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Abstract

The basic form of conventional electro-optic sensors is described. The 

m ain drawback of these sensors is th e ir inability  to deal w ith the  

background rad ia tion  which usually  accompanies the  signal. This 

'clutter' lim its the  sensors performance long before other noise such 

as 'shot' noise. Pre-detector signal processing using th e  complex 

am plitude of th e  ligh t is in troduced as a m eans to discrim inate 

betw een th e  signal and  'c lu tter'. F u rth e r  im provem ents to p re 

detector signal processors can be m ade by the inclusion of optical 

fibres allowing rad ia tion  to be used w ith g rea te r efficiency and 

enabling certain  signal processing tasks to be carried out w ith an 

ease unequalled by any other method.

The theory of optical waveguides and the ir application in  sensors, 

in terferom eters, and  signal processors is reviewed. Geom etrical 

aspects of the form ation of linear and circular interference fringes 

are described along w ith tem poral and spatial coherence theory and 

the ir relationship to Michelson's visibility function.

The requirem ents for efficient coupling of a source into singlemode 

an d  m ultim ode fib res a re  given. We describe  in te rfe ren ce  

experim ents betw een beam s of light em itted from a few m etres of 

two or more, singlemode or multimode, optical fibres.

F resnel's equation is used to obtain expressions for F resnel and 

F raunhofer diffraction p a tte rn s  which enable electro-optic (E-0) 

sensors to be analysed by Fourier optics. Im age form ation is 

considered when the apertu re  plane of an  E -0  sensor is illum inated 

w ith partia lly  coherent light. This allows sensors to be designed



Correlations betw een laser ligh t from different points in  a  scene is 

investigated by in terfering the  light em itted from an array  of fibres, 

placed in  the  image plane of a sensor, w ith each other. Temporal 

signal processing experiments show th a t the visibility of interference 

fringes gives inform ation  about p a th  differences in  a  scene or 

through an  optical system.

M ost E -0  sensors employ w avelength filtering  of th e  detected 

radiation to improve the ir discrim ination and th is is shown to be less 

selective th a n  tem poral coherence filtering  which is sensitive to 

spectra l bandw idth . E xperim ents using  fibre in terferom eters to 

discrim inate betw een red and blue laser light by th e ir bandw idths 

are described. In  m ost cases the  p a th  difference need only be a few 

tens of centim etres.

We consider spatial and tem poral coherence in  fibres. We show th a t 

high visibility interference fringes can be produced by red and blue 

laser ligh t tran sm itted  through over 100 m etres of singlemode or 

multimode fibre. The effect of detector size, relative to speckle size, is 

considered for fringes produced by multimode fibres. The effect of

2
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using optical tran sfer functions which are sensitive to the  spatial i

coherence of the illum inating light. Spatial coherence sensors which 

use gratings as aperture plane reticles are discussed.

By using  fibre a rrays, spa tia l coherence processing enables E -0  

sensors to discrim inate betw een a spatially coherent source and an 

incoheren t background. The sensors enable the  position  and 

w avelength  of th e  source to be determ ined. E xperim en ts are 

described which use optical fibre arrays as m asks for correlation 

w ith spatial distributions of light in  image planes of E-O sensors.



dispersion on the coherence of the  ligh t em itted  from fibres is 

considered in  term s of correlation and interference between modes.

We describe experim ents using a  spatial ligh t m odulator called 

SIGHT-MOD. The device is used in  various systems as a  fibre optic 

switch and as a program m able aperture plane reticle. The contrast 

of the  device is m easured  using  red  and green, HeNe, sources. 

F ourier transfo rm  im ages of p a tte rn s  on the  SIGHT-MOD are  

obtained and used to dem onstrate the geometrical m anipulation of 

im ages using  2D fibre arrays. C orrelation of F ourier transfo rm  

images of the SIGHT-MOD with 2D fibre arrays is demonstrated.

3
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1 Introduction

LI Electro-optic sensors.

Remote sensing m ay be defined as the detection of electromagnetic 

(EM) radiation emitted, reflected, or scattered from an  object. The EM 

rad ia tion  from an  object together w ith the  EM rad ia tion  from the 

background is detected by an electro-optic (EO) sensor. The EO sensor 

converts the  optical signal into an  electrical signal. The task  of the 

EO sensor is to m easure the radiation from the object, i.e. the signal, 

in  the presence of background radiation.

W ith the  exception of heterodyne systems nearly all EO sensors have 

the  general form shown in  figure 1.1. They collect light from a scene 

using some combination of reflecting or refracting optics and then  

bandlim it the light by m eans of a  spectral filter. The filter is chosen 

so as to maximise the  ratio  of signal to background radiation. The 

sensor can be im aging in  which case the in tensity  is m easured by a 

2D detector array, figure 1.2a, or the scene is scanned over a  sm all 

num ber of detectors. A lternatively, the sensor may be non-imaging, 

in  which case i t  can only detect power in  a determ ined waveband, 

figure 1.2b. Both th e  signal and  background rad ia tio n  can be 

m odulated by a  ro tating  reticle in  the detector plane in  order to aid 

the  post-detector electronic processing. Signal processing aim s to 

improve the  discrim ination betw een the  signal and  the  unw anted 

background in  a  scene.

Im age processing can be based on linear (space invarian t) or non

linear (space varian t) processing. L inear processing m eans th a t the 

ou tpu t im age is linearly  re la ted  to the  in p u t so, as in  electrical



circuits, we can study the  image quality  of an  optical system  by 

applying frequency response techniques, usually  w ith  the  a id  of 

tra n s fe r  functions. Exam ples of lin ear processes a re  bandpass 

filtering , subtraction , convolution and  correlation. In  an  optical 

system  the detected output is always an intensity . W ith incoherent 

light, the inpu t and output in tensities have a linear relationship. 

W ith coherent light, the input and output are based on am plitude and 

intensity, respectively, so their relationship is no longer linear.

L2 Pre-detector signal processing.

Signal processing m ay be carried  out before or a fte r square-law  

detection so we have the  option of pre-detector or post-detector 

processing. The d iscrim ination  of E -0  sensors w hich use post

detector processing is often poor because they have to discrim inate 

between signal and background on the basis of intensity  as all phase 

inform ation is lost in  the  square-law  detection process. Problems 

arise when the in tensity  of the background radiation approaches th a t 

of th e  signal. Pre-detector processing can take  advantage of th is 

phase and am plitude inform ation which can give inform ation about 

the  spectrum , coherence, and polarisation of the light by selective 

m odulation of these param eters prior to electronic detection [1.1].

The sim plest form of spectral processing is a bandpass filter. I f  the 

signal is known to be centred  a t  a  certain  w avelength then  th is 

approach  m ay be sufficient to obtain  a strong signal. I f  the  

background rad ia tion  has a  sim ilar power to the  signal over th a t 

region of the  spectrum  th en  optical processing which takes into 

account the  narrow er spectrum  of the  signal m ust be used, for 

example, tem poral coherence processing. Sources are  usually  small



and so exhibit a high degree of spatia l coherence compared w ith 

no rm ally  diffuse background  rad ia tio n . O ptical p re-d e tec to r 

processing may be employed to take advantage of these differences in  

spatial coherence.

Pre-detector signal processing techniques can take  advantage of 

polarisation differences between a source and background radiation. 

Laser sources are often highly linearly polarised bu t therm al sources 

are usually  unpolarised. Features such as clouds reflect light which 

is elliptically polarised so a form of polarisation m odulation may 

discrim inate between differently polarised radiations.

Pre-detector optical signal processing techniques often m ake use of 

the Fourier transform . This branch of signal processing is known as 

Fourier Optics and is described in  detail by Goodman [1.2], Stew ard 

[1.3], and  Bracewell [1.4]. O ther transfo rm s m ay be perform ed 

optically, for example, the H artley  transform  [1.5], and the  Sine and 

Cosine transform s [1.6].

Optical fifeyesi

Optical fibres are waveguides made of transparen t m aterials such as 

silica glasses which can tran sm it visible and infra-red  ligh t over 

long distances w ith low loss (> 0.2 dB/km a t 1500nm). An optical fibre 

consists of an  inner core which guides the light and an  outer layer, 

called the cladding, of lower refractive index th an  the  core. The fibre 

is usually covered w ith a protective sheath. The refractive indices of 

the core and cladding, %  and ng respectively, can be uniform  w ith a

sharp boundary between the two, or there can be a  gradual transition 

in  which n i  decreases to ng. The two types of fibre are called step- 

index and graded-index, respectively, figure 1.3.
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For a wave to be guided by the fibre i t  is necessary for i t  to be totally 

in ternally  reflected a t the core-cladding boundary. Consequently, the 

light m ust en ter the  fibre core w ithin a range of angles forming a 

solid cone. The solid h a lf  angle of the  cone is know n as the  

acceptance angle of the fibre and is related to the refractive indices of 

the  core, cladding, and surrounding m edium  (usually a ir  for which 

n= l). We define the  num erical aperture of a fibre as the  sine of the 

acceptance angle for the fibre.

The geometry of the guide together w ith Maxwell's equations define a 

series of modes which m ay be supported by the  optical fibre. For a  

core d iam eter of g rea te r th a n  around ten  w avelengths a  large 

num ber of modes can propagate and so the  fibre is known as a 

multimode fibre. W hen light is launched into a multimode fibre a t an 

angle less th an  or equal to the acceptance angle i t  can only propagate 

in  a finite num ber of paths. The transm itted  wave undergoes to tal 

in te rn a l reflection a t  the  core-cladding boundary, and  afte r two 

reflections the wave is traveling parallel to its  previous direction. If  

these two waves are in  phase then  constructive interference occurs 

and the wave will propagate. If  these two waves are out of phase then  

destructive in terference occurs and  the wave will no t propagate. 

Typical m ultim ode fibres have diam eters of 30-1000 m icrons and 

num erical ap e rtu res  betw een 0.1 and  0.3. A fibre w ith  a  1% 

difference in  refractive indices has a num erical aperture of about 0.2. 

The num ber of modes which can propagate in  a step-index fibre is 

proportional to the  square of the product of the core diam eter and the 

num erical apertu re . A graded-index fibre supports about h a lf  as 

m any modes as does a  step-index fibre of sim ilar diam eter.



Each mode of a step-index m ultimode fibre propagates a t a slightly 

different velocity along the axis of the fibre and th is causes dispersion 

and modal noise. I f  the  core diam eter is decreased the  num ber of 

modes decreases until, a t wavelengths below a certain  critical value, 

only one mode will propagate. A fibre in  which only one mode 

propagates is called singlemode and has a core diam eter, typically, 

in  the range 3-5 microns.

1*4 Fibre optiia

Fibre optics encompasses all the  optics necessary to a system  based 

around optical fibres. A fibre optic signal processing system  consists 

of ligh t from a source coupled into an  optical fibre or optical fibre 

array . The fibres e ither tran sm it the  light to a signal processing 

system  w ith a predeterm ined  geom etry or carry  out the  signal 

processing by sp litting  or combining the  light w ith  predeterm ined 

delays betw een the  beams. The in tensity  of the  processed optical 

signal is detected a t the output of the system.

We consider the sources, coupling of radiation from the sources into 

the  fibre, and the splicing of two fibres together. We th en  consider 

optical fibre directional couplers or splitters and detectors for optical 

fibre systems.

The source w avelengths typ ically  used  in  optical fib res a re  

determ ined by the w avelength dependent losses of the  fibre itself, 

figure 1.4. These losses include ultraviolet and infra-red absorption, 

and  R ay le igh  sc a tte r in g  w hich is  caused  by d e n s ity  and  

compositional variation w ithin the fibre. Another source of losses is

8
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due to absorption by dopant and  im purity  ions such as transition  

elem ents and  the  hydroxyl ion from w ater. For high bandw idth  

comm unications the w avelength dependent dispersion of the fibre 

determ ines the m aximum perm issible linewidth of the source.

Factors which affect the  coupling of a source into an  optical fibre 

include unintercepted illum ination. This includes light which is not 

incident on the  entrance to the  core of the optical fibre due to an  

incorrect source spot size. Also, there  m ay be num erical apertu re  

loss. This is caused by th a t p a rt of the source profile th a t falls outside 

of the fibre acceptance cone. To avoid this, m any in tegrated  optical 

components have a fibre 'pigtail' perm anently m ounted and properly 

aligned which may then  be spliced to another cable. As the  core of a 

monomode fibre is  only a  few m icrons in  d iam eter, a sligh t 

inaccuracy in  alignm ent a t  a jo in t can severely increase the losses, 

so most joints m ust be spliced.

Two basic methods are used to perm anently join two fibres together. 

The m ost widely used is fusion splicing or welding in  which the two 

ends of the fibres are  heated, possibly by an  electric arc, causing 

them  to soften and fuse together. By th is method, losses of less than  

0.1 dB have been obtained. A second m ethod of perm anently  joining 

two fibres is to use an  adhesive. This generally involves using some 

additional elem ent to enable the  fibres to be accurately aligned for 

bonding.

D irectional couplers are  devices which enable ligh t to be coupled 

from one fibre into two or more fibres or conversely combine light 

from several fibres into one fibre. They play the same role in fibre

■I:
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optics th a t  b eam sp litte rs  p lay  in  conventional optics. M ost 

singlemode couplers use evanescent or field coupling. In  evanescent 

coupling energy is transferred  from one optical fibre to another by |

virtue of the electric field overlap between the two cores.

L5 Pre-detector sififnal processing with optical fibres.

The introduction of optical fibres into pre-detector signal processing 

system s allows particu la r signal processing tasks to be perform ed 

which cannot be easily achieved using free space p a th s , w hilst 

reta in ing  the  ability to discrim inate between signal and  background 

radiation  on the  basis of phase and amplitude. One of the  sim plest 

tasks which m ay be considered is th a t of using a few optical fibres to 

sam ple the  radiation a t different points in  the image of a  scene. The 

rad iation  em itted  by each fibre m ay be introduced to the same or 

d ifferen t signal processing system s. U sing fibre couplers, the  

radiation from each point m ay be processed in  several ways.

Optical fibres can perform  a spatial transform ation. Radiation in  an 

image plane may be guided through an array  of fibres and by altering 

the relative positions of each fibre a new encoded image is produced.

The fibres can perform signal processing by delaying one beam  with 

respect to ano ther as in  a fibre interferom eter. The use of optical 

fibres as delay lines allows the  tem poral correlation of rad iation  in  

two or more fibres to be carried out w ith any required tim e delay. An 

advantage of fibre paths is th a t correlations may be sought between 

closely or widely separated points in  an  image w ith equal ease.

...i
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L6 QpticalSignal Processing with QpticalJFibres.

Optical fibres are used in  optical signal processing and some of the 

applications are discussed below.

In  1966 Leith [1.7] described holographic imagery through a  diffusing 

media. By obtaining the phase conjugate of the diffusing m edia the 

object may be reconstructed. In  1976 Leith and Chang [1.8] applied J

the same process to a fibre bundle. The phase conjugate of the bundle 

is obtained so th a t when an  image is transm itted  through the  bundle 

and  inciden t on the  hologram  i t  will reconstruct th e  w avefront 

incident on the bundle and reproduce the image. Coherent bundles 

are often used for image transfer b u t the  fibres in  these bundles are 

arranged  random ly. In  order to be able to process an  image the  

fibres need to be a rranged  in  reg u la r arrays. For exam ple, the  

packing density of an  a rray  of photodetectors a t high frequency is 

lim ited by the need for separate coaxial connectors to each detector.

An array  of optical fibres placed in  the image plane allows a high 

packing density in  the image plane to be realised and by fanning out 

the  fibres we m ay have a low packing density in  the detector plane.

Two dimensional arrays of optical fibres were fabricated by Koepf and 

M arket [1.9]. I t  is also possible to produce holographic optical 

elem ents (HOEs). which will allow arrays of coupling lenses and 

o ther elem ents such as beam sp litters to be included in  a single 

hologram. High coupling efficiency can be obtained and the  two 

dimensional fibre a rray  can act as the object in  the form ation of the 

hologram  so num erical apertu re  or spot size m ism atch will not 

occur.



A paper by Y oungquist, e t al. [1.10] dem onstra ted  coherence 

synthesis using an acousto-optic (AO) cell. The visibility curve or 

coherence function of a  source is given by the modulus of the  Fourier 

transform  of the  spectrum . So if  the  laser frequency is doppler 

shifted by the  AO cell and then  mixed w ith itself in  an  optical fibre a 

new spectrum  exists and the  coherence function is modified. An 

a rra y  of in terferom eters, which have the  sam e source, m ay be 

constructed from optical fibre. If  each interferom eter has a  different 

p a th  difference th en  one in terferom eter m ay be selected and the  

others tu rned  off by generating a  coherence function which is unity  

for the p a th  difference of the desired interferom eter and zero for the 

others.

Optical fibres can be used as an  alternative to m etallic waveguides in 

m any microwave system s by m odulating an  optical source. Most 

rad a r systems have a  bandw idth of around lOMhz and a  singlemode 

optical fibre w ith a  source near the dispersion m inim um  can carry a 

signal w ith a 20Mhz bandw idth 50km. Fibres can be used in  optical 

signal processing system s such as optical delay lines [1.11]. Even 

allowing for dispersion tim e-bandwidth products of g rea ter th an  10® 

have been achieved compared w ith 10^-10^ for acoustic wave delay 

lines. The delay lines m ay be used for storing received rad a r pulses 

for re-transm ission  or w ith  a non-coherent ra d a r  m oving ta rg e t 

indicator a re tu rned  signal is stored for subtraction from the next 

re tu rn  [1.12]. Tapped delay lines w ith partially  reflecting splices 

have been dem onstrated by Jackson, e t al. [1.13]. These can be used 

as a bandpass or m atched filter or for pulse compression in  high 

reso lu tio n  ra d a rs . U n fo rtu n a te ly , th ese  ta p s  a re  no t ye t 

program m able.

12



Notch filters and bandpass filters for Interferom etric sensors can be 

m ade using a length  of singlemode optical fibre and  a  directional 

coupler to form a recirculating loop. The frequency response of these 

filters is tunable by a ltering  the length  of the  resonating fibre loop 

and the  finesse m ay be adjusted by changing the coupling ratio and 

hence the proportion of light th a t is allowed to recirculate [1.14].
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2 Theory

2.1 Waveguide theory

Guiding of light was first dem onstrated by Lord Rayleigh in  1895 [2.1] 

using  w hite ligh t in  a je t  of w ater. W aveguiding in  cylindrical 

dielectric rods was studied by Snitzer in  1961 [2.2]. W ith the  arrival of 

the  laser, in te res t in  optical waveguides increased, b u t losses were 

still g rea te r th a n  1000 dB/km. In  1966 Kao and  H ockham  [2.3] 

suggested th a t  dielectric waveguides for com m unication could be 

m ade w ith losses of less th an  20 dB/Km and th is  was achieved by 

w orkers a t  Corning G lass W orks in  1970. C urrently , losses are 

a round  0.2 dB/Km a t  ISOOnm w hich approaches the  R ayleigh 

scattering lim it of the fibre m aterial.

The theory of weakly guiding optical fibres was discussed by Gloge in 

the  early  1970's. Expressions for guided modes, th e ir propagation 

constant and delay distortion were obtained [2.4,5,6]. Optical power 

flow is discussed in  reference [2.7]. The theory of optical waveguides 

as given in  th is thesis follows the notation used by Gloge. O ther 

useful references for theory are by M arcuse [2.8], Adams [2.9], and 

Cherin [2.10].

Dispersion lim its the available bandw idth of an optical fibre and so 

the  choice of source and fibre can be im portant if  a  high bandw idth is 

required. Time dispersion is discussed by Love [2.11] in  term s of 

interm odal and  chrom atic dispersion and the  effect of a  broadband 

source on fibre bandwidth is discussed by Ohlhaber and Ulyasz [2.12]. 

Dispersion in  singlemode fibres is wavelength dependant and has a

14
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m inim um  value a t  about ISOOnm bu t, recently, fibres have been 

produced w ith the m inim um  dispersion shifted to 1550nm in  order to 

take advantage of the lower attenuation.

The po larisa tion  p roperties of optical fibres have become more 

im portan t as a g rea te r num ber of system s are developed w ith  

singlem ode fibre. These fibres propagate two orthogonal modes 

which normally do not preserve the polarisation sta te  of the light as i t  

p ropagates along the  fibre. The preservation  of po larisa tion  in  

singlem ode optical fibres is d iscussed by R ashleigh [2.13]. The 

po larisa tion  optics of ligh t in  singlemode fibre depend on fibre 

im perfections such as bending or tw isting  stress which introduce 

birefringence. The birefringence m ay be introduced in  a  controlled 

m anner in  order to control the  output polarisation by bending the 

fibre into a loop. A device described by Lefevre [2.14] consists of two 

coils of calculated radius which act as 1/4 wave plates to control the 

ellipticity of the  polarisation  and  a single coil of different rad ius 

which acts as a 1/2 wave plate to control the orientation of the output 

polarisation. Using th is device the output polarisation of two beams of 

a  fibre in te rfe ro m e te r  can be m ade p a ra lle l for m axim um  

interference to occur.

15
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In  optical fibres, the light propagates in  a finite num ber of modes. If  

the  losses in  a fibre system  are  mode dependant, for example a t a  %

splice, th en  unw anted  am plitude m odulation of the  tran sm itted  

signal can occur. This in  known as modal noise and  is discussed by 

Epworth [2.15].



A review article by W hite [2.16] discusses methods of characterising 

optical fibres in  term s of th e ir  losses, bandw idth, refractive index 

profile etc.
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In  order to be able to use optical fibres for pre-detector signal 

processing it  is necessary to understand the effects th a t waveguiding 

has upon the light. Firstly, as m any optical sources are broadband an  

im portan t p aram eter for signal processing is the  bandw idth  over 

which a fibre propagates one mode. Secondly, it  is im portant to know 

the  tim e delay experienced by radiation  in  a given length  of fibre. 

Finally, a  monochromatic source will experience dispersion effects 

in  a  multimode fibre and a broadband source will be dispersed even 

in  a  singlemode fibre. In  the  following sections we will derive the 

basic equations used in  fibre optics. The step-index fibre will be 

considered as the simplest case of an  optical fibre. We shall show th a t 

the full set of TE, HE, and EH modes m ay be approximated by a  single 

se t called  lin e a rly  p o larised  m odes. An expression  for th e  

approxim ate num ber of modes in  an  optical fibre is found. Group and 

phase velocity dispersion are considered.

2.1.1 The step-index optical fibre - rav model

For m any  purposes a  ray  m odel is sufficient to derive basic 

param eters of an optical waveguide. Consider a fibre of spherical 

sym m etry w ith a core of d iam eter 2a. The refractive indices of the 

core and cladding are n% and ng, respectively, w ith n% > ng, figure

2.1. The angle between the wall of the guide and the  ray  which ju s t 

undergoes total in ternal reflection is defined as the  critical angle not 

the  angle betw een the  ray  and norm al to the  surface as would be 

expected. The angle between the axis of the guide and an incident ray 

which ju s t  undergos to ta l in te rn a l reflection a t  th e  core-cladding

17



boundary defines the  num erical apertu re  of the fibre. From  Snell's 

law,we have

Sin (90-8 J  = — . (2.1.1.1)

Then, the critical angle is given by

n.
Cos 6  ̂ = — . (2.1.1.2)

^2

To m eet th is condition i t  is necessary for the light to en ter the  fibre 

w ithin a cone defined by the num erical aperture, sin Om» given by

/~ 2  2Sin 9^ = ^ / n i - n ,  . (2.1,1.3)

The angle 0m defines the  m axim um  acceptance angle of the fibre 

and the sine of th a t angle defines the num erical aperture. We define 

a p aram eter A which is the  relative difference betw een core and 

cladding refractive indices and is expressed

"2A = l - - ~ .  (2.1.1.4)
“ i

By m aking the approximation

2 2
A= . (2.1.1.5)

we can re la te  the  param eter to the  critical angle and num erical 

aperture. By substitution we have

Sin 0^ = nj Sin 0  ̂= 2A . (2.1.1.6)
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For most fibres 0.1 < Sin 0m < 0.2 which gives 5.7° < 0m < 11.5°.

The ray  model tells us about the acceptance angle of the  fibre and the 

propagation of w avefronts th rough  the  fibre b u t does no t give a 

complete p icture of the  individual modes w ith in  a  fibre. To lea rn  

more about the modes we need a wave theory.

2.2 The step-index optical fibre - wave model

The basic equations th a t  apply to any waveguide in  term s of the  

electric and m agnetic fields of a propagating wave are derived from 

M axwell's equations in  cartesian  coordinates in  appendix A. For 

wavelength dependant effects a  scalar wave theory is sufficient. For 

polarisation effects a vector wave theory m ust be used. The theory 

given is a scalar theory.

2.2.1 The step-index optical fibre

O ptical fib res have some fe a tu re s  in  common w ith  m eta llic  

waveguides. Both can support a finite num ber of modes a t  any given 

frequency. Both suffer from mode coupling if  the  guide departs from 

perfect geometry. However, m etallic  guides support only guided 

modes bu t optical fibres support both a finite num ber of guided modes 

and  a continuum  of unguided rad ia tion  modes. These rad ia tion  

modes a re  due to th e  boundary  conditions a t  th e  core-cladding 

interface. Coupling can occur between the  guided modes of an  optical 

fibre and the  radiation modes.

We now consider a step-index  fibre w ith  a core of uniform  

perm ittiv ity  e i and circular cross section extending to rad ius r=a.
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The cladding has a lower perm ittiv ity  62. The perm eability of both 

m aterials is taken  as po-

Any rec tan g u la r com ponent of field such as Eg sa tisfies the  

H elm holtz equation  w hich for a  wave p ropagating  as eJP^ in  

cylindrical coordinates is

The propagation constant P of any mode is lim ited w ithin the 

interval n 2 k < p < n%k where k is the free space wave num ber. We can 

define param eters u  and  w in  the  core and cladding respectively. 

These param eters are given by

U* = a V  = a^(kj-p2), (2.2.1.2)

and

= a V  = a (P^-k^) . (2.2.1.3)

For guided modes, u  is real so from equation 2.2.1.2 we have 

k^2_p2 > 0 in  the core so the  modes may be described by ordinary

Bessel functions. Only the first kind is used to m aintain  finite results 

on axis. For the cladding, w is real so from equation 2.2.1.3 we have 

p2_k2^ > 0 for guided modes and modified Bessel functions are used. 

The axial field Hg satisfies sim ilar conditions. For r  < a, we have

= AJ,(ur/a) , (2.2.1.4)

and
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= BJ,(ur/a) e (2.2.1.5)

For r  > a we have

E 2̂= CPC,(w/a) e , (2.2.1.6)

and

= DK,(wr/a) e ''* . (2.2.1.7)

The tran sverse  field components Ex, Ey, Hx and  Hy of equations

(A.23) to (A.26) can now be obtained in  cylindrical coordinates for both 
the  core and cladding regions. The resu lts for E(|, and are, for the

core,

E^j = ( AJj(ur/a) + Jj'(ur/a)) e j"’’, (2.2.1.8)
ru

and

H = (-+ l^^A J,'(ur/a) -+ lË|J.BJ,(ur/a)) e (2.2.1.9)
11 r

and for the cladding

.r, 2
E^_ = (-+ ifi^IC (w r/a) - ^^D K (w r/a)) e . (2.2.1.10)

,̂2 ^ 2  w

and

H = ( i^ C K ,'(w r/a )  -+ l^D K ,(w r/a)) e (2.2.1.11) 
rw rw
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For the  sym m etrical case w ith  1=0, we have separable transverse  

m agnetic (TM) and transverse  electric (TE) solutions. The continuity 

equations a t the  core-cladding boundary (r=a) Egl = Eg2 and H({)i = 

H(j)2 gives for the TM set of solutions

0 .2 .U 2 )
6^wKq(w)

Applying the continuity equations E(|)i = E(j>2 and H gi = Hg2 a t r  = a 

gives for the TE set of solutions 

Jj(u) -uKj(w)
J q( u )  w K q( w )

(2.2.1,13)

The longest w avelength which will propagate in  a given mode is 

determ ined by the  cut-off condition. Cut-off for the  fibre m ay be 

considered to be the  condition for which the fields in  the  cladding 

extend to infin ity . This happens i f  w = 0. Then, from equation

(2.2.1.13), we have JQ(U(.) = 0 and u  a t cut-off is given by

= a (k j - 2.405 , 5.52... (2.2.1.14)

The TE and TM modes correspond to rays which are m eridional. 

T hat is, they propagate directly along the z axis. I f  NO  then  the fields

do not separate  into TM and TE b u t become coupled through the 
continuity equations for E<|),E2 ,H(|) and Hg. Applying these a t r=a gives

us the characteristic equation for the fibre modes.

k ^  ,  k ^ ^  ,2 , ( k X ) ; , ’(u)K,’(w)  ̂^ 
uJj(u) wKj(w) uw Jj(u)Kj(w) ^4^4
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w here

y2 = u2+ w2. (2.2.1.16)

This quadratic sum m ation gives us the so-called v num ber of the 

fibre which is the normalized frequency. Note that, a t cut-off, we 

have w = 0 and then Ug = V(>. From equations (2.2.1.2) and (2.2.1.3) we

have

V =  a  ,  ( 2 .2 . 1 . 1 7 )

or

v  =  k a ( n j - n j ) ^ ' ^ . ( 2 .2 . 1 . 1 8 )

Solution of the characteristic equation for NO leads to hybrid modes. 

These are modes th a t have six field components. I f  dom inates 

over Eg in  the  mode then  it  is described as an  HEjp mode. If  Eg 

dom inates over Hg then  the mode is described as an  EHjp mode. The 

H E  mode has no cut-off frequency although the  energy is only 

retained  within the  core for wavelengths less th an  or equal to the core 

dimensions. The num ber of modes th a t will propagate for a given v 

num ber is plotted in  figure 2.2.
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2.2.2 linearly polarised modes

In m ost optical fibres the core and cladding refractive indices differ 

by only 1 or 2 percent. So if  we let ei=e2 then  all the  field components

a t the core-cladding boundary satisfy the single equation

Jj(u) uKj(w)
Ji i(u) "  wKj j(w)

This is the characteristic equation for the linearly polarised modes. 

As before, a t cut-off, w = 0. So the  cut-off wavelengths are obtained 

from the roots of the equation Jj.iCu) = 0. The modes are designated 

LPijji where 1-1 is the order of the  Bessel function and m is the  m^h 

root of the  equation. Hence the H E n  mode, which is the  first root of 

J i(u )  = J .i(u ) = 0, becomes the LPqi mode. The usefulness of th is

approxim ation is apparen t from the  hybrid modes where i t  is found 

th a t  LP)^ modes are approxim ately superpositions of the HE^+i ̂  and 

EHi.i ,n modes. Hence the HEg^ and E H ^  modes will produce an LP21 

mode th a t  has only four field components. As they  are  no t exact 

solutions of the fibre the  HE and EH modes have slightly different 

propagation constants, so th e ir superposition changes w ith z.

Most problems of in te rest in  fibres such as coupling, scattering, loss, 

and  delay requ ire  only the  tran sv e rse  w avenum ber, u , for a 

satisfactory description of each mode, figure 2.3. The propagation 

angle of a  mode w ith in  the  guide can be re la ted  to u. The field 

distribution of the m^h mode is nearly  sinusoidal and its transverse 

wave num ber is given by



Km . (2.2.3.1)
2a

The longitudinal w avenum ber is given by n%k. Each mode can be 

represented by a plane wave propagating a t an angle 0 given by

^ u mA, , (2.2.3.2)
n^k 4aiij

where m is the mode group num ber. W hen the wave is em itted from 

the guide the angle becomes

mX . (2.2.3.3)
4a

All the  waves w ith  the same u  travel a t the same angle through the 

fibre so the far field diffraction pa ttern  of the light em itted by the fibre 

consists of a num ber of spots located on the circumference of a circle 

whose rad iu s is defined by u. W hen m is a  m axim um , 0 is the  

critical angle. The num ber of modes w ith group num ber m  is m/2. 

Taking two polarisations into account we have th a t the total num ber 

of modes ,N, is given by

N = 2mm/2 . (2.2.3.4)

Substituting for m  into (2.2.3.4) from (2.2.3.2) and we have 

4an.0^ 0
N = (------------------------------------- (2.2.3.5)

X

We can also write the to tal num ber of modes as

4an. 2

N = ( i) 2A. (2.2.3.6)
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U sing the expression 

V - k s i n ^ y j 2A ,

in  equation (2.2.3.6) gives the  expression for the  to ta l num ber of 

modes in  a  step-index fibre which is

4 ^  . (2.2.3.7)

2.3 Group dispersion in a steT>-index fibre

In  the  field of communications optical fibres are being developed for 

th e ir  large bandw idths. A figure of m erit for an  optical fibre is 

usually  given as a length-bandw idth product and  is m easured in  

m egahertz or gigahertz per kilometer. The bandw idth of an  optical 

fibre is related to the dispersion effects in  the fibre. From bandw idth 

theory the  bandw idth ôv is approxim ately 1/ôt where ôt is the pulse 

w idth of the signal. Any broadening of a pulse by an  optical fibre 

decreases the available bandw idth. Pulse broadening by an  optical 

fibre is principally due to two processes, nam ely in term odal and 

m ateria l dispersion. In term odal dispersion arises from different 

modes having different propagation constants and hence traveling 

different optical paths, for example, the wavefront of a  hybrid mode 

such as an  EH mode follows a helical pa th  about the optical axis as i t  

p ropagates down the  fibre. M ateria l dispersion a rises from the  

w avelength dependence of refractive index in  silica. A g raph  of 

refractive index against wavelength is given in  figure 2.4.
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The combined effect of interm odal and m aterial dispersion on the 

bandwidth of a fibre is given by

B W I , = (2.3.1)

Bandw idths g reater th an  SGhz/Km are achievable for a  singlemode 

fibre a t  ISOOnm b u t even a m ultim ode step-index fibre has a 

bandw id th  of around  200Mhz/Km which is fa r g rea te r th a n  is 

achievable electrically w ithout significant a tten u a tio n  losses. For 

example, for coaxial cable the  a ttenuation  losses s ta r t to rise quickly 

above a few megahertz. Large bandwidths allow optical signals to be 

m odulated a t high fi'equencies. This is desirable in  optical signal 

processing for several reasons. The higher the modulation frequency 

the  faster da ta  can be transfered. M any optical sources are pulsed so 

processing m ust be carried  out w ithin  the  pulse duration. Many 

ra d a r  system s operate a t  g igahertz  frequencies so fibre optical |

p rocessing  of r a d a r  s igna ls  req u ire s  g ig ah ertz  bandw id th s.

In tegrated  optical devices such as acousto-optic spectrum  analysers 

doppler shift light which can be heterodyned giving frequencies of 

the order of 100 MHz.

Pulse  d ispersion  in  a step-index optical fibre is group delay 

dispersion. Group delay may be w ritten

 ̂ dp L dp . (2.3.2)
^ o = L - = 7 d T

W hen the  difference in  the  core and cladding refractive indices are 

small, the v num ber of the fibre may be w ritten
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V =  k a n ^ ^ / 2 A ,  (2 .3 .3 )

D ifferentiating we have

dv _ V 
dk k *

Then we m ay write for tq

(2.3.4)

We have an expression for p, from equation (2.2.1.3), which is 

+  f ,  (2.3.6)

We w an t to elim inate y  so we define a  norm alised propagation 

constant b such th a t

a »
V V V

Substituting for and v we have

= (l+2Ab), (2.3.8)

which m ay be approxim ated to

p^n^k  (1+Ab), (2.3.9)

We now obtain an  expression for the group delay dispersion which is

L d(n^k ) L v d(n^k Ab) . (2.3.10) 
c dk ^ c k dv
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The group delay d ispersion  can be seen to sep ara te  in to  two 

com ponents,

Tg = Tc + t^ ,  (2.3.11)

where xc is the group delay due to chromatic or m aterial dispersion 

and depends on the linewidth of the source and tm is the group delay 

due to the difference in  optical pa th  length for each mode of the fibre.

2.3.1 Material Dispersion

We shall now consider the m aterial dispersion in  a step-index optical 

fibre. From  equations (2.3.10) and (2.3.11) the group delay of a

mode due to m aterial dispersion is given by 

As k  =  CO (|ie)i/2 we have

X =
L d(n^co) , (2.3.1.2)

dco

expanded th is becomes

T = i:(n  + c Æ ) .  (2.3.1.3)c c dco

We define a  group refractive index Nq given by

dn . (2.3.1.4)
N,-, = n + CO—

°  dco

In  term s of wavelength th is becomes

29



. dn . (2.3.1.5)

0

The rela tive bandw idth of a source is ^X/ Xq  where ÔA, is a  spread of 

w avelengths X 2 - X 1 around Xq.  If  the energy propagates through a 

fibre of length L, then  the spread of arrival times due to the  different 

wavelengths is

- (2.3.1.6)

or

LdN_
dT = ------- 2  ax . (2.3.1.7)

c dX

Now we can substitute for Nq to obtain the delay corresponding to the 

m aterial dispersion in  a step-index optical fibre. This is given by

Ldx^ = - - 2  L dX,  (2.3.1.8)
dA,̂

or, if  we include the  relative bandwidth of the source, we get

T AX d^n. . (2.3.1.9)
dx = — (— ) D where D =-- ------

° c X ®d>.2
0

A graph of D against wavelength is given in  figure 2.5.

2.3.2 Intennodal Dispersion

We now w ant to consider the interm odal dispersion in  a step-index 

multimode optical fibre. From equations (2.3.10) and (2.3.11) we have
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_ L V dCn^kAb) . (23.2,1)
. c k dv

We also have an  expression  for v, equation  (2.3.3), w hich is 

approxim ately

= kaiij«y2A = k a . (2.3.2.2)

S ubstitu ting  v into (2.3.2.1) allows the interm odal dispersion to be 

expressed as

(2.3.2.3)
^  0 2 dv

The derivative m ay be shown to be given approximately by 1-x/v [2.10]. 

Thus, the following useful form for the  interm odal dispersion is

( " r  (2.3.2.4)

For highly multimode fibres w ith  large v, th is expression becomes 

approxim ately equal to the geometric resu lt obtained by considering 

the optical pa th  difference between the axial and  critical ray, figure 

2.6. By considering the p a th  difference between the  axial and critical 

ray  we have

= — [ Lmax - L ] . (2.3.2.S)

We now write Lmax in  term s of L and the critical angle. Thus we 

have
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=  !)]• (2.3.2.6)
”  Cos ec

W hen the critical angle is expressed in  term s of refractive indices we 

have

L L
“  “  1̂ ~ • (2.3.2.7)
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2.4 Phase Dispersion in a step-index fibre.

An am plitude sp littin g  optical fibre in te rfe ro m ete r allows the

correlation of an  EM wave w ith a delayed version of itself. In free

space the delay between the two waves is simply L/c where L is the

pa th  difference. However, in  a dispersive medium the delay between 

the  two waves becomes L / v p , where v^ is the phase velocity of the

wave in  the medium. Phase velocity is given by 

V , (2.4.1)
'  P

w here p is the  wavenum ber of the  light in  the m edium  and co the 

angular frequency which is fixed. The wavenumber of the  light in  the 

m edium  depends on the boundary conditions imposed on it. In  a step- 

index m ultim ode fibre illum inated by a monochromatic source each 

mode has a different wavenumber.

From equation (2.2.1.2) we have

(2.4.2)

where = n^k (n^ is the  refractive index of the medium and k is the 

free space wavenum ber) and k^ is the  wavenum ber a t  cut-off. From

section 2.2.2, the cut-off w avelength for a step-index fibre m ay be 

determined by the root of the equation

W  = 0 , (2.4.3)

or, since the param eter w is zero a t cut-off we may write
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W  = 0 . (2.4.4)

The phase velocity of a  given mode may then  be w ritten as

The expression for the v num ber of a mode a t cut-off is 

Vg = k^a (n  ̂- n^), (2.4.6)

w here kc is the cut-off wavenum ber. By substitu ting  (2.4.6) into

(2.4.5) we have for the phase velocity

^  , • (2.4.7)

a (n^-n^)

For a  mode whose v num ber a t cut-off is v  ̂ the  phase delay in  a 

fibre of length L is

9t = -  /  (n k ) ^ . ( Z 4 = ^ ) \  (2.4.8)
o> \ l  a (n^-np

From  equation (2.4.8) we see tha t, for a  multimode optical fibre, the 

phase delay decreases as v^  ̂ increases. Now , substitu ting for

CO (= ck ) a n d  w i t h  e q u a t io n  (2.2.1.18), w h ic h  i s

V = ka(ni2-n22)i^, (2.2.1.18)

we have



= , (2-4.9)

or

at = - ,  / < - . (2.4.10)

We know th a t  the wavenum ber p in  the fibre lies between two values 

as follows

n^k % p < rijk. (2.4.11)

Rearranging equation (2.4.2) we see th a t

k  ̂ = k  ̂ - (2.4.12)

The m axim um  value of k^ occurs for p = Ugk and the  m inim um  

value of kg occurs for p = n^k. The m inim um  value of the phase delay 

using (2.4.10) is therefore ngk and the maximum value of phase delay 

is n jk . The m axim um  difference in  the  phase delay betw een the  

modes of a fibre, At, m ay be w ritten

At = -^nj^-112) . (2.4.13)

This expression is seen to be the  sam e as th e  expression for 

interm odal dispersion bu t, th is  tim e, the h igher order modes have 

the  shorter delays.
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W hen considering the  optical p a th  length  (OPL) of a fibre for 

inclusion in  an  in terferom eter, or any situation  where the  OPL is 

im portant, th en  it is the  phase dispersion which m ust be taken  into 

account. Phase velocity has been discussed in  section 2.4 and has 

been defined as

V =-^2- , (2.4.1)
B*̂ mn

where is the  wavenum ber of the  wave propagating in  the  mn^^

mode. The OPL between two points A and B is defined as the  velocity 

of light in  a vacuum, c, m ultiplied by the time taken  to travel from A 

to B, 6T. Thus, we can write

OPL = c6T . (2.4.1.1)

We m ay also write th a t the tim e taken  for light to travel from A to B, 

in  the mnth mode, is the distance, L, divided by the  velocity in  the 

medium. We have

8T = L  = — _ (2.4.1.2)
V p  CO

The OPL of the mn^^ mode is, therefore, 

cLp_^
O P L _ =  22Ü . (2.4.1.3)mn ^

CO

In free space, we have c = co / k, so equation (2.4.1.3) becomes
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LB
OPLmn = n f ^ -  <2A1.4)

In  a dispersive medium of refractive index n, we have

y ___2_ . (2.4.1.5)
n(^)

Thus, a  different expression for the  OPL is

OPL = c = Ln(X). (2.4.1.6)

Comparing (2.4.1.4) w ith (2.4.1.6) we see th a t a  mode of wavenumber 

Pmn an  effective refractive index, n^^, given by

= • (2.4.1.7)

Following the working of section (2.4) on phase velocity we have th a t 

the optical pa th  length of the mn^^ mode is given by

OPL^  = k  /  n? - , (2.4.1.8)
V

and the  m axim um  optical p a th  difference between the modes, for a 

fibre of length L, is given by

A(OPL) SL(nj-ii2). (2.4.1.9)

From  equations (2.4.1.8) and (2.4.1.9) we see th a t a  multimode optical 

fibre in  which all of the modes are excited will em it light which has 

travelled a range of optical paths, the  longest being travelled by the 

lowest order mode.
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2.5 Interference

M any pre-detector signal processing techniques produce interference 

p a tte rn s . The a p p a re n t positions of two sources and  th e ir  

w avelength determ ines the  fringe geometry, th a t  is, w hether the 

fringes are linear or circular and the fringe separation.

W hen two or more waves overlap they interfere in  accordance w ith 

the principle of superposition to produce a series of brigh t and dark 

regions w here the  waves reinforce or cancel each other. By the 

principle of superposition the  electric field a t a given point, P, is the 

vector sum of the separate electric fields a t th a t point. We can write

Ep = Ej + +   (2.5.1)

As the phase of an optical wave is repeated a t about Hz, a detector 

m easures the time average value of power or intensity.

I = < l E p l ^ >  =  + (2.5.2)

I f  we consider and E 2 to be two linearly  polarised plane waves m

propagating in  directions r^ and rg with wavenumbers k^ and kg and |

frequency co, then  the two waves may be represented by

E  ̂ = EqjCos (cot -kj.tj+(|)p , (2.5.3)

and

E2 = Eg^Cos (cot - . (2.5.4)

Expanding equation (2.5.2), we have
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I = < Ie / >  +  <IEjl^> + 2< lEjEjl > . (2.5.5)

The th ird  te rm  on the rig h t hand  side is the in terference term . 

Substituting for and Eg , we have for the th ird  term

E^.E^ = Eqj.Eq̂ Cos (cot-k ,̂rj+<()pCos(cot-k2.r2+(|)2), (2.5.6)

or

Ej.E2 = 1/2 E01.E02C0S (6), (2.5.7)

w here

6= k i.ri + (j)i - kg.rg - <(>2. (2.5.8)

The in tensity  a t  P  will be a maximum when Cos 6 = 1, th a t is, 

when the  phase difference betw een the beams is 2m7i, where m is a 

positive or negative integer. This corresponds to the  condition for 

constructive in terference. The in tensity  a t P  will be a m inim um  

when Cos 6 = -1. T hat is, when the  phase difference betw een the 

beam s is (2m+l)%, where m  is a positive or negative integer. T his 

corresponds to the  condition for destructive interference.

If  E j and Eg are parallel then we m ay write

I = I, + 12 + 2,yïjï^Cos (S). (2.5.9)

If II and Ig are of equal intensity  we have

I = 4IgCos^(^) , (2.5.10)
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where Ï q is the  m ax im um  in tensity . The m any ways of producing 

interference can be divided into th ree  groups, polarisation splitting, 

wavefront sp litting  and am plitude splitting. Polarisation  sp litting 

will not be considered. W avefront sp litting  im plies th a t  different 

portions of a  single w avefront are  used to produce two or more 

sources which then  in terfere . Am plitude sp litting  im plies th a t  a 

single wavefront is divided into several identical wavefronts which 

travel different paths before they overlap.

2.5.1 Wavefix>ntsplittln£f interferometers

An example of a wavefront splitting interferom eter is th a t used in  the 

Young's interference experim ent, figure 2.7.

L ight is incident on a single pinhole Q and then  on a pair of pinholes 

Qi and Qg. The two spherical waves emerging from Q i and Qg fall

onto a  screen and interfere in  the region where the waves overlap. If  

the  am plitudes of the  waves are  the  sam e and the two slits are of 

equal w idth and very close together, then  the intensity  a t a  point P  on 

the screen is given by equation (2.5.10), which is

I = 4IgCos^A . (2.5.10)

At P, the waves from Q i and Qg have traveled distances Q^P and QgP. 

The phase difference between them  a t  P is ô where

5 = — (Q,P-Q,P) .  (2.5.1.1)
X

I t  is assum ed th a t  the  waves have th e  sam e phase a t  the two 

pinholes. The pa th  difference QgP - Q^P is the distance QgR in  figure
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2,8. W hen the distance between the  pinholes is small compared w ith 

the  distance from the  pinholes to the  screen we can m ake the  

approxim a tion

Q.R . (2.5.1.2)
Sin 0 = —-— d

In  th is case, the phase difference between beams is given by

5 = _ ( d S i n e ) .  (2.5.1.3)
X

For I to be a maximum, th a t is, for a b right interference fringe, 6 = 

2m7c as before. Thus, for the m^h bright fringe, we have

2tc
2mjc= —  dSi nO,  (2.5.1.4)

X.

or

= d Sin 0 . (2.5.1.5)

We then  m ake the  fu rther approxim ation th a t the angle between 

the optical axis and  the light which travels to the m^h fringe is given

by

Sin 0 = ^  ' (2.5.1.6)

w here r ^  is the position of the  m^b b righ t fringe. From  equations

(2.5.1.5) and (2.5.1.6) , we have th a t  the  position of the m th  b righ t 

fringe is given by

m X D  . (2.5.1.7)r  — n-TTn-rrn̂iirr I iim d
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Fo r I to be a m inim um , or a dark  fringe we require 6 = (2m+l)%. 

Thus, for the m^b dark fiinge we have

(2m+l)7C = . ^ d S i n e ,  (2.5.1.8)
X

or

(m + 1/2)X = d Sin 0 . (2.5.1.9)

Using equation (2.5.1.6) as before we have

(m+l/2)?i = • (2.5.1.10)

This m ay be rearranged  to give, for the position of the  m th  dark  

fringe, th a t

(m+1/2) ID  . (2.5.1.11)

2.5.2 Amplitude splitting interferometers

As an  example of an  am plitude splitting interferom eter we consider 

the Michelson interferom eter, figure 2.9. A wave from a source, S, is 

incident on the  beam splitter, B. The wave is split into two waves of 

equal am plitude. The first p a rt travels to m irro r m j where i t  is 

reflected and the second p a rt travels to m irror m 2  where i t  is also 

reflected. The waves are recombined a t B and propagate to a screen 

where circular interference fringes m ay be observed.

The two m irrors produce two apparen t sources a  distance 2d apart

where d is the  p a th  difference in  the arm s of the  interferom eter,

figure 2.10. The distance the waves appear to have traveled to a point
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p  on the screen is S^P and S2 P. The phase difference betw een the 

beam s a t P  is 6 where

ô = ^ ( S j P - S 2 P ) .  (2.5.2.1)
A.

This distance can be seen to be S^R, so we can write

2tc
8 = —  ( 2 d C o s 0 ) .  (2.5.2.2)

%

The in tensity  d istribu tion  across the  rings is given by equation 

(2.5.10), w ritten

I = 4IgCos^A . (2.5.10)

For the  waves to interfere constructively we require 6=2m7c where m 

is an  integer. So, for a bright ring, we have

mX = 2dCos  0.  (2.5.2.3)

For the waves to interfere destructively we require ô=(2m+l)7i. So, for 

a dark  ring, we have

(m+1/2)^ = d Cos e . (2.5.2.4)

The radius of the rings depends on the separation of the  m irrors M i 

and M2 . For a  ring of order m the angle of the ring from S% is given 

h y

^  ^ mX.  (2.S.2.5)Cos6 = —
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As the p a th  difference, d, is increased the  radius of the  m th  fringe 

decreases. As d becomes sm aller, the two sources S i and S2  become

coincident and the central fringe expands to fill the  entire  field of 

view.
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2.g ÇçheygitçgTbeçry

Coherence is a m easure of the  degree of correlation of the  phases of 

d ifferen t waves a t  d ifferent tim es or locations. The degree of 

correlation  m ay be investigated  using  an  in terferom eter. I f  the  

correlation is between two waves separated in tim e we m easure the 

tem poral coherence of the  light. If  the  correlation is betw een two 

waves originating from different points in space m easure the spatial 

coherence of the light.

A source has a  characteristic  frequency spread or bandw idth  dv.

From  the bandw idth theorem  we have

dt a —  , (2.6.1)
dv

where d t is the coherence tim e of the  source. This corresponds to the 

tim e over which a wave packet from the source has a predictable 

phase and since a  wave travels a  distance cdt in  th is coherence time, 

cdt is the coherence length, L c. We have

= c dt = —  . (2.6.2)
dv

The bandw idth ôv is related  to the linewidth 6X. Differentiating v = c / 

X  we obtain

dv = —  dA,. (2.6.3)

By substitu ting  (2.6.3) in to  (2.6.2) we m ay express the  coherence

length in  term s of the  central wavelength and linewidth of a source.

Thus, we have

L = 2 1 .  (2.6.4)
 ̂ d X
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W hen a spatially  incoherent source illum inates a  plane, we m ay 

define a coherence w idth which is equal to the m ax im um  separation 

of two points which will produce interference fringes.

Consider the  geom etry of figure 2.11. Two sources Si and Sg each 

illum ina te  a plane containing two slits as w ith  a Young's s lits  

experim ent. Both sources produce interference pa tte rn s in  a  second 

plane. The interference pa tterns are m u tually incoherent. As Sg is in 

a different position to Si the phases of the interference pa tterns are 

slightly different. I f  the separation of the slits. P i and P g , is sufficient 

so th a t

QPj = - S^Pj = i x ,  (2.6.5)

th en  the b righ t fringes due to Si will be superimposed on the dark  

fringes due to S g , and visa versa, so no fringes will be seen. The 

m inim um  separation  of P i and  Pg , before th is occurs, defines the 

coherence width. The path  difference QPg is given by

QPg = d  ̂Sin 0 , (2.6.6)

where dc is the separation of the slits, or the  coherence width. The 

angle 0 may be expressed as

d /2  d.
Sin 0 =  . (2.6.7)

As D = D1 + D2 we have

1 _  .S i n 0  =  ^ ( d g  + y ) .  (2.6.8)
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F rom  equations (2.6.6) and (2.6.8), the pa th  difference QPg is given 

approximately by

d d
Q P g  =  . ( 2 . 6 . 9 )

T hus, no in te rference  will be seen w hen th e  two sources are

separated by a distance dg, where

d̂ = j y .  (2.6.10)
c

If  th e  two point sources a  distance dg apart, are  replaced by an 

extended source of size dg th en  no interference fringes will be seen. 

The area  of the extended source, Ag, m ay be related  to a  coherence 

area, A .̂ We can write

A S  —  . (2.6.11)

2.6.1 The Analytic Signal

The analytic signal is of use in  discussing a linear optical system and 

will be used in  the following sections to define the coherence of two 

waves which are allowed to in terfere. A linear system  is one in  

which several im pulses cause a  response which is the  sum  of the  

individual responses.

The electromagnetic field for m any practical optical sources covers a 

frequency range which is sm all compared with the centre frequency. 

The radiation is then  said to be be quasi-monochromatic and m ay be
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represented by the real function E (t) which is a rea l disturbance 

and m ay be expressed in  the form

= J  A(v) Cos [ (})(v) ~ 27üvt ] dv, (2.6.1.1)

w here A(v) is the  am plitude and (j)(v) the  phase. A second rea l 

function E (t) may be defined by replacing (})(v) by (j)(v) -  %/2. We then  

have

E®\t) = IA(v) Sin [ (|)(v) -  2 n v t  ] dv. (2.6.1.2)

These two functions m ay be combined in  a single exponential 

function E(t) which is w ritten

E(t) = E^'^t) + i E®(t) = J a (v) e  ̂dv. (2.6.1.3)

If  A(v) is the  Fourier transform  of E^^^(t), then  since E^^^(t) is real we 

have

A(-v) = A*(v) . (2.6.1.4)

This is because all the inform ation about Ê )̂ (t) is contained in  the 

positive frequency region of the spectrum. Equation (2.6.1.3) can be 

w ritten

00

E(t) = 2J a (v) e^"^'dv. (2.6.1.5)
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The function E(t) is known as the analytic signal. If  the operations 

carried out upon E(^)(t) are linear, then  the more convenient function 

E(t) can be used in  the analysis and Ê *’̂ (t) obtained a t the end. I f  the 

am plitude of the components of the  spectrum  is significant only over 

a  region 6v which is sm all compared w ith  the  m ean frequency v, 

then  we write the analytic signal in  the form

E(t) = Eg(t) e‘ ( (2.6.1.6)

The real p a rt is then  given by

E®(t) = Ep(t) Cos [ <|)(t) - 2itvt ] .  (2.6.1.7)

2.6.2 Coherence as dofinotl hv correlation integrals.

We can use the  analy tic  signal to define the  coherence of an  

electromagnetic field in  term s of a correlation over the field. If  E(r,t) 

is the  field a t a  given point in  space and tim e and if  the  field is 

observed for a  tim e x which is large compared w ith its  m ean period 

1/v th en  the auto-correlation, r jj( r ,t) , or the self coherence function

of the field may be expressed as

+x

r  (r,t) = lim x->c>o_L fE(r,t) E*(r,t) d t . (2.6.2.1)
"T .

The tem poral coherence of the field m ay be expressed as

+x
r , , (r.t+T) = —  fE(r,t) E*(r,t+T) d t , (2.6.2.2)

2 f
- X

and the spatial coherence of the field may be w ritten
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-PC

= —JE(r,t) E*(r+dr,t) dt. (2.6.2.3)
2x

- X

These definitions will be used in  the following sections.

2.6,3 Temporal coherence

The device m ost commonly used to m easure tem poral coherence is 

the  M ichelson in terferom eter. This in terferom eter has two a ir  

paths, one of which is used to a lte r the  delay between the two waves. 

L ight from a scene is introduced to the interferom eter. The light is 

divided into two waves of equal amplitude by the beam splitter, B. One 

wave is reflected from m irror m l and other is reflected from m irror 

m2. The two w aves are  recom bined a t  B and  th e  re su ltin g  

interference m easured a t  the output plane P, as was shown in  figure 

2.9.

The light introduced to the interferom eter is represented by E(x,y;t) 

where x and y are the  norm al space coordinates and  t  is time. If  

E i( x ,y ; t i )  rep resen ts the  am plitude of the wave which has been 

reflected from m j and Eg(x,y;t2 ) represen ts the  am plitude of the 

wave reflected from m 2 then  the complex field a t P is

Ep(x,y;ti,t2 ) = Ei(x,y;ti) + E2 (x,y;t2 ). (2.6.3.1)

The in tensity  m easured by a  detector a t P is the  tim e averaged 

square modulus of the amplitude. We have

Ip(x,y;ti,t2 ) = < I Ep(x,y;ti,t2)|2>, (2.6.3.2)

where <> implies a time average and I I means modulus. Expanding 

the right hand side of th is equation gives us four term s , which are
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I(x,y,t^,y = < iEj(x,y,tj)l^ + lÊ Cx̂ ŷ t̂ )!̂  + E^*(x,y,t^)E2(x,y ,y  +

E j ( x , y , t j ) E 2 * ( x , y , y  > .  ( 2 . 6 . 3 3 )

An asterisk  denotes complex th e  conjugate. I f  the  sta tis tics  of the  

radiation are assum ed to be stationary, we can w rite t% = t , and 

tg = t  + X . Then we have

I(x,y,x) = < I E^(x,y,t) 1̂  + I E^(x,y,t+x) P + E^*(x,y,t)E^(x,y,t+x) +

E^(x,y,t)Ey(x,y,t+x) > . (2.6.3.4)

The first and second term s on the right hand side of equation (2.6.3.4) 

rep resen t the in tensities m easured by the detector if  e ither m irror 

were the only one present. They provide a constant background level 

and may be w ritten  as

I E^(x,y,t) 1̂ = Ij(x,y,t) , (2.6.3.5)

and

I E^(x,y,t+x) ^  -  yx ,y ,t+ x). (2.6.3.6)

The th ird  and fourth term s can be replaced by

< Ej(x,y,t) E^*(x,y,t+X) > = T^^(x), (2.6.3.7)

and

< Ej*(x,y,t) E  ̂ (x,y,t+x) > = F^^*(x), (2.6.3.S)

where F(x) is the  tem poral m u tual coherence function. The function 

represents the cross correlation of fields E% and E 2  a t  the  same point 

b u t w ith time delay x between them . Substitu ting equations (2.6.3.5),

to (2.6.3.S) into (2.6.S.4) we have

I(x,y,x) = Ij(x,y,t) + yx,y,t+x) + F^^(x) + r^^*(i;). (2.6.3.9)
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As ri2('c) rep resen ts an  auto-correlation of a  wave w ith a delayed 

version of its e lf  we m ay apply the  auto-correlation, or W iener- 

Khinchin, theorem . This sta tes th a t  the  Fourier transform  of the 

auto-correlation of function T 1 2 W is the power spectrum , F i 2 (v), of

th a t function. We also note th a t the position coordinates are the same 

and so we drop the position dependence. We can write

= J r^^(v) e , (2.6.3.10)

and

so equation (2.6.3.13) becomes

I(t) = I^(t) + I^d+T ) +  2 \  F^^(x) I Cos (2jw^t + 4>^(x)), (2.6.3.15)

32

r̂ *̂(x) = J Tj^*(v) e dv . (2.6.3.11)
0

Since the power spectrum  m ust be real, we have 

F i 2 (v) = F i 2 *(v). (2.6.3.12)

The source is considered to be quasi-monochromatic, so dv / V o« 1 

w here dv is the  spectral w idth and Vq is the  m ean frequency. Then

(2.6.3.9) becomes
00

I(X) = Ij(t) + y t + x )  + J 2 I  Tj^(v) I Cos (2mVgX + (t)(x) ) d v . (2.6.3.13)
0

We can write

ri^(T) = |F^^(x)|Cos(27UV^t + <|) (̂x)), (2.6.3.14) |
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where F 12W is the Fourier transform  of the frequency distribution of

the source. The cosine term  can be seen to give information about the 

tem poral m u tual coherence function, F(x) and through th is F(v).

We can define a  norm a lised m u tua l coherence function which is

F, fx)
y . M -----------12---------   . (2.6.3.16)

(I,( t)y t-K ))i'2
w ritten

Using equations (2.6.3.15) and (2.6.3.16), we have

I(x) = Y t) 4- I (̂t4-x) + 2 (I^(t)I^(t+x))^/  ̂I y^ (̂x) I Cos (270' t̂+()) (̂x)) .

(2.6.3.17)

If  the  waves are of equal intensity , we have I%=l2 =I and (2.6.3.17) 

becomes

I(x) = 21(1 + 1 Ŷ (̂x) I Cos (27cv̂ t + 4)̂ (x)) ) . (2.6.3.18)

This is the  re la tionsh ip  for the  ou tpu t of a F ourie r transfo rm  

spectrometer. As a m easurable quantity  we use Michelsons visibility 

V defined by

v = . (2.6.3.19)
max min

The maximum value of I(x) occurs when we have 

Cos(2jwot+<l)r(x)) = 1 , (2.6.3.20)

and the m inim um  value when we have

Cos(27cvot+<t>r(x)) = -1. (2.6.3.21)

Substituting these values into (2.6.3.19), we find
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V= 1 712(1:) I .  (2.6.3.22)

Thus, the  visibility of the  interference fringes is a  m easure of the 

absolute value of the degree of tem poral coherence.

2,6.4 gpatial çpfigrgncg

The coherence of a rad iation  field in  term s of a correlation between 

two points in  space, a t the sam e tim e, is norm ally m easured by a 

Young's slits experiment. Suppose an  extended source, X, is placed a 

d istance s from a screen containing two ap ertu res  P j and  Pg a 

distance d apart. Let s be large compared w ith d. The light from the 

source is sampled by the apertures. The resulting interference a t a 

rem o te plane is m easured by a detector a t a point P. Let Ei(xi^ y^  ̂t) 

and Eg(xg, yg, t) be the complex fields a t the points P% and P 2  due to 

an  elem ent, da, of the source, X. The complex field, Ep, a t  P is the 

vector sum  of the  fields a t P% and Pg after travelling a  distance 1% 

and Ig respectively. So we have
b L

Ep(Xj,X2,yj ,yg,t^,y = Ej(Xj,yj ,t-— ) + - y ) . (2.6.4.1)

The in tensity  m easured by a detector a t P due to da  is the  square 

modulus of Ep. We write

dip = I ( Ej + Ej ) I ^do. (2.6.4.2)

Expanding equation (2,6.4.2) and assum ing the equality 

E *  E^ + Ej E /  = 2 Re {E^* E  ̂ }, (2.6.4.3)

we obtain
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dIp(Xj,y ,̂X2,y2) = < I E^(x^,y^,t - —) I ^da + I E2(x2,y2»t - y )  I ^da

1,
+ 2 Re { Ej*(Xj,ypt ) da }. (2.6.4.4)

Now we m ay write
li Ig
—. — t j , - — — tg, (2.6.4.5)c  ̂ c  ^

we then  pu t

t j  =  t ,  =  t  +  X. (2.6A6)

Equation (2.6.4.4) becomes

dip (Xj,y ,̂X2,y2,x) = < I E^(Xj,yj,t) I ^da + | E^(x2,y2,t+x) I ^da

2 Re { Ej*(Xj,ypt) E2(x2,y2,t+x) da ). (2.6.4.7)

As each point in  the source is assum ed to be incoherent w ith all other 

points, the  in tensity  a t  P  due to the  whole source is obtained by 

in tegrating (2.6.4.T) over the  source. This is w ritten

Ip(xi,yi,x2,y2,x) = Jdlp. (2.6.4.S)

Equation (2.6.4.7) becomes

Ip(Xj,y ,̂X2,y2> = J I Ej(Xj,ypt) I ^da + J j E^(x2,y2,t + x) I ^da
2 z

+ 2 Re { jEj^*(Xj,yj,t) E2(x2»y2t+x) da }. (2.6.4.9)

The f irs t and  second term s on the  rig h t hand  side of (2.7.4.9) 

represen t the in tensity  m easured a t P  if  aperture P% or Pg were the

only one open. We can write
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JlE j(X j,y jt)l^da = Ij, (2.6.4.10)
2

and

J  I E^Cx^.y^t+x) I  ̂da =1^. (2.6.4.11)
2

We now introduce the phase coherence factor, » betw een and 

Pg defined by

^12 "■ / p p  jEj*(Xj,yj,t) E2(x2,y2,t+X) da. (2.6.4.12)
V 1 2 5^

If  the two waves have traveled equal distances, then  x = 0 and we 

m ay drop th e  tim e  dependence. However, we ' r e ta in  th e  x,y 

coordinates as th e  ligh t is sam pled a t  d ifferen t poin ts. U sing

(2.6.4.10) to (2.6.4.12) in  (2.6.4.9) we have

Ip = I, + Ij + 2 ,y %  Re { }. (2.6.4.13)

The phase coherence function m ay also be w ritten  in  the  form

Yj2 = 1̂ 12 I (2.6.4.14)

where P12 is the phase coherence between the waves. Then (2.6.4.13) 

becomes

Ip = Ij + I2 + I 7^2 I Cos (2.6.4.15)

So perfect coherence implies th a t  I ŷ g I is unity. If  the  waves are of 

equal in tensity  then  I^ = Ig = I and we have

Ip = 2 (1  + 1 (2,6.4.16)
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Again, using Michelson's visibility, we find th a t

V = I Yj2(x ,̂y ,̂X2,y2) I. (2.6.4,17)

So, under the  condition , and w ith zero pa th  difference, the

visibility of the interference fringes is a m easure of the absolute value 

of the degree of spatial coherence.
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3 Background and Review,

3d J ib re optic interferometric sensors

M uch of th e  work conta ined  in  th is  thesis  is  concerned w ith  

m easuring  the  visibility  of in terference fringes produced by a two 

beam  fibre optic interferom eter. The M nge v isibility is im portan t 

because i t  can be related to the spectrum  of the light and because the 

visibility is a  m easure of the degree of correlation of the two beams.

The ou tput of an interferom eter depends on the superposition of two 

waves. A detector a t the output m easures intensity. This intensity, 

I, is given by

I = CEjE^ ( 1 - V Cos(4>̂ -<))̂ ) ) , (3.1.1)

where C is a  constant, and E2 are the am plitudes of the  two beams

usually  denoted as signal and  reference, V is the fringe visibility, 

and (j)i and ^ 2  are the phases of the  two beams. This equation reveals

two of the problems associated w ith the use of an  interferom eter as a 

sensor. F irstly, the output is periodic, th a t is, if  the phase change in 

the signal arm  is greater th an  2 n  radians, then  the output becomes 

am b iguous. This problem  can be overcome by the  use of two 

wavelengths. By m easuring the  in tensity  due to each wavelength 

the  unamb iguous range is extended. Secondly, the  sensitivity of the 

interferom eter is also periodic. D ifferentiating (3.1.1) w ith  respect to 

phase, we have

—  = KE,E,Sin((l),-(t>,) , (3.1.2)
d<j)
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w here K is a  different constant. This second problem  m ay be 

overcome by the use of feedback to m a intain the output a t quadrature.

The m ajority  of fibre sensors employ singlemode fibre. Fibre optic 

in te rfe ro m etr ic  sensors a re  designed  to m ax im ise  th e  phase  

sensitivity  of the  singlemode fibre to the  param eter of in te res t e.g. 

tem pera tu re , p ressu re , s tra in , m agnetic field, etc. This m ay be 

expressed as

^  = + 1 ^ )  (3.1.3),
Sx X  § x  ÔX

where <)) is the phase of the signal arm  and x is the param eter to be 

m easured. The term s in  the bracket correspond to a  change in  the 

length  of the optical p a th  of the  signal arm . The firs t is due to a 

change in  the  fibre length and the second is due to a change in  the 

refractive  index. I f  the  v isib ility  of the  in terference fringes is 

required  then  the  phase of one arm  of the in terferom eter m ust be 

a ltered  by a t least 2 n  rad ians. This will allow the m ax im um  and 

m inim um  of in tensity  to be m easured and equation (3.1.1) solved for 

V .

Fully in tegrated fibre optic interferom etric sensors have been around 

for about a  decade, the m a in  work being carried out using the 

Sagnac, M ach-Zehnder, and  M ichelson in terferom eters. A short 

review of fibre sensors is given by Davis [3.1].

A fibre ring  or Sagnac in terferom eter for use as a gyroscope is 

described by Vali and Shorthill [3.2]. W hen the fibre ring is ro tated 

the interference fringe shift is proportional to the change in  angular
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velocity. By m easuring the total num ber of fringes seen by a detector 

the angle of rotation may be calculated.

Optical fibres are  affected strongly by tem pera tu re  and  so a fibre 

in terferom eter will not norm ally rem a in  in  quadra tu re  where i t  is 

m ost sensitive if  homodyne detection is used. Jackson, et al. [3.3] 

used a  piezoelectric (PZT) fibre stre tcher in  the form of a cylinder 

together w ith feedback from the two antiphase outputs of a Mach- 

Zehnder interferom eter in  order to elim inate the drift and m a in tain  

th e  in te rfe ro m ete r in  q u ad ra tu re . An a lte rn a tiv e  is to use a 

heterodyne technique w here the  ligh t in  the  reference arm  is 

frequency shifted by a PZT cylinder. In  th is case, any periodic phase 

shift to the sensor arm  appears as a  frequency m odulation w ith the 

carrier frequency being fixed by the modulation of the reference arm. 

Phase shifts of less th an  10"^ rad ians were detected by Jackson, et al. 

[3.4] using the heterodyne technique.

An all-singlem ode optical fibre M ichelson in te rfe ro m ete r w as 

constructed by K ashyap and  N ayar [3.5] for use as a hydrophone. 

They used a fibre directional coupler w ith silver m irrors deposited on 

the  ends of the  two fibre arm s. The in terferom eter was operated 

rem o tely over a kilom etre of fibre and a PZT cylinder was used to 

sim ulate acoustic signals in  one arm.

A fibre Fabry-Perot sensor is described by Kersey, e t al. [3.6]. An 

advantage of th is detector is th a t  the source and  detector m ay be 

placed a t the end of the same fibre w hilst the sensor arm  is remote. 

O ther fibre Fabry-Perot interferom eters have been constructed which 

use a series of partially  reflecting splices to give m ultiple outputs. A 

F ab ry -P ero t in te rfe ro m etr ic -po la rim etr ic  fibre optic senso r is
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described by A khavan Leilabady, e t al. [3.7]. U sing polarisation 

m a in tain ing  singlemode fibre i t  was shown th a t a  rem o te sensing 

Fabry-Pero t cavity formed by a  p artia lly  reflecting splice and  a 

cleaved end could give both in terferom etric  inform ation seen as 

interference fringes and polarim etric inform ation seen as a phase 

shift between the two orthogonal interference patterns. This can be 

used to extend the  unambiguous range of the sensor.

3.2 Phase Modulation

As m entioned in  section 3.1, phase m odulation of light guided by an 

optical fibre m ay be achieved using the piezoelectric effect. The fibre 

is w rapped around a cylinder of piezoelectric m ateria l so th a t the 

fibre is s tre tch ed  w hen the  cylinder changes its  dim ensions. 

E lectrodes were contacted on the  in n e r and ou ter walls of the  

cylinder. W hen a voltage was applied the cylinder expanded radially 

by an  am ount proportional to the applied voltage. W hen n  tu rn s  of 

fibre are  wound around the  cylinder and a source of free space 

wavelength X  is guided in  a core of refractive index n i , the num ber of 

wavelengths N  corresponding to the extension of the fibre is

^ ^ 2 i i V d 3 3 ^  ( 3  2 _ j )

X

where V is the applied voltage and for our particu lar m aterial dgg 

is 593 * 10 -1 2 m/V a t room tem perature. For an applied voltage of 100 

volts, 10 tu rns of fibre, and a  core refractive index of 1.45 we have th a t 

N = 8.5. This value is only approximate as the stra in  produced in the 

fibre will cause a  change in the fibre birefHngence. This alters the 

value of n i  and  changes the  ou tpu t polarisation in  a  singlemode 

fibre.

6 1



3.3 Interferometric arrangements

All the  classical in terferom eters can be made using optical fibres. 

The interferom eters used in  the  experiments, and so described here, 

are Young's slits, the Mach-Zehnder and Michelson.

3.3.1 Young's Slits interferometers

The Young's s lits  experim ent is u sua lly  carried  out w ith  two 

pinholes from which two spherical waves emerge and interfere. We 

can replace the two pinholes w ith the ends of two optical fibres. The 

light em itted by the fibres will produce two approxim ately spherical 

waves and interference fringes in  the  same m anner.

The classical Young's slits experim ent gives us inform ation about 

spatial coherence. T hat is, i t  is a  wavefront splitting interferom eter. 

L ight is sampled a t  two points on a phase front by two pinholes from 

which spherical waves emerge and are allowed to in terfere . The 

visibility of the interference fringes formed is a m easure of the spatial 

coherence of the two points on the  wavefront. A problem w ith  the 

classical Young's s lits  experim ent is th a t th e  fringe spacing is 

inversely proportional to the  separation of the  two pinholes. So, in  

order to correlate two widely separa ted  points, a  correspondingly 

sm all detector is required. A fibre Young's slits interferom eter can 

be m ade so th a t  the  fringe spacing is independent of sam pling 

position.

3.3.2 Mach-Zehnder interferometer

The Mach-Zehnder interferom eter is frequently used in  fibre sensors. 

I t  is an am plitude sp litting in terferom eter and is constructed from
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two fibre couplers. The first coupler splits the light into two waves 

which travel a reference and signal pa th  until being recombined by 

the second coupler. The reference arm  is usually phase modulated. 

An advantage of th is in terferom eter over the M ichelson is th a t the 

two an ti-phase  ou tpu ts can be used  in  the  post-detector signal 

processing. Interference fringes will be seen if  the p a th  difference 

betw een the  reference and signal arm  is less th a n  the  coherence 

length  of the source.

8.3.3 Mlchelson interferometer

A M ichelson in terferom eter, like the  M ach-Zender, is frequently  

used in  fibre sensors. I t  is constructed from a single fibre coupler 

w hich sp lits the  ligh t into signal and  reference fibre arm s and 

recom bines the  ligh t w hen i t  is reflected from th e ir  ends. The 

reflection will occur from a cleaved fibre end but for high reflectivity a 

lens and m irror m ay be used or preferably the fibre end is silvered. 

An advantage of th is interferom eter is the few components required. 

Also the  double pass of light in  the  signal arm  m akes its sensitivity 

twice th a t of the  Mach-Zehnder. A disadvantage is th a t as 50% of the 

ligh t is re tu rn ed  to the  source the  stab ility  of the  source can be 

affected. The same conditions apply for the production of fringes as 

for the Mach-Zehnder.

3.4 Multimode Optical Fibre Interferometrv.

Singlem ode optical fib re  is  u sed  in  th e  m ajo r ity  of fibre 

interferom eters. Multimode optical fibre is more commonly used in  

devices which rely on in tensity . A major advantage of multimode 

optical fibres is th e ir collecting area  which is typically 2 orders of 

m agn itude greater th a t of a singlemode fibre. Two consequences of
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th is  are relaxed tolerances for alignm ent of fibres w ith each other or 

w ith  devices and g rea ter coupled power. Note th a t  th e  num erical 

apertu re  of the fibre relies only on the  core and cladding refractive 

indices.

Singlem ode fibre produces a beam  w ith  uniform  am plitude and 

phase so in terference fringes m ay be easily detected. M ultimode 

fibres produce beam s w ith  d isto rted  am plitude and phase b u t in  

m an y  cases in te rfe re n c e  p a t te r n s  can  s ti ll  be reso lved . 

Roychoudhuri [3.8] suggested th a t a multimode fibre could be used in 

an  in terferom eter and d ifferent optical p a th  lengths obtained by 

exciting d ifferent modes of th e  fibre by changing th e  angle of 

illum ination  of the  source. He obtained a  g raph which seems to 

in d ica te  th a t  optical p a th  len g th  increases as th e  angle of 

illum ination  increases although from equation 2.4.1.8, derived in  

section 2.4.1, one would expect the  opposite to be the case.

Shajenko [3.9] considered m ultim ode optical fibres for inclusion in  

optical hydrophones. High visibility fringes were obtained when light 

from  a H eN e la se r  w as gu ided  to an  a ir  p a th  M ichelson 

in te rferom eter th rough  1km  of m u ltim ode fibre and  the  fringe 

p a tte rn  m easured  v ia a 25m long m ultim ode optical fibre. In  a 

second paper Shajenko [3.10] replaced the HeNe laser w ith a  white 

light source and a  lOOnm interference filter. Despite the multimode 

na tu re  of the fibre i t  was shown th a t a 0.05nm displacem ent of one 

m irro r of the  in terferom eter could be detected. A M ach-Zehnder 

in terferom eter made from m u ltim ode optical fibre and  illum inated 

by a HeNe source was constructed by Shajenko [3.11]. When one arm  

was phase m odulated by a PZT m ateria l a t 400hz the  m inim um  

detectable optical pa th  difference was 0.04nm.



"9

Interference patterns in  multimode optical fibre interferom eters w ith 

pa th  differences of up to 800m were obtained by Shajenko [3.12]. I t  

was noted th a t the  num ber of modes of a  m ultimode laser detected 

over the  ou tput plane changed w ith  position due to the wavelength 

dependence of each mode and  the periodicity of the source visibility 4

curve was reduced in  amplitude.

W hen a m onochrom atic source illum inates an  in terferom eter the  

relationship between the path  difference and visibility of interference 

fringes becomes ambiguous after the phase in  one arm  has changed 

by 2k  rad ians. A w hite ligh t source has a very short coherence 

length and th is can be used to tran sm it inform ation about the pa th  

difference in  an in terferom eter and overcome the  am biguity. The 

light em itted by a white light source can be considered to consist of a 

short wave packet. If  th is source illum inates the interferom eter then  

the light em itted by the interferom eter can be considered to consist of 

two short wave packets separated by the delay in  the interferom eter. 

I f  th e  lig h t is guided to a  second rem o te in te rfe ro m eter th en  

scann ing the second interferom eter will produce interference fringes 

when the path  difference is zero and also when the pa th  difference is 

equal to the pa th  difference in  the  first interferom eter. Using th is 

m ethod Bosselmann and Ulrich [3.13] dem onstrated rem ote detection 

of a 10 m icron pa th  difference to an  accuracy of 0.15pm w ith white 

light coupled between two interferom eters by a 75 m icron core fibre. 

The two in terferom eters a re  be ing used as filters and  th is  has 

relevance to optical fibre signal processing because light guided in  a 

multimode fibre is em itted as a  series of pulses which has a filtering 

effect on the spectrum.
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Pav lath  and Shaw [3.14] showed th a t a gyroscope could be made from 

multimode optical fibre which would allow more power to be coupled 

into the  device and reduce alignm ent requirem ents.

3.4.1 Multimode Fibres in Astronomy^

Optical fibres are commonly used in  Astronomy to couple light from 

a  telescope to a  spectrometer. As the intensity  of the light is all th a t is 

required multimode optical fibres may be used. Core d iam eters from 

50 to 1500 m icrons are available for this purpose.

A problem w ith the fibres is th a t  the ir a ttenuation  due to Rayleigh 

scattering increases rapidly as the wavelength decreases. So called 

'wet' fibres, i.e. m oderately OH" doped, show the lowest losses in  the 

blue and ultra-violet b u t fibre lengths are lim ited to a  few m eters. 

The m a in  advantage of a  fibre linked system  over conventional free 

space coupling is the ability to carry  out spectral m easurem ents on 

m any objects sim ultaneously using a  two-dimensional optical fibre 

array. The multimode na tu re  of the fibres used produces an output 

beam  whose in ten sity  is uniform ly scram bled, and  hav ing  the 

spectrometer remote from the telescope enables i t  to be mounted more 

stably th an  m ight otherwise be possible. The spectrom eter can also 

be used by several telescopes as a  common instrum ent.

The im portan t criterion for coupling efficiency of a  telescope to a 

fibre and of a  fibre to a  spectrometer is the product AÎ2 where A is the 

area of the fibre core and the solid angle of light emerging from the

fibre know n as its  num erical ap ertu re . I f  th e  telescope and 

spectrom eter were designed to give the product A^Og where At is the 

collecting area  of the telescope and fig is the solid angle accepted by 

the spectrom eter then  AtOg is a  m inim um  for the system  and a well
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m atched fibre will have a  AQ product equal to or only slightly larger 

th an  At^lg . The angles of the cones of light em itted or accepted by a 

telescope and  spectrom eter are  usually  given in  term s of an f- 

num ber. The re la tio n sh ip  betw een  f-num ber and  num erica l 

apertu re  is given in  section 3.5.

A rrays of fibres used in  the  A nglo-A ustralian observatory are 

described by Gray [3.15]. L ight from as m any as 50 fibres placed in  

the  image plane of the telescope is introduced to a spectrom eter as a 

lin e a r  a rra y  and th e ir  spectra  m easured  s im ultaneously . The 

maximum num ber of fibres is lim ited by the size of linear fibre array  

which can be accommodated by the spectrometer. I t is in teresting  to 

note th a t so-called 'focal-length degradation’ occurs in  optical fibres 

and is a  problem which m ay reduce resolution. If  light is coupled 

into an  optical fibre w ith  an  f-num ber larger th an  th a t  of the fibre 

then, due to scattering and m icrobending in the fibre, the light can be 

em itted w ith an  f-number greater than  or equal to th a t of the fibre.

3.5 CQUDling lig h t into Optical Fibres.

For highly m ultim ode fibres, a geometric analysis is sufficient to 

ensure good coupling of light from a source into an optical fibre. The 

aim  is to m atch the num erical aperture  (NA) of the collecting optics 

to the num erical aperture of the fibre. The num erical aperture of the 

fibre is defined in  section 2.1.1 as the sine of the angle of the cone of 

light accepted by the fibre. The square of the num erical aperture is a 

m easure of the light gathering power of the system.

The f-number of a lens is defined as

f / # 4  ■
d
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w here d is the  d iam eter of th e  lens and f  is i ts  focal length. For 

m ax im um  coupling by a  lens into a fibre the f-num ber of the lens 

should be m atched to the num erical aperture of the fibre. So we need 

to know the relationship  betw een the f-num ber of the lens and the 

num erical apertu re  of the fibre. We have for the  h a lf  angle of the 

cone of light defined by the lens

T a n e = A -

The num erical apertu re  of a fibre is typically less th an  0.3 so we can 

say

d
NA = Tan 8 = — . (3.5.3)

2f

Then for maximum coupling by the lens to the  fibre we have 

1 . (3.5,4)f / #  = 2NA

For m axim um  coupling into singlemode optical fibres i t  is necessary 

to consider the  problem  in  te rm s of gauss ian  beam  optics. By 

determ in ing  th e  correct optics we can p resen t th e  lig h t a t the  

en trance to the  fibre w ith  the  sam e characteristics as the  mode 

which is to be guided.

The diam eter of the mode which propagates in  a singlemode fibre is 

approxim ately  1.2 tim es the  core d iam eter a lthough  th is  value 

increases as the wavelength of the source gets fu rther above cut-off. 

In  order for efficient coupling into a fibre a lens should focus the 

light to a  beam waist a t the end of the fibre and the beam w aist should
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have the  sam e d iam eter as the  mode. The G auss ian  beam  optics 

necessary for obtaining efficient coupling is given in  appendix B.



3.6 Scalar Diffraction Theory.

D iffraction theory is necessary to fully explain the  propagation of a 

wave through a  linear optical system. It is also necessary to explain 

image formation by coherent and incoherent light. Diffraction theory 

is included here because although diffraction effects are not observed 

w hen light is guided in  an  optical fibre the light em itted  from the 

fibre m ay be a source for a free space optical system or alternatively 

an  optical fibre m ay be used to sam ple light from an  im age whose 

form ation requires diffraction theory.

Kirchoff assum ed th a t ligh t could be trea ted  as a scalar phenom ena 

which obeyed the wave equation w ritten

V"e  = 1 ^ ,  (3.6.1)
c dt

where E is the  electric field. I f  the wave is propagating along the z 

axis then  it  m ay be expressed as the real p a rt of the exponential given 

by

E(z,t) = A e* ̂   ̂ . (3.6.2)

As a general case of diffraction consider a point P  o in  the plane 

(xo , yo ) illum inating an  apertu re  A in  the plane ( x i , yi ) and then  

propagating to a  point Pg in  a  receiving plane (x g ,y 2 )> figure 3.1. The 

field a t P  g is given by the Fresnel-Kirchoff diffraction form ula which 

is w ritten

.  * ik(r+s)

^ 2(^2'yg) —  ^o(Xo>yo)jJ” — [ Cos (n,r) - Cos (n.s) ] ds . (3.6.3)
2 X  A



Th is in teg ra l is a superposition which m ay be considered to be a 

spherical wave described by eiW r incident on the apertu re  A which 

produces new spherical waves a t each point in  the  apertu re . The 

in tegral sum s all these waves over the apertu re  plane. The cosine 

term s define the directions of r  and s relative to a  un it vector n  in  the 

aperture plane. Equation (3.6.3) m ay be w ritten as

U;(P^) = JJU i(P i) h(Pj,Pj,) ds , (3.6.4)

w here

U^(P^) -  AQ(xQ,yg) , (3.6.5)

and

iks
h(P.,PJ = — [ Cos (n.r) - Cos (n.s) ] . (3.6.6)

2 X  ^

The function h( Pi,Pg) is known as the  im pulse response or point 

spread function of the system. In  order to simplify equation (3.6.3) 

certain  approxim ations can be made. For a small apertu re  Cos (n.r) 

is close to 1 and Cos (n.s) is close to -1 so the term  in  square brackets 

is approxim ately equal to 2. If r  and s are much g reater th an  the size 

of the aperture  then  we m ay replace them  by zq and z except in  the 

exponential term  where the  phase error may be a  significant fraction 

of 2 n  rad ians. If  we include these assum ptions we m ay w rite the  

superposition integral (3.6.4) as

= —^ A q(Xq,Yq) . (3.6.7)
X zZq
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The wave incident on the aperture is given by

ikr
Uj(Pj) = Ag(Xg.yg) 4  , (3.6.8)

0̂

and the impulse response of (3.6.6) becomes

h(Pj,Pj)= — e"“. (3.6.9)
X z

3.6.1 Region of Fresnel Diffi:*action.

The exact value of r  from figure 3.1 is given by

 ̂ 4  + ( + ( Yo-yif ' (3.6.1.1)

This m ay be approxim ated by

r a  z g [ l + l ( 4 ^ ) ^  + 4 ( 4 ^ ) ^ ] .  (3.6.1.2)
Z Zq ^  Zg

and sim ilarly for s we have

z [ l +  ] • (3-6.1.3)z z z z

W hen ZQ and  z are sufficiently large for the  approxim ation to be 

accurate the point Pg is said to be in the region of Fresnel diffraction.

The superposition in tegral (3.6.4) m ay be w ritten  as a convolution of 

the inpu t U i(xi,yi) w ith the impulse response. Thus, we have

-i i k z f f  ^ ( ( ' z - x i ) ^  + (y2 -y|) ')
U^(Xyy2) = —  G Jju^(X;,y^) e dx^dy,. (3.8.1.4)

Expanding the quadratic term  we obtain
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-i t o f f  ^ ( ( , 2 - x y  + (y2-y,f)
— e"^ U,(x^,y;)e dx^dy,. (3.8.1.4)
X z

Expanding the quadratic term  we obtain

ik , 2 2 , ik , 2 2
ikz

e  €

X z

—  ( ^2+72 ) r f  — (^1  +7 2 )
e

+ygyi ))
e * dxjdy^, (3.6.1.5)

A part from an am plitude term  and constant phase factor the integral 

says th a t Ug (xg ,yg ) is the Fourier transform  of

U i(xi,yi) exp( ik (xi2+yi2) / 2 z ), (3.6.1.6)

w ith  spatial frequencies u  and v given by

Xn Yo
u = —  , V = —  . (3.6.1.7)

X z  X z

3,gf3 ïtegjQnQfFramhQf̂ rPififraçtioiL

The F raunhofer, or fa r  field, approxim ation requ ires th a t  the  

apertu re  m ust be small compared w ith the source and observation 

distances, figure 3.1. We w rite

k (x^+y^)
Zq>> ---------  max, (3.6.2.1)

and

k(x^ + yi)
z »     max , (3.Ô.2.2)
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where zq is the  source distance and z the observation distance. The 

aperture size is given by x and y. The first condition m ay be m et by a 

co llim ated beam  illum ina ting  the apertu re. The second condition 

determ ines the  m inim um  observation distance and m ay be satisfied 

by a lens, used to image the  F raunhofer p a tte rn  in  its  back focal 

plane. W hen these conditions are  satisfied we m ay w rite  equation

(3.6.1.5) as

— e e JJU j(X j,yj)e dx^dyj.

(3.6.2.3)

If  the  apertu re  function is placed in  the front focal plane then  we 

have

T his elim inates the  quadra tic  term s in  Xg and yg and  (3.6.2.3) 

becomes

2 n i , .
r r  (%+yzyi)^ J ® dXjdy^ , (3.6.2.5)

where f  is the  focal length  and D is a  constant. Equation (3.6.2.5) 

shows th a t  the  F raunho fer d iffraction p a tte rn  is th e  F ourie r 

transform  of aperture distribution Uj (x,y) evaluated a t frequencies u

a n d  V w h e r e

Xg Vo
u , V  = —  . (3.6.2.6)

a  f x
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3.7 F o u r ie r optics.

The F ourier transfo rm  (FT) occurs frequently  in  optical signal 

processing, for exam ple, in  th e  operations of co rre la tion  and  

convolution. I t  occurs as the  F raunhofer diffraction p a tte rn  of an  

apertu re  and  i t  rela tes the  optical power spectrum  to the  v isibility 

envelope of interference fringes (FT spectroscopy). The branch  of 

optics which m akes use of the FT is known as Fourier optics.

3.7.1 T he phase  shifdnsf p ropertie s  o f a  lens.

I f  a  w avefront is passed through a lens the lens will introduce a 

phase delay which is a function of the co-ordinates, (x,y), in  the plane 

of the lens.

A point O, a distance dj from a lens will be im aged a t a point I a 

d istance dg from the  lens, figure 3.2. The phase across a spherical 

wave radiating from O is given by

Uq(r) = (3.7.1.1)

where r  is the distance from O. This m ay be w ritten as

2 2 ,2  ,1/2^  ^ ^ik(x"+y"+drr. (3.7.1.2)

I f  X and y are much sm aller than  dj then  by the binom ial theorem

Ug(x,y) = e ' . (3.7.1.3)

The lens produces a spherical wave centred on I so the phase across 

the wave is given by
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Uj(x,y) = e . (3.7.1.4)

The phase delay of the  lens, (x,y), is the  difference betw een

(3.7.1.3) and (3.7.1.4). We have

-‘ ■ '.( l .i-x z V )-ik ( d.+d,) 2 d, d,
U,(x,y) = G ' ' e  ' ^  . (3.7.1.5)

Using the lens equation

1 1 1
(3.7.1.6)

1 "2

and neglecting the constant phase term  we have th a t the  phase delay 

due to a lens of focal length f  is given by

U^(x,y) = e  ̂' . (3.7.1.7)

3.7.2 T he FouH er transfo rm ing  p roperties  o f a  lens.

We w ish to determ ine the effect of a  lens on light diffracted by an  

aperture. Consider the optical system  of figure 3.3. The am plitude 

d istribu tion  of ligh t in  a  p lane a distance d^ from  a lens is 

U i(x i,y i), and the distribution a t the  lens in  plane Pg is Ug (xg ,yg ). 

The light is transm itted , and propagates to plane Pg w ith distribution 

Ua (xg ,ya ).

From  equation (3.6.1.5), section 3.6.1, the  d istribution of light a t Pg 

from an aperture a t P i, pu tting  z = di, is given by
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= ^ e x p ( i k d j ) e x p ( ^ ( x 2 + y 2 ) )  J |U i(X j,y j)

exp ( 4 "  (Xj+yj)) exp ( ( x^x^+y^y^)) dx^dy^. (3.7.2.1)

The d istribution in  plane Pg is multiplied by the effect of the lens and 

propagated to plane P g . We have for the effect of the lens

—ik 2 2
b^J^2»y2  ̂ = (̂̂ 2*^2  ̂ ( i r r  ( x^+y^)), (3.7.2.2.)2f

w here

P(x,y) = 1, inside the lens aperture

= 0, otherwise. (S.7.2.3)

The light d istribution, Ug (xg ,yg ), a  distance dg beyond the lens a t 

plane Pg is determ ined by pu tting  the  product Ug (xg ,yg )UL(xg , yg ) 

into equation (3.8.1.5).

In  m ost rem ote sensing applications the source will produce waves 

which a re  effectively p lan a r a t  the  sensor. These waves will be 

focused a t  the  back focal plane of a lens so we le t d g = f. Then 

Ug (x g ,y g ) may be shown to be given by

UgCxg.Yg) = A exp ( ~  ( x3+y3) ( l ~ ) )

JJUi(Xi,yi) exp ( -2%i ( x (̂—) + y^(—) ) dx^dy^ (3.7.2.4)
X f  X f

w here A is a constant. The equation shows th a t, b u t for a phase 

error, the am plitude distribution in  plane Pg is the FT of the aperture 

distribution in  plane ?%. The phase error depends on the value of d%. 

If  dj = f  then  the FT is exact and may be w ritten
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Ug(x ,̂yg) = A JJUj(Xj,yj) exp ( -2%i (x̂ u + y^v)) dx^dy ,̂ (3.7.2.5)

where

X. yg
u = — and V = — . (3J.2.6)

X f  X f
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3.8 Spatial coherence filtering.

Electro-optic (E -0) sensors w hich employ ro ta tin g  re tic les or 

choppers, chosen in  order to m odulate a  signal im age, m ay also 

m odulate unw anted background features of sim ilar spatia l extent. 

We therefore have to consider and exploit the differences which exist 

betw een the  signal and  background, for exam ple, differences in  

spatial coherence.

3.8.1 Convolution with incoherent and coherent illuminatioTL

The process of m ultiplying each point of a  function by the whole of 

ano ther function and  sum m ing the  resu lts  is called convolution. 

This m ay be w ritten  for two continuous functions as an integral. The 

convolution in tegral for two functions fj (x) and f  ̂(x) yields a function 

fg (x') and is w ritten

fg(x' ) = J fj(x) f^(x'- X ) dx (3.8.1.1)

3.8.2 Image formation with incoherent iHummatioiL

Rad iation processes a t points separated by a t least one wavelength in  

a  conventional therm al ligh t source are independent of each other, 

th a t is, they are spatially incoherent. The in tensity  distribution in  the 

image plane due to a  point source in  the  object plane is described by 

I h(x,y) 12. This function is called the intensity  point spread function. 

A scene illu m in a ted  by incoheren t illu m in a tion  will have an  

in ten sity  d istribu tion  given by Io(x,y) where x and y are the co

ordinates in  the  plane. The in tensity  Ii(x',y') a t point x’,y' in  the 

image plane may be considered to be the  sum m ation of the  images of
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th e  individual object points so the image is the  convolution of the 

object with the point spread function. Thus, we have

I;(x\y') = J Io(x,y) I h ( x'-x,y’-y ) 1̂ dx dy. (3.8.2.1)

I t  m ay be shown th a t the product of the Fourier transform s (FTs) of 

the two functions involved in  a  convolution in tegral is the  FT of the 

resu lt. T hus, the  FT of th e  object in ten sity  function, %o(x,y),

m ultiplied by the FT of the point spread function (PSF), I h(x,y) 12, is 

the FT of the image in tensity  function, Ii(x’,y'). The FT of the  PSF is

called the  optical tran sfe r function (OTF). The OTF consists of an  

am plitude and a  phase term . The m odulus of the  OTF is the  

m odulation tran sfe r function, T(x,y). R elationships betw een the  

various functions for incoherent illum ination are given in  figure 3.4.

F resne l's  diffraction in teg ra l shows th a t  the  PSF in  incoherent 

illum ination is the  square m odulus of the image of a point in  the 

object plane. This is equal to the FT of the aperture function, A(x,y). 

The tran sfer function is, therefore, the convolution of the  apertu re  

function w ith its own complex conjugate. We write

T (x,y) = J A(x’,y')A*(x-x',y-y')dx'dy’ (3.8.2.2)

The convolution of a  function w ith itse lf is referred  to as an  auto

correlation function, figure 3.5.
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3.8.3 Imacfé foimation with coherent mrnnination.

There is a  basic difference betw een im ag ing using  coherent and 

incoheren t light. Incoheren t ligh t as described in  the  previous 

section is linear in  in tensity . Thus, the image in tensity  is linearly  

related to the object intensity. Coherent light is linear in  amplitude so 

the  am plitude of the image is linearly related to the am plitude of the 

object. The convolution in teg ra l for im age form ation in  coherent 

illum ination is

Ej(x’,y') = J EQ(x,y) h (x'-x,y'-y) dx dy, (3.8.3.1)

w here Ej and E q are the image and object complex am plitudes and 

h(x,y) is the amplitude PSF. The OTF for coherent illum ination is the 

FT of the am plitude PSF. However, the FT of the am plitude PSF is 

itse lf the aperture function, figure 3.6.

3.8.4 Image formation with partially coherent illumination.

Incoheren t and  coherent illum ina tion  are  the  two extrem es of 

partia lly  coherent illum ination. For a  complete understand ing  of 

im age form ation the case of p a rtia l coherence m ust be considered 

[3.16].

We can use the phase-coherence factor introduced in  section 2.6.4 to 

study the diffracted image of a reticle, illum inated by a source, in  the 

ap ertu re  p lane of an  E -0  sensor. An elem ent d a  of th e  source 

produces a complex am plitude E(x,y) a t a point (x,y) of the  aperture 

plane. I f  the  reticle has a transm ission  function A(x,y), th en  the 

tran sm itted  complex am plitude of the radiation is E(x,y)A(x,y). The
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I

E*g2(u'»V) = J E(x2,y^)A(x^,y^) h( u'-x^,v'-y^) ds^. (3.8A3)
«2

The intensity  d l a t (u',v') due to the source element da  is given by 

dl = E;^(u',v’) E‘̂ /(u ’y ) . (3.8.4.4)

The to ta l in tensity  I(u',v') a t  (u',v’) due to the  whole source, Z, is 

obtained by integrating over all the elements of the source. We have

\ y ' )  = Jd l. (3.8.4.S).

diffracted image of (x,y) will be centred on (u,v) in  the image plane, 

figure 3.7. Let h(u'-x,v*-y) be the complex point spread function of the 

optical system. The complex am plitude dE'g i  a t (u',v’), produced by |

an  area of the object ds^, is given by

dEg^(u',v’) = E(Xj,yj)A(Xj,yp h( u'-x^,v'-y^) ds^, (3.8.4.1)

The to tal amplitude a t (u',v‘) due to all elements of the object is given

fey

E*^j(u',v') = J  E(Xj,yj)A(Xj,yj) h( u'-x^,v'-y^) dSj. (3.8.4.2)

An equivalent expression for a  second point in  the apertu re  plane 

E(x 2 ,y 2 ) may be w ritten

I(u

Equations (3.8.4.3) and (3.S.4.4) are substituted into (3.8.4.5) and, as |

all the  variables are independent, the  order of in tegration  m ay be

changed to give ii
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I(û',v') = J J  { jE(Xpy^)E*(x2,y2)da }A(Xj,y^ A ^(x .̂yg)
si s2 £

h (u'-Xj,v'-yj) h *(u'-x^,v'-y^) dSjds^. (3.8.4.6)

From  section 2.6.4, equation (2.6.4.12), we may m ake a substitu tion 

for the integral in  brackets in  equation (3.8.4.6). The phase-coherence 

term , , is defined as

JE ( x j ,y p  E  ^(x^.y^)
V = ^---------= ---------, (2.6.4.12)

V Ÿ z

SO w e  h a v e

si s2
i ( u ' , v ' )  =  J  J  Y j j C x j  -  * 2 ’ y i  ■ ( x ^ y ^ )

h(u'-XpV'-yj) h* (u'-x^.v'-y^) dSjds^. (3.8.4.7)

I f  the  source illum ina tes the  reticle w ith  coherent 

illum ination, we have g = 1 and I(u*,v') is given by

I(u*,v') = I J E(x,y) A(x,y) h(u'-x,v'-y) ds I (3.8.4.8)

I f  th e  source illum in a tes  the  reticle  w ith  incoheren t 

illum ination, we have y^g = 1 when = x 2 and y% = y g and is zero

otherwise. The image intensity, I(u',v'), is then  given by

I(u’,v') = J I(x,y) T I (x,y) P I h(u'-x,v'-y) ds. (3.8.4.9)
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8.8.5 Spatial coherence filtering with coherent and incoherent sources.

The imaging properties of a  source depend upon the  coherence of th a t 

source as discussed in  sections 3.8.2 to 3.8.4. These im ag ing 

properties can be exploited to enable an E -0  sensor to discrim inate 

betw een a small spatially  coherent source and spatially  incoherent 

background radiation.

A rem ote source illum inating an  object in  the aperture plane of an E- 

O sensor forms an  im age in  the  back focal plane of a  lens which is 

determ ined by the point spread function (PSF) of the optical system. 

For a spatially  coherent, quasi-monochromatic, source, illum inating 

a  ID  grating, the  image consists of discrete points which are  the  

Fourier transform  im age of the  object centred on the im age of the 

source. A spatially  incoherent, narrow band, source illum inating the 

same ID  grating forms an image which is the convolution of the PSF 

w ith the  in tensity  d istribution of the  source. The im age consists of 

diffuse regions instead  of discrete points due to the spatially coherent 

source. If  the source is broadband, as would more norm ally be the 

case, the image is fu rther b lurred  by the  wavelength dependence of 

the  Fourier transform  which causes a continuum  of im ages to form 

slightly offset from each other. The resu lt of th is technique is to form 

an  image in  which the  only prom inent features are those due to a 

spatially  coherent, quasi-monochromatic, source.

A paper by French [3.17] describes the  employment of th is technique 

in  order to take advantage of a small, spatially coherent source, s, in  

a spatially incoherent background, figure 3.8. A reticle consisting of 

a  one-dim ensional g ra ting  is placed in  the  apertu re  plane of the 

sensor. A lens is placed behind the  reticle. A discrete diffraction
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p a tte rn  of the grating  occurs in  the back focal plane of the  lens only 

for th e  spa tia lly  coherent source, s, and no t for th e  spatia lly  

incoherent background. As the  aperture plane reticle is ro tated, the 

diffraction p a tte rn  rotates and is m odulated by a  stationary  reticle in  

the detector plane. By th is m eans m odulation of the  source, s, has 

been achieved w ithout m odulating the background.

The single stage pre-detector signal processor which m akes use of 

sp a tia l coherence differences m ay be employed as a spectrum  

analyser to obta in inform ation about the  wavelength of a spatially 

coherent source in  an incoherent background. This is achieved by 

selection of an  appropriate stationary  reticle. Youem  has described 

such a  sensor [3.18], figure 3.9. The sensor consists of a  ro ta ting  

ap ertu re  plane reticle divided into two halves. The two halves 

c o n ta in  one d im e n s io n a l g ra t in g s  w h ich  a re  m u tu a lly  

perpendicular. The lens forms the Fou rier transform  image (FTI) of 

the  two dimensional grating, bu t w ithout the cross term s, in  its  back 

focal plane. As the aperture plane reticle rotates the  FTI rotates. A 

stationary reticle consisting of clear and opaque regions placed in  the 

image plane will tran sm it light when the FTI passes over the  clear 

regions and block i t  when i t  passes over the opaque regions so the 

geom etry of the reticle determ ines the  m odulation of the  FTI. The 

po in ts w hich com prise th e  FTI are  w avelength  dependan t so 

modulation of the FTI which is spectrally dependant m ay be achieved 

by a  reticle which has curved spokes. The curved spokes produce 

pulse w idth modulation. The pulse w idth being related  to the  signal 

w avelength.

French and Sutton [3.19] describe fiirther applications of pre-detector 

signal processing which m ay be employed in  several stages by
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m ultiple transform s. A two stage sensor is described, figure 3.10. In  

the  f irs t stage, ligh t from a spatia lly  coherent signal and the  

incoherent background is introduced to the system. Only the  signal 

is m odulated by a ro ta ting  phase reticle and sta tionary  reticle as 

described before. The FT I is  not, however, com patible w ith  

conventional image processing techniques so it  is retransform ed by a 

second stage. The second lens and second phase reticle operate on 

the  transform ed im age and  reconstruct the original scene a t the  

output plane of the  second reticle. A final lens images the scene a t 

th e  ou tpu t p lane of the  sensor. The signal, how ever rem a in s 

m odulated by the first stage. This sensor, using m ultiple transform s 

can be regarded as employing an  encoding and  decoding process. 

The encoding is the formation of the ro tating transform ed image and 

decoding is achieved by the stationary reticle. The coded signal is the 

tim e m odulated waveform.

3.8.6_SpatiaI coherence functions.

Several m ethods of processing optical scenes w ith in terferom eters 

have been proposed. In  1965 Mertz [3.20] discussed an  interferom eter 

which would record the two dim ensional Fourier transform  of an 

incoherently illum inated scene. The interferom eter was sim ilar to a 

M ichelson and consisted of a beam sp litter and  two roof m irrors 

arranged so th a t one roof m irror reflected the image in  a  horizontal 

axis and  the  o ther reflected the  im age in  a vertical axis. This 

interferom eter was used by Wessely and Bolstad [3.21] to m easure the 

spatial coherence between two points in  a scene and by Breckenridge 

[3.22, 3.23] to m easure the  angu lar subtense of sta rs . A sim ilar 

in te rfe rom eter was used  by B ak u t e t al. [3.24] to obta in  the
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dependence of the spatial coherence function of a scene on the spatial 

coordinates.

3.9 Spectral filtering.

Most E -0  sensors only process optical scenes by spectrally lim iting 

the radiation using a bandpass filter. If  the filter has a  transm ission 

function, Tj(v), and the signal and background have spectral profiles 

Ig(v) , and Ib(v), respectively, then  the transm itted  ratio  of signal to 

background power Pg(v) and P b (v ), is given by

- P„(v)

dv

. (3.9.1)

dv

If  the filter has Tf(v) = 1 w ithin a bandw idth of dVf̂  we m ay w rite 

Ig(v) dVf

Ip(v) dv.
(3.9.2)

If  the  signal has a bandw idth dVg which is less th an  th a t of the filter 

and the background has a bandw idth which is lim ited by the filter, 

we have

Sr = L(v) dv,
(3.9.3)

Thus, by spectrally lim iting the  background, the  rejection ratio  is 

increased. The d isadvantage of th is  approach is th a t  i t  is still 

possible th a t high in tensity  broadband background rad ia tion  could 

appear as a  signal because the  processing still relies on the power
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p resen t a t the  detector. The sensor is now designed to respond to 

signals a t one wavelength so signals outside the filter passband are 

always rejected. I t  would be m uch more useful i f  th e  sensor were 

designed to accept or reject signals by consideration of spectral 

bandwidth. This is the basis for tem poral coherence filtering.

3.10 Temporal coherence filtering.

We have seen th a t the coherence length of a  source is related  to its  

bandw idth by equation 2.6.4. We w ant to consider a m ethod which ]

will enable us to design E -0  sensors which are sensitive to tem poral 

coherence.

A paper by Sutton [3.25] describes a  pre-detector signal processing 

technique to take advantage of the difference in  tem poral coherence 

betw een  a quasi-m onochrom a tic  source, s, an d  a b roadband  

background in  order to discrim inate between them , figure 3.11. The 

senso r is based on a M ach-Zehnder in terferom eter w ith  a p a th  

difference chosen to be shorter th a n  the  coherence length  of the 

source, s, b u t longer th a n  the coherence length of the  background 

radiation. Interference fringes are formed only by the  source, s. A 

loudspeaker vibrates a pellicle beam splitter so modulation due to the 

signal only is  detected  a t  the  two an ti-phase  o u tp u ts  of the  

interferom eter by two photodiodes. Post-detector signal processing is 

now possible. By subtracting one output from the other, the DC level 

due to the background is removed to leave only the m odulated signal. i



3.101 Temporal filtering with a Gaussian spectral profile.

A source w ith a G aussian spectral profile may be described by

( V -Vq)̂
2v̂

Ig(v) = Ip e “ , (3.10.1.1)

where Vq is the centre frequency, Ip the  maximum in tensity  and

the h a lf width frequency a t 60.7% full height. From section 2.6.3, the 

spectrum  of a source is obtained from the FT of its  auto-correlation 

function. Conversely, the inverse FT of the spectrum  is the  auto

correlation function. We m ay w rite

where Ui(v) is the am plitude of the spectral profile and r n ( t )  is the 

auto-correlation function. Substituting (3.10.1.1) into (3.10.1.2) gives

r  j(T) = J lUpl^e (3.10.1.3)

Using the identity

(b^-4ac)
J e '( “  ^  4 .   ̂ (3  1 0 1 4 )

i t  can be shown th a t

2 /  7  2v^ - In h 'h l  j27tv Xr^j(T) = I Up l y  2tcv2 e '  e "e *e V  (3.10.1.5)
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Equation (2.6.3.7), section 2.6.3, defined a  m utual coherence function. 

The self coherence function m ay be w ritten

r „ ( x )

Thus, we have

Ŷ (̂t) = exp (-Ijt^T^v^) exp (j27cv^x). (3.10.1.7)

The second term  describes the  interference fringes and the first term  

gives the envelope of the  fringes. The ratio  of the h a lf  w idth of the 

spectral distribution to the centre frequency may be given in  term s of 

wavelength by

—  = . (3.10.1.8)

R earrang ing  (3.10.1.8) and substitu ting  for c = X o v  ̂ gives the  

equation

\  ^  . (3.10.1.9)

The ratio  1 g  ̂ / 9A. is referred to as the  coherence length, Lc, of the 

source so we may w rite

= — • (3.10.1.10)

The tem poral delay, t, m ay be expressed as a  spatial p a th  difference 

ty

L = c x . (3.10.1.11)
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Finally, equation (3.10.1.7) may be expressed as

Y (x) = exp (--^  ( exp ( (3.10.1.12)
“  2 X

0

So we see th a t the  fringe visibility falls off w ith  p a th  difference as 

given by the first exponential term  of (3.10.1.12).Using th is expression 

we can design EO sensors w ith pa th  differences th a t m ake use of th is 

processing. The visibility curve obtained w ith a  Lorentzian spectral 

profile is determ ined in  appendix C.
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Figure 3.2 Phase delay due to a lens.
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Figure 3.3 Fourier transform by a lens.
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4 Experim ental 

44 YŒPg'g patfemsi

Interference p a tte rn s  can be obtained very simply by allowing the 

ligh t em itted by two optical fibres to overlap. If  the  ligh t from each 

fibre is coherent then  interference patterns will be produced.

Interference p a tte rn s were produced by two sources placed side by 

side in  the  m anner of Young’s slits. L ight was coupled into two 

singlemode optical fibres, each Im  in  length, by am plitude splitting 

the  light from a HeNe laser using a pellicle beam splitter. The ends of 

the  optical fibres were placed side by side and the light em itted from 

each fibre was allowed to overlap on a  screen placed a few tens of 

centim etres beyond the fibre ends, figure 4.1. The fringes are equally 

spaced because the two sources are side by side. The fringe spacing is 

inversely proportional to the separation  of the  two sources so the 

m ax im um  fringe spacing is lim ited by the m inim um  separation  of 

the fibre cores. This is lim ited by the size of the cladding and any 

o ther coatings w hich m ay su rround  the  fibre. The fibres were 

m easured to have an  ou ter d iam eter of 200 m icrons. The wavefront 

em itted by each fibre was of uniform am plitude and phase and so the 

interference fringes produced are as would be expected for a Young's 

slits experim ent except th a t the light was em itted from the fibre end 

in  a  cone defined by the num erical aperture. The electric field, Ep, a t

a point P  on the  screen for two singlemode optical fibres m ay be 

w ritten
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A second difference is th a t the the phase of the light em itted by each 

fibre, <j>i a n d  <|)2 , need no t be the  sam e so th a t  there  need no t be

constructive interference a t  zero p a th  difference beyond the  fibres. 

W hen viewed on a  m on itor using  a  ccd cam era equally  spaced 

fringes w ith high contrast were seen. W ith equal in tensities coupled 

into each fibre, the  m ax im um  and m inim um  fringe in tensity  could 

be m easured on a linear ccd array  placed a t the screen. The fringes 

were found to have unity  visibility.

The singlemode optical fibres were changed to Im  long 50/125 m icron 

m ultim ode fibres, th a t  is, a 50 m icron core surrounded by a 125 

m icron cladding plus any o ther coatings. The outer d iam eter was 

m easured to be 200 m icrons. The wavefront em itted by a multimode 

fibre is a  superposition of m any modes and assum ing dispersion 

effects are small the effect of the fibre is to produce m any modes all 

w ith a  different phase. Hence, the  light em itted from one multimode 

fibre does not give the uniform illum ination of the  singlemode fibre 

bu t a speckle pa ttern  consisting of bright and dark regions where the 

modes have in te rfe red  constructively  or destructively  w ith  one 

another. Any interference fringes which are formed by the two fibres 

are superimposed on this background of speckle. For two multimode 

optical fibres, which support n^ and ng modes respectively, the

electric field, Ep, a t a point P  on the screen is given by

+ (4.1.2)
Hi

The num erical aperture of the 50/125 pm fibre is given as 0.2 so a t a 

w avelength of 633 nm  the fibre has a v num ber of abou t 50. From 

section 2.2.3, the num ber of guided modes is about 1000. W hen viewed
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on a m onitor interference fringes were seen w ith high contrast bu t 

they were not completely linear. Distortions and discontinuities of the 

fringe p a tte rn  could be seen. W hen equal in tensities were coupled 

into each fibre, unity  visibility fringes were m easured by a linear ccd 

a rray .

Both the singlemode and 50/125 fibres were phase m odulated using a 

piezoelectric cylinder. This phase delay in  one arm  caused the fringe 

pa ttern  to appear to 'scan' across a  single photo-detector placed a t the 

screen. Provided the  detector was m uch sm aller th a n  the  fringe 

separation  the  fringe visibility could be m easured. The fibre was 

wrapped 10-20 times around the cylinder and a linear voltage ram p of 

a few 100 volts was applied across the wall of the  cylinder. The 

expansion of the cylinder stretched the fibre causing a phase delay. 

As the two fibres can be of different lengths linear interference fringe 

pa ttern s can be produced from a single source w ith a tim e delay set 

by the difference in  the path  lengths of the  two fibres.

A second multimode fibre was used. This was a plastic fibre w ith a 

core diam eter of around 400 m icrons. This fibre guides m any more 

modes th an  the 50/125 fibre i.e. n^ and n^ of equation (4.1.2) are about

64 tim es larger. Consequently, the wavefront em itted by each of the 

two Im  long, 400 m icron, fibres shows m uch more d istortion so the 

speckle p a tte rn  formed is m uch finer. In terference fringes were 

formed w ith  equal in tensities in  each fibre and m easured to have a 

visibility greater th an  0.8. W hen the interference fringes were viewed 

on a  m on itor and  com pared w ith  previous experim ents they  still 

could be seen to have high con trast b u t the fringe distortion was 

greatly  increased. I t  was harder to distinguish the fringes from the 

background speckle. This is probably because the speckle from each



fibre is very fine and so the  regions of overlap of one speckle from 

each fibre i.e. regions of constan t spatia l phase g rad ien t are very 

sm all.

Two very large core multimode optical fibres were used to produce 

interference fringes. The fibres were Im  long plastic fibres w ith a 

core diam eter of 970 m icrons so n^ and n^ of equation. (4.1.2) are

increased to about 400 tim es the  num ber of modes in  a 50/125 pm 

fibre. The interference fringes formed were viewed on a  m onitor bu t 

i t  was alm ost impossible to distinguish the fringes from the speckle 

w hen they  were sta tionary , though they  could be d istingu ished  

dynam ically. The easiest method was to warm  one of the fibres using 

a finger which caused sufficient phase shift to move the  fringes b u t 

no t so m uch as to significantly  a lte r  the  speckle p a tte rn . The 

visibility of the interference fringes was m easured, using a linear ccd 

array, to be greater th an  0.7. The repeatability of the m easurem ent is 

very low because of the  difficulty of d istinguish ing  fringes and  

speckle. Photographs of the interference patterns obtained w ith each 

of the multimode fibres are given in  figures 4.2, 4.3, and 4.4.

4.1.1 Multiple beam interference patterns.

Light em itted from two optical fibres has been shown to produce an 

in terference p a tte rn  whose sim ila rity  to a Young's s lits  p a tte rn  

decreases as the  num ber of guided modes increases. L ight em itted 

from m any optical fibres w ith their ends all placed side by side in  a 

linear a rray  will produce a fringe p a tte rn  which is re la ted  to a  

m ultiple slit experim ent, figure 4.5. L ight from a HeNe laser was 

coupled into four 50/125 pm optical fibres, each 2m in  length. The 

ends of the  fibres were placed side by side and a superposition of
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several in terference p a tte rn s  was seen on a screen placed 20cm 

away, figure 4.6. For m  singlemode fibres the  electric field, Ep, a t a

point P  on the screen is given by the sum  of all the individual electric 

fields. We have

= (4.1.3)
m

Fo r m  multimode fibres which each support n ^  modes the  electric 

field a t a  point P  on the screen is given by

= (4.1.4)

Two of the fibres were phase modulated a t different frequencies using 

piezoelectric cylinders. Some of the fringes were seen to scan w ith 

frequencies characteristic of both piezoelectric cylinders. The fringes 

were seen to drift due to therm al effects. W ith two fibres th is occurs 

slowly so it  is not m uch of a  problem  b u t w ith  m ore fibres the 

combined phase effect can be large.

The interference pa ttern  formed by multiple slits m ay be compared to 

a m ultip le  fibre experim ent. W ith  m ultip le  s lits , th e  source 

illum inates the slits w ith the same phase and so the  phase difference 

between the individual electric fields a t a point P is fixed and depends 

only on the optical pa th  length between the slit and P. As the phase of 

the  ligh t em itted by each fibre is unpredictable, another variable is 

added and the interference pattern  is simply a superposition of all the 

possible interference patterns. I t  is only when all the  beam s are in  

phase th a t the interference p a tte rn  characteristic of m ultiple slits is 

seen.
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4.2 Mach-Zehnder type interference patterns.

W hen interference pa ttern s are  formed from two sources which are 

on a line parallel to the interference plane then  they are of a Young's 

slits type. W hen interference pa tte rn s  are formed from two sources 

which are on a line perpendicular to the interference plane then  they 

are of a  Mach-Zehnder, or Michelson, type.

L ight from a HeNe laser was divided by a beam splitter and  coupled 

in to  two singlemode optical fibres each Im  long. The ligh t th en  

travelled through the  fibres and when em itted from the fibre ends i t  

was collimated by a 50mm focal length f/1 lens and recombined using 

a second beam splitter, figure 4.7. W hen the fibres were aligned 

correctly circular interference fringes were seen on a  screen. The 

size of the  central fringe and also the to tal num ber of fringes in  the 

field of view could be altered by changing the relative positions of the 

ends of the two fibres or by adjusting either of the lenses to change the 

divergence of the  beam s. W hen viewed on a m on itor using  a ccd 

cam era the fringes were sym m etrical and of high contrast. One of 

the fibres was phase m odulated using a piezoelectric cylinder. This 

caused the  fringes to be m odulated abou t the  centre of the  fringe 

p a tte rn  so th a t a photodetector placed a t  the centre of the  p a tte rn  

m easured the  m ax im um  and m inim um  of the fringe in tensity . The 

fringe visibility was found to be unity.

The fibres were replaced by two Im  long 50/125 m icron fibres. 

Interference fringes were produced as before bu t th is tim e they were 

superimposed on a background of speckle. W hen viewed on a monitor 

they were seen to be symmetrical and have high contrast. W hen one 

of the fibres was phase modulated, the fringe visibility a t the centre of

I-
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the  pa ttern  was determ ined to be unity. If  a single interference fringe 

filled the whole field of view then  the speckle p a tte rn  appeared to be 

m odulated bu t d ifferent regions had  different phases.

The fibres were then  replaced by two Im  long plastic optical fibres 

w ith a core diam eter of 400 m icrons. The fringes were seen to have 

good con trast b u t were d isto rted . The circu lar fringes seen in  

previous experim ents now showed d iscon tinu ities and  were no 

longer circularly symmetric. The effect was even more m arked when 

fibres w ith  970 m icron cores were used. F ringes showing good 

co n tras t were p re sen t b u t th e  c ircu lar sym m etry w as a lm ost 

com pletely distroyed. The centre fringes were very  difficult to 

d istingu ish  from the  speckle. As i t  was not possible to phase 

m odulate the two large core fibres using the piezoelectric cylinder, 

phase modulation was achieved by warm ing one fibre w ith a finger; 

then, the visibility could be m easured as before. The v isibility of the 

fringes formed by the 400 m icron core fibre was m easured to be 0.7 

and, for the 970 m icron core fibre, the visibility was m easured to be 

0.6. . The interference fringes present a t the screen were recorded by 

a cam era on black and  w h ite film. The lens of the  cam era was 

removed and the interference fringes allowed to fall directly onto the 

film. Photographs of the fringe patterns formed w ith 50/125 pm, 400 

pm, and 970 pm fibre are given in  figures 4.8, 4.9, and 4.10.

mapsi

The phase front of a beam  of light em itted by an  optical fibre affects 

the  uniform ity  of the  in terference fringes which the  beam  can 

produce. A m ap of the  phase front of the  beam  can be obtained by 

allowing the ligh t to in terfere w ith a uniform reference beam. The
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in terference fringes obtained are  a  m ap of the  phase difference 

between the phase front of the light em itted from the fibre and the 

phase front of the reference beam.

As the distortion of the wavefront of a beam em itted from a fibre m ust 

depend upon the  num ber of guided modes, we looked a t  the  phase 

fron t of a 970pm  core fibre, figure 4.11. The experim ental 

arrangem ent was as follows. L ight from a HeNe laser was divided 

into two beams by a  pellicle beam splitter. One beam was coupled into 

the 970 m icron core fibre and the  other beam was spatially  filtered, 

expanded and collimated to provide the  reference. The beam s were 

recom b ined by a  second beam splitter. In terference fringes were 

produced which fell onto a screen a t the output of the  interferom eter. 

The rad iu s of cu rvatu re  and divergence of the  two beam s were 

m atched by focusing the reference beam  to a point the same distance 

from the interference plane as the fibre end. This was done using a 

lens w ith  a  focal leng th  which produced a beam  w ith  the  sam e 

divergence as the light from the fibre. A slight difference in  the radii 

of curvature a t the screen caused a num ber of c ircular fringes to be 

present. The distortion of the  fibre wavefront was seen as distortion 

of the circular fringes, figure 4.12.

4.4 Measiarement of visibility curves bv fibre interferometer.

In  order th a t experim ents could be carried out w ith  non-zero p a th  

differences i t  was necessary to determ ine the visibility curves for our 

sources. The two sources were a  5mW HeNe laser (633nm) and a 

15mW HeCd laser (442nm).

The visibility curves were m easured by introducing the light to an air 

p a th  Michelson in terferom eter consisting of a pellicle beam splitter,
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which divided th e  ligh t into two beam s. The beam s were each 

reflected off a m irror and  recom bined by the  sam e beam splitter. 

C ircu lar in te rfe rence  fringes w ere obtained. One arm  of th e  

interferom eter was phase m odulated using a rotating glass slide and 

th e  m ax im a and  m in im a of in te n s ity  w ere m easu red  by a 

photodetector a t the centre of the pattern . The path  difference between 

the  two arm s of the interferom eter was increased in  steps from zero 

to around 160cms. A graph of visibility against pa th  difference was 

plotted for each source (figures 4.13 and 4.14). The graph of visibility 

against p a th  difference for the  HeNe laser shows a periodicity of 

around 70cm. W hen rad ia tion  from the laser was m easured by a 

spectrum  analyser a frequency of 409MHz was detected which would 

beat over a distance of 73.3cm in  space. The HeCd shows a visibility 

curve which has a coherence length of about 12cm.

Using the  graph of visibility against pa th  difference for each source 

as a  reference the  same experim ent was carried out using a fibre 

M ach-Zehnder in terferom eter. E ach source, in  tu rn , was coupled 

into two fibres which were singlemode a t  1300nm. The fibres were 

in itially  of equal length. One arm  of the  in terferom eter was phase 

m odulated  and  th e  two beam s em itted  from  th e  fibres were 

superim posed by a beam splitter in  order to obtain circular fringes. 

The fringe visibility was m easured by a  photodiode a t the centre of the 

circular fringe pa ttern . A known length  of fibre w as cut from one 

arm  and the  v isibility  m easured  aga in . In  th is  way a  g raph  of 

visibility against p a th  difference was plotted as before (figures 4.15 

and 4.16). I t  was seen th a t  the only difference betw een the  results 

tak en  w ith  a ir  p a th s  and those w ith  fibre p a th s  w as th a t  the  

geometrical p a th  difference for a given change in  visibility to occur
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was abou t 1.5 tim es sm aller in  the la te r case due to the refractive 

index of the fibre.

A 5 Optical fibre bandpass coherence filtering.

W hen light of bandw idth and centre wavelength X  is introduced to 

an  in te rferom eter and  one arm  of th e  in te rferom eter is phase 

m odulated the light is m odulated only if  its coherence length, L c , is 

g rea ter th an  the optical pa th  difference (OPD) in  the interferom eter. 

From section 2.6,

L_ = 2 1 .  (2,6.4)
5X

If  th e  lig h t consists of a narrow  band  signal and  broadband 

background rad ia tion  th en  the  pa th  difference m ay be chosen to 

cause m odulation of the  signal only. In  the  case w here a  laser 

source is the  signal and the sun  provides the background radiation 

the path  difference need only be of the order of m illimetres. This is an  

example of a  high pass tem poral coherence filter.

A bandpass tem poral coherence filter m ay be realised by using two 

fibre in te rferom eters w ith  d ifferen t OPDs sam pling  the  sam e 

rad iation. The pa th  difference. La , in  interferom eter A is chosen to 

be less th an  the coherence length of the signal radiation, th a t is, i t  is 

a high pass filter. The pa th  difference, Lg , in  in terferom eter B is 

chosen to be g rea te r th a n  th e  coherence leng th  of the  signal 

radiation. Light which is m odulated by interferom eter A and not B 

has a coherence length  which falls betw een the  OPDs of the  two 

interferom eters, th a t is.

La < Lc < L g . (4.5.1)
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A bandpass tem poral coherence filter was dem onstrated using two 

PZT phase m odulated optical fibre M ach-Zehnder interferom eters, 

figure 4.17. L ight from two laser sources was coupled into each 

interferom eter. The two laser sources were a HeCd (442nm) w ith a 

coherence leng th  of around 12cm and a HeNe (633nm) w ith  a 

coherence length of 35cm (taken as the first m inimum of the  visibility 

curve ). The light from the HeNe laser was chopped. Interferom eters 

A and B had fibre path  differences of 4cm and 13cm respectively. This 

corresponds to OPDs of 6cm and 19.5cm when the refiractive index of 

the fibre core is taken  into account. Modulation due to interferom eter i

A is shown in  figure 4.18. The OPD is less than  the coherence length 

of both sources so both sources produce interference fringes which 

a re  m odulated a t  frequencies proportional to th e ir  w avelength.

M odulation due to interferom eter B is shown in  figure 4.19. As the 

OPD is g rea ter th an  the coherence length of the HeCd source, only 

HeNe interference fringes are produced and modulated.

If the  general shape of the spectral profile of a  source is known the 

two interferom eters m ay be used to m easure its  coherence length in  

the presence of background radiation. For example, a  source w ith a 

G aussian spectral profile m ay be expressed as, from section 3.10.1,

(V-Vq)̂
2v̂

Ig(v) = IpC “ , (3.10.1.1)

where Vq is the centre frequency. Ip the m aximum in tensity  and V(x 

the  h a lf w idth frequency a t 60.7% full height. Then the visibility of 

in terference fringes produced by an  in terferom eter w ith  a p a th  

difference L is
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V . (L) =  e x p ( -^ (L )2 ) . (4.5.2)

The m ax im um  and  m in im um  in te n s itie s  m easu red  w ill be 

^^max"*"^background^ and (Imin"*"^background) m easured fringe

visibility will be

/T \  ̂ ^max^ ^background)  ̂^min^ ^background) / a  c  ' i \

( I  + I  ) + f I + I  )  '' max background  ̂  ̂ min background'

In  order to determ ine the  true  visibility we need to elim inate the 

background intensity . If  two interferom eters have p a th  differences 

La and Lg respectively, the ratio of the two visibility m easurem ents is

v ( L . ) ( ^max ^min)LA

v ( L g )  (I„iax“ ^ m in )L B

(4.5.4)

which is independent of the background intensity  if  it  is the same in  

both cases. Equation (4.5.2) is applied to each interferom eter, and one 

expression divided by the other, so we have

r  ^^^a) 1 1 r  ^ ( ^A " ^  ) 1
L V (Lg) J = 2 L J (4.5.5)

Thus, knowing La and Lg we can determ ine L^.

4.6 Coherence spectrometer.

A spectrom eter enables the  w avelength content of a  scene to be 

determ ined. Given a  scene which contains several spectrally narrow 

sources of different wavelengths i t  would be useful to have a system 

which would give inform ation about the  spectrum  of each source 

w ithout the  need for high quality and high resolution components.

103



Such a system may be realised by a combination of an  interferom eter 

and  low reso lution spectrom eter. The experim ental a rrangem ent 

was as shown in  figure 4.20. L ight firom a scene was coupled into a 

PZT phase m odulated M ach-Zehnder fibre in terferom eter w ith  a 

4.5cm optical pa th  difference between its  arm s. The light was then  

collimated and passed through a diffraction grating and the  zero and 

plus one orders of the diffraction p a tte rn  focused onto a  linear fibre 

a rray . The fibres of th e  a rra y  guided the  lig h t to a single 

photodetector. A ro tating  reticle consisting of a  transm itting  spiral 

the  w idth of one fibre scanned across the array  enabling the  light 

coupled into each fibre to be m easured separately  so th e  spatia l 

d is trib u tio n  w as converted to a  tem poral signal. The signal 

m easured by the photodetector when the scene contained red, green 

and blue laser sources is shown in  figure 4.21. The first order of the 

diffraction p a tte rn  consists of separa te  signals due to the  th ree  

sources. The zero order shows the signal due to an  in tensity  sum  of 

each m odulated source. A closer look a t the first order, figure 4.22, 

shows the modulation due to the interferom eter. The red, green and 

blue sources show progressively lower visibility fringes and  hence 

broader line widths.
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4.7 Optical fibre couplers.

D irectional couplers a re  necessary  to divide and  combine ligh t 

efficiently in an  all optical fibre system. A singlemode optical fibre 

uses evanescent wave coupling. A wave propagating in  the  core of a 

fibre decays as an  evanescent wave in  the cladding. If  th is evanescent 

wave is allowed to overlap the core of a second fibre then  coupling will 

occur and light will propagate in  the second fibre. A multimode fibre 

coupler works by converting high order modes to cladd ing modes 

which are subsequently recaptured by a second fibre. Splitting ratios

in  multimode fibre couplers are therefore a function of the  degree of 4
1mode filling. i

The first all fibre couplers to be m ade had a variable coupling ratio 

and were described by Sheem and G iallorenzi [4.1]. Two optical fibres 

were tw isted together and placed in  a  container filled w ith acid. The 

fibre cladding was removed by etching allowing the two fibre cores to 

come close enough for evanescent coupling to occur. The acid was 

removed and replaced w ith  an  index m atch ing fluid. The coupling 

ratio  was controlled by the tension in  the two twisted fibres.

A second m ethod of producing singlemode optical fibre couplers w ith 

variable  sp litting  ratio  was described by Bergh e t al. [4.2]. This 

method is to embed an  optical fibre in  each of two glass blocks and 

remove the exposed cladding by polishing until very close to the core. 

The polished fibres are  th en  placed together w ith  some index 

m atch ing fluid. Adjusting the  relative positions of the  fibres gives 

some control over the splitting ratio.

ii
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The m ost common couplers are directional couplers m ade by fusing 

together two optical fibres, first described by V illarruel and  Moeller 

[4.3]. Two glass fibres are heated together a t around 1500*^0, in  order

to soften and  fuse them , and  th e n  stre tched  w h ils t hot. This 

decreases the  core d iam eter and  causes the  evanescent wave to 

spread fu rther from the core. This allows coupling to occur when the 

cores are fu rther a p a rt th an  would otherwise be possible. H eating 

and stretching the fibre is continued un til the required splitting ratio 

has been achieved. Fused fibre couplers known as s ta r  couplers are 

now available w ith 3,4,8 or even 16 inpu t and output ports. Most fibre 

couplers do not preserve the  polarisation when the ligh t is split or 

combined. A fused polarisation m a in tain ing  coupler is described by 

N ayar and Sm ith [4.4].

As the  coupling ratio  depends on the wave guided in  the  fibres the 

coupling ratio is wavelength dependant. A device which exploits th is 

c h a r a c te r i s t ic  is  s a id  to  be  a w a v e le n g th  d iv is io n  

m ultiplexer/dem ultiplexer. A device which showed un ity  coupling a t 

1300nm bu t close to zero coupling a t 1550nm is described by Lawson et 

al. [4.5].

Although for our purposes ligh t can be coupled betw een fibres using 

lenses and beam splitters i t  was decided to try  and m ake 2 by 2 

couplers (i.e. 2 inpu t ports and 2 output ports) by fusion using single 

and multimode optical fibre.

The m ultim ode fibre had  50/125 m icron core /  cladding diam eters. 

The fibre is covered w ith a  protective outer coating which brings the 

fibre to about 200 m icrons in  diam eter. This outer layer was removed 

from a 5cm length a t the centre of each of two Im  long fibres by a loop
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of cotton pulled along the fibre. The stripped regions of the fibres were 

th e n  tw isted  together w ith  one or two tu rn s  and fixed to two 

adjustable m ounts, figure 4.23. Light from a chopped HeNe laser was 

coupled in to  one of the  fibres. The ou tpu t from bo th  fibres was 

m on itored using two photodiodes. The fibres were th en  softened 

using a  propane flame and tapered  by winding the m ounts slowly 

apart. The tw ist in  the fibres caused the two cores to be pulled 

together as the cladding softened. Care had to be taken  not to try  and 

taper the  fibres too quickly as the  fibres would snap. Overheating the 

fibres distorted them  and caused large losses in  the coupler.

The heating  and tapering  was continued un til coupling occurred 

between the  fibres w ith  the required splitting ratio. If  the  tapering 

was continued then  the splitting ratio  was seen to oscillate. There is 

therefore  a beatleng th  associated w ith  the  fabrication  of these 

couplers. Coupling was easily achieved using the  m ultimode fibre 

and  50/50 splitting  ratios were obtained. The process was repeated 

w ith  singlemode fibres. These have a  core d iam eter of abou t 8 

m icrons and a  cladding of 125 m icrons. So the separation of the  two 

singlemode cores is m uch g reater th an  in  the case of the multimode 

fibres. The couplers are therefore m uch more difficult to make. The 

fibres were prepared in  the same m anner and stretched and heated 

u n t il  coupling occurred. The losses for bo th  m ultim ode and  

singlemode couplers were typically g reater than  6dBs. Commercially 

available couplers m ay have losses as low as 0.1 dBs.

The optical fibre couplers then  had to be packaged. The best solution 

available was found to be supporting the coupler on a glass slide and 

the  covering i t  in  epoxy. However, couplers packaged in  th is m anner 

deteriorated w ithin a few days. I t  was found th a t th is was due to the
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different tem perature coefficients of expansion of the silica fibre and 

the  epoxy. This problem  was overcome by loading the  epoxy w ith 

silica powder.
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4.8 C oherencein Optical Fibres

In  section 4.4 the visibilities of HeNe (633nm) and HeCd (442nm) laser 

sources were m easured aga in st p a th  difference using an  a ir  pa th  

M ichelson in te rferom eter and  a  m ultim ode optical fibre Mach- 

Zehnder interferom eter. I t was shown th a t the  sam e curves were 

obta ined  if  v isib ility  was p lo tted  ag a in st optical p a th  length .

Multimode optical fibres are of in te rest for inclusion in  E -0  sensors 

because of the ir larger core size which makes them  easier to handle 

and more to le ran t to m isalignm ent. M ultimode fibres also have a 

g rea ter core /  cladding ratio, so sm aller 'dead zones' between fibres 

occur. However, multimode fibres m ust only be used for pre-detector 

signal processing when any effect on the complex am plitude of the 

light is unim portant. Hence, i t  is necessary to determ ine the  effect of 

an  optical fibre on the  ligh t guided by th a t fibre. In  particu lar i t  is 

im portant to consider the coherence of the gmded light. i

Dispersion in  a fibre is e ither group dispersion or phase dispersion. |

Group dispersion is fu rth er divided into interm odal and  m ateria l 1
dispersion. It was expected th a t dispersion in a fibre would affect the Û

coherence of guided light. Coherence is a m easure of the  degree of î|
I

correlation of one wave w ith a second wave. If  the complex am plitude i

of a  wave guided th rough  a fibre is a ltered  th en  th e  degree of I

correlation w ith a second wave and hence, th e ir coherence m ust I
•I

a lter. I

Consider first a singlemode fibre. This will only induce chromatic, or |

m ateria l, d ispersion in  the  light. The m ateria l dispersion, from I
J

section 2.3.1, is given by j
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.2T d n.
dT = — (— ) D where D = X  -------, (23.1.9)

c 1 ® dA.2
0

For a  source of wavelength 633 nm, linewidth 0.1 nm, and a value 

of D = - 0.050 (from figure 2.5) the m aterial dispersion in  10m of fibre 

is 0.2psec. This delay corresponds to about 0.18cm in  space between 

the  longest and shortest wavelengths. From  th is  calculation it  is 

seen th a t  the  length  of a pulse is increased in  tim e and  space by 

dispersion.

If  the waveguide is a  m ultimode fibre w ith ni=1.45, and ng=1.4465 

th e n  th e  in te rm o d a l d ispersion , from  section 2.3.2, is given 

approximately by

L
d%  = — (n^-n^), {2 3 2 .1)

so for 10m of fibre we have th a t  6T = 0.12nsec. T h is delay 

corresponds to about 3.6 cm in  space between the highest and lowest 

order modes.

Phase d ispersion will have an effect on the  coherence of the  light 

because the optical p a th  length  of light is determ ined by the phase 

velocity. The lim its of the phase delay for the highest and lowest order 

modes are such th a t  d t ̂  ^ lies betw een Ln^ /  c and Ln^ / c; so the

maxim um  phase dispersion, from section 2.4, m ust be given by 

dtp = (n^-n^) . (2.4.13)

This is the  same expression as was derived for interm odal dispersion 

b u t the  sign of the  dispersion is reversed. The h igher order modes 

have the lowest phase dispersion.
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I t  may be possible to make use of the intermodal dispersion in  certain 

cases. For example, if  the light from the multimode fibre is interfered 

w ith  a singlemode reference beam, and i f  the  p a th  difference of the 

reference is a lte red , a  series of v isib ility  m ax im a w ill occur 

corresponding to zero pa th  difference between the reference and a 

particu lar mode of the multimode fibre. I t  should be possible to use a 

singlemode fibre together w ith  a fibre supporting a few modes to 

produce a fibre in te rfero m eter wh ich consists of several p a th  

differences which could be selected by exciting a particu lar mode of 

the multimode fibre.
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4.8.1 Teimjoral Coherence In Fibres

In  a multimode fibre the  interm odal dispersion would be expected to 

have the dom inant effect on the coherence of the light. Neglecting the 

effect of the  m ater ia l d ispersion and assum ing  the  illum ina ting  

source is spatially coherent we see th a t  a single w avetrain  inpu t to 

the  fibre becomes a series of w avetrains each corresponding to one 

guided mode of the fibre and each shifted in  tim e and  space w ith  

respect to each other. This sh ift is by an  am ount equal to the  

difference in  optical pa th  length between the modes. In  a  singlemode 

optical fibre the  m ateria l dispersion would be expected to have an  

effect on th e  coherence of guided ligh t. The sm all am ount of 

d ispersion suggests th a t  i t  will often be negligible w hen compared 

w ith the length  of a w avetrain  b u t i f  we consider a  source such as 

white light w ith a  tem poral coherence of only a  few wavelengths then  

the  m ateria l dispersion becomes significant. A w avetrain  originally 

a  few m icrons long m ay become a few thousand wavelengths long in  

a few tens of m eters of fibre.

We can use a phase diagram  to represent the am plitude and phase of 

each mode a t a given point in the  output plane of the fibre. If  the 

modes have travelled  a d istance such th a t  the  difference in  th e ir  

optical pa ths is m uch less th an  the  coherence length  of the  source 

then  the resulting in tensity  a t a  point will be the vector sum  squared 

of all the individual modes.

I = I P = I • (4.8.1.1)

The angu la r frequency of th e  re su lta n t w ill be the  sam e as the  

individual components as no new frequencies have been introduced.
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So it  would appear th a t the  tem poral coherence of the source cannot 

have changed.

If  the  modes have travelled  a  d istance such th a t  the  difference in  

th e ir optical paths is much greater th an  the coherence length  of the  

source th en  the  modes w ill be uncorre la ted  and  the  resu ltin g  

in te n s ity  a t  a po in t in  the  ou tpu t p lane  will be an  in ten sity  

sum m ation of all the modes.

I = I P  = 2  ' P . (4.8.1.2)

4.8.2 Spatial Coherence la  Optical Fibî es

I f  a multimode optical fibre of length Z and refractive indices n^ and 

ng is illum inated by a spatially  coherent source then  the resu lting  

am plitude a t  a  point in  the  fibre, for interm odal d ispersion sm all 

compared w ith the coherence length, is as given above. We now w ant 

to consider the  spa tia l d istribu tion  of the modes and  see w hat 

happens to the spatial coherence of the light.

As only certain  modes can be gu ided (solutions of th e  H elm ho ltz 

equation) the field can be w ritten  as

5 5

E(r,t) = X  X  ( C^(m)Cos(n8) + )
m=0 n=0

(4.8.2.1)a

where ^ is the  wavenumber of the mn^ ̂  mode.

By including an  expression for the  linew idth of th e  source and 

substitu ting  for E (r,t) in  an  expression for the  complex degree of 

coherence i t  has been shown by Crosognani and Di Porto [4.6] th a t the 

correlation function

113



< Ej(rj,t) E/Cr .̂t+'i) > , (4.8.2.2)

is a periodic function of z. T hat is, the  spatial d istribution  of the 

modes is periodic along the  fibre as the  modes bea t due to the ir 

different group velocities.

W hatever the actual spatial distribution for the modes of a multimode 

fibre the phase front of the light em itted from the fibre will be very 

complicated. The more modes there  are the more complicated the 

phase front will be.

In  order to obtain high visibility interference fringes a  high degree of 

spatia l coherence is required. As the  source was spatially  coherent 

the  modes will be correlated and the light em itted by the fibre will be 

spatially  coherent b u t the  ra te  of change of phase w ith  position 

across the  phase fron t will increase w ith  increasing  num ber of 

m odes.

The effect of th e  modes is to cause d iscontinu ities across an  

interference pattern . In  particular, the single fringe associated w ith 

a singlemode fibre interferom eter will not occur. Instead  regions of 

constructive and destructive interference, or speckles, will be seen. 

There is a  link between the  num ber of modes guided in  a  fibre and 

the distortion of the phase front em itted by the fibre. The phase front 

will show discontinuities a t the boundary between two speckles so the 

speckle size is a m easure of the  distortion.

The num ber of guided modes is approximately equal to the num ber of 

speckles so we can write

• (4.8.2.3)
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The area  of a speckle, A, is therefore the  area  illum inated  by the 

fibre, 7ir2, divided by the num ber of guided modes. We have

A — —------  . (4.8.2.4)
modes

From equation (2.2.3.7) we know th a t the num ber of guided modes in  

a  step-index fibre is given by

4v  ̂ , (22X1)N =

The V num ber is equal to

V = ka (NA), (4.8.2.S)

where NA is the num erical aperture of the fibre and a is its radius.

U sing equations (4.8.2.3),(4.8.2.4), (2.2.3.7), and (4.8.2.5) i t  can be 

shown th a t  the  diam eter, d, of a single speckle is approxim ately 

given by

■■'4

-I?

For these experim ents we used a 50 mm d iam eter lens to collimate 

the  light, so the  speckle size a t the  lens w ith 50|xm, 400pm and 

970pm core fibres is 1.6mm, 0.2mm, and 0.082 mm respectively.
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In  order to m easure the  v isibility of light em itted from an optical 

fib re, th e  lig h t w as in troduced  to an  a ir  p a th  M ichelson 

in terferom eter w ith a  variable pa th  difference. C ircular interference 

fringes were obtained and the  m axim um  and m inim um  in tensities 

of the fringes was m easured a t the centre of the interference pattern .

The fringe visibility was then plotted against path  difference.

The first experiment was carried out w ith Im  of 50/125 m icron fibre. <

Light from bo th the HeNe and HeCd sources was coupled, in  tu rn , i

into the  fibre and the light em itted was collimated using a  50mm 

focal length  lens and  introduced in to  a Michelson in terferom eter, 

figure 4.24. C ircu lar in terference fringes were obtained. Phase 

m odulation of the in terferom eter allowed a photom ultiplier tube to 

m easure the m ax im um  and m inim um  in tensities of of the fringe 

p a tte rn  via a  large core (970 m icron) fibre placed a t the centre of the 

p a tte rn . The v isib ility  of the  fringes was p lo tted  ag a in st p a th  

difference. The graphs obtained for HeNe and HeCd sources, figures 

4.25 and 4,26, showed no differences from the graphs of visibility 

against pa th  difference for the  inpu t light, figures 4.13 and 4.14. The 

fibre length was increased to 1 Om and the experim ent repeated. The 

resu lts were the same as the  graphs of visibility for the  inpu t light.

The fibre length was increased to 20m and the experim ent repeated 

again. The graphs obtained were of the  same form as the  graphs of 

the input light but the visibility was slightly lower, and the curve was 

no t as sm ooth for large p a th  differences in  the  in terferom eter, 

figures 4.27 and 4.28. So it  appears th a t short lengths of multimode 

50/125 jim fibre have little  effect on the visibility as there  is little
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difference when visibility against p a th  difference is m easured before |

and after transm ission through up to 20 m of fibre.

Ï
A nother experim ent was carried out with light from the  HeNe laser §

guided through a Im  length of 400 pm core, plastic optical fibre. The J

lig h t em itted  from  th e  fibre w as in troduced  to a  M ichelson |

interferom eter and the  fringe visibility m easured, for a known path  

difference. This fibre was then  replaced by a  Im  length of 970pm 

core, plastic fibre, and the  fringe visibility against pa th  difference 

m easured again. The two sets of resu lts were plotted in  figure 4.29a 

and 4.29b.

The curves obtained using the 400 and 970 m icron fibres appeared a t 

f irs t to show a decrease in  the  tem poral coherence because the 

visibility fell rapidly, in  each case, after only a few centim etres path  

difference. The reason for the decrease, however, was suspected to be 

due to the central fringe becom ing sm aller in  size than  the core of the 

detector fibre. The core size of the  optical fibre is the  size of the 

effective source. The m inim um  divergence angle m ust be given by 

the angle subtended by the source placed a t the focal point of a lens 

from the lens. For larger core fibres the m inimum divergence will be 

greater. The size of the  cen tral fringe of the interference p a tte rn  

depends on the radii of curvature of the  two interfering wavefronts.

A sm all difference in  the  two radii of curvature will give a  large 

central fringe. As the  a ir pa th  of one beam is increased its  radius of 

curvature increases and the radius of the central fringe decreases to 

a lim iting size where the  delayed wavefront is effectively planar. To 

tes t th is we decided to determ ine the effect on the m easured visibility 

of different optical fibres in  the detector plane.
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L ight from the HeNe source was coupled into a few m eters of the 400 

m icron core fibre. The output from the fibre was collimated and input 

to a  M ichelson in te rfero m eter as before. C ircu lar in terference  

fringes were ob tained  and  th e  v isib ility  of the  cen tra l fringe 

m easured aga inst p a th  difference by a photom ultiplier. L ight was 

guided from the ou tput plane of the interferom eter to the detector by a 

fibre. Three optical fibres were used, in  tu rn , in  the detector plane. 

They had  core diam eters of 50, 400, and 970 pm respectively. The 

visibility against pa th  difference was plotted for each fibre on the 

same graph as shown in  figure 4.30.

I t  was seen from the graph th a t the visibility rem a ined significantly 

h igher w hen m easured  us ing  a sm all detecto r fibre. W hen the  

visibility against pa th  difference over the first 10 cm is compared with 

the  source visibility before transm ission through the fibre then  the 

400 m icron fibre appears to have no effect on the tem poral coherence 

of the source. This leads us to believe th a t short lengths of fibre have 

little  effect, w hatever th e ir diam eter, on the tem poral coherence of 

light. A fibre is considered to be short i f  the dispersion is sm all 

compared w ith the coherence length.

A final experim ent was to guide light from a HeNe laser through 

100m  of 50/125 pm m ultim ode fibre. An a ir  p a th  M ichelson 

interferom eter was used to produce interference fringes and a graph 

of visibility against p a th  difference was plotted, figure 4.31. The 

g raph  showed a  m arked change in  the visibility of the  source. The 

visibility curve still showed beats bu t they were of g reater am plitude 

th a n  before. The experim ent was repeated  and  g raph  4.32 was 

obtained. This showed a decrease in  the visibility of the source. The 

conclusion w as th a t  exciting different groups of modes in  each
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experiment had caused two different effects to be seen. In  figure 4.31, 

interference between well correlated modes caused a filtering of the 

transm itted  spectrum  to increase the visibility of the  light. In  figure 

4.32, the  fibre is sufficiently long for the  modes excited to travel 

significantly different optical pa th  lengths and be less well correlated 

a t the end of the fibre giving a  lower fringe visibility.

4.8.4 An Interferometer and an optical fibre as an Optical Filter.

I t  has already been mentioned in  section 3.4 th a t an  interferom eter 

m ay be trea ted  as an  optical filter. The following discussion of th is 

property will be shown to be applicable to a  multimode optical fibre.

A M ichelson In te rfe ro m ete r, w hen illu m in a ted  by  a single 

w avelength , w ill e ith e r  tra n s m i t  or reflect th a t  w aveleng th  

depending on w hether the  p a th  difference in  the  in terferom eter 

causes constructive or destructive  in terference to occur. I f  the 

wavelength is scanned, the interferom eter transm its  or reflects the 

radiation  periodically as the phase difference between the  two arm s 

changes th ro u g h  2 k  rad ia n s  and  constructive or destructive  

interference occurs. Zero pa th  difference im plies th a t  constructive 

interference always occurs and so the interferom eter is transm itting  

over all wavelengths. The interferom eter can be thought of as a  filter 

whose filte r function is periodic and depends upon its  p a th  

difference. For a broadband source illum inating the interferom eter, 

we m ay w rite

AkAx = 2ît, (4.8.4.1)
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where Ak is the change in  wavenum ber of the rad iation and Ax is the 

pa th  difference in  the interferom eter. So the periodicity of the filter in 

term s of wavelength, AX, is

AX = Ax. (4.8.4.2)

Now consider an  interferom eter w ith, for example, a  pa th  difference 

of 1 m icron illum inated  by a  broadband, w hite ligh t source. The 

transm ission function of the interferom eter will go from a maximum 

to a m inim um  and back to a maximum over 1 m icron in  bandwidth, 

so the  filter function is so wide th a t its  effect m ay no t be seen. I t 

would obviously be very difficult to set up an interferom eter w ith, for 

example, a 50 nm  path  difference which would have a  filtering effect 

visible on a  spectrometer.

By Fourier analysis a  white light source may be considered to em it a 

short w avetrain  whose coherence length  m ay be a few m icrons. A 

Michelson in terferom eter will sp lit the single w avetrain  into two 

w avetrains w ith a  delay betw een them  equal to the  tim e taken  to 

travel the path  difference in  the interferom eter. If  the  path  difference 

is Ax then the delay, x, is given by

X = — . (4.8.4.3)
Ax

By the W einer-Khintchine theorem , the power spectrum  of the light 

em itted from the interferom eter is given by the Fourier transform  of 

the auto-correlation of the  double pulse. This is w ritten

IF (V) 1̂ = J ( J f (t) f* (t+T) dt ) dt. (4.8.4.4)
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where F(v) is the spectrum  of the  light and fit) is the signal em itted 

from the interferom eter. The signal fit) m ay be considered to be an 

even impulse pair which m ay be w ritten

fit) = 1/2 6( t+1/2) + 1/2 6( t-1/2). (4.8.4.S)

The auto-correlation of fit) becomes

Jf(t)f*(t + x)dt = l/4 8(t+l) + 1/2 5(t) + l/4 8(t-l). (4.8.4.6)

So the power spectrum, obtained by Fourier transform ing (4.8.4.6), 

is

I F(v) P = 1/2 ( 1 + Cos 2 n v t  ). (4.8.4.7)

S im ilarly, the  spectrum  em itted by a multimode optical fibre, a t a 

point in  the  output plane, when illum inated by a source, is given by 

the  W einer-K hintchine theorem . The problem is to determ ine the 

signal fit). If  a single w avetrain  is inpu t to the optical fibre then  a 

num ber of w avetrains will be em itted corresponding to the  num ber of 

gu ided modes. In  the  case of w h ite light each w avetrain  m ay be 

rep resen ted  by an  im pulse, th e  sum  of which, a t  appropria te  

in tervals, m ake up the function fit) which m ay be compared to the 

im pulse response.
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Figure 4.2 Photograph of linear interference hinges produced using 

two 50/125pm fibres

Figure 4.3 Photograph of linear interference fringes produced using 

two 400pm core fibres



Figure 4.4 Photograph of linear interference hinges produced using 

two 970pm core fibres
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I
Figure 4.6 Photograph of linear interférence hinges produced using 

four 50/125pm fibres
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Figure 4.7 Mach - Zehnder interference patterns



Figure 4.8 Photograph of circular interference fringes produced using 

two 50/125)ini fibres
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Figure 4.9 Photograph of circular interference firinges produced using 

two 400pm core fibres



Figure 4.10 Photograph of circular interference fringes produced using 

two 970pm core fibres
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Figure 4.11 Arrangement to obtain map of phase front 
of light emitted from a fibre
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Figure 4J2 Photograph of phase ftont map of 970pm fibre
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Visibility vs path difference for 50/125 fibre Mach-Zehnder
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Figure 4.17 Temporal coherence bandpass filter



Figure 4.18 Modulation due to two sources with a coherence length 

greater than the path difference of the interferometer

t t e IIS
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Figure 4.19 Modulation due to one source with a coherence length 

greater than the path difference of the interferometer



Output

Sources 
HeNe 633nm 
HeNe 543nm 
HeCd 442nm

Detector

Beamsplitter
Large core (970 
micron) fibres.

50/125 micron 
optical fibre

Rotating
reticle

First order of
diffraction
pattern

Beamsplitter

50/125 micron 
optical fibre

Diffraction
gratingPiezoelectric

material
S f f i ]

50/125 micron 
optical fibre

Beamsplitter

Figure 4.20 Measurement of visibility of several sources simultaneously.



Figure 4.21 Spectrometer signal measured across fibre array

Figure 4.22 First order of spectrometer signal measured across

fibre array
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Figure 4.24 Measurement of the effect of dispersion on coherence,



HeNe source guided through Im, 50/125)xm fibre.
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HeNe guided through 20m, 50/125|im fibre.
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HeNe guided through Im, 400 micron fibre.
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Effect of detector size on Visibility.
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HeNe guided through 100m, 50/125[im Fibre.
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5 ExperimentaL

5.1 F ibre arrays.

I
Charge-coupled devices (ccds) and  photodiode arrays are square-law |

detectors which can convert in tensity  information from the spatial to 

tem poral dom ain.The ou tpu t from a one-dim ensional (ID ) array , 

m ay be viewed on an  oscilloscope and  the  ou tpu t from  a two- 

d im ensional (2D) a rray , m ay be viewed on a  video m on itor. The 

elem ents of the  im age usually  have the  same spatia l or tem poral 

rela tionsh ip  as the  elem ents of the  object. I f  an  im age is to be 

reco n stru c ted  w here  th e  e lem ents have a m ore com plicated 

relationship then  sophisticated electronic signal processing m ust be 

carried out. Optical fibres can sample images and encode them  w ith 

com parative ease. For exam ple, th e  conversion of a one

dim ensional spa tia lly  vary ing  signal to a  tem poral signal was 

carried  out in  section 4.6 by scanning a slit across an  a rray  and 

m easuring the transm itted  light using a single photodetector.

A scene, im aged onto a two d im ensional fibre a rray , m ay be 

reconstructed a t  a second plane. This image m ay be m agnified or 

reduced over the length of the fibre bundle by altering the separation <

of th e  fibres in  the  ou tpu t p lane, a lthough the  to ta l num ber of 

reso lvable  po in ts  is  fixed. A lterna tive ly , th e  scene m ay be 

reconstructed in  two different planes by the use of interleaved fibres 

which reduces the resolution or by the use of fibre couplers which 

reduces the  intensity . Optical fibre detector arrays can be produced 

which convert one geometry in  the image plane to a second geometry 

in  ano ther p lane w here square-law  detection or fu r th e r  signal
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processing  can  be ca rried  out. An exam ple of th is  is th e  

transform ation of a  2D image to a ID  image.

The above examples show the ease w ith which optical fibre arrays 

can m an ipu late  inform ation based on in tensity , b u t optical fibre 

arrays can also be employed in  signal processing using the  complex 

am plitude of the light.

L ight which is coupled into an  optical fibre from a scene re ta in s 

m any of the characteristics of the light present a t the entrance to the 

fibre. These charac teristics are  norm ally  lost w hen square-law  

detection occurs. Most im portantly, information about the spectrum  

and coherence of the  light is retained. If  ’polarisation m a intaining ' 

fibre is used then  information about the  polarisation of radiation in  a 

scene m ay also be reta ined. The light in  a  ID  or 2D array  of optical 

fibres m ay be used to process the light from a scene in  m any ways, 

for example, the  spectrum  a t d ifferent points in  the  scene m ay be 

obtained from d ifferent fibres. A lternatively, the  light in  particu lar 

fibres and, therefore, a t  p a rticu la r points in  th e  scene, m ay be 

correlated w ith one another.
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5.L1 Correlation of interference fiinefes with a IP fibre array.

An optical correlator is a system  which correlates two 2D functions, 

say a  signal and reference, by an  optical method, figure 6.1. The 

system  perform s th e  co rre lation  by F ou rie r tran sfo rm in g  th e  

functions, m ultiplying them  together, and then  tak ing  the inverse 

Fourier transform  of th is  product. The Fourier transfo rm  of the 

reference function is recorded as a function of phase and  am plitude 

on photographic film or on a spatial light m odulator and  is placed in  

the back focal plane of the lens. The signal is introduced to the system 

as phase and am plitude variations across a  spatially coherent source 

and its  Fourier transform  is obtained in  the back focal plane of the 

lens. The product of the two Fourier transform ed functions is itse lf 

Fourier transform ed by a second lens and the correlation appears a t 

its  output. A m axim um  of in tensity  is obtained a t the  output when 

the m ask is the exact complex conjugate of the Fourier transform  of 

the inpu t to the correlator.

We dem onstrated the possibility of correlating an  optical signal w ith 

a  fibre a rray  when an  interference p a tte rn  was correlated w ith a 

linear fibre array. The experim ent was set up as shown in  figure 5.2. |

A lin ea r in terference  p a tte rn  on a  background of speckle was 

produced by a HeNe laser coupled into two, Im  long, 50/125|jim, 

m ultim ode optical fibres w ith th e ir  ends placed side by side. The 

fibres were positioned 0.26 mm apart. One of the fibres was phase 

m odulated by a piezoelectric cylinder so th a t the interference pa ttern  

appeared to scan. The linear optical fibre array  consisted of twelve,

970 pm, fibres. The tran sm iss io n  function of th e  a rra y  w as r

determ ined by combining the outputs from given fibres onto a  single I
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detector. In th is case, the output from particular fibres was combined 

so th a t  the  transm ission  function of the  a rray  approxim ated to a 

square wave. W hen the interference pa ttern  was scanned across the 

a rray , the  detector m easured  a signal whose frequency was 4

proportional to the frequency of phase modulation. The m odulation 

dep th  was a m easure of th e  degree of co rrelation of the  linear 

interference fringes w ith the  fibre array.

The maximum signal m odulation was obtained w ith the  fibre array  

a t  a  d istance  of 81cm from  th e  two sources. T h is d istance  

corresponds to the fringes having a spatial frequency of 2mm which 

is approxim ately th a t  of the array. F igure 5.3 shows the correlation 

signal and the triangle wave used to drive the phase modulator. A 

second correlation signal was obtained w ith the fibre array  a distance 

of 160cm from the sources. Th is corresponds to fringes of h a lf  the 

spatial frequency of the array . The modulation depth was about ha lf 

th a t obtained previously bu t of the same frequency.

5ili8 C^n^latim of radiaMaa.agrgss a

If  light from a scene is imaged onto a 2D fibre array  then  the  m utual 

coherence of light coupled into any two fibres can be m easured. This 

m easurem ent is made by allow ing the  light em itted from those fibres 

to in terfere, and m easuring the visibility of the  interference fringes 

produced.

An experim ent was carried out to show the ability of optical fibres to 

correlate light from d ifferent points in  a scene w ith each another. A 

scene, illum inated  by light from red and green HeNe lasers, was 

imaged onto a 3 by 3 optical fibre array. The fibres in  the a rray  were 

400pm d iam eter core, plastic fibre, 50 cm in  length. The central fibre
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of the a rray  was taken  as the reference fibre, and the light em itted 

from i t  was allowed to in terfere w ith the hgh t em itted from each of |

th e  o ther fibres in  tu rn , including  the  au to-correlation  of the 

re fe ren ce  fib re  u s in g  a  zero p a th  d ifference  M ichelson  

in terferom eter, figure 5.4. In terference fringes, i f  formed, were 

viewed by a ccd cam era and monitor. A photodetector placed a t the 

centre of the interference p a tte rn  m easured the  fringe visibility. A 

graph of fringe visibility against fibre position was plotted, figure 5.5.

Red or green filters placed in  front of the a rray  enabled the source 

responsible for the interference to be determ ined.

5.L3 Measurement of path difference across a scene.

A spatially coherent plane wave, passing through an optical system, 

m ay no t emerge planar b u t m ay be d istorted by asymmetry. This can 

introduce coherent noise and  cause degradation of any image the 

system  m ay form. Optical correlations between different points in  the 

image can be used to obtain inform ation about p a th  differences, and 

hence asym m etry, in  the optical system . A lternatively, i f  a  scene, 

illum ina ted  by spatia lly  coherent light, is  im aged by an  optical 

system , correlations betw een different points in  the  image can be 

used to obtain inform ation about the path  differences in  the  remote 

scene.

An experim ent was performed which dem onstrated the ab ility  of an  

optical fibre a rray  to help m easure the  path  differences across an  

optical system  i llu m in a ted  by sp a tia lly  coheren t ligh t. The 

experim ental arrangem ent was as shown in  figure 5.6. The optical 

system  consisted of th ree  beam splitters and a m irror which, when |

illum inated  by an  expanded HeNe laser, produced four para lle l



collimated beam s. The beam s were m ade to be of equal in tensity  

using neutra l density filters and the path  difference between adjacent 

beam s was around 8cm. The beams were coupled into a linear array  

of four optical fibres. The fibres were 50/125 m icron m ultimode and 

Im  in  length. One of the fibres was defined as the reference fibre and 

the  light em itted by i t  was phase m odulated and allowed to interfere 

w ith the light em itted from each of the  other fibres in  tu rn , including 

itself. The v isib ility  of th e  in terference  fringes produced was 

determ ined and plotted against position, figure 5.7. W hen th is graph 

is compared w ith a graph of visibility against pa th  difference for the 

source, figure 4.13, a  p a th  difference can be assigned to the  light in 

each fibre relative to th a t in the reference fibre.

In  the  ideal case, an  optical system  would form an  image of a  laser 

enhanced scene. The image plane would be filled w ith optical fibres 

so p a th  differences compared to a reference could be determ ined over 

the  entire plane.

5.2 Scanning light over fibres.

M any electo-optic sensors include some m ethod for scann ing an  

image across a  detector or detector array , for example, a  2D image 

m ay be scanned over a ID  detector array. Optical fibre arrays may be 

used in  image planes so it  is of in te res t to consider the  scanning of 

light across an  optical fibre.

5.2.1 Scanning a Fourier transform image over a single fibre.

Light from a scene containing a tungsten  lam p and a HeNe (633nm) 

laser was combined on a diffraction grating. The two sources were of 

sim ilar in tensity  a t the  grating. A lens placed beyond the  grating
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formed the diffraction p a tte rn  in  its  back focal plane via a scanning 

m irror, figure 5.8. The size of the plane was restricted so as to receive |

only the  zero and first orders of the diffraction pattern . The m irror 

scanned the diffraction p a tte rn  across an  optical fibre placed in  the 

back focal plane of the lens. I t  may be considered th a t the  zero order |

of the  diffraction p a tte rn  reveals the spatial coherence of the source 

from the image spot size and the first order gives inform ation about 

the  bandw idth  of the  source from the d ispersion of the  grating.

Scanning the light across the fibre convolves the diffraction p a tte rn  

with the aperture of the fibre. The in tensity  of the light em itted by the 

optical fibre was m easured by a  photodetector and displayed on an  

oscilloscope. The signals due to the zero, and plus and  m inus one, 

orders of the diffraction pattern , scanned across a  970 pm core fibre, 

are  shown in  figure 5.9. In  bo th first orders the figure shows the 

broad band signal of the white light and narrow peaks of the laser. In 

the  zero order i t  shows the spatial convolution of the white light and 

HeNe spots with the fibre.

W hen the large core fibre was replaced by a 50/125 m icron fibre the j

signal obtained was as shown in  figure 5.10. The signal due to the 

laser in  the plus and m inus first orders is sim ilar to figure 5.9, b u t 

the  signal due to the  white ligh t shows a significant decrease in  

in ten sity  due to the  g rea te r resolution of the  sm aller fibre core 

diam eter. The diffraction pa ttern  due to the broadband source can be 

regarded as being sm eared out by the m any wavelengths present and 

by the fact th a t i t  is spatially incoherent.
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5.2.2 Scanlmig light over two fibres.

I f  plane wave illum ination from a laser beam  is incident on two 

optical fibres placed side by side and light is coupled into each fibre 

then  they can produce a linear interference p a tte rn  on a screen (see 

section 4.1). L ight from a HeNe laser was incident upon two 50/125 

pm  fibres via a scanning m irror. A detector whose size was much 

sm aller th an  one fringe was placed a t  the screen, figure 5.11. The 

scann ing m irror ro tated  the angle of the  incident wavefront which 

caused a change in  the  phase difference betw een the  two beam s 

em itted by the two fibres and so the fringe p a tte rn  appeared to scan 

across the detector, figure 5.12. Only for small angles, of the  order of 

m illirad ians, is  the  in ten sity  a t  th e  detector unam b iguously  a 

function of the angle of the incident wavefront.

5.3 Spatial coherence sensors.

D iscrim inating betw een spatially  coherent and incoherent sources 

m ay be achieved in  several ways. The Young's slits interferom eter 

described in  section 4.1 relies on spa tia l coherence across the  

inciden t w avefront to produce in terference fringes. A spatia lly  

coherent source will form a diffraction lim ited spot in  the  image 

p lane  of a  lens, a  sp a tia lly  incoheren t source w ill not. The 

experim ent described in  section 5.1.3 to m easure p a th  difference 

across a scene relies on spatia l coherence so th a t  fringe visibility 

depends solely on p a th  difference. A sensor has been constructed 

which uses fibre arrays in  the  detector plane in  order to distinguish 

between a spatially  coherent source and an  incoherent background. 

The geometry of the arrays m ay perm it additional inform ation about 

the spatially coherent source to be determ ined.
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The senso rs to be described rely  on the  Fourier transfo rm ing  

properties of a lens. Radiation from a scene containing white light 

and  a laser source of sim ilar in ten sity  is inciden t on a  reticle 

contain ing a one-dim ensional g rating . A lens placed behind  the 

grating is used to produce the Fourier transform  image (FTI) of the 

grating, figure 6.13. The FTI consists of sharp points due to the laser 

content of the scene and a diffuse spectrum  due to the white light. 

The FT of a ID  grating  is given in  appendix D. The size of the  FT 

plane is restric ted  to receive only the zero and first orders of the 

diffraction pattern . Rotation of the grating causes the FTI to rotate a t 

the same angular frequency about its centre. Figure 5.14 shows four 

arrays of optical fibres placed normally to the optical axis a t 90 degree 

in tervals like the spokes of a wheel. The optical axis of the sensor is 

aligned w ith the  centre of the  scene. Each a rray  guides light to a 

single photodetector. As the  FT image passes over an array , a pulse 

due to th e  lase r source is detected by an  a rray 's  photodetector. 

Spatially incoherent white light does not form a sharp FTI therefore 

the  background radiation produces low frequency m odulation a t the 

detector. Using the linear arrays of figure 5.14, the pulses detected by 

two of the photodetectors are as shown in  figure 5.15.

If  the spatially coherent signal does not lie on the optical axis of the 

sensor, then  the  centre of the FTI, 0(x,y), is not formed on the optical 

axis and rotation of the  FTI will not be symmetrical about the optical 

axis of the  sensor. The firs t order of the  FTI will describe an  arc 

between each of the fibre arrays. By m easuring the proportion of time 

spent in  each quadran t, the  position of the  centre of the  FTI, and 

hence the  position of the  source in  the  scene, m ay be determ ined, 

figure 5.16. The grating  ro tates w ith angular frequency o) and the
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f irs t order of the diffraction p a tte rn  ro tates about 0(x,y) w ith the 

same angular frequency a t a  rad ius r. The first order traces out an  

arc of length a  ^ in  sector n  in  a tim e, t  The length of the  arc is #

given by

= o)rt^. (5.3.1)

The angle subtended by each arc, oCn, in  radians, is given by 

a^=  -p- = 0) t .̂ (5.3.2)

The radius of the first order of the diffraction pattern , r, is obtained by 

substituting the equation for the Fourier transform ing lens given by

S i n 0 = j ,  (5.3.3)

where f  is the focal length of the lens and 0 the angle between the zero 

and  firs t order rays, into the  equation for the  firs t order of the 

diffraction pattern  given by

1 = d Sin 0, (5.3.4)

where X is the wavelength of the spatially coherent source and d the 

period of the grating. Thus, we have

r = (5.3.5)

From triangle ABO we find th a t

a,+ a.
X = r C o s ( Z ^ ) ,  (5.3.6)

and from triangle CDO we find th a t
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a.+ a.
r C o s ( - 4 r ^ ) .  (53.7)

The difference betw een the  tim es spent in  each q u ad ran t of the  

detector plane can be used to produce an error signal which can be 

used to re-align the sensor so th a t the signal lies on the  optical axis.

An inpu t scene consisting of a white light source and a HeNe laser 

(633nm) was allowed to fall onto a diffraction grating. A lens was 

placed behind the grating. The lens produced the two dimensional 

Fourier transform  image (FTI) of the  grating in  its  back focal plane. 

The two dimensional FTI due to the spatially incoherent white light 

consisted of diffuse polychromatic regions. The two dimensional FTI 

due to the spatially coherent laser source consisted of discrete points. 

Rotating the grating caused the FTI to ro tate a t the same frequency. 

The HeNe laser was positioned a t 8 points around the optical axis and 

its  position was calculated a t  each from the separation of the  pulses 

from the four photodiodes, as described. The resu lts a re  plotted in  

figure 5.17.

The optical fibre arrays in  the  Fourier transform  plane need not be 

linear. T hat is, the spokes in  the  detector plane m ay be curved. By 

using four curved arrays, figure 5.18, the same sensor as before may 

be used to obta in  spectral inform ation about a spatia lly  coherent 

signal aligned on the  optical axis in  the  presence of incoherent 

background radiation. As the  grating  ro tates, the  first order of the 

diffraction p a tte rn  moves on a circle whose radius, from equation 

(5.4.5) depends on the signal wavelength. As the optical fibre arrays 

are curved, the tim e a t which a  particu lar detector receives a pulse 

depends on the  w avelength of the  signal. I f  we consider a scene

1 3 2



containing two spatially coherent sources, say one red and one green, 

then  the radius of the first order of the diffraction p a tte rn  due to the 

red signal is g reater th an  th a t due to the green signal. Therefore, as 

th e  FTI ro ta tes , there  is a  phase difference betw een the  pulses 

received a t the detectors for the red and green signals, although the 

tem poral separation of the four red pulses a t the four photodetectors 

is the same as for the four green pulses. The signal received by two 

photodiodes from two of th e  curved arrays w hen red  and green 

sources are  presen t is shown in  figure 6.19. The tim es for which 

pulses from red, green, and blue sources are received relative to the 

green source are plotted in  figure 5.20.

By using four arrays, two curved and two linear, figure 5.21, the  

spectral inform ation m ay be encoded so th a t the wavelength of the 

signal affects the  pulse separation. Again, we considering a scene 

containing red  and green spatially  coherent sources aligned on the 

optical axis. As the FTI rotates, say anticlockwise, about the  optical 

axis, both sources produce a pulse a t  the  sam e tim e in  the linear 

arrays. However, the longer the  wavelength the greater the radius of 

the  first order so the pulse em itted from the curved arrays due to the 

red source occurs la te r  th an  the pulse due to the green source. The 

signal detected by two photodiodes from 1 curved and one linear array 

when red and green sources are present is shown in  figure 5.22. The 

delay between the pulses from the curved and linear arrays for red, 

green and blue sources is plotted in  figure 5.23.

I f  the spatially coherent source is not aligned on the optical axis then  

the  centre of the FTI is not formed on the optical axis and, as before, 

rotation of the  FTI will not be symmetrical about the optical axis. By 

considering the  geometry of the arrays, and by using the  tim e delay
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between pulses from the four arrays, i t  is possible to determ ine both 

the  wavelength and position of the source simultaneously.
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5.4 The spatial light modulator known as SIGHT-MOD.

Some of the pre-detector signal processing techniques described rely 

on ro tating  aperture or image plane reticles to produce modulation.

For example, the spatial coherence sensors described in  section 5.3 I

rely on a  ro tating grating to modulate a  spatially coherent source. In  

m any applications a device which had  no moving p a rts  and  which 

could be programmed by computer would be preferred.

M any pre-detector signal processing techniques employ optical 

co rre la tions or convolutions w ith  tw o-dim ensional phase  and  

am plitude m asks. A different m ask is required for each correlation 

or convolution. For example, in  section 5.1.1, an interference p a tte rn  

was correlated w ith an optical fibre array. This technique would be 

more a ttractive i f  a single device could easily be tailored for m any 

applications. A device known as a SIGHT-MOD can be used as a  

spatial light modulator, th a t  is, i t  can be used to w rite inform ation 

onto an  optical beam  or to perform  spatial filtering in  e ither the 

im age or Fourier planes. J
1
-■ i

The SIGHT-MOD is a m agneto-optic device m anufac tu red  by 

Semetex. The device consists of a two-dimensional a rray  of 48 by 48 

pixels. The pixels a re  109 pm  square  and th e  pixel spacing, 

horizontally and vertically, is 127 pm. The Faraday effect is used to 

determ ine w hether a  pixel will ro tate  incident linearly polarised light 

clockwise or anti-clockwise in  phase. The direction of F araday  

ro tation  depends on the  m agnetic s ta te  of the  pixel. The Faraday  

ro tation  of the  plane of polarisation of light tran sm itted  through a 

pixel can be converted into an  am plitude or a phase effect by plane 

polarisers placed on each side of the  array. For m ax im um  contrast
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between opposite pixel states the  polarisers are rotated w ith respect to 

one another so th a t light transm itted  by the first polariser and rotated 

by a  pixel will be completely transm itted  or stopped by the  second 

polariser, figure 5.24a. If  the SIGHT-MOD is to be used as a phased 

array , then  the second polariser should be orientated  a t  the same 

angle as the  f irs t so th a t  opposite pixel s ta tes have a  pi phase 

difference, figure 5.24b.

The magnetic sta te  of each pixel is controlled by computer and each 

pixel m ay be individually addressed. Com puter control allows any 

pattern , or series of patterns, to be w ritten onto the array  a t any time. 

For our experiments, the SIGHT-MOD was connected to an  Am strad 

1512HD computer via an  IBM interface card.

5.7.1 Control of the SIGHT-MOD.

Changing a pixel from one m agnetic s ta te  is a  two stage process. 

W hen a pixel a t co-ordinates x,y is addressed, the computer sends a 

current pulse along the x and y drive lines of the array. This partially  

flips the m agnetic state . Application of an  external m agnetic field is 

required to send the pixel into its  highest contrast state. This field is 

applied by a coil placed around the  outside of the  array . W hen a 

pattern  is to be w ritten onto the device the device is cleared, i.e. all the 

pixels are p u t into the same state. Then, all the pixels which are to 

have th e ir  s ta te  changed a re  addressed . F inally , th e  ex ternal 

magnetic field is applied to complete the  process.

Each pixel is addressed  v ia  th e  in terface board  w ith  segm ent 

address &HAOOO (hex). The pixels are divided into 6 rows of 8 pixels, 

called a  byte row, and  48 columns. One byte sen t to the  device 

addresses a vertical group of 8 pixels w ith one b it addressing one
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pixel. A 0 corresponds to one state  and a 1 corresponds to the  other. A 

byte can be sent to the  device from a BASIC program  by the command |

POKE address,byte. Any byte sent to address 2048 will ERASE all 

pixels and any byte sent to address 2049 will produce a  PRINT pulse |

completing the w riting process.

5.7.2 The SIGHT-MOD as a fibre optic switch.

The SIGHT-MOD was investigated for use as a  fibre optic switch. In 

the  first experim ent, light from a HeNe (633nm) laser was coupled 

into a  large core, 970 pm, fibre. L ight em itted from the  fibre was 

collim ated and passed through the  SIGHT-MOD. The tran sm itted  

ligh t was focused into a second large core fibre and  the  in tensity  of 

th e  lig h t em itted  from  th e  second fibre w as m easu red  by a  

photodetector, figure 5.25. The device was cleared of da ta  and the 

linear polarisers were adjusted  for m inim um  tran sm itted  light, or 

m ax im um  contrast. The pixels were then  switched sequentially, in  

the  m anner of a ra s te r  scan. The detected intensity  was seen to rise 

uniform ly to a m axim um  va lue which jum ped to its  h ighest value %

when the PRINT command was received. The difference in  in tensity  

betw een the  opaque and  tran sm ittin g  sta tes was m easured  to be 

g reater th an  6dB, figure 5.26. The experim ent was repeated sending 

a PRINT pulse after addressing each pixel. The resu lt was a uniform 

increase  in  in ten sity  w ithou t the  jum p to the  m ax im um  va lue 

achieved previously, figure 5.27.

A second experim ent was carried out to exam ine the  possibility of 

using the SIGHT-MOD as a sw itch for an  a rray  of optical fibres.

Collimated light from the HeNe laser (633nm) was incident over the 

entire device. The device was cleared and the polarisers adjusted for
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m inim um  transm ission. A single large core, 970 pm, optical fibre 

was placed a t the  output w ith no coupling lenses, figure 5.28. The 

pixels were switched by a ra s te r  scan and the in tensity  of the light 

em itted  from the fibre was m easured  by a  photodetector. W hen 

viewed on an  oscilloscope, the detector signal was seen to climb in  a 

num ber of steps. This is as expected because the light collected by the 

fibre depends upon fewer pixels th a n  when a lens was employed. 

W hen the PRINT pulse was received by the  array , the  in tensity  

jum ped to a maximum, figure 5.29. The large core fibre was replaced 

by a fibre w ith a  core diam eter of 50 pm. The device was switched as 

before and the transm itted  in tensity  was m easured. Th is tim e only 

two steps in  intensity  were seen before the PRINT pulse was received, 

figure 5.30.

5.7.3 Contrast of SIGHT-MOD.

W hen a SIGHT-MOD is used to w rite inform ation onto a beam  of 

ligh t i t  is im portant to have high contrast between the  transm itting  

and non-transm itting  pixels. A graph  of F araday  ro ta tion  and 

absorption against wavelength is given in figure 5.31. Th is shows 

th a t the device will be a t its  least efficient in  the  red region of the 

visible spectrum.

The SIGHT-MOD was illum inated by collimated light from a  5mW 

HeNe laser (633nm). A grating  w ith a  periodicity of 2 columns was 

w ritten  onto the  device. An image of the grating was obtained on a 

ccd cam era. A video line selector allowed any one line of the video 

signal to be displayed on an  oscilloscope, figure 5.32. A photograph of 

the  oscilloscope trace  is given in  figure 5.33. The co n trast or
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extinction ratio was around 6dB, the same as the value obtained for 

the fibre optic switch.

The SIGHT-MOD was then  illum inated by collimated light from a 

15mW HeCd laser operating a t 442nm. According to figure 5.31 th is 

wavelength is below the m inim um  useful wavelength for the device.

Semetex give 480 nm  as an assym ptote for the absorption curve. I t 

was found th a t  practically no light was transm itted  even when the 

polarisation sta te  of the device was fully transm itting . Detection of 

th e  tran sm itted  p a tte rn  was not possible using  the  ccd cam era 

because its  wavelength sensitivity peaks in  the infra-red and falls off 

rapidly beyond the green. At wavelengths where the  absorption is 

very high care m ust be taken no t to overheat the SIGHT-MOD.

W hen comparing the effects of absorption and F araday  rotation, a 

com prom ise m u st be reached  w here th e  F a rad a y  ro ta tio n  is 

sufficient for good contrast between the  on/off sta tes of the  pixels bu t 

the  absorption does not require the  use of several w atts of incident I

power and extra cooling for the device. The ideal wavelength for the  

device is in  the  green region of the spectrum  so we chose to use a 

0.5mW HeNe laser operating a t 543nm known as a GreNe.

The SIGHT-MOD was illum inated  w ith  collimated ligh t from the 

GreNe and a  grating w ith  an  8 column periodicity was w ritten  on to 

it. An image of the grating was obtained on a ccd cam era and a video 

line selector allowed a single line to be displayed on an oscilloscope. A 

photograph of the  oscilloscope trace is shown in  figure 5.34. The 

contrast between the on and off states is greater th an  lOdB. The trace 

shows it  can be seen th a t the  transm itted  in tensities are  not quite



equal. This was probably due to structure  in  the illum inating GreNe 

beam .

5.7.4 Fourier transforms of gratinsfs produced bv the SIGHT-MOD.

The previous experim ents showed th a t  the  SIGHT-MOD could 

achieve extinction ratios of g rea ter th an  lOdB using a GreNe laser 

(543nm). I t was decided to look a t  the diffraction pa ttern s produced 

by these gratings. The experim ental a rrangem en t to detect the  

diffraction pa tte rn s was the  sam e as in  figure 5.32. The distances 

shown as u  and v were both made equal to the focal length of the 

lens (30cm). The d iffraction p a tte rn  is then  equal to the  spatia l 

Fourier Transform  (FT) of the grating function. The FT of the 

SIGHT-MOD when i t  was clear of data  and fully transm itting  was 

obtained. As the SIGHT-MOD consists of a 2 dim ensional a rray  of 

pixels, its  FT is th a t of a 2 dimensional grating. A video line selector 

was bu ilt which allowed any video line from the ccd cam era to be 

d isp layed on an  oscilloscope. A video line was chosen which 

corresponds to the  x axis of the  optical system. Any point on the x 

axis corresponds only to a spatial frequency in  the x direction. The 

spatial frequency is proportional to the distance from the origin. The 

spatial frequencies in  the x direction of the device are shown in  figure 

5.35.

G ratings were the w ritten  onto the SIGHT-MOD. These gratings had 

a  periodicity of 2, 4, 6 and 8 pixel columns. Their FT pa ttern s were 

obtained and  the  spa tia l frequencies in  the x direction for each 

grating  are shown in  figures 5.36 to 5.39. The spatial frequencies of 

the gratings are clearly seen bu t the 2D FT of any pa ttern  w ritten onto 

the SIGHT-MOD will also include the 2D FT of the array.
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5.7.5 M anipulation a fF om ier  transform  im ages using a fibre arrav.

A 2D optical fibre a rray  was used to perform spatial transform s of 

Fou rier Transform  Im ages (FTIs). The FTIs were produced from a 

p a tte rn  on a Spatial L ight M odulator (SLM). The SLM was the 

Semetex SIGHT-MOD.

A 2D to ID  fibre a rray  was used to transform  the 2D FTI to a ID  

image and a 2D to a point a rray  was correlated w ith  the  FTI of a 

p a tte rn  on the SIGHT-MOD. The SIGHT-MOD was illum inated by a 

collimated beam  from a HeNe (633nm) laser. A Im  focal length lens 

placed beyond the SIGHT-MOD produced the FTI of the device in  its 

back focal plane. An optical fibre array, consisting of 40, Im  long, 

large core fibres (970pm) arranged  in  a two dim ensional 10 by 4 

array, was constructed by m ounting the ends of the fibres in  epoxy 

resin . The o ther ends of the  fibres were form ed in to  a  one 

dimensional a rray  w ith a random  relationship betw een the position 

in the 2D array  and the position in the ID  array. Thus, any image on 

the face of the 2D array  was converted to a ID  image. The 2D array  

was placed in  the FT plane of the  lens, figure 5.40. The in tensity  

across th e  ID  a rra y  was m easured  using  a lin e a r ccd a rray  

connected to an oscilloscope. A sequence of pa tterns was w ritten, in  

tu rn , onto the  SIGHT-MOD. As the  p a tte rn  changed the FTI 

changed and th is was detected as a change in the ID  image detected 

by the ccd array . The in tensity  detected by the  ccd a rray  for two 

patterns is shown in  figures 5.41 and 5.42. The position of each fibre 

in  the ID  array  could have been used to encode information about the 

spatial frequency content of the FTI, such as the spatial frequency in 

the FTI plane increasing from left to righ t in  the ID  array.
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The Fourier transform  of one pa ttern  was to be correlated w ith the 2D 

fibre array. Fibres from the 10 by 4 array, in  positions corresponding 

to the FTI of the pattern , were selected and positioned in  front of a 

single, large area, photodetector connected to an  oscilloscope. This is 

sim ilar to placing a m ask in  the  FTI plane whose transm ittance is 

e ither zero or un ity  and varies across the mask. A sequence of 10 

pa tte rn s were w ritten  onto the SIGHT-MOD and the correlation of 

the  FTI of each p a tte rn  w ith the  chosen fibres in  the  2D a rray  

m easured by the  in tensity  of light detected by the photodetector. 

Figure 5.43 shows the  correlation of the FTI of each p a tte rn  w ith the 

fibres. A peak is seen corresponding to the p a tte rn  for which the 

fibre m ask was designed. Sm aller signals are present where partial 

correlations have occurred or where the resolution of the fibres in  the 

a rray  was not sufficient to d iscrim inate against slightly  different 

spatial frequencies.

5.7.6 Correlation of linear interference fringes with gratings on the 

SIGHT-MOD.

L inear in terference fringes w ere produced by shearing  a Mach- 

Zehnder in terferom eter illum inated  by a collimated beam  from a 

chopped 0.5mW GreNe (543nm). The interferom eter had close to zero 

p a th  difference. The SIGHT-MOD was placed a t the  ou tpu t of the 

interferom eter. One arm  of the interferom eter was phase m odulated 

by a ro ta ting  glass slide. This caused the  in terference fringes to 

appear to scan across the  SIGHT-MOD. Any ligh t tran sm itte d  

through the SIGHT-MOD was focused into a large core optical fibre 

placed on the optical axis and the intensity  of the light was m easured 

by a photom ultiplier tube. Any correlation betw een the  fringes and 

the  SIGHT-MOD would be seen as m odulation of the  transm itted
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light in  the m anner of Moire fringes, figure 5.44. The spacing of the 

interference fringes was calculated by expanding the second output 

from the interferom eter. The SIGHT-MOD was cleared of data  and 

m ade to be fully transm itting . The size of the interference fringes 

was adjusted un til m odulation was detected. Two correlations were 

obtained. The first corresponded to the  spacing betw een pixels and 

the  second to the  pixel size. G ratings were now w ritten  onto the 

SIGHT-MOD. They had spatial periodicities of 2, 4, 6 and 8 columns. 

C orrelations were obtained w ith lin ear interference fringes which 

were found to closely m atch the  spatial periodicity of the  gratings. 

The signal obtained when fringes were correlated w ith a  g rating  

which had  a periodicity of 2 columns is shown in  figure 5.45. The 

square wave is due to the chopped laser beam. The calculated sizes of 

the  linear in terference fringes when correlation occurred and the 

actual periodicity of the SIGHT-MOD are given in the following table.

G rating period G rating period M easured fringe period 1i
(co lum ns) (micron) (micron)

I

0 0 56

0 0 260
1

2 254 246 1

4 508 504

4 509 162
1

]
6 762 738

1
.1
j

8 1016 1054
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A second m ethod of producing linear interference h inges is to couple 

ligh t into two optical fibres w ith  th e ir ends placed side by side as 

described previously in  section 4.1. Fringes were produced w ith the 

centres of the two fibres 260pm apart and correlated w ith gratings on 

the  SIGHT-MOD, figure 5.46. The source was a  chopped GreNe as 

before. The fibres were 50/125 m icron fibres and each Im  long. One 

fibre was phase m odulated by a piezoelectric m ateria l which causes 

the fringes to appear to scan. The size of the fringes is proportional to 

the  distance betw een the fibres and the SIGHT-MOD. The resu lt of 

th is is th a t  as the  fibres are moved closer to, or fu rth er from, the

«

%

device correlation occurs w ith fringes of a different size. The light s.

tran sm itted  through the device was focused into an  optical fibre 

p laced  on th e  optical axis and  its  in te n s ity  m easu red  by a 

photom ultiplier as before. A grating w ith a periodicity of 4 columns 

was w ritten  onto the SIGHT-MOD. The distance between the SIGHT- 

MOD and the  fibre in terferom eter was adjusted u n til correlation 

occurred. This corresponded to fringes w ith a  periodicity of 508pm, 

figure 5-47.

The distance between the SIGHT-MOD and the fibre interferom eter 

was then  kept constant and the periodicity of the grating w ritten onto 

the  SIGHT-MOD was increased. No correlation was seen un til the 

grating  periodicity was 12 columns, when a m uch reduced signal 

was detected. The grating  size was fu rther increased and when the 

grating  periodicity was 20 columns a th ird  correlation signal of very 

sm all am p litude  w as detected . These signals correspond to 

correlations of the  g ra tin g  w ith 3 and  5 tim es the fundam ental 

spatial frequency of the interference fringes.
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Figure 5.2 Correlation of fringe pattern with linear fibre array
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Figure 5.3 (a) Ck>rre]ation signal between interference fringes and fibre 
array

(b) Piezoelectric driving signal
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Figure 5.9 Signal due to Fourier transform image scanned across 

970|im fibre

Figure 5.10 Signal due to Fourier transform image scanned across 

50/125pm fibre
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Figure 502 Interference obtained at a point on a screen when the an^e 

of incidence of a plane wave was rotated with respect to two 

optical fibres used to produce fiOnges
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Figure 5 J.5 Pulses obtained from two linear arrays in the Fourier 

transform image plane of a spatial coherence sensor
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Figure 5.16 Geometry for position sensor
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Figure 5.19 Pulses obtained fix>m two curved arrays in the Fourier

transform image plane of a spatial coherence sensor (the 

lower trace is inverted)
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Figure 5.22 Pulses obtained from one linear and one curved array in the 

Fourier transform image plane of a spatial coherence 

sensor (the lower trace is inverted)
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Figure 5.24 (a). Operation of magneto-optic device 

called SIGHT-MOD.
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Figure 5.24 (b) Operation of magneto-optic device 

called SIGHT-MGD.
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Figure 5^6 Intensity transmitted through SIGHT-MOD during raster 

scan, one write pulse (source 633 nm)

Figure 5.27 Intensity transmitted through SIGHT-MOD during raster 

scan, many write pulses (source 633 nm)
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Figure 5 ^  Intensity coupled into 970}im fibre at output of SIGHT-MOD 

during raster scan (source 633 nm)

Figure 5.30 Intensity coupled into 50/125)im fibre at output of 

SIGHT-MOD during raster scan (source 633 nm)



Absorption and Faraday Rotation of SIGHT-MOD
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Figure 5.33 Transmitted intensity across single line of cod camera with 

grating written on SIGHT-MOD (source 633 nm)

law h 'j

Figure 5.34 Transmitted intensity across single line of ccd camera with 

grating written on SIGHT-MOD (souiee 544 nm)



Figure 5.35 Fourier transform image of SIGHT-MOD cleared of data

(source 544 nm)

Figure 5.36 Fourier transform image of SIGHT-MOD containing 

grating with periodicity of 2 columns (source 544 nm)
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Figure 5.37 Fourier transform image of SIGHT-MOD containing 

grating with periodicity of 4 columns (source 544 nm)
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Figure 5.38 Fourier transform image of SIGHT-MOD containing 

grating with periodicity of 6 columns (source 544 nm)
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Figure 5.39 Fourier transform image of SIGHT-MOD containing 

grating with periodicity of 8 columns (source 544 nm)
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Figure 5.41 ID spatial signal transformed from 2D by a fibre array
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Figure 5.42 ID spatial signal transformed fix>m 2D by a fibre array



Figure 5.43 Ck>rrelation signal between 2D fibre array and 2D Fourier 

transform image
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6 D iscussion : Pre-detector signal processing.

The philosophy behind pre-detector signal processing is, given a 

scene contain ing  signal and  background rad ia tion , to im pose 

m o d u la tio n  on th e  s ig n a l w hich  depends on p a r t ic u la r  

characteristics of the signal such as tem poral and spatial coherence 

and  polarisation in  such a m anner as to produce no m odulation or 

different m odulation of the background. This m ay be carried out in  

any waveband where suitable components are available, for example, 

lenses, m irrors and beam splitters etc are available in  both the infra

red  and  m illim eter w avebands. O ptical fibre w aveguides are  

av a ilab le  th ro u g h o u t th e  v isib le  and  in fra -red . F or longer |

wavelengths m etal waveguides are used.

Optical fibres add ex tra  dimensions of m an ipulation to pre-detector 

signal processors and radiation coupled into a fibre can be used very 

efficiently. Optical fibres are useful for perform ing optical functions 

such as geom etrical transfo rm ations and  are  ideal for special 

transform s such as correlations over a scene which are  difficult to 

perform  w ith bulk optics.

R adiation  guided in  optical fibres can be phase m odulated  by 

stra in ing  the fibre or by producing acoustic standing  waves on the 

fibre, using a piezoelectric m ateria l, a t frequencies which can be 

greater than  100 kHz. The Faraday and electro-optic effects enable the 

sta te  of polarisation of light guided in  polarisation m a intaining fibres 

to be modulated.

W ithin th is thesis i t  has been shown th a t optical fibres can be of use 

in  m any pre-detector signal processing systems. In  particu lar



(i) multimode optical fibres can be used with much more 

freedom in  coherent systems than  would be expected;

(ii) tem poral coherence bandpass filtering can be performed 

using optical fibre interferom eters;

(iii) spatial coherence filtering can be performed using arrays 

of optical fibres in  detector planes;

(iv) geometrical transform ations from 2D to ID  have been 

achieved using fibre arrays;

(v) Correlations of fibre arrays with 2D intensity  distributions 

have been achieved by fibres perform ing a  transform  from 2D 

to a point and the intensity  a t th a t point was m easured by a 

photodetector;

(vi) a  spatial light modulator has been shown to be of use in  

pre-detector signal processing to provide m asks for correlation 

or as a programmable reticle.

e.l Discussion ofinterference patterns produced bv optical fibres.

In  sections 4.1 and 4.2 it  was seen th a t interference pa tte rn s can be 

produced using singlemode and  m ultim ode optical fibres. If  ligh t 

from  a coheren t source is  coupled in to  a singlem ode fibre 

in terferom eter, th en  the  un iform  beam  of the  singlem ode fibre 

produces h igh  v is ib ility  in te rfe rence  fringes which, for m any 

purposes, are independent of effects due to the fibre. If  light from a 

coheren t sou rce is  coupled in to  a m ultim ode op tical fibre 

in terferom eter, in terference fringes are  p resen t b u t a re  harder to 

detect. The m any modes of the fibre produce a non-uniform  phase
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front which distorts any fringes present. The distortion occurs on the 

sam e scale as the speckle size so the  detector m ust be reduced to a 

sim ilar size. As the light is generally diverging from the end of the 

fibre, th is m ay only m ean increasing the distance betw een the fibre 

and detector.

If  a  multimode laser source is coupled into a singlemode fibre and a 

detector connected to a spectrum  analyser is scanned over the  output 

beam , the  spectrum  analyser w ill read  the  sam e over the  whole 

beam. If  the  fibre is multimode, then  a variation in  the in tensity  of 

th e  la se r  m odes w ith  position  is seen. T his is  explained  by 

interference betw een the laser modes in  the  various modes of the  

fibre, section 4.8.4.

The periodicity of linear interference patterns produced by coupling 

light into two singlemode fibres, placing the ends side by side, and 

allowing the  em itted beam s to overlap depends on the  wavelength of 

the  source and the  separation of the fibre ends. I f  the output ends of 

the fibres are fixed the input ends m ay be moved to any location in  the 

inpu t plane w ithout affecting the fringe spacing.

As optical fibres are very sensitive to the ir environment, the phase of 

ligh t em itted  from a fibre cannot be predicted. This m eans th a t 

coherent rad ia tion  em itted from two fibres m ay interfere, a t a  given 

point, anywhere from constructively to destructively. A linear a rray  

of radio antennae produces a far field diffraction p a tte rn  which is the 

Fourier transform  of the array. The diffraction p a tte rn  is steered by 

ad justing  the  phases of the  an tennae. Radiation em itted  from an 

array  of optical fibres, illum inated by a  single source, also produces a 

far field diffraction p a tte rn  which is the  Fourier transform  of the
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sp a tia l d is tr ib u tio n  of th e  a rra y . However, because  of th e  

unp red ic tab le  phases, th e  p rincip le  m ax im a m ay be located 

anywhere in  the pattern .

A plane wave m ak ing an  angle 6  w ith a  linear array  will produce an 

intensity, by coherent addition, which is related to the  angle 6 . As the 

angle changes the  in tensity  scans through the  far field diffraction 

pattern , bu t the principle m axim a need no t be located on the optical 

axis when the angle between the  wavefront and array  is zero.
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6.2 Discussion of coherence in fibres.

A fter rad ia tion  has been propagated  through an  optical fibre, its  

tem poral coherence, 7 (1:), depends on the  spectrum  of the transm itted  

light. The efiect of transm ission of radiation through an  optical fibre 

on the coherence of th a t radiation, is related  to the  dispersion of the 

medium. The d ispersion is e ither group or phase dispersion, section

2.3 and 2.4. Coherence is a  correlation of amplitude and phase so i t  is 

the  phase dispersion which is im portant. For a singlemode fibre 

interferom eter, we have

YjjW =  < Xj-.yj.t  — i- ) Ej( . ■■  ̂ ) > , (6.1)

w here and Eg are  the  complex am plitudes in  each arm . The 

dispersion is related to absorption so the coherence of a source cannot 

decrease b u t m ust increase as the  rad ia tion  bandw idth  becomes 

narrow er.

In  a m ultimode fibre the  prim ary source of d ispersion is interm odal 

dispersion. The m any modes supported by the fibre will in terfere in  

the  same m anner as the  waves which occur in  a Fabry-Perot étalon, 

although the  separation of the  modes and the ir am plitudes are not as 

predictable. So the fibre acts as an  optical filter whose characteristics 

depend on the  modes p resen t and the  delay betw een them . The 

characteristics change over the  output plane as the  d istribution  of 

modes changes.

In  section 4.8 i t  was seen th a t  the  coherence, y(T), of a laser source 

appeared  unchanged, for sm all a reas of the  w avefront, w hen
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transm itted  through short lengths, of the order of tens of m eters, of 

singlem ode or 50/125 |im  m ultim ode optical fibre. This can be 

explained by the difference in  the optical paths of the excited modes 

be ing sm all. I t  w as also shown th a t  a few m etres of h ighly 

multimode fibre such as the 970pm core fibre will not change t(t) as 

long as a sufficiently small detector is used to overcome the spatial 

distortion of the fringes. After propagation through 1 0 0  m  of 50/125 

pm fibre i t  was seen th a t  the  m easured value of 7 (1;) depends on 

interference effects betw een the excited modes of the  fibre and the 

difference in  the  optical p a th s  of the  modes. In  two d ifferent 

experim ents, and therefore w ith  two different mode d istributions, 

two different curves were obtained for 7 (1). One curve showed the  

effect of spectral filtering and the  other showed the  effect of large 

interm odal path  differences.

Although we have shown th a t  short lengths of m ultim ode optical 

fibre can be used in  sensors the  lim its to th is have not been fully 

explored. They have been shown to be useful in  th a t they collect many 

tim es more light th an  a singlemode fibre but the effect of interm odal 

d ispersion can be a problem. If  interm odal coupling was small each 

mode could be used as a separate channel and the dispersion could 

be used to obtain m any optical paths. There should be in teresting  

effects involv ing  th e  m odu la tion  of m ultim ode fib re  u sing  

piezoelectric techniques. As each mode has a d ifferent wavenumber, 

stress ing  the  fibre by a  given am ount w ill produce a different 

m odulation dep th  for each mode. S im ilar effects m u st occur in  

m ultim ode in teg ra ted  optic devices although one m igh t expect 

interm odal coupling to be sm all as the  device is m ounted on a solid 

substrate.

150



6.3 D iscussion o f fibre arrays.

The m ost im portan t contributions of optical fibres to pre-detector 

signal processing lie in  the use of fibre arrays. The arrays can vary 

in  1 , or 2  dim ensions and the  num ber of d im ensions can change 

from one plane to the next, by rearranging  the fibres. The length of 

each individual fibre m ay be determ ined. As the core of each fibre is 

surrounded by a cladding there  are regions in  an  a rray  where light 

is not coupled into the  fibres so the  ratio  of the core diam eter to 

cladd ing diam eter is im portan t. For multimode fibre the  ratio  is 

typically 50 /125. For singlemode the ratio is typically 8 /1 2 5 .

From  the  optical properties of G aussian beams, only a  beam w aist a t 

the  entrance to a  singlemode optical fibre is efficiently coupled. A 

beam w a ist corresponds to parallel light or one spatia l frequency. 

Any light not of th a t spatial frequency is not coupled into the fibre. 

Therefore, the  fibre supports only one channel and  no spatia l 

inform ation can be transm itted . For calculating the  coupling into a 

multimode optical fibre, geometrical optics can be used. The num ber 

of available channels in  a  multimode fibre corresponds to the num ber 

of guided modes. As each mode propagates w ith a  different phase 

velocity, the  radiation a t the output does not reconstruct the  image. 

Multimode fibres also scramble the image by cross-coupling between 

the modes. This removes unw anted features across the ou tput beam.

A scene im aged onto a tw o-d im ensional fibre a rra y  will be 

tran sm itted  to the  ends of the  fibres b u t the  far field diffraction 

p a tte rn  of the light em itted from the fibres will not reconstruct the 

im age due to the  unpredictable phases of each fibre. Rivlin and 

Semenov [6.1] using a hollow rectangular waveguide w ith reflective
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m etal walls have dem onstrated th a t i f  the phase shifts betw een all 

the  modes are  in teger values of 2 k  rad ians th en  the  ligh t will 

reconstruct the  image. Yariv [6 ,2 ] has discussed using non-linear 

m ixing to cancel the  phase dispersion and retrieve the image.

If  a two-dimensional a rray  is placed in  the Fourier transform  plane 

of an  object, illum inated by a  coherent source, then  the light coupled 

in to  a  p a rticu la r fibre is associated  w ith  a p a rticu la r  sp a tia l 

frequency. As the relative phase information is lost, the fibres cannot 

be used to tran sm it the Fourier transform  image (FTI) to a remote 

plane and reconstruct the image. However, it  is possible to use arrays 

of fibres to encode inform ation about a scene or FTI, for example, a  

geom etrical tran sfo rm ation  can be used  to encode the  sp a tia l 

frequency inform ation. A given spatia l frequency appears on the  

circumference of a circle, centred on the optical axis, so the  fibres 

could be grouped according to th e ir distance from the optical axis. 

A ltem atively,the light coupled into each fibre from the FTI could be 

modulated a t a frequency dependant on position in  the array. Then a 

spectrum  analysis of the  radiation would give inform ation about the 

spatial frequency content of the scene.

The experim ent described  in  section 5.1.3 to m easu re  p a th  

differences across a  scene relies on knowing the frequency spectrum  

of th e  source and hence being able to associate each value of the  

visibility curve w ith a  given p a th  difference. The source is unsuitable 

if  the visibility goes to zero or is ambiguous over the range of the path  

differences. I f  th is were the case, for example the coherence length of 

sunlight is only a few wavelengths, the signal processor could be 

based on laser enhanced imaging.
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The experiment described in section 5.7.6 m easured the  correlation of 

an  image w ith the transm ission function of an  array  of optical fibres. 

Each fibre guided light to a large area photodetector. As the  phase of 

the light em itted from each fibre is unpredictable, all the light m ust 

be collected and the correlations are in  in tensity  and not am plitude 

and phase.

F u rther research should be carried out to investigate combinations of 

fibre arrays and acousto-optic devices. Bragg cells and  SAW devices 

can be used as program m able phase reticles and  for sw itching 

radiation between fibres in  arrays. Optical fibres, fibre couplers and 

acousto-optic devices can be combined to give fully in teg ra ted  

heterodyne system s. Homo dyne system s could be produced using 

optical fibres as delay lines in  LIDAR. A fibre delay line could be used 

to store a reference beam  to produce a hologram of a d istan t, laser 

enhanced, scene. In  order to improve coupling in to  fibre arrays, 

a rra y s  of holographic lenses could be introduced. Holographic 

elem ents could be used as phase reticles in  place of am plitude 

reticles.

6.4 Wavelength demultiplexinfif.

In  some cases i t  is necessary to separate  out rad ia tion  into given 

w avebands. In  section 4.6 we used a  transm iss ion  g ra ting  to 

spatia lly  separa te  th ree  sources. A signal processor w hich could 

direct a  signal into a  given channel by virtue of its  wavelength can be 

rea lised  by spectra lly  sensitive  couplers. These a re  couplers 

designed to have sp litting  ra tio s  which a re  given functions of 

w avelength. O ther w avelength sensitive devices such as surface 

acoustic wave devices can be used to spatially  separa te  different
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wavelengths. For a  given acoustic wavelength, an  optical signal is 

diffracted a t an  angle which depends on its  wavelength. By altering 

the  acoustic wavelength, the signal can be coupled into one fibre of an 

array  of optical fibres in  the output plane.

6.6 Discussion of fibre interferometers.

A fibre interferom eter which is to be used for rem o te sensing m ust 

ideally  rem a in  singlemode over the  whole spectrum  of in te res t in  

order th a t  am plitude and phase inform ation are re ta ined  over long 

lengths of fibre. This can be a problem, for example, a  fibre designed 

to be singlemode a t 850 nm  m ay support 2 modes a t BOOnm and more 

a t 400 nm. If the fibre is designed to be singlemode a t 400 nm  then  it  

will be singlemode a t all longer wavelengths bu t as the  wavelength 

increases the radiation is less strongly guided because more power is 

contained in  the evanescent wave.

One multimode fibre contains m any optical paths which can be used I

in  an  in te rferom eter. In  o rder to access each p a th , or mode, 

separately the fibre m ust be of high quality to reduce scattering, and 

s tra in  free to reduce in term odal coupling. In  order to obtain an  

interferom eter w ith m any predictable optical paths, i t  is easier to use 

an  array  of singlemode fibres, of different lengths, linked by access 

couplers. A m ultiple pa th  singlemode fibre interferom eter should be I

constructed using different lengths of singlemode fibre linked by fibre |

couplers. This could m easure the visibility against p a th  difference of 

a  source a t several points sim ultaneously. The sensor could be fully 

in tegrated , w ith piezoelectric phase modulation, and have pigtailed 

detectors spliced to the singlemode fibre.



6.7 D iscussion  o f SIGHT-MOD.

I t  has been seen in  section 5.4.3 th a t  the  SIGHT-MOD is m ost 

efficient for wavelengths betw een 500 - 550 nm. Below 500 nm  the 

absorption is very high, and above 550 nm  the F araday  ro tation  is 

low. If  the  SIGHT-MOD is illum inated with radiation between these 

values, for example, when a scene is flashed w ith laser light, then  

the SIGHT-MOD is useful as a programmable aperture plane reticle. 

A series of aperture plane reticles can be w ritten onto the device, by a 

computer, in  order to represent a  ro tating reticle such as a grating or 

chopper. The maximum speed of the  device is lim ited to about 50 Hz 

by the tim e requ ired to w rite each fram e which is given as 2 0 msec. 

This speed suggests th a t it could be very useful as a dynam ic reticle, 

especially in  processing a laser enhanced scene.
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6.8 C onclusions

/
/

/

We have seen th a t optical fibres are of use in  pre-detector signal 

processing. O ptical fibre system s can be designed % hich can 

descrim inate betw een signal rad ia tion  and background clu tter in  a 

scene.

D escrim ination in  favour of narrow band radiation can be achieved 

using  phase m odulated  optical fibre in terferom eters w ith  p a th  

differences g rea te r th an  the  coherence length  of th e  background 

radiation. Optical fibre tem poral coherence filters were described in  

section 4.5. A fibre interferom eter has a fixed optical pa th  difference. 

By linking several interferom eters, each w ith a different optical path  

difference, using fibre couplers, the  tem poral coherence of the signal 

ra d ia tio n  can be m easu red  w ith  severa l p a th  d ifferences 

sim ultaneously.

D escrim ination in  favour of spatia lly  coherent rad ia tio n  can be 

achieved using arrays of optical fibres in  the image plane of a sensor. 

The arrays, together w ith  a m odulated aperture  plane reticle, can 

detect spa tia l m odulation of the  im age of the  spatia lly  coherent 

source in  the presence of spatially  incoherent background radiation. 

Spatial coherence sensors have been described in  section 5.3. Arrays 

of fibres allow spatial transform s and tim e delays to be employed 

betw een inpu t and output planes, so arrays of fibres can be used to 

perform  special tasks. For example, fibres sam pling the rad iation  

over the image plane of the sensor enables light from d ifferent points 

to be m easured or to be correlated w ith one another, section 5.1.2.

156



Singlemode or multimode optical fibres can be used in  m any of the 

sensors. More power is coupled into m ultim ode fibres, b u t when 

p h ase  in fo rm atio n  is im p o rta n t, th e  in te rm o d a l d ispersion  

introduces different optical pa ths and  d istorts the  em itted  phase 

front. This causes any interference fringes which are produced to be 

distorted , thus lim iting  detector size. Interference p a tte rn s  w ith 

singlemode and m ultimode fibres are described in  sections 4.1 to 4.3. 

The effect of singlem ode and m ultim ode fibres on coherence is 

considered in  section 4.8.

A Spatial Light Modulator, such as the  Semetex SIGHT-MOD, can be 

used  as a program m able ap ertu re  p lane reticle for pre-detector 

signal processing, section 5.4. The SIGHT-MOD, together w ith  

a rray s  of optical fibres in  the  im age plane of th e  sensor, can 

descrim ina te  betw een signal and  background rad ia tio n  using  

techniques such as convolution, correlation, and spatia l coherence 

filtering.
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Appendix A : Waveguide Theory.

The electric field of an  electro-magnetic wave m ay be w ritten  

E = a A  + ayEy + â E .̂ (A.1)

Sim ilarly, for the magnetic field of the wave, we have

H = + + (A-2 )

The electric and magnetic flux densities are 

D = eE, (A.3)

and

B = |iH ,  (A.4)

where e is the perm ittivity of the m ateria l and p. the  perm eab ility of â

the  m aterial. Maxwell's equations for a  m ateria l w ith a  conductivity 1

of zero and w ith e and p independent of position and tim e m ay be 

w ritten

^  dH
V x E  = - p - ^ ,  (A.5)

„  dE
VxH = e - j f  , (A.6 )

V.D = 0 , (A.7)

and

V . B = 0 .  (A.8)

The wave equation for the electric field m ay be w ritten
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V^E = 1  , (A.9)
c dt

w ith

c2 = 1/pe. (A. 10)

For a cylindrical geometry w ith  wave propagation along the  z axis we 

describe the fields by where y is the  propagation constant

which gives inform ation on the a ttenuation  and group velocity of the 

wave. In  free space we have

k2 = (o2pG. (A. 11)

So, in  a medium of refractive index n i, we have 

(njk)^ = kj = o)2|ie. (A. 12)

As 9^ /  9 t^  can be replaced by - cô  we may w rite

.2
V 'E  = -kjE. (A. 13)

T he Bymhol V 2 can  be sp lit in to  two p a rts . The f irs t  p a r t  

corresponding to directions tangen tia l to the propagation direction 

and the second corresponds to the direction of propagation. We have

V^E = V f E + ^ .  (A. 14)
dz

R earrang ing (A.14) and substitu ting from above we have 

V^E = - (y2+k2)E. (A.15)

The expansion of the curl E equations, (A.5), m ay be w ritten
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I

i
I

dE^

dE dE^

(A. 16)

(A  17)

(A.18)

and for the curl H equations, (A.6 ), we have

(A.19)
dH
l ÿ -  + YHy = jcoeE^,

dH dH
_ _ - _ _ j ( o e E ^ .

(A.20)

(A.21)

Using equations (A.16) to (A.2 1 ) it  is possible to solve for Ex,Ey,Hx 

and Hy in  term s of Eg and Hg. I f  there is no attenuation  in  the  guide 

then  we le t y = jp where p is real. We now let

kc^= l^ + ki2 = ki2-p2. (A.22)

Then we have

E =
dE dH

E =

. 2  (P  6 T +
%

i A
(X.24)

i dE  ̂ dH 
= “  ( p c o -^  ~ P i t  ) ' (A'25)
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and

4 dE, dH
Hy = 3 ^

C

For the Eg field we also have the condition, from equations (A.15) and 

(A.22), given by

VfE^ = (P ^ -k X  = - k X  • (A.27)

Using these general expressions for E and H in  a  waveguide we may 

obtain specific expressions for a step-index fibre.
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Appendix BjjGaussiatx beam optics for a sinsflemode fibre.

The form of the  electric field em itted  by m ost la se r devices is 

gaussian  and for a  beam  propagating along the  z axis the  electric 

field may be described by the equation

 ̂ r . X, . . X X 2. 2xik 1 21
CO ^ E.(z)

Ex = exp [ -j ( kz+ 4, ) - (X  + y % . ( — ------- - ) ] ,  (B.l)

where co is the  beam  rad ius m easured a t the point where the electric 

field falls to 1 /e of its  maximum value and coq is the m inim um  beam  

rad ius called the  beam  waist. R(z) is the radius of curvature of the 

phase front of the beam, figure B .l. The values of (j), co(z), and R(z) a t 

a  point z are given by

,|, = Tan‘ —  ’ 
kcc?

and

co2(z) = o ^ [ l + ( - ^ ) 2 ] ,  (B.3)
" kor 

0

an d

kof
R(z) = z [ l + ( - ^ )  ] .  (B.4)

Equation (B.3) can also be w ritten  in  term s of the divergence 0 of the 

source. Thus we have
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2z6
( b 2 ( z )  = c^ [ 1  + (-----)2], (B.5)

 ̂ CO
0

For efficient coupling of light from a source into a fibre we consider 

the single lens system  in  figure B.2. The output m irror of the laser 

source provides the radius of curvature of the  beam  a t th a t  point. 

The radius of the beam  a t the m irror m ust also be determ ined. The 

beam  may be propagated to plane P j which is the inpu t plane of the

lens by equation (B.3). The beam is transform ed by the lens using the 

equivalent lens law for gaussian beams which is

1 1 1

where q is the complex beam  param eter defined by 

1 1 21

q R(z) kco (̂z)
(B.7)

For a  th in  lens co(z) is the same a t the ou tput plane of the lens, ? 2  , 

and so the lens law simplifies to

1 1 1 
R T - R ; = f -

Equations (B.3) and (B.4) can be solved for coq and z as follows

C0„ = — ) “  , , (B.9)

X R

and
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Z  =  '
^ ____

1 + A f
%GT

(B.IO)

i

Thus, knowing œ and R a t  the  output plane of the  lens, we can 

calculate the position and size of the new beam w aist co q 2-
■ii
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6 = 2 / ko),

beamwaist

Figure B.l Divergence of a gaussian beam

I

a

2o) 2cû

beamwaist
beamwaist

Figure B.2 Focusing of a gaussian beam



Appendix C ; ̂ ^ibiUty ciirve obMned for a Lorentzian spectral profile.

A commonly occuring spectral distribution is Lorentzian in  profile. 

The distribution m ay be w ritten

av2

We can use the FT relationship

F ( v ) = - ^ ^ ,  (C.2)
q  + V

and

% ) = (C.3)

where q = 3v / 2, to obtain the normalised FT of (C.l). The FT may be 

shown to be

Ŷ (̂x) = exp ( ) exp ( j 2k  v^t ). (C.4)

The visibility of interference fringes in  an  in terferom eter of pa th  

difference L is given by

v(L) = e x p (-^ ) .  (C.5)
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A ppend ix D : The F ourier transform  o f a 133 grating.

The grating fimction, F(o)), m ay be considered to be the convolution of 

a  'top hat' or a  square pulse of w idth d w ith a  comb function of period 

s. In  order to calculate the  FT of the grating we m ultiply together the 

FTs of the two component functions. We have

F(co) = (D.l)

where F t(co) and Fc(co) are the  FTs of the top h a t and comb functions 

respectively. The top h a t function may be expressed as

F.J, (co) = 1 between -d/ 2  and +d/ 2  

= 0  otherwise.

The FT of Ft(co) is given by

+ d / 2

F^(co) = J e dx. (D.2 )
— d / 2

which becomes

iwx .  ̂ J
e d cod

= t  - d / 2  =

The comb function may be w ritten

F^(co) = Ô (x - nx̂ >. (D.4)

The FT of Fc(co) is w ritten

Fç, (co) = J  5 ( X -nxj) ê ^̂ dx. (D.5)
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The integral becomes

n . iconxj

Fc(to) = e  =  i —1 ------ . (D.6)
N = 0 1 _

The complete FT is obtained from the product of equations (D.3) and 

(D.6 ). The FT of the grating is therefore

iconx,
d cod 1 -  e

F(co) =  -  Sine (— ) (--------:----- ). (D .7)
2 2 ,

1 -  e

By taking out a factor of

cox,

e , (D.8)

and putting co = 27cu, we obtain

d Sin njcux,
F(co) = — Sine ( xud ) ------------  exp ( i  (n-1) jcux,). (D.9)

2 Sin icuxj '

The observed in tensity  is the  square modulus of am plitude, F(cd) so 

we m easure I(co) where

I(u) = I F(u) = 4 -  Sinc^mid f .  (D.IO)
^ Sin Tcud
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