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Abstract: Conventional low-coherence interferometry (LCI) can be
employed in the measurement of polarization mode disperson (PMD) of
fiber-optic components and fibers. However, the smallest PMD, which can
be measured using this technique, is limited by the coherence length of the
source. We propose a biased n-shifted Michelson interferometer where a
birefringent crystal isinserted in front of the interferometer to introduce a
bias differential group delay (DGD) larger than the coherence time of the
source. In thisway, the limitation imposed by the source coherence time has
been overcome and PMDs much smaller than the source coherence time, in
the order of several femtoseconds, can be measured. Experimental results
for the PMD have been shown and compared with Jones matrix eigen-
analysis. Thetheoretical model confirms the experimental observations.
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1. Introduction

Polarization mode dispersion (PMD) is known to be a limiting factor for long-distance wide-
bandwidth transmission fiber links, since birefringence in fiber-optic components and fibers
causes pul se broadening.

The interferometric method based on low-coherence interferometry (LCI) is a
powerful tool to measure the PMD of fiber-optic components and fibers [1, 2]. The method
usually uses a Michelson or Mach-Zehnder interferometer and provides a time-domain PMD
measurement that is well suited for field measurements and production control. It has good
dynamic range which is dependent on the travel range and step resolution of the scanning arm.
The smallest PMD that can be measured is limited by the coherence length of the source
because it imposes the minimum width on the interference pattern. The measurement
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sengitivity is usually in the order of 100 fs, although smaller values have been reported [3].
For improved sensitivity, a broadband source is required to shorten the coherence length and
sharpen the autocorrelation peak, but such sources usually have limited power output. This
LCI method does not provide information about the Principal States of Polarization (PSPs) of
device under test (DUT). An improvement of the interferometric technique towards measuring
with a femtosecond sensitivity has been proposed in [4] by using a piece of highly
birefringent (Hi-Bi) fiber. Difficulties with this arrangement arise from the fact that the central
autocorrelation peak is always present and very strong, while the interference of the
polarization modes resultsin much smaller sde peaks. Another improvement to the Michelson
interferometer has been suggested in [5] where a quarter waveplate (QWP) is inserted in one
arm of the interferometer to suppress the central autocorrelation peak of the source. One
common difficulty with the interferometric method is its sensitivity to the launched
polarization. It may happen that only one polarization gets excited in the DUT or the Hi-Bi
fiber and the two side peaks cannot be observed.

We propose a biased m-shifted Michelson interferometer where a birefringent crystal
(biasing crystal) has been inserted in front of the interferometer to introduce a bias differential
group delay (DGD) due to polarization larger than the coherence time of the source and thus
overcome the limitation it imposes on the measurement sensitivity. Using this technique,
PMD of devices smaller than the source coherence time, in the order of several fs, can be
measured. The interferometer has a QWP inserted in the fixed arm, which introduces a 7-shift
in the passing polarizations. Thus in the interference pattern, the unwanted central
autocorrelation peak is eliminated and the performance of the interferometer isimproved. The
biasing crystal and m-shift combination increases the resolution of the interferometer and
lowers the minimum PMD that one can measure. Experimenta results have been presented
and compared with Jones matrix eigenanaysis. It is clearly seen that the experimental
observations agree well with the theoretica model.

2. Representation of the biased #-shifted Michelson inter fer ometer

The biased 7-shifted Michelson interferometer is shown in Fig. 1. The polarization controller
polarizes the light coming from the source, which is normally non-polarized. It also serves to
set the input polarization to circular, in order to ensure that both polarization modes of the
fiber-optic DUT are equally excited. When a DUT in weak mode-coupling regime is
measured, the input polarized light is split into two polarization modes propagating along the
axes of the PSPs with different velocities. At the output of the DUT these polarization states
recombine with a DGD between them caused by the PMD of the DUT. When one mirror is
scanned, the output response of the interferometer consists of three peaks, a central peak
corresponding to the autocorrelation peak and two side peaks with the distance between them
proportional to the DGD due to polarization in the DUT. The QWP isinserted in the fixed
armto eliminate the autocorrelation peak, thereby improving the system’s signal sensitivity.

Fixed Mirror
——Jowp
EDFA . \
Polarization
broadband
source controller «—>
DuUT Scanning
Biasing \ Mirror
Crysta
Detector
Fig. 1. Schematics of the biased 7-shifted Michel son interferometer.
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When circular polarization enters the set-up, and the PSPs and the axes of the QWP are
aligned at 45 deg, the centrd peak is extinguished. The biasing crystal isinserted in front of
the interferometer to introduce a DGD much larger than the coherence time of the source.
When a broadband source, such as Light-Emitting Diode (LED) or EDFA-based white light
source, is used, the firg-order PMD of the DUT, AT, is simply determined by the scanned
distance, 2L, between the two side peaks divided by the speed of light.

We assume that the DGD introduced by the DUT is smaller or equal to the coherence
time of the source, Atpyr <7, and that it cannot be resolved by the interferometer. We

consider a linearly birefringent fiber-optic DUT without polarization dependent loss (PDL).
For a given input polarization gate, the output polarization from the DUT depends generally
on the optical angular frequency . Nevertheless, there are always two input polarization
states such that the output polarization is, to a first order, independent of the waveength [7].
These two principal states of polarization are orthogonal and correspond to the maximum and
minimum propagation time through the medium. For the sake of simplicity, we also consider
circular polarization entering the biasing crystal or the DUT. An angular parameter p is
introduced to represent the misalignment of one component’s PSPs or polarization axes
relative to those of the other components in the interferometer. The results presented here can
readily be generalized for a DUT with PDL and for an dliptical input polarization.
Throughout the work, we use DGD due to polarization interchangeably with first-order PMD.

Firg, we consider the case when there is only a biasing crystal and a QWP in one
arm of the interferometer (this configuration has been proposed in [5] with a DUT in place of
the crystal). The crystal used to bias the interferometer is a uni-axial crystal with an x- or y-
cut, so that the light travels perpendicular to the optic axis and a specific DGD for the o- and
erays is introduced. According to the Jones matrix formalism [6], the transfer matrix of the
crystal Jgys. i its coordinate system is given by

2
Jcrys. = € (.)5 (l)

0 e

where § isthe optica phase difference (OPD) between the o- and e-rays propagating in the
crystal.

We assume that the QWP in the fixed arm of the interferometer can have any
alignment with respect to the crystal axes, i.e., a an arbitrary angle p. The Jones matrix of the
QWP isgiven by:

] :eIZ cos? p+e 4s€n?p J2sinpcosp @
i : - 2 % 2 .
\/Esmpcosp e ‘cos“p+etdnp

Theinput field E(t) is split by the beamsplitter into two fields that pass through the scanning
E,(t) and the fixed E,(t) arms of the interferometer. When the scanning arm is moved away
from the beamsplitter by a distance L/2, the fidd in that arm E, (t—7) isdelayed by 7 = L/c
with respect to the fidld in the fixed am E,(t). When the mirror in the scanning arm is

continuoudly trandated, the optical detector detects the interference pattern resulting from the
interference of the two fields in the following form:

1(7) o< <E1(t - ‘L')>2 + <|§2(t)>2 + <|§1(t 1) Ez(t)>e—im n <|§1(t _2)E, () >eim @
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where the indices 1 and 2 denote the field passing through the scanning and fixed arms,
respectively, the brackets denote time averaging carried out by the detector, @ is the average
optical frequency of the radiation, and the asterix (*) denotes the complex conjugate of the
amplitudes associated with the electric field vector. The last two terms in Eq. (3) contain the
information about the interference pattern and have the form of first-order correlation. Using
the fact that the Fourier transformation of the correlation of two signasis equal to the product
of their Fourier transforms, theinterference termsin Eq. (3) can aso be written as

| o J-de‘dw'<E1(w,L)E2*(w',L)> : (4)

Thetilde-symbol (*) denotes the Fourier transform with
E\(0)= En(@)T () and E,(0)= E,(@)T,(0k, (5)
where E;, () isthe Fourier transform of the source signal, T;(») and T,(w) arethe transfer
functions for the scanning and fixed armsrespectively, € and €, account for the polarization
states of the two fields. The quantity <Ein(w)|§in*(w')> = 2n5(w—w')F(w) where T(0) is the
autocorrelation function of the source. For the case of LCI, the light source is emitting in a

wavelength bandwidth of Aw:—(Zm://lz)M and the source autocorrelation function has a

Gaussian shape determined by the spontaneous emission. Therefore, the final form of the
interference term is multiplied by an enveope function in the form of

exp[—(ZAL/Lcoh )2J=exp[—(2Ar/rcoh )ZJ, where AL refers to the OPD and Atz to the DGD
accumulated by the light radiation passing through the interferometer arms, whileL,, and
T.on FEfer to the source coherence length and time respectively.

Having introduced the source coherence time, we now return to the Jones calculus.
For convenience, we allow the directions of the “fast” and “slow” polarization modes to be
aligned with the x- and y-axes respectively. When the biasing crystal introduces DGD,
ATqys , between its“fast” and “slow” component aong its polarization axes much larger than
the source coherence time, i.e, A7 > 7., , the two waves exiting the crystal recombine

incoherently. There is no coupling between them and they propagate through the arms of the
interferometer independently as: Ey, (t-7) and Ey (t—7) in the scanning arm and as Ey,(t)

and E,(t) in the fixed arm respectively. Therefore, the Jones vector (Ex(t) E,(t)) can now
be treated as two separate vectors (E,(t), 0) and (0, E,(t)) at the exit of the crystal. In both

armsthereisonereflection taking place, either from the moving or fixed mirror. Furthermore,
in the stationary arm, the radiation passes through the QWP twice. At the exit of the
interferometer in the vicinity of the detector surface, the propagating waves have the form:

— _ Elx (t - ‘L') 0 _ Aeiq) i7r+271ﬁL

- _ EZX(t) 0 _ 12 Aei¢ i
co-(SOH o

After substituting Egs. (6) into Eqg. (3), the interference term can be obtained:
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2
|o<:2|A42€Xp —(?) {sin(Zp)[co %L—é}co %L+5H+
: (7

2c0s(2p)s n(% L )}

As can be seen from Eq. (7), when theangle p between the crystal axes and the QWP is zero,
cos(2p)=1sin(2p)=0, only the source autocorrelation peak is present in the interference
pattern and the information about DGD of the biasing crystal is lost. When the QWP is
aligned at p = 45 deg, cos(2p)=0;sin(2p)=1, there are two peaks corresponding to the
interference from the “dow” and “fast” polarization modes and the central autocorrelation
peak is extinguished. From Eq. (7), the DGD due to polarization (or PMD) introduced by the
crystal (or any DUT in the weak-mode coupling regime) can be calculated as:

2L
AT =— )

c
where 2L is the scanned distance between the maxima of the two peaks, and c is the speed of
the light. In the LCI, Eq. (8) is used to calculate the PMD in fiber-optic devices according to
[3, 5]. It is eadly appreciated that a limitation exists with this configuration when
ATput < Teon - Under this condition the two peaks in Eq. (7) produce only one broadened peak
in the fringe pattern and therefore cannot be resolved. With our proposed biased n-shifted
configuration, having aligned the crystal and the QWP at 45 deg relative to each other, a

reference scan is performed to determine precisely the biasng DGD, Az, The precise
alignment is assured by the full elimination of the centra autocorrelation peak. Equation (8) is
also used to calculate the DGD of the biasing crystal.

Next, we consider the case, when a DUT is connected to the biased n-shifted
interferometer in front of the crystal. A pictoria representation of the polarized light waves
passing through the DUT and the crystal, as well as the accumulated DGDs, is illustrated in
Fig. 2. For the sake of clarity, circular polarization is assumed to enter the crystal and the
QWP is not shown. The angular misalignment p is shown for the crystal rather than the DUT.
Since Atpyt <T.n has been assumed, the radiation exiting the DUT with mutualy
perpendicular PSPs recombines coherently. This changes the resultant output polarization to
eliptical and broadensthe resulting wave train. Upon entering the biasing crystal, the wave

Fig. 2. Pictorial representation of the polarized light waves passing through the DUT and the
biasing crystal where the DUT’sand the crystal’ s axes are misaligned by an angle p.
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train splits along the crystal polarization axes. At the crystal exit, since Atgys > Teon s the
waves with perpendicular polarizations accumulate OPD much larger than the source
coherence length. The two waves recombine incoherently and propagate through the

interferometer without any phase relationship between them. The biasing crystal and QWP are
assumed aligned at 45 deg and hence the centra autocorrelation peak is suppressed. The DUT
is considered as a linear retarder with an OPD, A, introduced between the two polarization
modes with axes at an arbitrary angle, p, relative to the crystal axes. It can be represented by
its Jones matrix as.

i A A

e2cos?p+e 2sn?p 25inpcospsiné
Jour = 2 (©)
DUT A A .

. . A is .
25mpcospsm§ e 2cos’p+e2sinp

The waves propagating through the two arms of the interferometer and reaching the detector
surface, which have been represented by Egs. (6), now take the form:

~ B E, (t-1) 0 _ A€’ i 20
El(t_f)‘( 0 Hay(t_a ~Jandour| pgerrrz P
= E2x(t) 0 2 A€’ j

= = _ . 10
=0 ( 0 Hay(t) JaneJaysour| p gova 2 (9

Subsgtituting Egs. (10) into Eq. (3), thefinal form of the interference term can be obtained as:

2
| o 2/A” exp| - 2At sin® p| co EL—(é—A) + CO! 2L+(6—A) +
Tecon A A (ll)

cos? p[cos(szL -6 +A))+ co{szL +(5 +A)H

It should be noted that in this case, there is no centra autocorrelation peak. As can be seen
from Eq. (11), when p=0 deg, i.e, cos? p=1, the DUT’s polarization (PSPs) are aligned
with those of the crystal and the DGDs introduced by the DUT and the crystal are summed up.
When p=90,i.e, sin’ p =1, the“fast” axis of the DUT isaligned with the “slow” axis of the

biasing crystal and vice versa and the two delays get subtracted. In both cases, there are two
distinct well-separated peaks in the interference pattern resulting from the large DGD of the
crystal. Hence, the PMD of the DUT can be obtained by the relative shift in the peaks
positions from their nominal positions in the reference scan rather than by the separation of
peaks it introduces. In the case of p = 45deg, the sum and the difference of the DGDs are both
present resulting in broadening of the peaks, if they cannot be resolved.

Several scans need to be carried out with the DUT in front of the biasing crystal to
determine the alignment positions where the DGDs of the biasing crystal and the DUT sum up
and subtract. Normally, the DUT has fixed PSPs, and therefore, the crystal and QWP
combination should be re-adjusted to achieve either p = 0or 90 deg . Having determined either
of said orientations, results from the scans would yield the combined DGD from Eq. (8),
ATqysrput » While together with the scan carried out previoudly for just the crystal would

alow the DGD associated with the DUT to be calculated as
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ATpyr =ATgysspur — AT, (12)

crys. *

Somewhat more precisely, the Az r can be determined from two consecutive scans where
p =0o0r p=90deg, and the DGDs of the DUT and the crystal add up and subtract. Then the
DUT’s DGD can be calculated from Egs. (8) and (11) as

ATpyr = (ATBUT + ATy )/2 (13)

3. Measurements

The measurements of DGDs due to polarization were carried out in the interferometric set-up
shown in Fig. 1. The optical source used in the experiments was an EDFA-based broadband
source with a central wavelength of A =1530 nm and a bandwidth (FWHM) of AL =42 nm
at —10 dB. The source coherencelengthwas | = 172 /a4 = 56 um Therefore, without the

bias, the interferometer was limited to measuring At =7, = 0.18 ps. With the biasing

crystal, this limitation was overcome and smaller DGDs were measured by the relative shifts
of the two peaks from their nomina positions when only the crystal was present (according to
Egs. (8), (12) and (13)). The biasing crystal was an y-cut LiNiOs, When circular polarization
entered the crystal, the accurate alignment between the crystal and the QWP was achieved
when the central peak was extinguished (according Eq. (7)). The QWP was then kept aligned
at 45 deg to the crystal axes all throughout the experiments. First, a reference scan was carried
out with the biasing crystal aligned at 45 deg to the QWP. The crystal DGD was evaluated
from the recorded interference pattern according to Eq. (8) to yield Az, =2.706 ps. The

measured DGD was verified with the Jones Matrix Eigenanalysis (JME) method where the
averaged DGD was obtained over the wavelength range of the broadband source. The IME
method gave a value of A7, = 2.688ps. The agreement between the results measured by
the two methods is 0.018 ps, i.e, within 1%. The wavedength scan of the DGD due to
polarization for the bias crystal from the IME method is depicted in Fig. 3.
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Fig. 3. Measured DGD dueto polarization for the bias Fig. 5. Measured DGD for the second crystal (DUT)
crystal using the Jones Matrix Eigenanalysis method. g ng the Jones Matrix Eigenanalysis method.

To validate the proposed measurement method and theoretical model, a second crystal with a
small delay, Atpyt = 74n » Was introduced as the DUT with rotateable polarization axes, i.e.,

the angular misalignment p could be varied without varying the introduced DGD. The
interference patterns resulting from when the DUT was introduced upstream from the biasing
crystal are presented in Fig. 4. To facilitate the comparison between the between the different
interference patterns, all scans have been shown in the same figure. The navy blue line
presents the reference scan with the bias crystal only (to be compared with Fig. 3); the pink
plot represents the case when the DUT polarization axes are aigned with those of the bias
crystal (p = 0 deg) and the DGDs of the DUT and crystal are summed up; the light blue plot
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Fig. 4. Interference patterns obtained from the biased 7-shifted Michelson interferometer in the case of a second
crystal with rotateable axesused as DUT: navy blue line — reference scan with the bias crystal only; pink line— DUT,
polarization axes aligned with those of the bias crystal (p=0 deg); light blueline - DUT polarization axes crossed with
those of the bias crystal (p = 90 deg); reddish-brown line— DUT polarization axes at an arbitrary angle (p = 45 deg).
For comparison, the orangelinein the center represents fringe pattern resulting from the DUT only without the bias.

shows the case when the DUT polarization axes are crossed with those of the bias crystal (p =
90 deg), that isthe“fast” and “dow” PSPs of the DUT are aligned with the “dow” and “fast”
axes of the crystal, respectively, and the DGDs of the DUT and the crystal subtract; the brown
plot shows the scan for the DUT polarization axes at an arbitrary angle (p ~ 45 deg). For
comparison, the red plot in the centre depicts the interference pattern resulting from the DUT
only without the bias crystal. The DGD of the second crystal used as DUT was caculated
from Fig. 4 with Egs (8), (12) and (13) as Arpyr =0.179ps. For comparison, Fig. 5
illugtrates the wavelength scan for the DGD from the IME method, which gives an average
DGD for the DUT of Atpyr =0.177ps, an excelent agreement with the interferometric
method within 2 fs or approximately 1%.

As a second example, the DGD due to polarization (PMD) of a fibre-optic circulator
was also measured. With the interferometer being properly aligned to minimize the central
peak, again a reference scan with the bias crystal was carried out first, then, with the DUT
connected, a second scan was undertaken. The measurement results from both scans are
presented in Fig. 6, where thereference scan is shown by the navy blue plot, and the scan with
the DUT - with the pink plot. Generally, the DUT’ s PSPs are not aligned with the polarization
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Fig. 6. Interference patterns for a fiber-optic dirculator: Fi9- 7. Interference pattern for the fiber-optic
navy blue line — reference scan with the bias crystal  Gireulator with its polarization axes aligned with
only; pink line — DUT, polarization axes misaligned those of the bias crystal (p = 0 deg): navy blue line -
with those of the bias crystal (p #0 deg). reference scan with the bias crystal; pink line—DUT.

#23168 - $15.00 US Received July 26, 2000; Revised September 07, 2000
(C) 2000 OsA 11 September 2000/ Vol. 7, No. 6/ OPTICS EXPRESS 235



axes of the bias crystal and the QWP. This can be seen from the asymmetry in the side peaks
associated with the DUT plat. It is gpparent from the scanned fringe pattern that the DGDs of
the DUT and the bias crystal are added up as phasors (or vectors). Asaresult, the value for the
DGD, cdculated as Arpyr =0.07psfrom Egs. (8) and (12), may be somewhat
underestimated. Thisis the case, indeed, asit can be seen in Fig. 7, which shows the resulting
fringe patterns for the bias crystal and the fiber-optic circulator after the crystal -QWP
combination had been rotated as a unit to align the axes with those of the DUT. In the latter
case, the value for the DUT's DGD from Eq. (8) and (12) givesAtpyr =0.077ps. For
comparison, the DGD of the fiber-optic circulator was obtained using the IME method and is
shown in Fig. 8. The mean value for Ar,,; =0.075ps indicates an agreement between the
two methods of 2 fs, or to better than 3% difference.

The major sources of errors using the interferometric method arise from the coherence
time of the light source, the launched state of polarization and the step resolution of the moving
arm. The coherence time determines the width of the intensity peaks. Combined with the
minimum step resolution of the moving arm, it determines the minimum measurable shift of
the peaks from their nomina positions and therefore the smallest measurable value of PMD. In
this configuration, we could determine the peaks position with an accuracy of +0.5 um. For
example, a1l um error in determining the peak position results in 3 fs error in determining the
PMD, which would represent the minimum measurable PMD in the current configuration.
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Fig. 8. Measured DGD for the fiber-optic circulator using the Jones Matrix Eigenanalys's method.
4. Conclusions

We have proposed and demonstrated a biased n-shifted Michelson interferometer for
measuring PMD in the order of several femtoseconds. The interferometer has a quarter
waveplate inserted in the fixed arm which eiminates the central autocorrelation peak of the
source and thus increases the resolution of the interferometer and lowers the minimum PMD
one can measure. Theimprovement over the existing instruments resulting from a birefringent
crystal being inserted in front of the interferometer to introduce a bias DGD much larger than
the coherence time of the source, thus overcoming the limitation imposed by it. With such
bias, PMD of devices much smaller than the source coherence time can be measured.
Experimental observations have been confirmed by the developed theoretica model.
Experimenta results have been presented and compared with Jones matrix eigenanalysis.
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