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Sensor Networks
Scientific Objectives

• Design (optoelectronic) system for generation of a wide range of signals

• Develop an accurate numerical model

• Incorporate digital signal processing technology

wide range of time scales

exceptional ability to vary parameters (coupling and time delays) in network

• Explore coupling topologies and adaptive synchronization to optimize 

sensing functions



Nonlinear Optoelectronic time-delayed feedback loop
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Loop delay: τ = 22.5 ns,

Bandpass filter: 1 MHz – 100 MHz

flew all the way to India – in a suitcase



http://www.handsonresearch.org/



Vπ = voltage needed to produce a π phase shift

Mach-Zehnder electro-optic modulator

IN OUT

∆Φ

10 cm

IN OUT

Principle : Interference of the optical signal along the two paths 

controlled electronically.
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� Such a system had been considered before by Kouomou et. al., PRL 95, 203903 (2005)
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where, τ is the low pass filter time constant

θ is the high pass filter time constant

DT is the time delay in the loop

β is the feedback strength

ϕ is the phase offset of the MZ transfer function 
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The feedback strength β is given by

• P0 = optical laser power (W)

• R = photodiode responsivity (A/W)

• G = transimpedance amplifier gain (V/A)

• Vπ = modulator half-wave voltage (V)

β =
π

2

P0RG

Vπ



Comparison of experiment and computations



x1(t) x2(t)

T = 7634 nsββββ = 5.0

DL = 16.1

Data assimilation, synchronization, and prediction

t = 0 to 8200 ns



x1(t) x2(t)

ββββ = 5.0

DL = 16.1

Data assimilation, synchronization, and prediction

t = 0 to 800 ns



x1(t) x2(t)

T = 7634 nsββββ = 5.0

DL = 16.1

Data assimilation, synchronization, and prediction

t = 7200 to 8000 ns



Synchronization between experiment and model

Experimental 

Data input
Simulation model output



Global maximal Lyapunov exponents and 
probability distribution of prediction times

Using 
Synchronization For 
Prediction of High 
Dimensional Chaotic 
Dynamics

Cohen, Ravoori,  

Murphy, rr, 

PRL 101, 154102 

(2008)



Adaptive synchronization

F. Sorrentino, E. Ott. Phys. Rev. Lett. 100, 114101 (2008)
Adaptive Synchronization of Dynamics on Evolving Complex Networks

F. Sorrentino, E. Ott. Phys. Rev. E 79, 016201 (2009)
Using synchronism of chaos for adaptive learning of time-evolving network 
topology

Where is Francesco? This is Ed!



Scaling the Speed of the System
How FAST (or SLOW) can we go?

• Optical medium can support any modulation speed

• Advantages of using optical carrier
– Low loss propagation (fiber: 0.2 dB/km)

– Directionality (collimated beam)

– Reduced size, weight, power

• Factors that limit speed:
– Electrooptic modulator

– Photoreceiver

– Filters, amplifiers

Bandwidth:
DC to 40 GHz
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Scaling to Low Speed

GOAL:  Slow down system by 10,000 X
• High frequency signals are not needed to sense static/slow moving 

objects
• Slower components are easier to engineer and model, exhibit near-

ideal performance
• Retain advantages of an optical carrier
• Provide testbed for trying new ideas (before investing in costly RF 

components)



From VHF to Audio:  Comparison

40 km4 mPropagation 
Distance (L)

200 µs20 nsTime Delay (τ)

100 kS/s1 GS/sSampling Rate 
Required †

100 Hz – 10 kHz1 MHz – 100 MHzBandpass filter

H(ω)

Audio SystemVHF System

† in order to adequately resolve signal
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Solution: Digital Signal Processing

• All digital delay (τ):
– Limited only by memory:

• Example:  
16 Mb on-board SDRAM
16 bit ADC / DAC
Sampling rate = 96 kS/s

• All digital filter H(ω):
– Can be precisely designed, controlled, matched

• Retain analog optical modulation, transmission, 
detection
– Important for sensor applications

Up to 88 seconds of digital 
delay, with 10 µs resolution

RP
o ADC DACR

G



Advantages of DSP

• DSP systems are ubiquitous & inexpensive
– Found in DVD players, cell phones, children’s toys, etcetera

• Arbitrary filtering is possible 
(subject to Nyquist limit)

• Easier to simulate:
– Continuous-time DDE � Discrete map

• Easily scaled to MHz frequencies



Bifurcation Sights and Sounds

FLASHBIF8.swf
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Coupled optoelectronic feedback loops:

I1->2



Coupled optoelectronic feedback loops:
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Coupled optoelectronic feedback loops: Synchronization
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Coupled optoelectronic feedback loops: Loss of Synchrony

O
p

ti
ca

l 
in

te
n

si
ty

 

Time (ms)

1][       28.1][ === nn o ααα

I1

I2

I1−−−−I2



0 2 4 6 8 10
-2

-1.5

-1

-0.5

0

0.5

1

Coupled optoelectronic feedback loops: Adaptive Synchronization
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Coupled optoelectronic feedback loops: Adaptive Synchronization
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Coupled optoelectronic feedback loops: Adaptive Synchronization
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Summary I
Designed and built “neurons” for sensor networks: modular time-delayed 
optoelectronic feedback loops with nonlinearity which synchronize when 

coupled

Demonstrated adaptive synchrony between coupled chaotic systems
Successfully tracked variations in the coupling (communication) channel

Ravoori, Cohen, et al., (2009)
http://www.arxiv.org/ftp/arxiv/papers/0907/0907.3894.pdf

Murphy, Cohen, Ravoori, Schmitt, Williams et al., 
to be submitted, Phil. Trans Roy. Soc A (2009)

in collaboration with Setty, Sorrentino and Ott
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The Brain
Basic Features of the Cortex



http://thebrain.mcgill.ca/flash/i/i_03/i_03_cr/i_03_cr_par/i_03_cr_par.html



Signals from the brain: Hans Berger



Hans Berger and the EEG



Sensing and information processing in the brain



How does the brain respond to stimuli?
Woody Shew, Hongdian Yang, Dietmar Plenz



http://www.dartmouth.edu/~rhg/brainareas.html



Spontaneous activity in neural network



• DIETMAR PLENZ
• Dietmar Plenz
• Der Rhythmus der Gedanken - 08.01.2007 

• ...neben der hochauflösenden Messtechnik auch mathematische Verfahren, 
um die Datenflut zu analysieren. Damit hat sich Dietmar Plenz beschäftigt, 
der am National Institut of Mental Health in Bethesda bei Washington 
arbeitet. Er hat die spontanen elektrischen...



Measured PDFs



Numerical Model



Numerical Simulations



Measurements: response to stimuli



Simulations:  response to stimuli





Summary II

The spontaneously active brain and its ability to 
process sensory input are examined in the context of 
critical phenomena.

Experiments support predictions that a brain operating 
at criticality may benefit from optimal information 
processing.

http://arxiv.org/abs/0906.0527



What did we learn?

• Neuronal avalanches play an important role in sensing and communication

• Much to learn from the brain about building sensor networks

Ongoing work and future directions

Build sensor networks, track multiple parameters with multiple communication channels

Synchrony in the brain – MEA measurements and phase synchrony

Why do any of this?

The biggest reward – getting to work with fantastic people at UMD, NIH and all around the world.

And now you have wasted another perfectly good hour listening to me talk about …….
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To the little rat pups who sacrificed their lives 
so that we can learn a little bit about brains
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