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Abstract 
 
In this paper, we present an imaging system designed to register the spatial distribution 
of the optical power at the exit of the fibre (far field pattern) for plastic optical fibres 
(POFs). The final aim of this work is to study the variation of the far field pattern (FFP) 
with fibre length and for different conditions of light injection. Modal interaction is the 
mechanism underlying the shape of the power distribution and thus, the analysis of 
these images can help the understanding of the fibre modal behaviour. In particular, we 
introduce several methods to describe the FFP profiles and we obtain the exit numerical 
aperture (NA) of the fibre using different approaches. 
 
Introduction 
 
The shape of the far field pattern (FFP) of the power distribution at the output of a POF 
is determined by the fibre modal distribution, which depends on fibre length, launching 
conditions and coupling strength of the fibre. Since modal distribution is related to fibre 
bandwidth through modal dispersion, a better knowledge of the behaviour of the FFP 
with length will contribute to a better understanding of bandwidth, especially at short 
lengths when the modal equilibrium has not been reached. Indeed, there are studies 
that postulate that bandwidth can be estimated from the fibre exit numerical aperture 
(NA) [1, 2] that has to be calculated from the measured FFP profile for each condition. 

In the Japanese Industrial Standard (JIS) [3], there are several methods 
recommended to obtain the NA of a POF, but the most generally used is that based on 
the FFP formed at a sufficiently large distance from the output of the fibre. FFPs are 
usually obtained by a scanning method with a single detector or using a one-
dimensional (1D) array of detectors. Both systems provide only 1D information of the 
FFP which is sufficient to obtain the NA as the sine of the acceptance angle defined as 
the angle for which the power decreases at 5% of its maximum. 

Here, we propose a method based on a CCD camera to obtain directly the FFP 
from two-dimensional (2D) images. This method has several advantages over the 
previous ones. First, it is faster than the scanning method. Second, it does not need the 
vertical pre-aligning of the detecting system and the fibre axis to find the FFP central 
diameter. Third, it produces 2D images rather than 1D profiles which make the method 
more robust. In addition, in a recent study [4], we observed that images with different 
profile shapes may produce similar NA values. Thus, we concluded that a single 
parameter, the NA, may be not enough to describe the FFP profile and to explain the 
modal behaviour of POFs. Therefore, here we introduce a model to fit the shape of the 
FFP by means of generalised “Super-Gaussian” functions that take into account its 
variable kurtosis. From the 2D, we estimate the NA using different approaches in order 



to determine what method is more precise and robust, and we validate our results by 
comparing them with the JIS scanning method.  

As an application of this method, we have measured the NA versus length for a 
high NA fibre for four different launching conditions. Our future aim is to assess the 
dependence of exit NA with launching conditions and fibre length, and compare it with 
the dependence found for bandwidth to determine their relationship. 
 
Experimental methods and procedures 
 
1. Experimental System: 
 
We used a 12 bit monochrome cooled camera QICAM FAST 1394 to register FFP 
images reflected on a white screen situated 108mm from the fibre exit end. The fibre 
was placed into a holder specifically designed to have its end surface precisely over the 
centre of a rotating stage that allows output angle scan. Thus, the fibre end will be 
always in the same position which will be crucial to compare data obtained with different 
conditions. The size of the CCD was 1392x1040, but the images were taken with a 4x4 
binning so the image size was in fact 384x260 pixels. The distance of the camera to the 
screen was set at 550mm. To avoid the blocking effect of the fibre holder, the camera 
had to be tilted 34 degrees from the axis perpendicular to the screen as shown in the 
scheme of this set-up, depicted in Figure 1. The distortion due to the tilt was obtained by 
imaging a pre-calibrated pattern, and corrected as soon as the image is captured. The 
whole acquisition block was mounted on an optical table and covered by a box to avoid 
external light. Behind the screen, a large-area silicon detector with a pinhole mask was 
introduced in order to measure the output power versus the output angle, which is 
necessary to compare our method with the standard. 

The image acquisition was controlled by software designed specifically using 
LabView™ to display the FFP image with the correct spatial scale and perspective, and 
to extract different characteristics in real time. The parameters required for image 
capture, such as camera aperture, exposure time and gain were fixed after a previous 
analysis of the power balance. For each condition, the background image was taken, 

55
0m

m 10
8m

m

34º

Camera

Screen

Rotatory
base

Detector

Power meter

HeNe LaserVibratory
system

LED source
scrambler

POF sample

 
Figure 1: Experimental set-up to register the FFP images of a POF.



and subtracted on line from the corresponding FFP images. The radial, horizontal and 
vertical profiles were extracted from the raw images, which were no filtered or enhanced 
intentionally to compare between different NA estimates from different methods. 

Using the described set-up, we have obtained the FFP images versus length 
using two different sources: A He-Ne laser emitting at 633nm with a very small 
divergence, and a light emitting diode (LED) from Fotec at 665nm with a NA=0.3. The 
He-Ne laser was launched directly on the fibre, and the LED was provided with a built-in 
connector. In addition, a scrambler was inserted near the input end of the fibre to 
achieve higher NA launching conditions for both sources. This scrambler has been 
thoroughly described elsewhere [5]. When we used the laser as the source, the images 
on the screen presented considerable speckle noise. The speckle noise was minimised 
with a mechanical vibration generated by an external motor and applied to the fibre near 
the input end as described in [6]. 

The fibre used was PGU-CD1001-22E from Toray with nominal NA of 0.5. The 
experimental procedure was as follows. We started with a 64m segment rolled onto an 
18cm diameter reel. The launching conditions tested were the following: He-Ne laser 
without scrambler, LED without scrambler, He-Ne laser with the corrugated scrambler at 
the input end and LED with the scrambler at the input end. After recording the 4 images 
corresponding to these conditions, a segment of 2.5m was cut from the scrambler end, 
which was always at the input end of the fibre to maintain the same output termination 
through all the experiment. 
 
2. Characterisation of the FFPs and NA estimation: 
 

Our aim is to find a complete characterisation of the shape of the FFP profiles, 
and also a robust estimate of the exit NA of the fibre. We have studied two different 
methods to characterise the FFP profiles and several approaches to obtain the NA. 
First, after obtaining the image centroid, the horizontal profile was extracted as the 
horizontal row containing the vertical coordinate of the centroid, and the radial profile 
was calculated by averaging the values of all the pixels at a given distance from it. 
Thus, the NA was calculated from the acceptance angle obtained directly from the raw 
data of both the horizontal and radial profiles. 

In addition, we introduced a method based on 2D data and presumably more 
robust than the others. In this method, a threshold was applied over the 2D image to 
select the pixels with higher power than a given percentage of the maximum (95%, 
90%, 50%, 10%, 5%) and the area of the circle including the pixels was obtained. Its 
radius gives a robust estimate of the width of the image at different power levels respect 
to the maximum. In particular, the acceptance angle as defined in the standard can be 
obtained from the width at 5% of the maximum and then, an estimate of the NA can be 
calculated. 

In order to give a more compact characterization of the FFP profiles, the 
Levenberg-Marquardt algorithm [7, 8] was used to determine the least squares set of 
coefficients that best fit the given profile to a Super-Gaussian (SG) function given by the 
following equation:  
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being F, A, x0, σ, and k the parameters to estimate. After analysing the fits to several 
profiles we realised that the value of x0 always corresponded to the centroid coordinate. 
Therefore, the coefficient x0 was not taken as a variable parameter to fit the profile, but 
was fixed to the centroid coordinate. The parameters F and A, are related to the 
background level and the amplitude of the image respectively. From the parameters σ 
and k, related to the standard deviation and the kurtosis, an estimation of the NA can be 
straightforwardly calculated. In addition, k gives a direct description of the flatness or 
sharpness of the profile. This parameterisation of the FFP profiles provides a better 
insight of the relative contribution of the different modes, and produces a mathematical 
expression suitable to be introduced in models devoted to predict bandwidth from modal 
distribution. The mean square error was sufficiently small to guarantee a good 
agreement between the fitted model and the experimental data. 
 
Results and Discussion 
 
1.Validation of the methods: 
 
In order to assess the correctness of our methods, we have compared our results with 
those obtained with the JIS. Thus, we also estimated the exit NA using a horizontal 
scanning of the FFP. After displacing the screen, the fibre output power was measured 
with the silicon detector scanning the output angle in 2 degree steps in the horizontal 
dimension. Thus, the horizontal profile obtained from the FFP image and the one 
measured by the scanning method 
can be compared under the same 
conditions. Figure 2 shows as an 
example the profiles corresponding to 
a 5m fibre when the source was the 
laser and no scrambler was used. 
Data points are the measurements 
obtained with the detector and the line 
is the raw horizontal profile extracted 
from the 2D FFP image. One can see 
that both profiles are similar apart 
from the noise. The NAs derived from 
the data were of 0.3217 for our 
method, and of 0.3316 for the 
standard. The differences obtained 
were proved not to be statistically 
significant. Profiles obtained under 
other conditions were also compared 
to the standard, always showing 
insignificant differences. 

 
2. Comparison of the NA estimation methods 
 
In the last section, we described several methods to estimate the NA from the FFP 
image. First, the acceptance angle was obtained directly from the horizontal and radial 
profiles (HP and RP, respectively). Then, the acceptance angle was defined as the 
radius of the circle containing the pixels with more than 5% of the maximum (2D). 
Finally, it was calculated from the parameters σ and k of the Super-Gaussian fit to the 
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Figure 2: Comparison of the horizontal profiles extracted 
from the 2D FFP (lines) and measured by the scanning 
method (data points) for a 5m fibre using a laser source 
without scrambler.



horizontal and radial profiles (HSG and 
RSG). Figure 3 shows NA versus 
length for one of the conditions (laser 
source without scrambler), obtained by 
the 5 methods using different symbols. 
It is evident from the figure that the 
scatter in the data from different 
methods is not large and that there is 
not a particular bias in any of the 
estimates. To confirm this later point, 
we have obtained the mean and 
standard deviation of the difference of 
each of the estimates relative to the 
others. Our calculations show that the 
NA obtained from the fit of the radial 
profile has the smallest standard 

deviation, and thus, we will use this method for the following analysis. The difference 
with the other methods is, however, very small which confirms that none is significantly 
biased. The calculation of the NA from the raw horizontal profile exhibits the highest 
standard deviation, due to the fact that this profile is the noisiest as no filtering or 
smoothing has been applied to the data.  
 
3. NA versus length for different launching conditions 
 
One of the aims of this study is to analyse the influence of the launching conditions in 

the exit NA and to determine its 
dependence with length. Thus, in 
Figure 4 the NA estimated from the 
Super-Gaussian fit to the radial profile 
is represented for the four launching 
conditions. The figure shows that at the 
shortest fibre length (2m) there are 
marked differences between the four 
launching conditions. When using the 
laser, the power is launched only in the 
central modes and the light power is 
hardly spread to higher order modes 
after only 2 meters. The situation is the 
same in the other conditions, but the 
starting values are greater when the 
source is the led or when a scrambler 
is used with any of the sources. The 

NA obtained with the laser when using the scrambler is also smaller than that obtained 
with the led with scrambler. The data for the conditions with the scrambler are rather 
noisy particularly for short distances as they are very sensitive to differences in the 
position and insertion of the scrambler. The exit NA versus length for the conditions with 
the scrambler is not flat but increases with distance up to 30-40 meters, although more 
smoothly than for the other conditions. This fact suggest that for this two relatively 
narrow sources the spreading induced by the scrambler is not enough to reach an 
stationary value for the NA at short distances. When the light travels longer distances 
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Figure 3: NA versus fibre length obtained using a laser 
source without scrambler. 
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Figure 4: NA versus fibre length for different launching 
conditions. 



inside the fibre, modal coupling produces power transfer to outer modes and the NA 
increases consequently. At fibre lengths above 50m, the differences between the four 
conditions become practically insignificant.  
 
4. Variation of the FFP profiles with fibre length 
 
Figures 5a and 5b show the FFP image, the contour plot and the fit to the horizontal 
profile when the source was an unscrambled laser for fibre lengths of 56.5m and 4m. 
The figures allow us to compare the two FFP images, illustrating that there are not only 
differences in the size, but also in the shape of the FFP after the light has travelled in 
the fibre for different lengths. The initial FFP profile looks like a smoothed square pulse, 
but at the longest distances the FFP looks like a Gaussian distribution. In the contour 
plot, we can see that the central part is similar for the two fibre lengths, but that the 
outer spread is considerably larger for the longer fibre. 

These differences in shape can be better quantified by using the width at 5%, 
10%, 50%, 90% and 95%, which are depicted in Figures 6a, and 6b for the two 
unscrambled launching conditions. Both figures show that the widths at 90% and 95% 
are practically constant for the whole range, while the widths at 10% and 5% present an 
increase with length which is quite steep below 10m. The width at 50% also increases 

 
 
Figure 5: FFP images, contour plots, and horizontal profiles obtained with an 
unscrambled laser source. a) Fibre length of 4m. b) Fibre length of 56.5m. 
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Figure 6: Width versus length at 95%, 90%, 50%, 10% and 5% of the 
maximum. a) laser without scrambler. b) led without scrambler. 

a) 

b) 

FFP image Contour plot Hor. profile



with fibre length, but more smoothly than the later. These results again suggest that 
there are little changes in the central part of the FFP, and that the power fall at the sides 
of the centre gets less steep with increasing fibre length. The curves for the scrambler 
conditions are not shown as they are noisier and flatter that those shown in the figure 
only showing a very smooth increase with length for the widths at 10% and 5%. 
From these results, we can assume that, right after launching, the power is more closely 
linked to the inner modes, with little power at outer modes. The wider tails found for the 
led at short distances suggest that the initial modal spread depends on the NA of the 
source. These tails are even wider for the conditions with scrambler that forces power 
transfer to outer modes. The power transfer performed by the scrambler in a very short 
fibre length is equivalent to that produced as the light travels several meters through the 
fibre, and at the longest distances the stationary shape is reached. This transfer, 
however, hardly affects the central modes. This effect can be better quantified by using 
the parameters for the Super-Gaussian fit, and analysing their variation with distance. 
We have studied this variation and found that the dependence of the standard deviation 
(σ) is very similar to that of the NA already analyzed. The parameter k, however, offers 
new information as to the shape of the FFP. When the value of k equals one, the Super-
Gaussian becomes a Gaussian. For values higher than one, its shape tends more to a 
square distribution, and for values smaller than one, it looks like a sharpened 
distribution. In Figure 7, the kurtosis k of the fit to the radial profiles is represented for 
the four conditions. The value of k 
tends to one with increasing distance, 
indicating that the stationary shape of 
the FFP is Gaussian-like. The 
differences in k for the four launching 
conditions at 2 meters are even larger 
than those found for the NA. The 
higher value found in the later case for 
the unscrambled laser is consistent 
with its low aperture that only permits 
the launching of power in very confined 
modes. For the scrambler launching 
conditions, the variation of this 
parameter is again rather flat. These 
changes in the kurtosis can be 
explained by modal coupling that 
causes power transfer from inner to 
outer modes throughout the fibre. 

 
Conclusions 
 
We propose a method to register the FFP images reflected on a screen and validate it 
comparing their results with those obtained using the Japanese standard to obtain the 
NA. We applied this method to measure the FFP versus fibre length for a high NA POF 
and for different launching conditions. We characterised the FFP profiles using a Super-
Gaussian function that allows us to quantify the shape variation with fibre length. We 
found that the shape of the FFP profile changes with distance for all conditions. For 
short fibre lengths, we found a confined power distribution that evolves as the light 
travels through the fibre tending to a Gaussian-like function for fibre lengths over 50 
meters.  
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Figure 7: Kurtosis of the Super-Gaussian fit to the 
radial profile for the four launching conditions 



 
Acknowledgements 
 
This research was supported by the Comisión Interministerial de Ciencia y Tecnología 
(CICYT) under grant TIC2003-08361. 
 
References 
 
[1] S. Takahashi, “Experimental studies on launching conditions in evaluating transmission 

characteristics of POFs”. Proc. Int. Conf. POF’93, 83-85. The Hague, Netherlands, 1993. 
 
[2] D. Kalymnios, “Squeezing more bandwidth into high NA POF”, Proc. Int. Conf. POF’99, 18-24. Chiba, 

Japan, 1999. 
 
[3]  Japanese Industrial Standard. Test methods for structural parameters of all plastic multimode optical 

fibres, JIS C 6862, Japan, 1992. 
 
[4]  J. Mateo et al., “High NA POF Dependence of Bandwidth on Fibre Length”. Proc. Int. Conf. 

POF’2003, pp. 123-126. Seattle, USA 2003. 
 
[5]  G. Fuster, D. Kalymnios, “Passive components in POF Data Communications”. Proc. Int. Conf. 

POF’98, pp. 75-80. London, UK, 1998. 
 
[6]  Far Field Pattern Measurement of POF in the Presence of Speckle Noise, Proc. Int. Conf. POF’2003, 

Seattle, USA 2003. 
 
[7]  Levenberg, K., "A Method for the Solution of Certain Problems in Least Squares," Quart. Appl. Math, 

Vol. 2, pp. 164-168, 1944. 
 
[8]  Marquardt, D., "An Algorithm for Least Squares Estimation of Nonlinear Parameters," SIAM J. Appl. 

Math, Vol. 11, pp. 431-441, 1963. 
 
Contact address 
 
M. A. Losada 
Centro Politécnico Superior 
María de Luna, 3 
50018 Zaragoza, Spain 
 
Phone #:34 976 76 23 73 
Fax #:34 976 76 21 11 
 
e-mail: alosada@unizar.es 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


