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Abstract

Communications between nano-devices is an emerging research field in nanotechnol-

ogy. Molecular Communication (MC), which is a bio-inspired paradigm, is a promis-

ing technique for communication in nano-network. In MC, molecules are administered

to exchange information among nano-devices. Due to the nature of molecular signals,

traditional communication methods can’t be directly applied to the MC framework.

The objective of this thesis is to present novel diffusion-based MC methods when

multi nano-devices communicate with each other in the same environment. A new

channel model and detection technique, along with a molecular-based access method,

are proposed in here for communication between asynchronous users.

In this work, the received molecular signal is modeled as a Gaussian mixture distri-

bution when the MC system undergoes Brownian noise and inter-symbol interference

(ISI). This novel approach demonstrates a suitable modeling for diffusion-based MC

system. Using the proposed Gaussian mixture model, a simple receiver is designed

by minimizing the error probability. To determine an optimum detection threshold,

an iterative algorithm is derived which minimizes a linear approximation of the er-

ror probability function. Also, a memory-based receiver is proposed to improve the

performance of the MC system by considering previously detected symbols in ob-

taining the threshold value. Numerical evaluations reveal that theoretical analysis of

the bit error rate (BER) performance based on the Gaussian mixture model match

simulation results very closely.

Furthermore, in this thesis, molecular code division multiple access (MCDMA) is

proposed to overcome the inter-user interference (IUI) caused by asynchronous users

communicating in a shared propagation environment. Based on the selected molecular
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codes, a chip detection scheme with an adaptable threshold value is developed for the

MCDMA system when the proposed Gaussian mixture model is considered. Results

indicate that the MCDMA system is a promising approach to reduce interference

created by asynchronous nodes in multi-user MC systems. Meanwhile, the receiver is

modified by exploiting previously detected chips to eliminate the ISI. The performance

evaluations via computer simulations show that the memory-based receiver, which

considers previously detected chips in detection procedure, outperforms the memory-

less receiver.
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Chapter 1

Introduction

Inspired from interactions among biological systems, molecular communication (MC)

is proposed as a new communication paradigm that enables the transmission of in-

formation via the emission, diffusion and reception of molecules [1]. MC is consid-

ered a promising paradigm for implementing nano-networks; in which simple nano-

devices interconnect to perform complex tasks [2]. Furthermore, MC provides a

bio-compatible, energy efficient and non-toxic solution in interacting with micro-

organisms especially for biological applications [3]. However, due to the unique charac-

teristics of the MC channel [4]; most techniques applied in traditional communication

requires reconsideration to make them feasible for MC system. Therefore, this thesis

aims to present novel guidelines for channel modeling, receiver design and detection

methods that can be applied to MC systems.

This chapter provides a short introduction on the objective and outline of this

thesis. Previous literature on nano-networks, from nano-electromagnetic waves to

molecular communication are reviewed in Section 1.1. Furthermore, the molecular

system model and noticeable applications of MC are discussed in Section 1.1. Section

1.2 studies the reaming challenges and unsolved issues of this field, followed by the

key contributions presented in this work. Finally Section 1.3 outlines the organization

of this research thesis.
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1.1. HISTORY AND BACKGROUND

1.1 History and Background

Nanotechnology is the science and technology that enables the manipulation of matter

for the development of nano-scale devices. The concept of nanotechnology was first

envisioned by the famous physicist Richard Feynman on his talk entitled “There’s

Plenty of Room at the Bottom” in 1960 [5]. Later on, Eric Drexel presented the idea

of implementing nano-scale devices [6] (e.g. nanomachines) and ever since noticeable

attempts have been realized to manufacture such machines for various nanotechnology

applications [1–4]. Due to the small size and energy constraints, a single nano-device

has limited capabilities where it can only perform simple tasks such as computing,

sensing and actuation [1]. In addition, nano-networking allows nano-devices to in-

terconnect and share information [2, 7], to expand their potentials in function and

complexity. Though, since nanomaterials show unique properties in nano range, the

physical channel is different from the protocols developed in conventional wireless

networks. In this regard, a novel communication framework is required to enable

nano-networking. Therefore, how nano-devices exchange information in a network

has recently become the main challenge among researchers.

In literature two approaches have been proposed for nano-networking [8] (i) nano-

electromagnetic communication [9–16] and (ii) molecular communication (MC) [4, 7,

17]. In the following, Section 1.1.1 and Section 1.1.2 thoroughly investigates both

alternatives, respectively.

1.1.1 Nano-Electromagnetic Communication

Nano-electromagnetic communication is defined as the transmission and reception

of electromagnetic radiation from nano-level elements [9]. In nano-electromagnetic
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1.1. HISTORY AND BACKGROUND

communication, current methods in traditional electromagnetic networks are revised

in order to fit them into nano-level range. Recent progress in electronic nano-materials

and graphene substances (e.g. carbon nano-tubes) has led to the development of nano-

batteries [10] and even nano-scale antennas that radiate nano-electromagnetic waves

in the terahertz band [11,12].

Some work have addressed the issues and challenges remaining in this field. By em-

ploying nano-electromagnetic communication in wireless nano-sensor networks (WNSN),

[13] refers to channel modeling in the terahertz band, current manufacturing tech-

niques and nano-sensor components. Furthermore in [14], carbon nanotube sensor

networks (CNSN) are studied that are similar to the conventional sensor networks in

wireless communication. Here, the obstacles of nano-electromagnetic communication

are discussed in terms of network functionality and realization. A terahertz prop-

agation model is achieved in [15] where the channel capacity is investigated when

molecular absorption is considered. In addition, [16] presents models that considers

the scattering effect of nano-electromagnetic waves on graphene-based substances.

Although noticeable work have focused on the feasibility of adopting nano-electro-

magnetic communication to nano-networks; recent research has identified that tera-

hertz wave damages the DNA molecule and seems to effect gene expression [18].

Therefore, nano-electromagnetic communication isn’t a suitable technique for nano-

networking, since most applications for nano-communication involves interacting with

biological systems (e.g. organs, cells).
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1.1. HISTORY AND BACKGROUND

1.1.2 Molecular Communication

Molecular Communication (MC) is proposed as the most promising paradigm for

interconnection among nano-devices [1,3,4,17,19–22] which is inspired from biological

mechanisms viewed in nature. In MC, information is encoded in molecular patterns

rather than electromagnetic waves in conventional networks. Since MC is originated

from nature, it expects to provide a feasible, bio-compatible and energy efficient

platform for communicating with nano-level environment [4]. Calcium signaling [23],

molecular motors (e.g. kinesin, myosin) [3,24] and DNA hybridization [25] are one of

the few important mechanisms performed in nature that use MC techniques. Once

messenger molecules are released, they propagated in the fluidic medium (e.g. through

free diffusion, flow or guided paths) till they reach a specific destination.

From the authors knowledge, MC was first introduced in 2005 with the aim of

accomplishing a bio-compatible communication framework for nano-networking [3].

In [1, 2], the concepts of MC for designing nano-networks and possible applications

in nanotechnology are highlighted. A complete review of previous works on MC

is presented in the book entitled “Molecular Communication” [17]; where existing

biological models in nature and human body followed by a mathematical modeling

of the MC channel is investigated. Also unique features of the MC channel compared

to traditional communication is discussed in [4, 22].

Since the concepts of traditional communication can’t be directly employed to

MC, a new design framework is required to model the MC system. In the following,

Section 1.1.2.1 describes a basic system model for MC, while potential application of

this field are addressed in Section 1.1.2.2.
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1.1. HISTORY AND BACKGROUND

Encoding Emission
Propagation

Process
Sensing Decoding

Transmission Reception

Figure 1.1: Block diagram of the molecular communication system

1.1.2.1 Molecular Communication System Model

As shown in Fig. 1.1, a basic MC system consists of three general phases: transmis-

sion, propagation and reception. In the following paragraphs each process is described

in more detail.

Transmission is the stage where molecules as message carriers are encoded and

released in the propagation environment. At the transmitter, information can be en-

coded in three main forms for the receiver to detect.

(I) The most common form of modulation is concentration shift keying (CSK) [26,27],

which is similar to amplitude shift keying (ASK) modulation in wireless communica-

tion. In CSK, messages are encoded in concentration or number of molecules; where

only one type of molecules is employed. (II) Another technique is pulse position

modulation (PPM) , in which information is encoded in different time shifts of the

transmitted signal when one type of molecules is used [19, 28]. (III) Molecular shift

keying (MoSK) [26], is an orthogonal modulation technique which messages are en-

coded in the concentration of different types of molecules. Compared to CSK, system

performance significantly improves for MoSK; while fewer molecules are transmitted.

Note that, the complexity of the receiver structure increases in MoSK, since it re-

quires to distinguish multiple kinds of molecules from each other.

Once the transmitter encodes the information according to one of the aforementioned

modulation techniques, molecules are released into the propagation environment.
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1.1. HISTORY AND BACKGROUND

Propagation is the phase during which molecules move from the transmitter to

the receiver through a fluidic medium. In literature two general types of propagation

processes are proposed that categorizes the MC system: (i) Diffusion-based MC and

(ii) Flow-based MC.

• Diffusion-based MC is the simplest and most fundamental type of propagation,

where molecules diffuse freely; while no external energy is required for trans-

portation [3]. Diffusion-based MC is considered in [29–36] where molecules

propagated randomly from high to low concentration based on their Brown-

ian motion [19, 37]. Moreover the challenges in modeling and simulating the

diffusion-based MC system is presented in [38–40]. One of the most important

and common examples of diffusion-based MC in nature is calcium signaling [23],

in which calcium ions as messenger molecules diffuse till they arrive within the

cytoplasm of a cell.

• In flow-based MC (also known as active transportation), the released molecules

are guided by currents or flows to their destination, similar in hormonal com-

munication through the blood stream [1]. This flow or flux aids the propagation

process compared to a medium that is only governed by the laws of diffusion.

Considerable works have been presented for channel modeling of flow-based MC

in [41–45]. An example of this flow-based MC is the chemotaxis-based technique

presented in [46, 47], where flagellated bacteria contained information encoded

in DNA molecules are released to glide towards the destination.

Reception is accomplished by measuring the received molecular concentration

present within the receiver sensing area and decoding the information. The receiver

6



1.1. HISTORY AND BACKGROUND

structure can be either passive or active depending on the how it functions. A pas-

sive receiver is designed to simply observe the received molecular signal [32–36]. In

other words, molecules remain in the medium and aren’t absorbed. Meanwhile, once

molecules hit the surface of an active receiver, they are instantly absorbed and van-

ished from the medium [48, 49]. In the decoding process a chemical reaction may

occur that either includes the production of new molecules, the performance of a

simple task or the production of another signal [4, 20, 36, 50, 51]. A ligand-binding

receiver model is presented in [20,50,51] where the receiver produces a reaction when

molecules bind to the receiver surface.

1.1.2.2 Potential Applications

MC is a distinctive candidate and a possible tool for interacting with biological sys-

tems and microorganisms, due to its bio-stability, energy efficiency and feasibility at

the nano and even micro range [1–4]. Thus, MC has the potential to significantly

impact various interdisciplinary applications such as biology and healthcare, environ-

mental and industrial areas [17]. In the following paragraphs, a brief description for

each application is discussed.

Biomedical and healthcare is one of the most essential applications of MC

which influences nanotechnology for diagnosis and therapy techniques [1, 2, 17]. In

biomedical, MC benefits the development of small-scale systems such as lab-on-the-

chip for analyzing biological samples for disease detection [52,53]. Furthermore, MC

provides novel methods for regenerating tissues and organs by producing new molec-

ular patterns [54]. MC also may provide a molecular or chemical means of interacting

with the human brain instead of using current electrical devices in brain machine

7
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interface (BMI) [55].

For healthcare and biomedicine applications, MC has the potential to revolutionize

monitoring techniques and performing therapy [56–61]. In targeted drug delivery, MC

provides alternate methods to improve therapy performance on a targeted site (e.g.

diseased cells or tumor); while simultaneously reducing the drug effect on healthy or-

gans [58–60]. In [60], a particulate drug delivery system is proposed where MC is used

to model the propagation of drug particles in the cardiovascular network. Moreover,

MC provides molecular imaging to monitor cellular functions for example cancer cells

to gather information for early diagnosis [61]. The concept is to diagnose cancer cells

by measuring the concentration of a specific type of molecules (e.g. fluorescence)

that are released when attached to the cancer cells. Meanwhile, nano-devices can

communicate in a network by adopting MC to enhance the detection of a tumor in

the body.

Environmental applications includes monitoring the substances of a contami-

nated environment such as controlling water pollution and air pollution [1,17,62–64].

Nano-networking based on MC provides a solution for nano-devices to interconnect

in order to quickly identify the toxicity source in air or water.

Industrial applications includes producing functional materials such as foods

products and smart fabrics that are adaptable to the changes encountered in the en-

vironment [1,4,17,65–68]. In food science, nano-devices could employ MC to identify

when a plant needs nutrients or water and deliver nutrients or vitamins to increase

the quality [65, 66]. MC may also provide novel approaches to sense and control the

growth of bacteria in medical apparel and hospital devices [67]. Furthermore, MC is a

good solution for developing microbial organisms; for example bacterial biofilms [68]

8



1.2. RESEARCH CHALLENGES, OBJECTIVES AND
CONTRIBUTION

to treat organic waste.

1.2 Research Challenges, Objectives and Contribution

The main objective of this work is to investigate and develop a practical framework

for MC system to allow nano-communication. This thesis focuses on diffusion-based

MC system, where the released molecules diffuse randomly from the transmitter to

the receiver. Although, diffusion-based is studied as the most basic type of MC; many

challenges and unsolved issues remain in channel modeling and detection techniques

for single-user and muli-user scenarios [4,38]. In the following, Section 1.2.1 discusses

the channel modelings proposed in literature for diffusion-based MC systems. In

Section 1.2.2 a summary of previous works on detection methods, receiver design and

channel coding are reviewed, followed by the main contributions of each chapter in

this thesis. Moreover, the published achievements of this research are presented in

Section 1.2.3.

1.2.1 Channel Modeling

Similar to conventional communication, channel modeling is one of the most funda-

mental aspects of designing a diffusion-based MC system, in terms of signal propa-

gation and noise sources. Early literature have studied the MC channel from an in-

formation theoretical perspective [19, 28, 69–71]; where the capacity and information

rate of the diffusion channel are obtained, regardless of considering the noise effect.

In addition, a design of an in vitro MC system is described in [72] by considering the

effects of noise in evaluating the maximum information rate.

In [38, 39], the unique characteristics of the expected impulse response regarding

9
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the diffusion channel in terms of the propagation delay, amplitude and transfer func-

tion are investigated. For the first time in [20], a physical end-to-end model of the

MC system is proposed based on a ligand-binding receiver; where the transmission,

propagation and reception processes are mathematically modeled according to gain

and delay. From the same authors, the corrupting noise sources caused due to the ran-

dom molecular movement are systematically investigated in [73]. By adopting CSK

modulation scheme, authors in [73] confirm that the received signal in diffusion-based

MC follows a Poisson distribution with a mean and variance equal to the expected

received signal at each instant time. In this regard, a closed form expression of the

channel capacity regardless of the type of modulation is determined in [74]; which

compared to previous works considers noise assumptions and inter-symbol interfer-

ence (ISI) . Similarly, for a ligand-binding receiver noise analysis and channel capacity

are derived in [50] and [51], respectively. An alternate stochastic channel model is

presented in [75] that considers particle dynamics and noise effects according to the

Markov process. In a recent work [76], a Langevin approach is introduced for math-

ematically modeling the noise caused by Brownian motion.

• In chapter 2, the diffusion channel is mathematically modeled by

Fick’s diffusion law and Brownian motion. Here, the expected molec-

ular concentration in time and space is described by Fick’s second law

of diffusion. Meanwhile, Brownian motion is adopted to systemati-

cally model the random nature in molecular movement as a signal-

dependent additive noise. For one shot transmission, the channel

response of the diffusion-based MC system are developed for both

passive and active receiver designs according to the aforementioned
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models.

1.2.2 Detection Techniques, Receiver Design and Channel Coding

Particle diffusion is a gradual process, which results molecules to fail reaching the des-

tination at the intended time. Thus, the late arrival of molecules causes inter-symbol

interference (ISI) at the receiver location. Recovering the emitted information that

is distorted by ISI is a challenging issue encountered in diffusion-based MC systems.

In this regard, previous literature have addressed various detection techniques and

receiver designs [26,32–34,48,77–82] , followed by channel coding methods [83–85] to

overcome the ISI caused by sequential transmission.

An early work characterized ISI in terms of communication range, pulse-width,

and data rate among a pair of communication nodes based on CSK modulation [77].

In [78], a closed form expression for ISI is derived according to wave theory, where

the ISI is approximated by considering the effect of only one previous time slot.

In [26], ISI is evaluated for various modulation techniques, which MoSK modulation

is concluded more resilient to ISI compared to CSK modulation.

In the presence of noise and ISI many research have been employed to design

receivers that are capable of restoring transmitted data; while maintaining low com-

plexity in computation and structure [32–34, 48, 81, 82]. Viterbi algorithm is pro-

posed in [79] to design an optimum receiver when MoSK modulation is adopted for

diffusion-based MC system. Similarly in [32], sequence detection techniques based on

maximum-a-posteriori (MAP) and maximum likelihood (ML) criterion’s, followed by

a decision feedback equalizer (DFE) and minimum mean square error (MMSE) are

presented for on-off keying (OOK) modulation. An information theoretical approach

11
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is proposed in [80] that obtains an optimal detection technique based on maximum

mutual information and ML sequence detector by using Reduced-State Viterbi algo-

rithm. By considering the effect of ISI and noise, previous transmissions are consid-

ered for one, two and three dimensional MC model when one molecule is transmitted

to represent symbol 1 [80]. In addition, enzymes are adopted in [33] to degrade the

undesired molecules remaining in the medium to improve system performance. A

novel modulation method referred to as Zebra-CSK is introduced in [81] that period-

ically emits two types of messenger molecules in subsequent symbol duration based

on CSK modulation. Meanwhile, each type of molecule acts as an inhibitor for the

other kind, reducing the ISI effect from the previous time slot [81]. Two detection

techniques, namely, amplitude detection and energy detection are proposed in [34]

for a pulse-based modulation scheme; where they are compared in terms of delay,

amplitude (energy) and pulse width. In a recent work, a closed form expression for

the probability of error based on [34] are derived when ISI and noise sources are con-

sidered [82]. Additionally, molecular transition shift keying (MTSK) is proposed as a

power adjustment method in [48] for mitigating the ISI effect by linking the receiver

and transmitter together. Also, the error probability and optimal threshold is derived

by considering MMSE equalizer and DFE designs in the decoding process.

Channel codes have also been proposed as an alternate solution to overcome the

ISI caused by residual molecules [83–85]. A type of error correction codes (e.g. block

codes) are introduced in [83] for an absrobable receiver structure that aims to improve

the system performance. Since the Hamming distance paradigm can not be applied

for code design in MC systems, a molecular code distance function (MoNo) for efficient

code design is investigated in [84]. From the same authors, ISI-free codes are proposed
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in [85] that offer good system performance while maintaining low complexity.

The aforementioned literature have demonstrated solid and extensive work for

overcoming ISI and noise sources in designing single-user MC systems. Although,

almost all have approximated the received molecular signal to follow a Gaussian

distribution when an infinite stream of sequential data is emitted (due to simplicity)

[26, 32–34, 48, 77–82]. However for the first time, this thesis confirms that Gaussian

is not an acceptable model to achieve optimal detection performance. Hence, the

objective is to design a novel statistical model for the received molecular signal in

order to deal effectively with ISI.

• In chapter 3 Gaussian mixture distribution is proposed for model-

ing the received molecular signal when a sequence of molecules are

released at the transmitter. By using OOK modulation, Gaussian

mixture modeling considers previous transmissions to contribute in

the decision making process. Subsequently, a simple detection algo-

rithm is developed that minimizes the probability of error in order to

determine the optimum threshold value. Based on Gaussian mixture

model, a type of memory-based receiver is also proposed that elim-

inates the impact of ISI by considering previously detected symbols

in decision process.

In a nano-network where multiple nano-devices are interacting with each other

through the emission, diffusion and reception of molecules, inter-user interference

(IUI) is inevitable. Since the environment is shared among multiple nodes, IUI arises

and challenges the detection of information. Thus, reducing the IUI to enhance system

performance and reliability is essential.
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Though canceling IUI is a key challenge in designing diffusion-based MC net-

works, only few existing works have investigated this issue [26, 35, 36, 49, 78]. In [78],

a closed form expression is derived for the IUI that analyzes signal propagation in

diffusion channel by adopting wave theory. The same authors extended their work

and evaluated the the IUI based on both CSK and MoSK modulation schemes [26].

Multiple input multiple output (MIMO) techniques to improve system performance in

the presence of IUI was first introduced in [35]. The concepts of diversity and spatial

multiplexing (SM) methods are explored and an approximation for the probability of

error is obtained [35]. In [49], a decision threshold is computed using MAP criterion

when two transmitters are communicating synchronously with a single receiver. The

error probability is derived when only the ISI effect from one previous transmission

duration is considered [49]. Moreover, a diffusion-based MC model is presented in [36]

that deals with IUI as continuous external noise source and calculates the expected

bit error rate for various cases (e.g. assuming Binomial, Poisson and Gaussian dis-

tribution for the received molecular signal). In the presence of advection (flow), [36]

employs enzymes to diminish the interfering molecules causing IUI and ISI.

Though aforementioned literature have presented considerable work regarding the

challenges encountered in multiple communication for diffusion-based MC systems;

non have actually provided any solution to reduce the IUI effectively. Thus, another

key contribution of this thesis is proposing a well justified method to maintain high

system performance when a number of active nano-devices are communicating in a

shared medium. In the following paragraph the fundamental objective and approach

of chapter 4 is presented:

• The other core contribution of this thesis is introducing molecular
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code division multiple access (MCDMA) scheme to overcome the

IUI effect caused by several active users while transmuting informa-

tion asynchronously. In MCDMA, each user is assigned to a molec-

ular code sequence that are designed to degrade the asynchronous

IUI. These codes selected such that the auto-correlation and cross-

correlation of the codes are bounded by small specific values. Fur-

thermore, an optimal chip detection method is evaluated that de-

termines an adaptable threshold based on Gaussian and Gaussian

mixture modeling for the MCDMA system. The proposed receiver

efficiently restores the data sent from each user by minimizing the

effect of the IUI, ISI and noise.

1.2.3 Publication

Two following conference papers have been accepted as the achievements of this thesis

till now.

• ”Receiver Design for Diffusion-based Molecular Communication: Gaus-

sian Mixture Modeling” accepted to IEEE International Conference on Com-

munications, ICC 2016.

• ”Molecular Code Division Multiple Access in Nano Communication

Systems” accepted to IEEE Conference on Wireless Communications and Net-

working, WCNC 2016.
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1.3 Thesis Outline

The remaining chapters of this thesis is organized as follows. In chapter 2, the diffusion

channel model of the MC system is described according to Fick’s law and an additive

Brownian noise for both passive and active receiver structures.

Chapter 3 introduces Gaussian mixture distribution as an acceptable approach

for modeling the received molecular signal in diffusion-based MC system. A novel

detection algorithm is presented that calculates the optimal threshold value by min-

imizing the probability of error. Furthermore, a memory-based receiver is designed

that considers previously detected symbols in obtaining the optimal threshold value

in order to mitigate the ISI effect.

In chapter 4, molecular code division multiple access (MCDMA) is proposed as a

distinctive method to overcome the asynchronous IUI produced from communicating

in a shared propagation environment. A chip detection receiver is developed for the

MCDMA system when Gaussian and Gaussian mixture modeling are employed in

determining the optimal threshold. In addition, the performance of the MCDMA

system is compared for a memory-less and memory-based receiver.

In chapter 5 conclusions and possible future works in this research are presented.
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Chapter 2

Channel Modeling for Diffusion-based

Molecular Communication

Designing a molecular communication (MC) system requires a channel modeling that

is capable of describing the propagation of molecules through a fluidic environment.

Depending on the transportation mechanism, there are two types of MC systems

proposed in literature [1]: diffusion-based and flow-based. Since molecular diffusion is

the simplest form of data transmission, most literature have presented channel models

for diffusion-based MC systems [20, 50, 51, 73–76]; where molecules move randomly

from high to low concentration. Noise analysis have also been considered in diffusion-

based MC systems by studying random particle movement [19,20,50,73,76].

The objective of this chapter is to study the mathematical model of diffusion

channel based on (1) Fick’s diffusion law [86] and (2) Brownian motion [37]. While

Fick’s diffusion law simply refers to the expected received molecular signal; Brownian

motion models the random molecular movement in terms of an additive noise, when

an instant release of molecules are emitted. Moreover, the signal response of the

diffusion-based MC system is developed for both passive and active receiver designs.

The channel modeling presented in this chapter is considered the most common model

used in literature [32–34,36,48,49,73,79–81,83].

The reminder of this chapter is presented as follows: in Section 2.1 signal prop-

agation in diffusion channel is derived for passive and active receivers according to

Fick’s diffusion law and Brownian motion.
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2.1 Diffusion Channel Model

Similar to designing any communication system, first the characterization of the

communication channel must be investigated in terms of signal propagation. In a

diffusion-based MC system, information transmission is mainly accomplished by a

thermally activated diffusion process of messenger molecules. In this mechanism,

molecules propagate independently from high (e.g. transmitter) to low (e.g. receiver)

concentration in a aqueous environment. Since communication is governed solely by

means of the laws of free diffusion, the molecular movement is systematically subject

to Fick’s diffusion law [86] and Brownian motion [37].

In the following, Section 2.1.1 describes Fick’s diffusion law to observe the ex-

pected response of the propagation channel and Section 2.1.2 studies the statistical

characteristics of the molecular movement by referring to Brownian motion. Fur-

thermore, channel modeling is presented for two types of reception processes, namely

passive and active receivers.

Note that, before proceeding to the next section, the following assumptions are

considered in this thesis for modeling the diffusion-based MC system:

• The communication environment is considered 3-dimensional with an infinite

boundary which is indexed through the Cartesian axes x, y and z.

• The size of the transmitter is assumed negligible and is approximated as a point

source that contains an endless supply of messenger molecules.

• The information molecules are identical and indistinguishable from each other,

which the collisions and electrostatic forces among them are neglected.
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• Depending on the type of receiver (passive or active), it is assumed that the

reception process (observing or absorbing) operates perfectly without any com-

plication.

2.1.1 Fick’s Diffusion law

In physics, Fick’s second law of diffusion describes the variation of the molecular

concentration with respect to time when molecules undergo the diffusion process [86].

According to Fick’s law, the “expected”molecular concentration, denoted by C(X, t),

at time t and location X = (x, y, z) is expressed by the following differential equation,

∂C(X, t)

∂t
= D∇2C(X, t) (2.1)

where∇2C(X, t) is the sum of the second derivative of C(X, t) in 3-dimensional space.

Here, D is the constant diffusion coefficient that is expressed as

D =
kBT

6πηRm

(2.2)

where kB is the Boltzmann constant (kB = 1.38× 10−23 J/K) and T is the absolute

temperature in kelvin (K). The viscosity of the diffusive medium is denoted as, η

and Rm is the radius of the messenger molecules that are assumed identical in size

and shape. Note that, in this dissertation these parameters have been selected for a

homogeneous water-based environment in average body temperature with insulin as

the messenger molecules [87].

In order to determine the expected molecular concentration, the equation given

in (2.1) can be solved under certain conditions. Depending on the type of reception
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process (e.g. either passive or active), the initial and boundary conditions are defined

differently. In this regard, Section 2.1.1.1 considers a passive receiver; while Section

2.1.1.2 employs an active receiver with an absorbing surface.

2.1.1.1 Passive Receiver

For computing the expected molecular concentration, the partial differential equation

defined in (2.1) is solved by considering the following initial condition,

C(XT, t = 0) = Mδ(XT) (2.3)

which denotes that an instant impulse of M number of molecules released from the

transmitter point source located at XT = (xT , yT , zT ). Here, δ(.) is defined as the

Dirac delta function. Therefore, the expected molecular concentration is obtained as

C(r, t) =
M√

(4πDt)3
exp(− r2

4Dt
), (2.4)

where r = |X−XT| is the Euclidean distance between the point X and transmitter

location. In addition, for a receiver centered at XR = (xR, yR, zR), the “expected”

scaled (by M) impulse response becomes

hp(t) =
M√

(4πDt)3
exp(− rd

2

4Dt
), (2.5)

where rd = |XR−XT| is the Euclidean distance between the transmitter and center

of receiver. Since, (2.5) is derived under no terms specifying the boundary of the

reception site; this type of receiver is referred to as passive [3, 32–36]. A passive
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receiver is simply an observer that measures the molecular concentration (or number

of molecules) arriving within the reception area; thus, molecules remain in the fluidic

medium forever. For simplicity, hp(t) is referred to as the expected impulse response

of the passive receiver.

Here, (2.5) is evaluated based on the consistency of concentration throughout the

reception space. That is, the molecular concentration measured within the receiver’s

volume are assumed equivalent to that measured at the center of the receiver [33,36].

This assumption is fairly true when rd is far greater than the receiver’s radius, denoted

as ρp. Therefore when ρp < rd, the expected number of molecules counted till time t,

denoted by Np
m(t), is expressed as

Np
m(t) = VRhp(t) (2.6)

in which VR = 4
3
πρp

3 is the volume of the passive receiver.

2.1.1.2 Active Receiver

In some literature [3, 48, 49] the receiver is considered to have an absorbable surface

which is also referred to as an active receiver. Here, it is assumed that once molecules

hit the receiver surface, they are absorbed and disappeared from the medium. In [48],

the impulse response of the active receiver is mathematically derived from (2.1) under

the following boundary conditions,

(1) lim
X→∞

C(X, t) = 0 (2)
∂C(X, t)

∂X
= wC(X, t) for |X| = ρa (2.7)
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Figure 2.1: The expected number of received molecules measured by the passive and
active receiver.

where the first condition reflects the assumption that for very far distances (especially

further than rd), the effect of molecular concentration is neglected. In the second term

when the rate of reaction, denoted as w, approaches infinity, the boundary condition

signifies that every collision leads to an absorption. Thus, the molecular concentration

is zero at the absorbing surface with radius ρa. According to (2.7) when w →∞, the

response of (2.1) to (2.3) becomes [48]

ha(t) =
Mρa
rd

erfc

(
rd − ρa√

4Dt

)
, (2.8)

where ha(t) is the expected number of molecules that are absorbed by the receiver

after transmission time t has passed.

Note that, hp(t) refers to the expected molecular concentration; meanwhile ha(t)

denotes the expected number of received molecules. In addition, it is true to define
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Na
m(t) = ha(t). Fig 2.1 illustrates Np

m(t) and Na
m(t) when rd = 10µm and ρp =

ρa = 2µm. The number of molecules released at the transmitter for the passive

receiver is selected as M = 106; though for the active receiver M = 104. The

difference between the number of emitted molecules for both cases relates to the

second boundary condition defined in (2.7). Since molecules tend to diffuse from high

to low concentration, this process occurs faster when the molecular concentration is

zero at the receiver surface (active receiver). Hence compared to passive receiver,

the same maximum amplitude is achieved for the active receiver with less number of

emitted molecules.

2.1.2 Brownian motion

The movement of molecules through a homogeneous environment is via Brownian

motion. Though Fick’s law deals with the expected molecular concentration, Brow-

nian motion is the result of random collisions among diffusing messenger particles

with the fluids molecules [37]. This random behavior makes it difficult to predict

the exact location of molecules; thus causing uncertainty in the measured molecular

concentration at the reception site.

Brownian motion is mathematically modeled by the Wiener process, a continuous-

time stochastic process with independent Gaussian increments [37,88]. According to

the Wiener process, for a small time duration of ∆t, the movement of each emitted

molecule follows a Gaussian distribution with zero mean and a variance defined as

2D∆t. In other words, the location of a molecule, X(t), after ∆t time duration
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changes randomly as follows,

X(t+ ∆t) = X(t) +
√

2D∆tN (03×3, I3×3), (2.9)

where N (03×3, I3×3) is a 3-by-3 Diagonal matrix, where its diagonal elements rep-

resent the normal distribution with zero mean and variance 1. Since it is assumed

that a molecule moves independently in each direction with a Gaussian distribution;

according to (2.9) the probability density function (pdf) of the diffusing molecule

located at X = (x, y, z) viewed till time t can be expressed as

f(r, t) = f(x, t)f(y, t)f(z, t) =
1√

(4πDt)3
exp(− r2

4Dt
). (2.10)

where r2 = x2 + y2 + z2. Hence, the probability of each molecule arriving at time

t within the passive receiver is evaluated by integrating (2.10) over the reception

volume as follows

P p
m =

rd+ρp∫
rd

2π∫
0

π∫
0

r2f(r, t) sin θ dθdφdr. (2.11)

where for simplicity P p
m(t) is replaced by P p

m. Note that, generally there is no closed

form solution for (2.11). However, previously it was assumed that the receiver is

sufficiently far from the transmitter, especially compared to the receiver radius (ρp <

rd). Thus, the molecular concentration can be approximated uniform throughout

the receiver volume and equal to that measured at the center. According to this

assumption there is no need to integrate over the volume and (2.11) is simplified to

P p
m = VRf(rd, t) =

VR√
(4πDt)3

exp(− rd
2

4Dt
) (2.12)
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2.1. DIFFUSION CHANNEL MODEL

where as mentioned earlier VR is the passive receiver volume. Since, all messenger

molecules are presumed to move independently from each other, they all reach the

passive receiver with probability P p
m. Therefore when M molecules are released at the

transmitter, the number of received molecules till time t, denoted as N̂p
m(t), follows a

Binomial distribution

N̂p
m(t) ∼ B(M,P p

m). (2.13)

Note that, under the condition where M is selected large enough such that E[N̂p
m(t)] ≥

10, the binomial distribution can be approximated with the Gaussian distribution.

Hence, (2.13) is replaced by

N̂p
m(t) ∼ N (MP p

m,MP p
m(1− P p

m)), (2.14)

By substituting P p
m from (2.12) to (2.14), the mean value of N̂p

m(t) becomes

µp =
MVR√
(4πDt)3

exp(− rd
2

4Dt
). (2.15)

where comparing to the expression in (2.6), µp is equal to the expected number of

received molecules, Np
m(t), derived from Fick’s second law of diffusion. In this regard,

(2.14) can be rewritten as,

N̂p
m(t) ∼ N (Np

m(t), Np
m(t)(1− Np

m(t)

M
)). (2.16)

Moreover for an active receiver, the probability of a molecule being absorbed by the
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Mδ(t)

+
z(t)

Figure 2.2: Diffusion channel model

receiver surface within time t is determined as follows [48,49]

P a
m =

ρa
rd

erfc

(
rd − ρa√

4Dt

)
. (2.17)

Similar to the passive receiver, for the transmission of M molecules, the absorbed

number of messenger molecules follows a Gaussian distribution analogous to (2.14);

by substituting P a
m from (2.17). Therefore the following expression is derived,

N̂a
m(t) ∼ N (Na

m(t), Na
m(t)(1− Na

m(t)

M
)), (2.18)

where Na
m(t) = MP a

m = ha(t).

According to the results derived in Sections 2.1.1 and 2.1.2 the diffusion channel

is modeled as shown in Fig. 2.2; similar to [32–34, 36, 48, 49, 73, 79–81, 83]. In Fig.

2.2, the output of the diffusion channel to an instant release of molecules, denoted as

z(t), is expressed as

z(t) = h(t) + n(t) (2.19)

where h(t) is the “expected” impulse response, regardless of the type of receiver

(could be either hp(t) or ha(t)) that models the deterministic behavior of the diffusion

channel. Meanwhile, n(t) is the additive noise due to the Brownian motion which
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models the random characteristic of molecular movement. In this regard, based on

the expressions determined in the aforementioned sections, n(t) and z(t) for a passive

receiver are respectively characterized as follows

n(t) ∼ N (0,
hp(t)

VR
(1− P p

m))),

z(t) ∼ N (hp(t),
hp(t)

VR
(1− P p

m))).

(2.20)

Note that, here the parameters are selected such that P p
m < 0.0002 which will result

in (1− P p
m) ' 1. Therefore, the above expression can be rewritten as follows

n(t) ∼ N (0,
hp(t)

VR
),

z(t) ∼ N (hp(t),
hp(t)

VR
).

(2.21)

Additionally, for an active receiver n(t) and z(t) are respectively obtained as

n(t) ∼ N (0, ha(t)(1− P a
m))

z(t) ∼ N (ha(t), ha(t)(1− P a
m))

(2.22)

Here, the parameters are selected such that P a
m < 0.04 in which the value 1−P a

m can

be ignored in (2.23). In this regard, (2.23) is approximately rewritten as

n(t) ∼ N (0, ha(t))

z(t) ∼ N (ha(t), ha(t))

(2.23)

Here z(t) refers to the number of absorbed messenger molecules rather than concen-

tration. Note that, the channel model presented in Fig. 2.2 is well known model
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commonly used in literature [32–34,36,48,49,73,79–81,83]. Also, according to Fick’s

diffusion law described in (2.1) by the linear differential equation, since the diffusion

coefficient is a constant value, the channel is a linear and time-invariant (LTI) system.
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Chapter 3

Receiver Design: Gaussian Mixture

Modeling

Inter-symbol interference (ISI) is considered one of the most challenging issues in

designing a diffusion-based MC system. Since particle diffusion is a gradual process,

some molecules fail reaching the receiver at the intended time. In other words, for

sequential data transmission the receiver not only senses the effects of the current

transmission, it holds information on previously emitted molecular signals. Hence,

for a low signaling interval, ISI arises and influences recovering the transmitted infor-

mation.

In literature various channel models and receiver designs are proposed to overcome

the ISI effect for signal detection [26,32,77–80], [33,48,81–85]. For the first time, ISI

is characterized in [77] for a diffusion-based MC system; and [78] adopts wave theory

to study the ISI effect. In [80], information theoretic approach are presented that

proposes an optimal detection scheme by considering all previous transmissions for

a one-dimensional MC system. In [32, 48, 79], different types of detection techniques

(e.g., Viterbi algorithm, decision feedback, ...) are adopted to reduce the molecular

noise and ISI effect. Though these types of receivers are too complex to implement

for communication between nano-devices. Channel coding schemes are introduced

in [83–85] to enhance system performance in the presence of ISI. Various types of

modulation techniques for ISI mitigation are proposed and compared in [26, 81, 82].

Furthermore, a recent study, adopts enzymes to degrade the undesired molecules
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remaining in the medium to reduce the ISI [33].

In this chapter Gaussian mixture model is proposed for the received molecular

signal when on-off keying (OOK) modulation is used in diffusion-based MC systems.

It is demonstrated that for sequentially emitted molecules, the observed molecular

signal at the reception site follows a Gaussian mixture distribution; where, previous

transmissions are considered in the decision making. Theoretical analysis of the Gaus-

sian mixture modeling is compared with the result of computer simulations for both

passive and active receivers. Furthermore, a simple detection algorithm is developed

which determines the optimum threshold value based on Gaussian mixture modeling.

To mitigate the ISI effect caused by residual molecules, a memory-based receiver is

also proposed in this chapter. Consequently, the system performance is enhanced by

employing previously detected symbols.

In the reminder of this chapter, Section 3.1 presents the system model of the

diffusion-based MC system followed by a passive receiver structure in Section 3.2.

Gaussian and Gaussian mixture modeling are developed in Section 3.2.1 where the

receiver is considered memory-less. Furthermore, a type of memory-based receiver is

developed in Section 3.2.2 via Gaussian mixture modeling. Also, the Gaussian and

Gaussian mixture modeling is established in Section 3.3 for an active receiver. The

performance of the MC system is evaluated by computer simulations in Section 3.4;

comparing results for passive and active receivers.

3.1 Molecular System Model

Fig. 3.1 illustrates a diffusion-based molecular communication (MC) system consist-

ing of a transmitter, messenger molecules, diffusion channel, and a receiver. The

30



3.1. MOLECULAR SYSTEM MODEL

Transmitter Diffusion Channel Receiver

Figure 3.1: Diffusion-based MC system

transmitter is responsible for embedding the information in the concentration of

molecules by adopting OOK modulation scheme. Here, the transmitter releases M

number of molecules to represent symbol “1”; while no molecule is emitted to signify

“0”. Meanwhile, the arrived molecules at the reception cite are measured and infor-

mation is decoded according to the variation of molecular concentration.

Fig. 3.2 depicts the block diagram of the diffusion-based MC system regardless

of the receiver type (either passive or active). According to Fig. 3.2, the expected

response of the diffusion channel to periodic data emission, denoted by x(t), is given

as

x(t) =
∞∑
i=0

dih(t− iTs), (3.1)

where {di}∞i=0 and Ts are the symbol sequence and the duration between transmitted

symbols, respectively. At the reception location, the total received molecular signal
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caused by the transmitted data sequence {di} is expressed as follows

y(t) = x(t) + n(t)

=
∞∑
i=0

dih(t− iTs) + n(t).
(3.2)

where n(t) is the signal-dependent additive noise. In chapter 2, it was discussed

that n(t) modeled by Brownian motion. It was shown that if the number of received

molecules is large enough n(t) approximately follows a Gaussian distribution with

zero mean and variance proportional to the expected number of molecules.

The transmission of sequential molecular impulses, causes the system to encounter

inter-symbol interference (ISI) due to the infinite signal duration of h(t) as illustrated

in Fig. 2.1 (either hp(t) or ha(t)). That is, if a new impulse is emitted before the

molecular concentration becomes negligibly low at the receiver, the effects of both

current and previous transmissions are measured. Therefore, the response to the

currently emitted impulse is distorted with the previous transmissions if the signaling

interval is low. Although increasing Ts eliminates the ISI, the transmission rate will

decrease significantly which is undesirable for communication in MC systems. In order

to deal effectively with the ISI, this chapter aims to design a receiver by presenting a

suitable statistical model for the received molecules.

Though both passive and active receivers are denoted important models in MC

systems, Section 3.2 considers the passive receiver; while Section 3.3 presumes an

active receiver.
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h(t)

Noise

Molecular

Counter

Detector

λ

Diffusion Channel

x(t){di}

n(t)

+
y(t)

Ts

ym
{d̂i}

Figure 3.2: Block diagram of the diffusion-based MC system

3.2 Passive Receiver Design

In nano-networks, simple structures are required in implementing communication

elements that are able to perform computationally efficient tasks at nano-scale. Here,

a passive receiver is considered that simply measures the number of molecules inside

the reception space within time Ts.

According to Fig. 3.2, by defining ym(t) as the received molecular concentration

up to time (m+ 1)Ts, with m as the time index, (3.2) can be rewritten as

ym(t) = y(t)|t<(m+1)Ts

= dmhp(t−mTs) +
m−1∑
j=0

djhp(t− jTs) + nm(t),
(3.3)

where hp(t) is the expected impulse response of the passive receiver defined in (2.5).

In (3.3), the first, second and third terms are respectively the desired signal, the ISI

component and the noise element when t ∈ (0, (m + 1)Ts). Additionally, the total
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observed molecules during the mth time interval is given as

ym =

(m+1)Ts∫
mTs

ym(t)dt = Erdmα0︸ ︷︷ ︸
sm

+Er

m−1∑
j=0

djαm−j︸ ︷︷ ︸
ImISI

+nm
(3.4)

where sm, ImISI
are the total desired signal and ISI components, respectively. Here,

nm =
(m+1)Ts∫
mTs

nm(t) denotes the overall noise element measured at the mth time dura-

tion. Furthermore, Er is the total molecular energy (related to the number of received

molecules) at distance r for a passive receiver. In [34], Er is defined as follows

Er =

∞∫
0

hp(t)dt =
M

4πDrd
, (3.5)

Also, αi is a fraction of Er in time duration t ∈ (iTs, (i+ 1)Ts) given as

αi =
1

Er

(i+1)Ts∫
iTs

hp(t)dt (3.6)

where 0 ≤ αi ≤ 1 and
∞∑
i=0

αi = 1.

In order to recover the transmitted information from ISI and noise, here the maximum-

a-posterior (MAP) principle is adopted at the receiver. According to the MAP crite-

rion, the receiver detects {di}∞i=0 by maximizing the conditional probability distribu-

tion function (pdf) of f(dm|ym) [89], given as follows

d̂m = argmax
dm∈(0,1)

f(dm|ym) (3.7)
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where d̂m is the detected symbol. The OOK modulation scheme is used, to make a

decision on d̂m by performing the following test

P{dm = 1}f(ym|dm = 1)
d̂m=0
<
>

d̂m=1

P{dm = 0}f(ym|dm = 0). (3.8)

According to (3.8), the goal is to model the conditional pdf of ym. One of the most

used model for f(ym|dm) is Gaussian distribution [26,32–34,48,77–82]. Though Gaus-

sian distribution can be a good model for the received molecules in one shot of trans-

mitted molecule. This model is not suitable for the received signal when a sequence

of molecular shots are transmitted, due to the random phenomenon of molecular mo-

tion occurred in the diffusive channel. In this paper, we propose Gaussian mixture

distribution for f(ym|dm) instead of Gaussian to have a better statistical model, when

the impact of previous transmitted symbols {di}m−1
i=0 are considered in detecting dm.

In the following, Sections 3.2.1 and 3.2.2 develop Gaussian mixture modeling for

memory-less and memory-based receivers, respectively. An algorithms is derived that

determines the optimum threshold based on Gaussian mixture for both scenarios.

In the memory-based receiver, previously detected symbols are considered in the

detection algorithm to reduce the ISI effect. While, in the memory-less receiver, dm

is detected only by observing ym.

3.2.1 Memory-less Receiver

In this section a memory-less receiver is considered that has no knowledge on previ-

ously detected symbols in the decision making process. Since the detection algorithm
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for Gaussian mixture distribution is partially dependent on Gaussian modeling, Sec-

tion 3.2.1.1 briefly deals with Gaussian modeling. Afterwards Section 3.2.2.1 thor-

oughly describes Gaussian mixture modeling for a memory-less receiver.

3.2.1.1 Gaussian Modeling

In this subsection, f(ym|dm) is assumed to follow Gaussian distribution for a memory-

less receiver. According to the OOK modulation, the two hypotheses tests H0 and

H1 are given as

H0 : f(ym|dm = 0) ∼ N (µ0, σ
2
0),

H1 : f(ym|dm = 1) ∼ N (µ1, σ
2
1),

(3.9)

where µ0 and µ1 are determined as follows

µ0 = E [ym|dm = 0] = ĪmISI
, (3.10)

µ1 = E [ym|dm = 1] = Erα0 + µ0, (3.11)

where ĪmISI
is the expectation of the ISI. For a passive receiver, σ2

0 and σ2
1 are defined

as σ2
i = µi

VR
for i = {0, 1} according to (2.21). In addition, for symbol detection the

MAP rule can be simplified to

d̂m =


1, ym ≥ λ,

0, ym < λ.

(3.12)

where λ is the threshold value. To obtain the optimum threshold for Gaussian mod-

eling, the error probability is minimized with respect to λ. In this regard, the error
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probability, denoted by Pe, is expressed as

Pe = p0Q

(
λ− µ0

σ0

)
+ p1

[
1−Q

(
λ− µ1

σ1

)]
. (3.13)

where p1 = P{dm = 1} and p0 = 1 − p1 are the probability of sending symbol

“1” and “0”, respectively. Thus, the optimum threshold for Gaussian modeling, λG
op,

by solving ∂Pe

∂λ
= 0 (under the condition that λ ≥ 0) becomes

λG
op =

√
µ0µ1

[
1 +

1

VR(µ1 − µ0)
ln

(
p2

0µ1

p1
2µ0

)]
. (3.14)

where µ0 is given as

µ0 = E

[
Er

m−1∑
j=0

djαm−j

]
= Er

m−1∑
j=0

E [dj]αm−j

= p1Er(1− α0),

(3.15)

and µ1 is evaluated from (3.11) by substituting µ0 from (3.15). Note that, the thresh-

old should be a positive value, otherwise it is set to be zero (λG
op ≥ 0).

3.2.1.2 Gaussian Mixture Modeling

In diffusion-based molecular communications, all previous transmitted symbols {di}m−1
i=0

contribute in the decision making process due to late arrival of some molecules at the

reception site. By considering I previous symbols that make the most contributions

in ym; f(ym|dm) can be presented as

f(ym|dm) =
∑

dm−I
m−1∈Ω

P{dm−Im−1}f(ym|dm, dm−Im−1) (3.16)
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where dji = (di, di−1, . . . , dj) for j ≤ i. Here, P{dm−Im−1} indicates the probability of

transmitted dm−Im−1 and Ω is the set of all possibilities for dm−Im−1. It is assumed that the

transmitted symbols are independent and have identical distributions (iid) such that

p1 = P{di = 1} and p0 = 1− p1. In (3.16), P{dm−Im−1} can be expressed as

P{dm−Im−1} = p1
Knp0

I−Kn (3.17)

where Kn and I −Kn denote the number of “1”and “0” symbols in dm−Im−1. Here, the

index n is the decimal representation of dm−Im−1 in binary number. According to (3.16),

f(ym|dm) is modeled as Gaussian mixture distribution and the two hypothesis tests

are expressed as follows

H0 : f(ym|dm = 0) ∼
2I−1∑
n=0

p1
Knp0

I−KnN (µn, σ
2
n),

H1 : f(ym|dm = 1) ∼
2I+1−1∑
n=2I

p1
Knp0

I−KnN (µn, σ
2
n)

(3.18)

where n =
I∑
j=0

dm−j2
I−j corresponds to the binary representation of dm−Im = (dm, dm−1, · · · , dm−I)

and Kn =
I∑
j=1

dm−j. In (3.18), {µn}2I+1−1
n=0 and {σ2

n}
2I+1−1
n=0 are obtained as,

µn = Er

I∑
j=0

dm−jαj + p1Er

(
1−

I∑
j=0

αj

)

σ2
n =

µn
VR

for n = {0, 1, ..., 2I+1 − 1}

(3.19)

where µ0 < µ1 < · · · < µ2L−1 for L = 2I . Fig. 3.3 shows the conditional pdf’s

of f(ym|dm) of a memory-less receiver for I = 1. The receiver detects dm (between
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Figure 3.3: The conditional pdf of Gaussian mixture modeling for memory-less re-
ceiver by setting I = 1.

“0” and “1”) by comparing ym to a threshold value (similar to (3.12)). To derive the

optimum threshold for Gaussian mixture model, the error probability is expressed as

Pe =
2I−1∑
n=0

p1
Knp0

I−Kn+1Q

(
λ− µn
σn

)

+
2I+1−1∑
n=2I

p1
Kn+1p0

I−Kn

[
1−Q

(
λ− µn
σn

)]
.

(3.20)

Determining the optimum threshold requires minimizing the error probability. In this

regard, the derivative of (3.20) with respect to λ is given as follows

∂Pe
∂λ

= −
2I−1∑
n=0

pKn
1 p0

I−Kn+1

σn
√

2π
exp

[
−1

2

(
λ− µn
σn

)2
]

+
2I+1−1∑
n=2I

pKn+1
1 p0

I−Kn

σn
√

2π
exp

[
−1

2

(
λ− µn
σn

)2
]
.

(3.21)

Clearly, deriving the optimum threshold by solving ∂Pe

∂λ
= 0 is not straightforward. As

a solution, a linear approximation is applied for the exponential component in (3.21)

based on Taylor’s series. Hence, at a given point λ = λl, the exponential element is
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approximated as

exp

[
−1

2

(
λ− µn
σn

)2
]
∼=

exp

[
−1

2

(
λl − µn
σn

)2
]{

1 +
λl (λl − µn)

σ2
n

−
(
λl − µn
σ2
n

)
λ

} (3.22)

by substituting (3.22) in (3.21), a closed form expression is achieved for ∂Pe

∂λ
. Thus,

the solution to the linear approximation of ∂Pe

∂λ
= 0, denoted by λ = λl+1, becomes

λl+1 = −

2I−1∑
n=0

pKn
1 p0I−Kn+1

σn
B(n, l)−

2I+1−1∑
n=2I

pKn+1
1 p0I−Kn

σn
B(n, l)

2I−1∑
n=0

pKn
1 p0I−Kn+1

σn
A(n, l)−

2I+1−1∑
n=2I

pKn+1
1 p0I−Kn

σn
A(n, l)

. (3.23)

where A(n, l) and B(n, l) are defined as follows

A(n, l) = exp

[
−1

2

(
λl − µn
σn

)2
]{
−
(
λl − µn
σ2
n

)}

B(n, l) = exp

[
−1

2

(
λl − µn
σn

)2
]{

λl (λl − µn)

σ2
n

+ 1

} (3.24)

By replacing λl with λl+1 in (3.24), one can repeat the same aforementioned process.

A step by step procedure is presented in Algorithm 1, to obtain the threshold value for

Gaussian mixture modeling, denoted by λGM
op . In Algorithm 1, I refers to the number

of previous symbols considered in modeling f(ym|dm); while ε � 1. According to

the derived threshold value, the expression for probability of error is achieved by

substituting λ = λGM
op in (3.20). In addition, as seen in (3.16), f(ym|dm) is modeled

as Gaussian mixture distribution based on a combination of 2I Gaussian distributions
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Algorithm 1 Calculating Threshold Value for Memory-less Receiver

1. Choose I ≥ 1 and λ0 = λ
(I)
0

2. Set l = 0
3. Compute λl+1 from (3.23)
4.

if λl+1 − λl < ε then

λ
GM,(I)
op = λl+1

else
l← l + 1

go to step 3
end if

(I-order). The initial value of the I-order model, denoted as λ
(I)
0 , is selected from the

final result in the (I-1)-order model; such that λ
(I)
0 = λ

GM(I−1)
op . Note that, for I = 1,

the initial value of λ is chosen based on the optimum threshold determined from the

Gaussian model, λ
(1)
0 = λG

op.

3.2.2 Memory-based Receiver

In this section, the case in which f(ym|dm) is modeled based on knowing l′ pre-

viously detected symbols, also referred as “memory-based receiver”is considered.

The receiver holds information of l′ previously detected symbols, such that d̂m−1
m−l′ =

(d̂m−1, . . . , d̂m−l′) is substituted instead of dm−1
m−l′ = (dm−1, . . . , dm−l′) in modeling

f(ym|dm). Furthermore, it is straightforward that maximizing f(ym|dm) with respect

to dm−1
m−l′ = d̂m−1

m−l′ is similar to maximizing f(ym|dm, dm−1
m−l′ = d̂m−1

m−l′).

In the following, Section 3.2.2.1 and Section 3.2.2.2, develops the detecting algo-

rithms of a memory-based receiver based on Gaussian and Gaussian mixture distri-

butions for f(ym|dm, dm−1
m−l′ = d̂m−1

m−l′), respectively.
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3.2.2.1 Gaussian Modeling

In this subsection, Gaussian distribution is considered in modeling f(ym|dm, dm−1
m−l′ =

d̂m−1
m−l′) for a l′-based receiver. In order to perform the test given in (3.8), the two

hypotheses H0 and H1 are expressed as

H0 : f(ym|dm = 0, dm−1
m−l′ = d̂m−1

m−l′) ∼ N (µ0, σ
2
0),

H1 : f(ym|dm = 1, dm−1
m−l′ = d̂m−1

m−l′) ∼ N (µ1, σ
2
1),

(3.25)

where µ0 is determined by

µ0 = Er

l′∑
l=1

d̂m−lαl + p1Er

(
1−

l′∑
l=0

αl

)
, (3.26)

Also µ1 is computed from (3.11) by substituting the given µ0 in (3.26). The optimum

threshold value λG
op (which depends on d̂m−1

m−l′) is obtained from (3.14) by adopting the

new determined µ0 and µ1 in this subsection.

3.2.2.2 Gaussian Mixture Modeling

In this subsection, a memory-based receiver for Gaussian mixture modeling is consid-

ered when l′ previously detected symbol are saved at the receiver. Here without loss

of generality, a one-memory-based receiver (l′ = 1) is designed by setting I = 2. Note

that, the results given in the following can be simply extended for l′-memory-based
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Figure 3.4: The conditional pdf of Gaussian mixture modeling for one-memory-based
receiver by setting I = 2.

receiver and any I as long as I ≥ l′. In this regard, the four hypotheses test become

H1 : f(ym|dm = 0, d̂m−1 = 0) ∼ p0N (µ0, σ
2
0) + p1N (µ1, σ

2
1),

H2 : f(ym|dm = 0, d̂m−1 = 1) ∼ p0N (µ2, σ
2
2) + p1N (µ3, σ

2
3),

H3 : f(ym|dm = 1, d̂m−1 = 0) ∼ p0N (µ4, σ
2
4) + p1N (µ5, σ

2
5),

H4 : f(ym|dm = 1, d̂m−1 = 1) ∼ p0N (µ6, σ
2
6) + p1N (µ7, σ

2
7),

(3.27)

where the two hypotheses {H1, H3} decide about dm for d̂m−1 = 0; while {H2, H4}

are considered in detecting dm when d̂m−1 = 1. Here, {µn}7
n=0 can be obtained from

(3.19) when dm−1 = d̂m−1. Fig. 3.4 indicates f(ym|dm, d̂m−1) for one-memory-based

receiver by setting I = 2. Since there are two sets of hypotheses, the receiver requires

two levels of threshold in order to make a decision about dm. The probability of error

for d̂m−1 = 0 and d̂m−1 = 1 are defined as P
(0)
e and P

(1)
e , respectively. Therefore, for

I = 2 the aforementioned error probabilities are defined as

P (0)
e = p2

0Q

(
λ− µ0

σ0

)
+ p1p0Q

(
λ− µ1

σ1

)
+ p1p0

[
1−Q

(
λ− µ4

σ4

)]
+ p2

1

[
1−Q

(
λ− µ5

σ5

)]
.

(3.28)

43



3.2. PASSIVE RECEIVER DESIGN

P (1)
e = p2

0Q

(
λ− µ2

σ2

)
+ p1p0Q

(
λ− µ3

σ3

)
+ p1p0

[
1−Q

(
λ− µ6

σ6

)]
+ p2

1

[
1−Q

(
λ− µ7

σ7

)]
.

(3.29)

A similar procedure presented in Section 3.2.1.2 is adopted here for obtaining the

optimum thresholds. In Fig. 3.4, λ
GM,(2)
op,(0) and λ

GM,(2)
op,(1) are the optimum threshold

values for one-memory-based receiver with I = 2. By minimizing P
(0)
e and P

(1)
e with

respect to λ and applying (3.20), the following threshold values are achieved,

λl+1,(0) = −
p20B(0,l)

σ0
+ p1p0B(1,l)

σ1
− p1p0B(2,l)

σ2
− p21B(3,l)

σ3
p20A(0,l)

σ0
+ p1p0A(1,l)

σ1
− p1p0A(2,l)

σ2
− p21A(3,l)

σ3

. (3.30)

λl+1,(1) = −
p20B(4,l)

σ4
+ p1p0B(5,l)

σ5
− p1p0B(6,l)

σ6
− p21B(7,l)

σ7
p20A(4,l)

σ4
+ p1p0A(5,l)

σ5
− p1p0A(6,l)

σ6
− p21A(7,l)

σ7

. (3.31)

where A(n, l) and B(n, l) for n = {1, .., 7} are obtained from (3.24) for the initial

point λl,(0) and λl,(1), respectively. Afterwards, the same process is repeated for re-

placing λl,(0) with λl+1,(0) as shown in Algorithm 2. Algorithm 2 determines λ
GM,(2)
op,(0)

and λ
GM,(2)
op,(1) ; which is equivalent to the procedure of deriving λG

op for memory-less re-

ceiver when I = 1. Note that the total probability of error Pe ≥ p0P
(0)
e |λ=λ

GM,(2)
op,(0)

+

p1P
(1)
e |λ=λ

GM,(2)
op,(1)

is a lower bound of error probability due to assuming that the pre-

viously detected symbols are detected correctly. Generally, the developed process in

above can be easily extended for memory-based receiver for l′ > 1 and I ≥ l′.
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Algorithm 2 Calculating Threshold Value for One-memory-based Receiver

1. For I = 2 (I ≥ l′) choose λ0,(0) = λ
(2)
0,(0) and λ0,(1) = λ

(2)
0,(1)

2. Set l = 0
3. Compute λl+1,(0) from (3.30)
4. Compute λl+1,(1) from (3.31)
5.

if λl+1,(0) − λl,(0) < ε then

λ
GM,(2)
op,(0) = λl+1,(0)

else
l← l + 1

go to step 3
end if

if λl+1,(1) − λl,(1) < ε then

λ
GM,(2)
op,(1) = λl+1,(1)

else
l← l + 1

go to step 3
end if

3.3 Active Receiver Design

In this section, an active receiver is considered that is responsible for absorbing the

received number of molecules. The results accomplished for the passive receiver in

Section 3.2 can be applied to the active receiver with some modifications. In this

regard, the following changes are made for the active receiver:

(I) In (3.3), hp(t) is replaced by ha(t), the expected impulse response of the ac-

tive receiver; which is defined in (2.8). Due to this modification, the total molecular

energy for an active receiver becomes Er = ha(t)|∞t=0. Moreover, (3.6) is replaced by

αi = 1
Er
ha(t)|(i+1)Ts

t=iTs
for i = 0, 1, ....

(II) By replacing hp(t) with ha(t), y(t) is referred to as the number of received

molecules (not the received concentration). Therefore, the distribution of y(t) be-

comes y(t) ∼ N (x(t), x(t)), according to (2.23). This new adjustment will effect
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the evaluation of the threshold value. For example, in Gaussian modeling where the

receiver is memory-less, λG
op is obtained as

λG
op =

√
µ0µ1

[
1 +

1

(µ1 − µ0)
ln

(
p2

0µ1

p2
1µ0

)]
. (3.32)

where µ0 and µ1 are respectively defined in (3.10) and (3.11) by substituting Er from

part (I) for an active receiver. Note that, σ2
i = µi for i = {0, 1} is considered in

deriving (3.32).

Section 3.2.1 and Section 3.2.2 can be extended to the active receiver by adopting

part (I) and (II) for Gaussian and Gaussian mixture modeling.

3.4 Performance Evaluation

In this section, the performance of the diffusion-based MC system based on bit er-

ror rate (BER) is evaluated by computer simulations and compared to theoretical

analysis. In Section 3.4.1, the BER performance of the passive receiver is examined

for Gaussian and Gaussian mixture modeling. The results of memory-less receiver

are also compared with memory-based receiver. Furthermore, Section 3.4.2 considers

Table 3.1: System parameters used for numerical and simulation results

Parameters Value

Viscosity of the fluid (η) 0.001 kg
s m

Temperature 310K
Radius of messenger molecules(rm) 2.5 nm

Diffusion coefficient(D) 79.4 µm2

s

Distance between transmitter and center of receiver (rd) 10µm
Passive receiver radius (ρp) 1µm
Active receiver radius (ρa) 1µm
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the proposed detection algorithm for an active receiver. Theoretical analysis of BER

along with simulation results are presented and investigated under different scenarios

for active memory-less and memory-based receivers.

3.4.1 Passive Receiver Performance Evaluation

To evaluate the performance of the passive receiver, a series of parameters are defined

to characterize the physical channel of the MC system according to OOK modulation.

It is assumed that the diffusion medium is a homogeneous water-based environment

with parameters listed in Table 3.1. The diffusion coefficient is set to D = 79.4 µm2

s

for insulin messenger molecules [87]. The distance between the transmitter and the

center of the receiver is rd = 10µm; with a receiver radius set to ρp = 1µm. Note that,

rd is selected large enough compared to ρp for achieving uniform concentration inside

the receiver volume. Furthermore, results are given for α0 = 0.4 which indicates that

40% of the energy (in this case concentration) is received in t ∈ (0, Ts). In addition,

from [34] Ts is determined as follows

Ts∫
0

hp(t)dt = α
M

4πDrd
−→ Ts =

rd
2

4D erfc−1(α0)2
, (3.33)

where erfc−1 is the inverse complementary error function. According to the selected

parameters, the symbol duration, for this system is Ts = 0.9 s. Thus, the transmission

rate becomes Rs = 1
Ts

= 1.11 symbol
s

, which is decreased by increasing the distance

between the transmitter and receiver.

The precision and accuracy of Gaussian mixture modeling compared to Gaussian

are investigated by adopting Monte Carlo simulations. The BER performance of the
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Figure 3.5: Comparison among simulation and theory results of (i) Gaussian and (ii)
Gaussian mixture models (when I = 1, I = 2) for a passive memory-less
receiver.

optimum receiver is evaluated with respect to 10 logM for both memory-less and

memory-based receiver when p1 = p0 = 0.5.

Fig. 3.5 illustrates the BER performance of the diffusion-based MC system when

both Gaussian and Gaussian mixture models are considered in memory-less receiver.

Comparing Gaussian mixture modeling for I = 1 and I = 2 indicates that simulation

results follow the outcomes of the developed theory very closely. Therefore, one can

conclude that f(ym|dm) follows Gaussian mixture distribution when a sequence of

molecular signals are emitted in diffusion-based MC systems. Moreover, in Fig. 3.5

the BER drops as I is increased especially for large values of M . Clearly, the precision

of the Gaussian mixture modeling enhances as more previously transmitted symbols

are considered. Note that, the theoretical performances showed in Fig. 3.5 (and also
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Figure 3.6: Simulation and theoretical results of a passive memory-less receiver for
different values of threshold by setting 10 logM = 63.

in the following figures) are obtained when the precise error probability (Pe in (3.25))

is expressed by I∗ previously transmitted symbols such that
I∗∑
i=0

αi > 0.9.

Fig. 3.6 depicts the system performance based on simulation and theoretical

results for various values of threshold. Selecting 10 logM = 63, Fig. 3.6 shows that

the proposed detected algorithm determines the optimum threshold which here is

achieved for I > 3. Note that, for small values of released molecules the optimum

threshold is achieved when few transmitted symbols are considered in decision making.

Fig. 3.6 designates that Gaussian mixture distribution is an acceptable model for

obtaining threshold value in diffusion-based MC system.

Fig. 3.7 compares the system behavior of the (i) memory-less, (ii) one-memory

and (iii) two-memory-based receivers. The simulation and theoretical analysis are

49



3.4. PERFORMANCE EVALUATION

52 54 56 58 60 62 64 66
10

−4

10
−3

10
−2

10
−1

10log(M)

B
it

 E
rr

or
 R

at
e

 

 

Simulation, Memory−less receiver
Theory, Memory−less receiver
Simulation, One−memory−based receiver 
Theory, One−memory−based receiver 
Simulation, Two−memory−based receiver
Theory, Two−memory−based receiver

Figure 3.7: The BER performance of the Gaussian mixture modeling when I = 2
for passive (i) memory-less, (ii) one-memory and (iii) two-memory-based
receivers.

evaluated based on Gaussian mixture modeling by setting I = 2. Note that, accord-

ing to Fig. 3.7 system performance significantly improves as the receiver’s memory is

increased; especially for one-memory-based receiver (compared to memory-less). This

is due to eliminating a major part of the ISI by considering previous detected sym-

bols in obtaining the threshold value. Furthermore, the results confirm that theory

indicates a lower bound of BER compared to simulation for one and two-memory-

based receivers. This is due to assuming previous detection’s are correct in theoretical

analysis for memory-based receivers. In other words in Fig. 3.7, the gap between sim-

ulation and theory increases when more previous detected symbols are considered at

the receiver.
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Figure 3.8: Comparison among simulation and theory results of (i) Gaussian and (ii)
Gaussian mixture models (when I = 1, I = 2) for an active memory-less
receiver.

3.4.2 Active Receiver Performance Evaluation

In this section, the BER performance of the proposed detection algorithm is evaluated

for an active (absorbing) receiver based on Gaussian mixture modeling. For computer

simulations, parameters are given presented in Table 3.1; where the radius is selected

as ρa = 1µm. Similarly, for setting α0 = 0.4, Ts is derived as follows

Ts =
(rd − ρa)2

4D erfc−1(α0)2
, (3.34)

where based on the selected parameters, Ts = 1.4 s. Note that, the rest of the param-

eters are chosen equivalently to Section 3.4.1.

Fig. 3.8 compares the Gaussian and Gaussian mixture results of a memory-less
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Figure 3.9: Simulation and theory results of an active memory-less receiver for differ-
ent values of threshold by setting 10 logM = 34.

receiver with an absorbing surface. Theoretical and simulation results match very well

based on Gaussian mixture for I = 1 and I = 2; despite Gaussian modeling. Hence,

the results indicate that the Gaussian mixture is an acceptable model for f(ym|dm)

also for an active receiver design. According to Fig. 3.8, the BER performance

enhances as more previously transmitted symbols are considered at the receiver. Fig.

3.9 shows the BER performance of the MC system for various threshold values with

a memory-less receiver. The minimum of the error probability occurs for I = 3 by

selecting 10 logM = 34 when the receiver is assumed active. Compared to Fig. 3.6,

similar results are accomplished in Fig. 3.9 for an active receiver by emitting fewer

number of molecules.

Fig. 3.10 shows the performances of (i) memory-less, (ii) one-memory and (iii) two-

memory-based receivers based on Gaussian mixture modeling with I = 2. Fig. 3.10
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Figure 3.10: The BER performance of the Gaussian mixture modeling when I = 2
for active (i) memory-less, (ii) one-memory and (iii) two-memory-based
receivers.

indicates that saving detected symbols at the receiver decreases the ISI effect, con-

cluding improvement in system performance. Furthermore, by increasing the memory

of the receiver, Fig. 3.10 confirms that theoretical analysis determines a lower bound

for the BER performance. Note that, the BER performance of the active receiver

based on Gaussian mixture modeling for both memory-less and memory-based re-

ceivers are identical to the results given for a passive receiver. However, for a limited

source of messenger molecules an active receiver is more notable for designing MC

systems [1, 4].
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Chapter 4

Molecular Code Division Multiple Access

(MCDMA)

In MC nano-networks, multiple nano-devices are required to communicate in a shared

fluidic environment. The main purpose is to provide communication links with high

reliability among active users. Since the communication environment is shared among

multiple nodes, inter-user interference (IUI) arises and challenges the detection of

information. Therefore, it is essential to cancel or to reduce the impact of IUI in

mult-user diffusion-based MC systems.

Few research have investigated the effect of IUI in multi-user MC systems [26,

35, 36, 49, 78]; where in all transmitters are considered to send data synchronously.

In [26, 78], wave theory is employed to derive a closed form expression for IUI for

both CSK and MoSK modulation schemes. In [35], MIMO techniques are explored

to improve system performance. In [49], a decision threshold is computed when the

effect of one previous transmission is considered when two transmitters are commu-

nicating synchronously with a single receiver. Moreover, in [36] enzymes are adopted

to diminish the interfering molecules causing IUI and ISI.

In this chapter, a MC system using molecular code division multiple access (MCDMA)

is proposed as an approach that operates in the presence of IUI. The users are asyn-

chronous with each other in the MCDMA system and a signature/code sequence

selected from a set of molecular codes is assigned to each of them. This code set

is similar to optical codes [90], and is selected such that the auto-correlation and
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cross-correlation of the codes are bounded by small specific values.

Moreover, a chip detection scheme similar to that discussed in chapter 3 is pro-

posed for the MCDMA system. Gaussian mixture modeling is applied in determining

an optimal threshold by considering previously transmitted chips when multiple nodes

are communication. Though the system encounters high levels of IUI, the proposed

modeling method efficiently restores the data sent from each user by minimizing the

effect of the IUI, ISI and noise. It is also shown that the performance of the proposed

MCDMA system is improved as the memory length is increased in the chip detection

method at the receiver.

The reminder of this chapter is organized as follows: Section 4.1 presents the

diffusion-based MCDMA model. In Section 4.2 a simple passive receiver design is

developed based on chip detection scheme. Gaussian and Gaussian mixture modeling

in the presence of IUI is studied in Section 4.2.1 and Section 4.2.2, respectively. The

performance of the MCDMA system for different scenarios based on Gaussian and

Gaussian mixture method are evaluated by computer simulations in Section 4.3.

4.1 MCDMA System Model

The diffusion-based MC system consisting of multiple transmitters and multiple re-

ceivers is illustrated in Fig. 4.1 when OOK modulation is adopted for particle trans-

mission. Once a receiver synchronizes itself with its own transmitter, while it is asyn-

chronous with other transmitters; information is decoded according to the molecular

concentration present within the receiver volume. Since multiple users communicate

in the same medium, inter-user interference (IUI) is inevitable. To reduce the IUI

effect, for the first time molecular code division multiple access (MCDMA) scheme
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Figure 4.1: Multi-user diffusion-based MC system

is proposed in this thesis that allows several users to transmit information asyn-

chronously. Each user is assigned to a molecular based code sequence (analogous to

optical codes [90]), that are designed to overcome the asynchronous IUI. These codes

patterns are a set of binary sequences that are quasi-orthogonal; in other words they

are designed to have good auto-correlation and cross-correlation. Since molecules

are used in this coding scheme, they are referred to as molecular codes. The most

significant aspect of MCDMA is allowing users to communicate asynchronously, thus

making it a considerable solution for nano-communication systems.

Fig. 4.2 shows the block diagram of the transmitter structure for the MCDMA

system. Without loss of generality, here it is assumed that K number of users (trans-

mitters) are active, which they are all communicating with the same receiver. Ac-

cording to Fig. 4.2, the input signal to the kth channel, denoted by sk(t), is expressed

as follows,

sk(t) =
∞∑
i=0

L∑
l=1

dikclkδ(t− lTc − iTs − τk), (4.1)
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x(t) +
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Figure 4.2: Block diagram of the MCDMA transmitter structure.

where Ts and Tc are the symbol and the chip duration, respectively. In (4.1), τk is

the delay time of the kth transmitter, since the transmitters are asynchronous. Note

that, τk is a random variable that follows a uniform distribution such that τk ∈ (0, Ts).

Furthermore, {dik}∞i=0 and {clk}Ll=1 are respectively the kth symbol stream and code

signature. Due to using OOK modulation, dik ∈ {0, 1}. The code sequences defined

in (4.1) are selected from a code set Ck = (c1k c2k ... cLk) where clk ∈ {0, 1}. In

MCDMA, the kth transmitter sends its specific code sequence, Ck, to represent data

“1”and sends nothing to represent data “0”. The code set is specified by (L,w, λa, λc);

where L indicates the code length and w =
L∑
l=1

clk is the code weight. Here λa and λc

are respectively the maximum value for the auto-correlation and cross-correlation of

the code set which are defined as,

L∑
l=1

clkcl⊕l′,k ≤ λa,

L∑
l=1

clkcl⊕l′,k′ ≤ λc, k 6= k′.

(4.2)

where l′ ∈ {N|l′ 6= 0 (mod L)} and ⊕ indicates the mod L addition operator [91].
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In Fig. 4.2, the expected response of the channel to the kth transmitter is ex-

pressed as,

xk(t) =
∞∑
i=0

L∑
l=1

dikclkhk(t− lTc − iTs − τk). (4.3)

where hk(t) is the expected impulse response of the kth diffusion channel. Therefore,

the total received signal- comprised from the summation of the received signals from

K active users- becomes,

y(t) =
K∑
k=1

xk(t) + nk(t)

=
K∑
k=1

∞∑
i=0

L∑
l=1

dikclkhk(t− lTc − iTs − τk) + n(t),

(4.4)

where n(t) =
K∑
k=1

nk(t) is the total additive noise process generated from the K active

users communicating asynchronously. Note that, this noise is a random process ap-

proximated with Gaussian increments dependent to the average of the received signal

as investigated in chapter 2.

In the following, section 4.2 presents a chip detection scheme for a passive receiver

based on Gaussian and Gaussian mixture modeling. The process of chip detection

derived in the following is similarly employed for an active receiver. Thus, in order

to avoid repetition only passive receiver is considered in this chapter.

4.2 Chip Detection based Receiver

In this section a passive receiver similar to the design described in chapter 3 is con-

sidered that functions based on chip detection method. Fig. 4.3 depicts the structure

of the receiver model which basically measures the molecular concentration present
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Figure 4.3: MCDMA receiver structure with a memory-based detector.

within the reception space. Since here the receiver is considered passive, according

to (2.6) the impulse response of the kth channel is defined as

hk(t) =
Mk√

(4πDt)3
exp(− rk

2

4Dt
), (4.5)

where rk is the Euclidean distance from the kth transmitter to the center of the

receiver. Here, for simplicity rk and hk(t) are used instead of the notations rdk and

hpk(t), respectively. In (4.5), Mk is the number of molecules released abruptly by the

kth transmitter at time instants of Tc to denote chip 1. Furthermore, equation (4.4)

can be rewritten as

y(t) =
K∑
k=1

∞∑
j=0

qjkhk(t− jTc − τk) + n(t). (4.6)

where qjk is the chip regarding the kth transmitter which is defined as qjk = dikclk

such that j = iL+ l.

Since the main goal is to detect qjk; the receiver synchronizes itself with the

transmitter whose chips are going to be detected. Note that, due to λa < w, the

procedure of synchronization is straightforward. Without loss of generality, it can be

assumed that the receiver is detecting the chips of the first user (k = 1); thus, τ1 = 0.
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Moreover for t ≤ (m+ 1)Tc where m is the time index; y(t) can be expressed as,

y(t) = qm1h1(t−mTc) +
m−1∑
j=0

qj1h1(t− jTc)

+
K∑
k=2

m∑
j=0

qjkhk(t− jTc − τk) + nm(t),

(4.7)

where the first terms refers to the desired signal, and the second and third are ISI

and IUI elements, respectively. In (4.7), nm(t) is the added noise component of the

received signal. According to Fig. 4.3, the molecular counter measures the total

received concentration at time within each mth time duration, denoted by ym, is

determined as follows

ym =

(m+1)Tc∫
mTc

y(t)dt = E1qm1α
(1)
0︸ ︷︷ ︸

sm

+E1

m−1∑
j=0

qj1α
(1)
m−j︸ ︷︷ ︸

ImISI

+
K∑
k=2

Ek

m∑
j=0

qjkα
(k)
m−j︸ ︷︷ ︸

ImIUI

+

(m+1)Tc∫
mTc

nm(t)

︸ ︷︷ ︸
nm

(4.8)

where sm, ImISI
, ImIUI

and nm are respectively the total desired signal, ISI, IUI

and noise observed within the mth time interval. In (4.8), Ek is the energy of the

expected kth impulse response for a passive receiver. Similar to (3.8) in chapter 3,

Ek is expressed as,

Ek =
Mk

4πDrk
, (4.9)

Moreover, α
(k)
i in (4.8) refers to a fraction of Ek that has reached the receiver in time

duration t ∈ (iTc − τk, (i+ 1)Tc − τk); which is defined as follows

α
(k)
i =

1

Ek

(i+1)Tc−τk∫
iTc−τk

hk(t)dt, (4.10)
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where 0 ≤ α
(k)
i ≤ 1 and

∞∑
i=0

αi = 1. In (4.10), since τk follows a uniform distribution,

α
(k)
i is also a random variable.

For chip detection, the receiver employs MAP criterion to distinguish the trans-

mitted chips {qm1} by maximizing the conditional pdf, f(qm1|ym). In this regard, the

following test is performed,

P{qm1 = 1}f(ym|qm1 = 1)
q̂m1=0
<
>

q̂m1=1

P{qm1 = 0}f(ym|qm1 = 0), (4.11)

where q̂m1 is the detected chip. To detect q̂m1, f(ym|qm1) is approximately modeled

as Gaussian distribution for simplicity. By referring to the central limit theorem [89],

some literature [26, 35, 36, 49, 78] have considered Gaussian distribution in modeling

f(ym|qm1) under the assumption that the ISI and IUI for all users are independent

from each other. Though, chapter 3 showed that Gaussian mixture distribution is

an acceptable model for the received molecules, when the system experiences high

levels of ISI. In addition, Gaussian and Gaussian mixture modeling are investigated in

Section 4.2.1 and Section 4.2.2 to compare system performance based on the MCDMA

technique. Furthermore, memory-less and memory-based receiver are assumed to

obtain an optimal threshold value for both modeling schemes.

4.2.1 Gaussian Modeling for MCDMA System

In this subsection, all previous transmissions are approximated as a single Gaussian

distribution for modeling ym. By considering the receiver memory-less (no knowledge
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on previous detected chips), the two hypotheses H0 and H1 are made as follows,

H0 : f(ym|qm1 = 0) ∼ N (µ0, σ
2
0),

H1 : f(ym|qm1 = 1) ∼ N (µ1, σ
2
1),

(4.12)

where the mean values, µ0 and µ1 are obtained as

µ0 = E [ym|qm1 = 0] = ĪmISI
+ ĪmIUI

, (4.13)

µ1 = E [ym|qm1 = 1] = E1α
(1)
0 + µ0. (4.14)

Here, ĪmISI
and ĪmIUI

are the expectation of the ISI and IUI, respectively. In (4.12),

for a passive receiver, σ2
0 and σ2

1 are defined as σ2
i = µi

VR
for i = 0, 1, according to (2.19)

given in chapter 2. In addition, the MAP rule for chip detection can be simplified to

q̂m1 =


1, ym ≥ λ,

0, ym < λ.

(4.15)

where λ denotes the threshold value. The intention is to obtain an optimal threshold

value that improves system performance of the MCDMA system. A convenient ap-

proach is to minimize the probability of error with respect to λ. In this regard, the

probability of error, denoted by Pe, is expressed as,

Pe = p0Q

(
λ− µ0

σ0

)
+ p1

[
1−Q

(
λ− µ1

σ1

)]
, (4.16)
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where p0 and p1 are the probability of sending chip “0” and chip “1”, respectively.

By solving ∂Pe

∂λ
= 0 for λ ≥ 0; the optimal threshold is derived as follows,

λGop =

√
µ0µ1

[
1 +

1

VR(µ1 − µ0)
ln

(
p2

0µ1

p2
1µ0

)]
. (4.17)

where λGop is denoted as the optimal threshold based on Gaussian modeling. Note

that, the threshold must be a positive value since it illustrates the molecular concen-

tration. From (4.12) and (4.17), it is clear that λGop depends on ĪmISI
; which relates

to previously detected chips. For a memory-less receiver, µ0 is derived as follows

µ0 = p1E1(1− α(1)
0 ) + ĪmISI

. (4.18)

where the first term represents the expectation of ISI. Take into account that {qjk}∞j=0

for all k = 1, ..., K is presumed to have independent and identical distributions (iid)

such that p1 = P{qjk = 1}, for all j and k. Since µ1 is achieved from µ0 according to

(4.14); hence, the optimal threshold is independent of previously detected chips when

the receiver is memory-less. However, for the case where the receiver is memory-

based, l′ previously detected chips (q̂j1 for j = m− l′, ...,m− 1) are employed in the

decision making process. In this regard, 2l
′

number of optimum threshold levels are

computed from (4.17), according to the following mean values,

µn = E1qm1α
(1)
0 + E1

m−1∑
j=m−l′

q̂j1α
(1)
m−j

+ p1E1

(
1−

l′∑
l=0

α
(1)
l

)
+ ĪmIUI

,

(4.19)
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where n =
∑l′

j=0 qm−j,12l
′−j corresponds to the binary representation of {qj1}m−l

′

j=m =

(qm1, ..., q(m−l′)1) such that n = 0, 1, ..., 2l
′+1 − 1. Note that at each detecting symbol,

by substituting qj1 = q̂j1 for j = m − 1, ...,m − l′, n can be obtained when qm1 = 0

and 1. Furthermore, the mean values given in (4.18) and (4.19) are dependent on

ĪmIUI
; which is expressed as

ĪmIUI
= E

[
K∑
k=2

Ek

m−1∑
j=0

qj1α
(k)
m−j

]
= p1

K∑
k=2

Ek

m∑
j=0

E
[
α

(k)
m−j

]
. (4.20)

Note that ĪmIUI
is not straightforward to evaluate; since α

(k)
m−j is random for each user

due to τk, according to (4.10). Considering the definitions in (4.10) and (4.5); with

some manipulations E
[
α

(k)
i

]
is given as follows

E
[
α

(k)
i

]
= E

 1

Ek

(i+1)Tc−τk∫
iTc−τk

Mk√
(4πDt)3

exp(− rk
2

4Dt
)dt


= E

[
erfc

(
rk√

4((i+ 1)Tc − τk)D

)]
− E

[
erfc

(
rk√

4(iTc − τk)D

)]
.

(4.21)

To determine the first and second term given in (4.21), the random element should

be considered. Since τk is denoted to follow a uniform distribution, the pdf becomes

f(τk) =


1
Ts
, 0 ≤ τk ≤ Ts,

0, otherwise.

(4.22)
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In this regard, the first term in (4.21) is calculated as

E

[
erfc

(
rk√

4((i+ 1)Tc − τk)D

)]
=

1

Ts

Ts∫
0

erfc

(
rk√

4((i+ 1)Tc − τk)D

)
dτk

=
r2
k

2DTs

x2∫
x1

erfc(x)

x3
dx

(4.23)

where x1 = rk√
4((i+1)Tc)D

and x2 = rk√
4((i+1)Tc−Ts)D

. In order to obtained the above

expression, the following integrals are adopted

∫
erfc(ax)x−ndx = − erfc(ax)

(n− 1)x(n−1)
− 2a

(n− 1)
√
π

∫
1

x(n−1)
exp(−a2x2)dx (n ≥ 2)

(4.24)∫
1

x2
exp(−x2)dx = −exp(−x2)

x
−
√
π erf(x) (4.25)

Thus, for this case since n = 3 and a = 1, the integral given in (4.23) becomes

E

[
erfc

(
rk√

4((i+ 1)Tc − τk)D

)]
= − r2

k

2TsD

[
erfc(x)

2x2
− exp(−x2)√

(π)x
− erf(x)

] ∣∣∣∣x2
x1

(4.26)

Similarly, the second term in (4.21) is determined as aforementioned. Therefore, the

closed form expression for ĪmIUI
is derived as follows,

ĪmIUI
=

p1

2TsD

K∑
k=1

Ekrk

m∑
j=0

4∑
i=1

(−1)i

erfc
(

rk√
4FiD

)
r2k

2FiD

− erf

(
rk√
4FiD

)
−

exp
(
− r2k

4FiD

)
rk
√

π
4FiD


(4.27)

where F1 = (m− j)Tc, F2 = F1 − Ts, F3 = F4 − Ts and F4 = F1 − Tc. Depending on

the type of receiver, the optimal detection based on Gaussian modeling is achieved

by employing the derived ISI and IUI expressions.
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4.2.2 Gaussian Mixture Modeling for MCDMA System

Gaussian mixture distribution is considered in this section for modeling f(ym|qm1)

when multiple active users are communicating asynchronously. As discussed in chap-

ter 3, I previous transmissions which have the most influence on the received molec-

ular concentration are applied to achieve the optimal threshold. In addition, the two

hypothesis tests H0 and H1 for chip detection based on Gaussian mixture modeling

are performed as

H0 : f(ym|qm1 = 0) ∼
2I−1∑
n=0

p1
Onp0

I−OnN (µn, σ
2
n),

H1 : f(ym|qm1 = 1) ∼
2I+1−1∑
n=2I

p1
Onp0

I−OnN (µn, σ
2
n)

(4.28)

where n is the decimal representation of {qi1}m−Ii=m−1 in binary digit. Here, On and

I − On denote the number of “1” and “0” chips corresponding to {qi1}|m−Ii=m−1 =

(qm1, ..., q(m−I)1), respectively. Note that, the receiver is assumed memory-less in

the above test. The mean values, {µn}2I+1−1
n=0 given in (4.28) are derived as follows

µn = E1

I∑
j=0

q(m−j)1α
(1)
j + p1E1

(
1−

I∑
j=0

α
(1)
j

)
+ ĪmIUI

for n = {0, 1, ..., 2I+1 − 1}

(4.29)

where ĪmIUI
is defined in (4.27). Note that, the mean values evaluated for the

MCDMA system in (4.29) are shifted by ĪmIUI
compared to (3.19). In general, the

results concluded in chapter 3 in Section 3.2.1.2 for a memory-less receiver, including

the detection algorithm can be applied for the MCDMA system by substituting the
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mean values defined in (4.29). Furthermore memory-based receiver has been thor-

oughly studied in Section 3.2.2.2 for Gaussian mixture. Hence, to avoid unnecessary

repetition the same procedure is adopted for MCDMA by considering the IUI impact

derived in (4.27).

After chip detection (either based on Gaussian or Gaussian mixture modeling),

the symbol detector in Fig. 4.3 makes a decision on the transmitted symbol d̂i1. Since

the the code pattern is known at the receiver, the following test is performed,

(q̂iL+1,1c11 + q̂iL+2,1c21 + ...+ q̂iL+L,1cL1)

d̂i1=0

6=
=

d̂i1=1

w (4.30)

where w and C1 = (c11 c21 ... cL1) are the code weight and the code sequence

of the first user, respectively. Note that, depending on which kth user the receiver is

linked, the aforementioned test can be employed to detect dik of the kth users.

4.3 Performance Evaluation

Numerical and simulation results are presented in this section to investigate the per-

formance of the MCDMA system based on the proposed chip detection method. Here

the environmental parameters are selected as listed in Table (3.1) given in chapter 3.

In the following, by adopting Monte Carlo simulation, the symbol error rate (SER)

analysis of the MCDMA system is evaluated for various cases.

In the first case, K = 2 transmitters are considered active in the medium, that are

located at the same distance r1 = r2 = 10µm from the center of the receiver. Here,

the radius of the spherical receiver is configured as ρp = 1µm. Results are configured
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by setting α
(1)
0 = 0.5 such that 50% of the energy is received in t ∈ (0, Tc). Similar to

(3.33), Tc is determined as follows

Tc =
r2

1

4D erfc−1(α
(1)
0 )2

, (4.31)

where according to the selected parameters, Tc = 0.66 s based on k = 1, since the

information of the first transmitter is assumed to be detected. Also, each transmitter

is presumed to release the same number of molecules, M1 = M2 = M . Here, the

selected code set for K = 2 is characterized as (5, 2, 1, 1) (with L = 5, w = 2, λa = 1

and λc = 1), where C1 = {1, 1, 0, 0, 0} and C2 = {1, 0, 1, 0, 0} are the code sequences

for the first and second transmitter, respectively. Note that, in all cases the SER

performance are given with respect to 10 logM . In this case, simulation results are

averaged over different values of τ2, where they are randomly occurred.

In order to verify the impact of CDMA in MC systems, Fig. (4.4) shows the SER

performance when the information is transmitted with and without coding. Here,

results are compared for (i) memory-less, (ii) one-memory and (iii) two-memory-based

receiver; where chip detection is employed by adopting Gaussian modeling. According

to Fig. (4.4), the proposed code set with L = 5 is capable of reducing the IUI at

the receiver when users are asynchronous. However, for the uncoded scenario when

τ2 ∈ (0, 5Tc), the results indicate that the SER performance is very poor regardless

of the type of receiver (i.e. memory-less, ...). Thus compared to the uncoded case,

it can be concluded that for asynchronous communication, MCDMA is a distinctive

candidate that achieves high system performance. Furthermore, increasing receiver

memory improves the SER performance significantly especially for one-memory-based

receiver. Note that, based on the selected code set for two active users, p1 = 0.2; while
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Figure 4.4: Symbol error rate performance of the chip detection method for (i)
memory-less (ii) one-memory-based and (iii) two-memory-based receiver
when information is sent with and without coding for K = 2 and L = 5.

for the uncoded scenario, p1 = 0.5.

Moreover, MCDMA technique is evaluated when K = 4 transmitters are con-

sidered active and communicating asynchronously in the shared environment. Sim-

ilarly, for K = 4 each transmitter is positioned at the same distance rk = 10µm

(for k = 1, ..., 4) from the center of the receiver, where all transmitters are required

to emit equal number of molecules. The code sequences of K = 4 active users

are selected from a (10, 2, 1, 1) code set. These code signatures are given as C1 =

{1, 1, 0, 0, 0, 0, 0, 0, 0, 0}, C2 = {1, 0, 1, 0, 0, 0, 0, 0, 0, 0}, C3 = {1, 0, 0, 1, 0, 0, 0, 0, 0, 0}

and C4 = {1, 0, 0, 0, 1, 0, 0, 0, 0, 0}. Furthermore, τk (for k = {2, 3, 4}) are selected

randomly from (0, 10Tc), where all possibility values have been considered for simu-

lation analysis. Fig. 4.5 illustrates the performance of the MCDMA system based on
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Figure 4.5: Symbol error rate performance of the MCDMA system when K = 2 and
K = 4 transmitters are active for (i) memory-less (ii) one-memory-based
and (iii) two-memory-based receiver by setting L = 10.

the proposed chip detection scheme for two scenarios: when (i) K = 2 and (ii) K = 4

transmitters are sending data asynchronously. For K = 2, C1 and C2 are used as

the transmitted code pattern. According to the selected code set, the probability of

sending chip “1” is p1 = 0.1. As seen in Fig. 4.5, the IUI effect decreases as the num-

ber of released molecules is increased. Also, the system performance depends on the

number of active users; which decreases for K = 4 compared to K = 2. Furthermore,

comparing Fig. 4.4 and Fig. 4.5 concludes that the impact of inter-user interference

reduces as the code length is increased.

Since the SER performance of the memory-less receiver is low for small values of

M , the probability of error in one and two memory-based receiver increases for low

values of M . This is due to the false detection of previous chips that causes error
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Figure 4.6: Simulation performance of the MCDMA system when (i) Gaussian and
(ii) Gaussian mixture modeling (by setting I = 1, I = 2) are considered
for a memory-less receiver with K = 2 and L = 5.

propagation. This phenomenon is vividly observed in Fig. 4.5 for K = 2. Section

4.2.2 investigated Gaussian mixture distribution for modeling the received number of

molecules in MCDMA systems. In this part, simulation analysis is presented for a

memory-less receiver when K = 2 users are active are with L = 5.

Fig. 4.6 depicts SER performance of the MCDMA system when Gaussian and

Gaussian mixture modeling is employed. Comparing Gaussian and Gaussian mixture

modeling for I = 1 and I = 2, indicates that for large values of M the SER is

improved, particularly for I = 1. Since the graph for I = 2 follows I = 1 very

closely; it can be concluded that by considering only one previously transmitted chip

in threshold value is enough to obtain the optimal performance. Thus, according to

Fig. 4.6 the proposed Gaussian mixture distribution is the acceptable model for the
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Figure 4.7: Symbol error rate performance of MCDMA system for r1 = 10µm, while
(i) r2 = 5µm (ii) r2 = 10µm and (iii) r2 = 15µm when K = 2. Simu-
lation is performed for one-memory-based receiver according to Gaussian
mixture modeling with I = 2 and L = 5.

received molecular signal in MCDMA system.

In the aforementioned scenarios the distance between transmitter and the receiver

where considered the same for all users. Though this segment aims to examine the

effect of IUI, when the interfering user is located at different locations from the center

of the receiver. For K = 2 active users present within the fluidic medium, the three

following cases are employed: (i) r1 = 10µm and r2 = 5µm, (ii) r1 = 10µm and

r2 = 10µm, and also (iii) r1 = 10µm and r2 = 15µm. Additionally, the transmitters

are releasing the same number of molecules. Meanwhile, the receiver is synchronized

with the first user to detect the transmitted information. The chosen code pattern

here is (5, 2, 1, 1), for L = 5 code length.

Fig. 4.7 shows the SER performance of the MCDMA systems for different values of

72



4.3. PERFORMANCE EVALUATION

r2. Chip detection is adopted for one-memory-based receiver, in which the threshold

value is calculated according to Gaussian mixture modeling by setting I = 2. Clearly,

results verify that as r2 increases, the impact of IUI on the fixed user (first user) is

significantly reduced. In other words, the best performance is achieved when r2 =

15µm as seen in Fig. 4.7.
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Chapter 5

Summary and Conclusions

This thesis presents molecular communication (MC) as a promising framework that

enables nano-devices to interconnect via the emission, diffusion and the reception of

molecules. Compared to traditional data transmission, (e.g, electromagnetic waves),

MC is more bio-compatible and energy efficient in designing nano-scale devices for fu-

ture health and environmental applications. Since conventional methods don’t apply

to nano-communication, the focus of this research is to propose novel channel model-

ing and detection techniques for single-user and multiple-user scenarios in diffusion-

based MC system.

In this chapter, Section 5.1 provides a summary of the research achievements and

Section 5.2 discusses potential future works.

5.1 Summary

The following paragraphs summarizes the accomplishments in each chapter of this

thesis for designing an efficient diffusion-based MC network.

In chapter 2, the characteristics of the diffusion channel is modeled by Fick’s

diffusion law and Brownian motion. In this chapter it is shown that the expected

impulse response of the diffusion channel is derived from solving Fick’s second law.

Meanwhile, the random nature in molecular movement is mathematically described

as an additive noise. For an instant release of molecules (e.g. one shot transmission)

the received molecular signal approximately follows Gaussian distribution when both
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passive and active receiver models are considered.

In chapter 3, Gaussian mixture distribution is proposed in modeling the received

molecular signal. In Gaussian mixture model previous transmissions are considered

in the decision making process when a stream of data is transmitted. Analytically,

an iterative algorithm is developed to determine a threshold value that minimizes a

linear approximation of the error probability, based on the Gaussian mixture model.

For both passive and active receiver models, theory results of the Gaussian mixture

followed simulation results very closely. Thus, indicating that Gaussian mixture dis-

tribution is a suitable model for the received number of molecules, compared to Gaus-

sian modeling. Furthermore, a type of memory-based receiver for Gaussian mixture

modeling is designed that significantly improves the bit error rate (BER) performance

of the system by eliminating the inter-symbol interference (ISI).

In chapter 4, molecular code division multiple access (MCDMA) is proposed as

a method for communication among nano-devices that share the same propagation

environment. Molecular codes have been employed to overcome inter-user interference

(IUI) when users are asynchronous such that each user transmits its signal without

synchronizing with other users. A chip detection-based receiver is developed for both

Gaussian and Gaussian mixture modeling, where an adaptable threshold is used to

make decision between “1” (on) and “0” (off) hypotheses by counting the received

molecules. Results showed that the optimal and adaptive threshold of the proposed

multi-user molecular communication system is achieved when previous emissions are

considered in decision process. Moreover, the symbol error rate (SER) performance of

the MCDMA system has been evaluated for memory-less and memory-based receivers

with a passive structure. Results indicate that MCDMA is a distinctive solution for
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asynchronous communications, which is capable of reducing the impact of the IUI

based on the selected codes. In addition, simulation signified that the performance

of the memory-based receiver has been improved when previously detected chips are

considered in computing the threshold value.

The achievements of this thesis have been accepted in the International Conference

on Communication (ICC 2016) and the Wireless Communication and Networking

Conference (WCNC 2016), till now.

5.2 Future Work

This thesis aimed to provide basic methods for designing diffusion-based MC system;

from channel modeling and receiver design for single-user case (e.g. Gaussian mixture

modeling), to proposing MCDMA in overcoming the asynchronous IUI when multiple

users are communicating in a shared environment. However, to implement nano-

networks there still remains some issues that need to be addressed especially in multi-

user scenario.

Though MCDMA offers various benefits like efficient asynchronous access and

secure communication in diffusion-based MC systems, there are some limitations re-

garding the IUI effect. In the following, potential alternatives for improving the

MCDMA system to mitigate the IUI under special cases are proposed.

• Multi-Molecular Code Division Multiple Access (M-MCDMA)

The code signature designed for MCDMA systems are a set of binary sequences

that are quasi orthogonal, having good auto and cross-correlations. However,

as the number of active users (K) or code weight (w) is increased, the length

of the sequence (L) increases rapidly in order to gain high system performance.
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Increasing L limits the data rate and causes it to drop significantly.

A promising approach to increase the transmission rate when large number of

users are communicating, is adopting various types of molecules in designing

new code sequences. In this method which is referred to multi-molecular code

division multiple access (M-MCDMA), each user transmits a code word with

a specific kind of molecule. This technique is able to effectively decrease the

IUI effect, without using long code patterns. Note that, to achieve good system

performance in M-MCDMA the selected group of molecules are required to be

orthogonal; in other words they don’t combine with each other. Furthermore,

it is assumed that the receiver is able to efficiently distinguish the received

molecules for every type of them.

• Multi-user Detection Techniques

Detection techniques also play an important role in eliminating the IUI ef-

fect in the MCDMA system. In chapter 4, a basic correlator was adopted for

symbol detection. Although this detector is simple to implement, the IUI de-

creases the performance; thus, the number of users should be limited in a nano-

network. One of the promising approaches to enhance system performance of

the MCDMA is employing multi-user detection techniques [92]. Specifically

parallel interference cancellation (PIC) can be proposed as a solution when

downlink or uplink scenarios are used. The concept of the PIC method is to

extract the data of non-desired users and removing them from the received sig-

nal. Although this method faces computational complexities, it is capable of

removing the IUI. Note that, even removing the IUI effect of one user (e.g. the

nearby user) can have an extreme impact on system performance.
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• Modulation Techniques

This thesis only focused on On-Off keying (OOK) modulation technique. The

proposed communication methods can be extended to other modulation tech-

niques such as concentration shift keying (CSK), quadruple molecular shift key-

ing (QMoSK) and pulse position modulation (PPM) [26].
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[26] M. Ş. Kuran, H. B. Yilmaz, T. Tugcu, and I. F. Akyildiz, “Interference effects on

modulation techniques in diffusion based nanonetworks,” Nano Communication

Networks, vol. 3, no. 1, pp. 65–73, 2012.

[27] M. U. Mahfuz, D. Makrakis, and H. T. Mouftah, “On the characterization of

binary concentration-encoded molecular communication in nanonetworks,” Nano

Communication Networks, vol. 1, no. 4, pp. 289–300, 2010.

[28] S. Kadloor, R. S. Adve, and A. W. Eckford, “Molecular communication using

brownian motion with drift,” IEEE Trans. on NanoBiosci., vol. 11, no. 2, pp. 89–

99, 2012.

[29] D. Spencer, S. Hampton, P. Park, J. Zurkus, and P. Thomas, “The diffusion-

limited biochemical signal-relay channel,” Advances in Neural Information Pro-

cessing Systems, vol. 16, 2004.

[30] P.-C. Yeh, K.-C. Chen, Y.-C. Lee, L.-S. Meng, P.-J. Shih, P.-Y. Ko, W.-A. Lin,

and C.-H. Lee, “A new frontier of wireless communication theory: diffusion-based

molecular communications,” IEEE Wireless Communications, vol. 19, no. 5, p. 28,

2012.

82



[31] N. Garralda, I. Llatser, A. Cabellos-Aparicio, E. Alarcón, and M. Pierobon,

“Diffusion-based physical channel identification in molecular nanonetworks,”

Nano Communication Networks, vol. 2, no. 4, pp. 196–204, 2011.

[32] D. Kilinc and O. B. Akan, “Receiver design for molecular communication,” IEEE

Journal on Selected Areas in Communications, vol. 31, no. 12, pp. 705–714, 2013.

[33] A. Noel, K. C. Cheung, and R. Schober, “Improving receiver performance of

diffusive molecular communication with enzymes,” IEEE Trans. on NanoBiosci.,

vol. 13, no. 1, pp. 31–43, 2014.

[34] I. Llatser, A. Cabellos-Aparicio, M. Pierobon, and E. Alarcón, “Detection tech-

niques for diffusion-based molecular communication,” IEEE Journal on Selected

Areas in Communications, vol. 31, no. 12, pp. 726–734, 2013.

[35] L.-S. Meng, P.-C. Yeh, K.-C. Chen, and I. F. Akyildiz, “MIMO communications

based on molecular diffusion,” in Proc. 2012 IEEE GLOBECOM, pp. 5380–5385,

IEEE, 2012.

[36] A. Noel, K. C. Cheung, and R. Schober, “A unifying model for external noise

sources and ISI in diffusive molecular communication,” Selected Areas in Com-

munications, IEEE Journal on, vol. 32, no. 12, pp. 2330–2343, 2014.

[37] J. Philibert, “One and a half century of diffusion: Fick, einstein, before and

beyond,” Diffusion Fundamentals, vol. 4, no. 6, pp. 1–19, 2006.

[38] I. Llatser, A. Cabellos-Aparicio, and E. Alarcon, “Networking challenges and

principles in diffusion-based molecular communication,” IEEE Wireless Commu-

nications, vol. 19, no. 5, pp. 36–41, 2012.

83



[39] I. Llatser, E. Alarcón, and M. Pierobon, “Diffusion-based channel characteriza-

tion in molecular nanonetworks,” in Proc. 2011 IEEE Conference on Computer

Communications Workshops (INFOCOM), pp. 467–472, IEEE, 2011.

[40] N. Garralda, I. Llatser, A. Cabellos-Aparicio, and M. Pierobon, “Simulation-

based evaluation of the diffusion-based physical channel in molecular nanonet-

works,” in Proc. 2011 IEEE Conference on Computer Communications Work-

shops (INFOCOM WKSHPS), pp. 443–448, IEEE, 2011.

[41] A. W. Eckford, “Timing information rates for active transport molecular com-

munication,” in Nano-Net, pp. 24–28, Springer, 2009.

[42] S. Kadloor, R. S. Adve, and A. W. Eckford, “Molecular communication using

brownian motion with drift,” IEEE Trans. on NanoBiosci., vol. 11, no. 2, pp. 89–

99, 2012.

[43] H. Li and D. Guo, “On the capacity-achieving input for additive inverse gaussian

channels,” in Proc. 2013 IEEE International Symposium on Information Theory

Proceedings (ISIT), pp. 1829–1833, IEEE, 2013.

[44] K. Srinivas, A. W. Eckford, and R. S. Adve, “Molecular communication in fluid

media: The additive inverse gaussian noise channel,” IEEE Trans. on Inf. Theory,

vol. 58, no. 7, pp. 4678–4692, 2012.

[45] A. W. Eckford, K. Srinivas, and R. S. Adve, “The peak constrained additive

inverse gaussian noise channel,” in Proc. 2012 IEEE International Symposium on

Information Theory Proceedings (ISIT), pp. 2973–2977, IEEE, 2012.

84



[46] M. Gregori and I. F. Akyildiz, “A new nanonetwork architecture using flag-

ellated bacteria and catalytic nanomotors,” IEEE Journal on Selected Areas in

Communications, vol. 28, no. 4, pp. 612–619, 2010.

[47] M. Gregori, I. Llatser, A. Cabellos-Aparicio, and E. Alarcón, “Physical chan-

nel characterization for medium-range nanonetworks using flagellated bacteria,”

Computer Networks, vol. 55, no. 3, pp. 779–791, 2011.

[48] B. Tepekule, A. E. Pusane, H. B. Yilmaz, C.-B. Chae, and T. Tugcu, “ISI mit-

igation techniques in molecular communication,” IEEE Trans. on Molecular, Bi-

ological and Multi-Scale Communications, vol. 1, no. 2, pp. 202 – 216, 2015.

[49] C. Jiang, Y. Chen, and K. R. Liu, “Inter-user interference in molecular commu-

nication networks,” in Proc. 2014 IEEE ICASSP, pp. 5725–5729, IEEE, 2014.

[50] M. Pierobon and I. F. Akyildiz, “Noise analysis in ligand-binding reception for

molecular communication in nanonetworks,” IEEE Trans. on Signal Process.,

vol. 59, no. 9, pp. 4168–4182, 2011.

[51] A. Einolghozati, M. Sardari, and F. Fekri, “Capacity of diffusion-based molecular

communication with ligand receptors,” in Proc. 2011 IEEE Inf. Theory Workshop

(ITW), pp. 85–89, IEEE, 2011.

[52] P. Yager, T. Edwards, E. Fu, K. Helton, K. Nelson, M. R. Tam, and B. H. Weigl,

“Microfluidic diagnostic technologies for global public health,” Nature, vol. 442,

no. 7101, pp. 412–418, 2006.

[53] P. S. Dittrich and A. Manz, “Lab-on-a-chip: microfluidics in drug discovery,”

Nature Reviews Drug Discovery, vol. 5, no. 3, pp. 210–218, 2006.

85



[54] L. G. Griffith and G. Naughton, “Tissue engineering–current challenges and ex-

panding opportunities,” Science, vol. 295, no. 5557, pp. 1009–1014, 2002.

[55] J. Clausen, “Man, machine and in between,” Nature, vol. 457, no. 7233, pp. 1080–

1081, 2009.

[56] H. Boulaiz, P. J. Alvarez, A. Ramirez, J. A. Marchal, J. Prados, F. Rodŕıguez-
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