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Abstract—We describe an optical clock recovery circuit that
employs a traveling-wave electroabsorption modulator-based ring
oscillator. This approach provides synchronized optical clock and
the original optical data signal from the same output at separate
wavelengths, eliminating additional timing adjustments for the
subsequent nonlinear decision gate for reamplifying, reshaping,
and retiming (3R) <<AU: Correct ?>> regeneration. Fur-
thermore, additional retiming and lateral reshaping of the original
data signal can be realized along with optical clock recovery by
synchronized modulation. We present a general model of jitter
transfer and locking dynamics for the clock recovery circuit and
compare with experimental results. Theoretical results indicate
that by using hybrid integration to shorten the cavity length,
nanosecond-order locking time can be achieved, which is critical
for a variety of applications such as protection switching, optical
burst and optical packet switching. Experimental demonstrations
of 40-Gb/s optical clock recovery and its application for optical 3R
regeneration are presented. The recovered 40-GHz optical clock
has 500-fs timing jitter and 8-ps pulsewidth, and within 0.3 us
locking time. 3R experiment is implemented by using the OCR
combined with a subsequent regenerative wavelength converter,
which provides vertical reshaping function. 3R regeneration is
demonstrated with a reduced timing jitter.

Index Terms—Clock recovery, electroabsorption modulator, in-
jection locking, optical packet switching, optical signal processing,
regeneration.

1. INTRODUCTION

AVELENGTH-division multiplexing (WDM) com-

bined with high-speed time division multiplexing
allows networks to exploit the terahertz transmission band-
width of single-mode optical fiber and increase the scalability
of all-optical networks [1]. While single-wavelength bit rates
have been pushed to 40 Gb/s using electronic time-division
multiplexing (ETDM) [2], even greater capacities can be
reached with techniques like optical time-division multiplexing
(OTDM) for 160 Gb/s and faster [3]. However, the increase
in the channel bit rate results in an increase in transmission
impairments stemming from fiber chromatic dispersion, fiber
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nonlinear effects, noise accumulation, crosstalk, and jitter
[4] that require reamplifying, reshaping, and retiming (3R)
regeneration to be employed [5], [6].

Optical 3R regenerators are of great importance, since the op-
tical signal does not have to be converted to an electrical signal
and techniques may be employed that scale to bit rate out of the
reach of current electronics. In order to retime and reshape re-
turn-to-zero (RZ) signals, clock recovery is performed first to
extract the synchronization with a reduced jitter, which is often
realized with the aid of electronics. The recovered electrical
clock then drives a RZ pulse source to generate optical pulses
that implements retiming and lateral reshaping functions. Fi-
nally, the generated optical pulses are gated by the original data
through a nonlinear decision gate, such as an optical wavelength
converter, which provides vertical reshaping. Thus, 3R regen-
erated data at another wavelength is obtained. Optical wave-
length converters in particular are a promising candidate for op-
tical 3R regeneration, since reshaped and retimed data can be
copied from one wavelength to another to support switching and
routing functions [5]-[7].

To date, optical clock recovery (OCR) circuits based on an
electrooptical phase-locked loop (PLL) have been proposed and
demonstrated [8]. Although these approaches resulted in a high
quality recovered clock, a more compact solution is preferred
for practical use. Self-pulsating distributed feedback (DFB)
lasers have been applied for OCR [9], but beating between
two modes usually results in sinusoidal-like optical clocks.
Injection-locked optoelectronic oscillator-based OCR was also
demonstrated with high spectral purity, but it requires a rela-
tively more complicated configuration that involves conversion
between optical and electrical signals with a photodetector
and the feedback of the electrical signal to an electrooptical
modulator [10]-[12].

In this paper, we describe a technique to extract the clock from
an optical data signal and copy the clock onto a new wavelength
while preserving or lateral reshaping the data signal on the orig-
inal wavelength. The results described here are different from
what has been reported before in that the technique incorporates
essential functionalities of optical clock recovery, optical pulse
generation, and data lateral reshaping within a traveling-wave
electroabsorption modulator (TW-EAM)-based ring oscillator.
This technique has been shown to operate at 40 Gb/s [13]. The
output optical clock and data signal can then be used with a sub-
sequent wavelength converter to realize 3R regeneration.

1077-260X/$20.00 © 2005 IEEE
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Fig. 1. (a) Conventional optical 3R architecture. (b) New 3R architecture using

a TW-EAM-based OCR.

The main advantages of this approach is its simple con-
figuration, the potential monolithic integration, and single
input/output fiber coupling for the WDM output of optical
data signal and recovered pulsed optical clocks. We first, in
Section II, describe the TW-EAM-based ring oscillator and
identify its physical basis for OCR operation. In Section III,
we formulate the model for the detailed characterization of
the timing extraction process and the phase dynamic evolu-
tion. The model yields quantitative predictions for the locking
range, the jitter transfer of the recovered clock, and the locking
time. In Section IV, we describe a series of experiments and
then compare them with the theoretical calculations. We also
experimentally demonstrate the TW-EAM-based OCR for
40-Gb/s optical clock recovery and its application for optical
3R regeneration. Our conclusions are drawn from the analysis
and the experimental results in Section V.

II. OPERATING PRINCIPLE

The traditional approach to optical 3R regenerative wave-
length conversion is illustrated in Fig. 1(a). A degraded RZ input
signal is optically reamplified and then split to an OCR circuit.
The OCR includes an optical pulse generator driven by the re-
covered clock to generate an RZ optical clock pulse train. Subse-
quently, the recovered pulsed clock enters a regenerative wave-
length converter along with the appropriately delayed optical
data signal. The wavelength converter essentially uses the data
as a control signal to gate the recovered RZ optical clock to per-
form 3R regeneration.

In this paper, we describe a different approach for optical
3R regeneration as shown in Fig. 1(b). In this approach the
TW-EAM-based OCR is injection locked to the clock frequency
and imprints only the clock tone from the input data signal (A1)
onto a new wavelength (\2). The data signal is remained or lat-
eral reshaped on the original wavelength; hence, the recovered
clock and the data signal from the same output can be directly in-
jected into a wavelength converter to complete 3R regeneration
without an optical delay or a separate optical pulse generator.

This work builds on a 40-Gb/s OCR using direct optical
injection locking of a TW-EAM-based ring oscillator reported
in [13]. The OCR, shown schematically in Fig. 2(a), uses a
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Fig. 2. (a) Scheme of the TW-EAM-based OCR (b) Its hybrid integration
configuration.

TW-EAM, an RF @ filter, and an RF amplifier to construct a
40-GHz self-oscillating ring oscillator. The TW-EAM works
simultaneously as a photodetector by using photocurrent from
the upper electrical port and a pulsed optical clock generator by
applying the recovered electrical clock on the lower electrical
port to modulate the continuous-wave (CW) <<AU: Cor-
rect?>>light at another wavelength. The modulation effect of
the recovered electrical clock performs retiming and lateral re-
shaping of input optical RZ signal due to narrow synchronized
TW-EAM’s switch window, which can be used as a stand-alone
reshaping—retiming (2R) regenerator [14]. The lateral reshaping
implementation comes from the nonlinear transfer function
of the TW-EAM that converts applied recovered electrical
clock with sinusoidal voltage drive into small duty-cycle time
switch windows. Thus, the input optical RZ signal is carved or
remained depending on its pulsewidth larger or smaller than
the switch window. Furthermore, if using cross-absorption
modulation (XAM) in the TW-EAM to implement wavelength
conversion, 3R regeneration could be achieved within the same
OCR circuit. However, slow carrier recovery in the TW-EAM
limits its application of 40-Gb/s wavelength conversion. In
the following 40-Gb/s OCR experiments, relatively low input
signal power was employed and no significant data transfer to
CW light was observed.

When the input optical RZ signal contains a frequency within
the OCR’s locking range, the OCR can be injection locked.
Traditionally, this type of circuit requires an external phase
shifter. However, the loop phase of the OCR can be tuned by ad-
justing the bias voltage of the TW-EAM due to the TW-EAM’s
nonlinear electroabsorption process [13]. In order to decrease
the OCR’s locking time, the buildup time of the ring oscillator
needs to be reduced, which is related to its physical loop
length. This can be done by hybrid or monolithic integration
of the electrical circuit elements with the TW-EAM. Fig. 2(b)
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Fig. 3. [Injection locking process of the TW-EAM-based OCR with 1-kHz
resolution bandwidth. Upper: output RF spectrum of free-running oscillation;
Middle: unlocked OCR; Bottom: injection locked OCR.

shows a hybrid integrated realization of the OCR, including
a TW-EAM, a dc-bias circuit, a coplanar waveguide @ filter,
a 40-GHz narrow-band microwave monolithic IC (MMIC)
amplifier interconnected by several coplanar waveguide (CPW)
lines, and bonding ribbons [15].

The injection-locking process is shown in Fig. 3 with an ap-
plied 40-Gb/s OTDM signal at the input. Without the 40-Gb/s
signal, the oscillator free-runs at around 40 GHz, shown as the
upper waveform in Fig. 3. When the 40-Gb/s OTDM signal is
injected at the edge of the lock-range, both the clock component
of the injected signal and the free-running mode exist in the os-
cillator, along with several other peaks generated by the non-
linear mixing process shown as the middle waveform in Fig. 3.
When input signal frequency is within the lock-range, the oscil-
lator-based OCR is injection locked at clock frequency shown
as the bottom trace.

III. THEORY
A. TW-EAM-Based Ring Oscillator

Like other oscillators, the oscillation of a TW-EAM-based
ring oscillator, shown in Fig. 2(a), starts from a noise transient,
such as thermal noise and shot noise. After multiple recircula-
tions, free-running oscillation is built up. A @ filter is employed
in the loop to select desired modes from equally spaced oscil-
lation modes of the oscillator. Through adjusting gain or loss,
only one oscillation mode at frequency foq. is allowed to have
unit gain so that stable oscillation is obtained. The noise com-
ponent at fs. is given

Vo(t) = Vi, exp(—i27 fosct) )

where V,, is its noise amplitude. The noise component of (1)
travels around the loop, and the summation of all circulating
fields

Vosc(t) = Vo Y g™ Ft. exp(—i27 fosc(t +m7))  (2)

m=0

where g and F,. are the loop voltage gain and the transmission
of the @ filter at frequency f,sc, respectively; 7 is the time delay
resulting from the physical length of the oscillator; and m is the
number of times the field has circulated around the loop, with

Vin=o(t) = Vi(t). The phase-matching condition requires the
satisfaction of the following relationship:
2w foseT = 2km, k=0,1,2,... 3)

where £k is an integer. Therefore, the corresponding RF power
of the free-running oscillation signal is

V2

POSC =
2R(1 + 92F025c - 2gFOSC)

“

where R is the load impedance of the TW-EAM.

B. Jitter Transfer Function

In this section, we consider the jitter transfer function of the
injection-locked oscillator for OCR operation. Each oscillator
has a negative conductance device, a resonator, and complex
noise admittance. If the oscillator is injection locked to the ex-
ternal injected signal, the phase relationship between the oscil-
lator and the injected signal can be described as [16], [17]

dd) 7rfosc 7'rfosc Pinj
- = 27I'f osc T A~
dt Q Q P osc

where ¢ and ;y; are the instantaneous phases of the free-run-
ning oscillator and injected signals, respectively. Pi,; is the
power intensity of the injected signal and () is the quality factor
of the oscillator. B, (t) is a time-varying noise susceptance,
assumed to be an ergodic process.

For a small noise level, (5) is simplified as the following equa-
tion and the detailed derivation can be found in [16] and [17]:

us(f) = 1HAD (1) - Sowl)

+ |H](f)|2 : S§¢>inj (f) (6)

B,(t) -

sin(¢ —inj) (5)

where Af3 g = fosc/2Q is half the 3-dB bandwidth of the
oscillator; Ssg,(f) is the power spectral density of the oscil-
lator’s phase fluctuations in the absence of an injected signal;
Ss:n; (f) is the power spectral density of the phase fluctuations
of the injected signal; and H ;(f) is the jitter transfer function
of the TW-EAM-based oscillator, given by [17], [18]

1

=— @)
st
L+ Ly

H;(f)

where A fiock is the locking range, which is defined from the
well-known Adler equation [19]

/ Pin' osc
Aflo(‘,k - P . QQ . (8)

Fig. 4 shows the curves of jitter transfer function versus offset
frequency from the carrier for several different locking ranges
of 1 kHz, 10 kHz, 50 kHz, 500 kHz, and 1 MHz, respectively.
It is obvious that the recovered clock follows the input signal’s
jitter within the locking range and suppresses the jitter outside
the locking range. Within the locking range, the capacity of
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Fig. 4. Simulation of jitter transfer function versus offset frequency for
different locking ranges.

the oscillator to track the uncertainty in the arrival time of the
input signal plays an important role in its suitability for assuring
proper timing. Outside the locking range, lower timing noise,
which is attenuated by 20 dB/decade, is desirable for optical 3R
regeneration purposes.

C. Transient Response

The transient response of the oscillator describes its dynamic
evolution when the locking signal is injected into the free-run-
ning oscillator. Since the first two terms in (5) do not contain
phase tracking information, we can neglect them and also set

d)inj =0

dp T fosc
dt  Q

By integrating (9) for ¢ assuming an initial phase difference

¢o between the free-running oscillation signal and injected

signal
; d(;S Pin‘ T Josc ¢
/ : = - : / dt
J po Sln<¢) Posc Q 0

which leads directly to

o(t) = 2tan™? (exp <—1/%%t> tan %) (11)

where () can be defined as [20]

_ fosc
= Xf

Pinj .
P sin(g). )

(10)

POS(‘,
PG

= 2’]-[-']l‘OSC’T2

(12)

where G 4 is the RF amplifier’s voltage gain and p is equivalent
input noise density. Fig. 5(a) is a plot of the phase response
for different initial phases of ¢ at different injection ratio of
Pipj/ Posc. The parameters for the simulations are ¢g = 25°,
—80°, Pij/Posc = —10 dB, —20 dB, respectively; Pose =
10dBm, 7 = 1 ns, G4 = 25dB, p = 10717 mW/Hz. Itis seen
that smaller initial phase and stronger injection ratio suggest
faster evolution process to the steady state.
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Fig. 5. Simulation of: (a) transient response of the injection locked oscillator
and (b) locking time versus the amplifier’s gain and the loop delay time.

In addition, increasing the gain of the RF amplifier in the
loop can accelerate the oscillator’s transient process; and also
reducing the loop delay time or loop length can decrease the
locking time, shown in Fig. 5(b). It indicates that nanosecond-
order locking time could be achieved through increasing the RF
amplifier’s gain to 35 dB and reducing the loop delay time to
0.01 ns.

IV. EXPERIMENTAL RESULTS

A. TW-EAM-Based Ring Oscillator for 40-Gb/s Optical Clock
Recovery Operation

We experimentally investigated the TW-EAM-based ring os-
cillator for 40-Gb/s optical clock recovery operation. A 10-GHz
gain-switched distributed Bragg reflector (DBR) laser was used
to generate pulses at 1554 nm (A1) and modulated with a
231 — 1 pseudorandom binary sequence (PRBS) <<<AU:
Correct?>>> pattern by a LiNbOs modulator and then
optically multiplexed to 40-Gb/s OTDM signal. The CW light
input for generating recovered optical clock was 6 dBm at 1558
nm (\s).

The TW-EAM used in the oscillator has a total extinction ratio
of above 30 dB for the transverse magnetic (TM) mode, shown
in Fig. 6(a). Details of the TW-EAM have been previously re-
ported in [21]. As a photodetector, its responsivity is 0.4 A/W
and its 3-dB bandwidth is 12 GHz, but the rolloff is small. At
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Fig. 6. (a) Transmission and photocurrent curves versus the bias of the

TW-EAM. Inset: Layout of the TW-EAM. (b) RF spectrum of the photocurrent
with 40-Gb/s OTDM signal injection.

6 dBm input power of 40-Gb/s OTDM signal, the RF spectrum
of the TW-EAM’s photocurrent is shown in Fig. 6(b) and the
40-GHz tone is —40 dBm. The peak around 10 GHz comes from
imperfect OTDM 1 : 4 multiplexing.

The 40-GHz chip coplanar @ filter is realized by creating a ca-
pacitively coupled resonant section in the inner conductor. It was
fabricated on a semi-insulated InP substrate with a @) factor of
about 50 and a sideband suppression ratio of over 20 dB, which
is shown in Fig. 7(a). It was bonded to the TW-EAM using
50-pm-wide gold ribbon. As the interconnections, the bonding
ribbons’ insertion loss is negligibly low compared with the ref-
erence CPW lines, but the reflection is 10 dB more at 40 GHz,
shown in Fig. 7(b). A 38 GHz-40 GHz RF amplifier is connected
to the TW-EAM and @ filter with external RF cables to con-
struct the ring oscillator.

Before injecting a 38.79629-Gb/s OTDM signal, the OCR
oscillated at the frequency of 38.7961 GHz that is determined
by the peak frequency of @ filter and the loop length (hereafter,
we will just use “40-Gb/s OTDM signal” and “40-GHz clock”
for simplification). When the OTDM signal is applied, both the
clock component and the free-running mode exist in the loop.
Through adjusting the TW-EAM’s reverse bias voltage to 3 V,
the OCR oscillation frequency was tuned close to the input data
frequency and its phase was also locked.

The output optical signal from the oscillator was amplified
by an erbium-doped fiber amplifier (EDFA) <<<AU: Cor-
rect?>>> and then filtered by a 2.4-nm optical bandpass
filter to separate the recovered optical clock at 1558 nm and
the OTDM signal at 1554 nm. Fig. 8 shows eye diagrams of
the input OTDM signal, output OTDM signal, and recovered
optical clock. No significant difference was observed when
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Fig. 7. (a) Frequency response of the ¢ filter. Inset: Layout of the () filter.
(b) Insertion and reflection losses due to ribbon bonding interconnection (dark
curves: ribbon bonding; gray curves: reference CPW lines).

output data signal was compared with the original input data
signal. Fig. 8 also depicts the optical spectrum of simultaneous
output of the data signal and the recovered pulsed optical clock
at separated wavelengths. The pulsewidth of the recovered
optical clock is 8 ps, shown as the inserted autocorrelation
curve in Fig. 8. The TW-EAM introduced a 17-dB insertion
loss. It can be reduced by carefully matching the mode shapes
of the TW-EAM and lensed fibers.

It is important to measure the time required to achieve
synchronization of the injection-locked oscillator to an injected
signal since the clock locking time will affect system latency. A
mixer is used to measure the locking time of the OCR. 40-GHz
RF signal electrically multiplexed from 10-GHz RF signal
from the transmitter inputs the LO port of the mixer; recovered
40-GHz electrical clock inputs RF port of the mixer. First,
optical packets with 1-us packet length and 1-us gap enter the
oscillator. The output IF signal from the mixer is shown as the
lower waveform in Fig. 9(a). The locking time is measured
from arrival time of optical packets to that of clock buildup.
0.3-ps locking time was measured in 0.3-m loop length. The
oscillator’s holding time is also measured, i.e., how long the
clock will stay synchronized to data after dropping the injected
signal. A 0.4-us holding time was measured in the OCR. When
the packet length and gap of the optical packets were changed
to 1 and 0.5 us, respectively, the output IF signal from the
mixer is shown as the lower waveform in Fig. 9(b). It confirms
the measurement results of the locking time and holding time.

When we increased the oscillator’s loop length from 0.3 to
1.28 m by changing the RF cable lengths, the locking time was
increased to 2 us, shown as the solid scattered dots in Fig. 9(c).
The experimental results match (11) and simulation results in



(lower) with: (a) 1-us packet length and 1-ps gap; (b) 1-us packet length and
0.5-ps gap; locking time against (c) the OCR’s loop length and (d) average
power of input optical packets (solid curves: simulation results; solid and
hollow scattered dots: experimental results of locking time and holding time,
respectively).

Fig. 5 in Section II. Assuming: 1) 10% power of input optical
signal is converted and injected to the OCR; 2) injected signal
power is twice the average power due to 50/50 duty cycle of
input packets and gaps; and 3) the initial phase is fixed, we ap-
proximately simulate the relationship between locking time and
the loop length, shown as the solid curve in Fig. 9(c). When
the average power of input optical packets was reduced from
3 to —2 dBm, the locking time is increased to 1.2 us, shown as
the solid scattered dots in Fig. 9(d). The simulation results are
shown as the solid curve in the figure. We believe the reason
why not <<<AU: Please provide missing text>>>
well matched is that the initial phase may be changed in the
measurement while assuming fixed in the simulation. We found
the holding time is constant at around 0.4 us for different injec-
tion power from —2 to 3 dBm while it increases to 3 us when
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10 MHz. At 8 dBm of optical input, its rms timing jitter is 500 fs.
When the input power was reduced from 8 to 0 dBm, its timing
jitter is increased monotonously, shown in Fig. 10(a). The mea-
sured locking range described in Fig. 10(b) shows larger than
400-kHz locking range and a linear relationship dependence on
the square root of optical input power, which is consistent with

(8).

B. TW-EAM-Based OCR for 3R Regeneration and Its Jitter
Transfer Function Measurement

We experimentally investigated the TW-EAM-based OCR
for the application of 3R regeneration through feeding its output
signals into a subsequent fiber cross-phase modulation (XPM)
wavelength converter, shown in Fig. 11. Details of the wave-
length converter have been previously reported in [22]. The
output signals from the OCR are the original 40-Gb/s data at A;
and the recovered 40-GHz optical clock at A2, which directly
injected into the wavelength converter without any additional
timing alignment. Also, no additional optical pulse generator
is used in the experiment, since it is already imbedded in the
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TW-EAM-based OCR. The fiber XPM wavelength converter
has near cosine transfer function and can provide vertical
reshaping function [23]. The data pattern is imprinted on the
recovered clock pulses through the wavelength converter by
the original 40-Gb/s input signal. After filtering out the con-
verted signal at wavelength Ao, 3R regenerated 40-Gb/s data is
achieved.

The wavelength converter is implemented by using the
XPM effect in a 500-m-long dispersion shifted fiber (DSF).
A 400-mW power level of the input signals is required by the
wavelength converter to obtain enough nonlinearity in the DSF
fibers. Considering that the fiber XPM wavelength converter
is more efficient for down conversion, the wavelength of the
CW light input for generating the recovered optical clock is
set to 1547.6 nm (\2), and the power level is 3 dBm. The
wavelength of the 40-Gb/s OTDM signals with 2°* — 1 PRBS
pattern is 1552.5 nm (A1). A 3-dB coupler is used to combine
the 40-Gb/s OTDM signal and the CW light together. Then the
combined signal is amplified by an EDFA to 12 dBm before
entering the OCR. The bias voltage of the TW-EAM is set to
1.06 V considering the output power and modulation efficiency
of the TW-EAM. The pulsewidth of the generated optical clock
is 10 ps. A shorter pulsewidth can be obtained by increasing
the amplitude of the recovered electrical clock applied on the
TW-EAM. The converted 40-Gb/s signal from the wavelength
converter is filtered out by a 0.6-nm optical bandpass filter.

Fig. 12 depicts the optical spectra of output signals from the
OCR, the position of the optical filter, and converted 40-Gb/s
signals. The gray curve in Fig. 12 shows the output signals from
the OCR. CW light at 1547.6 nm is modulated to generate mul-
tipeaks separated at 0.32 nm, and it means a 40-GHz recovered

Regenerative

wavelength converter

' | 40-Gh/s
EDFA, oc i 3R output

'@?"z

___________________

Optical 3R experiment setup using the TW-EAM-based OCR (PC: polarization controller; OC: optical circulator; OBPF: optical bandpass filter).
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Fig. 13. BER curves and eye diagrams of the 40-Gb/s OTDM input signal and

3R wavelength converted signal.

optical clock. After the fiber XPM wavelength converter, the op-
tical spectrum of the recovered optical clock is broadened and
one of its sidebands is filtered out as the converted 40-Gb/s sig-
nals. The position of the optical filter is shown as the dashed
curve in Fig. 12.

Fig. 13 shows the bit error rate (BER) curves and the eye
diagrams of the 40-Gb/s back-to-back and 3R wavelength con-
verted signals. The inset waveforms in Fig. 13 show the cor-
responding eye diagrams. Compared with the back-to-back re-
sults, the average power penalty of converted signals for BER =
1079 is 2.7 dB. The power penalty is believed to be partly due
to the amplified spontaneous emission (ASE) <<<AU: Cor-
rect?>>> noise of the input optical signal not removed be-
fore the OCR so as to be transferred to the subsequent wave-
length converter; partly caused by the relatively low power level
(—10 dBm) of the OCR’s output signals sent to the fiber XPM
wavelength converter. The power penalty from the wavelength
converter is above 2 dB when the input power level is —10 dBm.
Reducing the TW-EAM’s loss and using a relative low input
power wavelength converter can improve the 3R performance.

Fig. 14(a) depicts the SSB noise spectra of the free-running
OCR, input OTDM signal, the recovered optical clock, and the
converted signal (with EDFA amplification), which are shown
as dashed curve, dotted curve, dark curve, and gray curve, re-
spectively. The SSB noise spectrum of the free-running OCR
is obtained by connecting directly to an RF spectrum analyzer
while others are obtained via a 50-GHz bandwidth photodiode.
The carrier-to-noise at 50-kHz offset is measured to be —71.6,
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Fig. 14. (a) SSB noise spectra of the free-running OCR, input signal,
recovered clock, and wavelength converted signal (resolution bandwidth:
200 Hz). (b) Measured (dashed curve) and calculated (solid curve) jitter
transfer functions of the OCR.

—75.5, and —74.6 dBc/Hz for the input OTDM signal, the re-
covered optical clock, and the converted signal, respectively.
Through integrating the noise spectra from offset frequency of
1 kHz to 10 MHz, the rms timing jitters for the input signal,
recovered clock, and converted signal are 871, 425, and 537 fs,
respectively. The OCR locks to the line-rate frequency while
suppressing other frequency components associated with the
input signal, which reduces the timing jitter. From Fig. 14(b),
it is obvious that inside the 50-kHz locking range, the jitter of
the recovered optical clock follows that of the input signal while
attenuated by 20-dB/decade outside the locking range, which
agrees with the tendency of calculated jitter transfer function
shown as the solid curve in Fig. 14(b).

V. CONCLUSION

We have introduced a compact TW-EAM-based ring oscil-
lator for 40-Gb/s optical clock recovery and its application for
optical 3R regeneration. We have presented the general model
to analyze the jitter transfer and the locking dynamics of the
OCR. We simulated performance characteristics such as the
jitter transfer function, locking range, and locking time and
confirm the simulation results in a series of experiments. The re-
covered 40-GHz optical clock has 500-fs rms timing jitter, 8-ps
pulsewidth, and 400-kHz locking range. The signals from the
same output port of the OCR, i.e., the data signal and recovered
optical clock, are directly injected into a subsequent wavelength
converter for 3R regeneration without any additional timing
adjustment or optical pulse generator. Compared to the input
40-Gb/s RZ signal, 3R wavelength conversion results show
reduced timing jitter due to the spectrum purifying effect of the
TW-EAM-based OCR. The recovered optical clock from the

oscillator can track the timing of input signal inside the locking
range while reducing the jitter by 20-dB/decade outside the
locking range, which is desirable for optical 3R regeneration
application. The transient response analysis and experimental
results show that increasing injection power, enhancing the
gain of the RF amplifier, and reducing loop length can decrease
the locking time. The proposed compact structure consisting
of a TW-EAM, a coplanar @ filter, and an RF amplifier is
promising for fast OCR provided that monolithic integration is
realized to minimize the loop length and hence minimize the
corresponding capture time for synchronization.
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