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Abstract: We report a polarization-insensitive optical clock recovery system that uses two-photon ab-
sorption in a silicon photodiode to synchronize a 10 GHz optical clock to an 80 Gb/s RZ data signal.
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Most current clock recovery systems use a fast photo-detector followed by an electrical clock recovery circuit to syn-
chronize clock with the incoming data. The limited speed of photo-detectors and electrical circuits prevents these
systems from being used in future optical time division multiplexed (OTDM) systems where the single-channel data
rate could exceed 40 Gb/s. Optical clock recovery systems can overcome this limitation by using ultrafast nonlinear-
ities to replace high-speed electronic components. Several nonlinear processes have been exploited for this purpose
including four-wave mixing in fiber [1] or semiconductor waveguides [2], cross-absorption modulation in an electroab-
sorption modulator [3], and phase-modulation in semiconductor amplifiers [4, 5]. Other approaches utilize injection
locking or self-seeding in laser cavities [6, 7].

We describe here a clock recovery system that uses two-photon absorption in a silicon photodiode. Two-photon absorp-
tion (TPA) has several features that make it attractive for clock recovery including simplicity, wide optical bandwidth,
ultrafast response time, and polarization insensitivity. In a recent work we showed that TPA in silicon avalanche pho-
todiode can be used to recover the clock from 12.5 Gb/s data [8] and we also demonstrated the large optical bandwidth
and low polarization sensitivity for our system. In the current work we report a sub-harmonic clock recovery from 80
Gb/s data using TPA in silicon APD. We show, for the first time to our knowledge, that TPA can be used for clock
recovery at data rates beyond the speed of conventional electrical circuits.

〈i(
τ)

〉 –
 o

ff
se

t

–50 –37.5 –25 –12.5 0
τ (ps)

12.5 25 37.5 50

1 1 0 1

τ

slow
photodiode

(TPA)
i(τ)

DATA
(80 Gb/s)

CLOCK
(10 GHz)

Fig. 1. Cross-correlation between 80 Gb/s NRZ data and 10 GHz clock, measured using two-photon absorption in a silicon
avalanche photodiode. The two curves shown here represent the minimum and maximum signals obtained by adjusting the
data polarization state.

The principle of clock recovery using two-photon absorption can best be described in reference to Fig. 1, which
shows the cross-correlation between an 80 Gb/s RZ data stream and a 10 GHz optical clock signal, measured using
two-photon absorption in a silicon avalanche photodiode. In this measurement, both the clock and data pulses were
approximately 4 ps in duration, and the average signal powers were 6 mW for the clock and 3 mW for the data.
The center wavelength for the clock was 1550.5 nm and 1553.5 nm for the data. Both signals were combined and
focused to a spot-size of 3 µm onto the surface of the photodiode. The cross-correlation signal ordinarily exhibits a
background level caused by two-photon absorption of the clock and data separately. For clock recovery, an offset was
subtracted to produce a bipolar cross-correlation signal that can serve as the error signal in a phase-locked loop to
synchronize the clock and data. The background level depends on the data polarization state, but as shown in Fig. 1
the cross-correlation exhibits a zero-crossing for all possible polarization states.

Fig. 2 shows the system used to generate the 80 Gb/s RZ data for these experiments, and Fig. 3 shows the clock
recovery system that synchronizes a 10 GHz optical clock to the 80 Gb/s data. The optical clock signal was produced
by a hybrid-modelocked semiconductor laser diode, driven by a voltage-controlled 10 GHz electrical synthesizer. The
clock and data were combined and focused onto the surface of the silicon photodiode as described above. The long-
pass filter blocks any shorter wavelengths that would otherwise generate a linear photocurrent. The loop filter H(ω)
was designed so that the closed-loop transfer function would have a bandwidth of 16 kHz.
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Fig. 2. Diagram of 80 Gb/s optical transmitter. The mode-locked fiber laser (MLFL) generates 4-ps pulses at 10 GHz, which
are passively multiplexed to 40 GHz before being modulated with a pseudorandom data pattern. One additional passive
multiplexing stage is used to produce the 80 Gb/s data.
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Fig. 3. Diagram of 80 Gb/s → 10 GHz sub-harmonic clock recovery system.

Fig. 4(a) shows the spectrum of the recovered 10 GHz clock, measured on an RF spectrum analyzer, in comparison to
the original 10 GHz clock that was used in the transmitter. Fig. 4(b) plots the measured single-sideband phase noise for
the original and recovered clock, again measured using a spectrum analyzer. By integrating the phase noise pedestal
from 100 Hz to 10 MHz, we estimate the timing jitter to be 170 fs for the original clock compared to 440 fs for the
recovered clock.

In some applications such as 3R regeneration, the absolute stability and jitter of the recovered clock is the important
figure of merit, whereas in other applications such as demultiplexing it is more important to minimize the relative
jitter between the original and recovered clock signal [9, 10]. We measured the relative timing jitter by observing the
recovered clock signal on a sampling oscilloscope, triggered with the original clock signal, using the precision timebase
system (Agilent 86107A) to reduce the effect of intrinsic sampling jitter. Fig. 5(a) presents a color-grade intensity plot
of the recovered clock signal measured in a 200 ps time window, acquired over about 20 seconds. The timing jitter
was estimated by considering a subset of data near the zero crossing, shown in Fig. 5(b). After determining the best-fit
line to these points, we computed the RMS temporal (horizontal) distance between the sample points and the best-fit
line, which yields an approximate timing jitter of 715 fs. Fig. 5 plots a histogram of the temporal deviation from the
line, which is well-described by a Gaussian distribution with a standard deviation of 715 fs. To estimate the resolution
of this technique, we performed the same measurement on a self-triggered clock signal, which gave an intrinsic RMS
sampling jitter of 280 fs (also Gaussian.) Assuming the two sources of jitter are uncorrelated, we estimate the relative
RMS timing jitter to be 660 fs. Unlike the earlier spectral-domain measurements, this figure includes any slower timing
jitter at frequencies below 100 Hz.
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Fig. 4. (a) Measured RF spectrum of original and recovered 10 GHz clock signal. (b) Single-side band phase noise of original
clock and recovered clock.
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Fig. 5. (a) Recovered clock signal measured on a high-speed sampling oscilloscope with precision timebase (Agilent
86107A). (b) Enlarged plot of clock signal near zero-crossing point, and best-fit line. (c) Histogram showing temporal devi-
ation from best-fit line. Dashed line shows a Gaussian fit to histogram data.

Polarization dependence for the clock recovery system is complicated by the fact that both the cross-correlation and
background level depend upon the clock and data polarization states. We earlier demonstrated that by fixing the po-
larization state of clock to circular, cross-correlation component becomes independent of the polarization state of the
data, whereas the background changes slightly [11]. Using this fact we set clock polarization to circular to obtain the
least amount of change in the amplitude of our error signal. The effect of changes in the background level can be seen
in Fig. 1, which plots the cross-correlation for the two extremal cases. One can see that even if the polarization shifts,
the cross-correlation signal exhibits a zero-crossing which means that clock recovery system can still work. Indeed,
we observed that the system shown in Fig. 3 was able to both acquire and maintain lock for any input polarization
state.

Changes in the data polarization state will cause a corresponding shift in the timing of the recovered clock. From the
measurements shown in Fig. 1, the maximum timing variation is predicted to be 1.1 ps. This timing variation can be
reduced by increasing the ratio of the clock power to the data power, at the expense of a reduced signal-to-background
ratio. A better way to eliminate the timing shift would be to use balanced detection or dithering detection [4] to
automatically remove the background rather than subtracting a fixed offset.

In summary, we report an 80 Gb/s sub-harmonic clock recovery system that uses two-photon absorption as the phase-
detection mechanism in a phase-locked loop. The system offers several advantages over earlier approaches, including
simplicity, broad optical bandwidth, ultrafast response time, and polarization insensitivity.
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