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Polarization-Dependent Loss-Induced Pulse
Narrowing in Birefringent Optical Fiber with Finite
Differential Group Delay

Liang Chen and Xiaoyi Bao

Abstract—A combination of polarization-mode dispersion In this letter we show another surprising consequence of the
(PMD) and polarization-dependent losses in optical fiber may interaction between PMD and PDL. Following Huttreral.
lead to anomalous pulse narrowing despite the existence of finite [4], we analyze a concatenation of three elements, one element

differential group delay. It raises the issue for more complete =~ : . o
assessments when studying the pulse propagation in single-mode"‘"th only PDL (element 2) sandwiched between two HiBi fibers

fiber (SMF) in the presence of polarization-dependent loss. (elements 1 and 3). We make the assumptions that the atten-
Index Terms—Optical fiber dispersion, optical fiber polariza- ‘%a“on of the PPL element and the birefringence of the H'_Bl
tion, polarization-dependent loss, pulse propagation. fibers are both independent of the wavelength. The formalism

to treat such a concatenation was done by Hutthed. [4] so
we directly quote their results for the square of the complex PSP
[. INTRODUCTION vectorw - W = 2
INGLE-MODE optical fibers support two polarization
S’nodes. These two modes (the birefringence) result from x? =7 + 32 + 231 33[(1 — cosh ) (&) - &)(Ex - &)
either intrinsic noncylindrical symmetric core shape or from + cosh (@, - @) — i sinh @) - (& x &)] (1)
the environmental perturbations such as bending and twisting.
As a result when the optical pulse propagates in the sing|gqre

mode fiber potentially there exist two physical effects, namely, z, is the axis of birefringence or of the PDL of ele-
the polarization mode dispersion (PMD), and the polariza- ment numbei on the Poincaré sphere:
tion-dependent loss (PDL). With the increasing of the bit rate 5 andgs are the modal birefringence of elements 1 and 3;
in telecommunication, both PMD and PDL are recognized , gives the PDL of element 2.

more importantly as a limiting factor. Poole and Wagner [He real part of they is interpreted as the DGD for the whole
have introduced the concept of principal states of polarizati@stem. As one can see whenederé,, anda; are in the same
(PSP’s) to characterize the differential group delays (DGRYaney? s real. However, it can either be positive or negative

for a given optical fiber when PDL is zero. For a fiber withou 4]. Moreover when it is positive it can be independent of the
PDL and a pulse with very narrow band these two PSPy valueq. For example, if we choose

are orthogonal, and they represent the slowest and fastest
propagating pulses. Any other pulses can be decomposed in (& &) = (21 - B)(@ - &) @)
terms of the PSP’s and will be broadened during propagation.
The maximum broadening is given by the DGD, which is tht%
differential time delay between the two PSP’s. Recently, Gisin
and Huttner [2] have extended the concept of PSP’s to include
the elements of PDL in the optical fiber. One of the main

difference is that PSP’s are no longer necessarily orthogonal.

Furthermore they have shown some rather surprising res frguation (3) corresponds to finite DGD over the full wavelength

involving interactions of PMD and PDL. For example, they@"d€ in which our approximations (i.e., wavelength-indepen-

showed that DGD of a concatenation of birefringence fibef€Nt Pirefringence and PDL) are valid. Equation (2) can be sat-

and elements with PDL can produce a global DGD that jgfied by taking the PDL direction parallel with either of the
MD elements 1 and 3. In the following, we will directly calcu-

larger than the sum of the DGD'’s of all the trunks [3]. They
%\‘te the output pulse shape as a function of the PDL value, and

also showed that even with zero DGD for a concatenation _
birefringence fibers with PDL element there still exist finite¥"0W that for certain values of the output pulse can be nar-
rower than the input pulsewidth.

pulse spreading [4]. : )
We now present our theoretical analysis. We start to calculate
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where 401 @
0; describes the angle for the direction of tih
element measured with respect to some fixed di- & 01
rection in two dimensional space; & 40|
By andgs; are the modal birefringence of elements 1 and 3; N%
a gives the PDL of element 2; o -80 1
RandU  are both2 x 2 matrices describing the usual ro- -120 A

tation, and the PMD and PDL.
To directly analyze the pulsewidth, we use Gaussian electric

field as the input which has the form § 10
E (b)
A /2 E 0.8 -
Fp(t) = —————— —iwot — — 5 2 |
() (271')1/4\/F eXp|: tWo 47_2:| ( ) §. 0.6
3 0.4
£
where _ . E 02/
T Gaussian pulsewidth; g
wo  optical frequency; = 0.0

A normalization constant. 6 -4 2 0 2 4
As a result the input power is in Gaussian form
Fig. 1. The results for the three section system are shown for the parameters:
9 |A)? t? 81 =0, 6 = 05 = 37/8, 0 = —7/4, 51 = B = 20 ps,T = 25
Pin(t) = |Ein(t)| = \/2— €X (6) ps, andw, = 4007 rad/ps: (a) The effective pulsewidth square difference
T between output and input pulse is plotted as a function of the PDL valoie
the mid-section. Note that it becomes negative whésbelow certain negative
Defining the pulsewidth squa[e? as the time square averaged'alue, and it corresponds to pulse narrowing and (b) the corresponding power
over the power transmission fraction is shown as a function of PDL vaiue

272

oo oo 2 In Fig. 1(a), we plotted the; as a function of PDL valuex
/ 2P (t)dt / tP(t)dt of the midsection for the special case of (9) with parameters
0? == - | =% . (7) B =20ps,7 = 25ps, andvy = 4007 rad/ps (i.e., the wave-
/ P(t)dt / P(t)dt length is about 1.5:m). It is clear that the output pulsewidth
—oo —oo becomes narrower than the input pulsewidth when PDL value

. . . . . « is less than some critical value. This result is very surprising
Let us now consider a I!ne.arly polarlzedllnput Gaussian pu'%en one recalls (3) which gives a finite DGB.23.26 ps for
so that the output electric field can be written as the case studied here) that is independent of the PDL value
Also, as expected, at zero PDL we have positigg (i.e., pulse
Eout(w) = T(w) - <C_OS Zm> En(w). (8) spreading). Furthermore itis noted from the Fig. 1(a) that output
S0 Cin pulsewidth is only about 90.6% of the input pulsewidthat 2
. , - i o (hence it has around 10% reduction in pulsewidth). Fig. 1(b)
Hereein is t_he input angle descrlblng the input direction of t_hghows the corresponding power transmission fraction. As ex-
linear polarization. Now, we give the output power as a functiqfy, .te there is 100% transmission when PDL value is zero. On
of time for the following special cash = 0, 6> = 63 = 37/8,  he other hand the power transmission fraction is not symmetric

O = —/4, b1 = Pz = with respect to the sign ef. This should not be a surprise since
in the limit of o being either positive or negative infinity the PDL
Poui(t) = exp [ (Jo] + )] [(\/5 + 1) P (%) element becomes a perfect polarizer with corresponding passing

axes perpendicular to each other. For the given special choice,

_ _32/8:2\P
2 cos(woff) exp(—/7/87") Pin(t + 5/2)] in the limit of « — —oo there is only 17.363% power trans-

+ (\/5 — 1) Pu(t+ /3)} /4\/5 mission, and in the limit oft — oo the fraction of power trans-
mitted is about 82.637%. Using the same parameters asin Fig. 1,

+exp[—(la| = a)] [(\/EJF 1) Pu(t) Fig. 2 plots the normalized output power shape doe= —2

+ 2 cos(wof) exp(—3%/872) Pt — 3/2) (solid line) as well as the input pulse shape (the dotted line). It
is clear that the output pulse shape is narrower. This gives direct

- (\/5 - 1) Pin(t — ﬁ)} /4 V2. ©) support of our calculation displayed in Fig. 1(a), namely nar-

rowing output pulsewidth corresponds to negatigg. In addi-
In order to compare the output pulsewidth and the inpybn to the results reported in this letter we have also explored
pulsewidth, we define the following effective squaredjifferent arrangements of the three sections. They also produce
pulsewidth difference: pulsewidth narrowing for certain values of PDL. Furthermore it
is noticed that our results sensitively depend on input frequency
olp =02, — ol (10)  wo.
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tion excludes the possibility of PDL. Therefore an extension of
the theory is necessary.

In conclusion, we have shown that in the presence of finite
PDL and due to the interference, the output pulse can be nar-
rowed despite a finite DGD. This effect can be potentially used
to overcome the adverse effect of normal pulse spreading with
finite DGD. It also points the need of a more reliable measure-
ment technique that is directly sensitive to the pulse shape when
one evaluates the PMD of a fiber network [5], [6].
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