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Transmission and reception of information

encoded in molecules

MAXP*2009




§ WHY MOLECULAR
8 COMMUNICATION?

Drawing an analogy:

- = biological machine with molecular
precision (nanometer scale)

= = artificial machine with molecular
precision

Molecular Communication naturally occurs within
living organisms
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Y WHY MOLECULAR
g COMMUNICATION?

Molecular communication allows

- Nanomachines to send/receive information to/from
living organisms
(e.g., intelligent drugs)

(e.g., nanoscale diagnosis for health monitoring)

- Networks between nanomachines and living entities or
among nanomachines =
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WHY MOLECULAR
COMMUNICATION?

Low power consumption
Chemical reactions (spontaneous, catalyzed by enzymes, etc.)
—~> Energy saving

High biological compatibility
Bio-inspired approach
- Bio-related applications (e.g. intfra-body deployment, etc.)

Possibly deployable on nano-scale
Molecules/chemical reactions: nano-metric realm
—> Nanomachine networking (Nanonetworks)
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A NANONETWORKS THROUGH
§ MOLECULAR COMMUNICATION

Molecular Multiple Access

’ ’ Molecular Broadcast Channel

Molecular Relay Channel




¥ HOW TO STUDY MOLECULAR
8 COMMUNICATION?

How do molecules propagate? — 3 architectures

MC Architectures

Flow-based Diffusion-based
(e.g., guided fluidic (e.g., still, randomly
medium, guided turbulent fluidic

carrier entities) medium)

Walkway-based
(e.g., molecular
motors)

L >

Less spontaneous More spontaneous
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A MOLECULAR
& COMMUNICATION

ARCHITECTURES

Walkway-based

- Molecules follow pre-defined pathways (e.g.,
molecular motors)

- Carrier substances (e.g., vescicle, container)

F. Walsh, S. Balasubramaniam, D. Botvich, T. Suda, T. Nakano, S. F.
Bush, and M. O. Foghlu,

," Third International Conference on NanoNetworks and
Workshops, 2008
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A MOLECULAR
& COMMUNICATION
ARCHITECTURES

Flow-based
- Molecules in a fluidic medium

(e.g., hormonal communication)
- Carrier entities

(e.g., pheromonal communication in ant colonies)

M. Gregori, and I. F. Akyildiz, "
," to appear in IEEE JSAC
(Journal of Selected Areas in Communications), 2010.
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A MOLECULAR
& COMMUNICATION
ARCHITECTURES

Diffusion-based
- spontaneous diffusion in a fluidic medium

(e.g., pheromonal communication, when pheromones are released into
a fluidic medium)

W. H. Bossert and E. . Wilson, "
," Journal of Theoretical Biology, vol. 5, pp. 443-469,
1963
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.. A GLIMPSE OF THE
8l LITERATURE

Limited research on particle diffusion molecular
communication from engineering perspective:

- 6. Alfano and D. Miorandi, "
," in NanoNets06, 2006
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¥ A GLIMPSE OF THE
8 LITERATURE

- B. Atakan and O. B. Akan, "
," Bio-Inspired Models of Network, Information and
Computing Systems, 2007. Bionetics 2007. 2nd, pp. 33-40, Dec. 2007
- B. Atakan and O. B. Akan, "
," Proceedings of the ICST/ACM Conference

BIONETICS 2008, November 2008.
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.. A GLIMPSE OF THE
LITERATURE

- S. Kadloor, R. Adve, A. W. Eckford, "
," September 4, 2009 (submitted to Elsevier Ad Hoc
Networks)

- A. W. Eckford, "
," 8 December 2008 (submitted to

IEEE Tr'ansacﬂons on Information Theory).
- A. W. Eckford, “in

Proc. Conference on Information Sciences and Systems, Bal'rlmor'e
MD, pp. 160-165, 2007.
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MP

Physical Channel Model

q THE FINAL GOAL OF MOLECULAR Rifs%
f COMMUNICATION RESEARCH ‘

—_—

How information is transmitted, propagated and received
when a molecular carrier is used

Noise Representation Molecular

How can be physically and mathematically expressed the
noise affecting information transmitted through molecular [— Channel

communication COPGC ' 1_y
Information Encoding/Decoding

Concentration
Chemical structure
Encapsulation
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¥ QUESTIONS THAT MAY
8 ARISE

What of information?
How to information into molecular entities?

How to ?

Which architecture to rely on?

How to
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8§ THE MOST GENERAL
8l ARCHITECTURE

A molecule is a
- indivisible object
- can be released to/collected from the vacuum

space

- When a particle is not being released or collected:
subject to the diffusion process (laws of diffusion)

Vacuum
- infinite extent in any possible direction
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¥ THE MOST GENERAL
8l ARCHITECTURE

If more than one particle is in the vacuum space
- Thermal molecular
- Elastic (kinetic energy conservation)

Particles have in ferms of:
- shape
- Size
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MOLECULE DIFFUSION CHANNEL MODEL
M. Pierobon, and I. F. Akyildiz, "A Physical Channel Model for

Molecular Communication in Nanonetworks,” to appear in IEEE JSAC
(Journal of Selected Areas in Communications), 2010

Particle Diffusion Communication

exchange of information encoded in the
of particles

Particles diffuse in a

Outcome:

normalized gain

delay
between two peer entities (TN and RN)
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MOLECULE DIFFUSION CHANNEL MODEL
Questions and answers

What type of information?
Any continuous scalar signal

How to encode information?
Transmission signals will be encoded into

How to transmit?
Transmitter should

How information propagates?
Through

How to receive?

_Receiver should - translate into received
signal
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Molecule diffusion wireless communication:
Transmitter: modulates molecule concentration
Propagation: free diffusion of molecules
Receiver: senses molecule concentration

— i
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8§ MOLECULE DIFFUSION CHANNEL MODEL

is related to the Emission process, the
to the Diffusion process and the to the Reception process

SO,

—L

1 .

o Reception
! process
L
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MOLECULE DIFFUSION CHANNEL MODEL
Particle Emission Process (1/2)

Release/ cap1'ur'e Of par‘1‘ic|es at the Positive rate modulation: = dc,,, /dt=r,(t) >0
transmitter location

Box with inside molecule concentration
and aperture to the outside
inside concentration

outgoing/ingoing flux

Emission modeled according to the
laws of particle diffusion.

ingoing particle flux

MAXP*2009




MOLECULE DIFFUSION CHANNEL MODEL
Particle Emission Process (2/2)

Particle emission model > electrical parallel RC circuit

Input current: to be transmitted
Circuit voltage: particle inside-outside

Resistor current: the particle stimulated by the transmitter
Resistance: inversely proportional to the

Capacitance: value
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MOLECULE DIFFUSION CHANNEL MODEL
Particle Diffusion Process (1/4)

Diffusion process

\ 4

Kinetics

!

Process )
boundnry . \.\-

Atoms/ ’- Process rate
*C molecules
ar éST\Sf .)nd

and evolution

mechamgs <
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MOLECULE DIFFUSION CHANNEL MODEL
Particle Diffusion Process (2/4)

Concentration rate signal propagation
due to particle free diffusion in space

Particle Emission (TN)

modulated concentration at

Free particle diffusion governed by
the diffusion laws /
transmitter location ; ‘
tip

Particle Recep

Propagation Concentration Concentration

issi : ‘ at receiver
Emission modeled according to the o fransmitter

relativistic laws of diffusion
MAXP'2009




MOLECULE DIFFUSION CHANNEL MODEL
Particle Diffusion Process (3/4)

Particle diffusion model = Green's function G of the laws of
diffusion

Non-relativistic diffusion (inhomogeneous Fick's second law)

T\ ‘ _ ' .;"
OVielS.0+ri50)  mEmmy G0 .
o (4xi) )

: allows superluminal propagation of information signals (modulated
molecule concentration)

Relativistic diffusion (Telegraph equation)
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MOLECULE DIFFUSION CHANNEL MODEL
Particle Diffusion Process (4/4)

Non-relativistic Diffusion Relativistic Diffusion

c‘]

2 .

w v

o 04 o

£ g™

@ [

e L 4

£ 005~ 8

5 5 2
173

" 17

e 8

5 EO

@ o

o 2 5|

2 .0.05- :

° B -

g g 4 -

g o1 g5

E g 8

O —_3 o

= Bgw 25

B : 287 S ; ‘.
21 = b 21 * et
14 > . TR e 28 3% 147 S | o g 35
7 3% . 21 7 . ) 21
0 =5 L 14 0 . PR 14
e Tl 7755 X
-14 = N . g -7 14 <, . e 7
=21 =, -14 -21 - > 14
28 S -21 S 21
- 35 35 28 2 e
Y Distance [x100 nm] X Distance [x100 nm] Y Distance [x100 nm] : X Distance [x100 nm]

MAXP*2009



MOLECULE DIFFUSION CHANNEL MODEL
Particle Reception Process (1/2)

Sensing of the particle concentration ligand+receptor > complex (particle
at the receiver location

"
— 1
N chemical receptors involved in e o

capture)

ligand

CapT(.Ir'e/r‘elease receptor

outside concentration : _
complex 2 ligand+receptor (particle
release
A‘ 'l -
<—
)

complex

Reception modeled according to the
ligand-receptor binding process
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MOLECULE DIFFUSION CHANNEL MODEL
Particle Reception Process (2/2)

Particle Reception model > electrical series RC circuit

Input voltage: molecule to receiver

Circuit current: particle inside-outside

Resistor current: the molecule sensed by the receiver
Resistance: inversely proportional to the

Capacitance:
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MOLECULE DIFFUSION CHANNEL MODEL
Numerical Results (1/4)

Model parameters:
Range: from O micron to 50 micron
Frequency spectrum: from O to 1KHz

Diffusion coefficient: D = 10”-6 m~2/sec (calcium molecules diffusing in a
biological environment, cellular cytoplasm)

Relativistic relaxation time: water molecules = 10”9sec.
Ligand binding/release rates: assumed to be 10°8 1/(M sec)
Number of receptors: from 20 to 100

The curves related to higher values of the transmitter-receiver distance show
lower values of normalized gain throughout the frequency spectrum range.

For every curve, each frequency is delaxed by a different time - the shape of

the channel output signal is distorted with respect to the channel input signal (more
pronounced for higher values of the transmitter-receiver distance)

MAXP'2009 30




MOLECULE DIFFUSION CHANNEL MODEL
Numerical Results (2/4)

Emission process Module - Normalized Gain

Reception process Module - Normalized Gain
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MOLECULE DIFFUSION CHANNEL MODEL
Numerical Results (3/4)

Diffusion process Module - Normalized Gain

Diffusion process Module - Group Delay
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MOLECULE DIFFUSION CHANNEL MODEL
Numerical Results (4/4)

Overall Channel - Normalized Gain
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FURTHER RESEARCH CHALLENGES
FOR CHANNEL MODEL

Build a through the study of:

Noise
Capacity

Throughput

Study a Molecular Communication system:
Max SNR - max throughput
How to minimize delay
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MP

CURRENT RESEARCH: NOISE IN MOLECULE
DIFFUSION COMMUNICATION

M. Pierobon, and I. F. Akyildiz, "Noise Processes in Molecular
Communication for Nanonetworks,” in preparation, due January 2010.

Diffusion Process

(isotropic?) .
e o > affects Bw Chemical change

(isotropic?)

Brownian motion
(isotropic?)

Diffusion Process
(isotropic?)

Informatid fReimPw

(receiver signal processing /

Turbulence adaptive filtering?)

(anisotropic?)

)09

same molecule as



CURRENT RESEARCH: NOISE IN MOLECULE
DIFFUSION COMMUNICATION

M. Pierobon, and I. F. Akyildiz, "Noise Processes in Molecular
Communication for Nanonetworks,” in preparation, due January 2010.

Extinction latency
Cross-symbol

interference

Symbol usage
desynchronizing




Thanks for your attention

QUESTIONS?
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