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ABSTRACT

With the commercial use of optical current sensors becoming a reality it will be
highly beneficial for many applications if multiple sensors can be networked and have
a single transceiver unit. An all fiber optic current sensor network is developed which

uses a single detection scheme for current sensing.

Several network topologies and multiplexing approaches are presented and com-
pared and based upon such comparisons a two sensor passive star network using time
division multiplexing is adopted for use in the project. The transmitter to send the
light pulses and receiver to detect the pulses and display them in a user friendly way

have been designed and built.

This practical fiber optic current sensor network is used to carry out the experi-
mental investigations and according to the data the proof of concept FOCSNET has
been remarkably successful in differentiating and measuring the D.C. currents present

in two 3M sensors simultaneously.
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CHAPTER 1

INTRODUCTION

1.1 Background

Electrical current measurements are of fundamental importance in power networks
and particularly where they are used for relaying. metering, control and monitoring
purposes. While the conventional current transformers (CTs) have performed on the
whole quite well since the late 1800’s, performance limitations and other failures|l]

have provided an impetus towards using other methods.

Recent demands for higher voltage electric power systems have led to an increase in
the size and cost of the conventional CTs. The saturation of the iron core under fault
current[2] and the low frequency response of the conventional CTs make it difficult
to obtain accurate current signals under transient conditions and it also reduces the
dynamic range of the CT. Moreover, with digital control and protection systems being
introduced into power systems. the conventional CTs have caused further difficulties.
as they are likely to introduce electro-magnetic interference (EMI) through the ground
loop into the digital systems. The elimination of EMI in the current measuring system

is therefore required.

1.2 Brief Review of the Optical Current Sensor

In recent years it has been recognized that there are significant advantages to using

optical methods for measuring electrical currents in various applications[3. 4]. The
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optical current sensor. or optical CT, with its excellent features such as verv much
smaller size and weight than the conventional CTs, elimination of electromagnetic
interference in current measurements. extension of dynamic range and frequency re-
sponse. and the provision of an insulated optical link extending from the CT to the
signal processing unit or relaying system[5], provides a solution to the above men-
tioned limitations of conventional CTs. One can see that optical current-sensing
techniques are sorely needed by the power industry and they will be widelv used once

developed. This is a vast potential market with huge social and economic henefits.

An optical current sensor measures the electric current by means of the Faradav
Magneto-optic eflect which was first observed by Michael Faraday 150 vears ago. The
Faraday effect is the phenomenon whereby the orientation of polarized light rotates
under the influence of a magnetic field and the degree of rotation is proportional to

the strength of the magnetic field component in the direction of the optical path.

In an optical CT system a sensor element is placed on the electrical conductor
where the measurement is to be made and laser light is injected into it from a remote
transmitter station through either an optical fiber or free space[6. 7. 8]. The incident
light is modulated by the sensor and then returned to an optical receiver station where
the modulation is detected. quantified and translated into a current value. Because
of the Faraday effect the sensor alters the polarization state of the laser beam and
this change can be detected by using the two detector method or the single detector
method[9, 10]. In the two detector system the change in the polarization state is
detected using a Wollaston prism and a pair of photodetectors arranged to measure

orthogonal polarization components[l1]. In the single detector system the intensity
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of the light beam is altered by the change in the polarization state and this variation

in the intensity is detected using a single photodetector at the receiver end.

A majority of optical CT systemns have utilized the two detector approach in order
to improve the signal to noise ratio. Even though the dual detector approach provides
superior rejection of common mode noise it is more costly and difficult to implement

relative to the single detector system, especially in an all fiber system[12].

The designs of optical CTs to date have fallen into two categories. bulk glass
type and fiber optic type. In the bulk glass design{13. 14. 15. 16. 17] an optical
glass prism is used as the sensing urnit and an optical fiber is used to transmit the
optical signal. The optical glass prism is formed around the conductor to allow the
optical beam to go around the conductor to pick up the Faraday rotation. The bulk
optic approach requires lenses, polarizers and highly stable assemblies for joining
the sensing element to the rest of the optical system. Furthermore. increasing the
number of optical turns (thus increasing the sensor’s response to smaller currents)
is difficult and costly. With the fiber optic approach[18, 19, 20. 21. 22]. the optical
fiber is wound around the current carrying conductor as a coil to pick up the Faraday
rotation change. The optical fiber is thus used both to sense the electric current and
to transmit the optical signal. Due to the very simple structure (just a few turns of
fiber) and the potential cost reduction, small size and reliability advantages of an all

fiber optic system, special attention is being paid to this field.



1.3 Fiber Optic Current Sensor Network (FOCSNET)

Using an all fiber optic approach it is much simpler to design a sensor network
having a single transmitter and receivei and have multiple sensors placed at different
locations networked together, whereas in the bulk optic approach it is extremely
complex and difficult to build such a network. The fact that the sensor technology
has reached the level where the fiber optic sensors are commercially available enables
the building up of not only the single point sensor systems. but a whole network of
sensors driven by a single optical source. A key advantage of. and mwotivation for,
sensor multiplexing is a reduction in the overall cost per sensor. because all sensor
elements are powered and interrogated by a single transceiver unit. [t is expected
that a major thrust for the greater application of fiber optic sensors will arise from
the need to install an increasing number of sensors in applications requiring the use

of multiple sensors e.g. in the electrical power industry.

Different techniques can be used to build such a network[23. 24] like frequency
division multiplexing (FDM). time division multiplexing (TDM) and wavelength di-
vision multiplexing (WDM). The multiplexing method may be said to be passive. if
only passive sensor and interconnection elements are used (i.e.. there is no need for

external electrical power). Fiber optic sensors are intrinsically suited to such passive

multiplexing schemes.

In the FDM technique every sensor of the network is assigned a frequency channel
within which the sensor signal may be modulated in amplitude or frequency by the
corresponding measurand(23, 24. 25]. WDM is principally a special case of FDM.,

but due to the enormous bandwidth of fiber optic signals it is considered as a dis-
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tinct multiplexing method. Here. a separate wavelength is assigned to each sensor
channel of the network{23, 26]. However. FDM requires a highly accurate and com-
plex electronic processing unit and WDM requires very sensitive and selective optical
components.

The TDM approach consists of launching short light pulses into the network and de-
tecting the differentially delayed returning pulses caused by the different fiher lengths

to each sensor[23. 24].

Distributed sensing schemes like optical Time Domain Reflectometery (OTDR)
where the fiber itself acts as the sensor have also been used[23. 26. 27]. OTDR utilizes
an optical radar concept to measure the backscatter power versus time characteristics
when a light pulse is launched into the fiber. Also work has been done on coherence
multiplexing of sensors where a short coherence length continuous optical source is
used[28. 29]. The main principle behind this technique is that the delays in the sensor
array are arranged so that the optical signal returns are mutually incoherent and
therefore do not interfere coherently with one another. The signal from each sensor

can then be retrieved separately by matching the delay in the receiving interferometer.

Keeping firmly in mind the overall complexity of design and resource limitations

the TDM approach appears to be a more pragmatic choice than the others.

1.4 Thesis Outline

The aim of this thesis is to investigate the feasibilty of an all fiber optical cur-
rent sensor network. Further details about FOCSNET are described in the following

chapters:
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In Chapter 2 the polarization phenomenon of light is discussed and the Faraday
Magneto-optic effect is analysed.
In Chapter 3 the types of networking techniques considered are presented. An analy-
sis of the pros and cons of using different networking topologies is carried out. leading
to the choice of topology used in FOCSNET.
In Chapter 4 the design of FOCSNET is explained in detail. It can be broadly divided
into three categories: Transmitter, Receiver and Optics. In the Optics section vari-
ous tvpes of optical fibers and their properties are explained in detail. The Receiver
section can be subdivided into an Electronics part which includes the Photodiode
and Operational Amplifiers, and the Digital part which includes the Analog to Dig-
ital converter. the Field Programmable Gate Array (FPGA) and the Digital Signal
Processor.
Chapter 5 includes the expected performance of the system. an in-depth study of
various causes that may affect the system is done and a Signal to Noise analvsis is
presented.
Chapter 6 contains the experimental investigation and results. A detailed examina-
tion of the procedural set up and the results obtained is carried out and it is followed
by a discussion on the possible sources of errors.

Finally. the conclusions and future work are given in Chapter 7.
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CHAPTER 2

OPTICS

2.1 Polarization

The polarization of light was first discovered by a Danish professor Erasmus Bar-
tolinus and described in a publication in 1669({30]. This reference concerned the
refraction seen in a crystal called Iceland Spar, now called Calcite. After extensive
work on this phenomena by Hugens. Malus, Brewster. Young and others. the theory

of polarization is now generally considered well developed.

A beam of light consists of many waves with each wave having its own electric field
component. Normally the orientations of these electric field components are randomly
distributed and such a light is called unpolarized light. A polarized beam of light is

one in which the electric field components of all the waves have similar orientation.

The orientational characteristics of the electric vector representing the polarized
light determine the state of polarization (SOP) of the wave(31]. If the incoming wave
is seen from the direction of propagation i.e. the z-axis. the locus of the tip of the
electric vector is a measure of the polarization. The angular orientation of this locus
is known as orientation of the wave. If the locus is a straight line the wave is said to
he linearly polarized and it is called circularly polarized light if the locus is a circle.
The circularly polarized light is further divided into right or left circularly polarized
light depending upon the direction of the circular helix. If it is clockwise then it

is known as right circularly polarized light and if anti-clockwise then left circularly
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Figure 2.1. Sectional Pattern of left elliptically polarized light

polarized light. Fig. 2.1 shows the sectional pattern of a left elliptically polarized

wave viewed towards the source having an orientation of 90° from the x-axis.

Any vector representing a polarized light beam can be resolved into a pair of
mutually perpendicular or orthogonal components of the electric field travelling along
the direction of propagation of light[31]. In other words. the electric field vector
of the polarized light is a vector sum of these two orthogonal components. Thus
the intensity. the orientation and the type of polarized light depends upon these

orthogonal components. These components lie along the x and v axes.
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If the two components are in phase then the resultant wave is linearly polarized.
The orientation of this linearly polarized light depends upon the relative amplitudes
of the two components and if their amplitudes are equal then the orientation is at
45°. The orientation of polarized light is measured conventionally with respect to
the x-axis. If 4; and A, are the amplitudes of the x and y orthogonal components
respectively. then the orientation of resultant linearly polarized light can be given by

tan~'(4,/A;).

If the two orthogonal components are equal in amplitude and are 90° out of phase
then the resultant wave is said to be circularly polarized. Circularly polarized states
are distinguished by the sense of rotation of the vector. For example. when the
resultant vector rotates clockwise when viewed towards the source it is called right
circularly polarized light. Circularly polarized light does not have any orientation as

such and it is described by just its amplitude and sense of rotation.

For other cases when the two components have unequal amplitudes and have a
phase difference. or have equal amplitudes but a phase difference other than 90°. the
result is elliptically polarized light. Generally. all the polarized light can be termed
as elliptically polarized with linear and circular polarization being its special cases.
Fig. 2.2 shows in detail the effect that the amplitudes and the phase difterence of
the two orthogonal components have on the overall state of polarization of the light

wave[32].
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Sectiocnal Sectional Phase
Pattern of Patterns of ) Difference Type of
Polarized Orthogonal Orientation between the Polarized
wWave Components (in degrees) two components Light
0 0 Linear
——— D ———r
/ l 45 0 Linear
/ l 70 0 Linear
N 90 Right
Circular
90 90 Left
Elliptical

Figure 2.2. Relationship between orthogonal components and type of polarization
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2.2 The Jones Calculus

Many scientists such as Jones, Stokes and Mueller have developed mathematics to
represent the polarized light and its interaction with optical systems[31. 32]. Detailed

discussion about the Jones Calculus is presented in this section.

In 1941. R.C. Jones(33] determined that polarized light could be represented by a
2x1 column vector which is known as the Jones vector. Each element of the Jones
vector describes one component of the electric vibration at the given location. The
first (upper) element indicates the amplitude and phase of the X-component and the

second (lower) element does the same for the Y-component.

Assume there is a beam of polarized light (not necessarily linearly polarized light),
which can be considered as a plane wave travelling with the speed of light, c. and
in the direction of z-axis. Its electric field vector £ can be specified[15] in terms of
two orthogonal components £, and £, with amplitude A, and A4,. and initial phase

angle o, and o, respectively. such that
E. = A coslw(t — -z-) + @:] = Real part of [Are:t:p w(t - %) + or]] (2.1)
and
E, = Aycos{w(t — -i-] + &,] = Real part of [Aye:cp fw(t — —z-) + a)y]J (2.2)
When |6, —¢,| = 90° and A, = A,, Eis circularly polarized. When ¢.—o, =0, E

is linearly polarized. In a general case Eis elliptically polarized. The above equations

can be rewritten in a different form as follows,

EI Areiér {w(t~=/c
[Ey ] = [ Ayeids ] ehete==/el (2.3)



Alternatively. £ can be represented as a column vector which is called the Jones

Vector

For example.

[ [l) ] is a linearly polarized light with the orientation of the x-axis.
[ ? ] is a linearly polarized light with the orientation of the y-axis.

7'5 [ } ] is a linearly polarized light which is 45° oriented with both the x-axis and

v-axis. and
[ f ] is a right-circular polarized light.

Jones also found that a polarization device can be represented as a 2x2 matrix
which is known as the Jones matrix. When the polarized light is passed through the
polarization device. the output light can be represented as another column vector
which is the product of the Jones matrix of the device and the Jones vector of the

input light as shown below :
EZI = Jll J12 El:r (2‘5)
EZy J2l J22 Ely
In general. the four elements of the Jones matrix, Jy,, Ji2, J21, and Ja. are complex
and depend on the device[15]. For example, a quarter wave plate which is an impor-

tant optical component can provide a 90° phase difference between the two orthogonal

components of the polarized light. If the orientation angle of the quarter-wave plate
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is 452 then its Jones matrix is

| .
Jzﬁ[-li ;] (2.6)

1

Therefore the output light which can be represented as a product of these two is

RN

which is a right-circular polarized light.

and the Jones vector for the input light is E;, = { 0 ]

o
N

The Jones matrix for any material which rotates the polarized light by an angle ¢

is given by
R= [ cosf smﬂ] (2.8)

—sinf cos@

2.3 Faraday Magneto-optic Effect

In 1845 Michael Faraday discovered that when polarized light is propagated through
an optically active material in a direction parallel to the applied magnetic field. its
plane of polarization was rotated and this rotation angle was proportional to the in-
tensity of the magnetic field[34]. This is known as the Faraday effect and the rotation

is generally given by the empirical law
L , .
Q= v/ .di (2.9)
0

where,
Q1 - Angle of rotation,

V - Verdet constant of the material (rad/ampere-turn),
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Incident light
(linearly polarized) Angle of Rotation of
plane of polarization

s Transmitted light

---------------- -] (linearly polarized)
/1 e
\ S 7 T~ /Z ...........
L ] - Ttve. -\

Magnetic Field H

Faraday Material

Figure 2.3. Concept of Faraday Effect

H - Magnetic field intensity, and

L - Length of the optical path.

If the magnetic field is uniform and the optical path is going along the same direction

as the magnetic field then the above relation can be simplified as

Q=VHL (2.10)

When the propagation direction differs from the magnetic field direction by an angle

o. the rotation is given by

Q = VH Lcosd (2.11)

When the polarized light encircles a current carrying conductor through a magneto-

optical material like optical fiber then according to Ampere’s Law the Faraday rotation[16]
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can be given as

Q=VNI (2.12)-

where.
N - Number of turns of the optical path around the conductor. and

I - Current carried by the conductor.

The Verdet constant is generally described by the microscopic theory: it is tem-
perature. wavelength, and sometimes field-dependent and it is different for different
materials. The dependence of the Verdet constant on the wavelength and the refrac-

tive index is expressed as[15]

R €p A dn 3y 1°
S e m sz 2.13
v fm02cd/\ (213)

where.

V - Verdet constant of the material.

< - magneto-optical constant,

€o/my - specific charge of the electrons,

c - velocity of light.

A - wavelength.

n - refractive index of material at wavelength A, and

dn/dX - dispersion.
Thus higher the dispersion of the material, the larger the Verdet constant.

The Faraday effect is a dispersion effect and can be understood in terms of the
space anisotropy introduced by the magnetic field[16]. As the effect of the magnetic

field upon the right and left circularly polarized components is different the refractive
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indices and the propagation constants are also different for each sense of polarization
and a rotation of the plane of polarization of the linearly polarized wave is observed.
If there is absorption in the medium, then the absorption coefficient will also be
different for each sense of circular polarization and the emerging beam will then be

elliptically polarized.

In 1825, Fresnel showed that for natural optical rotation the plane polarized wave
could be considered as right and left circularly polarized waves travelling through
the medium at different velocities. The rotation of the plane of polarization for light

passing through a material of length L is given by[16, 31]
Q= (wLl/2)(n. —ny) (2.11)

where w is the angular frequency. n, and n_ are the refractive indices of the right and
left components respectively, and ¢ is the velocity of light. Since this description does
not depend on the manner in which the differing velocities arise it is also applicable

to magnetic rotation.

Rotation arises through the coupling of radiation with the electrons or bound
oscillators(16]. The magnetic field can be taken into account by using a moving
coordinate system which precess the the Larmor frequency wp = eH/2mc. where e
and m are. respectively, the amplitude of the charge and the mass of the electron.
The two components of the radiation then have the angular frequencies w — w; and

« + wr. From the equation for the rotation given above, Q1 is then given by
Q= [n(w—wr) — n(w +wL)|wL/2¢ = (wLlw [c)(dn/dw) (2.15)

which is called the Becquerel equation[16].
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All dielectric materials exhibit this Faraday effect to some extent. In particular

it is found that glasses and silica, the materials from which optical fibers are made.
have measurable Verdet constants. As silica has a relatively small Verdet constant
it is necessary to have a strong magnetic field or a large amount of current in the

conductor in order to measure the Faraday effect on optical fibers.

2.4 Polarization and Fiber Optics

The polarization state of light traveling through a medium can be influenced by
stress within the medium and this can present problems with ordinary single mode
fiber[35. 36. 37]. When a normal fiber is bent or twisted stresses are induced in the
fiber and these stresses in turn change the polarization state of light traveling through
the fiber[38. 39]. Furthermore if the fiber is subjected to any external perturbations
like those due to changes in temperature then the final output polarization will vary
with time. This is true for even short lengths of fiber and is undesirable in many

applications which require a constant output polarization from the fiber.

Polarization maintaining fibers (PM fibers) have been developed to solve this prob-
tem. These fibers are also known as High Birefringent or Hi-Bi fibers and work
by inducing a birefringence within the fiber core. Birefringence refers to a differ-
ence in the propagation constant of light traveling the fiber for the two orthogonal
polarizations(31, 39, 40]. This birefringence breaks the circular symmetry in an opti-
cal fiber creating two principal transmission axes within the fiber known respectively
as the fast and slow axes of the fiber. The high birefringence of these fibers prevents

the coupling of power between the two orthogonal components. This results in very
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low noise and cross-talk and helps in maintaining the state of polarization of the light
traveling through the fiber. Provided that the input light into a PM fiber is linearly
polarized and oriented along one of these two axes then the output light from the
fiber will remain linearly polarized and aligned with the principal axis even when

subjected to external stresses.

Birefringence is created within a PM fiber either by forming a non-circular fiber
core (shape induced birefringence). or by inducing constant stresses within the fiber
with stress applying parts (SAP) (stress induced birefringence)[38. 39. 40]. An exam-
ple of the shape induced birefringence is the elliptical core fiber. The optical losses of
these types of PM fibers are generally high and the reason may be due to the large
refractive index difference and imperfection of the core shape. On the other hand.
the stress induced birefringent fibers such as bow-tie fibers and PANDA fibers exhibit
low optical losses and low crosstalk levels by setting the buffer layer between the core
and the stress applying parts (SAP)[40]. At present the most popular fiber type in
the industry is the PANDA fiber which is of circular SAP type[39]. One advantage of
PANDA fiber over most other fibers is that the fiber core size and numerical aperture
is compatible with the regular single mode fiber and this ensures minimum losses in
devices using both types of fibers. Fig. 2.4 shows a variety of polarization maintain-
ing core/cladding structures presently used in the industry. The dashed lines in the

drawings show the slow axis within each structure.

Polarizing fiber (PZ fiber) is a special type of PM fiber[40]. While in the PM
fiber there is high birefringence between the two orthogonal modes in the PZ fiber

one mode is driven to cut-off{41, 42]. At cut-off the mode ceases to be guided in
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the core region and it escapes into the cladding where its energy is lost. Normally,
the light launched into the slow axis is guided inside the fiber and it emerges as
linearly polarized light having the same orientation as that of the slow axis. Light
launched into the fast axis is unguided and so it is driven to cut-off. thus no output
light emerges from the fast axis. This means that the output light from the PZ fiber
is linearly polarized in the direction of the slow axis irrespective of the nature and
orientation of the input light. However the amplitude of the output light is a function
of the relative difference between the orientation of the input light and that of the
slow axis of the PZ fiber as shown in Fig. 2.5. If the input light is totally depolarized
light then the amplitude of the output light is half that of the input light. Thus PZ

fiber acts as a fiber polarizer.
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Figure 2.5. Output Light Intensity versus Relative Orientation Angle



2.5 The Sensing Coil

The plane of polarization of the polarized light inside the sensing fiber is rotated
when it experiences the Faraday magneto-optic effect. The sensing fiber should have
a very low birefringence for this rotation to take place as a high birefringent fiber
may resist the magnetically induced circular birefringence of the Faraday effect. The
phenomenon of difference in the velocities of the two oppositely handed circular po-
larizations traveling along the principal axis is known as ‘circular birefringence’(31].
When fibers are carefully made they can have low linear birefringence: however. as the
fiber is bent or comes under transverse pressure, the birefringence increases[43]. The
linear birefringence interferes with the Faraday-induced rotation and even if present
in small amounts it makes the Faraday rotation nearly unmeasurable[44]. Many
approaches have been used by researchers and scientists for reducing the problemns

caused by linear birefringence in the fiber.

Early work to overcome the birefringence problem aimed at producing a low bire-
fringence fiber by spinning the preform during fiber drawing to average the fast and
slow birefringence axes[44]. However. when coiled. the fiber suffers from bend induced

birefringence which can catastrophically reduce the electrical current sensitivity.

Another approach is to introduce high circular birefringence into the fiber or use a
fiber with high intrinsic circular birefringence. Circular birefringence causes a rotation
of the plane of polarization that merely adds to that caused by the Faraday effect.
If the circular birefringence is sufficiently large then linear birefringence arising from

bending or other effects has little effect[45].
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Circular birefringence can be introduced into the fiber by torsional stress induced
by twisting. However, it is effective only for relatively large coils with few turns{44, 45].
For small coils the twist necessary to achieve a useful effect often exceeds the breaking
strength of the fiber. Further, the twist-induced circular birefringence is temperature
dependent thereby introducing a stability problem. Several attempts have heen made
to make fiber with a high intrinsic circular birefringence by introducing large perma-
nent levels of torsional stress locked into the fiber but these suffer from practical

difficulties[44. 45].

In recent vears. it has been shown that both the inherent and bend-induced lin-
ear birefringence can be substantially reduced by annealing the optical fiher at the
temperatures in the range of 800°C[43]. Current sensors based on annealed coils offer
better temperature stability than has been achieved with the other approaches. A
further advantage is that annealed coils can be inexpensively produced from ordi-
nary telecommunications fiber[45]. The principal difficulty is that the coils must be
carefully packaged for protection and to minimize the sensitivity to vibration. The
sensing coil used in this project was annealed in a ceramic mold and transferred to

an identically shaped plastic holder{22].



CHAPTER 3

NETWORK DESIGN

3.1 Introduction

In a sensor network. at least two sensors. which may be discretely or continuously
distributed in space according to a suitable topological pattern (linear array. star.
ladder. ring). are operated and controlled by a single central optoelectronic terminal
or transceiver unit. This requires a scheme to provide unambiguous sensor address-
ing (or multiplexing) and interrogation (or demodulation). The central terminal or

transceiver is required to perform the following functions[23]:

e powering the network with an optical light flux of required intensity. spectral
distribution. state of polarization (SOP). and temporal behaviour (continuous

or modulated):

® detecting the part of the optical power that is modulated by the measurand’s

action in point sensor elements and sent back;

e identifying the information concerning the value of the measurands of the various

point sensors by a suitable addressing, interrogation and decoding scheme:

@ evaluating the separated individual sensor signals into electrical output signals

that are calibrated against the particular measurands.



3.2 Multiplexing Techniques

The topology of a fiber optic sensor network is strongly determined by the desired
method of sensor modulation and interrogation. The interrogation may be performed
in the time and frequency or wavelength domain and these methods are referred to
as Time Diviston Multiplexing (TDM), Frequency Division Multiplexing (FDM) or
Wavelength Division Multiplexing (WDM), respectively. Distributed sensing systems

like Optical Time Domain Reflectometery (OTDR) can also be used.

3.2.1 Time Division Multiplexing

This system consists of launching short light pulses into the network consisting of
multiple point sensors distributed in space such that the returning pulses are delayed
by timeintervals given by t; = nL;/c, where L; is the fiber link length of the /th sensor.
n the core refractive index of the fiber. and c the free space velocity of light. At the
detector the pulses arrive separated in time due to the different path lengths traveled
to and from each sensor(23. 24]. They are then converted to electrical signals and the
original signal decoded. The number of sensors that can be usefully multiplexed is
governed by factors such as the pulse power. pulse width. repetition rate of the laser.

the optical losses suffered in traversing the fiber and couplers. etc.

3.2.2 Frequency Division Multiplexing

In the FDM technique every sensor of the network is assigned a frequency channel

within which the sensor signal may be modulated by the corresponding measurand[24.
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23]. The most convenient form of frequency modulation is a linear fm ramp repeated
at regular intervals. This waveform is either generated directly by a signal generator or
indirectly by pulsing a surface accoustic wave (SAW) chirp filter. It is then amplified
and applied to the laser or electro-optic modulator. The return signals from the
sensors are then mixed with the original signal. Each return is separated in time
from the original modulation by a definite time difference and this results in a fixed
frequency difference from the original signal. This frequency difference is due to the
nature of the linear fm ramp form of modulation. The different frequencies are then

separated and the low frequency sensor modulation is recovered by detection and low

pass filtering.

3.2.3 Wave Division Multiplexing

In this technique a separate wavelength is assigned to each sensor channel of the
network. Wavelength Division Multiplexing is normally a multi-source concept. Light
from a set of narrow-band sources (e.g. LEDs) is fed, via a combiner and a single
input fiber. to the appropriate sensor of the network. The intensities modulated by
the sensors are recombined and subsequently selected by a second demultiplexer and
a detector array. Generally there is a crosstalk producing overlap between adjacent
channels. Other contributions to crosstalk may come from scattering and mode cou-
pling effects in fiber components in addition to any crosstalk within the interrogating
optoelectronics. The quality of WDM components is characterized by such factors as
channel separation, crosstalk and passband insertion loss.

Transferring this technology to the fiber optic sensor network, whilst in principle
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of interest, has yielded very few convincing experimental results[26]. The principal
reason is that for widely spaced wavelengths (e.g. 850, 1300 and 1550 nm) where
the wavelength separation components are simple to fabricate. the number of sensors
which can be connected on the network is very limited. The complexity of the receiver
for closely spaced wavelengths is currently beyond the cost constraints of most sensor

svstems.

3.2.4 Distributed Optical Fiber Sensing

The principal feature of a multiplexed network is that discrete sensors are attached
to terminal points within the network and interrogated individually. In distributed
sensor systems the fiber itself acts as a sensor and a spatially dependent signal is
extracted from the sensor. The parameter to be measured stimulates measurand

dependent coupling between the interrogating signal and the sensing channel. This
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Figure 3.1. OTDR Principle
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sensing channel may be backscatter. mode to mode coupling or backscatter through

non-linear effects such as Raman and Brillouin scattering.

Optical Time Domain Relectometery (OTDR) (Fig. 3.1) is the most common
distributed sensing system used[23] and it utilizes an optical radar concept to mea-
sure the backscatter power versus time characteristics when a short pulse of light is
launched into the fiber. A special form of OTDR is Polarization Optical Time Do-
main Reflectometery (POTDR) (Fig. 3.2). In POTDR systems a pulse of polarized
light is launched and the detector is arranged to be polarization sensitive by placing
a polarizer before it. The method relies on the fact that the Rayleigh and Ravleigh-
Gans scattering in silica glass is polarized in the same direction as is the incident

light. Any changes in the

<«— Pulsed

Laser
5 Splice
Processor =" D "] P [*=" 1 - -.\\
I Polarizer I
Detector Fib
Beam iber
Splitter

Figure 3.2. POTDR set up

SOP of the detected light result from the changes during propagation over the two-
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way path to and from the scattering point. Changes in the SOP of light from different

points along the fiber result in variation in the detected signal at appropriate delay

times.

After comparing all of the above systems in terms of cost. complexity of design.
construction time, flexibility etc., it was decided that TDM provided the optimum

solution. All the future design considerations were made based on the TDM approach.

3.3 Network Topologies

After having chosen TDM as the multiplexing approach to be used for the network
design the next step was to identify the optimum network topology. Three passive
topologies were shortlisted for selection :

e Ladder Network

e Ladder Star Network

e Star Network

The criteria for selection were system losses, flexibility, security. ruggedness and
of course cost. As the power loss criteria is extremely critical, detailed power loss

calculations were made for each topology.

3.3.1 Ladder Network

In the Ladder network of Fig. 3.3 only two main fibers are used; one for transmit-

ting the pulse signals to the input couplers and the other for carrying the modulated
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pulse signals from the sensors to the receiver. All the sensors in the network are
coupled in parallel to these two fibers. The couplers on the transmitting fiber have
a tap ratio of 10:90 i.e. 10% of the coupler input power is fed to the sensor. and the

couplers on the receiving fiber have a tap ratio of 50:50. The source is a pulsed laser

or an LED.
C C Cc
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Figure 3.3. Ladder Network

The fact that there are only two fibers makes this system relatively simple but
when a large number of couplers and splices are used the losses will become very
high. Moreover, there is a slight chance that couplers on the receiving fiber may

distort the modulated signals coming from the other sensors and especially if the
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signals are intensity modulated.
POWER LOSS CALCULATIONS :

N - Number of sensors in the network

(C'py - Couplers between the Transmitter and the Sensors

('pa - Couplers between the Sensors and the Receiver

LT, - Tap ratio loss of Coupler on the transmitting fiber (10:90) = 0.46 dB
L1, - Tap ratio loss of Coupler to Sensor (90:10) = 10 dB

L7, - Tap ratio loss of the Couplers on the receiving fiber (50:50) = 3dB
L¢; - Excess loss of each coupler = 0.1 dB

as - Splice loss = 0.1 dB
The following relation was derived for the Total System Loss (TSL)
TSL=N(Lty +2Ler + L2 +4a) + Li11 — LT1(dB) (3.1)
Substituting the assumed values for above parameters,
TSL =4.06N +9.54(dB) (3.2)

As we can see. TSL in the Ladder network increases linearly with the number of

sensors in the network.

3.3.2 Ladder Star Network

The design of the transmitting section and the sensor is essentially the same as in
the Ladder network with the major difference being in the receiverside. I[n this system

(Fig. 3.4) there is no common fiber between the different sensors and the receiver.
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Instead. each sensor is connected individually to the receiver with a separate fiber

and via a Star coupler.
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Figure 3.4. Ladder Star Network

With this modification the losses on the receiving fiber, which were a major bottle-
neck in the previous system, are avoided. However, the issue of security still remains.
As there is a common fiber connecting the transmitter to all the sensors, if there is

some fault/damage in that fiber then all the remaining sensors will become disfunc-

tional.
POWER LOSS CALCULATIONS :

N - Number of sensors in the network



('py - Couplers between the Transmitter and the Sensors

Lty - Tap ratio loss of Coupler on the transmitting fiber (10:90) = 0.46 dB
L7, - Tap ratio loss of Coupler to Sensor (90:10) = 10 dB

L1 - Excess loss of each coupler = 0.1 dB

as - Splice loss = 0.1 dB

Lsc - Excess loss of Star coupler = 1 to 2.5 dB

Lts - Tap ratio loss of Star coupler = 10 log,ocN dB

The following relation was derived for the Total System Loss (TSL) :
TSL=N(Lti+ Ler+20,)+ Liti — L1 + 205+ L1s + Lsc(dB) (3.3)
Substituting the assumed values for above parameters.

TSL =0.76N + 9.74 + 10logioN + Lsc(dB) (3.4)

This system is designed around the TDM technique thus it uses a pulsed source.
A continuous beam of light can also be used as the source and it has a number of
advantages over the pulsed source. It is easier to find a continuous light source than a
pulsed one. it is less expensive. and it also provides more flexibility in positioning and
spacing of the sensors which leads to a saving of fiber. The most significant difference
in the two systems is the use of an optical switch in place of the Star coupler at
the receiving end and this means that the receiver is connected sequentially to each
Sensor.
The main disadvantage of using an optical space switch is the possible variation in
losses at different switch positions and this is highly undesirable, especially in case

of intensity modulated sensors. Generally the switching speed is relatively slow and
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though faster and more accurate switches are becoming available their high costs are

prohibitive for this project.

Power losses are the same as in the case of the pulsed source except that now there
is no tap loss at the Star coupler and the Star coupler excess loss is replaced by the

Switch insertion loss.

TSL =0.74N +9.74 + Ls;(dB) (3.5)

where Lgs; is Switch insertion loss.

3.3.3 Star Network

In this system (Fig. 3.5) one passive star coupler is connected at the transmit-
ter and another at the receiver and each sensor is independently connected to the
transmitter and the receiver through these couplers. This system utilizes the TDM
technique and therefore a pulsed source is required. The basic design is verv robust
since each sensor is connected separately thus ruling out any chance of distortion of
the signal from another sensor due to the use of a common fiber. Also this system
offers a greater level of security than the other systems in the sense that if a fiber
is damaged it would not affect the performance of the whole system. and it is very
easy to find out which fiber or sensor has been damaged. From the topographical
flexibility point of view this system is also extremely good and there are minimal

complications involved in adding or removing a sensor.
POWER LOSS CALCULATIONS :

a, - Splice loss = 0.1 dB
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Lsc - Excess loss of Star coupler = 1 to 2.5 dB

Lrs - Tap ratio loss of Star coupler = 10 log,oN dB
The following relation was derived for the Total System Loss (TSL) :
TSL =2(Lsc + Lts) + 4a,(dB) (3.6)
thus :
TSL = 2(Lsc + 10logioN) + 0.4(dB) (3.7)

Here the total system loss is a logarithmic function of the number of sensors in the
network rather than a linear function. This means that losses increase very slowly

with an increase in the number of sensors in the system.

3.3.4 Comparison of Networks

A comparative analysis was performed for the total system losses of each network
topology and how the losses increased with increasing number of the sensors in the

network.

From the manufacturer’s specifications and data, it has been observed that the

excess loss of a Star coupler (1 x 2") can be given by Lsc = (0.5 x n) dB

It has also been assumed that losses for a 1 x N and an N x 1 Star coupler are the

same. Fiber transmission losses are generally not included in TSL calculations.



TSL (dB)

Ladder Ladder Star Star
4.06N + 9.54 | 0.76N + 9.74 + 10log1oN + Lsc | 2Lsc + 20logioN + 0.4

2 17.66 14.76 .40
25.78 19.78 14.40

S 42.02 26.32 21.40
74.50 35.90 28.40

139.46 51.56 35.40

269.38 79.38 42.40

529.22 131.52 49.40

Table 3.1. Comparison of TSL
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Figure 3.6. Comparison of TSL
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[t is clear from the the results in Table 3.1 and Fig. 3.6 that the Star network offers
the best performance in terms of total system loss and it shows even better results
when additional sensors are added to the network. As the Star network promises much
smaller system losses and also other advantages like better security. more flexibility.

affordability. etc., it was concluded that it was the optimum topology for this project.

3.4 Basic Design of the passive STAR Network

If this project can prove that two fiber optic current sensors can be successfully
networked together using a single transceiver unit then the system will also work for
any greater number of sensors. As this is a proof of concept project it was decided
to use a two sensor network. A very important factor in the actual design of the
network is the length of the optical paths between the transmitter and the receiver and
especially the difference between the two lengths since the time delay or separation
between the two pulses reaching the receiver depends upon this difference. Fig. 3.7

illustrates a timing diagram for the two pulses.

Pulse to sensor | = P,

Pulse to sensor 2 = P,

Pulse duration = ¢,

Time taken by leading edge of P,, to reach Receiver = {,,
Time taken by trailing edge of P, to reach Receiver = t;; + 1,
Time taken by leading edge of P,; to reach Receiver = t;,

Therefore the time separating the two pulses at the receiver is :

t.qep =1tr2 — (tLl + tp) (3-8)



| J

'}
\

v

P
ol 02
Figure 3.7. Pulse gap at the Receiver

or,

(tLZ - tLl) = t.sep + tp (3.9)

Keeping in mind the requirements of the receiver. the optimal value for both ¢,
and ¢,., was found to be 400 ns. It may be noted that a pulse larger than 400 ns can
also be used.

Thus.

(tr2 — tri) = 400 + 400 = 800 ns

This means that the difference in the two fiber lengths should be equivalent to 800

ns. The actual fiber length difference will now be calculated.

The time taken by a light pulse to travel a distance of L m in a medium having
refractive index n is given by t; = nL/c, where ¢ is the velocity of light in free space
(3 x 108 m/sec)

For Silicon fiber, n = 1.5
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Thus :

L=1%(2x10%) m

Therefore to have a time gap of 800 ns between the leading edges of the two pulses
the difference in the fiber lengths should be :
L2— L1 =(800x 107°) (2 x 10%) = 160 m
So the values chosen for the two fiber lengths were

Ll1=10m. L2=170 m

The basic design of the two sensor Star network is shown in Fig. 3.3.
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Figure 3.8. Basic STAR Network Design
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CHAPTER 4

DESIGN OF THE FOCSNET SYSTEM

4.1 Basic Design

The whole FOCSNET system can be broadly divided into three parts:

¢ Transmitter
e The Fiber Optic Network and Sensors

o Receiver

The transmitter injects a narrow laser pulse in to the fiber optic network where it
is then split into two identical pulses by a star coupler. Each pulse goes to its own
current sensor where it undergoes intensity modulation by the sensor. As the two
pulses travel different fiber lengths when they appear at the receiver through yet
another star coupler they are now slightly modified in amplitude with some time lag
between them. This time lag depends on the difference in the lengths of the two fibers.
At the receiver the light pulses are converted to voltage signals using a photodiode
and operational amplifier and the voltage signal is then processed to give a display of

the two electrical current values on a monitor.

4.2 Transmitter

The transmitter consists of a laser diode operating at 820 nm wavelength. The

laser diode is modulated by a signal which is generated in the receiver circuit so
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that the receiver electronics are synchronized with the laser pulses. The laser diode
transmits 400 ns wide pulses with intervals of 1.6388 ms between consecutive pulses.
The stability of the laser is very important since any change in the value of light
pulse will be taken as a change in the current being measured. For this purpose
a very highly stable laser source was constructed which had provision for internal
thermal compensation and could resist changes in temperature. The laser diode used
in it was a SHARP LT017MD and the output from the unit was obtained by way of
a pigtailed single mode fiber terminated with an angled connector (FCAPC) and it

resulted in a high coupling efficiency from the laser to the fiber.

4.3 Fiber Optic Network

This is the section of the system where the light pulse from the laser diode is
split into two identical pulses which are then carried to the two sensors where they
get intensity modulated by the current. These intensity modulated signals are then
carried back to the receiver section for interrogation. The fiber optic network consists
of single mode couplers. variable single mode attenuators, single mode fiber. polarizing

fibers and annealed sensing fibers.

4.3.1 Single Mode Couplers

The single mode couplers are used to split the input laser pulse into two pulses and
later on to put them together on the same path. The transmit coupler used in this
experiment is a 1x2 coupler with an output split ratio of 50:50. A 1x2 optical fiber

coupler is essentially the same as a 2x2 coupler except that only one leg is activated
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at the input. With a 2x2 (50:50) coupler light on any of the two inputs will be split

equally in half at the two output fibers.

4.3.2 Variable Attenuators

The light pulses in the two fiber paths may be subject to slightly different optical
power losses since losses are not exactly the same for any two similar components.
So even when no line current is present in the sensor the intensity levels of these two
pulses at the receiver may not be the same. This situation is highly undesirable as
it leads to a loss in sensitivity and more complex calibration. To accomodate this
situation variable attenuators are used in the network to adjust the intensity levels
of the pulses such that when no sensor current is present they both have the same

magnitude at the receiver.

4.3.3 Single Mode Fiber

Single mode fiber is used to transmit the input light pulses to the polarizing fiber.
Single mode fibers are used since the sensor fibers are also single mode and to get effi-
cient splicing between them it is essential that both have the same core and cladding
diameters. Also. by the time the light pulses reach the polarizing fiber. they are
depolarized to a very large extent by the SM fiber. Another purpose of these fibers
is to provide the required time delay between the two pulses at the receiver and this
time separation depends on the relative lengths of the two fibers. In this project the
two fiber lengths are 10 m and 170 m which provides a time gap of 800 ns between

the two pulses at the receiver.
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4.3.4 Current Sensing Head

In the case of the fiber optic current sensor the magnetic field accompanying the
current to be measured causes a rotation of the plane of polarization of the light
in the sensing fiber and this Faraday rotation has to be optoelectronically measured
at the receiver. In the absence of detectors allowing the direct measurement of the
polarization direction of light. the relation signal must first be converted into an
amplitude signal. This conversion is made in the sensing head which consists of
two polarizing fibers (PZ) with an annealed sensing fiber (AF) between them. The
annealed sensing fiber is enclosed in a frame which has a circular hole in its middle
where the current carrving conductor passes through. with the annealed fiber wound

around the hole. The polarization axes of the two polaring fibers are 45° apart[12].

As discussed in Chapter 2 the polarizing fibers in effect act as polarizers. The light
coming from the transmitter to the first polarizing fiber through the input coupler
and single mode fiber is essentially depolarized in nature. Thus let the light arriving
at the input to the first polarizing fiber have intensity J. Also let the intensity of the
light coming out of the first polarizing fiber be J;, and let J,,; be the intensity of the

light coming out of the second polarizing fiber.

It is well known that the intensity of depolarized light is reduced by half after

passing through a polarizer set at any angle[31]. Therefore,

(4.1)

As discussed in Chapter 2, the intensity of a polarized beam of light passing through

another polarizer follows a cos? relation of the difference between their polarization
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axes[16. 31]. If the orientation of the first polarization fiber is assumed to be at 8.

then the orientation of the second polarization fiber is at (8 + 45°). When the line

current to be measured is zero there is no rotation of the plane of polarization of the

light and the intensity of output light can be given by
Jour = Jin.cosz[(ﬂ +45°) — 4]

= Jin.cos?(45°)
Jin

|

(4.2)
(4.3)
(4.4)

(4.3)

When the line current is present and it rotates the plane of polarization of the light

in the sensing fiber by an angle of € the difference in the polarization axes of the

polarized light and the second polarization fiber is no longer 45° and it becomes

(45° - ). So now
Jout = Jin.cos*(45° — Q)
= Jin.cos?(45° — Q)
Jin
= —-{1 + cos(90° — 2Q0)]
= é’-‘-(l + s1n2f?)

So the change in the intensity can be given as

Adowy = -J;i'i(l + sin2Q2) — %
= %.sinﬂl
= i.sin?ﬂ
4

Thus a polarization change is converted to an intensity change which is then detected

at the receiver and the corresponding value of the line current is calculated based
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upon that intensity change. The operation of the current sensor is illustrated in Fig.

4.1.

4.4 Receiver Design

Receiver design is perhaps the single most crucial part of the project and it would
not be wrong to call the receiver the heart of the FOCSNET system. Here the in-
tensity modulated optical signals from the sensors are converted to voltage signals
and amplified and this signal is then fed to an Analog to Digital Converter (ADC)
through a differential amplifier. The differential amplifier is used to bring the voltage
signal within the ADC’s normal operating input range and also to increase the sen-
sitivity of the system. The ADC which operates at a 20 MHz sample rate digitizes
the input signal and then sends the digital output to the Field Programmable Gate
Array (FPGA) implemented on a Xilinx chip. The FPGA is designed such that the
useful information is extracted and then sent to the Digital Signal Processor (DSP)
for processing. which in turn sends the data for display to a Personal Computer ( P(")

monitor.

4.4.1 Photodiode

The function of the photodiode is like that of a bridge between the fiber optic
network and the rest of the receiver electronics. It receives the light signals from the
coupler output and converts them to the voltage signals which can be then processed

by the receiver electronics.

After careful consideration it was found that HFD-1100 from EG&G was the best
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Figure 4.2. Photodiode/Op-amp Circuit Diagram

device for this project since it is an ultra-fast photodiode with a built in operational

amplifier. [ts main specifications are:

e Responsivity : 6x10* V/W (830nm)
e Svstem BW(-3dB) : 35 MHz

e Slew Rate : 600 V/uS (850nm)
@ Noise Voltage : 7x10~%* V RMS

e Spectral Noise Voltage Density : 0.11x10~% V/Hz!/2

& Noise Equiv. Power (N.E.P.) : 1.8 pW/Hz'/2 (900nm)

The circuit diagram for this photodiode/op-amp is shown in Fig. 4.2. As the pulse
width of the light beam is about 400 ns it is essential that the photodiode has very

fast rise and fall times. This Photodiode/Op-Amp certainly meets that requirement
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with a slew rate of 600 V/us. Moreover its noise performance is also about the
best when compared to the other photodiode/Op-Amp combinations commercially
available. As it is an integrated combination of photodiode and operational amplifier
many inconsistencies and additional noise factors that would have been there. if a

stand alone amplifier had been used, are eliminated.

4.4.2 Differential Amplifier

The output voltage signal from the photodiode is fed to a differential amplifier
and the use of a differential amplifier serves two purposes. First. it brings the voltage
level of the output signal into the optimal operating range of the analog to digital
converter which is -1V to +1V and second. it increases the sensitivity of the system
by amplifving just the change in the intensity which is the real parameter needed in

order to calculate the line current.

The difference signal V.., is provided by a Universal Source (HP 3245A) as it
provides highly accurate and very low noise voltage levels. The value of V,. is chosen
such that when there is no line current the output of the differential amplifier circuit
is zero. Thus the value of V;.; is the same as the value of input voltage signal from
the photodiode Vi, when there is no line current. When line current is present it
rotates the polarization state of the light which in turn is converted to a change in
the light intensity and this change is converted to a voltage signal by the photodiode.
Due to the way the differential amplifier circuit is set up only this change is amplified

and fed to the analog to digital converter.
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Figure 4.3. Differential Amplifier Circuit Diagram

The choice of the differential amplifier has to be made very carefully since not only
should they be very fast and have high bandwidth but they should also have a very
low noise performance. After a very careful search the MAX4107 from MAXIM was

selected for this purpose and some of its salient features are:

e Bandwidth(-3dB) : 300 MHz

® Slew Rate : 500 V/uS (850nm)
® Settling Time : 18 ns
e Voltage Noise : 0.75 nV/Hz'/?

The circuit for the differential amplifier set up is shown in Fig. 4.3 and both the
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power supplies are connected through two parallel capacitors having capacitances of
0.1 ¢F and 4.7 uF. The input resistor values used were 1002 as these were determined
to be the optimum values. The manufacturers recommended values were too small
since they tended to draw more current from the power supplies thus rendering the
amplifier vulnerable to damage by excess current. The feedback resistor has a value

of 1K) which provides an adequate gain of 10.

4.4.3 Analog to Digital Converter

The A/D Converter digitizes the voltage signal it receives from the differential
amplifier and as the system sensitivity depends largely upon the resolution of the
ADC then the higher the resolution the greater the sensitivity. The ADC should
also be fast enough to fully digitize the first pulse before the second one arrives for
sampling. There were three main criteria that were used for the selection of the A/D

C'onverter :

1) Resolution
2) Speed
3) Power Dissipation
The AD9040A is the ADC from Analog Devices which met all of the above criteria.

[t is a 10-bit 40 MSPS ADC having a Power Dissipation of only 1 watt. Given below

are some of its other main characteristics:
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e [nput Voltage Range : 2V pp

e Analog Bandwidth : 48 MHz

e Output Propagation Delay : 14 ns (max)
e SNR at 10 MHz A;v : 53 dB

e Power Supply Rej. Ratio : + 15 mV/V

This ADC was used along with its evaluation board and it was driven by a 20

MHz clock operating at 50% duty cycle thus it was effectively sampling every 50 ns.

4.4.4 Delay Lines

Delay lines are an important part of the synchronization process between the Xilinx
and the actual pulses. To maintain the synchronization the laser diode is modulated
by the pulses generated from the Xilinx. This pulse is then split into two pulses which
then take predetermined amounts of time to reach the receiver in order to compensate
for the different fiber delays. There is more delay in the analog to digital converter
before the digital data is ready to be processed by the Xilinx. It is very important
that the Xilinx knows just when to fetch the data from the analog to digital converter
and this is done by using the Delay lines. These are all-silicon delays which delay
the input electrical signal by a fixed amount of time and they are available in 10 tap

packages which allows a large choice in delay time values.

Four delay lines were used in this project and all of them were from Data Delay
Devices. All of them were 3D7010 having a tap to tap delay of 50 ns and a total

delay of 500 ns. Two 3D7010 delays were connected in series giving a total range of
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100 ns to 1000 ns. As the two sensor pulses were supposed to have a time lag of 300

ns the outputs from two taps spaced 450 ns apart were connected to the other two

delays to obtain further separation.

The leading edge of the modulating pulse from the Xilinx is assumed to be at 0 ns.
As the two fiber lengths are 10 m and 170 m the time taken for the leading edges of
the two optical pulses to arrive at the receiver is 30 ns and 850 ns respectively. [t was
found that the analog to digital converter takes 200 ns to sample an input pulse and
produce the digital data at its output, thus the total delay required for the leading
edges of the two synchronizing pulses is 250 ns and 1050 ns. It is also desirable for
pulse stability reasons that the sampling of the pulses be done in the middle of the
pulses i.e. at 200 ns point rather than the beginning of the pulses. As the ADC is
continuously sampling the data it means that it is the data that appears 200 ns after
the leading edge data which is of interest. The Xilinx is then set up to collect the data
that appears at a time 450 ns and 1250 ns after the leading edge of the modulating

pulse.

The synchronization is performed in the following way. The modulating pulse is
input to the first 3D7010 delay and its output tap at 350 ns is connected to the input
of the second 3D7010 delay. From this second device two outputs are taken to the
inputs of the other two delays. The first output is at the first tap i.e 50 ns and the
second output at the last tap at 500 ns hence the total delays are 400 ns and 850
ns. To increase the delays to 450 ns and 1250 ns the outputs from the next delays
are taken from the first tap i.e 50 ns and the eighth tap i.e. 400 ns. respectively.

Now the total delays are respectively 450 ns and 1250 ns, which are the exact values
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required by the Xilinx. As soon as the Xilinx receives the leading edge of each of
these synchronizing pulses it collects the binary data available at the AD(' output
and processes it thus ensuring that the data collected by the Xilinx is the digitized

form of the analog value taken at the middle of the optical pulses.

4.4.5 Xilinx

If the receiver can be said to be the heart of the FOCSNET system then the
Xilinx can be thought of as the brain of the receiver and it is absolutely essential
that the Xilinx design work exactly as it is supposed to. This is due to the nature
of the data it is collecting which is available for only 50 ns and even a little bit of
mis-synchronization can ruin the whole system. The device selected for implementing
the FPGA design was the Xilinx XC4003A chip and the design was done using the

“Workview Plus’ software on a PC.

The two most important functions of the Xilinx design are to generate the modu-

lating pulse and to fetch the digitized data from the ADC and send it to the Digital

Signal Processor.

First the design of the pulse generator (Fig. 4.4). A 20 MHz clock pulse (CIN)
is supplied to the Xilinx by a Raltron Crystal in the form of a clock signal to a 4
bit binary counter CB4CE whose Clock Enable (CE) is always kept high and Clear
(CLR) always kept low. The third bit of the counter is taken as the output producing
a 2.5 MHz pulse which is given as the clock signal to a 16 bit counter CB16CE through

an inverter. The inverter is used so that this pulse is initially in the ‘high’ logic state.
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The output from this counter is taken in such a way that when bit 0 is low and bit

12 high i.e. after 4096 clock pulses. the output is in the high logic state. This lasts
for only one clock cycle because when the next pulse comes the bit 0 becomes high
and the combination sends a high signal to the Clear (CLR) of this counter and it is
reset to zero again and the whole process goes on repeating. As the clock pulse to
the 16 bit counter has a time period of 400 ns therefore the output pulse is ‘on” for
400 ns and it is repeated every 4097 cycles i.e. 1.6388 ms. This pulse is used both
for modulating the laser diode as well as the input to the delay lines and the timing
diagrams for this circuit are shown in Fig. 4.5. The 20 MHz clock pulse (('IN) from

the crystal is forwarded as clock pulse CO1 to drive the ADC board.

The second important function of the Xilinx design is to act as an interface between
the Analog to Digital Converter and the Digital Signal Processor but it first has to get
the data from the ADC output. As the two synchronizing pulses are separated by just
800 ns coming to the Xilinx with the next set coming relatively slowly after 1.6388
ms. it was concluded that these two pulses should be held in different locations in
order that the DSP have lots of time available to pick them up. This was done using
three sets of 11 flip-flops in the Separator circuit (SEPARATOR) which is shown in

Fig. 4.6.

The two pulses from the delay lines L1 and L2 (Fig. 4.7) are combined using an
OR gate and this signal is sent as DCLK to the SEPARATOR. On each rising edge
of the DCLK pulse the set of flip-flops (FDC) latch the data available at the ADC
output which is connected to the Xilinx as A0 - A9 and appears to the SEPARATOR

as DO - D9. For this input set of flip-flops there are two output sets of flip-flops,
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FO - F9 and GO - G9. The input set of data is available to both the output sets
of flip-flops but onlv one latches to the data while the other one latches the next
set of data and this cycle continuously repeats itself. This process is controlled by
a toggle flip-flop (FTP) which is driven by DCLK as its clock pulse. The way the
toggle flip-flop works is that its output changes state after each clock pulse. hence
the name toggle flip-flop and its output goes straight to one set of output flip-flops as
their clock while it goes to the other set through an inverter. This insures that only

one set is active at a time and they get data on alternate DCLK pulses.

When the first DCLK pulse arrives (due to L1). the input set latches the values
DO - D9 and they are available at their output until the next DCLK pulse arrives.
The way the toggle flip-flop is connected to the output sets of flip-flops is that for
the first DCLK pulse its output is low and therefore the clock to the set F0 - F9 goes
high. So this set latches the output available from the input set which then appears
at their outputs. Similarily for the second DCLK pulse (due to L2) the data appears
at the output of the second set GO - G9. The next set of DCLK pulses will arrive

after 1.6388 ms.

Now that both the data values are available on different outputs it will be explained
how the Xilinx communicates with the DSP and sends these values to it. The overall
Xilinx design is shown in Fig. 4.7. The output sets from the SEPARATOR circuit are
available on output ports O0 -O9 which are connected to the DSP through multiplexer
switches as shown in the diagram. All these switches are controlled by the Data
Selector pin (DS) which is also connected to the DSP so that the DSP controls which

data set it is reading. But how does the DSP know when a new set of data has
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arrived so that it can read the values? This problem is solved by using a fiip-flop
whose output and clear pins are connected to the DSP. When the falling edge of the
second pulse L2 arrives the output of the flip-flop (SG) goes high indicating that the
new set of data is ready and that the DSP should read their values. Thus the DSP
reads the first set of data when the value on the DS pin is 0 and it then changes the
DS pin value to 1 to read the second set of data. After it has read both sets of values
it gives a high signal to the clear pin (SCLR) of the flip-flop and therefore resets its

value to low state.

This is the way the Xilinx interacts with the DSP and transfers the data contents
it receives from the ADC to the DSP where further processing takes place. The Xilinx
pin out diagram is shown in Fig. 4.8. The pins INIT. DONE PROG. DIN and CCLK

are used to download the bitstream file from the PC to the Xilinx chip.

4.4.6 Digital Signal Processor

As the Xilinx sends each reading at 1.6388 ms intervals it is not possible to observe
values changing at such a fast rate. Some mechanism is therefore required to display
the readings at a slower rate which are easy to read and at the same time be able to
detect and show changes quickly and this is where the digital signal processor comes

into the picture.

The following is a summary of the DSP operation:

[) Initially the two accumulators and the counter are set to zero.

2) The DSP checks if the SG signal is high or not.
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3) If the SG signal is high then it sends its data bus to fetch the first data value.

4) It stores the value in a memory location, increments the pointer so that next value

is stored in the next location and also adds this value to the first accumulator.

3) It changes the value on the DS signal to logic ‘1’ in order to read the second

data value and it then reads the second value.

6) Once again it stores the value, increments the pointer and adds it to the second

accumulator.
7) Increments the Counter by 1 and checks to see if it is 1024.

3) If it has added 1024 values it divides the value of the accumulators by 1024 thus
averaging each of the two values. It then sends the averaged values to the PC

for display and also resets the accumulators and the counter to zero.

9) After completing the whole process it sends a high SCLR pulse thus setting the
SG signal to the low state and it goes into a loop waiting for the SG signal to

go high again.

It can be seen that the DSP utilizes its high speed to get the data from the Xilinx
quickly. do all the operations on it and then send the averaged values to the PC for
display. The DSP used for this project was TMS320C31 from Texas Instruments.
It has a 40 ns instruction cycle time, 50 MFLOPS and 25 MIPS speed. This DSP
was used along with its application development board called the DSP Starter Kit
(DSK). This board was very helpful as it provided the freedom to create custom

software on a host PC, download the software to DSK and run and test the software
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on the DSK board. The supplied debugger is Windows oriented thus simplifving the

code development and debugging capabilities.

4.4.7 Personal Computer (PC)

The DSP sends the averaged values to the PC every 1.6388 ms for display and
this means that the speed of the PC is very important therefore a Pentium based 133
MHz PC was used. There is another very significant advantage of using the PC for
displaying the results. The values can be easily shown in any desired format and if a
formula has been worked out for the calibration of the voltage signals in terms of the
measured line current it is very easy to do these little modifications in the PC only.
without disturbing the rest of the system. and to show on the PC' the value of line

current being measured.

A functional diagram of the entire receiver is shown in Fig. 4.9.
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CHAPTER 5

PREDICTED PERFORMANCE

5.1 Faraday Rotation

As discussed in Chapter 2 the Faraday rotation angle is highly dependent upon the
Verdet constant of the fiber. The higher the Verdet constant of the fiber, the larger is
the Faraday rotation resulting in a larger intensity change. Even though the Verdet
constant of the annealed sensing fiber is not large. the Faraday rotation angle can
be effectively made larger by increasing the number of turns of the current carrving

cable around the current sensor.

The Verdet constant of the annealed sensing fiber is around 0.01 min/A at a
wavelength of 820 nm(16, 46]. This value is approximate as the annealing of the fiber
may have resulted in some variations and it may also differ for different annealed

fibers even though manufactured by the same company.

The value of Faraday rotation (2 is calculated as follows. The annealed sensing
fiber is wound 4 times around the conductor and the current carrying conductor is

wrapped 14 times around the sensor unit. Therefore the Faraday rotation angle is
Q=VNI

or.

0.01
Q= (_sb—) (4)(14)(1) degrees/A = 0.00933°/A
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For 100 A of D.C. current which is the maximum that could be obtained the Fara-
day rotation angle will be 0.933°. Fig. 5.1 shows the theoretical linear relationship
hetween the current through the conductor wrapped 14 times around the sensor and

the Faraday rotation angle.
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Figure 5.1. Faraday Rotation Angle in the Current Sensor

5.2 Optical Power Loss

As the relative change in the output intensity of light being received by the photo-
diode is quite small, it is necessary to have a large received intensity of light so that
although the relative change is the same the net change is more thus making it easier

to measure the change in the intensity of light and determine the Faraday rotation.
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5.2.1 Input Coupler Loss

At the input coupler the light is split into two halves of equal intensity with each
one going to a different sensor resulting in a 50% loss. The total insertion loss for a

2 x 2 coupler is approximately 3.5 dB.

5.2.2 Fiber Loss

As the light travels through a fiber it experiences some attenuation over the length
of the fiber. For the 3M single mode fiber being used in this project the attenuation
is 2.1 dB/km. In the FOCSNET the fiber lengths used are 10 m and L70m thus the

fiber attenuation for the longer path is around 0.36 dB.

5.2.3 Current Sensor Loss

As explained in the working of the current sensor in Chapter 4 the light suffers
a loss of 75% or 6 dB while passing through the current sensor. This is due to the
relative orientation of the two polarizing fibers which being at 45° to each other results
in a 3 dB loss and there is also a 3 dB loss when unpolarized light goes through the

first polarizing fiber.

5.2.4 Output Coupler Loss

At the output coupler the light from the two current sensors is combined and the

output goes to the receiver through a single fiber pigtail. However only 50% of the
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light from each input channel is sent to the output channel as basically there are two

output channels but only one is used. So the tap loss here is 50% and the insertion

loss is also approximateiy 3.5 dB.

5.2.5 Connector and Splice Loss

In the whole network both the optical paths consist of three mechanical splices and
two FC' connector adaptors. Each connector has an insertion loss of about 0.2 dB
and each mechanical splice an insertion loss of about 1 dB. Thus the total insertion

loss for all the connectors and splices in the network is approximately 3.4 dB.

5.2.6 Other Losses

The other losses include the attenuations due to imperfectly cleaved or slightly
unclean fiber ends. bending of the optical fiber etc. These losses are estimated at

2 dB.

5.2.7 Total System Optical Power Loss

The total system optical power loss is the summation of all the above mentioned
losses which comes out to be 18.76 dB or 98.67%. The attenuation factor of the
svstem is

o = 10(-18-764B/10) — 0 0133 (5.1)
Thus only around 1.33% of the light transmitted by the laser pigtail makes its way

to the photodiode.



Sources for the Optical Loss

Estimated Loss (dB)

Input Coupler Loss 3.5dB
Fiber Loss 0.36 dB
Current Sensor Loss 6 dB
Output Coupler Loss 3.5 dB
Connector and Splice Loss 3.4dB
Other Losses 2 dB
Total System Optical Power Losses 18.76 dB

Table 5.1. Optical Power Losses in the FOCSNET



5.3 System Signal to Noise Ratio

The system signal to noise ratio (SNR) is one of the most important parameters
for the evaluation of the measurement quality. An electric current is the contribu-
tion of many individual electron movements and each electron moves in a stochastic
manner[15]. Because of the quantum nature of the electric current each electronic

component is more or less a noise source in the circuit.

The electronic components in the FOCSNET system are in the receiver and the
main contributor to the system noise is the photodiode/op-amp. The photodetection
unit is basically a trans-impedance amplifier which converts the photocurrent into a
voltage signal. The noise in this circuit belongs to two categories, the shot noise of

the photodiode and the thermal noise of the resistors.

5.3.1 Shot Noise

Shot noise is generated by current flowing through the device. This current con-
sists of both the dark current and the photocurrent. The shot noise current can be

calculated by the formula[l5, 47]:

(W1
o
~—

I, = \/2e(ls + L,)Af (5.

where,

e = Electronic charge (1.6 x 10~!° C)
I; = Dark current (A)

I, = Photo current (A)

Af = Noise equivalent bandwidth (Hz)
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The equivalent noise voltage at the output V; is

where R is the feedback resistor.

5.3.2 Thermal Noise

The thermal noise is caused by the three dimensional random thermal movement

of free electrons in the resistor[15. 47]. The thermal noise current is equal to:
4kTA
I, = f (5.4)
\J Ry

k = Boltzmann's constant (1.38 x 102 J/K)

where.

T = Temperature (K)
Af = Noise equivalent bandwidth (Hz)

R; = Feedback resistance (Ohms)

The equivalent noise voltage at the output V; is

Vi = R;.I, = \JAkTAfR, (

.C!l
[&1]
A

5.3.3 Op-amp Noise

The op-amp noise is generally specified by the manufacturer of the device. The

amplifier noise can be given as[15, 47]:

Lamp = \f [13 +(7) 2] Af (5.6)




where.

[, = Op-amp input noise current (A/\/E)
};, = Op-amp input noise voltage (V/vHz)
R., = Op-amp input resistance (Ohms)

Af = Noise equivalent bandwidth (Hz)

The equivalent noise voltage at the output V; is
Vamp = By lomp (5.7)

where Rj is the feedback resistor.

5.3.4 Total System Noise

Total system noise can be given by:

Viose =\/V2+ V2 +VZ,,) Virms) (5.8)
where V5,5 is the total system noise voltage at the output.

According to the manufacturer’s specifications[48], the total noise for photodiode/op-

amp HFD-1100 Vi 5i5e = 700 £V (rms).

5.3.5 Signal to Noise Ratio

The output voltage signal from the photodiode/op-amp is expected to be about 1

V maximum. Therefore the intensity change signal due to Faraday rotation is

Viignat = 1. sin 20 (5.9)



where 2 is the Faraday rotation angle.

As shown earlier, the Faraday rotation angle for a 100 A D.C current is 0.933¢

thus the signal voltage for this current is
Veignat = 1 x sin(2 x 0.933°) =1 x 0.0326 = 0.0326 V

Therefore. for a 100 A of D.C. current the signal to noise ratio SNR of the system is

SNR = 20 logio (%) (dB) (5.10)

notse

or.
0.0326

SNR =20logo (W

) = 33.36 (dB)

5.4 System Resolution

The svstem resolution or the minimum detectable current is the current at which
the signal to noise ratio drops to | or Viignai = Vaoise- So the minimum detectable

Faraday rotation angle Qs is
(700)(107%) = 1. sin 20,

ar.

Qmjn = 0.020

The minimum detectable current [,;, is

Qmin

min = T =214 A
! 0.00933 214

Thus the minimum detectable current, with 14 conductor turns, is 2.14 A.
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CHAPTER 6

EXPERIMENTAL INVESTIGATIONS AND RESULTS

6.1 Fiber Optic Current Sensor Networking System

Fig. 6.1 shows the basic components of the FOCSNET system. In this proof-of-
concept system a Laser diode transmitter is used to provide the light pulses at 820
nm wavelength. The current sensing head makes use of the frame structure where the
light encircles the power line and thus the integral equation, Q = V § H.dl = V.[ is
satisfied. The effects of magnetic fields generated by other power lines located outside
of the current sensor frame are theoretically eliminated. In order to simulate large
current sensing the power line is twined N times around the frame of the sensor thus
effectively increasing the current enclosed by the sensor head by N times. The current

sensor is shown in Fig. 6.2

As explained in Chapter 4 the presence of the current in the power line induces a
Faraday rotation in the sensing fiber which is converted to an intensity change and
this intensity change is detected and measured by the receiver . The difference in the
optical paths of the two sensors allows the pulses arriving at the receiver end to be

separated in time and thus processed individually.

6.2 Laser Characteristics

The FOCSNET system assumes that the Laser output intensity is constant. As

the stability of the laser is highly important, and any changes in its output will be
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Figure 6.1. Fiber Optic Current Sensor Network



Figure 6.2. The Current Sensor
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taken as a change in the current being measured, a very stable laser transmitter
was built with the help of TRLabs, Edmonton. It had an adjustable output and a
knob was provided to control the laser drive current which changed the optical power
output smoothly. Measurements were made to see the effect of the laser current on
its output power and Fig. 6.3 shows that relationship. To characterize the stability
of the laser its output was recorded over five hours and readings taken at an interval
of one minute. The result is shown in Fig. 6.4 and it can be seen that the laser
output is stable over a certain period of time but shows some sudden changes at
other times. The output polarization characteristics of the laser were also measured
to determine the orientation of the laser output. As shown in Fig. 6.5 it illustrates a
true polarization curve with the exception that the lowest point is not zero. It also
shows that the laser output is a mixture of polarized and unpolarized light and the
ortentation of the polarized light is at 20°. Fig. 6.6 shows the actual laser transmitter

and its internal circuitry.
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Figure 6.3. The Laser Qutput Power vs. Laser Current
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Figure 6.6. (a) Interior circuit of the laser; (b) Laser box and its control panel
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6.3 Optical DC Current Sensing Experiment

Before putting together the fiber optic network it was important to characterize the
response of the two current sensors individually. For this each sensor was connected
directly between the laser and the optical meter and the laser was operated in the
continuous mode i.e. it was not modulated by any pulse. The effective power line
D.C. current was increased from 0 to 1400 A in steps of 140 A and the change in
the optical meter reading was observed. Both the sensors demonstrated highly linear
relationships as a function of the current being measured though tReir slopes were
slightly different. Figs. (6.7 and 6.8) show the intensity change relationship w.r.t.

the line current for the sensors 1 and 2 respectively.

The next set of readings were taken with the laser being operated in the pulsed
mode. the modulation pulses being generated by the Xilinx and only one sensor
was tested at a time. These readings also tested the operational performance of the
receiver as the output was being displayed on the PC. The values displayed were
the digitized values of the analog signal by the analog-to-digital converter which were
stored by the Xilinx and then passed on to the DSP which sent them for display to the
PC'. The values were being sampled and processed every 1.6388 ms. Also displaved on
the PC' was an average value which was the average of 1024 samples. As, in this case.
there was only one pulse coming to the receiver and the receiver system is set up to
digitize and display two pulses , the PC displayed ‘-1’ indicating that the differential
amplifier did not see any signal from the photodiode for the second pulse. The results
of the this experiment are shown in Figs. (6.9 and 6.10) and it can be seen that the

results match very closely those obtained with the laser in continuous mode.
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6.4 - Networked Current Sensing Experiment

Before putting together the whole network it was necessary to see if the receiver
would be able to sample the two pulses and show the output accurately. For this
the twin pulses were simulated by using the HP Pulse Generator. It was given a
synchronization trigger pulse from the Xilinx and it provided two output pulses whose
width. delayv and amplitude were adjustable. As the actual pulse width is 400 ns
long. the pulse width was set at 400 ns. The pulse amplitudes were then set at
different values between 0 and 1 V and the output displaved on the P(' monitor
observed. The results obtained were highly accurate. The values displaved on the
PC monitor followed the actual values as observed on the Digital Oscilloscope very
closely within an accuracy range of up to > mV. These results demonstrated that the
receiver operated as it was designed to do. Fig. 6.11 shows the receiver and its major

components.

After making sure that the receiver was functioning properly the stage was set for
connecting the entire fiber optic network. The fiber ends which were to be spliced
together were stripped and cleaved and then very carefully inserted into the mechan-
ical splice such that their faces gently touched each other and then the splice was
locked. All this had to be done extremely carefully as a slight change in their relative
positions could result in a high optical loss. The system had a total of six splices,

three on each optical path. The complete FOCSNET system is shown in Fig. 6.12.

With the help of the digital scope the time separation between the two pulses and
their distance from the trigger pulse were checked. As explained in Chapter 3 the

separation between the leading edges of the two pulses should be 800 ns and their
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(a)

®)

Figure 6.11. The Receiver (a) Photodiode and Differential Amplifier; (b) ADC. Xilinx
and DSP boards
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distance from the trigger pulse should be 50 ns. but the waveforms displayed by the

scope were as shown in Fig. 6.13.
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Figure 6.13. Time Separation between the Pulses

As can be seen the output from the differential amplifier that goes to the analog-
to—d.i.gital converter is not two separate puises but two peaks which are not entirely
separated from each other. The time difference between the peaks is 800 ns as ex-
pected but the time gap between the trigger pulse and the first peak is 600 ns instead
of 450 ns as expected. This can be explained. in part. due to slower than expected
rise and fall times from the photodiode. Though the photodiode is designed to have
a high slew rate the slow rise and fall times can be caused by stray and parasitic
capacitance due to many factors including the layout of the PCB, long lead lengths

etc. Though unexpected this did not pose any difficulty as the sampling times by
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the analog-to-digital converter could be adjusted using the delay lines as explained in

(‘hapter 4.

To get the output of the networked system on the PC display the delays were ad-
justed such that the analog-to-digital converter sampled at points 600 ns and 1300 ns
awayv from the leading edge of the trigger pulse. This means that the first pulse is
sampled at its peak value whilst the second is sampled 100 ns before its peak value but
that was the maximum delay that could be inserted by the delay lines. The output
displaved on the PC was fairly close to the actual value but due to the noise present
in the optical signal the digitized values of the noisy analog signal were not entirely
consistent and the values being displayed on the PC were changing accordingly. The
reason for this noise could be the optical noise due to the mechanical splices or badly
cleaved fiber ends. Due to this random change the actual shift in the values was
difficult to observe so the readings had to be taken with the help of the digital scope.
When the line current was switched on the output waveform displayed a rise in its
value and Fig. 6.14 shows the increase in the output when 1350 A of D.C. current

was passed through both the sensors.

Readings were taken in three different set ups. In the first set up the same amount
of current was passed through both the sensors simultaneously and the line current
increased in steps of about 140 A. Figs. (6.15 and 6.16) show the response of the two
sensors in the first set up. In the second set up the current was passed through only
the first sensor and its readings taken. The third set up was similar to the second set
up with the exception that this time the current was passed through only the second

sensor. Figs. (6.17 and 6.18) show the response of the first and the second sensor,
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respectively. when the line current is increased in steps of 140 A. The reference value
of the line current was measured using a calibrated shunt resistance of 0.5 m{Q in series

with the conductor and measuring the voltage across it with an accurate voltmeter.
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Figure 6.14. Increase in the Output with 1350 A of D.C. Current through both the
Sensors

It can be observed from the graphs that the maximum value of the change in the
receiver output for the same sensor is different in different graphs. This is due to the
fact that these readings were taken at different times which meant that there was a
change in the laser power and a slight change in the physical set up resulting in a
change in the optical losses and thus a slight variation in the light intensity reaching

the receiver.
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To prove conclusively that the system can measure two different currents simul-
taneously two different currents were passed through the two sensors such that the
sum of the two currents always remained at 1355 A. Due to physical laboratory con-
straints the two currents were changed in steps of 270 A. If the system is working
properly then not only should the changes in the receiver output for the two sensors
be linear but the sum of the two output changes at any point should also follow a
linear relationship. Fig. 6.19 shows the results obtained from this experiment. It can
be seen that all the three curves are linear in nature thus proving that FOCSNET
can measure different currents simultaneously. It is also observed that the sum of the

changes in the two sensor output pulses. though linear, is not a horizontal line and

250 T T v T T .
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-
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Figure 6.19. Pulsed Response of the System with different Currents passing through
the two Sensors
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this is due to the fact that the two sensors have different sensitivities i.e. their
responsivity curves have different slopes. In fact the curve representing the sum of
the sensor currents can be taken as a ‘Figure of Merit’ for the two sensors in that the
less the slope of this curve the more identical the two sensors are in terms of their
response. When this line becomes horizontal it would mean that the two sensors are

truly identical in performance.

6.5 Analysis of Results

Based on the above experimental results it is concluded that this "proof of concept’
FOCSNET system has been truly successful in its main objective. which was to prove
that the 3M optical current sensors can be networked together using a Time Division
Multiplexing (TDM) approach. The results also demonstrate that both the current
sensors have a highly linear response. The experiments also brought to light the effect
of optical noise. due in part to bad splicing, on the system and the need for a better

technique like fusion splicing.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In this work a proof of concept fiber optic current sensor network using a time
division multiplexing approach has been implemented. The Laser diode transmitter
capable of providing very short. high power optical pulses was specifically constructed
for this project as was the receiver which consists of photodiode, operational ampli-
fier. analog-to-digital converter, Xilinx, digital signal processor and a PC. The exper-
imental investigation of the simultaneous sensing of two different D.C'. currents was

successfully conducted.

The polarization properties of light and the principles of the optical current sensor
based on the Faraday magneto-optic effect were analyzed theoretically and the work-
ing of a fiber optic current sensor wound around the current carrying conductor and

having a single detection scheme were discussed.

Various network topologies and multiplexing schemes were compared in terms of
cost. complexity of design, construction time, flexibility. system losses etc. Based
upon such comparisons a passive Star network using a TDM approach was selected

and various parameters like fiber lengths and the pulse width were then determined.

The receiver which consists of many different components interlinked with each
other was designed and built. The photodiode converted the optical signal to an
electric signal and this signal was fed to a differential amplifier so that only the part

of signal containing the change in intensity was amplified. This voltage signal was
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then converted to a digital signal by the analog-to-digital converter (ADC). This
digital data was fetched and stored by the Xilinx and given to the digital signal
processor for processing. The DSP sent each data signal it received as well as the
average of the 1024 signals to PC for display. The overall receiver functioning was
tested by simulating the light pulses using a pulse generator and feeding its output
directly to the ADC. The receiver was able to measure the amplitude of the pulses

very accurately. within an accuracy range of up to 5 mV.

Finally the experiments on current sensing were successfully conducted. First the
experiments were conducted using single sensors in order to fully characterize the
behaviour of the two sensors. These experiments were conducted with a continuous
laser beam as well as a pulsed laser and using the PC display for a current range
of 0 A to 1400 A of DC current. Though both the 3M sensors show highly linear
curves with slightly different slopes it was amply demonstrated that the receiver can

measure different currents simultaneously.

It should be noted that due to the limitations of the available power supplies the
svstem could be tested only up to a maximum equivalent current of around 1400 A.
In spite of the system being non-optimum it proved to be remarkably rugged and in
fact its performance. as a proof of concept experiment, exceeded expectations. With
improvements to the fiber splicing, and especially the receiver design. the sensitivity

performance of the FOCSNET system can be improved very considerably.

Future work will involve improving the stability of the light source. Stability of
the light source is extremely important in this system since any change in the input

optical power can be inferred as the presence of some line current. Work will be done
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to design some kind of feedback system so that the accurate determination of the line

current remains effectively immune to any change in the source optical power.

It was observed during the experiments that there was a considerable amount of
optical noise at the receiver. This could have been due in part to bad splicing as
the splices used were mechanical splices and improperly cleaved fiber ends may also
have plaved their part. Very high quality cleavers and fusion splicing can be used to

reduce such optical noise.

Improvements can definitely be made in the design of the photodiode/amplifier
circuit and the layout of the PCB as the two optical pulses which were 400 ns wide
and separated by a 400 ns gap should not have the shape and such a large rise and
fall times as were observed with the present set up. The two optical pulses are clearly
isolated from each other and the converted electrical signal should have virtually the

same shape as that of the optical signal that the photodiode receives.

A lot of changes can be made in the DSP software and the Xilinx design to make
this system more general. The present system is designed for only two sensors but it
has been designed to be easily modified.based upon an input to the syvstem through
the computer by the user, such that the receiver will operate for any number of
sensors. Also work can be done to reduce the pulse width and the separation as
much as possible in order for the system to detect very fast transient currents. This
would most probably require a very fast response from the ADC, DSP. PC and the
photodiode circuit. Modifications can also be made to the DSP software so that
instead of averaging 1024 values, it determines the maximum value of the A.C. signal

thus providing the capability to measure AC currents. The system is well configured
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to distinguish between AC and DC currents, except that a number of changes in the
software are required.

The transmitter should also be replaced by a high power LED since. apart from the

cost. it also has better output polarization properties than the laser diode.
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