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ABSTRACT 
 

The characterization of the various properties of an optical wave field is extremely important 
in the field of current fiber optics research. According to Maxwell’s equations, wave fields 
contain the properties of both amplitude and phase and which is a function of space-time. In 
practice, it is possible to measure only the amplitude squared [intensity] of the wave field 
directly, using various means like, digital or other detectors, photographic film, or the human 
eye. But it is difficult to directly measure the phase1 of the wave field, as it is not possible to 
make detectors with a temporal bandwidth comparable to the oscillation of optical or 
quantum mechanical fields. The ability to reconstruct the phase of an optical wave field has 
many applications like in removing the effects of atmospheric turbulence in astronomy, in 
the imaging of materials in electron microscopy etc. The characterization of optical phase is 
also important in the bio-medical parameter measurement applications. Many different 
approaches have been developed to overcome the phase problem. Each one of these 
techniques has own advantages and disadvantages, which largely depend on the various 
system parameters. Ideally, researchers would like a technique for the reconstruction of 
phase information that provides phase structure directly using simple measurements. The 
novel method of phase retrieval based on the Transport of Intensity Equation (TIE), is one 
such technique, allowing us to recover both quantitative and qualitative phase information 
directly from intensity measurements.  

These proposed studies will highlight the background for TIE phase recovery, which will be 
helpful in Biotechnology and Biomedical Parameter Sensing areas. 
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INTRODUCTION 
This paper describes the conception of 

wave field and its characteristics. Various 
techniques to determine the phase indirectly 
from amplitude measurements are described. 
These are proven to be highly successful 
techniques at optical wavelengths. In this 
paper, we provide an overview of these 
methods. The change of light wave 
propagation conditions in the fiber optic 
waveguide can be caused by changes in 
surrounding conditions [e.g. temperature, 
vibration etc]. These phenomena also trigger 
off changes in the depth of intensity 
modulation and are detected by the output 
wave field detector1.  

These phenomena are accidental by 
nature and are not good for sensor's 
operation. 

METHODOLOGY 

Phase Recovery Methods 
Source optical field is represented by, 

 exp ( ) sin(2 )E j t t f to n m m        Eq (1) 

Where, o is optical frequency, ( )tn is 
the source phase noise, and fm and m  are 
the frequency and index of optical frequency 
modulation of the source. The optical field at 
the detector is the sum of the optical fields 
combine from the reference arm, the signal 
arm and parasitic internal back reflection. 
The reference arm signal and signal arm is 
given by following equations, 

   exp ( 2 ) ( ) sin(2 )E j f t t f tref ref o het n m m        

 and 

   exp ( ) ( ) sin(2 )infE j t t t f tsig sig o n o m m        

The resultant signal is given by the following 
equation. 

   exp ( ( ) ( ) sin(2 ( ))E j t t f tres res o n m m                    
Here fhet  is the total frequency shift at the 
reference arm. 

 ( fhet =0 for homodyne and fhet  0 for 
heterodyne), inf o is optical phase change 
imprinted by the measured and   is the time 
delay between the back reflection and the 
reference signal. 

(The reference and signal arms are 
assumed to be length –matched). 

Various techniques have been developed 
to recover the signal phase with constant 
sensitivity. The first of these, which is highly 
effective, was to actively control the phase in 
the reference arm of the interferometer by 
using a piezoelectric cylinder to stretch the 
fiber modulation. An electronic servo loop 
applies a voltage to the cylinder to maintain 
the phase at a fixed value. If the bandwidth 
of the servo loop is wide enough to 
encompass the measured, then the voltage 
applied to the modulator follows the signal. 
We have highlighted few more techniques 
for phase recovery of optical wave field, like 
Two Beam Interferometry2, phase contrast 
imaging, propagation phase detection etc. 

Two Beam Interferometry 

Interferometry2 is a well-established 
method for measuring intensity information 
from which we are able to extract 
information about the phase of the wave 
field. The central goal of interferometry is to 
estimate phase shifts with the highest 
sensitivity given a finite resource of 
atoms/photons. In this technique, intensity 
fringes are formed when two coherent 
wavefronts are divided and then recombined 
at a later point3. There are several possible 
interferometer configurations, all of which 
follow the basic principle where a coherent 
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wavefront is divided into two beams, 
commonly achieved using a beam splitter as 
shown in Fig. 1. Then re-combination the 
two wavefronts demonstrate light and dark 
interference fringes, which correspond to a 
difference in phase of half a wavelength. The 
fringe pattern illustrates variation due to the 
presence of the object, and this is then 
analyzed to recover the phase of the 

wavefront passing through the object. An 
example of a commonly used interferometer 
is the Mach-Zehnder4, a schematic of which 
is shown in Fig. 1. 

Interferometry is a highly sensitive 
analytical technique, however, the limitations 
of the technique are that a sufficiently 
coherent radiation source must be used.

The accuracy of these techniques is 
therefore largely dependent on the accuracy 
of the experimental arrangement, and is 
limited by detector noise .The applications of 
interferometry are however very wide 
spread, more recently, for detecting and 
measuring nanometer scale translations of 

micro objects5 and other aspects of nano-
metrology. In the optical regime, 
interferometry is used in optical 
microscopes, a technique commonly known 
as differential interference contrast. 
Following figure explains the concepts of 
destructive and constructive interference

 

 
      + 
 
 
 
 
 
 

Fig. 2 : Constructive Interference. Two light waves with the same phase sum to give greater amplitude 
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Fig. 1 : Experimental arrangement for a Mach-Zehnder interferometer 
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Fig. 3 : Distructive Interference. Two light waves with 180 phase sum to give zero amplitude. 
 
Phase Contrast Imaging 

Phase contrast techniques are designed to 
enhance the visualization of phase through 
the modification of the Fourier spectrum of a 
wave field so that the phase alteration 
intimately influences the resulting intensity 
variation, a measurable quantity. These 
techniques can be applied to visible light , 
electrons and x-rays. Altering of the Fourier 
spectrum may be achieved via Zernike or 
Schlieren. The Zernike phase contrast 
technique allows the visualization of phase 
perturbations by the use of a Fourier plane 
phase shifting filter. Its successful operation 
requires that the spatial phase distribution, at 
the input is limited to a small-scale phase 
approximation where the largest phase is 
typically taken to be significantly less than 
II/3. If the phase distribution at the input is 
thus restricted, then a Taylor expansion to 
first order is sufficient for the mathematical 
treatment to write the input wavefront. 

Transport of Intensity Equation  
The technique of TIE based phase 

retrieval involves the characterization of 
wavefront phase using mathematical 
methods   to   recover   the   phase   structure  

directly from intensity measurements 
(Gerchberg and Saxon 1972; Hardy and 
Hudgin 1978). Phase contrast is induced 
within a wavefront that has propagated 
through free space, and this manifests itself 
as an intensity variation in the wave field at 
different locations behind the phase object. 
In theory, if we are able to measure this 
intensity change, then the phase structure can 
be determined. The method of TIE phase 
imaging has many advantages over existing 
techniques including its stability and 
analytical nature. The method has relaxed 
experimental requirements (for example, in 
the coherence of the light source and the fact 
that we are able to use standard optical 
elements without the need for specialist 
equipment) and provides a direct quantitative 
measurement of phase6, which is separated 
from the intensity information. 

The application of TIE phase recovery to 
the reconstruction of sample properties such 
as refractive index (Roberts et al. 2002), has 
demonstrated the accuracy of the quantitative 
data obtained using this technique. TIE phase 
recovery has also been investigated in the 
context of imaging thick specimens (Bellair 
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et al. 2004), as applied to the characterization 
of biological specimens. 

RESULTS AND DISCUSSION 
The performance of sensing devices can 

be increased by combining it with optical 
signal processing. Such optical devises are 
currently quite expensive. 

There are not known protocols for the 
direct measurement of phase shifts. Phases 
can only be inferred after the measurement 
of a different (phase de-pendent) observable. 
In this paper, the Mach–Zehnder 
interferometer (MZI) is used as a model 
device, as it is one of the simplest integrated 
optical devices available to study relative 
phase variation of wave fields. 

CONCLUSION 
Application of advanced optical 

principles and devices based on TIE allow 
improvement of optical sensing devices that 
add to the common advantages of optical 
sensors. One promising approach to the 
development of high sensitivity sensors is 
based on the exploitation of phase 
propagation of light waves. Also, the  
advanced electronic, communication market 
and the possibility of integrating the light 
source, sensor element and detector on one 
chip demonstrate the future potential of the 
approach. 
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