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A high sensitivity fiber-optic method for registration of infrared (IR) radiation is proposed. The method is based on the effect 
of modal interference in an optical fiber. The speckle pattern is registered in the far field of a multimode fiber and is 
processed by a PC for deriving the output signal. The method also can be applied for registration of temperature, 
mechanical vibrations, etc.  
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1. Introduction 
 
Existing methods for registration of IR radiation can 

be basically divided into the following groups: bolometric 
methods, pyroelectric, photovoltaic, photoconductive 
methods, as well as mix methods. In the case of bolometer 
method, the radiation that is absorbed on the surface of the 
detector changes the temperature. The change in the 
temperature adducts to raise a change in electrical 
resistance of sensing element, which easily can be 
measured by conventional devices. In the case of 
pyrometers, the change in the temperature induces a 
change in the electrical dipole moment of the crystal 
structure, which gives rise to a measurable charge outside 
the crystal through capacitive coupling. The 
photodetectors exhibit a higher response speed since the 
photogenerated charges are swept by the electric field and 
rapidly gathered up by the outside electrodes. In the case 
of bolometer or pyroelectric detectors the heat capacity 
can essentially reduce the registration speed. The 
photoresistors display a high optical gain, defined as the 
ratio between the current under lighted conditions and 
current under dark conditions, but the photoresistors has 
extremely low speed, since the photogenerated carriers 
disappear after secession of the radiation only by the effect 
of recombination. 

In this paper, we propose a new fiber optic method for 
registration of IR radiation, which is based on the effect of 
constructive and destructive interference of propagating 
modes in the far field of a multimode optical fiber. The 
resulting interference image, alternatively the speckle 
pattern, can be used for registration of the amplitude of 
infrared radiation that hits the sensing element of the fiber. 

 
 

2. Experimental results  
 
The experimental set-up is represented in Fig. 1. It 

consists of a multimode optical fiber, a coherent light 
source, a microobjective, a CCD detector, and a PC for 
speckle image processing. Alternatively, the output 
radiation can be projected on the CCD plane through a pin 
hole. The probing light from the coherent light source is 
injected into the input end face of the fiber and at the 
output end face of the fiber the far-field distribution of the 
probing light intensity (the speckle pattern) is registered. 
When a physical perturbation hits the fiber, the speckle 
pattern is changed. The CCD is used for registration of the 
variations of the speckle pattern of the multimode fiber. 

The probing light source is a He-Ne Laser (λ=633 
nm) with the output power of P=10 mW. A multimode 
optical fiber with a parabolic refractive index profile and 
the core diameter of about 50 µm was used as a sensing 
element. As a source of IR radiation, we used a common 
electrical heater placed opposite the fiber. Variation of the 
IR radiation intensity was performed by variation of the 
distance between the optical fiber and the electrical heater. 
The speckle pattern was registered with a HDCS-1020 
CMOS image sensor with the pixel size 7.4x7.4 µm, and 
image array sizes VGA 640x480. The full frame video rate 
at 8 bit resolution was 30 fps. A typical speckle pattern of 
the fiber used for measurements is shown in Fig. 2. 

Analyses of the intensity distribution I(x,y) of the 
probing light in the far-field of the fiber provides 
information about the conditions of light propagation in 
the multimode fiber as well as on the perturbations that 
affect the optical fiber. The speckle image represents the 
result of destructive and constructive interference of 
propagating modes in the far field of the fiber (Fig. 3). For 
a separate mode at the output end of fiber the magnitude of 
electric field E

→  can be represented as:  
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geometrical path length of the k-th mode in the fiber, λ – 
the wavelength of probing light; neff – the effective 
refractive index of the fiber, ω – the frequency of 
electromagnetic wave, and t - is the time.  
 
 

 
 

Fig. 1. Schematic representation of the method: 1 – a 
coherent light source; 2 – microobjective; 3 - the optical 
fiber, 4 – IR radiation source; 5 - CCD detector; 6 – PC. 

 
The total amplitude of the electric field in any point of 

speckle pattern in the plane of CCD sensor can be 
represented as the sum of all contributions of N 
propagating modes of the fiber: 

 

)exp(
1

k

N

k
k jAE ϕ∑

=

= ,  (2) 

 
where Ak – is the amplitude of the k-th mode of the fiber, 
ϕk -  is the phase for the k-th mode at the output end of the 
fiber,  N – is the total number of modes propagating in the 
core of the fiber.  
 

 
 

Fig. 2. Illustration of the far field speckle pattern of the fiber. 
 

 
 

Fig. 3. Schematic representation of interference of the 
modes in the far field of the fiber 

 
 

When two modes interfere in the point P(x,y) of the 
CCD plane the resulting intensity I(x,y) can be described 
by the relation: 
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where ),( yxI k  and ),(1 yxI k+  are the intensities of the 
k-th and (k+1)-th modes in the point P(x,y) of the CCD 
plane XdYd, ϕk  and ϕk+1  are respectively the phase of the 
k-th and (k+1)-th modes at the output end of the fiber. The 
structure of the speckle pattern depends on the coherence 
properties of the laser beam, refractive index profile, 
characteristics of the fiber and the external conditions at 
the core/cladding boundary.  
Different modes propagate in an optical fiber with 
different phase velocities and different modes exhibit 
different phase shift. The phase shift for the k-th mode at 
the output end of the fiber Δφk can be represented by the 
relation:  
 

Δφk = bkΔLk + LkΔbk,  (4) 
 

where ΔLk denotes the change of the geometric path length 
of the k-th mode in the fiber and Δbk is the change of 
propagation constant for the k-th mode under the action of 
external perturbation. The phase shift varies under 
variation of the geometrical path length as well as under 
variation of the index of refraction. As far as for common 
multimode fibers the difference of the effective refractive 
index is much smaller than the effective refractive index 

effeff nn 〈〈Δ , the phase difference ϕΔ  increases slowly 
with the increasing of the mode number. The variation of 
the modes characteristics kϕΔ , LΔ , bΔ  depends on the 
refractive index of the optical fiber, refractive index 
profile, etc. For example, by appropriate selection of the 
core/cladding material and geometry, refractive index 
profile and their temperature characteristics and one can 
dramatically increase the sensitivity of the fiber vs. 
external perturbations.  
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The algorithm for processing of the speckle images 
registered by the CCD camera is based on comparison of 
original speckle image taken in the initial time moment t = 
0 and each of the subsequent speckle images, taken in the 
subsequent time moment ti. A schematic illustration of the 
speckle processing algorithm is represented in the Fig. 4. 
The CCD camera takes an image of the speckle in the 
initial time t0, and this image is stored in the buffer 
memory. The following speckle images are taken in the 
time t of the consecutive time range t0 - tm. Each of the 
current image Iin is subtracted pixel-by-pixel from the 
initial image I0 as is described by the relation: 
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where 
diff
niI represents the absolute value of the difference 

of two images’ signal taken at the moment i for the n-th 
pixel with the coordinates (x,y). The next processing step 
represents summation of all M pixels’ signal for 
determination of the absolute value Sn for the 
corresponding moment ti: 
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where r1 and r2 are the number of pixels along X and Y 
coordinates respectively. The resulting value of the sum Sin 
is plotted on the PC screen as an output signal of the CCD 
detector in the time moment ti (Fig. 5).  

Application of this algorithm provides the possibility 
to plot on the screen in the real-time scale the difference of 
the speckles images. The magnitude S correlate to the 
amplitude of the perturbation that hits the fiber and can be 
calibrated to represent exactly the amplitude of the 
perturbation that affects the fiber. Because we do not 
utilize too many routines for image processing the rate of 
the procedure is sufficient high.  

On the other hand, because we do not take into 
account the coordinate of the pixels, this algorithm does 
not permit to eliminate the elements that are symmetric in 
the speckle images. Consequently, this reduces the 
sensitivity and dynamic range of the method. The 
dependence of the output signal vs. the amplitude of the 
perturbation keeps linear for a sufficient wide segment of 
the speckle spot. The output signal that is plotted on the 
PC screen keeps linear for a sufficient range of IR 
perturbation (Fig. 6).  

 
 
3. Computer simulation 
 
As the first step for reducing of the noise was 

computer simulation of the speckle image and of the 
corresponding output signal. Experimental results have 
been compared with computer simulation results.  

 
 

We have developed a computer simulation of the 
speckle image in the far-field of the fiber. Consider 
interference of the modes in the far-field of the fiber. 
According to the Huygens’ principle each of the point in 
the fiber end face S(xf,yf) can be considered as a source of 
spherical waves (Fig. 3). These waves (modes) interfere 
constructively or destructively at the output end of the 
fiber in the image plane of the CCD camera. The speckle 
pattern represents the contributions of two speckle patterns 
with a certain mutual phase difference. When external 
perturbation (heat, IR radiation, et.) hits the fiber the phase 
difference between these two modes will change.  

For a displacement ∆d the speckle image is formed at 
the image plane (CCD target). At each time sequence t0 
and ti the CCD camera registers a new speckle pattern. The 
difference of the two speckle images is calculated by 
subtraction pixel-by-pixel of two images and the value of 
the sum Sn is calculated with subsequent plotting on the 
PC monitor. 

 
 

 
 
 

Fig. 4. Illustration of the speckle image processing algorithm 
 
 

The program for computer simulation of the modal 
interference in the far-field speckle pattern of the fiber has 
been developed on the basis of C++ language and run on 
the platform of Linux. The PC technical profile is 
characterized by AMD Sempron Processor 3000+ 
1.61GHz, 1GB RAM. The basic parameters that have been 
accepted for numerical simulation have been as follows: 
CCD resolution, the pixel area Sp, the distance between the 
end face of the fiber and CCD plane D, the diameter of the 
core of the fiber dcore, the total number of propagating 
modes N, the wavelength of the probing light λ. Computer 
simulation of the output signal variation vs. the time after 
switching on the perturbation IR radiation has been 
developed.  
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Fig. 5. Signal characteristic after switching on the IR 
radiation P = 27 µW. The light source is a HeNe laser at  
                                          633 nm. 
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Fig. 6. The amplitude of the output signal vs. the intensity 
of infrared radiation. The light source is a HeNe laser at  
                                          633 nm. 

 
 

PC simulation has been carried out for two cases: a) 
the ideal case without any noise; b) the case when the far-
field speckle pattern is composed of “true” signal speckle 
pattern, accompanied by a speckle noise.  

For modeling of the speckle pattern in the far-field of 
the fiber several points have been chosen randomly on the 
end face of the fiber. The speckle pattern in the far-field 
was obtained by coherently adding up the spherical waves 
originating from the random points. As few as 14 
randomly selected points are enough to produce a 
simulated speckle pattern that correlate quite well with the 
signal speckle. The distance between the CCD plane and 
the end face of the fiber was set at 3 cm. The 
characteristics of the CCD set for simulation have been set 
of the same values as ones for the real CCD in the 
experiment (512 x 512 pixels). The result for simulated 
speckle pattern is represented in Fig. 8. The coordinates of 
the sources si have been generated arbitrarily to follow the 
relation:  

 

mfifi Niyx ,...3,2,1,222 =≤+ ρ ,  (7) 
 

where ρ represents the diameter of the core of the optical 
fiber. The intensity in the point with the coordinates 
(xd,zd,yd), that lay in the plane of the CCD sensor (XdYd), is 
determined by the interference of the light waves (modes) 
generated by the all the source with the coordinate si 
(xfi,yfi,0). 
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and ( ) ( ) 222 Dyyxxd fidfidi +−+−= . 

di is the distance between the source point si(xf,yf,0) and 
the element of the CCD matrix with the coordinates 
P(xd,zd,D).  

As far as the index of refraction, n varies very slowly 
across the fiber cross-section and the optical pathway 
varies differently for different modes we assumed that the 
phase of the mode φi linearly changes for a small variation 
of the parameter τ according to the relation: 
 

τδϕτϕ ⋅+= iii 0)( ,  (10) 
 

where φ0i has been generated arbitrarily for the domain 
[0,λ]. The linearity coefficient δi has been also generated 
arbitrarily, so that the phase variation Δφi for each mode is 
different. The final intensity of the speckle image that 
contains a noise component is represented as follows: 
 

( ) ( ) ),(,, ddddnoisedd yxnyxIyxI +=    (11) 
 

where n(xd,yd) represents the noise, and I(xd,yd) represents 
the true signal. 

The results obtained from computer modeling agrees 
quite well with the experimental result. Figure 7-9 for 
example, demonstrates a good correlation of the results 
obtained in the simulation procedure and experimental 
results. The relationship between the propagating modes 
depends on the refractive index of the fiber. It can be made 
strongly dependent on the temperature if an appropriate 
material and index profile is chosen. Consequently, 
optimizing the geometry of the fiber core/cladding 
structure, the glass composition, the core index profile and 
its temperature dependence – one can obtain an extremely 
high sensitivity IR sensing device. 
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Fig. 7. Ilustration of the results of computer simulation: 
(a) computer simulation of the speckle image in the far-
field of the fiber; (b) the output signal characteristic 
derived from computer simulation of the speckle image 
after switching on the IR radiation. The plot is for the 
ideal  case  of  no  noise.  The  number of modes  m = 14. 
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Fig. 8. Computer simulation of the output signal time 
dependence after switching on the IR radiation for the 
ideal  case  of  no  CCD noise. The number of modes was  
                                   set at n = 14. 
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Fig. 9. Computer simulation of the output signal time 
dependence after switching on the IR radiation for the 
case  of  CCD  noise.  The  number  of  modes  was  set  
                                         at n = 14. 

 
 

5. Summary 
 
A high sensitivity fiber-optic method for registration 

of IR radiation has been proposed. The method is based on 
the effect of variation of the speckle pattern in the far-field 
of the fiber under the action of external perturbation. The 
IR radiation that falls on the multimode fiber leads to 
variation of the speckle image in the far field of the fiber. 
The variation of the phase difference between the 
propagating modes gives rise to variation of the speckle 
pattern in the far-filed of the fiber. Computer processing of 
the speckle image provides information on the amplitude 
of the perturbation that hits the fiber. The algorithm has 
been developed for processing of the speckle image and 
determining the amplitude of perturbation. Both 
experimental results as well as computer simulation data 
are presented. The method can be applied for measurement 
of temperature, IR radiation, vibrations amplitude, etc. 
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