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Abstract—The authors describe the design and performance
of an ultrafast optical clock recovery system that is based on
two-photon absorption (TPA) in a silicon avalanche photodi-
ode. Unlike many other optical clock recovery techniques, the
system is shown to be polarization insensitive, broadband, low
jitter, and scalable to high data rates. Moreover, the system is
simple, economical, and suitable for integration with silicon elec-
tronics. Successful operation of the system is reported for speeds
up to 80 Gb/s and transmission distances up to 840 km using
a recirculating loop. The authors introduce a new dithering de-
tection scheme that dramatically improves the dynamic range
and decreases polarization and wavelength dependence, without
introducing an additional timing jitter. The system achieves a
dynamic range of 10 dB and optical bandwidth exceeding 35 nm.

Index Terms—Nonlinear optics, optical communication, optical-
signal processing, phase-locked loops (PLLs), photodiodes, polar-
ization, synchronization, timing jitter.

1. INTRODUCTION

LOCK recovery, which is the process of synchroniz-
C ing a locally generated clock with incoming data, is a
prerequisite for most other optical processing tasks including
optical demultiplexing, optical logic, and optical retiming, re-
compression, and reamplification (3R) regeneration. Although
electronic circuits can perform clock recovery at speeds up to
40 Gb/s, in future optical time-division multiplexed networks,
the data rate could exceed the speed of conventional electronics.
In these systems, the process of clock recovery can be better
accomplished in the optical domain.

Techniques previously used for optical clock recovery in-
clude injection-locked laser cavities [1]-[3], electrical ring
oscillators [4]-[6], and a variety of optical phase-locked loop
(PLL) systems [7]-[12]. Among the PLL methods, many non-
linear processes have been employed for timing detection,
including four-wave mixing in fiber [7] or semiconductor
waveguides [8], cross-absorption modulation in an electroab-
sorption modulator (EAM) [9], cross-phase-modulation in
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semiconductor amplifiers [10], and optoelectronic mixing in
modulators [11], [13]. Although these methods have enabled
subharmonic clock recovery at speeds up to hundreds of giga-
bits per second, few of these techniques provide polarization
and wavelength independence comparable to what is routinely
achieved in slower electronic clock recovery systems.

Methods for mitigating the polarization dependence include
polarization interleaving [14], in which neighboring pulses are
orthogonally polarized, and polarization diversity [15], [16],
in which the optical signal is split into orthogonally polarized
components that are processed separately. Each of these tech-
niques introduces an additional complexity in the system that
would not be necessary if the underlying optical process were
itself polarization independent. Injection-locking techniques
have been shown to have a lower polarization dependence [1],
but they are usually tied to a specific repetition frequency and
wavelength.

Wavelength dependence is another challenge associated with
the optical clock recovery. With the exception of DFB lasers,
most components in optical communication systems (e.g., mod-
ulators, amplifiers, and photodetectors) can be used for many
different wavelength channels without incurring a significant
penalty. By contrast, many of the nonlinear optical techniques
used in optical clock recovery systems require specific wave-
lengths for both the clock and data. In some cases, the clock
and data must be sufficiently separated in wavelength to be
spectrally distinguishable, as, for example, when an optical
filter is used to separate the clock and data after mixing. In
some cases, the clock and the data cannot be too far apart
because the nonlinear mixing efficiency decreases with sep-
aration. For many nonlinear processes, the attainable wave-
length range is limited by phase-matching conditions or the
wavelength characteristics of the devices used. In wavelength-
division multiplexed networks, it is especially important that
the clock recovery not be constrained in wavelength.

In this paper, we describe a new clock recovery system
that is based on two-photon absorption (TPA) in a silicon
photodiode. Unlike many other nonlinear processes, TPA is
simple, inexpensive, and ultrafast. More significantly, we will
demonstrate that the system shows very little polarization de-
pendence and broad wavelength range—overcoming two crit-
ical problems that have historically plagued the optical clock
recovery systems. We will derive analytical expressions for
the cross-correlation signal, which is generated by TPA in
terms of the input powers and polarization states. Using these
theoretical guidelines, we design a PLL with a low polarization
dependence. We demonstrate the operation of this system in
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Fig. 1. Measured photocurrent as a function of the CW optical input power

for the silicon avalanche photodiode used in this paper.

an 80-Gb/s transmission system, achieving error-free opera-
tion after an 840-km transmission without polarization control.
Finally, we introduce a new optical dithering system that im-
proves the dynamic range and further reduces the polarization
sensitivity without introducing additional timing jitter in the
recovered clock.

II. OpTICAL CROSS CORRELATION USING TPA

One key ingredient in the PLL clock recovery system is
a phase detector: a device that measures the relative timing
between the clock and the data. In electrical clock recovery
systems, the phase detection is accomplished by mixing the
photodetected data and the electrical clock in a microwave
mixer. In the optical clock recovery system reported here, the
mixer is replaced with a much faster nonlinear optical process
that operates directly on the optical signals.

The nonlinear process that we use is TPA: an ultrafast process
in which two photons are simultaneously absorbed in a photodi-
ode to generate a single electron-hole pair. Unlike conventional
photodetection, TPA produces a photocurrent proportional to
the square of the optical power. Because of this quadratic
nonlinearity, TPA can be used to measure the correlation be-
tween high-speed optical signals in much the same way that a
sum-frequency generation is used in optical autocorrelators to
diagnose pulses that are too short to be measured electrically.

Fig. 1 plots the measured photocurrent as a function of
the input optical power for the silicon avalanche photodiode
used in this paper, clearly showing the quadratic relationship
over several orders of magnitude. In these measurements, a
continuous-wave (CW) optical signal at 1550 nm was focused
through a microscope objective to a 3-p/m spot on the surface of
the silicon detector. A long-pass filter was inserted to block any
ambient light or residual pump light from the fiber amplifiers
that could otherwise produce a linear photocurrent.

Because the polarization state cannot be easily controlled
in the optical fiber, it is important to understand how TPA
depends on the polarization state. Fig. 2 plots the measured
TPA photocurrent as a function of the input polarization state
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Fig. 2. Measured photocurrent produced by TPA as a function of the po-
larization state. (a) Photocurrent produced by TPA is the same for all linear
polarization states. (b) When the polarization state changes from linear to
circular, the photocurrent decreases by a factor of approximately 2/3.

when the power is fixed. While the photocurrent is the same
for all linear polarization states, it decreases by a factor of 2/3
for circular polarization states. This 2/3 circular-to-linear ratio
is theoretically expected for isotropic x*) nonlinear processes.
Under the assumption that the TPA in silicon is isotropic, the
photocurrent generated through TPA can be modeled by the
following simple relation:

iTPA X <|E(t)‘4> )

where () indicates the time-average, and E(¢) is the real-
valued electric-field vector of the light. If the optical signal is a
CW signal with power P, (1) predicts that the photocurrent is
given by

2

. S
ZTPA—TI<133>P2 2)

where 7 is an efficiency factor for the process, and (S7, S2,
Ss) are the normalized Stokes parameters describing the po-
larization state, i.e., the coordinates on the Poincaré sphere.
Equation (2) predicts that for a given power P, the amount of
TPA depends only on the degree of ellipticity of the polarization
state, described by S3. The dashed lines plotted in Fig. 2 were
calculated using (2) and show excellent agreement with our
experimental measurements.

The analysis of the polarization dependence is more compli-
cated if there are two optical signals with different wavelengths
and polarization states. For clock recovery, we are interested in
the case where two optical pulses (data and clock) generate a
cross-correlation signal in the detector, as shown schematically
in Fig. 3(a). We assume that the difference between the optical
carrier frequencies is higher than the speed of the electrical
detector so that the optical beating between the clock and the
data is not observed. The detector is also not fast enough to
resolve the individual pulses or data patterns that make up the
clock and data. Despite the limited speed of the detector, the
time-averaged photocurrent depends on the relative delay (7)
between the clock and the data, as shown schematically in
Fig. 3(b). The average output photocurrent ¢(7) consists of the
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Fig. 3. Schematic of cross-correlation measurement produced by TPA.
(a) Two optical signals are combined and directed to the silicon detector.
(b) Time-averaged photocurrent (i(7)) is comprised of a cross-correlation
signal C'(7) on top of a constant background level B.

intensity cross-correlation function C'(7) on top of a uniform
background level B:

i(t) =B+ C(7). 3)

In general, both the background B and the cross correlation
C(7) depend upon the polarization states and powers in the
two optical signals. When the simple model given in (1) is
applied to the case of two optical signals, we find after some
calculation that

z=a[wr) (1-2) + 7o) (1- )] @

Ctr) =3 it - 0) (14 38181+ 35283 ) 9
where p(t) and p'(¢) are the power envelopes of the clock signal
and data, respectively, and S and S’ describe their correspond-
ing normalized Stokes vectors.

In a clock recovery system, the optical clock is generated
locally, and can therefore have a prescribed polarization state,
whereas the data polarization cannot be easily controlled. One
important observation that follows from (5) is that by fixing the
polarization of the clock signal to be circular, i.e., setting 57 =
So = 0, the cross-correlation component becomes independent
of the data polarization state. Under this condition, (4)—(5)
simplify to

p=afwoy+ (1-F) o) ©

0r) =2 tple — (1) )
When the clock is circularly polarized, changes in the data po-
larization state produce a shift in the background level, but the
cross-correlation signal is unchanged. We have experimentally
confirmed this prediction in an earlier work [17]. A similar
effect is predicted for other third-order processes in isotropic
media. For example, four-wave mixing in fiber becomes polar-
ization independent when one of the input signals is circularly
polarized [18].

III. 80 Gb/s CLOCK RECOVERY EXPERIMENT

In the optical clock recovery system, the cross correlation
produced by TPA is used to measure the timing difference
between the clock and the data. Fig. 4(a) depicts the cross
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Fig. 4. (a) Measured cross correlation between 10-GHz clock and 80-Gb/s
data before and after the offset is subtracted. (b) Magnified view of cross
correlation, showing the zero-crossing location.

offset local clock
1101 - EDFA _ Filter (10 GHz)
S - @—0-Hw) oK
(80 Gb/s RZ) SiAPD  pLL fitter
Modelocked RF;‘Amp
pc CLOCK Laser ~
10 GHz, 4 ps

Fig. 5. Diagram of 80-Gb/s optical clock recovery system.

correlation between a 10-GHz optical clock and an 80-Gb/s
RZ data signal, as measured by TPA in a silicon photodiode.
Although the cross-correlation function is strictly positive, a
bipolar signal can be obtained by subtracting a constant offset
level. The resulting bipolar signal can then be used as the error
signal in a PLL to synchronize the clock and data. The PLL
works to drive the error signal to zero, which locks the clock
and data together with a timing difference determined by the
position of the zero-crossing point, which is labeled 7y in the
magnified view in Fig. 4(b).

Fig. 5 depicts the experimental setup used to demon-
strate 80-Gb/s clock recovery using TPA [19]. The 10-GHz
4-ps clock pulses were generated from a semiconductor mode-
locked laser driven by an electrical voltage-controlled oscilla-
tor. Data pulses with duration of 4 ps were generated using a
10-GHz mode-locked fiber laser, which was passively mul-
tiplexed to 40 GHz and ON-OFF modulated with a 223 — 1
pseudorandom binary data sequence. One additional multiplex-
ing stage was employed to produce an 80-Gb/s data sequence.
The average optical powers of data and clock signals impinging
on the detector surface were 3 and 6 mW, respectively. Fig. 6
shows the optical spectrum of the combined data and clock
signals. The electrical filter H (w) was designed so that the PLL
would have a closed-loop bandwidth of about 5.5 kHz.

Fig. 7 plots the electrical spectrum and single-sideband phase
noise of the recovered clock in comparison to the original clock
used in the transmitter. Integrating the phase-noise pedestal
from 100 Hz to 10 MHz yields a timing jitter of 110 fs for
the recovered clock, compared to 170 fs for the transmitter
clock. In this system, the recovered clock exhibits less phase
noise than the original clock, because the voltage-controlled
oscillator (VCO) used in the clock recovery system is less noisy
than the RF synthesizer used in the transmitter.
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Fig. 7. (a) Measured RF spectrum and (b) single-sideband phase noise of the

recovered 10-GHz electrical clock, compared to the original clock used in the
transmitter.
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Fig. 8. Diagram of the 80-Gb/s optical transmitter, demultiplexer, and receiver

used to characterize the clock recovery system. Instead of varying the received
optical power, the optical OSNR was adjusted by injecting a broadband optical
noise prior to the receiver.

The clock recovery system was also evaluated using bit-
error-rate (BER) measurements. As depicted in Fig. 8, the data
was demultiplexed from 80 to 40 Gb/s using an EAM driven
by a 40-GHz signal derived from the clock recovery system.
The clock recovery system requires a prescribed input power
to operate, which makes it difficult to perform the conventional
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Fig. 10. Minimum and maximum cross-correlation signals obtained by ad-
justing the data polarization when the clock is circularly polarized. Changes in
the polarization state produce a change A B in the background level, which can
shift the zero-crossing point by as much as 700 fs.

BER versus the power measurements. To avoid this problem,
we instead maintained a fixed input power and adjusted the
optical signal-to-noise ratio (OSNR) by injecting a broadband
amplified spontaneous emission prior to the clock recovery and
receiver. Fig. 9(a) plots the measured @J-value as a function of
the OSNR for a back-to-back transmission using both the recov-
ered clock and the original clock. The (-value was determined
by measuring the BER as a function of the decision threshold,
as depicted in Fig. 9(b). There is no significant difference be-
tween the two curves, which shows that there is no performance
penalty associated with the clock recovery system.

IV. POLARIZATION DEPENDENCE IN CLOCK RECOVERY

As described in Section II, when the clock is circularly
polarized, the amplitude of the cross correlation does not de-
pend on the data polarization state. We exploited this polariza-
tion insensitivity in achieving the results shown in Figs. 7-9.
Unfortunately, even with a circularly polarized clock signal,
the background level B can vary with the data polarization,
as described in (7). This variation AB is shown in Fig. 10,
which plots the measured cross correlation between the clock
and the data when the PLL is deactivated. The two curves in
Fig. 10 show the maximum shift in the background level that
can be obtained by adjusting the data polarization state while
maintaining a circular state for the clock.

As shown in Fig. 10, after a fixed offset is subtracted,
the cross-correlation signal exhibits a zero crossing for any
input polarization state. This ensures that the clock recovery
system can acquire and maintain lock regardless of the data
polarization: a prediction that we have verified experimentally.
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Fig. 11. Measured single-sideband phase noise of the recovered clock, when

the data polarization state is scrambled at two different speeds. When the polar-
ization fluctuations are within the PLL bandwidth, the timing jitter increases as
a result of polarization-induced timing fluctuations.

This condition will be maintained provided that the maximum
change in the background level does not exceed the peak-to-
peak amplitude of the cross-correlation signal, i.e., AB < Cj.

The ratio AB/Cj can be estimated using (6)—(7). For sim-
plicity, we assume that the clock and data are comprised of
Gaussian pulses with pulsewidths of 7" and 7" and that the
pulses are sufficiently short that the cross-correlation function
C(7) goes almost to zero at the point of minimum overlap.
Under this condition, we obtain

AB <p/2 (t)> 1 /T2 1772 Pg’ng g

& = Tomy ~ 1 () ©
where P,yq and P, represent the time-averaged powers of the
clock and data, respectively, and the data power is averaged over
a random sequence of equally likely ones and zeros. Equation
(8) holds for all data rates and also applies when the data rate is
a multiple of the clock frequency.

Equation (8) reveals that once the data and clock pulsewidths
are known, the ratio AB/Cy depends only on the ratio of the
average powers. One can therefore minimize the sensitivity to
polarization fluctuations by choosing the clock to be circularly
polarized with the average power much larger than the data.
Unfortunately, this choice also causes the signal amplitude Cj
to become much smaller than the total background level B,
which degrades the OSNR in the avalanche photodiode. For the
experiments reported here, we compromised by choosing the
clock power to be twice as high as the data power.

As shown in Fig. 10, when the data polarization changes, the
position of the zero crossing can vary by up to 700 fs, which
produces a corresponding shift in the timing of the recovered
clock. In order to study the effect of the polarization-induced
timing fluctuations, we inserted a variable-speed polarization
scrambler prior to the clock recovery system. Fig. 11 plots the
measured phase-noise spectrum of the recovered clock for two
different scrambling speeds. When the polarization is scram-
bled at 1 MHz, we see no significant increase in the phase noise
of the recovered clock compared to the unscrambled system,
because in this case, the speed of the PLL (5.5 kHz) is not fast
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Fig. 12. Histograms showing the timing variations in the recovered clock,

measured with a high-speed sampling oscilloscope. The RMS timing jitter is
observed to increase when the polarization state is scrambled.

enough to track the rapid changes caused by the polarization
scrambling. However, when the polarization is scrambled at
1 kHz, the phase noise shows a marked increase at low fre-
quencies, and the timing jitter increases from 121 to 215 fs as
a result of low-frequency polarization fluctuations. Assuming
that the polarization-induced fluctuations are uncorrelated with
the intrinsic clock jitter, the timing fluctuations associated with
polarization variations is 180 fs.

The effect of the polarization fluctuations can also be mea-
sured by observing the recovered clock signal on a high-speed
sampling oscilloscope, using the original clock signal as a
trigger. The histograms shown in Fig. 12 plot the statistical
distribution in the timing of the recovered clock, accumulated
over approximately 400 000 samples. We used a precision time-
based system (Agilent 86107A) to reduce the effect of the
intrinsic sampling jitter. The root-mean-square (rms) timing
jitter increases from 285 to 340 fs when the polarization
scrambling is enabled. These figures are considerably larger
than those obtained from the phase-noise measurements, in part
because of the large intrinsic jitter of the sampling oscillo-
scope, which was estimated to be 170 fs. Despite these limi-
tations, the component of the timing jitter due to polarization
fluctuations can be calculated by subtracting the variances,
which gives 185 fs, in agreement with the independent phase-
noise measurements.

As shown in (6), the background photocurrent and zero-
crossing point depend only on the degree of ellipticity of the
data polarization, which is described by the azimuthal angle
6 (cos?(f) = S%) on the Poincaré sphere. If the cross corre-
lation is approximated as a linear function of 7 in the vicinity
of the zero-crossing point, then (7) can be used to derive the
following simple relationship between the zero-crossing time
and the ellipticity:

Ty = Tmin + AT cos?(0) 9

where A7 is the maximum shift in the zero-crossing level. From
the data plotted in Fig. 10, we infer that A7 = 700 fs.

Fig. 13(a) plots the measured distribution of the polarization
states on the Poincaré sphere when the polarization is scram-
bled. Fig. 13(b) plots the predicted distribution of azimuthal an-
gles 0 for points that are uniformly distributed on the Poincaré
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Fig. 14. @ as a function of the speed of polarization scrambling, measured
at two representative OSNR levels. The dashed line indicates the value of Q
obtained without scrambling.

sphere, and Fig. 13(c) plots the corresponding distribution of
zero-crossing times, based on (9). Although the polarization
states are uniformly distributed over the Poincaré sphere, the
distribution of zero-crossing times is highly skewed toward the
shorter times. By calculating the variance of this distribution,
we predict that the RMS timing jitter associated with slow
polarization variations will be

Opol = 0.298AT ~ 210 fs. (10)
This result agrees approximately with the 180-fs figure in-
ferred from experimental measurements. Furthermore, a careful
examination of the histogram in Fig. 12(b) reveals a slight
asymmetry when compared to the symmetric Gaussian curve
indicated by the dashed line, which is explained by the skewed
distribution described in Fig. 13(c).

In order to determine whether the polarization fluctuations
lead to any real system impairment, we measured the BER as
a function of the polarization-scrambling rate for two represen-
tative OSNR levels. The data points in Fig. 14 plot the mea-
sured ()-value for four different polarization-scrambling rates
ranging from 50 Hz to 12 kHz, and the dashed lines indicate
the value of () obtained without the polarization scrambling.
Although the @)-value depends on the OSNR, we observed no
significant change in the BER or () as a result of the polarization
scrambling.
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Fig. 15. Diagram of recirculating loop used to test the clock recovery system
in a transmission environment.

V. TRANSMISSION EXPERIMENTS

The measurements described in the foregoing sections were
all conducted with the transmitter and receiver connected back
to back. In reality, the clock recovery is only required when
the transmitter and receiver are physically separated. To test
the clock recovery system in a transmission environment, we
used the recirculating loop configuration shown in Fig. 15. The
length of the loop is 210 km, which is divided into six identical
dispersion maps. Each dispersion map is comprised of 10 km of
conventional single-mode fiber (SMF) (Corning SMF-28, D =
17 ps/nm - km), 7 km of dispersion-compensating fiber (DCF),
which is followed by an additional 25 km of SMF. The DCF was
designed to compensate for both the dispersion and dispersion
slope of the SMF, and the length of the DCF is not included
in the propagation distances quoted here. A combination of
the backward-pumped Raman amplification and conventional
Erbium-doped fiber amplifiers (EDFAs) were used to compen-
sate for fiber losses.

The signal emerging from the circulating loop consists of
discontinuous packets of data that have each been circulating
for increasing numbers of round trips. In order for the clock
recovery system to operate properly in this configuration, it
must quickly acquire lock at the beginning of each packet
before the BER measurements can commence.

Fig. 16(a) plots the closed-loop step response of the clock
recovery system, which was measured by observing how the
error signal responds when a square-wave stimulus is artificially
applied inside of the PLL. The dashed curve in Fig. 16(a)
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Fig. 17. (a) Measured Q-value versus the number of round trips (distance)
in the circulating loop. Error-free (Q > 6) performance was achieved after
four round trips by inserting an additional 100 m of fiber to compensate for
residual dispersion in the loop. (b) BER versus threshold, measured after four
round trips.

plots the theoretically calculated step response, which shows
excellent agreement with the measurements. Fig. 16(b) plots
the corresponding spectrum of the closed loop transfer function,
showing the bandwidth of 5.5 kHz. The rise time for the PLL
is approximately 0.15 ms, whereas the packet length for the
250-km circulating loop is 1.25 ms. Therefore, the clock-
recovery system can stabilize within the first 20% of each
packet, still allowing an ample of time to conduct the BER
measurements before the next packet arrives.

Using this system, we successfully demonstrated error-free
80-Gb/s transmission over 1000 km (or 840 km, not counting
the DCF modules). Fig. 17 plots the measured BER versus the
threshold level after 1000 km. The details of these transmission
experiments are described elsewhere [20], but we emphasize
here that because of the unique clock recovery system, we were
able to achieve these results without using any polarization
control in the transmitter or receiver.

VI. DITHERING PHASE DETECTION

One disadvantage of the clock recovery scheme described
here is that the background level depends on the input data
power and polarization state. As described in Section IV, in
such a system, the ratio between the average powers of the clock
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Fig. 18. (a) Diagram of the dithering clock recovery experiment. (b) Time
dithering is accomplished by using an electrooptic phase modulator with the
PM fiber. (c) Measured eye diagram of the dithered clock. The dither amplitude

of 25 ps is determined by the length of the PM fiber. (d) Measured error signal
always exhibits a zero crossing at 7 = 0.

and the data signals should be selected carefully in order to
minimize the polarization sensitivity. Even when selected prop-
erly, variations in the input power levels or ambient light levels
in the laboratory can change the background photocurrent,
which can cause a timing jitter or even synchronization loss.

One solution to this problem is to generate the bipolar error
signal using balanced detectors [9], [13], [21]. This would
require two matched silicon detectors with identical avalanche
gain, which adds to the cost and complexity of the system.
Another approach that can track the peak of the cross corre-
lation using only one detector is to dither the timing of the
clock signal by modulating the phase of the voltage-controlled
oscillator [15], [22]. When the resulting cross-correlation signal
is mixed with the dithering signal and lowpass filtered, it pro-
duces a bipolar error signal that approximates the slope of the
original cross-correlation function. The only disadvantage of
this technique is that the recovered optical and electrical clocks
are dithered and exhibiting spectral sidebands at the dither
frequency. Because it is hard to remove these components from
the final clock signal, the recovered clock may be unsuitable for
later use in the optical regeneration or transmission.

To overcome those issues, we have developed an optical
time-dithering system depicted in Fig. 18(a). We have tested
the optical dithering system at 10 Gb/s as a proof of concept,
and we expect the system to operate at higher speeds.

The optical dithering system is comprised of an electroop-
tic phase modulator followed by a length of birefringent
polarization-maintaining (PM) fiber, as depicted in Fig. 18(b).
The clock polarization is adjusted so that the clock signal
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Fig. 19. (a) RF spectrum and (b) single-sideband phase noise of the recovered
10-GHz electrical clock. The dither tones at 200 kHz is suppressed by 68 dB.

entering the phase modulator is linearly polarized at 45° to
the z-axis of the modulator. The phase modulator is driven
with a square wave at frequency fqitn = 200 kHz. When the
amplitude of the square wave is adjusted properly, the signal
emerging from the modulator is periodically switched between
two orthogonal polarization states at £45°. The axes of the PM
fiber are also oriented at +45° with respect to the modulator,
so that the signal enters into the fast and slow axis of the
fiber, depending on the applied voltage. The amplitude of the
timing dither is then entirely determined by the length and
birefringence of the PM fiber. The advantage of this scheme
over other dithering approaches is that it allows access to the
undithered optical and electrical clock.

Fig. 18(c) shows the dithered optical clock measured on a
sampling oscilloscope in eye diagram mode. The amount of
timing dither is 25 ps, which was achieved by using 18 m
of the PM fiber. The dithered clock signal alternates between
two orthogonal polarization states, and by using a manual
polarization controller, it is possible to convert these two states
to the right- and left-hand circular polarizations, which are
optimal for polarization-insensitive performance.

After the clock and data signals are combined and focused
onto the silicon avalanche photodiode, the resulting photocur-
rent is mixed with a reference dither signal and lowpass fil-
tered. Fig. 18(d) plots the resulting error signal v(7), which
approximates the derivative of the original cross-correlation
signal C'(7). Unlike the original cross-correlation signal, which
exhibits a nonzero background, the dithered phase-detection
circuit always produces a bipolar error signal v(7), which has a
zero crossing when 7 = 0, as shown in Fig. 18(d).

Fig. 19(a) plots the electrical spectrum of the 10-GHz recov-
ered clock obtained with the dithering PLL. The dithering tones
at 200 kHz offset frequency can be seen on the spectrum,
but they are suppressed by 68 dB compared to the carrier. We
estimate that these sidebands increase the timing jitter by only
9 fs. When we instead produced the same 25-ps timing dither
by electrical phase modulation, we observed that the sidebands
increase to only 8 dB below the carrier.

Fig. 19(b) plots the single-sideband phase-noise of the recov-
ered clock and original transmitter clock. The integrated phase
noise from 100 Hz to 1 MHz was 305 fs for the recovered clock,
compared to 323 fs for the original clock.
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offset subtraction (no dithering) with optical time dithering

(a) (b)

Fig. 20. Eye diagram of the received 10-Gb/s data, measured while the polar-
ization state is varied. (a) Undithered system exhibits a significant polarization-
dependent timing, as described in Section IV. (b) Dithering clock recovery
instead locks to the peak of the cross-correlation signal, which reduces the
polarization dependence.

One of the advantages of this system compared to the sys-
tem that is based on the offset subtraction (explained in
Section III), is a lower polarization sensitivity. As discussed in
Section IV, changes in the data polarization can cause a shift
in the background level, which in the conventional system
induces a corresponding shift in the timing of the recovered
clock. The dithering system by contrast does not require the
subtraction of an offset signal, and it is therefore expected to
perform much better in the presence of polarization or power
fluctuations.

This effect is clearly illustrated in Fig. 20, which plots the eye
diagram of the received data when the recovered clock signal is
used as a trigger. In both cases, the polarization state of the data
was randomly varied during the measurement. When the offset-
subtraction method is used, we see a significant broadening of
the eye as a result of polarization-induced timing fluctuations.
By contrast, when the new dithering phase detection is used,
the eye diagram remains stable even when the polarization
state changes.

The dithering system brings a similar improvement to the
dynamic range of the clock recovery system. To quantify this
improvement, we varied the power of the data signal while
keeping the clock average power fixed at 5 mW. The ratio of
the data to the clock power was varied from —8 to +2 dB,
and the system was able to acquire and maintain lock at all of
these power levels. For comparison, the conventional subtrac-
tion technique requires adjustment of the offset value whenever
the data power changes.

In the prototype 10-Gb/s system described in this section,
the data was produced by externally modulating a tunable CW
laser. This allowed us to investigate the wavelength dependence
of the clock recovery system—something that is difficult to
explore with mode-locked lasers. For silicon, TPA can theoreti-
cally be observed for wavelengths from 1100-2200 nm, a range
that encompasses the entire spectrum that is presently used in
the fiber-optic communication. We successfully tested the clock
recovery system at wavelengths from 1534 to 1568 nm, which
is a range limited only by the bandwidth of our EDFAs, and
found that it functioned properly at all wavelengths tested.

VII. CONCLUSION

In conclusion, TPA in a simple inexpensive silicon photo-
diode can be used as an ultrafast tool in high-speed optical-
communication networks. Cross-correlation measurement
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using this nonlinear detection process was discussed in terms
of polarization and power dependence. The concept of optical
clock recovery using TPA was experimentally proved in an
80-Gb/s transmission experiment, providing a low timing jitter,
low polarization dependence, and broad optical bandwidth.
The use of the system in a 210-km long recirculating loop was
successfully tested, and 840-km transmission with an error-free
operation was achieved. Removing the offset variation from
the error signal was concluded to be a major improvement in
the system, reducing its polarization dependence, increasing
its power dynamic range, and increasing its optical bandwidth.
A novel optical dithering system was demonstrated as a tool
for realizing the offset-free scheme. Preliminary experiments
on the offset-free system operating at 10 Gb/s show at least 10
dB of power dynamic range, polarization independence, and at
least 35-nm optical bandwidth, which is mainly limited by the
EDFA bandwidth.
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