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Abstract—We propose and demonstrate a flexible optical
clock recovery scheme using a polarization-modulator-based
frequency-doubling optoelectronic oscillator (OEO). The pro-
posed system can extract both prescaled clock and line-rate clock
from a degraded high-speed digital signal using only low-fre-
quency devices. A simple theory is developed to study the physical
basis of the optical clock recovery. The OEO operation from a
free-running mode to an injection-locking mode is investigated.
The locking range is quantitatively predicted. An experiment is
then implemented to verify the proposed scheme. A prescaled
clock at 10 GHz and a line-rate clock at 20 GHz are successfully
extracted from a degraded 20 Gb/s optical time-division-multi-
plexed (OTDM) signal. The locking range and the phase noise
performance are also experimentally investigated. Clock recovery
from data signals that have no explicit subharmonic tone is
also achieved. The proposed system can be modified to extract
prescaled clock and line-rate clock from 160 Gb/s data signal
using all 40-GHz devices.

Index Terms—Injection locking, optical clock recovery, optical
signal processing, optoelectronic oscillator (OEO), polarization
modulator (PolM).

I. INTRODUCTION

O PTICAL clock recovery from data signals that are
degraded in transmission is essential for optical signal

processing in digital communications systems. Clock recovery
includes line-rate clock recovery and prescaled clock recovery.
The line-rate clock is mainly used for the applications such
as 3R (reamplifation, retiming, and reshaping) regeneration
[1], [2], format conversion [3], [4], and optical logic gates
[5], [6]. The prescaled clock is required for demultiplexing
in high-speed optical time-division-multiplexed (OTDM) net-
works [7]. Line-rate clock recovery from a high-speed digital
signal was reported using injection-locked mode-locked lasers
[8]–[10], or self-pulsing lasers [11], [12], while prescaled clock
recovery was reported using mode-locked lasers [13], [14],
phase-locked loops [15], [16], or optoelectronic oscillators
(OEOs) [17], [18]. Among these techniques, OEO-based clock
recovery is advantageous since it can simultaneously extract
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both electrical and optical clocks with high spectral purity and
highly stable operation. In addition, because an OEO is usually
an oscillator with a high Q factor, it can extract the clock from
a highly degraded optical signal [18].

An OEO is an optoelectronic feedback loop consisting of an
intensity modulator, an optical fiber delay line (or an electrical
phase shifter), a photodetector (PD), an electrical amplifier, and
an electrical bandpass filter (EBPF) [19]. The net gain of the
loop should be greater than unity to ensure that the OEO is
able to oscillate. When a continuous-wave (CW) lightwave is in-
jected into the modulator, the OEO will start to oscillate at one of
its eigenmodes determined by the center frequency of the EBPF.
The spacing between two adjacent eigenmodes is determined by
the total length of the loop. If an incoming data signal containing
a clock with a frequency near the oscillating frequency is intro-
duced into the OEO loop, the OEO will be injection locked. The
clock signal is then extracted while other frequency components
in the data signal are suppressed.

Generally, an OEO can operate at a maximum frequency
that is limited by the bandwidth of the electro-optic modulator
and the PD. As a result, an OEO is usually used for prescaled
clock recovery to lock the residual subharmonic (SH) tones in a
high-speed OTDM data train. To obtain a high-speed line-rate
clock, a pulse compressor and an external time-division multi-
plexer must be used [20], making the system complicated and
costly. To extend the operational frequency, frequency-dou-
bling OEOs have been proposed [21]–[24]. Sakamoto et al.
suggested a frequency-doubling OEO by biasing a
Mach-Zehnder modulator (MZM) at the minimum transmis-
sion point (MITP) [21]. This frequency-doubling OEO was
further applied for optical clock recovery [22], showing a
potential solution to extract an optical prescaled clock from a
high-repetition-rate data signal using low-frequency devices.
The major limitation of the approaches in [21], [22] is that a
high-frequency electrical amplifier and an electrical frequency
divider are needed to obtain the feedback signal required for the
optoelectronic oscillation, which makes the OEO operate only
at a relatively low frequency. By using the wavelength-depen-
dent nature of the half-wave voltage of a MZM, Shin
et al. proposed an approach to generating a frequency-doubled
microwave signal using a self-starting OEO [23]. In the system,
two CW lasers operating at 1550 and 1310 nm were used. The
bias voltage of the MZM was carefully adjusted such that the
modulation was performed at the quadrature transmission point
(QTP) for the wavelength at 1310 nm to produce a low-fre-
quency feedback signal, and the modulation was performed
at the MITP for the wavelength at 1550 nm to generate a
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Fig. 1. Schematic diagram of the proposed clock recovery subsystem using a PolM-based frequency-doubling OEO. CW: continuous wave; PC: polarization
controller; OC: optical coupler; PolM: polarization modulator; OBPF: optical bandpass filter; Pol: polarizer; PD: photodetector; EA: electrical amplifier;
EBPF: electrical bandpass filter; PS: phase shifter.

frequency-doubled signal. The key limitation associated with
the operation of an MZM at the MITP is the bias drifting
problem, which makes the system unstable or a sophisticated
control circuit is needed to stabilize the operation. In addition,
two optical sources at two wavelengths are needed, making the
system more complicated and costly.

We have recently reported a simple frequency-doubling OEO
without the need for high frequency electrical devices and an ad-
ditional optical light source [24]. In the system, a polarization
modulator (PolM) in combination with two optical polarizers
connected via two polarization controllers (PCs) is used to op-
erate as a dual-output intensity modulator. One output of the
intensity modulator is connected to the RF port of the PolM, to
form an optoelectronic loop for the generation of a microwave
signal with the fundamental frequency determined by the center
frequency of a narrow-band electronic filter. The other output of
the intensity modulator provides a fundamental or frequency-
doubled optical microwave signal depending on the static phase
term introduced by the PC before the polarizer. Because no dc
bias is actually required, the system is free from bias drifting
problem, ensuring a stable operation. Notice that the system can
also be modified to operate as a frequency-quadrupling OEO.

In this paper, a theoretical as well as an experimental study on
the use of the PolM-based frequency-doubling OEO for clock
recovery is performed. The key advantage of the proposed ap-
proach is that the system has the capability of extracting both
prescaled and line-rate clocks from a high-speed degraded op-
tical signal using only low frequency devices.

The paper is organized as follows. In Section II, we first de-
scribe the PolM-based frequency-doubling OEO and study the
physical basis for optical clock recovery. The OEO operation
from a free-running mode to an injection-locking mode is inves-
tigated. In addition, a simple theory for the analysis of the steady
state of an injection-locked OEO is presented. Based on the the-
oretical analysis, a quantitative prediction for the locking range
is derived. In Section III, an experiment is performed. We ex-
perimentally extract a prescaled clock at 10 GHz and a line-rate
clock at 20 GHz from a 20 Gb/s degraded OTDM signal. The
locking range and the phase noise performance are investigated.
Furthermore, a prescaled clock at 6.2 GHz and a line-rate clock
at 12.4 GHz are also successfully extracted from a 12.4-Gb/s
signal that has no explicit SH tone. A conclusion is drawn in
Section IV.

II. THEORY

The schematic diagram for clock recovery using a PolM-
based frequency-doubling OEO is shown in Fig. 1. A small CW
light wave at from a laser diode and a large OTDM data signal
at with a data rate of are fiber coupled to a PolM via two
PCs (PC1 and PC2). The incident light waves are oriented at
an angle of 45 to one principal axis of the PolM. The PolM is
connected by two polarizers (Pol1 and Pol2) via two other PCs
(PC3 and PC4), which is equivalent to a dual-output-port inten-
sity modulator. One output of the intensity modulator is fed back
to the RF port of the PolM to form an OEO loop. A PD is used
in the OEO loop to perform optical-to-electrical conversion. To
ensure that the loop gain is higher than unity which is the con-
dition required for oscillation, an electrical amplifier is incorpo-
rated. An electrical narrowband bandpass filter (EBPF) is also
incorporated in the loop to select the oscillation frequency. The
center frequency of the EBPF transmission spectrum is near .
Once the PolM-based OEO is injection locked, a pair of com-
plementary phase-modulated signals is generated along the two
principal axes of the PolM. Applying the two phase-modulated
signals to Pol2 with its principal axis aligned at 45 to one prin-
cipal axis of the PolM via tuning the PC (PC4), the phase-mod-
ulated signals will be combined to generate an intensity-modu-
lated signal. As a result, a prescaled clock at or a line-rate
clock at is obtained, depending on the static phase term in-
troduced by PC4.

A. PolM-Based Dual Output Intensity Modulator

Mathematically, the optical field at the output of the PolM
along the principal axes ( and ) can be expressed as

(1)

where is the transmission factor, is the input optical field,
is the phase modulation index, and is the angular frequency

of the OEO oscillating signal. Applying the two signals to a
polarizer with its principal axis aligned at 45 to one principal
axis of the PolM, we have

(2)
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where is a static phase term introduced by the PC placed
before the polarizer. The output optical power is

(3)

Dividing by the input optical power , the
optical intensity transfer function is obtained, which is written
as

(4)

As can be seen, the transfer function is equivalent to that of an
MZM, which is biased at the QTP when , or at the
MITP when . By choosing via tuning PC3
in the OEO loop, the feedback signal at for optoelectronic
oscillation is obtained. Then, PC4 in the other branch is adjusted
to generate optical clocks at or .

B. Injection Locking of the PolM-Based OEO

It is well known that the modulation spectrum of an ideal re-
turn-to-zero (RZ) data signal at a repetition rate of contains
no detectable component. In a real OTDM data train, how-
ever, a small component is always observed due to the im-
perfect multiplexing in the optical domain. In addition, a very
small component will be occasionally introduced by the op-
tical data in the injection signal or the noise in the OEO. When
this RZ signal is launched into the PolM-based frequency-dou-
bling OEO, the weak component is converted into an elec-
trical signal by the PD, filtered by the EBPF and amplified by
the electrical amplifier. The amplified component is then fed
back into the PolM-based intensity modulator and modulates
the later injected optical data signal. With the modulation, the

component in the electrical modulation signal and the
component in the optical signal will mix at the PolM to gen-
erate a new component, which would greatly enhance the
existing component. This positive feedback process would
finally lead to an oscillation at the frequency of and thus a
clock at is obtained.

Typically, the clock component in a data signal is more than
10-dB over other components. Considering that the 3-dB pass-
band of the EBPF is very narrow ,
we can simply represent the injection signal as the sum of a dc
and two sinusoidal components

(5)

where is the average optical power, is the mod-
ulation depth and is the phase of the component relative
to that of the component in the injection signal. Because the
repetition rate of the data signal is , the amplitude of the
component is much greater than that of the component, i.e.,

.
Assume that the free-running frequency of the OEO is

( and is less than the locking range of the
OEO), the electrical signal at the modulation port of the modu-
lator before the injection of the data signal can be written as

(6)

where is the amplitude and is the initial phase. Then, in the
first cycle after the injection of the data signal, the free-running
signal and the injection optical signal will be mixed at the PolM-
based intensity modulator. Considering that the output port of
the modulator in the OEO loop is biased at the QTP, the optical
output signal is given by

(7)

where is the half-wave voltage of the PolM. If the injection
signal is a CW light wave, i.e., , the OEO is operating
at the free running mode. As a free running eigenmode, the
term must satisfy the following relations:

(8a)

(8b)

where is the responsivity of the PD, is the load impedance,
is the voltage gain of the amplifier, is the

phase modulation index of the PolM-based intensity modulator,
is the total loop delay, and is an integer.
Equation (7) can be expanded in terms of Bessel functions of

the first kind, (see (9) at the bottom of the page) where
represents the th-order Bessel functions of the first kind. As
can be seen, the optical output signal contains frequency com-
ponents of , and ( is an in-
teger, , 2). Because high-order harmonics will be blocked
by the narrow bandpass filter, only the components of ,
(i.e., ), (i.e., ), and (i.e.,

) would be present in the obtained electrical signal. In
comparison with the component, the and

(9)
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components are very small and should be suppressed after sev-
eral cycles when the OEO is injection locked. Thus, we only
need to consider the and terms, which is

(10)

The output optical signal is then converted into an electrical
signal at the PD, amplified by the electrical amplifier, and fil-
tered by the EBPF, which takes the form of

(11)

where

(12a)

(12b)

(12c)

Because the locking range of an OEO-based clock recovery
scheme is usually less than 1 MHz [3], [25] and the 3-dB pass-
band of the EBPF is greater than 10 MHz, we simply assume
that the loop gains for the and components are the same.

When the electrical signal in (11) is fed into the PolM-based
intensity modulator again, using a similar mathematical treat-
ment as used in deriving (10), after iterating for times, we
can get the expression for the electrical signal generated in the

th cycle, given by

(13)

where

(14a)

(14b)

(14c)

In the above expressions

(15a)

(15b)

Equations (11)–(15) form the framework of the injection-
locking theory for the PolM-based frequency-doubling OEO.
Using this theory, we can calculate the power evolution of the
free running frequency and the clock frequency when a
data signal is injected. The calculation is performed with the pa-

Fig. 2. Power evolution of the free running frequency � and the clock fre-
quency � after injection of the data signal.

rameters used in the experiment: , ,
, , , . To ensure the

convergence in the simulation, the saturation of the electrical
amplifier is considered. Fig. 2 shows the calculation result. As
can be seen, the power of the component is very small at
the beginning when the OEO is operating at the free-running
mode. After only 40 cycles, the component is significantly
suppressed and the OEO is injection locked at . In the calcula-
tion, the injection locking is always achieved when is varied
from 0 to .

It is noteworthy that the existence of the component is es-
sential for the injection locking. If , i.e., only the
component exists in the injection signal, the component will
never be generated and the OEO can never be injection locked.
However, the optical data in the injection signal or the noise in
the OEO will occasionally introduce a very small compo-
nent. Once the component is present, it will be captured and
amplified by the OEO and will lead to a sustained oscillation at
the frequency of . In a calculation, we set in the
first cycle and in the following cycles, injection locking
is obtained after 90 cycles. This analysis is in consistence with a
previously reported experiment in [26], where a clock division
using an OEO is obtained with no SH tone observed in the in-
jection signal.

C. Steady State Analysis

When the OEO is operating in the injection-locked mode, all
the free-running modes are suppressed and only the com-
ponent exists. Therefore, it is reasonable to write the electrical
signal at the modulation port of the modulator as

(16)

where is the initial phase.
The electrical signal of the OEO and the injection signal will

be mixed at the PolM-based intensity modulator, generating fre-
quency components at . Because the higher-
order harmonics will be blocked by the narrow bandpass filter,
we only need to consider the component, which is

(17)
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Fig. 3. (a) Eye diagram of the original 20-Gb/s signal, (b) eye diagram, (c) electrical spectrum of the degraded signal.

where

(18a)

(18b)

The output optical signal is then converted into an electrical
signal at the PD, amplified by the electrical amplifier, and fil-
tered by the EBPF, which takes the form of

(19)

where

(20a)

(20b)

If the steady state of injection locking is achieved, the feed-
back signal must be an exact replica of the initial signal repre-
sented by (16). Therefore, we obtain

(21a)

(21b)

Because (21) contains special functions, it is very hard to ob-
tain an analytical solution except for some specific cases. For-
tunately, numerical approaches, such as iteration method with
proper initialization, can obtain and for the OEO oscilla-
tion signal in (16) if the optical injection signal in (5) is given.
If , which means a CW signal is injected, from
(18)–(21), must be 0 (i.e., ), indicating that the
OEO operates at the free running mode. Otherwise, the OEO
is injection locked at the SH frequency of the injection signal.
The oscillation electrical signal is extracted from the com-
ponent in the data signal since is very small. Furthermore,
one can learn from (18) that the existence of the component
in the injection signal is not necessary to maintain the oscilla-
tion although it is very important for the startup of the injection
locking.

On the other hand, if a given pair of satisfies (21a), then
by substituting into (20b) and (21b), the offset frequency
from the free running eigenmode represented by would be

obtained [3]. The variable range of is defined as the locking
range. From (21b), the locking range is inversely proportional
to the total loop delay and distributed around the free running
frequency . In addition, several locking band would be pre-
sented since can be different values. It is worth mentioning
that the difference in loop gain for different frequency is not
considered in the treatment. In fact, the injection locking would
not be obtained if is too large to make the loop gain less than
unity. With the parameters used in the experiment, the locking
range is calculated to be 1.03 MHz for .

III. EXPERIMENT AND DISCUSSIONS

An experiment is performed based on the setup shown in
Fig. 1. A 9.95328 GHz optical pulse train with
a pulse width of about 17 ps is generated through electrooptic
phase modulation and linear chirp compensation [27]. The
center wavelength of the optical pulse is 1556 nm. The pulse
train is injected into a modulator, where it is modu-
lated by a 9.95328-Gb/s pseudo random bit sequence (PRBS)
with a word length of . The obtained 10-Gb/s optical
RZ signal is then multiplexed by a passive fiber multiplexer
to form a 20 Gb/s OTDM train, with the eye diagram shown
in Fig. 3(a). A section of 10-km standard single mode fiber
(SSMF) and ASE noise from an erbium-doped fiber amplifier
(EDFA) is used to degrade the 20-Gb/s signal. The waveforms
and the electrical spectrum of the degraded signal are shown
in Fig. 3(b) and (c). A strong 20 GHz component and a small
10 GHz component are present in the electrical spectrum,
which are more than 10 dB over other components.

The degraded data signal with a power of 6 dBm and a
CW light wave with a power of and a wavelength of
1548.85 nm are fiber coupled into the PolM-based frequency
doubling OEO for clock recovery. The PolM is a commercially
available 40-Gbit/s GaAs-based PolM from Versawave Tech-
nologies [28]. Two polarizers (Pol1 and Pol2) are connected to
the PolM via two PCs (PC3 and PC4) to form a dual-output-port
intensity modulator. One output of the intensity modulator is
connected to the RF port of the PolM, to form an optoelec-
tronic loop. The parameters of the devices used in the OEO
loop are as follows: the PD has a 3-dB bandwidth of 45 GHz
and a responsibility of 0.4 A/W. The bandwidth of the EBPF
is 50 MHz centered at 9.95328 GHz. The power gain of the
electrical amplifier is about 55 dB. The free spectral range
(FSR) of the OEO is measured to be 3.5 MHz. The other output
of the dual-output-port intensity modulator is connected to an
optical bandpass filter (OBPF) with a center wavelength of
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Fig. 4. (a) Waveform and (b) spectrum of the extracted electrical signal. (c) Waveform of the 20 Gb/s signal triggered by the OEO oscillating signal.

1548.85 nm. A prescaled clock at 10 GHz or a line-rate clock
at 20 GHz is obtained depending on the static phase introduced
by PC4.

To evaluate the performance of the generated optical clocks, a
second 45-GHz PD is connected at the output of Pol2, to convert
the optical signals to electrical signals. The waveforms are ob-
served by a high-speed sampling oscilloscope (Agilent 86116A)
and the spectra are measured by an electrical spectrum analyzer
(ESA, Agilent E4448A). In addition, an optical spectrum an-
alyzer (Ando AQ 6317B) with a resolution of 0.01 nm is em-
ployed to monitor the optical spectra.

To extract the prescaled or the line-rate clocks from the injec-
tion signals, at the first step, the OEO must be injection locked
and produce an electrical prescaled clock signal at 10 GHz. To
do so, we adjust PC3 in the OEO loop to let .
Fig. 4(a) and (b) shows the waveform and spectrum of the OEO
oscillating signal. The frequency is 9.95327 GHz, which is half
the repetition rate of the injection signal within the instrumental
error. To demonstrate that the OEO is operating at the injection
locking mode, the OEO oscillating signal is served as a trigger
for the sampling oscilloscope. Fig. 4(c) shows the 20 Gb/s data
monitored with the sampling oscilloscope. The eye pattern is
widely open, and almost the same as that in Fig. 3(a), indicating
that the incoming data is well synchronized to the recovered
clock. Because the 10 GHz component in the injection signal
is lower than that of the 20 GHz component, the ob-
tained electrical clock is recovered from the 20 GHz compo-
nent. In the experiment, we slightly vary the polarization states
of the incident light wave via adjusting PC1 and find no observ-
able changes to the waveforms and spectra, demonstrating that
the oscillation is very robust. In addition, the PRBS length is
switched from to , again, no sensible changes are
observed, indicating that the pattern effect does not occur in the
experiment. The injection locking status is maintained when the
degraded signal is injected. A drop of the 10 GHz clock is ob-
served, but the power variation is within 1 dB. The reason that
the OEO possesses sufficient tolerance to the long sequences of
‘0’s or the degradation of the input signal is that the OEO is a
oscillator with a high Q factor, which has a high sensitivity to
be injection locked.

The locking range of the proposed system is also investigated.
It is reported in [3] that the locking range of an OEO is de-
pendent on the phase bias of the modulator. When the phase
bias of the PolM-based intensity modulator is , the locking
range is measured to be 1.32 MHz, which is in good agreement
with the theoretical analysis (1.03 MHz). When PC3 is adjusted,

which means that the phase bias is deviating from , the
locking range is increased. The maximum locking range is as
large as 27 MHz. Furthermore, as predicted by (21), the OEO is
found to have several locking bands, which are

(19.88012 GHz, 19.88286 GHz);
(19.88748 GHz, 19.89248 GHz);
(19.89434 GHz, 19.92138 GHz);
(19.92306 GHz, 19.92806 GHz);
(19.93158 GHz, 19.93582 GHz).

It should be noted that the power of the OEO oscillation
signal is reduced (about 2 dB at ) and the noise
is increased when the PolM-based modulator is not biased at
the QTP. Therefore, PC3 in the OEO loop is adjusted to let

in the following experiments.
To generate the prescaled optical clock, we adjust PC4 in the

output port to let , with the main results shown in
Fig. 5. Fig. 5(a) shows the optical spectrum, which is a double-
sideband modulated optical signal with a wavelength spacing
of 0.08 nm or 10 GHz between two neighboring wavelengths.
By applying the optical signal at the PD, a sinusoidal signal
at 10-GHz is generated, with the temporal waveform shown in
Fig. 5(b). Fig. 5(c) gives the spectrum of the generated electrical
clock after optical-to-electrical conversion at the PD. Since the
PC is tuned to generate the prescaled optical clock, the spectral
component of the 10-GHz signal is 26-dB higher than that of
its second harmonic. The inset in Fig. 5(c) provides a zoom-in
view of the spectral component at 10 GHz.

To generate the line-rate optical clock at 20-GHz, PC4 is ad-
justed such that . Fig. 6(a) shows the optical spectrum,
which is an intensity-modulated signal with suppressed even-
order sidebands. As can be seen, the two first-order sidebands
are 30-dB higher than the optical carrier and the second-order
sidebands. Excellent even-order sideband suppression is con-
firmed. The wavelengths of the two first-order sidebands are
at 1548.772 and 1548.932 nm, giving a wavelength spacing of
0.16 nm or 20 GHz. Fig. 6(b) shows the generated clock with
a frequency of 20 GHz. The electrical spectrum of the 20-GHz
clock is shown in Fig. 6(c). Although the first and third-order
harmonics in the generated microwave signal are observed in the
spectrum, they are 24-dB lower than that of the 20-GHz clock.
The inset of Fig. 6(c) provides a zoom-in view of the electrical
spectrum of the 20-GHz signal.

The key feature of this technique is that no dc bias is needed,
which makes the system free from bias drifting, leading to an in-
creased stability. To verify this conclusion, we allow the system
to operate at a room environment for a period of 60-min. The
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Fig. 5. A 10-GHz clock extracted from the 20 Gb/s degraded signal using the proposed frequency-doubling OEO. (a) The optical spectrum at the output of Pol2.
(b) The electrical waveform. (c) The electrical spectrum at SPAN 30 GHz and RBW 100 Hz. Inset: the 10-GHz electrical spectrum at SPAN 1 MHz and RBW
9.1 kHz, vertical: 20 dB/div.

Fig. 6. A 20-GHz clock extracted from the 20 Gb/s degraded signal using the proposed frequency-doubling OEO. (a) The optical spectrum at the output of Pol2.
(b) The electrical waveform. (c) The electrical spectrum at SPAN 30 GHz and RBW 100 Hz. Inset: the 20-GHz electrical spectrum at SPAN 1 MHz and RBW
9.1 kHz, vertical: 20 dB/div.

Fig. 7. SSB phase noise spectra for the input signal and the recovered 10- and
20-GHz clocks.

power variations in the optical spectra are within 1 dB. Since the
10-km SSMF used to degrade the injection signal introduces a
slowly varied time shift within 7 ps, the temporal waveform is
also shifted within 7 ps in the whole observation period, indi-
cating that the recovered clock is synchronized to the injection
signal very well.

The phase noise performance of the generated clock signals
is also studied. Fig. 7 shows the single-sideband (SSB) phase
noise spectra of the generated 10- and 20-GHz clocks, which are
measured by an Agilent E5052B signal source analyzer incor-
porating an Agilent E5053A downconverter. As a comparison,
the SSB phase noise spectra for the input 20 Gb/s signal are also
plotted. The phase noises at 10-kHz offset frequency are ,

, and for the input OTDM signal, the

recovered prescaled clock at 10 GHz, and the recovered line-rate
clock at 20 GHz, respectively. The 20-GHz clock has a 5.7-dB
phase noise degradation compared to the 10-GHz clock. Theo-
retically, the phase noise of a frequency-doubled signal should
have a phase noise degradation of about .
The measurement is consistent with the theoretical prediction. A
peak at 3.49 MHz offset frequency, corresponding to the FSR of
the OEO resulted from the non-oscillating sidemodes, is shown
in the SSB phase noise spectra with a phase noise of less than

. Based on the spectral integration method [29]
(from 100 Hz to 10 MHz), the rms timing jitters of the 10-GHz
and the 20-GHz clocks are estimated to be 192 fs and 154 fs,
respectively.

In the above analysis, the injection signal is assumed to have
an explicit SH tone. In fact, this SH tone is not required for the
proposed clock recovery scheme. This is because a very small
SH frequency will be occasionally introduced by the optical data
in the injection signal or the noise in the OEO. In another ex-
periment, we replace the EBPF in the OEO loop with another
filter that has a center frequency of and a 3-dB
bandwidth of 20 MHz. The injection signal is also changed to
a RZ data train, which is directly produced by a
PRBS with a word length of . Therefore, the imperfect
multiplexing is avoided and no observable 6.2 GHz component
is found in the electrical spectrum, as shown in Fig. 8(a). When
this signal is injected into the PolM-based OEO, excellent in-
jection locking is again obtained. Fig. 8(b) and (c) shows the
waveforms of the recovered prescaled clock at 6.2 GHz and the
line-rate clock at . Because the 3-dB bandwidth of
the EBPF is reduced, only a single locking band is found, which
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Fig. 8. (a) Electrical spectra of the 12.4 Gb/s signal without explicit subharmonic tone, (b) Waveform of the recovered prescaled clock at 6.2 GHz, (c) Waveform
of the recovered line-rate clock at 12.4 GHz.

is (12.37178 GHz, 12.37214 GHz). The locking range is mea-
sured to be 360 kHz.

Thanks to the frequency doubling operation of the OEO,
to recover the clock from a 20-GHz signal, the devices in the
OEO are only required to operate at a maximum frequency of
10-GHz. Therefore, the proposed system can recover both the
prescaled clock and the line-rate clock from a 20 Gb/s data
signal using only 10-GHz devices. It should be noted that the
PolM-based frequency-doubling OEO can be modified to be a
frequency-quadrupling OEO. In fact, if PC4 is adjusted to let

, the generated optical signal will be an intensity-mod-
ulated signal with suppressed odd-order sidebands. Then, if
a notch filter is employed to filter out the optical carrier, an
optical microwave signal with a frequency that is four times the
frequency of the OEO fundamental signal would be obtained
[30]. As a result, the proposed system can be used to extract
a prescaled clock and a line-rate clock from a 160 Gb/s data
signal if a PolM-based OEO with all 40-GHz devices is applied.

IV. CONCLUSION

We have proposed and demonstrated a simple and flexible
PolM-based frequency-doubling OEO for optical clock re-
covery from a degraded digital signal. A general mathematical
model to describe the injection locking using a low-frequency
OEO by a high-speed data signal was developed. Based on the
model, the power evolution of different frequency components
from a free-running mode to an injection-locked mode was
investigated. Injection locking range was obtained by the steady
state analysis. An experimental was then performed to verify
the proposed scheme. A prescaled optical clock at 10 GHz or a
line-rate optical clock at 20 GHz was extracted from a 20 Gb/s
degraded optical signal. Clock recovery from a data signal
that has no explicit SH tone was also demonstrated. The key
significance of the approach is that the use of a low-frequency
OEO to realize clock recovery for a high-data-rate signal. For
example, by using a 40-GHz OEO, a prescaled clock or a
line-rate clock can be extracted from a 160 Gb/s data signal.
The proposed approach also features a simple and compact
structure with stable operation, which can find applications in
optical communications systems.
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