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ABSTRACT

Molecular communication is a new communication paradigat dould potentially aid in
exchange of information between nanonetworks which forenbtsis of nanotechnology.
Information is encoded on to the messenger molecules teahan transmitted into the
fluid medum wherein they undergo diffusion and the molecalewing at the receiver
are then decoded to get back the original information. Téithe Communication via
Diffusion model that has been adopted in this thesis. Thagtadso looks into some of the
existing modulation techniques, namely, Concentratiorit &aying (CSK), Molecular
Shift Keying (MoSK) and Time Shift Keying (TSK) and a study tbfeir performance
through simulation is presented. Finally, a new modulaticmeme is proposed that aims

to combine features of the existing techniques to improvéopmaance.

KEYWORDS: Molecular Communications, Inverse Gaussian, Mehworks,

Communication via Diffusion, Modulation Techniques
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CHAPTER 1

INTRODUCTION

Molecular communication is a new communication paradigmvhich exchang of infor-

mation is done using molecules.

1.1 Origin

MC was originally inspired by biological systems. Commutimaoccurs in nature through
molecules. Efforts to mimic this method lead to researchéafield of MC. Intercell com-
munication in living organism happens via calcium sigmgli The range of communi-
cation here is 1-100 nm. It helps cells coordinate to perftagks such are contraction
and secretion. Information is encoded onto the messengecuaies in the amplitude and
frequency of the function describing the concentraion efdhlcium ions. This informa-
tion can be sent to cells which aren’t in physical contachwite cell transmitting the

information. The CvD system has been modelled along the sae®[[3]

1.2 Nanonetworks

Nanomachines are the basic functional units of a nanonktwidrey are capable of per-
forming basic tasks such as computing, data storing, sgraithe nano- scale. But in

order to form systems which have the capability to carry outimmore complex tasks,



we need nanomachines to coordinate with each other. It sssacy to aid the exchange of
information between the machines to help them form a netjjrkC is used to achieve
this as the traditional methods of wired of wireless comroation can not be used at the
nano- level. Its applications include monitoring of healtnditions, drug administering

and in enabling lab-on-chip technology.[2]

1.3 Comparisonswith Electromagnetic Communication

Signals are sent through to particles in the case of MC as amdpo electromagnetic
waves in traditional communcation and are therefore seagt and physical barrier that
comes between the transmitter and the receiver. Signalsaaremitted through a fluid
medium and the propagation speed is much lesser in the cad€ ofhe energy con-
sumption of electromagnetic communication is much greidi@n that of MC. Once the
molecules have been released into the medium, their maicompletely random and can

not be controlled.|1]



CHAPTER 2

MODELLING AND MODULATION TECHNIQUES

2.1 Communication via Diffusion System

In the CvD system, messenger molecules that are used to nésrgnation are emitted by
the transmitter into the medium wherein they undergo diffusThe molecules that arrive
at the receiver are decoded to extract the transimttednrébon. The number of mocules
arriving in every time slot is compared with a threshold tdulee whether the transmitted
symbol was '0’ or '1’. Due to the unpredictable nature of défon dynamics, some of the
molecules may arrive at the receiver at a later time slots Tésults in I1SI which results in

error while decoding.[4]

The motion of molecules through the medium is modelled by Biiew motion. The

displacement of a molecule in any dimension is given by,
AX = N(vAt,V2DAL) (2.1)

where v is the velocity of the medium, D is the diffusion caséfint andAt is the time

step.

The duration of a time slot is taken to be the time by which 60% e molecules arrive
at the receiver. The symbol duration is giventhyThis being the case, only the previous

symbol causes significant interference.



The probability of transmitted molecules hitting the reeeis dependant upon the dis-

tance between the transmitter and recewand symbol duration and is given By, (d, ¢).

If we consider thatn are sent at the start of every symbol period, the number of

molecules arriving in the current time slot is given by,
N. = Binomial(n, Pyy(d, ts)) (2.2)

And the number of molecules arriving due to the previousinsmitted symbol is given

by,
N, = Binomial(n, Py (d, 2ts)) — Binomial(n, Ph(d, ts)) (2.3)

Therefore, the total number of molecules arriving at theiras in a given time slot, after
approximation, is given by,

Npit = N(nPy,n[P(1 — ) — Pi(1 — P1)) (2.4)

whereP, = Py (d, ts) and Py = Py (d, 2t5).

The binary channel model is given hy,[4]
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Figure 2.1: Binary Channel Model



wheres, ands, are the previous and current transmitted symbBJg.s,, s.) is the proba-
bility of correct detection of transmitted symbols givee tprevious and current symbols.

Decisions at the receiver are made by compafipg with a threshold value.

Capacity of this channel is given by,

Pxy(z,y)

@Ry 2

C' =maz, I(X,Y) = maz, Z Z Px y(x,y)logs

2.2 Modulation in CvD Systems

2.2.1 Concentration Shift Keying

CSK is analogous to Amplitude Shift Keying in MC. The inforneetito be transmitted
is encoded in the concentration of the molecules. In the gaB&ary CSK, the number
of molecules tranmitted at the beginning of every time stogiven byny or n; when

the symbol to be transmitted is O or 1, respectively. At tleeneer, the number of arriving
molecules in every time slot is compared with a thresholll it exceeds the the threshold,

the symbol is decoded to be 1, else 0.

This can be extended further to transmit on@$ymbols in every time slot to repre-
sentb bits. At the receiver, there apé — 1 threshold levels to decode the message sent. As
the modulation order increases, the effect of ISI resulisgéreased errors as the threshold

levels are packed closer to each other and is more sensitingetference.

A neat way to deal with ISI is to have different threshold leveased upon the pre-
viously received symbol. For example, in the case of Binary O8&have two different

threshold values; andr,.[5]



2.2.2 Molecular Shift Keying

MoSK is a scheme where the information to be transmitted oéed in the type of
molecule. In the case of Binary MoSk, molecules ofA or B are transmitted at the
beginning of every time slot when the symbol to be transhitseO or 1, respectively.
At the recever, the number of molecules arriving in everyetisiot is compared with a
thresholdr. If the number of molecules oft or B is found to be greater the threshold,

then the current symbol is decoded to be O or 1, respectively.

Higher order modulations are possible in the case of MoSK Twe number of the
types of molecules used depends on the number of symbolsghdie sent in every time
slot. The number of thresholds at the receiver to decodeinsmae even for higher order

modulations.[5]

2.2.3 Comparison between CSK and MoSK

The performance of CSK becomes significantly affected by £§Sthe modulation order
increses while MoSK performance is not affected to the sattene This is because only
one threshold level is used to make decision even when thellatgzh order increases.
MoSK is more susceptible to chemical changes in the mediune. fiolecules used can
reconfigure themselves and be converted to a molecule espireg a whole new symbol.
This increases the concentration of the molecules that weariginally transmitted, thus,

resulting in errors while decoding.

The performance of both modulation improves when the nurolteansmitted molecules

per symbol is increased. This is analogous to increasingyainemitted power.[5]



2.3 Additive I nver se Gaussian Noise Channel

Consider a one dimensional transceiver structure whererdinsrhitter and receiver are
separated by a distandelL et the transmitter release one molecule into the mediww-fl
ing with a velocityv, at time instantX. The arrival time of the molecule at the receiver is

given by,

Y=X+N (2.6)

whereN has an inverse Gaussian distribution as follows:[6]

N3
ﬁﬂn%:HQQﬁmm<—é%isz> @2.7)

forn > 0 wherey = ¢ and\ = 5‘—?2. The PDF is 0 fomn < 0.

The arrival time of the molecules at the receiver can be de=stiby this PDF only
if the velocity of the medium from the transmitter to the rigeeis positive(v > 0) else
there will be a non-zero probability that a molecule reléas¢o the medium will never

arrive at the receiver.

The figure below shows the sample PDFs of the time of arrivietee@molecules re-
leased at time instant O for different values/dindv with constant! = 1m. We can see
that as velocity increase more number of molecules arritieeateceiver with a given time

period. The same holds true for when the diffusion coeffiocoéthe medium is increased.
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Figure 2.2: Inverse Gaussian PDFs

2.3.1 Time Shift Keying

TSK is a scheme where the information is encoded in the tirstum of release (or the
time delay in release) of a molecule to be tranmitted in eveng slot. In the case of
Binary TSK, a molecules is released at the beginning of a titeos ¢; time units from

the beginning of the time slot if the symbol to be transmiited or 1, respectively. At the
receiver, the time of arrival of molecules is used to decbheetasnmitted signal with the

help of an ML estimator.

The ML estimation is given by:

Xy = argmazy, fyx (Y| X = t;) (2.8)



or

A ((y—t;)—p)?
2y (y—t;)

XL = argmazxy, — ;log(y —t;) — (2.9)

fory < t; elseX, = —oo.

In the case of Binary TSK, th& ,;; value is calclulated; = 0 andt,. Thet; value that
gives the Iargelf(ML is decided to be the time instant of release and the decodelddy

is chosen accordingly.

This modulation scheme is found to perform better if, indte&d one molecule per
symbol, multiple molecules are transmitted. The number ofecules tranmitted power
is a constant.. At the receiver, the average arrival time of théansmitted molecules is

used for decoding.



CHAPTER 3

PROPOSED MODULATION SCHEME

This modulation scheme combines features of CSK and TSKitbescabove. The signal
is sent across by encoding information into the number ofeades transmitted and the

time instant of release of molecules in every time slot.

This method is analogous to using both the | and Q channedépartently to transmit
signals in traditional wireless communication. Two synsoale transmitted in every time
slot. The first symbol modulates the time instant of reledsaaecules and the second

symbol modulates the number of molecules transmitted.

At the receiver, the two symbols are decoded independewttglong into considera-
tion the number of molecules arriving in every time slot amelaverage arrival time of the

molecules received.

In this scheme, two symbols can be transmitted in every tiote ®ecoding of one
symbol does not affect the other. An ML estimator is used, as the case in TSK, to
decode the first symbol while thresholds are set, as was g8einaCSK, to decode the

second symbol.

A key feature of this scheme is that the transmitted poweigisificantly lesser when
compared to the other schemes already giiven in literaiitre average number of molecules

used per symbol if half that of CSK when all other parametarsie constant.



CHAPTER 4

SIMULATIONS AND RESULTS

41 Mod€

We consider a one dimensional model where the transmittrais= 0 and the receiver
is atx = d. The molecule released by the transmitter undergoes iffudescribed by
Brownian motion in the medium flowing with a velocity At every time step, the position
of the molecule gets updated. If the position is found ta:be 0 at any time instant, then
molecule is said to have reached the receiver then. It is@sdwo be removed from the

system when this happens.

The following figure shows the variation of the position of @letule undergoing

diffusion with time whenst = 0.001s, v = 1um/ andD = 2um?/s:

Malecule Undergoing Diffusion

Postion (in micrometres)

| | | | | | . | .
1] 05 1 5 2 25 3 35 4 4.5 5
Time (in s}

Figure 4.1: Brownian Motion



4.2 Symbol Period and Interference

The distance between the transmitter and receiver 1um. Now, a large number of
molecules (=1000000) are transmitted across the chandel amtaken to be the time by
which~ 60% of the molecules arrive at the receiver. This is found to B&9for the given

parameters.

The figure below shows the ratio of the transmitted molectdasving at the receiver

at times given by multiples af;:

T T T T
' ' v '

1 I r 1
[T ] - E] 3%
It e

Figure 4.2: Molecules Arriving at the Receiver

As can be seen from the figure, if the symbol period is takeretq,lthen significant

interference is caused only due to two previously transaisymbols.

4.3 CSK Simulation

For the following simulations, symbol period is taken tollbi&,. Now, significant interfer-
ence is caused only due to the previously transmitted symbiadh has to be considered
during simulation. When the symbol to be transmitted is 0 dh& ,number of molecules

released at the beginning of every time slot age= 5 or n; = 10, respectively. The

12



average number of molecules transmitted is 7.5 per bit.

At the receiver, two thresholdg andt¢; have to be fixed for comparing the number of
molecules arriving in a time slot with to decode the trangdisymbol. If the previously
decoded symbol is O thef is the threshold to be used in the current time slot else

used.

Through Monte-Carlo simulations, the following plot was aibed which shows the

variation of mutual information between the input and thgpauwith ¢, andt;.

Figure 4.3: Mutual Information - CSK

Mutual information is found to be maximum wheén= 6 and¢; = 7. These are taken
to be the thresholds for decoding. A bit stream undergoes C8#uration and the BER

was found to be 0.1396.

The figure below shows the BER performance of CSK with increasinThe BER
performance improves with increasing velocity. Also, aasing the number of molecules

transmitted per bit improves performance.

13



BER performance with Velocity

I L |
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Figure 4.4: BER vg - CSK

44 TSK Simulation

For the following simulations, symbol period is taken to3g Now, significant interfer-
ence is caused only when the previously transmitted symstdohihich has to be considered
during simulation. The time instant of release after a désprt;s from the beginning
of the time slot if the symbol to be transmitted is O or 1, respely. The number of

molecules transmitted per symbol is 5.

At the receiver, the average time of arrival of the= 5 molecules are used to get

decode the transmitted symbol using a ML estimator.

Through Monte-Carlo simulations, the variation of mutuérmmation witht, is shown

below:

Mutual information is found to be maximumat= 0.59s. This is taken to be the time
instant of release of molecules in a time slot when the syntobé transmitted is 1. A bit

stream undergoes TSK modulation and the BER is found to b&6.09

14
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Figure 4.5: Mutual Information - TSK

The figure below shows the BER performance of TSK with increasi The perfor-
mance improves with increasing velocity and with the numiferansmitted molecules

per symbol.

BER performance with Velocity

BER

0 5 10 15 20 25 30 35
Welocity of medium (in micrometre/s)

Figure 4.6: BER v® - TSK
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4.5 Proposed Modulation Simulation

For the following simulations, the symbol period is takeb&3t,. Two bits are transmitted
in every time slot with the first modulating the time of relea$ molecules and the second,
the number of molecules released. The average number otuletetransmitted per bit
is 3.25 which is half as that of BCSK. The encoding at the traiemis carried out as

follows:

Table 4.1: Proposed Modulation Scheme Encoding

Symbol Number of molecules transmitted Time instant ofgraission(in.s)

[00] 5 0
[01] 10 0
[10] 5 0.59
[11] 10 0.59

Through Monte-Carlo simulations, the following graph watagted showing the vari-
ation of mutual information between input and output witke threshold to decode the

second bit and the time instant of release of molecules dowpto the first bit.

Mutual Information of P d Modulation Scheme

Threshold

Time instant of release (in s)

Figure 4.7: Mutual Information - Proposed Modulation
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Mutual information was found to be maximum when the threghsl8 and the time
of release of molecules when the symbol 1 is to be transmigt€d73s. We fix these
values and an input bit stream is sent through. BER was fourlme t0.0396 which is
significantly better than the BER performance of BCSK for theesdata rate. Also, the

average number of molecules transmitted per bit here is\@hi¢h is half as that of CSK.

The figure below shows the BER performance of the porposed laibaluscheme with

increasing. The performance, as expected, improves with increasilugiye

Performance of new modufation method and BCSK with velocity

T

+HH
I
|
|
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m
(]
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N

—— =

BER

S -
ey I
&
]
i
8l
b

Velocity (in micrometre’s)

Figure 4.8: BER v® - Proposed Modulation

The above figure compares the performance of the proposedlatioth scheme and
BCSK. The proposed modulation scheme outperforms CSK for thee siata rate and

half the transmission power. The BER performance is foundnjarove with increasing

velocity as is to be expected.

A comparison with TSK is not necessary, since, for the sant dde, the BER per-

formance of TSK is extremely poor as there isn't sufficienagdetween time insatants

17



of release of molecules which results in increased errorewlecoding with an ML esti-

mator.

18



CHAPTER 5

SCOPE OF PROJECT

This thesis has made a comprehensive study of the existimiylatoon techiniques used
for MC and the modelling of the CvD system for MC. From the resaolitained through
simulations of the existing modulation schemes a new scliameeen proposed that com-
bines features of two of the existing methods to give bettefgpmance. The key aspect
of this new modulation scheme being that it is much more gnefficient when com-
pared to others. This is important since nanomachines grecéed to be self-sustaining
i.e. they have to produce molecules required for commuimicaReducing the number of

molecules used to transmit a signal greatly reduces thedodde nanomachine.

5.1 Futurework and Extensions

The proposed modulation scheme described here is yet tatineingd taking into account
interference from previously decoded symbol. This canltesu significantly better per-
formance, if done. The channel can be modelled as a L-tapnehaepending upon the
symbol period chosen. This will allow for concepts beingrbared from traditional com-
munication and can potentially deliver better performawdé ease. This will allow for

informaion on memory of the channel to be used in a manneistegsy to handle. Inter-
fernce can then be dealt with efficiently even when channaditions likev are canstantly

changing.



CHAPTERG6

CONCLUSIONS

A modulation scheme exists which is analogous to trangmitsignal on the | and Q
channels in traditional communication in MC. By combiningtteas of CSK and TSK,

it is possible to modulate information onto the concentratind the timing of release of
molecules. The resulting scheme is found to perform bettemacompared to the others

and is also more energy efficient.
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