Mode-coupled artifact standard for polarization-mode

dispersion:

Paul A. Williams

design, assembly, and implementation

A stack of quasi-randomly oriented quartz plates has been assembled as a calibration artifact for
mode-coupled polarization-mode dispersion. The design of the artifact, the reasons for choosing it, the
procedure for its assembly, and its implementation are described. Considerable discussion is also
devoted to the fact that this mode-coupled artifact is limited in scope to polarimetric measurement
techniques (those that directly measure differential group delay as a function of wavelength).

OCIS codes: 060.2270, 060.2300.

1. Introduction

The statistical nature of polarization-mode disper-
sion (PMD) makes it difficult to verify accuracy and
precision of mode-coupled PMD measurements.
Early attempts at interlaboratory comparisons with
spools of single-mode fiber demonstrate that the in-
herent instability of the mode-coupling sites in fiber
make it a poor artifact for calibration of PMD mea-
surement systems.’? We have developed a fixed-
mode-coupling artifact (a stack of quartz plates) with
a PMD signature similar to that of a single-mode
fiber but without the associated environmental insta-
bility. We discuss the design details, assembly,
environmental stability, and measurement uncer-
tainties of this artifact that was developed as a Stan-
dard Reference Material (SRM 2518) by the National
Institute of Standards and Technology.

Before beginning the discussion, some definitions
should be stated. Differential group delay (DGD)
refers to the difference in propagation time between
two orthogonally polarized states of light that are
launched along the fast and the slow principle states
of polarization of the device in question. In mode-
coupled devices, the DGD is a wavelength-dependent
quantity, and so a measured DGD is associated with
a particular wavelength. The terms PMD and DGD
are often used interchangeably, but here, we refer to
DGD as the instantaneous value (at a fixed time and
measurement wavelength) and PMD as the statisti-
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cal mean of the DGD averaged over wavelength.
Thus the following equivalent expressions are used
interchangeably: PMD, mean DGD, and (DGD),.
Also, PMD is referred to by use of the historical sym-
bol Ar.

2. Design

The PMD behavior of a mode-coupled fiber can be
modeled by a collection of birefringent elements
whose axes are not aligned with each other so that,
between each element, the polarization eigenmodes
of the elements are coupled.? We used this model to
design the PMD SRM shown in Fig. 1. The device
consists of a stack of 33 to 35 quartz plates cemented
together with their optic axes intentionally mis-
aligned. The stack is pigtailed with single-mode fi-
ber and connectorized with angled physical contact
connectors (wide key). We also considered a design
based on multiple splices of polarization-maintaining
fiber (PMF), but rejected it for reasons outlined in
Appendix A.

If all wave plates were of the same thickness, the
DGD would be a periodic function of wavelength with
a period equal to A2/(cAt), where \ is the measure-
ment wavelength, ¢ is the speed of light, and At is the
PMD of one of the quartz plates. This is the wave-
length period with which the retardance of a single
plate repeats. At a wavelength of 1525 nm, this is a
periodicity of 123 nm for 2.02-mm-thick plates.
Since a periodic DGD is not very fiberlike, we re-
placed five of the plates with thinner, 1.2-mm-thick
plates. The ideal would be to have each wave plate
be a different thickness. However, this increases
the material cost and does not significantly increase
the randomness of the measured DGD,
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Fig. 1. Diagram of mode-coupled artifact (SRM 2518), Wave-
plate stack is tilted by 1-2° with respect to the incident light to
prohibit the capture of double-reflected light by the collection
GRIN lens.

In choosing the number, thickness, and orientation
of the quartz plates, we were constrained by the need
for random mode coupling with low insertion loss and
low assembly cost. More wave plates in the stack
give a more random mode coupling, but the longer
stack has a higher insertion loss. This is due to the
inability to collimate light over long distances and
then to couple it efficiently into single-mode fiber.
We determined when the mode coupling was random
enough by computer simulation of the PMD for a
given arrangement of wave plates in the stack. We
chose the wave-plate arrangement that produced a
DGD with a wavelength behavior similar to that of a
typical single-mode fiber, that is, a curve that was not
flat with wavelength but had features of significant
size. Although this test is somewhat subjective, it is
sufficient. After all, the goal in using the SRM is
that it is a stable artifact whose PMD resembles that
of a typical single-mode fiber. This fiberlike DGD
behavior is illustrated in Fig, 2, which shows DGD-
versus-wavelength curves from a 25-km long section
of single-mode fiber and from the 35-plate stack.
The stack shows the quasi-random DGD-versus-
wavelength behavior expected of a mode-coupled fi-
ber,

The selected design geometry is listed in Table 1
(list of plate thickness and orientation angle). Ini-
tially, we had hoped that building the stacks accord-
ing to a prescribed map would allow us to predict
theoretically the exact DGD-versus-wavelength sig-
nature of the SRM. However, after assembling a
few stacks, we concluded that the uncertainties of the
assembly [wave-plate orientation +0.5°, birefrin-
gence in the graded-index (GRIN) lenses, fiber bire-
fringence, and pigtailing alignment errors] were
enough that the output DGD could not be well pre-
dicted. Figures 3(a) and 3(b) show theoretical and
experimental values of DGD versus wavelength for a
12- and a 35-plate stack, respectively. The qualita-
tive agreement is good but insufficient for an accurate
theoretical prediction of DGD. So, we still assemble

0.35
03 | .’“\.
= 025 | - . o
& 02 s » ° ’,
a o 0. . " .p
3015 b . & A
a 0 "' ., 'o.
.1 o
0.05
0 . ) R . )
1460 1480 1500 1520 1540 1560 1580
(a) Wavelength (nm)
0.8
07} .
0.6 F <
@ & ?
) 05 F
o 04 F ! y
g 03 | .[
02 p
o1 ¥
0 A A . ) A
1460 1480 1500 1520 1540 1560 1580
(b) Wavelength (nm)

Fig. 2. DGD versus wavelength curves (a) for a 25-km spool of
single-mode fiber and (b) for a quartz plate stack of 35 plates.

the SRM’s according to the map of Table 1, but their
performances are not expected to match the theoret-
ical prediction. In fact, difficulties in the manufac-
turing process caused some of the SRM’s to end up
with less than 35 plates (83 or 34). So each SRM has
its own characteristic PMD behavior and had to be
certified separately.

3. Assembly

The SRM’s are assembled in three steps. First the
stack of quartz plates is assembled, then three cores
are drilled from the stack (yielding three identical
stacks), and finally the cores are pigtailed and pack-
aged. The assembly began with 1-in. (25.4-mm-) di-
ameter quartz plates. These blanks came standard
with a 2.02 * 0.02-mm thickness. For each stack, 5
of the 35 plates were polished to 1.16 = 0.01 mm.
The fast axis of each plate was identified, and the
plates were cemented together so that the angles
between the fast axes correspond to Table 1. Figure
4 illustrates the assembly process. An ultraviolet-
light-cured index-matching cement was used to hold
the plates together.t A good index match is impor-
tant for reducing reflections from within the stack.
For polarimetric measurements of PMD, multiple re-
flections do not bias the measured result, but appear
as noise, which averages to 0 with variation of tem-
perature or wavelength.5

Once the 35-plate stack was completed, it was sent
to a second vendor who drilled three 8.8-mm-
diameter cores per stack as shown in Fig. 5. This
was done to triple the yield of the stack. This pro-
cess means that, though each stack is unavoidably
built with a slightly different geometry, it yields three
SRM’s with almost identical PMD characteristics.
The core drilling has a few pitfalls. Often one face of
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Table 1. Assembly List for Stack of 35 Quartz Plates

da

Plate # (mm) R
1 2.0 0
2 2.0 -9
3 2.0 88
4 1.2 114
5 2.0 19
6 2.0 74
7 2.0 7
8 1.2 82
9 2.0 86
10 2.0 6
11 1.2 31
12 2.0 51
13 1.2 103
14 2.0 52
15 2.0 12
16 2.0 -18
17 2.0 15
18 2.0 -21
19 2.0 26
20 2.0 59
21 2.0 9
22 2.0 96
23 2.0 -33
24 2.0 123
25 2.0 26
26 1.2 0
27 2.0 69
28 2.0 62
29 2.0 55
30 2.0 58
31 2.0 50
32 2.0 62
33 2.0 92
34 2.0 63
35 2.0 90

“Thickness of the plate.
*Rotation angle of the fast axis (see Fig. 4 for assembly orienta-
tion).

the stack ends up having some chipping around the
edge of the core. We did not determine if this was
the entrance or the exit face of the core drill. We
attempted to correct the problem by waxing glass
blanks to the outer faces before drilling and then
removing them after. However, it appears that the
wax softened during the drilling process, and the
glass blank jammed in the core drill, which resulted
in one or two of the quartz plates being broken off the
end(s) of the stack. We no longer use the protective
glass blanks, but instead simply bevel the edges of
the core-drilled stacks to remove any chips.

The third step is to package the stacks. Each
stack is pigtailed, connectorized, and placed in an
aluminum housing (Fig. 1). A low-return-loss pig-
tail design (Fig. 6) is used to connect the input fiber to
the GRIN lens. The stack is also tilted (Fig. 1) so
that light enters at an angle (with an air gap between
the GRIN lens and the quartz stack) so as to reduce
the amount of multiply reflected light that is trans-
mitted. The issue of multiple reflections is dis-
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Fig. 3. Agreement between theoretical (curve) and experimental
{circles) DGD values as a function of wavelength (a) for a 12-plate
stack of quartz plates and (b) for a 35-plate stack of quartz plates.

cussed in more depth in Ref. 3. The basic goal in the
design is to prevent any reflected light from passing
through the device more than once [multiple reflec-
tions in a cavity that does not contain the device
under test do not bias the results with a Jones matrix
eigenanalysis (JME) measurement, which is the tech-
nique we use to certify the artifacts].

A schematic of the launch and receive geometry is
shown in Fig. 7, where I, I,, and I, denote the inci-
dent, transmitted, and forward-reflected beams.
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Fig. 4. Schematic of wave-plate assembly orientations according
to Table 1. The arrow indicates the fast axis.
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Fig. 5. Quartz-plate stacks are core drilled to triple the yield.
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Fig.6. Detail of low-reflection pigtail geometry. The fiberis held
in a angle-polished capillary that is cemented to an angled GRIN
lens.

The scale (and angles) are exaggerated to illustrate
how I, is shifted by a distance p with respect to I, and
therefore experiences a much lower coupling effi-
ciency than the primary transmitted beam. The
fraction of forward-reflected light that is collected by
the output GRIN lens is given by

I 202
T=2=R\R, exp(— _pz) , (1)
I, w

where w is the beam waist, R, and R, are the inten-
sity reflection coefficients for the first and second re-
flection surfaces, and the transverse separation
between the transmitted and the forward-reflected
beams is

_ 2d cos(6)sin(0)
p= [n? — sin? (8)]*/%’

2
where d is the distance between the two reflections, 6
is the tilt angle of the incident light, and 7 is the index
of refraction of quartz. Equation (1)is essentially an
overlap integral between two Gaussian functions and
gives the ratio of multiply reflected light that is cap-
tured by the output GRIN lens divided by the total
input power. We assembled the stack with a 1-2°
tilt. For the strongest reflections (off the endfaces of
the ~66-mm-long stack), we find 7" = -75 dB.
Therefore we expect multiple reflections within the
stack not to be a problem for this design.

The fiber pigtails are approximately 4 em long and
are single-mode fiber. The ends are terminated with
angled physical contact connectors. The angled con-
nector was chosen to minimize reflections passing
through the device. The device was held in an alu-
minum housing with bulkhead adapters for making
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Fig. 7. Schematic of light paths through a quartz-plate stack (not
drawn to scale). For a tilt of 8, the transmitted and forward-
reflected beams are separated by p.

the connection to the device. These female bulk-

heads have a wide key (N-type).

4. Environmental Stability

As mentioned, the effort to develop a mode-coupled
PMD artifact came from the unusually large environ-
mental instability of PMD measurements on spools of
single-mode fiber. Large disagreements have been
seen for independent (round robin) measurements on
spools of single-mode fiber.1:2 However, it was not
possible to determine how much disagreement was
due to differences between the participants’ measure-
ment systems and how much was merely the statis-
tical uncertainty inherent in long mode-coupled
fibers. Indeed, Poole and Favin3 predict this inher-
ent uncertainty to be 23% for a fiber with 0.3 ps of
PMD measured with a 100-nm source. This large
statistical variation comes from changes in locations
of mode-coupling sites along the length of the fiber.
These sites are usually due to microbends of the fiber
or some other defects and generally change as the
fiber is moved or the temperature is changed.

Since environmental instability motivated the
search for a more suitable transfer artifact for mode-
coupled PMD, it is appropriate to discuss the envi-
ronmental stability of the quartz-plate stack. In
this discussion, an understanding of the difference
between phase birefringence An and group birefrin-
gence An, is necessary. Appendix B offers a quick
comparison. Temperature affects the quartz plates
in the stack by changing their birefringence and their
physical length L. This change affects the DGD in
two ways. First, the magnitude of DGD at each
wavelength is proportional to AngL. This tempera-
ture dependence could be estimated with the normal-
ized quantity

Yg = (/An,L)d(An,L)/dT.

However, we found no measurements of v, of quartz
in the literature, so instead, we made the assumption
that

Yo=Y = (1/AnL)d(AnL)/dT.

For quartz, v = —1.232 X 107%/°C at 1585.59 nm.6
For the wave-plate stacks used in the SRM’s, the
nominal mean DGD is 0.5 ps. So we predict this
first source of temperature dependence to be of the
order of o, = yAnL/c = —0.06 fs/°C.

However, there is a second, more complicated con-
tribution to the temperature dependence of the SRM
that is due to the temperature dependence of the
retardance v (not v,) and results in a wavelength-
dependent shift of DGD(\). The shape of the
DGD(\) curve is determined by the retardance be-
tween each wave plate and the relative orientations
of the plates. The retardance 8 of a single wave
plate is given by the expression

AnL
d=2mwl—]. 3)
A
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Fig. 8. Experimental demonstration of wavelength shift for the
fixed-mode-coupling stack of 35 plates measured at 16.5 °C and
28 °C.

Clearly, a change in AnL is indistinguishable from a
change in A. Therefore, a temperature-induced
change in AnL effectively shifts the DGD()\) curve in
wavelength. Figure 8 shows an example of two
DGD-versus-wavelength curves for the same wave-
plate stack measured at different temperatures.
When the mean DGD is measured at two different
temperatures, it is the equivalent of measuring the
same curve over two slightly different wavelength
ranges. The magnitude of this temperature depen-
dence depends on two factors: the temperature de-
pendence of this effective wavelength shift d\’/dT
and the wavelength dependence of the mean DGD,

d Agt+A'
— f DGD)AN
dDGDY, _ I\,

d)\’ )\2 - )\1

4)

The quantity in Eq. (4) is merely the derivative of the
mean DGD with respect to the starting wavelength
over which it is averaged. The temperature depen-
dence of the mean DGD due to this wavelength shift
can then be expressed as

_ &(DGD), dN’

®TTTA are ®

Therefore, the total temperature dependence of the
mean DGD can be estimated as

d(DGD), d\'  ~vAnL
¢ % T TN ﬁ-i- c ®
The quantity d(DGD),./d\’ depends on the exact
shape of the DGD-versus-wavelength curve and can-
not be estimated. We directly measured (DGD),./
d\' for each wave-plate stack and over each
wavelength range of interest.
We estimate the strength of d\’/dT by equating the
wavelength dependence of the retardance

ds 1
I 2wAnL| — N (7N
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with the temperature dependence of the retardance

ds _ 2w d(AnL)

dT" » dT ®)
We find
d\n' dd /ds

Using the temperature dependence of quartz,
d\'/dT = —\y = 0.19 nm/°C

at 1536 nm. Unfortunately, quartz is not the only
component contributing to this wavelength shift.
Temperature-dependent wavelength shifts could
come from birefringences in the GRIN Ilenses, the
cement between the quartz plates, or any stress bi-
refringence in the plates themselves. Although
these factors do not contribute significantly to the
average DGD of the device, they could easily contrib-
ute to the temperature-dependent wavelength shift of
the DGD()\) profile of the SRM. We measure the
temperature-dependent wavelength shift individu-
ally for each SRM. We do this by measuring DGD()\)
curves at 23 °C and 26 °C. This yields two DGD-
versus-wavelength curves slightly shifted in wave-
length with respect to each other (Fig. 8). The two
DGD(\) curves are cross correlated to yield the wave-
length shift due to the 3 °C temperature change. On
the various SRM’s tested, we measured values of
d\'/dT between —0.1 and —0.18 nm/°C, which is
reasonably close to the theoretical estimate —0.19
nm/°C. In performing the uncertainty analysis on
the SRM’s, we used a conservative estimate of d\'/
dT = —0.3 nm/°C (which is larger than any of our
measured values) for all of the SRM’s. We then
tested these estimated uncertainties due to temper-
ature by comparing measurements of mean DGD
made at 23 °C to identical measurements made at
26 °C and by verifying their equivalence to within the
uncertainty.

5. Measurement Uncertainty and Device Certification

Uncertainties associated with the measurement of
the PMD of the wave-plate stack come from two
sources: the environmental instability of the stack
being measured and the inaccuracies of the mea-
surement system. The environmental instability
of the wave-plate stack is due only to temperature.
This dependence is included in the uncertainty
statement as aAT', where a is the temperature de-
pendence from Eq. (6) and AT represents the tem-
perature range over which the device is certified.
As mentioned, PMD is sensitive to the wavelength
range of the measurement. This uncertainty is ex-
pressed as ANA(DGD),./d\’), where A\ is the al-
lowed uncertainty of the start and the stop
wavelengths for the DGD averaging. We certified
the PMD of the stacks using a rotating-wave-plate
polarimeter® to perform a JME measurement,?
which yields the DGD versus wavelength for the




device being tested. The standard uncertainty of
our polarimeter is documented in Ref. 5 and is de-
noted here as o yg.

The remaining uncertainty comes from the ran-
dom uncertainty of the measurement. This is,
essentially, the standard deviation of multiple mea-
surements. The certified value of PMD for each
wave-plate stack was the result of several wave-
length scans, all contained within the range of 1480
to 15670 nm. To eliminate systematic errors due to
multiple reflections® within the SRM or the measure-
ment system, each full scan of DGD versus wave-
length consisted of five separate runs in which DGD
data was sampled in 1-nm steps over the 90-nm
range (yielding 89 points). Each of the five runs had
a starting wavelength that was 0.2 nm larger than
the previous run. The result of the five runs was a
DGD-versus-wavelength table containing 445 points
spaced in 0.2-nm steps starting at 1480.5 nm and
ending with 1569.3 nm. At least two sets of DGD
scans (five runs each) were performed with the fiber
leads between the measurement system and the SRM
reoriented between scans. We calculated the
weighted mean standard deviation o, of each DGD
value as a function of wavelength by locally detrend-
ing the data.® The standard deviation between the
means of each 445-point scan was also calculated and
is denoted ¢g. The random uncertainty of the mea-
surement is then reported according to the variance-
component model® as

= G_‘S'z + 0-":2
7" \Ns " N/’
where Ng is the number of scans (a small number
greater than 2), and Ny, is the total number of data
points measured.

The total (expanded) uncertainty of the certifica-
tion measurements is given by

(10)

2 2 as’  op
2uT0t = 2 OJME + (aAﬂ + 'IVS + NTo_t
d(DGD),.\*|*
+ (A)\ %) ] . 11

The factor of 2 is a coverage factor representing an
approximate 95% confidence interval. This uncer-
tainty is generally dominated by the uncertainty of
the measurement system, oz = 1.6 fs for our mea-
surement system,5

We certify the SRM’s over 25 different wavelength
ranges (all contained within the 90-nm scan range of
our tunable laser). For each scan range, we report
an uncertainty based on Eq. (11). The value AT rep-
resents the temperature uncertainty that is allowed
in the certification. Two uncertainty values are re-
ported: one for 23 = 1°C and one for 23 = 3 °C.
This is done to allow use of the SRM for different
levels of temperature control. A AN = *0.2-nm
wavelength uncertainty is allowed and is taken into
account in the last term of Eq. (11).

6. Scope of Use for Certified Wave-Plate Stack
Standard Reference Material

The certified values of PMD quoted for this artifact
apply only to measurements of PMD made by use of
polarimetric techniques. The term polarimetric is
used here to denote PMD measurement techniques
that directly measure DGD as a function of wave-
length. Polarimetric techniques include JME,?
Poincaré arc [also called state of polarization® (SOP)]
and modulation phase shift.!11 Other techniques not
mentioned here that directly measure DGD versus
wavelength should also be certifiable with this SRM.
Nonpolarimetric measurement techniques such as
fixed analyzer with extremum counting (FAEC), fixed
analyzer with Fourier transform analysis (FAFT),
and low-coherence interferometry (INT) are not cer-
tified with this technique.

Because of the popularity and usefulness of nonpo-
larimetric techniques, it is worthwhile to spend some
time explaining the details that require this limita-
tion in scope. First, this limitation in scope is in no
way a judgement of the performance or validity of any
of these measurement techniques. This limitation
merely acknowledges that polarimetric techniques
are well suited to calibration by a fixed-mode-
coupling artifact and that nonpolarimetric tech-
niques are not.

To understand this, it is useful to illustrate the
differences between PMD measurements on a real
fiber (variable, random mode coupling) and on a
wave-plate stack (fixed, random mode coupling).
The DGD in a highly mode-coupled, single-mode fiber
varies in a quasi-random manner as a function of
wavelength. The statistical behavior of DGD fol-
lows a maxwellian distribution whose expected value
(A7) is a function of the intrinsic birefringence of the
fiber and is independent of the location of the mode-
coupling sites. Therefore it is generally accepted
that there are two equivalent methods of character-
izing a fiber’s DGD statistics. Either the fiber can be
held in a fixed position with multiple DGD measure-
ments made over various nonoverlapping wavelength
ranges, or multiple DGD measurements can be made
at a single wavelength while the mode-coupling ge-
ometry of the fiber is changed (by one’s either moving
the fiber or changing its temperature).’2 This equiv-
alence requires the assumption of a highly mode-
coupled fiber with stationary PMD. In practice, the
best estimates of the mean DGD of a fiber come from
a combination of both methods.

If two experimenters want to compare PMD mea-
surements on the same piece of fiber, they are at-
tempting to measure the expectation value of DGD.
We denote this true mean (expected value) of DGD as
(A7) and the measured mean as At. In practice, one
can estimate (A7) by measuring At over a finite wave-
length range. The uncertainty of the estimate de-
pends on the size of the wavelength range and on (A7)
itself. Gisin et al.13 have demonstrated experimen-
tally an approximate equivalence between the statis-
tical uncertainties of the various PMD measurement
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techniques. Assuming this equivalence, we use the
uncertainty derived by Poole and Favin3 for the par-
ticular case of FAEC measurements and apply it to
all PMD measurement techniques. The fractional
standard deviation of AT measured over a frequency
range Aw is

o [0.21(270}1’2 115

&

(AT)Aw B (AT Aw)2" (12)

This fractional uncertainty is plotted as a function of
the measurement bandwidth for various PMD values
in Fig. 9. This picture illustrates the statistical dif-
ficulties in comparing PMD measurements on fiber
specimens. For the case of a fiber with (A7) = 0.1 ps,
a 100-nm wavelength range (typical of a tunable laser
used in JME measurements, or possibly an edge-
emitting LED (EELED) from an INT system) would
yield a measurement standard deviation of 40%. At
this point, an experimenter could change the mode-
coupling characteristics of the fiber (through temper-
ature or time) and repeat the measurement to
increase the number of statistically independent
samples. For a standard uncertainty of 5% to be
obtained, 64 statistically independent measurements
would have to be made (assuming that N statistically
independent measurement scans reduce the stan-
dard deviation by 1/N'/2). For a 1% uncertainty,
1600 independent scans would be needed. In prac-
tice, fiber measurements of reasonable uncertainties
are difficult to obtain, The situation could be some-
what better for a fixed-analyzer system able to use
much broader sources with spectral widths of as
much as 500 nm or so. However, even in this case,
a single 500-nm scan still yields an 18% uncertainty.

Clearly, a fiber with variable mode-coupling geom-
etry is not well suited to be a transfer standard due to
its inherently large measurement uncertainty. We
chose, therefore, to use a fixed-mode-coupling device
(a mode-coupled stack of wave plates whose location
and strength of mode-coupling sites are fixed). This
necessitates a change in operation. A fixed-mode-
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coupling device cannot be certified for (A1), but only
for Ar. That is, since the mode-coupling geometry
cannot be changed, multiple measurements of Ar
over a given wavelength range are not statistically
independent. The only statistically independent
measurements comes from different wavelength
ranges. Using Eq. (12), we see that in a fixed-mode-
coupling geometry, an estimate of (A7) with a 5%
uncertainty (for our 0.5-ps artifact) would require the
unrealistic wavelength scan range of 1300 nm.
Therefore we do not attempt to certify the expectation
value of the stack’s DGD (Ar), but rather simply use
a specific technique to certify the mean DGD Ar for
measurements over a specific wavelength range. In
fact, we certify the SRM only for a polarimetric mea-
surement of the mean DGD value At measured over
a given wavelength range. We can quote a 1% un-
certainty for this value. This value agrees with any
polarimetric measurement of mean DGD as long as it
is made over the specified wavelength range. And,
as mentioned, this value is not an estimator of the
mean DGD to be measured by any nonpolarimetric
techniques (FAEC, FAFT, or INT).

A given measurement technique measures the av-
erage DGD Ar,; over a given wavelength range Aw.
This value AT, is a single number from a statistical
ensemble whose mean is (At) and whose standard
deviation is given by Eq. (12). A different (nonpola-
rimetric) measurement technique used to measure
over the same wavelength range yields an average
DGD value Ay, which is drawn from the same en-
semble as Ary,. However, it is not expected that
Aty = A7y, So, if a fixed-mode-coupling artifact is to
be used to demonstrate agreement between various
measurement techniques, it can do so only within an
uncertainty determined by Eq. (12), i.e., 20—40% for
typical wavelength ranges. This accuracy is so se-
verely limited by the finite spectral width of the
methods that intermethod comparisons with a fixed-
mode-coupling artifact may actually be less useful
than comparisons simply with fiber. Indeed, fiber-
based comparisons of PMD measurement techniques
have yielded results with uncertainties in the 5-10%
range.14-16

A question arises as to why the SRM is certified
only for polarimetric PMD measurements. It turns
out to be a matter of uncertainty. Individual char-
acterization of the SRM for each of the nonpolarimet-
ric techniques is not possible to the same uncertainty
as with the polarimetric techniques. One problem
lies in the inability to control the input SOP owing to
birefringence in the fiber leads connecting the mea-
surement system to the test artifact. With polari-
metric measurements, this is not an issue, since the
absolute orientation of the entrance SOP does not
affect the measured DGD. However, with the FAEC
technique, for example, the intensity spectrum of a
mode-coupled device can change completely if the in-
put SOP is changed slightly. A similar result occurs
in INT measurements.

We illustrate this using computer simulation.
Figures 1012 show histograms for simulated FAEC,




FAFT/INT, and JME measurements of At over a
200-nm wavelength range on a 35-quartz-plate stack
(fixed mode coupling). Each histogram represents
the result of 100 measurements made with the fiber
leads rearranged between each measurement. The
computer simulation used a random orientation of 35
quartz plates (30 of which are 2 mm thick and 5 that
are 1.2 mm thick) as the stack geometry, The ori-
entations of these plates remained fixed throughout
the entire simulation. Birefringence in the leads
was simulated as two 50-pm-thick quartz plates, one
on each end of the stack, whose orientations were
randomized before each simulated measurement.
Given this geometry, the wavelength-dependent
Jones matrices were calculated for the stack at 256
wavelength points evenly spaced over the 200-nm
range. From these Jones matrices, the spectral in-
tensity was calculated, assuming that a fixed-
analyzer geometry (stack between crossed polarizers)
was used. From this spectral intensity and the
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Fig. 10, PMD histogram of 100 FAEC measurements of a 35-
plate stack with fiber leads manipulated between each measure-
ment (simulation).
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metric measurements of a 35-plate stack with fiber leads manip-
ulated between each measurement (simulation).
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Fig. 12. PMD histogram of 100 JME measurements of a 35-plate

stack with fiber leads manipulated between each measurement
(simulation).

wavelength-dependent Jones matrices, FAEC, FAFT
(or equivalently INT), and JME estimates of PMD
were found.

Two observations come from the histograms of Fig.
10-12. First, the figures clearly illustrate our claim
that, in a fixed-mode-coupling device, it is not possi-
ble to measure the expectation value (At). Figures
10-12 represent measurements on the same device
over the same 200-nm wavelength range, and yet the
mean DGD values measured by each of the tech-
niques do not agree with each other. The mean of
the 100 At values measured by FAEC is 0.386 ps,
whereas the interferometric measurements gave a
mean At = 0.440 ps [this value is already converted
from rms to mean DGD by the well-known factor of
1.085 (Ref. 17), and the mean DGD from the JME
simulation gave At = 0.406 ps. Clearly, a fixed-
mode-coupling artifact does not yield the same PMD
value when measured by different techniques even
over identical wavelength ranges. This is as ex-
pected.

The second observation from Figures 10-12 is the
relative widths of the histograms. Clearly, for JME
measurements, reorienting the fiber leads has no sig-
nificant effect on the measured A7 value (Fig. 12).
However, in the case of FAEC or INT, the lead reori-
entation allowed a considerable spread in At values
(standard deviation o = 9% for FAEC and 6% for INT
as opposed to 0.1% for JME). These uncertainties
are complicated by the histograms being non-
Gaussian (for example, the FAEC curve has discrete
spikes corresponding to discrete numbers of peaks
and valleys in the spectrum). Also, the simulations
achieved this ensemble of At measurements by reori-
enting the fiber leads in a truly random way in be-
tween each measurement. In practice, this would be
difficult to obtain and hard to verify.

The uncertainty in nonpolarimetric measurements
of At is further complicated by the fact that users of
interferometric techniques cannot control the spec-
trum of their source. As mentioned, measured val-
ues of A7 in a fixed-mode-coupling artifact depend on
the exact wavelength range of measurement. Since
interferometers tend to use EELED sources, the
wavelength spectrum of the source depends on the
particular EELED used. This situation makes it
difficult to certify adequately the value of At to be
measured with the interferometric technique. It
would essentially require an individual calibration
for each customer’s source EELED. As an experi-
mental example, using one INT system with four
different randomly selected EELED sources we mea-
sured a prototype fixed-mode-coupling wave-plate
stack. The EELED’s had center wavelengths rang-
ing from 1538.4 to 1555.3 nm and full width half-
maximum (FWHM) values ranging from 52.9 to 101.3
nm. For each source used, 30 measurements of At
were made with fiber leads randomly reoriented be-
tween each measurement. The four mean At values
(each averaged over 80 measurements) disagreed
with each other by as much as 13% for the various
sources.
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These extra uncertainties make calibration of
nonpolarimetric measurement techniques with a
fixed-mode-coupling artifact impractical. The un-
certainty that would have to be assigned to the cer-
tified value of the calibration artifact would be too
large to make the artifact useful for absolute calibra-
tion. However, this SRM design might be useful for
the nonpolarimetric techniques simply as a quality-
control device that a user could measure periodically
with their nonpolarimetric system simply to verify
the measurement precision (without a certification on
the accuracy). The usefulness of this would rely on
multiple measurements to reduce the uncertainties
illustrated in Figs. 10 and 11.

7. Conclusions

The mode-coupled artifact described here has dem-
onstrated the necessary environmental stability to
provide useful calibration to polarimetric measure-
ment techniques. The question remains as to the
best way to calibrate nonpolarimetric techniques. A
single birefringent element (quartz plate) is a non-
mode-coupled solution. However, there is currently
no mode-coupled PMD artifact that could be mea-
sured by all the measurement techniques and ex-
pected to yield the same result for each.

Appendix A: Alternative Design—Spliced
Polarization-Maintaining Fiber

Since PMD can be modeled as a stack of birefringent
elements, it is possible to make a PMD emulator from
many randomly oriented splices of PMF, However,
we chose to use quartz plates because they could yield
a PMD that was in the target range of approximately
0.5 ps. We found it difficult to make a section of
spliced fibers with the spliced sections much shorter
than approximately 10 cm. This means that for a
PMF with a beat length of 2 mm, each spliced section
would have a PMD of approximately 260 fs. For 35
sections of PMF, therefore, the expected value of
PMD for a truly random orientation would be
ATN2 = (260 fs) 5.9 = 1.5 ps, which is significantly
larger than the 0.5-ps goal. However, in the case of
quartz, a single 2-mm-thick plate has a PMD of ap-
proximately 63 fs (with An, = 0.009403). Thirty-
five randomly oriented quartz plates yield a PMD of
approximately 63 fs 5.9 = 0.37 ps, which is closer to
our target PMD value.

Appendix B: Significance of Phase and Group
Birefringence

When discussing birefringence in the case of PMD, it
is important to specify whether this is phase birefrin-
gence An or a group birefringence An,. The two are
related as?8

An, = An — NMdAn/dn). (B1)
Figure 13 illustrates the differences in An and An,
over the wavelength range of interest.19-21 In prac-
tice, the phase birefringence is used in cases in which
the relative phases of light traveling in the two po-
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Fig. 13. Wavelength dependence of phase birefringence An and
group birefringence An, for quartz. The An curve is a third-order
polynomial fit to the data from Refs. 19-21, and the An, curve was
calculated from the An curve and Eq. (B1).

larization eigenmodes is the parameter of interest.
For example, the retardance & of a single wave plate
(thickness L) depends on the phase birefringence as
8 =2wAnL/)\. Group birefringence is used when the
parameter of interest is the difference in the velocity
of energy flow between two polarization eigenstates.
For example, the PMD of a single quartz plate comes
from the difference in group velocity between the
eigenstates, PMD = An,L/c.
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