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Abstract— Polarization mode dispersion (PMD)
emulation is a vital approach in addressing and
analytically investigating the deleterious statistical
nature of PMD in optical network fibre links under a
controlled laboratory environment. The authors propose
an optimal design of an experimental PMD emulator
validated through a simulation design. This investigation
examines the impact of the number of birefringent
sections and orientation of the mode coupling angles in
an emulator, and their statistical distributions. Analyses
over a large band of optical frequencies and validation of
the emulator through statistical studies have been
achieved. Emulator stability and repeatability of the
experimental design has been examined through state of
polarization monitoring.
Index Terms—birefringence, differential group delay
(DGD), Maxwellian distribution, optical communication,
PMD emulation.
I. INTRODUCTION

P

olarization Mode dispersion (PMD) is a highly
penalizing factor for long-haul high bit rate, 10Gb/s and
above, optical communication systems. Unlike other
degrading effects such as chromatic dispersion, PMD is a
time-varying random effect defined as the relative time delay
between the slow and fast orthogonal polarization modes
[1].
The need for emulation is to investigate impacts of PMD
in optical systems critically under the laboratory in order to
determine accurate PMD measurement techniques and
device PMD mitigation or compensation techniques for the
existing network systems. PMD emulation also assists
telecommunications companies budget well in advance in
preparation to meet the growing bandwidth demand to
enhance better service delivery.
In this paper a statistical PMD comparison of first order
PMD emulators based mainly on the fibre birefringence and
random mode coupling distributions is presented together
with corresponding simulation results. The emulators
constitute standard uniform randomly concatenated
birefringence sections. These birefringent length sections,

comprising of polarization maintaining fibres (PMF), induce
differential group delay (DGD) between the two orthogonal
polarization modes. Mode coupling occurs between these
sections due to the random orientations of the birefringent
axes located at the splice junctions. The goodness-of-fit of
the DGD histograms to the Maxwellian probability density
function (pdf) is evaluated. Emulator stability and
repeatability are experimentally investigated through state of
polarization (SOP) monitoring since these are properties that
emulators should exhibit for deterministic control. The
impact of PMD on propagating light signals through optical
fibre links is also highlighted.
II. PMD THEORY
The PMD of a fibre can be represented by the PMD
vector, its evolution along the fibre is represented by the key
equation [2]:
δS
=

τ×S

(1)

δω

where S is the Stokes vector representing the SOP output
signal, and τ is the PMD vector. Geometrically (1) means
that with changing optical angular frequency the SOP
precesses about the PMD vector on the Poincaré sphere at a
rate equal to DGD. Also of essence is the mode coupling
phenomenon that represents the fibre as a concatenation of a
number of birefringent sections. Assuming no frequency
dependence for individual sections, the PMD vector is
expressed as [3]:
τ(n + 1, ω) = B τ(n, ω) + ∆τ(n + 1) × (B τ(n))

(2)

where τ (n) and τ (n,ω) are respectively the PMD vectors of
the previous n sections without and with frequency
dependence, and ∆τ(n + 1) = ( ∆τ (n + 1), 0, 0) is the PMD vector
of section n+1. B is the 3x3 Müller transfer matrix that
transforms the SOP from the input to the output of section
n+1. The transfer matrix B for each birefringent section is
expressed as a product of the rotation matrix Rz and the
propagation matrix Rx [1]:
B = R x (γ)R z (θ, ϕ )
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where γ = ∆τ∆ω is the birefringence-induced phase
retardation between the two polarization modes, ω is the
optical carrier frequency, θ is the uniformly distributed
random rotational angle and ϕ is uniformly distributed
between -1 and 1. The overall DGD distribution of long-haul
PMD fibres follows a Maxwellian distribution. The global
PMD or mean DGD is not as a result of the direct
summation of localized PMD, but is the root mean square
sum of the localized mean DGDs expressed as [4]:
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(4)

where ∆τ i represents mean DGD value of the ith section,
with i ranging over {1...N } . This equation applies to highly
mode coupled fibres.
The experimental and simulation emulators should be able
to reproduce birefringence that induces DGD between the
fast and slow polarization modes. Variation in the
orientation of the birefringent axes enhances mode coupling.
Single-mode fibres used on network systems constitute
thousands of random birefringent sections which vary more
rapid in aerial fibres compared to buried fibres over a short
span of time [5]. The PMD statistics of the emulator is
expected to converge towards those of real fibres provided
there are sufficiently high numbers of birefringent sections.

∆τ =

Arg ( λ1 / λ2 )
∆ω

(7)

where λ1 and λ2 are the eigenvalues of the Jones matrix and
Arg is the complex function that evaluates the argument of a
complex number.

IV. PMD EMULATOR DESIGN
Both experimental and simulation emulator designs were
based on cascading randomly independent varying
birefringent sections with random coupling angles. The
emulators had between 4 to 32 randomly varying
birefringent sections, we named them type B emulators. The
impact of the number of sections and their distribution on
the overall DGD was firstly investigated using 1 to 8
birefringent sections, we named Type A emulators, through
experiments and simulation.
A. Simulation emulator design
The proposed emulation technique was developed using
the VPI Software Package [8].
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III. JONES MATRIX MEASUREMENT TECHNIQUE
The experimental measurement on the real device is
performed using the Jones matrix eigenanalysis method.
This frequency domain measurement technique is more
suitable for analysis than time domain techniques because it
determines the DGD as a function of wavelength and is more
sensitive to environmental changes, thereby enabling any
slight fibre changes to be detected. Each ith section has a
linear retardation matrix “sandwiched” between two 2x2
rotation matrices U (θi ) . An N-elements emulator has a
transmission matrix given by [6]:
T (ω ) = U (θ n ) × D (∆τ n , ω ) ×U (θ n −1 ) ×
D (∆τ n −1, ω ) × ...× U (θ1 ) × D (∆τ 1 , ω )

(5)

 cos (θi ) − sin (θ i ) 
 represents the rotation matrix
 sin (θ i ) cos (θi ) 

where U (θi ) = 

e − j ∆τ iω / 2

and D(τ i , ω ) = 


0

0
e

j∆τ iω / 2


 the linear retardation matrix.


Since the DGD values are all that is needed in the
investigation, they are directly obtained from the
determinant of the frequency derivative of the transmission
matrix according to the expression:
∆τ = 2 det(Tω )

Fig. 1: PMD emulator block
The emulator was constructed as follows: a monitoring
loop with configurable iteration numbers which consists of
random variable delays and dynamic rotational blocks. The
number of loops corresponds to the number of birefringent
sections. Each DGD section is random and follows a
uniform distribution. The birefringent axes of the fibre
changes randomly from one section to the next and follow a
uniform distribution. At the end of each loop polarization
scrambling is applied.
The main advantage of such an integrated design is that
we can vary the number of concatenated sections and thus
provide good coverage of the DGD Maxwellian probability
density function (pdf) space.
B. Experimental Emulator
These emulators were constructed by concatenating
random varying PMF lengths using a fusion splicer.
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where Tω = T (ω +∆ω ) −T (ω ) , for a small frequency step ∆ω .
∆ω
Also used can be the dependence of the DGD with the
eigenvalues of the Jones matrix [7]:

Fig. 2: Setup for DGD measurements and SOP monitoring
The PMF was selected as the DGD element because it is
not prone to polarization changes. Splice joints were
reinforced using splice jackets. The emulators were stored in
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Fig. 3: DGD versus wavelength of 4 and 8 sections simulated Type A emulators (a), (d) for equal and (b), (e) unequal lengths respectively, and (c), (f) for
experiment Type A emulators with equal section lengths whilst maintaining the total birefringent length constant.

secured portable containers to prevent disturbance from
movement during experimental measurements. To attain
high number of sections different emulators were cascaded
together using single-mode pigtails and mid-couplers. These
pigtails were assumed to have no contributions to the overall
measurement results since there have negligible PMD.
V. MEASUREMENT PROCEDURES
The bandwidth of the Jones matrix test signal was chosen
from 1520 nm to 1570 nm at a 0.2 nm wavelength resolution
in both VPI simulations and experimental measurements, in
order to obtain reliable statistical outcomes.
A. Type A Emulator
For optimization of the Type B emulator, the Type A
emulator is considered. Type B emulator is used to help in
determining the optimal number of sections and mode
coupling angles, using DGD spectra as a comparison. The
number of sections for Type A was varied from 1 to 8,
keeping the total birefringent length constant, with an initial
DGD of 13 ps.
The simulated Type A emulator considered both equal
and unequal lengths sections whilst the Type B had equal
sections only. The rotation angles between the sections, for
simulations was fixed at 45° so as to allow comparison of
configurations for each emulator whilst for experiments
mode coupling was assumed random.
B. Type B Emulator
In both experimental and simulations the 4 to 32
sections emulators, each with random birefringent lengths
and mode coupling (derived from Type A emulator
investigations) were frequency domain characterized
using the JME using the setups in Fig. 1 and 2 for
simulations and experiments respectively.

C. Stability and Repeatability Tests
Using Type B emulators, the SOP and depolarization
were monitored using the polarimeter together with the
broadband source, C- and L-band (1530-1625 nm), as a
transmitter. To observe the depolarization, polarization
scrambling was performed with an automatic polarization
scrambler (Adaptif A3200) placed at the input of the
emulator. For repeatability a broadband source was used of
which a digital filter with a full wave half maximum
(FWHM) of 0.3 nm was added immediately after the source
to select the 1545 nm, 1550 nm, 1555 nm, 1560 nm and
1570 nm wavelengths. At each wavelength, the SOP position
was repeatedly monitored three times over a 15 minute
period. Stability tests were performed using a similar setup
as that for repeatability tests but the SOP was monitored
every 30 seconds over 7.5 hours at a fixed 1555 nm
wavelength.

VI. RESULTS AND DISCUSSION
A. Optimum emulator conditions
Fig. 3. shows the spectra of the DGD obtained for both 4
and 8 sections Type A emulators with equal and unequal
length configurations through simulations and only equal
sections through experiments. For equal length sections, the
spectra are perfectly periodic and the time period T is given
by T = ∆τ i . This makes ω = 1/ ∆τ i the frequency interval

over which the arguments of the exponentials in the delay
matrix changes by π , which explains the periodicity of the
equal length sections spectra. In addition to the periodicity,
mirror symmetries are seen in the equal length spectrum.
Periodicity limits the performance of a PMD emulator to
attain a good Maxwellian statistical distribution.
On the simulated unequal length signature, the periodicity
slightly decreases compared to the simulated equal length
spectrum. Repetitions are therefore avoided by randomizing
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Fig.5: The Maxwellian probability density function fits of the DGD data for Type A emulator. These were observed over a
50nm width, for 4 sections and 32 sections for both experimental (a) and (c), and simulations (b) and (d) emulators respectively.

both mode coupling angles and the section birefringent
lengths. Both experimental spectra, Fig. 3 (c) and (f), show
less periodicity than the simulations.

Fig. 4: Mean DGD depending on the number of sections for Type
A emulators keeping constant the total birefringent length.

Fig. 4. shows that the total mean DGD decreases with
increasing number of sections for both experimental
measurements and simulations. This is due to mode coupling
averaging the propagation times of the two polarization
modes. For unequal section lengths simulations, the DGD
increases from 5 to 6 sections, due to 1 section having a
much larger mean DGD than the others. This biases the
calculation of the total DGD to the value of the predominant
section length.

The experimental data curve is lower than the VPI
simulation data curve since mode coupling angles are all at
45° in the simulation setup, but random in the experiment.
This random mode coupling therefore promotes further
PMD vector cancellation which decreases the overall mean
DGD.
In conclusion, emulators with random mode coupling
angles and randomly distributed birefringent lengths reach
more realistic DGD spectra.
B. DGD Statistics results for optimized Type B emulators
In this section, attention is given to the comparison of
Maxwellian-pdf fits of DGD distributions together with their
overall mean DGDs, for 4 to 32 sections emulators.
PMD emulator models are classified with regard to their
Maxwellian-pdf goodness-of-fit deduced from their DGD
distribution. Fig. 5(b) and (d) illustrates better Maxwellianpdf fits at 32 sections which follow the DGD histogram
trend compared to the 4 sections emulator in both
experimental and simulation results. This is due to increased
mode coupling sites regardless the emulators total fibre
length. Moreover, we notice that for both 4 and 32 sections
emulator, the Maxwellian-pdf fit tail is more extended in the
simulations than in the experimental distributions. This is
believed to come from experimental under-sampling. The
tail of Maxwellian-pdf fits constitutes low probability events
with high DGD values that are well known to cause system
outages.

Fig. 6. shows that the total mean DGD increases with
increasing emulator fibre length due to the increased number
of concatenated birefringent lengths. Experimentally since it
was difficult to maintain the mode coupling angles this
should have contributed to more PMD vector cancellation
compared to similar mode coupling angles throughout,
making the mean DGD values lower than simulation values.

Fig. 6: Mean DGD trend with increasing total birefringent length
and randomly distributed section lengths.

C. Impact of PMD on propagating light signals using
Type B emulators
The tuneable laser source, 1520-1570 nm, with a narrow
spectral range maintained an average degree of polarization
(DOP) around 0.9 throughout the investigations. The
broadband source gave an average DOP of 0.88 for a 10
sections emulator and an average DOP of 0.42 for a 30
sections emulator as shown in Fig. 7. Increased concatenated
birefringent lengths and mode coupling enhance signal
depolarization. The results show a decreasing average
(DOP) with increasing PMD. At the far extreme ends of the
depolarized ellipsoid opposite sides are located the slow and
fast principal states of polarization (PSPs), as shown in Fig.
7(b).

D. Stability and repeatability tests of Type B emulators
Stability and repeatability are desirable properties that
emulators should exhibit in order to achieve deterministic
control. Changes in state of polarization (SOP) over 7.5
hours indicate that the PMD vector did not remain stable, as
shown in Fig. 8(a). The SOP only remains stable at a fixed
point for 3 minutes. Since no disturbances occurred, it
therefore means temperature variations over the 7.5 hours
period affected the birefringence of the optical fibre. Since
the emulator stability determines its reproducibility, this drift
in SOP limits reproducibility.
Similar to stability experiments, repeatability is
investigated by monitoring the SOP position on the Poincaré
sphere. Since the DGD changes with wavelength, so does
the SOP position. Thus an SOP change implies a DGD
change. In characterizing repeatability, the laser was set to
five different wavelengths, and the SOP was monitored. The
results are shown in Fig. 8(b). After determining the SOP of
each of the five wavelengths, there was a delay of 3 minutes
before the next set of measurements was established. This
process was repeated three times. It is expected that when a
certain wavelength is repeatedly selected, assuming there
was no error in the measurement technique, the emulator
would provide the same Stokes parameters. Fig. 8(b) shows
that the emulator is not highly stable over a few minutes.
The reason is due to sensitivity of the fibres to
environmental conditions, such as temperature and fibre
movements. To attain stability and repeatability the
temperatures have to be constant throughout with no fibre
movements. An alternative is to design an emulator using
birefringence crystals with polarization switches [9].

Fig. 8: (a) Stability and (b) repeatability of the 32 sections
experimental emulator.
VII.
Fig. 7: Depolarization ellipsoids for (a) short length low
PMD, and (b) long length high PMD links.

CONCLUSIONS

Results show that the global mean DGD of the emulator
depends on the total length of the randomly distributed
birefringence sections. Mode coupling is also seen as a vital

fibre property to reduce PMD effects. Emulators with higher
number of randomly distributed sections provide a better
Maxwellian-pdf fit than those with limited random number
of sections or with equal birefringent lengths, giving better
statistics closer to those of real fibres. This was seen
throughout in both experimental and simulation results.
The SOP of the emulator varied over the 7.5 hours period
indicating it is unstable, thereby limiting the chances of
repeatability due to temperature fluctuations with time. The
wider spectral range is more susceptible to depolarization in
longer emulators with higher mode coupling accompanied
by an overall high mean DGD.
The investigation was a success since both simulations
and experiments show the same statistical behaviour with a
slight deviation between the two approaches.
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