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1. Introduction

Polarization dependent loss (PDL) contributes to performance
degradation in high-speed, long-haul optical fiber transmission
systems [1], and can further degrade system performance when
it interacts with polarization mode dispersion (PMD) [2]. The PDL
in a system mainly comes from components such as optical ampli-
fiers, couplers, isolators, multiplexers and de-multiplexers. How-
ever, even if the PDL of each individual component can be
well-defined, the global PDL of the system may exhibit a random
process which cannot be obtained by simply adding up the PDL
of each component due to the random variation of relative orienta-
tions between various PDL elements [3-5]. In addition, the pres-
ence of PMD will further increase this uncertainty [6]. Due to its
impact on the performance of optical communication systems, it
is important to determine the time varying nature of PDL and its
statistical distribution. Several PDL measurement methods have
been proposed so far, such as the Mueller matrix method [7], Jones
matrix method [8], polarization scanning method [9] and Poincare
sphere method [10]. However, all these methods require the active
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control of the polarization state of the optical signal that couples
into the system under test. This requirement prevented the appli-
cation of these techniques to monitoring “in-service” optical sys-
tems because the source and the receiver of live optical networks
are separated and usually are not accessible at the same time.

There is clearly a need for a more practical approach that sup-
ports a network provider’s planning and route design process.
Many network providers are planning to retrofit 10-Gb/s dense
wave division multiplexing (DWDM) systems, both terrestrial
and sub-marine, with 40 Gb/s (per A) transmission equipment.
These providers will want a simple system characterization of
PMD and PDL for qualification and design purposes in order to
minimize disruptions in customer traffic and reduce labor and
coordination efforts.

In this paper, we present (1) a novel method for non-intrusively
monitoring the PDL of an installed DWDM system and (2) an anal-
ysis of the statistical nature of this measurement.

2. Statistical theory of PDL measurement

It is well-known that in the Poincare space, considering the
optical signal passing through an optical system, the output Stokes
vector  Sout = (Soutos Sout1,Sout2, Sours) and input Stokes vector

Sin = (Sino Sin1, Sin2, Sin3) can be linked with a Mueller matrix of the
optical system as
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Sout0 My Mz M3 Mag | | Sino
Sout1 | [Mz1 My M3 Mg | | Sini (1)
Sout2 M3y M3y M3z M3y | | Sin2
Sout3 Mg1 Mgy M43 Mag ] [ Sin3

where m;; (i,j = 1-4) are elements of the Mueller matrix which fully
represent the characteristics of the optical system. Since the PDL
measurement concerns only the optical power in the system out-
put, only souo Needs to be considered,

Souto = M11Sino + M12Sin1 + M13Sin2 + M14Sin3 (2)

The power transmission coefficient of the optical system can
then be expressed as [9]
T = Souto Sin1 Sin2 in3

N
=My +_—Mi2+_—Mi3+_—My
Sino Sin0 Sino Sino

— M1+ DOP - [y + S3my3 + S3Mya] = myy + DOP(S - m)
= my, + DOP|m|cos 0 3)

where matrix elements 1, and m= (mq2,my3,M44) are related to the
PDL, S = (s1,S2,53) is the normalized input polarization vector with
Sj= Siﬂj/[siznl + Si2n2 + SIZnB]l/Z(j = 152:3)- DOP = [Siznl + SiZnZ + 512n3 ]/Z/Sino
is the degree of polarization of input optical signal and 0 is the angle
between m and S. In general, the input optical signal in a live optical
system, which is usually provided by a laser diode, has a high degree
of polarization and therefore we can assume DOP = 1, thus Eq. (3) is
simplified as T = my; + | m | cos 0.

The power transmission coefficient T varies with time because
of the random nature of the system PDL. However, corresponding
to each PDL value, there exist a maximum Tpax = My + | 171\ and
a minimum T, = mMqq — | 171| of the transmission coefficient. The
system PDL can be described by a PDL vector I' [3] where the
amplitude of T is

I = Tmax_Trnin _ ‘m‘ — Vm%2+m%3+m%4 (4)
Tinax + Trmin |m11| |m”|

The direction of the PDL vector is parallel to the polarization
state vector S which corresponds to the direction of the maximum
transmission coefficient. Eq. (3) indicates that the orientation of
the PDL vector is determined by m, and thus the global PDL vector
can be defined by I' = m /my;. On the other hand, the traditional
definition of PDL is p = 1010g10(Tmax/Tmin), €xpressed in dB. The
relationship between p and I'=|I| is described by
p=10logo[(1+I')/(1 — I')]. When I' is small enough (I" < 1),
the following approximation is valid

2r

p = 10log,, [1 +ﬁ} ~ 8.6859rI (5)
indicating that I' is linearly proportional to p. It is generally ac-
cepted that p follows a Maxwellian distribution [11,12] and I”
should therefore also follow the same distribution. In the Mueller
matrix, m;, represents a constant attenuation of the optical system
since its effect on the system is independent of polarization param-
eters inherent to the input optical signal. Thus, each individual com-
ponent my», My3, My4 in the expression of the PDL vector I" should
follow a normal distribution with zero mean and equal variance
g°. The probability density distribution of I" can then be expressed
as

2 TI? r?
P = \/%m/mnf =P (‘ 2<q/mn>2> ©

8 q
()= \/%m—” (7)

where (I') is the average value of I'. Eq. (7) indicates that the sys-
tem PDL can be fully determined by two parameters, mi; and q.

Without loss of generality, one can arbitrarily assume that the
state of polarization (SOP) of the optical signal that is launched into
the optical system is S = (1,0, 0) and that rotation coordinate does
not impact the transmission coefficient. Eq. (3) can then be simpli-
fied as

T =my; +myp (8)

Since my; is a constant, Eq. (8) clearly shows that T follows a
normal distribution with m;; as the mean and ¢? as the variance.
This indicates that in a practical optical system carrying live traffic,
my; and g can be obtained by measuring the statistical distribu-
tion of T. It is worth noting that PDL is a system property which
should be independent of the optical signal it carries. In a system
with fixed input signal SOP, the optical signal may not necessarily
see the worst-case PDL of the system and therefore T defined by Eq.
(8) is only related to a partial PDL. In this case |m| = |m;2| and
the part of the system PDL vector seen by the optical signal is
I'partial = |My2|/m1q, which follows a half-normal distribution.

3. Experiment setup and results

The PDL of a DWDM system may be measured by sampling the
live-traffic carried in the system. A testing arrangement previously
developed [13] is based on coherent detection and may be used to
obtain the information for T, including the time-domain character-
istics and the statistics. Fig. 1 shows the experimental setup, where
a small portion of the optical signal is tapped from the DWDM
transmission line. A tunable laser is used as the local oscillator
(LO) for coherent heterodyne detection and channel selection. A
programmable polarization controller is placed at the output of
the LO to periodically scan the SOP of the LO. A 3-dB fiber coupler
combines the received optical signal with the LO and a wideband
photodiode (PD) is used to perform heterodyne detection with
the intermediate frequency set at 20 GHz. A bandpass RF filter with
a 1 GHz bandwidth is used to select a narrow slice of the amplified
heterodyne spectrum, whose power is then measured by a detec-
tor. A data acquisition card reads the measured RF power and con-
verts it into a voltage V. for calculation,

Vouw = IoPLPSTCOS® & 4 Vo + Viy = KT 08 4 Vo 4 Vi (9)
where, 7p is a coefficient including the effects of the photodiode
responsivity, the coupling coefficient of the fiber coupler, the RF
amplifier, the RF filter, the RF detector and the data acquisition cir-
cuitry. P is the signal power launched into the optical system, Py is
the power of the LO and k = #p P, P;. ¢ is the angle between the SOP
vector of the input optical signal and that of the LO. Vi is the
voltage offset resulting from a non-ideal electronic circuit and Vy
is the additive noise. In this system, since the receiver bandwidth
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Fig. 1. Block diagram of PDL experiment setup.
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Fig. 2. (a) variation of V with time; (b) histogram of V; (c) variation of partial PDL in
dB unit with time; (d) histogram of partial PDL. The dot line in (b) is the ideal
normal distribution. The dash line in (d) is ideal half-normal distribution.

is only in the kilohertz range, the impact of shot noise and signal
ASE noise in the coherent detection should be negligible. The major
contribution to the receiver noise is believed to be additive which is
primarily introduced by the electronic amplifiers.

In the coherent detection measurement, the SOP of the LO is
periodically modulated, and thereby effectively scans the angle ¢
in Eq. (9). The scanning time to allow for the SOP of the LO to cover
the entire Poincare sphere is less than 2 s. The system PDL vector is
assumed to remain constant during each period of scanning. The
maximum voltage in Eq. (9) is obtained when ¢ = 0 so that

Vout—max =kT + Voffset + VN] (10)
while the minimum voltage corresponding to ¢ = 7 is
Vout—min = Vuffset + VN2 (11)

where Vy; and Vy; are random noises of zero mean and the same
variance. The difference between Vyut_max and Vour—min 1S

V= Vout—max - Vout—min =kT + VN3 (12)

where Vy3 = Vy; — V2 is also a random noise of zero mean and a
variance of ¢%,. The mean value u and the variance deviation o>
of V can be calculated from the measured data directly and are re-
lated to the parameters m;; and g? through T, consequently

H=kmyy (13)
o’ =k’ + a3 (14)
Since |my,| = |T — my4|, the partial PDL can be expressed as
Imi| _ [T—p/kl V-V

mn o wk o n

This partial PDL varies randomly in time and is in fact the PDL seen
by the optical receiver.

Using the coherent PDL monitoring technique, we have carried
out a number of field tests on installed DWDM systems. Fig. 2
shows an example of the measured results. The system is approx-
imately 626 km long, connecting Washington DC and Hamlet,

Fpartial = 1 (1 5)

North Carolina, with 10 in-line optical amplifiers. Fig. 2a shows
the measured V as a function of time, while Fig. 2b shows the his-
togram of V clearly following a normal distribution as predicted by
our statistical analysis. Fig. 2c and d show the partial PDL, I'patial,
as a function of time and its histogram which exhibits a half-nor-
mal distribution.

Although the measured partial PDL influences the transmission
performance, the PDL of the optical system is also an important
parameter which is often used as part of the system specification.
The average PDL of an optical system can be evaluated based on Eq.
(7) with the use of the measured parameters m;; and g given by
Eqgs. (13) and (14), obtaining

(ry= \/iv(ﬂug'2V3 (16)

According to the y and ¢ values shown in Fig. 2, with a measured
signal to noise ratio of 11.4 dB, the average system PDL value I'is
approximately 0.0926, which corresponds to a PDL, p, of 0.81 dB
as defined by Eq. (5). It is worthwhile to point out that the mea-
sured PDL value may be affected by the noise contribution in
the measurement system as indicated in Eq. (16). In our measure-
ment, we have maintained the signal-to-noise-ratio of 11.4 dB, so
that the measurement error in PDL should be less than +0.04 dB.
Since the measurement was conducted in a system which carries
commercial traffic, it was not feasible to perform direct PDL mea-
surement using traditional techniques which might interrupt the
system operation. However, consider 10 in-line EDFAs used in
the system with approximately 0.2 dB PDL per EDFA, plus the im-
pact of the multiplexer in the transmitter side and the demulti-
plexer in the receiver side, the 0.81 dB overall PDL measured
here is reasonable.

4. Conclusion

In conclusion, a PDL monitoring technique based on coherent
detection and statistical analysis is proposed and demonstrated,
which allows the accurate evaluation of PDL in installed fiber-optic
transmission systems carrying live traffic. Field measurements of
PDL were performed on terrestrial long-haul DWDM systems and
the statistical distribution agrees with the theoretical prediction.
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