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ABSTRACT

The optical frequency domain technique has been used 

in the analysis of discrete and distributed reflections in an 

optical fiber. Reflections are studied in three different 

cases: Discrete reflections only, distributed reflections 

only, and combination of discrete and distributed reflections. 

The signal to noise ratio (SNR) for the frequency domain 

technique has been calculated. A comparative study with the 

time domain technique has shown an improvement of SNR by an 

average of 10 g 3 whan frequency domain technique is being 

used. When discrete and distributed reflections are com­

bined, frequency domain method will be more efficient for 

detecting discrete reflections. The time domain technique, 

however, will be a better choice for characterizing the 

fiber scattering loss and other distributed reflections.

Ratio of distributed reflections to the discrete reflections 

power has been calculated in order to determine the effect 

of some fiber parameters such as length, backscattering 

factor S, and scattering loss coefficient on the reflec­

tions .
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OPTICAL FREQUENCY DOMAIN REFLECTOMETRY 

CHAPTER I 

INTRODUCTION

Fiber optics is generally regarded as a communications 

technology for transmitting digital and analog signals. In 

all fiber optic communication systems there is a need to ex­

amine the transmission medium, after it is installed, for

fiber in a field environment. Optical reflectometry is an 

effective technique for examination of optical fiber links. 

When light passes through an optical fiber , it will be 

reflected back by two mechanisms: Fresnel reflection that 

occurs as light passes into a medium having a different index 

of refraction, and Rayleigh scattering which is caused by 

microscopic variations in the core refractive index. The 

echos from the front face, splices, or perfect breaks(Fresnel 

reflections) in a fiber are much higher than Rayleigh reflec­

tions. In general there are two methods of optical reflec- 

tometries: Optical Time Domain Reflectometry(OTDR) (P1,K1,R1, 

A1,P2,K2) and Optical Frequency Domain Reflectometry (OFDR) 

(M1,K1)
1



1.1 OTDR
In essence, an OTDR is a one dimensional, olosed- 

circuit, optical radar. It operates by periodically launch­

ing short duration laser pulses into one end of the fiber 

under test and monitoring the amplitude and temporal charac­

teristics of the reflected light. Fresnel reflections will 

appear as a sharp spike in the backsoattered signal with a 

delay, which is in accordance with the reflector location. 

Rayleigh scattering, which results from distributed reflec­

tions, causes a continuous reflected signal of very low 

amplitude. It is well known that the baokscattered power

scattering coefficient for fibers with uniform structure 

along the fiber axis. In general, however, the backsoattered 

power does not decay exponentially for fibers with structural 

parameter fluctuations along the fiber axis. OTDR can, 

therefore, be used for the attenuation characteristic meas­

urements of optical fibers and splices and for fault location.

1.2 OFDR

The OFDR in this research requires a CVJ optical carrier 

which is intensity modulated by a constant amplitude rf sig­

nal. A phase and amplitude variation will be introduced to 

the envelope of the echos, which corresponds with the reflec­

tor distance from the transmitter side, Rayleigh scattering 

loss, core index of refraction, and rf frequency. By changing 

the rf and observing the phase and amplitude of the reflected



signal's envelope, properties of the fiber can be studied.
The sweep technique (M1,K1) can also be used in OFDR. In this 

method the returned signals are multiplied with the modulation 

signal to produce a correlation signal in the frequency 

domain, which is then observed by means of a spectrum ana­

lyzer. The noise power of optical receivers is proportional 

to the receiver bandwidth. In frequency domain reflectomet­

ry, the receiver bandwidth is directly proportional to the 

resolvable distance. Thus the frequency domain SNR improves 

by comparison with the time domain SNR as the resolution is 

made finer. Because unlike the frequency domain, in time 

domain reflectometry the receiver bandwidth is inversely

1.3 Furcose of the Research

The main purpose of this research is focused on the 

analysis and detection of discrete (Fresnel) and distributed 

(Rayleigh) reflections in fiber optics using frequency domain 

technique. The reflected signals are analyzed in three dif­

ferent categories:

(1) The ratio of relative signal strength of Fresnel 

reflections is much higher than Rayleigh reflec­

tions. The particular application of this case is 

for detection of faults and measuring uniformity 

and the insertion loss of splices and connectors.

In practice however, faults or breaks are unlikely 

to produce an ideal cleave, and the Fresnel reflec-



tion power will generally fall short of its maximum.

(2) The ratio of the relative signal strength of Ray­

leigh reflections is much higher than Fresnel re­

flections. These reflections can be obtained by 

using a long fiber and immersing the fiber end in 

index-matching fluid. These types of reflections 

can provide information about fiber attenuation.

(3) The ratio of the relative signal strength of 

Fresnel reflections is almost equal to Rayleigh 

reflections. The situation for this ease can be 

exemplified by cutting the fiber end in an angle, 

using a long fiber, or bending the fiber. These 

reflections can be used to determine the microbend 

reflections or detection of faults at distances 

exceeding 30 dB (01) round trip loss.

The organisation of this thesis is as follows: In

chapter 2 , history of optical reflectometry in general, and 

optical frequency domain reflectometry for our purpose in 

particular, are discussed.

Theoretical analysis of discrete and distributed 

reflections are shown in chapter 3. The reflected signals 

are analyzed for three different cases: (1) discrete reflec­

tions only, (2 ) distributed reflections only, (3) combination 

of discrete and distributed reflections.

Chapter 4. illustrates the calculated results. The 

chapter contiues with SMR calculation for OFDR. Also in 

this chapter, a comparative study with time domain technique



is presented, and advantages/disadvantages of frequency 

domain technique are discussed.

Chapter 5 explains the different aspects of the OFDR 

on the basis of the results of the chapter Subjects which 

are discussed in this chapter are: frequency effects on the 

returned signals and dependency of distributed discrete re­

flection ratio to the fiber parameters.

Chapter 6 illustrates the technique and measuring 

apparatus used for the experimental part of this thesis. A 

brief description of each unit in the experimental setup is 

given. The function of each unit in the experimental setup 

is tested and discussed sepai-ately.

Charter 7 is the conclusion.



CHAPTER II 

REVIEW OF LITERATURE

Because optical communication systems have grown in 

recent years, much attention has been devoted to the inves­

tigation and study of reflections and backscatter in optical 

fibers. Different techniques of reflectometry have been 

developed.

when Person!ck (r'i) analysed the baokscattered in a multimode 

fiber. His analysis was based on geometrical optics. He 

used a C-aAs injection laser to produced pulses of light 

having a high peak power and a narrow width (5 ns in dura­

tion) and had incorporated an avalanche photodiode (APD) 

receiver. The instrument was capable of detecting echos 

from breaks or imperfections that were 65 dB below the 4- 

percent echo from a perfect break. The distance resolution 

was 0.5 m. He has shown that the backscattering signal power 

present at the beginning of the fiber is given by

P(t)=EoSci^(“ ) exp(-2a(|^)) (2-1)

where

P(t) is the received baokscattered newer as a function



of time,

Eo is the transmitted pulse energy,

S is the portion of the scattered light guided back 

towards the transmitter,

Kg is the scattering loss (nepers per meter), 

c is the speed of light,

n is the core’s index of refraction, and 

a is the fiber attenuation (neper per meter).

Therefore, the baokscattered Rayleigh scattering could be 

used to estimate the loss as a function of position along 

the fiber.

Aoyama and Kakagawa (A1) nave developed a theoretical

tometer in a single-mode fiber. Their investigation has 

been focused on fault location and application of OTDR to 

loss measurement of a single-mode fiber. They have calcu­

lated the backscattered power with Gaussian beam approxima­

tion. The SNR has been calculated at 0.85, 1.3, and 1.55 urn. 

The 1.3 pm optical source wavelength has been the most suit­

able of three wavelengths. They used a polarization splitter 

type directional coupler with their 1.3 pm InGaAsP laser 

and ADP, and detected a fiber break at the end of 17 km of 

fiber. This polar!zation-sensitive device caused problems 

with loss measurements, but provided good isolation from the 

input Fresnel reflection. The subsequent use of a polarisa­

tion scrambler allowed splice and attenuation measurements 

out to 7 km while detecting a break at 17 km.



Heckman (Hi) used fibers which were single-mode at 0.82 

um with a conventional CW laser diode operating in the pulsed 

mode at 0.82 pm. The dynamic range was 12 dB of one-way loss, 

and attenuation and splice loss measurements were made over 

5 km of fiber.

Philen and White (P2) used an Nd:YAG laser which was 

operating at 1.061 or 1.319 pm as a source. The laser was 

Q-switched by the use of an acoustooptic modulator operating 

at 500 Hz to provide pulses of 0.7 us duration at I.O64. pm, 

and 1.7 ps at 1.319 pm. Seven reels of different single­

mode fibers were spliced together to give a length of 20.4- km 

with additional fibers spliced to generate a 28.5 km length.

splices was 22 dE, which was an average loss 01 1.05 dc/;.:.!.

For 28.5 km, the one-way loss 31.3 dB which resulted in an 

average of 1.1 dB/km. They also considered the power re­

quired to generate nonlinear frequency components such as 

stimulated Raman scattering, which is known as the critical 

power. They measured the critical power for the onset of 

nonlinear effects for each wavelength and found it to be /./ \i 

at 1.064. pm and 3.6 W at 1.319 pm. Their calculations for 

critical power showed 4.3 and 3.0 W for I.O64 and 1.319 pm, 

respectively.

Murakami and Noguchi (M2) have used the stimulated 

Raman scattering effect to calculate the maximum measurable 

distance for a single-mode optical fiber fault locator.

Their calculations were carried out on the assumotion that



the light source be a Q-switched NdrYAG laser operating at

1.06 pa and the photodiode be a germanium avalanche photo­

diode. Fiber loss was considered to be the sum of ultra­

violet absorption loss, infrared absorption loss, Rayleigh 

scattering loss, waveguide imperfection loss, and OH absorp­

tion loss. As a result, they obtained the following conclu­

sions :

(1) There is an optimum value in the fiber input opti­

cal power where, if the fiber is exited with this 

optimum power, a fault can be located up to 165 km 

away in an ultra-low loss fiber.

(2) Optimum input power varies with fiber loss and 

decreases as the loss becomes higher.

To increase the dynamic range of a conventional back- 

scattering technique in which a beam splitter and polarizer- 

analyzer combination are utilized, Nakazawa and Tanifuji 

(N1) have developed a new backscattering technique in a 

single-node optical fiber by using a TeO acoustooptical 

light deflector at 120 MHz. A conventional system inevitably 

suffers from a sacrifice of the backscattered power level 

by 9 dB due to the beam splitter (a roundtrip: 6 dB) and 

the analyzer (3 dB) because the backscattered signal is 

polarized. The new technique adopts an acoustooptical light

deilecuor instead of tne beam splitter and the nolarizer- 

analyzer combination. Therefore, Nakazawa and Tanifuji
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could increase the dynamic range of the backscattered signal 

by at least 10 dB, which corresponds to the extension of 

5 km in measurable length for fiber loss of 1 d E/km.

Shibata and Tatsda (SI) have used the backscattering 

technique for measurements of waveguide structure fluctuation 

in multimode optical fibers. They have found z-dependent 

(2 is the coordinate along the fiber axis) backscatter 

coefficient as a function of fiber structural parameters 

which are: the relative index difference between core and 

cladding, the core radius, and the exponent of the power law. 

They have calculated that the error in the structural param­

eter fluctuation measurement by their technique was far less

The longitudsnal variation of fiber's characteristic 

parameters has been also investigated by Mickelson and Erick- 

surd (M3). One result of their theory is a technique for 

separating loss and parameter fluctuations. They have imple­

mented and applied this mode-filtering technique to the 

problem of determining the diameter variation along the fiber 

length. More experimental work is necessary before this 

technique can be used to determine arbitrary parameter 

fluctuations such as Rayleigh scattering coefficient, profile 

parameter, and numerical aperture variation with certainty.

All backscattering techniques mentioned above make use 

of the information contained in the intensity of the reflec­

ted light. However, there are many external influences 

(magneticfield, electric field, pressure, temperature, etc.)
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which act to change the polarization state of the light 

propagating in the optical fiber. This change of polariza­

tion state makes the use of optical fibers as sensors possi­

ble. In a multimode step-index or graded-index fiber each 

individual transverse mode will possess an independent 

polarisation state, thus leading to an output transverse 

polarisation profile which will be complex and difficult to 

use unless the number of allowable modes is very small. How­

ever, in a step-index single-mode fiber the radiation prop­

agates in a single well-defined polarization state; any 

perturbation of this state brought about by an external

of external fields along a single-mode fiber have been 

developed (K2,S2,U1,S3,LI). Roger (R1 ) combined these tech­

niques with those of OTDR and investigated a new technique 

which allowed determination of field distribution along the 

length of a single-mode fiber. This new technique is desig­

nated as Polarisation Optical Time Domain Reflectometry 

(POTDR). When a narrow pulse of light is launched into a 

single-mode fiber, it is continuously Rayleigh scattered as 

it propagates along the fiber. In POTDR, the backscattered 

light contains polarisation information which can be proc­

essed to determine the distribution, along the length of the 

fiber, of a variety of external influences. Some practical 

applications of POTDR are as follows:
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(1) Sources of electromagnetic interference (EMI) in 

an electrical system can be identified by laying 

an optical fiber adjacent to the vulnerable elec­

trical conductors of such a system, and using POTDR 

to measure either the electric or magnetic field 

distribution.

(2) Faults on extended power transmission or comm­

unication systems are very often accompanied by 
an anomaly in the electric and/or magnetic field 

distribution. Such faults could be located using 

POTDR.

(3) Vibrational modes in large structures such as

containers are indicative of certain conditions. 

These vibrations may be monitored by means of 

POTDR.

(l) It is possible to use the transverse quaratic

electrooptic effect (Kerr effect) in conjunction 

with POTDR for measurement of voltage on power 

transmission systems.

(5) In some large structures it is very often

desirable to monitor the temperature distribution. 

The POTDR technique would allow such temperature 

distributions to be monitored.

Neil Ross (R2) has investigated the birefringence 

measurement in optical fibers by POTDR. He has analyzed the 

technioue of POTDR to see how the oolarization properties of
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an optical fiber may be deduced from the backscattered light.

In this analysis, he has made the following assumptions:

(1) The effect on the polarization of light traveling 

along the fiber may be described as a system of 

linear retarders and rotators.

(2) When the light is scattered at some point in the 

fiber and is trapped in the mode traveling back 

toward the source, the scattering process does not 

alter the amplitude and phase relationship 

between the two orthogonal components of the ele­

ctric field vector of the polarised component

0 f the light.

reverse directions, the linear birefrignece is the 

same but the direction of rotation of any 

rotators is reversed.

Neil Ross has also used the Mueller calculus (G2) in 

order to measure the birefringence from the Stokes parame­

ters.

Reflectometry in the time domain has been extensively 

investigated as a method of detecting reflections and back- 

scattering in optical fibers. But, there are 

not many reports on optical frequency domain reflectometry.

Mac Donald (Hi) has shown that reflectometry in the frequency 

domain may have certain advantages for the detection of 

discrete reflections and SNR improvement. He has suggested 

that frequency domain measurements may thus aid in charac-
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terizing the reflecting properties of splices, connectors, 

couplers, mode converters, microbends, and similar discretely 

reflecting elements in optical fibers. A correlation reflec- 

tometer which is adapted to detecting weak discrete reflec­

tions and operating in frequency domain has been introduced 

by Mae Donald. He has reported the detection of weak end 

reflections in a 2.2 km length of fiber whose end was index 

matched. A round trip loss of 70 dB has been also obtained 

with a 1 mW optical source power.



CHAPTER III 

THEORY

This chapter illustrates a theoretical analysis of the 
OFDR used for this thesis. Calculations are carried out on 

the assumption that the light source is a He-Ne laser 

operating at 0.6332 urn and output pcwer of 10 ir.W. The 

photo-detecbor is a silicon PIN diode (Si-PIN). The inten-

can be varied from 0.35 to 50 XHz. Eaokscautered signals are 

studied for three cases: discrete reflections (Fresnel

reflections), distributed reflections (Rayleigh reflections), 

and discrete and distributed reflections together.

3.1 Detection of Discrete Reflections 

In this case of discrete reflections, light traveling 

along an optical fiber will be reflected from different 

points due to splices, connectors, breaks, microbends, etc.. 

Figure 3.1 shows a schematic diagram of an optical fiber with 
differrent reflectors along it. Next, consider a sinusoidally 

intensity modulated laser light incident on the fiber. The 

electrooptically modulated input power to the fiber can be

15
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where

3d as :

h h ^ ( t ) = E o ( l + m  coscot)

Eo is He-Ne laser output power, 

m is modulation index, and 

w is modulation frequency.

(3.1)

•V 9

°disc1 ^dis cl ^di sen

Figure 3.1: Schematic diagram of a fiber
ootic with discrete reflections

Since the envelope of the reflected signal is employed in 

the measurements, only the sideband terms are of interest. 

Therefore, the input optical power at frequency uj will be 

shown as:

(t)=Oo coswt

(3.2)
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The reflected light power output from the fiber front end 

can be designated as :

^disc ^discl'*'Pdisc2'*̂" ' ' ' ^^discn (3.3)

where o ,. . represents the reflected light power outputted- disci ^ o - -

fros the ith reflector, and it can be shown as:

Pdisc1=Ai cos(wt-8^) 

Pdisc2=A2 costut-eg)

Dove eouations A. and 9. can be represented as: 1 1

i-1
A , ^ p o ( l - T ^ ) ^ T f  

2nw& •
k=1

where

is power transmission coefficient of ith reflector,

is ith reflector distance from the fiber front end,

n is the core index of refraction, and

c is speed of light in free space.

By some mathematical manioulations, o .. can be converted• disc
to the form



1 s

Pdisc=^disc = (3.5)

vhere A,. and 9,. car. be represented as: dise dise

n n
Adisc=\// ( A. sine.):+ A. oose^): (3.5)

Z A. sin0.
®disc= Arctan   (3.6)

I A. cose.
i = 1  ̂ ^

Equations (3.5) and (3.6) show that the amplitude and phase 

of the reflected power for the discrete reflection case

of each reflector. Also, it is related to the frequency of 

modulation. For a given number of reflectors with their 

positions and reflectivities, and a given frequency, p,. 

can be represented as a phasor whose length corresponds to 

the magnitude A^^ and whose angle with respect to the 

positive real axis corresponds to as shown in figure

3.2a. Thus a set of values of p^^^^ for values of f (modu­

lation frequency) between 0 and oa yields a set of phasors 

whose tips are connected by a smooth curve, as shown in 

figure 3.2b. Therefore, for certain reflectors along a fiber,

a nhasor-locus can be developed for d ,. in the comolex-disc
plane by varying the modulation frequency. The graphical 

representation of the nhasor-locus depends on the reflector's
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characteristics.

1

)

-nasor-rocus ■CIO L

3.2 Detection of Distributed Reflections 

In the case of distributed reflections, light traveling 

along the fiber will be reflected continuosly due to scat­

tered reflections such as Rayleigh scattering. This type of 

scattering depends on the short range molecular ordering in 

the fiber medium. Continuous scattering can also be Rayleigh- 

Mie scattering, either from imperfections or from impurities 

within the medium. Suppose a sinusoidally intensity modu­

lated light, which has been described in section 3.1, is 

launched into the fiber shown in figure 3.3. A fraction of 

light power which enters the element which lies between I and 

t+dt along the fiber will be backscattered toward the launch 

end as a consequence of scattering and absorption processes.
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This fraction will be given by

2wtn
p(£)=ct^SPoexp(-2aJl) cos (wt-  ̂■-) (3.7)

where a, a^, and S are discussed in chapter 2.

4
^dist

)(%)

with distributed reflections

It has been shown that (V1,G1) +Ug recant 

factor S for a step-index multimode fiber is

3(MA):

and that for a graded-index multimode fiber is

(NA) 2

S  -----  (3.9)graded i r.z

where KA is the numerical aperture y n ^ - n ^  and n^ and n^ 

are refractive indexes of core and cladding respectively. 

Brinkmeyer (B1) also obtained a recaptured factor of the 

single-mode fiber, which is given by
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3 3/2 (NA)z
Ssinsle= — ---- :---   =- — ---- ^3.10)wo(u/c) (wo/a)^V^

where a is the core radius, V is the normalized frequency

given by kn^ a / 2 6 , W q is the spot size, w and c are the

angular frequency and speed of the light beam. For step-

index S . -, for variation of V values 1 . 5< V <2.1 is given single - - °
by

(NA) 2

"l -̂1

Comparing (3.11) with (3.9) shows that is not so

can be evaluated by integrating the fraction of the light 

power, reflected from an element that lies between Î, and 

l + dl, over the entire length of fibei-. Considering figure

3.3 and equation 3.7, the Rayleigh baokscattered power can 

be shown as

Pdist = Jo (3.12)

Pdigt can also be symbolized as a phasor whose length 

corresponds to A ^ . a n d  whose angle with respect to the positive 

real axis corresponds to 8.^ as shown in equation (3.13).



Pdist = ^dist (3.13)

where

A ist = /  4  + 4  (3.1^)

X.
Gdist = Arctan--- (3.15)

and
[•L 2nw&

X. = po Sa exD(-2aA) sin(-------- )d£ (3.16)
' •'0 = c

fL 2nw&
=1 Ü 0 Sa_ exc(-2aA) cos( )dC, (3.17)

- Jo " c

PoSa
^dist

1'"2
Y

A " + Y |  , (3.18)
t Kx /

®dist " Arctan —  (3.19)
^2

where

= exp(K^L) (K^ sin(K^L)-KgCos(KgL)] +K ,

Y, = exp(K^L) { cos(K,L)+K,sin(K^L)} - K ^ ,

= -2a, and Kg = (2nw/c)



3.3 Combination of Fresnel and Rayleigh Reflections 
In this situation Rayleigh reflections are not negli­

gible compared with Fresnel echos or vice versa. The total 

reflected light power can be viewed as summation of two 

parts: (1) reflected power because of Rayleigh scattering

designated by P-,. (2) Reflected power because of Fresnel

reflections designated by Pp. Therefore, the total reflected 

power can be indicated by P- and it can be formulated as

+ Pp (3.20)

3.3.1 !■ j'es.'-.el Reflect

(3.20) P-, itself can be expanded as

D J--D X ±T> ( ■} O-])"FI ' " F 2 ......... "Fn ^-'■-‘1

where P^^ specifies the light power reflected from ith 

reflector along the fiber. If the fiber's properties are 

assumed to be uniform P„. can be shown by

exp(-2ai.) cos(u)t-0p^} (3.22)

where
i-1

= Po(i-T, ) n T,! ,
k=1X ,

2nwi.
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&. is the distance of ith reflector from the transmitter side, 

and T̂. is the transmission coefficient of ith reflector.

Similar to what was shown in section 3.1 Pp can be 

converted to the form of

Pp = Ap cos(wt-6p) (3.23)

In ' ~n "
A^=/{I A_. exp(-2a& . ) sin6„.}’ + {i; A exn (-2ct2,. ) oose„.}^ (3.24) 
" \]i=^  ̂ i=1  ̂ '

n
Z exp(-2at.)sinG„;

____________________________________________________  ( 9 -

I A„. e x o v ; COSC-,.

3.3.2 Rayleigh Reflections Power (Pp)

If reflectivity of discrete reflectors is assumed to be 

small, so that the transmitted light power decays exponen­

tially along the fiber, resulting in the Rayleigh reflections 

power Pp, can be expressed the same as shown in section 3.2. 

Therefore, Pp will be shown as

Pp = Ap cos(wt-8p) (3.26)

where A- and 6-, are the same as A,, j. and 9.. j. resnectively, R R dist dist
revealed in section 3.2.



Now, the total reflected power Pm can be expressed as

= Ay cos( wt-Gy) (3.27)

where

Ay = y  [ApOos8p+A^cos0^)^ + (ApSin8ptA^sin8^)^ (3.28)

Am sin8m + A sin6„
= Arctan ^ ^ ----- 5_ (3.29)

Ap cos8p + Ap cos0p



CHAPTER IV 

CALCULATED RESULTS

This chapter illustrates the calculated results of 

the reflections. Characteristics of discrete, distributed, 

and combination of discrete and distributed reflections are 

shown. The chapter continues with SNR calculation for OFDR.

frequency domain are discussed.

1.1 Characteristics of Discrete Reflections

Figures 4-.1 through 1.6 show the phase, amplitude, and 

phasor-locus diagram of the reflected light power from a 
single-mode step-index fiber. For each figure there are 
different discrete reflectors along the fiber located at 

variety of positions from the transmitter side. The reflec­

tivity of each reflector is assumed to be 0.1. The Rayleigh 

reflections are supposed to be negligible compared with 

Fresnel reflections. Figure A.7 demonstrates the phase, 

amplitude, and phasor-locus diagram of the discrete reflec­

tions when the reflectivity of reflectors are not equal with

26
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each other. In this figure there are three reflectors located 

at 100 (with reflectivity of 0. 1 ), 200 (with reflectivity 

of .05). and 300 m (with reflectivity of .08) from the 

transmitter side. Figure 1.8 displays the phase, amplitude, 

and phasor-locus diagrams of discrete reflections when 

reflectors are not distributed uniformly.

The correspondence between phase and frequency is 

dependent upon the number of reflectors and their relative 

distances. The number of reflectors is shown by the number 

of peaks per cycle plus one on the phase graphs. The relative 

distances of each reflector corresponds with the frequency 

interval for each cvcle such as

where D is the relative distance between two consecutive 

reflectors, Af is the frequency interval for each cycle, n 

is the mean group index, and o is speed of light.

The reflectivity of each reflector can be approximated 

by maximum amplitude divided by the number of reflec­

tors. In figure 1.1 one reflector is indicated by no peak per 

cycle. The distance of the reflector can be obtained by

(3 X 10^)/(2 X 10^ X 1.18) = 100 m. In figures 1.2 and 1.3,
two and three reflectors with relative distances of 100 m are 

shown respectively.
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of the reflected signal 
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4-. 2 Characteristics of Distributed Reflections 

Figure 4.9 illustrates the phase, amplitude, and phasor 

form of the distributed reflections from a 500 m multimode 

fiber. The ratio of the relative signal strength of Rayleigh 

reflections is assumed to be much higher than Fresnel reflec­

tions. Fiber's properties are supposed to be uniform and 

parameters are as follows:

a = 2 X 10”  ̂ nepers/meter (~ 9 dB/km) 

a = (Rayleigh scattering only), and S = 5 x 10  ̂

(recaptured factor)

Due to small amplitude for higher frequencies, OFDR is

r. 0 unarac L,err s cics o : oo: 
Discrete and Distributed r

Figure 4-.10 shows the phase, amplitude, and phasor- 

locus diagram of the combination of Fresnel and Rayleigh 

reflections from a 500 m multimode fiber. Fiber's properties 

are assumed to be uniform and parameters are as follows: 

a = 2 X 10 ^ nepers/meter (— 9 dB/km), 

a = as
S = 5 X 10'^, and end reflectivity = 0.01.

We can see the distributed reflections are noticeable up to 

0.6 MHz. Above 0.6 MHz the end reflections are most 

noticeable.
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4.. 4 Randomly Distributed Reflections 

Disbributed reflections normally can be characterized 

as echos from randomly distributed reflectors along the fiber. 

In this case, for high values of scattering loss, phase and 

amplitude of echos will behave randomly at high frequencies.

The amplitude of reflections will not approach zero uniformly. 

Figures 4.11 through 4.13 show the characteristic of randomly 

distributed reflections from three 500 m fibers. It is 

assumed light backscatters randomly along the fiber 

and the average scattering loss is different for each fiber.

In fibers with low loss, amplitude and phase are changing 

periodically, and the frequency interval of each cycle depends 

upon the fiber length. For fibers with higher scattering loss, 

the periodic behavior of phase and amplitude approaches a 

random orocess.
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4.5 Signal to Noise Ratio (SRR) of the OFDR 
In order to estimate the St'R of the OFDR shown in figure 

4-.14, it is assumed that the incident and reflected waves 

are sinusoidally intensity modulated. The photocurrent 

generated by the reflected light is given by (Yl)

en
i (t) = —  P (l + m cos(o)t-0)) (4.1)
s hv r

where e is electron charge, n is quantum efficiency of pho­

todiode, h is Planck's constant (6.625 x 10” '̂̂  J-s), v is 

the frequncy of light beam, P^ is the mean value of the 

reflected optical power, and m is modulation index. The

value of the photo current. Therefore, the mean-square valu; 

of sinusoidal cuurrent consonant will be

i t  a .
s h v / 2

(4.2)

Bean SDlitter
pp ( 1 +m xcosuj t ) O p t i c a l  F i b e r

( 1+mxcos(wt-9) )

Pho tol 
diodel

Figure 4.14: Schematic diagram of an OFDR



It is postulated that there are two noise sources. The 

first one is shot noise associated with random generation of 

carriers. It has mean-square value of (Yl)

ïns=2eÎ4f (4.3)

where Î is the average current of photodiode. From equation

4.1, it is given by

T =  I
epP

(4 .4)
hv

mean-SQuare value of (Yl)

2 4kT Af
I .= --- =—  (4.5)

where is equivalent input noise temperature of the receiv­

er following the photodiode. is the receiver's input

resistance, k is Boltzmann's constant (1.33 x 10”^^ J/K).

The signal to noise ratio introduced to the receiver is thus

S 1 _ 2(ep/hv mP_)2
(4.6)

(2e::nP,./hv)Af + (4kT^/R )Afiitoiiu 1 S 11

The result of SNR calculation as a function of fiber length 

is shown in figure 4.15. The values of parameters used for



the calculation are as follows 

Fiber loss, a

Rayleigh scattering loss, ot 

Fiber's end reflectivity, R 

Quantum efficiency, n 

Load resistance,

Receiver bandwidth, Af

0.8 dE/km 

0.5 dB/km 

0.05 
605

100 SNR, dB

60

- 20-

-60-

-80

- 1 0 0 .

27211 8 211 59 123 o
Length, km

Figure 1.15: SNR of the reflected signal as a function
01 fiber length

The power required to generate nonlinear frequency com­

ponent such as Stimulated Raman Scattering (SRS) (Ml) is 

known as the critical power. This threshold power is calcu­

lated by Smith (Si)



4-0

16 A p*
?crlt = (4-7)

Leff S,

A r̂, is an effective core area given by (M4-)

A^ff = 2ttw^ (4.8)

w = a n (0.65+1.619/V^^^+2.879/V°)

a is the core radius and V is the normalized frequency, 

in (4.7) is an effective length given by (II)

(4. '

where aL is the total attenuation in nepers. For long 

length of fiber where material dispersion is sufficiently 

small, is approximately equal to 1/a. g is called the

Raman gain coefficient and it is given by (M4).

= 9.78 x 1 0 ^ ^ / X  m/W (4^^)

The critical power as a function of wavelength for a typical 
fiber used in this research is shown in figure (4.16).

4.6 Detection of Returned Signal in the Presence of Noise

Consider now the detection of reflected signal when it 

is contaminated by additive noise n(t). Since the receiver
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Firure 4*16: Critical pow®r as a function of 
wavelength for a typical single 
mode fiber

used in OFDR is a narrowband receiver, n(t) can be con­

sidered as a narrowband noise. According to equation (4.1) 

the sinusoidal photocurrent component plus a narrowband 

noise n(t) can be presented as

en
i(t) = —  mP oos(a)t+9) +n(t) 

hu ^

The aero-mean narrowband noise is expressible as

n(t) = x(t) coswt - y(t) sinut (4.1 2)
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where x(t) and y(t) have also zero-mean. n(t) can also be 

expressed as

n(t) = z(t) cos(u)t + e^) (4.13)

where z ( t ) = ( x^+y"”) ̂ and 0 =Arctan —
X

Physically we expect noise affects the amplitude and 

phase of the returned signal. If the res noise amplitude is 

much less than signal amplitude itself, the niose will have 

a small effective phase and amplitude deviation. con­

versely, if the noise is large, signal suppression must be 

exuected.

.(t) = —  mp̂ _ cos(o)tT0) T s(t) cos(wt + 6 ) (4.14)
hv

After a little manipulation, i(t) can be written in the form 

i(t) = r(t) aos(ut+ii( t)} (4.15)

where

r(t)= y  (IgSlnG+zsinG^)^+(IcosG+zcos8)^ (4.16)

I sinS +z sinB
b( t) =Arctan — §---------------S- (4.17)

I COS0 +z sin6 s n
e n

I = —  mP 
s hv r
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The detected amplitude and phase are equal to r(t) and p(t) 

shown in equations (4.I6 ) and (4.17) respectively. But in 

view of the complexity of r(t) and p(t), as written above, 

useful expressions for the output call for some simplifying 

approximations. Therefore, it can be assumed the signal is 

either very large or very small compared to the noise, such 

that I >>z or I <<z most of the time. These are equivalentS 3
to (S/h')>>1 or (S/N)<<1. The phasor constructions of figure 

4.17, where the phase angle wt common to both i(t) and n(t) 

has been taken as the reference, lead to the approximations

7 = A + —  sinf and r ( t ) = {I “ + a ’ sin" 0} ' for (S/i'i)>>1 (1.1 B)
T °

7 =0 - —  sino and r(t) = {I^ sin^oes"}"f 0 r (S /h )<<1 (1.1 9)

where 0=8 -G

Figure 1.17: Phasor diagram for reflected signal
in the ores ence of noise
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A careful examination of equations (1.18) and (1.19) I'eveals 

that for (S/H )>>1 the detected phase and amplitude are almost 

equal to the phase and amplitude of the returned signal. But 

for (S/N)<<1 the returned signal phase 9 appears only as 

part of sind, which also includes 8 and in turn is multiplied 

by the random variable 1/z. This means that the returned 

signal's properties are multilated by noise and cannot be 

recovered. The resulting threshold effect is a serious prob­

lem in detecting of phase and amplitude. Figures 1.18 and 

1.19 show the returned signal characteristics from discrete 

reflections in the presence of the noise. Figure 1.20 reveals 

the characterisuics of the distributed reflactions from a

receiver input is about 10 dE. At frequencies above 0.1 ’.'.rz, 

SÜR becomes very small (about -5 dS). Therefore, no infor­

mation can be obtained from the reflected signal. Figure 

1.21 explains the phase, amplitude, and phasor-locus dia­

gram of the combination of distributed and end reflections 

from a 500 m fiber. Presence of end reflection in the re­

turned signal causes the SNR to be high enough at frequen­

cies above 0.1 MHz. The detected phase behaves approximately 

the same as theory expressed in equation (3.29).

1.7 Comparison Between Time Domain and 
Frequency Domain Techniques

Time and frequency domain techniques can both be used 

for the study of fault location. But in some other cases
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such as SNR improvements, distance resolution, discrete 

reflections, characterising fiber parameters, etc. one 

technique has advantages over the other. Which technique is 

preferable depends on the kind of experiment and instrumen­

tation that is most easily available. Time domain technique 

require the availability of means for producing and detecting 

short pulses (nanosecond durations). Frequency domain meas­

urement, on the other hand, require a signal generator that 

is tunable from dc to the several hundred MHz frequency 

range for driving a light modulator that also must be able 

to cover the same frequency range. Each technique requires 

sophisticated equipment, so that the final choice is depend-

availability of equipment.

1.7.1 SNR Improvement 

In order to compare the SNR of frequency domain (SNR.,) 

and time domain reflectometry techniques ( SNRj. ) we consider 

the following factors to be equal in both systems: the rms

launched signal power, the beam splitter ratio, and the opt­

ical equivalent receiver noise power. Assuming that the 

receivers of both systems differ only in bandwidth, the 

ratio M of SNR of a frequency domain system to that of a 

time domain system can be shown as
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where and Bj, are the bandwidth of the receivers of the 

frequency domain and time domain refleotometers respec­

tively. Rj. and are reflection coefficients for the two 

systems but they are not the same because of the frequency 

dependence of reflections in frequency domain technique 

shown in chapter 3- Figures 1.22 through 1.21 show ratio 

M in dB as a function of frequency for three different 

fibers. These figures show that the average SîlR^ is higher 

than average SNR^.

For the OFDR used in this research it is possible to 

make the detector bandwidth arbitrarily small, because the 

spectrum of the sinusoidal signal consists only one discrete 

line, and the spectrum of reflected signal is thus also one 

discrete line. As a result, the SNR can be improved by re­

ducing the receiver bandwidth. In time domain technique, 

however, the SNR can be improve by averaging. There are two 

averaging methods. One is the digital averaging method, and 

the other is an analog averaging method using a boxcar inte­

grator. In the digital method, the averaging operation sam­

ples the signal repeatedly in a narrow time slot and rescues 

the signal from the large background noise by summing over 

all the samples. Randomly phased noise cancels during the 

summation process while the signal adds coherently and builds 

up. The time slot used for taking the samples is slowly mO ved 

across the entire temporal range that is to be examined. Okada 

has reported that SNR improvement value is 50 dB when a 8 bit 
high speed digital averager is used (01).
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4.7.2 Discrete Reflections 

One of the advantages of frequency domain technique 

over the time domain technique is where the detection of 

discrete reflections is specifically required. The back- 

scattered signal for OFDR is frequency dependent (shown in 

equation 3.13). For low modulation frequencies the back- 

scattered signals will add up and the signal strength will 

build up. For high frequencies, however, they will de­

structively interfere. As a result, in the case of the 

combination of discrete and distributed reflections, the 

distributed reflections will not appreciably affect the 

returned signal for high modulation frequencies. This situ-

affect when discrete reflections are specifically required 

for detection. Figure 4.10 is a good example of a 500 m 

fiber with both Rayleigh and Fresnel reflections. For low 

frequencies, Rayleigh reflections contribute significantly 

to the returned signal. But, for frequencies above 0.4 MKs, 

only reflections from the fiber end are detected.

4.7.3 Testing the Fiber Parameters Along the Z-Axis

In general OFDR is not suitable for any experiment which 

requires detection of distributed reflections. An example 

of these experiments is characterizing fiber parameters 

along the z-axis (z is the coordinate along the direction of 

propagation). Similar to what was mentioned in section 4.7.2, 

distributed reflections build uo onlv at low frequencies.
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They have a very low amplitude for high frequencies. The OTDR 

is probably the most useful tool for studying the fiber pa­

rameters which involve backsoattering.



CHAPTER V 

DISCUSSION

5.1 Frequency Effect on the Returned Signals 

On the basis of the results of the previous chapters, 

the OFDR appears to have advantages over the OTDR when the 

discrete reflections are specifically required for detec­

tion. Unlike the tine donain technique, in frequency dcnain

extracted fror. the returned signal. It is known, however, 

that Rayleigh reflections will build up only in low frequen­

cies. In the other words, they have high/low amplitude for 

low/high frequencies. Figures 5.1 and 5.2 represent the 

Rayleigh reflections as a function of frequency for dif­

ferent fibers with various attenuation factors and lengths. 

The fiber ends are assumed to immersed into a matching oil 

that causes no Fresnel reflection from the ends. The reflec­

ted signal amplitude approaches zero as frequency increases. 

For the fibers with higher/lower a (a is attenuation loss), 

returned signal amplitude will reach zero at higher/lower
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frequencies. Figures 5.3 and 5.4 represent the reflections 

from the same fibers used in figures 5.1 and 5.2 except all 

fibers are assumed to have an end reflectivity of 0.1. 

Therefore, at low frequencies distributed reflections dominate 

the reflected signal, whereas at high freguencies Fresnel 

reflections are the major contributor. These figures also 

indicate that reflections from fiber ends (which are observed 

in high frequencies) will have higher amplitude for fibers 

with lower a.
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5.2 Distributed to Discrete Reflections Ratio 

It is very important to recognise the percentage of 

each type of reflection in the returned signal. There are 

some parameters which control the amount of the distributed 

and discrete reflections at the receiver side. The most 

important ones are:

(1) Fiber scattering loss

(2) Fiber attenuation loss a

(3) Length of the fiber

(l) Frequency of modulation

(5) S factor (portion of the scattered light guided 

back towards the transmitter)

above mentioned parameters, the ratio of Rayleigh reflections 

to the Fresnel reflections are defined as follow:

PrRATIO = —  (5.1)

where and Pp are defined by equations (3.23) and (3.26).

5.2.1 Effect of Length and a on RATIO 

RATIO strongly depends on a and length of the fiber. 

Figures 5.5 through 5.7 represent this dependency at three 

different frequencies. The graphs are prepared for fibers 

whose lengths range from 500 to 1500 meters and a is in the 

range of 5x10 ^ to 2x10”"̂ neoers/m (2.1 to 8.6 dB/km attenus



tion) The end reflectivity and S factor of each fiber is 

assumed to be 0.1 and 0.02 respectively.

Figure 5.5 is for a modulation frequency of 50 kHz. As 

it shows, for a higher than 10  ̂ nepers/m and lengths higher 

than 800 m, the RATIO is higher than 10. This means for a 

and lengths below those values, RATIO will drop to the 

smaller values with a minimum of 0.6 at a=5x10 ^ and 

length=500 m.

Figures 5.6 and 5.7 represent the RATIO for fibers 

with the same parameters of figure 5.5 except the modulation 

frequency for figure 5.6 is 0.1 and for figure 5.7 is 0.5 MHz

they do for lower frequencies. Therefore, the RATIO will 

approach aero as the frequency increases.
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5.2.2 Effect of S Factor on RATIO 

The S factor is the portion of the scattered light 

guided back towards the transr.itter. In section 3.2, an 

overall review of literature showed that for nultinode 

fibers the S factor is dependent upon the NA and core index 

of refraction. And for single-mode fibers it is also depen­

dent upon the core radius, normalized frequency, and the 

spot size. Figures 5.8 through 5.11 show the RATIO as a 

function of frequency and a. Fibers with S factors of 0.01 

and 0.02 and lengths of 500 and 1000 m are chosen. These 

figures indicate that if all parameters except the S factor

5.3 Minimum Frequency for RATIO < 0.1 Condition

When the OFDR technique is used for fault location, or 

detection of discrete reflections it is very important to 

cancel the distributed reflections. This process is improved 

by increasing the lowest value of the modulation frequency.

We assume RATIO < 0.1 is low enough to consider that distrib­

uted reflections have very small amplitudes when compared 

with discrete reflections. Frequencies that achieve 

RATIO=0.1 are plotted as a function of fiber lengths and a 

in figures 5.12 and 5.13 with respective values of S=0.01 

and 0.02.
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CHAPTER VI 

MEASUREMENTS

6.1 'leehnlQue and Apparatus 

The measuring apparatus for this research is shown in 

figure 0.1. The 2 r.H He-Ne laser output passes through an 

optical polarizer. It is then focused into a KDgPO, elec­

trooptic intensity rodulazor. The modulation signal is pro-

modulator requires 150 V peak-to-peak to provide 15 peroenx 

modulation. The modulated beam is focused into the test 

fiber. Reflected light is directed to the pin diode by 

means of the beam splitter. The detected signal is ampli­

fied and then mixed with the original rf signal by the lock 

in voltmeter. The phase and amplitude of the reflected sig­

nal is proportional to the propagation delay associated with 

the reflectors, index of refraction, and Rayleigh scattering 

loss (detailed in chapter 3). Observed reflected power 

levels are on the order of nanowatts. The lock in voltmeter 

is particularly suitable for low level applications. Addi­

tional problems of rf interference from the high power rf

80



81

amplifier, picked up on the lock in voltmeter, are eliminated 

by carefully shielding the modulator circuitry and the photo­

diode housing.

Polarizer Bean Solitter
Electro- 
opti c 
Modulator

He-Ne
Laser

in-
Vo 11- 
meter

Figure 6.1: Experimental setup
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6.2 Testing of the Equipment 
The function of each unit in the experimental setup 

shown in figure 6.1 is tested separately. The following 

represents the result and importance of each test.

6.2.1 Modulator Linearity Test 

The process of intensity modulation of the laser beam 

is accomplished by biasing the modulator with a fixed retar­

dation to the 50 percent transmission point. This bias is 

achieved by using a naturally biréfringent crystal to intro­

duce retardation of tt/2 to the polarized input beam. There­

fore, a small applied voltage modulates the transmitted

shown in figure 6.2 was used to verify the modulation linear­

ity. For the dc modulation voltage varied from 0 to 200 Volts, 

the modulated beam was recovered by a pin diode and measured 

by a dc m.illivoltmeter. Figure 6.3 shows the linearity of 

the modulator.

6.2.2 Modulation Index Measurement 

In order to measure the modulation index, the setup 

shown in figure 6.4- was used. After biasing the modulator and 

tuning the rf power amplifier, the rf signal was retrieved 

by the photodiode, amplified, and observed on the oscillo­

scope for peak value measurement. The rf signal was then 

disconnected from the modulator and only the optical carrier
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IS Qstected this time. The modulation index was obtained

optical carrier intensity
IÎ1 =   X 100%

detected rf amolitude

Typically 15 percent modulation was obtained, when 150 

volts peak-to-peak was applied to the modulator.

PIN

Oscilloscope

Genera­
tor

Tunable
Power
Amp.

figure 6.1: Setup for modulation index measuremsni



6.2.3 de Reflection Test 

In order to investigate the relation between the ampli­

tude of the modulation signal and the amplitude of the 

reflected signal, the following test was conducted. The 

test setup is shown in figure 6.5. The modulation signal is 

provided by a high voltage dc power supply. A 3 m multimode 

fiber was selected. Score and break technique (35) was used 

for fiber end preparation. After biasing the modulator, the 

modulation voltage (V^^) was increased gradually, and re­

flected signals were detected by means of a pin diode.

Figure 6.6 shows the amplitude of the reflected signals vs 

amplitude of V. . A good linear aooroximation occurred forin °
V . s > t  ̂  61 n 2 0 0  ’/ . C' n n 1 2 n e ? r i t v  o c c u r r e d

6.2.1 Lock In Voltmeter Accuracy Test 

The test setup shown in figure 6.7 was used in order 

to verify the accuracy of the look in voltmeter. A mirror 
was placed in the way of the transmitted beam, at an angle 

of 10° with the plane normal to the propagation axis. 

Therefore, the reflected light would not interfere with the 

transmitted beam. After adjusting the modulator and tuning 

the rf amplifier, the mirror was located in position 1, and 

reflections were focused on the photodiode. The recovered rf 

signal was mixed with the attenuated original signal by the 

lock in voltmeter for chase detection as a reference. The
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mirror was then moved back a distance of L. Again, the 

reflected beam was focused on the photodiode and then applied 

to the lock in voltmeter. This process was repeated by 

positioning the mirror at different distances. The result of 

these measurements is plotted in figure 6.8.
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Figure 6.5: Setup for do reflecti on -ces*
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Figure 6.6: Result from dc reflection
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6.3 Phase and Amplitude Measurement of 
Echos From an Optical Fiber

The setup shown in figure 6.1 was used to observe the 

phase and amplitude properties of the signal reflected from 

the optical fiber. The echos from the front face of the 

fiber were eliminated by cutting the front fiber end at 10°. 

The modulated beam was launched into the 1 meter length mul­

timode, step index, silica core fiber with an index of 

refraction n=1.190. The reflected light was directed to the 

photodiode by the beam splitter. This experiment was per­

formed for two different situations:

(1) No attempt was made to prepare an ideal end cut at 

the fiber output. Therefore, the Prensnel

very low level signal was reflected back through 

the fiber, resulting in a weak signal focused on 

the photodiode. Figure 6.9 shows the phase and 

amplitude of the reflected signal for this case.

(2) The fiber end was cut normal to the propagation 

axis and it was assisted to make end reflections 

much higher than Rayleigh reflections by using a 

mirror at the fiber end. In this situation, the 

level of the reflected signal was high enough to 

represent a good agreement between predicted and 

measured values. Figure 6.10 shows the phase and 

amolitude of the reflected signal.
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CHAPTER VII 

CONCLUSION

Discrete and distributed reflections in optical fibers 

have been analysed by using optical frequency domain reflecto- 

metry technique. The technique mentioned here was based on 

the use of a tunable rf generator output as a modulation 

signal. Reflectors' positions and properties can be reoog-

the phase and amplitude of the reflected signal. The corr­

espondence between phase and frequency is dependent upon the 

number of reflectors and their relative distances. This 

technique is capable of detecting reflections from breaks or 

splices with reflectivity of in fibers with scattering loss 

more than 10 dB/km. Analysis of the reflected signal when it 

is contaminated with noise has shown that when SNR at the 

receiver input is less than 10 dB, breaks or splices with 

reflectivity of Ip are also detectable.

An alternate OFDR technique would be the application 

of a constant amplitude rf signal with a periodic linear 

frequency sweep instead of the single freouenoy rf signal.

This method is much faster than the previous technique
00
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because no extra time for tuning the rf oscillator and 

analysing the returned signal is needed. The disadvantage of 

the sweep technique is the larger bandwidth of the receiver 

as compared to the single frequency technique. Which of the 

above techniques is preferable depends on the weakness of the 

returned signal and the instrumentation that is most easily 

available. If the returned signal is weak and mixed with 

noise so that SNR has to be improved by making the receiver 

bandwidth as small as possible, the use of single frequency 

technique is wiser. But if narrowing down the receiver's 

bandwidth doesn't have much effect on the detected signal, the

the OFDR technique has shown an improvement of SNR by an 

average of 10 dB. When discrete and distributed reflections 

are combined, OFDR will be more efficient for detecting 

discrete reflections. In time domain technique, however, 

the positions of the discrete reflectors are directly related 

to the position of the reflected pulses, therefore, no data 

analysis is needed.

OFDR technique is not a suitable method for determining 

Rayleigh reflections, that is, one cannot determine the loss. 

In other words, distributed reflections can be considered as 

an infinite number of discrete reflections very close to one 

another. At high modulation frequencies, the sum of these 

reflections will approach zero amplitude because of the phase 

difference interfering to cause near zero amolitude at high



frequencies. Figure 4-.10 shows the Rayleigh backscattered 

signal from a 500 n fiber. The detected signal approaches 

zero amplitude for modulation frequencies higher than 0.5 MH:
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Figure A.3: Algorithm used for figures
1.18 and 1.19
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