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ABSTRACT

An agorithm capable of finding the input and output states of polarization for maximum pulse narrowing at the output of an
optical fiber with polarization mode dispersion (PMD) isanalytically presented and numerically solved. Itisaways possible
to obtain output pulses which are narrower than the input pulses when PMD is compensated by controlling both the input
polarization as well as the receiver polarization states. This anomalous effect was shown to be exclusively due to PMD as no
chromatic dispersion or polarization dependent | osseswere assumed. Wereport thedetailed study for the casesin which thefiber
consists of two, three and five hundred segments of highly-birefringent (Hi-Bi) fiber. The solution shows the existence of two
orthogonal input and output states of polarization (different from those introduced by Poole et. al.) under which the integrity of
the pulse is preserved and the pulsewidth at the output is the narrowest possible. The cost to be paid for thisimprovement isa
reduction of the optical power in the output pulse.
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1. INTRODUCTION

Polarization mode dispersion (PM D) may introduce unacceptable levels of signal degradation in high speed (10 Gbps)
optical communication systems. The signal degradation takes the form of pulse broadening due to the differential transmission
time of two pulses polarized along orthogonal states of polarization (SOP). Thiskind of PMD iscommonly known asfirst order
PMD?. A series of PMD compensation methods?® have been proposed in order to overcome the problem. Under first order
PMD, apulse at the input of afiber can be decomposed into two pulses with orthogonal SOP. Both pulses will arrive at the
output of thefiber undistorted and polarized along different SOP, the output SOP being orthogonal . Thedifferential transmission
time between those pulses is referred to as Differential Group Delay, DGD, and the input (output) SOP which alow the
transmission (reception) of undistorted pulses are known as the Principal input (output) States of Polarization (PSPs)®. Both,
the PSPs and the DGD are assumed to be frequency independent when only first order PMD is being considered.

Second order PMD effectsaccount for thefrequency dependence of the DGD and the PSPs. Thefregquency dependence
of the DGD introduces an effective chromatic dispersion of opposite sign on the signals polarized aong the output PSPs. Itis
possible to obtain output pulses which are narrower than the input pulses when the DGD depends on frequency and when the
transmitted pulseis chirped’. Until recently,? this was the only way of obtaining a beneficial pulse narrowing effect in optical
fibers suffering from PMD.

Onesimple method of doing first order PMD compensation consists of either transmitting the signal on one of theinput
PSPs’ or receiving the signal on one of the output PSPs*2°. The underlying idea being the introduction of a change in the
frequency response of thefiber in away such that only one pulse propagates through the fiber (PSP transmission) or is detected
at the receiver (PSP reception). The dependence of the frequency response of the fiber on the input and output SOP hasled to
the conclusion that it is possible to obtain output pulses which are narrower than the input pulses (without the introduction of
achirp in the transmitted pulse) by properly adjusting the input and output SOP®.

Here, we leverage the use of that dependence in order to minimize the rms-pulsewidth of asignal at the fiber output.
In section two, we outlinethe mathematical analysisrequiredinthat direction. Insection three an algorithm capabl e of searching



for the input and output SOP in which the smallest rms-pulsewidth can be generated is described. In section four, through
computer simulation we present the existence of two mutually orthogonal input and output SOP, under which the absolute
minimum rms-pul sewidth can be obtained. Section five gives a brief summary and conclusions.

2. PULSEWIDTH ANALYSIS
A time varying electric field at the input of an optical fiber can be represented™® in the frequency domain as

E.. = E,(W)] Q)

wherew isthe optical frequency and we have neglected the initial phase; j isa?2 by 1 Jones vector representing the input state
of polarization. E;(w) isthe Fourier transform of E,(t) given by
1 % |
E, (W) = —=— OF, (e ™dt @
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If wetreat an optical fiber with PMD as alinear medium without polarization dependent losses, we can represent it by
a2 by 2 complex matrix given by*

T(w) = e"™U(w) 3)

where b(w) accounts for the chromatic dispersion and U(w ) is a unitary matrix. The complex lowpass'® transfer matrix can
simply be obtained as

T (W) =T(w+w,) =" U(w+w,) 4
where w, isthe optical carrier frequency. Thus, the signal at the fiber output is obtained by multiplying equations 1 and 4,
Eo. = TLWE, (W)} . ©)
In general, different frequency components of E,,, will have different polarization states at the output of the fiber. By
using a Polarization Analyzer (PA) it is possible to project al the frequency components of E,, onto a particular state of
polarization. Thisisreferred to asreceiving the signal on a particular state of polarization. Therefore, the result of receiving
E,.. On astate of polarization ¢ will be

E.(W)=c'E, =c T (W) E,(w) (6)

where the output state of polarization, ¢ is another 2 by 1 Jones vector and “+” represents the transpose complex conjugate
(Hermitian) of amatrix or avector.

We define the rms-pulsewidth® of E.(w), s, as

sZ= <t?>- <t>? (7)

where the n-th moment of t in the time domain is given by
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where E_(t) isthe inverse Fourier transform of E (w) defined as
1 |
E, (t) = —== (. (W)e"dw (9)
V2o &

and the superscript * denotes complex conjugate.

By using Fourier transform and Parseval’ stheorem it is easy to prove that the first two moments of t can be expressed
in the frequency® domain as

JoE( ) ( )
<t> = (10.1)

dEC (w)\ dw

and JdE, (w) dw
<t?> = X dw . (10.2)
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Substituting egs. 6 and 10 into eq. 7 we obtain afinal expression for s ? asafunction of j andc,
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Instead of trying to find the valuesof j and ¢ which minimize eq. 11, we will bresk up the minimization problem into
two separate minimization sub-problems. Thisisdonefor the sake of simplifyingthecalculations. First, we assumethat theinput
state of polarization, j , isfixed and search for the optimum output state of polarization, ¢, which minimizesthe rms-pulsewidth
for a given output state of polarization, s .4c). Then, the problem is reversed and we search for the optimum input state of
polarization, j ., Which minimizesthe rms-pul sewidith for agiven input state of polarization, s (j ), while assuming ¢ isfixed.
In both cases, the constraint imposed on the minimization process is that the 2 by 1 complex vector representing the input or
output state of polarization corresponds to a Jones vector, i.e.,j Yj =21and c'c = 1 respectively.

After ssimplifying the notation and by using Lagrange multipliers to enforce the minimization constraint, we get*
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The terms within bracketsin eg. 12 represent a2 by 2 complex matrix. Equation 12.1 represents the case in which j
isfixed and c isvaried, whilst eg. 12.2 represents the opposite case. Ineg. 12,h and| aretheLagrange multipliers. The newly
introduced terms are defined as*
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3. SEARCHING ALGORITHM
In order to find the optimum values of j and ¢ we need to solve eg. 12.1 and 12.2 jointly. Equation 12 consists of a
set of eigenvalue equations and can be rewritten as

[Ml(j ,c)]c =hc (14.1)
[Mz(j ,C)]j =1] (14.2)

where M ; and M, are complex 2 by 2 matrices which correspond to the terms within the brackets in equations 12.1 and 12.2
respectively. At the beginning of the search, an arbitrary set of input and output SOP, j , and c,, ischosen. Theinitia set of
SOPisused to solve' eg. 14.1. The solution of equation 14.1gives two new output SOP, ¢, and ¢,. The objective function that
wearetrying tominimize, s %, isthen cal culated for the two new output SOPalongwithj o, s ,c,) ands (j ,,C,). Theoutput
state of polarization rendering the smallest value of s > will becomethe new initial output state of polarization, c,. Next, eq. 14.2
is solved by using j , and c,. Two new input SOP, j ; and j , will be obtained. The objective function is calculated for
s (j 1C,) and s (j ,C,). Theinput state of polarization yielding the smallest value of s %, becomes the new initial valueof j
j o. Atthispoint onefull iteration hasfinished and the processisrepeated, i.e., werepestedly solveeq. 14.1 followed by eq. 14.2.

"The choice of solving eq. 14.1 first as opposed to eq. 14.2 is somewhat arbitrary. The final result for j opt @A Cpy
should not be affected by solving eq. 14.2 first.



The searching process will stop when the input and output SOP obtained in the current iteration are almost the same
as those obtained in the previousiteration. The input and output SOP obtained during the last iteration are assumed to bej
and ¢, respectively. Thus, the rms-pulsewidth of the output pulse, s ., will be the smallest for agiven T, (w) when the pulseis
transmitted on a state of polarizationj ,, at theinput of the fiber and received on a state of polarization c, at the output of the
fiber.

4. COMPUTER SIMULATION
In this section we use the searching al gorithm introduced in section three to minimize the rms-pul sewidth of aGaussian
pulse transmitted through an optical fiber with PMD. It is noteworthy to mention that the mathematical analysis presented in
section two did not make simplifying assumptions about the shape of the input signal or the orders of PMD involved. Theinput
normalized electric field in the frequency domain is given by*?
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wherewe choose, s ;,= 25 picoseconds, ps, as the rms-pulsewidth of theinput pulse. Aswe want to focus on the impact of the
input and output SOP on the pulsewidth of asignal at the output of an optical fiber with PMD only, we neglect the influence of
chromatic dispersion, b(w), ineqg. 4. Inall thesimulations performed, the optical carrier frequency used wasw, = 1216.1 rad/ps,
which corresponds to a carrier wavelength of 1.55 mm.

We begin by considering a fiber made up of three sections of Hi-Bi fiber with different fusion angles between them
and each oneintroducing aDGD of t,=t,=t,=15ps, asshownin Figure 1.
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Figure 1 Three Segment System.

where g, is measured with respect to g,. The effective pulsewidth is defined as the difference between the output and input rms-
pulsewidths,

S« =S¢ S (16)

and the power of the output signal polarized along ¢ is given by

P = dE (w)| dw. (17)

Initially the third segment was rotated 45° while the other two remained fixed (g, =0° and g, = 45°), the search algorithm
wasthen used to find j ,, and c,,. A minimum valueof s = 19.147 pswas obtained, which accounts for a net reduction of
5.853 pswith respect to s;,,. Figure 2 shows the normalized input and output pulses. The narrowing in the pulsewidth of the
output signal is achieved at the expense of a sensible decreasein its power.

Figures 3 and 4 show thefinal valuesforj ,, and ¢, onthesurface of the Poincaré sphere after starting the search from
several different input and output SOP.
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Figure 2 Input pulse and optimized output pulse when 6, = 0° and
0, =45°
In figures 3 and 4 we can appreciate the existence of two different values of @, and ¥, respectively. These values
lie on diametrically opposite sides of the Poincaré sphere and are therefore orthogonal.
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Figure 3 Search results for the input state of polarization ~ Figure 4 Search results for the output state of polarization
showing two independent SOP which produce optimum rms- showmg two independent SOP which produce optimum rms-
pulsewidth at the output of the fiber. pulsewidth at the output of the fiber.

To study the influence of the fusion angle 0, on the minimum rms-pulsewidth reachable, 6, was varied from 10° to 80°
with 1° increments and the search algorithm was used to find the minimum G, for each value of 0,. Figure 5 shows the
dependence of o, and P, on 6,.

The small scale of the variations of 6.4 with changes in 6, can be readily explained by looking at the evolution of @,
and ), With the fusion angle. Such evolution is represented on the surface of the Poincaré sphere in figures 6 and 7.
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Figure 5 Dependence of 6. and P, on the fusion angle 6,.

The change introduced in T, () by varying 6, tends to be compensated by adequately adjusting ¢ and % so that similar
value of ©, is obtained. Figures 6 and 7 also show the existence of two mutually orthogonal values of @, and ¥, for each
increment of 6,. Although there seems to be some influence of the fusion angle on the power of the output signal, P, , it remains
at a very low level, < 3%.
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Figure 7 Optimum output state of polarization evolution with

Figure 6 Optimum input state of polarization evolution
the fusion angle.

with the fusion angle.

Next, 0, and 8, were rotated by 45° and the minimum G, calculated. Figure 8 shows the normalized input and output
pulses. As in the previous case, the narrowed output pulse carries only a small fraction of the power in the input pulse.

Finally, we simulated'* an optical fiber made up of 500 sections of Hi-Bi fiber, each with different, uniformly distributed,
values of DGD and fusion angles.
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Figure 8 Input and Output pulses for the 8, = 6, = 45° case.

Figure 9 shows the narrowed pulse obtained for such a fiber when its mean'> DGD equals 35 ps. In this case it was
possible to obtain a sharp reduction of the pulsewidth, of 9.018 ps, at the expense of high power loss.
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Figure 9 Pulsewidth reduction for a fiber with a mean DGD of 35 ps.

For the comparison, Figure 10 shows the input pulse, the narrowed output pulse obtained through our algorithm and
the pulse that is obtained when transmitting and receiving the signal in one of the input and output PSPs' at the carrier frequency.
The fiber simulated had a high mean DGD of 90 ps and consisted of 500 segments of Hi-Bi fiber.
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Figure 10 Input pulse, optimized output pulse and output pulse obtained by
using the PSPs.

In this case the rms-pulsewidth of the signal obtained by using the PSPs was 30.377 ps, which means a pulse broadening
of 5.37 ps, whilst the pulse obtained through the optimization of the launching, @ , and reception, %, SOP (by using our searching
algorithm) did not experience any broadening, and was able to achieve a modest pulse narrowing of 0.497 ps. The power level
of our narrowed pulse, 31.09%, was however significatively smaller than the power level of the broadened pulse transmitted
and received on the PSPs, 90.88%.

5. SUMMARY AND CONCLUSIONS

In this paper we have presented the mathematical analysis required to minimize the rms-pulsewidth of a signal
transmitted through an optical fiber with PMD by varying the input and output SOP. The analysis is quite general, is valid for
any orders of PMD and does not make any assumptions about the shape of the transmitted signal. We have also described a
searching algorithm capable of finding the optimum input and output SOP which minimize the rms-pulsewidth of the output
signal for any given fiber. Through computer simulation we established the existence of two mutually orthogonal input and
output SOP under which the rms-pulsewidth is minimized. In all our simulations the beneficial pulse narrowing effect was
achieved at the expense of a sensitive reduction in the optical power of the received signal. We finally presented an example in
which the use of input and output SOP different from the input and output PSPs' can produce a better signal at the receiving end
when proper amplification is available.

6. REFERENCES

[1] C.D.Pooleand R.E. Wagner, “Phenomenological approach to polarisation mode dispersion in long single mode fibers,”
Electronics Letters, Vol. 22, No. 19, pp. 1029-1030, September 11, 1986

[2] H. Sunnerud, M. Karlsson and P. Anderkson, “Analytical Theory for PMD-Compensation,” [EEE Photonics
Technology Letters, Vol. 12, No. 1, pp. 50-52, January 2000

[3] C. Francia, F. Bruyere, J. Thiéry and D. Penninckx, “Simple dynamic polarisation mode dispersion compensator,”
Electronics Letters, Vol. 35, No. 5 pp. 414-415, March 1999

[4] D. Watley, K. Farley, B. Shaw, W. Lee, G. Bordogna, A. Hadjifotiou and R. Epworth, “Compensation of polarisation-
mode dispersion exceeding one bit period using single high-birefringent fiber,” Electronics Letters, Vol. 35, No. 13,



(5]
(6]

(8]
[9]
[10]
[11]

[12]

[13]
[14]
[15]

[16]

pp. 1094-1095, June 1999

T. Takahashi, T. Imai and M. Aiki, “Automatic compensation technique for timewise fluctuating polarisation mode
dispersioninin-line amplifier systems,” Electronics Letters, Vol. 30, No.4, pp. 348-349, February 1994

F. Heismann, D. Fishman and D. Wilson, “ Automatic compensation of first-order polarization mode dispersionina 10
Gb/stransmission system,” in Technical Digest, Eur opean Conference on Optical Communications, Madrid, Spain, pp.
529-530, September 1998

C.D. Pooleand R.C. Giles, “Polarization-dependent pul se compression and broadening due to polarization dispersion
in dispersion-shifted fiber,” Optics Letters, Vol. 13, No. 2, pp. 155-157, February 1988

J. Cameron, L. Chen and X. Bao, “Anomalous pulse-width narrowing with first-order compensation of polarization
mode dispersion,” to appear in Optics Letters

Z.Haas, C.D. Poole, M. Santoroand J.H. Winters, “ Fiber-optic pol arizati on dependent distortion compensation,” United
Sates Patent, patent number: 5,311,346 May 10, 1994

M. Karlsson, “Polarization mode dispersion-induced pulse broadening in optical fibers,” Optics Letters, Vol. 23, No.
9, pp. 688-690, May 1998

W. Shieh, “Principal States of Polarization for an Optical Pulse,” |EEE Photonics Technology Letters, Vol. 11, No. 6,
pp. 677-679, June 1999

L. Chen. “Minimum pulse broadening by optimizing by launch and receiver polarization in single mode fiber with
polarization mode dispersion,” Internal Technical Report, Department of Physics, The University of New Brunswick,
Unpublished

J. Winters, Z. Haas, M. Santoro and A. Gnauck, “Optical equalization of polarization dispersion,” in Proceedings,
Multigigabit Fiber Communications, SPIE, Vol. 1787, pp. 346-357, 1992

J. Elbers, C. Glingener, M. Duser and E. Voges, “Maodelling of polarisation mode dispersion in singlemode fibers,”
Electronics Letters, Vol. 33, No. 22, pp. 1894-1894, October 1997

C.D. Poole and D. Favin, “Polarization-Mode Dispersion Measurements Based on Transmission Spectra Through a
Polarizer,” IEEE Journal of Lightwave Technology, Vol. 12, No. 16, pp. 917-929, June 1994

J. G. Proakis, “Digital Communications,” Third Edition, New York, NY, USA: McGraw-Hill, 1995



	bp1: Conf. Rec. International Conference on the Applications of Photonic Technology 4 (ICAPT 2000),
	bp2: in
	bp3: vol. 4087, (Roger A. Lessard and George A. Lampropoulos, eds.), pp. 379-388, Québec City, QC,
	bp4: Canada: SPIE, June 12-16, 2000.


