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High Time-Resolution 640-Gb/s Clock Recovery
Using Time-Domain Optical Fourier Transformation

and Narrowband Optical Filter
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Abstract—We present a novel scheme for subharmonic clock
recovery from an optical time-division-multiplexing signal using
time-domain optical Fourier transformation and a narrowband
optical filter. High-resolution 640-Gb/s clock recovery is success-
fully demonstrated with no pattern dependence. The clock re-
covery is also applied to a 640-Gb/s differential phase-shift-keying
transmission, and error-free performance is achieved over 300 km.

Index Terms—Clock recovery, high-speed optical pulse trans-
mission, optical Fourier transformation, optical time-division mul-
tiplexing (OTDM), time-to-frequency conversion.

I. INTRODUCTION

C LOCK recovery (CR) is one of the key components in
an optical time-division-multiplexing (OTDM) system,

where it allows the receiver to synchronize with the data signal
at the end of a transmission link. Ultrahigh-speed clock re-
covery at bit rates of 640 Gb/s is very challenging, and it has
only been achieved based on some form of nonlinear all-op-
tical processing, such as three-wave mixing in a periodically
poled-lithium-niobate device and cross-phase modulation in a
semiconductor optical amplifier [1], [2].

Recently, optical signal processing based on time-domain op-
tical Fourier transformation (OFT) has received a lot of atten-
tion, because it enables the conversion of an optical waveform
between the time and frequency-domains [3]. Several reports
have demonstrated the high potential of OFT for ultrahigh-speed
OTDM transmission. For example, linear transmission impair-
ments such as jitter and waveform distortions can be elimi-
nated with OFT, by converting the unaltered spectrum profile
after transmission into the time-domain [3], [4]. Other appli-
cations include pulse-shaping, thus enabling, for example, the
timing-jitter tolerant demultiplexing of OTDM data [5].

In this letter, we propose a novel clock recovery scheme using
OFT. In the present scheme, a time-domain waveform is trans-
formed into the frequency domain. A similar scheme has already
beenusedfor thespectro-temporal imagingofshortopticalpulses

Manuscript received July 01, 2010; revised September 14, 2010; accepted
September 16, 2010. Date of publication October 04, 2010; date of current ver-
sion November 12, 2010. This work was supported by the JSPS Core-to-Core
Program, and the Danish Research Council (FTP Grant 274-08-0055).

P. Guan, K. Kasai, T. Hirooka, and M. Nakazawa are with the Research In-
stitute of Electrical Communication, Tohoku University, Aoba-ku, Sendai 980-
8577, Japan (e-mail: gpy@riec.tohoku.ac.jp).

H. C. Hansen Mulvad is with DTU Fotonik, Department of Photonics Engi-
neering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark.

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LPT.2010.2083644

Fig. 1. OFT from time domain to frequency domain.

[6], [7]. Here, the combination of OFT and narrowband optical
filtering enables electrooptical phase-comparison with high time
resolution between a 40-GHz electrical clock and a 640-Gb/s
OTDM data signal, using lithium–niobate (LiNbO ) modulators.
As opposed to the earlier 640-Gb/s CR demonstrations, which
relied on all-optical phase-comparison in fast-response time de-
vices [1], [2], the present scheme performs a direct electrooptic
phase comparison, and hence, does not require an optical pulse
source in the CR circuit to achieve the necessary time resolution.

II. PRINCIPLE

The principle of OFT for time to frequency domain conver-
sion is shown in Fig. 1. Unlike previous OFT schemes [3]–[5], the
waveform is dispersed before the phase-modulation (PM). Con-
sider an input OTDM data signal waveform and

is the corresponding spectral
profile, consisting of time-interleaved, transform-limited (TL)
pulses. First, the pulses are propagated through a group-velocity
dispersion (GVD) medium (with , where is second-
order dispersion and is length), resulting in broadened wave-
forms with linear chirp. In the frequency domain, we have

(1)

The dispersed pulse is then linearly chirped by a LiNbO modu-
lator. The output is expressed as

(2)

Here, is the chirp rate. The spectrum of the output pulse is

(3)
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Fig. 2. Setup of OFT used in CR.

where denotes convolution in the frequency domain to express
time-domain multiplication. Equation (3) can be rewritten in the
following form when :

(4)

where the integral is equivalent to the inverse Fourier trans-
formation of . Equation (4) indicates that the output
spectrum after the OFT is proportional to the waveform .
When a pulse with a time offset relative to the PM peak,

(with the corresponding spectrum
), is input to OFT, the output

spectrum becomes

(5)

Here

(6)

is the offset in the frequency domain. Equation (5) indicates that
the center frequency of depends on . This means
that the different OTDM tributaries are frequency shifted by an
amount which depends on the tributary.

III. CLOCK RECOVERY EXPERIMENT

The OFT setup that we used for the proposed CR scheme is
shown in Fig. 2. A short dispersion-compensating fiber (DCF)
is used to obtain broadened pulses with linear up-chirp. The PM
is achieved by a 40-GHz LiNbO phase modulator operated in a
round-trip configuration, yielding a chirp rate up to 0.71 ps
[4]. The driving signal is a 40-GHz electrical sinusoidal clock.
The convex part of the sine is used for PM, which can be approx-
imated by a convex parabola within about 20% of the repetition
period (about 5 ps). Finally, a 40-GHz LiNbO intensity mod-
ulator is used to suppress the parts of the Fourier-transformed
OTDM waveform outside the parabolic PM windows.

First, the OFT is tested using 40-Gb/s pulses (600 fs) as
input. The pulses are broadened to 11-ps full-width at half-
maximum (FWHM) using a 40-m-long DCF with ps .

Fig. 3. Output spectra of the OFT (res. 0.01 nm). (a) and (b) OFT output spectra
for various timing alignments with 40-Gb/s input. (c) With 320-Gb/s input.
(d) With 640-Gb/s input.

Fig. 3(a) and (b) shows the OFT output spectra for various
timing alignments of the input pulse relative to the peak of the
phase modulation. The spectral envelope variation in accor-
dance with the time offset is caused by the nonparabolic PM
and the adoption of the intensity modulator. The input pulse
spectrum with a 6.7-nm FWHM is shown for comparison.
These spectra confirm the operation of the OFT, by showing
the effect of simultaneous spectral compression and the map-
ping of tributaries with different timing allocations. Next,
320- and 640-Gb/s OTDM data are used as input to the OFT.
The resulting output spectra are shown in Fig. 3(c) and (d),
respectively. At 320 Gb/s ( ps), the mapping of
different tributaries onto wavelengths with 2.3-nm spacing
( rad THz) is clearly observed. The time-to-fre-
quency conversion ratio is calculated as ps ,
which agree with the theoretical value ps from (6).
At 640 Gb/s, the spacing is halved, but the tributaries are still
discernable.

We characterized the CR operation in a 640-Gb/s to 300-km
transmission. A schematic overview of the experimental setup
is shown in Fig. 4. The data transmitter (Tx) is based on a
40-GHz mode-locked fiber laser (MLFL) emitting 2-ps pulses
at 1540 nm. The pulses are compressed to a 600-fs FWHM
using a 2-km highly nonlinear dispersion-flattened fiber [4].
The pulses are encoded with a 40-Gb/s PRBS pattern using a
Mach–Zehnder modulator either by on–off keying (OOK) or
differential phase-shift keying (DPSK). The 40-Gb/s data are
then multiplexed up to 640 Gb/s using an optical delay-line
multiplexer, and launched into a 300-km dispersion-managed
fiber link. The transmitter setup is described in detail in [4].

On the receiver side, a part of the data signal is input into the
clock recovery circuit. The CR circuit is a PLL, as shown in
Fig. 4. The OFT is driven by a 40-GHz clock, obtained from
a 10-GHz voltage controlled oscillator (VCO) followed by
an electrical multiplier ( 4). The BPF has a 0.2-nm FWHM,
which is sufficiently small to resolve the OFT output spectrum
at 640 Gb/s. The locking tributary is selected by changing the
time delay between OTDM signal and the 40-GHz RF-signal
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Fig. 4. Experimental setup for 40-GHz CR in 640-Gb/s–300-km transmission.

Fig. 5. Clock recovery: (a) Error signals (PD output), (b) 40-GHz clock SSB
phase noise for various PRBS (OOK), (c) spectrum of recovered clock. (d) Error
signals after 300-km transmission.

driving the OFT. The BPF output is detected by a 1-GHz band-
width photodiode (PD), followed by a loop filter ( 8-MHz
bandwidth) to generate the error signal that controls the VCO
phase. The recovered clock triggers a 40-GHz MLFL, which is
used as control pulse source for an all-optical semiconductor
symmetric Mach–Zehnder (SMZ) switch for demultiplexing.
The demultiplexed 40-Gb/s data are injected into a 40-Gb/s
preamplified receiver based on delay-demodulation with a
one-symbol delay interferometer (DI), followed by balanced
photodetection (BPD). The BPD output is sent to a 40-Gb/s
error-detector, triggered by the recovered clock.

Fig. 5(a) shows the error signal versus the relative phase of the
data signal and the 40-GHz RF-signal driving the OFT for 320
and 640 Gb/s with an open loop under a back-to-back condition.
The traces show a high timing resolution, sufficient to resolve
the 640-Gb/s OTDM data. Fig. 5(b) shows single sideband (SSB)
phase noise measurements for the 40-GHz clock signal extracted
from a 640-Gb/s OOK signal with various PPG PRBS patterns.
By integrating these curves between 100 Hz and 10 MHz, we ob-
tained jitter values in the 120- to 135-fs range for all PRBSs,
thus indicating no pattern dependence. Fig. 5(c) shows the elec-
tricalspectraof therecoveredclocksignal,wheretheSNRisabout
53 dB. Fig. 5(d) shows the error signals at 320 and 640 Gb/s after
a 300-km DPSK transmission. Compared with Fig. 5(a), almost
thesametimingresolutionisachievedafter300-kmtransmission.

The BER performance is evaluated by using the CR in the re-
ceiver setup (Rx) shown in Fig. 4. First, the BER performance is

Fig. 6. BER performance: (a) 640-Gb/s OOK back-to-back; (b) 640-Gb/s
DPSK transmission over 300 km for all OTDM tributaries.

tested under back-to-back conditions with OOK (PRBS )
data modulation. As shown in Fig. 6(a), error-free performance
is achieved when using the CR, and the performance is close
to that obtained when using the 40-GHz Tx clock to trigger the
Rx. Finally, the CR is tested in a 640-Gb/s (DPSK) transmis-
sion over a 300-km dispersion managed link. Fig. 6(b) shows
the BER at a received power of 23 dBm. Error-free perfor-
mance was achieved for all tributaries, confirming the ability of
the CR to successfully retrieve the clock from transmitted data.

IV. CONCLUSION

We have demonstrated prescaled 40-GHz clock recovery
from 640-Gb/s OTDM data using LiNbO modulators, based
on time-to-frequency conversion with OFT and optical filtering.
The clock recovery was used for error-free demultiplexing and
a nearly penalty-free 300-km transmission.
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