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INDEX MODULATION-BASED TECHNIQUES FOR
DIFFUSIVE MOLECULAR COMMUNICATION SYSTEMS

SUMMARY

Molecular communication, which is inspired from nature, is a communication
technique that enables the data transmission between nano-machines. In the future,
nano-machines will be used in many application areas such as bio-medicine, industry,
military, however, they will be able to operate only simple tasks individually because of
their limited processing power. In order to accomplish complex tasks, nano-machines
have to work together and form a nano-network. Molecular communication is a very
promising technique to be deployed in nano-networks.

A molecular communication system consists of a transmitter (TX) unit, a receiver (RX)
unit and the molecular channel. TX encodes the information on the physical properties
of molecules and emits to the channel. RX absorbs the molecules, which propagate in
the channel and reach to the surface of RX, and decides to the information. According
to the propagation of molecules, there are several kinds of molecular communication
forms in the literature. As an example, molecules can be carried by molecular motors
or emitted to the channel and directed with the flow. In molecular communication via
diffusion (MCvD), molecules are emitted to the liquid environment without drift and
propagate with free diffusion. In this thesis, all our works are related with the MCvD.

In single-input single-output (SISO) molecular communication channels, one TX
antenna and one RX antenna are used. Information can be encoded on the number of
molecules, type of the molecules or release time of molecules etc. Since the diffusion
motion of molecules is random in three dimensions of space, there is a probability that
a molecule may arrive at the RX late or may never arrive at the RX. The late reaching
molecules cause inter-symbol interference (ISI) in the channel.

Multiple-input multiple-output (MIMO) systems have multiple TX and RX antennas.
Because of the diffusion, a molecule may reach to the any RX antenna in the channel.
In addition to ISI, molecules reach to the unintended RX antenna cause inter-link
interference (ILI). In MIMO systems, multiple antennas provide great flexibility.
Spatial multiplexing divides the input data and sends each stream from another TX
antenna simultaneously. This technique increases throughput but suffers from high
ILI since all TX antennas are active at a time. In molecular MIMO systems, spatial
codes are also proposed. Nevertheless, molecular communication is disadvantageous
for space-time block codes because there are no negative or complex numbers of
molecules. Index modulation (IM), in which the information is encoded on TX antenna
index, is an effective MIMO technique for MCvD channels. At the TX unit, only one
TX antenna is active at a time and the RX unit decodes the data according to the
antenna index with the maximum arrival count. In addition, spatial modulation (SM)
is an IM-based modulation technique that the information can be encoded on both
antenna index and the physical properties of molecules.

Xix



In this thesis, two novel methods are proposed for IM-based molecular modulation
schemes. Firstly, a novel space-time equalization technique is developed for increasing
the error performance of the system. Secondly, a low complexity solution is presented
for a possible angular misalignment in the system.

Space-time equalization technique applies an equalization operation to the received
signal before demodulation. In space equalization, arrival count of RX antenna’s
neighbors are multiplied with a coefficient and added to the count of RX antenna. In
our studies, this coefficient is found as a positive number so space equalization regains
the transmit power and gets effective against ILI. In time equalization, arrival count
of RX antenna in the previous time slot is multiplied with a coefficient and added
to the count of current time slot. By selecting a negative number as a coefficient,
late reaching molecules are removed from the signal and ISI is reduced. Space-time
equalization applies both space equalization and time equalization simultaneously for
being effective against ISI and ILI at the same time.

Bit error rate (BER) performance of equalization techniques are compared with Monte
Carlo simulations. For different system parameters, MCvD channel may be dominated
by ISI or ILI. It has been observed that the space equalization technique performs
better than time equalization in terms of BER when the channel is dominated by ILI.
On the other hand, time equalization is effective for improving error performance in
the ISI dominated channels. When compared with the cases without equalization, our
findings reveal that both time equalization and space equalization lower the error rate.
Moreover, space-time equalization technique reduces ISI and ILI at the same time and
increases the error performance of the system significantly.

Second concept proposed in the thesis is a technique that aims to protect the
performance of the system against possible misalignment of the system. In the
literature, IM-based modulation schemes assume the perfect alignment of TX unit and
RX unit. But in MCvD systems, a potential misalignment is possible since TX and
RX units are in liquid environment. Against this misalignment case, a low complexity
diversity combining method is proposed. At the RX unit, an arrival count vector is
generated after the arrival of molecules in each RX antenna is counted. This vector is
multiplied with a diversity combining vector to calculate the count of first RX antenna.
Cyclic shift of the same diversity combining vector is used to calculate the count of
other RX antennas. Finally, calculated counts are compared for deciding to the bit
sequence. In our studies, channel impulse response (CIR) in the first time slot is
selected as diversity combining vector assuming the availability of CIR at the RX unit.

Symbol error rate (SER) performance of the diversity combining method is
investigated with Monte Carlo simulations. As the angular misalignment between
TX unit and RX unit in the yz plane increases, error rate of the conventional method
also increases. When RX antenna is aligned to the middle of two neighboring TX
antennas, which is the worst case, bit sequence can not be decoded. Proposed diversity
combining method protects the system for angular misalignment and even in the worst
case a desirable error rate is obtained. In ILI dominated channels, proposed method
performs better than conventional method for both misaligned channels or perfectly
aligned channel. When ISI dominates the channel, our proposed method yields a
worse error performance than conventional method in perfectly aligned channel. Still,
protection of diversity combining against the misalignment of the system makes our
proposed method an effective and low complexity technique.
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MOLEKULER HABERLESME SISTEMLERI ICIN
INDIS MODULASYONU TABANLI TEKNIKLER

OZET

Molekiiler haberlesme, nano makineler arasindaki haberlesmeyi saglamak amaci ile
dogadan esinlenilerek ortaya cikmig bir haberlesme teknigidir. Nano makineler
gelisen teknoloji ile birlikte gelecekte tip, sanayi, askeri gibi uygulama alanlarinda
kullanilacaktir ancak islemci kapasitelerinden dolay1 nano boyutlarindaki bu cihazlar
tek baglarina sadece basit islemleri gerceklestirebileceklerdir. Karmasik gorevleri
bagsarabilmek icin koordineli olarak ¢alisarak bir nano ag olusturmalar1 gerekmektedir.
Molekiiler haberlesme nano aglarda kullanilmak i¢in en iimit verici haberlesme
teknigidir.

Molekiiler haberlesme sistemleri alic1 initesi, verici iinitesi ve kanaldan olusur. Verici,
bilgiyi molekiillerin fiziksel 6zelliklerine kodlayarak kanala gonderir. Kanalda hareket
eden molekiillerin alictya ulagmasi ile alicida molekiiller sayilir ve bilgiye karar verilir.
Molekiillerin tasinmasina gore literatiirde cesitli molekiiler haberlesme teknikleri
bulunmaktadir. Molekiiler motorlar kullanilarak mikrotiibiiller tizerinden molekiiller
taginabildigi gibi molekiillerin s1vi ortama birakilarak bir akinti ile yonlendirilmesi de
miimkiindiir. Diftizyon aracilifiyla molekiiler haberlesme yonteminde ise molekiiller
hareketsiz sivi ortama birakilir ve tamamen serbest difiizyon ile hareket eder.
Bu tezdeki biitiin caligmalar difiizyon araciligi ile molekiiler haberlesme {iizerine
yapilmugtir.

Tek-girisli tek -cikigli (SISO) molekiiler haberlesme sistemlerinde bir alic1 ve bir verici
anteni bulunur. Bilgi, molekiillerin yogunluk, cins, serbest birakilma an1 gibi fiziksel
ozelliklerine kodlanir. Molekiillerin difiizyon hareketi li¢ uzaysal boyutta tamamen
rastgele oldugu icin kanala gonderilen molekiillerin aliciya ge¢c ulagsma veya hig
ulasmama ihtimali bulunmaktadir. Geg¢ ulasan molekiiller, daha sembollerde bozucu
etkiye sebep olacagindan dolay1 semboller arasi girisim olusturur.

Cok-girisli cok-¢ikish (MIMO) molekiiler haberlesme sistemlerinde ise birden fazla
alict ve verici antenleri bulunur. Molekiillerin rastgele hareketinden dolay1 kanala
gonderilen bir molekiiliin herhangi bir alic1 antene ulagsma olasilig1 bulunmaktadir. Bu
sebeple MIMO sistemlerde semboller arasi girisime ek olarak molekiillerin istenmeyen
alictya ulagsmay1 sonucu ortaya cikan kanallar arasi girisim de dikkate alinmalidir.
Sistem parametrelerine gore kanalda semboller arasi girisim veya kanallar aras1 girisim
baskin olabilmektedir. Ornegin sembol siiresi arttik¢a, ilk sembol araliginda daha fazla
molekiil iletilecegi i¢in semboller aras1 girisim azalir ancak diger antenlerde alinan
molekiiller de artacagi i¢in kanallar arasi1 girisim artar. Alici ve verici linitelerinde
antenlerin daha ayrik konumlandirilmalar1 kanallar aras1 girisimi azaltacaktir. Ancak
komsu alici antenler kanaldaki molekiilleri sogurdugu icin molekiillerin daha gec
varmasini engeller. Bu durumda antenlerin birbirlerine yaklastirilmalar1 da semboller
aras1 girisimi azaltacaktir.
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MIMO sistemler birden fazla anten bulunmasi ile 6nemli esneklikler saglar. Uzaysal
cogullama ile giris bilgi dizisi boliinerek aymi anda farkli verici antenlerden
gonderilebilir ve boylece iletisim hizi arttirilabilir ancak uzaysal ¢ogullama aym
anda biitiin vericilerin aktif olmasi sebebiyle kanallar arasi girisimden yiiksek
derecede etkilenir. Molekiiler haberlesme kanalinda Alamouti kodundan esinlenilerek
uzay-zaman blok kodlar1 da denenmistir ancak negatif veya karmasik sayida molekiil
olmadig i¢in basarili olmamugtir.

Indis modiilasyonu, MIMO sistemlerde verici antenin indisine bilginin kodlandig1
etkili bir modiilasyon teknigidir. =~ Radyo frekansi haberlesme sistemlerinden
esinlenilerek molekiiler haberlesme sistemleri i¢in tasarlanan indis modiilasyonu
semalarinda verici tarafinda ayni1 anda sadece bilgi semboliine karsilik gelen anten
aktiftir.  Alici tarafinda ise en yiiksek sayr kod c¢oziiciisii diisik karmagsiklikli
bir kod ¢oziicli olarak Onerilmistir ve en yiiksek sayida molekiiliin alindig1 anten
indisine bilgi sembolii olarak karar verir. Ek olarak, molekiiler haberlesme
literatiiriine indis modiilasyonu tabanli bir teknik olan uzaysal modiilasyon semalar1
onerilmistir. Uzaysal modiilasyonda bilgi hem anten indisine hem de molekiillerin
fiziksel ozelliklerine kodlanir. Molekiil yogunlugu, molekiil tipi, molekiiliin kanala
gonderilme am gibi fiziksel 6zellikler bilgi tasimak amaci ile kullanilabilir.

Bu tezde, indis tabanli modiilasyon semalarina yonelik iki 6zgiin yontem onerilmistir.
Oncelikle, sistemin hata performansini arttirmak amaci ile uzay-zamanda esitleme
teknigi gelistirilmistir. Ikinci olarak da kanal modelinde olusabilecek hizalanma
sorunlarina kargi sistemin performansini toparlayacak diisiik karmagsiklikli bir yontem
paylasilmustir.

Uzay-zamanda esitleme yonteminde alinan sembol ¢oziiliirken ayni zaman aralifinda
komsu antenlerde alinan molekiil sayilari ve bir 6nceki zaman aralifinda ayni antende
aliman molekiil sayilar1 da hesaba katilir. Sadece komsu antenlerin isleme alindigi
uzay esitleme yonteminde bir antenin komsularindaki molekiil sayis1 bir katsayi
ile carpilarak o antendeki molekiil sayisina eklenir ve elde edilen molekiil sayilari
karsilastirilarak bilgi dizisine karar verilir.  Yapilan calismalarda bu katsayinin
cogunlukla pozitif oldugu belirlenmistir yani uzayda esitleme kanalda kaybettigi giicii
yeniden kazanarak kanallar arasi girisime karsi etkili olmayr hedefler. Zamanda
esitleme tekniginde antenin bir onceki zaman aralifinda aldig1 molekiil sayisit bir
katsay1 ile carpilarak molekiil sayisina eklenir. Bu katsaymnin da negatif olmasi
kanala gonderildikten sonra aliciya ge¢ ulagsan molekiillerin hesaptan ¢ikarilmasini
yani semboller aras1 girisimin azaltilmasin saglar. Uzay-zamanda esitleme tekniginde
ise hem uzay hem de zamanda esitleme ayn1 anda kullanilarak tekniklerin performansi
arttirilir.

Monte Carlo simiilasyonlar1 yapilarak uzay-zamanda esitleme yontemlerinin bit hata
performanslar1 karsilastinlmistir. Uzayda esitleme yontemi kanallar aras1 girisimin
baskin oldugu durumlarda zamanda esitlemeden daha iyi hata performansi1 gosterirken
semboller aras1 girisimin baskin oldugu kanallarda zamanda esitleme etkin olmustur.
Bu durumun agiklamasi olarak uzayda esitlemenin kanallar arasi girisime karsi,
zamanda esitlemenin ise semboller arasi girisime karsi etkili olmas1 gosterilebilir.
Esitleme olmayan durumlarla karsilastirlldiginda bu iki teknik de hata oranini
diisiirmiigtiir. Bu iki teknigin es zamanli olarak kullanildif1 uzay-zamanda esitleme
teknigi ise hem kanallar arasi girisim hem de semboller arasi girisimi azaltarak
sistemin hata performansini ciddi dl¢iide gelistirmistir.
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Tezde onerilen ikinci yaklasim molekiiler haberlesme kanallarindaki olasi hizalanma
hatalarina karsi performansi korumay: hedefleyen bir tekniktir. Literatiirde indis
modiilasyonu uygulanan sistemlerde alici ve verici iinitelerin karsilikli oldugu ve
haberlesme siiresince mitkemmel hizalanmanin korundugu kabul edilmistir. Ancak
molekiiler haberlesme sistemi s1vi ortamda oldugu icin hizalanma hatalarinin olmasi
miimkiindiir. Bu duruma karsilik diisiik karmagsiklikli ¢esitleme birlestiricisi yontemi
Onerilmistir. Alicida molekiiller sayildiktan sonra elemanlar1 her antendeki molekiil
sayilart olan bir alinan molekiil vektorii olusturulur. Bu vektor cesitleme birlestirme
vektorii ile carpilarak ilk antendeki molekiil sayisi yeniden hesaplanir. Birinci
antenden kac¢ yan antene bakildifina gore aym cesitleme birlestirme vektoriiniin o
kadar dongiisel otelenmisi kullanilarak her antendeki molekiil sayis1 hesaplanir ve
yeni hesaplanan molekiil sayilarina gore bilgi dizisi en yiiksek say1 kod ¢oziiciisii
ile coziiliir. Tezdeki ¢aligmalarimizda kanal diirtii yanitinin alicida hesaplanabildigi
varsayilarak ¢esitleme birlestirme vektorii kanal diirtii yanitinin ilk zaman araligindaki
degerleri olarak sec¢ilmistir.

Cesitleme birlestiricisi yonteminin performanst Monte Carlo simiilasyonlar1 ile
incelenmistir. Alic1 ve verici arasinda yz diizleminde agisal olarak fark olugsmaya
bagladikca geleneksel yontemin hata orami artmaya baglamistir.  Alici, komsu
vericilerinin orta noktasina gelecek sekilde hizalandiginda yani en kotii senaryoda bilgi
dizisi ¢oziilememistir. Onerilen yontem ise acisal kaymalara kars1 etkili bir koruma
olusturmustur ve en kotii durumda bile kabul edilebilir hata performans: gostermistir.
Kanallar aras1 girisimin baskin oldugu sistemlerde Onerilen yontem, geleneksel
yontemden mitkemmel hizalanma durumunda bile daha iyi sonug¢ vermistir. Semboller
aras1 girigsimin baskin oldugu miikemmel hizalanmis kanallarda ise onerilen yontem,
geleneksek yontemin gerisinde kalmistir ancak olasi a¢1 kaymalarinda gosterdigi
performans korumasi sebebiyle ¢esitleme birlestiricisi yontemi diisiik karmagiklikli ve
giiclii bir teknik olmustur.
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1. INTRODUCTION

1.1 Nanonetworks and Molecular Communication

Nanonetworks, collaboration of nano-machines working together, have a great
potential in many areas such as biomedicine, industry, military and environment for
the future [1]. With the advancements in nanotechnology, it will be possible for human
made nano devices to be inside our body in order to support immune system, monitor
health status, deliver drugs to destination etc. The operating area of nano-machines will
not be limited with the human body. Controlling quality of food, detecting chemical
attacks, reducing air pollution and cleaning waste water are some other important tasks

that nano-machines will accomplish.

A nano-machine is the main operative element of the nanonetworks. Due to their
small sizes which can vary from one to a hundred nanometers, they can only
execute simple jobs individually [2]. Sensing, actuating, computing and storing
data are examples that nano-machines can perform with their nanoscale components:
sensors, actuators, processing unit, storage unit. The low complexity processor of
nano-machines is another factor that limits them for a complex operation [1]. To
overcome this limitation, communication is an essential feature for nano-machines.
By communicating with each other while each of them performing its own task,
nano-machines form a nanonetwork and as a result of this teamwork, much more

complicated jobs can be handled effectively.

In nano scale, traditional communication techniques have some disadvantages. Radio
frequency communication uses electromagnetic waves to exchange information and
have a requirement that antenna length condition which is proportional with the
wavelength of the signal must be provided. To radiate from an antenna in nanometer
scales, very high frequency modulators should be developed for nano-machines which

is very challenging [1, 3]. In optical communication, where the light is used as a



data carrier, the necessity of a waveguide or line of sight makes it inapplicable for
nanonetworks [3]. Carrying information with ultrasonic waves is another method for
communication, named as acoustic communication. Due to the size of transducers,
which are used for sensing pressure variations to decode the data from ultrasonic

waves, implementing acoustic communication on nano-machines is also unsuitable [1].

Molecular communication (MC), a bio-inspired technique, is a promising solution
for nanonetworks. Motivated from intracellular, intercellular and inter-organ
communications in nature, chemical signals are used for data transmission in MC [4].
The MC system consists of transmitter nano-machine, receiver nano-machine and the
channel. At the transmitter nano-machine, information is encoded into molecules
and released to the channel where molecules can propagate such as liquid or gaseous
environment. Receiver nano-machine detects the molecules that reach to its sensors or

receptors and decodes the data [5].

According to the transmission of molecules, MC can be classified in three categories:
walkway-based, flow-based and diffusion-based [2]. In walkway-based MC, there is
a direct path between the transmitter nano-machine and the receiver nano-machine.
Using molecular motors is the most common research topic for walkway-based MC
where the molecules are carried with molecular motors along the microtubules [6].
In flow-based MC, while molecules are propagating with diffusion, a flow is assisted
to the molecules in order to increase the speed of propagation and transmit longer
distances. Motion of hormones in blood is an inspiring example of flow-based
communication from the nature. In diffusion-based MC, molecules which are released
from transmitter move randomly in channel with free diffusion. As there are no
additional sources, it is a slower type of communication compared to flow-based
MC [3]. Diffusion-based MC is also known as molecular communication via diffusion
(MCvD) and all our work relies on MCvD. From this point of thesis, molecular
communication will refer to the MCvD, transmission of molecules in free diffusion

channel.

1.2 Molecular Communication via Diffusion

MCVvD is a type of molecular communication in which molecules propagate in a

liquid environment with free diffusion. Due to the nature of diffusion, molecules
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move randomly in both directions, named as Brownian motion and this motion of
molecules is modeled with random-walk process [4]. After the release of molecules
to the channel, some of the molecules will reach to the receiver nano-machine in the
intended time slot while others continue to their random movement. In addition, a
part of the molecules will arrive late at the receiver nano-machine which will lead to

inter-symbol interference (IST) [7].

Data transmission in single-input single-output (SISO) MCvD systems is ensured
by encoding the information on the physical properties of the molecules such as
concentration, type, time of release etc. [8—11]. As an example of carrying data with
concentration, each symbol can be represented with different number of molecules.
After the transmission, data is demodulated at the receiver nano-machine by counting
the number of received molecules and comparing with the threshold levels. On the
other hand, different types of molecules can be used for different symbols and at the
receiver nano-machine, molecule type with the maximum number is decided as the

received symbol.

Multiple-input multiple-output (MIMO) systems, using multiple antennas in both
transmitter and receiver side, is an interesting frontier for MCvD channels in order
to achieve higher data rates and better error performance. In diffusive MIMO systems,
inter-link interference (ILI) should be taken into account in addition to ISI. As there
are multiple receiver antennas, molecules which are absorbed in unintended receiver
result in ILI. [12, 13] consider to divide input data into parallel streams and send from
different transmit antennas. By multiplexing data in spatial domain, this technique
combats with ISI well, but suffers from high ILI as all the transmitters are active at
the same time. In [14], two spatial codes, Alamouti-type coding and repetition MIMO
coding, are introduced for 2x2 MIMO diffusion channel. It has been demonstrated that
repetition code, which sends same data symbol from both antennas in the same time

slot, has a better error performance compared to Alamouti-type coding.

Index modulation (IM) is a popular MIMO technique in radio frequency
communication [15, 16]. IM scheme uses antenna indices as a source of information.
IM-based techniques are studied recently in molecular communication. [17] proposes
a novel IM-based modulation scheme which combats with interference effectively.

Also, encoding the data in both transmitter antenna index and the physical property
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of molecules such as type, concentration level and pulse position is proposed to the

literature [17-19].

1.3 Problem Statement and Contribution of Thesis

MIMO techniques are essential for molecular communication channels in order to
provide high speed data transmission. However, in MIMO systems, random movement
of molecules results in both ISI and ILI. A novel space-time equalization technique is
proposed for IM-based modulation schemes in molecular MIMO systems to reduce
error rate and improve performance. After the arrival of molecules at the receiver
nano-machine, this technique is applied as a preliminary step of demodulation. Using
only space domain, only time domain or both space and time domain are possible

options.

In space equalization, a linear operation is applied between the selected receiver and
its neighboring receivers. Here, linear operation is multiplying the molecule count
in the neighbors with a coefficient and adding to the selected receiver. The aim of
space equalization is reducing the effect of ILI by using the molecules which arrived in
neighboring receivers unintentionally. In time equalization, linear operation is applied
in a similar way, but between the current time slot and the previous time slot of the
selected receiver. With the time equalization, reducing the effect of ISI is aimed. By
combining the space equalization and the time equalization, space-time equalization
comes up which aims ISI and ILI simultaneously and improves error performance

significantly.

IM-based modulation schemes in the literature assumes that corresponding transmitters
and receivers are perfectly aligned to each other. Since nano-machines are located
in a liquid environment, losing the alignment in practical scenarios is possible
with the movement of nano-machines. A low-complexity technique is proposed
in order to provide robustness against the angular misalignment. At the receiver
nano-machine, received molecule vector is multiplied with a linear diversity combiner
in this technique and the resulting vector is demodulated. Heuristically, diversity
combiner vector is selected as the first column of channel coefficient matrix which

is the channel impulse response in the first time slot.



1.4 Outline
The outline of the thesis is as follows:

In Chapter 2, a brief overview on the motion of molecules, MCvD channel models,
SISO and MIMO modulation techniques in the existing literature are given. Chapter
3 describes the space equalization, time equalization and space-time equalization
techniques in details. In Chapter 4, a low complexity solution for IM-based modulation
schemes in a molecular MIMO channel with angular misalignment is introduced.
Simulation results are presented and the numerical results are discussed in chapter

5. Finally, conclusion is made in chapter 6.






2. MOLECULAR COMMUNICATION VIA DIFFUSION

In MCvD, propagation of molecules between the transmitter (TX) and the receiver
(RX) is provided with free diffusion without drift. This section starts with explaining
diffusion behaviour of molecules. Afterwards, MIMO channel model is presented
since our works rely on MIMO techniques but before that, a basic SISO model is given
to have a good understanding on diffusion channel by deriving hitting probabilities
and channel coefficients. Lastly, some modulation techniques in the literature are

mentioned.

2.1 Diffusion Channel and System Model

2.1.1 Behaviour of molecules in diffusion environment

The diffusion of molecules in an aqueous environment is named as Brownian motion.
While propagating in a homogeneous medium without any additional sources or flow,
molecules move randomly in both three spatial dimensions [4]. Since no energy is
used to direct molecules, free diffusion is a slow type of communication but it has an

advantage in power consumption.

The process of Brownian motion, also known as random-walk, is described in [3]. By
dividing time into discrete steps, AT, location of the molecule at time t = iAT can be

found as

(xi,¥i,2i) = (Xi—1,¥i-1,2i—-1) + (AX,AY,AZ)

(2.1a)

i=1,2,... .k
AX ~ ¥ (0,2DAT), (2.1b)
AY ~ ¥ (0,2DAT), (2.1¢)
AZ ~ ¥ (0,2DAT), (2.1d)

where (xo,y0,z0) is the initial position of the molecule, (AX,AY,AZ) is the

displacement of the molecule, .4 (0,2DAT) is a normal random variable with mean 0
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and variance 2AT. Since molecules propagate with free diffusion in medium, means
of the displacement random variables in both three dimension are zero. Also, D is
the diffusion coefficient of molecules and dependent with the viscosity of the liquid,

temperature of the medium and the radius of the molecule.

2.1.2 SISO system model

SISO system model consists of a single TX and a single RX in the channel where
molecules propagate with free diffusion. TX is a point source and releases messenger
molecules (MMs) to the liquid environment. RX is in a spherical shape with radius
r, and absorbs MMs from the channel. System model with one point source and one
spherical receiver can be seen in Fig. 2.1. Here, ry denotes the distance between the

point source and the center of the RX.

lo

Figure 2.1 : SISO channel model.

TX emits MMs to the medium and MMs starts to move in the diffusion channel until
it is absorbed by a RX. Using Fick’s diffusion equation and boundary conditions, [20]
derives the channel impulse response (CIR) for MMs. Hitting rate of MMs with respect
to time is

2

r 1 ro—r (ro—rr)
r 0 re_ 5

fhit(t) = %\/m p

(2.2)

By integrating f;(¢), cumulative distribution function of MMs’ hitting probability

until ¢ 1s
ry ro— 7y
Fpis(t) = —erfc | ——| . 2.3



The two formulas, (2.2) and (2.3), are important to characterize the diffusion channel.
In Fig. 2.2, hitting rate of the MMs can be seen for the values of r, = Sum, ro = 12um,
D =79.4um? /s. Hitting rate increases fast at start and after a peak value, it decreases
by time. As a result of Brownian motion, it is possible for a molecule to travel in the
channel for a long time and reach to the RX. Also, it can be calculated that the cdf of
hitting probabilities converges to :—(’) as time goes to infinity. So, it is not expected to

absorb all the molecules which are emitted from the TX.

0.7 T T T T T T

Hitting Rate
o o o o
w = [6,] [}
T T T T
1 1 1 1

o
N
T
1

4
o
T
|

O 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time (s)

Figure 2.2 : Hitting rate of MMs in SISO channel.

Communication is ensured by sending symbols in consecutive time slots. The
probability of a molecule reaching to a RX in the k' time slot is defined as k" channel

coefficient, h[k]. Channel coefficients can be calculated as

h{k] = Fiiy (kty) — For ((k — 1)ty)
2.4)
k=102,....L

where L is the channel memory and ¢, is the symbol duration. Theoretically, channel
coefficient vector has infinite number of elements. But for practical purposes, first L

coefficients can be used for simulating the channel model effectively [21].

The channel coefficient in the first time slot, A[l], is the intended symbol of
communication while h[k], k > 2 represents the late-reaching molecules which cause
ISI in the channel. There is a trade-off between the data rate and ISI effect which are
directly related with #;. Let b be the bits per symbol, bit duration #;, can be calculated
as t, = % and data rate is the multiplicative inverse of bit duration. As #; decreases,
molecules are released more often and data rate increases but A[1] also decreases which

results with high ISI. Since it is not possible to eliminate the ISI effect completely, ¢
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should be decided for the condition that channel coefficients are ordered from high to

low (h[1] > h[2] > h[3]...).

Let s7X be the number of molecules emitted from the TX. Since channel coefficients

are the hitting probabilities, number of received molecules in the n'” time slot is
Rsingle emission [I’l] ~ B (STX,h[n]) ) (2.5)

where % (n, p) is a Binomial random variable with parameters n and p. This formula
is valid for only one emission of TX. But for communication, TX continues to emit

molecules in the consecutive time slots. So, number of received molecules should be

modified as
Y B (s|k],hln—k+1]), ifn<L,
R[n] ~ { =1, (2.6)
Y B(slkl,hjn—k-+1]), ifn>L,
k=n—L+1

where s[k] denotes the number of transmitted molecules at the k' time slot. Binomial
random variables can be approximated to normal random variables by % (n,p) ~
N (np,np(1—p)). As also derived in [22], arrival count at the n'" time slot can be
shown as R[n] ~ .4 (u[n],6?[n]) where

unl= Y slklhln—k+1] .7)
k=n—L+1
and
o2[n] = zn: s[kJh[n —k+1] (1 — (h[n —k+1])). (2.8)
k=n—L+1

Note that, TX and RX must be synchronized in time to derive arrival model presented
in this section. As explained in [23], synchronization between TX and RX can be

provided.

2.1.3 MIMO system model

MIMO molecular communication channel consists of a single TX unit and a single
RX units which are equipped with multiple TX and RX antennas on them. The
body of TX unit is transparent to MMs and has nrx transmit antennas which emit
MMs independently. RX unit has a reflecting surface and has ngy spherical absorbing

antennas with radius r,.. TX; and RX refer to the i'" TX antenna and the J h RX antenna
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throughout the paper where i € (1,2,...,n7x) and j € (1,2,...,ngx). In literature,
there are different approaches in placing TX and RX antennas to their corresponding
TX unit and RX unit. [13, 14] prefer a linear formation while [17, 19] prefer a uniform
circular array (UCA) formation which we refer as linear MIMO model and UCA

MIMO model respectively.

To begin with the linear MIMO model which is presented in Fig. 2.3, the distance
between the TX unit and the RX unit is denoted by drx—gx. The centers of neighboring
RX antennas are separated with distance d;, so as the distance between neighboring TX
antennas. The centers of RX antennas are aligned to the corresponding TX antennas

perfectly so that the minimum distance between the 7X; and RX; can be calculated as

drx—grx — 2ry.

Figure 2.3 : Linear MIMO channel model.

There are no closed form equations for deriving channel coefficients in MIMO
channels yet. In literature, Brownian motion-based Monte Carlo simulations [13, 17]
or machine learning algorithms [24] are used for calculating hitting rate distributions,
F;(t). Here, F;;(t) denotes the probability of a molecule emitted from TX; to reach

RX until time 7.
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By taking derivative of F;;(¢), the pdf of channel response, f;;(¢) can be found which is
presented in Fig. 2.4 for 2x2 linear MIMO model. This figure is generated with Monte
Carlo simulations for the parameters r, = Sum, drx_gx = 20um, d, = 12um, D =
79.4um?/s. Here, f11(t) denotes the hitting rate between TX; and RX, fi2(¢) denotes
the hitting rate between 7X| and RX,. Since 2x2 linear MIMO channel is symmetrical,
f11(2) is equal to f2r(r) and fi2(¢) is equal to f>1(¢). In molecular MIMO channels,
molecule emitted from TX; is desired to be absorbed at RX; but can be absorbed in one
of all RX antennas because of the random movement of molecules. For (i # j), f;;(t)
shows the molecules that received in the unintended RX antennas which causes ILI in
the system. In addition, fs;50(¢) shows the hitting rate between 7X; and RX; if there
was no other RX antenna in the channel. As it is seen in the figure, fi;(¢) is smaller

than fg;50(f) because neighboring RX antenna absorbs the molecules which reach to

its surface.
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Figure 2.4 : Hitting rate of MMs in MIMO channel.

In UCA MIMO model, which can be seen in Fig. 2.5, RX and TX antennas are placed
angular-wise separated from each other, forming a uniform circle. Here, drx_grx
denotes the distance between TX and RX units and ryca denotes the radius of UCA.
Since RX antennas are spherical in shape, centers of RX antennas form a UCA with
ruca- Thus, the closest distance between the center of UCA and the projection of RX
antenna to the surface of RX unit is rycyg — 7. Similar to linear MIMO model, TX and

RX antennas are perfectly aligned and the closest distance between corresponding TX

and RX antennas is drx_grx — 275.
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Figure 2.5 : UCA MIMO channel model.

In our work, hitting rate distributions are obtained by Monte Carlo simulations.

Channel coefficients can be calculated as
hi jlk| = Fij(kts) — Fij((k—1)t5), (2.9)

where h; ;[k] denotes channel coefficient between 7X; and RX at the k™ time slot. With
the channel coefficients, number of molecules at the RX antennas can be found by
modeling transmissions as independent Binomial events [17]. Let s;[k] be the number

of molecules emitted from 7°X; at the k' time slot, arrival count of RX ; at the n'" time

slotis R;[n] ~ A (,uﬂn],c}[n]) where

win) = Z f‘:s,k]hun k+1] (2.10)
k=n—L+1i=
and
o7[n] = Z fs, Jhi jln—k+1] (1= (b j[n—k+1])). (2.11)

k=n—L+1i=

2.2 SISO Modulation Techniques

In MCvD, modulation techniques use physical properties of molecules as a carrier in
SISO systems. Concentration shift keying (CSK), molecular shift keying (MoSK) and
pulse position modulation (PPM) are the most popular SISO modulation techniques in

the literature.
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2.2.1 Concentration shift keying

The amplitude of emitted molecules is the information carrier in CSK, similar to the
Amplitude Shift Keying in the radio frequency communications. In order to transmit
k bits per symbols, 2* different concentration levels should be used for corresponding
symbols [8]. Binary CSK (BCSK) is the type of CSK where one bits per symbol is
transmitted. For bit "1", a certain amount of molecules are transmitted while there are

no transmissions for bit "0".

Let MK be the number of molecules transmitted for bit "1" in BCSK. If x[n] is

denoted as the binary input data, modulated data can be calculated as
s[n] = MK x[n]. (2.12)

At the RX, absorbed molecules are counted and data is demodulated by comparing
with pre-defined thresholds, named as fixed threshold detection (FTD). If the symbol
carries k bits, there are 2% concentration levels and 2% — 1 threshold levels should be
used for deciding bit sequence eventually. For BCSK, one threshold level is needed. If
number of received molecules are more than threshold, symbol is decoded as bit "1",

otherwise bit "0". FTD operation for BCSK with threshold 7 is

1 )1, ifR[n] >1,
ﬂﬂ_{@ if Rn] < 7. (213)

Adaptive threshold detection (ATD) is another demodulation technique proposed by
[25]. In ATD, if more molecules are received than the previous time slot, symbol is

decided as bit "1", otherwise bit "0". For decoding BCSK, ATD can be shown as

ﬂﬂz{h if R[n] > Rn— 1], o

0, ifR[n] <R[n—1].

2.2.2 Molecular shift keying

The information carrier is the type of molecules in the MoSK. For k bits per symbol, 2
different type of molecules are needed. Each symbol is represented with a distinct type
of molecule and during transmission, only one type of molecule is sent at a time [8].
In Binary MoSK, one bit per symbol is transmitted and two different molecule types

are needed which can be shown as

14



My, ifxn] =1,
s[n] = {MB, if xfn] = 0. (2.15)

where M4 and Mp are number of transmitted molecules in type A and type B

respectively.

At the RX, different type of molecules are counted separately. For demodulating
MoSK, molecule type with the maximum number is decided as the transmitted symbol

and the bit sequence is demodulated.

2.2.3 Pulse position modulation

In PPM, information is encoded into the release time of the molecules [11]. In order to
transmit & bits per symbol, time slot is divided into 2* parts and sending molecules to
channel at the beginning of each these parts represents a different symbol. For binary
PPM, time slot is divided into two pieces. Transmission at the beginning of time slot

represents bit "1" while transmission at the middle of time slot represents bit "0".

After the transmission, demodulated signal can be decided by comparing the arrival
count with thresholds or finding the time with the maximum molecule absorption at

the RX [26].

2.3 MIMO Modulation Techniques

MIMO channels offer great flexibility at both TX and RX units as there are multiple
antennas. Spatial multiplexing (SMUX), spacial coding, IM-based modulations are

MIMO techniques that are proposed to the molecular communication literature.

2.3.1 Spatial multiplexing

In SMUX, input data is divided into n7x streams and each stream is sent from different

TX antenna simultaneously [12]. Transmission vector of SMUX is

Gsmux =[Sk Skl Snypx—kt1] (2.16)

where i’ element of the transmission vector represents the symbol transmitted from
TX; in one time slot. At the RX unit, each RX antenna demodulates the received signal

independently.
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SMUX is successful in combating with ISI. As data is divided intro streams and
sent simultaneously, symbol duration increases under the same data rate with SISO
modulation techniques. However, SMUX suffers from high ILI since both TX antennas

are active at the same time.

2.3.2 Spatial coding

In [14], two spatial diversity techniques, in which the same data can be transmitted
multiple times from different TX antennas or in another time slot, are proposed to the
literature. Repetition MIMO coding uses both RX antennas for sending the same data.

So, the transmission vector can be shown as

GReperition = [Sk Sk ++ Sk - (2.17)

Repetition MIMO coding uses ILI for its own benefit because signal power can be
increased by combining received signals since transmitted data in both TX antennas
are exactly the same. Secondly, Alamouti-type coding, which is inspired from the
Alamouti space-time block coding scheme in the radio frequency communication,
uses both time and space domain for spacial diversity. Transmission matrix of

Alamouti-type coding for 2x2 MIMO channel is

S S
Gtamouti = [M_ﬁkﬂ f;ﬂ : (2.18)

In the transmission matrix, columns represent the TX antennas and the rows represent
consecutive time slots. As an example, 7X; emits s; in the first time slot and the inverse
of sz 1 in the following time slot. Alamouti-type coding has a poor performance for
molecular communication since negative or complex values for number of molecules

does not exist.

2.3.3 Index modulation-based techniques

IM-based techniques, which are among the most recent approaches for molecular
MIMO, introduce promising results in terms of error performance. These techniques

uses TX antenna indices as a source of information.

Molecular space shift keying (MSSK) is an IM-based modulation scheme that the

information is only encoded on the TX antenna index. The index of each TX antenna
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represents a different MSSK symbol and only one TX antenna can be active at a
moment. For nrx antennas, log,nry bits per symbol is transmitted. The number

of molecules emitted from TX; at the n'* time slot can be shown as

MSSK ; __
sl = {M , ifx[n] =1, (2.19)

0, otherwise,

where x[n] is the input data and MM55K is the number of molecules transmitted in
one time slot. At the RX unit, absorbed molecules are counted and the RX antenna
index with the maximum number of molecules is decided as the output data. This
demodulation method is named as maximum count detector (MCD) and can be shown

as

£[n] =arg max Rj[n]. (2.20)

JE[,-+ nrx]

Finally, spatial modulation (SM) is IM-based modulation technique that codes the
information on both TX antenna index and the physical property of molecules such
as molecule type [17], concentration level [18] and the release time [19]. With the SM,
data rate is increased because by using different types of molecules and TX antenna
indices as an information carrier, MSSK and MoSK is combined resulting an increment
in the transmitted bits in one symbol. Similarly, MSSK and CSK or MSSK and PPM

can be combined to form a SM scheme.
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3. SPACE-TIME EQUALIZATION

Space-time equalization is a technique that we propose to the literature and increases
the error rate performance of the IM-based MIMO modulation techniques significantly.
After absorption of molecules at the RX unit, an equalization operation is performed
before MCD. This technique can be applied in only space domain, only time domain
or both space and time domain called as space equalization, time equalization and

space-time equalization respectively.

3.1 Space Equalization

In MIMO channels, molecules can be received in any RX antennas due to the nature
of Brownian motion. After transmission at 7'X;, the highest number of molecules will
be absorbed by RX;. Other than RX;, most arrived molecules will be in the neighboring
antennas of RX;. With a simple equalization operation, number of molecules in the
neighboring RX antennas can be taken into calculation in order to regain the transmit

power and decrease the ILI effect.

In space equalization, number of molecules at the neighboring antennas of RX; are
multiplied with a coefficient 0fpqc. and added to the number of molecules at RX;. In

UCA MIMO model, number of molecules after space equalization can be shown as

R spacelr] = Ryln) + Gpace (R ;= ) 1]+ R 7)) 3.1)
where (x) = (x— 1), 4 1 and (), represents the modulo ngx operation. Modulo
operation is applied since RX; and RX,,,, are neighboring antennas to each other in

UCA model. After the equalization, MCD can be used for deciding to the data.

The change of BER with respect to Opqce 18 shown in Fig. 3.1. In this figure, UCA
channel model with parameters nyx = ngx = 8, drx—gx = 20um, ryca = 15um and
rr = Sum is used. Also, bit duration is selected as 7, = 0.3s. As it is seen in the

figure, the best BER performance is achieved for a positive value of the equalization
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coefficient, Ofpqce. It can be said that, space equalization behaves like increasing

transmit power by collecting molecules from neighboring antennas.

100 F T T T T T T T T T

«
space

Figure 3.1 : Bit error rate vs. Opqce-

3.2 Time Equalization

Motion of molecules is random in diffusion environment and after transmission,
molecules can reach to the RX antenna at any time. The desired situation is
transmitting most of the molecules in the first time slot. Molecules arriving after first
time slot causes ISI to the channel and #; should be selected according to this condition.
But if #; is increased too much, communication speed will be very slow. In order to
decrease ISI, an equalization operation is applied by using molecules arrived at the

second time slot.

In time equalization, number of molecules arrived in the previous time slot is
multiplied with a coefficient 04;,. and added to the current molecule count. After
time equalization, the number of molecules is obtained as

/

Rj—time [l’l] = Rj [I’l] + atimeRj [l’l - 1] (3.2)

In Fig. 3.2, BER versus oy, is presented for the molecular MIMO channel with same
parameters in Fig. 3.1. Negative value of the coefficient 04;,. achieves the best BER
performance. Since some molecules will arrive late at the RX unit, the purpose of time

equalization is to clear the received signal from the ISI effect.
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Figure 3.2 : Bit error rate vs. Oyjpe.

3.3 Space-Time Equalization

In space-time equalization, both space equalization and time equalization are applied
to the system simultaneously in order to unite their powers and come up with a strong
technique in terms of error performance. If time equalization is applied to the space
equalized system, space-time equalized system will be obtained. Since they are both
linear operations, the order of applying time equalization and space equalization does
not change the result. Number of molecules after space-time equalization can be
derived as

/

ijspacetime [n] = ijspace [I’l] + a’l‘imeijspace [l’l - 1] (33)

and by putting (3.1) into (3.3)

Rj—spacetime [n] = Rj [n] + Ospace (R(jil) [n] +R(j$1) [n]> + atimeRj [I’l - 1] (3.4)
+atimeaspace (R(jil)[n - 1] +R(j5rl)[n - 1]) 3
where (X) = (x — 1), + 1 and modulo ngx operation is denoted as (.),,,, . Because of

the circular placement in UCA model, modulo operation is applied.

In case of space-time equalization, BER performance with respect to equalization

coefficients can be seen in Fig. 3.3. In this figure, same channel parameters with
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Fig. 3.1 and Fig. 3.2 are used. Based on the simulation, optimum values are
calculated as Opace = 0.45 and 04 = —0.25. Similar to the individual application
of these equalization techniques, the coefficient of space equalization is positive and
the coefficient of time equalization is negative. By equalizing in both space and time
domains, these techniques empower each other and as a result, space-time equalization

becomes very effective in decreasing the error rate.
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3.4 Calculation of Time Equalization Coefficients

In this section, an evaluation metric for calculating the optimum time equalization
coefficient, Ojne, is presented. While demodulating the received signal with MCD,
finding the antenna index with the maximum arrival count is very critical. In order to
separate the intended antenna from the others, we first defined signal to interference
difference (SID). SID is calculated by finding the difference between the arrival count
of intended antenna and the average arrival count of its neighbors, which have the most

arrival count after the intended antenna. SID can be shown as

(3.5)

SID = (ul_m>,

2

where (1; denotes the expected arrival count in the RX;.
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Since MCvD system models have a channel memory, L, there can be nrx® different
symbol sequence combinations. A cost function which calculates SID for every

symbol combination and returns the minimum SID is defined as

Oime) =  min SID), 3.6

fCOSl( tlme) Vxe [k—L+ | ,k} ( ) ( )

where Vx € [k — L+ 1;k] represents the every symbol sequence combination. Since

time equalization aims to reduce the ISI effect in the system, optimum value of time

equalization coefficient can be calculated by finding the value which makes the cost
function (3.6) maximum. Optimum value of time equalization coefficient is

&ime—optimum = arg maXfcost(O‘time)- (3.7)

time

In this section, the evaluation metric for coefficient of time equalization technique is
explained. For space equalization and space-time equalization techniques, we continue

to research for developing an evaluation metric.

3.5 Numerical Results

Bit error rate (BER) performances of space equalization, time equalization and
space-time equalization are evaluated in this section. Error rate results are obtained
with Monte Carlo computer simulations. Firstly, the data is modulated with MSSK
modulation scheme at the TX unit and emitted to the UCA MIMO system. At the
RX unit, equalization is applied and the resulting signal is demodulated with MCD.

Finally, BER is calculated by comparing input and demodulated signals.

We first analyzed equalization techniques in MIMO channel where nry = ngy = 4.
Later, these techniques are simulated in a channel model with 8 TX and 8 RX antennas
to approve their performance. In both systems, the channel memory is selected as

L = 30 memory slots and the diffusion coefficient is selected as D = 79.4“7"12.

3.5.1 4x4 MIMO channel

BER performances of equalization techniques are compared with respect to number of
emitted molecules, bit duration, radius of RX antenna and distance between TX unit

and RX unit.
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Simulation parameters are summarized in Table 3.1. Here, M denotes the number of
molecules per bit, #;, denotes the bit duration, drx_gx denotes the distance between TX
and RX units, r, denotes the RX antenna radius and ;¢4 denotes the radius of UCA.
Default parameters for simulations are represented with boldface written values in the
table.

Table 3.1 : Simulation parameters for space-time equalization technique in 4x4
MIMO system.

Parameter Value
M (molecules) 50,100,150,200,250
ty (s) 0.2,0.3,0.4,0.5,0.6
dTXfRX (,le) 16, 18,20
rr (um) 3,4,5.6
ruca (Wm) 8

Optimum equalization coefficients that used in simulations are obtained with
exhaustive search in terms of bit error rate. At the appendix, optimum coefficients are
presented in Table A.1, Table A.2, Table A.3 and Table A.4. Note that, k =log, nrx bits
per symbol is transmitted in MSSK scheme, symbol duration is #; = kt;, and the number
of molecules per symbol is kM. Also, in 4x4 MIMO channel with UCA formation, TX

antennas are separated with % in angular-wise, so as the RX antennas.

BER performance of both equalization methods with respect to the number of
transmitted molecules is presented in Fig. 3.4. Without equalization curve, in which
no equalization is applied at the RX unit, is the BER values of MSSK and MCD. With
the increasing M, error rates of all curves decreases which is an expected situation
for MCvD because M is directly proportional to the mean and the variance of arrival
count. Increment in M results in increment in ﬁj—m which makes the signal more
resistant to the noise. If we compare the equalization methods, space equalization has
a very little gain in BER performance for the selected channel parameters and symbol
duration because the channel suffers from heavy ISI. In ISI dominated channels, time
equalization gives better results than space equalization in terms of BER. By using

these two equalization methods together, space-time equalization achieves the best

BER performance.

The effect of bit duration #, on BER performance is demonstrated in Fig. 3.5. In

low values of 7, frequent transmission of molecules results in high ISI and it can be
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Figure 3.4 : BER vs M curves for equalization methods in 4x4 UCA MIMO system.

said that the channel is dominated by ISI. As time equalization targets to decrease ISI
effect, it performs well in ISI dominated channels. As the 7, increases, transmissions
are scattered in time and the ISI effect is reduced. But this results in ILI dominated
channel as the arrival of molecules in the unintended RX antennas increases. In ILI
dominated channels, space equalization works better as it regains transmits power by
collecting the molecules back from neighboring antennas. Fig. 3.5 clearly shows how
space equalization passes the time equalization in BER performance as the channel
becomes ILI dominated. Space-time equalization, on the other hand, shows the highest
performance for all #;, values because of the simultaneous implementation of space and

time equalization.

The effect of distance between TX and RX units can be observed in Fig. 3.6.
Default value in our simulations is selected as drx_gxy = 18um. As expected, BER
performance for all techniques is degraded with the separation of TX and RX units
because molecules begin to arrive later at the RX antennas which results in high
ISI. In the channel models with closer TX unit and RX unit, molecules that are
emitted from TX unit reach to the RX antennas quicker, resulting reduction in ISL
As drx_grx decreases, both equalization methods achieve better BER performances

while sacrificing from the range of communication.
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Figure 3.5 : BER vs 7, curves for equalization methods in 4x4 UCA MIMO system.
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Figure 3.6 : BER vs d7x_gx curves for equalization methods in 4x4 UCA MIMO
system.
Fig. 3.7 shows the BER performance of equalization techniques for varying RX
antenna radius. As r, decreases, absorbing area of RX antennas also decreases which
results in less arrival at the intended RX antenna. It can be seen in the figure that
space equalization performs slightly better than time equalization for r, = 3um. As
rr increases, time equalization outperforms the space equalization. The best BER

performance is obtained with space-time equalization as always.
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Figure 3.7 : BER vs r, curves for equalization methods in 4x4 UCA MIMO system.

3.5.2 8x8 MIMO channel

The effect of molecule count, bit duration, separation of antennas and separation of
TX and RX unit on the BER performance is examined for equalization techniques in
this section. Table 3.2 shows the simulation parameters. Also, optimum values which
are obtained by exhaustive search are presented in Table A.5, Table A.6, Table A.7
and Table A.8 at the appendix. In 8x8 MIMO channel, there are 8 TX antennas with
T

7 angular difference between them, same for the RX antennas, as a result of UCA

formation.

Table 3.2 : Simulation parameters for space-time equalization technique in 8x8

MIMO system.
Parameter Value
M (molecules) 50,100, 150,200,250
1y (s) 0.15,0.25,0.35,0.45
drx—grx (um) 18,20,22
rUcA (,um) 15, 17.5,20
rr (um) 5

BER performances of equalization techniques are presented in Fig. 3.8. With the
increasing number of molecules, performance improves for both techniques. As

(K]

explained before, increasing the molecules count results in a higher ﬁ’_—[n] , amore robust
J
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signal against the noise. In this channel, space equalization and time equalization
result with close BER gain. It can be said that channel suffers from both ISI and ILI.
When space-time equalization is applied, a superior BER performance is obtained.
The interesting point in this figure is as M increases, time equalization slightly passes
space equalization. Because by increasing number of molecules, transmission power
increases and the importance of space equalization decreases when compared with

time equalization.
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Figure 3.8 : BER vs M curves for equalization methods in 8x8 UCA MIMO system.

The effect of bit duration can be observed in Fig. 3.9. Very similar to the findings
in 4x4 MIMO channel, increment in #;, results in ILI dominated channel and space
equalization performs better than time equalization. On the other hand, channel is
dominated by ISI for the low values of #, and time equalization has lower error rate
than space equalization. As usual, space-time equalization outperforms the other

equalization techniques.

BER performance vs. the distance between TX unit and TX unit, which is also
similar to the results in 4x4 MIMO channel, is presented in Fig. 3.10. There is
a trade-off between the BER performance and the range of communication. Both
techniques are affected badly in terms of error rate for increasing drx_gx. Also,
space equalization and time equalization have a close BER performance for the chosen

channel parameters. So, it can be concluded that channel is balanced in ISI and ILI.
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Figure 3.9 : BER vs ¢, curves for equalization methods in 8x8 UCA MIMO system.
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Figure 3.10 : BER vs dryx_gx curves for equalization methods in 8x8 UCA MIMO
system.

Fig. 3.11 presents the effect of antenna separation to the BER performance. When
RX antennas are closer to each other, more molecules are arrived at the unintended
RX antennas which results in ILI dominated channel. For the lower values of
ruca, space equalization have a better BER performance than time equalization. As
the radius of UCA increases, RX antennas are separated from each other and ILI

decreases. But antenna separation also causes higher ISI because neighboring antennas
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prevent molecules to arrive in following time slots as RX antennas are absorbing
molecules from medium [17]. As a result, time equalization performs better than space
equalization in the channels that RX antennas are separated. Independent from the
channel is dominated by ISI or ILI, space-time equalization operates best in terms of

bit error rate.
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Figure 3.11 : BER vs ryca curves for equalization methods in 8x8 UCA MIMO
system.

3.5.3 Performance of evaluation metric for time equalization

Optimum equalization coefficients in the previous BER simulation are obtained by
exhaustive search. In this section, we investigate the performance of evaluation metric
that proposed for time equalization and compare it with the coefficients of exhaustive
search. For 4x4 UCA MIMO model, default channel distances that presented in 3.1
is used. Under varying bit duration, 04;,. coefficients calculated by exhaustive search

and evaluation metric is shown in Table 3.3.

Table 3.3 : Time equalization coefficients (0;p) of 4x4 UCA MIMO system.

tp (S) Evaluation Metric Exhaustive Search
0.3 —-0.22 —-0.17
0.4 —0.15 —0.12
0.5 —0.12 —0.10
0.6 —0.09 —0.06
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The performance of evaluation metric is presented in Fig. 3.12. Coefficients obtained
from evaluation metric have a very close BER performance to the results of exhaustive
search. The advantage of evaluation metric is being much more efficient than
exhaustive search in terms of computational cost which makes the evaluation metric a

practical method.
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Figure 3.12 : BER performance of evaluation metric in 4x4 UCA MIMO system.

The performance of evaluation metric is repeated in 8x8 UCA MIMO model. Channel
distances are selected as the default values in Table 3.2. Calculated o4y, values by

using evaluation metric and exhaustive search are presented in 3.4.

Table 3.4 : Time equalization coefficients (0;n.) of 8x8 UCA MIMO system.

tp (S) Evaluation Metric Exhaustive Search
0.15 —0.35 —0.39
0.25 —0.20 —0.19
0.35 —0.12 —0.13
0.45 —0.09 —0.08

Fig. 3.13 presents the BER performance of evaluation metric. Error rates of exhaustive
search and evaluation metric is almost the same so as the calculated coefficients. By
using the proposed evaluation metric, time equalization coefficients can be found in a

with a very low computational consumption.
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Figure 3.13 : BER performance of evaluation metric in 8x8 UCA MIMO system.
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4. A ROBUSTNESS APPROACH FOR ANGULAR MISALIGNMENT

IM-based modulation techniques have great advantages in molecular MIMO channels
for increasing data rate and having a better BER performance. At the RX unit, MCD
is one of the best options for demodulating the symbol with its low complexity. In the
literature, studies assume the perfect alignment of the system for IM-based techniques
and MCD among the communication. But in practical scenarios, alignment of the
TX unit and RX unit could be lost since system model is in liquid environment.
In this section, a robust technique is proposed as a solution for the critical angular
misalignment problem without increasing the complexity of the system considerably.
This method applies a linear diversity combiner coordinated with the MCD at the RX

unit.

4.1 Channel Model for the Misaligned System

The communication system is modeled as a molecular MIMO channel with nry TX
antennas and ngy RX antennas which are placed in a UCA formation. TX antennas
are separated from each other with the angle of }1277; Similarly, the angular difference

between RX antennas is n%

. The parameters drxy_gx and ryca refer to the same
distances as explained for UCA MIMO model in Chapter 2. In addition to that model,
angular rotation is also considered in the direction of yz-plane which causes angular
misalignment. The angular difference between TX unit and RX unit is denoted as
0 and we investigate the system for 0 < 6 < % because of the symmetry of UCA
model. The overall system model is presented in Fig. 4.1. Note that, the closest
distance between the TX antenna and corresponding RX antenna is drx_gx — 2r, for

only in the perfect alignment case.

In our studies, random-walk based Monte Carlo simulations are used for deriving
hitting rate probabilities and channel coefficients, /; ;[k]. For each different channel

parameters, simulation is run with 10° molecules and the time step is selected as
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Figure 4.1 : UCA MIMO channel model with angular misalignment.

AT = 10~*s. The number of molecules absorbed at RX i» Rj[n], can be calculated

as explained in Chapter 2 with (2.10) and (2.11).

4.2 Proposed Method

MSSK modulation, in which the TX antenna index is an information carrier, is a
powerful MIMO technique when used with MCD at the RX. But the misalignment
of the system may harshly affect the performance since it is very critical to detect
active TX antenna. To overcome this problem, we propose a low complexity approach
which applies a linear diversity combiner to the received signal before decoding with

the MCD.

Let R;[n] be the number of molecules absorbed by RX; at the n'* time slot. Arrival

vector at 7/ time slot is denoted by r[n] which can be shown as
T
rin)=[Ri[n] Raln] -+ Rugln]] . (4.1)

After the reception of molecules at RX, the arrival vector is element-wise multiplied
with a diversity combining vector and the sum of resulting vector’s elements is
calculated. This diversity combining operation is repeated for each RX antenna.

Number of molecules at RX after diversity combining is

3
=

X

R;[n) =Y (rln]ov)),, 4.2)

T
1
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where o represents the element-wise multiplication and (.); represents the k' element

of its argument vector. Also, v; is the diversity combining vector for RX;.

Knowledge of CIR at the RX unit is essential for misaligned systems in order to
generate diversity combining vector. As proposed in [27], maximum likelihood and
least squares estimators can be used for deriving CIR by sending training sequences.
Under the assumption of estimating the channel coefficients at the Rx unit perfectly,

diversity combining vector is heuristically chosen as
T
vi=[hiall] hja[1] - i [1] (4.3)

Since TX antennas and RX antennas are placed symmetrically on their TX unit and
RX unit in UCA modeling, the channel coefficient between TX; and RX; is equal to
the channel coefficient between TX; and RX;,;_; which can be shown as A ;[1] =

hiiyj—1 [1]. So, diversity combining vector v ;j can be found as
Vj = [vl]j_l, (44)

where [.];_ denotes the j — 1" cyclic shift of its argument vector. After the diversity
combining operation is applied to the arrival vector, data can be demodulated with
MCD as

f[n] =arg max R/J[n] 4.5)
je[]-,"'J’lRX]

Note that, we evaluated the performance of the diversity combining operation for
angular misalignment by using MSSK modulation scheme in the UCA MIMO model.
Still, our approach can be adapted for linear MIMO model in which (4.4) is not valid
and v; vectors should be calculated separately. In addition, diversity combining can
be applied for any IM-based modulation technique such as SM schemes in which

decoding the antenna indices is crucial.

4.3 Numerical Results

In this section, symbol error rate (SER) of the proposed diversity combining technique
as a solution for angular misalignment is analyzed and compared with the conventional
MCD with Monte Carlo-based computer simulations. At the TX unit, data is

modulated with 8-MSSK and emitted to the channel. The system is modeled as 8x8
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UCA MIMO model with a possibility of angular misalignment. Diffusion coefficient
2

and the channel memory are selected as D = 79.4“Tm and L = 30 memory slots

respectively. In our simulations, we investigated misaligned systems with the angular

7r n jr ﬂ ., . . . . . .
35,24>7¢ and g. In addition, 6 = 0 is considered which is the

differences 0 =
perfectly aligned system. Since nyx = ngxy = 8 in our simulation model, TX antennas
are angular-wise separated with the angle 7. In the angular misalignment where
6 = %, each RX antenna is aligned to the middle of its two neighboring TX antennas
which is the most extreme misalignment case. Due to the symmetry of the system

model, misalignment angle higher than § can be represented with a lower value. The

equivalence can be shown as 6 = 0 +i %, where i is an integer number.

Table 4.1 displays the simulation parameters where boldface written values are default
parameters. The effect of number of molecules (M), bit duration (#,) and the radius of
UCA (ryca) on SER is evaluated for the values in table. Also, SER vs. 0 is observed
for the diversity combining solution and the conventional MCD.

Table 4.1 : Simulation parameters for the low complexity solution in case of angular
misalignment in the system.

Parameter Value
M (molecules) 50, 100,150,200,250
ty (s) 0.2,0.3,0.4,0.5
drx—grx (um) 20
ruca (um) 15,17.5,20,22.5
rr (um) 5

In Fig. 4.2, SER performance of both the conventional MCD and the proposed
approach is presented with respect to 0. It is clearly seen that increment of the angular
difference between TX unit and RX unit harshly affects the SER performance of the
conventional MCD. Since MCD counts the received molecules and decides according

to the maximum arrival, perfect alignment of the system is very critical. As 6 increases,

r
87

error rate of conventional MCD also increases. For 8 = %, conventional MCD is
unable to demodulate the received signal because each RX antenna is equidistant to
the two neighboring TX antennas. However, our proposed approach applies a diversity
combining operation by multiplying the arrival count with channel coefficients. With
the linear diversity combiner, effect of angular misalignment can be suppressed
successfully by weighting the arrival counts. Even for 6 = ¢, proposed approach

outputs an acceptable performance in terms of SER.
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Figure 4.2 : SER vs 0 curves for proposed approach as a solution of angular
misalignment in 8x8 UCA MIMO system.

SER vs. number of transmitted molecules is demonstrated in Fig. 4.3. While M

increases, the ratio g’—u also increases resulting a transmit power gain. As expected,
J

error rate for both curves decreases with the increment of M. If the figure is examined

closely, it can be seen that the curves of proposed approach stands close to each other

while gap between the curves of conventional MCD rises with the increasing 6.
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Figure 4.3 : SER vs M curves for proposed approach as a solution of angular
misalignment in 8x8 UCA MIMO system.
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The effect of bit duration on SER performance is shown in the Fig. 4.4. For the
lower values of #,, our proposed approach stays behind the conventional MCD in
perfectly aligned channel but protects the system in case of angular misalignment. As
1, increases, proposed approach outperforms the conventional MCD for all channels.
Since increasing f;, means more sparse release of molecules, it decreases ISI and results
in ILI dominated channel. It can be concluded that the proposed approach can be used

for diversity gain in the ILI dominated channels.
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Figure 4.4 : SER vs 1, curves for proposed approach as a solution of angular
misalignment in 8x8 UCA MIMO system.

SER performance of conventional MCD and the proposed approach is presented in
Fig. 4.5 under the varying ryca. The increment of rycq decreases the ILI effect by
separating antennas. However, it also increases the ISI because molecules are removed
from the environment by absorbing RX antennas and the late arrival of the molecules
is prevented. Further separation of antennas reduces this ISI cancellation effect of
RX antennas. With the change in rycy, we face a trade-off between decreasing ISI
and decreasing ILI. As it is mentioned before, our proposed diversity combiner works
better in ILI dominated channels. Until a certain value of rycy, separating antennas has
a positive impact on SER performance. But after that certain value, channel becomes
ISI dominated and error rate starts to increase. There is an optimum rycq value in

each channel for the best SER performance. As rycya increases, our proposed method
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performs worse than the conventional MCD for the perfect alignment case because of

the ISI domination. Still, our diversity combining method is essential as a protection

for angular misalignment.
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Figure 4.5 : SER vs rycy curves for proposed approach as a solution of angular

A (um)

misalignment in 8x8 UCA MIMO system.
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S. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, we have proposed space-time equalization technique and a low
complexity solution for a channel with angular misalignment. Both these two
techniques have been applied at RX unit and proposed for IM-based modulation
schemes. In molecular MIMO literature, MSSK is a very effective IM-based
modulation since it emits molecules as a pulse into the channel and only one antenna is
active at a time which makes MSSK resistant to interference. Space-time equalization
aims to improve the performance of MSSK ad come up with a strong communication
method in terms of error performance. On the other hand, the aim of our diversity
combining solution is solving a possible misalignment problem in molecular MIMO

channels.

Space-time equalization has been simulated in both 4x4 and 8x8 UCA MIMO channel.
It has been discussed that channel may be dominated by ISI or ILI according to
the channel parameters and bit duration. Space equalization worked well in ILI
dominated channels since it behaves like regaining its transmit power by collecting
the molecules from neighboring antennas. However, time equalization performed
better than space equalization in ISI dominated channels because it removes the
molecules arrived at the second time slot after transmission which represents the
serious part of ISI. Finally, space-time equalization resulted as a very promising
technique by using attributes of both space equalization and time equalization and
improved the error performance significantly. In this thesis, an evaluation metric for
easy calculation of time equalization coefficient is presented. By using this metric, time
equalization coefficients, which are very close to the optimum values, can be found
with computational efficiency. Creating an evaluation metric for space equalization

and space-time equalization coefficients has been left a subject of future works.

Our low complexity solution has been evaluated in 8x8 UCA MIMO channel in

case of angular misalignment. Even though our technique worsened the error
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performance slightly in some systems with the perfect alignment, using diversity
combining provided robustness for angular misalignment. As the misalignment angle
increases, conventional MCD is affected harshly while our method can still achieve
desirable error rates even in the worse case of misalignment. In addition, diversity
combiner performed better than conventional MCD in ILI dominated perfectly aligned
channel by providing diversity gain and improving error performance. Note that, the
diversity combining vector has been heuristically chosen as the channel coefficients
at the first time slot in our simulations. Optimum design and calculation of the
diversity combining vector is a possible research area in order to achieve better
error performance and left as a future work. Also, future work contains simulating
misalignment in both three dimensions since we only considered the misalignment in

the yz-plane.
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APPENDIX A

Table A.1 : Optimum equalization coefficients used in 4x4 UCA MIMO simulations
for default system parameters.

Coefficient Value

O ime (Time) —0.17
Ospace (Space) 0.15

O4ime (Space-time) —0.20
Ospace (Space-time) 0.27

Table A.2 : Optimum equalization coefficients used in 4x4 UCA MIMO simulations
under varying t;.

tp (8) 0.2 0.3 0.4 0.5 0.6
Oime (Time) —0.28 —0.17 —0.12 —-0.10 —0.06
Ospace (Space) —0.03 0.15 0.23 0.28 0.30
ime (Space-time) —0.31 —0.20 —0.14 —0.10 —0.08
Ospace (Space-time) 0.21 0.27 0.32 0.31 0.32

Table A.3 : Optimum equalization coefficients used in 4x4 UCA MIMO simulations
under varying drx_gx.

drx_rx (,le) 16 18 20
Qyime (Time) —0.06 —0.17 —0.26

Ospace (Space) 0.10 0.15 0.13
ime (Space-time) —0.11 —0.20 —0.29

Ospace (Space-time) 0.15 0.27 0.28

Table A.4 : Optimum equalization coefficients used in 4x4 UCA MIMO simulations
under varying r;.

rr (um) 3 4 5 6
Qyime (Time) —0.13 —0.16 —0.17 —0.20
Ospace (Space) 0.30 0.21 0.15 0.10
Oime (Space-time) —-0.14 —0.18 —0.20 —-0.22
Ospace (Space-time) 0.34 0.29 0.27 0.23
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Table A.5 : Optimum equalization coefficients used in 8x8 UCA MIMO simulations
for default system parameters.

Coefficient Value

Oime (Time) —0.13
Ospace (Space) 0.28

Qyime (Space-time) —-0.19
Ospace (Space-time) 0.45

Table A.6 : Optimum equalization coefficients used in 8x8 UCA MIMO simulations
under varying tp,.

tp () 0.15 0.25 0.35 0.45
Oime (Time) —0.39 -0.19 —0.13 —0.08
Ospace (Space) —0.31 0.13 0.28 0.37
Oyime (Space-time) —0.47 —0.28 —0.19 —0.15
Ospace (Space-time) 0.28 0.39 0.45 0.48

Table A.7 : Optimum equalization coefficients used in 8x8 UCA MIMO simulations
under varying drx_gx.

drx—rx (1m) 18 20 22
Qyime (Time) -0.10 —-0.13 —0.18
Ospace (Space) 0.22 0.28 0.29
yime (Space-time) —0.16 —0.19 —0.27
Ospace (Space-time) 0.29 0.45 0.48

Table A.8 : Optimum equalization coefficients used in 8x8 UCA MIMO simulations
under varying ryca.

ruca (um) 15 17.5 20
Oyime (Time) —0.13 —-0.14 —0.17
Ospace (Space) 0.28 0.17 0.10
Oime (Space-time) —-0.19 —0.21 —0.23
Ospace (Space-time) 0.45 0.42 0.38
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