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Abstract—A performance analysis of an optical clock extraction
circuit based on a Fabry–Perot filter (FPF) is presented. Two ana-
lytical methods, time-domain and frequency-domain analysis, are
developed in this paper. Time-domain analysis shows that there is
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-
quency. 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 drift and 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.

Index Terms—Amplitude jitter, Fabry–Perot filter (FPF), multi-
wavelength clock extraction, optical clock extraction, optical tank
circuit, phase jitter.

I. INTRODUCTION

SYSTEM synchronization is one of the serious problems
in constructing all-optical signal-processing systems, such

as all-optical regenerative repeaters, all-optical time-division
switching systems, and all-optical demultiplexers. In order
to realize the system synchronization, an all-optical clock
extraction circuit, which recovers timing information from an
incoming optical data stream and produces an optical clock
without an intermediate electric stage, is required.

Up to the present, several optical timing extraction techniques
suitable for high-speed operation have been demonstrated.
Some examples include inject-locking of a mode-locked laser
[1]–[3], optical phase-lock loop (PLL) [4], [5], optical passive
tank circuit based on Fabry–Perot filter (FPF) [6], [7], and
optical active tank circuit based on stimulated Brillouim scat-
tering (SBS) [8]–[11]. Each of these methods has advantages
and drawbacks. For the mode-locked laser, high-quality clock
can be recovered. However, when setting up the laser, the cavity
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Fig. 1. Principle of the passive optical tank circuit based on a FPF. (a) Optical
spectrum of an incoming RZ optical data. (b) Filtering characteristics of the
FPF. (c) Optical spectrum of the extracted optical clock (noise is neglected).
The dashed lines in (a) denote the case with carrier frequency drift. The dashed
lines in (b) correspond to the case with resonator detuning.

length must be tuned carefully. For optical PLL, extremely
stable operation is obtainable but such a technique is very
complex and more suitable for clock extraction at the frame
rate. An optical active tank circuit based on SBS has the unique
ability to recover clock in optical domain without knowing the
incoming data bit rate. But this technique is still rather complex,
and the extracted clock quality is worse than that obtained by
both mode-locked laser and optical PLL. Compared with the
above-mentioned three optical clock extraction techniques, an
optical passive tank circuit based on FPF has the advantages
of ultra-high-speed operation (operational speed is considered
to be 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
Section IV.

The principle of a passive optical tank circuit based on a FPF
is shown in Fig. 1. An optical signal created by return-to-zero
(RZ) intensity modulation consists of continuous spectral com-
ponent and line spectral components, i.e., the optical carrier fre-
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quency and the AM side bands , , where
denotes the data clock frequency. All-optical timing extraction
can be achieved through extracting these line spectral compo-
nents with a periodic optical filter such as FPF. FPF has periodic
power transmission peaks over a range of optical frequencies,
as shown in Fig. 1(b). The peak interval, which is called free
spectral range (FSR), is given by the inverse of the round-trip
time of the optical resonator. From Fig. 1, we can find if 1)

FSR ( is an integer), 2) FSR , and 3) the source
linewidth is narrower than the resonator bandwidth. Only the
line spectral components, which contain the carrier frequency

and the timing components , are transmitted. This
results in optical timing clock extraction. In practice, both
and FSR may deviate from the ideal setting due to temperature
fluctuations in the optical source and the FPF, and thus cause
detuning of the optical tank circuit (for convenience, we define
the deviation of from FSR as carrier frequency drift and the
deviation of FSR from as resonator detuning). In addition,
carrier phase noise and optical pulse frequency chirp may also
degrade the timing performance. In this paper, we present an an-
alytical study on the timing performance of an all-optical clock
extraction circuit based on FPF. In our analysis, we have con-
sidered the effects of carrier frequency drift, resonator detuning,
carrier phase noise, and optical pulse chirp. To our knowledge,
this is the first time this issue is being dealt with.

The remainder of this paper is organized as follows. Section II
is devoted to time-domain analysis. An analytical expression for
root mean square (rms) amplitude jitter of the extracted optical
clock under the assumption that there is no resonator detuning
is achieved. A more general method to deal with the timing per-
formance is derived in Section III, in which we have taken both
carrier frequency drift and resonator detuning into account. In
Section IV, we present some numerical results, where we inves-
tigate the effects of some parameters (finesse of the FPF, carrier
frequency drift, resonator detuning, carrier phase noise, and op-
tical pulse chirp) on the timing performance of the passive op-
tical tank circuit. The application of this circuit in multiwave-
length clock recovery is also discussed in this section. Finally,
we give our conclusions in Section V.

II. TIME-DOMAIN ANALYSIS

Recall that a FPF consists of two parallel highly reflective
mirrors (see Fig. 2), in which a light ray enters the resonator
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. Let

and represent the input and output fields of the FPF,
respectively. is given by

(1)

where means the transmission delay between the two mirrors
( FSR) and and denote the transmissivity and the
reflectivity of the filter, respectively. For an RZ intensity-mod-
ulated optical data stream, is given by

(2)

Fig. 2. Basic behavior of a Fabry–Perot filter.

In (2), is the data clock period; takes the unipolar values
zero or one with equal probability in the interval [ ,

]; and , , and represent the center frequency of
the carrier, the phase noise, and the complex envelope of the
optical pulse, respectively. Then we can rewrite the transmitted
field as

(3)

For an ideal clock extraction, we have FSR , FSR
( is an integer) and . In this situation, can be
expressed as

(4)

From (4), it is clear that there is only amplitude jitter in the
extracted optical clock.

Now let us consider the case that FSR , FSR, and
. In this situation, can be expressed as

FSR (5)

where is defined as the carrier frequency drift. Substituting
(5) into (3), we can express as

(6)

It is obvious that there is still no phase jitter in the extracted
optical clock.

Finally, we consider the case that FSR . From (3), the
field of the extracted optical clock pulse in the interval [ ,

] can be given by

It is easily seen that both amplitude jitter and phase jitter will
occur in the extracted optical clock.
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From the above discussion, we can see that so long as FSR
, there is only amplitude jitter in the extracted optical clock.

In this situation, time-domain method can be directly utilized
to obtain the analytical expression for rms amplitude jitter of
the extracted optical clock. From (6), the optical intensity of the
extracted optical clock is given by

(7)

(8)

(9)

Note that (9) corresponds to Gaussian probability density func-
tion, which is only dependent on carrier linewidth and the
value of [12]. We can easily observe that for various
values of and , should have the same probability
density function. Therefore, we can directly write the normal-
ized rms amplitude jitter of the extracted optical clock as

(10)

where means statistical average. For the case thattakes the
unipolar values zero and one with equal probability,
can be given as

(11)

where and . is given by

(12)

where , , , , and
means the real part of . The deduction process of (12) is
given in Appendix A. Thus, based on (10)–(12), the value of
can be obtained. For an ideal clock extraction, we have ,

, , and . is then reduced to

(13)

III. FREQUENCY-DOMAIN ANALYSIS

In the previous section, we showed that both amplitude and
phase jitter will occur in the extracted optical clock if FSR .
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 (i.e.,
), we can use and 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

(14)

where

else.
(15)

denotes the carrier frequency drift anddenotes the res-
onator detuning defined as FSR . Thus can be
expressed as

(16)

In (16), is the temporal response of , denotes
convolution integration, and and 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 terms of , , and
in (16), and the contribution of other higher order harmonics to
clock phase becomes negligible. Thus we can take as

(17)

Mathematically, we can write , , ,
, , and as ,

, ,
, , and

, where , , , , ,
and are the statistical average of , , ,

, , and , respectively. In general cases, we
should have , , ,

, and

Consequently, the corresponding optical intensity can
be given by

small term (18)

It can be easily seen that just characterizes
the phase of the extracted optical clock. Thus, we can write the
normalized rms phase jitter of the extracted optical clock as

(19)

From (16) and (17), we get

(20)

(21)

At time where is an integer, we have

(22)

(23)

Note that and are very small. It is clear that
and . In

addition, we can take and . Then
we get (24), as shown at the bottom of the page, where

where is the Fourier transform of and means
the argument of .

B. RMS Amplitude Jitter

Considering both the phase and amplitude jitter, we can write
the extracted optical clock (in the optical intensity form) in a
general form as

(25)

where , , and denote the normalized optical in-
tensity variation, the timing fluctuation, and the average optical
clock pulse intensity envelope, respectively. The power spectral
density of can be approximately given as [13], [14]

(26)

In (26), is the Fourier transform of . and
denote the power spectral density of and , respectively.
Note that the accurate expressions for and are not

(24)
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available, but the relationship between and , as well as
and , is given by

(27)

(28)

On the other hand, the power spectral density of can be
calculated using the frequency transfer function of the FPF as
shown in Appendix B. For convenience, we can use and

to represent continuous power
spectral density component and the discrete power spectral
density components of , respectively. Then we get

(29)

Integrating (29), and combining (27) and (28), we obtain

(30)

It is easily seen that as long as the value of[can be achieved
from (24)] and the expression for (shown in Appendix B)
are known, we can get the value of .

IV. NUMERICAL RESULTS AND DISCUSSION

To numerically investigate the timing performance in such an
optical tank circuit, we assume that the incoming optical data
pulses have Gaussian profiles

(31)

where is the linear chirp parameter and is the half-width
at the 1 point. In this paper, we take ,
corresponding to 1/3 of slot width (FWHM).

A. The Impacts of Finesse of the FPF

We denote as the finesse of the FPF, which is given by
(7). Fig. 3 gives the calculated as a function

of for ideal clock extraction, where the solid line and dashed
line denote the calculated results using time-domain and fre-
quency-domain methods, respectively. It can be observed that

Fig. 3. � versusF for ideal clock extraction.

the two theories agree very well. In our calculations using fre-
quency-domain method, to save computational time, some am-
plitude noise spectra are neglected. So the results obtained by
the frequency-domain method exhibit a little lower than that ob-
tained by the time-domain method. From Fig. 3, we can find that

decreases as increases, and can be less than 0.1 if
is greater than 600. This is due to the fact thatis equivalent
to the quality factor in a conventional electrical tank circuit. It
is obvious that an FPF with a greatercan perform better in
noise suppression.

B. The Impacts of Carrier Frequency Drift

From Fig. 1, we can find that when the carrier frequency de-
viates from the ideal setting, the line spectral components of
the extracted optical clock decreases, but the noise component
(corresponding to the continuous spectral component inside the
passband of the FPF) increases. It is immediate that the introduc-
tion of carrier frequency drift will degrade the jitter perfor-
mance and also reduce the average optical clock power (denoted
as hereafter). Such results are clearly shown in Fig. 4(a) and
(b), where we have neglected the impacts of resonator detuning
and carrier phase noise. We used the time-domain method in our
calculations. Note that Fig. 4 only gives the results for ,
since the case of gives same results. From Fig. 4, we
can observe that a very small value of can result in a signifi-
cant increase in and decrease in . Moreover, it can be found
that the greater the value of, the more serious the degradation.
For example, if we choose , when , ,
and , the corresponding becomes 0.095, 0.12, and
0.32, and the normalized becomes 1, 0.4, and 0.04, respec-
tively. If we need , must be controlled to be less
than 0.001 . Typically for GHz, MHz
is then required. Currently such a requirement is still imprac-
ticable. Note that is strongly dependent on ; therefore a
feedback control can be introduced in such an optical tank cir-
cuit (simply using as the feedback signal) to make the FSR of
the Fabry–Perot resonator follow the variation ofand hence
keep always a multiple of FSR. In this case, however, res-
onator detuning becomes inevitable. A more practical design is
to introduce both feedback control (at the receiver) and carrier
frequency control (at the transmitter). Under such a design, the
requirement for carrier frequency controls is dependent on the
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(a)

(b)

Fig. 4. Impacts of carrier frequency drift on (a) rms amplitude jitter and (b)
average optical clock power for the case thatT = T and�f = 0.

tolerance to the resonator detuning. Assuming that the accept-
able maximum resonator detuning is given by , we then
need to control to be less than FSR.

C. The Impacts of Resonator Detuning

From Section II, we know that when FSR , both ampli-
tude jitter and phase jitter will occur in the extracted clock. In
this case, frequency-domain method needs to be used to inves-
tigate the timing performance. Fig. 5(a)–(c) gives the calculated
results, where we have assumed that , , and

. Apart from degrading both and , it can be ob-
served that resonator detuningalso introduces an extra phase
shift in the extracted optical clock. It is worth noting that such
a phase shift goes up very quickly as increases. Typically,
for the case of , when , , and

, the resulted extra phase shift is estimated to be 0.1,
0.22, and 0.45 rad, respectively.

From Fig. 5(b) and (c), we can see that the impact of res-
onator detuning on is much greater than that on . A very
small resonator detuning can result in a large increase in the
value of . Moreover, the greater the finesse of the FPF is,
the more serious such a degradation becomes. For the case of

, when , , and , the
corresponding is estimated to be 0.018, 0.035, and 0.063, re-
spectively. On the contrary, the influence of resonator detuning

(a)

(b)

(c)

Fig. 5. Impacts of resonator detuning on (a) average optical clock phase, (b)
rms phase jitter, and (c) rms amplitude jitter of the extracted optical clock for
the case that�f = 0, �f = 0, andC = 0.

on remains small for various values of. This can be ex-
plained as follows.

Observing (26) carefully, we can find that in the extracted
optical clock, the amplitude-noise sidebands predominate at the
harmonics of sufficiently low order. The phase-noise sidebands
have power proportional to and predominate for harmonics
of higher order. From Fig. 1, it can be easily seen that the impact
of resonator detuning on harmonics of higher order is more se-
vere than that of lower order. It is then immediate that resonator
detuning degrades more severe than . Since the clock
power mainly focuses on the harmonics of low order, it can be
supposed that the impact of resonator detuning onis rela-
tively small. This is verified by our calculation. For ,
when , , and , the normalized

is 0.99, 0.97, and 0.92, respectively.
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TABLE I
TIMING PERFORMANCEUNDER OPTICAL CARRIER FREQUENCYSTABILITY SPECIALIZED BY ITU-T G. 692FOR THECASE THAT F = 600 AND �f = 0

Note that resonator detuning is mainly introduced by slowly
varying carrier frequency drift when a feedback control sug-
gested above is utilized. The introduction of extra phase shift
implies that the average phase of the extracted optical clock will
fluctuate with the carrier frequency. For practical clock extrac-
tion, if we require the maximum extra phase shift less than 0.1
rad, and , and
are necessary. This implies that GHz (1.55 m band)
is required. Such a frequency stabilization technology is avail-
able in a wavelength-division-multiplexing (WDM) system. Ac-
cording to ITU-T standards (G.692), for a 2.5 Gbit/s system with
unequally spaced channel frequency allocation, when the fre-
quency slot is 25, 50, and 100 GHz, the allowable maximum
center frequency deviations are4–5 GHz, 11 GHz, and 23
GHz, respectively. Table I gives the corresponding timing per-
formance for the case that and in 1.55- m
band.

D. The Impacts of Carrier Phase Noise

Now we investigate the influence of carrier phase noise
through time-domain method. The results are given in Fig. 6
( and are assumed). It is worth noting that the
introduction of carrier phase noise does not degrade. On the
contrary, reduces as goes up. For example, in the case
where , when , , and , is given
by 0.1, 0.085, and 0.074, respectively. However, from the view
of , is the best choice, since decreases rapidly as

increases. For the case that and , the
normalized is estimated to be 0.03.

From the time-domain analysis shown in Section II [see (3)],
we can find that the optical clock pulse can be viewed as a sum
(in field form) of a series of successive pulses multiplied by
their individual reflective factor . The introduction of optical
phase noise can degrade the coherence between these pulses
and decrease the probabilities for constructive interference. As
a result, the amplitude fluctuation of the extracted optical clock
pulse is reduced. It is clear that will reduce accordingly. In
fact, when the incoming optical pulses are incoherent, i.e., car-
rier phase noise is very large, we can get the minimum value of

as ( and are assumed).
For , is given by 0.071.

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

(a)

(b)

Fig. 6. Impacts of carrier phase noise on (a) rms amplitude jitter and (b)
average optical clock power for the case that�f = 0 anddf = 0.

as self-phase modulation (SPM) and cross-phase modulation
(XPM) during transmission. So it is important to investigate
their impacts on the optical tank circuit.

From (3) and (31), we can get the field of the extracted optical
clock in the interval [ , ] as

(32)
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(a)

(b)

Fig. 7. Impacts of optical pulse frequency chirp on (a) rms phase jitter and (b)
rms amplitude jitter for the case that�f = 0 and�f = 0.

where FSR and is linear chirp parameter. If
, we can see that the introduction of optical pulse chirp does not

impose any impact on the timing performance. In the case where
, its impact is dependent on the value of. Fig. 7(a) and

(b) gives the calculated results using the proposed frequency-
domain method. Though the introduction of optical pulse chirp
will degrade , we can see that such a degradation becomes
serious only when the value of is relatively large. From the
above discussion, we know that the allowableshould be less
than 0.0001 . In this case, the influence of optical pulse chirp
on is small even when . For the case of phase jitter,
the introduction of chirp can slightly lower the value of, as
is shown in Fig. 7(b).

Our calculation also shows that the introduction of optical
pulse chirp will lead to a decrease in. However, it is found that
as long as and , the influence of optical
pulse chirp remains small (the normalizedcan be more than
0.96).

F. Application in Multiwavelength Clock Extraction

From the above discussions, we can see that the passive op-
tical tank circuit based on FPF cannot eliminate the chirp in the
extracted optical clock pulses. Therefore, such a clock extrac-
tion technique is unsuitable for a regenerative repeater. How-

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
both optical buffer and optical circulating shift register). Incor-
porating an all-optical circulating shift register and anAND gate,
this circuit is also suitable for frame synchronization in an op-
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
is also suitable for multiwavelength clock extraction; however,
the allowable wavelength span is limited by the inherent pump
detuning (about 3 nm) [10], [11]. In the following, we will show
that for a passive optical tank circuit based on FPF, the allow-
able wavelength span is nearly unlimited.

We consider the case where there is a total ofRZ optical
data streams with the same bit rate (bit clock is). We use ,

, and to denote their individual carrier frequency. Then
we can see that as long as we have , , ,

( are integers), and FSR, the
clocks can be recovered through only one FPF. In principle, it
can be seen that the number ofis unlimited.

For multiwavelength clock extraction, the requirements for
carrier frequency controls become more stringent. If a feedback
control is introduced in the optical tank circuit (to lock any one
of the carriers to one of the power transmission peaks of the
FPF), the absolute carrier frequency variations of less than 20
GHz ( 0.155 m, 1.55 m band) and relative frequency vari-
ations of less than 0.001 are needed then. To achieve this, a
possible method is to use a single supercontinuum (SC) as the
multiwavelength optical source. To construct large flexible op-
tical networks, and utilize both OTDM and WDM technologies,
SC broad-band optical source has received much attention in re-
cent years [19]–[24].

An SC broad-band optical source usually consists of a high
coherent short-pulse optical source, an optical amplifier, a sec-
tion of SC fiber, and a section of chirp compensation fiber. SC is
explained as a complex nonlinear process due to the combined
effect of SPM, XPM, four-wave mixing, and stimulated Raman
scattering [23] induced by intense optical pump pulse. The gen-
erated spectra generally extend to both longer and shorter wave-
lengths from the pump wavelength and can exhibit an almost flat
profile by choosing appropriate experimental conditions. Thus,
multiwavelength transform-limited short pulses can easily be
selected by filtering with passive optical filter.

For a stable SC broad-band source, the optical frequency
stability of the filtered channels is determined by the used
filtering devices. For conventional arrayed-waveguide grating
(AWG), the absolute frequency stability was measured to be

1 GHz/ C, and the relative frequency stability can be better
than 10 / C [20]. If the temperature variation is controlled to
be less than 0.4C, the absolute frequency stability of400
MHz and relative frequency stability of better than 100 MHz
over 20 nm bandwidth (1.55m band) are achievable.

To stabilize the SC spectral profile, we need to control the
pump wavelength and pump pulse intensity and use relatively
short SC fiber length [24]. For our multiwavelength clock ex-
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TABLE II
A BRIEF COMPARISON FORSEVERAL MAJORALL-OPTICAL CLOCK EXTRACTION TECHNIQUES. SOA: SEMICONDUCTOROPTICAL AMPLIFIER

traction, from the view of the worst case, absolute frequency
variation of the pump optical pulse needs to be less than 20 GHz
( 0.155 m, 1.55 m band). Since the SC spectra are approxi-
mately flat, the allowable pump light frequency drift in fact can
be larger.

Finally, a brief comparison for several major all-optical clock
recovery techniques is shown in Table II.

V. CONCLUSIONS

We have analytically investigated the timing performance in
an optical tank circuit based on FPF. Time-domain analysis has
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
frequency. Based on this, an analytical expression for rms ampli-
tude jitter is obtained in time domain, where we have taken car-
rier frequency drift and carrier phase noise into account. When
the FSR of the FPF deviates from the signal clock frequency,
both amplitude jitter and phase jitter will occur in the extracted
optical clock. To investigate the timing performance at this sit-
uation, we develop a more general frequency-domain method.
This method is also suitable for other optical tank circuits, such
as that based on SBS [11], and allows us to calculate both rms
phase jitter and rms amplitude jitter of the extracted optical
clock. Using the two developed methods, we numerically in-
vestigate the impacts of the finesse of the resonator, carrier fre-
quency drift, laser phase noise, and resonator detuning on the
timing performance in such an optical clock extraction circuit.
Finally, application of this circuit in multiwavelength clock re-
covery was discussed.

APPENDIX A

From (8), can be given as

(A1)

For convenience, we use to represent

Then can be expressed as

(A2)

Note that and
. Through tedious

mathematical deduction, is finally given the form as
in (12).
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APPENDIX B

According to classical Weiner theorem [26], the power spec-
tral density of can be expressed as

(B1)

In (B1), is the autocorrelation function of and
is the Fourier transform. Assuming , and using

the results of (A1) and (A2), we can get as

(B2)

where
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