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Abstract 

Nanotechnology is enabling the development of biocompatible miniature implants that can 

detect events at the nanoscale with unprecedented accuracy. In-vivo Wireless Nanosensor 

Networks (iWNSNs), i.e., networks of implantable nan-biosensors/actuators, will enable a 

plethora of unprecedented applications such as the early diagnosis of a myriad of diseases 

at (sub) cellular level , ranging from cardiovascular disorders to different types of cancer; 

sensing and controlling biological processes ( e.g., stem cell regulation) at single cell resolution 

through optogenetics; and the evolution of human-computer interfaces that translate human 

thoughts to direct action. 

To date, it is still not clear how the in-vivo nanomachines will communicate thorough 

biological tissues . Nanonetworks of nano-biosensors/actuators are not just a miniaturization 

of classical wireless networks . In particular , the very small size of the nanodevices would 

impose very peculiar communication constraints . First of all , the miniaturization of classical 

antennas would enforce the use of very high radiation frequencies which results in a major 

increase of the propagation loss. Also, considering the effect of phenomena such as scattering 

and absorption of individual cells and entities -with sizes comparable to the wavelength at 

such high frequencies-, is inevitable. Moreover, the expectedly very limited power and energy 

storing units of nanodevices would tremendously impact the communication distance and 

life-time of the nano-implants. Besides the communication challenges, the photo-thermal 

effects of electromagnetic (EM) radiation on biological tissues is another major and critical 

concern to be addressed . With all these challenges in the realization of this novel networking 

paradigm , the development of innovative solutions and the revision of well-established 
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concepts in communication and network theory are necessary. 

The objective of this thesis is to establish the foundations of high frequency electromagnetic 

(THz) and optical wireless communications at the nanoscale with specific application in intra

body communications. First, a novel intra-body channel model is developed by considering 

the effect of single biological cells on the EM wave radiation. In light of developed channel 

model, the effect of the geometry and size of the cells on the communication channel 

is investigated extensively by analyzing the impulse response in the time and frequency 

domains. The third contribution in this thesis is the study of the photo-thermal effect of the 

EM radiation in living tissues . Fourth, a biocompatible modulation scheme and physical 

layer design is proposed and analyzed . Finally, the challenges in the link layer design of 

intra-body nanonetworks is studied by taking into account the device and communication 

interdependencies. 
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CHAPTER 1 

Introduction 

Nanotechnology is providing the engineering community with a new set of tools t o cont rol 

matter at the atomic and molecular scales. By ut ilizing t hese tools, nanodevices with 

unprecedented functionalities are being developed , such as nanosensors able to monitor 

physical, chemical and biological processes with unprecedented accuracy and nanoactuators 

able t o cont rol biological processes at t he (sub) cellular level. In the same way that t he 

Internet drastically increased the number of applications of computers, communication among 

nanodevices enables a plethora of remarkable applications which will play a key role in our 

society in near fut ure. These applications include cut ting-edge diagnostic and therapeut ic 

techniques ut ilizing bio-nanomachines, advanced healthcare monitoring systems that combine 

intra-body plasmonic biosensors with wearable nanophotonic devices, non-int rusive high

throughput brain-machine interfaces, or massive multi-core wireless networks on chip , among 

others [4-8] . 

Within the several wireless technologies that could enable t he communication between 

nanodevices, molecular and electromagnetic communications are the leading ones. Molecular 

communication is an emerging paradigm for bio-nanomachines (e.g., genetically engineered 

cells) to perform coordinated actions in an aqueous environment [9, 10]. However , the very 

low achievable data rates severely limit the throughput and network capacity of molecular 

1 



Chapter 1. Int roduction 

nanonetworks and , as the name implies , the applications are limited to communications 

in biological media [11]. From the electromagnetic perspective, plasmonic nanoantennas 

enable wireless communication among nano-devices at very high frequencies , ranging from 

the Terahertz (THz) band (0.10-10 THz) [12- 14] to the infrared range and visible optical 

windows (400 THz and 750 THz) [15]. 

While THz-band communication and optical wireless communication share some of their 

intrinsic properties (e.g., bandwidth above t ens of GHz, limited transmission distance), 

the optical window seems to have several advantages for wireless communications a t the 

nanoscale specifically in the case of intra-body applications. On the one hand, for biological 

applications, the propagation of THz-band waves in organic t issues is drastically impacted by 

the absorpt ion of liquid water molecules. The absorpt ion of electromagnetic radiation causes 

internal vibrations into molecules, which results in heat and could lead to photo-thermal 

tissue damage [16]. Alternatively, t he majority of existing nano-biosensing technologies 

rely on the use of light due to the fact t hat t he wat er molecular absorption is minimal in 

the optical window [17]. On the other hand, by increasing t he communication frequency, 

the benefits a re twofold. First , the higher the frequency, the smaller the footprint of the 

t ransceiver and antenna, and thus , the easier the integration in the system . Second , t he 

higher the frequency, the larger the available t ransmission bandwidth and, thus, t he higher 

the achievable data rates. However , it is worthy of note that, there are other issues t hat 

impose communication restrictions at the opt ical frequencies, such as high spreading loss in 

aqueous media (which is much lower in THz band) , t hat has to be taken into account and 

leaves the question of "THz or Optical?" open . 

Moreover , major progress in the field of nanophotonic devices are enabling nanoscale 

opt ical wireless communications. Among others, plasmonic nanolasers with sub-micrometric 

footprint ( e.g., micro-ring cavity lasers [1 8, 19]) can be leveraged as energy-efficient compact 

signal sources for opt ical wireless links, which meet both size and power requirements of 

nano-devices [20- 22]. These t iny lasers working in conjunction with nano-antennas [15, 23], 

which a re able to confine light in nanometric structures, can serve as nano-actuators of 

light-controlled processes . Similarly, single-photon ultra-sensitive nano-det ectors [24, 25], 
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Chapter 1. Introduction 1.1. Applications of Nanoscale Communications 

enhanced with plasmonic nano-antennas can act as nanosensors. Such nano-devices can also 

be utilized in compact nano-transceivers to provide ultra-fast links for very-short distance 

wireless communications. 

Motivated by the aforementioned advances in the field of nanophotonic devices and the 

favorable properties the optical wireless channel, NanoScale Optical (NSO) communication 

is envisioned as a key technology to satisfy the need for miniature wireless communications 

at nanoscale for a plethora of applications. Despite major progress in the last decade, there 

are still numerous challenges that have to be addressed based on the expected specific usage 

and various physics of different NSO communication applications. As an example, when we 

consider the intra-body micro fluidic nanomachines, the most important challenges are the 

biocompatibility of the devices and the restrictions in their sizes and materials as well as 

randomness of the communication medium. In contrast, for the case of wireless network 

on a chip, the main concern is to increase the capacity and dat a rate of the network, while 

dealing with a more predictable and even controllable physics. Therefore, new challenges in 

terms of nanophotonic devices and communication protocols have to be addressed for this 

emerging technology. 

1.1 Applications of Nanoscale Optical Communications 

Based on the applications of NSO communications, different physics of the problem brings 

distinct challenges that have to be addressed . In general, the NSO communication networks 

can be categorized based on the following requirements: 

• Fixed or Random communication medium; 

• Wireless or Wired (Guided) propagation technique; 

• Ad-Hoc or Infrastructure networking structure. 

As depicted in Fig. 1.1 , for the time being we envision two major scenarios for NSO 

networks. These two scenarios are quite distinguishable in terms of transmission medium as 
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Chapter 1. Introduction 1.1. Applications of Nanoscale Communications 

• Nanom achine • Nano-node 
) Optical signals ~ Many-core 

~ substrate " ~ Blood cells • Nano-routers 
Nanoscale 
waveguides 

<.?"" 
~ Core 

Optical signals • Nano-micro 
Nanonetwork ,._ interface 

Network router ;:{!P" Cache memory ---- links -.. Gateway 

(a) (b) 

Figure 1.1: Applications of nanoscale optical communications: a) Optical network on a chip 
for faster inter-core communications within massive multi-core processors; b) In vivo wireless 
nanosensor networks for healthcare applications. 

well as device and communicat ion needs, and they can further give a more comprehensive 

view of diverse applications of NSO communications: 

• Wireless Network on a Chip (WNoC): A potential application of NSO commu

nications is the wireless inter-core communications in massive multi-core processors. 

As the number of the cores within the processor increases, their communication needs 

rise dramatically, to the point of turning communication into the major performance 

bottleneck of current multicore architectures . To overcome such limitation, WNoC 

with native broadcast and multicast capabilities have been proposed recently. While 

the current focus of the literature is on the millimeter Wave and THz band, the recent 

novelties in nanophotonic devices motivate the idea of using optical signals for the 

WNoC communications which results in much higher achievable data rates and further 

miniaturization of the existing integrated devices. In this regard, Optical WNoC utilizes 

a fixed and designable communication environment in an infrastructure network, which 

can take advantage of both wireless and wired (guided) optical communications among 

the cores. One of the major challenges in the development of highly integrated photonic 

wireless link on a chip is the crucial need of an energy-efficient compact optical source. 

Moreover, due to the high demand of very fast data rates between the cores, the 

physical layer design and modulation techniques are also among the main problems 
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Chapter 1. Introduction 1.2. Research Objectives and Solutions 

yet to be addressed for optical WNoC communications. 

• in vivo W ireless Nanosensor Networks (iWNSNs): These networks consist of 

communicating miniature devices with unrivaled sensing and actuation capabilities, 

which are able to operate inside the human body [26-28]. Major progress in the field 

of bio-photonics besides very small wavelength of the optical signals can theoretically 

enable precise temporal and spatial control and monitoring of biological processes 

through the utilization of light in iWNSNs [10]. Moreover, the low molecular absorption 

of the water molecules in the optical window makes it a promising frequency band for 

in vivo communications. iWNSNs work in a random communication environment and 

communicate wirelessly through an Ad-Hoc structure which brings its own challenges 

in terms of channel modeling and physical layer design. In addition, these devices have 

to be designed in a way to be biocompatible, which requires the use of body-friendly 

materials as well as communication techniques with minimal electromagnetic radiation 

effects on the biological tissues. Aside from theses requirements, the accuracy and 

security of the communicated data among these nanomachines is critical since incorrect 

information or vulnerable networks may cause severe health conditions. 

1.2 Research Objectives and Solutions 

The nanoscale is the natural domain of many biological entities , e.g. , molecules, proteins, 

DNA and cells. As a result , many of the applications of nanonetworks are in the biomedical 

field and, in particular, relate to the human body. The iWNSNs will enable a variety of 

unprecedented applications such as the early diagnosis of a myriad of diseases at (sub) cellular 

level, ranging from cardiovascular disorders to different types of cancer [29-32]; sensing and 

controlling biological processes (e.g., stem cell regulation) at single cell resolution through 

optogenetics [33, 34] ; and the evolution of human-computer interfaces that translate human 

thoughts to direct action. Traditionally, the interaction of EM radiation with the human body 

and biological entit ies has risen major health and safety concerns. However , the possibility 

to develop nanomachines that can radiate and detect very low-power EM radiation a t the 
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Chapter 1. Introduction 1.2. Research Objectives and Solutions 

nanoscale defines revolutionary opportunities for intra-body EM communication. Therefore, 

the main focus of this thesis is on the later scenario in Section 1.1, i.e., iWNSNs. However, 

most of the theories that is covered in this thesis are still valid and can be extended and 

applied to other applications of the nanoscale electromagnetic high-frequency (both at THz 

and optical ranges) communications such as the aforementioned WNoC. 

To date, it is still not clear how the in-vivo nanomachines will communicate thorough 

biological tissues . Nanonetworks of nano-biosensors/actuators are not just a miniaturization 

of classical wireless networks. In particular, the very small size of the nanodevices would 

impose very peculiar communication constraints. First of all , the miniaturization of classical 

antennas would enforce the use of very high radiation frequencies which results in a major 

increase of the propagation loss. Also, considering the effect of phenomena such as scattering 

and absorption of individual cells and entities -with sizes comparable to the wavelength at 

such high frequencies-, is inevitable. Moreover, the expectedly very limited power and energy 

storing units of nanodevices would tremendously impact the communication distance and 

life-time of the nano-implants. Besides the communication challenges, the photo-thermal 

effects of electromagnetic (EM) radiation on biological tissues is another major and critical 

concern to be addressed . With all these challenges in the realization of this novel networking 

paradigm, the development of innovative solutions and the revision of well-established 

concepts in communication and network theory are necessary. 

As we pointed out earlier, the main challenge in using THz frequencies for intra-body 

communications is the absorption of liquid water molecules and the resulting potential 

photo-thermal damages. While this is not unique to THz, and in fact it should be taken into 

account when we consider the higher frequencies (i .e., optical range), there are other issues 

that impose communication restrictions at the optical frequencies such as high spreading loss. 

Therefore, while we focus on optical communications -due to its aforementioned advantageous

' all the theories that we develop in this thesis are valid for both frequency ranges, and we 

compare and benchmark the two when appropriate throughout different stages. 

In this context , the objective of this thesis is to establish the foundations of high frequency 

electromagnetic (THz) and optical wireless communications at the nanoscale with specific 
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application in intra-body communications . F irst, a novel intra-body channel model is 

developed by considering the effect of single biological cells on the EM wave radiation. In 

light of developed channel model , the effect of the geometry and size of the cells on the 

communication channel is investigated extensively by analyzing the impulse response in the 

t ime and frequency domains. The third contribut ion in this t hesis is t he study of the photo

thermal effect of the EM radiation in living tissues. Fourth, a biocompatible modulation 

scheme and physical layer design is proposed and analyzed. Finally, the challenges in the 

link layer design of intra-body nanonetworks is studied by t aking into account the device 

and communication interdependencies. 

In the following sections, the developed solutions within each topic are summarized. 

1.2.1 Channel Modeling for Intra-Body Optical/THz Commu

nications 

The first contribution of this thesis (Chapter 2) is the development of a channel model for 

intra-body optical communication at nanoscale. In particular , first we analyze the impact of 

a single cell on the propagation of optical waves by modeling a cell as a multi-layer sphere. 

Then, the behavior of having a large number of cells with different properties arranged in 

a layered tissue will be studied . We them validate all the analytical results by means of 

electromagnetic simulations and extensive numerical results using COMSOL multi physics [35]. 

Once the channel model is obtained , we study the path-loss and link budget for intra-body 

wireless communications optical frequencies . 

1.2.2 Frequency/Time Domain and Geometrical Analysis of 

Light/Cells Interactions 

The second contribution of this thesis (Chapter 3) is the frequency- and time-domain and 

geometrical analysis of light/ cells Interactions. In light of the developed channel model and to 

better understand the propagation of light in different tissues and under different conditions, 

we analytically investigate the effect of the geometry and size of the biological cells on the 
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propagation of optical wave in three distinct ways , namely, geometrical, time-domain, and 

frequency-domain analyses . We have shown that changes in shape and size of the cells 

slightly alter the channel impulse response. This study motivates the new nano-biosensing 

strategies able to identify diseases which cause cell shape a lterations by comparing the 

impulse responses with healthy/ infected cells impulse fingerprints . 

1.2.3 Photo-Thermal Effects of Electromagnetic Wave Prop

agation in Biological Tissues 

Photo-thermal effects of EM wave propagation in biological tissues is the third contribution 

of this thesis (Chapter 4) . In this direction, we study the photo-thermal effect of the EM 

radiation in living tissues which results from the absorption phenomenon associated with 

the THz and optical frequencies . We develop a heat generation model at cellular level 

for intrabody communications based on the diffusive heat flow theory. In particular, an 

analytical framework to illustrate how molecules in the human body absorb energy from 

electromagnetic fields and subsequently release this energy as heat to their immediate 

surroundings is developed in this phase of this thesis . 

1.2.4 Physical Layer Design for Intra-Body Communications: 

A Biocompatible Pulse-based Modulation 

Physical and link layer design for intra-body communications is the fourth contribution 

of this thesis (Chapter 5). In addition to overcoming the peculiarities of the intra-body 

channel, the transmitted signals need to guarantee the absence of photo-thermal damage to 

the biological tissues . In this regards, based on the photo-thermal analysis , we propose a 

biocompatible modulation technique. Specifically, we formulate a mathematical framework to 

optimize the parameters of an adaptive Time Spread On-Off Keying pulse-based modulation, 

by taking into account both the physics of the intra-body optical channel as well as the 

light-matter interactions in biological tissues . We show through numerical results that there 

is a trade-off between the link efficiency and the biocompatibility of the transmitted signals, 
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and an optimal modulation scheme exists which maximizes the link efficiency while keeping 

the biological impact below a safety threshold. 

1.2.5 Link Layer Optimization for Nanomachine Communica

tions 

The limited power of energy-harvesting nano-devices limit the achievable throughput in 

iWNSNs. In this direction, the final contribution of this thesis (Chapter 6) is to address 

the link throughput maximization problem in iWNSNs, by taking into account the device 

and communication interdependencies in these new network paradigm. The optimal data 

packet size which maximizes the link efficiency is derived by capturing the device, channel, 

physical and link layer peculiarities of iWNSNs. We define the energy harvesting limits and 

the successful packet transmission time as an optimization problem constraints, and the 

optimal solution is derived by solving a cross-layer optimization problem. Numerical results 

are provided to analyze the impact of the packet size for different error control strategies. 

We show in the results that the optimal packet size quickly decreases with the transmission 

distance, approaching several hundreds bits for distances beyond a few millimeters. 

1.3 Organization of the Thesis 

The thesis is organized as follows . In Chapter 2, a novel intra-body channel model is 

developed by considering the effect of single biological cells on the EM wave radiation. In 

light of developed channel model, in Chapter 3, the effect of the geometry and size of the 

cells on the communication channel is investigated extensively by analyzing the impulse 

response in the time and frequency domains. Chapter 4, includes the study of the photo

thermal effect of the EM radiation in living t issues. A biocompatible modulation scheme 

and physical layer design is proposed and analyzed in Chapter 5. The challenges in the 

link layer design of intra-body nanonetworks is studied by taking into account the device 

and communication interdependencies in Chapter 6. Finally, in Chapter 7, the research 

contributions are summarized and future research directions are identified. 
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CHAPTER 2 

Intra-body Channel Modeling for ,n vivo 

Communications 

In this Chapter , a channel model for intra-body optical communication among nanosensors 

is developed. The total path loss is computed by t aking into account the absorption from 

different types of molecules and the scattering by different types of cells . In particular , first , 

the impact of a single cell on the propagation of an optical wave is analytically obtained , 

by modeling a cell as a multi-layer sphere with complex permittivity. Then , the impact of 

having a large number of cells with different properties arranged in layered tissues is analyzed. 

The analytical channel model is validat ed by means of electromagnetic simulations and 

extensive numerical results are provided to understand the behavior of the intra-body optical 

wireless channel. The result shows that , at optical frequencies, the scattering loss introduced 

by cells is much larger than the absorption loss from the medium. This result motivates 

the utiliza tion of the lower frequencies of the near-infrared window for communica tion in 

iWNSNs [36 ,37]. 
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2.1 Motivation and Related Work 

For the time being, there are several wireless technologies that could enable the communication 

between nanosensors . Among others , molecular communication, which is based on the 

exchange of molecules to transmit information, is currently being thoroughly investigated [38] . 

This mechanism is naturally used by cells to exchange information and coordinate their actions, 

and could be enabled by means of synthetic biology. However , the very low achievable data 

rates in molecular communications [ll] could drastically limit the usefulness of nanosensor 

networks. At the same time, information-carrying molecules could result in interference 

with the naturally-occurring processes to be sensed. Another very relevant technology is 

the utilization of ultrasonic communication, based on the utilization of very high frequency 

acoustic waves [39]. However , for the time being, the size and power limitations of ultrasonic 

acoustic transducers pose a major challenge in their integration with biological nanosensors. 

From the electromagnetic (EM) perspective, the miniaturization of a conventional metallic 

antenna to meet the size requirements of a nanosensor results in very high resonant frequencies, 

in the order of several hundreds of terahertz (THz or 1012 Hz) . At such frequencies, metals 

do not behave as perfect electric conductors, but exhibit a complex conductivity. This 

ena bles the propagation of confined electromagnetic modes at the surface of the antenna, 

which commonly referred to as surface plasmon polariton (SPP) waves. Starting from this 

phenomenon, novel plasmonic nanoantennas for wireless communication among nanodevices 

have been recently proposed. Among others , in [40, 41], the concept of graphene-based 

plasmonic nanoantennas for terahertz-band (0 .1-10 THz) communication was first introduced. 

Similarly, in [42 , 43], the concept of plasmonic nanoantennas for near infrared and optical 

frequencies based on noble met als and metamaterials is thoroughly discussed . 

The possibility to wirelessly interconnect nanosensors deployed inside and over the human 

body using plasmonic nano-antennas enables many novel bio-nanosensing applications but , 

at the same time, introduces multiple challenges. For example, the propagation of THz-band 

waves inside the human body is drastically impacted by the absorption of liquid water 

molecules [44, 45]. THz-band radiation is not ionizing, i.e., it cannot damage the molecular 
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structure of any biological entity. However, it can induce internal vibrations in different types 

of molecules , including liquid water molecules. The friction resulting from this vibrations 

generates heat , which could eventually result in biological tissue damage due to thermal 

effects. Alternatively, it is well known that the absorption from liquid water molecules is 

minimal in the so-called optical window, roughly between 400 THz and 750 THz [17]. In 

fact , plasmonic nanodevices at optical frequencies have already been utilized in several in 

vivo applications [46 , 47]. 

Motivated by this result, we advocate for the use of the optical window for intra

body wireless communication among nanosensors with plasmonic nano-antennas. Besides 

water , however, there are multiple phenomena that affect the intra-body propagation of 

EM waves, which cannot be captured with traditional channel models for lower frequency 

communication. For example, in classical channel models, the human body is modeled 

as a layered material with different permeabilities and permittivities [48]. However, from 

the nanosensor perspective, the body is a collection of different types of elements, such as 

cells, organelles, proteins and molecules, with different geometry and arrangement as well as 

different electromagnetic properties. While the optical properties of some of these elements 

have been broadly analyzed [49-51], these studies are mostly valid only when a large area (in 

terms of the wavelength) is illuminated. Unfortunately, this is not the case when plasmonic 

nano-antennas are utilized. 

In this chapter, we develop a channel model for intra-body optical communication in 

iWNSNs. In particular, we derive a mathematical framework to compute the channel path 

loss by taking into account the absorption from different types of molecules and the scattering 

by different types of cells. First, we analyze the impact of a single cell on the propagation of 

an optical wave generated by an electric nanodipole. For this, we model a cell as a multi-layer 

sphere with different complex permittivities . The scattered field coefficients are derived and 

a new T-matrix for the multi-layer cell is found. After that , several important properties 

of the cell is discussed, such as forward scattering, absorption cross section and scattering 

cross section, among others. Then, we analyze the impact of having a very large number 

of cells with different electromagnetic properties arranged in layered tissues . Based on the 
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characteristics of the cell , a simplified multiple scattering model is applied to find the electric 

field intensity. Finally, the channel performance in terms of path loss is discussed. 

The reminder of this chapter is organized as follows. The details on the single cell 

analytical model are provided in Sec. 2.2 . Numerical results are then provided to understand 

the impact of different biological entities on the signal propagation. Next , the multiple 

scattering model is developed and validated in Sec. 2.3. After that , the intra-body channel 

path loss derivation and channel performance analysis are provided in Sec. 2.4. Finally, this 

chapter is concluded in Sec. 2.5. 

2.2 Radiation Source and Single Cell Model 

For our frequency range of interest, i.e., the near-infrared and optical transmission window, 

the wavelength is in the order of several hundred nanometers. As a result, on the one 

hand, the impact of molecules, proteins and other nanometric entities is well captured by 

global or macroscopic magnitudes, such as the complex permittivity, which results in the 

well-known absorption loss [49-51]. However, on the other hand, the impact of relatively 

large entities, such as different types of cells, needs special consideration. Compared to 

existing works on optical signal propagation in biological tissues [49-51], the illumination 

area from a single nano-antenna is much smaller than that of an external macroscopic laser. 

Therefore, we need to take into account the impact of individual cells . In this section, we first 

investigate the influence of a single cell on the propagation of an optical wave radiated by an 

electric nano-dipole [43, 52] . Then, the developed model is validated by FEM simulation and 

electromagnetic properties of a cell are discussed. 
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2.2.1 Spherical Wave Expansion of Plasmonic Nano-Antenna 

The radiation source is an optical plasmonic nano-antenna, which is modeled as an electric 

dipole [42]. The radiated electromagnetic fields by the antenna can be written as [53], 

e = ry I 0 l cos 0 e -jkrf . 
2 

[l + _l]
r 21rr Jkr ' 

e _ j ryk I 0 l sin0 [l + _ l_ _ 1 ] e - j k r (j. e ,. = O,· (2 .1)
0 - 41rr jkr (kr) 2 ' 'f' 

h = jkI0 l s in 0 [l + _l] e - jkrJ, . h = O· h = 0 
¢ 41rr Jkr '!-', r , 0 , 

where Io is the input current , l is the antenna length, 77 = JI! ,µ is the permeability, E is 

the permittivity, k = w ~ , w is the angular frequency, j = A , and r is the distance 

from the origin. Time-dependent eJwt is assumed in this thesis . The radiated fields by an 

electric dipole antenna is TM01 mode which can also be expressed in Vector Spherical Wave 

Functions (VSWFs). By using the spherical wave expansion in Appendix A.1, (2 .1) can be 

rewritten as, 

(2 .2) 

where 

m ;;,n (oa, rf 
'-_,.--' 

[(n + 1) 2 
- n + m - l ]th 

T (2 .3) 

m 3 o r T 
Ns top Ns top ( a, ) ] 

[(Ns t op + 1)2 - l ]th 

n is from 1 to infinity, m is from -n to n , N st op is the maximum value of the order n 

and the way to find the optimal N st op will be discussed in next subsection, M ;l,,n ( Oa , r) is 

expressed in (2 .3) where T stands for transpose, (oa ,r) denotes that oa is the origin of the 
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Figure 2.1: Illustration of the dipole antenna and spherical cell with three layers. 

spherical coordinates, and r is the radial vector from the origin oa to a point . For instance, 

in Fig. 2.1, we have two sets of spherical coordinate system: for the antenna, oa is the origin; 

for the cell , oc is the origin. To denote an observation point ob , we can either use (oc, r), 

where r = Ob - Oc, or (oa, r), where r = Ob - Oa. By substituting m ~n (oa, r) with n ~n(oa, r) 

in (2.3) , we can obtain the expression of N ~n(oa, r ). Note that ng1 (oa, r ) is a row vector 

with three elements: [er, e0 , e ¢]- Since M ~n (oa, r ) and N ~n (oa,r ) are only det ermined 

by the coordinates, if in the same coordinate syst em , in mathemat ical deductions we can 

neglect them and only keep the coefficients (E a) - The superscript 3 in N ~n (oa, r ) and 

M ~n (oa, r) stands for the traveling wave radiated from the antenna, and I is a row vector 

with 2(Nstop + 1)2 - 2 elements, where the [(Nstop + 1)2 + l ]th element is 1 and all ot her 

elements are 0. 

2.2.2 Single Cell Model 

In this part , we look at the impact of a single cell on the wave propagation. The cell 

is modeled as a spherical shell (the cell membrane) fi lled with cytoplasm. Although the 

spherical-cell model is widely used in biomedical research [49-5 1] , the shape of the cell is not 

necessarily spherical and t he posit ion of its nucleus may not be the cell center [54]. In this 
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thesis , we consider the simplified spherical cell model to provide a tractable and analytical 

solution to focus on more critical intra-body channel parameters, including size, density, and 

complex permittivity of each type of cells as well as the surrounding medium. 

According to classical scattering theory, the scattered field by a sphere can be derived 

by using Mie scattering theory [55]. The scattered field can be expressed by the product 

of T-matrix T and the incident field E in, i.e., Eica = T · E fn • However , since we consider 

the cell is multi-layer , the conventional T-matrix, which only considers a single layer sphere, 

does not work here. Thus, the T-matrix should be rederived . Firstly, we express the antenna 

radiated field in the cell's spherical coordinate. Then, considering it as the incident field , we 

find the scattered field by enforcing boundary conditions. As a result , the T-matrix can be 

derived. 

Incident Field 

Equation (2.2) is formulated in the coordinate whose origin oa is the center of the antenna. 

When we derive the T-matrix for a sphere, we should move the origin to the center of the 

sphere oc. The translational addition theorem for vector spherical wave functions [56] is 

utilized to do so. According to [56 , 57], 

(2.4a) 

(2.4b) 

where A ~n and B~n are translational matrices with dimension [(Nstop + 1)2 -1] x [(Nstop + 

1) 2 
- l], Nstop is related to kdoaOc) where daa Oc is the distance between Oa and Oc . If kdoa Oc 

is large, we have to use higher Nstop to maintain the accuracy [58]. The detailed expression 

for A ~n and B~n can be found by referring to [57] . Ideally, n should be from 1 to infinity to 

exactly express the field at a point . However , due to the high computation burden, we have 

to truncate n at a certain order where the result can converge to the precise value. Nstop 
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can be approximated by kd0 a 0 c . In this thesis, the cell size is around 2 times larger than 

the wavelength and the distance between cells and the antenna can be several thousands of 

wavelength. As a result , a large truncation order N st op should be applied . 

In our scattering model, we define that the near region is where we can use the exact 

model to calculate the radiated field , and the far region is where we consider the radia ted 

field from the antenna (scatter) is a plane wave. The exact model using translational addition 

theorem considers all the modes of the wave. On the contrary, by considering the propagating 

wave in the far region is a plane wave, we reduce the mode number by eliminating some 

unimportant modes . The longer the distance between the source and the scatter , the fewer 

dominant modes. In this way, the computation burden can be significantly reduced. The 

boundary between the near region and far region is set as a variable dt. If we need high 

accuracy, the boundary should be far away from the source. In contrast , if we want to 

sacrifice the accuracy to reduce the computation time , this boundary can be relatively close 

to the antenna. 

Near region transform In order to make our analysis more succinct , (2.4) can be written 

in matrix form , which is 

(2 .5) 

where the matrix H o a -+o c consists of the translational coefficients . Note that the left most 

item in (2 .5) is the same as the right most item in (2.2) . Therefore, (2 .2) can be rewritten as 

(2 .6) 

In this way, we formally transform the radiated spherical wave from the antenna 's coordinate 

( origin oa) to a cell 's coordinate ( origin oc) . 
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Far region transform Intuitively, the wave front of the spherical wave in the far field 

can be regarded as a plane wave. Both M ~m(oc, r) and N ~m(oc, r) consist of the second 

kind of spherical Hankel function h;,(kr) (see Appendix A.1). In the far field , h;,(kr) '.:::' 

(j)n+le-Jkr / kr . If kr is large, within a small range (much smaller than r) the spherical wave 

can be regarded as a plane wave. Suppose that the distance between the antenna and a cell 

is larger than the threshold distance dt and the incoming wave can be regarded as a plane 

wave. The electric field at the center of a cell can be calculated by using (2.2) . Then we can 

obtain the magnitude of the electric field and decompose it into Cartesian coordinates, i.e ., 

Ea(oa , r) = Exx + Eyy + Ezz, where the origin of the Cartesian coordinates is the center of 

the cell. 

Once we have the magnitude of the plane wave, the next step is to find the propagation 

direction of the equivalent plane wave. The direction is perpendicular to the plane formed 

by electric field and magnetic field . The direction of the electric field (e) can be found from 

(2.2), while the magnetic field is linked with electric field by Maxwell equations. Finally, 

the direction of the plane wave is kin = sin 0in cos cf>inX + sin 0in sin cf>inY + cos 0inZ, where 

0in and </>in denote the direction of the incoming wave. By rearranging the plane wave's 

expression in [55] , we can obtain 

(2 .7) 

where E0,n and E¢,n are the components of Ein in direction 0in and ef>in; t he dimension of 

C mn(0in, </>in) and Dmn(0in, </>in) is (Nstop + 1)2 
- 1 columns and 2 rows, and a column with 

order (m, n) can be written as 

-:- jm p-m(cos 0· )e-jm¢,n l 
Slll 0in n in 

(2 .8) 
[ -d p-m(cos 0 )e-jm¢,n

d0in n in 
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-jd p-m(cos 0 )e-jm¢,n l
d0in n in (2 .9) 

[ _-m p-m(cos 0- )e-jm¢,n 
s in 0 in n in 

T-matrix for Single Sphere 

By taking a close look at (2 .6) and (2 .7), we can find that both the near region and far 

region expressions have the same right most item which is only determined by the cell 's 

spherical coordinate. All other items can be regarded as coefficients which are determined 

by the relative position of the cell and the antenna . Therefore, when deriving the T-matrix, 

we can consider the near region 's and far region 's incoming field have the same format but 

different coefficients. The spherical cell shown in Fig. 2.1 is considered as a typical red 

blood cell , which consists of three layers: the first layer corresponds to the cytoplasm in cell 

with complex permittivity E1 and radius r 1 ; the second layer is the cell hemoglobin with 

permittivity E2 and radius r 2 ; and the third layer is the cell membrane (primarily fat) with 

permittivity E3 and radius r3 . The propagation medium surrounding the cells is the intercell 

cytoplasm with permittivity E4 . Since biological cells are not magnetic , the permeability 

of the cell and the medium are set as the same as vacuum which is µ 0 [59] . Therefore, 

the corresponding wavenumbers k1 , k2 , k3 and k4 are solely determined by the complex 

permittivity of each layer and the propagation medium. 

Generally, the solution to Maxwell equations in spherical structure are the spherical 

Bessel function , spherical Neumann function, and spherical Hankel function. The former 

two functions can represent standing waves and the last one can denote propagating waves . 

Also, due to the singularity of spherical Neumann functions, at the origin of the coordinates, 

the standing waves can only be expressed by spherical Bessel functions. Thus, the electric 

fields in each layer of the cell (center is oc) are summarized as follows: 

(2 .10a) 
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(2 .10b) 

(2.10c) 

(2 .10d) 

where E li stands for the electric field in the ith layer and E sca is the scattered electric field. 

The row vectors from A M to F N contains the unknown coefficients for the wave functions 

which need to be found by enforcing boundary conditions. The dimension of each unknown 

vector is (Nstop + 1)2 
- 1. 

For a cell we have 3 boundaries and 12 unknown vectors. The T-matrix is formed by 

FM and F N . Vve can find the unknown coefficients by enforcing boundary conditions which 

are the continuity of f x E and f x V x E [55]. Specifically, on each boundary, we need to 

guarantee the continuity of M mn (oc, r) and Nmn(oc, r) for both electric field and magnetic 

field. As a result , we have 4 equations for each boundary and totally 12 equations to find 

those unknown vectors . 

Fortunately, the electric field expansion in (2.10) can be further simplified since it can be 

written in a general form: E = f(r)f(0)J( c/> ), where f(r) is the spherical Bessel, Neumman , 

or Hankel functions , which depends on the layer , J(0) is the associated Legendre function , 

and J( cf> ) is ejm¢ . Due to the symmetrical structure of the sphere, for a point on a boundary, 

J(0) and J( c/> ) are the same in the two layers. As a result , the boundary conditions are 

only determined by f(r). Referring to Appendix A.1 , the spherical Bessel, Neumman , or 

Hankel functions are only determined by order n . Therefore, only order n is considered when 

calculate the unknown coefficients. Since n is from 1 to N stop , we have l2Nstop equations 
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for boundary conditions. 

After balancing the boundary conditions, we can obtain the equation for the n th order 

(2.11) 

where s ;:ell is the matrix consists of spherical Bessel functions, un is the n th order unknown 

coefficients whose transpose is: 

(2 .13) 

and Jn is the incident field . It should be noted that s -;:e ll is only determined by the cell . For 

a spherical function [bn(x) ]* = bn(x) + x · b~(x), where the prime symbol denotes derivative. 

According to our previous discussion , the incident field Jn can be expressed in a general 

way. Here we remove the coefficients and keep the spherical vectors. In other words , the 

magnitude of the incident field has been normalized, i.e., only M~m(oc, r) and N~m(oc, r) 

are considered and their coefficients are normalized as 1. In the end, the removed coefficients 

will be multiplied with the T-matrix to find the scattering coefficients. As a result , the 

transpose of Jn can be written as 

JnT = {jn(k4r3), [j n(k4r3)]*, [jn(k4r3)]* ,Jn(k4r3) , (2 .14) 

o,o,o,o,o,o,o,o} . 

Based on Jn, s -;:ell, and ( 2 .11) , we use Gaussian elimination to find the unknown coefficients 

un from n = 1 to n = Nstop· We cannot use the inverse of s -::e ll to find the unknown 

coefficients, since this matrix is almost singular (the value of spherical Hankel function is 

much larger than that of spherical Bessel function) . Once we have FM and F N, the T-matrix 

can be written as 

(2 .15) 
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Tis a diagonal block matrix with dimension 2(Nstop + 1) 2 
- 2. 

Single Sphere Model 

Consider the scenario illustrated in Fig. 2.1, the electric field at any point outside of the cell 

can be written as 

(2 .16) 

where d0 a 0 c is the distance between oa and Oc. Note that in (2 .16) , since the expression 

for antenna and cell are in different coordinates, their vector spherical wave functions are 

different. In other words, vectors f , 0and¢ are different directions in the two coordinates. 

Therefore, we cannot simply add together the spherical vector wave functions. In this 

thesis, we first convert the results into the same Cartesian coordinates, whose origin is the 

observation point, then sum them up. The same method is applied in the following analysis. 

2.2.3 Numerical Analysis 

In this subsection, the theoretical model is validated by using COMSOL Multiphysis. The 

parameters utilized in FEM simulation is the same as those in theoretical model. Despite the 

model is general, we particularize it for the specific case of having a nanosensor transmits 

to another nanosensor inside a blood vessel. The blood vessel is modeled as a medium 

containing cytoplasm and red blood cells. Since the propagation medium is dispersive, with 

different frequency, the relative permittivity are different for cytoplasm, fat and hemoglobin. 

The detailed wavelength and corresponding permittivity are provided in Table 2.1. Also, 
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in order to model the inhomogeneous environment inside vessel , we consider three different 

sizes since cells may change their size due to biochemical process . The detailed size are 

presented in Table 2.2, and the superscripts s , m , and l stand for small size, medium size and 

large size, respectively. Note that, in order to reduce the computation burden , we consider 

relatively smaller size than real red blood cells. 

Table 2.1: Relative Permittivity vs Wavelength. 

I .xcnm) I cyt opla sm f at hemogl obin 

450 1.79 - j2.73 · 10-:ci 2.13 - j6.68 · 10- I 2.04 - j3.46 . 10-0 

500 1.78 - j2.68 · 10-9 2.13 - j2.20 · 10-7 2.03 - jl.26 · 10-3 

550 1.78 - j5.22 · 10-9 2.13 - j9.89 . 10-8 2.01 - j2.86 · 10-3 

600 1.77 - j2.87 • 10-s 2.13 - j6.47 . 10-8 1.99 - j2.50 · 10-4 

650 1.77 - j4.37 • 10-s 2.13 - j7.12 . 10-8 1.99 - j2.87 · 10-5 

700 1.77 - j8 .88 · 10-s 2.13 - j5.26 . 10-8 1.99 - j2.43 · 10-5 

750 1.77 - j4.15 · 10-7 2.13 - jl.70 · 10-1 1.99 - j4.68 · 10-5 

800 1.77 - j3.33 · 10-7 2.13 - j7.45 . 10-8 1.99 - j7.83 · 10-5 

850 1.77 - j7.81 · 10-7 2.13 - jl.26 · 10-7 1.99 - jl.08 · 10-4 

900 1.76 - jl.29 · 10-6 2.13 - j9.66 · 10-1 1.99 - jl.29 · 10-4 

950 1.76 - j7.69 · 10-6 2.13 - j8.69 · 10-7 1.99 - jl.37 · 10-4 

1000 1.76 - j7.67 · 10-6 2.13 - j6.l 7 · 10-1 1.99 - jl.23 · 10-4 

Table 2.2: Simulation Parameters. 

I variable value I variable I value 

EQ 8.854 · 10-i:L F/m µo 41r · 10- 1 H/m 

a 450 nm 1 0.87a rs 
rs 0.99a r

2 
s a3 

rm rm 
1 1.32a 1.5a2 

rm rll.58a 1.74a3 1 
rl r1.98a2 

l 2a3 

FEM Simulation 

In simulation, the distance between the antenna and the cell is set as 1.5a + r3. In the 

numerical calculation, we set Nstop as 30. The antenna is considered to be an unit dipole, 

i.e., I0 l = l , where Io is the input current and l is the antenna length. The single cell 

simulation model in COMSOL Multiphysics is displayed in Fig. 2.2. The cell is located at 

the center of the simulation space which is enclosed by a Perfect Matched Layer (PML) . 
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Figure 2.2: Electric field intensity (V / m) of single cell: COMSOL Multiphysics simulation 
model. 

The PML is utilized to mimic the infinite environment and its thickness is ha lf wavelength. 

The simulation in Fig. 2.2 is conducted with wavelength 450 nm and the cell is medium 

size. In the following , without specified notation, we use the medium size for the cell. In 

the numerical analysis , the wavelength is set as 450 nm, 500 nm, 800 nm and 850 nm and 

the field intensity is provided in Fig. 2.3. The x axis is measured in scale a (450 nm) 

in order to show the dimension more clearly. The electric field is calculated along y-axis 

from the antenna to the observation point. The developed model agrees with the FEM 

simulation which proofs that the model is accurate enough. Note that , 450 nm has larger 

field intensity than 850 nm in Fig. 2.3. The radiated power by a dipole antenna can be 

17 2written as Prad = 1r I If 1 . Hence, since we provide them the same dipole moment , the3 

shorter wavelength has la rger radiated power , which results in a strong field intensity. In 

order to make a more fair comparison , we provide them the same radiated power and plot 

the field intensity in Fig. 2.4. As we can see, in-between the cell and the antenna , the curves 

are overlapped and after the cell , 450 nm has relatively smaller electric field intensity when 

compared with the field intensity in Fig. 2.3. 
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Figure 2.3: Field intensity (V / m) for antenna and single cell (same dipole moment) . x=O is 
the center of the cell. 
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Figure 2.4: Normalized field intensity (V/ m) for antenna and single cell (same radiation 
power) . x= O is the center of the cell. 
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Effect of Cell Position 

In order to show the effects of observation point, the total electric field intensity after the 

cell is computed. The wavelength is continually increased from 450 nm to 1000 nm, i.e ., 

the optical window. The antenna and cell configuration is still the same as that in Fig. 2.3 

and we use the same dipole moment for all the wavelength. In Fig. 2.5 , the observation 

point is gradually moved from d = 1.5r3 to d = 4.5r3 on the y-axis in Fig. 2.1, where d 

is the distance to the center of the cell. The results can be interpreted from two aspects. 

1) for long wavelength, i.e. , 700 nm to 1000 nm, since the cell size is relatively small when 

compared with the wavelength, the scatter has relatively weak influence on field propagation 

which results in small fluctuation on field magnitude. Therefore, the scattered field is not 

strong and the dominant field is still from the antenna. 2) for short wavelength, i.e., 450 nm 

to 650 nm , the size of the cell is relatively large for the propagating field . Thus, the electric 

field suffers from high scattering and the cell can greatly affect the field propagation. If we 

change the observation point , the field magnitude has high fluctuations . Another interesting 

finding is that the short wavelength field decreases much faster than the long wavelength field 

after the cell. The reason can be attributed to the forward scattering which can significantly 

change the field intensity. When d = 1.5r3 , the big drop at 500 nm for large cell is due to 

the strong scattering. As the distance of the observation point increases , this fluctuation 

disappears. 

Forward Scattering 

Referring to Fig. 2.2 , below the cell there is a strong field region. In order to elucidate 

the physics better, we consider the electric field separately, i.e. , the total field consists of 

the antenna radiated field and the scattered field from a cell. The electric field intensity is 

calculated on y-z plane in Fig. 2.1 from 0 = 0 to 0 = 21r with d0 a 0 c = 1.5a + r3. As shown in 

Fig. 2.1 , the antenna is located on the left side of the cell(¢= 1.51r) . We define the positive 

y-axis ( ¢ = 1r/2) is the forward direction. Without loss of generality, we consider the short 

wavelength is 450 nm and long wavelength is 850 nm. Also, the electric field is normalized by 
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Figure 2.5 : Impact of observation point on field intensity (V/m) . 

the largest total field intensity, i.e., the maximum field intensity in each figure is normalized 

to be 1, in order to show the relation better. As depicted in Fig. 2.6 , most of the electric 

fields are forwardly scattered . Also, behind the cell , the total field is almost the same as the 

field radiated from antenna which means the cell does not affect the electric field intensity 

behind it. On the contrary, the forward scattered field has either strong constructive or 

destructive impacts on the field intensity. 
2 

In addition, according to Henyey-Greenstein Phase Function [60] p(0) = 4~ I-g J., 
(l+g2 -2g cos 0) 2 

where g ~ 0.88 for the considered cells, 0 = 0 is the forward direction, and p(0) denotes 

the amount of photons travel in 0 direction, when 0 = 0 this function has the maximum 

value, i .e., forward scattering. Referring back to Fig. 2.3 and Fig. 2.4, at the end of the cell 

there are fluctuations, which are due to the forward scattering. On one hand , the radiated 

field by the antenna decays gradually. On the other hand, the forward scattering greatly 

increases the field intensity at the end of the cell . Thus, there is a region in-between where 

the field intensity is small. Outside the cell, first the scattered field intensity is dominant. 

After that , the radiated field from the antenna becomes significant. Therefore, there is a 

transition which a lso causes fluctuations. 

27 



Chapter 2. Intra-body Channel Model 2.2. System Model 

0 0 

·.._-- Antenna 

-- Scattered 60 
. -- Total field 

210 150 
180 180 

Figure 2.6: Polar plot of field intensity, distance from cell center is 1.2r3 . (a) 450 nm;(b) 
850 nm. 

Effect of Cell Size 

In Fig. 2.7 , the effect of cell 's size is investigated. The same as the discussion for medium 

size cell in Fig . 2.5 , t he small size and large size cells are considered and the observation 

point is changed cont inuously from 1.5r3 to 4.5r3 along y-axis from the center of t he cell. 

For the large cell , there is strong fluctuation on field magnitude for all the wavelength. While 

for small cell, t he magnit ude is more stable. The same as previous discussion, for the large 

cell , t he wavelength is smaller when compared with the cell size. Hence, for the considered 

frequency band, the field suffers from high scat tering. For the small cell, since the wavelength 

is relatively larger than its size, t herefore, t he scattering does not have strong impact . 

Cross Sections 

In order to provide more insights, we calculate the scattering and absorpt ion cross sections 

of the considered cell wit h small , medium and large size . According to [55], t he normalized 

scattering cross section can be expressed as 

(2.17) 
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F igure 2.7: Effect of cell 's size. 

and the normalized extinction cross section is 

(2.18) 

where O" s is the scattering cross section, O" e is t he extinction cross section, O" 9 = 1rri is t he 

geometry cross section, and ~ denotes the real part of a complex number. Note that there is 

a negative sign for Qe, since we use the second kind of spherical Hankel function instead of 

the first kind. The normalized absorption cross section can be written as Qa = Qe -Q 8 • The 

scattering and absorpt ion cross sections are plotted in Fig. 2.8. Observe that the scattering 

cross section is decreasing as the wavelength increases, which agrees with previous discussions. 

Also, we find that the absorption cross section has a minimum value around 700 nm and it 

agrees with the absorpt ion of hemoglobin as shown in Fig. 2.9 , which occupies large space in 

a cell and has large conductivity. Moreover , t he larger size of the cell , t he larger absorpt ion 

and scattering cross sections. 

In order to validat e our results, we compare with the scattering coefficient µ 8 and 
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Figure 2.8: Scattering and absorption cross sections for one cell with small, medium, and 
large size. 
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Figure 2.9: Scattering and absorption coefficients (mm- 1 ) for whole blood. Hb stands for 
hemoglobin . 
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Figure 2.10: Illustration of a chain of spherical cells 

absorption coefficient µa for whole blood reported in [61]. The relation between the scattering 

and absorption coefficients and the corresponding cross sections can be written as [62] 

µ s/ a = ~O"s j a, where No is the number of cells in volume Vo . Therefore, µ s / a and O"s / a 

are linearly related. As shown in Fig. 2.8 and Fig. 2.9, the absorption coefficient and 

scattering coefficients agree with the corresponding cross sections. However , there are still 

some differences due to the shape, size, materia ls, biochemical effects, among others. 

2.3 Multi-Cell Model 

In this section, the effects of multi-cell scattering on EM field propagation are discussed. Due 

to the large numbers of cells and their electrically large size, we have limited computation 

capability. Hence, the discussion is divided into two parts . One focuses on depth and the 

other one focuses on breadth. For the depth model, we consider the cells are aligned on a 

chain. For the breadth model, we consider there are multiple cells on a plane and several 

planes form a three dimensional lattice . 

2.3.1 Chain Model 

In this model, the long distance field propagation is considered. As depicted in Fig. 2.10, N 

cells ( c1 , c2 , • • • , c1, • • • , cN) are placed along a line with mutual interval di . The distance 

between the antenna and the first cell is d0 a 0 c1 . Due to multiple scattering, the incident 

field on a cell q consists of the field from the antenna and the fields scattered from all other 

cells . Note that those scatters can be regarded as an antenna (radiation source) and the 

aforementioned approach for single cell can be d irectly applied by using the scattered field 

coefficients instead of the antenna 's coefficients. Therefore, the scattered field from cell c1 
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can be written as 

(2 .19) 

In (2.19) , the origin of the coordinat e is cell c1's center. We only keep the scattering 

coefficients and the VSWFs are neglected to simplify the analysis . 

In (2.19), H 0 cdoa -+oc1 is determined by the relative positions and Ea is determined by 

the antenna . Thus, only {E~ca, i = 1, 2, · · · , N} are to be identified. We can write N such 

equations and solve them simultaneously. In the previous section, we observe that the 

scattered field from a cell is mostly forward. Hence, only the forwardly scattered field is 

considered on this chain and (2 .19) can be simplified as 

(2 .20) 

Furthermore, if the distance between the source and the scatter is longer than dt (threshold 

between near region and far region), the incoming field for the scatter is regarded as a plane 

wave. Therefore, (2 .20) can be further developed as 

E'.= ~ { T Cfo [Ee., E • .] [C mn (0;, ¢,), Dmn(0; , ¢,)] +.~~M, E!,.Hoo, ➔ Od ) r r, 
(2 .21) 

where E~ca is the radiated field from antenna, M is the number of cells within dt , and 0i 

and cf>i are the incoming angles of the scattered field from cell ci . Once the scattered field 

coefficients are determined for each cell , the electric field at any point can be calculated by 

adding together a ll the scattered field and the radiated field from the antenna, 

N 

Et = E a(oa, r) + L E sca(Oci , r) . (2 .22) 
i =l 
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Figure 2.11: Electric field intensity distribution for three cells a long the chain. 

2.3.2 Chain Model Validation 

The developed model is validated by using COMSOL Multiphysics. Due to the limitation of 

the software 's computation capability, we consider N is three and measure the electric field 

intensity along the axis of the chain. d0 a 0 c 1 is set as 1.5a + r 3 and dint is 5a. Without loss 

generality, the wavelength is set as 450 nm. Also, di is 15a which means all the three cells 

and the antenna are considered as in the near region of each other. As shown in Fig. 2.11, 

the developed models matches well with the FEM simulation. More importantly, even the 

backward scattered field is neglected here , we can see the developed model is still accurate 

enough when compared with the full-wave simulation. Thus, the assumption in the previous 

section is validated here. Also, a more straightforward illustration of the scattered field 

intensity on the 2D plane that contains the cells is shown in Fig. 2.12. As we can see after 

each cell, the strongest scattered field is around the forward direction which can also validate 

our assumption. In addition, since we use an approximation in the far region, we set dt as 

10a which means if the distance between two cells are larger than 10a the wave is regarded as 

a plane wave. As a result , the radiated field by the antenna is considered as a plane wave for 

the third cell. The proposed method is evaluated in Fig. 2.13 . We can see some fluctuations 
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Figure 2.12: Electric field intensity (V/ m) of chain model , FEM simulation in COMSOL 
Multiphysics. 

inside the third cell due to some neglected modes in the plane wave. However , outside the 

cell, the approximation is still accurate enough. Since the prerequisite of the assumption is 

that the cell is far from the scattering source, we can foresee that as the distance increases, 

the fluctuations will become smaller and smaller. 

2.3.3 Three Dimensional Lattice Model 

The three dimensional lattice model consists of NP planes and each plane has Nr rows and 

Ne columns, as shown in Fig. 2.14. The horizontal interval dh , vertical interval dv and the 

interval between two planes dp are the same which are set as 5a. Note that, several planes 

can form a layer and different layers may have different kinds of cells. To make the model 

more realistic , the odd number rows 's x coordinates are 0.5dh larger than those of the even 

number rows. The size of the cell is medium which was provided in Table 2.2. The cells are 

labeled from left bottom to right top and plane by plane in sequence. In a 3D structure, 

the cells are connected by multiple scattering. As in the previous analysis, we neglect the 

weak connections and only keep the forward scattered field which has been proofed to be an 

34 



Chapter 2. Intra-body Channel Model 2.3 . Multi-Cell Model 

antenna - Numerical 

1016 ✓ 
- FEM simulation 

2nd cell 

E 
~ 1015 I
"O 
Q) > 
t;:: 
(.) 

~ 1014 
Q) 

Q) 

1013 f 
1st cell 

3rd cell 

distance (a) 

Figure 2.13: Electric field intensity distribution for three cells with plane wave approximation. 

efficient way. First, we find the neighbors of a cell which are within the distance dnb from 

the center of the cell. In the set of the neighbors , we find out the one which is the closest 

to the antenna. This cell is regarded as the parent of this cell. Once we find the parent 

for all the cells, we trace back to find the ancestors of each cell. In particular, we find the 

cell 's parent , then we find the parent 's parent , so on and so forth until we reach the antenna. 

Those ancestors are divided into two groups: cells in the near region and cells in the far 

region. As before, for the near region group we use translational addition theorem, and for 

the far region group we use plane-wave approximation. Once the scattered field coefficients 

for each cell is found, we can add the VSWFs to these coefficients and find out the field 

intensity at any point. The same as previous sections, before adding a ll the scattered field 

together , we have to covert the field from different spherical coordinates into a common 

Cartesian coordinate. 
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2.4 Intra-Body Channel Characteristics 

Since the inhomogeneous intra-body environment consists of complicated cells, there are 

many factors can affect the field propagation. In this part , we provide the path loss and 

optimal operating frequency for optical wave in intra-body environment. Then, the effects of 

antenna radiation, cell position, and layered medium are investigated. 

2.4.1 Channel Path Loss 

In the following analysis, we use path loss as a metric for signal propagation loss . First , 

we briefly review the path loss definition and introduce the approach we adopted. The 

received power Pr(d) at a distance d from the transmitting antenna can be approximated by 

Pr(d) = PreJ(do) · LreJ(do , d) , where PreJ(do) is the received power at a close-in reference 

point in the far field region of the transmitting antenna with distance do [63] , and LreJ(do , d) 

is the antilogarithm of path loss from do to d. According to [63], by relating power to 

the electric field radiated by the antenna, the received power Pr (d) can also be expressed 

by Pr(d) = IE (d) l 
2

Ae, where IE(d) I is the electric field intensity at a distanced from the 
ry 

transmitting antenna, Ae is the aperture of the receiving antenna. In the following, we 

consider the maximum antenna effective aperture that is 3~ 
2 

• We can obtain8 

LreJ(do , d) = -lOlg LreJ(do , d) 

= lOl Prej(do) = IErej(do) I 201 (2 .23)
g Pr(d) g IE(d) I · 

The derived path loss Lre f (do , d) is based on a reference point do. Also, the path loss 

can be defined as the received power over radiated power ratio. In this way, the antenna's 

performance is included in the wireless system, which is more practical. The path loss can 

be updated as 

(2 .24) 
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Figure 2.15: Path loss for a chain with 20 cells. 

We set d0 as a for L re f , and increase the wavelength from 450 nm to 1000 nm gradually. 

First , to reduce the computation burden , we consider the chain has 20 cells and the mutual 

intervals are set as 5a , 7 .5a , and lOa. As shown in Fig. 2.15 , the wavelength larger than 

700 nm suffers from lower loss. As discussed in Section 2.2.3, the scattering loss is small at 

long wavelength. Meanwhile the absorption loss is low and it has a minimum value around 

700 nm, the scattering loss is much larger than the absorption loss. Therefore, the dominant 

loss is from scattering. As a result , t he longer wavelength has better performance. Also, we 

can see when using the radiation based path loss, the long wavelength has even lower loss, 

since the long wavelength antenna has larger antenna aperture thanks to the larger space 

it occupied to achieve resonance. However , even the results suggest the long wavelength, 

due to the size constraint in human body, we should strike a balance between the antenna 

efficiency and antenna size, which is mainly determined by the application. 

Next , we increase the number of cells from 5 to 100 with step 5. The interval is kept as 

5a. We consider three wavelengths: 450 nm, 700 nm, and 850 nm. As shown in Fig. 2.16, in 

the near region , there is almost no difference for the three wavelengths , since the propagation 

loss is not obvious. In the far region, the 700 nm and 850 nm achieve much lower path loss 

than 450 nm. \i\Then we consider the radiation power based path loss , the difference is more 
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Figure 2.16: Path loss for a chain with 100 cells . 

obvious. Regarding the absorption of blood in different frequencies , we could see that it 

follows the behavior of hemoglobin rather than cytoplasm , as it can be seen in Fig. 2.9. 

The absorption of hemoglobin in our range of study (wavelengths of 450 nm to 1000 nm) 

is almost four orders of magnitude higher than the values for water and it plays the main 

absorbing role in blood. Most of existing works are dealing with blood as a homogenous 

medium. However , when modeling the communication channel between tiny nanomachines 

floa ting inside the blood , we consider the blood as a fluid and a couple of obstacles which 

are the blood cells. The benefit of the model proposed in this thesis is that it can calculate 

the field after passing even just one cell which helps model the channel for communication 

between nanomachines. In that case, the optimal frequency would be around or a little larger 

than 700 nm as mentioned before in section 2.2. This is mainly because the transmitter 

node would emit light inside the cytoplasm , the light passes through a couple of cells and 

then is being received at the receiver point. Therefore from nanomachines point of view, the 

EM wave propagat es mainly through cytoplasm and on its way to the receiver it observes 

some obstacles which are mostly red blood cells. Moreover , to be able to see the effect of the 

cells (in range of micrometers) we should have a wavelength of hundreds of nanometers. 
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2.4.2 Breadth Effect 

The plasmonic nano-antenna is small when compared with a cell. Hence, it can only illuminate 

a small area. As a result , there is no need to consider a large area on a plane. In this part , 

we gradually increase the number on a plane to see how many we need to consider. In order 

to investigate the radiation breadth effect of the optical antenna, we keep the plane number 

as 3 and change the row and column number from 3 to 9 and the step is 2. Then we measure 

the electric field intensity at 4r3 + 1.5a + 2dp. The corresponding electric field intensity are 

3.32 x 1013 V / m , 2.85 x 1013 V / m , 3.32 x 1013 V / m , and 2.85 x 1013 V / m. The results are 

almost the same which further proves that the scattering is mostly forward and the impact 

on adjacent region can be neglected . Hence, in the following analysis, we consider that on 

each layer there are 3 by 3 cells . 

2.4.3 Cell Position Effect 

In previous discussions , cells ' positions are fixed. However , in a more realistic scenario they 

could be random. In order to investigate the random position effect on optimal frequency, 

we first find the frequency response of path loss for cells with determined position as shown 

in Fig . 2.14 for a comparison . Then we consider the cells have random positions. For the 

former scenario , the lattice is formed by 3 x 3 x 5 cells and the path loss is calculated at 

(0, 1.5a + 4r3 + 4dp , 0). The wavelength is gradually changed from 450 nm to 1000 nm 

with a step 50 nm. As depicted in Fig. 2.17, the wavelength longer than 700 nm performs 

better. Note that in three dimensional model, the cells are not on a chain due to the position 

shift discussed in Section 2.3.3. Also, since we consider the near region, the loss due to 

propagation is not obvious. Referring to Fig. 2.4 and Fig. 2.5 , the multiple scattering 

incurs some fluctuations on the magnitude of the electric field intensity. For the radiation 

power-based path loss, the long wavelength still has better performance due to the antenna's 

high efficiency. 

As shown in Fig. 2.14, each cell occupies dp •dh •dv space and it is located in the center of 

a cube since we consider dp = dh = dv . Now, we consider the cell 's position is no longer fixed 
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Figure 2.17: Three-dimensional model frequency response . 

and its center 's Cartesian coordinates (xe , Ye, ze) become (xe +adp/4 ,Ye+ adp/4 , Ze +adp/4) , 

where a is uniformly distributed in (0,1) . We set the lattice the same as the regular position 

case and calculate the mean value of the path loss. As shown in Fig. 2.17, even the positions 

are deviated, the trend of the path loss is still similar. Therefore, even the well aligned model 

is ideal, it does not affect the result too much. 

2.4.4 Field Propagation among Cells with Layered Structure 

All the analyses above consider that the communication range of a plasmonic nano-antenna 

is very small as well as that all the cells are identical, i.e., exhibit the same properties. 

However, in real intra-body environment , especially on the boundary of two layers, the cells 

are quite different in size, structure, material, among many others. Due to the limited space 

and complicated intra-body environment , we cannot pay our attention to all kinds of cells. 

However , the developed model in this thesis is general. For instance, if the cell only has a 

single layer (membrane), we find the updated T-matrix for it and follow the same procedure 

to obtain the results . Furthermore, if the cell size is much larger than what we considered 

here, we can increase the truncation order Nst op to continue the computation. 
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Figure 2.18: Path loss in layered structure . 

In Fig. 2.18, we consider the field propagates in a two-layered structure. Each layer 

is constructed by 4 planes and on each plane there are 3 by 3 cells whose locations are 

the same as previous fixed position discussions. First, layer 1 is the large-size cell and 

layer 2 is the small-size cell. Then, we consider layer 1 is the small-size cell and layer 2 

is the large-size cell. The detailed configuration for the two kinds of cells are provided in 

Table 2.2. As shown in the figure, the wavelength longer than 700 nm still achieves much 

better performance, especially when we consider the radiated power-based path loss . In 

addition , there is no significant difference for the propagation direction. The two scenarios 

have similar performance. When comparing with the result in Fig. 2.17, the path loss is 

a little higher. The reason is that the large cells absorbs more power and the electric field 

experiences more scattering when penetrating the inhomogeneous medium. 

2.5 Conclusions 

Nanosensing technology is a promising solution to provide faster and more accurate disease 

diagnosis and treatment inside the human body. Metallic plasmonic nanoantennas enable 
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wireless communications among intra-body nanodevices at near-infrared and optical frequen

cies . However , there are several phenomena that challenge the propagation of EM waves 

inside human body, ranging from the absorption by molecules to the scattering by cells, 

whose size is comparable to that of the nanodevices . In this chapter , a rigorous channel 

model is developed to understand the intra-body channel behavior as well as to provide 

insights for the design of iWNSNs. In particular , we have first derived the field intensity 

distribution around a single cell and analyzed the cell 's scattering properties. Then , we 

extend our discussion to a more realistic scenario with multiple cells. Our models have been 

validated by means of extensive electromagnetic simulations. The results show that the 

propagation of EM waves at opt ical frequencies inside the human body is mainly affect ed 

by the scattering from cells. The impact of scattering could be reduced by moving to lower 

frequencies, i.e., 700 nm to 1000 nm, but this would introduce several challenges . On the 

one hand , as we reduce the syst em frequency and approach THz-band frequencies (0.1-10 

THz) , absorption rapidly increases . Molecular absorption created by internal vibrations of 

the molecules results into heat , and this is not desirable for intra-body communications. 

On the other hand , the use of 700 nm to 1000 nm would require the utilization of larger 

antennas, which would increase the invasiveness and limit the applications of iWNSNs. 

Communications at 700 nm to 1000 nm within the near-infrared and optical transmission 

windows can open the door to potentially biocompatible appli- cations of iWNSNs. 
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CHAPTER 3 

Geometrical , Frequency and Time Domain 

Analysis of Light/Matter Interactions 1n 

Biological Tissues 

In this chapter, the effect of single biological cells and cell assemblies on the propagation 

of optical wave for intra-body communications of nanosensors is analytically investigat ed 

in three distinct ways , namely, geometrical, time-domain, and frequency-domain analyses . 

The analytical channel model is validated by means of full-wave electromagnetic simulations 

through a case study for Red Blood Cells (RBCs) inside the blood plasma. The results show 

that RBCs perform as optical micro-lenses that confine the radiat ed light on a focal a rea, 

which agrees with recent experimental achievements. It is also shown that changes in shape 

and size of the cells slightly a lter the channel impulse response. This study motiva tes the 

development of new communication solutions for intra-body nanoscale optical communication 

networks as well as new nano-biosensing strategies able to identify diseases which cause cell 

shape alterations. 
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3.1 Motivation and Related Work 

In this chapter , we analyze the impact of single biological cells and cell assemblies on the 

propagation of optical wave in three distinct ways. More specifically, first , due to the rather 

large size of the biological cells compared to the wavelength , we follow a geometrical approach 

to t race path loss and time delay of each of the optical rays that encounter a biological 

cell. A closed form channel impulse response on the focal line is derived by aggregating 

all the rays while considering the attenuation and delay of each of them. The model tha t 

is proposed in the current work is a generic model which can be applied to any type of 

biological cells . However , the communication in the human blood is considered as a case 

study to verify the analytical model and simulation results. There are two main reasons to 

consider the communication inside the human blood, namely, applications of the intra-body 

communications in the health monitoring and disease diagnosis tha t is mostly performed 

by means of blood test as well as recent experimental results on light propagation through 

Red Blood Cell (RBC) [64] that can be used as a reliable reference to validate our analytical 

model and simula tion results . In this regard , We further apply the parameters of RBC 

floating inside the blood plasma to evaluate our analytical model. We show that after 

passing a single RBC , all the optical rays will be focusing on t he central line. Following 

the geometrical approach, a comprehensive study on the intra-body communication channel 

in the time domain is given and the effect of the different sizes and shapes of the cells on 

the channel impulse response is analyzed . Finally, an analytical frequency domain channel 

model is presented and the behavior of randomly positioned cells inside a blood vessel is 

provided. We also valida te all the aforementioned channel model analyses by means of 

extensive full-wave electromagnetic simulations for the case study of RBC inside the blood 

plasma . The results prove that the RBCs perform as optofluidic micro-lenses inside the 

human blood in terms of confining the light that is being radiated through them on a focal 

area right after the cell. In fact, this phenomenon also has been recently achieved through 

experiments on interactions of light and RBCs [64] . Moreover , simulations with different 

shapes of RBCs are provided which shows that the changes in the shape and size of the cells 
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slightly a lter the channel impulse response which can be used as fingerprints of the healthy 

and infected cells in identification of diseases . 

This study conducts the development of practical communication strategies among 

autonomous in-vivo nano-biosensors which can operate inside t he human body in real t ime. 

Thanks to the light focusing property of the RBCs which eases the propagation of the 

light inside the human blood by reducing the exponential path loss, and by utilizing simple 

and feasible modulation/ demodulation schemes and transmission/ det ection methods, the 

optical wireless communication is a promising technique for future iWNSNs specifically inside 

the human blood vessel. Furt hermore, new nano-biosensing st rategies can be developed 

as a way to provide fas ter , low-cost, and more accurate disease diagnosis and t reatment 

than t raditional technologies. As an specific example, disease identifica tion can be done 

by detecting the slight changes in the channel impulse response, caused by (sub) cellular 

abnormalities which may appear in t erms of either the change in shape of the blood cells 

(e.g. anemia, which causes the shape of the RBC to change to a sickle or crescent shape) or 

the presence of pathogens. 

The remainder of the chapter is organized as follows. In Sec. 3.2, we define the biological 

cell model for iWNSNs communication channel model, and fur ther discuss the interaction 

of light and biological tissues . Sec. 3.3 contains a thorough analysis on the propagation 

pattern of light in interaction with a biological cell based on geometric optics. In Sec. 3.4, 

we develop a t ime domain channel model and study the channel impulse response based on 

Maxwell's equations and electromagnetic radiation of the light , while Sec . 3.5 discusses t he 

frequency domain characteristics of light propagation in biological tissues. Moreover , extensive 

simulations are demonstrated and verified with numerical results in Sec . 3.3 to Sec. 3.5 for 

each of the aforement ioned analyses . Finally, we conclude the chapter in Sec . 3.6. 
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3.2 System Model and Analysis Method 

3.2.1 Cell model 

Different types of cells affect the propagation of light in different ways. In this work, without 

loss of generality of our model, we focus on light propagation in blood vessels . Human blood 

is composed by erythrocytes (also known as RBC), leukocytes (also known as white blood 

cells), and thrombocytes or Platelets . Among all these, RBCs are the largest (7 microns) 

and most abundant ( 45%) and, thus, govern the propagation of light in blood. Furthermore, 

all the blood cells are floating inside the blood plasma (55% of the blood) which is essentially 

water (92%) . 

Therefore, in our scenario, we consider RBCs immersed in plasma. Plasma is modeled as 

a lossy medium with macroscopic properties of the water ( complex permittivity E4 in Fig. 3.1) 

which mainly captures the effect of the medium on the optical propagating wave. Each cell 

is modeled as a multi-layered sphere, with the outer shell as the cell membrane, filled with 

the cytoplasm and the nucleus (which is replaced by hemoglobin (Hb) for the specific case of 

RBC). The spherical cell is widely used in simulation and analytical researches [50 , 51, 65]. 

However , the shape of different cells are not necessarily spherical, and the nucleus is not 

always at the center of it. Nonetheless, due to the random positions and movement of the 

cells in different layers of biological tissues (blood in this specific case), the sphere shape can 

be adopted as a general model that provides a good approximation for all types of cells with 

different shapes. As depicted in Fig. 3.1, for a typical cell we define the following layers: 

• Innermost layer: Core/nucleus (Hb for RBC) with complex permittivity E1 and radius 

• Intermediate layer: Cell cytoplasm with complex permittivity E2 and radius r 2 , 

• Outermost layer: Cell membrane (fat for RBC) with complex permittivity E3 and 

radius r3 . 

Note that since the biological cells are not attracted to the magnetic fields, their magnetic 

susceptibility is very close to zero, i.e., Xm ~ 0. Hence, the permeability of the cells and 
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Figure 3.1: Biological Cell Model. 

the medium, which is defined as µ = µ 0 µr = µ 0 (xm + 1) , can be considered to be equal to 

the permeability of free space (vacuum), µ0 . Therefore, the corresponding wavenumbers k1 , 

k2 , k3 , and k4 are defined with the permittivity of different layers of the RBC and medium 

respectively. 

It is relevant to note that for the specific example of RBC, although a real healthy RBC 

has a biconcave shape, t he proposed spherical cell model provides tractable simulations and 

closed-form analytical results while focusing on more important parameters of the intra-body 

optical channel, such as nanosclae characterization of each type of cells for short range 

communicat ions. In addition, to shed some light on the fact t hat the sphere model is a 

good enough approximation of the real RBC, a thorough discussion on the effect of the cell 

shape on the propagation of the wave besides extensive simulations by adopting different 

geometries for the RBC are given in Sec. 3.3 and Sec. 3.4. 

3.2.2 Light and Biological Tissues Interactions 

The radiation of the light in a medium is mainly affected by reflection, refraction, diffraction, 

and scattering. The diffraction and scattering happen when the wavelength of the incident 

light is comparable to the size of the particle, while the refraction and reflection are related 

to the intrinsic properties of the materials and are studied in geometric optics. 
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Diffraction 

Diffraction occurs when the light encounters a very small obstacle ( on an edge or a material 

with a coarse surface) or passes through a t iny aperture. Having in mind that the diameter 

of a biological cell in the human body is in the range of 5 t o 100 µm , it can be easily seen 

that the circumference of a circular cross section of even the smallest cell would be around 

15 µm , which is much bigger than our wavelength of interest (600 nm) . Hence, the effect of 

diffraction is negligible in our analysis of shining light through a single smooth shaped cell 

in a homogeneous medium, i.e., the blood plasma . 

Scattering 

Similarly, for the scattering there are three different major theories to analyze the way 

that the wave deviat es from a st raight t rajectory based on the size of the particle that it 

encounters. A dimensionless size parameter is defined by the ratio of the characteristic 

part icle diamet er to the wavelength as follows: 

(3 .1) 

where D is t he diameter of the particle, ,,\ represents the wavelength in vacuum and n r is the 

real part of the refractive index of the medium. Based on the value of the size parameter X, 

t he scattering model is categorized in three groups, namely, Rayleigh scattering for x « 1, 

Mie scattering for x ~ 1, and geometric scattering for x » l. Where for the lat est one, 

different references suggest different thresholds on how bigger should be the particle for the 

geometric optics theory to be valid. This range st art s from x 2". 10 for using Ray Tracing 

theory as a rough approximation to the solution of Maxwell equations specially when there 

is no diffraction, up to x 2". 100 which is a very strict threshold for certain studies such as 

Optical Levitation [66]. 

In case of the propagation of light inside the human blood , with normal and healthy 

RBCs, the size parameter is around x = 49 for a wavelength of 600 nm and refractive index 

of nr = 1.33 for the blood plasma. Although even when x ~ 50, the Mie theory is still valid 
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and the most accura te known solution, but the results of the geometric approximation is 

close enough to that of the Mie theory. Moreover , the ultimate goal of the present work is to 

find a valid channel model for the iNSO communication inside the human body where most 

of the cells are much larger than the studied RBC. In addition, we consider the scattering 

caused by the smaller particles inside the blood plasma as a scattering loss coefficient µ sea 

besides the extinction (absorption) coefficient µ a bs for a homogeneous medium to obtain a 

more accurate model. 

Refract ion 

While diffraction and scattering do not participat e significantly in the propagation of the 

light as passing through micrometer-scale cells, refraction and reflection play the main role 

in the propagation pattern. Refraction of the light in absorbing materials is described by 

using the refractive index which is a complex-valued number. The real part of the refractive 

index accounts for the refraction, while the imaginary part deals with the absorption and is 

sometimes referred to as extinction coefficient . 

For our specific case study of communication inside the human blood, Table 3.1 summarizes 

the real and imaginary parts of the refractive index for different layers of a RBC and the 

blood plasma for a range of wavelengths [17, 67, 68] . The refractive index of a material for 

electromagnetic radiation is equal to n (w ) = Jµ r(w)Er (w) which depends on the frequency 

w or equivalently the wavelength A. Here Er is the rela tive permittivity, and µr is the 

rela tive permeability of the mat erial. While the real and imaginary parts of the refractive 

index are used in Sec. 3.3 for geometric optics analysis in Fresnel equations and Snell 's 

law, the permittivity and permeability are useful in Maxwell 's equations and deal with the 

electromagnetic radiation of the waves that are used in t ime and frequency domain analyses 

in Sec. 3.4 and Sec. 3.5 respectively. 

Since the biological tissues are non-magnetic at t he opt ical frequencies, t he value of t he 

relative permeability, µr, is considered to be equal to one (as explained earlier in Sec. 3.2.1). 

Therefore the real and imaginary parts of the refractive index and the relative permittivity 
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are related to each other as follows : 

E,,.,,,.(w) = n;(w) - n;(w) , Er,i(w) = 2n,,.(w)ni(w), (3 .2) 

where E,,.,,,.(w) and Er,i(w) represent the real and imaginary parts of the relative permittivity 

respectively, while n,,. (w), and ni (w) are the real and imaginary parts of the refractive index, 

and n(w) = n,,.(w) - jni(w). 

Table 3.1: Refractive Index vs Wavelength. 

cytoplasm (water) fat Hb 
>-(nm) n,,.(w) ni(w) n,,.(w) ni(w) n,,.(w) ni(w) 

450 1.34 l.02e-9 1.46 2.29e-7 1.43 1.2le-3 
500 1.33 l.00e-9 1.46 7.55e-8 1.42 4.45e-4 
550 1.33 l.96e-9 1.46 3.39e-8 1.42 l.0le-3 
600 1.33 l.08e-8 1.46 2.22e-8 1.41 8.84e-5 
650 1.33 l.64e-8 1.46 2.44e-8 1.41 l.02e-5 
700 1.33 3.34e-8 1.46 l.80e-8 1.41 8.63e-6 
750 1.33 l.56e-7 1.46 5.83e-8 1.41 l.66e-5 
800 1.33 l.25e-7 1.46 2.55e-8 1.41 2.78e-5 
850 1.33 2.94e-7 1.46 4.30e-8 1.41 3.84e-5 
900 1.33 4.86e-7 1.46 3.3le-7 1.41 4.59e-5 
950 1.33 2.90e-6 1.46 2.98e-7 1.41 4.87e-5 

Reflection 

When light passes from one medium to another with two different refractive indexes, both 

reflection and refraction may occur. The Fresnel's equations describe what port ion of the 

light is reflected and what portion is refracted (transmitted ). In case of communication 

inside the human blood, the fat tissue which is the outermost layer of a RBC causes the 

backscattered light by reflecting back a part of the incident light. The reflection does not 

play a significant role to form the main impulse response of the channel at any point after the 

cell . The received signal after a single cell mainly consists of the refracted and transmitted 

rays . However , in the case of having multiple cells the reflected rays of the light from the 

adjacent cells result in receiving the delayed versions of the original signal which causes 

the multi-path. We consider this effect as an adjustment multiplier in the channel impulse 
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response analysis later in Sec. 3.3. The closed-form analysis of the reflected rays is out of 

the scope of the present thesis. Here we are mostly interested in the forward scattered wave 

to find a propagation pattern for a single cell that can be utilized to form a comprehensive 

channel model consisting of many cells of different types. A thorough geometrical analysis 

on the refracted (transmitted) light is given in Sec. 3.3 to calculate the transmitted signal 

over the focal line after the cell. A closed-form solution for the backscattered wave can be 

found by following the same approach that has been explained in Sec. 3.3 for the forward 

scattered light. 

3.3 Geometrical Analysis for Light Propagation through 

Biological Cells 

Geometrical analysis of the light propagation, which is also known as Ray Optics, is the 

limit of Maxwell 's equations when the wavelength is small comparing to the size of the 

particles [69]. As mentioned earlier, geometric analysis is valid for the size of the biological 

cells and is much tractable to obtain a closed form solution for the propagation pattern. 

F ig. 3.2 shows the the trace of a ray while passing through a sphere with a different 

refractive index. Due to the symmetry in the geometry we know that all rays of the incoming 

light ( considered to be a plane wave) will be focused on the central line that is coming out 

from the cell. For this reason we are mostly interested to find the impulse response of a 

single cell on this specific focal line. By considering a linear channel, we know that if a single 

pulse is being transmitted from the antenna, we will receive multiple versions of the same 

pulse spread in time due to different paths that the light rays go through. Therefore, the 

impulse response of the channel includes different delayed pulses (and hence a phase shift) 

from all the incoming rays of light . To find the impulse response at a point on the focal line, 

the following have to be calculated: 

• The location of the focal point on the central line (r •J(a) in Fig. 3.2); 

• Path loss of each of the rays that pass the focal point , and the intensity and direction 
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of the received signal: E p ; 

• Time (or the delay) between the transmitted and each of the received rays at that 

point: T. 

As it can be seen in Fig. 3.2 , there is a main ray perpendicular to the surface which 

passes through the center of the cell without any refractions, E"J)r . This main ray further 

comes out of the cell on the other side over the ent ire focal line. In addition to that , there 

are other rays of light that encounter refraction and pass through the cell and eventually 

cross the fo cal line a t a cer tain point (r • J(a) from the center of t he cell) , Et r . We call 

these rays the secondary (focusing) rays due to the fact that all the rays with the same 

distance from the central line focus at the same point on the focal line. A complete trace of 

a single secondary ray is shown in Fig. 3.2 , which is at a distance dr from the central line. It 

can be easily seen that if we cover all the rays that are corresponded to 0 < a < 1 -or t he 

upper half of the cell- , then by taking the integral of the received signal over 0, which is the 

angle between the plane of incident and the x axis in spherical coordinates , we can find the 

complete answer at a point on the focal line. 

When a trace of light passes through a layer wit h a different refractive index and goes 

further through the same medium, the angle of the output ray is the same as the input one, 

and it only shifts proport ionally to the thickness of the layer in between. Therefore, since we 

consider the refractive index of the blood plasma and the cell cytoplasm to be the same, so 

the effect of the thin fat layer (in the scale of 0.01 of the wavelength) of the cell in shifting 

the ray of the light is negligible. Also the absorption and the time delay due to this thin 

layer is insignificant and can be ignored in calculation of the channel impulse response. 

3.3.1 Focal Point and Focal Area 

To find the focus point in Fig. 3.2 , we define the normalized distance parameter a as the 

ratio of dr to r, where dr is the distance between the ray and the central axis of the sphere 

(main ray) , and r is the radius of the sphere. Then , J (a) can be calculat ed as follows (see 
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lo l11 
Figure 3.2: Effect of the Hb as a spherical lens. 

Appendix B.l): 

(3.3)J(a) = [ ( a ) ]'
sin 2 arcsin(a) - arcsin(:~: : a ) 

where r •J(a) is the distance of the focal point from the center of the cell for all the incident 

rays of light in space with normalized distance parameter a. 

It can be observed t hat the value of t he f( a ) only depends on the ratio between the 

refractive indeces of the media, i. e., nr, i , and regardless of the size of the cell , the ratio of 
nr,2 

the focus point to the radius of the cell remains unchanged. Also, the value of a is always 

between O and 1 for the plane optical wave source that is emitt ing through the sphere, and is 

polarized along x axis. The focus point always lies in between the upper and lower bounds of 

the function J(a) mult iplied by the radius of the cell r . Referring to Appendix B.l, it can be 

observed that the lower (Jz) and upper (Ju) bounds of the function J(a) can be calcula ted 

as follows: 

(3.4) 
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Figure 3.3: J(a) vs a for n,,.,1 = 1.33 and n,,.,2 = 1.41. 
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F ig. 3.3 shows the range of the function J(a) for a E (0, 1) , n,,.,1 = 1.33 (plasma) and 

n,,.,2 = 1.41 (Hb). As it can be seen in this figure , almost 85 % of the focal line consists of 

the focusing rays with a ~ 0.5, which corresponds to the 25% outermost area of the cell. 

Interest ingly the Brewster angle -in which the boundary loss is minimal (see Sec. 3.3.3) 

happens also within this interval. Therefore, most of the energy of the incident light will be 

focused in the portion of the focal line which is in a distance of r •f(l) tor •J(0.5) form the 

center of the cell. After this interval, the light is mostly following the exponential loss due to 

the molecular absorption and scattering of the media (see Sec. 3.3.3) . 

It is relevant to note that in the real case of RBC , there will be some reflected rays back 

into the cell, also the total internal reflections happen inside the cell due to the difference 

between the refract ive indices of fat , Hb and cytoplasm layers . However , the amount of 

the reflected signal is very insignificant . According to the Fresnel 's equation (explained in 

details later in Sec. 3.3.3 and equation (3 .15)) , for the wavelength of 450nm, only 0.2% of 
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the main ray will be reflected in the boundary of fat and cytoplasm. This can be ignored in 

the calculation of path loss and will not have a major impact on the propagation of the light 

after the cell. 

3.3.2 Time Delay for Each Ray of the Light 

The time delay for the main ray at t he focal line can be calculated by adding all t he part ial 

times that takes for the light to pass through different parts of the path in different media, 

and is given by: 

(3.6) 

where Tmr represents the delay for the main ray at a point on the focal line, c is t he speed of 

light in vacuum, lo is the distance between the source and the cell boundary, l11 = 2r, and 

Zi 2 = r • (J(a ) - 1). The delay for an arbitrary secondary ray is given by: 

(3.7) 

where Tfr represents the delay for an arbitrary secondary (focusing) ray at a point on the 

focal line. And l 21 , l 22 , and l23 are given as follows by using the Sine law: 

l 21 = r (l - cos(0i )) , (3.8) 

l _ ( sin (20,,. ))
22 - r . (0 ) , (3.9) 

sin r 

sin(20,,. - 0i) )
l23 = r . (3.10)( sin(20i - 20,,. ) 

Since 0i and 0,,. can be calculat ed from a, it can be seen that the time delay also only 

depends on the real part of t he refractive index, t he parameter a, and the cell radius r. 

3.3.3 Path Loss and the Light Intensity on the Focal Line 

To find the intensity of the light at a point on the focal line, we calculate the path loss of all 

t he rays that are passing this line. By aggregating all the rays that pass the same point and 
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including the delay for each ray form Sec. 3.3.2, we will be able to find the channel impulse 

response at the desired point. 

There are three different losses that have to be considered , namely, the molecular 

absorpt ion loss L a bs, t he scattering loss L sea, and the boundary loss Lbound · Due to the fact 

t hat we are considering a plane wave as the emitting light source, there will be no spreading 

loss caused by the antenna propagation pattern. Note that in the case of using a directional 

or omni light source the spreading loss also has to be considered . The molecular absorption 

loss in different media according to the Beer-Lambert law [70] is given by L a bs = e-µa bs 1, 

where l is t he distance that the wave passes, µ a bs is the absorption coefficient of the medium 

and can be calculated from t he imaginary part of t he refractive index as follows : 

(3.11) 

The attenuation due to the scattering can also be represented as an exponential loss 

L sea = e-/J,sca l , where µ sea is the scattering coefficient of the medium and is given by 

µ sea = N Q sea r,9 , where N is the particle concentration, r,9 is the geometric cross section 

of the part icles, and Q sea represents the scattering efficiency of the particles and is equal 

to [71]: 

(3.12) 

Note that x is the size parameter of the particles with the definition that has been given in 

Sec. 3.2.2. 

Finally, the Fresnel 's equations explain the attenuation of the refracted ray when the 

light moves from a medium to another with a different refractive index. According to the 

Fresnel 's law, part of the light is refracted and part of it is reflected at the boundary between 

the media. We define Lbaund as the boundary attenuation, and as it can be seen in Fig. 3.2, 

this a ttenuation happens twice. Once when the light enters the sphere and once when it 

moves out . The behavior depends on the polarization of the incident ray, which can be 

separat ed into two cases of s- and p-polarized. Rs and RP are defined as the reflectance of 
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the s- and p-polarized lights respectively, and are given as follows for the ingoing light: 

2 

R . = I n1 ,rcos(0i ) - n2 ,rcos(0r) 1 (3 .13) 
s ,i n1 ,rcos(0i ) + n2 ,rcos(0r) ' 

2 

R . = I n1 ,rcos(0r) - n2 ,rcos(0i) 1 (3 .14) 
p ,i n1 ,rcos(0r) + n2 ,rcos(0i) ' 

where R s,i and R p,i are the reflectance of the s- and p-polarized ingoing lights respectively 

(Fig. 3.4) . Following the same type of equations, one can find the reflectance of the outgoing 

lights named R s,o and Rp,o for the s- and p-polarized waves respectively. The transmittance 

of the light Ts /p ,i/o is given as Ts /p ,i/o = 1 - R s/p,i/o · In the special case of the main ray 

where 0i = 0r = 00 = 0, the reflectance is given by: 

(3 .15) 

Hence the boundary loss for the main ray is given by: 

1:,mrbound= (Tmr)2 , (3 .16) 

where Tmr is the transmittance of the main ray and is equal to 1 - R mr . The boundary loss 

of a secondary ray which forms a plane of incident ( containing the incident , reflected and 

refracted rays) and has the angle 0 with the x axis, is given by: 

rfr ,s T T rfr ,p T T 
'- bound == s ,i s ,o , '-bound = p,i p ,o, (3 .17) 

where £[;~snd and £ t;Ind are the boundary losses for the s- and p-polarized parts of a 

secondary ray respectively. 

Fig. 3.4 shows the cross section of the sphere cell on the xy plane. Note that the 

polarization of the wave is along the x axis and the direction of the propagation is along z 

axis . We solve the problem for an arbitrary secondary ray in a plane of incident and then 
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Figure 3.4: Polarization of the light wave for different pla nes of incident with different 0 
ranging from O to 21r . 

integrat e the results over a ll the planes of incidents by covering 0 from zero to 21r, where 

0 is the angle between the plane of incident and the x axis in spherical coordinat es (see 

Appendix B.2). The aggregated field coming from the secondary rays with parameter a is 

derived as (see Appendix B.2): 

(3.18) 

where E0 is t he incoming ray shown in Fig. 3.2 , ax is t he unit vector in the direction of x axis, 

and 1:,Jr,p and 1:,Jr ,s represent the path loss that every p- and s-polarized secondary (focusing) 

ray faces in its path to the focal point and are equal to LabsLscaL[:::nd and LabsLscaL[;~snd 

respectively. Following the same approach the received field coming through the main ray 

over the focal line can be also given as: 

(3.19) 

where 1:,mr is the path loss tha t the main ray faces in its path to a point on the focal line. 

Note that E0 is init ially considered to be polarized along the x axis and hence propagating 

through z direction. From equations (3.18) and (3.19) , it can be seen that interestingly 
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the polarization of the received field on the fo cal line is a lso along the x axis, and hence 

propagating through z . The polarization of the main ray will remain the same while passing 

through the cell since it is inline with the central line of the cell and the plane of incident. 

However , for the secondary rays, as mentioned earlier , each ray has two distinct and separate 

s- and p-polarized parts for every plane of incident with a different 0. According to Fresnel 's 

equations, rays with different polarizations will face different reflect ance and t ransmittance . 

Therefore, the polarization of each of the rays will be changed while inside the cell. Once 

the rays move out of the cell and pass the boundary for the second t ime, their polarization 

will be changed again wit h respect to 0, but still not the same as before entering the cell. 

Although , interestingly, when t hey aggregate a t a focal point, all the light rays that a re 

polarized along y and z axes will be canceled out with each other and the resulting field will 

be polarized along x axis. 

Now that we have all t he information for the path loss and delay, t he channel impulse 

response on t he focal line between the points !1 and f u can be given as : 

(3.20) 

where 1'(r ) is t he cell-size gain factor which is a function of the radius of the cell -the larger 

the cell , the bigger the surface of the cell that is being exposed to the incoming light , and 

hence t he more energy will be focused at the focal line- , Ymp is the multi-path gain caused 

by the reflected rays from adjacent cells , which can be estimat ed by means of extensive 

simulations and depends on different densities and distribution of the cells in the medium, d 

is the total distance between the light source and the point on the focal line and is considered 

to belong to the interval d E lo + [r (l + f l) r( l + f u)], for the equation to be valid. It can be 

observed that for a given lo, the value of a can be calculated from d. Note that E and T are 

functions of frequency f and d (or equivalent ly a ), and we consider the normalized channel 

impulse response for which IE0 I is assumed to be equal to one. Furthermore, there is no t ime 

difference between the secondary rays with the same angle of incident 0i or equivalently a, 

since they pass through identical distances . Therefore, we can do the integration without 
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considering the time, and then we will add the time delay for the final expression of H(J ,d) 

which contains both the main and secondary rays that are received with different t ime delays . 

3.4 Time Domain Analysis 

3.4.1 Excitation Pulse Source 

For the time domain analysis, we consider an electric point dipole antenna a t t he distance 

dac from center of the cell (as shown in Fig. 3.1) , with the dipole current moment direction 

n p and magnitude p as follows: 

p = pulse(t - 50") , (3.21) 

where ax represents the unit vector in the direction of x axis, and since the current applied to 

the dipole antenna and hence the E-field is along x axis, therefore the direction of propagation 

is through the z axis. Furthermore, t he function pulse(t) is defined as the first derivative of 

a Gaussian pulse as follows: 

(3.22) 

where a0 is the peak amplit ude of the Gaussian pulse, and CJ" represents the standard deviation 

or the Gaussian RMS width . 

To find the channel impulse response for the whole frequency spectrum, we need an 

ideal Dirac delta function o(t) as the t ransmitting pulse. However , the Dirac funct ion is 

feasible neither for real experiments nor for simulation software. In addition, we are only 

interested in the channel response for a certain frequency band which is so called the optical 

window. Therefore, we use the femtosecond-long pulse in (3.22) as the excitat ion for the 

dipole antenna . Moreover , femtosecond-long pulse-based modulation, which also uses the 

first derivat ive of a Gaussian pulse, has been recently proposed as a promising modulat ion 

for communicat ions within the THz band [72]. This modulation method can be used for 

iNSO communications as well, with the modification of CJ" and hence the central frequency of 
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Figure 3.5: Gaussian femtosecond-long pulse (a) in time domain (b) in frequency domain. 

the pulse in the frequency domain. 

If we take the Fourier transform of (3.22), we will have the frequency domain representation 

of the pulse as following: 

(2rrfa ) 2 

Pulse(!)= a0 (j21rf)e--2 -. (3.23) 

Now by taking the first derivative of Pulse(!) with respect to f, and putting it equal to 

zero, we can find the maximum frequency of the pulse in the frequency domain as follows: 

(3.24) 

As it can be seen in (3.24) , by choosing the appropriate value for the Gaussian pulse RMS 

width a, the maximum frequency can be set to a desired value. Fig. 3.5 depicts both the 

time and frequency representation of the femtosecond-long gaussian pulse where a0 = 10-25 , 

and a= l /1r [fs], and hence fM = 500 [THz]. 

3.4.2 Channel Impulse Response 

To obtain the channel model ( channel impulse response) in the time domain, we define the 

transmitted signal (femtosecond-long pulse in Sec. 3.4.1) as Etx at a point before the cell , 

62 



Chapter 3. Geometrical , Frequency and Time Domain Analysis of Light/Matter 
Interactions in Biological Tissues 3.4. Time Domain Analysis 

and the received signal Erx at a point after the cell. By dividing the Fourier transform of 

the received pulse F(Erx) by the Fourier transform of the t ransmit ted pulse F (Etx), we can 

obtain the channel response in the frequency domain H(J, d). Taking the inverse Fourier 

transform of H(J, d) , we can obtain the channel impulse response h(t , d) as follows: 

h(t d) = F -l (H(f d)) = F - l (F(Erx (t , d))) (3.25)
' ' F (Etx (t , d)) ' 

where d is the distance between the antenna and the receiver point. We use Finite Element 

Method (FEM) to simulate the light propagation through the RBC in time domain which 

solves Maxwell's equations with potential formulation in time domain as follows: 

(3.26) 

where A is the magnetic potential vector. µ 0 and Eo are the free-space permeability and 

permittivity respectively, and c,c is the electrical conductivity of the material. The magnetic 

potential vector A and the electric field E are rela ted to each other with the following 

equation: 
8A

E= -V<I>- - (3.27)
at ' 

where <I> is the scalar electric potent ial. As explained in Sec. 3.4.1 , the peak of the femto

second Gaussian pulse in the frequency domain f M can be tuned through the st andard 

deviation c, , hence the relative permittivity Er (w) of the medium and cell layers can be 

calculated from equation (3.2) and Table 3.1 accordingly. This way, the impulse response of 

the channel given in (3.25) is valid for the specific frequency f M . 

COMSOL Multiphysics [35] is ut ilized to perform the FEM simulations in t ime domain. 

Despite the simulation model is generic and can be ut ilized for any type of biological cells and 

medium, we part icularize it for the specific case of two nanosensors communicating inside the 

blood vessel as explained in Sec. 3.2.1. The RBC follows the cell model explained in Sec. 3.2.1 

with the three aforementioned layers. The radius of the cell is considered to be 0.675 µm 

and the antenna is placed 2.7 µm far from the cell center. Since the propagation medium is 
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Figure 3.6: Electric field at two times before and after passing a fixed distance in two 
scenarios of (a) no cell and (b) having a single RBC in between. 

dispersive, with different frequency, the relative permittivity are different for cytoplasm, fat, 

and Hb. The detailed wavelength and corresponding permittivity are provided in Table 3.1. 

The antenna is considered to be a unit dipole, i.e., I0 l = l, where Io is the input current and 

l is the antenna length. The cell is locat ed inside the medium containing of plasma which 

is enclosed by a perfect matched layer (PML) and surrounded by a scattering boundary 

condition. The PML is utilized to mimic the infinite environment and its thickness is set 

to half wavelength. The simulation in Fig. 3.6 is conducted with wavelength 450 nm. This 

figure shows the electric field , emitted from the point dipole antenna, at two times before 

and after passing a fixed distance in two scenarios of (a) no cell and (b) having a single RBC 

in between. As it can be seen in the figure, there is a small delay (fraction of a femto second) 

in the received pulse after the RBC. This delay, !:::,.t, can be explained with the difference of 

the speed of light in media with different refractive indices as discussed earlier in Sec. 3.3.2. 

Fig. 3.7 shows the channel impulse response for both of the aforementioned scenarios. 
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Figure 3.7: Channel impulse response for with and without RBC scenarios. 

The impulse response has been calculated by exploiting equation (3 .25) at a fixed distance 

after the cell. The impulse delay, ~t, of the two scenarios can be seen in this figure as 

well. Moreover, the impulse response of the scenario with the cell in between , has a second 

smaller impulse which is ~T delayed from the main one. This happens due to the multi-path 

reception of the signal through the main and focusing rays that have been discussed in 

Sec. 3.3. It is a lso interesting to note that the main impulse of with/cell scenario shows a 

higher value than without/cell . This phenomenon can also be explained with the focusing 

nature of the RBCs. By fi ltering the r ipples before and after the main impulses in F ig. 3.7, 

which is mostly due to the backscattered field form the boundaries of the simulation, the 

channel impulse response for the with/cell scenario can be simplified as follows: 

(3.28) 

where t0 is the propagation delay of the wave from antenna to the receiver point without 

the cell in between, 'Yi and 12 are the gain of the main impulse response and the multi-path 

reception respectively as shown in Fig. 3.7. 

It is relevant to note that both the shape and the orientation of the cell (specially when 
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Figure 3.8: Simulations of received electric field and channel impulse responses for two 
different shapes of the cells, ellipse on the top row and biconcave on the bottom row, with 
different orientation. 

not symmetric, i. e., not sphere shape) play roles in the propagation pattern of the light 

in terms of changing the fo cusing property and the angle of the outgoing focal line after 

the RBCs. Fig. 3.8 depicts the received electric field and the channel impulse responses 

for two different shapes of the cells, ellipse on the top row (as an example of infected 

RBC) and biconcave on the bottom row (for the healthy RBC). As it can be seen in the 

figure , the intensity and delay of the channel impulse response changes with different shapes 

and different orientations. The shown channel impulse responses will not only guide the 

development of practical communication strategies among nanosensors, but also can be used 

as fingerprints that enable new nano-biosensing strategies to identify diseases by detecting 

the slight changes in the channel impulse response, caused by either the change in shape 

of the blood cells or the presence of pathogens. For the specific case of RBC in blood, the 

focusing property preserves even for the real biconcave shape with different orientations as 

proven experimentally in [19]. It is relevant to note that the focusing property is caused by 

the Hb inside the cell which is not necessarily shaped like the cell outline. Moreover , the 

biconcave shape can be estimated as two adjacent spheres containing Hb which furthermore 

can be utilized as an analytical model for the real RBC shape to find the closed-form solution 

of the wave propagation aft er the RBC. 

As mentioned earlier, the main focus of this thesis is the communication channel modeling 
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in biological tissues. In this regard, the proposed channel model can be utilized and adjusted 

for any types and shapes of the cells as discussed in Sec. 3.3.3 and equation 5.6. It is 

relevant to note that a healthy RBC has a biconcave shape. However , the shape of the 

RBCs might be changing due to various types of disease, e.g., sickle-cell anemia and spur 

cell anemia (Acanthocyte) , in which the shape of the RBCs will change to a sickle shape 

or a many-pointed spike-like star respectively. These differences in the shapes , as shown 

in Fig. 8, will cause small changes in the channel impulse response that can be utilized 

as fingerprints to diagnose diseases (which is out of the scope of the current thesis) . We 

emphasize here again that these small changes, although can be detected to diagnose diseases, 

will not change the characteristics of t he channel for the communication purposes. 

Moreover , it can be seen that the intensity of the electric field is much higher in the case 

that the cells are aligned in parallel with the direction of the light propagation. This happens 

because of the parabolic shape inside the ellipse or biconcave cells. However , as mentioned 

earlier t he sphere can be used as a general model for communication purposes with a good 

approximation for a ll types of cells with different shapes due to the random positions and 

movement of the cells in different layers of biological tissues. This approximation is accurate 

enough to model the intra-body communication channel in terms of analyzing the channel 

impulse response and calculating the path loss for the communication purposes . As it can 

be seen in Fig. 3.6 and Fig. 3.8, the main impulse peak of a sphere shaped cell is an average 

of the ellipse or biconcave with different angles . 

3.5 Frequency Domain Analysis 

3.5.1 Excitation Source in Frequency Domain 

For the frequency domain analysis, we consider two kinds of EM wave sources, namely, an 

electric point dipole antenna and a plane wave excitation. For the point dipole antenna, we 

utilize the same point source as in the t ime domain analysis with the following parameters: 

(3 .29) 
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As opposed to the time domain analysis in which we define a femtosecond-long Gaussian 

pulse, here we have a pure infinite sinusoidal wave for each central frequency of interest !e

lf we choose f e = f M , t hen the same values of relative permittivity can be used for both the 

t ime and frequency domain analyses. The point source is used to find the channel model in 

the frequency domain and compare the results with the t ime domain analysis. 

We also use a plane wave excitation to validate the Geometrical channel model. For the 

plane wave we have the following equation for the electric field as shown in Fig. 3.2: 

(3.30) 

where k0 is the free-space wavenumber. As it has been mentioned earlier , the direction of 

the E vector is along the x axis which means that the electric wave oscillates over the x axis, 

and as a result t he plane wave propagates through the z direction. It is worthy of note that 

even when we are using a dipole antenna, the propagating wave can be considered as a plane 

wave with good approximation if the cell is far enough (at least two times of the wavelength) 

from the source. 

3.5.2 Channel Model in Frequency Domain 

The electric field is calculated all over the space by finding the solution to the follow

ing Maxwell equation for different layers of the RBC and the medium by utilizing FEM 

simulations: 

(3 .31) 

The results of the FEM simulations for a single RBC can be found in Fig. 3.9. The simulations 

has been done in 3D and the results are shown on the xz cut-plane. A point dipole excitation 

source is ut ilized at>- = 450 nm. The RBC layers follow the cell model explained in Sec. 3.2.1, 

and the radius of the cell is set t o 0.675 µm . As this figure depicts, the electric field will be 

focused at an elliptical area after the cell which is in agreement with the results that we have 

achieved both in geometrical and time domain analyses . 
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F igure 3.9: Effect of a single RBC on electric field intensity (V / m) , Comsol simulations in 
frequency domain. 

By defining a cut-line through the central line of the cell (focal line), the electric field 

intensity gain after the cell can be seen in Fig. 3.10. It can be seen from this figure that 

when the wavelength is smaller t han t he cell radius t he focusing property of the Hb inside 

the cell is significant and a higher gain is observed after the cell on the focal line, which 

agrees with the geometrical analysis in Sec . 3.3. However , when t he wavelength is equal or 

bigger than the cell radius, the wave propagation follows the Mie theory of scattering and 

most of the field is forward scattered with a small amplification. 

An analytical model in frequency domain for the impact of a single RBC on propagation 

of the light is given in the previous chap ter (Chapter 2) . Considering t he same scenario 
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Figure 3.10: Numerical calculation and FEM simulation of electric field intensity (V/m) for 
different wavelengths with a single cell centered at z = 0. 

illustrated in Fig. 3.1, the electric field at any point outside of the cell can be written as: 

+ 

(3 .32) 

where E a and E sca represent the radiated electromagnetic field by the antenna and the 

scattered electric field respectively. oa and oc are the antenna and cell origins as shown in 

Fig. 3.1, and matrix H 0 a--+oc consists of the translational coefficients . r is the radial vector 

from t he origin oa to a point in space. Io is t he input current, l is t he antenna length , and 

k = wffe. The expressions of matrices M ~n, N ~n, C mn , D mn and row vector I are given 

in Chapter 2, and Tis the T-matrix [62] . E0,n and E¢,n are the components of the incident 
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field Ein in directions 0in and ¢in of the spherical coordinates, and 0in and </>in denote the 

direction of the incoming wave. d0 a 0 c is the distance between the center of the antenna and 

the center of the cell. dt is the threshold distance after which the incoming wave from a 

point dipole antenna can be regarded as plane wave. Finally T stands for transpose. The 

details on the derivation of the analytical model can be found in Chapter 2. Fig. 3.10 shows 

the agreement of both the FEM simulation and the numerical result (obtained from the 

analytical model) for four different wavelengths of 450 nm, 500 nm, 800 nm, and 850 nm. 

Fig. 3.11 shows the time domain representation of the electric field at two points on the 

focal line before (tx) and after (rx) the cell. This figure is derived by taking the inverse Fourier 

transform of the electric field in the frequency domain (obtained by the FEM simulations). 

The electric field in the time domain has a pure sinusoidal waveform with the time period of 

T = 2 fs which is the result of the single frequency simulations at f c and can be analytically 

validated as follows: 

T = _!__ = ~ = n,.>. = 1.34 x 450 x 10-9 f2 (3 .33) 
f c ..£ C 3 X 108 ~ S, 

>-o 

where n,.(w) = 1.34 is the real part of the refractive index of the media (plasma) at.>.. = 450 nm 

according to Table 3.1, and .>..0 is the wavelength of the electric field in free-space. 

As shown in Fig. 3.11 , the received signal preserves its sinusoidal shape with the same 

period , T. It can also be seen that the received signal will be attenuated and delayed (or 

equivalently phase shifted) after passing through a certain distance. It is relevant to note 

that the received signal after the RBC has a higher peak intensity than the case without the 

cell in between, which verifies the focusing property of the RBCs . Moreover, there is a time 

delay !:::,.t' between the received signal of the two cases (with and without a RBC in between) . 

This time delay supports the results of the time domain impulse response which has been 

explained in Sec. 3.4.2 and the related delays !:::,.t and l:::,.7 in Fig. 3.7. More specifically, the 

received signal after the cell (rx) can be calculated based on the channel impulse response 

given in (3.28) as IE~x I= h(t) *IE0 I, where (*) represents the convolution operator. Since 

the source is considered to be a pure infinite sinusoidal wave (3.29) , the time delay !:::,.t' in 
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Figure 3.11: Time domain representation of the Electric field with and without a RBC at 
two points before and after t he cell wit h a distance of 2.7 µm and r = 0.675 µm. 

Fig. 3.11 can be calculated as (see Appendix B.3): 

(3.34) 

It is relevant to note that if the multi-path received signal is too weak compared to the main 

received signal, i. e., 12 « 11 , then (3.34) will be reduced to 6.t 
1 

~ 6.t. 

To fur ther verify the results of t he geometrical analysis, FEM simulation has been done 

with a plane wave source. Fig . 3.12 depicts the intensity of the light while propagating 

through a single RBC . In (a) the electromagnetic radiation simulation results for two different 

sizes of the cell , namely, small (r = 1.35 µm) and large (r = 2.70 µm) has been shown . As it 

can be seen in this figure , the bigger the size of the cell t he more the light will be focused 

at a focal a rea aft er the cell . A geometrical simulation which only t races the light rays is 

depicted in (b) for the large cell which verifies the electromagnetic wave simulations in (a) . 

It is worthy of note that a normal RBC has a diamet er around 7 µm which is even bigger 

than the large cell that we have considered here and consequent ly has a higher fo cusing 

capability. In our analysis , we consider a scaled version of the cell model with the exact 
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Figure 3.1 2: Electric field intensity aft er one RBC illuminated with port antenna (a) FEM 
simulations for three scenarios of no-cell, small cell (r = 1.35 µm )and large cell (r = 2.70µm ) 
from left to right respectively (b) Geometric Optics simulations for the large cell. 

same electromagnetic propert ies which is still able to prove the focusing capability of t he 

RBC as well as to validate the analytical model. Smaller cells are considered here in order 

to reduce the computational load. Moreover , here we only consider the Rb layer inside the 

cell which plays the main role in focusing the light. It is relevant to note that the proposed 

cell model is a generic model that can be applied to any types of cells with various sizes and 

electromagnetic proper ties. 

Additionally, by defining a cut-line through the central line of the cell in the electromag

netic radiation simulation results, we can compare the outcome of the geometrical analysis 

with the frequency domain simulation results. Fig. 3. 13 shows the intensity of the light over 

the focal line for both the sma ll and large size cells . Once again, here it can be seen t he 

larger cells are capable to focus the light more than smaller ones . Note that the analytical 

model results are shown only on the fo cal area between the points f 1 and f u as in equations 

(3.4) and (3.5) respectively. However the simulation results are shown for a longer distance 

over the focal line. It is observable that the analytical model is able to accurately calculate 

the intensity over t he focal line which supports the fo cusing capability of t he RBCs. It is 
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Figure 3.13: Electric field intensity on the focal line, analytical vs simulation results for a 
single RBC with two sizes, small (r = 1.35 µm) and large (r = 2.70 µm) . 

worth mentioning that outside of the focal line the intensity of the field follows the usual 

exponential loss due to the lossy medium (here plasma) and it can be also analytically 

derived by utilizing an exponential loss formula . 

Finally, simulation results for the case of multiple cells positioned randomly inside the 

blood plasma is shown in Fig. 3.14. It can be seen that while in (a) the light is significantly 

amplified at some rays at the end of the path, in (b) the light intensity stays almost the 

same for the entire path. This results show that thanks to the focusing capability of the 

RBCs, the signal detection will be easier in presence of the RBCs in blood. It is relevant to 

note that in Fig. 3.14, the areas with lower EM wave intensity is the effect of the focusing 

property of the RBCs. As analyzed in details for the single cell scenario in Sec. 3.3 and 

depicted in Fig. 3.12 , the rays of the optical wave will converge on the focal line after the 

cell, which results in lower EM wave intensity in the areas around the central line. 
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Figure 3.14: Electric field propagat ion pattern after multiple randomly placed RBCs illumi
nated with a port antenna (a) with cells (b) without cells. 

3.6 Conclusions 

In this chapter , we investigated the impact of single biological cells and cell assemblies on the 

propagation of optical wave in three distinct ways . First , a geometrical approach is taken to 

trace and aggregate the path loss and time delay of each of the rays that encounter a biological 

cell , and a closed form channel impulse response is derived . Then , we have developed a 

comprehensive intra-body communication channel model in the time domain and have further 

investigat ed the effect of the size and shapes of the cells on the channel impulse response. 

Finally, we have presented an analyt ical frequency domain channel model and studied the 

behavior of randomly positioned cells inside a blood vessel t hrough ext ensive simula tions. 

We have validat ed t he proposed analytical channel model by means of electromagnetic 

simulations for a RBC inside the blood plasma . 

The results show that RBCs perform as optical micro-lenses in t erms of confining the 

light that is being radia ted to them on a focal line right after the cell. This finding has 

been proved in this chapter based on t horough analytical models and also agrees with the 

recent experimental achievements on interactions of light and RBCs. Furthermore, we 
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have shown in t he results t hat different shape and size of the cells due to various diseases 

cause small changes in the channel impulse response. The proposed model will not only 

guide the development of practical communication strategies among intra-body nanosensors, 

but also enables new nano-biosensing strategies able to identify diseases by detecting the 

slight changes in the channel impulse response, caused by either the change in shape of 

the blood cells or the presence of pathogens. Compared to ex vivo measurements, which 

are conducted on samples ext racted from the human body, iWNSNs promise to engender 

significant contributions to our understanding of (sub) cellular processes under normal and 

diseased condit ions when and where they occur. 
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CHAPTER 4 

Photo-Thermal Effects of Terahertz and Optical 

Radiations in Biological Tissues 

In the previous chapters, we mainly focused on understanding the propagation of EM signals 

through biological media. However, the resulting photo-thermal effects due to the EM 

radiation, and their impact both on the communication as well as on the body itself are 

needed to be investigated . In this chapter, a novel thermal noise model for intra-body 

communication based on the diffusive heat flow theory is developed . In particular, an 

analytical framework is presented to illustrate how molecules in the human body absorb 

energy from EM fields and subsequently release this energy as heat to their immediate 

surroundings . As a result, a change in temperature is witnessed from which the molecular 

absorption noise can be computed . Such analysis has a dual benefit from a health as well 

as a communication perspective. For the medical community, the presented methodology 

allows the quantization of the temperature increase resulting from THz and optical frequency 

absorption. For communication purposes, the complete understanding of photo-thermal 

effects (which effectively would behave as a noise source) results in a more accurate channel 

model. 
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4.1 Motivation and Related Work 

Molecular absorption is a phenomenon that not only compromises the propagation of EM 

signals in the body, but it can also result in photo-thermal damage to the biological entities 

in the system. Due to the EM radiation of nano-antennas, the human body particles will 

seize part of t he EM energy. As a result, t he absorbed power will activate the vibration of 

the particles thereby resulting in heat generation and temperature increase. This thermal 

effect will then be converted into noise by defining the t ransmission bandwidth. In fact , 

noise stimulated by molecular absorption has been fi rst explored by .Tornet et al in [73]. 

Later , a comprehensive study on noise in higher frequency bands has been presented in [74]. 

In the context of intra-body communication, few works exist in the literature [75 , 76] that 

investigate molecular absorption noise; however , in this t hesis we tackle the intra-body noise 

from the diffusive heat flow perspective [77, 78] . 

In this chapter , we model and analyze the photo-thermal effects created by intra-body 

wireless communication at THz frequencies. In particular , a mathematical framework 

based on the heat diffusion model is developed to characterize how molecules in the human 

body absorb energy from EM fields and subsequently release this energy as heat to their 

immediate surroundings. Thus, a change in temperature is observed from which the molecular 

absorption noise can be calculated. In addition, the effect of both the power of the EM source 

as well as the heating exposure t ime on the t emperature rise are numerically investigated 

by means of finite element methods and utilizing COMSOL Multi-physics . On the one 

hand, from a medical perspective, evaluating the temperature increase resulting from THz 

intra-body molecular absorption allows health-safety assessment . On the other hand, from a 

communication viewpoint , the calculation of t he molecular absorption noise is a necessary 

step towards analyzing the feasibility of intra-body nanoscale communications and a key 

aspect to take into account in t he design of communication strategies , namely, modulation 

and coding techniques suited to this new paradigm (we elaborate more on this in Chapter 5) . 

In fact, t he developed model is a necessary step towards fully characterizing the intra-body 

channel model. 
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The rest of this chapter is organized as follows . In Sec. 4.2, molecular absorpt ion by the 

human body is discussed. In Sec. 4.3, intra-body heat flow analysis is formulated using both 

single as well as multiple particle analysis. In Sec. 4.4, the numerical results are illustrated 

and supported by EM wave propagation simulation. Finally, we draw our conclusions of this 

chapter in Sec. 4.5. 

4.2 Molecular Absorption in the Human Body 

Molecules present in a standard medium are excited by EM waves a t specific frequencies 

within the THz band and the optical window. An excited molecule internally vibrates, i.e., 

its atoms show periodic motion, while the molecule as a whole has constant t ranslational and 

rotational motions. It must be noted that both the THz and optical waves are non-ionizing, 

i.e., they induce vibration, but cannot break molecules . Due to t his vibration, part of the 

energy of the propagating wave is converted into kinetic energy or, from the communication 

perspective, simply lost [73]. Hence, molecular absorption is calculat ed by computing the 

fraction of the incident E M radiation that is able to pass through the medium at a given 

frequency. Using the Beer-Lambert law [79], attenuation due to molecular absorpt ion for an 

EM t raveling wave at a distance , d, is given by 

( 4.1) 

where µ a bs is the molecular absorption coefficient. This coefficient depends on the composition 

of the medium [79]. 

In the context of intra-body communications, the same approach is followed since the 

body is composed of nanoscale biomolecular struct ures. These include chromophores, which 

are compounds in our tissues responsible for absorbing light radiation. Each molecule has a 

spectrum of absorpt ion that can quickly change even for small wavelength variations. The 

disruption of the medium optical uniformity can be expressed in t he non-uniformity of the 

refractive index throughout the medium [71]. Hence, the molecular absorption coefficient 
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can be calculated using 
4nn11 

µ a bs= - A- , (4.2) 
g 

where >-9 , the effective wavelength, is >- / n' , n ' and n" are the real and imaginary parts of 

the t issue refractive index n , respectively, i.e., 

I • IIn = n - Jn . (4.3) 

Moreover , the refractive index is relat ed to the relative permittivity (dielectric constant ) 

Er of a material by n = ~ ' where µ r is the relative permeability of the material and 

is considered to be equal to one for biological tissues since they are non-magnetic a t our 

frequencies of interest [80]. By calculating the molecular absorption coefficient, the path loss 

experienced as the THz wave propagates through the human tissues can be calculated. The 

authors in [16, 81] present simulation results that capture both the molecular absorption 

level as well as the total path loss at both the THz band as well as the optical window. 

4.3 Intra-body Heat Flow Analysis 

Our system of interest is composed of a medium full of both biological cells as well as 

liquid-surrounded heat sources larger than t ens of nanomet ers (nm). The heat sources in 

this work are considered to be nano-antennas in nano-bio-sensing implants in the human 

body. As t hese nano-antennas radiate EM waves, cells will capt ure part of this EM energy 

through the process of molecular absorpt ion. Hence, subsequent to such exposure, the cells 

also become heat sources . Consequently, the absorbed EM energy will be converted into 

heat which will result in temperature increase around the cells . Therefore, the objective of 

our study is to analyze and quant ify such temperature increase as a function of the EM wave 

power as well as the duration of the irradiation process . Both the maximum temperature 

increase for a given current as well as the total temperature increase in the medium are 

going to be computed. 

Throughout this chapter , we will use the general term "particle" to refer to both the 
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biological cells and the nano-antennas. Moreover , we adopt a model that assumes a ho

mogeneous medium of identical particles. Note that a biological tissue is an ensemble of 

similar cells having the same origin, where together with other tissues, it forms an organ. In 

intra-body communications, the EM wave will pass through a structured layer of different 

tissues, namely, the organ (e.g., the skin which contains different layers) . Therefore, to find 

out the EM intensity in each layer , the need for a non-homogeneous model is clear [37]; 

however , once the EM intensity is given in a specific region (tissue), then the homogeneous 

assumption for the heat flow analysis can be adopted. 

The generation of heat due to the absorption of EM energy results in a temperature 

increase that will be analyzed for both single as well as multiple particles. The diffusive heat 

flow equation for a homogeneous medium is given by [82] 

2 8T(r, t) 
k(r)v' T(r , t) + q(r, t) = p(r)Cp(r) at , ( 4.4) 

where r and t are the radial distance and the time at which the temperature, T(r , t) , is 

computed . k( r) is the particle thermal conductivity, p(r) is the particle density, and CP (r) is 

the particle specific heat capacity. In (4.4), q(r, t) represents the rate of the generated heat 

energy per unit volume. Physically, q(r, t) can be viewed as the energy source formed due to 

EM absorption in the particles and is given by [83] [84] 

q(r, t) = (J(r, t) · E(r, t))t 
(4.5) 

= _!Re [jwE(r,t)- lE(r, t)E.(r, t)]. 
2 41r 

Using the time-average operator indicates that to express the correlation of fluctuations in 

the diffusive heat flow equation, we should refer to the average value of the function over 

a given time range [85]. In (4.5), J(r, t) is the current density, E(r, t) = Re[E(r, t) · e-jwt] 

is the resulting electric field in the system, E(r, t) is the dielectric constant of the medium, 

j = H , and w = 21rf is the angular frequency. Here, we assume that the system is excited 

with an external nano-antenna field E 0 (t) = Re[E0 (t) •e-jwt] . The heat model is developed 

for a medium characterized by, E(r, t) = Ep inside the particle and E(r, t) = Eo elsewhere. If 
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the antenna radiates at t = 0, its intensity is given by I(t) =Io= cE0 
2 Fo/81r fort> 0 and 

0 at t < 0, where c is the speed of light in vacuum and Eo is the dielectric constant of the 

medium. 

4.3.1 Single Particle Analysis 

By solving (4.4) in the case of having a single particle in the origin of coordinates (r = 0) , 

the temperature at distances larger than the radius of the particle is given by [86], 

Q
T(r) = Tavg + - k , (r > a) , (4.6)

47r or 

where k0 is the thermal conductivity of the medium, r is the distance from the center of a 

particle, and a is the particle radius . Q is the total amount of heat production given as [86] 

(4.7) 

where VP is the particle volume. Knowing that E = (3Eo/(2Eo + Ep))E0, q in (4.7) can be 

written as [86] 
2 

q--_ R [JW· E(r) -1E2 
I 3Eo ] ,e --- 0 --- (4.8)

81r 2Eo + Ep 
1 

Hence, ( 4.8) can be re-written as [86] 

(4.9) 

where Ei is the imaginary component of the particle dielectric constant . Importantly, the 

temperature, Tavg, is created by all other particles in the region of interest . 

The maximum temperature increase occurs at (r = a) and is given as 

Q
6.Tmax = Tmax -Tavg = - k- . (4.10) 

41r 0 a 
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Substit ut ing (4.7) and (4.9) in (4.10) , we have [84] 

(4.11) 

Now that the maximum t emperature increase for a given current has been computed , 

the total temperature increase in the medium is going to be calculated to fulfill our analysis. 

By the conservation of energy, the total amount of heat production Q is divided into, Qin, 

which represents the heat generated by the particle and, Qout , which represents the heat 

dissipated by the part icle. The former is given by 

(4.12) 

where Io is the light intensity and O"abs is t he particle absorption cross section which can 

be calculated as µabs = (No/ Vo)O"abs where No is t he number of t he cells in volume Vo and 

µ abs is the molecular absorption defined in equation ( 4.2) . From here , one can stem the 

relationship between the thermal and molecular absorption perspectives of the model. Also, 

Qout is represented as 

dT 2
Qout = -41rr keff dr = 41rr keJJ6.T, (4.13) 

in which keff = koik . Since t he amount of heat generat ed is equivalent to amount of heat 

dissipat ed , t he change in temperature the surface of a part icle experiences can be found by 

equating Qin and Qout · Therefore, t he total temperature increase, 6T, encountered at t he 

surface is given as 

(4.14) 

Further inspection of ( 4.4) provides the capability of extracting the characteristic time 

scale expected relevant for nanoscale dimensions. Such scale represents the time needed for 

the thermal fields from neighboring particles to overlap [87]. In order to do so, the volume 

outside the particle is considered where the heat sources are equal to zero (q = 0). In this 
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case, (4.4) becomes 

8T(r , t) _ 2T( ) _
at a'v r , t - 0, (4.15) 

where a = k / pCp is the thermal diffusivity. As the name implies, the thermal diffusivity can 

be viewed as a measure of the rat e a t which heat diffuses through the material. When a 

thermal perturbation is applied at some point in a medium (e.g., an instantaneous change in 

a surface temperature), it generally takes on the order of t for the perturbation to appear 

at a dist ance from the particle [88] . Thus, the time scale related to the thermal process, t, 

is [87] 

(4.16) 

where dpp is the average part icle-particle separation. 

4.3.2 Multiple Particle Analysis 

When considering the heat generation from an assembly of part icles in close proximity, as 

can be seen in Fig. 4.1 , the problem becomes more complex. In this case, the temperature 

increase, 6.Ttat , will stem from both self-cont ribut ion, 6.Ts, as well as external cont ribut ions, 

6.Text· It is to be noted that 6.Ts is equivalent to 6.Tmax given in (4.10) , as it refers to the 

maximum temperature increase experienced by the source particle or the "self-contribution". 

The latter contribution results from the heat delivered by the other NP - l particles located 

at rm from a reference part icle rn , and can be expressed as [89] 

(4.17) 

where the coefficient , Qm, describes the heat produced by the NP part icles and each particle 

is treated as a point-like source of heat . Hence, the total temperature increase is 

(4.18) 
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Figure 4.1: System of an ensemble of particles surrounded by a medium. 

In order to develop an expression for the collective temperature increase, b..Text , we follow 

an approach similar to the one presented in [83]. To carry out the derivation, an array of 

identical particles (Qm = Q 0 ) extending over a circular area, A, of diameter , D , is considered. 

The differential heat power delivered by an elementary area dxdy , located at the position 

(x, y) , is 
dxdy

d2 Q(x ,y) = Qo--y- (4.19) 

This delivered power contributes to a temperature increase at the centre of the array in line 

with (4.6) 

( 4.20) 

( 4.21) 

By noticing that dx dy = Jx2 + y2 drd0 , the total temperature increase is given by 

21r D /2 Qo 
b..Text = A drd0 . ( 4.22) 

o o 41rkeff1 1 
It must be noted that b..Text excludes the contribution of the source itself. Therefore, the 

limits must be interchanged where the integral will run over the distance from ~ instead 
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of O in order to omit t he cont ribut ion of the source area, which yields 

(i -2v1A ) . Qo ( 4.23) 
21rkeff JI- ftD 

In addition, various expressions of !::.Text exist depending on the typical array geometry and 

various illumination conditions. In general, these formulas follow Govoro 's general trend 

found in [83] which provide an estimate for the total t emperature increase under various 

system structures. 

4.3.3 Intra-body Molecular Absorption Noise Analysis 

An increase in the temperature of the medium, results in an increase in the emissivity of the 

channel and, ultimately, a higher molecular absorption noise power [73]. To compute the 

equivalent noise power at the receiver , it is necessary to define the t ransmission bandwidth, 

which depends on the transmission distance and the composition of the medium. For a given 

bandwidth , B , the molecular absorption power at the receiver can be calculated as 

(4.24) 

where f st ands for frequency, r is the transmission distance, SN refers to the noise power 

spectral density (p.s .d) , kB is the Boltzmann constant and l::.Ttot refers to the equivalent 

noise temperature given by (4.18) . 

Taking into account that the computation of the thermal noise power would require the 

definition of the usable bandwidth , B , the noise temperature is calculated instead as will be 

indicat ed in the subsequent section. 

4.4 Numerical and Simulation Results 

In this section, we numerically study the impact of different system parameters on the 

generat ed heat and noise. More specifically, on the one hand , MATLAB is utilized to 
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evalua te the equations developed in Sec. 4.3 and calculate the total t emperature increase 

experienced when performing both the single as well as multiple particle analysis . On 

the other hand , EM simulations were conduct ed via COMSOL Multi-physics in order to 

compute the effect of the power of the EM source as well as the heating exposure time on 

the temperature rise. 

Table 4.1: Simulation Parameters [l ] [2] [3] 

Parameter Symbo Value Unit 

Red blood cell t hermal conduc- kp 0.52 W/m /°C 
t ivity 

Red blood density p 1025 3kg/m

Red blood cell sp ecific heat ca- Gp 3617 J / kg/°C 
pacity 

Red blood cell radius a 4x 10- 6 m 

Blood plasm a t herma l conduc- ko 0.58 W/m /°C 
t ivity 

Light Intensity l o 104 2W/cm

Despite our analysis is valid for any homogeneous medium, in this section we provide 

numerical results for the specific case of blood, as a good example of a medium with various 

components. Blood plasma is the liquid component of the blood and is a mixture of mostly 

water (up to 95% by volume) and t iny part icles of dissolved protein, glucose, and minerals, 

among others. It also holds different types of blood cells in suspension, which are considered 

as the larger part icles of the blood , namely, platelets (2 µmin diameter) , red blood cells (7 

µm) , and white blood cell (up to 20 µm) . Part icularly, we consider red blood cells and utilize 

realistic parameters of the intra-body properties as summarized in Table 4.1. As mentioned 

in Sec. 4.3 , the primary energy source in the system is a nano-antenna, which radiates an 

EM wave at a distance. As a result of t he absorpt ion, cells become heat sources. 

4.4.1 Single Particle 

Fig. 4.2 (a) shows the temperature increase a single red blood cell experiences due to 

light dissipation at THz frequencies, whereas Fig. 4.2 (b) illustrates the thermal energy 

generated at the surface of the cell. Moreover , Fig. 4.2 ( c) and Fig. 4.2 ( d) illustrate the 
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Figure 4.2: (a) Temperature increase at the surface of red blood cell due to light dissipation 
at THz wavelengths, (30 µm-3 mm) (b) Total heat at the surface of a red blood cell due to 
light dissipation at the surface of red blood cell due to light dissipation at THz wavelengths, 
(30 µm-3 mm) ( c) Temperature increase at the surface ofred blood cell due to light dissipation 
at optical wavelengths, ( 400 nm-1 µm) (d) Total heat at the surface of a red blood cell due to 
light dissipation at the surface of red blood cell due to light dissipation at optical wavelengths, 
(400nm-1 µm). 
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same phenomena at optical frequencies . The figures indicate that both the temperature 

increase and the thermal energy generated are minimal. Moreover , it can be realized that 

such thermodynamic metrics depend on the physical propert ies of the part icle. In part icular , 

the imaginary part of the dielectric const ant plays an important role as indicated by ( 4.9) 

and ( 4.11) . In addition, if the particle size is sufficiently la rge, the t emperature increase 

becomes noticeable since both the heat and temperature rely in their computation on the 

part icle radius. 

4.4.2 Multiple Particle 

Fig. 4.3 (a) and Fig. 4.3 (b) provide the temperature increase experienced by mult iple red 

blood cells. Such accumulative effect arises from the addition of heat fluxes generated by 

the single part icles. The more the part icles, the stronger t he temperature increase t hat 

appears in the system. It is evident that for smaller inter-part icle distances, t he interaction 

between the t emperature fields is stronger ; the reason behind this is that the time needed 

for thermal fields from neighboring particles to overlap is shorter for smaller particle-particle 

separation. In Fig. 4.4, we plot t he heating time, t , given in (4.16) versus the part icle-particle 

separation. Recall t hat from Sec. 4.3.1 , t refers to the time needed for the thermal fields 

from neighboring particles to overlap. It is evident that as this separation increases, the 

heating time required also increases . Such observation verifies the decaying temperature 

curve attained in Fig. 4.3 (a) and Fig. 4.3 (b) . It can also be not iced that t he temperature 

increase experienced at THz is higher than that at opt ical frequencies, which can be stemmed 

from the fact that the absorption effect is higher at the former frequency range. 

4.4.3 COMSOL Simulation 

In order to complement the mathematical model presented in Sec. 4.3 , an analogous model 

has been constructed using COMSOL Multi physics. In fact, one of the crit ical features that 

distinguishes this software is its bio-heat interface which is considered a convenient tool for 

simulating thermal effects in human tissues and other biological systems. 
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Figure 4.3: (a) Temperature increase due to the collective heating of 1000 red blood cells at 
1 THz (300 µm) (b) Temperature increase due to the collective heating of 1000 red blood 
cells a t 500 THz ( 600 nm). 

The model we developed consist s of a red blood cell suspended in a liquid medium. 

The therma l parameters used in COMSOL are analogues to those used in MATLAB and 

presented in Table 4.1. Both EM as well as t ime-dependent bio-heat studies were applied to 

the constructed model, having a wavelength of 600nm (500THz). A point dipole has been 
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Figure 4.4: Time scale for heat diffusion of a single particle. 

used as the heating source as shown in Fig. 4.5. 

Fig. 4.5 ( a) shows the electric field intensity of a single red blood cell . Fig. 4.5 (b) shows 

the generated heat in t he cell due the presence of EM wave radiation. It can be seen from 

this figure that t he cell gets heated up most ly in the center since it consists of hemoglobin 

which absorbs more energy than plasma [90]. The electric field continues to have a high 

concentration even at a distance after the cell ; however , it will not change the temperature 

of the plasma significantly. Specifically, Fig. 4.5 (b) provides a visualization of the developed 

model via COMSOL in which the temperature changes throughout a cell exposed to a EM 

wave radia tion of 10 ms. It can be notice that the cell starts to heat up from the side t he 

antenna radiates through it, and then t he cell itself t urns into a heat source and dissipates 

the heat to the medium. This finding is further verified in Fig. 4.6 (a), where the temperature 

varia t ion a t the cell center is the highest in comparison to the cell membrane and to that 

between the cell and the antenna . 

In COMSOL, the dipole moment , I0 l , is set to 1 mA· m. The electric field intensity from 

an antenna depends on the current distribution as well as the geometry of the radiat ing 
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Figure 4.5: A single red blood cell exposed to a EM wave with the duration of 10 ms and a 
dipole moment of 1 mA-m. (a) Electric field intensity (b) Generated heat. 

antenna. In the case of a half wavelength (dipole) antenna, the electric field is given by 

( 4.25) 

where 0 is the angle between the antenna axis and the vector to the observation point , Io is 

the peak current at the feed-point, r is the distance to the antenna, and kc is the complex 

propagation constant given by w~ = (3 - ja, where Ee= E - j'[;;. In the latter expression, 

E and a represent the permittivity and conductivity of the human tissue medium surrounding 

the dipole antenna . When the antenna is viewed broadside (0 = ~), the electric field is 

maximum and is given by 

( 4.26) 

Solving ( 4.26) for the the peak current yields 

( 4.27) 

The average power radiated by the antenna is 

( 4.28) 
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Figure 4.6: The temperature variation as a function of time experienced at the cell center, 
at the cell membrane and between the cell and the antenna for a heating time of 10 ms and 
a dipole moment of (a) 1 mA-m and (b) 6 mA-m. 

where Rrad is the the center-fed half wave antenna's radiation resistance. Substituting ( 4.27) 

in ( 4.28) and solving for the maximum electric field yields 

( 4.29) 

On the other hand, for a short dipole l « >-, the current distribution is nearly triangular. 

93 



Chapter 4. Photo-thermal Effects of Terahertz and Optical Radiations in 
Biological Tissues 4.4. Numerical and Simulation Results 

In this case, the electric field and radiation resistance are given as 

( 4.30) 

R rad = 201r
2 (±) 2 

( 4.31) 

Although the pulse duration ut ilized in this case is 10 ms, still the temperature increase 

is only 0. 55°C. In fact , such exposure t ime may be further increased and used for therapeut ic 

applications including hyperthermia, which is utilized for localized cancer t reatment without 

impacting the surrounding normal t issues [9 1] . In addit ion, by fur ther increasing the signal 

strength of the point dipole, elevation in the temperature is wit nessed as indicated in 

Fig. 4.6 (b) . 

At this point, it is relevant to note that due to the size and energy constraints of simple 

nanosensors, it is technologically very challenging for a nano-device to generate a high power 

carrier frequency in the THz band. As a result , classical communication paradigms based on 

the transmission of cont inuous signals might not be used in EM intra-body communications. 

Alternatively, very short pulses can be generated and radiated from the nanoscale [92]. Inline 

with the capabilit ies of nano-transceivers , t he heating t ime has been reduced t o 10 µs to 

mimic the transmission of short pulses. 

It can be noticed from Fig. 4.7 that even though the cell follows the same heating analogy 

presented above, the temperature change is insignificant when the exposure time is reduced 

to 10 µs. The presented conclusion is fundamental as it proofs that short pulses can be 

utilized in intra-body communication without having any severe effect on the body cells. 

Hence, carrier-less pulse based modulation schemes are considered significant candidates for 

int ra-body communication at the nanoscale. 
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4.5 Conclusion 

In this chapter we developed a novel thermal noise model for intra-body communication based 

on the diffusive heat flow theory. In particular , we presented a mathematical framework which 

models the molecular absorption phenomenon experienced by biological cells. The analysis 

of such phenomenon is fundamental as absorption not only compromises the propagation of 

EM signals in the body, but it can a lso result in photo-thermal damage to the biological 

entities in the syst em. Upon the EM radiation of nano-antennas, cells in the human body 

will subsequently release the energy captured from EM fields as heat to their immediate 

surroundings, resulting in a temperature increase. The quantization of the temperature 

allows further the calculation of the molecular absorption noise. Both single as well as 

multiple particle analysis have been conducted to compute discrepancies in temperature at 

both the THz band as well as optical window. In addit ion, EM simulations have been carried 

out via COMSOL Multi-physics to complete the analytical framework by analyzing the effect 

of altering the power of the EM source as well as changing the heating exposure time on 

95 



Chapter 4. Photo-thermal Effects of Terahertz and Optical Radiations in 
Biological Tissues 4.5. Conclusion 

the temperature rise. We have shown that based on the intensities and capabilities of the 

available nano-antennas, which permits short-pulse transmission, the increase in temperature 

experienced in the medium is minimal. This conclusion indicates that the THz band and the 

optical window can be utilized in intra-body communication without having any severe effect 

on the body cells . Specifically, the short-pulse nature of the propagating wave sheds the 

light on the future modulation schemes that ought to be used in intra-body communication. 

Another advantage perceived from the presented model lies in the ability to control the 

power of the EM source or the pulse duration. Increasing the power to certain levels allows 

temperature elevation suited for biomedical applications such as cancer treatment . 
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CHAPTER 5 

Physical Layer Design for Intra-Body 

Communications: A Biocompatible Pulse-based 

Modulation 

At the THz and optical frequencies, in addition to overcoming the peculiarities of the 

intra-body optical wireless channel, the transmitted signals need to guarantee the absence of 

photo-thermal damage to the biological tissues . In this chapter, a biocompatible modulation 

technique for iWNSNs is proposed and analyzed. More specifically, a mathematical framework 

is formulated and used to optimize the parameters of an adaptive Time Spread On-Off 

Keying pulse-based modulation, by taking into account both the physics of the intra-body 

optical channel as well as the light-matter interactions in biological tissues. The analytical 

optimization model is validated by means of extensive numerical simulations. The results 

show that there is a trade-off between the link efficiency and the biocompatibility of the 

transmitted signals, and an optimal modulation scheme can be found in a way to maximize 

the link efficiency while keeping the biological impact of communication below a safety 

threshold. 
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5.1 Motivation and Related Work 

When designing communication algorithms for iWNSNs, there are two fundamental aspects 

to take into account. On the one hand , the intra-body channel will drastically affect the 

propagation of optical signals. From the nanosensor perspective, the body is a collection of 

different types of elements , such as cells , organelles , proteins, and molecules, with different 

geometry and arrangement as well as different electromagnetic (EM) properties. Despite the 

challenging propagation of optical signals inside the biological tissues, there have been several 

recent theoretical ( Chapter 2 and 3 [36, 37]) as well as experimental [ 64, 93] studies that prove 

the fact that some cells behave as optical lenses which can help to increase the propagation 

distance of optical signals in biological environments. On the other hand, the radiation and 

propagation of opt ical signals in the body can lead to t issue damage due t o photo-thermal 

effects (Chapter 4) . In order to ensure biocompatibility and avoid tissue damage, t here is a 

need to first understand and then control fundamental light-matter interactions from the 

cellular to the tissue level. 

At opt ical frequencies, EM waves can induce internal vibrations into molecules. As these 

cannot freely move (but are t rapped in a liquid/solid structure) , t he vibration energy turns 

into friction, and this results in heat . While this process is at t he basis of some of the healing 

mechanisms that rely on resonant nanoparticles [84], this is not a desired effect when the 

objective is to reliably t ransmit information among nanosensors or with the off-body device. 

In the context of iWNSNs, it is not expected that large amounts of information will need to 

be t ransmitted, but still efficient communication is needed to prevent unnecessary radiation 

of energy. Ultimat ely, new communication techniques have to be developed to prevent any 

potential harmful effects to the biological tissues based on the photosensitivity of the target 

tissues. 

In this chapter , we propose a biocompatible modulation technique for iWNSNs. More 

specifically, we develop a mathematical framework to optimize the parameters of an adapt ive 

Time Spread On-Off Keying (TS-OOK) pulse-based modula tion, by taking into account 

both the physics of the intra-body optical channel as well as the light-matter interaction in 
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biological tissues resulting photo-thermal effects . This is done by developing and solving an 

opt imization problem to minimize the biological impact of the EM waves while maintaining 

the minimum Quality of Service (QoS) requirements of the intra-body communications. We 

further validate the proposed modulation technique and the analytical opt imization model by 

means of extensive numerical simulations . The results show that there is a trade-off between 

the link efficiency and the biocompatibility of the transmitted signals, for which we find the 

optimal modulation parameters . 

The remainder of the chapter is organized as follows. In Sec. 5.2, a complete system 

architecture and a channel model for intra-body wireless communication is presented . In 

Sec. 5.3 , the affect of EM wave propagation on heat generation in biological tissues is studied 

and a biocompatible modulation t echnique for intra-body communications is proposed . 

Sec. 5.4 formulates an optimization problem with the objective of minimizing the temperature 

increase in biological t issues while maintaining the minimum QoS requirements by using the 

proposed modulation technique. Sec. 5.5 contains the approach to solve the optimization 

problem and covers a numerical study of the results . Finally, we conclude this chapter in 

Sec. 5.6. 

5.2 System Architecture and Communication Chan

nel Model 

The communication channel between two nanosensors in an electromagnetic iWNSN is 

considered . Fig. 5.1 shows two possible scenarios for the intra-body communications. In (a) 

a nanophotonic smart wrist band communicat es with floating nanoparticles in the human 

circulatory system. In this scenario the optical EM wave passes through skin layers and the 

blood vessel to reach out to the nanoparticles, then the reflected signal is being detected with a 

photon detector inside the smart band. In a more futuristic scenario , in (b) the nanomachines, 

which are injected and floating inside the blood vessel , are a ble to communicate among 

themselves and also with the nanophotonic smart band. 
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Figure 5.1: System model (a) communication channel between a subcutaneously implanted 
biophotonic nano-chip and floating nanoparticle in the circulatory system (b) communication 
channel between nanomachines floating inside the blood vessel. 

5.2.1 Structure of Naonophotonic Smart Band and Nanoma

chines 

The nanophotonic smart band contains an array of optical nano-sources and det ectors for 

distributed excitation and measurement of the light that is being t ransmitted into the blood 

vessel and reflected back from the nanoparticles. This architecture a llows to move a ll the 

active components of the syst em outside the human body and serves as a nano-to-macro 

interface between bio-events and the user. 

In a more futuristic scenario, we consider the injectable/implantable nanomachines that 

are capable to perform simple t asks such as b iosensing, simple computation or even local 

actuation inside the human body. As depicted in Fig. 5.2, we consider a nanomachine which is 

encapsulated with a biocompatible material and consists of some active and passive electronic 

elements. Among others, it has a nano-transceiver , nanolaser and nano-antenna that enable 

it to communicate with other nanomachines and also with the wearable smart band by means 

of EM wave propagation. These nanomachines also have an energy harvesting circuitry that 

replenishes the energy stored in a t iny nano-battery. With the energy harvesting mechanism, 

circulating nanomachines can overcome their energy bottleneck and even have infinite lifetime, 

provided that the energy harvesting and consumpt ion processes are jointly designed [94, 95] . 
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Figure 5.2: Structure of a nanomachine with energy harvester circuitry. 

In Fig. 5.2 , the energy stored in the nano-battery can be calculat ed as follows: 

(5.1) 

where the n cycle is the number of compress-release cycles of the piezoelectric nanowire array 

which generates the current which is used to charge the nanocapacitor. C cap is the total 

capacitance of the nanocapacitor and V cap is the total stored voltage in the capacitor ( or 

equivalently in the battery) which can be computed as follows: 

(5.2) 

where t cycl e is the cycle length, and V s and R s are the Thevenin's equivalent voltage and 

resistor of the piezoelectric nanogenerator (including the rectifying circuit). As it can be seen 

from (5.2) , the maximum storable voltage in the capacitor is V s; Therefore, the maximum 
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available energy that can be stored in the nanomachine can be given as follow: 

(5 .3) 

It can be observed from (5.1) and (5.2) that the energy harvesting is a time consuming process 

and the availability of the energy at any given point of time depends on the communication 

speed and the energy consumption rate [95]. However, here we assume that the nanomachine 

has enough time before each transmission to store the maximum possible energy (more 

details in Sec. 5.3.4). 

5.2.2 Electromagnetic Wave Propagation inside the Human 

Body 

In an electromagnetic iWNSN and from the nanomachines perspective, the biological tissues 

are a collection of d ifferent types of elements, such as cells , organelles and molecules , with 

different EM properties . Moreover, in both scenarios depicted in Fig. 5.1 the EM signals 

need to penetrate skin , fat, and blood vessels to reach either the nanoparticles or the active 

nanomachines . Various analytical and empirical models have been derived to capture the 

EM propagation patterns inside the biological tissues [50, 51 , 96 , 97]. In Chapter 2 and 

Chapter 3, an analytical channel model for intra-body in vivo biosensing is developed in 

which we consider the properties of individual cells rather than thinking of different tissues 

as homogeneous materials. Due to the accuracy and closeness of this model to our scenario, 

in this chapter we use the same model to describe the propagation loss of EM wave radiated 

through different skin layers as well as the blood vessel and blood cells. Therefore the channel 

response in the frequency domain can be given as: 

(5.4) 

where kw is the propagation constant , re is the cell radius, Nstop is the numerical calculation 

order, FM and FN are wave vector coefficients in [37], ~ denotes the real part of a complex 
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number , dis the propagation distance and f is the operating frequency. Also the path loss 

can be calculated as follows [37]: 

(5.5) 

where P ant is the radiated power form the antenna either in the wearable smart band or the 

nanomachine, Prx (d) is the received power at a distance d from the antenna . 77 =~is 

the wave impedance where µ and E a re the permeability and permittivity of the medium 

respectively, Io is the input current passing through the antenna and l is the antenna length. 

In (5 .5) , E (d) is the electric field intensity at a distance d from the transmitting antenna that 

can be calcula ted from (5.4) by knowing the intensity of the EM wave at the transmitter 

and>- is the wavelength which depends on the frequency f and the speed of light c in the 

medium. 

5.2.3 Focusing Property of Specific Types of Cells 

Recent researches has shown that specific types of cells ( e.g. , Red Blood Cells inside the 

human blood) work as optical lenses which focus the radiated EM wave at a specific area 

after the cell [64]. This causes an increase in the intensity of the EM wave at some areas in 

the communication path. The channel response in this case can be given as follows [36]: 

(5.6) 

where 1 (r) is the cell-size gain factor which is a function of the radius of the cell. The 

larger the cell, the bigger the surface of the cell that is being exposed to the incoming light, 

hence the more energy will be focused at the focal area after the cell. In (5.6) , w = 21rf 

is the angular frequency, Tmr and Tfr are the time delays between the transmitted and 

received EM waves for the main and the focusing rays respectively. Finally, liwrl and li trl 
represent the intensity of the received EM wave coming through the main and t he focusing 
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Figure 5.3: Temperature increase and decrease in biological tissues in presence of the EM 
wave vs time. 

rays respectively and can be calculated from the path loss as follow: 

(5.7) 

(5.8) 

Here, IE0 I is the intensity of the transmitted EM wave, £mr is the path loss of the main ray 

due to the molecular absorption and scattering, and £fr,p and £fr,s represent the path loss 

that every p- and s-polarized focusing ray faces in its path to the focal point respectively. 

Parameter a determines how close the fo cusing ray is to the focal line and '¢ represents the 

angle between the main and the focusing ray at a given focal point [36, 98]. 

Equations (5.6) to (5.8) show that the intensity of the EM wave increases after passing 

through specific types of cells. Fig. 5.3 depicts a simulation of the EM wave propagation 

pattern through a single Red Blood Cell by using COMSOL Multiphysics [35]. This 

accumulation of the EM energy in the affected areas eventually leads to a temperature 

increase in these regions. We investigate the generated heat in biological tissues due to the 

presence of EM wave radiations in more details in Sec. 5.3.1. 
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5.3 Biocompatible Modulation Technique for Intra

body Communications 

5.3.1 Heat Generation m Biological Tissues Due to EM Wave 

Radiation 

The molecules inside the biological tissues are excited by EM waves at specific frequencies 

within both Terahertz and optical band . The atoms of these excited molecules start to 

vibrate internally, and as a result of this vibration, part of the energy of the propagating EM 

wave is converted into kinetic energy [99]. This conversion has two immediate outcomes. On 

the one hand, from the communication perspective, the converted energy can be considered 

as the loss of the propagating EM wave. This has been taken into account in the channel 

response and path loss calculation given by (5.4) and (5 .5) in Sec. 5.2.2. On the other hand, 

the kinetic energy caused by the internal vibrations of the molecules will generate heat in its 

immediate surroundings which may cause thermal tissue damages if it is above a certain 

threshold [100,101] . Cumulative Equivalent Minutes at 43 °C ( CEM43 ) is the accepted metric 

for thermal exposure dose (temperature and time of exposure) assessment that correlates well 

with thermal damage in a variety of tissues [100, 102]. The object ive of the biocompatible 

modulation technique is to guarantee that the generated heat due to the presence of EM 

wave propagation in the biological tissues does not exceed the tolerable threshold. 

To find out the effect of the EM wave radiat ion in temperature increase, we start with 

the heat transfer equation which is described by the following equation [103]: 

8T (r , t)
v'k(r)v'T(r, t) + Q(r, t) = p(r)c(r) ot , (5.9) 

where T(r , t) is the temperature as a function of coordinat e r and time t , p(r ) , c(r ) and 

k(r ) are the mass density, specific heat and thermal conduct ivity, respectively. In (5 .9) , the 

local heat at the biological cell Q(r , t) is the result of the EM wave absorption which can be 
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calculated as: 

Q(r, t) = (J(r, t).E(r, t))t 
(5.10) 

= _!~ [jw E(r) - 1E(r)E*(r)] , 
2 47r 

where J (r , t) represents the current density, E(r, t) = ~ [E(r) .e-iwt]is the resulting electric 

field in the cell, E(r) is the dielectric constant of the biological tissue, ~ denotes the real 

part of a complex number and Ot represent the time averaging. Once the amount of added 

heat (generated due to the presence of EM wave) is calculated using (5.10), one can find the 

maximum temperature increase in the region as follows: 

Q
6.Tmax = -C , (5.11) 

.m 

where C and m represent the specific heat capacity and the mass of the tissue under study 

respectively. We utilize COMSOL Multiphysics [35] to simulate the heat generation at the 

presence of EM wave source. Fig. 5.4 (a) shows the heat generated in a biological tissue 

(human blood with a single Red Blood Cell in this case) due to an EM wave propagation, 

and (b) shows the temperature increase versus t ime at three different points , namely, center 

of the cell, on cell membrane and between the cell and antenna . It can be further observed 

from Fig. 5.4 (b) that the temperature increase at the presence of the EM wave radiation 

and also the temperature decrease ( cool down process when the EM wave source is turned 

off), both can be approximated with an exponential curve with different time constants. 

Therefore , the temperature of a given area of study at any point of t ime can be written as 

follows: 

To , t < t0 

T(t) = (5.12) 

t -( to+Ton)

T(to + Ton)e - Tdec t >to+ Ton 

where T0 is the normal temperature of the body, Tine and Tdec are the time constants for the 

temperature increase and temperature decrease respectively, Ton is the total time that the 
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Figure 5.4: (a) Heat generated at the presence of EM wave source in human blood, (b) 
Temperature increase vs time at three different points, namely, at the cell center, on the cell 
membrane and between the cell and antenna. 

EM wave source is "ON" and in radiation mode, and t0 is the radiation start time. 

5.3.2 Proposed Biocompatible Modulation Technique 

We start with a simplex communication channel by using an Amplitude Shift Keying (ASK) 

modulation called On-Off Keying (OOK). This modulation scheme is a promising technique 

to be used for in vivo EM (specifically optical) communications for several reasons. First of 

all , due to the processing and power limitations of nanomachines, complicated modulations 

are not feasible. Secondly, the amount of information and the bandwidth that is needed for 

communications between the nanomachines is very small, also the environmental optical noise 

in the human blood vessel is minimum; therefore the nanomachies can communicate through 

simple small messages that does not require complex coding and modulation schemes. Finally, 

due to the complicated changes in the polarization of the light as well as the dispersion and 

scattering phenomena, the detection of the high order modulation and coding schemes are 

not feasible in such tiny nanomachines with limited processing capabilities. 

In OOK, the presence of a carrier for a specific duration represents a binary "l", while 

its absence for the same duration represents a binary "O". Some more sophisticated schemes 
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vary these durations to convey additional information or prevent errors to happen. For t he 

simple OOK, a carrier signal is modulat ed by a Raised Cosine Pulse (RCP-OOK): 

Eo , ltl -
< 1-

2Ts
/3 

(5.13) 
1-/3 < ltl < i+/3
2Ts - 2Ts ' 

0, otherwise 

where E0 is the electric filed intensity at the source antenna , Ts is the duration of the pulse 

or equivalently symbol time, and (3 is the roll-off factor of the raised cosine pulse. In order to 

transmit a " l " by using RCP-OOK method, the EM source is radiating in the whole period 

of a symbol t ime Ts. Depending on the t ransmission power Pt x and the exposure time, the 

temperature of the exposed biological tissue will be increased due to the internal molecular 

vibrations (as discussed in Sec. 5.3.1) . As a result , to keep the temperature lower than a 

threshold, we have to either decrease the power or use shorter pulses . However , neither of 

these ways are easily feasible. On the one hand , due to path loss and noise in the channel 

there is a minimum power demand to satisfy the Signal to Noise Ratio (SNR) requirements. 

On the other hand , shortening the symbol time Ts may cause a miss detection due to the 

fading which is caused by the fast cell movements (more details in Sec. 5.3.3). 

In the light of these results, we propose the adaptive Gaussian Pulse Train (GPT-OOK). 

The unique advantages for the proposed GPT-OOK modulation technique are twofold: i) the 

power requirements can be fulfilled by transmitting shorter pulses which decreases the power 

consumption, hence increases the maximum available power P max (see Sec. 5.3.4) , and ii) we 

can overcome the possible fading by increasing the number of redundant t ransmitted pulses 

in a single symbol which reduces the probability of miss detection. 

In GPT-OOK, the carrier signal is modulated with a train of very short Gaussian pulses: 

E ,2
0 -rf'I

PGPT ( ) t = ~ e P , (5.14)
v21r'Tp 
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where Tr, is the Gaussian pulse width. In this method, a train of pulses spread in t ime with 

Tei, delay is sent to t ransmit a " l " which provides a redundancy of NR given as follows: 

(5.15) 

The modulated pulse to transmit a " l " by using either the RCP- or GPT-OOK methods 

can be given as foolws: 

PRc P(t) cos(21rft) , RCP-OOK is used 

pulse(t) = (5 .16) 

--~.N R,Td 
Pc pr(t) cos(21rft) , GPT-OOK is used 

where f is the frequency of the EM wave source and we use the notation P N R,"'1 which means 

that the pulse P is repeated NR times with delay Tei, between the pulse repetit ions. Fig. 5.5 

shows (from top to bottom) the digital data stream, modulating pulse and modula ted signal 

with carrier for (a) RCP and (b) GPT methods . Contrary to the RCP, to transmit a " l " 

by using GPT, the EM source is radia t ing only in short periods of Tr, with long delays of 

Tei, in between which allows the biological tissue to cool down and prevents excessive heat 

generation. 

Fig. 5.6 shows the temperature increase using RCP- and GPT-OOK modulation t ech

niques. As it can be seen in this figure the temperature goes above the tolerable threshold 

Tt hr when using the RCP-OOK with a rather large "ON" time. However , by using the 

GPT-OOK (with the same power) , the temperature remains below the threshold Tt hr · 

5.3.3 Random Positioning and Movements of the Cells: Mo

tion Coherence Time of the Channel 

Almost all the biological tissues contain of moving cells . Specifically in blood vessel the 

movements of the blood cells are quite fast. The velocity of blood flow across each level of 
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the circulatory system is primarily determined by the total cross-sectional area of that level. 

This is mathematically expressed by the following equation: 

Vblood = Qj A, (5 .17) 

1where vblood is the velocity of the blood in cm s-1, Q is the blood flow in ml s- , and A is 

the cross sectional area in cm2 . This value is inversely related to the total cross-sectional 

area of the blood vessel and also differs per cross-section. The blood flow velocity is the 

fastest in the middle of the vessel and slowest at the vessel wall. The fastest speed is in 

the aorta which is around 40 cm s- 1 , and the slowest is in the capillaries which is close to 

0.03 cms-1 [104,105]. 

These movements cause changes in the properties of the communication channel. There

fore, we define a motion coherence time, Tc : 

A C 
Tc<< - = - , (5 .18) 

V n V1 

where >- is the wavelength, c is the speed of light , n is the refractive index of the medium, f 

is the frequency of the EM wave and v is the average speed of cell movements. Furthermore, 

here we define the message time, Tmsg , which includes the transmission of the required 

number of bits in a message, Nbits , within the motion coherence time Tc as: 

C
Ts « --- (5 .19) 

Nbitsn f v 

The definition of Tc in (5.18) and the constraint on the symbol time Ts given in (5 .19) assure 

that the channel properties will not change within the time period of a single message 

transmission. Here we consider that the channel state information is updated once in every 

message transmission. 

In the specific case of cell movements in the blood, the velocity of the blood Vblood can 

be considered as the speed of the blood cells. This speed only applies to the scenario in 

which the transmitter is fixed (smart band in Fig. 5.l(a)). However, in the case that the 
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nanomachines are also moving (Fig. 5.l (b)) at the same speed of the blood cells , a much 

slower relative speed for the cell movements should be considered which results in a larger 

motion coherence time Tc . 

5.3.4 Power Budget and Noise Model 

Power Budget 

Here we consider the case that the nanomachine is always able to work with the maximum 

available power which can be calculated from the total available energy Emax in (5.3) . This 

assumption is true as long as the required data rate does not exceed a threshold which 

restricts the time needed for the nanogenerator to be able to harvest the maximum possible 

energy [95] and can be written as follows : 

(5 .20) 

where >.harv is the rate at which the nanogenerator is able to harvest energy in J/s . We 

further consider that the probability to transmit a logical "O" or a logical "l" in a message of 

length Nbits follows a binary equiprobable distribution (Pr{xo} = Pr{xi} = 0.5) . Therefore, 

by using the OOK modulation (as seen in Sec. 5.3.2) , the maximum available power is given 

as follows : 

Emax RCP-OOK is used 
µT,, ' 

Pmax = (5 .21) 

Emax GPT-OOK is used 
µNRT,, ' 

Whereµ 2: 1 is the average number of consecutive " ls " (Nx,) received after receiving a "O" 

and Nx, follows a modified Poisson distribution given as follows: 

k-l 

Pr{Nx, = k I xo-+ x1} = e-µ (:- l)! , 'vk 2: 1, (5 .22) 
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where k is an integer bigger than one and xo -+ x 1 represent a transition of "O" to "1" in 

the received sequence of bits. Note that, here we assume that the nanogenerator is able to 

harvest the energy only at the silence time. However, in t he GPT-OOK modulation mode 

if the delay between the pulses is much bigger than the pulse width (Tei » 1p) , then the 

nanogenerator is able to store some energy between the pulses, hence the maximum available 

power can be increased up to Emax/1p. Moreover , we consider that the available power in 

the smart band is always more than of the nanomachine ( due to the larger battery size that 

can be used in the band) and it does not bring in a more restricted constraint on Pmax · 

Noise Model 

Noise in a sensing system can corrupt the detected signals and significantly affect the sensing 

capability. In the intra-body communication system (Fig. 5.1), two primary noises can be 

considered , namely, the channel noise and the device noise. Therefore, total noise temperature 

of the system is given as : 

Tsys = Tchannel + Tdevice • (5 .23) 

The channel noise is mainly caused by the molecular absorption (discussed in Sec. 5.3.1) 

which not only generates heat and affects the properties of the channel in terms of attenuation, 

but it also introduces noise [73,106]. Indeed, the internal vibration of the molecules partially 

turns into the emission of EM radiation at same frequency as the incident waves which 

caused this motion. The equivalent noise temperature due to the molecular absorption that 

an omnidirectional antenna receives from the medium is given as: 

Tmal(f , d) = Tos(f , d) , (5 .24) 

where f is the frequency of the EM wave, d stands for the total path length, T0 is the 

reference temperature of the medium and s refers to the emissivity of the channel which is 

defined as s(f, d) = 1 - ((!, d) where ( is the transmissivity of the medium and is obtained 
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by using the Beer-Lambert law as: 

(5.25) 

where Pi and Po are the incident and radiated powers and k is the medium absorption 

coefficient. 

The device noise is mainly defined by the antenna noise temperature T ant which describes 

how much noise a receiver antenna produces in a given environment . This noise depends 

on the frequency of the EM wave and for the specific case of optical wave radiations it is 

considered as Shot noise (Poisson noise) due to the discrete nature of the photon det ectors 

(photon counters) as the receiver device. In any case, the calculation of the device noise is 

out of the scope of the current study and here we consider that the receiver antenna has 

a very low noise temperature compared to the channel noise t emperature. Therefore, the 

dominant noise temperature of the system T sys is the channel noise which is caused by the 

molecular absorption Tmol · The equivalent molecular absorption noise power at the receiver, 

for a given bandwidth B , can be calculated as : 

(5.26) 

where f stands for frequency, d is the transmission dist ance, N refers to the noise power 

spect ral density (p .s .d.) , kB is the Boltzmann constant and T mal refers to the equivalent 

molecular absorption noise temperature given by (5 .24). 

5.4 Minimizing the Photo-thermal Impact of ,n vivo 

EM Wave Radiation 

In this section, we formulates an optimization problem with the objective of minimizing the 

amount of temperature increase in biological tissues in presence of EM wave radiation while 

maintaining a minimum QoS requirement and by using the proposed modulation technique 
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in Sec. 5.3. 

As discussed in Sec. 5.3.1 and according to (5 .12) , the temperature increases exponentially 

while the radiation source in on. The total temperature increase Tine after a successful 

transmission of a logical " l " by using the GPT-OOK modulation method with NR redundant 

pulses within a symbol can be computed as : 

(5 .27) 

Note that here we estimate the Gaussian pulse with a sharp rectangular shape which means 

that as soon as the radiation source is "ON" it starts to radiate with the maximum power. It 

can be seen from (5.27) that Tine depends on 'Tp , T:i, and NR that are the main parameters 

of the GPT-OOK modulation technique. 

We consider the Bit Error Rate (BER) as the QoS measure. The maximum tolerable Bit 

Error Rate, BERmax, is defined as a requirement that guarantees the successful transmission 

of a message of length Nbits within Tc. The later is defined as the minimum achievable 

throughput of the system S min which is given as S min = Nbits/Tc . The BER is a function of 

the path loss .C(d) , Signal to Noise Ratio (SNR) £[1t / Pn, number of redundant pulses in a 

symbol NR , pulse width 'Tp and pulse probability Px · The larger the SNR, NR and 'Tp , also 

the smaller the path loss .C(d) , result in a better BER. 

Minimizing the temperature increase by using the proposed GPT-OOK modulation tech

nique and by taking into consideration the device, channel and biocompatibility constraints 

can be given in the form of an optimization problem as follow : 
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Optimization Proble m [Pl] 

Given : 

Bmax, BERmin,N//;,in> To, Tthr, 6.Tmax 

Find : GPT* : ('7;,*' ~ *' NR*) 

Minimize : Tine= G(Tp , 'Tci ,NR) 

Subject to : 

T;,?. --
1 

(5 .28) 
Bmax 

To Ts (5 .29) 
d :SNR.

min 

Ts :S Nbit (5 .30) 
S min 

Ts « 
C 

(5 .31) 
Nbitsnfv 

(5 .32) 

(5 .33) 

(5 .34) 

(5 .35) 

In [Pl], Bmax is the maximum available bandwidth, ¢ is a function that gives the BER 
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and N;;,in is the minimum required redundant pulses to satisfy the BER constraint in (5.34). 

Constraints (5.28) to (5.31) relate to the modulation technique parameters. The device and 

communication interdependencies are given by (5.32) and (5.33). Inequality (5.34) in parallel 

with (5.30) and (5 .31) satisfies the minimum QoS requirement . Finally (5.35) guarantees the 

biocompatibility of the proposed modulation technique for EM intra-body communications. 

It can be observed that the problem defined in [Pl] is a joint variable optimization 

problem with variables 7;, , Tri and NR , and a mixture of linear and non-linear constraints 

on the optimization variables given as both equalities and inequalities . Seeking optimal 

solutions with traditional multi-objective optimization methods for such problems that 

involve coupling of multiple optimization problems that are competing in nature and yet 

must simultaneously satisfy various conflicting objectives is very difficult, if not impossible 

for the specific case of nanomachines with restricted computational capabilities. Solving the 

so called "joint optimization problems" usually requires game theory approaches to achieve 

equilibrium solutions that leverage upon multiple conflicting goals of design. In addition, for 

the specific case of [Pl], proof of convexity of the objective function and the constraints set 

is not trivial. However it can be shown that the objective function 8 is a convex function on 

variable 1p and furthermore the constraints can be approximated with convex sets. In the 

following section we propose a solution to [Pl] and numerically study the achievable results. 

5.5 Optimization Problem Solution Approach and Nu

merical Analysis 

From (5.27) , it can be observed that for Tri» 1p the Tine can be approximated as: 

(5.36) 

We consider a restricted version of GPT-OOK in which Tri = n'Tp with n being a sufficiently 

large integer that satisfies the approximation in (5.36) . It can be observed that the new 

objective function eM (right hand side of (5.36)) is a convex function with only one 
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optimization variable 'Tp . 

Regarding the constraints of the problem [Pl], we assume that the total number 

of required bits in a message Nbits is fixed and given. Therefore inequality constraints 

(5.30) and (5.31) will be reduced to Ts= Tc/Nbits and inequality (5 .32) will be reduced to 

Emax = Aharv Ts . Both of the new equality constraints now can be considered as a given initial 

value of the optimization problem. Moreover, the constraints on the maximum available 

energy due to energy harvesting process and the communications requirements given by (5.32) 

and (5.33) can be considered to be always restricted by the nanolaser antenna propagation 

capability (i e pnanolasermax < pavailable)·, hence p max can be assumed to be given by the· · , max , 

nanolaser antenna as an initial value and is not affected by the optimization variable 'Tp. 

Finally, under the aforement ioned assumption of Tei= n'Tp , inequality (5.29) can be replaced 

by Ip~ T;,max _ Also, we can merge (5.28) and (5.34) into one inequality given as T;,min ~ 'Tp . 

In addition, we consider a Return to Zero (RTZ) coding technique in our communication 

system. The benefits of using the RTZ coding are twofold: i) there is no need to have a 

separate clock for synchronization in the system, and ii) t he tissue temperature always has 

enough time to cool down before the next pulse comes in, and it also simplifies (5 .21) by 

setting µ = 1. With the new objective function and modified constraints the equivalent 

optimization problem can be written as : 

Optimization Problem [P2] 

Given: 

Bmax , BERmin , N//;,in , To, Tthr, 6.Tmax , n 

Find : T:p * 

Minimize: 

Subject to: 

T::'in < I,- < T::'ax (5.37)p - p - p 
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Table 5.1: Simulation and numerical analysis parameters and constants 

Sy mbo l Quantity Valus [U nits] 

To Normal body temperature 310.15 [°K] 
Tthr Tolerable temperature threshold 316.15 [°K] 
CEM43 Cumulative equivalent minutes at 43 °C [min] 
C 
p 

Specific heat capacity of human blood 
Density of human blood 

4.45e3 [.T / kg°K] 
1060 [kg/m3] 

k Thermal conductivity of human blood 0.53 [W/ m.K] 
I'ce ll Radius of red blood cell [3 .5µm] 
Er Relative permittivity of red blood cell 2.0406+ j0.0034 
µr Relative permeability of red blood cell 1 
Pmax Maximum power capacity of nanolaser (Device l[µW] 

restricted) 
Tr, Pulse width in GPT-OOK modulation [s] 
Tri Pulse delay in a GPT-OOK symbol 127;, [s] 
½nc Temperature increase time constant 1 [ms] 
'Tri ec Temperature decrease time constant 4[ms] 
,,\ Wavelength 600 [nm] 
Bmax Maximum available bandwidth 0.001 [THz] 
BERmin Minimum required BER l e-4 

(5 .38) 

It can be easily observed that [P2] is a convex optimization problem . Moreover , the 

objective function is monotonically increasing on the feasible set . Therefore the optimal 

solution of [P2] is given as T;,* = -r;,min . 

Note that the assumption of fixed N bi t s may cause the feasible set for the system of 

inequalities in [P2] to become an empty set (i .e., T;,ax < T;'in or eM(-r;,min ) ~ Tt hr - To)

In this case we have to reduce the message size and solve the optimization problem again to 

obtain a feasible optimal solution. To avoid this to happen, the maximum message size that 

satisfies the temperature threshold can be further calculated and be considered as the initial 

input of the problem. 

Table 5.1 summarizes the parameters and constants that we use for the numerical analysis 

of the proposed modulation technique for iWNSNs. Fig. 5.7 shows temperature increase Tine 

in biological tissues in presence of the EM intra-body communication by using RCP- and 
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Figure 5.7: Temperature increase Tine in biological tissues in presence of the EM intra
body communication by using RCP- and GPT-OOK modulation techniques vs achievable 
throughput Smin · 

GPT-OOK modulation techniques vs achievable throughput Smin· As it can be seen in this 

figure, the generated heat in the biological tissues can be always maintained below the safety 

threshold Tthr by using the proposed GPT-OOK method even for higher throughputs. It 

can be also observed that the RCP-OOK generates less heat compared to the GPT-OOK for 

very small ranges of the throughput , however, it eventually exceeds the GPT-OOK and also 

the safety threshold even for a small increase in the throughput demand. 

5.6 Conclusions 

In this chapter, we have proposed a biocompatible modulation technique for iWNSNs. More 

specifically, a mathematical framework has been developed to optimize the parameters of a 

proposed adaptive Time Spread On-Off Keying pulse-based modulat ion called GPT-OOK, 

by taking into account both the physics of the intra-body optical channel as well as the 

light-matter interact ion in biological tissues resulting photo-thermal effects. Furthermore, 

an optimization problem has been developed and solved to minimize the biological impact 

of t he EM waves while maintaining the minimum QoS requirements of the intra-body 

communications. The proposed modulation technique and the analytical optimization model 
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have been validated by means of extensive numerical simulations. The results show that 

there is a trade-off between the link efficiency and the biocompatibility of the transmitted 

signals and optimal modulation parameters can be found in a way to prevent any potential 

harmful effects to the biological tissues based on the photosensitivity of the target regions. 
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CHAPTER 6 

Link Layer Optimization for Perpetual Wireless 

Nanosensor Intercommunications 

While using very high frequencies potentially enables extremely high data rates in WNSNs, 

the very high path-loss at such frequencies and the limited power of energy-harvesting nano

devices limit t he achievable throughput . In this chapter , the link throughput maximization 

problem in WNSNs is addressed by taking into account the device and communication 

interdependencies in WNSNs. The optimal data packet size which maximizes the link 

efficiency is derived by capturing the device , channel, physical and link layer peculiarities 

of WNSNs. The energy harvesting limits and the successful packet transmission time are 

defined as the optimization problem constraints, and the optimal solution is derived by using 

a bisection method. Numerical results are provided to analyze the impact of the packet size 

for different error control strategies . The results show that the optimal packet size quickly 

decreases with the transmission distance, approaching several hundred bits for distances 

beyond a few millimeters . 
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6.1 Motivation and Related Work 

The THz band provides nanosensors with a very large bandwidth, which potentially enables 

extremely high data rates in the order of multi Gigabits-per-second (Gbps) [73] . However , the 

very high propagation loss at such frequencies combined with the very limited transmission 

power of nanosensors result in extremely short communication distances. Moreover, the 

limited capacity of nano-batteries , which requires the use of t ime-consuming energy-harvesting 

procedures [94, 107], and the limited computational capabilities of nanosensors, affect the 

throughput of WNSNs. All these interdependencies motivate the joint analysis of the 

nano-device capabilities, the THz band peculiarities and their impact on the achievable 

throughput . 

There have been numerous studies investigating packet size optimization for wireless 

communication networks in special environments like underwater , underground, and inside 

the human body. In [108], the problem of optimizing the channel utilization efficiency in an 

underwater acoustic sensor network is studied . The optimal packet size which maximizes 

the channel utilization is derived taking the characteristics of underwater channel into 

account [108] . As another example, a cross-layer packet size optimization problem in 

underwater and underground sensor networks in investigated in [109]. Three different 

objective functions, namely throughput, energy consumption and resource utilization is 

studied considering the effects of network, physical and link layer functionalities, and the 

optimal packet sizes for different network conditions are determined [109] . In [110], Stojanovic 

proposes a modified version of Stop and Wait Automatic Repeat reQuest (ARQ) protocol 

for acoustic channels -with long propagation delay- to improve the throughput efficiency. 

An optimization problem is then solved to find the optimal packet size which maximizes 

the throughput efficiency in underwater acoustic channels based on the proposed data link 

protocol. Finally in [111], packet size optimization for Body Sensor Networks (BSNs) is 

analyzed, with the objective of improving the efficiency of energy consumption. Two different 

error-control scenarios, namely ARQ and Forwarded Error Correction (FEC), and their effect 

on energy efficiency in BSNs are studied. 
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In another t rend, several energy consumption optimization problems in wireless networks 

with energy const raints or energy harvesting nodes including Terahertz band nanonetworks 

have been proposed over the years. In [112], minimizing the energy consumption while 

satisfying given throughput is studied , through a cross layer joint optimization approach 

considering both the transmission and the processing energies for short-range communications. 

It has been shown that single-hop t ransmissions is more efficient rather than multi-hop 

routing schemes when both the processing and transmission energies are considered [112]. 

Regarding the energy harvesting networks, recently, several optimization of the harvest ed 

energy consumption have been proposed [113-118], where all of t hem are mainly focusing 

on optimizing the utilization of the harvested energy following a general approach to find 

the trade-off between the consumed energy and achieved quality of service measures. While 

the aforementioned studies are applicable to general wireless communication networks, 

in [119], maximizing the utilization of harvested energy in wireless nanonetworks working in 

Terahertz band has been studied , by taking into account the peculiarities of nanonetworks. 

The problem is modeled as a Markov decision process and the performance of the energy 

harvesting and consumption processes has been analyzed. Considering the fact that the 

arrival of energy follows an stochastic process, an optimum energy consumption policy is 

derived. [119]. Similarly in [120] the minimization of power consumption in pulse-based 

wireless nanosensor networks exploiting energy harvesting method is t he problem of interest . 

The effect of various paramet ers namely packet size and code weight on minimizing the 

power consumption while satisfying the QoS requirements has been investigated to find the 

optimum energy consumption design [120]. 

Although optimizing the packet size and consumption of harvest ed energy in wireless 

networks have been separately investigat ed in various studies [108-120], to the best of our 

knowledge, none of them considers the device and communication interdependencies in 

WNSNs. The problem derives from the fact that in nanonetworks working in Terahertz 

band, we are dealing with data rate of multi Gigabits-per-second (Gbps). Due to the very 

high data rate and very small communication ranges in nanonetworks, the propagation 

time is too small and hence the t ransmission time is comparable with the processing time. 
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Moreover, the small size of the nanosensor motes limits the space to store enough energy 

required to communicate. A promising solut ion to this problem is the novel energy harvesting 

mechanisms that makes these machines able to replenish their batteries [121 , 122]. As a 

result, the time required to harvest the energy in batteries of nanomachines also becomes 

important [94]. Putting all these peculiarities of the WNSNs together, it can be observed 

that a cross-layer approach to optimize the link efficiency is needed. 

In this chapter , we address the cross-layer throughput maximization problem in WNSNs, 

by taking into account the device and communication interdependencies in WNSNs. In 

particular, a link throughput optimization problem is defined, and the optimal data packet 

size which maximizes the link efficiency is derived by capturing the power, energy and 

computational constraints of nanosensors; the very high path-loss and very large bandwidth 

of the THz-band channel; the possibility to communicate by transmitting one-hundred

femtosecond-long pulses, which can virtually create parallel orthogonal channels between 

nanosensors [72]; and three different error control strategies tailored to WNSNs, namely, 

Automatic Repeat reQuest (ARQ) , Forward Error Correction (FEC) and novel Error Preven

tion Codes (EPCs), which have been designed with the WNSNs peculiarities in mind [123]. 

Both the energy harvesting limits and the successful packet transmission t ime are defined 

as the optimization problem constraints, and the optimal solution is derived by using two 

different approaches, namely, iterative bisection method and relaxed closed-form solution. 

Our results show that the link efficiency quickly decreases when considering the energy 

constraints compared to the scenario that there is no energy shortage. The decrease depends 

on various parameters including the error-control technique, the communication distance, 

and the harvesting capability of the nanosensors. Similarly, the packet size quickly decreases 

with the transmission distance, approaching several hundreds bits for distances beyond a 

few millimeters. Therefore, the link efficiency can be maximized by dynamically choosing 

the optimal error control technique and the corresponding packet size based on all the 

aforementioned parameters. It is worthy of note that, in this chapter of the thesis we focus 

on a more general scenario, i .e., WNSNs . It can be observed that, the proposed framework 

and theory can be applied to any type of WNSNs including the iWNSNs. 
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The remainder of this chapter is organized as follows . In Sec. 6.2, we define a system 

model for WNSNs. Then we discuss the cross-layer throughput optimization problem and 

constraints definit ion in Sec. 6.3 for various error-control techniques. Sec. 6.4 contains the 

approaches to solve the optimization problem, and covers the related algorithms to find the 

opt imal solution for our problem . In Sec . 6.5, we numerically study the optimal packet size 

for different error-control techniques and compare the performance of them under different 

conditions . Finally, we conclude this chapter in Sec. 6.6. 

6.2 System Model - Energy Harvesting Nanomachines 

A pair of nano-transceivers with a half duplex communication link is considered, in which 

they communicate with each other utilizing Time Spread On-Off Keying (TS-OOK) mod

ulation [72], i. e ., a recently proposed communication scheme based on the transmission of 

one-hundred-femtosecond-long pulses by following an asymmetric On-Off Keying modulation 

spread in time. Such mechanism can effectively provide nanomachines with orthogonal com

munication channels , thus minimizing the potential multi-user interference. The transmitter 

node is a nanomachine with the capability of harvesting energy by means of piezoelectric 

nano-generators [107], which converts kinetic energy into electricity by exploiting nanowires 

(Fig. 6.1) . Further we define the energy harvesting rate, which is the linear coefficient that 

relates the amount of harvested energy to the time consumed to replenish the batteries [124]. 

At the receiver node it is assumed that always enough energy is available to receive the 

packets successfully, and the receiver has enough amount of memory to buffer the received 

data . Based on these assumption a throughput optimization problem is defined in Sec. 6.3 

considering different constraints for different error-control techniques. 
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Figure 6.1: System model for WNSNs. 

6.3 Channel Efficiency and Throughput Optimization 

Framework and Formulation 

We start with the definition of throughput in a WNSN link as the rate of successful message 

htransmission measured in bits per second (bps), which is given by S = u71u~ Data Len_gf T. .
8 uccess u 1 ransmission ime 

\i\Tithout loss of generality, instead we can optimize the link utilization efficiency 77 for a given 

transmission rate r which can be further defined as: 

(6.1) 

where Ldata is the useful data length in bits, Nret represents the expected number of 

retransmissions needed for the packet to be received and processed successfully at the 

receiver node according to the chosen error-control method. Ttx is the total time required to 

accomplish a complete packet transmission including the time required to harvest enough 

energy for transmission, and will be defined later in Sec. 6.3.1 as one of the constraints of 

the optimization problem. Hence, for a chosen error-control technique, to find optimal data 
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length L~ata which maximizes the link efficiency, the optimization problem can be formulated 

as follows. 

6.3.1 Channel Efficiency Maximization Problem for WNSNs 

We define next the optimization problem with the objective function of maximizing the 

channel efficiency in WNSNs , and the constraints which will be defined later in Sec. 6.3.2 

through 6.3.4 in details according to the error-control method. 

Optimizatio n Pro ble m [Pl] 

Given : 

Find : 

Maximize : 

Subject to: 

(6 .2) 

1 
Nret = -- (6.3) 

1-pe 

(6.4) 

BER= ,-1,£ (___!t
bit 
x p£) (6 .5) 

'+' PL · N0 ' x 

(6 .6) 
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(6 .7) 

(6 .8) 

(6 .9) 

where: 

• Pe = 'I/JS(B E R , Ldata, Ls) is the Packet Error Rate (PER) , which is a function of the 

Bit Error Rate (BER), data length Ldata, and the length of the redundant bits Ls, 

which depends on the error-control scheme £ . 

• BER= <f ( E~~' ,P~) is a function of energy required to transmit a bit Ef~t , the path 
PL- No 

loss PL, and the noise spect ral density N0 . It also depends on the pulse probability 

p~ that itself varies according to the chosen error-control method£ . 

• P L(J, d) is the path loss between the t ransmitter and receiver nodes and depends on 

the t ransmission frequency f and the distance between the nodes d. 

• Tt~ = gs (Ldata, Ls , Tfroc >Tt~o ' Tprop) is the packet round-trip time or the total time 

needed for the packet to be transmitted and the acknowledgment to be received . Tfroc 

and Tt~o are the processing time for a complete packet t ransmission and the time-out 

before retransmission respectively, for a chosen £ . Tprop is the propagation time and 

is relative to the distance between the transmitter and receiver nanomachines and it 

can be rewritten as d/ c, where c is the speed of light . 

• Tt~-harv = TS(Ldata, LS , Efx ,P~, >. harv ) is the time to harvest enough energy for a 

complete transmission including processing and transmitting the data . 

• E fx is the energy consumed to transmit a packet of length Ldata· Note that this 

energy contains both the required energy to process data according to the selected £ , 
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and t he required energy for transmitting the data which depends on L data , L t: , and 

• >. harv is the rate at which the nanosensor transmitter mote is able to harvest energy 

in J/s . 

Here we assume that the nano-t ransmit ter always transmits with the maximum available 

energy, hence the inequality in (6 .9) reduces to equality, and therefore the function TE , can 

be defined as follows : 

t: Efx 
T = -- (6 .10) 

A h a rv 

Hence the two constraints (6 .8) and (6 .9) can be merged into one constraint as in (6 .10) . 

Moreover , for the B E R , the function cf does not depend on the optimization variable Ldat a, 

and depends on the physical layer parameters . In this chapter we use the derived values for 

BER in [124], as given values of the proposed optimization problem . 

As it can be seen , the optimizat ion problem defined in [Pl] is a general problem with 

functions 'lj;£, g t:, and Efx which has to be tailored for three different error-control techniques, 

namely ARQ , FEC, and EPC, which are addressed as follows. 

6.3.2 Automatic Repeat reQuest (ARQ) Constraints 

The packet error rate in ARQ is defined as follows: 

(6.11) 

where l = L dat a + L c R c, and L c R c is the length of Cyclic Redundancy Check (CRC) used 

for error detection. Moreover , the packet round-trip time is given by the following equation: 

ARQ ARQ 
Tt x = T t x ,dat a + T c R C 

A~ A~( A~) (6 .12) + P s ,dat aP s ,ack 2Tprop + T c R C + Tt x ,ack 

ARQ ARQ ) ARQ+ ( l - P s ,dat aP s,ack Tt / o ' 
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where Tt~~~ta and Tt~~~k are the data and acknowledgment transmission times and are given 

by l/r and Lack/r respectively, where Lack is the acknowledgment packet length. TcRc 

refers to the delay caused by computational process of the CRC, and is given by (Ldata ·Tc1k) , 

where Tc1k is the inverse of the nanomachine's clock frequency. p:!~a and p:~~ are data 

and acknowledgment packet success rate respectively and can be obtained from (6 .11) with 

l = Ldata and l = Lack respectively. Finally Tt1:Q is defined as follows: 

ARQ ( ARQ)
Tt /o = 1.1 2Tprop + Tc RC + Ttx,ack , (6.13) 

which is the propagation delay to transmit the data and receive the acknowledgment, plus 

the time the receiver takes to process the CRC and transmit the acknowledgement packet, 

plus a ten percent margin time. The energy required for transmission process in ARQ can 

be defined as follows [124]: 

ARQ ARQ ARQ ARQ ARQ (6 .14)Etx = Etx ,data + EeRC+ Ps,dataPs ,ackErx,ack' 

where E{!,~~ta and E:x~~k refer to the energy required to transmit the data packet and receive 

the acknowledgement packet , and are given by (l · p;, · Ef~t) and (p:1Ja~a · p:~~ · Lack · E~~t) 

respectively. Ee RC stands for the consumed energy caused by computational process of 

the CRC, and is given by (LcRC · L data(Eshift + Ehald)) , where Eshift and Ehald are the 

energies consumed to shift and hold a registry value in a shift register. Note that the value 

of Ee RC is defined based on the assumption that a CRC is implemented by exploiting shift 

registers and XOR logic gates as described in [124]. 

6.3.3 Forward Error Correction (FEC) Constraints 

For the FEC, the packet error rate depends on the Block Error Rate (BLER), and is defined 

as follows: 

(6 .15) 

where n is the number of blocks per data packet payload, and BLERFEC is given as follows: 
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BLE RFEC = L
k 

C)(BE R)l (I - B E Rl-j, (6.16) 
j=t+ l J 

where k refers to the block size and tis the error correction capability of the code. Moreover, 

the packet round-trip time for FEC can be defined as follows: 

TFEC TFEC TFEC FEC (T TFEC )tx = tx,data + code + Ps,data prop+ decode 
(6.17) 

( l FEC )TFEC + - Ps,data t/o , 

where Tfx~;,ta is the data transmission time and is given by l/ r , where l is the total length 

of the transmitted data and is equal to (Ldata + LFEc ), and LFEC is the length of the 

redundant bits added for error correction. T! fec and TJ:~o~e refer to the latency caused 

by coding and decoding processes of the data respectively, given by T! fec = 2nTc1k, and 

TJ:~o~e = (k + l)nTc1k [124]. pffa~a is the data packet success rate and can be obtained from 

(6.15). Finally, T{/;0 is given by: 

(6.18) 

The function Efx for FEC mode is defined as follows: 

E FEC E FEC E FECtx = tx,data + code , (6.19) 

where E{x~~ta refers to the energy required to transmit the data packet, given by (l ·p~ •Ef~t), 

and Ef:o!: stands for the consumed energy caused by computational process of coding the 

data in t ransmitter , given by n · k( Ezoad + E hold), where Ezoad and Ehold are the energies 

consumed to load and hold a registry value in a shift register. The value of Ef:o!: is defined 

based on the assumption that a Hamming code is exploited for the FEC which can be 

implemented by using shift regist ers as well as XOR and AND logic gates as described 

in [124] . 
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6.3.4 Error Prevention Codes (EPC) Constraints 

Instead of correcting channel errors or just detecting them and asking for retransmissions a 

posteriori, the idea of preventing channel errors from occurring in advanced or a priori, has 

been recently proposed [123]. The idea comes from the fact that both the molecular absorption 

in the Terahertz Band and the multi-user interference in TS-OOK [72], are correlated to 

the transmitted signal. Therefore, by exploiting low weight codes , i.e., codewords with 

lower average number of logical ''l''s, both the molecular absorption noise and the multi-user 

interference can be reduced, which effectively results in lower BERs. For the EPC, the packet 

error rate is given by [124]: 

(6 .20) 

where n is the number of blocks per data packet payload , and k refers to the block size. 

Moreover, the packet round-trip time in EPC is defined as follows : 

TEPC TEPC TEPC EPC (T TEPC )tx = tx,data + code + Ps,data prop + decode 
(6 .21 ) 

( l EPC )TEPC + - Ps,data t/o , 

where T/;,~~ta is the data transmission time and is given by l/r, where l is the total length of 

the transmitted data and is equal to (Ldata +LEPC), and LEPC is the length of the redundant 

bits added by error prevention codes. T/;S,ec and Tfe~o~e refer to latency caused by coding 

and decoding processes of the data respectively, given by T/;,{j,ec = Tfe~o~e = 2nTc1k [124] . 

p:fa~a is the data packet success rate and can be obtained from (6 .20) . Finally, Tt,:;c is 

given as follows: 

(6 .22) 

Eventually, the following equation describes the energy required to accomplish the 

transmission process Efx in EPC: 

EEPC EEPC EEPCtx = tx ,data + code , (6 .23) 
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where E/,;1;,~ta refers to the energy required to t ransmit the da ta packet , and is given by 

(l •p~ • Ef~t), and E!~; stands for the consumed energy caused by computational process of 

coding the data in transmitter , and is given by n · (ld + k)(Ezaad + Ehald), where ld is the 

length of useful da ta bits in a transmitted block. Note that the value of E!~; is defined 

based on exploit ing logic gates and parallel-load shift registers to implement the EPC as 

described in [124]. 

6.4 Optimization Problem Solution Approach and Al

gorithm 

To solve the optimization problem [P l ], we start with the equality constraints (6.3) , (6.4) , and 

(6.5) . As it is mentioned earlier in Sec . 6.3.1, the BER does not depend on the optimization 

varia ble and the constraint (6.5) can be defined as a given parameter to our optimization 

problem. Moreover the equalit ies (6.3) and (6.4) can be merged with the objective function 

of [Pl]. For the equality constraint (6 .6) which contains the non-smooth maximum function, 

we can also plug it in the objective function by defining 77 = min{771(Ldata),772(Ldata)} , and 

using auxiliary functions 7]1 (Ldata) and 772(Ldata) as follows: 

(6 .24) 

Note that 771(Ldata) and 772(Ldata) only depend on Ldata as the optimization variable, and 

all other paramet ers are assumed to be given . Also t he functions 'lj;£, et:, and Tt: are all 

functions of Ldata which are defined in Sections 6.3.2 through 6.3.4 for different error-control 

techniques. Therefore, the following equivalent optimization problem can be defined : 
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Optimization Problem [P2] 

Given : 

Find : 

Minimize : 

Subject to : 

Note that here we are using the standard minimization problem by changing the sign of 

the functions T/, T/1(Ldata) and T/2(Ldata) , and using max function instead of min. It can be 

shown that [P2] is a Quasi-Convex optimization problem. More specifically, the objective 

function -ry(Ldata) is quasi-convex and the inequality constraint (6.2) is a convex set , hence 

[P2] is a quasi-convex optimization problem. 

Proposition 1: -ry(Ldata) is a quasi-convex function. 

Proof: Let's define the following function f (x) as follows : 

J(x) = max{afi(x) ,!Jh(x)} (6 .25) 

(6 .26) 

xax 
h(x) = ------ (6.27) 

c1x + c2ax + c3 

where a , /J, c1, c2, c3 are positive constants, and a is a constant between Oand 1 i.e. a E (0 , 1) . 

Moreover we assume that x E R++. 

If we show that Ji (x) and h (x) are quasi-convex, then it implies that f (x) is also 

quasi-convex since "nonnegative weighted maximum 11 preserves quasi-convexity. Note that 

the objective function in [P2] is a special case of f( x) . ■ 
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Proposition 1-A: Ji (x) is a quasi-convex function. 

Proof: To prove that Ji (x) is quasi-convex we need to prove that its domain and all its 

sublevel sets (Sz) are convex: 

Sz = { x ER++ I fi(x):::; l} , 'vl ER (6.28) 

Its trivial that the domain of Ji (x) is convex, but for its sublevel sets we have: 

Sz = { x ER++ I - xax:::; l} , 'vl ER 
(6.29) 

= { x ER++ I +xax 2: l} , 'vl ER 

To show that the sublevel sets of Ji (x) are convex, it can be easily seen that for l :::; 0 

the set S1 is equal to R+ which is convex, and for l > 0 the set st is equivalently given by: 

st= { x ER++ I -ln(x) - x - ln(a):::; -ln(l)} 
(6.30) 

The function g(x) = -ln(x) - x - ln(a) is convex (over its domain x ER++) since it's 

the sum of two convex terms: - x - ln(a) which is linear and so convex, and -ln(x) which 

has the second-order derivative equal to ~ > 0, 'ix E R++ and hence is convex. The set st 
can be viewed as a level set L , of the convex function g(x) for the level ry = -ln(l) , and 

therefore , st is convex, and so is S1• Therefore, Ji (x) is a quasi-convex function. ■ 

Proposition 1-B: h(x) is a quasi-convex function. 

Proof: To prove that h (x) is quasi-convex we will follow the same approach and we have to 

prove that its domain and all its sublevel sets (Sz) are convex: 

Sz = { x ER++ I h(x):::; l} , 'vl ER (6.31) 
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Its trivial that the domain of h(x) is convex, but for its sublevel sets we have: 

x ax 
------ :C:::l} ,
C1 X + c2ax + c3 

'vl E R 
(6.32) 

'vl E R 

To show that the sublevel set s of h (x ) are convex, it can be easily seen that for l :c:; 0 

the set S1 is equal to R + which is convex, and for l > 0 the set st is equivalent ly given by: 

(6.33) 

- x · ln(a)) :C::: -ln(l)} , 'vl E R ++ 

The function g(x ) = - x - ln(a) - lnC x+c:ax+c ) is convex (over its domain x E R++ ) 
1 3 

since it 's the sum of two convex t erms: - x • ln(a) which is linear and so is convex, and 

g3(x) = -ln( + x x+ ) which has the second-order derivative as follows: 
C1 X C2 a C3 

(6.34) 

c2ln 2(a)ax(c1x + c2ax + c3) - (c1 + c2 ln(a)ax)2 1 
= ---------------- + -

(c1x + c2ax + c3 )2 x 2 

The denominator of the expression in (6. 34) is equal to (c1x + c2ax + c3)2 x 2 which is 
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always positive , and if we expand the numerator we will have : 

which is also always positive 'vx E R++ since all the terms in it are positive (note that since 

a E (0 , 1) so -ln(a) > 0). Therefore g3 (x) is a convex function as well. The set st can be 

viewed as a level set L, of the convex function g(x) for the level ry = -ln(l) , and therefore, 

st is convex, and so is S1 . As a result, h (x) is a quasi-convex function . ■ 

For solving this optimization problem we define the epigraph form of the problem and 

use a bisection method as follows : 

Epigraph form of Optimization Problem [P2] 

Given: 

Find: 

Minimize : t 

Subject to : 

Now, our quasi-convex optimization problem can be solved as a sequence of convex 
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feasibility problems as follows : 

Find: L~ata 
(6.35) 

Subject to: - 77(Ldata) - t '.S 0 

The above feasibility problem is convex, since all its inequality constraints are convex. 

Now let us define p* as the optimal value of our optimization problem in [P2] . If the problem 

(6.35) is feasible, then p* '.S t , and if it is not feasible, then p* 2: t . Therefore by using a 

bisection method we can solve our quasi-convex opt imization problem, by solving a convex 

feasibility problem in each iteration of the algorithm. For the bisection algorithm we have to 

det ermine a lower bound l and an upper bound u for the possible values of p* . Since we 

are dealing with efficiency (-77) as our objective function so we know that always 77 E [0 , l ]. 

Hence we can set the bounds to l = -1 and u = 0. However , it can be easily observed 

that min(-77) 2: max{min(771 ) , min(772)} 2: -1 , and since 771 and 772 are both quasi-convex, 

differentiable, and continuous, we can directly calculate the min value of them and use it for 

the lower bound as l = max { min( -77i) , min(-772)} which results in less iterat ions. 

Algorithm 1 Bisection Algorithm for solving [P2] 

Set: l = max {min(-77i) ,min(-772)} using equations (6.24) 
Set : u = 0, and E > 0 

1: re peat 
2: t := (l + u) / 2 
3 : Solve the convex feasibility problem (6.35) 
4 : if ( 6.35) is feasible the n 
5: u := t 
6 : e lse 
7: l := t 
8 : e nd if 
9 : until u - l < E 

The steps of the bisection method to solve [P2] are defined in Algorithm 1. 
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6.5 Numerical Results and Performance Evaluation 

We need to talk about the order of complexity for the proposed methods ... 

In this section we numerically study the performance of different error-control techniques, 

in terms of maximum link throughout achievable under the energy harvesting and t ransmission 

delay constraints. 

In our analysis we use the following parameters . We consider that nanosensors commu

nicate by using TS-OOK, hence every bit of logic "1" is t ransmitted as a pulse (which is 

modeled as the derivative of a one-hundred-femtosecond long Gaussian pulse) with energy of 

Ef~t = 1 a.T , and the logic "0" is transmitted as silence [72] . The propagation of the pulses is 

modeled by utilizing the THz-band channel model in [73]. Both TS-OOK and this model 

have been validated by means of extensive simulations with COMSOL Multi-physics. Due 

to the limited computational capability of nanomachines, only very simple error-control 

methods are utilized . For the ARQ, we use a 16-bit CRC for error correction with a 2 bytes 

long acknowledgement packet ; a Hamming(15 ,11) code is assumed for the FEC; and , for 

EPC, a 16-bit low-weight code with codeword size of 19 bits is used (EPC type II [124]) . 

The resulting probability to transmit a pulse p~ is 0. 5 for ARQ and FEC, and 0.31 for EPC. 

We further consider that t he nanosensors communicat e with a bit rate of r = 100 Gbps, 

and the the clock period to compute the latency caused by the CRC or coding and decoding 

processes is T c1 k = l ps . We also consider the energy required to shift , hold , and load in 

a shift regist er as Eshi ft = Ehald = Etaad = 0.1 aJ . The communication distance range is 

assumed to be d = 1 - 100 mm, and the energy harvesting rate ranges A harv = 1 - 400 nJ/ s. 

The link efficiency 77 of the ARQ is shown in Fig. 6.2 as a function of packet size for a fixed 

distance and energy harvesting rate. 77fRQ in this figure represents the link efficiency affected 

only by the transmission time, i.e., the nano-t ransmitter has enough energy to transmit and 

does not need time t o harvest energy. In contrary 77f RQ , shows the link efficiency which is 

only affected by energy harvesting time consumption, i.e., the transmission time is always 

less than the time needed to harvest energy. Finally, T/ARQ shows the trade-off between these 

two scenarios and shows the link efficiency considering both constraints . As shown in Fig. 
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F igure 6.2: Link efficiency for ARQ , when d = l cm. 

6.2, as we increase the packet size, at some point , the energy harvesting time consumption 

becomes dominant and restricts the efficiency of the link. 

In Fig. 6.3, the link efficiency 77 of different error-control techniques is shown as a function 

of packet size for a fixed distance and energy harvesting rate. As it can be seen in this figure , 

EPC performs better than the other two techniques for very small packet sizes, and as we 

increase the packet size FEC outperforms EPC, while ARQ has the lowest efficiency. 

Fig. 6.4 and Fig. 6.5 depict the optimal link efficiency and the optimal packet size 

respectively, for different error-control techniques as a function of distance for a fixed energy 

harvesting rate . It can be seen that for very short distances EPC outperforms the other 

two error-control methods, while transmitting smaller packets. However , FEC has a better 

performance for longer distances and uses bigger packets for transmission. The ARQ optimal 

packet size is in between the other two methods, and has the lowest link efficiency. 

Finally, in Fig. 6.6, we show the optimal link efficiency for different error-control methods 

as a function of energy harvesting rate, for a fixed distance. This figure shows that FEC and 

EPC have better performance for low energy harvesting rates, while ARQ outperforms the 

other two techniques when the nanomachine is capable to harvest energy at higher rates. 

As the results show, the optimal packet size abruptly decreases with distance. Transmis

sion of very small packets can cause message delivery delay and eventually leads to low link 
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Figure 6.3: Link efficiency for d = l cm and A harv = 200 nJ/ s. 
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efficiency. A remedy to overcome the drawbacks caused by transmitting very small packets, is 

to utilize the concept of packet train, in which a train of packets are transmitted consecutively 

without releasing the channel [108]. For each packet train a single acknowledgment will be 

sent, which may contain either a cumulative acknowledgement for all packets in the train, or 

a request for retransmission of specific packets. 

6.6 Conclusions 

In this chapter , we have addressed the trade-off between the energy harvesting and dat a 

t ransmission process time to improve the link throughput efficiency in WNSNs. In particular, 

we have developed an optimization problem with the objective function of link throughput 

efficiency and the constraints that cover the latency caused by both the energy harvesting 

and dat a transmission process , while considering the peculiarities of nanosensors . The 

optimal packet size which maximizes the link throughput in WNSNs has been analyzed 

for three different error-control techniques, which included ARQ using a 16-bit CRC, F EC 

based on Hamming(15 ,11) codes for error correction, and EPC with a 16-bit low-weight 

code. The analysis has captured the peculiarities of THz band, as well as nano-devices and 

their capabilities of harvesting energy and data transmission. The results show that EPC 

outperforms the other two techniques in terms of link throughput efficiency in short range 

communications as well as low energy harvesting rates . Also, we have shown that in case of 

higher energy harvesting rates ARQ provides a higher link throughput than FEC and EPC in 

similar conditions. For each error control st rategy, the optimal packet size has been obtained . 

It has been shown that this quickly decreases with dist ance, and the t ransmission of very 

short frames, just hundreds of bits long, becomes necessary to maximize the link utilization 

for distances beyond a few millimet ers . These results provide the design requirements in 

terms of specia l computation and energy harvesting capabilities needed for nanomachines 

that will be exploited for different applications. 
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Conclusions 

Nanotechnology will enable the development of biocompatible miniature implants that can 

detect events at the nanoscale with unprecedented accuracy. In-vivo Wireless Nanosensor 

Networks (iWNSNs), i .e., networks of implantable nan-biosensors/actuators, will enable a 

plethora of unprecedented applications such as the early diagnosis of a myriad of diseases 

at (sub) cellular level , ranging from cardiovascular disorders to different types of cancer; 

sensing and controlling biological processes ( e.g., stem cell regulation) at single cell resolution 

through optogenetics; and the evolution of human-computer interfaces that translate human 

thoughts to direct action. 

In this thesis we aimed at the development of innovative solutions and the revision of 

well-established concepts in communication and network theory to address the challenges in 

the realization of this novel networking paradigm. In this context , the objective of this thesis 

was to establish the foundations of high frequency electromagnetic (THz) and optical wireless 

communications at the nanoscale with specific application in intra-body communications . We 

started with the development of a novel intra-body channel model by considering the effect 

of single biological cells on the EM wave radiation. In light of the developed channel model, 

we have investigated the effect of the geometry and size of the cells on the communication 

channel by analyzing the impulse response in the time and frequency domains. In addition , 

145 



Chapter 7. Conclusions 

we have studied the photo-thermal effect of the EM radiation in living tissues. Stemming up 

from the channel peculia rities and t he photo-t hermal effects analysis, we have proposed a 

biocompatible modulation scheme and have analyzed the physical layer design. Finally, we 

have studied the challenges in the link layer design of intra-body nanonetworks by taking 

int o account the device and communication interdependencies . 

The contribut ions in each chapter are summarized as follows: 

• In Chapter 2, a rigorous channel model is developed to underst and the intra-body 

channel behavior as well as to provide insights for the design of iWNSNs. In particular, 

we have first derived the field intensity distribution around a single cell and analyzed 

the cell 's scattering propert ies. Then , we extend our discussion to a more realistic 

scenario with multiple cells . Our models have been validated by means of extensive 

electromagnetic simula tions. The results show that the propagation of EM waves at 

optical frequencies inside the human body is mainly affect ed by the scattering from 

cells . The impact of scattering could be reduced by moving to lower frequencies, i.e ., 

700 nm t o 1000 nm, but this would introduce several challenges. On the one hand , 

as we reduce the system frequency and approach THz-band frequencies (0.1-10 THz), 

absorption rapidly increases . Molecular absorption creat ed by internal vibrations of 

the molecules results into heat , and this is not desirable for intra-body communications. 

On the other hand, the use of 700 nm to 1000 nm would require the ut ilization of 

larger antennas, which would increase the invasiveness and limit the applications of 

iWNSNs. Communications at 700 nm to 1000 nm within the near-infrared and opt ical 

transmission windows can open the door to potent ially biocompatible appli- cations of 

iWNSNs . 

• In Chapter 3, we investigated the impact of single biological cells and cell assemblies on 

the propagation of opt ical wave in three distinct ways . First, a geometrical approach 

is taken to trace and aggregate the path loss and time delay of each of the rays that 

encounter a biological cell , and a closed form channel impulse response is derived. 

Then , we have developed a comprehensive intra-body communication channel model 
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in the time domain and have further investigat ed the effect of the size and shapes of 

the cells on the channel impulse response. Finally, we have presented an analytical 

frequency domain channel model and studied the behavior of randomly posit ioned cells 

inside a blood vessel through extensive simulations. We have validated the proposed 

analytical channel model by means of electromagnetic simulations for a RBC inside the 

blood plasma. The results show that RBCs perform as optical micro-lenses in terms of 

confining the light that is being radiated to them on a focal line right after the cell. This 

finding has been proved in this chapter based on thorough analytical models and also 

agrees with the recent experimental achievements on interactions of light and RBCs. 

Furthermore, we have shown in the results t hat different shape and size of the cells due 

to various diseases cause small changes in the channel impulse response. The proposed 

model will not only guide the development of practical communication strategies among 

intra-body nanosensors, but also enables new nano-biosensing strategies able to identify 

diseases by det ecting the slight changes in the channel impulse response, caused by 

either the change in shape of the blood cells or the presence of pathogens. Compared 

to ex vivo measurements, which are conducted on samples extracted from the human 

body, iWNSNs promise to engender significant contributions to our understanding of 

(sub) cellular processes under normal and diseased condit ions when and where they 

occur. 

• In Chapter 4, we developed a novel thermal noise model for intra-body communication 

based on the diffusive heat flow theory. In particular, we presented a mathematical 

framework which models the molecular absorption phenomenon experienced by bi

ological cells . The analysis of such phenomenon is fundamental as absorption not 

only compromises the propagation of EM signals in the body, but it can also result in 

photo-thermal damage to the biological ent ities in the system. Upon the EM radiation 

of nano-antennas, cells in the human body will subsequently release the energy capt ured 

from EM fields as heat to their immediat e surroundings , resulting in a temperature 

increase. The quantization of the t emperature allows further the calculation of t he 

molecular absorption noise. Both single as well as multiple particle analysis have been 
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conducted to compute discrepancies in temperature at both the THz band as well 

as opt ical window. In addition, EM simulations have been carried out via COMSOL 

Multi-physics to complete the analytical framework by analyzing the effect of altering 

the power of the E M source as well as changing the heating exposure time on the 

temperature rise. We have shown t ha t based on the intensit ies and capabilities of 

the available nano-antennas, which permits short-pulse transmission, the increase in 

temperature experienced in the medium is minimal. This conclusion indicates that the 

THz band and the opt ical window can be ut ilized in intra-body communication without 

having any severe effect on the body cells. Specifically, the short-pulse nature of the 

propagating wave sheds the light on the future modulation schemes that ought t o be 

used in intra-body communication. Another advantage perceived from the presented 

model lies in the ability to cont rol t he power of the EM source or the pulse duration. 

Increasing the power to certain levels allows temperature elevation suited for biomedical 

applications such as cancer treatment . 

• In Chapter 5, we have proposed a biocompatible modula tion technique for iWNSNs. 

More specifically, a mathematical framework has been developed to optimize the 

parameters of a proposed adaptive Time Spread On-Off Keying pulse-based modulation 

called GPT-OOK, by taking into account both the physics of the intra-body optical 

channel as well as the light-matter interaction in biological tissues resulting photo

thermal effects. Furthermore, an optimization problem has been developed and solved 

to minimize the biological impact of the EM waves while maintaining the minimum QoS 

requirements of the intra-body communications. The proposed modulation technique 

and the analytical optimization model have been validated by means of extensive 

numerical simulations. The results show that there is a t rade-off between the link 

efficiency and the biocompatibility of the transmitted signals and optimal modulation 

paramet ers can be found in a way to prevent any potential harmful effects to the 

biological t issues based on the photosensit ivity of the target regions. 

• In Chapter 6, we have addressed the trade-off between the energy harvesting and data 
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transmission process time to improve the link throughput efficiency in WNSNs. In 

particular, we have developed an optimization problem with the objective function of 

link throughput efficiency and the constraints that cover the latency caused by both the 

energy harvesting and data transmission process, while considering the peculiarities of 

nanosensors. The optimal packet size which maximizes the link throughput in WNSNs 

has been analyzed for three different error-control techniques, which included ARQ 

using a 16-bit CRC, FEC based on Hamming(15 ,11) codes for error correction, and 

EPC with a 16-bit low-weight code. The analysis has captured the peculiarities of 

THz band, as well as nano-devices and their capabilities of harvesting energy and 

data transmission. The results show that EPC outperforms the other two techniques 

in terms of link throughput efficiency in short range communications as well as low 

energy harvesting rates . Also, we have shown that in case of higher energy harvesting 

rates ARQ provides a higher link throughput than FEC and EPC in similar conditions. 

For each error control strategy, the optimal packet size has been obtained. It has 

been shown that this quickly decreases with distance, and the transmission of very 

short frames, just hundreds of bits long, becomes necessary to maximize the link 

utilization for distances beyond a few millimeters . These results provide the design 

requirements in terms of special computation and energy harvesting capabilities needed 

for nanomachines that will be exploited for different applications . 

Our future research directions are summarized as follows: 

• Interconnecting in-vivo Nano-biosensors/actuators with Wearable Nanopho

tonic Devices: The emerging developments in the design of biocompatible implants 

enable the detection of vital events at the nanoscale with unprecedented accuracy. As 

an example, in vivo implantable Surface Plasmon Resonance nanosensors have been 

proposed to analyze circulating biomarkers in body fluids for the early stage diagnosis of 

a myriad of diseases, ranging from cardiovascular disorders to different types of cancer. 

In addition, some implantable actuators such as cardiac pacemakers have been used 

by patients for a long time. By leveraging our preliminary work in this thesis on the 
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intra-body light propagation modeling, we will investigate the feasibility of non-invasive 

wireless optical communication between the implantable nanosensor/ actuators and 

even nanoparticles in the circulatory system with photonic wearable devices . While 

the molecular absorption a t optical frequencies is very low, the main issue is the 

photon scat tering and diffraction, which introduce several challenges. We will study 

the possibility of utilizing novel communication techniques, such as beam-forming with 

nano-laser arrays and spread-spectrum modulations to overcome these challenges as 

well as minimizing the undesirable photo-thermal effects on living tissues. 

• Internet of Nano-Things with Focus on Wireless Body Area Devices: Rising 

development of body area sensors including the implants, smart wearable devices, and 

the carry on medical devices have dramatically t ransferred the biomedical technology 

and human health. While all these novel devices have unprecedented capabilities 

individually, wirelessly networked systems of intra-body sensors and actuators could 

enable revolut ionary applications at the intersection between biomedical science, net

working and cont rol, wit h a strong potential to early detection of medical conditions 

and advance medical treatment of major diseases of our t imes. In t his direction , we 

will investigate and develop innovative communication solutions for interconnecting 

the body area units at different protocol layers. Stemming from the theories developed 

in this thesis on the intra-body channel modeling and novel modulation techniques, we 

will develop new mult iple access MAC and Network protocols tailored to capture the 

peculiarit ies of low power and lossy intra-body networks and capable of interconnecting 

diverse physical layer techniques in frequency ranges from ultrasonic to opt ical. This 

work will leverage our work on physical and link layer design and also benefit from 

many of the ongoing research activities in body area network protocols to efficient ly 

and accurately collect and process the acquired data . Moreover , connecting the body 

area network to the healt h databases through a control unit (e .g., smartphone) poses 

big-data analysis as well as security and privacy challenges, that are needed to be 

investigated. 
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• Brain Computer Interface through N anophotonic Implantable Devices: The 

human brain is a dynamic physical syst em of unparalleled complexity. Among many 

fundamental questions in neuroscience that are still open, scient ists have been recently 

exploring whether the brain might generate, transmit and store information using other 

physical modalities than the one that has been discovered so far (i .e., electro-chemical 

signals). In particular , it is well established that neurons can emit bio-photons (i.e., 

quanta of light spanning the near-UV to low visible light) , and recently it has been 

proposed that the myelinat ed axons could serve as photonic waveguides . Stemming 

from these results and in light of the recent advancements in developing the miniature 

implants equipped with nano-lasers, we will leverage our previous work in opt ical wave 

propagation inside the biological tissues at nanoscale to develop an innovative brain 

computer communication netwrok through implanted nanophotonic devices which 

enables high t emporal and spatial resolution interfaces . We envisage to validat e the 

theory and simulations through both in vitro and in vivo experiments, which help the 

development of more accurate communication solutions. 
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APPENDIX A 

Appendix 

A.1 Vector Spherical Wave Functions 

There are several ways to express Vector Spherical Wave Functions(VSWFs) . The VSWFs 

utilized in this thesis can be given by [55], 

q (k 0 /4) = ,n(n+ l)bi(kr)Pm( 0) jm</>n mn r , ''I-' r---~- n cos e +
kr 

bi(kr) + krbi'(kr) [0- .!!:__pm( 0) ;;.. jm p m( 0)] ejm</>
kr d0 n cos + 'I-' sin 0 n cos 

where n is from 1 to oo, m is from -n to n, and P:;' (cos 0) is the associated Legendre 

polynomials. The value of q can be 1, 2, or 3, and the corresponding bi(kr) are the first 

kind of spherical Bessel function ]n (kr), spherical N eumman function Yn (kr), and spherical 

Hankel function of the second kind h;, (kr) , respectively. 
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Appendix 

B.1 Focal line of a ball lens 

From the Snell 's law of refraction we have the following in Fig. 3.2: 

where nr,l and nr,2 are the real part of the refractive index of the medium and the cell 

respectively, and 0i and 0r are the incident and refracted angles . The refracted angle inside 

the sphere can be derived as follows: 

0r = arcsin ( nr,l sin(0i) ) . 
nr,2 

Since sin(0i) = d;, we can further obtain 0i and 0r as follows: 

. (nr1)ei = arcsin(a), 0r = arcsin - ' a . 
nr,2 

We are interested in finding J(a) to obtain the focus point F (Fig. 3.2). Following the 
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Sine rule for triangles we have: 
r · J(a ) r 

sin(rl) sin('lj; ) · 

Since 'lj; = 20i - 20r and fl = 1r - 0i, we have: 

J(a) = sin(rl) = sin(1r - 0i ) 
sin( 'ljJ ) sin(20i - 20r ) 

Using the definitions of 0i and 0r, J(a) can be further simplified as: 

a
J(a ) = ----------. 

sin [2 ( arcsin(a) - arcsin( ~: :a))] 

The lower bound of the function J(a) is at a= 1, therefore: 

fz = J(a)I = ----
1
----

a= l sin [2 ( ~ - arcsin( ~:::))] 

1 
2sin(arcsin n r , i )cos(arcsin nr, i) 

n r , 2 nr, 2 

1 

For the upper bound we have: 

f u =f(a)I = O , 
a=O sin [2 ( arcsin(O) - arcsin(O))] 

where the above equation is indeterminate. Therefore, to find the upper limit , we find the 
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limit of J(a) as a approaches zero, using L' Hopital' s rule as follows: 

f u = lim J(a)
a-+0 

2 

B.2 Aggregated Field of the Secondary (Focusing) 

Light Rays 

To find the light intensity of the secondary (focusing) rays Ef,..(a) with parameter a, we 

take the integral of each of the secondary rays E~ay (a, 0) over all the planes of incidents by 

covering 0 from zero to 21r , where 0 is the angle between the plane of incident and the x axis 

in spherical coordinates: 
27r 

~fr 1 ~ray
EF (a)= EF (a, 0)d0 , 

0 

where if,.. (a) is the total received field from all the secondary rays that are focusing at 

the focal point with the distance r • f (a) from the center of the cell , and E~ay (a, 0) is the 

intensity of a single secondary ray at the aforementioned point which is coming through the 

plane of incident that forms the angle 0 with the axis x (Fig. 3.4) , and is given by: 

where Eop and Eos are the p- and s-polarized parts of the incoming ray E0 as shown in 

Fig. 3.4, and are given by: 

155 



Appendix B. Appendix B.3. Time delay (phase shift) of two sinusoidal signals 

where ap and a8 are the unit vectors in the direction of Eop and Eos and are given by: 

ap = cos(0)ax +sin(0)ay, 

as= sin(0)ax -cos(0)ay. 

By substituting the definitions of Eop and Eos in i;ay (a , 0) , the total received field 

Etr (a) can be further written as the following integral: 

It can be easily observed that the answer of the integral is equal to zero in the y and z 

directions. Hence the aggregated field coming from the secondary rays is further simplified 

to: 

B.3 Time delay (phase shift) of two sinusoidal signals 

Consider the general case of two sinusoidal signals x 1 (t) = sin(t) and x2(t) = asin(t- a)+ 

bsin( t - /3 ). The delay, 6.t0 , between x1 ( t) and x2(t) is the time difference between the 

peak of the two signals or equivalently the rising zero crossing point , i .e., x 1 (0) = 0 and 

x2(6.to) = 0. Therefore 6.to can be calculated as follows: 

asin(6.to - a)+ bsin(6.to - /3 ) = 0, 

sin(/3 - a) l
=} 6.t0 = arctan - b + /3 .

[ cos(/3 - a)+ a 
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