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ABSTRGCT 

Commercially optical current sensors are becoming a reality and a network of multiple 

sensors can be very beneficial especially if they have a single transceiver unit. Following 

the work of S. Goyal, an all-fiber optic current sensor network is developed which uses a 

single detection scheme for current sensing and is capable of measuring DC and AC line- 

currents. 

The Time Division Multiplexed (TDM) network presented, details the implementation of 

a system which is capable of accurately measuring AC and DC simultaneously from 

more than one sensor. One of the main innovations is the ability of this system to 

measure AC and DC current flowing through a single sensor. 

Since this is a sampled system, the information gathered can be used to plot the current 

being measured at each sensor and even trace transient conditions on the line current. 



ACKNOWLEGEMENTS 

The author would like to express his sincere gratitude to Dr. Dave Irvine-Halliday, the 

author's thesis supervisor, for his valuable support, encouragement, suggestions and 

constructive criticism throughout this project. 

Thanks to Mr. Rob Thornson, John Shelley and Warren Flaman for their invaluable help 

an technical support throughout the duration of this project. Their assistance and 

expertise has gone a long way in making this project a success. 

Special thanks to Mr. Patrick Walsh for helping in the set-up of the power supply 

facilities for the large current experiments, and for his invaluable advice. 

Sincere thanks to the Department of Electrical and Computer Engineering for all their 

support, to NSERC for their funding of this project and to 3M for donating the Fiber 

Optic Current Sensors and the Single Mode Fiber. 

My heartfelt gratitude to my family and friends for their suppon and encouragement. 



A MIS PADRES Y MIS HERiVfANOS 



TABLE OF CONTENTS 

APPROVAL PAGE 

ABSTMCT 

ACKNOWLEDGEMENTS 

DEDICATION 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF SYMBOLS 

LIST OF ACRONYMS 

I. INTRODUCTION 

1.1 BACKGROUND 

I .2 OPTICAL C U W N T  SENSORS 

1.3 FIBER OPTIC CURRENT SENSOR NETWORK (FOCSNET) 

I .4 SCOPE OF THE THESIS 

11. OPTICAL THEORIES 

2.1 OVERVIEW 

2.1 FARADAY MAGNETO-OPTIC EFFECT 

2.3 POLARIZATION 

2.4 JONES CALCULUS 

2.5 POLARlZATION AND FIBER OPTICS 

2.6 SENSING FIBER COIL 

. * 
11 

... 
111 

i v 

v 

v i 

xi 

xii 

XV 

xvi i 

111. NETWORK 

3. I OVERVIEW 

3.2 NETWORK 

3.2.1 Time Division Multiplexing (TDM) 



3.2.2 Star Network 

3.3 BASIC NETWORK DESIGN 

3.4 FIBER NETWORK COMPONENTS. 

3 -4. I Transmitter 

3.4.2 Fiber Optic Network 

3.4.2.1 Single Mode Star Couplers 

3.4.2.2 Single Mode Fiber 

3 -4.2.3 Polarization ControIlers 

3.4.2.4 Current Sensing Head 

3.4.3 Total System Optical Loss 

IV. DIGITAL RECEIVER 

4.1 OVERVIEW 

4.2 RECEIVER COMPONENTS 

4.2.1 Photodetector/Amplitier 

4.2.2.1 Bandwidth requirements 

4.2.2.2Noise Requirement 

4.2.2.3 Receiver Front End 

4.2.2.4 Amplifier 

4.2.3 Differential Amplifier 

1.2.4 Analog to Digital Convener (ADC) 

4.2.5 Field Programmable Gate Array (FPGA) 

4.2-5. I ADC Clock. 

4.2.5.2 Sample Window 

4.2.5.3 Data Acquisition-Data Process Block (DAIDP) 

4.2.5.4 RAM Addressing: 

4.2.5.5 FPGA - DSP Handshaking 

4.2.5.6 Time Simulation 

4.2-6 RAM Unit 

4.2.7 Digital Signal Processor (DSP) 

vii 



4.2.8 Personal Computer 

4.3 FUNCTIONAL DIAGRAM 

V. PARAMETERS AND PERFORMANCE 

5.1 OVERVIEW 

5.2 PREDICTED PERFORMANCE 

5.2.1 Faraday Rotation 

5.2.2 Signal To Noise Ratio (SNR) 

5.2.2.1 Thermal noise 

5.2.2.2 Shot noise 

5 2.2 -3 Op-amp noise 

5.2.2.4 Signal to Noise Ratio 

5.2.3 System Resolution 

5.3 SYSTEM PARAMETERS 

VI. EXPERIMENTAL INVESTIGATION AND RESULTS 

6.1 OVERVIEW 

6.2 OPTICAL NETWORKED DC CURRENT SENSWG EXPERIMENT 

6.3 OPTICAL NETWORKED AC CURRENT SENSING EXPERIMENT 

6.4 LIGHT SOURCE DEPENDENCY 

6.4.1 Laser Characteristics 

6.4.2 Different Light Intensity Readings 

6.5 RATIO TECHNIQUES THEORY 

6.5.1 AC Ratio 

6.5.2 DC Ratio 

6.5.2.1 Reference ZCL 

6.5.3 Simultaneous AC and DC 

6.5.3.1 AC calculation 

6.5.3.1 DC Calculation 

6.6 EXPERIMENTAL RESULTS 

viii 



6.6.1 SNR 

6.6.1.1 AC Reading Error 

6.6. 1.2 DC Reading Enor 

6.6.2 DC Ratio Experimental Readings 

6.6.2.1 Set UP 

6.6.2.2 Results 

6.6.2.3 Measurements 

6.6.2.4 Test 

6.6.3 AC Ratio Experimental Readings 

6.6.3.1 Set UP 

6.6.3.2 Results 

6.6.3.3 Measurements 

6.6.3.1 Test 

6.6.4 Simultaneous DC & AC Experimental Readings 

6.6.4.1 Set Up 

6.6.4.2 Results 

6.6.4.3 Measurements 

6.6.4.4 Tests 

i. Varying AC while DC is constant. 

i i  Varying DC, while AC constant. 

6.6.5 Current Calculations 

6.6.5.1 AC Experimental Example 

6.6.5.2 DC Experimental Example 

VII. CURRENT TRACES AiiD T W S I E N T S  

7.1 OVERVTEW 

7.2 LINE CURRENT TRACES 

7.2.1 AC Traces 

7.2.2 DC Traces 

7.2.3 Simultaneous AC & DC 



7.3 TRANSIENTS 

7.3.1 Hall Effect Traces 

7.3 -2 FOCSNET Transient Traces 

VIII. CONCLUSIONS AND FUTURE WORK 

REFERENCES 



LIST OF TABLES 

Objective Specifications 30 

Perceptual Light Intensity change for different Laser Power levels for 

Sensor I1 72 

Table 6.2 Types of Networks 77 

Table 6.3 SNR under different MF conditions 82 

SNR for AC current under different Laser Power conditions 82 

AC Ratio Error under different Laser Power conditions 53 

AC varying with DC constant 93 

DC varying with AC constant 95 

AC Current Calculations using Slope 99 

DC Current calculations using slope 103 

Figs. 7.8-7.10 Characteristics I13  



LIST OF FIGURES 

2.1 Faraday Effect Concept 8 

2.2 Relationship between orthogonal components and type of polarization 1 1  

2.3 Polarization Maintaining Fiber Core Structures I5 

3.1 Pulse gap at Receiver 20 

3.2 Two sensor Star Network 2 1 

3.3 Laser Output Power vs. Drive Current 23 

3.4 Operation of the Current sensor. Fanday Rotation of 0 28 

4.1 PhotodioddAmplifier Schematic 32 

4.2 LDP (upper) and the output from the Photodetector/amplifier (lower) 33 

4.3 Differential Amplifier 35 

4.4 ADC output bus, as seen from a 10-bit DAC 36 

4.5 Optical pulse time difference ADC output (upper), PWAmp output (lower) 37 

4.6 Time difference between LDP (lower) and ADC (upper) output. 37 

4.7 Sample window pulses and ADC. 10 

1.8 RAM WRITE pulse (upper) Vs. Sample Windows (lower) 4 I 

4.9 FPGA time simulation 46 

4.10 Receiver Functional Diagram 53 

5. I The Current Sensor 58 

5.2 Minimum LDP period for a two sensor network With 400ns LDP and a 

400ns rime gap 60 

5.3 The Receiver (a) ADC, FPGA, DSP and RAM Unit. 

(b) Complete Receiver with Photodetector/Amplifier and Differential 

Amplifier 62 

5.4 Fiber Optic Current Sensor Network 63 

6.1 Output Increase with 80A DC flowing through both sensors 65 

Sensor I: 20mV displacemente, Sensor 11: 35mV displacement 

6.2 System Response with different DC currents passing through the two 

sensors 66 

xii 



AC Effect on Receivers output 

System Response with different AC currents passing through the two 

Sensors 

Laser Stability Characteristics 

Sensor I1 readings at different light intensity levels 

Percentage increments of two AC current readings under different Laser 

driving current conditions. 

AC Oscillation ~ l t h  offset of ZCL 

AC and DC simultaneous response 

DC Ratio Experiment. Readings on Sensor I1 with Sensor I as Reference 

DC Ratio Experiments with Different laser drive current. Current set at: 

50rnA and 4OmA 

AC Ratio on Sensor I: 

AC Ratio on Sensor [I Laser Driving Current Values set at: 70rnA, SZmA 

and 35mA 

AC Ratio Resolution. Sensor 11. Steps of 1.55Arms 

AC and DC simultaneous Through Sensor 11. DC set at 100A. AC varying 

20- 1 OOArms 

AC and DC simultaneous Through Sensor 11. DC set at OA. AC varying 

20- 100Arms 

Caparison of Figs. 6.15 and 6.16 

AC and DC simultaneous Through Sensor 11. AC set at IOOArms. DC 

varying 20- 100A 

Plot of a I OOArms AC 

85Arms on Sensor I &60Arms on Sensor I1 

DC Current on Sensor I1 

1 1 OA & 1 OOA DC (upper). 1 10 Arms & OA DC (lower). 

Capacitive load schematic 

Hal! Effect trace of a Capacitive transient on line current. Time scale is set 



7.7 Hall Effect trace of a Capacitive transient on line current. Time scale is set 

at 2ms/div 

7.8 Capacitive Transient. FOCSNET Trace I 

7.9 Capacitive Transient. FOCSNET Trace I1 

7.10 Capacitive Transient. FOCSNET Trace 111 

xiv 



LIST OF SYMBOLS 

amplitude of x-axis orthogonal component 

amplitude of y-axis orthogonal component 

attenuation factor of the system 

splice loss 

couplers between the transmitter and the sensors 

couplers between the sensors and the receiver 

velocity of light in free space 

dispersion of the medium 

noise equivalent bandwidth 

electric field vector of polarized wave 

electric field vector of x-axis orthogonal component 

electric field vector of y-axis onhogonal component 

charge on electron 

specific charge of the electrons 

magneto-optical constant 

magnetic field intensity 

hexadecimal numeral 

current present in the conductor 

op-amp noise current 

dark current 

op-amp input noise current 

photo current 

shot noise current 

thermal noise current 

intensity of light at input of first polarizing fiber 

intensity of light at output of fiat polarizing fiber 

intensity of light at output of second polarizing fiber 

Boltmann's constant 



length of the optical path 

length of the first fiber 

length of the second fiber 

excess loss of the coupler 

tap ratio loss of coupler to sensor (90: 10) 

excess loss of the Star coupler 

tap ratio loss of coupler on the transmitting fiber (1  0:90) 

tap ratio loss of the couplers on the receiving fiber (50:50) 

tap ratio loss of the Star coupler 

optical wavelength 

slope 

mass of electron 

number of turns of optical path around the conductor 

refractive index of the medium 

faraday rotation angle 

angular frequency 

phase angle of x-axis onhogonal component 

phase angle of y-axis onhogonal component 

feedback resistance 

temperature 

time taken by leading edge of the tirst pulse to reach the receiver 

time taken by leading edge of the second pulse to reach the receiver 

pulse duration 

separation between the two pulses 

Verdet constant 

op-amp noise voltage 

op-amp input noise voltage 

total system noise voltage 

shot noise voltage 

thermal noise voltage 



LIST OF ACRONYMS 

AC 

ADC 

CT 

DC 

DSP 

EM1 

FDM 

FOCSNET 

FPGA 

IC 

LDP 

LPF 

MF 

MSPS 

O P - h p  

OTDR 

PC 

PCB 

P h l h p  

PM 

PZ 

Wf 

SAP 

SNR 

SOP 

TDM 

WDM 

ZCL 

Alternate Current 

Analog to Digital Converter 

Current Transformer 

Direct Current 

Digital Signal Processor 

E lectro Magnetic Interference 

Frequency Division Mu1 tiplexing 

Fiber Optic Current Sensor Network . 
Field Programmable Gate Array 

htegrated Circuit 

Laser Driving Pulse 

Low Pass Filter 

Mu1 tiplication Factor 

Mega-Samples per Second 

Operational Amplifier 

Optical Time Domain Rrflectometery 

Personal Computer 

Printed Circuit Board 

Photodetector Amplifier 

Polarization Maintaining 

Polarization Fiber 

Random Access Memory 

Stress Applying Pans 

Signal to Noise Ratio 

State of Polarization 

Time Division Multiplexing 

Wavelength Division Multiplexing 

Zero Current Level 

xvii 



I. INTRODUCTION 

1.1 BACKGROUND 

Electrical current measurements are fundamental in power networks, particularly where 

they are used for metering, tracing, tracking, control and monitoring. Since the 1800's 

conventional Current Transformers (CTs) have performed these tasks. 

CTs have increased in size due to the demand for high voltage electric power systems. 

Porcelain insulators and oil-impregnated materials have to be used to provide insulation 

between the primary bus and the secondary windings. Insularion prevents field stresses 

that can cause insulation breakdown [I ] .  The saturation of the iron core under fault 

current and the low frequency response of the conventional CTs reduce the dynamic 

range and do not allow them to respond well under transient conditions. This is true 

especially for those currents with transient DC components which aid a remnant flux 

condition pre-existing in the core. and may cause inappropriate function of the relays [ I ] .  

Ln power systems the line current is much smaller under normal conditions than under 

fault conditions (e.g. 10:l ratio). Because of the small dynamic range of magnetic 

coupling between the primary and secondary winding in a CT, more than one set of coils 

is needed to cover the requirements for metering and relaying [2]. 

New computer-based digital control systems have been implemented onto power systems 

but power systems have trouble interfacing with conventional CTs because of induction 

of Electro-Magnetic Interference (EMI) through the ground loop. An opto-insulator 

auxiliary CT is required to avoid this problem. 

Performance limitation and various failures have led the power industry to question the 

reiiability of conventional CTs, thus the need for new technologies to take on this task. 

The newly emerged Optical CT provides a solution for many of the mentioned problems 

PI- 



1 .2  OPTICAL CURRENT SENSORS 

Optical CTs or Optical Current Sensors have been recognized as having significant 

advantages in many different applications where current measurement is required. Optical 

CTs small size, immunity to EMI, extended dynamic range and wide frequency response 

and the provision of an insulated optical link from the CT to any relaying system provides 

an appealing solution to the conventional CTs limitations. Optical Current Sensing 

techniques are breaking their way into the power industry and as they are developed 

funher they will no doubt satisfy the needs for the vast potential market. 

The optical current measurements are typically done by means of the Faraday Magneto- 

Optic Effect [3], which was first observed by Michael Faraday in the 1800's. The 

Faraday Effect is the phenomenon by which the orientation of polarized light rotates 

under the influence of the magnetic field and the angle of the rotation is proportional to 

the strength of the magnetic field component flowing in the direction of light propagation 

in the optical path [4,5]. 

In an optical CT system a sensor element is placed near a current carrying conductor. A 

light source is injected into it  either through an optical fiber or free space. The incident 

light is modulated by the sensor and returned to a receiver where the modulation is 

detected, quantified and translated into an equivalent current value. 

The Faraday Effect alters the State of Polarization (SOP) of the light and this is measured 

by a one-detector or two-detector method. In the two-detector system the change in 

Polarization State is detected using a Wollaston prism and a pair of photo-detectors 

arranged to measure the two orthogonal polarization components emerging from the 

prism [4]. A single-detector system detects the change in the intensity of light caused by 

the change of Polarization State [6] .  
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The majority of optical CT systems have adopted the two-detector approach, which 

improves Signal to Noise Ratio (SNR) though this approach is harder and more costly to 

implement especially in an all-fiber system. 

The design of optical CTs has fallen into two categories, Bulk Glass and Fiber Optic. The 

Bulk Glass design [2,4,7,8] consists of an optical glass prism used as the sensing unit and 

an optical fiber is used to transmit the signal. The prism is formed around a conductor 

enabling the light beam to travel around the conductor to pick up the Faraday rotation. 

The bulk glass approach requires lenses, polarizen, free space optics and highly stable 

assemblies to connect the sensing element to the rest of the optical system. Fiber optic 

sensors [3,9,10, I I ]  consist of a series of turns of the fiber around the conductor in order 

to pick up the Faraday rotation. The optical fiber is used both to sense the magnetic field 

produced by the line current and to transmit the optical signal as well. 

Devices to-date have used the easily misaligned Bulk Glass system but, because of the 

potential cost, size and reliability advantages, the industry is moving to systems where all 

the optics. including polarizing elements, are made from optical fiber technology. 

1.3 FIBER OPTIC CURRENT SENSOR NETWORK (FOCSNET) 

Optic CTs have been used and installed since 1986 [ I  21. All of these systems, most being 

the Bulk-Glass-based, use a single point sensor system, i.e. there is one light source and 

one receiver per installed sensor. 

Using an all-fiber optic approach it is much simpler to design a sensor network having a 

single transmitter and receiver with multiple sensors placed at different locations 

networked together [13]. With bulk glass sensors, it is extremely complex to build such a 

network. 
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The sensor technology has reached the point where the fiber optic current sensors are 

commercially available. This enables the build-up of not only the single point sensor 

system, but also a whole network of sensors driven by a single optical source. A key 

advantage of sensor multiplexing is the reduction of the cost per sensor, because of the 

use of a single transceiver unit. 

Different techniques can be used to build such a network [14.15]. like Frequeocv Division 

Multiplexing (FDM), Time Division Multiplexing (TDM) and Wavelength Division 

Multiplexing (WDM). The multiplexing method may be said to be passive, if only 

passive sensors and interconnection elements are used (i.e., there is no external electrical 

power required). Fiber optic sensors are intrinsically suited to such passive multiplexing 

schemes. 

The TDM approach consists of launching a series of equidistant fixed length light pulses 

into the system and detecting the differentially delayed returning pulses caused by the 

difference in fiber lengths to each sensor [14,15]. In FDM, every sensor is assigned a 

frequency channel within which the signal can be modulated in amplitude or frequency. 

WDM, similar to FDM, takes advantage of the enormous bandwidth of optic fibers. Here 

a separate wavelength is assigned to each sensor of the network. Although highly 

accurate, FDM requires complex electronics and WDM requires very sensitive and 

selective optical components. 

Distributed sensing schemes like Optical Time Domain Reflectometry (OTDR) where the 

fiber itself acts as the sensor have also been investigated [14,16]. OTDR utilizes an 

optical radar concept to measure the backscatter power versus time characteristics when a 

light pulse is launched into the fiber. Work has also been done on coherence multiplexing 

of sensors where a short coherence length continuous optical source is used [17]. The 

main principal behind this technique is that the delay in the sensor array is arranged so 

that the returning optical signals are mutually incoherent and therefore do not interfere 
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with one another. The signal from each sensor can be retrieved separately by matching the 

delay in the receiving interferometer. 

The TDM approach appears to be the more pragmatic choice over the other methods 

mentioned due to its overall simplicity. 

1.4 SCOPE OF THE THESIS 

Optical CTs are now commercially available and a significant amount of research 

continues to be done on them every day, especially in regards to the all-fiber CTs. The 

development of systems where these types of CTs are used is also growing. The 

implementation of an all-fiber current sensor network (TDM) has been recorded showing 

promising results [ 131. 

The aim of this thesis is to investigate the possible improvements of the all-optical fiber 

current sensor network. hprovemmts include the study and development of a technique 

that enables a TDM-based network to detect AC and DC current accurately and reliably. 

It also investigates the feasibility of capturing current transients. 

[n the following chapters the optical theories. engineering design, fabrication and testing 

of a TDM Fiber Optic Current Sensor Nenvork (FOCSNET) are described. 

Chapter II deals with the optical theories developed and used to make magneto-optic 

current sensing possible and the ones used to create a fiber optic sensor. Chapter III 

details the design and components of the fiber network used in this project. This structure 

dictates how information is going to be gathered and in which format it is presented so it 

can be adequately processed to obtain the final results of line current information. 

Chapter N describes the design of the Digital Receiver which, is the brain of the whole 
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system. With it the display of line current values flowing through the sensors are possible, 

as well as the capability to capture and display specific segments of the current signal. 

h Chapter V system characteristics and parameters are presented. Chapter VI presents the 

experimental results of the system. The development of the two ratio techniques are 

detailed here since these are the basis for reliable AC and DC measurements. Data in this 

chapter was gathered from tests and experiments done on the system. These results 

include: DC current measuring experiments, AC current measuring experiments, these 

last two tested under networked conditions. Test results are also shown in regards to 

measurements of networked DC and AC line currents simultaneously flowing on different 

sensors. An experiment showing how DC and AC currents flowing through the same 

sensor can be measured simultaneously is also detailed in this chapter. Chapter VU 

focuses on the capability of the receiver to capture transient on the line current. Plots of 

line currents measured arc traced. This chapter also deals with the ability of the system to 

record and plot transient conditions on line currents. 



11. OPTICAL THEORIES 

2.1 OVERVIEW 

The basic element in the system described in this thesis is the Sensor or Transducer and 

the theories behind the Fiber Optic Current Sensor are detailed in this chapter. The two 

main concepts? the Faraday Magneto-Optic Effect and Polarization, are first explained 

and how these concepts work within Fiber Optics is then described. 

2.2 FARADAY MAGNETO-OPTIC EFFECT 

When linearly polarized light propagates through an optically active material its plane of 

polarization rotates under the influence of a magnetic field flowing parallel to the 

direction of the propagating light. The rotation angle is proportional to the intensity of the 

mapetic field [ I  81. This phenomenon was fist seen by Michael Faraday in IS45 and thus 

is known as the Faraday Effect. The rotation is generally given by the empirical law. 

Eq. 2.2.1 

Where B is the angle of rotation, V is the Verdct constant of the material (radlampere- 

turn), H is the magnetic field intensity and, L is the optical path length. The above 

expression can be simplified when the magnetic field is uniform and is flowing parallel to 

the optical path. 

6 =VHL Eq. 2.2.2 

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

4, the rotation is given by, 

6 = VHL cos ( Eq. 2.2.3 
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When polarized light through a magneto-optical material encircles a current carrying 

conductor, then using Ampere's Law [4] the rotation is given by, 

6 =WI Eq. 2.2.4 

Where N is the number of turns of the optical path around the conductor and I is the 

current camed by the conductor. 

I n c i d e n t  l i g h t  
( l i n e a r l y  p o l a r i z e d ]  Angle  of  R o t a t i o n  o f  

plaae of p o l a . r i z a t i o n  

8 
I 

---... Transmitted light 
( l i n e a r l y  polarized) 

Magnetic Fie ld  H 

Faraday k!aterlal 

Fig. 2. I Faraday Eflecr Concept 

The dependence of the Verdet constant on wavelength and refractive index is expressed 

as follows [1,2], 

Eq. 2.2.5 

Where y is the magneto-optical constant, c is the velocity of light in free space, edmo is 

the specific charge of the electrons and dn/d/i is the dispersion The higher the dispersion 

of the material the larger Verdet constant it has. The Verdet constant is also temperature 

and some times field dependent, and it varies for different materials. 



The Faraday effect is a dispersion effect and can be understood in terms of the space 

anisotropy introduced by the magnetic field [4]. All dielectric materials exhibit, to some 

extent, this effect. In particular it is found in glasses and silica, the materials from which 

optic fibers are made; these materials have a measurable Verdet constant. As silica has a 

relatively small Verdet constant it is necessary to have a strong magnetic field or a large 

amount of current in the conductor in order to measure the Faraday Effect. This makes a 

fiber optic sensor suitable for the power industry where currents of 1000 Amperes + flow 

through their transmission lines. 

2.3 POLARIZATION 

A beam of light consists of many waves each having its own electrical field component. 

Normally the orientation of these electric field components are randomly distributed, such 

light is known as unpolarized light. Polarized light is one in which the electric field 

components of the beam have similar orientations. Light polarization was first observed 

by Erasmus Bartolinus in 1669, and was later developed by Hugens, Malus, Brewster and 

Young amongst others [ 191. 

The orientation characteristics of the electric vector representing the polarized light 

determine the state of polarization (SOP) of the wave [20]. If the incoming wave is seen 

from the direction of propagation (e.g. z-axis), the locus of the tip of the electric vector is 

a measure of the polarization. If the locus is a straight line the wave is said to be linearly 

polarized. When the locus is a circle the polarization is circular and it may be divided into 

right or left circularly polarized light [13]. Polarized light beams can be resolved into a 

pair of mutually orthogonal components of the electric field traveling along the direction 

of light propagation [2,13]. Intensity, orientation and polarization-type depend on these 

orthogonal components. The orthogonal components lie along the x and y-axes when 

light is propagating in the z direction. When the two components are in phase linear 
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polarization is the result. The orientation also depends on the relative amplitudes of the 

two components (e.g. tan-' (A-v/AY)). If amplitudes are matched the wave will have a 45' 

orientation. 

If the components are equal in amplitude and 90' out of phase the resultant wave is said 

to be circularly polarized. If the resultant vector rotates clockwise in reference to the 

source, it is known as right circularly polarized light and visa-versa. Circularly polarized 

light does not have any orientation as such thus its amplitude and sense of rotation 

describe it. Elliptical polarization is generated when the 'components have unequal 

amplitudes and a phase difference. or have matched amplitudes but a phase difference 

other that 909. Fig 2.2 shows the effect that amplitudes and phase differences of the two 

orthogonal components have on the overall state of polarization of the light wave [ 131. 

2.4 JONES CALCULUS 

In 194 1, R.C. Jones determined that a 2x 1 -coIumn vector, known as the Jones vector 

[21], could represent polarized light. Each clement of the Jones vector describes a 

component of the electric vibration at a given location. The first element indicates the 

amplitude and phase of the x-component and the second element of the y-component. 

A beam of polarized light traveling at the speed of light along the z-axes can be 

considered as a plane wave. Its electric field vector can be specified in terms of its 

orthogonal components E, and E,., with amplitude and initial phase Ax, and A-v, & 

respectively, so then, 



Spectral Sectional Orientation Phase Type of 
Pattern of Patterns of  (in degrees) Difference Polarized 
Polarized Orthogonal Between Light 
Wave Components Components 

u Fl 0 Linear 

/ El 45 

Linear 

O E B  - Circular k g h t  

90 Left 
Elliptical 

Fig. 2.2 Relationship benveen orthogonal components and lype ofpolari=ation 

Eq. 2.1. I 

When - 81 = 90°, and Rr=Ay, then is circularly polarized. When Iqir - 61 = 0' , E 

is linearly polarized. In the general case is elliptically polarized. In a Matrix form the 

above equations can be rewritten as, 
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Eq. 2.4.3 

The Jones vector is an alternative way to represent as a column vector, 

~ ~ Eq. 2.4.4 

is a linearly polarized light with the orientation of the x-axis, 

linearly polarized light with the orientation of the y-axis, is a right circularly polarized [:I 
light, rnciJ-l1J is a linearly p ~ l a i ~ c d  light with 45' orientation. JT 1 

The main use of the Jones vector is in computing the effect of inserting polarizers in a 

given polarized beam. The effect is computed by multiplying the Jones vector of the 

incident beam by the matrices that represent the polarizers [22]. 

When polarized light is passed through a polarization device, the output light can be 

represented as another column vector which is the product of the Jones matrix of the 

device and the Jones vector of the input light. The Jones Matrix is a 2x2 matrix that 

represents a polarization device [ 131. 

Eq. 2.4.5 

The four elements of the Jones Matrix are complex and depend on the device itself [Z]. 

For example a quarter wave plate, which is an important optical component, can provide 
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a 90G-phase difference between the two orthogonal components of the polarized light. If 

the orientation of the quarter wave plate is 45', then the Jones matrix is, 

Eq. 2.4.6 

And if the Jones Vector for the input light is E, = I:]; the output light will be the 
L 

product, 

Eq. 2.4.7 

Which is a right-circular polarized light. 

The Jones matrix for any material that rotates the polarized light by an angle of 0 is given 

by9 

sin Bi 
-sine C O S ~  I Eq. 2.1.8 

Using Jones Matrices the effects of a train of polarizers on a given beam is calculated by 

multiplying the vector of the incident beam by the matrices of the polarizers. Since 

matrices do not commute, they must be written in the correct order [22]. The order must 

be the same as how the polarizers are physically arranged. 

2.5 POLARIZATION AND FIBER OPTICS 

The presence of stresses such as bends or twists can alter the SOP of light traveling 

through a single mode fiber [23,24,25]. If the fiber is subjected to external perturbations, 

for instance temperature changes, then the final output polarization will vary with time. 
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This is true even for short lengths of fiber and it is undesirable in many applications 

which require a constant output polarization from the fiber [ I  31. 

Polarization Maintaining fibers (PM fibers), also known as High Birefringent (Hi-Bi) 

fibers, have been developed to deal with this problem. Birefringence refers to the 

difference in the propagation constant of the two orthogonal polarizations traveling 

through the fiber [20,26,27]. Birefringence breaks the circular symmetry in an optic fiber 

creating two principal transmission axes within the fiber known as the fast and slow axes 

of the fiber. The high birefringence of these fibers prevents power coupling between the 

orthogonal components. This results in very low noise and cross talk with a consistent 

SOP of the light traveling through the fiber. When linearly polarized light is injected into 

a PM fiber, and it is orientated along one of the two axes, the output light will remain 

linearly polarized and aligned with the principal axis even under conditions where 

external stresses are present. 

Birefringence is created by a non-circular fiber core, or by inducing constant stresses 

within the fiber with stress applying parts (SAP) [26,27,28]. The elliptical core fiber is a 

good example of the shape-induced birefringence. The optical losses in these types of 

fibers are generally high due to the large refractive index difference and imperfection of 

the core shape. Stress induced birefringent fibers. such as Bow Tie and PANDA fibers, 

have low optical losses and low cross talk by setting a buffer layer between the core and 

the SAP'S [27]. 

Several polarizing corelcladding structures are shown in Fig 2.3, the dashed lines in the 

drawings show the slow axis of each structure. 

In Polarizing fiber (PZ), a special type of PM fiber, one mode is driven to cut-off [29,30]. 

At cut-off the mode ceases to be guided within the fiber core and its energy is lost 

through the cladding. The light launched into the slow axis is guided inside the fiber and 
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it emerges as linearly polarized light having the same orientation as that of the slow axis. 

No light emerges from the fast axis for any light launched into it is driven to cut-off. 

Thus, a PZ fiber outputs linearly polarized light in the orientation of the slow axis 

regardless of the nature or SOP of the input light. The amplitude of the output light is 

proportional to the relative difference between the orientation of the input light and the 

slow axis of the PZ fiber. If the light is totally depolarized the amplitude of the output 

Iight will be half that of the input. 

Elliptical Depressed 
Cladding 

SAP 
Core 

- - - 

ELLIPTICAL CORE ELLIPTICAL STRESSED CLADDING 

Core 

@ 
SAP SAP 

BOW TIE CIRCULAR SAP (PANDA) 

Fig. 2.3 Polarization iblaintaining Fiber Core Structures 



2.6 SENSING FIBER COIL 

The plane of polarization of the polarized light inside a current sensing fiber is rotated 

when it experiences the Faraday Effect [13]. The sensing fiber must have very low 

birefkingence for this rotation to take place. A high birefingent fiber may resist the 

magnetically induced circular birefringence of the Faraday Effect. The presence of even 

small amounts of linear birefkingence interferes with the Faraday Effect, making i t  nearly 

unmeasurable [3 I]. A considerable amount of research has been done to reduce and try to 

eliminate linear birefringence in sensing fibers and one approach is to introduce circular 

birefringence into the fiber. Circular birefringence causes a rotation of the plane of 

polarization that merely adds to that caused by the Faraday Effect. If the circular 

birefingence is sufficiently large then the linear birefringence arising from bending or 

other effects has little effect. 

Circular Birefringence is introduced to a fiber by torsional stress caused by twisting 

[32,33]. This method is only effective for large fiber coils and a few turns. For small coils 

the twist necessary to achieve the effect exceeds the breaking strength of the fiber. With 

this method there is still the dependency on temperature and therefore a stability problem. 

It has been shown that both the inherent and bend-induced linear birefringence can be 

reduced substantially by annealing the fiber [32]. Current sensors based on annealed fiber 

have better temperature stability. Another advantage of the annealing process is that with 

it a sensing coil can be produced form ordinary telecommunications fiber [33]. 

In order to minimize a coil's sensitivity to vibration, it must be carehlly packaged. A 

ceramic mold encased in an identically shaped plastic holder is how some commercial 

sensors are presently encased [9] .  



111. NETWORK 

3.1 OVERVIEW 

The aim of this thesis is to further investigate the behavior and applications of a Fiber 

Optic Current Sensor Network. 

Optic current sensing is based on the Faraday Effect which.is detailed in the previous 

chapter. This chapter depicts how the Faraday sensors are arranged into a network, how 

this network is designed and what components it consists of. 

The project is based on the Network implementation presented in S. Goyal's 1997 thesis. 

"Fiber Opric Qirrent Sensot- iVenvo~-k" [I31 where it was determined that a TDM 

approach provided the optimum solution for a Multiplexing Technique. As far as 

Network topology goes S. Goyal determined that a Star network offers the best 

performance in terms of total system loss and it  shows better results when additional 

sensors are added to the network [ 131. 

In the following sections of this chapter the Sensor Network design is described, as well 

as a dctai!rd summary of all the components that make up the system. The system 

receiver is merely mentioned in this chapter. Chapter N describes in great detail the 

receiver, its design, components and functionality. 

3.2 NETWORK 

The FOCSNET, as for most other networks, is based on a pre-established topology. The 

chosen topology of a Fiber Optic Current Sensor Network is determined by the desired 

method of sensor modulation and interrogation. As mentioned in the introductory chapter 
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there are several multiplexing techniques (e.g. TDM, FDM, and WDM), which can be 

implemented into topologies such as Ladder or Star. 

3.2.1 Time Division Multiplexing (TDM) 

TDM consists of launching short equally spaced light pulses into a multiple point 

network. The sensors are spatially distributed in order to delay the returning pulses by a 

time interval given by, 

Eq. 3.2.1 

Where Li is the fiber link length of the ith sensor and n is the core refractive index of the 

fiber. At the receiver, the pulses arrive separated in time due to the different path lengths 

traveled to and from each sensor [I.), 151 and they are then converted to electrical signals 

and the original signal is decoded. The number of sensors that can be successfully 

multiplexed is governed by factors such as Laser pulse power, pulse width, repetition rate 

of the Laser, optical fiber loss, coupler split ratios and insertion loss [ I  31. 

3.2.2 Star Nebvorli 

In this system one passive star coupler is connected at the transmitter and a second one at 

the receiver. Each sensor is independently connected to the transmitter and receiver 

through these couplers. This is very robust since each sensor is connected individually. 

There is no interference between sensor signals, and if a fiber is damaged, it only disables 

one sensor and not the entire system. Topographically it is very flexible thus there are 

minimal complications when adding or removing a sensor [ 131. 

The following is an expression for Total System Loss (TLS) for a star network, 



TSL=Z(LSc+Lrz)+4~, [dB] 

Where Lsc is the Excess loss of the star coupler, Lrs is the tap ratio loss for the star 

coupler and cr, is the loss for a single splice. Using conventional values for these losses 

the expression in turn looks like, 

TSL =[t(2 + l Olog,~V) + 4(0. I ) ]  [dB ] Eq. 3.2.3 

The TSL is a logarithmic function of the number of sensors (iV) in the network, rather 

than a linear function [ 131. Because of this. losses increase only slightly when the number 

of sensors is increased. 

The star network promises low system loss and other advantages such as a high level of 

security, great flexibility and affordability. It was concluded that it is the optimum 

topology for this project. Several sensors can then be connected onto a single transceiver 

unit. 

Description and comparison of other applicable multiplexing techniques and network 

topologies are described in detail by S. Goyal's [13]. 

3.3 BASIC NETWORK DESIGN 

As mentioned previously the fiber network used in this project is based on the network 

designed by S.Goya1, with which he showed that two or more fiber optic current sensors 

can be successfully networked together using a single transceiver unit [6 ] .  

A very important factor in the design of the network is the lengths of the optical paths 

between the transmitter and receiver, especially the difference of lengths between sensors, 

since the time delay or separation of the optical pulses reaching the receiver depends on 

this difference [13]. Fig. 3.1 shows two optical pulses in the time domain. 



Fig.3. I Pulse gap ai Receiver 

The time separation of the two pulses at the receiver is, 

isep='~..-(kl +'pi Eq. 3.3.1 

Where i ~ l  and i ~ -  are the times taken ro reach the receiver by the leading edges of the POI 

and Po- pulses respectably and I, is the pulse width. The optimal value for the Laser 

Driving Pulse ( I , )  and is, were found to be 400ns, so 

( ILJ - ~ L I )  = tp + fsep Eq. 3.3.2 

400ns + 300ns = 800ns 

Thus the difference in the optical path lengths to the receiver must be equivalent to 800ns. 

The time taken by a light pulse to travel a distance of L in a medium of n refractive index 

is given by, 

Eq. 3.3.3 

To generate a time gap of 800ns between pulse leading edges the difference between fiber 

lengths to the receiver should be, 
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Eq. 3.3.4 

The values for the two fiber paths in this project were set at lorn and 1701-11 for the first 

and second sensor respectively. 

The design of a two sensor star network is shown in Fig. 3.2. 

Fig. 3.2 Two sensor Star Nenv*oo,.k 
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a polarization controller in order to maximize the light input to the sensors. At the sensor 

the level each pulse is modulated in amplitude due to the Faraday rotation. The two 

pulses from the two sensors travel different fiber lengths to be combined by another 

coupler at the receiver. 

The FOCSNET can be divided into three parts, 

Transmitter 

Fiber Network and sensors 

Receiver 

The transmitter consists of the pulsed light source. The receiver consists of a 

photodetector and the following components: Amplifier. differential amplifier. Analog to 

Digital Converter (ADC). Field Programmable Gate Array (FPGA), Digital Signal 

Processor (DSP) and RAM Unit. The description of each component as well as the 

overall hnctionality of the receiver is described in chapter IV. 

The following is a list of the fiber nstn-ork components and their descriptions. 

3.4.1 Transmitter 

The transmitter consists of a pulsed Laser Diode (LD) operating at a wavelength of 

820m. The LD is modulated by a signal gencrated by a very precise pulse generator. The 

LD transmits 400ns wide pulses at ZSps intervals as per system specifications. The 

stability of the Laser light source is very important since any change in the value of the 

light intensity will or could be taken as a change in the current being measured by the 

sensor. The laser built for this project was designed, with the help of TR Labs, Edmonton, 

to be as stable as possible. The Laser was constructed with provision for internal thermal 

compensation to resist changes in temperature. The Laser diode is a SHARP LT017; the 
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units' output is a pigtail single mode fiber terminated with a FCAPC angled fiber 

connector. This results in a high coupling efficiency from laser to the fiber. 

Varying the drive current, the Lasers' output is smoothly adjusted. Measurements were 

made to quantify the effect of the drive current on the output power and Fig.3.3 shows 

that relationship. 

Laser Current (mA) 

Fig. 3.3 Laser Oirrpilr Power w. Driw Czlrrent 

3.1.2 Fiber Optic Nehvork 

Once in the fiber, the light pulse from the LD is split into two identical pulses, by the 1x2 

star coupler, which then proceed to each of the sensors where they are modulated in 

intensity by the line current flowing around them. The intensity-modulated signals then 

carry on to the receiver for signal processing. The fiber optic network consists of the 

following components: single mode star coupiers, single mode fiber, polarization 

controllers, hsion splices and fiber current sensors. 
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3.4.2.1 Single Mode Star Couplers 

The two single mode star couplers are found at the beginning and at the end of the fiber 

network. One is used to split the Laser Pulse into two pulses. Later the second coupler 

rejoins the pulses onto the same path and on to the receiver. For this network a 1x2, 5050 

split ratio single mode coupler was used on the front end. (A 1x2 optical fiber coupler is 

essentially the same as a 2x2 coupler except that only one leg is activated at the input. On 

a 2x2, 5050 split ratio coupler; light on either input will be split equally in half at the two 

output fibers.) 

In the input coupler a 50% optical loss is generated due to the fact that the signal is split 

equally in power. At the output coupler due to tap losses only 5036 of the light of each 

input channel is transmitted to the receiver, the reason being. since its a 2x2 star coupler 

there are two output channels but only one is used. The insertion loss (IL) for each of the 

two couplers is given by, 

IL = Splitting Loss + Ercess Loss 

= I 0logl0(2) + 0.5 

= 3 + 0.5 

= 3.5 dB 

Eq. 3.4.1 

3.4.2.2 Single Mode Fiber 

Single mode fiber is used to transmit the input light pulses to the sensor. Single mode 

fiber is used since the sensor head's fiber is also single mode and in order to obtain 

efficient splicing i t  is essential that the core and cladding of both fiben are the same in 

diameter. 

The purpose for these fibers is to position the current sensor geographically and to 

provide the required time delay between the two pulses at the receiver, and this time 

separation depends on the relative lengths of the two fibers. For this project, the two 

fibers running from the sensors to the receiver have lorn and 170m lengths respectably. 
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This difference in path lengths provides an 800ns separation behveen the leading edges of 

the two pulses at the receiver. Since the !ight pulse is 400x1s wide, a 400ns gap makes up 

the idle time between pulses at the receiver. 

The fiber used in this project is a 3M single mode fiber with an attenuation of 2.1 dB/km. 

The longest path in the presented network is 170m and, thus i t  has an attenuation of 0.36 

dB. 

3.4.2.3 Polarization Controllers 

The State of Polarization of the Laser Output through the coupler and into the sensor is 

very important. The Laser light is not completely un-polarized in nature. The Laser output 

is a mixture of polarized and un-polarized light and the orientation of the polarized light 

is at 20" [13]. With the aid of the polarization controller, the polarization alignment is 

controlled and the losses at the first polarizing fiber of the sensor head are kept to a 

minimum. 

The polarization controllers in this project work on the basis of the birefringence caused 

by twisting the fiber. By twisting a single mode fiber, its slow axis is aligned in the 

direction of the twist applied [33]. Having control of the twisting mechanism of the fiber 

makes precise polarization alignment possible. 

3.4.2.4 Current Sensing Head 

The 3M current sensing head contains the coiled sensing fiber and within this fiber the 

light rotates its polarization plane in the presence of the magnetic field that accompanies 

the line current. This Faraday rotation has to be opto-electronically measured at the 

receiver. In the absence of detectors allowing the direct measurement of the polarization 

orientation of light, the relation signal must first be converted into an amplitude signal. 

This conversion is done optically by the sensing head. It consists of two polarizing fibers 

(PZ) with an annealed sensing fiber (AF) between them. The annealed sensing fiber is 
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enclosed in a ceramic frame that has a circular hole in the middle in order for the current 

conductor to pass through and the AF is coiled around this hole. The polarization axes of 

the two PZ fibers are 45" apart [35]. 

As discussed in the previous chapter the PZ fiber acts as a very effective polarizer. The 

light coming from the Laser source to the first PZ fiber through the input coupler arrives 

at the input of the first PZ fiber with intensity J. Let the intensity of the light coming out 

of the first polarizing fiber be JiI, which is in fact the light intensity entering the AF, and 

let J,,, be the intensity of the light coming out of the second polarizing fiber. Light 

intensity is reduced by half after passing through a polarizer set at any angle [15] 

there fore, 

J Eq. 3.1.2 
J,n  = 

As discussed in the previous chapter, the intensity of a polarized beam of light passing 

through a second polarizer follows a cos-' relation of the differences between their 

polarization axes. If the orientation of the first PZ fiber is assumed to be a, then the 

orientation of the second PZ fiber will be ( a  + 4~~). When there is no current flowing 

through the sensor, thus no rotation of the plane of polarization. the output light intensity 

is given by, 

4 ,,, = J,,, cos: [(a + 45') - a] Eq. 3.4.3 

Eq. 3.4.4 

When line current is present and the plane of polarization is rotated by an angle 0, the 

difference between the orientation of the polarized light and the orientation of the second 

polarization fiber is no longer 45' and it becomes (45"- 8). 



= J,(I + sin 20)  
3 - 

So the change of intensity can be given as, 

Jin Jin AJ,,,,, = -(I +sin 20) -- 
2 -. 3 

Thus a polarization change is convened to an intensity change. which can now be 

detected by the receiver as a variation in the amplitude and the corresponding value of the 

line current is calculated based on that intensity change. Fig.3.4 detaiis the operation of 

the current sensor head. In terms of loss all light traversing the sensor will have 75% or 6 

dB loss at the output of the second PZ tiber. The PZ fiben are responsible for the bulk of 

the loss, each one with a characteristic 3-dB loss. 

3.4.3 Total System Optical Loss 

The total optical loss is the sum of all the losses mentioned in each of the components' 

description. Other losses need also be taken into consideration. The three fusion splices 

per sensor line (0.4dB/splice) and the two end connectors (0.2 dBico~ector)  have a 

combined loss of 1.6dB. Losses of 2dB are estimated for the attenuation due to bends, 

imperfect cleaves and backscatter. The Total System Optical Loss comes out to be 

16.96dB. The attenuation factor is then, 
10(-i6.96dB/ lo)  a = = 0.020 Eq. 3.4.8 



28 

This means that only 2% of the light transmitted by the Laser to a particular sensor 

reaches the receiver's photodiode. It is important to note that the fiber itself is responsible 

for a minimal portion of the loss, thus larger distances between the sensors and 

transmitter or receiver can be implemented without much influence in Total System 

Optical Loss. 

Fig.3.4 Operation oj'tlie C~rrrenlsenso,: Faraday Rorarion of 0 
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IV. DIGITAL RECEIVER 

4.1 OVERVIEW 

The FOCSNET is a wide-ranging high-current measuring system based on Faraday 

Sensors. How the Faraday Effect transducers work and how the network is set up dictate 

how the information is going to be processed. The previous chapters dealt with the 

optical theories behind Optical Current Transformers and with the design and 

components of an all-fiber network. In this chapter the systeG9s receiver is presented. 

Although the network concept of this system is based on S. Goyals' [13] work, the 

receiver design and the way the information is handled is completely different in this 

thesis. h this new design, considerations for reliable AC and DC measurements are taken 

into account. 

The receiver for this project is specifically designed to interface with a Personal 

Computer where the line current information AC andor DC is displayed either in 

numerical form or as a trace of the line current signal. For any computer process the 

receiver must be digital in nature and there are several digital components that enable the 

signal to be processed at high speeds (r.g. FPGA. DSP). The front end of the receiver 

consists of amplifiers to deal with the analog signal from the fiber network and an ADC 

to convert the signal into the digital domain. 

The receiver presented in this chapter is designed for the proof of concept of this thesis 

with all the parameters being set for a TDM two- sensor Optical Fiber Network. 

The components of the receiver are detailed in the following sections of this chapter and 

several oscilloscope traces are used to depict how the signal is being processed within 

these components. 



4.2 RECEIVER COMPONENTS 

The light pulse signal emerging fonn the fiber network is first convened into the electric 

domain via a Photodetector. Two amplification stages increase the signal so that the ADC 

can read it properly. The ADC output bus delivers the digitized infomation to the brain 

of the receiver, the FPGA. The FPGA and DSP do all the signal processing and 

eventually the results are sent to a PC to be displayed. 

Following is a detailed list of all the receiver components, their functionality and 

interconnections. 

A photodetector is an optical component that converts optical energy into an electric 

signal. It is based on a photosensitive component, typically a photodiode. 

To be compatible with other existing system elements such as transmitter and optical 

fiber the photodetector must meet the following specifications. 

Table 4.1 Objective Specifications 

Operating Wave Length 

Minimum 3 dB Bandwidth 

Maximum Rise and Fall times 

Minimum Noise Voltage 

Minimum Optical power level 

Minimum Responsivity 

820nm 

20 MHz. 

40ns 

0.59mV rms. 

0.5 pW 

1 OmV/pW 
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4.2.2.1 Bandwidth requirements 

Since the transmitter is capable of generating 400ns pulses, with equal time intervals then 

a 400ns square pulse is the minimum the receiver should normally detect. However it 

should be able to detect higher speeds and shorter period between pulses for system 

upgradability. To detect 400ns pulses with a reasonable square shape and minimal 

distortion a 20MHz 3-dB bandwidth is required. 

Theoretically, a square pulse in the time domain (with pulse width 7) will be a "Sinclf:T'" 

wave form in the frequency domain. Thus to get the exact replica of a square pulse 

infinite bandwidth is required since the tails of the "Sinc" function would go to infinity. 

However in practice we need to have only a few significant side lobes. 

Since T= 40011s, I/T = 2.5 MHz, the main lobe will have 5 b1Hz Bandwidth. Thus to get 

a reasonably good pulse we need at least 20 MHz Bandwidth. with a flat response from 

DC to 20 MHz. 

4.2.2.2 Noise Requirement 

As mentioned before. we panicularly need a low noise signal because we are measuring 

minute changes in the amplitude of the signal. 

The system, so far, has no long distances to travel so not much dispersion or attenuation 

is caused to the signal. The sensing mechanism of the Fanday-coils alters light 

polarization, which lowers the signal power level through the system. Added losses will 

be caused by the couplers needed to network the system and the various splices required 

to connect the various elements. The noise performance of the receiver is critical. 

A good photon-electron transfer (responsivity) is essential so the output signal has a high 

enough level to be well above the noise interference. 



32 

The HP HFBR-24x6 photodetector was selected since it met all requirements, it is 

relatively inexpensive and readily available. The HP photodetector along with an Op- 

Amp are the basis for the design of the complete linear, low noise, high bandwidth fiber- 

optic receiver. The complete schematic of the receiver is shown Fig.4. I .  The bandwidth 

of the photodetectorlamplifier is limited by the bandwidth of the Op-Amp (Maxims 

MAX-4 106). This Op-Amp was selected since it has excellent noise characteristics. 

Fig. 4.1 P llotodiode/A mp219er Schematic 

4.2.2.3 Receiver Front End 

The HFBR-24x6 receiver contains a PIN photodiode and low noise transimpedance pre- 

amplifier. The HFBR-24x6 receives an optical signal and converts it to an analog 

voltage. The output is a buffered Emitter-Follower, which increases the speed of the 

detector [36]. Due to the built-in transimpedance amplifier the output signal amplitude 

from the HFBR-24x6 is much larger than from a simple PIN photodiode and it is less 

susceptible to Electro-Magnetic Interference (EMI), especially at high signaling rates. 
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The photodetector has a dynamic range of 23dB and a Frequency response from DC to 

125 MHz. 

4.2.2.4 Amplifier 

The Max4 106 Op-Amp combines high speed performance with ultra low noise response. 

Since the output of HFBR-24x6 has a small peak-to-peak voltage ( e x .  0,IVpp) it 
Y 

requires adequate amplification thus the Op-Amp is designed for a gain factor of 10. A 

4.7pF capacitor in the feedback loop eliminates high frequency noise. The cut off 

frequency was chosen to be 154 MHz. This ensures very low noise and avoids signal 

distortion. If the cut off frequency is too low then the rise and fall time of the pulse will 

increase, while if the cut off frequency is too high then the high frequency noise would 

not be removed. 

The Op-Amp has a gain-bandwidth product of 350MHZ thus the receivers bandwidth is 

limited to 35MHz, since a gain of 10 is required for an output of IVpp. The Op-Amp has 

very small voltage noise (i.e. 0.75nvid~z)  which means the Op-Amp adds virrually no 

noise to the Photodetector's output. Fig. 4.2 shows the output of the 

photodetector/Amplifier (pwarnp) resulting from a 4OOns Laser Driving Pulse (LDP). 

Fig. 4.2 Shows L DP (upper) and the output from the Photodetector/amp[ijier (lower) 
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The shape of the pulses at the receiver is "square-like". Their irregular shape is a 

product of the modulation circuitry of the transmitter and it is this shape that travels along 

the fibers of the network. Each pulse is well defined within its 400ns width. Its irregular 

shape is taken into consideration for amplitude calculation in later sections, for it is in the 

amplitude of each pulse where the information of the Faraday rotation lies. 

To obtain optical pulses closer in shape to the LDP the design of the modulation circuitry 

for the Laser source has to be significantly modified. This is not a trivial task since 

communication Laser diodes, such as this network's light source, are not regularly driven 

by square pulses but by bell shaped pulses. With this shape the harmonic components of 

square pulse are not present. 

1.2.3 Differential Amplifier 

The output voltage signal from the phlamp is fed to a differential amplifier and the use of 

the latter serves two purposes. First, it  brings the voltage level of the signal into the 

optimal operating range of the ADC that is - IV to +lV. It increases the sensitivity of the 

system by amplifying just the change in the intensity, which is the crucial parameter 

needed in order to caIcuiate the line-current- 

The difference signal Vrej is provided by a Universal Power Source, as it provides highly 

accurate and very low noise voltage levels. The value of Vrg,.is chosen such that when 

there is no line current the output of the differential amplifier is OV. Thus the value of Vw- 

is the same as the value of input voltage signal from the photodiode V,, when there is no 

current flowing through the sensors. When line-current is present and the Faraday 

rotation takes effect, the rotation is translated as a change of the light intensity and this 

change is converted to a voltage signal by the photodiode. Due to the differential 

amplifiers' set up only this change is amplified and fed to the ADC. Fig. 4.3 is the 

schematic for the differential amplifier. 



Fig. -1.3 Dijrerential Amplifier 

As with the first amplification stage the differential amplifier is implemented with a very 

fast, high bandwidth and low noise performance Op-Amp, the MAX4107. The input 

resistor valurs used were 10OR and 5OOR respectively for Y,,, and Vd as they were 

determined to be the optimum values. 

4.2.4 Analog to Digital Converter (ADC) 

The ADC digitizes the analog voltage signals From the differential amplifier. There are 

two main characteristics in the selection of the ADC. Resolution and Samples per Second 

(SPS). The ADC runs at a rate of 25MSPS, which is clocked by a 40ns (25MHz) pulse 

generated by the FPGA. The Analog Devices AD9040A ADC has a Maximum sample 

rate of 40MSPS though a rate of 25MSPS is optimum for synchronization with the 

FPGA, as is later described. 

At the set rate of ZjMSPS each 40011s optical pulse is sampled 10 times but only 4 of 

these samples will be used to determine the average magnitude of that pulse. Fig. 4.4 

shows how the pulse is sampled. The fmt 4 and the last 2 samples are disregarded due to 
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the irregular shape of the incoming pulse as well as the uncertainty of the rising and 

falling edges. Since each pulse has a slight variation in the time of its rising and falling 

edges then to avoid calculation errors the samples close to the edges are disregarded. The 

ADC is sampling continuously and the decision as to which samples are to be used and 

averaged is done by the FPGA. 

The ADC has a 10-bit resolution and a ZV operating range which means i t  can detect 

1,023 levels of ZmV each. As mentioned before the differential amplifier takes care of 

adapting the signal to the -1 V to I V range of the ADC. 

It is important to note that as the ADC has a 3 cycle output delay, this means that data 

sampled will be available for reading at the output bus 3 clock cycles after being 

sampled. It is of great importance for the FPGA to know when and which samples to 

process. Fig.4.5 shows the time difference between of the optical signal i.e. the p h p  

output vs the ADC output after digitization. Fig 4.6 shows the LDP vs. the output of the 

ADC. Again it is 3 ADC clock cycles after it is present at the output of the phlamp, 

shown in fig 4.2. 
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Fig. 4.6 Time dverence bemeen L DPflower) and ADC(rrpper) outptit. 

1.2.5 Field Programmable Gate Array (FPGA) 

Running at 50MHz the Field Programmable Gate . b a y  (FPGA) is the fastest electrical 

component of the FOCSNET. An FPGA is a digital cell based IC made up of thousands 

of simple digital logic components (e.g. logic gates, flip-flops). These components are the 

basis of more complex digital instrumentation (i.e. counters, multiplexers, adders) thus an 

FPGA has great flexibility to generate complex digital logic. 
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Within the FPGA resides the control of the FOCSNET's digital receiver. Its functions 

are divided into VO buses, data processing, and control buses. It has a 10-bit input bus 

connected to the output bus of the ADC to collect the digitized information of the 

sampled pulses. The information from each pulse is accumulated to generate a single 

value for the amplitude of that pulse. That information is then stored in the RAM via a 

12-bit data bus. The address bus for the RAM is also controlled by the FPGA. All the 

pulse information from each sensor in the system is stored in specific RAM locations 

handled by the FPGA. Other control mechanisms implemented on the FPGA are: the 

generation of the ADC clock and the handshaking with the DSP that enables both of 

these components to access the RAM. For complete system synchronization all processes 

done by the FPGA are matched up against the Laser Driving Pulse (LDP). 

To accomplish all of the above, several Blocks were designed and implemented on a 

Xilinv 4005E FPGA. The Xilinx Foundation Series software was used to implement, 

simulate and test the FPGA's logic on a host computer. A Demonstration Board along 

with a logic analyzer was used to test the implementation directly on the IC. 

For the design of these blocks several system parameters such as LDP ividth and period 

and oscillator frequencies were taken into account. The design of each block is aimed to 

be as flexible as possible to accommodate changes in the system or the network. The 

receiver for this thesis is designed for a two-sensor network. Changes such as addition of 

sensors and different LDP widths or periods, may require simple changes in FPGA 

implementation. There will be no need for any other external ICs since changes to the 

system can be dealt within the FPGA itself. This also means no changes in PCB design. 

The following is a description of the blocks that constitute the fill implementation of the 

FPGA. A time simulation details the most important signals, internal and external, of the 

FPGA. 
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4.2.5.1 ADC Clock. 

In order to synchronize the FPGA and the ADC a 25MHz clock is generated by the 

FPGA and fed to the ADC. A single flip-flop (FF) is used to divide the FPGA's clock in 

half. The FF is a basic logic component in FPGA implementation and thus has the 

smallest time delay from T to Q (e.g. 3ns) [37]. Synchronization of the nvo components 

on the same edge of the clock pulse is very precise. 

4.2.5.2 Sample Window 

As mentioned previously the ADC is sampling continuously. This means i t  samples not 

only the incoming pulse signal, but also the signal between pulses that contains no useful 

information. It is the duty of this block to select a specific number of continuous samples 

containing usehl pulse information. 

The parameters taken into consideration are: the LDP Width (i.e. 400ns) and the ADC 

sample frequency (i.e. 25MHz). As mentioned before each 40Ons pulse, at a rare of 

25MSPS, is sampled 10 times. As per the system specifications only 4 (i.c. 160ns) of 

these 10 samples will bc added and averaged. 

A 200ns window is generated to capture the desired samples and it has to match the 

desired portion of the 4OOns pulse to be processed. This window is 40ns (Iclock cycle) 

larger than the system specification (16011s) to avoid any loss of data. Counters are 

implemented for this purpose. The counters are triggered by the LDP and this block 

generates a 200ns window per system sensor. For the network where the signals from the 

two sensors are 800ns apart, these windows are generated at 55Ons and 1350ns from the 

rising edge of the LDP. At these times respectively the desired digitized portions of the 

pulses from the optical system are present at the output bus of the ADC. Fig. 4.7 shows 

the output signal from the ADC and the window pulses generated by the FPGA's. The 

pulse windows shown in this figure are 16011s in width and it can be seen they match the 

part of the sampled signal to be processed. 
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Using counters and adders this block generates precise length window pulses for each 

sensor in the system. These pulses are used to enable other working blocks implemented 

in the FPGA. It has a pin output in order to monitor its activity and to make sure i t  is 

always aligned wirh the digitized pulse from the output bus of the XDC. 

4.2.5.3 Data Acquisition-Data Process Block (DiWDP) 

This block handles all the DO data buses and it is in charge of all the FPGA's data 

processing. It is divided into three stages. In the data input section it  interfaces with the 

ADC via a 10-bit bus. In the same manner it interfaces with the k4M-Unit via a 12-bit 

output bus. In between these two buses data is processed, using a simple accumulator, the 

four samples chosen to depict each digitized pulse are accumulated to generate a single 

value equivalent to the amplitude of that pulse. 

This block is enabled only during the 20011s window described previously. When 

enabled, the desired pulse information is present at the ADC output bus. By means of 

synchronization already described, this information is admitted through the FPGA's input 

bus and fed to an accumulator that will add the four samples. A counter clocked with the 
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same clock as the ADC (i.e. 25MHz), for precise synchronization, generates the four- 

count. 

This block also consists of several control signals both internal and external and the RAM 

Unit's WRITE and ENABLE pins are controlled from this block. Internally it controls 

RAM addressing and also DSP-FPGA handshaking. These latter fbnctions are described 

in subsequent sections. 

Once the four samples are accumulated, a pulse is generated by this block for indication 

of the proper RAM address to the addressing block and WRITE and ENABLE signals are 

generated for the RAM-Unit. The WRITE signal is shown in Fig. 4.8 along with the 

200ns window pulses generated by the previous block. 

The WRITEENABLE pulse is generated 16011s from the rising edge of the window 

puise. 160ns matches' system specification for accumulation of 4 samples (i.e. 4Ons per 

sample @ ZSMSPS). 

Fig. 4.8 RAM k W T E  pulse (upper) Vs. Sample Windows (lower) 

When the RAM'S WRITE is enabled, the sum of the 4 samples is input as a 12-bit word 

into a predetermined location on the RAM. This process is repeated every time this block 

is enabled, that is to say every time there is digitized information of an optical pulse 
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present at the ADC. In a two-sensor network, this operation will be performed twice 

per LDP. In general the operation will be performed as many times per LDP as there are 

number of sensors in the system. 

A 12-bit output data bus is used because the accumulated sampled data will not exceed 

this value. The maximum value for a 10-bit word is 3FFh and this would be a saturation 

state for the ADC (i.e. + 1 v). If 4 counts of this maximum value are accumulated, 

The added value of FFCh does not exceed a 12 bit (FFFh max.) word. 

For this project the Sample Window block is set up to enable the D N D P  for a system 

consisting of a 40011s LDP and hvo sensors. In the presence of a greater number of 

sensors only the Sample Window configuration would have to be adjusted. The DA/DP 

would remain the same as long as the LDP remains set at a minimum of 4OOns and the 

ADC sample rate remains at 25MSPS no matter how many sensors the system has or 

what the fiber difference is between them. 

4.2.5.4 RAM Addressing: 

The addressing of the RAlM is very simple. The FPGA stores pulse information in 

continuous RAM locations. The number of sensors in the system governs the number of 

continuous locations on the RAM per LDP. In the specific case of two sensors, 

information from the first sensor (e.g. the one with the shortest fiber length between the 

sensor and the receiver) is stored in location 0000fh and information from the second 

sensor is stored in location 00002h. This will terminate the storage for that specific LDP. 

For the next LDP the process continues starting at location 00003h for the first sensor, 

and so on and so forth. 
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The DSP, which also interfaces with the RAM, takes this information for fhrther 

processing. The DSP's sohvare is designed to know how many sensors there are in the 

system, thus it knows which RAM locations correspond to each sensor. DSP functions 

are discussed in a later section. 

This block generates the 18 bit (3FFFFh) addresses required for a 256k RAM, and it is 

incrernentrd by a control pulse from the DkDP block. This block is also implemented as 

an 18 bit counter formed by a 16-bit and a 2-bit counter. As per system specification, a 

60Hz cycle is sampled 666 times, thus 666 locations per cycle: 

666.r2sensor.s = 1,3 3 2 RAM - locations 

Given the size of the RAM, the number of 60Hz cycles that can be stored is: 

This means: 

3.2 second ofData 

For 3 seconds of Data: 

3 sec 160 Hz = 1 80cycle.s 

1 80~1,332 = 239,760-locations 



44 

239,760 location of RAM are used to store 3 Seconds of data coming from the two 

sensors for a LDP period of 2 5 ~ s .  When these locations are filled the RAM starts 

rewriting itself with new pulse information. With this capacity on the RAM there will 

always be 3 seconds of information stored for a 2-sensor system, 

1.2.5.5 FPGA - DSP Handshaking 

The entire RAM unit's output pins (i.e. Control pins, Address and Data buses) are 

accessed by both the FPGA and the DSP. When either of these components are accessing 

the RAM the other component's outputs must be in a High Impedance state in order not 

to interfere. 

HOLD is feature on the DSP that can be asserted at any time during a clock cycle it 

prevents the DSP from accessing the Data and Address buses (i.e. High Impedance), thus 

it also prevents program execution. When set. the instruction in progress is completed 

and then a HOLDA (acknowledgment) pulse is generated. Bus access and program 

execution is restored when HOLD is released. 

The FPGA generates a HOLD pulse for the DSP and waits for the HOLDA from the 

latter. With this state the FPGA has complete access to the RkM and the DSP in this 

period of time is halted. When this HOLD is released (by the FPGA) the DSP 

acknowledges this and regains access to the RAM. The FPGA pin-outs are then set to 

High 2. 

The FPGA has access to the RAM starting with the rising edge of the LDP and ending 

when the DA/DP has written all pulse values to the RAM for the corresponding LDP. 

When the FPGA detects the LDP it sends a HOLD to the DSP and the FPGA then waits 

for the DSP's HOLDA to enable all I70 pins. At this point the FPGA does all operations 

previously described and on the falling edge of the last sample window pulse the HOLD 

is released and the FPGA losses access to the RAM. The DSP regains RAM access one 
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instruction cycle later, for this is the time it takes the DSP to acknowledge the release 

of the HOLD (e.g. HOLDA). 

The FPGA has access to the RAM for approximately 1.620~s thus the time between 

LDP's that the DSP has Access to the Data stored with the LDP Period set at 2 5 ~ s .  is, 

Since the DSP has over 23ps to work with, this is more than enough time to do its tasks, 

as it is described in subsequent sections. These calculations are for a two-sensor network 

and the system has sufficient flexibility to expand h r  beyond the two sensors. The FPGA 

implementation is designed for such expansions, but it should be noted that for every 

sensor that is added to the network, the time the DSP has to accomplish its work is 

reduced, since the FPGA will have a greater access time to the RAM. 

4.2.5.6 Time Simulation 

The time simulation feature on the Xilinx software permits the verification of FPGA 

implementation and it is a very usehl tool for trouble shooting. The following is a time 

graph (Fig. 3.9) showing the most important signals of the FPGA and their relationships 

with each other. 

This graph shows the following: the FPGA 5OMHz system clock generated by a crystal; 

the 25MHz clock generated by the FPGA for the ADC; the LDP input by the pulse 

generator into the FPGA; the HOLD for the DSP which is active-low; the input bus from 

the ADC (ACC-ADC); the sample window-pulses (SAMPLE); the output Data bus that 

1will be written to the RAM (RAMDATA); the WRITE pulse for the RAM which is also 

active low and, finally, the active address bus for the RAM (ADD). 
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Fig. 4.9 FPG.4 ti~nr simularion 

The operation of the FPGA can be described as follows. The FPGA is idle until the LDP 

comes. on Fig. 1.9 i t  is shown as the tirsr iOOns of the graph. At this point the 400ns LDP 

is input to the FPGA, the sample window block stans its count, the HOLD for the DSP is 

generated and the FPGA comes off its idle state. It can be seen on the address and data 

buses, as they come off a high Z state (ZZZZ) to a digital value, that they are both ODOOh 

since the simulation shown is for the first data input to the RAM. 

For this simulation the input bus from the ADC has a constant OOOlh value to simplify 

explanation of the process. When the first sample window is generated at 650ns on the 

time graph (55011s from the LDP), four continuous samples from the ADC are 

accumulated. In this simulation the end result in the accumulator will be 0004h ( 0 0 0 1 ~  

which is the value stored in the RAM and this can be seen in the Data bus line. The 

accumulator value is present at the time when the FPGA enables the WRITE pulse for the 

RAM. The Data value stays active until the accumulator is reset by the falling edge of the 

sample window. The control pulse for the RAM address comes from the DA/DP block in 

the middle of the sample window (not on simulation), thus the address is ready before the 
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Data and WRITE pulse. This is per RAM specification. The first location on the RAM 

(0000h) is never filled and all valid inforrnation starts with location 0001h. 

When the second window pulse arrives, the process described above takes place for the 

0002h RAM location. On the falling edge of the second window pulse the DSP HOLD is 

released and all pins on the FPGA that are connected to the RAM turn to a High 2 state. 

The whole process is repeated for the next LDP. The addresses keep incrementing until 

they reach the reset value of 239,760. 

4.2.6 RAM Unit 

The RAiM unit is where the pulse information is temporarily stored and each location 

stores information for one specific pulse from each sensor on the network. The Motorola 

bfCbl6729D 256x4-bit fast static RAM (8ns-access time) was chosen for this receiver. 

Three ICs make up the RAM-Unit, the Address and control buses of the three are 

connected in parailel, and the Data buses are connected in such a way to result in a I ?-bit 

word per location. The DSP and the FPGA, as described in the preceding section, share 

ail RAM buses. 

Specifications for the RAM requires for its Read or Write cycle that the Address be 

present at least 8ns prior to the Data or the WRITE. This is the minimum address set up 

time and the address bus has to be active for at Isast 811s. WRITE enable must be active 

for at least 8ns and the Data must be valid for the duration of the WRITE enable pulse, 

with a 4ns-error margin. These considerations had to be taken into account for FPGA and 

DSP design. 



4.2.7 Digital Signal Processor (DSP) 

The Digital Signal Processor (DSP) takes care of most of the calculations required to 

obtain the value of the current flowing through each sensor in the Network. The 

arithmetic for the AC Ratio techniques described in chapter VI is implemented on the 

DSP. The DSP gathers the pulse information from the RAM and for each sensor 

determines its DC ieveI value and its AC Ratio Value. These values are then transmitted 

to the PC where they are used to calculate AC and/or DC current values for each sensor 

in the system. The DSP also sends streams of sensor specific optical pulse information to 

the PC in order for the latter to generate 2 trace of the signal. This is of great importance 

in the study of transients, where a trace of the transient state of the signal is essential to 

record its behavior. 

The following is a summary of the DSP operation: 

The DSP takes from the RAM the data from as many continuous locations as there 

are sensors in the system. Data from the RAM is divided by four on acquisition and 

placed in an accumulator comsponding to a specific sensor in the system. The 

information on each RAM location is the sum of 4 samples of a single pulse of a 

single sensor; the division by 4 generates the average value of amplitude for that 

pulse. This division is accomplished by a simple logical shift of the value. The 

simplicity of this operation is the reason tvhy out of the 10 samples per pulse 

generated by the ADC it was chosen only to process 4. A logical shift can only be 

done on powers of 2 (i.e. 2,4,8 ...). For a division to make sense the number 

accumulated must match the number to be shifted, in this case 4. 

Each accumulator adds 666 pulses per sensor. As per system specification a 60Hz 

cycle is sampled 666 times. The average value for this sum is calculated per sensor. 

This average value is the DC value for each sensor. When there is no line-current 

present the value is the Zero Current Value (ZCL). 



Within the 666 values for each sensor, the maximum and minimum values are 

determined. Once determined the differential value of Mar-Min for each sensor gives 

as a result the equivalent peak to peak value for each specific current (k'pp). This 

calculation is done to obtain a value for AC. 

Once this information is determined the DSP calculates the AC ratio for each sensor. 

v ~ ~ b ,  Eq. 4.2.1 ACmrio!,! = 
DClevel[, , 

The following information is transmitted to the PC via a parallel pon. 

1. AC Ratio values for every sensor in the system 

2. DC values for every sensor 

When the PC requests it, the DSP through a parallel pon sends a stream of a specific 

sensor's pulse information. The PC uses this information to plot a trace of the signal. 

The DSP used in this project is the TMS320C3 1 from Texas hstrurnents. which has a 

40x1s instruction cycle time, 50 MFLOPS and 25 MIPS speed. This DSP was used along 

with an application development board, which was very helpful as it provided the 

freedom to create custom software on a host computer, download, run. test and debug it 

as well. 

The DSP and the FPGA run asynchronously since each of them have their own 5OMHz 

crystal clock source. The only interaction these nvo components have is through the 

handshaking mechanism implemented on the FPGA which control's the access to the 

RAM. 

The DSP is capable of parallel processing. The s o h a r e  designed for this project allows 

for parallel processing when the PC requires sensor specific optical pulse information, 

but since this is a user-specific request it is not always enabled. When the streams of 
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pulse information are being sent to the PC the running averages and ratio calculations 

are not interrupted. 

4.2.8 Personal Computer 

The above mentioned values from the DSP are sent to the PC for final current 

calculations and display. The PC also generates traces of specific segments of the current. 

One of the main characteristics of this system, as will be shown in chapter VI, is the 

linearity of the sensor response for a range of different line current values. Each sensor 

has a characteristic linear response, depending on the sensors own sensitivity and the 

number of turns of conductor wrapped around the sensor. From this linearity a 

characteristic slope is obtained per sensor. This slope, along with the AC andor DC 

ratios, is used for line current determination. This slope can change if the numbers of 

conductor turns are altered. Sensor linearity is discussed in detail in chapter VI. 

The PC software. built on a C++ platform, is where the slope information is kept for each 

sensor, and if this changes it is simpler to re-calibrate using the C++ program without 

altering any other components on the receiver. 

The PC takes the unique AC ratio values for each sensor and computes each line current 

using a liner equation, 

Eq. 4.2.2 

Where m, is the slope for the nth sensor's response. This result is displayed on the PC 

monitor and it is continuously updated since the main objective of the system is to 

monitor constantly the line current activity. 
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The PC generates and displays a value for the DC currents in the same manner as for 

the AC current. The DC ratio has to be calculated first and the PC does this. As detailed 

in chapter VI for DC ratio calculations one of the sensors of the system has to serve as 

reference. For major system flexibility the PC can chose, or can be told which sensor to 

reference the others sensors to, and since this reference sensor might change depending 

on the application it is best to have the PC take care of this decision for it is the easiest 

way to modify it if need be. The reference sensor serves as the Zero Current Level (ZCL) 

for the system, thus no DC current can flow through it. There are no restrictions on AC 

current flowing through the reference sensor. 

The DC ratio for each sensor is calculated by, 

DClevel, DClevee!, 
DCracio, = - - 

DCref ZCL 

Eq. 4.2.3 

In this project, where there are only two sensors, one is taken as the reference and the 

second one can be used to measure DC current. Both can measure AC current. 

The following are the values displayed on the PC monitor. 

1. AC current; Reference Sensor 

2. AC current; Second Sensor of the system 

3. DC current; Second Sensor of the system 

4. ZCL value. 

The ZCL value displayed is simply the DC level of the reference sensor and this is 

displayed in order to monitor the Laser power level at the receiver. 

The PC can generate a trace of the line current flowing through a specific sensor. Streams 

of sensor specific pulse information are transmitted from the DSP on the PC's request. 

This is a user specific request. 



The Cc+ software developed does not include any graphical interface. The software 

generates a file that can be loaded on a number of programs with plotting capabilities (i.e. 

Matlab, Excel). Traces are generated and examined using these alternative programs. 

4.3 FUNCTIONAL DIAGRAM 

A functional diagram of the entire receiver is shown in Fig 4-10 



Fig. 4. I0 Receiver Functional Diagram 
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V. PARAMETERS AND PERFOR&IAYCE 

5.1 OVERVIECV 

This chapter describes the parameters of the FOCSNET that will enable it to measure 

Line Current. In a measuring device the resolution is a very important factor and the 

resolution is essentially limited by the nature of the Faraday rotation and the system's 

noise. The Network topology and its parameters dictate how the line current is going to be 

sampled and therefore measured. 

5.2.1 Faraday Rotation 

The angle of the Fanday Rotation is highly dependent upon the Verdet constant of the 

sensing fiber [6 ] .  The larger the Verdet constant the larger the rotation and the larger the 

light intensity change. 

The Verdet constant of the annealed sensing fiber is around 0.01 miniA at a wavelength 

of 820n.m. This value is approximate as the annealing of the fiber may have resulted in 

some variations and it may also differ for different annealed fibers even if they are from 

the same manufacturer [ 131. 

In the 3M-sensor head used in this project, the annealed fiber is wound four times around 

the conductor therefore the Faraday rotation angle is given by, 

6 =!'XI Eq. 5.2.1 

8 =($!).4.1=0.00066'ld 
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For this project the maximum currents used were of 100 A DC and of 100 A r m s  AC (i.e. 

144Apeak AC) which delivers a maximum rotation of 0.066OIA for lOOA DC. The 

rotation angle is calculated for one turn of the conductor around the sensor and for every 

extra turn of the conductor the rotation angle increases by approximately the same 

amount. This is defined as the multiplication factor. 

As the Verdec constant of the sensing coil is not large the Faraday rotation angie can be 

incremented effectively by increasing the number of turns of the current carrying 

conductor around the current sensor. In this project it  is referred to as multiplication 

factor (MF) of the magnetic field, and each turn increments this factor by one 

approximately. 

5.2.2 Signal To Noise Ratio (SNR) 

The SNR is an important parameter in the evaluation of the measurement quality. An 

electric current is the contribution of many individual electron movements and each 

electron moves in a stochastic manner [2]. Each electronic component is a source of noise 

due to the quantum nature of electric current. 

In the FOCSNET the receiver is responsible for the bulk of the systems noise and the shot 

noise from the photodetecror and the thermal noise of the resistors in the amplification 

stages are the main noise contributors. 

5.2.2.1 Thermal noise 

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

electrons in the resistor [2]. The noise voltage is given by, 

V,  = ~ ~ [ v I  Eq. 5.2.2 
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Where k is the Boltzmann's constant, T is the absolute temperature in O K ,  Af is the Noise 

equivalent bandwidth in Hz and I?,-is the feedback resistance in Ohms. 

5.2.2.2 Shot noise 

Current flowing though the photodetector generates shot noise. This current consists of a 

dark current (Id)  and a photocurrent (I,). The shot noise voltage is given by, 

V,. = R ~ , / ~ [ v ]  Eq. 5.2.3 

As per manufacturer specifications the HP HFBR-24 photodetector has an output noise of 

0.3mV [36]. 

5.2.2.3 Op-amp noise 

The manufacturer of a device generally specifies the op-amp noise. The voltage noise can 

given by, 

Eq. 5.2.4 

Where, I, and V, are the input noise current and voltage respectively and R, is the input 

resistance. 

The amplifiers chosen for this project have the characteristic to be ultra-low-noise 

components. The manufacturer specifies that these amplifiers have an integrated voltage 

noise of 9.SpVrms 

The total system noise can be given by, 



V,,Ytf = ,/vyZ f c1 + vZymp [ V Y ~ ~ S ]  

V,,, ; O d m  Vrms 

Eq. 5.2.5 

Thus the total noise is due predominantly to the photodec tor. 

5.2.2.4 Signal to Noise Ratio 

The signal from the photodetector/arnplifier is expected to be' I V. Therefore the intensity 

change due to Faraday rotation is, 

Vsisndr = I sin? B Eq. 5.1.6 

For IOOA DC the rotation angle is 0.066" thus the signal voltage for this current is. 

IFs ,,,, , = 1 x sin (2.r 0.066 O) = 0.0023 V Eq. 5.2.7 

Therefore the SNR for the system is 

SNR = 20 log,, ( ~ ~ , " ~ ~  )dBI = lj.lg[dB] 

Eq. 5.2.8 

Eq. 5.2.9 

As can be seen from equation 5.2.7 the displacement of the plane of polarization due to 

lOOA of current is very small in terms of voltage which is why several turns of the 

conductor are wrapped around the sensors. The turns increase the intensity of the 

magnetic field. 
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5.2.3 System Resolution 

The resolution is the minimum detecrabir current and this occurs when the SNR = 1 [13]. 

The minimum Faraday rotation is thm. 

Thus the minimum detectable current. for MF = I .  is. 

- 6 min 
I,,,," - = 16.6.4 

0.00066 

Eq. 5.2.10 

Eq. 5.1.1 1 

Again the cffrctivc minimum detectable current will be enhanced by the Multiplication 

Factor provided by the multiple conductor turns around the sensor. The current sensor 

with multiple conductor turns is shown in Fig. 5 .  l 

Fig. 5.1 The C~rrrent Sensor 



5.3 SYSTEM PARAMETERS 

This section presents the characteristics and parameters of the FOCSNET. The 

FOCSNET is a complex system made up of optical, analog and digital components. All 

of these components work together to determine the functional parameters of the systems 

and in a lot of instances the parameters are bound by the limitations of one component 

(e.g. the laser pulse used is 40011s wide since any pulse smaller than this gets distorted roo 

much by the lasers' modulation circuitry). The following list of parameters determines the 

system's resolution and possible upgradability. 

The Laser Driving Pulse (LDP) chosen for this project was loons in width. Any pulse 

smaller that this was difficult to process at the receiver because of the distortion it 

suffers from the lasers' own circuitry. With improvements to the Laser smaller pulses 

could easily be used and the fiber lengths between sensors can be shortened. 

The fiber length difference between sensors, as described in chapter 11, is what 

provides the time delay needed for a TDM system. The length difference of 160m for 

this project's two sensors generates an 800ns time gap between continuous rising 

edges of optical pulses. If any sensors were to be added to the network the fiber length 

difference should remain consistent. The fiber length difference is a parameter that 

would require a great effort to modify since the fibers ~vould have to be physically 

changed. 

The LDP Period is the repetition rate of the Laser and it is set at 25ps for this project. 

The period can be adjusted to a value as low as 1 . 6 ~ s  and the smaller the period the 

more samples per second thus the higher the resolution. The larger the period the 

more sensors that can be added to the network. In the panicular set up of this project 

the minimum period value is 1.6ps since at this rate the optical pulses will not overlap 

and the difference of 400ns between incoming pulses remains consistent. 



Fig.S.2 ibfi~zirnum LDPperiodfora ntlosensornenr*o)*k 

with d00ns LDP and a 4OOns rime gap 

I 

The FOCSNET system is designed to measure DC and 60Hz AC line-cunenrs. A Zjbls 

period will sample a 60Hz signal close to 666 times per cycle. this being well over the 

Nyquist rate necessary for complete signal reconstruction. Nyquist has shown that in 

order that the original signal may be reconstructed from the samples the signal must be 

sampled at least twice per highest frequency in the signal [XI. In the case of a 60Hz 

signal the minimum Nyquist sample frequency is 120Hz. 

LDP 

Optical 
Pulses 

To be consistent any additional sensor must take up an 80011s time slot as seen in Fig.5.2 

(i.e. 400ns pulse + 400ns time gap). With the set 2 5 ~ s  period up to 3 1 sensors could be 

networked together without altering any systems parameters. 

b 

L 
I:/ 

It is important to note that for any number of sensors added to the network the input and 

output couplers' lines must match the number of sensors and the Laser power must be 

adjusted accordingly so that the receiver detects enough light intensity per sensor. 

< 4 0 0 1 1 ~  doon? 

1 . 6 ~ s  
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The parameters and characteristics of the Receiver are detailed in Chapter IV and these 

include the digital sampling of the pulses, the amount of information the RAM can store 

and the speed the FPGA and DSP. 

A good example of how more than one component on the system affects parameters 

criterion is the averaging of only four samples per pulse. The Optical pulse is sampled 10 

times due to the 25MSPS of the ADC. The ADCs' sample rate was set to be half the 

operating clock of the FPGA. The distortion suffered by the pulse due to the Lasers 

circuitry makes it impossible for all the samples to be used'and only four are chosen, 

averaged and stored in a location. Four samples are chosen since it is a power of 2 

and is needed for the averaging in the DSP because this is done based on a Logical Shift. 

Figs. 5.3 shows the receiver and its major components and Fig 5.4 shows the complete 

FOCSNET system. 



(b) 

Fig. 5.3 The Receiver (a) ADC, FPGA. DSP and RAM Unit. (b) Complete Receiver 

with PhotodetectodArnplifier and Differential Amplifier 





VI. EXPERIMENTAL INVESTIGATION AND RESULTS 

6.1 OVERVIEW 

This chapter shows the results of the Line-Current measurement investigation. In 

previous chapters the theoretical background that the system is based on was described. 

The network and receiver designs were discussed as well as the parameters and 

limitations that were taken into account for current measurements. 

The FOCSNET is a system designed to measure DC and AC line currents and this 

chapter describes how these measurements are accomplished. After the current detection 

has been dealt with a theory is put forth as to how the system response becomes immune 

to external perturbances such as Laser output power variations. 

Seven1 considerations have been made in regards to the experiments and these are worth 

mentioning. Even when there is no current flowing though the system there is always a 

pulse value at the receiver. The amplitude of this pulse is defined as the Zero Current 

Value (ZCL). For experimental purposes Sensor4 is defined as the one with the least 

fiber distance between it and the receiver (i.e. lorn). Sensor-II has the longer fiber length 

to the receiver (170rn). All the experiments and results described in the subsequent 

sections are for a pulsed optical network. No results are shown where the laser is 

operating in steady state. 

6.2 OPTICAL NETWORK DC CURRENT SENSING EXPERIlMENT 

This section is a review of the DC experiments done by S. Goyal. The networked-DC- 

current experiments described in S. Goyals' Thesis [13] were repeated for this thesis. The 

following is a list of differences between the present experimental set-up and the former 

one recorded by S. Goyal. 
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Although the Optical Network topology is exactly the same the photodetector is very 

different. The photodector used has significantly better bandwidth characteristics than 

the one previously used. The two incoming pulses from the optical networked are also 

virtually identical as shown in Fig. 4.2. 

The receiver for this project is completely different from the one implemented 

previously. Although several components are the same the signal-processing concept 

is completely different, which is why the results for this specific section are obtained 

using the aid of a digital oscilloscope. 

The purpose of these experiments is to show the linear response of the sensors over a 

lOOA DC range. More importantly the experiments show conclusively that two diffeient 

DC currents can be measured simultaneously. Results from these experiments also show 

the difference in sensitivity of each sensor. 

The FOCSNET is a time-division amplitude-modulated system where DC Current is 

calculated by means of amplitude difference. Fig 6.1 shows how the amplitude of the 

signal changes in the presence of line-current. 

Fig. 6.1 Outp trt Increase with 80A DC flo wing through both sensors. 

Sensor I: 20m V dispiacemente, Sensor II: 3Sm V displacement 
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For this experiment 80A DC was put through both sensors. Each sensor has 14 turns of 

conductor wrapped around it (e.g. MF = 14). Figure 6.1 depicts the difference in 

sensitivity of each sensor. Under the same line-current conditions and MF, Sensor-fl has 

almost double the displacement of Sensor-I. 

In order to record the linear response of the system, readings were taken in three different 

set-ups and the readings taken were of mV-increments per Current-step. In the first set up 

the same amount of current was passed through the sensors simultaneously and the line 

current increased in steps of ZOA. In the second set-up the current was passed through 

only one of the sensors at a time and readings were taken. Finally two different currents 

were passed through the two sensors such that the sum of both currents always remained 

at 100A. Fig 6.2 shows the result of this experiment. From this i t  can be seen that the 

response of the sensors is linear in nature. 

I 
I 
I 

I 
I 

I 

I 

- - - - - - - : - - - * - - - * - - -  

20 40 60 80 100 
100 80 60 40 20 0 

Current [A] 

Fig. 6.2 System Response with dif/erent DC currents passing through the fitto sensors 
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It can also be seen how the FOCSNET can measure different DC currents 

simultaneously. The sum of the changes in the two-sensor output pulses, though linear, is 

not horizontal due to the fact that the sensors have different sensitivities. The response 

curve for each sensor has a particular slope. 

The cunre representing the sum of the sensor currents can be taken as a "Figure of Merit" 

for the system sensors in that the smaller the slope of this curve the more identical the 

two sensors are in terms of their response [6 ] .  

6.3 OPTICAL NETWORK AC CUFkRENT SENSING EXPERIMENT 

The first new study done in this project is the network sensing of AC line-currents. S. 

Goyal's previous work showed only the results of networked sensors to measure DC 

currents. 

The sensing principal remains the same in that the linr-current generates a Faraday 

Rotation in the sensing head, and that in turn is translated into an amplitude change. With 

DC the angle of rotation remains constant as long as the same current is constantly 

flowing. For AC the angle of rotation oscillates at a rate of 60Hz. The maximum 

amplitude of the oscillation is dictated by and proportional to the peak amplitude of the 

AC current flowing through the sensor. 

For this experiment up to lOOArms were fed through the sensors. With the aid of a digital 

oscilloscope the equivalent peak-to-peak values of the currents flowing thorough the 

sensors were recorded. 

The purpose of these experiments is to show that the sensors' response is linear over a 

significant range of AC current. It is also equally important to show that the two different 

AC currents can be measured sirnultaneousIy. 
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The fist step was to show that Faraday Sensors nenvorked using a pulse or TDM 

technique, can detect AC current. Fig. 6.3 shows how the signal is seen by the 

photodetector. Shown in this figure are the 666 samples per 60Hz cycle that are 

modulated by the current's amplitude. For this experiment IOOArrns was fed to Sensor-U. 

With this it is concluded that the FOCSNET can detect AC current flowing through its 

sensors. 

2 ~ 2 0 . 0 ~  r 0 . 0 0 ~  5.00g/m 
T JL RW - 
I 7 

. . .  . . . . . . . . . . .  .........l.............................~..........................;... : . . .  - - 
I 

? ..... ..... .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . l . . . . . . . . . i . . . . . . . . . . i . . . . . . . . . T . . . . . . . . - . . . . . . . .  I . . . .  :... : .  

Fig. 6.3 A C EJrect on Receiver oufpur 

To record the linear response of the system under AC current conditions, readings were 

taken in three different set-ups. The readings taken were of peak-to-peak mV-increments 

per current-step. In the fist set up the same amount of current was passed through the 

sensors simultaneously and the line current increased in steps of about ZOArms. In the 

second set-up the current was passed through only one of the sensors at a time and 

readings were taken. Finally two different currents were passed through the two sensors 

such that the sum of both currents always remained at I O O h s .  Fig 6.4 shows the result 

of this experiment and it can be seen that the response of the sensors' is linear in nature. 

It can also be seen how the FOCSNET can measure different AC currents 

simultaneously. Again the response curve for each sensor has a particular slope due to the 

sensitivity of each sensor. 
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The minimum detectable peak-to-peak line-current value is dependent on the noise level 

of the signal and it is different for each of the sensors and this is why the readings do not 

begin at the origin. The noise level will determine the minimum detectable AC current. 

The situation is different from the DC case where the measurement is the result of a 

differentiation and which is why the DC readings start from 0. 

140 I 1 I I 

1--------- 

Q) 
-33 
Q 

20 1 I I I 

0 20 40 60 80 '1 00 
I00 80 60 40 20 0 

Current [Arms] 

Fig. 6.4 System Response with dijferent AC czrrrents passing throrcgh the nvo sensors 

6.4 LIGHT SOURCE DEPENDENCY 

The FOCSNET system readings are based on the light intensity at the receiver. Any 

intensity changes produced by sources other than the magnetic field across the sensor will 

be taken as changes in the magnitude of the current being measured. The main source of 
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light intensity fluctuations is the Laser source, and although designed to be as stable as 

possible, it still has variations that could be misread as changes in the line-current. 

Light intensity through the sensors is also directly proponional to the sensors' sensitivity 

and this means that readings from different light intensity levels will produce different 

amplitude changes for the same line-current. 

6.4.1 Laser Characteristics 

To characterize the stability of the laser its output was recorded over a five-hour period 

with readings taken at one-minute intervals. Fig 6.5 shows that the laser output is stable 

over a certain period of time but some relatively quick changes in amplitude can also be 

seen. 

Fig. 6.5 Laser Sta bilin, Characteristics 
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These changes in amplitude can be misinterpreted as line-current changes and this is a 

reliability problem for the FOCSNET that must be eliminated. 

6.4.2 Different Light In tensity Readings 

A fixed line current produces different amplitude displacements depending on the light 

intensity level going through the sensing fiber. The experiments describe here are aimed 

at establishing a relationship between the light intensity through the sensing fiber and the 

sensors sensitivity. 

The driving current that controls the Laser's output was set at different levels and for 

each of these levels DC and AC line current readings were taken on each sensor in steps 

of 20A and 2OArms respectively. Fig. 6.6 shows the results of two readings over a range 

of IOOA DC at two different Laser intensity levels. The tint sets of readings were taken 

with the Laser Driving current set at 6 1 rnA, which on the oscilloscope translates to a ZCL 

of 1.375V. The second sets of readings were taken with the Laser Driving current of 

4OmA which produces a ZCL of 75OmV. The relationship between the Laser drive 

current and the Laser output is shown in Fig. 3.3. 

The system has a linear response regardless of the light intensity of the laser and what is 

altered is the slope of the sensors' sensitivity. The results presented in Fig. 6.6, although 

they are for Sensor 11, are consistent for both sensors and for both DC and AC currents. 

From the results of these experiments it can be shown that there is a proportional 

relationship between the light intensity and the sensors sensitivity. Given any intensity of 

light the percentage change under a fixed line current is always the same. For instance 

Sensor II @ 14xMF under lOOA DC will generate a 4% change of light intensity 

regardless of the original level of the Laser power. This is true within a Laser driving 

current range of 40-75m.A. This percentage relation is particular and consistent for each 

sensor under DC and AC current. 
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DC measurements on Sensor II 
60 1 I 1 I 

1 I I I 
I 1 1 I 

-I---------- T - - - - - - - - - -  

0 20 40 60 80 100 
Current [A] 

Fig. 6.6 Sensor I1 readings at dYJerent light intensip levels 

For the experiment s h o w  in Fig.6.6 the results are: 

Table 6.1 Percentage Light Intensity change for di / lent  Laser Power levels for 

Sensor11 

Line Current 

1 OOA 

I OOA 

The proportionality is measured against the initial Laser power-level which, when no 

current is present, is known as the ZCL. Thus the proportionalities are measured against 

Laser Driving 

Current 

61mA 

ZCL 

1.375V 

Displacement 

Level 

1.43 12V 

40mA 

Ratio: 

Disp./ZCL 

4.0% 

779.8mV 750mV 3.97% 
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the systems ZCL. This statement is the basis of the Ratio techniques described in the 

following sections. These techniques will generate measurements independent of light 

variations and therefore reliable current calculations. 

Fig. 6.7 shows the results of the experiment shown in Fig 6.6 but this time the intensity 

levels are ratioed against their particular ZCL. 

This figure clearly depicts the proportional relationship between light source power and 

h e  Faraday Rotation. The two experiments under different laser driving current 

conditions can be seen to have the same percentage change. 

Fig. 6.7 Percentage increments of nro DC current readings rmcier dwerent Laser 

driving current conditions. 
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6.5 RATIO TECHNIQUES THEORY 

As with any measurement system the FOCSNET has to be immune to external 

disturbances that may influence its readings. Being based on amplitude modulation, the 

variation of light intensity is the main concern. Ratio techniques for both DC and AC 

measurement were developed in order for the FOCSNET readings to be immune to 

variation in light intensity through out the fiber nehvork, and especially the ones caused 

by the Laser source. 

The light intensity at the receiver when there is no current flowing around the sensor is 

denoted as the ZCL and any variations of light intensity are translated into variations of 

the ZCL. The ZCL is not fixed and it varies with any change in the Laser Potver output. 

If the fiber system remains intact the ZCL varies equally in both sensors. As can be seen 

in Figs. 4.4 and 6.1 the pulses at the receiver, with no current flowing, have the same 

amplitude therefore the ZCL for both sensors is the same. 

All dependencies on the ZCL must be eliminated for the current measurement to be 

immune to external disturbances. 

6.5.1 AC Ratio 

It has been shown that the FOCSNET is capable of detecting AC current flowing through 

the Faraday sensors. Described in this section is the theory of how that current is going to 

be measured and how these measurements are immune to variations of the ZCL. 

When AC is flowing across a sensor the amplitude of the optical pulse oscillates at a rate 

of 60Hz. The instantaneous amplitude of the oscillation is proportional to the intensity of 

current. By detecting the minimum and maximum values of the oscillation the peak to 

peak value can be determined, and by direct proportionality the value of the AC current 

can be deduced. 



The FOCSNET samples AC at a rate of 40kHz. The Digital receiver is designed to detect 

the maximum and minimum values of every 60Hz cycle of current flowing through the 

sensors. With this information the peak-to-peak value for that signal is calculated. 

For AC a very simple ratio eliminates any dependency on the ZCL. 

The AC current that flows through the sensor has no DC component thus the oscillation 

of the pulse can be basically represented as a 60Hz sine wave riding on the offset value of 

the ZCL as shown in the schematic of Fig. 6.8. 

Fig. 6.8 A C Oscillation with oflset oj'ZCL 

By taking a running average of all the pulses coming from this sensor in a period 

equivalent to one 60Hz cycle the ZCL is determined by the receiver. For any AC signal 

the average value is 0, for this system the average value is the ZCL. With the minimum 

and maximum values the peak to peak value is determined. Since all amplitude readings 

are proportional to the magnitude of the ZCL the following ratio can be stated, 

PP ACratio = - 
ZCL 

Eq. 6.5.1 

The AC Ratio eliminates the dependence on the ZCL level and its variations and all the 

information needed to calculate this ratio is contained within the same pulse. This can be 

done with any and as many sensors as there are in the network. 



6.5.2 DC Ratio 

The DC Ratio calculation is more involved than the AC Ratio in the sense that not all the 

information needed to measure the current is contained within the pulses of the sensor in 

question. For the AC Ratio all that is needed is the peak to peak value and the mean value 

of the signal and the receiver can obtain both of these values from the pulse information 

of each sensor. 

Changes in DC current produces a change in the ZCL, that is in general terns the DC 

offset level of the detccted signal changes in proportion to the DC line current. In the 

receiver a running average has, as a result, the DC level of the signal. In the presence of 

no Line-current this level is the ZCL. 

Because of the nature of DC current the optical pulses of the system sample what is 

virtually a steady state signal. Alas the advantage of the AC case where two parameters 

are considered is not present. The signal's amplitude is the only data that can be read 

under DC conditions. 

The ZCL can not be extracted while a DC current is flowing through a sensor, thus the 

ZCL must be provided from a reference source external to that particular sensor. With 

the ZCL provided by a reference source then a DC Ratio can be determined in the same 

manner as with AC. 

Eq. 6.5.2 

As before this ratio eliminated the dependence on the ZCL and its variations. The DC 

Ratio can be done with any and as many sensors in the system given that a Reference 

ZCL is provided. 



6.5.2.1 Reference ZCL 

In the beginning of this section it was explained that ZCL is the same for all sensors. If 

this is the case then the ZCL determined for any given sensor is consistent for the ZCL of 

any and all sensors in the network. This ZCL value can be used to make ratio calculations 

for any sensor. This means that the ZCL calculated in any sensor can be used as a 

reference source of ZCL for another sensor measuring DC current. 

It must be noted that a value of ZCL can only be obtained from a sensor that has either 

AC current through it or no current at all. In the presence of no current the value of the 

receivers r u ~ i n g  average is the ZCL. The running average calculated under AC 

conditions is also the ZCL. l h s  has to be taken in consideration when we look at the 

different types of networks: 

TYPe Number of Sensors Type of Current 

To Measure 

A N AC only 

B N DC only 

C N AC and DC 

Table 6.2 Tvpes of Nenvorh 

In the case of Network-A, where every sensor in the system will measure AC, the sensors 

are independent of each other because all the information required to calculate a line 

current is self-contained within each sensor's pulse. 

For Network-B there will be no current flowing through one of the sensors in order to 

obtain f?om it the ZCL as a reference for all the other sensors. The FOCSNET is a TDM 

system and varying the lengths of the fibers to each sensor generates the time intervals. 

The sensor with the shortest distant to the receiver must be the one used as reference, so 
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that the ZCL information is the first to be calculated and then used as a reference for the 

other sensors. 

A Faraday sensor is a very expensive piece of equipment, which if bought should be 

used, but in the type B network arrangement one sensor is effectively wasted. To remedy 

this and to maximize the use of all sensors in the system, one leg of the coupler at the 

transmit end should go directly into the other coupler at the receiver end. The Reference 

ZCL can therefore be determined with the pulse information in this leg and no sensor 

goes to waste. It must be noted that the pulse going through the sensor-less leg has to be 

amplitude-matched with the ones going through the sensors and this can be accomplished 

with a variable attenuator. 

In Network-C the ZCL is obtained from any sensor that has AC current flowing through 

it and no DC, thus at least one sensor must only measure AC current. For the same 

reasons as mentioned before, it is convenient, that the sensor with the shortest fiber length 

be the one with AC current only. 

The receiver designed for this project can handle any of the three applications just 

mentioned. The receiver will always display on screen the AC current value of each 

sensor and the DC Current is also displayed. It is up to the user to decide which sensor to 

use as reference and once chosen the display on the PC screen is the ZCL and the DC 

current flowing thorough the non-reference sensor. 

6.5.3 Simulttlneous AC and DC 

One of the most i ~ o v a t i v e  developments in this study is the capability of the system to 

measure AC and DC current while they flow simultaneously through one sensor. The 

FOCSNET system is designed to measure DC and AC currents and it is capable of 

measuring these currents simultaneously as they flow through different sensors. 
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Using a combination of the ratio-techniques for AC and DC a procedure can be put forth 

for measuring AC and DC while these are flowing simultaneously through the same 

sensor. The techniques have already been combined to measure AC & DC flowing 

through different sensors and a slight variation allows this same measurement with only 

one sensor. 

In this new case, where AC and DC are flowing through the same sensor, two phenomena 

will occur simultaneously. As seen in the schematic in Fig.6.9 the ZCL is incremented to 

a new DC level as a result of the DC line current and a 60Hz oscillation due to the AC is 

also present. 

Fig. 6.9 ACandDCsimn/ranrozrs response 

Thus, the AC oscillation originated by the AC current flowing through the sensor will 

still be riding on a DC level. It will not be the ZCL but the new level to which the ZCL is 

effectively increased and this new level is nothing more than the result of the DC current 

flowing through the sensor. 

It can be seen that the components of both the DC & AC currents are present and 

distinguishable. Any effects of variations of the Laser power have to be eliminated for 

both the AC and DC cases and the techniques developed for measuring AC or DC 

separately will be used simultaneously on the same sensor. 
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6.5.3.1 AC Calculation 

For AC the Maximum and Minimum values of the pulses can be detected to calculate a 

peak-to-peak value. Again a running average will determine the DC level the AC is 

riding on and in this case this DC level will be different from the ZCL. When the AC 

Ratio is calculated this last fact is of little relevance. The reason being is that the peak-to- 

peak value of the AC produced by the photodiode is not only proportional to the intensity 

of AC current flowing through the sensor, but to a much smaller degree it is also 

proportional to the DC level it rides on at the output of the receiver. With the AC-Ratio 

any effects produced by this DC level are eliminated and in the original case this ratio 

eliminates the dependence on ZCL and any variations of Laser power level. In this new 

case it will also eliminate all effects produced by the presence of a DC current in the 

same sensor. The DC is taken as a variation of the light of the light intensity and is 

eliminated as such. 

Thus the FOCSNET can measure AC current through a specific sensor regardless the 

presence of DC current in the same sensor. 

6.5.3.1 DC Calculation 

As with AC, the technique devised for DC measuring will be used when DC and AC flow 

through the same sensor. 

As explained previously the presence of DC current will produce an increase in the 

effective ZCL, which will be shown as a DC level at the receiver. By taking a running 

average this new DC level can be determined. This is the same value obtained from the 

running average explained for the AC case. This new DC level is all the information 

needed to measure DC current. Thus, DC current can be measured whether AC current is 

flowing through the same sensor or not and the running average eliminates the oscillating 

effect of the AC current. 
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It must be remembered that to accurately measure DC it has to be referenced against ZLC 

and this can not be obtained from this sensor. The reference value of ZLC has to be 

provided and it is obtained from a different sensor in the system. 

By simply using the techniques already established measuring AC and DC flowing 

through one-sensor increases the applications of each sensor in the FOCSNET. The 

biggest concerns are the possible effects of one current on the other, but with the 

procedures mentioned above the effects of one current type on the other are isolated. 

This innovation can only be done in a networked system for it is the networked nature 

that allows this flexibility. The basis of the measuring techniques is the optical sampling 

of the current signal. By manipulating these samples and using concepts such as running 

averages and peak detection the current calculations becomes simpler. Having a network 

also provides the possibility of having a reliable reference source for current caIculation. 

6.6 EXPERIIVIENTAL RESULTS 

This section presents the results of several line currents measurement tests done with the 

FOCSNET. One of the first tests performed was one to calculate the SNR of the system. 

6.6.1 SNR 

When neither AC or DC currents is flowing through the sensor a base noise level can be 

obtained. This noise is a product mainly of the electronic components in the receiver as 

discussed in chapter V and the base noise level is measured at 8mVpp. 

This noise level sets the lower value of the operating range of the system as well as the 

minimum resolution. This means that any current, AC or DC, that produces an amplitude 

change at the receiver lower or equal to 8mVpp will not be detected. 
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As in any system the SNR plays a key factor and to a certain extent the higher the SNR 

the better the system resolution. The FOCSNET System's SNR can be increased by 

adding more turns of conductor around the sensor which increases the IMF of the 

magnetic field produced by the current. Ir, the following table a comparison of SNR is 

shown when turns around the sensor are doubled from 7 to 14, All these receiver 

measurements are made on the digital oscilloscope. 

Current 

100 Arms AC 1 14 / l l x  1 10lmvp-p I 8mvp-p 1 12.625 / 

*Is the difference between the level measured when lOOA DC is flowing and the 

L 

reference level of ZCL 

Conductor 

Turns 

In simple terms, the more turns of the conductor the lower the line-current that can be 

detected - up to a point. 

Receiver Multiplying 

Factor 

6.25 7~ 100 Arms AC 50m~p-p 

6.6.1.1 AC Reading Error 

Another way of increasing the SNR is to increase the Laser power and any adjustment 

that ensures maximum power at the receiver (e.g. reduce optical losses, polarization 

controller adjustments). 

7 8mvp-p 

Shown in the following table are the effects on the SNR when the laser power is varied. 

Noise SNR 



Table 6.4 SlVRJor AC current under dinerent Laser power conditions 

Current 

AC 

100 Arms 

100 Arms 

100 Anns 

When the measurements are done using the Ratio technique the noise level will be 

responsible for the error in the calculations. In the AC ratio case, the error can be 

determined from a ratio measurement in the presence of no line-current. Here again the 

error is reduced if the power seen by the receiver is maximized. The AC Ratio enor is 

simply the AC Ratio value in the presence of no current divided by the receiver base 

noise level. Table 6.5 shows the value for the AC Ratio Error under different Laser 

Power level conditions. 

Table 6.5 AC Ratio Error tinder dgerent Laser power conditions 

MF 

1 4 ~  

14x 

14x 

Current 

AC 

0 Arms 

0 Anns 

0 Arms 
I 

An acceptable level range for the AC Ratio Error is, 

0 <A CRafioEno,<O. 008 

Laser 

Driving 

Current 

7 1.5mA 

52.3mA 

40.5m.A 

ZCL 

1.605~ 

1.250~ 

900mv 

Eq. 6.6.1 

Laser 

Power 

7 1 .SmA 

52.3mA 

40.5m.A 

Receiver 

Output 

10 1 m ~ p - p  

80mvp-p 

57mvp-p 

ZCL 

1.6051 

1 . 2 5 0 ~  

900mv 

Noise 

8mvp-p 

8mvp-p 

8mvp-p 

SNR 

Receiver 

12.625 

10 

7.125 

Ph/Arnp output. 

(noise) 

8 mvp-p 

8 m v ~ - P  

8mvp-P 

SNRAc 

ZCL/Noise 

200.625 

156.25 

1 12.5 

AC Ratio Error 

0.005 

0.0064 

0.008 
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Within this range and a Laser driving current as low as 40mA the system has an 

acceptable SNR. 

6.6.1.2 DC Reading Error 

The SNR when reading DC can be improved if the MF factor increases and this can be 

seen in Table 6.3. The DC Ratio calcuIation error is also due to another factor. The basis 

of the DC Ratio is the division between two intensity levels provided by different 

sensors, one is the ZCL reference and the other is the level to be measured. The 

Reference ZCL is obtained from the first sensor in the system and the DC current 

calculations are taken from Sensor 11. In order to calculate a DC Ratio it  is necessary that 

all the pulses incoming from all sensors have the same ZCL level. 

Even when there is no current flowing through the sensors the optical pulses are still 

reaching the receiver and thus a level for each is detected, this is the ZCL . 

The way to equalize the ZCL for all sensors is to adjust each of the Polarization 

Controllers in the system. With this technique the ZCL can be matched very accurately, 

only incurring a small ratio error. This error, the DC Ratio error, is determined by the 

ratio of levels from one sensor to the next, and ideally it should equal I .  Experimentally 

the following readings were taken, 

Eq. 6.6.2 

In this particular experiment the ZCL of the reference sensor (Sensor I) was slightly 

higher than that fiam Sensor II, this is not always the case, the ZCL of Sensor II could be 

the one that has the slightly higher power, and in the best case scenario both would have 

the exact same power 



When the result of Eq. 6.6.2 is normalized , 

I - 0.9993 = 0.00061 Eq. 6.6.3 

This means that in the case of zero DC current through the sensor, the DC ratio will be 

equal to this error of 0.00061. This emor depends on the adjustment of the Polarization 

Controller. An acceptable range for this error is: 

0 < DC Error < 0.0023 Eq. 6.6.4 

An error of 0.0024 level translates to a ZCL difference between the sensors of under 4mV 

and 4mV is the base noise level. If the error stays within this range then the difference in 

levels will be negligible against the noise thus the only error in the DC calculations will 

be caused by the inherent noise of the receiver. 

6.6.2 DC Ratio Experimental Readings 

6.6.2.1 Set Up 

For this experiment the sensors were wound with 14 turns of conductor each. (MF = 14) 

and current was put through Sensor 11. The current ranged from 0-IOOA in ZOA steps. 

The ZCL level of Sensor I was taken as reference in order to determine the DC Ratio. 

6.6.2.2 Results 

Up to lOOA of line-current were fed through Sensor I1 and as expected the DC level of 

this sensor increased proportionally with every step increase in the line-current. When the 

DC current was turned off the level returned to the ZCL. The ZCL level of Sensor I 

remained constant throughout this experiment. 

6.6.2.3 Measurements 
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The ZCL at Sensor I1 for this experiment was measured at 944mV. When the Maximum 

current of 100A was put through Sensor II its level jumped to a maximum of 990mV,thus 

a difference of 46mV. This will constitute the response of Sensor I1 with a 14x IMF. 

6.6.2.4 Test 

A series of readings were taken in order to plot the response of the system and analyze 

the linearity of its behavior. Fig 6.10 shows the normalized results of this experiment. It 

can be seen how the response of the system using the DC ratio technique is highly linear. 

An example of the calculation is as follows. When the line current is set at 40 A, the level 

detected is 970.5mV, the ZCL is 941mV and a ratio error is +0.0106 , thus the ratio for 

this particular point is given by, 

Eq. 6.6.5 

Theoretically the response should start from the origin and the minor offset is a product 

of the DC ratio error. 

The DC Ratio technique is designed to eliminate the effects of the Laser power source. 

This means that regardless of the intensity of the latter, the response of the system is 

consistent. 

Fig. 6.1 1 reflects the results of two separate DC Ratio Experiments, the difference 

between the two being the power level of the Laser output. For these experiments the 

Laser Driving Current was set at 50mA and 40mA respectively. These currents generate 

ZCL levels at the receiver of 944mV and 920mV respectively. 



50mA and 40mA 



It can be concluded that the FOCSNET can measure DC current virtually regardless of 

the variations of the light source. The ZCL range for which this is true is 400mV - 2.5V. 

This range is experimental and is limited by the maximum possible laser-drive-current of 

75mA. 

6.6.3 AC Ratio Experimental Readings 

6.6.3.1 Set Up 

For this experiment the sensors were wound with 14 turns of conductor each ( ibIF=IJ)  

and AC Current was put through both Sensors. The current ranged from 0-IOOArms in 

ZOAms steps and AC Ratio measurements were taken on both sensors. 

6.6.3.2 Results 

Line Currents up to 100Ams were fed through each of the sensors and as expected a 

60Hz oscillation was produced proponional to the magnitude of the AC line-current and 

with an offset level of ZCL. When the AC current was turned off the level returned to the 

ZCL. The degree of oscillation for each sensor under the same line-current condition was 

different due to the difference in sensitivities of the sensors. 

6.6.3.3 Measurements 

The ZCL for this experiment was measured as 1.464V. When the Maximum current of 

100Arrns was put through the sensor the amplitude of the oscillation was 146mVpp. This 

constitutes the response of Sensor I1 with a 14x MF. For Sensor I at this same ZCL and 

MF the amplitude of the oscillation was measured as 62.5 1mVpp. 

6.6.3.4 Test 

A series of readings were taken in order to plot the response of the system and analyze 

the linearity of its behavior. Fig 6.12 shows the AC Ratio results of this experiment on 

Sensor I. It can be seen how the response of the system using the AC Ratio technique is 
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highly linear. An example of the calculation is as follows. When the line current is set at 

60 Arms, the voltage variation is 43.92mVpp and the ZCL is 1464mV thus the ratio for 

this particular point is given by, 

The AC Ratio technique is designed to eliminate the effects .of the Laser power source. 

This means that regardless of the intensity of the latter, the response of the system is 

consistent. 

Fig. 6.13 illustrates the results of three separate AC Ratio Experiments done on Sensor 11, 

the difference between them being the power level of the Laser output. For these 

experiments the Laser Driving Current was set at 70mA, 52mA and 4OmA and these 

produced ZCL levels at the receiver of 1.4 I OV, 1.063 V and 755mV respectively. 

Fig. 6.12 A C Ratio on Sensor I 
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Fig. 6.13 AC Ratio on Sensor I1 Laser Driving Current Valrres set at: 

70mA. 52nzA and 3SmA 

It can be concluded that the FOCSNET can measure AC current regardless of the 

variations of the light source. The ZCL range for which this is true is 300mV - 2 .W.  This 

range is experimental and is limited by the maximum possible laser-drive-current of 

75mA. 

Variations in the plots in Fig. 6.13 are due to the AC Ratio error and there is close to 

20rnA of difference between Laser Drive currents for this experiment. These conditions 

were generated specifically for this test, though in reality the laser will not have such big 

jumps in its power level, so the difference in readings will be negligible. 

Using the AC Ratio an Accuracy experiment was performed where the goal was to 

determine the minimum detectable AC current. Due to laboratory limitations the 

minimum amperage steps that could be generated were 1.55Arms. Readings from O to 



20.15Ams were taken and Fig. 6.14 shows the results. The experiment was done 

Sensor 11, for it has the higher sensitivity of the two in this project. 

Fig. 6.14 rl C Rntio Reso hition. Sensor II. Sleps oj' !. 55.4 mzs 

Although not as linear as the previous experiments the results from this graphs shows 

what kind of resolution the FOCSNET can achieve. The linearity is lost due to the noise 

of the system. 

6.6.4 Simultaneous DC & AC Experimental Readings 

6.6.4.1 Set Up 

The set up for this experiment is a slight variation from the network set-up used to this 

point. The whole system remains vimally the same, the only change being the turns of 

current conductor around the sensor. Until now 14 turns of conductor were wrapped 

around the sensors, thus creating a multiplication factor of the magnetic field of 

approximately 14. This 14x factor has been the case in all experiments done until this 

stage. 



In this new case, AC and DC have to flow through the same sensor, and since they both 

can not be fed through the same conductor due to lab constraints, then two separate 

conductors must be used. The hvo conductors must be wrapped as many times as 

possible around the sensor to create a MF for each of the currents. Due to the size of the 

hole in the sensor only 7 turns of each conductor could be fitted and this gave a 7wWF 

multiplication for each of the nvo line-currents. 

6.6.4.2 Results 

Line-currents of 100 Arms AC and IOOA DC where fzd simultaneously to the two 

conductors of the sensor. As expected the ZCL was increased to a new level and 

proportional to the DC amperage flowing through the sensor. Riding on this new level 

there is a 60Hz signal of amplittide proportional to that of the AC amperage flowing 

through the second conductor of the sensor. 

When the DC current was turned off, while maintaining the AC flow. the output shows 

the 60Hz signal oscillating around the ZCL. When the DC flow was turned back on and 

the AC removed, the output this time showed a steady-state signal at a level above rhe 

ZCL, and proportional to the DC amperage. 

6.6.4.3 Measurements 

The ZCL value out of the receiver was measured as 1.605~. When lOOA of DC current 

was then applied to the sensor this level jumped to a maximum of 1.630~ (dif: 25mv). 

When lOOAms AC (no M: current) was applied the amplitude of the oscillation was 

5OmVpp. 

6.6.4.4 Tests 

A series of test were done by varying the amperage of one of the cumnts while the other 

one remained constant and then using the ratio techniques the results were graphed. The 

variation of current, for both DC and AC was done in steps of 2OA and 2OArms 
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respectively and ranged from 40A- 100A. A measurement was also taken at OA in order 

to have a reference point. 

i. Varying AC while DC is constant. 

The following is a table showing how the ratios are calculated using some examples from 

the readings taken in this experiment. The current flowing through each conductor is as 

marked, but it is important to remember the 7x rMF. For this experiment the DC current 

was set at a pre-determined value and an AC sweep was performed. 

As can be seen from Table 6.6 the values of the calculated ratio of a set DC current do 

not change even when AC current is simultaneously flowing and varying at the same 

time. Figs. 6.1 5 and 6.16 show the results when AC current is varied and DC current was 

set at IOOA and OA respectively. The graphs show the values for the AC Ratio with the 

value of the DC current remaining constant. 

Table 6.6 AC vaving with DC consrant 

DC Current 
[A] 
0 
0 
0 

100 
100 
100 

It is concluded that the AC measurements are highly linear regardless of the simultaneous 

DC current flow. The linearity is lost in the first part of the graphs since at these current 

levels the S N R  was too low and no accurate measurements could be taken. The linearity 

of the response can be spread out more if the SNR is increased. For this experiment the 

MF was set to 7x, if this is increased the SNR improves. 

AC Current 
[ h s ]  

0 
60 
100 
0 

60 
100 

AC Amplitude 
mvp-p 

8 
29 
SO 
8 

30 
5 1 

DC level 
V 

1.605 
1.605 
I .605 
I .630 
1.630 
1 -630 

AC 

0.0050 
0.0181 
0.03 12 
0.0049 
0.0 184 
0.03 13 

DC 

0.9993 
0.9993 
0.9994 
1.0149 
1.0149 
1.0149 



DC set at 100.4. AC vaybzg 20-100Arnzs 

Fig .6 .1  ACandDCsimtrltaneous Throngh Sensorll. 
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In this experiment: the DC Ratio error is 0.00061 (Eq. 6.6.3). Well under the 0.0024 (Eq. 

6.6.4) minimum allowable. 

The ratio techniques are designed specifically to eliminate all variations other than the 

ones produced by the specific current to be measured. This variation which includes the 

variation of the Laser power, and in the case when AC is being measured the DC current 

may be considered as an amplitude variation external to the effects of the AC current and 

is eliminated as such. Fig. 6.17 shows a comparison of the results in the previous two 

figures and it can be seen that the graphs are almost identical. The error is due to the AC 

Ratio noise. This shows that the AC measuring technique works very well even when DC 

current is flowing simultaneous to the AC current in the sensor. 

Fig. 6.1 7 Caparison of Figs. 6-15 and 6. I6 
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ii. Varying DC while AC constant. 

Table 6.7 shows the values of the calculated ratios, this time the AC current will be set at 

a fixed value, and the DC current will be varied. For this experiment the AC current was 

set at a predetermined value and a DC sweep was performed. 

Table 6.7 DC vnqing rrith AC constant 

This time the AC ratio value remains virtually the same for a set value of AC current 

regardless of the DC current flowing simultaneously or its intensity. Fig 6.18 shows the 

normalized results of the DC ratio technique when DC amperage was applied to the 

sensor varying from 0-IOOA. while lOOArms AC was flowing simultaneously. The 

amplitude of the 60Hz oscillation corresponding to the AC current varied slightly from 

50 - 5O.JmVp-p. 

Sensor 

The difference of 0.4mvp-p is because the oscillation amplitude depends slightly on the 

voltage level of the pulse and the DC current flowing through the sensor alters this level. 

This variation is also eliminated when the AC ratio technique is applied. 

DC Current 

[A1 
0 

60 
100 
0 

60 
100 

AC = IOOA; DC = OA 

AC Current 

0 
0 
0 

100 
100 
100 

Pho todiode/Amplifier 
AC Amplitude 

mvp-p 
8 
8 
8 
50 

50.3 
50.3 

Ratio 
DC level 

v 
1.6080 
1.6180 
1.6280 
1.6079 
1.6182 
1.628 1 

AC 

0.005 
0.005 
0.005 
0.03 1 
0.03 1 
0.03 1 

DC 

I 

1.0025 
1.0087 
1.0150 
1.0024 
1 .OOS9 , 

1.0150 



With a fixed lOOArms AC a ratio of 0.03 1 is obtained for the entire DC sweep. The 

values for Eqs. 6.6.7 and 6.6.8 were taken from Table 6.7. 

Fig. 6.18 not only shows the DC results when the AC current is set at 100Arms and DC is 

varying, i t  also shows the results when the AC current is set at OA and DC is varying. 

This means the results for both these experiments are identical. The DC ratio values do 

not change, and even more they stay constant regardless of the AC amperage applied to 

the sensor. When no AC current is flowing the AC Ratio remains at 0.005 for the entire 

DC sweep. 

6.6.5 Current Calculations 

In order to determine the current flowing through the sensor an equation is required that, 

given the value of the ratio calculated it can compute the value of the current in Amperes. 

It must be remembered that the measurand is the current, thus it is always unknown. 

Until now the value of the current flowing through the sensor has been known in order to 

analyze the behavior of the system response to current. This behavior is plotted in Figs 

6.10 4 . 1 8  where the linear nature can be seen. 



Fig.6.18 ACandDCsimz~ifaneolrs through SensorII.ACsetnt 100.lrmsnndDC 

vo ping 2 0- 1 00rl 

Using the slope of  the graphs is a very simple way of calculating the current and although 

non-of the responses are perfectly linear they can be approximated to an ideal line. 

Taking Fig. 6.15 and making an ideal linear approximation then the slope of the ideal line 

is given by: 

Y 7  - PI ACrario [,, ,, - 0 
m - - - - - 

ideal 
"2 - "1 

100 A -0'4 

Eq. 6.6.9 

From the experimental readings there are 5 points on the graph, thus 4 slopes can be 

obtained 



Points Slope "rn " 

0-40A 0.00022 I 

40-60A 0.0003 10 

60-80A 0.000309 

80- 100A 0.000309 

m,,,, 0.00029 

The slope benveen the first two points can be disregarded since the noise level prevents 

an accurate reading thus, 

"' ' 1  rirrrugu = m = 0.000309 Eq. 6.6.10 

This is a valid assumption since there are enough points on the graph to compute an 

accurate slope value, and there is also the fact that at the lower current values the signal is 

buried more and more in the noise. An error rate has already been calculated and this 

value can be included in the current calculation when a statistically corrected equation is 

devised for the current calculation. This thesis will not touch on any stat istical corrections 

for the measurements. To obtain a current value a linear equation is used of the form, 

v =  OLX Eq. 6.6.1 1 

Where s is the Current 'T' in Amps. m is the average slope of the response and v is the 

Ratio Calculated 

Ratio :. I = 
m 

Eq. 6.6.12 

Using the Ratio values from Fig.6. 15, 



Table 6.8 ACCurrent Cn1cuia~ion.s rising Slope 

100 

It can be seen that the current calculated matches the real one flowing through the sensor 

m 

0.0003 1 
0.0003 1 
0.0003 1 
0.00031 

with only a minor error and this from using a very simple formula. 

The percentage error shown is given by: 

Ratio 

0.0 122 
0.0 184 
0.0245 
0.0306 

Eq. 6.6.13 

For these calculations the values of the current on the 'I' axis are RMS values, that is 

why current calculations are given in RMS values. In order to obtain Peak Current values, 

the values on the graph would have to be altered by a d2 factor on the 'x' axis. This 

means the value of the slope rn will be different. When using this new rn in Eq.6.6.12 the 

peak value of the current would be calculated. 

Calculated Current 
I 

[Arms] 
39.35 
59.35 
79.03 
98.7 1 

The Faraday rotation taking place in the sensor oscillates due to the plus and minus 

values of the magnetic field generated by the peak values of the current. 

6.6.5.1 AC Experimental Example 

Real Current 
Flowing Through sensor 

[Armsl 
39.56 
60.0 1 
79.4 
99 

For this example the 7xMF on Sensor I1 set up is taken into consideration. A random AC 

current "I" is run through the sensor produced by turning on a number of switches on the 

%error 

0.32% 
1.09% 
0.46% 
0.29% 

4 
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resistor banks that draw current From the source. A value for this current will be 

determined using the AC Ratio technique. 

For this experiment ZCL was set to 1.605V and the characteristic slope rn=O.00031 as per 

Fig.6.15. The noise level is 8mVpp and the ratio error is O.OO5.The output is a 60Hz sine 

wave riding on the dc level stated as ZCL and it has amplitude of 36.75mvp-p. 

Ratio Calculation: 

Eq. 6.6.14 

Ratio = 0 -0229 

The current is obtained by using the characteristic slope m of the sensor: 

Ratio I = - =  0.0229 

nr 0.0003 I Eq. 6.6. l 5 

This last value calculated is that of the Current Flowing through the Sensor as calculated 

by the FOCSNET. To verify this answer we go back to the AC load banks by which the 

current is drawn. Using a 200A-100mV calibrated shunt as a reference. The shunt is 

placed in series between the power source and the resistor banks. The voltage across the 

shunt is measured by a precision voltmeter and it is proportional to the current flowing 

through the conductor by a factor oE 



This voltage across the shunt for this experiment is: 

Vshrinr = 0.03760 V 
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Eq. 6.6.16 

Eq. 6.6.17 

Eq. 6.6.18 

It can therefore be concluded that the current determined calculations done by the 

FOCSNET system matches that of the actual measured current within a small percentage 

error, 

Eq. 6.6.19 

6.6.5.2 DC Experimental Example 

DC current is calculated using the characteristic slope of the in the same fashion as with 

AC current. In this case Fig. 6.1 8 will be used to calculate the slope. 

Ideally the slope would be, 



The slopes obtained from the readings for the graph are as follows, 

Points Slope "m" 

0-40A 0.000 145 

40-60A 0.000 155 

60-50A 0.000 155 

80- 100A 0.000 159 

Once more using Eq.6.6. I2 the ratio values from Fig. 6.18 are shown in Table 6.9, 

Table 6.9 DC Ctrrrenr calculations using slope 

m 

0.000 154 
0.000 154 
0.000154 
0.000 154 

For this example a random DC current will flow through the sensor. 

For this experiment ZCL was set to 1.605V and the characteristic m=0.000153 as per 

Fig.6.18. The noise level is 8mVpp and the Ratio error is 0.005. The output level for this 

random current is 1.62 15v. 

Ratio 

0.0058 
0.0087 
0.01 18 
0.0 15 

Calculated Current 
I 

[Armsl 
3 7.79 
56.68 
76.8 7 
97.72 

Real Current 
Flowing Through sensor 

[Arms1 
35.6 
58.3 
77.6 
98.9 

%error 

2.1 1% 
2.78% 
0.94% 
1.19% 



Ratio calculation: 

DCievel 1.62 1 5v - -- 
ZCL 1.605~ 

Ratio = 1.01028 

Current Calculation: 

Ratio 0.0 1028 I=-- - 

Eq. 6.6.2 1 

Eq. 6.6.22 

This is the value of Current Flowing though the sensor as calculated by the FOCSNET. 

To verify this calculation the flow of current is measured using a 200A-100mv shunt 

placed in the circuit as discussed before. The voltage across the Shunt in this experiment 

is, 

The percentage error is: 

Eq. 6.6.23 

Eq. 6.6.24 

Eq. 6.6.25 



VII. CURRENT TRACES AND TRANSIENTS 

7.1 OVERVIEW 

This chapter focuses on the ability of the receiver to trace specific sections of the line 

current. The optical sample information stored on the receivers RAM is transmitted to the 

PC where a file is built and this file is traced using software with plotting capabilities. 

To compare the graphs generated by the PC with what the actual iine current looks like, 

oscilloscope traces are presented where the line-current is detected using a Hall Effect 

probe. The Hall effect occurs in a ribbon of metal placed under crossed electric and 

magnetic fields. As a result of the crossed fields, a current directed along the length of the 

ribbon is induced by a perpendicular potential difference [39]. The Hall effect probe 

enables an oscilloscopr to trace current signals as opposed to voltage signals. The size of 

the probe head is proportional to the level of current i t  can handle before reaching 

saturation. 

Since the Hall effect range of operation is proportional to the size of the metal ribbon it  

uses, then to measure the magnitudes of current that Faraday sensors can handle (e.g. 

1000Ams) it would take a very large very and costly Hall effect device. The Hall effect 

probe used in this project can handle currents of up to 5OArms. 

Transient conditions on line-currents are also discussed in this chapter. The experiments 

done are with a capacitive transient on an AC current signal. Hall effect traces are also 

shown to compare with the computer traces. 

7.2 LINE CURRENT TRACES 

In order to trace the line-current a file is generated by the computer from the optical 

sample information stored in the RAM. If the stream of samples stored in the RAM were 
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plotted as they are, the result would be a current signal trace with a lot of high fiequency 

noise. To eliminate this noise Low Pass Filters (LPF) are designed into the receiver and 

computers' software. The LPF's are based on running averages of the data stored in the 

RAM and the graphing software does hrther filtering. 

h this thesis the plots are generated from selected sections of the information stored in 

the RAM. 

7.2.1 AC TRACES 

The FOCSNET system is set up to sample a 60Hz AC line-current signal 666 times orr - 1 - 

cycle and the trace of a I OOArms AC signal is shown in Fig. 7.1. This particular @re is 

a trace of current flowing through Sensor I. 

Fig. 7.1 Plotofa 100AmlrAC 
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It can be seen that the amount of sample points per cycle along with the LPF techniques 

generate a reliable trace of the current flowing through the sensor. 

In Fig.7.2 two traces are presented. The first one is a 60Arms signal flowing though 

Sensor I1 the second trace is an 85Arms signal through Sensor I. These two currents are 

flowing simultaneously through the sensors. 

Fig. 7.2 8jArms on Sensor (&  

60.4rrns on Sensor II 

The two signals in Fig. 7.2 are not in phase since the sections of each one were chosen 

this way so there would be no over lap of the signals, and both could be fully appreciated. 

7.2.2 DC Traces 

As with the AC current the FOCSNET samples a DC signal 666 times every 16.66ms. 

Fig. 7.3 presents two traces for Sensor U. One trace represents the Zero Current Level 
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(ZCL) of the system, which is basically how the system responds when there is no current 

and the second trace is of 100 A DC line-current. 

ZCL (OA DC) and l OOA DC 

120 [ 1 

Fig. 7.3 DC Current on Sensor II 

The traces on Fig 7.3 were generated from two separate experimental runs and are shown 

together on this figure. 

7.2.3 Simultaneous AC & DC 

One of the major features of the FOCSNET is its ability to measure AC and DC currents 

flowing through a single sensor in the system. This feature can also be plotted as seen on 

Fig. 7.4 which shows AC and DC currents flowing through Sensor n. For this experiment 

the sensor has two conductor windings, one for the DC current and the second one for the 

AC and this is described fully in section 6.5.5. 



AC & DC through a Smgle Sensor 

Fig. 7.4 110Ap & &OOADC/rrppe,.l. 110.4pdt 0.4 D C h c e j . ) .  

Two separate experiments are shown in Fig. 7.4. it is important to note that for this figure 

the values of the AC current are presented as peak values and not as RLMS values. The 

tirst one shows 1 IOAp AC current flowing when there is no DC current present and for 

the second one, IOOA DC was added. It can be seen that both AC traces have the same 

peak-to-peak amplitude regardless of the presence of DC current. In Fig 7.4 the DC 

current value is shown as a DC offset of the AC current. This is so both DC and AC can 

be plotted on the same graph. 

7.3 TRANSIENTS 

The time-varying line-voltages and currents resulting from the sudden application of 

sources, possibly due to switching, are called transients [40]. 
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The transient experiments were done using a capacitive load on the line current since a 

capacitor produces a short, high level, high frequency transient spike. The equation for a 

capacitor is as follows [40]. 

Eq. 7.3.1 

The second term is called the transient response, which eventually decays to negligible 

values. The fist term is the steady-state response, which persists after the transient has 

decayed [40]. The current is related using the following equation. 

dVc(r ) 
k ( t )  = C- Eq. 7.3.2 

f i r  

The experimental results for this project were based on a capacitive load inserted into the 

current transmission line as shown in the following schematic. 

I - Fanday Sensor 

Fig. 7.5 Capacitive load schematic 

The time constant (r  = RC) for this circuit is 5ms. 



7.3.1 Hall Effect Traces 

To record exactly what happens to the current during a transient state several tests were 

done using a Hall Effect probe. Figs.7.6 and 7.7 show traces resulting from these tests. 

Fig. 7.6 Ha N Efect tmce oj'a Capacitive transient on line current. 

Time scale is set at jms/div 

Fig. 7.7 Xa N Esect tmcc of a Capacitive tmmient on fine crrrrenr. 

Time scale is set at 2ms/div 
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The tests using the Hall Effect probe were done under identical conditions. The 

capacitive load remained constant and the current was switched on from an initial 

condition of O h s  to a value of l O A r m s  . The following was concluded from these tests. 

Transient response is never the same from experiment to experiment, but several 

similarities exist. An over shoot followed by a decaying ringing characterizes a 

capacitive transient. 

In all instances there is a main overshoot and this "Spike" is on average 4.5 times 

larger that the line-current's peak value. 

The main spike typically lasts for an average of 345~s .  

Secondary spikes are not necessarily present. 

The transient response exists for an average of Urns and after this period of time the 

signal settles as a steady AC signal. 

7.3.2 FOCSNET Transient Traces 

The main purpose of using the Hall Effect probe was to obtain a reasonable idea of what 

a current waveform looked like under transient conditions. The FOCSNET is expected to 

perform in a similar fashion to the Hall Effect probe in terms of tracing transient 

conditions on line current. 

The FOCSNET is a sampled system and this means that the line current is sampled by the 

optical pulses generated by the Laser. It has, as mentioned in previous chapters, a sample 

frequency of 40Wz. At this sample rate any condition on the line current smaller that 

25ps will not be detected. 

Based on the Hall Effect results the FOCSNET will have no problem in tracing the 

transients induced in the line current by the capacitive load. Test results show that a 

transient of this kind is noticeable for at least 2ms and the FOCSNET generates 80 
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sample points for a 2ms time period. With this amount of sampled information a reliable 

plot can be traced. As it was determined that the main transient spikes last for 

approximately 3 5 0 ~ s  thus 14-sample points will illustrate this spike. Due to laboratory 

equipment limitations and the spontaneous n2ture of current transients it was impossible 

to record the same event with both the Hall Effect probe and the FOCSNET 

simultaneously. 

Figs. 7.5, 7.9 and 7.10 are traces of transients captured by the FOCSNET. These three 

figures show the resulting transient where the transmission line-current is suddenly 

switched on a with a capacitve load. 

Fig. 7.8 Fig. 7.9 Fig. 7.10 

AC Signal 7 Ams 4 Arms 9 Arms 

Transient Response 3.40ms 1,3111s 2ms 

lMain Spike Duration 50Ops 3lOps 4 1 Ops 

Main Spike Amplitude 65 Apeak 3 I Apcak 63 Apeak 

Table 7.1 Figs. (7.8- 7.10) C~~n~acrerisrics 

Current Transient 

- . . - - - - . . . . -. - - - - - - - . -- - . . - - - -- . - -  

Fig 7.8 Capacitive Tmnsient. FOCSNET Trace I 



Current Transient 

Fig. 7.9 Capacitive Transient. FOCSIVE T TL*ace II 

Currrent Transient 

Fig 7.1 0. Capacitive Transient. FOCSNET Trace III 
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VIII. CONCLUSIONS AM) FUTURE WORK 

In this work a proof of concept time division multiplexing based fiber optic current 

sensor nehvork has been implemented and several of its applications have been studied 

and tested. The receiver designed for this project is capable of measuring AC and DC 

currents. Techniques put fonh in this thesis allow the receiver to measure currents 

accurately, eliminating external disturbances produced mainly by light source intensity 

variations. The system developed is also capable of tracing specific segments of the 

measured line-current and it can also successfully capture transient events on the current. 

The polarization properties of light and the principles of the optical current sensor based 

on the Faraday magneto-optic effect are analyzed theoretically. The operation of the 

fiber optic current sensor and a network of such devices having a single transmitter- 

detector scheme are discussed in detail. 

The optical components and their interconnections that make up the TDM based Star 

topology of the network are detailed. Bring an all-fiber system without intermediate 

amplification makes it  a passive network. The components that make it up are: Laser. 

single mode star couplers, single mode fiber, polarization controllers, polarized fiber and 

annealed sensing fiber coil. 

The receiver's design and implementation which consists of many different inter-linked 

subsystems is described. The photodetector/amplifier converts the optical signal to an 

electric signal and then amplifies it and feeds it to a differential amplifier so that only the 

part of the signal containing the change in intensity is amplified and digitized by the 

ADC. 

The FPGA is the brain of the receiver, along with the DSP, processes the signal and 

based on the ratio techniques developed, it sends to the PC information relating to the DC 

and AC levels of each sensor. The C++ software loaded on the PC allows this 
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information to be translated into a current reading. Since the PC is capable of tracing 

specific sections of the line-current then this allows the possibility of tracing transient 

conditions on the line-current. 

Finally, the experiments on current sensing were successfully conducted. First S. 

Goyal's DC experiments were repeated and his conclusions on the linearity of the system 

were proven. In this thesis it is shown that AC current can be detected by the networked 

system and that the response of the system under AC conditions is also linear. 

One of the main issues touched upon is the dependency that line current measurements 

have on light source variations. To eliminate this dependency two ratio techniques are put 

fonh and subsequently, by means of experimental tests, are proven to be a reliable 

approach to measure current. It is concluded that the FOCSNET can measure AC and DC 

currents accurately and virtually regardless of variations in the light source intensity 

One of the most innovative developments in this study is the capability of the system to 

measure AC and DC current while they flow simultanrously through the one sensor. 

Ratio techniques apply here as well for accurate measuring 

The final tests done on the system show the ability of the FOCSNET to trace seagents of 

the line current being measured, and not only this but it has the capability to capture 

transient states on the line current and plot them. 

As a proof of concept the tests done on the FOCSNET exceeded all expectations. 

Future work will involve improving the ability of the light source to transmit much 

narrower pulses with a minimum of distortion since for large networks the difference in 

distance to any two sensors may be only a few meters. 
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A number of changes can be made in the FPGA, DSP and C++ software. The present 

system is designed for only two sensors but it can be scaled easily. The system is 

designed for the proof of concept of this thesis thus several more applications can be built 

in for more reliable measuring, such as statistical error compensation. 

There is a possibility for the receiver not to include both the FPGA and DSP but only one 

of them. This would involve very skilled digital programming of either component. 

Work must be done in order for the system to be able to plot real time traces of the line 

current flowing through the sensors. This would involve implementing a graphic interface 

within the C++ software. 

The capabilities of the FOCSNET are such that it  may be used for metering, as a 

protection system due to its ability to capture transient spikes, or to simply study the long 

term behavior of the line current signal. 
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