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This report summarizes the PMD research work done in the last year at the Lightwave 

laboratory, University of Kansas. Over the last year,  

• We made PMD measurements using EXFO PMD analyzer obtained on loan from 

Dr. David Harris, Sprint ATL. Our analysis of measured data showed that it is 

very noise and not very reliable compared to the data measured using Agilent 

polarization analyzer.  

• We made progress in modeling PMD which is very important for predicting 

PMD-induced outages on long-haul optical fiber links, the goal of this research 

work. Through modeling we showed that the spectral drift of DGD with time is 

due to temperature changes. However, our modeling results also showed that 

temperature alone is not responsible for all of the DGD temporal and spectral 

characteristics observed on measured data.  

• We also made significant progress in understanding the temporal behavior of 

differential group delay (DGD). We showed for that the time derivative of DGD 

has a Laplacian pdf and using this we simplified the expression for calculating the 

first-order PMD-induced outage rates given by Caponi et al. into a simple 

analytical expression which depends only on the mean DGD and the Laplacian 

parameter. This a significant step forward in PMD outage analysis which resulted 

in a journal publication.  

Three documents are attached to this report which explains the progress mentioned above 

in detail. The last document is an Electronics Letters publication which appeared in April 

15th, 2004 issue. 

 We are on track to achieving our goal which is to develop a numerical PMD 

model based on measured data that can predict first-order PMD-induced outages on long 

haul optical fiber links. This goal, once accomplished, will greatly help network 

engineers at Sprint in anticipating the impact of PMD on various fiber routes and there by 

take steps to ensure network reliability. However, for us to achieve the goal we need 

financial assistance for at least one more year and we are hoping that Sprint would 

understand the value of our work and extend funding for one more year. 



PMD measurements on Topeka fibers using the EXFO PMD analyzer 
Pradeep Kumar Kondamuri, Dr. Chris Allen Aug. 29th, 2003 

Introduction: 

 PMD was measured on three loop-back fibers that terminate in our research lab 

and extend to Topeka, KS.  What follows is a summary of the DGD data measured on 

each of three individual links and on three combinations of concatenating two fiber links 

during the months of June and July of year 2003. This data was collected using the EXFO 

PMD Analyzer (FPMD-5600) while on loan to us from Dr. David Harris, Sprint-ATL. 

Experimental Setup: 

Single fiber link: 

 
 

 

 

 

 

Concatenated fiber link: 

 

 

 

 

 

 

 

Figure 1: Experimental setup for (top) single fiber link measurements and (bottom) 
concatenated fiber link measurements.   
Table1.  Measurements’ specifications 

 # of days 
(# of meas.) 

Wavelength 
Band (nm) 

# of λs in the 
band 

# of measured 
data points 

Link 1 5.4 (3780) 1530 –1600 2281 8622180 
Link 2 1 (701) 1530 –1600 2281 1598981 
Link 3 1 (701) 1530 – 1600 2281 1598981 

Links 1 and 2 4.6 (3241) 1535 – 1565 997 3231277 
Links 1 and 3 4.1 (2887) 1535 – 1565 997 2878339 
Links 2 and 3 4.8 (3331) 1535 – 1565 997 3321007 
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Plots from preliminary analysis of measured DGD data: 

 

 

 
Figure 2.  Measured DGD data for link 1. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



 

 

 
Figure 3.  Measured DGD data for link 2. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



 

 

 
Figure 4.  Measured DGD data for link 3. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



 

 

 
Figure 5.  Measured DGD data for links 1 and 2. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



 

 

 
Figure 6.  Measured DGD data for links 1 and 3. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



 

 

 
Figure 7.  Measured DGD data for links 2 and 3. 

(top) Color map showing measured DGD vs. time and wavelength. 
(middle) Measured mean DGD vs. time. 

(bottom) Histogram of measured DGD data. 



Conclusions: 

 The measured DGD data look interesting as well as intriguing.  The measured 

data are in accordance with our earlier observation that DGD varies rapidly along 

wavelength but drifts slowly with time.  Also, the measured DGD follows a Maxwellian 

distribution.  However, the mean DGD variation observed on Link 3 is quite intriguing.  

From this data we hope to understand better how PMD (DGD in particular) varies with 

link length.  We have only recently begun to analyze this data.  We also have PSP and 

second-order PMD data measured during these same periods, but we have not examined 

this data. 

 In parallel with the analysis we are developing a model that would allow us to 

simulate the spectral and temporal PMD behavior of buried fiber, and will thus help us to 

better understand the PMD phenomenon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Numerical modeling of temporal and spectral characteristics of 
PMD in single-mode fibers 

Pradeep Kondamuri and Christopher Allen, The University of Kansas, Nov. 24th 2003 

Introduction 

 Using statistical analysis of measured temporal and spectral DGD variations on a 

95-km buried fiber link, we have demonstrated an ability to predict PMD-induced 

outages.  Prediction of PMD-induced outages on realistic link lengths (> 500 km) would 

require long-term access to such a link and is not economically feasible at this time.  

Another approach to obtain PMD-induced outage statistics is to develop numerical 

models that realistically reflect the PMD-characteristics of buried fiber.  While PMD 

numerical models exist, they do not include the necessary temporal variations needed for 

PMD-induced outage analysis.  Therefore we are attempting to incorporate temporal 

variations in the model parameters to accurately emulate the temporal nature of PMD on 

real fibers.  Our objective is to adjust the variables in the simulation model based on 

known environmental factors (such as soil temperature and atmospheric pressure) and 

simulate results comparable to what we obtained from measurements using a polarization 

analyzer.  Such a model will help us predict the behavior of PMD on any-length of fiber 

links.  This report summarizes the progress that we made thus far in achieving the above-

mentioned objective. 

Theoretical model 

 Dal Forno et al. [1] describe a model for numerical simulation using coarse-step 

method.  It considers a SMF as a concatenation of unequal length segments with a given 

mean birefringence and random coupling angles.  The Jones matrix T (ω) that describes a 

concatenation of unequal sections of birefringent fiber can be expressed as [1] 
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where N is number of segments, Bn(ω) represents the birefringence matrix of nth segment 

with hn length, R(αn) is the matrix of a rotator that represent the random coupling angle 

between the segment axes, b is the fiber PMD coefficient (in ps /√km) and ω is the 

optical frequency. 

 For a given value of total PMD and fiber length L, the size of the each segment is 

randomly generated from a Gaussian distribution around the mean length L/N with 

standard deviation varying from 0-30% of the mean length.  N should be chosen in such a 

way that the mean segment length be between 100 m and 1 km, which is the coupling 

length of a SMF. The phase φn in (2) accounts for the small temperature fluctuations 

along the fiber and it is a stochastic variable with a uniform distribution between 0 and 

2π.  αn is the random coupling angle between the segment axes and is a random variable 

with uniform distribution between 0 and π.  The DGD, ∆τ, for a single wavelength can be 

calculated by calculating the Eigen values of the matrix Tω(ω)*T-1(ω), where Tω(ω) is the 

frequency derivative of the transmission matrix. Tω can be approximated as [T(ω+∆ω)-

T(ω)]/∆ω for a small frequency step, ∆ω.  The DGD is determined using the expression 

[2], 
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where e1 and e2 are the Eigen values described above. 



 
The above model, if used as described in [1], would give insight into the 

Maxwellian nature of DGD and the non-periodical DGD spectral dependence.  However, 

to match the temporal and spectral characteristics measured on a particular fiber, the free 

variables in the model (namely b, φn, and αn) should be varied in accordance with the 

temperature and pressure variations over the measurement period.  φn in (2) is included in 

the model to account for small temperature fluctuations, but we think a better way to 

model temperature fluctuations is by varying the PMD coefficient ‘b’ accordingly.  This 

would allow us to observe the effects of temperature on spectral behavior of DGD. 

Relative temperature sensitivity of DGD 
 To measure the variation in the mean DGD (and hence the PMD coefficient, 

‘b’) with temperature we conducted some experiments using EXFO PMD analyzer and a 

temperature chamber. The setup used for the experiments is shown in Figure 1 below. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 1:  Experimental setup. 
 

Two polarization-maintaining (PM) fibers each of length 10 m connected together 

by a connector are used as the DUT.  Temperature was varied from –30oC to +30oC in 

steps of 5oC and at each step PMD vs. wavelength was measured using the EXFO PMD 

analyzer over 1530 – 1600 nm wavelength band with a very small wavelength step size 

(yielding around 2300 measurements over the band).  From the measured PMD data, 

DGD was averaged over the entire measurement band at each temperature step and is 

plotted as a function of temperature, as shown in Figure 2. 
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The overall mean DGD (DGD averaged over the wavelength band and the 

temperature) was found to 30.65 ps.  From Figure 2, we observe a change of 1.08 ps in 

the wavelength-averaged DGD over 60oC temperature variation.  Expressed as a 

percentage of the overall mean DGD, this corresponds to a change of 3.5% over 60oC. 

From this we determined the relative temperature sensitivity of DGD to be around  

6 x 10-4 oC-1.  This value is consistent with that reported by others; Fontaine et al. [3] 

found a value of 7 x 10-4 ºC-1 using a high-birefringence fiber and Ren et al. [4] found a 

value of 5.7 x 10-4 ºC-1 using a low-birefringence fiber.  It is also worth mentioning that 

the wavelength-averaged mean DGD decreases with an increase in temperature which is 

also consistent with that reported in [3].  Finally, although we used PM fiber in our 

experiments to measure the relative temperature sensitivity of DGD, we expect that SMF 

also have a relative sensitivity of the same order. 

 
Figure 2:  Wavelength-averaged DGD vs. temperature. 

Effects of temperature variation on DGD 
Having determined the relative temperature sensitivity of DGD, our next step was 

to incorporate this information in to our model to simulate the effects of temperature 

variation on DGD.  To do this, we obtained actual soil temperature data (at a depth of 40 

inches) at a location called Powell Gardens in Missouri (obtained from National 

Resources Conservation Services website, http://www.wcc.nrcs.usda.gov/scan/).  Based 



on this data we varied the PMD coefficient in our model assuming a value of 6 x 10-4 oC-1 

for the relative temperature sensitivity of the PMD coefficient. 

 Figure 3 shows the soil temperature at Powell Gardens, MO from Oct. 1, 2003 to 

Oct. 18, 2003 measured at 1-hour intervals.  Figure 4 shows the modeled variation in 

PMD coefficient corresponding to the variation in the soil temperature.  A value of 0.7 

ps/√km is assumed as the initial value of the PMD coefficient. Using this profile for the 

PMD coefficient in the model discussed in the previous section, simulations were run and 

a colormap showing the DGD variation with wavelength and time (in terms of 

measurement number) was obtained.  Figure 5 shows the DGD vs. wavelength and time 

colormap obtained using the model with the following parameters: 95 km link length; 

100 sections of fiber, the size of the each segment randomly generated from a Gaussian 

distribution around the mean length of 0.95 km (coupling length); 35 nm wavelength 

band (1535-1565 nm); single set of αn and φn. It is clear from the colormap that DGD 

drifts either to the left or right along the wavelength axis corresponding to a change in the 

PMD coefficient induced by the soil temperature variation.  This is an important 

observation as it helps us understand of the effects of soil temperature variations on the 

DGD. 

 
Figure 3:  Hourly soil temperature (depth 40”) at Powell Gardens, MO from 10/1/03 to 

10/18/03. 



 
Figure 4:  PMD coefficient variation modeled based on the soil temperature variation. 

 
Figure 5:  DGD vs. wavelength and time using the modeled PMD coefficient. 

 

After understanding the effects of temperature on DGD, we re-examined the DGD 

vs. wavelength and time colormap that we obtained by measuring DGD on a 95-km 

buried fiber link (reported in [5] and [6]) to observe any temperature effects.  For this, we 

needed measured soil temperature data over the measurement period.  Unfortunately, this 

data was not available from NRCS website.  However, we believe soil temperature will 



have the same long-term trends as that of air temperature and so we used air temperature 

in our analysis.  Figure 6 shows the above-mentioned 86-day DGD colormap and the 

variation of air temperature over the measurement period. 

Looking at the plots in Figure 6 closely, particularly between 50 – 60 day period (Figure 

7), we observe a dip in the temperature over that period and a drift in the DGD towards 

right on the wavelength axis.  This is in good agreement with that predicted by the 

simulations discussed earlier in this section.  This also supports our assumption that SMF 

has relative temperature sensitivity similar to that of a PM fiber. 

However, temperature alone does not explain the occurrences of localized high 

DGD events and other features that we observe in the measured colormap of Figure 6.  

Our finding is one part (a significant one) of a puzzle and currently we are working on 

resolving the rest of it.  We will be reporting on our new findings in the future. 

 
Figure 6:  DGD colormap measured over a 95-km buried fiber link [5, 6] and  

hourly air temperature vs. time over the same 86-day measurement period. 



 
Figure 7:  Figure 6 zoomed to show the period including days 40 to 65. 

 

Conclusions 

In this document we reported three different findings.  First, the mean DGD will decrease 

with the increase in temperature.  Second, SMF has relative sensitivity on the same order 

as that of a PM fiber and finally, the most important one, the effect of temperature on 

DGD.  Varying temperature will cause a drift in DGD along the wavelength axis, the 

extent of which depends on the exact value of the relative temperature sensitivity of the 

fiber under test.  We are currently working on improving our model further, which would 

enable us to explain the other features observed on the measured colormap shown in 

Figure 6. 
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