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Abstract—Polarization mode dispersion (PMD), especially in high-capacity, long-haul optical communication systems [2].
“old” fibers, is considered harmful for installation and upgrading  PMD s intricate to tackle because it may vary as a function
of trunk lines. An optical PMD equalizer should have several or of time or fiber temperature. In the optical domain, previous

many differential group delay (DGD) sections with polarization .
transformers in between which can endlessly transform any input WOrk to compensate PMD has focused on selecting a PSP

polarization into a principal state of the following DGD section. Of the transmission line by input polarization control [3] or
The sections must practically have fixed DGD's unless there is implementing a compensator consisting of a small number of
only one section. The small-signal baseband transfer function for DGD sections, separated by polarization transformers [4]-[6].
PMD, higher order PMD, and the necessary number of Sections |, the former case the control speed is limited by the propa-
as well as their control by the output signals of an electrical filter . . .
bank in the receiver are also discussed in this context. Several Jation delay and CF’mp“‘?ated by t.he required back Cha}nnel..ln
PMD equalizers have been realized and successfully tested inthe latter case which this paper is about speed and insertion
transmission systems with bit rates of 10, 20, and 40 Gb/s. The loss of polarization transformers, and possibly a variation of
systems operated stably with well-opened eye diagrams for DGD’s 3 DGD section are key issues. In the electrical part of an
ranging between 0 and 1.7 bit durations. Best performance is gntica)| receiver, PMD can be equalized by transversal filters or
obtained from a distributed PMD equalizer with one piece of . . . .
polarization-maintaining fiber twisted by 64 stepper motors. The quantized feedb.ack [7]. Since th? photocurrent is prqport!onal
principle can also be realized in LiNbOs. to the squared field vector magnitude not all PMD distortions
. . . . can be undone electronically, and we concentrate therefore on
Index Terms—Compensation, equalizers, optical fiber com- . -

munication, optical polarization mode dispersion, polarization, the optical §0Iutlons. . . .
polarization mode dispersion. We explain the optical and electrical requirements for an
automatic PMD compensation system (Section Il), present
various optical equalizers (Section Ill), describe transmission
experiments with automatic PMD compensation (Section 1V),

OLARIZATION mode dispersion (PMD) [1] relates to theand finally compare the relative merits of the different com-

random anisotropy of long lengths of single-mode fibeponents and systems (Section V).
caused by noncircular cores and transversal stress due to bend-
ing and cabling. There exigtrincipal states-of-polarization Il. DESIGN CONSIDERATIONS FOR
(PSP’s) which have the maximum possible group delay differ- A PMD COMPENSATION SYSTEM
ence ordifferential group delay(DGD). If a PSP is excited
at the fiber input impulses will propagate undistorted, and. Structure and Function of an Optical Equalizer
the signal will stay completely polarized because the output|, order to be able to compensate PMD a suitable equal-

polarization remains constant to first order as a functiqger structure must be found. In this subsection. we will
gf optical I]reqlljjgr;?y._lf thle S|%nal dpolgrlzanon IS a mr:Xtur%erive the necessary properties of polarization transformers
detwgen t g h S mlnt))u S€ ro?j enllng_ orécyrsh|nft e U differential group delay sections. Transmission span and
doma!n, and the signal becomes depolarized In the frequengy, izer are assumed to consist of lossless optical retarders,
oman. . L . . and isotropic propagation delays are neglected. The retarders
_ After fiber attenuation and chromatic dispersion, polarizgyy pe gescribed by unitarys2 2 Jones matrices or by reduced
tion mode dispersion is the next obstacle in the developmentl\%e”er matrices in which the first row and column has been
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normalized Stokes vector) is one of the eigenmodes, the fastgyro===--T=---=-= - =rromoomm=meemm oo oo ms oo 1
one for positivey. Its polarization ellipse is characterized O-H ER, | PS(wr )| ER, —_,_—pg(mrN) ERy
by azimuth angled and ellipticity anglee. Angles 29 = TS 0 0 . oo TooTe LT D
—00...00 and2e = —x/2...7w/2 are spherical Coordinatesu ————————————————————————————————————————————— :
on the Poinca sphere and allow for endless variations o SBA

the eigenmodes. Linear birefringence (core ellipticity, bendindiQ} )

transverse stress) and fiber twist (qptical a.CtiVity) may Coexﬁb. 1. Transmission span (TS) with elliptical retarders (ER) and DGD

and may vary along a singlemode fiber. A fiber should or evegctions. Suitable equalizer (EQ) with Soleil-Babinet analogons (SBA; see

must therefore be represented by an ER at a given Optié’a@ and DGD sections, each of which may be accompanied by arbitrary

f differential phase shifts.

requency.

Both Jones and Mueller matrices of optical components can

be multiplied in reversed order of light propagation to descrilendlessly rotatable [8]. We have verified that an ER may also

their concatenation. This means expressions (3)—(11) are vajil realized by an endlessly rotatable halfwave plate and an

for Jones matrices (1) and for (reduced) Mueller matrices (BBC. Alternatively, an ER can be replaced by a phase shifter,

We use the nomenclature a mode converter, and another phase shifter [9]. In a lengthy
. _ S proof we have found that the mode converter needs only a

(endless) phase shift€z) = 0, 2 = 0): finite retardation in the range. ... This means the ER can

PSp = —00...00), also be substituted by an SBA, preceded or followed by one
(finite) mode convertef2y = 7/2,2e = 0): PS:
MC(p =0...7), ER = PS¢3)MC(¢2)PS 1)

(endless) Soleil-Babinet compensas = 0): =PSs +¢1)SBA(¢2, —¢1)
SBC(p =0...7,20 = —c0...0),

= SBA P . 5
(endless) Soleil-Babinet analogt} = = /2): (02, #3)PLe1 +93) ©
SBA(¢p =0...7,2 = —00...0) 3) Qomparison of the last two express_ions shows that a phase
shifter may be “pushed” from left to right through a SBA if
to define some special cases of an ER. We call the last SBA orientation angle is increased by the transferred phase
example a Soleil-Babinet analogon because it is related to ##gft. At an angular optical frequenay we represent a fiber
familiar Soleil-Babinet compensator, a rotatable waveplate @éction having a differential group delayby a phase shifter
adjustable retardation, by cyclical shifts of rows and colummSwr). Its eigenmodes and principal states-of-polarization
of the reduced Mueller matrix. A rotating SBQv = Qt) (PSP) coincide. The whole transmission span TS may consist
converts circular input polarization partly or fully into itsof an infinite sequence of alternating ER’s and DGD sections.
orthogonal including a frequency shift 19 A “rotating” SBA  In practice, we limit ourselves t& DGD sections andV + 1
(2e = Qt) does the same thing to anpolarized input signal. ER’s which are passed by the light signal in ascending order
An SBA can endlessly transform polarization at its input of index : (Fig. 1)
into any output polarization or vice versa. An SBA can be
replaced by a phase shifter, a mode converter, and anoth
phase shifter of opposite retardation

®rs= ] (ERPSwn)) ERy

=N
SBA(p,2¢) = P2 )MC(p)PS —2¢). 4) 1
_ _ = H (SBA(¢2i, ¢3:)PSp1i + ¢3; +wr;)) ERy.  (6)
An ER is equivalent of a sequence of a quarterwave plate, =N
a halfwave plate, and another quarterwave plate, each of them
ER_ |COS¢/2+ 3Vising/2 (Vo +jV3)sing/2
T (Vo —3V3)sing/2  cosg/2 — jVising/2
1 1+V } 2 2 2
EM=——— ; Vi+Vo +Ve =1 1
2(1+{/1)|:V2—JV3 (1 2 3 ) ()

or

V2 + (V& + V) cosgp ViVa(l — cosp) — Vasing ViVa(1l —cose) + Vasing
ER= |ViVa(l — cosyp) + Vasing VE+ (V2 + V) cosgp VoV3(1 — cosp) — Vising
| ViVa(1 —cosp) — Vosing  VaVa(l—cosp) + Vising  VF(VE+V3)cosy

Vi cos 29 cos 2e
EM=|V5 | = |sin2¥cos2e (V12 + Ve +VE = 1) 2
Vs sin 2e
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The product symbols with a stop index 1 that is lower than
the start indexN have to be written from left to right in
descending order of index Adjacent phase shifts or shifters
may be interchanged. All frequency-independent phase shifts
in the second expression can therefore be transferred to the
right through preceding SBA’s according to (5)

1 N
TS= H <SBA<<P2,Z‘7 ¥3i + Z (o1 + (pgk)> PSUJTi)>

=N k=i+1

N
) PS(Z (p1i + <P3¢)> ERo. ()

i=1

The PMD equalizer has to mirror the PMD profile of the
icci ; ; ; Fig. 2. PMD profile of transmission span (solid) and perfect equalizer
trans.mlssmn span. In a parthU|ar |mplementat|or{ H@e}y (dashed, dotted) in the three-dimensional normalized Stokes space.
consist of the same sequence of SBA’s and DGD sections as
the TS, but with reversed order. The signs of SBA and PS

retardations are inverted which can also be accomplishedibyan ER (5) if its three variables, one for the PS and two for

orthogonal orientations. the SBA, are independent. However, to minimize efforts the
N designer should lep);, depend on the two SBA parameters at
EQ = H PS—wr;) will, the_zreb_y retaining only two indepgndent va_riables. Such
i} a polarization transformer may be easier to realize than a true
N SBA, as will be seen in Section Ill. Like the SBA it has
- SBA| —¢a,i¢3; + Z (o1 +oar | |- (8) the property of being able tendlessly transform any iqput
kit l polarization into a PSP of the following DGD sectioh.is

. indeed a PSP we need to consider here, not just an eigenmode.
The phase delay-w7; of a DGD section may be of the . » NOLJUE g
To see this we place another retarder and its inverse between

order of many, many2x. It is therefore practically impos- PS”,) and PS—wr; + ;). One of them is considered to
sible to avoid frequency-independent, possibly endless Oﬁ%%or?é t0 PS—wr; _;_ <pﬁr)41vx'/here it transforms PSP’s (but

e
. . . e
retardationsp; = —00. ..o in each DGD section. However, modifies EM’s in a different way), while the other is part of
these can be taken care of by moving them through subseqL[ﬁre\t olarization transformer
SBA's, i.e., to the left, according to (5). In this generalized im- P '

. . I .. PMD may be illustrated graphically as mentioned in [10],
plementation with additional degrees of freedom the equaI|Zﬁr1] The PI\y/ID profile of cor?ca?enate)(; retarders is a seq[uer]me
(EQ) is described by :

of input-referred PMD vectors,.

N
EQ = H <Ps_w7i + 4,047) Qz = RZZQM Qtotal = Z in Ttotal = 2|Qt0tal|~ (12)
i=1
N Matrix R.; is a 3x 3 matrix (2) representing the concate-
- SBA| —¢2,i @3 + Z (ar + 15+ par) | |- nated retarders preceding the retarder with PMD ve@tof?;
k=i+1

is the normalized Stokes vector of a PSP, multiplied by half the
(9) DGD. In the transmission span of Fig. @, = [1 0 0[—%/2

As desired, the concatenation of TS and EQ (of)E€sults and the direction change between PMD vectorands2;1 is

in a frequency-independent ER that does not exhibit any PMBediated by the rotation matrix ER2). The sum is the PMD
vector{2i.i.1- It can be shown tha®,..; represents PSP’s and

DGD 7,51 Of the concatenation by its direction and twice its
length, respectively, thereby justifying the use of PMD vectors.

o Fig. 2 shows the PMD profile of the concatenation of TS and
Although suggested by (9), the polarization transformers in perfect EQ fulfilling (10). All PMD vectors are cancelled

the EQ need not necessarily be SBA's. We may substitylg onn0sed adjacent ones because PMD is compensated not

Pui = Py + ¢l ar:d consider Ps%ﬁu‘) to be part of a DGD st to 1st order (which merely requires the vector sum and
section P§-wr;+¢/;) while PE7;) belongs to the preceding ihereby, ., to vanish) but completely (assuming all existing
polarization transformer. Thih polarization transformer, now frequency dependence has been covered by ve€igrsAs

described by exemplified by the dotted arrows, an excess of total DGD

N

EQ- TS= PS<Z (i + o1 + sagi)) ER)=ER  (10)

=1

of the EQ over that of the TS is not of concern if some
Py ;) SBA<—<P2,2‘, ©3i adjacent compensator sections are made to cancel each other.
Less perfect PMD vector cancelling normally indicates a PMD
N penalty. Provided the signal happens to coincide with a PSP
+ Z (Pl + Pl + p1x + <P3k)> (11) it may be transmitted without distortion if merely first-order
k=it1 PMD persists after the EQ.
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0ps..52ps venay . . in out .
lOITOOO lul‘l[l)S 7? x‘l ,Xl! (lgig(l){(:)‘;;rél‘b) aRe(elm) O+ $§ — Ir:ll\:[(}i)um — ‘$ FO a RC(H (a))(zlax )
- H Ihgu
@ _‘%I;G:D E; Ei ﬁ ﬁ :i.(;i:ill](lf)sfum Fig. 4. Small-signal transfer model of a PMD medium.
yiy S
section =‘= I" =‘= g 10,000 times
joints a pocketknife from 0 ps to a total DGD of 52 ps [Fig. 3(b)],
5 S and this is about 10 000 times faster than the previous case.
<« f - But could a fixed DGD equalizer follow if a TS chose to
\\ // vary its PMD profile by lengthening a DGD vector? Here
~~1-7 172 we explain why substantial DGD vector length changes are
() unlikely to happen: Consider a TS with twiixed 26 ps
OPS oo S2ps DGD sections. As already explained, a DGD change of 52
© 10,000 turns ps requires just a retardation changerdbr the SBA (or ER)
>TET- > in between them [Fig. 3(b)]. In contrast, a pure 52 ps DGD

growth (PMD vector lengthening) requires a much higher
retardation change of 10,0@& and therefore occurs with a
Fig. 3. (a) Variable DGD section equalizer has speed problem. (b) Tra i i ;
mission span most easily changes PMD vector orientations, and so do@%“glbly small probablllty [Flg. 3(0).]' . .
fixed DGD section equalizer. (c) Pure DGD vector lengthening is unlikely to AS @ consequencen equalizer W“h fixed DGD s_ectlons
happen in a transmission span. is a natural PMD compensator for a fiber transmission span
whereas more than one variable DGD section of an equalizer

can practically not be used as such. Nevertheless, a single-
An important practical question is whether a PMD comg€ction, variable DGD equalizer is able to compensate first-

pensator should have fixed or variable DGD sections, aféfer PMD.

there is a straight answer to it. It may be calculated that

fixed differential group delays can cause detrimental side Small-Signal Baseband Transfer Function

maxima of compensator performance. An immediate argument;|ear|y, the impact of PMD caused by transmission span or
in favor of a variable DGD compensator is therefore that sidgjualizer can easily be calculated numerically. Eye closure is
maxima vanish. This is useful and important for one-sectianusual result of this treatment. We believe it is instructive to
equalizers which, however, leave second- and higher ordgirive an analytical small-signal model of a system under the
PMD uncompensated. influence of PMD.

The situation turns out to be different for equalizers with In Fig. 4, a simple optical transmission system with a
more than one section: What happens if the DGD of the firgsansmitter, a PMD medium, and a receiver is shown. The
section (denominated asQy in Fig. 2) of a two- or even optical power is sinusoidally modulated around its mean value
multisection EQ withvariable DGD’s has to slide from O to with a small modulation depthg| < 1. At the receiver output
52 ps? The latter value corresponds to roughly 10000 periatie modulation signal appears with changed amplitude and a
of a 1550 nm lightwave. The DGD increase corresponds tgphase shift. This can be expressed by a complex baseband
lengthening of this vector by a screw motion with a pitclransfer functiond (w). Suitably normalized, the simple result
of one lightwave period of DGD change per turn. If the - +
subsequent DGD vectors (denominated-a2x_; ... —$2) H(w) = (1/2)eg, (I (wo)d (wo + w)J T (wo — w)J (wo))ein
are connected to it by fixed joint&= SBA’s with frozen (13)
parameters) the PMD profile will change shape during each . ] .
screw turn, which is highly detrimental [Fig. 3(a)]. If the jointdS obtained, wherev is the modulation frequency,, the
are of rotary type(= SBA’s with variable orientations) the OPtical carrier frequencye;, the Jones vector of the in-
PMD profile may stay the same because all subsequent DEB Polarization, and/ the Jones matrix of the medium.

vectors may revolve in place 10000 times like axes connectg@nsider @ medium which exhibits only first-order PMD,

by rotary joints. If the first section is followed by a ball-6-9~ & single section of DGB preceded and followed by

and-socket joint£ ER with three degrees-of-freedom) Onlfr_bitrgry frequency-independent polarization transformers. In
this latter has to turn 10000 times. The issue can also glés simple case we can expref{w) as

unde_rstood from (12) wher®; depends oR.;. I_\l(_)w, if we H(w) = cos(wr/2) +jQZSin sin(wr/2) (14)
consider that each of the 10000 turns of the joint(s) (SBA’s

or ER) may need between 10 and 100 optimization stepswhere(2,, = /|| = 2Q/7 is the normalized Stokes vector
becomes clear that variable DGD sections are unpractical difethe fast PSP [see (12)]. If we set the input polarization
to the huge required number of SBA (or ER) adjustment stegapormalized Stokes vecto$;,) to be equal to one of the
except for the last section which has no subsequent SBA. R®P’s the resulting transfer functionfi(w) = ¢*“7/2 which
comparison, consider twéixed 26 ps DGD sections in the identifiesr to be the DGD. This means the original derivation
compensator. Changing the SBA (or ER) in between these t{ig of PSP’s and DGD could be replaced by the small-signal
by a retardation of just will flip the DGD profile open like transfer function approach. PMD vectrcan be derived from
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with s; being normalized unit Stokes vectors. Measurable

vectors
u :gradalg]ifjH) = Qeotar = U + Qo
2
Fig. 5. Geometrical interpretation of second-order PMD effect. v= % grad%éf) = Q2 X Q1
2
the elements of the Jones matiixas w=- i gradaa%éf) =M xv (19)

~ Im(u’{ul + U/2U/§)
IM(j(uat] — uitin))

are thus defined. Vectar is obtained as the gradient of the
negative group delay from electrical network analysis applied
in Fig. 4. Vectorsy andw need additional differentiations with
J= [ ul* uz} |2+ [ual? = 1 (15) respect to the (_)ptical freq_uenc% which requires measure-

2 U ment at three different optical frequencies. The correctness of
where the dot denotes a differentiation with respect to tha€ expressions on the right side can be verified by inserting
optical carrier frequencyy,. Equation (14) also confirms thatthree ER’s separated by two DGD sections into (13). The PMD
the 101010 sequences disappear if the input polarizationVgetors are found as
in between the two PSP'$QYS,, = 0) ) and the DGD . 1 wul Ek
approaches one bit duration. Of course, we can approximateﬂ1 = W(” Xw) = W(U X w) — m
H(w) =~ 1+ jwQt'S;, for |wr/2| < 1. ~ ~

Next consider two DGD sections (indexes 1, 2), preceded,Q2 =u— . (20)
separated, and followed by polarization transformers. In termsyhile the first expression fof), is simpler the second

of Stokes vectors the resulting baseband transfer function iﬁlay provide a better immunity against measurement errors. A

H(w) = cos(wr1/2) cos(wT2/2) polarimeter at the fiber output is not, but tunable optical source,
— sin(wr1/2) sin(wre/2)0F, Qo polarlzatlon transformer, and electrical network analyzer or
L S impulse response measurement are needed. Any PMD medium
+j(sin(wn /2) COS(WTQ/Q)QM can be characterized by (20), or to first order 4yalone.
+ sin(wr2/2) cos(wr /2)23,)Si.  (16)  Similar relations are expected to exist for approximation of

Equation (14) is an approximation of (16) if we uSg,;., PMD media by more than two DGD sections.

: : . Compare this to a definition of higher order PMD by a
calculated according to (12). Assume now the input polarlz?é lor series expansion of the PMD vector after [12]
tion is a PSP Sy = £, tota1. IN this case the magnitude of y P

(u X v)

H(w) is maximized and may be approximated by Qwo+w) = Qwo) + Qwo) w+ (1/2)2wo) w? +- . (21)
- - —— S — ———
|H(w) 1211ax ~1-— (w2|§21 X QQ|)2. (17) 1st 2nd third order

The squared magnitude depends on the outer product berpg first term is just ouru. Two components of? are
tween the PMD vectors of the two DGD sections, i.e., the argfoportional tow. Applied to the two-section model Fig. 5

defined by their PMD profile, see Fig. 5. Note that vectss these define the speed at and the direction in wisigh.,;
and Q.1 gyrate about?, if we tune the optical frequency. g

- o ; rates abouf?; if we tune the optical frequencyy. For a
This model can only be useful if its parameters can be fltt%(%e_ or two-section model the componentfmfin direction

to approximate any given PMD device, and this is possiblgs o may be assumed to be related to the DGD in a similar
The PMD vectors can be found from the results of a feyyiq as the chromatic dispersion is related to the total group
optoelectrical measurements. The gradient of a quantity dRlay (5 ns/m) of a fiber. This means it is negligibly small
the normalized Stokes space can be obtained from at |e@t§|tnpared to the two other components ©f The radius
four rneasurements with different input stlate.s—of—polari;atiq@2 % lefm of the gyration is obtained from a component
that inscribe a body of nonzero volume inside the Pocag () yhich is perpendicular t@; but lies in the plane defined

sphere. Four rather than three measurements are neces&gry’zl and €. This radius cannot be obtained from the
because the isotropic group delay of the fiber must als@.,nd-order PMD vectd.

be determined. Particularly well suited configurations are ayyile definition (21) is perfectly legal it has a weak point:
regular tetrahedron or a regular hexahedron. The latter simpl¥s,me a link in which only first and (nonzero) second-order
means that_horizontalivertical (measurements™), +45°  pMp defined by (21) are present. For high frequency offsets
linear (M5*), and right/left circular polarizationgM{®) o the length of the PMD vector, and hence the first-order
have to be applied sequentially. The gradient of quantity DGD at frequencyw, + w, become infinity. This is not easily

is then understandable because first-order DGD is believed to have a
3 3 +) A=) Maxwell distribution with similar or equal expectation value
oM M; M; . ) ) .
gradM = E Sim— = E §—— (18) for all frequencies. This argument also applies fethird-
; as; 4 2
i=1 i= order PMD.
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In this respect the model of two DGD sections is advanta-

geous. It neglects the componentdin direction off2 that is 1

small in <2 section models but gives the gyration radius, and a \

total DGD which does not approach infinity for large The //
transmission span will most likely behave like concatenated \W

fixed DGD sections according to the probabilistic arguments

at the end of Section II-A. It is therefore more important to T
take care of this gyration by a two-section equalizer than to

try to compensate even for that component{bfxvhich has

the direction of2. \ //zk

As another example the transfer function of three DGD
sections is given in (22) at the bottom of the page.

C. Number and Size of Differential Group Delay Sections 0 0.5 ! L5 wl1(2m)

The simplest PMD equalizer is just a polarization trangdg- 6. Small-signal baseband transfer functions and eye diagrams for typical
former (SBA) placed at the transmitter side which adjusts t8°es in which first-order PMD is compensated.
input polarization to be a PSP of the transmission span [3]. If
the transmission span exhibits purely first-order PMD there ssnall eye closure. With all these effects considered additional
no residual penalty. penalties due to imperfect PMD compensation should be kept

However, there is a correlation between first- and secorat- a minimum. We conclude tha@MD should preferably
order PMD [defined by (21)] [13]. As an example the TS ibe compensated also to higher ordémother reason to use
assumed to consist of two sections with a DGD Bfv/2 multisection compensators is that the acceptance of PMD
each, wherdl is the bit duration. The SBA in between thenequalization at the transmitter side by input polarization con-
has a retardation of/2, which is the statistical expectationtrol (— backchannel, large propagation delay) or of a 1-section
value. The combined first-order DGD 18, a typical value equalizer at the receiver variable DGD section needed)
for 10 Gb/s transmission over old fibers (100 ps). A 1-secticuffers also from a slow response for the reasons given in
equalizer with DGDZ7" removes first-order PMD. Equationparentheses.
(22) has been plotted for this case in Fig. 6. The different Since we have argued that variable DGD sections cannot
curves depend on the relation between the input polarizatibe tolerated in multisection PMD equalizers we need to assess
and the DGD sections. A typical (optical) eye opening penalpenalties caused by constant DGD’s. A practical EQ with fixed
10log |H(w/T)| estimated from (16) at the Nyquist frequencyDGD sections built according to the guidelines of Section II-
is 2.5 dB. For comparison accurate eye simulations were alkds not perfect in general, as may be seen from the example
performed (insets), and the corresponding penalty was Al@strated in Fig. 7. The DGD profiles of transmission span
dB for two out of three input polarizations, with marginabnd equalizer were chosen identical. Two adjacent DGD
differences possible depending on chosen filtering. Apparenglgctions of the TS initially compensate each other, just like
the small-signal transfer function is a good approximation ¢fvo other DGD sections of the EQ. If these two TS DGD
a complete numerical simulation. If the DGD’s are dividedections “unfold,” i.e., if the SBA in between them changes
by v/2 the penalty drops to 0.7 dB, but the eye is completels retardation from (to a lower value or zero, the differently
closed if the DGD’s are multiplied by/2. located idle two EQ DGD sections must do the same thing until

A penalty of 2.2 dB may seem tolerable in some cases butitnew equilibrium of perfect PMD compensation is reached.
should be considered that PMD is not the only source of signghis process was simulated, and the intermediate eye opening
degradation. In WDM systems some residual uncompensatahalty was calculated (Fig. 8). The DGD of eachMof= 4,
chromatic dispersion is normally present at least on the ougr16, 32 sections was chosen as= 0.4, 0.28, 0.2, 0.14
channels. Self- and cross-phase modulation, and crosstalk dlierespectively. Fortunately the penalties are not large. For
to four-wave mixing or simply an imperfect WDM DEMUX example, 32 DGD sections with 0.14 each (4.57" in total)
circuit can also diminish the available eye opening. Finally tHeave so far yieldeg0.05 dB penalty. The penalty corresponds
bandwidth limitation of transmitter and receiver also caused@ a barrier between a side maximum and a main maximum

cos(wTy /2) cos(wrz/2) COS(WT3/2)
—sin(w7y /2) sin(wr2/2) COS(WT3/2)anQQn
—sin{wm /2) cos(wTa/2) sm(ng/2)anan
— cos(wry /2) sin(wTy /2) cos(wTs/2)Q%, Qa,,
(cos(wT2/2) cos(wTs/2) — sin(wTa/2) sm(wrg,/2)(2§n(23n)QT
+(cos(wr1/2) cos(wTs/2) + sin(wT /2) 51n(w73/2)§21n Q3,)Q% | Sin. (22)
+(cos(wTy /2) cos(wTs /2) — sin(wry /2) sin(wTa /2)Q, Qo )

+ 7 sin(wm /2)
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It is also interesting to know whether the reference con-
figuration (V, 7, full SBA’s) performs better or, as expected,
worse. In our simulations there is a trend in favor of the more
distributed equalizer2(V, 7 /2, half SBA'’s).

Note that in Figs. 8 and 9 the contour lines of constant
penalty are approximately parallel to the straight lines defined
by vV NT.

D. Penalty Signals

The ultimate goal of a PMD equalizer is to minimize
the bit error ratio (BER). This quantity is neither available,
nor can it be measured with high accuracy in a very short
time. Also, the vectorsu,v,w of Section II-B cannot be
measured during normal operation. A useful means to detect
PMD-induced penalties is spectral filtering in the electrical
part of the receiver [4], [6], [14] because PMD affects the
high-frequency parts of the signal spectrum first. If both
PSP’s of a medium with first-order DGDB are equally
excited a narrowband filter with center frequengy will
yield a normalized output poweros?(r f.7). This function
is ambiguous ifr can exceedl/(2f.). A system based on
such a filter may lock into a false maximum which is purely
Yenerated by suboptimum signal analysis. However, PMD
penalty detection can always be made unambiguous with
moderate electronic effort. One possibility is to use several

) o bandpass filters with center frequencies equal to 1, 1/2, 1/4,
during the control process. If the barrier is low enough it times the clock frequency /7.

may be surmounted by noise (“annealing”). In this numerical |4 3 small spectral region the data signal spectrum can be
example it is sufficiently low, and it becomes clear that fixegngerstood to be white. A narrowband approximation allows
DGD secti_ons need not be inferior in this respect to variabjg representation by Gaussian in-phase and quadrature com-
DGD sections. ponents. The power at the filter output hagdistribution
Another issue is how well natural PMD can be compensategin two degrees-of-freedom. The quotient of squared mean to
In this context we can argue that full SBA's (retardatioRariance, i.e., the SNR, assumes the value to be one. Consider
0 < ¢ < ) are not strictly needed: The SBA retardatione impulse response of the narrowband filter to have the
needs to be near ( only if the PMD vectors of two DGQength 7;. We integrate the filter output (in theory: sum up
sections of the TS join under this angle. However, if they d@e samples arriving evef§, ) over a given measurement time
the enclosed area is small and not much performance will g The low-pass filtered signal then has a SNR, /7} and
lost if the PMD equalizer neglects to follow these two vectorg g 2-distribution with273 /11 degrees-of-freedom. Thermal
forth and back and rather takes a shortcut in the PMD profilgjise plays a subordinate role in this context because it is
from the beginning of the first to the end of the second. A small constant fraction of the data signal. From the SNR
reasonable SBA retardation range may ®e< ¢ < 7/2  viewpoint we see it is desirable to have as high as possible a
(half mode conversion, “half SBA”), and this range is mefilter bandwidth. On the other hand a high filter bandwidth fills
or exceeded by the units of the distributed fiber-based PMRe nulls of thecos?(r f.7) function, and a compromise has to
equalizer which is discussed later. In the following simulatiope adopted therefore. At 10 Gb/s a practical SNR minimum
the EQ therefore ha@ N DGD sections of DGDr/2 each, of 40 dB may be obtained faf; = 1 ns, 75 = 10 us. The
separated by half SBA’s (whiléV sections of DGD7 and expected normalized output powers as a function of applied
full SBA’s served as a performance reference). In each cafst-order DGD, normalized with respect to bit duratidi
the transmission span hadv sections with DGDr/v/8, and are plotted for several filters in Fig. 10. For smalla wide
some correlation between the PSP’s of neighboring sectidfighpass filter with a passband from4/7T to 1/T gives
was assumed. Although we think the data base is not ygfsentially the same response as a bandpass filter centered
satisfactory we give some preliminary results in Fig. 9. Sincgt 0.5/7.
the (approximately) expected Maxwell distribution has a long For simplicity ignore the highpass filter in the following
tail not the maximum penalty but the average of the top 258fscussion. While the lowest-frequency filter is in principle
observed penalties is given at the right side, whereas the Ififficient for PMD penalty measurement the highest fre-
side gives the average penalty. As an example, an equaligaency filter (0.5/7 or highpass filter) is definitely needed
with 2N = 64 sections with DGDr = 0.077 (4.57 in total) because it yields the sharpest response for small DGD'’s. In
has so far yielded&0.4 dB penalty. the experiments (Section IV) we have therefore adopted the

Fig. 7. (a) and (c) Transition between two perfect PMD compensati
scenarios causes (b) imperfect PMD compensation.
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/T

@ (b)
Fig. 8. (@) Average and (b) maximum of maximum penalties observed during DGD section unfolding (Fig. 7). TS and EQ hatlséetiens of DGDr each.

/T 8

(b)

Fig. 9. (a) Average and (b) maximum of top 25% penalties calculated for multisection PMD compensator. See text.

following strategy: if the lowest-frequency filter output signal. Endlessly Rotatable Waveplates

(0.125/T GHz) is below a threshold (e.g., 70%) it is used gy pgtantial work has been performed on optically broadband
a;:onehasli\ lc(;jua::ty C”te”ﬁ_n ;0 bfG_’l maximized. _Oncle It passgRyless polarization control systems [15], [16], [8], and all

the thresho t € .ne>.<t igher filter output. signa 26./T) these could be used in PMD compensators. Some of them
could be used in principle, and so on. Experimentally it turne

R . . apply occasional resets which does not preclude application
out that maximization of the highest-frequency filter output Py P PP

signal alone ¢.5/T GHz) did not correspond to best BER,m an equalizer because the above-derived requirement on po-

: : rization transformers is quite general. However, resets slow
maybe due to nonlinear behavior of some system componenis

Therefore filter output signal§.$,/T or 0.25/T) were linearly own operation, and we prefer to avoid resets by concentrating

combined with small portions of those of the Iower-frequencx] polarization trans_former_s with endlessly v_arigble eigen-
filters (0.25/7 and0.125/T, or 0.125/T) to a quality criterion odes: Endless Soleil-Babinet compensators in Lipih&ye

if the latter signals all passed a threshold. Compared to thgen operated success'fully ,[15]’, [16,]’ and a quarter-, half-,
strategy with a fixed linear combination [6] our algorithrrgl""’“ter"\""“/e plate configuration in LiNRQvas operated as

gives superior detection sensitivity for low DGD's while®" endless elliptical retarder at very high speed [8] and in a

maintaining monotonicity for high DGD’s, and allows to adjusPMD compensator with a mechanical delay line [6].
for optimum BER performance. Concerning nomenclature, note that we used to understand
We have verified that PMD equalization of RZ signals i§ ‘Teset’ to be any abrupt change of control parameters
also possible with the same strategy. Particularly good coffecessary to respond to an infinitesimal polarization change
pensation can be obtained if the highest frequency bandpggﬂ while other authors seem to have redefined the word less
filter selects the strong clock frequency line. conservatively. Consider the following example labeled reset-
free: The polarization fed into a quarter-, half-, quarterwave
plate arrangement is first elliptical with azimuth anglethen
Hll. I MPLEMENTATION OF OPTICAL EQUALIZERS becomes circular, then elliptical with azimuth angler 45°,
Three optical equalizers will be presented which we haweéhile the desired output polarization is always circular. Just
realized or considered. While this collection is by no meanghen passing circular input polarization the first quarterwave
complete alternative implementations will also be discussedmate has to flip by 45 and at least one of the other plates
the appropriate places. must also turn. This is a reset in the conservative sense.
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Fig. 10. PMD penalty signals as a function of first-order DGD for bandpa: ; mi ; ;
filters centered ab.5/7,0.25/7,0.125/T, and a high-pass filter with cutoff Tetardations of2r/3 maximize the made conversion that is

frequencies0.4/T and 1/7. Calculated values (lines) and measuremer@-va“ab!e for the |_ea.-5t favorably C_hosen coupling phase.'
(symbols; see Section IV-A). To give a realistic example, six FLC's with retardations

1.82, 2.57, 1.82,-1.82, —2.57, and—1.82 rad need tilt
angles of +20°, are controlled by just three different

We now recall that the principal states of a polarizatioﬁ’-‘)'tages (see Fig. 11), and_ tolerate rgtardation variations of
maintaining fiber (PMF) are linear. In a PMD equalizer with~36% . .. +12%. The negative retardations can be replaced
DGD sections made of PMF the polarization transformefdy POSitive ones if the respective cells are turned by. 9biis
could, e.g., each consist of a quarter- and a halfwave pl@gangement can convest into y-polarization by any set
because this configuration is able to endlessly transform alytilt (= azimuth) angles), ...Js given in Fig. 11 (which
polarization into linear. In our present experiments we had fignctions are, by the way, not the only possible solution). The
LiNbO3 waveplates available. Fiberoptic waveplates, endles@yerall retardation isr in this case. Jones and normalized
rotatable by stepper motors [17], were therefore realized. Sin%y@kes eigenvectors  ardexp(jy) exp(—jy)|"/v2 and
the standard fiber between the last waveplate and the splicddoc0s 2y sin 2], respectively. The eigenvector locus is
the next PMF may cause its PSP to appear elliptical we chd8€ 52 — S5 great circle of the Poincarsphere and contains
the quarter-, half-, quarterwave plate arrangement. As Iongtgg sketched polanz_atlon ellipses. Arbitrary output polanza_tlon
the PSP does not appear circular this application is reset-fié@ be generated if alb; ... corresponding to a certain

even in the conservative sense because it has one more ¥@lHe 0° < 27 <360° are multiplied by a common factor
the necessary number of degrees-of-freedom. between “0” and “1.” In those cases the eigenmode locus

is in general not theS; — S3 great circle. The complete
o polarization transformer can be described as an SBA plus a
B. Ferroelectric Liquid Crystals PS with a retardation depending on the SBA parameters, see
Liquid crystals are a class of nonmechanical polarizatiqdl1). Since only two degrees-of-freedom are needed the six
transformers. Nematic liquid crystals behave like waveplatéi angles provide substantial redundancy.
of fixed orientations but variable retardations [18]. However, Eigenmodes (indexes) and retardation of a cell were
their speed is insufficient to follow manual fiber shaking. Indetermined as a function of applied voltage (Fig. 12). Physical
contrast, ferroelectric liquid crystals (FLC's) work as waveazimuth angle$’. changed by 35 and left- to right-elliptical
plates of fairly constant retardations but can be rotated quiiehavior was observed with a 3%hange of the ellipticity
fast within limits [19]. A practical obstacle could be theanglesey = +arctan(a/b) wherea andb are the minor and
relatively tight device tolerances needed to implement a resegjor ellipse axes, respectively. Angle#,2e characterize
algorithm like the one described in [14]. Here, we show th#te rotation axis position in polar coordinates on the Pommcar
resets are not necessary. sphere. Measured elliptical birefringence is believed to be
Mode coupling adjustable in both quadratures [20] allowdue to chiral molecule and helical supermolecular structure.
endless polarization control as long as the number of coupliighile £17.5 azimuth angle change alone is not sufficient
sections is very large. Howevendividual driving allows to to implement the discussed polarization transformer with six
reduce the number of sections to just a few. A stack of FLCFLC's, the simultaneous ellipticity change makes the eigen-
with aligned axes can be considered to be a birefringent waveedes sufficiently variable in total. The retardation wex8
guide with mode coupling sections. The required minimum i&d (160). The DHF response time constant was determined
three cells with retardations 1.895, 1.943, and 1.895 rad. Tag 200.:s. Recovery from saturation after application of too
more cells there are, the lower are required tilt angles ahifh voltages may need several ms but is not of importance
fabrication accuracy. If available tilt angles are very small celh a well-designed system.
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cell voltage Fig. 14. Twist angles required to transfomrvpolarization at the input into a

) ) ) o ) desired output polarization (half-mode conversion with arbitrary phase angle).
Fig. 12. Eigenmodes (azimuth anglés , ellipticity angless,.. ) and retar-
dation of deformed-helix ferroelectric liquid crystal cell.

course the optical bandwidth and the necessary phase relations
between applied twist functions.

The beat length of a commercially available, weakly
polarization-maintaining fiber was determined to/be- 21.6
mm @ 1550 nm, which corresponds to a DGD of 0.24 ps/m. A
322-m long PMF piece was pulled through the hollow axes of
64 stepper motors. The fiber was fixed inside and outside the
axes to define twist sections. For easier mounting the variable
twist points had length4 rather than zero. PMF lengths were

2m 2m 11m &3] 1im 2 m between the first three motor pairs so that a possible
s Ll 56 7.8 = 64 out failure of one of them would not matter, and then 11 m. A
. o Otors: 1G;nd|%s ;daﬂzatio; --t-r;?;:;s total DGD of 77 ps could thus b_e commanded, with gva_ilable
degrees-of-freedom correspondingt®6 endless polarization
Fig. 13. Distributed PMD equalizer with PMF twisters. transformers (full SBA’s) and DGD sections. Total loss was

1.7 dB initially, mainly determined by one connector and two
o ) splices to standard fiber. Due to careless handling the PMF
C. Distributed Equalizer was broken later, and repaired by a bad splice which brought
The issue of cascading a large number of DGD sectionsthme total attenuation to 2.2 dB.
an equalizer seems to have been neglected in the publishebh a separate setup we were able to she®% mode
literature, probably due to the coupling losses between DGDnversion when X 2 adjacent stepper motors were operated
sections and polarization transformers. We have therefanih sinusoidal twist functions of different amplitudes and
implemented DGD sections and polarization transformers nases. In contrast, the truly required functions (Fig. 14 with
a single polarization-maintaining fiber (PMF). the possibility of abscissa distortion) differ substantially from
The required endless transformations of any polarizati@musoids. The large mode conversion result lets expect endless
into linear can be implemented by a finite number of PMPpolarization control to be possible.
twist sections [21] for mode coupling. We describe one out of As a possible simplification it should be mentioned that
many possible implementations: Two variable twisting pointexact twist lengths become unimportant if the number of
suitably placed between two fixed twisting points (Fig. 13wisters is approximately doubled, for the following reason:
inset) are sufficient to transforms-polarization (S; = 1) In each polarization transformer mode coupling should be
into any polarization with equal power splitting betwegn possible both in phase and in quadrature. An arbitrarily placed
and y (Fig. 14). Twisted fiber lengths are 0.21, 0.38, 0.2fiber twist section will, with probabilities of one-half each, be
times the beat lengtlh. The abscissa scaling in Fig. 14 iscloser to in-phase or to quadrature mode coupling. Compared
this time not an eigenmode but refers to the output pte the case of known coupling phases more twisters will
larization [exp(—jv) exp(jv)]"/v/2 for z-polarized input. therefore be needed.
Smaller anglesyy, a2 allow to generate any linear or elliptical The fiber-optic implementation of a distributed PMD equal-
polarization with dominating-polarization(.S; > 0). Two half izer has the advantage of being tailorable to almost any DGD.
mode converters can be combined for full mode conversiddowever, the same principle could also be realizeditut,
In other words, two subsequent pairs of fiber twisters can bepropagation LiNb@, where DGD sections and polarization
operated as one endless polarization transformer equal tot@msformers would be integrated on one birefringent chip by
SBA plus a PS that partly depends on the SBA parametessnply cascading a number of mode converters [20]. Available
The PMF length in between the two twister pairs determines tital DGD is limited to~0.26 ps/mm while chip lengths are

Authorized licensed use limited to: UNIVERSITATSBIBLIOTHEK PADERBORN. Downloaded on April 30,2010 at 11:38:22 UTC from IEEE Xplore. Restrictions apply.



1612 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 17, NO. 9, SEPTEMBER 1999

DHF  DGD=200ps 84 ps

1543 nm Cells
R E_Q_Q RX

;

4..10 GHz %[> Pt
5 GH = Controller
z o[> (PC)
2.5 GHz (%[> Pt
1.25 GHz }Z [> Pt

Fig. 15. A 10-Gb/s transmission setup with three ferroelectric liquid crystals.

typically <100 mm. Compensation of DGD’s larger than 26
ps therefore requires some cascading or beam folding.

IV. TRANSMISSION EXPERIMENTS

Transmission experiments have been conducted with each
of the three mentioned PMD equalizers or polarization trans-
formers. The bit rate is not believed to be critical for the PMD
compensation process if DGD is scaled with bit duration. The
experimental bit rate was in each case determined by available
hardware.

A. 10 Gb/s with Input Polarization Control

A single polarization transformer (SBA) may be placed at
the transmission span input in order to avoid first-order PMD
by selecting a PSP [3]. Three ferroelectric liquid crystals were
used for this purpose in a 10 Gh/s system. According to the
discussion in Section IlI-B, the setup (Fig. 15) did not permftig. 16-b 10 Gb/s e()j/e diagrams. (a) back-to-back, (b) 584 ps, best C(;’ﬂs?, (c)
end!ess polarization control. . o 2431 ps, best case, (d) 84 ps, worst case, (e) 200 ps, best case, and (f) 200

Different lenghts of PMF with some manual polarization

controllers simulated 40, 84, 200, or 284 ps DGD of the 9 ,
transmission span. measured BER was less than’16or example, with 284 ps

In the electrical part of the receiver a four-channel PM@f DGD the system was operated error-free for half an hour.

penalty detector was implemented, consisting of 1.25, 2.5, . ) .

and 5 GHz bandpass filters (with bandwidths 0.9, 0.5, afj 40 Gb/s with Three-Section Equalizer

0.6 GHz, respectively) and a .4- 10-GHz high-pass filter. A PMD equalizer for the receiver of a 40-Gb/s transmission
Buffer amplifiers with subsequent power detectors providexystem was setup, consisting of three PMF sections with 10
DC output signals. The simulated behavior of these PMps DGD each, and three groups of fiberoptitd, A/2, A\/4
penalty signals has already been shown in Fig. 10, but expgaiates, endlessly rotatable by stepper motors [22] (Fig. 17).
mental data points are also plotted therein for comparison. The~urther details of the transmission system have been de-
measured signal extrema are less accentuated than predictedbed in [23]. Two polarization-maintaining fiber (PMF)
We believe this is mainly due to rough filter transfer functiongieces of 20 and 10 ps DGD, respectively, and manual
since no care was taken to get them smooth. polarization transformers simulated the PMD of a fiber link.

The quality criterion was generated as explained IRAMD penalty extraction was performed at 20, 10, and 5 GHz.
Section II-C. It was also experimentally verified that thé PC worked as a controller and generated the stepper motor
highpass filter can replace the 5-GHz bandpass filter. driving signals.

The back-to-back eye diagram is shown in Fig. 16(a). Without any PMF a good eye diagram was achieved
With DHF cells and PMF'’s with a total DGD of 284 ps gFig. 18(a)]. With PMD simulator and unadjusted PMD
very similar eye diagram [Fig. 16(b)] was obtained when theompensator in place the eye was closed [Fig. 18(b)].
controller was switched on. A gradient (peak search) algorithdowever, with automatic control an open eye was readily
was used to optimize the eye diagram opening as estimatddained [Fig. 18(c)]. A gradient (peak search) algorithm
by the penalty signals. Other configurations are shown for 8aximized a linear combination of the three penalty signals.
and 200 ps of DGD, and similar results were obtained for 401f any one of the three control signals was used alone
ps. The controller was either set up for signal maximizatiocompensation failed repeatedly, and the eye diagram remained
[‘best case,” Figs. 16(c), (e)] or minimization [“worst case,tlosed. This can be understood from the fact that the total
Figs. 16(d), (f); for test purposes]. In the “best cases” tredded DGD of PMD simulator and compensator was 60 ps,

, worst case.
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Fig. 21. 20 Gb/s transmission setup with distributed fiber-based PMD com-

more than27Z. On the other hand, the combination of 52"

and 10-GHz BPF signals was sufficient to attain a relative
optimum, but it was degraded with respect to the case of allThe experiment shows that PMD compensation is possible
three signals being available. at the highest bitrate that is presently used for electrical
The BER was recorded as a function of time. After iniIDM transmission systems. In contrast to electronic PMD
tial convergence nearly error-free operation was observedmpensation [7] the optical scheme allows to compensate for
[Fig. 19(a)]. The ability of the system to recover from disturlarger DGD’s, does not increase the noise bandwidth of the
bances was assessed separately. Manual changes of fiber [66giver, and does not impair the eye diagram like any added
settings caused a momentarily high BER but were quickfjectronic circuit would at these high frequencies.
compensated thereafter [Fig. 19(b)].
Input polarization control was also tried. To do so, th€. 20 Gb/s with Distributed Fiber Optic Equalizer

PMD simulator was removed, and the first pOlarization trans- Best performance was expected from the distributed fiberop_
formator of the compensator was used for control. The rag equalizer. A 20-Gb/s transmission system [24] was used to
of the compensator, X 10 ps of DGD and two formerly test the compensator (Fig. 21). The data signal was transmitted
automatic polarization transformers, worked now as a PMfarough a PMD emulator, 80 km of standard fiber (SMF)
simulator. The initial eye pattern, completely closed, is segiith a DGD of 2 ps, and 15 km of chromatic dispersion
in Fig. 20(a). With input polarization control good BER percompensating fiber (DCF) with a DGD of 14 ps [25]. The
formance was again obtained. However, PMD was not fulmulator was the compensator of the 40-Gb/s experiment but
removed which can be seen from a somewhat distorted esgrtion DGD’s were 40-, 20-, and 10-ps DGD this time.
diagram [Fig. 20(b)], as has been discussed in Section Il. PMD penalty detection occurred at 10, 5, and 2.5 GHz. For
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be compensated. It worked even when these additional pieces
of PMF were added to the normal setup (106 ps of DGD to be
compensated in the worst case) but only when the fiber coils
were not rotated.

Note that the eye diagrams with working compensator were
somewhat peaked, especially if the compensator had nothing
to do [Fig. 22(b)]. The effect was also more pronounced than
in Fig. 18(c) where it can also be seen. Peaked eye diagrams
occur in RZ systems and generally improve sensitivity. We
believe the equalizer used its free capacity for eye opening
maximization by introducing some beneficial higher order
PMD.

V. DISCUSSION

Fig. 22. 20 Gb/s eye diagrams: (a) PMD distortion; (b) compensator alone; In this section, we compare the relr_;ltive _merits of th_e
(c) back-to-back; (d) with emulator( + 20 + 10 ps), SMF (2 ps), DCF (14 different components and systems described in the preceding

ps), and compensator (77 ps). subsections.
1) Sections IlI-B and IV-A:Ferroelectric liquid crystals
-3 L I A need fiber-to-fiber coupling. The best place for them is where
o« -5l 0 ps this causes least extra expense, and this is in the collimated
() g 7: \WV‘\}’ fv beam behind the isolator of a transmitter laser or at the output
St V\Nvl r(u‘\[\J/ of an EDFA at the receive end. The 10-Gb/s experiment
S gpw X validates the general usefulness of these devices for selecting a
0 soo tlme [s] 1000 PSP at the transmitter but still lacks the theoretically explained
-3 T endlessness of the control scheme. Temperature stability and
o _5: 86 ps W syncloss | reliability research on these components is needed as well
(b) @ o) 1 as a good packaging technology. It is therefore believed that
3t (\/\//\ M ] these elements will not be the first to be used in commercial
i ﬂ s ] PMD compensators.
0 100 150  time [s] 250 2) Sections IlI-A and IV-B:Soleil-Babinet compensators

and rotatable waveplates are workhorses of polarization
Fig. 23. BER records of one out of two 10 Gb/s data streams as a functionadntrol since decades. Here the latter have been used in a
time with compensatoon/orr for different DGD values of transmission span.p\D equanzer with three sections and, with less success

as expected, for selecting a PSP at the transmitter side.
convenience the optical power was split to an extra photodiod&hile the 40 Gb/s experiment features the highest bit rate for
A gradient algorithm operated the 64 stepper motors. Théhich PMD compensation has been reported the mechanical
response time of the whole compensator wass. waveplates are too slow for practical application. Howeyér,

In all performed experiments the eye pattern was usualiut, Z-propagation LiNb@ allows to integrate Soleil-Babinet
closed [example: Fig. 22(a)] unless the compensator wasc@mpensators or waveplates. Response times are short, and a
operation. In a first test, the other fibers were left out, arfdw polarization transformers and DGD sections will provide
the compensator was used alone [eye diagram: Fig. 22(lsgtisfactory compensation in all cases where DGD range
The receiver sensitivity was28 dBm which is comparable to requirements are not very demanding.
back-to-back operation [Fig. 22(c)]. Measured BER was stable3) Sections IlI-C and IV-C:By far the best performance is
unless the compensator was turned off [Fig. 23(a)]. Then thbtained with multisection or distributed PMD equalizers,
PMD emulator with eight motorized fiber coils rotating atncluding cases where a first-order PMD compensator with
different speeds and the fibers were inserted. The resultvariable DGD will be insufficient. In the 20-Gb/s experi-
endless PMD variations with up to 86 ps of total DGD werenent, a compensated-DGD-times-bitrate-product of 1.7 has
very well compensated [Fig. 22(d)]. When the equalizer wdmeen demonstrated with an equalizer having about 16 endless
stopped the BER increased drastically, but it dropped dowwlarization transformers. Both these values are the highest
when control was turned on again [Fig. 23(b)]. With increaseéported to date. Especially here, but also at 40 Gb/s with only
power (25 dBm) operation was error-free. three DGD sections, beneficial eye diagram peaking has been

As expected the eye diagrams obtained with the distributetiserved. The fiber-based distributed compensator features
compensator looked nicer than those of the experiment witwest loss and a speed sufficient for those cases where the
the three-section equalizer, not only due to the higher bit rdtber is not moved. However, more compact and much faster
in the latter. The fact that total DGD’s of O or up to 86 ps coul®MD equalizers can be expected from an alternative imple-
be tolerated fully validates the principle of a compensator withentation of this device inX-cut, Y-propagation LiNbQ.
fixed DGD sections. Indeed, the compensator also workedr high-end PMD compensation at 10 Gb/s, and for any PMD
well in other situations, e.g., with 18- 10 ps of DGD to compensation at 40 Gb/s, this is the preferred solution.
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VI. SUMMARY [10] F. Curti et al, “Statistical treatment of the evolution of the principal
. i e . . states of polarization in single-mode fiberd, Lightwave Technglvol.
PMD, especially in “old” fibers, impairs system perfor- g pn 1162-1166, Aug. 1990.
mance of high-capacity trunk lines. As we have shown, [4l] F. Matera, “Evolution of polarization mode dispersion in single mode

: : : fibers,” in Proc. EFOC/LAN '92 Paris, France, 1992, pp. 16-21.
suitable optical PMD equalizer should have several or mar%] G. J. Foschini and C. D. Poole, “Statistical theory of polarization

differential group delay (DGD) sections with polarization ~ dispersion in single-mode fibersJ. Lightwave Techngl.vol. 9, pp.
transformers in between, which can endlessly transform an%] 1439-1456, 1991.

. o . L . [13] H. Bulow, “System outage probability due to first- and second-order
input polarization into a principal state of the following DGD™™ pyp» |EEE Photon. Technol. Leftvol. 10, pp. 696-698, 1998.

section. The sections must practically have fixed DGD’s unlegg] D. Sandel, S. Hinz, M. Yoshida-Dierolf, J. &ser, R. Né, L. Beres-

there is only one section. The small-signal baseband transfer neV. T Weyrauch, and W. Haase, “10-Gb/s PMD compensation using
. . deformed-helical ferroelectric liquid crystals,” iRroc. ECOC '98
function for PMD has been introduced and evaluated, and the \jadrid, Spain, vol. WdC24, pp. 555-556.

necessary number of DGD sections has been discussed. [15] R. Nog, H. Heidrich, and D. Hoffmann, “Endless polarization con-

; ; ; trol systems for coherent opticsJ. Lightwave Technql.vol. 6, pp.
A PMD equalizer with PMF pieces and endlessly rotatable 1199-1207, July 1988,

fiber coils has been realized. For increased speed an endi@§SN. G. Walker and G. R. Walker, “Polarization control for coherent
polarization transformer with ferroelectric liquid crystal cells  optical communications,J. Lightwave Techngl.vol. 8, pp. 438-458,

; Mar. 1990.
has been proposed for PMD compensation, but the preSﬁrﬂ T. Matsumoto and H. Kano, “Endlessly rotatable fractional-wave de-

experimental setup does not yet provide endless operation. vices for single-mode-fiber opticsElectron. Lett, vol. 22, pp. 7879,
Optimum performance is obtained with a distributed PMD _ 1986.

l b it t | high d Pl\h]lg] S. R. Asham, M. C. K. Wiltshire, S. J. Marsh, and A. J. Gibbons,
equalizer because It can compensate also higher order * “A practical liquid crystal polarization controller,” iProc. ECOC’90

A fiber-based equalizer with 64 stepper motors has been Amsterdam, The Netherlands, vol. 1, pp. 393-396.

imolemented. Its princinle can also be realized in LiNbO [19] L. A. Beresnew, V. G. Chigrinov, D. I. Dergachev, E. P. Pozhidaev, J.
. P . p P . N Funfschilling, and M. A. Schadt, “Deformed helix ferroelectric liquid
Finally, transmission experiments at 10, 20, and 40 Gb/s cystal display: A new electrooptic mode in ferroelectric chiral smectic

with these PMD equalizers and a purely electrical PMD  C liquid crystals,’Liquid Crystals vol. 5, p. 1171, 1989.

; i ] F. Heismann and R. Ulrich, “Integrated-optical single-sideband modula-
detection scheme have proven the validity of the present@ﬂ tor and phase shifter|EEE J. Quantum Electronvol. 18, pp. 767771,

concepts. Stable operation with well-opened eye diagrams has apr. 1082.
been obtained. The distributed equalizer has allowed excell@ifl R. Ulrich and A. Simon, “Polarization optics of twisted single mode

; : ; fibers,” Appl. Opt, vol. 18, pp. 2241-2251, 1979.
compensation of up to 1.7 bit durations of total DGD. A purg,,; p “sandel, M. Yoshida-Dierolf, R. No A. Scfopflin, E. Gottwald, and

first-order PMD compensator would have been insufficient in ~ G. Fischer, “Automatic polarization mode dispersion compensation in
this situation due to higher order PMD. 40 Gbit/s optical transmission systenklectronics Lettersvol. 34, no.
23, pp. 2258-2259, 1998.
[23] W. Bogner, E. Gottwald, A. Schoepflin, and C.-J. Weiske, “40 Gbit/s
unrepeatered optical transmission over 148 km by electrical time di-
vision multiplexing and demultiplexing,Electron. Lett. vol. 33, pp.
ACKNOWLEDGMENT 2136-2137, 1907,
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