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In an optical fiber link with polarization-dependent loss (PDL), we demonstrate that although the complex
polarization mode dispersion vector cannot be fully obtained by the reflectometric measurement, the spec-
trally resolved differential group delay (DGD) and differential attenuation slope (DAS) can be explicitly de-
termined by such measurements performed simultaneously in the optical frequency domain and the fiber
length domain. In principle, this technique can be used to realize the spectrally resolved and spatially re-
solved measurement of DGD and DAS in an optical fiber link having PDL based on distributed Rayleigh
backscattering. We report the experimental result based on the far-end Fresnel reflection to confirm the va-
lidity of the proposed method. © 2007 Optical Society of America

OCIS codes: 260.5430, 060.2400, 060.2300.

The reflectometric technique has been proposed to
perform single-end and spatially resolved polariza-
tion mode dispersion (PMD) measurement in optical
fiber links with the advantages of single-end access
and nondestructive distributed measurement [1-3].
Until now, this technique could only be used to mea-
sure an optical fiber link without polarization-
dependent loss (PDL). In an optical fiber link with
PDL, because of the round- tr1p effect, the round-trip

complex PMD vector WB QB+LAB, which can be
measured directly in the test, is explicitly related to
only the first two elements of the complex PMD vec-

tor W=Q+iA as [4]

Q2 - Ap”=4(Q" - A%), Qg Ap=4Q- AL, (D)
where O =(Q7,Q5,0)T and A =(A;,A5,0)T are the
linear parts of the complex PMD vector and T de-
notes the matrix transpose. Because there are too
few equations, Eq. (1) cannot be uniquely solved [4].
Even if it could be uniquely solved under some as-
sumptions, spectrally resolved PMD measurement
still could not be achieved owing to the lack of infor-
mation about the third elements of the complex PMD
vector, {3 and Ajz. In this Letter, we demonstrate
theoretically and experimentally that spectrally re-
solved reflectometric PMD measurement in optical fi-
bers with PDL can be accomplished. Based on the
PMD dynamic equation, two equations can be ob-
tained to relate Q3A5, Q2—A2 to the round-trip com-
plex PMD vector and round-trip local birefringence
vector, which can be measured by reflectometric mea-
surements carried out simultaneously in the optical
frequency domain and the fiber length domain. Then,
by combining these equations with Eqgs. (1) and (10),
the spectrally resolved differential group delay
(DGD) and differential attenuation slope (DAS) can
be deterministically achieved, although the principal
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states of polarization still cannot be determined. Op-
tical fibers used in telecommunication systems al-
ways have negligible PDL values unless a fiber is
bent with a small diameter. The PDL in an optical fi-
ber system is caused mainly by some optical compo-
nents, such as couplers and filter. For one optical
component, a typical PDL value is around 0.2 dB,
and the total PDL value of an optical fiber system
with many PDL components may be large. From the
previously reported measurement results using the
forward measurement technique, we know that even
a PDL of 0.1 dB can have an obvious impact on the
PMD measurement [5]. Therefore the proposed tech-
nique has to be used even if the PDL of the fiber link
under test is not very large.

For a fiber system with both birefringence and
PDL, its Mueller matrix M is amenable to the Lor-
entz transformation [6]. Thus, it has been demon-
strated theoretically and experimentally that if we
normalize M to make det M=1, then [7]

[ 0 CY]_ Clz a3
_ d_MM—1 _|* 0 -Bs PBe
dz a Bz 0 -p4
a3 =B B O
[0 A, Ay Ay
oM A0 -0 0 ,
- dw B AQ 93 0 - Ql ’ ( )
A -0, O 0

where a=(a; ay a3)T and ,l§=(,31 Bs Bs)T are the local
PDL vector and birefringence vector, respectively; ()

=(Q; Qy Qy)T and A=(A; Ay A5)T are the real and
imaginary parts of the complex PMD vector. In reflec-
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tometric measurement, the round-trip Mueller ma-
trix should be Mg=RM'RM with R=diag(111-1)
[4], and it is also a Lorentz transformation. Then we
have

[0 ap,  apy  aps
~ dMjp 4 |am 0 -PBps Pge
P7 g T8 aps  Pgs 0 -Bei)
| a3 —PBr2  PBp1 0
[0 Api Apz A
- dMBMB'l _ Agr 0 -Qpz QOp ’ @)
d Agy  QOgps 0 -Qp
| Aps —QOpz QOp; 0

where dp=(ap; aps apy)” and By=(Bp; Bz Bes)” are
the local round-trip PDL vector and birefringence

vector, respectively; Qp=(Qp; Qpy Qp3)T and Ag
=(Ap; Apy Ags)T are the real and imaginary parts of
the round-trip complex PMD vector. The differentia-
tions of Eqs. (3) are

Py Py
—-= 2RM'R| RB'RP, - P, RB'R + —
z

X(RM'R)™,

By By,
— =2RM'R RPTRBL - BLRPTR + —
Jw Jw

X (RM'R)™!, (4)

where By, and Py, are the simple cases of matrices B
and P defined in Eq. (2) when a=(a; ay0)7, B

=-(B1 07 and 0=—(0; 0,07, A=-(A; A, 0)".
Taking the sum of Eqs. (4), we obtain

0 C; Cy O
P B _ormrg| 0 O P
) c, 0 0 -D;
0 -D, D; 0
X(RM'R)™!, (5)

where Cl = B3A2 + 0392 + a293 +,82A3 + 07011/0(1)‘}' &Al/ﬁz,
Cg=—B3A1—a3QI—alﬂg—B1A3+&a2/&w+c7A2/&z, Dl
=,83QQ—a3A2—a2A3+ﬁ293+&B1/&w+ (991/02, D2
= _18391 + 0[3A1 + 0[1A3 - BIQ3 + &ﬂz/(y(l)‘F (?Qz/(?z. On the
other hand, we can easily obtain the PMD dynamical
equation from Egs. (2) as

0 B . ..
4 BX0-axA,
0z Jdw
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oN o9& . . )
—=—+BXA+aXQ. 6
PR, B a X (6)

In optical fibers and components used in optical com-
munications, at least over the wavelength range of
interest, we have [8,9]

oa B B
—=0, —=-—. (7

Jdw ’ Jo

Applying Egs. (6) and (7), the elements in Eq. (5) can
be simplified as C;=2(asQ3+LoA3), Co=-2(a; Qs
+B1A3),  D1=2[(B1/ w)+BoQs—asAs], Dy=2[(Bs/w)
+a1Az3— B1Q3]. Because the right- and left-hand sides
of Eq. (5) are similar matrices, they should have the
same eigenvalues. Then two equations can be ob-
tained as

16(ar, - BL)(Qy% = A32) + 16(8.2 - ap D) Q3A 5

|lay, X By g 9Bs dAg 5&13
+16————— Q= —+— —_—
[0} 0z Jw 0z Jw

2

16(8.2 - a2)(Q5% = A2) - 64(dy - B P
L o) (Qg 3 ) —64(ay, - BL)Q3A3+ 16 2

R N N -\ 2 N S\ 2
|lay, X By g P dAg  dag
+32 Ag= +— | - —+—],

w 0z ow 0z Jw

(8)

where ap=(ay,a5,0)T and Br=(B1,82,0)T. In telecom-
munication optical fiber links, optical fibers have only
negligible PDL, and PDL exists mainly in some opti-
cal components. Then if the fiber section from z to
z+Az has no PDL, Eqgs. (8) can be simplified as

g Bg\ IAg
iz’

4BBZQ3A3 = (_ + —

0z Jw
> -\ 2 N
) ) 4,313 Ay B dAg

)

Thus (Q2 A2) and Q3A3 can be solved from Eq. (9)

once QB, AB, and ,BB are measured. In optical fiber
links without PDL, the simplified form of Eq. (9) and
its experimental verification have been reported [10].
Based on Egs. (1) and (9), we can calculate Q2-A2
=(Q2-A3H+02-AZ and Q-A=0Qp-AL+Q3A5. And we
already know that DGD and DAS can be expressed as
[5]

1 F—
DGD = \/5[QZ —AZ4 (02— ADZ+ 40 - A)2),
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DAS = Q - A/DGD. (10)

Finally spectrally resolved DGD and DAS can be
clearly achieved.

To verify the theoretical findings, an experimental
setup is established as shown in Fig. 1. The input po-
larization state at port 1 of the circulator is tuned by
the polarization state generator. The pulse generator
generates pulses with an 8 ns pulse width as well as
1 KHz repetition rate and then directly modulates
the tunable laser source to emit the optical pulses.
The polarization analyzer is composed of a quarter-
wave plate followed by a polarizer as well as a
125 MHz photodetector. The fiber under test (FUT) is
composed of step-index single-mode fibers (SMFs),
dispersion shifted fibers, and dispersion compensa-
tion fibers, which are spliced together with a total
length of 35 km. Then 1.5 dB PDL is induced by
bending the fibers in a small diameter at two posi-
tions of the fiber link. A 1 m long SMF is connected
with the FUT’s far end to introduce Fresnel reflec-
tions at its two ends.

To measure Qp, Ag, and Bg, the virtual generalized
Mueller matrix method is employed [11]. The whole
experiment is divided into two steps. First, the polar-
ization analyzer is connected to port 3 of the circula-
tor. The wavelength is tuned from 1552 to 1557 nm
with a 0.2 nm step size. The evolutions of the output
polarization states of optical pulses reflected from the
two ends of the 1 m SMF with respect to optical
wavelength are measured by using the polarization
analyzer. Then spectrally resolved DGD and DAS
values can be calculated based on the proposed
theory. Second, the forward measurement is also per-
formed by wusing optical pulses in the range
1552—-1557 nm with a 0.2 nm step size. The experi-
mental results are shown in Fig. 2. Good agreement
between reflectometric and forward measurement re-
sults can be observed for both DGD and DAS. This
confirms the validity of our proposed reflectometric
measurement method. The main measurement error
in the experiment is induced by the polarization ana-
lyzer. To measure the polarization state of an optical
pulse, we need to adjust the quarter-wave plate by
hand, which will cause evident measurement error.

In principle, this technique is applicable for both
far-end Fresnel reflection and distributed Rayleigh
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Fig. 1. Experimental setup for spectrally resolved reflec-
tometric measurement of PMD.
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Fig. 2. Comparison of (a) DGD and (b) DAS evolutions in
the frequency domain, measured using forward and reflec-
tometric techniques.

backscattering. When the far-end Fresnel reflection
is employed, we need to handle the fiber far end as
described in the experimental setup. Therefore it is
not a truly single-end technique. If the reflected sig-
nals are induced by distributed Rayleigh backscatter-
ing in optical fibers corresponding to different fiber
lengths [2,3], the proposed technique can perform
spectrally resolved and spatially resolved PMD mea-
surement in optical fiber links with PDL.
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gapore under project 042 101 0015.
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