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Abstract—A performance analysis of an optical clock extraction Line spectral
circuit based on a Fabry—Perot filter (FPF) is presented. Two ana- component Af Constinuous

Iytical meth_ods,_ time-domain and fre_quency-qlomain analysis, are spectrral
developed in this paper. Time-domain analysis shows that there is component

no phase jitter in the extracted optical clock if the free spectral .

range (FSR) of the FPF is exactly equal to the signal clock fre- bit rate

guency. Based on this, we obtain an analytical expression for root - - : ()

mean square (rms) amplitude jitter of the extracted optical clock
in time domain, in which we have taken the impacts of carrier fre-
quency driftand carrier phase noise into account. When the FSR of
the FPF deviates from the signal clock frequency, both phase jitter
and amplitude jitter will occur in the extracted optical clock. In this
situation, a more general frequency-domain method is developed to
deal with the timing performance under the assumption that car-
rier phase noise is negligible. This method allows us to calculate
both rms phase jitter and rms amplitude jitter of the extracted op-
tical clock. Using the developed two methods, we present a detailed
numerical investigation on the impacts of finesse of the FPF, car-
rier frequency drift, resonator detuning, carrier phase noise, and
optical pulse chirp on the timing performance. Finally, the applica-
tion of this circuit in multiwavelength clock recovery is discussed.
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wavelength clock extraction, optical clock extraction, optical tank
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. INTRODUCTION

L . . Fig. 1. Principle of the passive optical tank circuit based on a FPF. (a) Optical
SYSTEM synchronization is one of the serious problemgectrum of an incoming RZ optical data. (b) Filtering characteristics of the

in constructing all-optical signal-processing systems, su€RF. (c) Optical spectrum of the extracted optical clock (noise is neglected).
as all-optical regenerative repeaters, all-optical time-divisic{ﬁfsdiis(g‘)e%g?riss;%g?t%etﬂ%tigi ﬁfhergggnceig:eéggjg;?cy drift. The dashed
switching systems, and all-optical demultiplexers. In order
to realize the system synchronization, an all-optical clock )
extraction circuit, which recovers timing information from af€ngth must be tuned carefully. For optical PLL, extremely
incoming optical data stream and produces an optical clogf@ble operation is obtainable but such a technique is very
without an intermediate electric stage, is required. complex and more suitable for clock extraction at the frame
Up to the present, several optical timing extraction techniquEa{e- An optical active tank circuit based on SBS has the unique
suitable for high-speed operation have been demonstrat@fility to recover clock in optical domain without knowing the
Some examples include inject-locking of a mode-locked |ascoming data bit rate. But this technique is still rather complex,
[1]-[3], optical phase-lock loop (PLL) [4], [5], optical passivea”d the extracted clock quality is worse than that obtained by
tank circuit based on Fabry—Perot filter (FPF) [6], [7], angoth mode-llocked laser ang optical PLL. Cpmpared _with the
optical active tank circuit based on stimulated Brillouim sca@Pove-mentioned three optical clock extraction techniques, an
tering (SBS) [8]-[11]. Each of these methods has advantagf&“cm passive tank circuit based on FPF has the advantages
and drawbacks. For the mode-locked laser, high-quality clofk ultra-high-speed operation (operational speed is considered

can be recovered. However, when setting up the laser, the caf®yPe nearly unlimited [7]) and simple configuration due to
its passive structure. Moreover, such a technique can also be

. . _ used for multiwavelength clock recovery, as will be shown in
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guencyfy and the AM side band& + f., fo£2f - .., wheref, R R
denotes the data clock frequency. All-optical timing extractior
can be achieved through extracting these line spectral comp
nents with a periodic optical filter such as FPF. FPF has periodi
power transmission peaks over a range of optical frequencie e,(?)
as shown in Fig. 1(b). The peak interval, which is called free : Z: Output €, ()
spectral range (FSR), is given by the inverse of the round-tri :
time of the optical resonator. From Fig. 1, we can find if 1)
fo = ¢FSR g is an integer), 2) FSR f,, and 3) the source
linewidth is narrower than the resonator bandwidth. Only the N rebounds

line spectral components, which contain the carrier frequency

fo and the timing component§, + f,, are transmitted. This Fig. 2. Basic behavior of a Fabry—Perot filter.

results in optical timing clock extraction. In practice, bgfh

and FSR may deviate from the ideal setting due to temperatuiq(2), 7 is the data clock period;,, takes the unipolar values
fluctuations in the optical source and the FPF, and thus cayggo or one with equal probability in the intervald,, (n +
detuning of the optical tank circuit (fOI’ convenience, we dEfinE)TS]; and Jo, (/)(t), andu(t) represent the center frequency of
the deviation off, from ¢FSR as carrier frequency drift and thethe carrier, the phase noise, and the complex envelope of the

deviation of FSR fromf, as resonator detuning). In additiongptical pulse, respectively. Then we can rewrite the transmitted
carrier phase noise and optical pulse frequency chirp may agd c¢(t) as

degrade the timing performance. In this paper, we present an an-

v

v

alytical study on the timing performance of an all-optical clock eo(t) =T i i anu(t — nT, — KTR)R¥
extraction circuit based on FPF. In our analysis, we have con- P

sidered the effects of carrier frequency drift, resonator detuning, . I 2 fo(t—KT) +(t—KT) 3)
carrier phase noise, and optical pulse chirp. To our knowledge, )

this is the first time this issue is being dealt with. For an ideal clock extraction, we have FSRY,, fo, = ¢FSR

The remainder of this paper is organized as follows. Section}} is an integer) and(t) = 0. In this situationc(¢) can be
is devoted to time-domain analysis. An analytical expression fexpressed as
root mean square (rms) amplitude jitter of the extracted optical oo
clock under the assumption that there is no resonator detuning eo(t) = Tel? ot Z bu(t — mT,)
is achieved. A more general method to deal with the timing per-
formance is derived in Section Ill, in which we have taken both o0
carrier frequency drift and resonator detuning into account. In by, = Z a1 R (4)
Section IV, we present some numerical results, where we inves- k=0

tigate the effects of some parameters (finesse of the FPF, carfigsm (4), it is clear that there is only amplitude jitter in the
frequency drift, resonator detuning, carrier phase noise, and @Qrracted optical clock.

tical pulse chirp) on the timing performance of the passive op-Now let us consider the case that FSR., fo # ¢FSR, and
tical tank circuit. The application of this circuit in multiwave-(/)(t) £ 0. In this situationf, can be expressed as

length clock recovery is also discussed in this section. Finally,

we give our conclusions in Section V. fo=aFSE+Af  (0<|Af|<FSR/2)  (5)

m=—occ

L TIME-DOMAIN ANALYSIS whgreAf is defined as the carrier frequency drift. Substituting
' (5) into (3), we can express(t) as
Recall that a FPF consists of two parallel highly reflective oo
mirrors (see Fig. 2), in which a light ray enters the resonator . (¢) = Z by ()it — mT,]
structure and then rebounds inside the cavity until all its power
is transmitted forward or backward (ignoring absorption). At the

output, the rays can interfere constructively or destructively. Letb, (t) = T¢’>™" Y " a,, g RF /727800, (6)

m=—0o<

e;(t) andeg(¢) represent the input and output fields of the FPF, k=0
respectivelyco(t) is given by It is obvious that there is still no phase jitter in the extracted
i . optical clock.
eo(t) =T Z ei(t— KIg)R ) Finally, we consider the case that F8Rfs. From (3), the
k=0 field of the extracted optical clock pulse in the intervall],

wherel’z means the transmission delay between the two mirrqrs . 1)7,] can be given by
(Tr = 1/FSR) andl" and R denote the transmissivity and the - '
reflectivity of the filter, respectively. For an RZ intensity-mod- ke j2m fo(t—kTw)+S(t—kTk)
. Vo) T (=T, —k(Tr—T, 27 fo g w),
ulated optical data strears;(¢) is given by D an-u(t=nT,—k(Tr—T,))R"e
ei(t) = Z anu(t — nT,)eI2rFotto(t) (2) ltis easily seen that both amplitude jitter and phase jitter will
N occur in the extracted optical clock.

k=0
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From the above discussion, we can see that so long assFSR . AD  ABD?
/s, there is only amplitude jitter in the extracted optical clock. 1-R2CA 1-—R2AB
In this situation, time-domain method can be directly utilized 1., 1 2 1
T
(iTm) "

to obtain the analytical expression for rms amplitude jitter of + =

the extracted optical clock. From (6), the optical intensity of the 16
extracted optical clock is given by 2.R2(1+a) .
s "1 2 Rt +
IO(t) = Z_: |bm(t)|2|u(t - st)|2 (7) N 1 T4§R 2A202 N 1
o oo 16 1—(AC(1-R?) " 1- R*
|bnl(t)|2 :T2 Z Z Am—k1 m—ko Rkl+k2 _ 1T4 1 (12)
k1=0 k2=0 8 1-—R*

. @ 2w AS T (ke —ka )+ drirz] (8) whered = Re®, B=Re*, C = ¢, D = e b, andR{h}
Oryry = Ot — k1 Ts) — d(t — koT). (9) means the real part dfz}. The deduction process of (12) is
) - . given in Appendix A. Thus, based on (10)—(12), the value of
Note that (9) corresponds to Gaussian probability density funcs, pe obtained. For an ideal clock extraction, we have R,
tion, which is only dependent on carrier linewidtf andthe 5 _ p ~ -1 andD = 1. o4 is then reduced to

value of|k; — k2|7 [12]. We can easily observe that for various
values oft andm, |b,(t)|* should have the same probability ~_ _ \/§ p B 1(0-RHA-R)?
density function. Therefore, we can directly write the normal- 47 V2 -2 2 1+ R? ’
ized rms amplitude jitter of the extracted optical clock as

_ \/(Ibm(t)l‘*> — Ut (D)} (10)

(13)

Ill. FREQUENCY-DOMAIN ANALYSIS

In the previous section, we showed that both amplitude and

A

(b (£)]%)
where( ) means statistical average. For the casedhtdkes the

unipolar values zero and one with equal probabili,. (#)|?)
can be given as

([bm(®)I?)
_loef, 1 1 2.R.e%cos b—2R%e**
4 1-R?2  1—-R?1—-2R.c®cos b+ R2c2e

(11)
wherea = —n6fT, andb = 27 A fT. (|b.(t)|*) is given by

2 2
1 1 1— R?¢2
(oI = = T -
16 1-R2 1—2Re® cos b+ R2¢2e

- <1—2R2>

1— R262a
1 — 2Re% cos b + R2e2a

L. 1 2R2(1+a)
Tt {1—}24 [1—R2(1+”') 1
24 cos b — 2R?

+ (1+ R? —2A cos b)(1 — B?)
1 B N R?
1R 1-RB| T I-RH(1-RY
+

2Acosb— 2R? 2AR? cosb—2RS
14+ R?2—2Acosb 14+ A2R4—2R%Acosbh

At 2B cos b— 2R* 1
1— A2 1-2A2B cos 2b + A2R* 1—R4}
1,4 1
gl m{u — BD)?
1 2BD (BD)?
' [1 —(AC)21—-A2BC ' 1-— AQBQ}
11 (AD)? 2

+

(1—ADY 1— A2B2 ' 1—-BD

phase jitter will occur in the extracted optical clock if FHs.

In this situation, it is difficult to investigate the statistical prop-

erties of the extracted optical clock directly by time-domain
method. In this section, we will develop a more general fre-
quency-domain method to deal with it.

A. RMS Phase Jitter

Assuming that the carrier phase noise is negligible .25
0), we can usé;(t) andEy(¢) to represent the baseband form of
the input and output data optical fields of the FPF, respectively.
The baseband form of the frequency transfer function of the FPF
can be expressed as

H(f)= Z Ho(f — kfs — kdf +Af) (19)
k=—oco
where
1-R _ PSR
Ho(f) = { 1 R.oi2+//FSR” <= 15
0, else.

A f denotes the carrier frequency drift adfidenotes the res-
onator detuning defined a§ = FSR— f,. ThusEy(t) can be
expressed as

Ei(t)® (ho(t)ejQﬂ'(kfs-l—kdf_Af)t)

Bk(t)ejQﬂ'kfst+j0k (t) (16)

In (16), ho(t) is the temporal response &fy(f), ® denotes
convolution integration, and;.(t) and,(t) are real random
functions. We consider the case that the optical pulse chirp in
the incoming data pulse is relatively small and the pulse is not
too narrow. In this case, the phase of the extracted optical clock
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is mainly dependent on the three termskof= 0, 1, and—1 Note thatAé, (¢,,) andAd_, (¢,,) are very small. It is clear that

in (16), and the contribution of other higher order harmonics tin(A#f;(t,,)) ~ Ab(¢t,) andsin(A8_; (t,,)) ~ A6_(t,). In

clock phase becomes negligible. Thus we can f8jg) as addition, we can tak®, (t,) ~ B; andB_1(t,,) = B_1. Then
Eot) = Bo(t)e®®) 1 By (1) 2n-046:(0) we get (24), as shown at the bottom of the page, where

+ B_y(t)e I G etm0a ), (17) B
Mathematicall 1 Bo(®), Bul®), Boy(d Qi(f) =U(HHo(f — fs — df + Af)
athematically, we can write Hbo(t), 1(%), —1(?), _ —U H C+A d
Bo(t), 61(t), and _i(t) as Bi(t) = By + ABi(f), QPIE;;_ Q({}) ;%Jr( ff) AL+ d)
Bo(t) = By + ABo(t), Bfl(t) = B 1 + ABfl(t), L =l L
0.(1) = 61 + A1), 6o(t) = 6y + Aby(t), and P_i(f)=Q-1(f) @Q-1(f)
9_1(t) = 9_1 =+ Aﬁ_l(t), where Bl, Bo, B_l, 91, 90, PPl(f) :Ql(f)®Q>{(_f)
and 6_; are the statistical average @&f(¢), Bo(t), B_1(t),
61(t), ;O(t), and 6_4(t), respectively. 1In genoeral casles, we PPAJ) =Q(f) © QT4 (=])
should haveBl > ABl(t), By > ABo(t), B_{>» ABfl(t), igé;; :gl E;; zg*_léf)f)
B, ~ B_{, and =1 -1\~
bu(t) +6-1(H) o) ~1 Uy = arg[P1(2f5)], -1 = arg[P_1(2f;)]
o8 2 A = arg[PQ0)],  ¢o = arg[PG(2/s)]

Consequently, the corresponding optical intenkiy(t)|? can . )
be given by whereU( f) is the Fourier transform ai(t) andarg[h] means

) the argument ofh].
Eo(t)]? = |Bo + 2B arfit 4 LD =00
[Eo()]" = | Bo +2B1 cos| 2nfot + 2 B. RMS Amplitude Jitter

+ small term (18) Considering both the phase and amplitude jitter, we can write

. . . the extracted optical clock (in the optical intensity form) in a
It can be easily seen thi (t) — 6_1(¢)]/2 just characterizes ﬂeneral form as

the phase of the extracted optical clock. Thus, we can write the
normalized rms phase jitter of the extracted optical clock as

oo

os = - VBGEH - 20L0F).  (19) I(t)=[1+a(t)] 3 olt—nT~ 1) (@25)

n=—0oo

From (16) and (17), we get

Bi(t) cos(2 [t + A6, (1)) wherea(t), J(t), andg(t) denote the normalized optical in-
' ° ! i N iy tensity variation, the timing fluctuation, and the average optical
= %{(Ez t)e (ho(t)eﬂﬂf'ng /= f)t)) e’ } (20)  clock pulse intensity envelope, respectively. The power spectral
B_1(t) cos(2mf,t — AG_1 (1)) density ofi.(¢) can be approximately given as [13], [14]

_ S%{(Ei(t) @ (ho(t)e—jQw(f.<+df+Af)t)) it } . (21) N
Attimet, = (2n 4 1)/(4f,) wheren is an integer, we have Si(f) = f2 _2; |G(nfo)P[Sa(f = nf)
Bi(ty,) 8111(A91( n)) +4m*n? f255(f —nfs)

=®{(Eit) @ (ho())e =20t ) ) o= ) (22) +8(F —nf)l. (26)
B_1(t,) sin(A6_1(t,))
_jor / o In (26), G(f) is the Fourier transform af(t). So(f) andS;(f)
- G2 (fatdf +ALY Y 301
N §R{( ®e (ho (B)e )) c }t:tn " denote the power spectral densityudf) and.J(¢), respectively.

(23) Note that the accurate expressions$gff) andS(f) are not

97 = % V(D14 D_y + D) (24)
D. — Js{PP1(0) — |PL(2f,)| cos(t) — 261)}
L 8B?
D _ fS{prl(O) B |P, ( 2fs)| COS( +29,1)}
o 8BZ,
Dy = FAIPQ0)| cos(ipy — 61+ 6_1) — |[PG(2f,)| cos(pg — 61 — 6_1)}

4B, B_;
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available, but the relationship betwe&pn /) ando 4, as well as 0.26 —— T
Ss(f) andoy, is given by g 024 i
= 0.22f . . 1
o —— Time domain
= T 0.20f) . o ]
o4 =\/(a2(#) = / Sa(f) df (7) £ oa8f N\ | T feqency domain -
—0o0 E 016}
[
oo g 0.14}
o=t [ S @ £ onf
e @ o.10}f
‘T 008}
On the other hand, the power spectral density 4f) can be g 0.06 [ )
calculated using the frequency transfer function of the FPF ¢ 2 100 200 300 400 500 600 700 800 900 100011001200

shgown in Appendix B. For convenience, we can 4%ef) and Finesse of the FPF
S SHnfs)8(f — nfs) to represent continuous power

spectral density component and the discrete power spectigl3. .4 versusF for ideal clock extraction.
density components &f;( f), respectively. Then we get

the two theories agree very well. In our calculations using fre-

. nd d quency-domain method, to save computational time, some am-
Si(f) + Z St(nfs)o(f —nfs) plitude noise spectra are neglected. So the results obtained by
"=O;°° the frequency-domain method exhibit a little lower than that ob-
~ f2 Z IG(nf,)|? tained by the time-domain method. From Fig. 3, we can find that

et o 4 decreases aB increases, and, can be less than 0.1 if
) _ 2 9,9 _ _ is greater than 600. This is due to the fact thais equivalent
[Salf —nfo) +dm*n* £555(f = nfs) +6(f = nfo)] - to the quality factor in a conventional electrical tank circuit. It
(29) s obvious that an FPF with a greatErcan perform better in
noise suppression.

Integrating (29), and combining (27) and (28), we obtain
B. The Impacts of Carrier Frequency Drift

o0 0 From Fig. 1, we can find that when the carrier frequency de-
/ SS(f)df — Z 4r2n202 8¢ (nfs) viates from the ideal setting, the line spectral components of
o4 = —o0 n=—oco . (30) the extracted optical clock decreases, but the noise component
: e (corresponding to the continuous spectral component inside the
Z Sf(nf.) passband of the FPF) increases. Itisimmediate that the introduc-
nETee tion of carrier frequency drift\ f will degrade the jitter perfor-

_ ) _ mance and also reduce the average optical clock power (denoted
Itis easily seen that as long as the valuegfican be achieved a7, hereafter). Such results are clearly shown in Fig. 4(a) and
from (24)] and the expression fi;( f) (shown in Appendix B) (b), where we have neglected the impacts of resonator detuning

are known, we can get the value ®f. and carrier phase noise. We used the time-domain method in our
calculations. Note that Fig. 4 only gives the resultsAgf > 0,
IV. NUMERICAL RESULTS AND DISCUSSION since the case ah f < 0 gives same results. From Fig. 4, we

To numerically investigate the timing performance in such & observe that a very small valuef can resultin a signifi-
optical tank circuit, we assume that the incoming optical dag&ntincrease in., and decrease ih.. Moreover, it can be found

pulses have Gaussian profiles that the greater the value 61 the more serious the degradation.
For example, if we choosE = 600, whenAf = 0, 0.001 f;,
(14j0) £ and0.005f,, the corresponding 4 becomes 0.095, 0.12, and
u(t) = exp <—TJ F) (31) 0.32, and the normalizef.. becomes 1, 0.4, and 0.04, respec-
0

tively. If we needs 4 < 0.1, Af must be controlled to be less
) ) ] ) _ than 0.001f,. Typically for f; = 100 GHz, Af < 100 MHz
whereC’ is the linear chirp parameter afd is the half-width 5 then required. Currently such a requirement is still imprac-
at the Jc point. In this paper, we tak& = T/(6\/1n(2)), ticable. Note thaf, is strongly dependent oA f; therefore a
corresponding to 1/3 of slot width (FWHM). feedback control can be introduced in such an optical tank cir-
i cuit (simply usingl . as the feedback signal) to make the FSR of
A. The Impacts of Finesse of the FPF the Fabry—Perot resonator follow the variationfgfand hence
We denoteF' as the finesse of the FPF, which is given bkeep fo always a multiple of FSR. In this case, however, res-
7V R/(1 — R) (7). Fig. 3 gives the calculated, as a function onator detuning becomes inevitable. A more practical design is
of F for ideal clock extraction, where the solid line and dashed introduce both feedback control (at the receiver) and carrier
line denote the calculated results using time-domain and ffeequency control (at the transmitter). Under such a design, the
quency-domain methods, respectively. It can be observed thequirement for carrier frequency controls is dependent on the
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average optical clock power for the case that= T, andéf = 0.
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tolerance to the resonator detuning. Assuming that the accept-
able maximum resonator detuning is givendy,..., we then
need to controlA f to be less tharfodfimax/FSR.

Normalized rms amplitude jitter

. -0.0.004 -0.0‘005‘ 00;]00 - OA0‘002 0.0604
C. The Impacts of Resonator Detuning Resonator detuning normalized by signal bit rate

From Section I, we know that when FSRf;, both ampli- ©
tude jitter and phase jitter will occur in the extracted clock. In. . .

. . .~ Fig. 5. Impacts of resonator detuning on (a) average optical clock phase, (b)
this case, frequency-domain method needs to be used to iNyg&-phase jitter, and (c) rms amplitude jitter of the extracted optical clock for
tigate the timing performance. Fig. 5(a)—(c) gives the calculaté@ case thatf = 0,6f = 0, andC = 0.
results, where we have assumed that 600, Af = 0, and
C = 0. Apart from degrading both 4 ando, it can be ob- on o4 remains small for various values &f. This can be ex-
served that resonator detunidfjalso introduces an extra phaseplained as follows.
shift in the extracted optical clock. It is worth noting that such Observing (26) carefully, we can find that in the extracted
a phase shift goes up very quickly dg increases. Typically, optical clock, the amplitude-noise sidebands predominate at the
for the case of” = 600, whendf = 0.0001f;, 0.0002f,, and harmonics of sufficiently low order. The phase-noise sidebands
0.0004 f;, the resulted extra phase shift is estimated to be OHave power proportional ta? and predominate for harmonics
0.22, and 0.45 rad, respectively. of higher order. From Fig. 1, it can be easily seen that the impact

From Fig. 5(b) and (c), we can see that the impact of resf resonator detuning on harmonics of higher order is more se-
onator detuning o ; is much greater than that en,. A very vere than that of lower order. It is then immediate that resonator
small resonator detuning can result in a large increase in tetuning degrades; more severe tham 4. Since the clock
value of ;. Moreover, the greater the finesse of the FPF ipower mainly focuses on the harmonics of low order, it can be
the more serious such a degradation becomes. For the cassupposed that the impact of resonator detuning ois rela-

F = 600, whendf = 0.0001f,, 0.0002f,, and0.0004f,, the tively small. This is verified by our calculation. Fét = 600,
corresponding ; is estimated to be 0.018, 0.035, and 0.063, revhendf = 0.0001 f,, 0.0002 f;, and0.0004 f,, the normalized
spectively. On the contrary, the influence of resonator detunidgis 0.99, 0.97, and 0.92, respectively.
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TIMING PERFORMANCEUNDER OPTICAL CARRIER FREQUENCY STABILITY SPECIALIZED BY ITU-T G. 692FOR THECASE THAT F = 600 AND 6f = 0

Carrier frequency drift 5GHz 11 GHz 23 GHz
oy 0.006 0.01 0.02
o, 0.0955 0.0960 0.0965

Extra phase shift (rad.) 0.025 0.056 0.12

Note that resonator detuning is mainly introduced by slowl  0.18 , , : .
varying carrier frequency drift when a feedback control su¢g 0.17
gested above is utilized. The introduction of extra phase sh= 0.16
implies that the average phase of the extracted optical clock V\% 0.15
fluctuate with the carrier frequency. For practical clock extracZ 0.14
tion, if we require the maximum extra phase shift less than 0 £ 013
rad,o; < 0.02andoy < 0.1, F = 600 anddf < 0.0001, 012
are necessary. This implies thaff < 20 GHz (1.55xm band) 0.11
is required. Such a frequency stabilization technology is avag 0.10

ableinawavelength-division—multiplexing(WDM)system.Ac-% g'g: :

rms a

cording to ITU-T standards (G.692), for a 2.5 Gbit/s system wit £ 0.07 - . ,
1 (=3 ' C L 1 L L ]
unequally spaced channel frequency allocation, when the i3 0.00 5o oo 003 5o 505
quency slot is 25, 50, and 100 GHz, the allowable maximu ier linewidth lized by sianal bi
center frequency deviations at&l-5 GHz,+11 GHz, andt23 carrier linewidth normalized by signal bit rate
GHz, respectively. Table | gives the corresponding timing per- @
formance for the case th# = 600 andéf = 0 in 1.55m 5
band. g 1.0 T T T T T T ' T T
Q. 4 1
_ _ S 08 L -
D. The Impacts of Carrier Phase Noise g s
= — F=200 1
Now we investigate the influence of carrier phase nois§ 06 - - - F=400 =
through time-domain method. The results are given in Fig. & e N A F=600 E
(Af = 0 anddf = 0 are assumed). It is worth noting thatthe § ¢4 | -" .
introduction of carrier phase noise does not degradeOn the g AN }
contrary,o 4 reduces asf goes up. For example, in the case 2 02 L "..‘ N i
wherel” = 600, whené f = 0, 0.01f,, and0.04f;, 0.4 isgiven g TIPS
by 0.1, 0.085, and 0.074, respectively. However, from the vie % r L o et T,-i,‘. TISTIRTas |
7 0 : o CF : 0.0 L . . ‘ ‘
of .{c, 6f = 0is the best choice, sinck decreases rapidly as £ 0.00 0.07 0.02 0.03 0.04 0.05
6f increases. For the case that= 600 andéf = 0.04f,, the S ‘

norma"zed?c is estimated to be 0.03. Carrier linewidth normalized by Signal bit rate
From the time-domain analysis shown in Section Il [see (3)], (b)

we can find that the optical clock pulse can be viewed as a sum . , . ,

L . A L ig. 6. Impacts of carrier phase noise on (a) rms amplitude jitter and (b)
(in field form) of a series of successive pulses multiplied byerage optical clock power for the case that = 0 anddf = 0.

their individual reflective factoRR*. The introduction of optical

phase noise can degrade the coherence between these pulses ) )
and decrease the probabilities for constructive interference. &% Self-phase modulation (SPM) and cross-phase modulation

a result, the amplitude fluctuation of the extracted optical clod&F M) during transmission. So it is important to investigate
pulse is reduced. It is clear th&t will reduce accordingly. In eIl impacts on the optical tank circuit. _
fact, when the incoming optical pulses are incoherent, i.e., carF70m (3) and (31), we can get the field of the extracted optical
rier phase noise is very large, we can get the minimum value@PCcK in the interval {7, (n + 1)T;] as
o4 8sy/1—R?/(1+4+ R?)(Af =0anddf = 0 are assumed).
For ' = 600, o 4 is given by 0.071. 0
cot)|nr, =T Z Ut |u(t — nTy — kdt)]
k=0
JOU —nTy — kdt)?\ ;.
- exXp <— 272 R
B ej?ﬁf,,(t—kTR)—l—qS(t—kTR) (32)

E. The Impacts of Optical Pulse Chirp

In conventional RZ systems, optical pulse chirp can be in-
troduced by optical signal source and nonlinear effects such
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- " T T ‘ ever, due to its simplicity, this technique may be advantageous
"""""""""""""""""" to use for synchronization in future all-optical time-division
switching systems [15]—-[18] (bit optical clock are necessary for

- Tl

L.~ both optical buffer and optical circulating shift register). Incor-
..... df=0.0004 fs porating an all-optical circulating shift register andsm gate,
0.01 - .~ df=0.0002 fs ] this circuit is also suitable for frame synchronization in an op-
— df=0.0001fs tical time-division-multiplexed (OTDM) demultiplexer similar

to the case of electrical TDM demultiplexer. Moreover, the pas-
sive optical tank circuit can be used for multiwavelength clock
recovery, which is especially desirable in systems that apply
WDM technology. An active optical tank circuit based on SBS
B AT 0 o5 00 05 10 15 2o Isalsosuitable for multiwavelength clock extraction; however,
) . the allowable wavelength span is limited by the inherent pump
Linear chirp parameter detuning (about 3 nm) [10], [11]. In the following, we will show

Normalized rms phase jitter

(a) that for a passive optical tank circuit based on FPF, the allow-
: l . . : : able wavelength span is nearly unlimited.

5 0.115} ] We consider the case where there is a totat &Z optical
E omst df=0.0004 fs ~ data streams with the same bit rate (bit clockis We usef;,
S o110} mem. df=0.0002 f5 1 f2,...andf, todenote their individual carrier frequency. Then
2 ' df=0.0001 fs we can see that as long as we hgve= ¢1 /., fo = ¢2fs, - - -,
g- 0'10? frn = qufs (a1, @2, - .., g, are integers), and, =FSR, then
g 0.105} - clocks can be recovered through only one FPF. In principle, it
E 0103 e can be seen that the numberrofs unlimited.
] | b For multiwavelength clock extraction, the requirements for
Q@ 0400F =~ e - : _
I ISt carrier frequency controls become more stringent. If a feedback
g o098 — T control is introduced in the optical tank circuit (to lock any one
S 0095 . . : . : : : of the carriers to one of the power transmission peaks of the
z 20 15 10 -5 00 05 10 15 20

FPF), the absolute carrier frequency variations of less than 20
Linear chirp parameter GHz (~0.155.m, 1.55;;m band) and relative frequency vari-
(b) ations of less than 0.0¢1 are needed then. To achieve this, a
ossible method is to use a single supercontinuum (SC) as the
ultiwavelength optical source. To construct large flexible op-
tical networks, and utilize both OTDM and WDM technologies,

o ) SC broad-band optical source has received much attention in re-
wheredt = —df /FSRf, andC'is linear chirp parameter.iff = -ont years [19]-[24].

Q, we can see that the intrOQUption of optical pulse chirp does noty , s proad-band optical source usually consists of a high
impose any impact on the timing performance. In the case whelgherent short-pulse optical source, an optical amplifier, a sec-
df # 0, its impactis dependent on the value#f Fig. 7(a) and {5, of SC fiber, and a section of chirp compensation fiber. SC is
(b) gives the calculated results using the proposed frequengyp)ained as a complex nonlinear process due to the combined
domain method. Though the introduction of optical pulse chirgxact of SPM, XPM, four-wave mixing, and stimulated Raman
will degradeo.,, we can see that such a degradation becomgs,ering [23] induced by intense optical pump pulse. The gen-
serious only when the value df is relatively large. From the ¢ ateq spectra generally extend to both longer and shorter wave-
above discussion, we know that the allowadjfeshould be |ess g qihs from the pump wavelength and can exhibit an almost flat
than O_.OOOIS. In this case, the influence of optical pU|Se__ChlfQ)r0ﬁ|e by choosing appropriate experimental conditions. Thus,
ono 4 is small even whed’ = £2. For the case of phase jitter, , jjwavelength transform-limited short pulses can easily be
the introduction of chirp can slightly lower the value®f, as  gg|acted by filtering with passive optical filter.

is shown in F|g. (D). . . . For a stable SC broad-band source, the optical frequency
Our calculation also shows that the introduction of opticapijity of the filtered channels is determined by the used
pulse chirp willlead to a decreaselip However, itis foundthat (e ring devices. For conventional arrayed-waveguide grating
as long asif < 0.0001/, and|C| < 2, the influence of optical (AyG), the absolute frequency stability was measured to be
pulse chirp remains small (the normaliz&dcan be more than 1 Gpzpc, and the relative frequency stability can be better

Fig. 7. Impacts of optical pulse frequency chirp on (a) rms phase jitter and
rms amplitude jitter for the case thatf = 0 andéf = 0.

0.96). than 10-*/°C [20]. If the temperature variation is controlled to
o ) ) be less than 0.4C, the absolute frequency stability ef400
F. Application in Multiwavelength Clock Extraction MHz and relative frequency stability of better than 100 MHz

From the above discussions, we can see that the passive@r 20 nm bandwidth (1.5bm band) are achievable.
tical tank circuit based on FPF cannot eliminate the chirp in theTo stabilize the SC spectral profile, we need to control the
extracted optical clock pulses. Therefore, such a clock extrgmsmp wavelength and pump pulse intensity and use relatively
tion technique is unsuitable for a regenerative repeater. Hoshort SC fiber length [24]. For our multiwavelength clock ex-



ZHOU et al: ALL-OPTICAL CLOCK EXTRACTION CIRCUIT 611
TABLE I
A BRIEF COMPARISON FORSEVERAL MAJORALL-OPTICAL CLOCK EXTRACTION TECHNIQUES SOA: SEMICONDUCTOR OPTICAL AMPLIFIER
mode-locked . . . .
Clock recovery mode-.locked semiconductor Optical PLL Optical passive Optlcal.actlye
techniques fiber ring laser laser tank circuit tank circuit
Clock pulse Transform- Transform- Transform- Dependent on Dependent on
quality limited limited limited data pulse data pulse
Complexity High high Very high low High
Operational Limited by gain
speed >100 Gbit/s | recovery time of | > 100 Gbit/s > 1Tbit/s > 100 Gbit/s
(in principle) SOA [25)
Longjtc'erm Difficult Achievable Achievable Achievable Achievable
stability
Multi-
wavelength No No No Yes Yes
clock extraction
Bit rate
No No No No Yes
transparent
traction, from the view of the worst case, absolute frequen&pr convenience, we USER, 1), . &, ks, k, 1O represent
variation of the pump optical pulse needs to be less than 20 GHz
(~0.1551m, 1.55.:m band). Since the SC spectra are approxi-
mately flat, the allowable pump light frequency drift in fact can Z Z Z Z TA Rk ks tha
be Igrger. . _ . _ ki=—00 ka=—00 kz=—00 ks=—00
Finally, a bne_f comparison fo_r several major all-optical clock ol s [ o g0es — B — ).
recovery techniques is shown in Table II.
V. CONCLUSIONS Then(|b,,(t)|*) can be expressed as
We have analytically investigated the timing performance in
an optical tank circuit based on FPF. Time-domain analysis has 1A
. N ) S (b)) = ic / AR, Tk ko, ks, ki
shown that there is no phase jitter in the extracted optical clock if —
the FSR of the FPF is exactly equal to the incoming signal clock ki#ko ks ks
frequency. Based on this, an analytical expression for rms ampli- + % AR, Tk ko, ks, b
tude jitter is obtained in time domain, where we have taken car- Thiree of ke o oo and k .
. . . . . 1 1, k2, k3 an 4 are unequa.
rier frequency drift and carrier phase noise into account. When L1 AR, T)
the FSR of the FPF deviates from the signal clock frequency, 4 — 'i‘, ko, ks, ke
both amplitude jitter and phase jitter will occur in the extracted ‘Twool ky, k2, ks and kg are unequal
optical clock. To investigate the timing performance at this sit- + %A(R, Tky ky, by, by
uayon, we de_velop amore general freql_Jency-domaln_ method. — % AR, T iy ko s b
This method is also suitable for other optical tank circuits, such + L (AR, T)
as that based on SBS [11], and allows us to calculate both rms 16 L £k kb, s
phase jitter and rms amplitude jitter of the extracted optical + MR, Ty ko, b ks
clock. Using the two developed methods, we numerically in- AR, Tk ko ks by
vestigate t.he impacts of the f'|nesse of the resonator, carrier fre- AR, Tky ko o, ks
quency drift, laser phase noise, and resonator detuning on the AR, T)
timing performance in such an optical clock extraction circuit. o Tk ko, ks ko
Finally, application of this circuit in multiwavelength clock re- + AR, Ty kg, by ks
covery was discussed. + AR, Ty, ke, ko, ko
A A +A(R7 T)k17k27k17k2
PPENDIX
+ A(Rv T)kl ko, ko, ke
4 .
From (8),(|b,.(¢)|*) can be given as — LAR Dy by, oy (A2)

(Ibm (1) Z Z Z Z

4 ki tkot+ks+k
'(ak1ak2ak3ak4>T Rlthathsth
. ea,[|k1—k2|+|k3—k4|1+jb[k1 —k2+k3—k41.

Note that A(R, )iy by ks ks = AR Tk, ko, ks, kz@Nd
A(R, T)kl, o, ko, ks — A(R, T)kl, Ko, kg, ey - Thl’OUgh tedious
mathematical deduction|b,,(¢)|*) is finally given the form as

(A1) in (12).
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APPENDIX B

(3]

According to classical Weiner theorem [26], the power spec-[4]

tral density ofl.(¢) can be expressed as

1 [T/2
FT,| = /
Ls J (1. /2)

In (B1), R;, (¢, 7) is the autocorrelation function df.(¢) and
FT.[]isthe Fourier transform. Assuming= f/fs, and using
the results of (A1) and (A2), we can g€i(f) as

Ry (¢, m)dt (B1)

4 o>
Sitnf) =22 P
Z Z Y(ka, k1)Y (k3, —k1)
k2=—o<> kz=—o0
+ Z [V (k2, —k1) + Y (ka, k1))
ho——oo
+ v /%1 } mn— /%1
f—6 Z Z { k2 -1 kl)Y(k27 kl)
ki=—00 ke=—00
—|— Y(k‘g —|— T, kl)Y*(kQ, kl)
+ Y (—ko, —)Y (k1 + k2, m)
Y (=k2, m)Y (k1 + ka2, —1)}
3 o>
{6 ; [©1(n, k1) + O1(—k1, n)]
5w 52
where
Q(n) =U(nfs)H(nfs)
Y (n1, n2) =Q(m)Q*(n2 +m1)
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