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(ABSTRACT)

Spread spectrum techniques offer an alternate solution to the urgency for distributed
optical fiber sensors. These techniques are based on the properties of pseudorandom
sequences that have triangular autocorrelation functions with peaks only at regions of no
delay. This affords an opportunity to give the desired signal a power advantage over

many types of interference and noise.

A study in employing spread spectrum techniques for multiplexing optical fiber sensors is
presented. A mathematical analysis of the system is conducted with due consideration
given to performance issues. Simulations in software are conducted to characterize
system performance. Hardware developed for this project operates at over 1 Mbps and is
capable of simultaneously monitoring four sensors. Real time experiments conducted on
these multiplexed sensors affirm the technical feasibility of the system. Configurations for

viable applications of the system are also suggested.
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1.0 Introduction

Distributed sensors offer a practical solution to the increasing demand for monitoring large
complicated structures. An object of current investigation is to manage several passive
optical fiber sensors from a common optoelectronic source and receiver module. Many
applications of fiber sensors like industrial systems, process control applications and smart
structures require multi-sensor systems. Multiplexing of fiber sensors is an efficient and
elegant way to do this. Multiplexing reduces the cost of the system by reducing the
number of lasers and the number of detectors to be used. Passive multiplexing eliminates

electrically active components in the immediate sensing environment.

Multiplexed sensors may be defined as those designed to collect information from a
number of discrete sensing points, or regions. The determination of the spatial position of
the sensor so that the detecting system can determine which sensor is providing the
information is the essence of these investigations. The multiplexing capability is limited by
the bandwidth and signal-to-noise ratio of the detected signals. An important factor of

concern is the crosstalk between signals from independent sensors.

The large transmission bandwidth of a fiber channel makes multiplexing fiber systems an
attractive feature. A single fiber is capable of supporting a large number of sensors and
makes it a natural choice for many sensing applications. In addition, fibers are very
insensitive to crosstalk from other fibers. Unintentional coupling of energy between fibers
is insignificant as there is no appreciable energy in the outer regions of the cladding of the

fibers.
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Several multiplexing techniques exist for use with fiber sensors. Most of them owe their
development to communication-based multiplexing techniques. The most common ones in
use are spatial (SDM), time or temporal (TDM), frequency (FDM), wavelength (WDM)
or chromatic, coherence, and polarization division multiplexing techniques. All these

schemes allow signals from specific sensors to be separated at the demodulator.

Spread spectrum techniques for multiplexing which is the topic of this thesis was
developed to allow an alternative to the ones mentioned above with many advantages over
them. Correlation based-multiplexing techniques have been around for some time now,
however their use has been limited mainly to communication systems. It has been used in

the context of TDM with some success [7].

Spread spectrum schemes achieve multi-sensing capability by assigning a distinct signature
waveform to each sensor in the system from a set of code sequences that have low
correlations with one another. For this reason it is also known as Code Division
Multiplexing (CDM)[9]. Here this idea is implemented using the favorable properties of
the autocorrelation function for code sequences known as maximal length sequences.
Maximal length sequences, discussed in more detail in Chapter 2, have a triangular
autocorrelation function with peaks to this function occurring at regions of no delay. The
detector receives the sum of all the sensor modulated code sequences. The detection
scheme employed ensures that the sensor information is recovered by correlating the

received signal with replicas of the assigned code waveform or signature sequence.

Correlation techniques have the advantage of being able to perform satisfactorily even
under limited source power by improving the mean launched power, not the peak power

as in many other multiplexing techniques, especially TDM. However this is more evident
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in digital systems. They use high bit-rate pseudo-random sequences, hence, higher

resolution is effected.

Many channels can operate simultaneously over a common frequency band. The common
bandwidth required is ideally a few orders of magnitude above the sensor information
bandwidth. This is mandated by the frequency of the analog sensor signal to be
multiplexed.

The spread spectrum based system is scalable and modular. This characteristic of the
ability to add sensors to the system with marginal increase in crosstalk is called soft
capacity. Adding sensors to an existing network steadily increases the background noise.
The limit to this adding on of sensors is dependent on the code sequence characteristics.
It is interference limited, which is to say that the number of active sensors or the sensors
which are contributing signals to the common channel limits the ability of the system to
multiplex. If the activity cycle of the activated sensors in the system is low the chances are
that the crosstalk is low. In applications where this cycle is low, this technique can be

very effective.

Spread spectrum systems make efficient use of the spectrum as they are capable of
providing asynchronous access to every sensor, though better performance is effected with
synchronization. Moreover no guard band, as in FDM, and guard time, as in TDM, is

necessary between the sensors. This represents saved bandwidth.

Chapter 3 discusses global design concerns pertaining to the implementation of the
multiplexing scheme. A theoretical analysis is presented in chapter 4.0. Chapter 5.0 is a
description of the hardware implementation with the results and chapter 6.0 discusses the

software simulations conducted.
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From the applications point of view this technique can be a very convenient and
marketable commodity. Optical fibers can be used simultaneously both as a
communications and sensing medium. A method is described here in Chapter 7, where
spread spectrum techniques can be applied in this area. Sensor networks are necessary to
effectively develop smart materials. Chapter 7 also proposes a configuration on how this

technique can be adapted to smart structure applications.
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2.0 Multiplexing Options for Sensors

2.1.0 Conventional Techniques
A brief discussion of the more popular multiplexing techniques is carried out here. The
advantages and disadvantages of the configurations are also discussed. This is followed

with a detailed description of the spread spectrum technique.

2.1.1 Spatial Multiplexing (SDM)
This is a simple and straightforward approach. Separate fibers are used to interface with
individual sensors. Each sensor interacts with a detector. SDM can be configured with a
common light source and multiple detectors or with multiple sources and a common
detector. The light source may be a common one with a star coupler distributing the
power into several sensors or all the sensor outputs could be combined into a common
detector by a star coupler. In order to use a single source and single detector synchronous
switching may have to be employed. This involves successive connecting and
disconnecting of the detector and source from the optical network. The operation of these

switches on a time sharing basis makes it similar to TDM that is discussed next.

The crosstalk of this implementation is very good. There is little or no interaction of the
detected signals with each other. The power budget is excellent and major losses are due

to coupling and fiber losses. However it requires excessive hardware and is not flexible.
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2.1.2 Time Division Multiplexing (TDM)
The sensors are temporally separated from each other with regard to the light source.
This is achieved by arranging differing total optical propagation delays for the signals from
each sensing signal. The light source also needs to be modulated by temporally spaced

signals.

In the simplest configuration for TDM a repetitive short pulse of duration, such that the
returning pulses from the sensors do not coincide at the detector, is used for modulation.
The repetition rate is low enough to allow a pulse to return from the farthest sensor before

the next pulse returns from the closest sensor.

This technique may be used in both coherent and incoherent systems. It requires fast

electronics if the optical path differences are to be made short.

The limitations of this technique are that the maximum optical peak power of the pulses
limits the dynamic range of the sensors. This can be rectified by using 'chirp’ signaling. It

requires fast electronics.

2.1.3 Wavelength Division Multiplexing (WDM)
For wavelength division multiplexing each sensor is assigned a particular wavelength with
a well-defined spectral width. The parameter to be measured is detected by evaluating
modulation at this wavelength. It normally uses many light sources of narrow spectral
width to access individual sensors. In another implementation a WDM device is used in
conjunction with a wide light source. The WDM device disperses the light into narrow
wavelength components and couples them into the fibers leading into the sensors. The
sensor signals are coupled into a single fiber and a WDM demultiplexer is used to

demodulate the sensor outputs. The WDM device may be a grating.
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This scheme has good optical budget performance and requires low speed electronics.
The demerits are that multiple sources or detectors may be required. It is a problem to

use this scheme with more than 10-20 sensors.

2.1.4 Frequency Division Multiplexing (FDM)
In this method the transmitted signal is modulated by electrical signals which contain as
many distinct frequency components as the number of sensors in the network. The optical
path through each sensor is made different by design to achieve unique optical delays.
The output signal may be combined and received at a common detector. The output is the
sum of phase-shifted signals containing the sensor signals. As the phase is determined by
the frequency and the optical delay through individual paths, they can be demodulated by
solving the resulting N simultaneous equations where N is the number of sensors in the

network. The detected signal can be demultiplexed by frequency selective filtering.

One elegant method to do FDM is realized by sub-carrier frequency division multiplexing.
Here the resultant of many sub-carrier modulation signals, dependent on the relative phase
angles of the sensors is received at the detector and then the signals are separated by
employing multi-channel phase sensitive detection and subsequently solving a set of simple
simultaneous equations. Serious crosstalk can result here if the electronic and optical

delays are unstable.

Another method is using frequency-modulated carrier wave multiplexing. The transmitted
signal here is an optical carrier wave the frequency of which varies linearly for a period T,
after which it switches back to its original frequency, and repeats henceforth. When
interferometers are connected with such a source with a differential path delay, the signals

arriving at the detector will differ by a frequency proportional to the optical path
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difference and the slew rate of the source. Various sensor signals may be isolated by

filtering out the corresponding frequencies.

Some of the problems with this scheme are that it requires an unbalanced interferometer
for it to operate, and this is a problem due to the finite coherence length of the source.
Laser nonlinearities in the frequency modulation ramp make it difficult to extract exact

phase information from the system.

Among other multiplexing methods, there are coherence and polarization mode
multiplexing [2,7]. By employing two sensor interferometers of optical path difference
(OPD) much more than the coherence length of the source, the interference associated
with the sensors can be reconstructed by tuning the its OPD to match that of each sensor.
This suffered a degradation in performance when more than two sensors were

multiplexed.
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2.2.0 Code Division Multiplexing

2.2.1 Spread Spectrum Techniques
In recent years spread spectrum techniques for communications have proven to be a viable
alternative to conventional multiplexing schemes with many advantages over them.
Spread spectrum techniques rely on the pseudo-random properties of code sequences.

The sensor signal is spread over a wide frequency range thus creating a noise like signal.

Spread spectrum methods afford an opportunity to give a desired signal a power
advantage over many types of interference, even intentional noise. This power advantage
is often proportional to the ratio of the dimensionality of the space of code sequences to

that of the data signal.

The capacity of spread spectrum techniques is expressed by Shannon [5] in the form:

S
C=WHL (1+—), .
ogy| 1+ 2.1)
For -S—SO.I
N
Co1m3, 2.2)
w N

where C is the channel capacity , W is the bandwidth in Hertz,

N is the noise power, and S is the signal power.

The most often used code sequences are Maximal sequences (m-sequences), Gold

sequences, and Kasami sequences. The type of code sequences employed, their length,

2.0 Multiplexing Options for Sensors 10



and its bit rate set bounds on the capability of the system. Therefore it is of paramount

importance to study the properties of the sequences themselves.

Maximal sequences are the longest pseudo random codes that can be generated by a shift
register of a given length. The properties of these sequences largely determine the
performance of any system which rely on them. Dixon [8] gives a comprehensive
treatment of these properties. They are listed below in detail, considering that it is the

sequence that is employed in this thesis.

1. The number of ones in a m-sequence is one more than the number of zeros in the
sequence.

2. The modulo-2 sum of an m-sequence and any phase shifted replica of the same
sequence is another phase of the same m-sequence different from either of the originals
(shift and add property).

3. The statistical distribution of ones and zeros is well defined and always the same.

4. Every possible state of an n-stage generator exists at some time exactly once during
the generation of the cycle. An all zero state is however not allowed to occur.

5. The autocorrelation function is such that for all values of phase shift, the correlator
value is -1, except for the 0 + 1 bit phase shift in which the correlation varies linearly

from the -1 value to 20-1 (sequence length).

The autocorrelation function of any sequence is defined by

R(7)= %IJPC(!)C(! —T)dt 2.3)
0

Where ¢(z) is the code sequence
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For a maximal length sequence of length N (generated by an n-bit shift register), due to its
unique properties mentioned above, this function is two-valued and is given by
N=2"-1,1=0

= (233.)
-1, T#0;

Figure 2.2 shows the autocorrelation function for a 127 bit long code sequence. It can be
seen from the figure that for all values of delay but that of the undelayed and that with a
delay of an integral multiple of the code length the function has a very low value. The
autocorrelation function peaks at zero shifts and it increases linearly between the zero and
plus and minus one bit shifts. Codes other than maximal length sequences have
autocorrelational properties which are markedly different from those of the maximal ones.
For these, as can be seen from Figure 2.2b, partial correlations of the phase-shifted
replicas of the code itself give rise to minor peaks in the autocorrelation function. The

functions in the figures are software generated from actual code sequences.

The difference between the region of maximum correlation (peak) and the next highest
point of correlation is known as the index of correlation an gives a measure of the
crosstalk the system can afford when the code is used. It can be seen that the index of

discrimination is higher in the code for Figure 2.2a.than for Figure 2.2b.
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Figure 2.2a. Autocorrelation function of a 127 bit m-sequence

Figure 2.2b. Autocorrelation function of a 127 bit non-maximal-sequence
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2.2.1.1 M-Sequence Generator
A linear code sequence generator can be made up of a set of flip-flops connected as in a
shift register. A combinational feeding back of the output and any state or states of the
individual flip-flops leads to a number of states in the shift register which is a function of

the length of the register and the combination of the feedback.

The generalized implementation of the generator is shown in Figure 2.3. Only certain
combinational feedbacks in an n-length shift register generate a 20-1 length pseudo
random sequence known as the maximal length sequence. The feedback taps which
achieve this are available in established tables published in many texts. Setting the taps as

per these combinations results in cyclic m-sequences being generated by them.

XOR
// / I
—» X X> X3 Xy Xn1 X, > g
code sequence

Shift register

Figure 2.3. Linear code sequence generator
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3.0 Global Design Considerations

This chapter considers major aspects in the design of spread spectrum systems. The
modulation considerations, fiber sensors, noise considerations and receiver requirements

are discussed.

3.1.0 Modulation
In order to transmit signals over the fiber it is necessary to modulate some property of the
light with the information signal. This property maybe intensity, phase, frequency, or

polarization, with either digital or analog modulating signals.

The terms AM, FM, PM, PolM, etc. are used in context with analog modulation, to
represent amplitude, frequency, phase, and polarization, respectively. In digital terms it is
common to use the term SK to mean Shift Keying, as in ASK, FSK, PSK and PoIlSK. In
these schemes the values of either amplitude, frequency, phase or polarization switches

back and forth between two values or more depending on the order of the signal space.

Intensity modulation (ASK) is the simplest of these to implement and is also the most
often used. In this application we have chosen to intensity modulate the source. ASK is
sometimes called on-off keying, though ASK is the preferred usage. The light source is
switched between the on and off state. In the off state, the source is not usually turned all
the way off due to certain implementation difficulties. What is important is the extinction
ratio r defined as

o (3.1
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should be very low. Here P() is the OFF state amplitude and Pyis the amplitude in the ON

state.

AM or ASK for optical systems can be implemented in two ways, direct modulation or
external modulation. Electro-luminescent sources like the laser diode can be directly
modulated by varying the injection current with the desired waveform. However high
speed on-off keying introduces many an undesirable transient phenomena in the laser.
Some of the problems encountered are discussed here. Delay in turning on is caused if the
diode is biased too low. If the current goes below the lasing threshold value and
subsequently rises to a high state, there is a considerable delay in starting up the stimulated
emission process. The spontaneous emission triggers the onset of lasing and hence the

turn on time of the laser becomes a random variable.

Thermal effects also put a lower limit on the frequency at which the laser can be directly
modulated. The on-off process is accompanied by a heating and cooling cycle which can

play a detrimental role at frequencies above 10Mhz.

The random fluctuations which accompany high speed operations can cause mode hopping
in the laser. Mode hopping results when any mode randomly captures the gain of the

cavity for a while and then another.

At the onset of stimulated emission, carriers in the region are drawn into cavity, the light
level drops and carriers have to build up sufficiently for the emission to prolong.
Relaxation oscillations owe their origin to this "ping-pong" effect between the photon and
carrier density. This oscillation would die out in a steady state system but exists to some

extent in on-off keyed lasers. Line broadening or ‘chirping' can result from oscillations in a
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single longitudinal mode under CW operation and it is associated with the modulation

induced changes in the charge density.

ﬁ

P1

—

Figure 3.1. Direct ASK modulation of the laser

An alternative option, and one which is gaining popularity as a modulation technique, is
external modulation. Here the laser is allowed to operate always above threshold and the
drive current remains constant. The modulation is external to the source. Several
approaches are possible to realize this. For intensity modulation, integrated optics
modulators are available with high extinction ratios. Acoustic deflectors are commonly

used in laser printers. They may be used for ASK if the bit rate is lower than 10 Mby/s.
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For this research the signal was direct modulated. ASK was used although it can also
classify under binary phase shift keying (BPSK) as a phase variation occurs

simultaneously.

3.1.1 Sensor Modulation
The sensors used are all analog sensors, which means that the output of each of the
sensors is an analog signal which intensity modulates the waveform emitted by the
transmitter. Even if the sensor is a phase modulated one, this information is available as

an amplitude modulation of the carrier.

The analog sensor signal is converted into a pulse-type signal where the amplitude of the
pulse denotes the analog information. This results in a gated pulse amplitude modulated
(PAM) waveform with natural sampling. With the use of pulses, it is to be expected that
the bandwidth of the PAM signal will be wider than the original analog waveform. The
sampling theorem determines the rate of sampling of the signal f;. If B is the highest

frequency in the analog signal then f; has to satisfy the condition,
f,22B, (3.2)

where 2B is called the Nyquist rate.

The PAM modulated sensor signal can be represented by

o (1) = o(1)s(s), (3.3)

where (¢) is the angular frequency of the modulating sequence

and s(¢) = E H(t—fTs )

k=—oo
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s(2) is a rectangular wave switching waveform and f; = 1/Tg > 2B.

3.1.2 Spectrum
The power spectral density of the modulated signal which is a PAM signal, is a
[(sin(x))/ x]2 function with line separation equal to the repetition rate of the coding
sequence, i.e. if a 127 bit code is used with a code-rate of 1Mbps, the code would repeat
every (1x106)/127 = 7874 times per second. This factor influences the decision on code
length. It is important to have the (code bit rate)/(code length) less than the lowest
frequency of interest in the sensor signal. The code repetition rate should not fall in the
sensor signal passband or the code and crosstalk cross products may fall into the

demodulated signal band and thereby reduce receiver output signal-to-noise ratio.
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3.2.0 Optical Fiber Sensors

Optical fiber sensors have the following advantages over conventional sensing techniques.
Their immunity to electromagnetic interference, immunity to electromagnetic pulse effects,
high sensitivity, light weight, small size, inherent electrical/optical multiplexing capability

and large bandwidth have won them acceptance in many sensing applications.

Optical fiber sensors may be broadly classified in two major categories, intensity-based
sensors and interferometric sensors. For this study one of each category has been used

and multiplexed simultaneously.

3.2.1 Intensity-Based Sensors
Intensity-based sensors are the among the simplest form of fiber sensors. The optical
power propagating in the fiber is attenuated proportionally to the measurand. Many
sensors which fall into this category are easy to build and are reliable. Their low cost is
another feature which favors their use. Small linear or angular displacements can cause

amplitude modulations of these sensors.

The intensity sensor employed for this study is the intrinsic micro-bend sensor. An
intrinsic sensor is one in which the measurand causes an amplitude modulation of the

transmission in the optical fiber in the sensing region.

Microbend Sensors: All fibers are sensitive to micro-bending. Microbend sensors work
on the principle of loss in the fiber due to bending[17]. On bending the power in the core
leaks into the cladding. This causes attenuation in the fiber which is a function of the

bending process. Figure 3.2b shows a typical reflective mode microbend sensor.
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It has been observed that bending loss is maximum when the bending is applied

periodically with a bend pitch x where

_Crnrn
" NA (3.4

where

C —is the core refractive index profile factor
= 1.42 for step index fibers; and 2 for graded index fibers
1 - core radius

n - refractive index

3.2.2 Interferometric Sensors
These sensors operate on the principle of change in the phase term due to the
environment. They are also called phase modulated sensors. Mach-Zender, Michelson,

Sagnac, Fabry-Perot and many other such sensors fall into this category.

The Extrinsic Fabry-Perot Interferometer

The Fabry-Perot cavity is formed between two parallel ends of fiber [4]. One of them is
single mode and acts as the input-output fiber. The other may be a multi-mode fiber and
its end forms a reflector to the incident light. A hollow core fiber holds the two fibers
together in its hollow tube. The Fresnel reflection from the glass-air interface of the single
mode fiber at the cavity interferes with the reflection from the air-glass interface at the
multimode end of the cavity. This occurs at the input-output, single mode fiber. The
cavity length or the air gap between the two fiber ends varies with the strain on the hollow

core fiber which holds the two fibers together. Any such change causes changes in the
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phase of the sensing reflection with respect to the reference reflection. This causes
interference fringes at the detector. Figure 3.2c, gives an exaggerated view of an Extrinsic
Fabry-Perot Interferometer. The light exits the fiber at the sensing region and renters the

fiber which makes this an extrinsic form of sensor.

3.0 Global Design Considerations



[ Laser |
Sensor Head

oupler —

Figure 3.2a. General layout of reflective mode sensors
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Figure 3.2c. Fabry-Perot sensor system. Cross section shows the sensor.
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3.3.0 Noise

Noise in fiber optic systems is caused by various phenomena. The noise may be broadly
classified as additive noise and multiplicative noise. Additive noise remains in the system
even in the absence of the signal, but multiplicative noise is present only when the signal is
present. Multiplicative noise arises due to the randomness within the signal itself or is

produced due to certain device dependent characteristics.

Dark current noise, thermal noise, amplified spontaneous emission noise, electronic
amplifier noise and crosstalk which are discussed in some detail below fall into the additive
category. Modal noises, laser phase and amplitude noises contribute to multiplicative

noise and signal shot noise (quantum noise).

3.3.1 Transmitter Noise
Intensity Noise: The power emitted by a laser diode in steady state conditions exhibits
fluctuations around an average steady state level [2,5]. The variations are essentially due

to the coupling of spontaneous photons into the stimulated lasing output.

The quantity Relative Intensity Noise (RIN) is used to describe the variance of the light-
output amplitude divided by the average power. It is a form of noise to signal power.
The term carrier to noise ratio (CNR) is used to describe the ratio between the powers of

the modulated waveform signal and noise.
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. (_12_) <1_2) (3.5)

if the amplititude modulation depth is m , the CNR due to the laser amplitude

fluctuations only is

m2

2RINB

(CNR)py = (3.6)

Where B is the receiver bandwidth .

Phase Noise

Quantum fluctuations in the laser affect the optical phase as well. The finite line width of
each longitudinal mode is due to the random frequency shift during the emission which
results due to phase fluctuation. The effect of the fluctuation of the mode power

distribution in the output of the laser diode is called repetition noise.

The effect of the external optical reflections backed into the laser diode may lead to large
changes in the noise and coherence properties of the laser. Strong instabilities, both in the
power and spectrum may occur on account of this, depending on the distance of the
reflector, feedback strength etc. In order to keep this noise low it is necessary to minimize
any light reflected back into the laser from splices, connectors, etc., as it causes an
increase in the level of spontaneous emission. RIN may be expected to be as low as -
150dB/Hz if reflections are kept below -50 to -60 dB, or as bad as -110 dB/Hz for

reflections of the order of -20 dB.
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The reflection into the laser is a major concern here as reflection mode sensors are used
for this thesis. The response of EFPI sensors can be improved by increasing the
reflectivity of the reflecting surfaces by coating the end surfaces with metal. The
reflectivity of glass to air interface is of the order of four percent. This can be improved to
about 90% by using coatings. Although this is advantageous from a power budget point
of view, it increases the laser noise. In the experiments conducted for this thesis no
coatings were used, however this issue needs to be addressed when coatings are used. A

remedy to this problem is the use of optical isolators.

3.3.2 Fiber-Noise
In fiber systems there are several sources of multiplicative noise. These noises are such
that when the transmitted power along the fiber is zero, there is no noise due to it, hence
they are multiplicative in nature. The two main contributors to this noise in a fiber system

are modal noise and mode partition noise.

Modal noise is predominant in multi-mode fibers where there are many propagating
modes. Modal noise is also known as speckle noise because a familiar speckle pattern is
seen when many constructive and destructive interferences are visible across an aperture
many wavelengths wide. When a multimode fiber is excited by a narrowband source, even
little changes in the bend curvature, pressure, temperature, reflectivity from a splice, or
connector, or frequency of the laser will cause a shift in the amplitude and phase at various
points in the speckle pattern across the fiber crossection. Modal noise is a problem mainly
with multimode fibers and narrowband sources, and mode partition noise manifests itself

in signal mode fibers with wideband sources.
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Mode partition noise is the result of the interaction between the non-zero bandwidth of the
laser source and the dispersion of the fiber. The various wavelength components due to a
wide band source arrive time-overlapped and form constructive and destructive

interference patterns at the output.
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3.3.3 Receiver Noise
The incident optical power is converted into electrical signals at the photodiode. The

current in the receiver is given as

Ip =RFy, 3.7)
I D is the photocurrent;

P, is the incident optical power at the receiver

R is the responsivity of the receiver
However a practical photodiode is not free from noise. The two main sources of noise at

the photodiode are shot noise and thermal noise.

Shot noise: Shot noise is primarily due to two random current processes in the material of
the photodiode. Electrical current consists of a stream of electrons which are randomly

generated. These have been investigated by Schottky [2,6] and is given as

I(t)=Ip+ ig(1), (3.8)

where is( t ) is the current fluctuation due to the shot noise. Here is( t) is a stationary
random process with Poisson statistics which can be approximated by Gaussian statistics.
They are dark current noise (due to Ip) which is typically in the range of a few

nanoamperes, and quantum noise (due to 1)

o2 =q(l,+Ip)A f
A fis the Bandwidth of the receiver
and q is the charge on an electron.

(3.9

The detection of light by a photodiode is a discrete process at the electron-hole level. An

electron-hole pair results from the absorption of a photon and causes a current to flow.
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Thermal noise: Random thermal motion of electrons in a resistor also manifests itself as a
fluctuating current even in the absence of an applied voltage. Thermal noise can be

included in the earlier equation, equation 3.8.

I(t)=1,+ig(t)+ir(1), (3.9)

where ip () is the current fluctuation due to the thermal noise. Here, ir(¢) is also

modeled as a stationary Gaussian random process with a spectral density that is frequency

independent upto f ~ 1 THz.(nearly white noise) and is given by
Sp(f)=2kpT /Ry, (3.10)

where #p is the Boltzmann constant, T is the absolute temperature, and Ry is the load

resistor. Sy(f) is the two-sided spectral density.

3.3.4 Correlational Receiver
For conventional processing in cellular systems, bipolar, antipodal and orthogonal signals,
'+1' or -1', are used to form the pseudo-random code. In incoherent processing '1' and '0'
are used. Though it is possible in principle to do coherent optical processing, practical
systems are not yet developed due to the high frequency of the optical carrier. The
optimum (minimum probability of error) detector in additive white Gaussian noise
(AWGN) consists of a bank of correlators or filters matched to each signal. The decision

as to which signal was transmitted is determined by identifying the largest output of the

correlator.

The received signal consists of added terms from each of the sensors. The receivers

realize their processing gain by transforming the desired wideband signals into narrowband

3.0 Global Design Considerations 29



and the undesired signals into wideband. The remainder of the process involves separating

out the undesired signals.

The purpose of the correlator is to match a local refcrence signal to a desired incoming
signal and thereby reproduce the embedded information bearing signal as the output. A
perfect match is desired between the reference signal and the received code modulated
signal. However, such an effect is not easily achievable. It is of some interest therefore to

examine the effects of such mismatch on the performance.

If the desired signal is exactly matched with the receiver's reference, no noise is generated
by the desired signal. The amount of noise depends on the output correlation or the
degree of synchronization. When there is no synchronization (reference and the received
signal are more than one bit apart) the output is all noise. Or if there are other sensors

modulating delayed sequences, the output contains them.

For each r reduction in the synchronized signal due to code timing offset, there is a 2r
increase in noise contribution on crosstalk, which results in a signal-to-noise function

given as

f(1)=A(T_T), (3.11)
27

Where A is the maximum amplitude of the signal ;
T is the period of one bit;

and T is the timing offset.
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The unwanted energy from other channels which appear in the desired signal is termed as
crosstalk. In this application the quantification of crosstalk is an important parameter of
interest. However, the crosstalk is dependent on the code sequences used. This is

discussed in some more detail in Chapter 4.
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4.0 Theoretical Analysis

Theoretical model:
The theoretical model is developed as in Figure 4.1. This system is used to come up with

expressions for the noise in the system and most importantly, the crosstalk.

The system has a transmitter which is modulated by a pseudo-random sequence. The
sequence is generated as shown in section 2.2. The transmitted waveform accesses k

sensors which intensity modulate the code sequence.

Each sensor signal, sg, modulates a distinctly delayed maximal length code sequence
[a(t-tg)]. All the modulated code sequences are summed with additive white noise shown
as n(¢) and presented to the detector. The detected signal r(#) is correlated with the
reference maximal length code signals corresponding to the desired sensor. The output of

this receiver is the signal Z which contains the desired signal.

In order to realize simultaneous outputs from ail the sensors, a bank of correlators with
their respective correlating reference signals is connected to the output of the common

detector.
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Experiment 1: Effect of increasing the number of sensors on the system. This simulation
is conducted with increasing the number of sensors on the system.

Signal-to-noise ratio = 10;

code length = 15;

modulation depth of sensors = .25;




Experiment 2: Effect of extinction ratio on performance. In this simulation the
extinction ratio of the laser signal varied. This is done by adding a constant dc signal to

the transmitted coded signal in steps of .2 volts. When the signal amplitude is one, and the

— s . .. R dc .
dc, the extinction ratio is given as in equation is r = 2o The experiment was
1 C

conducted under the following parameters.
Signal-to-noise ratio = 15
code length = 15
Number of sensors = 7; connected as in vector [q],
where q=[100101001001011]. A'l' represents a connected sensor
and '0' represents the absence of a sensor in the respective bit position of the

code sequence.

1

s
exinction ratio

Figure 6.2. Effect of laser modulation extinction ratio on performance

It is seen from Figure 6.2 that the crosstalk into the desired signal increases with an

increase in extinction ratio.
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Experiment 3: Effect of unequal powers in the sensors. This simulation was conducted
by observing the power into the channel of the first channel when that sensor is inactive
and many of the others are. The signal power in the other active channels is increased in
steps of .2, as a ratio of the signal power in sensor 1. The results of this test are shown in
Figure 6.3.

Signal-to-noise ratio = 15;

code length = 15;

modulation depth of sensors = .25;

Figure 6.3. Effect of unequal powers in the sensors

From Figure 6.3, it is seen that the crosstalk into a sensor channel increases if the power in
the other channels is significantly larger than the signal in the sensor under consideration.

This result agrees with the analysis in chapter 4 (Equation 4.39).
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Experiment 4: An important parameter of interest is the effect of asynchronous
correlation. This was studied by simulating different scenarios of correlation mismatch.
The delay is varied in steps of a tenth of a bit period.

Signal-to-noise ratio = 15;

code length = 15;

modulation depth of sensors = .25;

Figure 6.4. Effect of asynchronous correlation on performance

The power from neighboring sensor channels falling into the sensor channel under
consideration increases with the slip in synchronization. This can be seen from Figure 6.4
which is an illustrates this phenomenon. Figures 6.5a-h illustrate how the channel signal in
sensor channel 3 of the simulation disappears from the output and finally sensor 4 of the
next channel appears as the delay totals a bit period. In this run of simulations the delay

was increased in steps of a seventh of a bit period.

5.0 System Design and Experiments 72



delay = O /7th of the bit period delay = 1 /7th of the bit period

| 1 1 \
g - E
= >
20s /\/\/ Z0s /\/\,/
E E
0.4 0.6 0.8 1 0.4 0.6 0.8 I
) time(secs) time(secs)
! delay = 2 /7th of the bit period delay = 3 /7th of the bit period
I I
2 z
E E
= =
2 os /\\/J\’\,v 205 (\/\/\/\/\/\/\J
R £
or ‘ . 0
0.4 (.6 0.8 1 0.4 0.6 0.8 I
time(secs) time(secs)

Figure 6.5a-d. Detected signal being correlated with a reference signal which
is the original delayed by 2 bit periods: (b) to (d) show synchronized
correlation. (a)Sensor 3 signal is received when the bit delay is exactly 2 bits
from the original. (b) to (h) the received signal when the reference signal is

delayed by fractions of a bit period.
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Figure 6.5e-h. The detected signal being correlated with a reference signal
which is the original delayed by 2 bit periods. (e) to (h) show synchronized

correlation. (h) Sensor 4 signal is received when the asynchronism is

matched by an additional bit delay.

74
5.0 System Design and Experiments




7.0 Applications and Conclusions

Two possible novel applications of this approach in multiplexing are proposed here. One
application is to smart structures and the other is to sensing along communication

channels.

7.1.0 Applications

7.1.1 Smart Structures
A smart structure is one which is adequately well instrumented as to allow the observance
in real time, of the state of the structure in all its critical aspects. The purpose of smart
structures is to monitor manufacturing processes, measure loading and environmental

parameters and to asses the structural integrity with time.

Recent development of fiber composite materials have made it possible to directionally
transfer the structural response of a material to another point at which it can be monitored.
Depending on the structure, its design and, loading criteria, fiber networks can be tailored
to sense and carry the information from any section of the structure. The lamination

concept in today's structural industry has made this application more attractive.

A distributed fiber system is an inherent feature of any feasible smart structure design. In
a multi-sensor situation in developing a smart structure, one would ideally need as many
sensors to monitor a matrix of locations as the number of nodes in the network. This

would put an immense demand on the hardware and processing if multiplexing was not
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implemented. Multiplexing of this matrix of sensors would reduce this complexity, but
one would still need N sensors to do monitor as many points. A topology is proposed
here which uses spread spectrum multiplexing to achieve this capability with the number of
sensors being reduced by an order proportional to the square root of the number of nodes.

The system uses microbend sensors.

The sensing fibers are embedded in the composite structure as shown in Figure 7.1. The
design proposed here uses 2N sensors to sense N2 locations. The sensing locations form a
matrix as shown. The launched light is distributed through a star coupler, into the 2N
fibers leading into the sensors. Microbend sensors are used for this implementation. Their

effective sensing region is the entire length of the embedded fiber.

Star coupler

Figure 7.1. Model for developing smart structures using spread spectrum

fiber sensor multiplexing techniques.
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7.1.2 Mono-Fiber Communications and Sensing

The same fiber may be used for transmitting sensor and communications signals. A

scheme is proposed here as to how this may be achieved.

In a communication system where code division multiple access methods are being used,
the sensor model proposed can be incorporated. This involves the use of tap off couplers
from the communication channel. The coupler may be of unequal splitting ratio with most
of the power being on the main channel and a low percentage dependent on the power

budget of the system coupled into the sensor.
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Figure 7.2. Spread spectrum communications and sensing on the same fiber

In this topology the sensors used are necessarily reflective mode sensors. The sensor
information is available only in the reflected path. It would increase the noise in the
communication channel if the sensor signal is allowed to propagate into the
communication channel receiver. The separation between the sensors is determined as an

integral multiple of a bit delay in the code sequence. This gives the best autocorrelation
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peak. At the receiver of the system, a delayed version of the sequence, delayed by the
propagation through the length of the fiber, is used to correlate with the reflected signal.
This system will work even if one of the communication channels use the same code

sequence as it's signature sequence.

Such a configuration can strive to be useful in situations where the fiber cable needs to be

monitored under harsh environments like underground or undersea.

Some constraints are foreseen in this topology. Among them is the sacrifice of bandwidth
to the analog sensors. All the optical fiber sensors encountered so far have analog signal
outputs. This increases the power budget on the otherwise digital communication link.
Signal-to-noise ratio is a major consideration in analog systems and cannot be handled as

efficiently as in digital systems.

7.2 Conclusions

Over the last decade optical fibers have gained wide acceptance as a measurement and
instrumentation medium. To use its several advantageous properties it is necessary to
adapt quickly to various industrial and technological requirements. It must be possible to
incorporate newer technologies into this area to maximize benefits. One such is the spread

spectrum technology.

Here a optical fiber based sensor array has been multiplexed using the spread spectrum
technology. The dependence of the performance of such a system on various system

parameters is analyzed. A mathematical foundation is laid to understand the theory of
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spread spectrum system as applied to the multiplexing scheme proposed. Hardware
implementation is supplemented by simulation of the scheme in software and its
characteristics studied. The system establishes a reliable method for multiplexing an array

of four Extrinsic Fabry-Perot Interferometers.

The simulation of the system in software is used to demonstrate the dependence of the
scheme on several parameters of concern. Finally a few applications of this technique of

multiplexing are proposed.

Future work could incorporate external modulation of the laser and electro-optic
correlation of the output. This will eliminate the need for fast lasers and detectors.
Another area of improvement is to use signals of known frequency to modulate the

sensors and observe the output in the frequency domain to obtain crosstalk figures.
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