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Theoretical Basis of Polarization Mode Dispersion
Equalization up to the Second Order
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Abstract—We introduce a theoretical basis of polarization mode equalizer employing a polarization state converter to the prin-
dispersion (PMD) equalizers based on the operator representation ciple polarization states and a delay time compensator [5]-[7].
of PMD using Taylor's expansion. The two types of configuration of Heismann demonstrated a fully automatic optical PMD equal-
PMD equalizers are derived as the inverse of diagonalization oper- . . - )
ators and delay time difference compensation. One is a type using izer that ada_tptlvely compens_ate_s for. randomly fluctuating first-
physical rotation of quarter wave phase plates. The other is a type Order PMD in optical transmission fibers. The performance of
using variable phase shifters suitable for PLC integration. Wave- this compensator was tested in a 10-Gb/s transmission experi-
form comparison algorithm was simulated to show the existence of ment employing a high-PMD fiber with an average DGD of 50
multiple equivalent optimum points due to the symmetry and pe- 55 Optical compensation of first-order PMD is accomplished

riodicity of optical circuits. The second order PMD equalization is by introduci iable ti delay bet " diustabl
discussed briefly on the case of cascading the first and the second Y INtFOAUCIng a variabie tme delay DEIWEEn tWo aciUSIabie or

PMD equalizing circuits with two different polarization state con-  thogonal polarization states in the optical signal.
verters. For the further, necessity of the equalizing second order PMD

Index Terms—Optical equalizers, optical fiber communication, 1S recently discussed.
optical fiber dispersion, optical fiber polarization, optical phase Unfortunately, the second-order PMD was defined only on
shifters, optical pulse shaping, optical transfer functions. the Poincaré sphere, where degrees of freedom to describe PMD
of optical fibers are not sufficient [8]-[11]. We introduced a new
formulation for describing second-order PMD using transfer
function matrix [12]. As the result of this new formulation, it
I N GLOBAL size photonic networks, polarization mode disis found that the PMD equalizer can be derived as the inverse

persion (PMD) of transmission lines can severely limit thSperator for PMD definition.

information capacity due to pulse waveform degradation [1]. | this paper, we reformulate the PMD equalizer including
For overcoming this limitation, fiber cables and optical comsecond-order PMD equalization. We discuss the operation prin-
ponents are improved to reduce their PMD through the devg|pje of PMD equalizer in Section II. In Section IlI, synthesis
opments of transoceanic photonic networks such as TPC-5. Bpyptical circuits for diagonalizing unit is described. In Sec-
larization scrambling technique was also implemented to reduggh |v, the second-order PMD equalization is discussed in a

polarization hole burning effect [2]. On the other hand, in terrefmijted condition. In Section V, we conclude the discussion.
trial networks, modern single-mode fibers (SMF’s) exhibit neg-

ligible PMD, with average differential group delays (DGD’s) of
the order of 0.1 ps/ki?, for the practical highest bit rate of 10
Gb/s in these days. However, in the implementation of 40-Gb/sTransfer function matrix of an optical fiber with PMD can be
systems for the next generation, some of the older fiber cabfégfined as the Fourier transform of its impulse response, which
were found to show large PMD effects with average DGD's & Not necessary to use principle state assumption [8]. The op-
up to 2 ps/krﬁ/2 Moreover, the instantaneous DGD in Sucﬁ!rator representation of PMD is derived from Taylor expansion
high-PMD fibers generally fluctuates randomly with time, an@round optical carrier frequenay. [12]
hence, can temporarily exceed values of more than 100 ps for
transmission distances of only a few hundred kilometers, which T(w) = exp <D6w + 1@&,2) T(we) (1)
may lead to a complete eye closure even in a 10-Gb/s signal [3]. 2 dw

Several methods for equalizing the PMD investigated pre- , o
viously are categorized as two approaches. One is the optiwglerep(w) IS the_: frequency derivative operator for output po-
equalization of transfer function matrix for transmission linéArzation state given by
with PMD. The optical equalizer employs the inverse optical
circuit of the transfer function matrix, adaptively synthesized by D(w) =
variable Mach—Zenhder lattice circuit using waveform compar-
ison algorithm [4]. The second is the optical first-order PM,_ is the optical carrier frequency add = w—w.. The transfer

function matrix is given

I. INTRODUCTION

Il. OPERATION PRINCIPLE OF FIRST-ORDER PMD EQUALIZER

ST(w) L 2
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Fig. 1. Basic structure of PMD equalizer.
by a unitary matrix for a loss-less fiber: whegeis the polar- RotatableQuarter
ization angle, which describes power distribution between the waveplate
two orthogonal modes is the vertical phase difference, which #1 #2

denotes the phase difference betw&gnand?s; . ) is the hor-
izontal phase difference, which denotes the phase difference be-
tweenTi; andT},.
The first-order PMD is given by imaginary part difference of
the eigen value oD(w), and the second-order PMD is evalu- y X
ated as the norm ofD/dw [12]. The output polarization state
E(w)°u for the input polarization stafE(w)™® is given by

) ) . o . o
E(w)(’“t _ T(w)E(w)m Fig. 2. Optical circuit type #1 for diagonallizé€ —*.

1dD -
= exp <D6w + 3 %6w2> T(w)EW)™. (4) Variable Phase Shifter

This is the basic expression of output polarization state of tt \ X \ y _ o recever

fiber with PMD. VariableDelay I'2
‘ Tramsmission Line\

PMD, neglecting the second-order PMD operator. A maXix
is defined using the eigen states of operddgw) for diagonal-

For the first, we concentrate our discussion on the first-ord
\ VariableDelay I't

ization 3 dB Coupler
X 1B(w)ou Fig. 3. Integrated first-order PMD equalizer on PLC.
= Xt exp(Déw) X - X T (we) E(w)™
_ | exp(—jl16w) 0 X T (W) E(w)™ lll. SYNTHESIS OFPMD EQUALIZER CIRCUITS
0 exp(—jl26w) ‘

5 Fig. 1 illustrates the basic structure of the first-order PMD

®) equalizer described by (9).

wherel'; andI'; are imaginary parts of eigen valuesBfw). Here, we discuss on the optical circuit synthesis of oper-
Equation (5) implies thafX~'E(w)°" is given by two ator X —! using the basic PMD parametes; , 31, v, } for the

orthogonal components oX~!T(w.)E(w)® delayed by first-order. The basic PMD parameters are defined as the Taylor

different group delay timd; and I'», when we neglect the eXpansion coefficients of®, ¢, '}

higher order terms at this instandg. andI'; are the maximum

and minimum delay times, so that two orthogonal components 0 =0+ o 6w+ 1a25w2
of X1 T(w.)E(w)™ correspond to the principle polarization 12
states [2]. ¢ = ¢o+ Préw + 5/32&02

When we rewrite (5) in the following form, the basic idea of 1
PMD equalization can be understood clearly 1 = 1hg + y16w + 5’72(5&)2. @)

exp(+7I' bw 0 L ou ) ) . .
( é 18) exp(+5T26w) X E(w)™ The operatoiX ! is determined using eigen vectors of the op-
. : eratorD(w)
=X " T(we)E(w)™. (6)
For equalization, the received signal polarization skie)°"* L [a? + 47 sin? 20, o
should be operated by a linear transformati¥mn?, then the X == — : e 2
. . . . Jo 4 y1 8in 20

delay time difference should be compensated. Finally, we obtain , ) e

—1 in : H . . . IF4+814v1 05200 _ (jai+v15in20)e’"0
X 1T (w. )E(w)™, which is a transformation of input polariza- N » T /AT 1S cos 260)
tion state, without any distortion in waveform. This concept is X T o os209  (ontm S'in 20, )ei240 (8)

the basis of first order PMD compensation methods [6], [7]. ar " /2T 1 cos 260)
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Fig. 4. Second-order PMD equalizer.
wherel is the half of PMD or DGD given by The second type is a circuit synthesis employing variable

phase-shifters, which are suitable for PLC integration: the phys-
ical rotation in (10) is replaced by variable phase-shifter.

P=T; =T = \/ag 432 412 + 20171 05200, (9)

1 1 iy
The operatoX —* is special unitary, so that, using Euler's gen- Xt=|vz 2| [6 7 _(]),y,,}
eralized rotation [13], we can generally wrile~* as vz V2 0 ¢
1 1 :
. 2 e 0
x-1— e % 0 | |cosy —siny : l_\/i f] : [ 0 e+jac:| . (13)
T 0 etiE siny cosy vz V2
. [e—w -1(—)jaz:| (10) Fig. 3 llustrates the operatd ! in the form of PLC integra-
0 e tion. Firstly, a variable phase-shifter™is inserted and a 3 dB

coupler follows to mix the mode amplitudes. Second, the first

o eaponds o o et Sy o graion s repeted i he seme way. The couplers s e
) ; t to the physical rotation, in this case [14]. The variable dela
operatorX —*. Comparing (8) and (10), we find = 0. Then, Pnys| 1on, In thi [14] varl y

) . . lines may employ combination @fx 2 switches and delay line
we can synthesize the operalar in two forms, using the fol- y employ y

) ) units.
lowing relation:
. iz IV. SECOND-ORDER PMD EQUALIZATION
cosz  —sluz| _ -1 |C 0 c
Linx cosx } o { 0 eﬂ’f} Since D(w) and dD/dw are not commuting, in general,
the following formula of operator algebra gives us the way of
where second-order equalization:
o= |7 P {CH% y } (12) Dow+ 15,2 D6 LdD s 2
= % % 0 e—E | exp< w+§% w ) = exp(Déw) .exp<§% w )
1 1dD _,

The first type is a circuit synthesis using physical rotation of "exp g Déw, 55&0 (14)

phase plates: in other words, the variable phase-shifter in (10) is

replaced by physical rotation using (11). The oper®or can where the last bracket is zero, only when two operators are
be equivalently rewrite as follows: commuting. When the bracket is negligibly small, (4) can be

' rewritten as
_ eI 0 cosz’ —sinz’
X 1= .

0 etiF sinz’ cosz’ X1 E(w)™ = X Lexp(Déw)X - X1V .YV
etii 0 cosy —siny 1dD _ , 1 .
170 S [y ] w2 o (3 g8 ) Y Y TR)
. L . . exp(—jT1éw) 0 1
Equation (13) indicates the operations as follows. First, rotates = . X7 Y
0 exp(—jT26w)
the quarter-wave phase-plate by then secondly rotates the o )
second quarter-wave phase-plate dy Fig. 2 illustrates the . [GXP(_HBI‘S” ) (1) ) }
first type optical circuit corresponding ®—!. This circuit is 0 . eXP(—J 3 Babw )
not practical because it requires resetting at the edge of pe- Y T(w) E(w)™ (15)

riodic cycle for automatically adaptive operation. Then, Heis-
mann used a polarization controller with three stages, whichvidereY is a matrix for diagonalization ofD/dw. B; and
equivalent to this type but does not require resetting [7]. B is imaginary parts of eigenvalues dD/dw. We obtain
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Y 1T(w.)E(w)™, which is a liner transformation of input po-
larization state, without any distortion in waveform.

Here, we have a second-order PMD equalizer as shown
Fig. 4.

Comparing with the first-order PMD equalizer, we find the
PMD equalizer as cascading the first- and second-PMD equ
izing optical circuits. The variable dispersiéh andB; can be
realized by Mach—Zehnder lattice circuit on PLC reported pr:
viously [14], [15].

V. CONCLUSION

We introduce a theoretical basis of PMD equalizers based on
the PMD operator representation of transfer function matrix a
proximation using Taylor expansion. The two types of configu
ration of PMD equalizers are shown as the inverse of PMD o
erators. One is a type of using physical rotation of quarter-wa
phase plates. The other is a type using variable phase-shif
suitable for PLC integration. The second-order PMD equalizgg
tion is discussed briefly on the cases of cascading the first 3
the second PMD equalizing circuits with two different polariza-
tion state converters.

REFERENCES

[1] S. Akiba, “Long-haul optical amplifier system engineering based o~
EDFA technology,'Optic. Amp. Their Applicationser. 1993 Tech. Dig.
Series, vol. 14, 1993. paper MB1(1993).

[2] F. Heismann, “Fast polarization controllers and scramblers fc
high-speed lightwave systems,” Broc. Tech. Dig. OFC'951995,
paper TuD3.

[3] B.Clesca, J. P. Thiery, L. Pierre, V. Havard, and F. Bruyere, “Impact
polarization mode dispersion on 10 Gb/s terrestrial systems over nonc_
persion-shifted fiber,Electron. Lett, vol. 31, p. 1594, 1995. ki

[4] T. Ozeki, M. Yoshimura, T. Kudo, and H. Ibe, “Polarization-mode-dis
persion equalization experiment using a variable equalizing circuit con-
trolled by pulse-waveform-comparison algorithm, Hroc. Optic. Fiber
Commun., 1994 San Jose (US¥)I. 24, 1994 Tech. Dig. Series. Wash-
ington, DC, 1994, paper TuN4, p. 62.

[5] J. H. Winters and M. A. Santoro, “Experimental equalization of polar-
ization mode dispersionPhoton. Technol. Lettvol. 2, p. 591, 1990.

[6] T.Takahashi, T. Imai, and M. Aiki, “Automatic compensation technique
for timewise fluctuating polarization mode dispersion in-line amplifiel
systems,’Electron. Lett. vol. 30, p. 348, 1994.

[7] F.Heismann, D. A. Fishman, and D. L. Wilson, “Equalization of the 1st
order polarization mode dispersion in a 10 Gb/s transmission syster
presented at the Proc. ECOC'98, Madrid, Spain, 1998, paper WdC1!:

[8] C. D. Poole and R. E. Wagner, “Phenomenological approach to polz
ization dispersion in single-mode fiberslectron. Lett, vol. 22, pp.
1029-1030, 1986.

[9] G. J. Foschini and C. D. Poole, “Higher oreder PMD,”Lightwave
Technol, vol. 9, p. 1439, 1991.

617

Teruhiko Kudou was born in Tokyo, Japan, on May
11, 1947. He received the Master’s degree in physics
from Sophia University, Tokyo, Japan, in 1973.

He joined Electrical and electronics engineering
department of Sophia University in 1973.

Mr. Kudou is a member of the Institute of Elec-
tronics, Information and communication engineering
of Japan and also member of IEEE LEOS.

Midori Iguchi received the B.E. degree from the
Department of Electrical and Electronics Engi-
neering, Sophia University, Tokyo, Japan, in 1998.
Currently, she is a Master course student of Sophia
University, Department of Electrical and Electronics
engineering.

Masaru Masuda was born in Shanxi Province,
China, on October 1976. He received the B.E. degree
from the Department of Electrical and Electronics
Engineering, Sophia University, Tokyo, Japan, in
1999. Currently, he is a Master course student of
Sophia University, Department of Electrical and
Electronics Engineering.

Takeshi Ozeki (M'83) was born in Sakura, Chiba
Prefecture, Japan, on July 28, 1941.

He received the B.S. degree from the Department
of Electronics Engineering, Tokyo University, in
1965 and the M.S. and Ph.D. degrees from Tokyo
University, Japan, in 1967 and 1970, respectively,
after studying opto-electronics in Prof. S. Saito's
laboratory.

In 1970, he joined the Toshiba Corporation, and
was engaged in the research and development of op-
tical communication systems. From 1975 to 1977, he

[10]
[11]

(12]

(13]

(14]

[15]

T. Ozeki and K. Ogawa, “Correct definition of PMD,” presented at thevas with the Communication Research Center, Department of Communication,
|IEICE Spring Conf.95, B-1043, 1995. Canada, and Corporate Research Center, Honeywell, Minneapolis, MN, to study
T. Ozeki, “Redefinition of second-order PMD,” presented at the OFC'Qistributed optical network systems. After returning to Toshiba, he was engaged
Workshop. in the development of a 100 Mb/s optical ring bus system, and a highly dense
T. Kudou, M. Masuda, and T. Ozeki, “Formulation of Higher-Ordemwavelength-multiplex optical transmission system employing OEIC under the
PMD Using Transfer Function Matrix,”, IEIEC Tech. Rep., PS-98-82¢contracts of MITI Projects. From 1983 to 1986, he was the Director of the Elec-
1999. tron Devices Laboratory at the Toshiba Research and Development Center. In
G. B. Arfken and H. J. WebelMethod of Theoretical Physics San 1987, he moved to the communication Division to manage the development of
Diego, CA: Academic, 1995, p. 104. ultrahigh-speed SDH optical communication systems, up to 10 G/s. In 1992,
M. Sharma, H. Ibe, and T. Ozeki, “Optical circuits for equalizing groughe joined Sophia University, Tokyo, Japan, as a Professor in the Department of
delay dispersion of optical fibersJ. Lightwave Technaglvol. 12, pp. Electrical and Electronics Engineering. His research interest are optical circuit
1759-1765, Oct. 1994. synthesis and its applications to ultrahigh-speed optical communication systems
K. Jinguji, K. Takiguchi, and M. Kawachi, “Design of a variable groupand photonic switching systems.

gelay dispersion qualizer using a lattice-form programmable optical fre- Dr. Ozeki is a member of the IEICE, the Applied Physics Society of Japan,
quency filter,”Proc. Tech. Dig. ECOC'941994. WeP19. IEEE LEOS, and the Optical Society of America.



