 5 dB less than the case of water applied to the sweat duct, which

shares similar power loss with the model without sweat duct. This indicates that if

sweat duct is working as PEC, the power loss would be reduced; however, in most
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(a) Electric field distribution for the
dipole in skin at the plane of xoz (y =
0)

(b) Electric field distribution for the
dipole in skin at the plane of xoz (y =
0)

(c) Electric field distribution for the
dipole on skin surface at the plane of
yoz (x = 0)

(d) Electric field distribution for the
dipole on skin surface at the plane of
yoz (x = 0)

Figure 5.9: Electric field distribution of the dipoles at 1 THz for the valley scenario of the
sine wave model

cases, the sweat duct is full of sweat containing 99% water, which has limited influence

on the overall communication link quality. Analysis clearly shows the importance of

the study of the parameters of the human tissue, especially at THz band.

5.4 Summary

In this chapter a new model with a 3-D sinc interface was first proposed to increase the

randomness of the model while the mean and deviation of the power loss for all mod-

els are compared with the common flat model. The results show that the power loss

is around -80 dB at 700 µm. Although there are no systems with the dynamic range

more than 80 dB nowadays, we would like to highlight that for nano-networks the 700

µm range is considered large specifically with the cooperative and dense nano-sensor

networks predicted to be used for the applications described in the introduction. Ad-

ditionally, the influence of the antenna location was studied, which shows that the

influence of the model with sine wave interface is negligible; however, the antenna

location would cause some changes when the sinc wave interface was applied where

the difference can go up to 4 dB with distance of 600 µm between the transmitting
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(a) Effects of span alteration on the power loss with
respect to distance.
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(b) Effects of amplitude alteration on the power loss
with respect to distance.

Figure 5.10: Comparison between the two Scenarios: two dipoles located above/beneath
the peak and valley of the interface for the model with 3-D sine function as the interface.
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(a) Effects of span alteration on the power loss with
respect to distance.
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(b) Effects of amplitude alteration on the power loss
with respect to distance.

Figure 5.11: Comparison between the two Senarios: two dipoles located above/beneath
the peak and valley of the interface for the model with 3-D sinc function as the interface.
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Figure 5.12: Power loss at 1 THz for three scenario: a) without the sweat duct in epi-
dermis; b) water is considered as the sweat in sweat duct; c) the sweat duct is considered
as PEC
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and receiving antennas. Finally, the effects of the sweat duct were investigated by

applying two different materials (PEC and water) and compared to the case without

the sweat duct presence. Result shows that when PEC is considered as a material for

sweat duct, the power loss reduction is around 5 dB, while the power loss is negligible,

when water is considered as a material for sweat duct at THz band.
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Chapter 6

Characteristics and Modelling of

Electromagnetic Parameters of

Human Skin at THz band

During the study of the channel performance of THz wave for nano communication,

it is found that there is a lack of the data-base of EM parameters of human tissues. In

this chapter, the collagen, main constitute of skin has been cultivated and measured

to obtain the optical/electromagnetic parameters at the THz band of interest. Then, a

double Debye model would be investigated, followed by the validation of the theor-

etical model produced in previous chapters.

6.1 Motivation and Related Work

From the previous discussion, it can be easily seen that the papers on EM/Optical

parameters of human tissues are quite limited in the THz band of interest [1–3]. Pulse

THz spectroscopy was first used to measure the absorbtance of DNA, bovine serum

albumin and collagen at the band of 0.06 to 2.0 THz [4], showing that the absorption

100



would increase with hydration and denaturing. Later, animal tissues, such as pork

skin, pork fat and rat skin, were measured to study the power absorption and far-

infrared signal transmission at THz band [5]. Because the performance of the cancer

is different from the healthy tissue at THz band, more and more studies are conduc-

ted on the characterisation of the human tissues at these bands. The healthy liver

and liver cancer were studied to indicate the possibility of the application of THz

Fiber-scanning Near-Field Imaging technology to diagnose the cancer [6]. Recently,

spectroscopy measurements of normal and cancer breast tissue in the range of 0.1 to

4 THz were conducted by Tyler Bowman and et. al. [7], demonstrating the potential

of THz spectroscopy for the recognisation of the cancer cell while the dielectric model

of human breast tissue in THz band was built by A.J. Fitzgerald [8], where the aver-

age complex permittivity of health tumour, healthy fibrous breast tissue and healthy

fat breast tissue from [9] were compared. However, most of the researches are still re-

stricted to KHz or GHz of range [10–13] because the biological material in this range is

believed to have little scattering and the radiation is readily absorbed and transmitted

through depending on the size and inherent properties of the material [14] and the

study of the tissue parameters at THz band is at its early phase. To enrich the data-

base of the parameters for biological tissues at THz band, the human tissue samples

cultivated in Blizard Institute would be measured with the THz Time Domain Spec-

troscopy (THz-TDS) system at Queen Mary University of London a.In this chapter, the

skin tissue, especially collagen, the main constitute of epidermis, would be the main

focus to investigate if it is enough to use the parameters of collagen as the epidermis

at the band of interest by studying both dielectric constants.

6.2 Principles of the Measurement

6.2.1 THz-TDS System Set-up

To obtain information of complex refractive index of measured samples because of the

nature of THz, Grischkowsky and his co-workers introduced the first THz-TDS [15].

Although current THz-TDS systems are more advanced in the aspect of techniques

such as scanning time, beam generation, detection methods and etc., the fundamental

aEthics Number: East London & The City REC Alpha 09/H0704/69
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principle of operation remains. A schematic illustration of the set-up of a THz-TDS

in transmission mode is shown in Fig. 6.1. The pulsed titanium-Sapphire laser pro-

duces femto-second pulses, which are then redirected into two separate optical paths

by a beam-splitter. One beam becomes the receiver pulse (a measurement using the

receiver is possible only when a femto-second pulse is incident on the receiver), while

the other is used to excite THz wave at the emitter. Parabolic mirrors are used to focus

and collimate the THz pulses travelling through the sample and onto the detector. The

detector only conducts when it is struck by the femtosecond pulse from the detection

beam line. When the detector is photo-excited, the THz pulses electric field causes an

electric current to flow inside the detector. Using a time delay on the detector beam

line to control the relative time delay between the THz pulse and when the detector

can conduct, the electric field of the THz pulse can be plotted over time.

Figure 6.1: Schmatic diagram of a THz-TDS system operating in transmission mode

The photo of the THz-TDS installed at QMUL is shown in Fig. 6.2. The system

shown here is operating in transmission mode. The main features and characteristics

of this spectrometer are [16]:

• Typical operating frequency domain: 0.1 − 4.0 THz;

• Maximum dynamic range is 25− 30 dB, SNR is normally around 25 dB;

• Motorized delay stage maximum travelling distance is 15 cm;
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• Typical resolution is 14GHz (scan size 10.24mm, step 10 µm); maximum achiev-

able resolution is 1− 2 GHz;

Figure 6.2: THz-TDS system in Queen Mary University of London [16]

The photo of the sample holder with the stand is shown in Fig. 6.3. It was made

of poly-4-methyl pentene-1 (TPX) because of its non-dispersive characteristics at the

band of interest that its absorption is very low, ≤ 1cm−1 and the refraction index is

1.46 over 0.1 ∼ 4 THz.

6.2.2 Data-Processing [17, 18]

The original measurement data from the THz-TDS system were the received electric

field ~E. The complex spectra of air measured by TDS system is shown in Fig. 6.4.

Conventionally, the rate of the sample spectra to the reference one, which is served

by the absence of the sample, usually the air, is used to calculate the complex refractive

index ñ = n− iκ. Thus, the measured transfer function is:

H̃measure(f) =
Ẽsam(f)

Ẽref (f)
(6.1)
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Figure 6.3: Sample holder with the stand

0 10 20 30 40 50 60 70
−0.01

−0.005

0

0.005

0.01

0.015

0.02

0.025

Time [ps]

T
H

z 
pu

ls
es

 

 

Figure 6.4: Received THz pulse of air from TDS system

104



where, Ẽsam(f) and Ẽref (f) are the complex spectra of the sample and reference, ob-

tained from the Fourier Transform of the corresponding time-domain response.

Since the THz wave arriving at the sample is regarded as the TE wave, thus the

propagation of the wave through the sample can be described by:

Ã = e−
i2πfñd

c (6.2)

where, f is the frequency; ñ is the complex refractive index; d is the sample thickness;

c is the speed of light in free space.

Therefore, the analytical transfer function can be obtained:

H̃(f) = t̃12(f)t̃21(f)e
−

i2πf(ñ−nair)d

c (6.3)

where, f is the frequency; ñ is the complex refractive index; nair is the refractive in-

dex of air because air is usually taken as the reference; d is the sample thickness; c is

the free-space light speed; t̃12(f) and t̃21(f) are the Fresnel transmission coefficients

associated with the front and back boundary interfaces between sample and holder

medium.

According to [17], there are three ways to do the data-processing to obtain the

refractive index.

First, assuming that the Fresnel coefficients in Eq. 6.3 are both real number while

there is no internal reflections and Fabry-Perot effect; thus the refractive index n and

extinction coefficient κ can be obtained:







n(f) = 1 + c
2πfd (φsam(f)− φref (f))

κ(f) = − c
2πfd ln(

|Ẽsam(f)|

|Ẽref (f)|

(1+n(f))2

4n(f) )
(6.4)

where, φsam(f) and φref (f) are the unwrapped phase of the sample and reference

spectra.

Second, the internal reflections and complex Fresnel coefficients are considered,

thus the Fresnel coefficients in Eq. 6.3 can be obtained:







t̃12(f) =
2nair

ñ(f)+nair

t̃21(f) =
2ñ(f)

ñ(f)+nair

(6.5)
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and an additional term
∑

[r̃2(f)e−
i4dπfñ(f)

c ] would be added, where r̃(f) = ñ(f)−nair

ñ(f)+nair
.

To obtain the refractive index ñ, the non-linear regression algorithm should be applied.

Third, all the effects including the complex Fresnel coefficients, internal reflection

and Fabry-Perot effect are taken into account, where the following term is added to

Eq. 6.3 [19]:

FP (f) = 1 + r2(f)A2(f) + r4(f)A2(f) + ...

=
∞
∑

i=0

(r2(f)A2(f))i

= (1− r2(f)A2(f))−1

(6.6)

Thus, Eq. 6.3 becomes:

H(f) =
t̃12(f)21(f)e

−
i2πfd(ñ(f)−nair)

c

1− r2(f)e−
i4πfdñ(f)

c

(6.7)

Similar to second approximation, the non-linear regression algorithm is also adop-

ted to get the refractive index [20–22].

6.3 Measured Results and Discussions

The collagen samples are cultivated in Blizard Institute and then measured with the

THz TDS system at QMUL. First, the system without the holder is measured to get the

time-domain pulse response of the air and then the response of system with empty

holder is measured. At the end, the holder with samples is measured. For each sample

with different thickness, 3 measurements would be conducted and the mean value

would be adopted. Fig. 6.5 shows the time response of air, empty holder and the

holder with the sample for just one measurement, from which we can see that the

inclusion of holder causes considerable delay and attenuation of the pulse compared

to the air while the sample introduced slight delay and attenuation compared to the

empty holder. By doing the Fourier Transform and related data-processing shown in

Section 6.2.2, the refractive index and extinction coefficient can be obtained, as shown

in Fig. 6.6. The Matlab code is shown in Appendix B. We can see that with the rise

of the frequency the refractive index and extinction coefficient both go down. Before
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0.5 THz, both parameters descend steeply while after 0.5 THz both parameters drop

slightly.
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Figure 6.5: Time response of air, empty holder and the holder with the sample measured
by THz-TDS system

Using the following relationship between the EM parameters to the optical para-

meters, Eq. 6.8, the permittivity of the collagen can be obtained, as shown in Fig. 6.7.

Similar to the optical parameters, the permittivity falls with the increase of the fre-

quency and there is also a frequency point, 0.5 THz approximately, where the trend

of both curves change.










ǫ′ = nr(f)
2 − κ(f)2

ǫ′′ = 2nr(f)κ(f)
(6.8)

where, ǫ′ and ǫ′′ are the real and imaginary part of the permittivity ǫ.

The comparison between the measured results with the data shown in [23], [24]

and [25] is shown in Fig. 6.8. From the figure, it can be easily seen that although the

trend of the three curves are similar, the permittivity of the measured collagen is less

than the others’ data, demonstrating that the collagen is not enough to represent the

epidermis at the band of interest. Also, it can be easily noticed that the trend of data in

[24] is different from others in the lower frequency band, which is mainly due to the
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Figure 6.6: Measured optical parameters of collagen from THz-TDS system
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(b) Imaginary part of the dielectric constant measured by THz-TDS system

Figure 6.7: Calculated complex dielectric constant of collagen from Eq. 6.8
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fact that the samples applied are dehydrated.
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(a) Comparison of the real part of the dielectric constants of skin
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(b) Comparison of the imaginary part of the dielectric constants of skin

Figure 6.8: Comparison between the measured results with other avaiblable data from
[23–25]

6.4 Modelling of the Measured Results

6.4.1 Dielectric Model of Collagen at THz Band

As stated before, human tissue is always considered as a dispersive material; thus,

relative permittivity and conductivity should be both included in the model. And
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from the previous section, it can be easily seen that the frequency rise will cause steep

drop of the permittivity. Therefore, Debye model, shown in Eq. 6.9 would be appro-

priate to express the dependence of dielectric properties on the frequency. Complex

permittivity of human tissue in the very low frequency range is well-described by

the single-debye relaxation model, while its responses in higher frequencies above 0.1

THz require extra Debye relaxation process [26] because of the higher water content

of various human tissues [13].

ǫω = ǫ∞ +
∑

n

∆ǫn
1 + jωτn

(6.9)

where ∆ǫn is the difference between static permittivity and permittivity at higher fre-

quencies ǫs − ǫ∞, indicating the permittivity dispersion of the nth-Debye relaxation

process; ω is the angular frequency and ǫ∞, τn are the permittivity at infinite frequency

and relaxation time.

The double-Debye model, shown in Eq. 6.10 was first applied to describe the

dielectric function of water, and then has been widely used for highly hydrated mix-

tures [27–29]. In [30], it has already been used as the function to describe the interac-

tion of THz radiation with human skin tissue.

ǫω = ǫ∞ − ∆ǫ1
1 + jωτ1

+
∆ǫ2

1 + jωτ2
(6.10)

where ǫ∞ is the permittivity at infinite frequency , larger than the vacuum permittivity

ǫ0. ∆ǫ1 represents the dispersion in amplitude of the slow relaxation processes, where

the bulk bonding between hydrogen molecules is released to equilibrium state under

the impact of external electric field. ∆ǫ2 describes the fast relaxation process, where

hydrogen-bond formation and decomposition occur. τ1 is the relaxation time of the

slow process and τ2 is the relaxation time of the fast process [28, 31]. ω is the angular

frequency.
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6.4.2 Fitting Algorithm

To obtain the parameters of Double-Debye Model, the Euclidean distance [32] between

the raw data input and the Eq. 6.10 output was employed, shown in Eq. 6.11:

e =
1

N

N
∑

i=1

[(
ǫ′ωi

− ǫ̂′ωi

median[ǫ′ωi
]
)2 + (

ǫ′′ωi
− ǫ̂′′ωi

median[ǫ′′ωi
]
)2] (6.11)

where ǫ′ωi
and ǫ′′ωi

are the real and imaginary part of measured dielectric properties.

ǫ̂′ωi
and ǫ̂′′ωi

represent the output of the Debye equation for real and imaginary part of

the dielectric properties, respectively, and N is the number of points picked across the

frequency range of 0.1 THz to 1.5 THz (almost 212 for this study).

The optimisation problem can be summarised below:

min
ǫ∞,∆ǫ1,∆ǫ2,τ1,τ2

1

N

N
∑

i=1

[(
ǫ′ωi

− ǫ̂′ωi

median[ǫ′ωi
]
)2 + (

ǫ′′ωi
− ǫ̂′′ωi

median[ǫ′′ωi
]
)2]

subject to ǫ∞ ≥ 1

∆ǫ1 ≥ 0,∆ǫ2 ≥ 0

τ1 ≥ 0,τ2 ≥ 0

(6.12)

To solve this problem, particle swarm optimization (PSO) [33–35] was applied,

which would return all Double Debye variables for the five set of parameters if the

Euclidean distance is smaller than the threshold of 0.0012.

The number of particles chosen in the PSO algorithm here was 500. The algorithm

would end after 1000 iterations if the threshold were not reached before this point.

The final parameters of the Double Debye Model are shown in Table 6.1 and Fig. 6.9

demonstrates the comparison between the complex permittivity calculated from the

double debye model and the measured data for collagen, showing that the proposed

dielectric model mimics very well the dielectric properties of collagen not only at the

high range of frequency beyond 1 THz but also at the lower band.

ǫ∞ ∆ǫ1 τ1 (ps) ∆ǫ2 τ2 (ps)

1.63 500 17.7 100 3.64

Table 6.1: Parameters of double Debye model optimised by PSO algorithm
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Figure 6.9: Measured complex permittivity of collagen and its fitting model
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6.5 Comparison with the Proposed Model

This section is a supplement of the work in Chapter 4. Based on the previous work, the

absorption coefficient of collagen at the band of interest can be obtained. Then using

the equation 10lgeαd with d as 1mm, the corresponding path loss can be calculated,

shown in Fig. 6.10. Also, the rough power loss can be obtained by the equation:

20lg
Esample

Eholder through the measured data, also shown in Fig. 6.10. Then using the least

square optimisation method,the fitting models of both results can be obtained, also

shown in Fig. 6.10. We can see that the differences between both losses go larger with

the rise of the frequency. It is mainly due to the fact that when the frequency goes up,

the SNR would fall down which would introduce more error. On the other hand, the

theoretical losses do not include the reflection loss of the air-TPX interfaces and the

TPX-sample interfaces.
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Figure 6.10: Comparison of the measured power losses to the theoretical ones of the
sample with thickness of 1 mm with their fitting models

6.6 Summary

In this chapter, the EM/optical parameters of cultivated collagen are measured with

the THz Time Domain Spectroscopy (THz-TDS) system and compared with the avail-

able data, showing that the collagen is not enough to represent the performance of the

epidermis at the band of interest. At the same time, a double Debye model of collagen
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at THz band was also introduced by studying the measured results, followed by the

validation of the model proposed in previous chapters.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Nano communication has driven great research interests since its proposal in 2008 as

it will enable a plenty of applications in many fields, not only healthcare and monitor-

ing, but also industrial development and environment-protection. Although the study

of Nano-Network Communication is still at its early phase, it is generally believed that

the research work on the hardware-oriented research and communication-focused in-

vestigations on EM communication paradigm of Nano-Communication is essential

which could pave the road and make the future work much more convenient.

In this thesis, the main focus was put on the fundamental study of the body-centric

nano-communication, especially the in-body one. Based on this aim, the channel

model of THz wave in human tissues was studied and investigated, showing the

potential of THz band (0.1 − 10 THz) as the working band for EM paradigm. It is

generally believed that when the operation band goes higher, the skin model with

roughness interfaces should be investigated because both the wavelength and rough-

ness will be of the same order of magnitude; thus, a new model with 3-D sinc interface

was proposed based on the study of the similar one with 3-D sine interface. During the

study, we found the data-base of the parameters of human tissues was not sufficient,
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so the measurement of parameters of human tissues was conducted.

7.2 Key Contributions

The major contributions of this work are summarised as follows:

• In chapter 4, a 3-D numerical model of THz nano-communicational channel has

been applied for in-body scenarios and validated by the analytical model. Chan-

nel characteristics and the system capacity for different human tissues have been

calculated. The comparison between the numerical and analytical results are

conducted, showing a good agreement compared with the total path loss and the

reliability of the proposed numerical model. Meanwhile, the proposed model

paves the way to the further studies considering more body structures and tis-

sue properties. In the meantime, the noise model has been applied to calculate

the capacity for different power allocation which indicates that for the Gaussian

shaped pulse the capacity can reach and maintain 100 Tbps for the distance up

to several millimetres which indicates the promising future of the application of

the EM paradigm to the body-centric nano-communication.

• In chapter 5, 3-D stratified skin models are built to investigate the wave propaga-

tion from the under-skin to skin surface. Then, the influence of the rough inter-

face between different skin layers is investigated by introducing two detailed

skin models with different interfaces (i.e.,3-D sine function and 3-D sinc func-

tion). The mean and deviation of the power losses for both models are com-

pared with the common flat model, showing that it is possible to transmit the

signal through the skin since the power loss is just around -80 dB at 700 µm and

the general flat model can be applied to do the rough research since the differ-

ence is always less than 4 dB. And the effects of the sweat duct on the wave

propagation is also analysed. The results show great potential of the THz waves

on sensing and communicating.

• In chapter 6, the EM/optical parameters of collagen, the main building mater-

ial of skin are measured with the THz Time Domain Spectroscopy (THz-TDS)
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system at Queen Mary University of London to obtain the electromagnetic para-

meters with the aim to enrich the database with the cooperation of Blizard In-

stitute, London UK. At the same time, the double Debye model of the dielectric

parameters at the band of interest was also studied and the validation of the

proposed channel model was done.

7.3 Future Work

In line with the work presented, the future research directions which would make

potential and natural progression to complete the studies in the thesis are summarised:

Measurement on the parameters of the human tissues

Although several optical parameters are provided, it is still not enough. First, the ex-

periment was conducted long time ago and the number of tissues was limited. Second,

the samples were mainly from one old male which lower the credibility of the results.

Therefore, it is necessary to redo the experiments to get the parameters of interest by

measuring more samples from different people.

Safety issues: heating problems of THz wave

Safety issue is always the main consideration when people talks about nano-network,

especially when the nano-devices are applied to the in-body scenario. For THz com-

munication, heating problem was the main concern in the academic field. Therefore,

the study of the THz wave heating effects on the human tissue would be conducted to

make the standard and requirement for communicating or sensing.

Interaction between the nano-devices and the surrounding environment

From the study of the models of nerve system and skin, it seems dispensable to study

the detailed model when the size of the functional devices goes down to milli/nano-

scale. The interaction between the environment and the devices should be study to

make sure the devices function normal.
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Simulating body-centric nano-networks using the state-of-art simulator

Although there are lots of communication paradigms for nano-communication, the

study on interaction between each two different communications, for example the

EM communication and the molecular communication, is still missing. It is generally

believed that by emerging all the communications together the nano-network would

be much more flexible and powerful. With the comprehensive simulator proposed in

IEEE P1906.1 based on the ns-3 platform in mind, different communication schemes

would be studied by comparing to the EM one. And at the same time, the relationship

between them and EM method should be further studied.
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Appendix A

Applications of

Nano-Communication [1, 2]

There are a great numbers of potential applications of nano-networks, which can be

mainly divided into four groups: biomedical, environmental, industrial and military

[1, 2]. Additionally, the applications of nano-networks are not limited into these four

domains; and they also can be used extensively into other fields like consumer elec-

tronics, life style and home appliances because nano-technologies have an essential

role in the manufacturing process of several devices.

A.1 Biomedical Applications

A large number of direct applications of nano-networks are related to the biological

field. Biological models encourage the use of nano-technologies to interact with or-

gans and tissues because the most molecules, proteins, DNA and the major compon-

ents of cells are almost at the nano-scale. Thus, it is clear that the advantages of nano-

networks are in terms of the size, bio-compatibility and bio-stability of both the device

and network. By controlling the system components at molecular level, nano-sensors

can provide an interface between biological phenomenal and electronic nano-devices

to complete the communication of nano-networks.

• Bio-hybrid implants: the aim is to support or substitute components such as
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nervous tracks or some lost tissues [3, 4] because nano-networks can provide

friendly interfaces between the implant and the human body. Restoration of

central nervous system tracks is the most possible application of bio-hybrid im-

plants.

• Genetic engineering: manipulation and modification of nano-structures such as

molecular sequences and genes can be achieved by nano-machines; therefore,

using nano-networks can expand the potential applications in genetic engineer-

ing.

• Immune system support: like the bio-immune system, the artificial immune sys-

tem will help the organism fight against virus with the aid of a collection of

nano, micro and macro systems, including sensors and actuators, acting in a co-

ordinated way to identify and control foreign and pathogen elements. At the

nano-network, nano-machines will be used to detect or eliminate procedures.

They could realize tasks of localization and response to malicious agents and

cells [5, 6], such as cancer cells, resulting in a less aggressive and invasive treat-

ments compared to the existing ones.

• Health monitoring system: the concentration of sodium, glucose and oxygen in

blood [7], cholesterol level [8], cancer bio-markers [9] or other infectious agents

[10] can be checked by nano-sensors. For example, one can use a tattoo-like

sensor to monitor the glucose level instead of pricking his finger several times a

day [7]. [9] also provides an overview of the bio-sensor technology which are be-

ing developed and researched for cancer markers diagnosis. The need to deliver

the information retrieved by these nano-sensors or systems to relevant actors

require the set-up of nano-networks which can provide the proper level of con-

nectivity to complete the communication between the nano-devices or deliver

the sensed information from nano-systems to micro-systems.

• Drug delivery systems: nano-sensors can be utilized to monitor a specific sub-

stance, then nano-actuators can be used to carry out some simple tasks like re-

leasing a specific drug in some unreachable areas of human body [11]. [1] de-

scribes the general idea: a distributed nano-networks of nano-sensors and nano-

actuators can work cooperatively to decide whether or not to release a given
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drug to control the intra-cranial pressure, a chemical compound to dissolve a

clot in an artery, or an engineered antibody to improve the immunologic system

of humans in front of new diseases; and they work with cooperative schemes

to make the decision on the fly. At the same time, all these data can be collec-

ted and remotely monitored by doctors. For instance, if the system is used to

compensate metabolism diseases like diabetes, nano-sensors and smart glucose

reservoirs or producers can work in a cooperative way to support regulating

mechanisms [12]. This system can also be used to help mitigate the effects of

neuro-degenerative diseases by delivering neurotransmitters or specific drugs

[13].

A.2 Environmental Applications

It is said that the original idea of nano-networks is from biological systems found

in nature, so the nano-sensor or nano-actuator can be applied to achieve some goals

which current technologies could not deal with. Some possible applications are as

follows:

• Bio-degradation: take the garbage handling, a thorny problem around the world,

as an example, with the aid of the nano-networks, the garbage can be sensed and

tagged by different material so that it can be located and processed by the smart

nano-actuators [1].

• Bio-control: it is well-known that plants can release some chemical composites

to the air to attract the predators of the insect or regulate their blooming among

different plantation [14, 15]. Nano-chemical sensors can be used to detect such

chemical composites to monitor the on-going process in the field. When insects

appear, nano-actuators can be used to release the natural volatiles to attract the

predators of the insects or to release the chemical composites to control the be-

haviour of the insects because some pheromone can trigger certain behaviour on

animals in nature.

• Air pollution control: like bio-degradation, nano-networks can be used to mon-

itor the air. If possible, nano-filters can be applied to purify the air [16].
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A.3 Industrial Applications

The emphasis is put on the intra-body application of nano-network; but at the same

time, nano-networks can also be used in industries ranging from flexible and stretch-

able electronic devices [17] to new fictionalized nano-materials for intelligent self-

cleaning anti-microbial textiles [18].

• Product quality control: Similar to health monitoring applications, nano-networks

can be applied to the product quality control. Nano-sensors can be used to detect

small bacterial and toxic components which cannot be detected by the traditional

technologies [19] while the nano-actuator can be used to kill them or removing

them.

• Intelligent office: The interconnection of nano-devices with existing communic-

ation networks, ultimately Internet, will supply new interceding applications

which will have great influence on the way we live. If everything is attached

with a nano-sensor which is allowed to connect to the Internet permanently, the

user can keep track of all its professional and personal belongings in an effort-

less way. Ultimately, these nano-sensors can be connected seamlessly to create a

smart working environment or living environment.

A.4 Military Applications

Communication among the nano-device makes the applications of nanotechnology in

military field practical, which are shown as follows:

• Nuclear, biological and chemical defences: nano-sensors can be deployed over

the battlefield or targeted areas to detect aggressive chemical and biological

agents and coordinate with the nano-actuators to make accurate defensive re-

sponse [20]. Nano-networks can also be used in Customer to detect if there is

unauthorized entrance of chemical, biological or radiological materials.

• Nano-fictionalized equipment: similar to the environment control, nano-networks

can be taken advantage of in the uniform or the camouflage. For example, equip-

ment can be manufactured with advanced materials containing nano-networks
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that can self-regulate the temperature underneath soldiers’ clothes [21] and even

detect whether the soldier has been injured to take initial treatment, or change

the color of the cloth to camouflage the soldier like the lizard.
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Appendix B

Matlab Code of Optical/EM

Parameters Extraction

B.1 Principle of nlinfit( ) function

Nonlinear regression: beta = nlinfit(X,Y,modelfun, beta0) returns a vector of estim-

ated coefficients for the nonlinear regression of the responses in Y on the predictors

in X using the model specified by modelfun. The coefficients are estimated using

iterative least squares estimation, with initial values as beta0.

B.2 Matlab Code
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