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ABSTRACT 

With t h e  commercial use of optical current sensors becoming a reality it will be 

highly heneficial for many applications if multiple sensors can be networkd and tiaw 

a single transceiver unit. An al1 fiber optic current sensor network is developrci which 

uses a single detection scheme for current sensing. 

Several network topologies and multiplexing approaches are presented ancl corn- 

pared and based upon such comparisons a two sensor passive star network i~sing time 

division rnultiplexing is adopted for use in the project. The transmitter to s m d  the 

Iight pulses and receiver to detect the pulses and display them in a user friendly way 

have been designed and built. 

This practicd fiber optic current sensor network is used to carry out t h e  experi- 

mental investigations and according to the data the proof ol concept FOCSFET 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 

Elect rical current measurements are of fundamental importance in power rietworks 

and particularly where they are used for relaying. metering, control and monitoring 

purposes. Wliile the convent ional current transformen ( CTs ) have performecl on the 

whole quite well since the late 1800's. performance limitations and ot hrr fai lures[l] 

have provided an impetus towards using other rnethods. 

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 t h e  iron core tinder fault 

ciirrent[?] and the iow frequency response of the conventional CTs make it difficult 

to obtain accurate current signals under transient conditions and it also reduces the 

clynarnic range of the CT. Moreover. with digital control and protection systems being 

introduceci into powar systerns. the conventional CTs have caused furt her difiïculties. 

as they are likely to introduce electrumagnetic interference (EMI) through t h e  ground 

loop into the digital systems. The elimination of EMI in t h e  current measuring system 

is t herefore requi red. 

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. 41. The 



optical current sensor. or optical CT, with its excellent Features such as very niucli 

snialler size and weight t han the conventional CTs. elirnination of elect romagnetic 

interference in current rneasurements. extension of dynamic range and frequency re- 

sponse. and the provision of an insulated optical link extending from the C'T to the 

signal proressing cinit or relaying system[rj], provides a solution to the above men- 

tioned limitations of conventional CTs. One can see that optical ciment-sensing 

techniques are sorely needed by the power industry and they will be widely iised once 

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

A n  optical current sensor measures the electric current by mearis of thr  Faraday 

Magneto-optic effect which was first observed by Michad Faraday 150 years ago. The 

Faraday effect is the phenornenon 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 a n  optical CT system a sensor element is placed on the electriral coiicliictoi- 

wherr the measurernent is to be made and laser light is injected into it from a r e m o t ~  

transmitter station through either an optical fiber or free space[ô. 7. 81. The incident 

light is modulated by the sensor and then returned to an optical receiver station wliere 

the modulation i s  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, 101. In the two detector system the change in the polarization state is 

detected using a Wollaston prism and a pair of photodetectors arranged to meaçure 

orthogonal polarizat ion components[l 11. 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 etid. 

..\ niajority of optical CT systems have utilized the  two detector approacli i r i  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 ir~iplernent 

relative to the single detector system, especially in an al1 fiber system[i2]. 

The designs of optical CTs to date have fallen into two categories. bulk glass 

type and fiber optic type. In the  bulk glass design[l3. 14. 15. 16. 171 an optical 

glass prism is used as the sensing unit and an optical fiber is used to transmit the 

optical signal. The optical glas 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 elernent to the rest of the optical system. Furthermore. increasing the 

number of opticai turns (thus increasing the sensor's response to smaller currents) 

is  difficult and costly. With the fiber optic approach[18. 19. 20. 21. 221. t he  optical 

fiber is wound around the current carrying conductor as a coi1 to pick tip 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 

fiher) and the potential cost reduction, smali size and reliability advantages of an d l  

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



1.3 Fiber Optic Current Sensor Network (FOCSNET) 

k i n g  a n  ail fiber optic approach it is much simpler to design a sensor network 

having a single transmit ter and r e c e k ï  and have multiple sensors placed at different 

locations networked together. whezeas in the bulk optic approach i t  is extremely 

complex and difficult to build such a network. The fact that the sensor technoiogy 

lias reached the level where the fiber optic sensors are comrnercially available enables 

t h e  building iip of not only the single point sensor systems. but a whole n ~ t w o r k  of 

sensors driven by a single optical source. A key advantage of. and niotivation for. 

sensor multiplexing is a reduction in the overall cost per sensor. becatise al1 srnsor 

eienients are powered and interrogated by a single transceiver unit. I t  i s  rspected 

that  a major thrust for t h e  greater application of fiber optic sensors \dl arisr froni 

t h e  need to  install an  increasing number of sensors in applications rrqiiiring t h e  use 

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

Different techniques can be used to build such a network[23. 231 likr frqiiency 

division multiplexing ( FDM). time division multiplexing (TDM) and wavelength di- 

vision miiltiplering ( WDM). The multiplexing rnethod may be said to h~ 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 

mu1 ti plesing 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 measurandr23. 24. 251. WDM is principally a special case of FDM. 

but due to t h e  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, 261. However. FDM requires a highly accurate and corn- 

plex ekc t  ronic processing unit and WDM requires very sensitive and select ive opt ical 

roniponents. 

The T D M  approach consists of launching short light pulses into the  network and de- 

tecting the differentially delayed returning pulses caused by the  different fi ber lengt hs 

to each sensorp3. 241. 

Distributed sensing schemes like optical Time Domain RefIectomrtery (OTDR)  

where the fiher itself acts as the sensor have also been used[23.26. 271. OTDR utilizes 

an optical radar concept to rneasure 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 

iised[-S. 291. The main principle behind this technique is that the delays in t h e  sensor 

array are arranged so that the  optical signal returns are rnutually incoherent and 

t herefore do not interfere coherently with one another. The signal froni each sensor 

can then be retrieved separately by matching the delay in the receiving int~rfrroirieter.  

Iceeping firmly in mind the overall cornplexity of design and resource limitations 

t h e  T D M  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 al1 fiber optical cur- 

rent sensor network. Further details about FOCSNET are described in the following 

d i a p  t ers: 
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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 hroadly divided 

into three categories: Transmitter, Receiver and Optics. In the Optics section vari- 

ous types of optical fibers and their properties are explained in detail. The Receiver 

section can be  subdivided into an  Electronics part which includes the  P hot-odiode 

and Operational Amplifiers, and the Digital part which includes the .\nalog to Dig- 

ital converter. the Field Programmable Gate Array (FPG A )  and the  Digi ta1 Signal 

Processor. 

Chapter 5 includes the expected performance of the system. an in-deptli stiidy of 

various causes that may affect the system is done and a Signal ta  .loise analysis 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. 



CHAPTER 2 

OPTICS 

The polarization of light was first discovered by a Danish professor Erasmiis Bar- 

toliniis and descrihed 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. 

-4 beam of light consists of rnany aaves with each wave having its own elertric field 

componcnt. Normally the orientations of these electric field components are randomly 

tlistrihiited aiid such a light is called unpolarized light. A polarized beam of light is 

one in which the  electric field components of a11 the waves have similar orientation. 

The orientational characteristics of t h e  electric vector representing t h e  polarized 

light determine the state of polarization (SOP) of the wave(311. If the  incoiiiiiig wave 

is seen from the direction of propagation Le. t h e  z - a i s .  the locus of the tip of the 

electric vector is a measure of the polarization. The angular orientation of this locus 

is howm 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 

liglit 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 



Figure 2.1. Sectional Pattern of left elliptically polarized light 

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

wave viewed towards the source having a n  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 

t h e  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 y axes. 
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If the t.wo compoiients are in phase then the resultant wave is linearly polarized. 

Tlie orientation of this linearly polarized light depends upon t h e  relative amplitudes 

of the two components and if their amplitudes are equal then the  orientation is at 

4.5". The orientation of polarized light is measured conventionally with respect ro 

the x-asis. If -4, and -4, are the amplitudes of the x and y orthogonal components 

respectively. then the orientation of resultant linearly polarized light can be given hy 

tan-'(  .-IV/&). 

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 polarizrd states 

are distingiiished by the sense of rotation of the  vector. For exaniple. whcn the 

resultant vector rotates clockwise when viewed towards the  source it is callrd right 

circiilarly polarized light. Circularly polarized light does not have any orientation as 

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

For other cases when t h e  two components have uneqiial amplitudes and have a 

phase difference. or have equnl amplitudes but a phase difference otlier tlian HO0. t.he 

result is elliptically polarized light. Generally. al1 the polarized light can he 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 difference of 

the two orthogonal components have on the overall state of polarization of the light 

wave[32]. 
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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 mat heniatics to 

represent the polarized light and its interaction wit h opt ical systerns[3 1. 3-1. Detailed 

discussion about the Jones Calculus is presented in this section. 

In 194 1 .  R.C. Jones[33] determined that polarized light could be represrnted by a 

2x1 column vector tvhich 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 t h r  

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 Lie considered as a plane wave travelling with t h e  speed of light. c. and 

in the direction of z-mis. Its electric field vector Ë can be specified[l.i] in terrns of 

two orthogonal components Er and Ey, with amplitude -4, and -4,. and initial phase 

angle or and o, respectively. such that 

and 

" 

I 
- 

E, = .l,cos[w(t - -) + d,] = Real part of A,ezp i[u(t - -) + 04 (2-2) 
C C 

When (& -4,l = 90" and A, = .A,, Ë is circularly polarized. When &-hg = O , l? 

is lineariy polarized. In a general case Ë is ellipticaily polarized. The above equations 

can be rewritten in a difTerent form as follows, 
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Alternatively. E can be represented as a column vector which is called the Jones 

For example. 

ie a linearly polarized light wit h the  orientation of the r-axis. 

!l is a linearly polarized light with t h e  orientation of t h e  y-axis. 

& [ ] is a linearly poiarized light which is 45' oriented with both tlir x-axia and 

y-axis. and 

[ ] is a riglit-rircular polarized light. 

.Jones also found that a polarization device can be represented as a Zs:! matrix 

whicli is knoivn as the  Jones matrix. When the polarized Light is passed through t he  

polarizat ion device. the o u t p u t  light can be represented as another column vrctor 

which is t tie prodtict of t h e  Jones matrix of the device and the Jones vector of t h e  

iripiit light as shown below : 

Jli Ji* [ 2; ] = [ J21 J*,] [ E::] 
In general. the four elements of the Jones matrix. Jii, JI2. &, and &2. are complex 

aiid depend on the  device(l51. 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 



is 1 Y  then its Jones matrix is 

and the Jones vector for the input light is Ei, = K l  
Therefore the output light which can be represented as a product of tliese trvo is 

which is a righ t-circular polarized light . 

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

is given by 

2.3 Faraday Magneto-optic Effect 

In LP4.5 Miehael 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 generallp given by the empirical law 

w here, 

R - Angle of rotation, 

V - Verdet constant of the material (radlampere-turn), 



Incident Iight 
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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 t h e  optical path is going along the  sarne direction 

as t h e  magnetic field then the  above relation can be sirnplified as 

M'hen the  propagation direction differs from the magnetic field direction by an  angle 

o. t lie rotation is given by 

R = VHLcos4 (3.11) 

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

optical material likeoptical fiber then according to Ampere's Law the  Faraday rotation[lô] 



cati be given as 

LV here. 

'i - Niirnber of turns of the optical path around the conductor. and 

1 - Current carried by the conductor. 

The Verdet constant is generally described by the rnicroscopic 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[l.5] 

i' - Verdet constant of the material. 

7 - niagneto-opt ical constant. 

ea/nro - specific charge of the electrons, 

c - velocity of light. 

n - refractive index of rnaterial at wavelength A, and 

dii/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[l6]. 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 p o l a r i d  wave 

could be considered as right and left circularly polarized waves t.ravelling through 

t h e  medium at different velocities. The rotation of the plane of polarization for liqht. 

passing through a material of length L is given by[16, 311 

where w. is the angular frequency. n+ and n- are the refractive indices of t h e  right and 

left romponents respectively, and c is the velocity of light . Since t his descript ion does 

not depend on the manner in which the differing velocities arise it is also applicable 

to magnetic rotation. 

Rotation  rise es through the coupling of radiation with t h e  electrons or bound 

oscillators[l6]. The magnetic field can be taken into account by using a moving 

coordinate system which precess the the  Larmor frequency w~ = eHl2mc. 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 u - i ~ r .  and 

+ + L .  From the equation for the rotation given above, R is then given by 

which is called the Becquerel equat ion[l6]. 
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Al1 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 rneasurable Verdet constants. As silica has a relatively small Verciet constant 

it is necessary to have a strong magnetic field or a large amount of rurrerit in t he  

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

2.4 Polarization and Fiber Optics 

The polarization s t a t e  of light traveling through a medium can be influeiiced hy 

stress within the medium and this can present problerns with ordinary single mode 

fiber[35. 36. 371. 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 t hrough 

the fiber[3S. 391. Furthermore if the fiber is suhjected to an' external pert iirtmtioris 

like those dur to changes in temperature theri t h e  final output polarization will var?; 

wi th  tinie. This is true for even short lengths of fiber and is undesirable in mari- 

applications which require a constant output polarization from the fiber. 

Polarizat ion maintaining fibers ( P M  fibers) have been developed to solve t his prob- 

1 These fibers are also known as High Birefringent or Hi-Bi fibers and work 

hy 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, 401. 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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Iow noise and cross-talk and helps in maintaining the state of polarization of the Iight 

traveling through the fiber. Provided that the input light into a P M  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 asis  even when 

suhjected to external stresses. 

Birefringence is created within a P M  fiber either by forming a non-circular fiber 

core (shape induced birefringence). or by inducing constant stresses wi thin t. h r  fi ber 

wit h stress applying parts (SAP ) (stress induced birefringence) [3S. 39. 401. .An esam- 

ple of the shape induced birefringence is the elliptical core fiber. The optiral 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. 

t h e  stress induced birefringent fibers such as bow-tie fibers and P.4XD.4 fihers exhi bit 

low optical losses and Iow crosstalk levels by setting the buffer layer between the core 

and the stress applying parts (SAP)[40]. .4t present the most popular fiber type in 

the industry is the PANDA fiber which is of circular SAP type(391. 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 Iines 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-ofl41, 421. 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 Iost. Xormally. 

t h e  light launched into t h e  slow axis is guided inside the fiher 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. thiis n o  output 

light emerges from the fast axis. This means that the output light froni the PZ fiber 

is linearly polarized in the direction of the slow axis irrespective of t hc nat,iirr and 

orientation of the input light. However the amplitude of the  output light is a fiinction 

of the relative difference between t h e  orientation of the input light and that of t h e  

slow axis of the PZ fiber as shown in Fig. 2.5- If the  input light is totally depolarized 

light then t h e  amplitude of the output light is half that of t h e  input Light. Tlius PZ 

fiber acts as a fiber polarizer. 

Figure 2.5. Output Light Intensity versus Relative Orientation Angle 



2.5 The Sensing Coi1 

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 

phenornenon of difference in the velocities of the two oppositely handed circtdar po- 

larizat ions traveling along the principal axis is known as 'circular birefringence'[3 11. 

When fibers are carefully made they can have low linear birefringence: however. as the 

fiber is bent or cornes under transverse pressure. the birefringence increasrs[43]. The 

linear birefringence interferes wi t h  the Faraday-induced rotation and even if present 

in small amounts it makes the Faraday rotation nearly unmeasurahle[~~].  Many 

approaches have been used by researchers and scientists for reducing t h e  problerns 

rausecl hy linear birefringence in the fiber. 

Early work to overcome the birefringence problem aimed at producing a Iow 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 induccd 

birefringence which can catastrophically reduce the electrical current sensitivity. 

-4nother approach is to introduce high circular birefringence into the fiber or  use a 

fiber a i t h  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 

hending or other effects has little effect[45]. 
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Circiilar birefringence can be introdiiced into the fiber by torsional stress induced 

by twisting. However. it is effective only for relatively large coils with few turns[4&4J]. 

For srnall coils the twist necessary to  achieve a useful effect often exceeds the hreaking 

st rengt h of the fiber. Furt her. the twist-induced circular birefringence is  temperat ure  

dependent thereby introducing a stability problem. Several at tempts have hrrri riiade 

to make fiher with a hi& intrinsic circular birefringence by introducirig large prrma- 

nent levels of torsional stress locked into the fiber but these suffer from prartical 

clifficiiltirs[43. 451. 

In recent years. it has been shown that both the inherent and bencl-iridiiced lin- 

aar birefringence can he suhstantially reduced by annealing t h e  optiîal Rher at. t h e  

t.emperattires in the  range of 800°C[43]. Current senson based on annealecl coilz offer 

hetter 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 

îarefiilly packaged for protection and to minimize the sensitivity to vibration. The 

sensing coi1 used in this project was annealed in a ceramic mold and transferred to 

an  iclentically shaped plastic holder[Z2]. 



CHAPTER 3 

NETWORK DESIGN 

3.1 Introduction 

In a sensor network. at l e s t  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 miilt iplexing ) and interrogation (or demodulation). The central terminal or 

t ransceiver is required to perform the following funct ions[73]: 

a powering the network with an optical light flux of required intensity. spectral 

distribution. state of polarization (SOP). and temporal behaviour (corit.inuoos 

or modulated): 

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

action in point sensor elements and sent back; 

0 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 

t hat are calibrated against the particular measurands. 



3.2 Mult iplexing Techniques 

Tlir topology of a fiber optic sensor network is strongly determineci hy t h e  desired 

mrthod of sensor modulation and  interrogation. The interrogation may be performed 

in the  time and frequency or wavelength domain and these met hods are rderred r , ~  

as Time Division Multiplexing (TDM), Frequency Division Multiplesing (FDM) or 

Wavelengt li Division Multiplexing ( WDM ) , respectively. Distri buted scnsing sys tems 

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

3.2.1 Time Division Multiplexing 

This system consists of Iaunching short light pulses into the  network consisting of 

multiple point sensors distributed in space such that the returning pulses arc delayed 

by time intervals given by ti = n Li/c .  where Li is the ftber link length of the i t h  sensor. 

11 t.he core refractive index of t h e  fiber. and c the free space velocity of Iight. At the 

cletector t h e  pulses arrive separated in time due to the different path lengths traveled 

to and from each sensor(23. 211. They are then converted to electrical signals and the 

original signal decoded. The number of sensors that can be usefully multiplexed is 

governed hy factors such as the pulse power. pulse width. repetition rate of the  laser. 

t h e  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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251. The most convenient form of frequency modulation is a linear fm ranip repeated 

at regiilar intervals. This waveforrn is ei ther generated direct ly by a signal generator or 

indirectly by pulsing a surface accoustic wave (SAW) chirp filter. It is then aiiipiified 

and applied to the laser or electreoptic modulator. The return signais 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 

fr~qiiency 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 Ion? 

pass filtering. 

3.2.3 Wave Division Multiplexing 

In this technique a separate wavelength is assigned to each sensor chaniiel of the 

net work. Wavelengt h Division Multiplexing is normally a mult i-source concept. Light 

from a set of narroow-band sources (e.g. LEDs) is fed. via a combiner and a single 

input fiber. to the appropriate sensor of the network. The intensities niodulated 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 t o  crosstalk may corne from scattering and mode cou- 

pling effects in fiber components in addition to any crosstalk wit hin the interrogating 

optoelectronics. The quality of WDM cornponents is characterized by such factors as 

channel separat ion, 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) ahere 

t h e  wavelength separation components are simple to fabricate. the nuniber of sensors 

which can be connected on t h e  network is very limited. The cornpkxity of t h e  r~ceiver 

for closely spaced wavelengths is currently beyond t h e  cost constraints of most sensor 

systems. 

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 distributcd 

sensor systems the fiber itself acts as a sensor and a spatially dependent signal is 

estracted 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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srnsing channel may be backscatter. mode to mode coupling or  backscattrr through 

non-linear effects such as Raman and Brillouin scattering. 

Optical Time Domain Relectometery (OTDR) (Fig. 3.1) is t h e  inost conimori 

distributed sensing system usedI-31 and it utilizes an optical radar concept to mea- 

sure the  backscatter power versus t ime 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 laonched and the detector is arranged t o  be polarization sensitive by piacing 

a polarizer before it. The method relies on the fact that  the  R.ayleigh and Rayleigh- 

Gans scattering in silica glass is polarized in the  same direction as is the incident 

light. Any changes in the 

Splice 

I Polarizer 1 
Detector I 

Beam Fiber 
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 

t imes. 

After comparing al1 of the above systems in terms of cost. cornplesity of design. 

construction time. Aexibility etc.. it was decided that TDM provided the  optimum 

solution. -411 the future design considerations were made based on t h e  T D M  approach. 

3.3 Network Topologies 

After having chosen T'DM as the multiplexing approach to be used for t h e  network 

design the  next step was to identify the optimum network topology. Three passive 

topologies were shortlisted for selection : 

0 Ladder Network 

Ladder Star  Network 

S t a r  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 

calculat ions 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 



'-19 

pulse signals from the sensors to the receiver. Al1 the sensors in the network are 

coupled in paraIIel 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 

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

or an LED. 

C C 
PI Pl 

Transmitter - - - - - - 

/ 
Coupler 

Splice 

I 
Receiver A I - 1 - - - 

C C L 
P2 P2 T2 C P2 

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 fiher may 

distort the modulated signais coming from the other sensors and especially if the 



signals are intensity modulated. 

POWER LOSS CALCULATTONS : 

5 - Xumber of sensors in the network 

- Couplers between the Transmitter and the Sensors 

- Cou plers bet ween the Sensors and the Receiver 

LT1 - Tap ratio loss of Coupler on the transmitting fiber (10:90) = 0.36 dB 

LIT, - Tap ratio loss of Coupler to Sensor (90:10) = 10 dB 

LT2 - Tap ratio loss of the Couplers on the receiving fiber (5050)  = :?dB 

Lc-l - Escess loss of each coupler = 0.1 dB 

os - Splice loss = 0.1 dB 

The following relation was derived for the Total System Loss (TSL) 

Siibstittiting the assurnecl values for above parameters, 

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 transrnitting section and the sensor is essentially the  same as in 

the Latdder network with the  major difference being in the receiver side. In this systern 

(Fig. 3.4) there is no common fiber between the different sensors and the receiver. 
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and via a Star coupler. 
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connected individually to the receiver with a separate fiber 
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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 a11 the sensors, if there is 

some fauIt/damage in that fiber then al1 the remaining sensors will becorne disfunc- 

t ional. 

PORTER LOSS CALCULATIONS : 

N - Number of sensors in the network 



' p l  - Couplers between the Transmitter and the Sensors 

L T I  - Tap ratio loss of Coupler on the transmitting fiber (10:90) = 0.16 dB 

LIT, - Tap ratio loss of Coupler to Sensor (90:lO) = 10 dB 

L(-, - Excess loss of each coupler = 0.1 dB 

O, - Çplice loss = 0.1 dB 

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

LTs - Tap ratio loss of Star coupler = 10 logloN dB 

The following relation was derived for the  Total System Loss (TSL) : 

Substitut i ng the assumed values for above parameters. 

TSL  = 0.76N + 9.74 + IOlogloN + L s c ( d B )  (3.1) 

This systern is designed around the TDM technique thus it uses a pulsed source. 

-4 cont.inuous beam of light can also be used as the source and it has a number of 

advantages orrer the pulsed source. I t  is easier to find a continuous light source t. hari a 

piilsed one. it is less expensive. and it also provides more flexibility in positiotiing and 

spacing of the sensors which leads to a saving of fiber. The most significaiit 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 becorning available their high costs are  

prohibitive for this project. 

Power losses are t h e  same as in the case of the pulsed source except t hat now t h e r ~  

is no tap Ioss at the Star  coupler and the Star coupler excess loss is replaced by the 

Switch insertion loss. 

T S L  = 0.71N + 9.74 + LsI(dB)  

where Lsr 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 a t  t he  receiver and each sensor is independently connected to the 

transmitter and the receiver through these couplers. This system utilizes the TDM 

technique and t herefore a pulsed source is required. The basic design is  very 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 srstems in the sense that if a fiber 

is damaged it would not affect the performance of the  whole system. and it is very 

~ a s y  to find out which fiber or sensor has been damaged. R o m  the topographical 

flesibility point of view this system is also extremeiy good and there are minimal 

complications involved in adding or removing a sensor. 

PONTER LOSS CALCULATIONS : 

n, - Splice loss = 0.1 dB 



Figure 3.5. Star Network 



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

Lrs - Tap ratio loss of Star coupler = 10 logloN dB 

The following relation was derived for the Total System Loss (TSL) : 

TSL  = 3(Lsc + L T S )  + 4a , (dB)  (3.6) 

Here the  total system loss is a logarithmic function of t h e  nurnber of sensors in the  

network rather than a linear function. This rneans that  losses increase ver\; slowly 

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

3.3.4 Cornparison of Networks 

-4 comparative analysis was performed for the total system losses of each network 

topology and liow the losses increased with increasing number of the  sensors in the 

netviork. 

From the  manufacturer's specifications and data, it has been observed tha t  the 

escess 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. Fiher transmission losses are generally not included in TSL calculations. 
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I t  is clear from the the  results in Table 3.1 and Fig. 3.6 that t he  Star network offers 

the best performance in terms of total system loss and it shows even better results 

when addit ional sensors are added to the network. As the Star network promises mucli 

smaller system losses and also other advantages like better security. more flexibility. 

affordability etc.. it was concluded tha t  it was the optimum topology for th i s  project. 

3.4 Basic Design of the passive STAR Network 

If this project can prove that two fiber optic current sensors can h e  siircessfully 

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 projrct i t  wa+ decidrd 

to use a two sensor network. A very important factor in t he  actiial design of the 

network is the length of the  optical paths between the transmitter and t h e  rweiver and 

especially the difference between t h e  two lengths since the time delay or separation 

between t h e  two pulses reaching t h e  receiver depends upon this difference. Fig. :3.7 

illustrates a timing diagram for t h e  two pulses. 

Pulse to sensor 1 = Pol 

Pulse to sensor 2 = Po2 

Pulse duration = t ,  

Time taken by leading edge of Pol to reach Receiver = t ~ l  

Time taken by trailing edge of Pol to reach Receiver = t L l  + t ,  
Time t,aken by leading edge of Po* to reach Receiver = tL2 

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

tse,  = t ~ 2  - ( t u  + t , )  



Figure 3.7. Pulse gap at the Receiver 

or. 

Iieeping in rnind the requirements of the receiver, the optimal value for both t ,  

and t,,, was found to be 400 ns. It may be noted that a pulse Iarger than 100 ns can 

also bc used. 

Tlius. 

( t ~ ~ - f ~ ~ )  = 400 + 400 = 800 ns 

This means that the difference in the two fiber lengths should be equivaient 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 rn in a medium having 

refractive index n is given by t~ = nL/c ,  where c is the velocity of light in free space 

(3  x 10' m/sec) 

For Silicon fiber, n = 1.5 



Thmefore to have a time gap of 800 ns between the leading edges of t h e  two pulses 

the  difference in the  fiber lengths should be : 

L2 - LI = (800 x IO-') (2  x 108) = 160 m 

So the values chosen for the two fiber lengths were 

L1 = 10 m. L2 = 170 ni 

The basic design of the two sensor Star network is shown in Fig. 3.S. 
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Figure 3.8. Basic STAR Network Design 



CHAPTER 4 

DESIGN OF THE FOCSNET SYSTEM 

4.1 Basic Design 

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

The Fiher Optic Network and Sensors 

Receiver 

The transmitter injects a narrow laser pulse in to the fiber optic net.work where it 

is then split into two identical pulses by a star coupler. Each puise goes to its own 

ciment sensor where it undergoes intensity modulation by t h e  sensor. A s  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 tirne lag depends on the difference in the lengths of the two fibers. 

.At the receiver the light pulses are converted ta voltage signals using a photodiode 

and operational amplifier and the voltage signal is then processed to give a display of 

the two eIectrica1 current values on a monitor. 

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 t h e  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 

piilse will be taken as a change in the  current being measured. For this purpose 

a vrry highly stable laser source mas constructed which had provision for interrial 

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 t h e  section of the  system where the  light pulse from the l w r r  diode is 

split into two identical pulses which are then carried to t h e  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 fibrr optic rietwork 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 piilses 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 lx2 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 (5050) coupler light on any of the two inputs will be split 

equally in half at t h e  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 

piilses at the receiver may not be the sarne. This situation is highly undesirable as 

it leacls to a loss in sensitivity and more cornplex calibration. To accoitiuda.tr th is  

situation variable attenuatorç are used in  the network to  adjust the irit.eiisity levels 

of t h e  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. .Uso. by the time the light pulses reach t he  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 a t  the  receiver and this 

t ime separat ion 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 hetween 

the two pulses a t  the  receiver. 



4.3.4 Current Sensing Head 

In the  case of the  fiber optic current sensor the magnetic field acconipariying the  

current to be measured causes a rotation of the plane of polarization of t h e  light 

in the sensing fiber and this Faraday rotation has to  be optoelectronically measurecl 

at t h e  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 wtiich consists of 

two polarizing fibers (PZ) with an annealed sensing fiber ( A F )  between tliem. The 

annealed sensing fiber is enclosed in a frame which has a circular tiok in its iniddle 

where the  current carrying conductor passes through. with the  annealed fiher wourid 

around the hole. The polarization axes of the two polaring fibers are 4.F' apârt (121. 

.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 t h e  input coupler 

arid single mode fiber is essentially depolarized in nature. Thus let the liglit arriririg 

at t h e  input to the  fint polarizing fiber have intensity J. Also let the  intensity of the 

light coming out of the  first polarizing fiber be J,, and let JO,, be the intensity of the 

light coming out  of the second polarizing fiber. 

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

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

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

m o t  her polarizer follows a cos2 relation of the  difference between their polarization 



ases[lô. 011. If the  orientation of the  first polarization fiher is assumed to be at  8. 

tlien the orientation of the second polarization fiber is at (@ + 4 5 O ) .  Wlien the line 

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

light and the intensity of output light can be given by 

When the linr current is present and it rotates the plane of polariza~ion of t lie light 

in t.he sensing fiber by an angle of R the difference in t h e  polarizatioii axes of the 

polarizec1 light and the second polarization fiber is no longer 4 5 O  axid i t  becomes 

(45" - 0). So now 

Jin = ,[l + cos(9O0 - 2R)] - 
- Jin - -(1 3 + sin2R) - 

So t h e  change in the  intensity can be given as 

Jin J*n AJWt = -(l+sin2fI)-- 
3 3 
Jin = -.sin20 
2 

J = -.sin2fl 
-2 

Thrts a polarization change is converted t o  an intensity change which is then detected 

at the  receiver and the corresponding value of the line current is calculatecl based 
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upon t hat 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 woulcl 

not he wrong to cal1 the receiver the heart of the FOCSWET system. H e r ~  t h e  in- 

tensity modulated optical signais from the sensors are converted to voltage signals 

and amplified and this signal is then fed to an Analog to Digital Converter (ADC) 

t hrough a difTerentia1 amplifier. The differential amplifier is used to bring the voltage 

signal within the ADC's normal operating input range and also to increase t h e  sen- 

sitivity of the  system. The ADC which operates a t  a %O MHz samplr rate digitizes 

the input signal and then sends the digital output to the Field Programniable Gate 

Array (FPGA) implemented on a Xilinx chip. The FPGA is designed such that  t h e  

iiseful 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 ('omptiter (Pt') 

moni tor. 

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 4.1. Operation of the Curent  Sensor 



Figure 4.2. P hotodiode/Opamp Circuit Diagram 

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

amplifier. Its main specifications are: 

a Responsivity : 6x10'' V/W (850nm) 

a System BW(-3dB) : 3.5 MHz 

SIew Rate : 600 V/pS  (850nm) 

Noise Voltage : 7~10-~ V RMS 

a Spectral Noise Voltage Density : 0.11~10-~ v / H z ' / ~  

Noise Equiv. Power (N.E.P.) : 1.8 p ~ /  H212 (900nm) 

The circuit diagrarn for this photodiode/op-amp is shown in Fig. 4.2. -4s 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 PhotodiodefOp-Amp certainly meets that requirement 
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with a slew rate of 600 V / p s .  Moreover its noise performance is also about t he  

best when compared to the other photodiode/OpAmp combinations commercially 

availahle. .As it is a n  integrated combination of photodiode and operational amplifier 

many inconsistencies and additional noise factors that would have b e n  there. if a 

starid alone amplifier had been used. are eliminated. 

4.4.2 Different ial Amplifier 

The output voltage signal from the photodiode is fed to a differeritiai amplifier 

ancl the use of a different ial amplifier serves two purposes. First. it hrings t,he voltag- 

level of the output signal into the optimal operating range of t h e  a d o g  to digital 

converter which is -1V to + l V  and second. it increases the  sensitivity of t h e  s ~ s t e m  

hy amplifying just the change in the intensity which is the real parameter needed in 

order to calculate the  Iine current. 

The clifference signal C& is provided by a Universal Source ( H P  3235.4) as it 

provides higlily accurate and very low noise voltage levels. The value of \& is chosen 

sudi tliat when there is no line current the output of the differential amplifier circuit 

is zero. Thus t h e  value of is the  same as the value of input voltage signal from 

the photodiode K, when there is no line current. When line current is present it 

rotates the polarization state of t h e  light which in turn is converted to a change in 

the light intensity and th i s  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 t h e  analog to  digital converter. 



Figure 1.3. Differential Amplifier Circuit D iagram 

The choice of the  differential amplifier has to he made very carefully sirice not orily 

should they be very fast and have high bandwidth but they should aIso have a very 

low noise performance. After a very careful search the MAX4107 from hlASIM was 

select.ed for this purpose and some of its salient features are: 

rn Bandwidth(-3dB) : 300 MHz 

Slew Rate : 500 V / p S  (850nm) 

Settling Time : 18 ns 

a Voltage Noise : 0.75 nV/Hz1I2 

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 t hrough two parallel capacitors hauing capaci tances of 

0.1 p F  and 1.7 pF. The input resistor values used were 1000 as these were determined 

t.o be the  optimum values. T h e  rnanufacturers recommended values were too sniall 

since they tended to draw more current from the power supplies thus rendering t h e  

amplifier vulnerable to damage by excess current. The feedback resistor has a value 

of IKR which provides an adequate gain of 10. 

4.4.3 Analog to  Digital Converter 

The .4/D Converter digitizes the voltage signal it receives from t h e  differential 

amplifier and as the system sensitivity depends largely upon the resolution of t h e  

-4DC then t he  higher the resolution the greater the sensitivity. The ADC' should 

also be fast enough t o  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 ) Resolut ion 

2 )  Speed 

3 )  Power Dissipation 

The AD9040A is the .4DC from Analog Devices which met al1 of the above criteria. 

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

are some of its other main characteristics: 



Input Voltage Range : 2 V p-p 

Analog Bandwidth : 48 MHz 

Output Propagation Delay : 14 ns (max) 

S S R  at 10 MHz Ar,v : .Ci3 dB 

O Power Supply Rej. Ratio : I 15 mV/V 

This .4DC was used along with its evaluation board and i t  was driven by a 20 

MHz dock operating at  50% duty cycle thus it was effectively sampling evmy 50 ns. 

4.4.4 Delay Lines 

Delay lines are a n  important part of the synchronization process between t h e  Xilinx 

and the actual pulses. To maintain the synchronization the laser diode is rnodulated 

hy the piilses generated from the  Xilinx. This pulse is then split into t.wo pulses which 

t h w  take precletermined amounts of time to reach the receiver in order t,o rompensate 

for the  different fiber delays. There is more delay in the analog to digital converter 

beforc the digital data is ready to be processed by the  Xilinx. It is ver- important 

that  the Silinx 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 al1 of them were from Data Delay 

Devices. .\Il 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. -4s the two sensor pulses were supposed to have a time lag of YOO 

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 O ns. 

A s  the  two fiber lengths are 10 rn and 170 m the tirne taken for the leading rdges of 

the trvo optical pulses to arrive at the receiver is 50 ns and 850 ns respect.ively. I t  was 

found that the  analog to digital converter takes 300 ns to sample an input pulse and 

produce the digital data  a t  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 desira.hlr 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 u p  to collect t h e  data 

that  appears at a time 450 ns and 1250 ns after the leading edge of the modulating 

The synchronization is performed in the following way. The rnodulating pulse is 

input to t h e  first 3D7010 delay and its output tap a t  350 ns is connected to  the input 

of t he  second 3D7010 delay. From this second device two outputs are taken t o  the 

inputs of the other two delays. The first output is a t  the  first tap i.e 50 ns and the  

second output a t  the last tap a t  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 t h e  first tap i.e 50 ns and the eighth t ap  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 Ily t h e  Xilinx. -4s soon as the Xilinx receives the  leading edge of each of 

tl i~se synchronizing pulses it collects the  binary data available at the AD('  output 

and processes it thus ensuring tha t  the data  collected by the Xilins 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 t o  be the heart of the  FOCSKET system then the  

Xilinx can be t hought of as t h e  brain of the  receiver and it is absoltitely essential 

t.liat t h e  Silinx design work exactly as it is supposed to. This is due to the nat.ure 

of t h e  da ta  it is collecting which is available for only 50 11s and w e n  a. littlr bit of 

mis-synchronizat ion can ruin the  w hole system. The device selected for irnpleiiien t irig 

the  FPGA design was the Xilinx XC4003A chip and the design was clone tisirig the 

-Workview Plus' software on a PC. 

The tivo niost. important functions of the  Xilinx design are to generate t h e  riiodu- 

lating piilse and to fetch the digitized data  from t h e  ADC and send it to t hr Digital 

Sigrial 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 t h e  output  producing 

a 2.5 MHz pulse which is given as the clock s i e d  to  a 16 bit counter CB16CE through 

an inverter. The inverter is used so that  this pulse is initially in t h e  'high' logic state. 
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The output [rom this counter is taken in such a way that when bit O is low and bit 

12 high i.e. after 4096 dock pulses. the  output is in the high logic state. This lasts 

for orily one dock cycle because when the next pulse cornes t h e  bit O becornes high 

and t.he combination sends a high signal to the Clear (CLR) of this countrr aricl i t  ih 

reset to zero again and the whole process goes on repeating. .As t h e  dock pulse to 

the  16 bit counter has a time period of 400 ns therefore the  output ptilsr is 'on' for 

100 ns and it is repeated every 1097 cycles i.e. 1.6388 ms. This pulse is used bath 

for modiilating the laser diode as well as the  input to the delay lines and t h e  tirnirig 

cliagrarns for this circuit are shoan  in Fig. 4.5. The 20 MHz clock pulse ( ( ' I N )  frorii 

t h e  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 

t h e  Analog to Digital Converter and the Digitâl Signal Processor but it first 11as to get 

the  data from the ADC output. -4s the two synchronizing pulses are separated by just 

Y00 ns coming to the Silinx 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 t hat 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 comhined 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 flipflops (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 - Dg. For this input set of flip-flops there are two output sets of flip-flops, 



Figure 4.6. The SEPARATOR circuit 
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FO - F9 and GO - G9. The input set of data is available to both the output sets 

of fiip-Rops but only one latches to the data  while the other one lat,ches the next 

set of data and this cycle continuously repeats itself. This process is controlled by 

a toggle Hip-fiop (FTP) which is driven by DCLK as its clock pulse. The way the  

toggle Rip-flop works is that its output changes state after each dock piilse. hencr 

the name toggle Rip-flop and its output goes straight to one set of output flip-flops as 

their clock ahile it goes to the other set through an inverter. This insures that  orily 

one set is active at a tirne and they get data on alternate DC'Lii pulses. 

When the first DCLK pulse arrives (due to  LI). the input set latclies 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 

t h e  first DC'LK pulse its output is low and therefore the clock to the set FO - F9 goes 

high. So this set latches the output available from the input set which then appears 

a t  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 DCLIi pulses will arrive 

after 1.6388 ms. 

Now that both the data values are available on different outputs it will be explained 

liow t h e  Silinx cornmunicates with the DSP and sends these values t o  it. The overall 

Silinx design is shown in Fig. 4.7. The output sets from the SEPARATOR circuit are 

available on output ports 0 0  -09  which are connected to  the DSP through multiplexer 

swit-ches as shown in the diagram. Al1 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 



Figure 4.7. The Xilinx Design 



Figure 4.8. The Xilinx Pin-out Diagram 
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arriwd so that it can read the  values? This problem is solved hy using a fiip-8op 

whose output and clear pins are connected to the DSP. When the falling edge of the 

second pulse L2 arrives the output of the flipflop (SG) goes high indicating t h a t  t h e  

new set of data is ready and that  the DSP should read their values. Thus the DÇP 

reads the first set of data when the value on t h e  DS pin is O and it then changes the 

DS pin value t o  1 to read the second set of data. After it has read both sets of vaJues 

it gives a high signal to the clear pin (SCLR) of the flip-flop and thrrefore resets i t s  

d i e  to iotv state. 

This is t he  way the  Xilinx interacts with the DSP and transfers the data contents 

i t  receives from the ADC to the DSP where further processing takes place. The Siliris 

pin out diagsam is shown in Fig. 4.8. The pins INIT. DONE PROG. D I S  am1 CC'LI.; 

are used to download the  bitstream file from t h e  PC to the Silinx chip. 

4.4.6 Digital Signal Processor 

A s  t h e  Silinx sends each reading at 1.6385 ms intervals it is not possible to observe 

\?ahes changing at such a fast rate. Some mechanism is therefore requirecl to display 

the  readings at a slower rate which are easy to read and a.t the same timr be able to 

drtr î t  and show changes quickly and this is where the digital signal processor cornes 

into the picture. 

The following is a summary of the DSP operation: 

1) 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 t he  SG signal is high then it sends its data bus to fetch the  first data value. 

1) It stores the  value in a rnemory location, increments the pointer so t hat next value 

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

5 )  It changes the value on the DS signal to logic '1' in order to read t h e  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 1021. 

Y) If it has added 1021 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 t h e  accumulators and the counter to zero. 

9) After completing the whole process it sends a high SCLR pirlse thus setting the 

SC; signal to the low state and it goes into a loop waiting for the SC: signal to 

go liigh again. 

I t  ca.n be seen that the DSP utilizes its high speed to get the data from t h e  Silinx 

quickly. clo al1 the operations on it and then send the averaged values to t h e  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 35 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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o n  the DSK board. The supplied debugger is Windows oriented thus simplifying 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 Pentiurn hased 133 

MHz PC' was osed. There is another very significant advantage of iising 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 t h e  

measur~cl Iine current i t  is very easy to do these Iittle modifications in t h  P( ' orily. 

witiiout disturbing the rest of the system. and to show on the P(' ttir value of linr 

ciirrent being measured. 

r\ functional cliagrarn of the entire receiver is shown in Fig. 4.9. 
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CHAPTER 5 

PREDICTED PERFORMANCE 

5.1 Faraday Rotation 

-4s discussed in Chapter 2 the Faraday rotation angle is highly dependent upon the 

Verclet constant of the fiber. The higher the Verdet constant of the fiber. the larger is 

t h e  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 

he effectively made larger by increasing the  number of turns of the ciirrent carrying 

cabk around the current sensor. 

The Verdet constant of the  annealed sensing fiber is around 0.01 niin/A at a 

wavelengt h of 8% nm[16. 461. This value is approximate as the annealing of t h e  fi ber 

may have resulted in some variations and it may also differ for different annealed 

Fihers even though manufactured by the same Company. 

The value of Faraday rotation R is calculated as follows. The annealed sensing 

fiber is wound 4 times around the conductor and the current carrying conductor is 

wrapped II times around the seosor unit. Therefore the Faraday rotation angle is 

Q = C'NI 

or. 
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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 0.935". Fig. 5.1 shows the theoretical Iinear relationship 

Iwtiveen t.lie cursent through the conductor wrapped 14 times arourid the serisor and 

t lie 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 qiiite 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 rneasure the change in the intensity of light and determine the Faraday rotation. 



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 s 2 coupler is approximately 3.5 dB. 

5.2.2 Fiber Loss 

As the light travels through a fiber it experiences some atteniiation over t h e  lengtli 

of the fiher. For the 3M single mode fiber being used in this project t he  attenuation 

is 2.1 dB/km. In the FOCSNET the fiber lengths used are 10 m and LîOni ttius ttie 

fiber attenuation for the longer path is around 0.36 dB. 

5.2.3 Current Sensor Loss 

As esplained in the working of the  current sensor in Chapter 1 the liglit siiffers 

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 comhined and the  

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

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

loss is also approrimately 3.5 dB. 

5.2.5 Connector and Splice Loss 

In t lie 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 

ancl each mechanical splice an insertion loss of about 1 dB. Thus the total insrrtiori 

loss for al1 tlie connectors and splices in the network is approximately 3.4 dB. 

5.2.6 Other Losses 

The ot ber losses include the attenuations due t o  imperfectly cleaved or slightly 

iinclean fiber ends. bending of the optical fiber etc. These losses are est-imat~d at 

2 ciB. 

5.2.7 Total System Optical Power Loss 

The total system optical power loss is t h e  summation of al1 the  above mentioned 

losses wliich cornes out to  be 18.76 dB or 98.67%. T h e  attenuation factor of the 

systern is 

, = IO(-18.76dB/lO) - - 0.0133 (5.1) 

Thus only around 1.33% of the light transmitted by the laser pigtail makes its way 

to t h e  photodiode. 



Sources for the Optical Loss 

Input Coupler Loss 

Fi ber Loss 

Estimated Loss (dB) 

Output Coupler Loss 

Current Sensor Loss 

Cionnector and Splice Loss 

6 dB 

Other Losses 

Total System Optical Power Losses 

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 man? individual electron movements and each electron moves iii a stochastir 

rnanner[l5]. Because of the quantum nature of the electric current each electronic 

component is more o r  less a noise source in the  circuit. 

The electronic components in the  FOCSNET system are in the receiver and t h e  

main contributor to  t he  system noise is the photodiode/oparnp. 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 t he  thermal noise of the resistors. 

5.3.1 Shot Noise 

Shot noise is generated by current flowing through the device. This ciirrent con- 

sists of both the  dark current and t h e  photocurrent. The shot noise current. can he 

calculated by t h e  formuia[l5, 471: 

w here. 

e = Electronic charge (1.6 x IO-'' C )  

Id = Dark current ( A )  

I, = Photo current (A) 

Af = Noise equivalent bandwidth (Hz) 



The eqtiivalent noise voltage at the output V,  is 

bi = Rf.Is 

tvhere RI 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 

where. 

[ls. 471. The thermal noise currrnt is ecliia 

I 

k = Boltzmann's constant (1.35 x 10-*~ J / K )  

T = Temperature (K) 

Lf = Noise rqtiivalent bandwidth (Hz) 

RJ = Feedhack resistance (Ohms) 

The equivalent noise voltage at the output is 

5.3.3 Op-amp Noise 

1 to: 

(5:4 ) 

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

amplifier noise can be given as[15, 471: 



where, 

1, = Op-amp input noise current ( . 4 / m )  

= Op-arnp input noise voltage ( v I ~ )  

Ri, = Op-amp input resistance (Ohms) 

I f  = Soise equivalent bandwidth (Hz)  

The equivalent noise voltage at the output I/; is 

where RI is the feedback resistor. 

5.3.4 Total System Noise 

Total system noise can be given by: 

wher~ \<,,,. is the  total system noise voltage at the output. 

r\ccording to the manufacturer's specifications[48], the total noise for photodiode/op- 

amp HFD-1100 I.,,oisc = 700 pV (rms). 

5.3.5 Signal to Noise Ratio 

The output voltage signal from the photodiode/opamp is expected to be about 1 

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

= 1. sin 2R 



tvhere 0 is the Faraday rotation angle. 

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

thiis the signal voltage for this current is 

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

or. 

5.4 System Resolution 

The system resolution or the minimum detectable current is the current at which 

thc  signal to noise ratio drops to 1 or I / ; ignar  = Vnoire. So the minimum cletectable 

Faraday rotation angle Clmin is 

(700)(10-~) = 1. sin XImin 

or. 

nmin = 0.020 

The minimum detectable current Imin is 

Thus the minimum detectabte current, with 14 conductor turns. is 2.14 A. 



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 piilses at 8-0 

nm wavelength. The current sensing head makes use of the frarne structure where t he  

liglit encircles the  power Iine and thuç the integral equation. R = I,' f H.dï  = L: I is 

satisfïed. The efFects of magnetic fields generated by ot her power lines Iocated out side 

of t.he 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 

-4s esplained in Chapter 4 the presence of the  current in the power linr 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 t h e  two sensors allows the pulses arriving at  the receiver end to be 

separaieci 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 



Figure 6.1. Fiber Optic Current Sensor Network 



Figure 6.2. The Current Sensor 



taken as a change in the current being measured, a ve- stable laser transmitter 

was huilt with the help of TRLabs, Edmonton. It had an adjustable output and a 

knoh was provided to  control the laser drive current which changed the optical power 

outpiit smootlily. Measurements were made to  see the  effect of the laser current on 

i t s  output power and Fig. 6.3 shows that relationship. To characteriw the stability 

of the laser its output was recorded over five hours and readings taken a t  an interval 

of one minute. The result is shown in Fig. 6.4 and it can be seen that t he  laser 

outpiit is stable over a certain period of time but shows sorne sudden changes al 

ot.her 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 i t  il1ust.rat.e~ a 

triie polarization curve with the exception that the lowest point is not mro. I t  also 

shows that the laser output is a mixture of polarized and unpolarized Iight and t he  

orientation of the polarized Light is at %O0. Fig. 6.6 shows the  actual laser transmitter 

a 1 ~ 1  its internai circuitry. 

Laser C u m  (mA) 

Figure 6.3. The Laser Output Power vs. Laser Current 



Time (Minutes) 

Figure 6.4. The Laser Stability Characteristics 

Figure 6.5. The Laser Output Polarization Characteristics 



(b) 

Figure 6.6. (a) Interior circuit of the laser; (b) Laser box and its control panel 



6.3 Optical DC Current Sensing Experiment 

Before putting together the fiber optic network it was important to char acte riz^ t h e  

response of the two current sensors individually. For this each sensor was connected 

clirectly hetween t h e  laser and the optical meter and the laser was operated ici the 

continuous mode Le. it was not modulated by any pulse. The effective power l i i i r  

D.C. current was increased from O 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 dopes were 

sliglitly different. Figs. (6.7 and 6.8) show the intensity change relationship w.r.t. 

the line current for the sensors 1 and 3 respectively 

The next set of readings were taken with t h e  laser being operated in the pulsed 

mode. the modulation pulses being generated by the Silinx and only orle sensor 

was testecl at a time. These readings also tested the  operational performanc~ of t h e  

receiver as t h e  output  was being displayed on the  PC. The values displayxi werP 

i Iw digit ized values of the analog signal by the analog-to-digital converter w h ich were 

stored by the Silinx and then passed on to the DSP which sent them for display to to tie 

PC'. The values were being sarnpled and processed every 1.6388 rns. Also displayed on 

the PC' was a n  average value which was the average of 1024 samples. As, in this case. 

tliere 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 t hose obtained with the  laser in continuous mode. 
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Figure 6.9. Pulsed Response of Sensor 1 with Output on PC 
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Figure 6.10. Pulsed Response of Sensor 2 with Output on PC 



6.4 Networked Current Sensing Experiment 

Before putting together the whole network it was necessary to ser if the rrceiver 

woulcl be able to sample the two pulses and show the output accurately. For this 

t h e  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 piilsrs whose 

rvidth. delay and amplitude werr  adjustable. As the actual pulse width is 400 os 

long. the pulse width was set at 400 ns. The pulse amplitudes were theii  set at 

different values between O and 1 V and the output displayed on the P(' nionitor 

ohserved. The results obtained were highly accurate. The values dispIa.wtl ori the 

PC! monitor followed the actual values as observed on the Digital Oscilloscope ver' 

closely wit hin an  accuracy range of up to -5 mV. These results demonstratecl t har t he  

receiver operated as it was designed to do. Fig. 6.1 1 shows t h e  receiver and its major 

components- 

After rnaking sure that the receiver was functioning properly the stage w w  set for 

connecting the entire fiber optic network. The fiber ends which were to be spliced 

t.ogether 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 

lorked. Al1 tliis 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 

tlieir 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 



Figure 6.11. The Receiver (a) Photodiode and Differential Amplifier; (b)  ADC. XiIinx 
and DSP boards 



Figure 6.12. Fiber Optic Current Sensor Network System 
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distance from the trigger pulse should be 50 ns. but the waveforms displayed by the  

scopr wcrc as shown in Fig. 6.13. 

Figure 6-13. Time Separation between the  Pulses 

.As caii be seen the output from the digereiitial amplifier that goes to the analog- 

to-digital converter is not two separate pulses 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 4.50 ns as erpected. This can be explained. in part. due to  slower than expected 

rise and fa11 times from the photodiode. Though the photodiode is designed to have 

a higli slew rate the slow rise and faIl times can be caused by stray and parasitic 

capacitance d u e  to many factors including the layout of the PCB, long lead lengths 

etc. Though unexpected tliis did not pose any difficulty as t h e  sarnpling times by 
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the analog-to-digital converter could be adjusted using the delay lines as explained in 

(-'liap ter 3. 

To get the  output of the networked system on  the  PC display the delays were ad- 

justed such t hat t h e  analog-to-digital converter sarnpled at points 600 ns and 1:300 ns 

away from the leading edge of the trigger pulse. This rneans that the first pulse is 

sampled at its peak value whilst the second is sampled 100 ns before its peak value but 

t hat was the maximum delay that could be inserted by t h e  del- lines. The output 

clisplayed 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 w w e  not entirely 

consistent and the values being displayed on the PC were changing accordingly. The 

rcason for t his noise could be the optical noise due to the mechanical splices or badly 

rlraved fiher ends. Due LO this random change the  actual shift in t h e  values was 

difficult to observe so the readings had to be taken with the help of the  digital scope. 

Wten t h e  line ciirrent was switched on the output waveform displayed a rise in its 

value aiid Fig. 6.11 shows the increase in the output when 1350 .4 of D.C'. ciirrent 

was passecl t hrough bot h the sensors. 

Readings were taken in three diRetent set ups. In the first set iip the sarnc amount 

of ciment was passed througli both the sensors simultaneously and the line current 

increased in  steps of about 140 A. Figs. (6.15 and 6.16) show t h e  response of the two 

sensors in the first set up. In the second set up the current was passetl 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 wâs 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 -4. The referenre value 

of the  l ine  ciirrent was measured using a calibrated shunt resistance of 0.5 rnR in series 

with the  condiictor and measuring the voltage across it with an accurate voltmeter. 

Figure 6.14. Increase in the Output with 1350 A of D.C. Current through hoth the 
Scnsors 

It. can be observed from the graphs that the maximum value of the change in the 

recciver output for the same sensor is different in different graphs. This is diie 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. 



Figure 6.16. Pulsed Response of Sensor 2 with Current through both the Sensors 
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Figure 6.17. Pulsed Response of Sensor 1 with Current passing through it onlv 

Figure 6.18. Pulsed Response of Sensor 2 with Current passing through it only 
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To prove conclusively tha t  the system can measure two different riirrmts siniul- 

taneously two different currents were passed through the two sensors such that  t h e  

sum of the  two currents always remained at 1355 A. Due to physical Iaboratory con- 

straints the two currents were changed in steps of 270 A. If t h e  systern is working 

properly then not only should the changes in the receiver output for t h e  trvo seiisors 

he 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  experirnent. It can 

he seen that al1 the three curves are linear in nature thus proving tha t  FOC'SNET 

can measure different currents simultaneously. It is also observed tha t  t h e  surn of the 

changes in the two sensor output pulses. though linear. is not a horizon ta1 Iine and 

Sum of Sensor Currents = 1355 (A) 

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 Le. their 

responsivity curves have different slopes. In fact the curve representing the sum of 

the sensor currents can b e  taken as a 'Figure of Merit' for the two sensors in t hat the 

less the slope of this curve the more identicai the two sensors are in terms of their 

response. When this Iine becomes horizontal it would niean that the tivo sensors are 

t ruly ident ical in performance. 

6.5 Analysis of Results 

Based on the above experimental resuits it is concluded that this 'proof of concept' 

FOCSNET system has been truly successful in its main objective. which a a s  to prove 

t hat the 3M optical current sensors can be networked toget her using a Tinie Division 

Multiplexing (TDM) approach. The results also demonstrate t hat both the  îurrent 

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 n e 4  for a hetter 

technique l i  ke fusion splicing. 



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

In this work a proof of concept fiber optic current sensor network using a time 

division rnultiplexing approach has been implemented. The Laser diode transmitter 

capable of providing very short. high power optical pulses was specificaIly constructed 

for this project as was the receiver which consists of photodiode. operational ampli- 

fier. analogtedigital converter. Xilinx, digital signal processor and a PC. The exper- 

imental investigation of the simultaneous sensing of two different D.C. ciments was 

s~iccessfully conducted. 

The polarization properties of Iight and the  principies of the optical current sensor 

hased on t h e  Faraday magneto-optic effect were analyzed theoretically and t h e  work- 

ing of a fiber optic current sensor wound around the current carrying concluct~or and 

tiaving a single detection scheme were discussed. 

Various network topologies and multiplexing schemes were compared in terrns of 

cost. complexity of design, construction time. Aexibility. system losses etc. Based 

upon such cornparisons 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 wTas 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 1021 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 t he  

experiments were conducted using single sensors in order to fully characterize the  

behaviour of the two sensors. These experiments were conducted a i t h  a continuoiis 

laser beam as well as a pulsed laser and using the PC display for a current range 

of O A to 1400 A of DC current. Though both the 3M sensors show highly linear 

curves with slightly diRerent slopes it was amply demonstrated that the receiver can 

nieasure different currents simultaneously. 

I t  should be noted that due to  the limitations of the available power supplies the 

system could be tested only up to  a maximum equivalent current of around 1400 -4. 

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 FOCS NET system can be improved very considerably. 

Future work will involve improving the stability of the light source. Stability of 

t h e  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 opt ical poacr. 

It was observed during the experiments that there cvas a considerable amount of 

optical noise at the receiver. This could have been due in part to bad spliring as 

t h e  splices used were mechanical splices and improperly cleaved fiber ends may also 

have played 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 photocliode/amplifier 

circuit and the layout of t h e  PCB as the two optical pulses which were 400 n s  wide 

and  separated by a 100 ns gap should not have the shape and such a large risr ancl 

fa11 times as were observed with the present set up. The two opticd pulses are clearly 

isolated from each ot her and the converted electrical signal should have virt iially the 

same shape as that of the  optical signal tha t  the photodiode rec-eives. 

.A lot of changes cari be made in t h e  DSP software and the Silinx ciesigri to niake 

t [lis system more general. The present systern is designed for only two sensors but i t  

has been designed to be easily modified-based upon an input to the systern through 

the cornputer 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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