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All-optical clock recovery for 40 Gbaud NRZ-QPSK signals

using amplified feedback DFB laser diode
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An all-optical clock recovery scheme based on monolithic amplified feedback DFB laser (AFL) diode is
proposed for nonreturn-to-zero (NRZ) quadrature phase shift keying (QPSK) format signals. By using a
preprocessing stage, clock recovery (CR) is successfully demonstrated for 40-Gbaud NRZ-QPSK signals
based on this scheme. The dependence of the timing jitter of the recovered clock on the optical power
of the injected signal is investigated. A minimum timing jitter of 362.8 fs (integrated within a frequency
range from 10 Hz to 10 MHz) is obtained.
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In spite of the current dominance of coherent optical
transmission using electronic digital signal processing[1],
the need for clock recovery (CR) is still high in all-optical
network[2]. All-optical CR is regarded as a crucial tech-
nique for optical signal processing applications, such as
3R regeneration, optical time-division demultiplexing,
and modulation format conversion[3]. Among the vari-
ous techniques for all-optical CR, schemes based on the
amplified feedback DFB laser (AFL) are capable of oper-
ating at a high bit rate with simple setup, low power con-
sumption, and compact size[4−9]. As one kind of mono-
lithic dual-mode semiconductor lasers (MDMSLs), AFL
is more attractive since the beat frequency from AFL
exhibits a narrower line-width compared to Fabry-Perot
(F-P) lasers[10] or distributed Bragg reflector (DBR)
lasers[11]. Furthermore, when we use MDMSL as the
CR device, coherent injection locking[12] can be easily
utilized. Compared to incoherent injection, the coherent
injection locking requires lower injection power and its
operation speed is not limited by the carrier lifetime[13].

All-optical CR based on AFL has been demonstrated
experimentally at 40 Gb/s[8]. However, previous works
mostly focused on conventional on-off-keying (OOK)
modulation formats. Recently, phase modulation for-
mats acquired increasing popularity due to their higher
resilience to non-linear impairment and better optical
signal to noise ratio sensitivity with respect to usual
OOK formats[14]. All-optical CR approaches used in
OOK modulation format can also be applied to return-
to-zero differential phase-shift keying (RZ-DPSK) format
due to the relative strong clock component in the mod-
ulated spectrum[15]. But, compared to RZ-phase shift
keying (PSK) format, it is more difficult to extract a
clock signal from a nonreturn-to-zero (NRZ)-PSK signal.
In 2008, an all-optical CR directly for NRZ-DPSK signal
using a self-pulsating DBR laser was demonstrated[11],

where the recovered clock had a timing jitter of 760 fs.
Furthermore, it was reported that a preprocessing stage
was always used to enhance the weak clock so as to ex-
tract the clock signal with the all-optical CR technique
used for OOK formats. For example, the preprocessing
stages of using a DPSK demodulator to convert a NRZ-
DPSK signal to a pseudo-RZ (PRZ)-DPSK or RZ-OOK
signal were reported in 2006[16], 2010[17], and 2012[18],
where the timing jitters of recovered clock signals were
800, 1280, and 575, respectively.

With the development of 100- and 400-G technol-
ogy, quadrature phase shift keying (QPSK) has become
the primary modulation format in optical communica-
tion systems. Will the all-optical CR scheme based on
MDMSL be a viable way for QPSK system? There is
still no definite answer. In this letter, we demonstrate an
AFL-based all-optical CR scheme, which can be used to
extract the optical clock from Mach-Zehnder-modulator
(MZM)-generated NRZ-QPSK signals at a signal rate of
40 Gbaud. Here, with a preprocessing stage consisting of
a semiconductor optical amplifier (SOA) as the phase-
information-eliminator in the original NRZ-QPSK signal,
an enhanced clock tone was obtained in the wavelength-
converted signal. We realize the CR and the recovered
optical clock signal has a root-mean-square (RMS) tim-
ing jitter of 362.8 fs (integrated in the 10 Hz to 10 MHz
range). The results indicate that the use of the SOA
to eliminate the phase information through wavelength
conversion could be extended to higher order modulation
formats.

Based on the previous research on the 20-GHz AFL[9],
we design and fabricate an AFL with 40-GHz pulsation
frequency. It consists of a gain-coupled DFB section, a
phase section and an amplifier section, as shown in Figs.
1(a) and (b). In the AFL, the phase tuning and the
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Fig. 1. (Color online) (a) Schematic diagram of the AFL
diode. (b) Photograph of the AFL diode. (c) RF spectrum of
the free-running AFL diode.

amplifier section act as a feedback cavity and allow the
feedback strength and phase to be controlled via injection
currents and, accordingly, the pulsation frequency can
be tuned. While the DFB section works in a single mode
by itself, the optical feedback to the DFB section can
give comparable threshold gains to two compound-cavity
modes, the beating of which gives rise to pulsation. In
the CR process, we inject the signal light into an AFL.
When the free-running pulsation is injection locked by
the incoming optical signal, the AFL will generate two
synchronized modes, whose beating frequency and phase
are exactly the same as the incoming clock tone.

A number of AFL devices with various section lengths
are measured and showed almost the same behavior for
mode-beating self-pulsation. Typical results presented
here are obtained from a device with a 220-µm DFB
section, a 240-µm phase control section, and a 320-µm
amplifier section. In the experiment, the working tem-
perature of the device is controlled at 25 ◦C by using
a thermoelectric cooler (TEC). Here, the currents ap-
plied to the DFB section, the phase section, and the
amplifier section are 92, 37, and 60 mA, respectively.
The laser from the uncoated facet of the DFB section
is coupled into a tapered single mode fiber with a cou-
pling efficiency of about 10% and tested by an optical
spectrum analyzer (OSA; AQ6370B, Yokogawa, Japan).
The wavelength of the AFL is around 1551.6 nm. The
self-pulsating frequency is 39.8 GHz and a 3-dB line-
width of 3.2 MHz is observed in the radio (RF) spectrum
as shown in Fig. 1(c), where the fiber-coupled-output
power of the AFL is -3 dBm.

For MZM-generated NRZ-QPSK signals, the optical
power will experience a temporary quick change as a bit
changes its phase from one to another. This change in
power will yield a weak clock tone in its modulation spec-

trum, which can be used to extract the optical clock. To
further improve the clock quality, a preprocessing stage
is introduced, where a SOA is used to eliminate the phase
information in the incoming QPSK signal through cross
gain modulation (XGM) effects, so as to “purify” the
clock tone in the incoming signal.

In order to illustrate the operation principle clearly, the
setup diagram is divided into three main parts which in-
clude the NRZ-QPSK signal generator, the preprocessing
stage, and the all-optical CR unit. In this scheme, the
QPSK signals are first wavelength-converted to elim-
inate the phase information by using the SOA. The
wavelength-converted signal is then utilized to inject the
free-running AFL to realize the clock extraction.

Figure 2 shows the experimental setup of the proposed
CR with a preprocessing stage. A transmitter based on
MZM driven by a pulse stream was used to generate
NRZ-QPSK signals with a carrier wavelength of 1556
nm. The length of the pseudo random bit sequence
(PRBS) pattern was 27-1. The coded signal then passed
through the EDFA2 and VOA3 to adjust the power of
the input signal. The signal was injected into the AFL
through an optical circulator and a lensed fiber. An opti-
cal band-pass filter (OBPF) with a bandwidth of 0.8 nm
was used to eliminate the amplified spontaneous emission
(ASE) noise. The amplified recovered clock signal was
then analyzed by an optical sampling oscilloscope (OSO)
and electrical spectrum analyzer (ESA; E4447A Agilent,
USA) through a 50-GHz photo-detector (PD).

Figure 3 shows the measured optical spectrum and eye
diagram of the input NRZ-QPSK signal with a carrier
wavelength of 1556 nm. The wavelength of the TL2 is

Fig. 2. (Color online) Experimental setup for CR with a pre-
processing stage. TL: tunable laser; PPG: pulse pattern gen-
erator; VOA: variable optical attenuator; PC: polarization
controller; C1&C2: optical coupler.

Fig. 3. (Color online) (a) Optical spectrum of the input NRZ-
QPSK signal. (b) Eye diagram of the input NRZ-QPSK sig-
nal.
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tuned to 1551.6 nm. The measured optical spectrum of
the signal output from the C1 is shown in Fig. 4(a).
After passing through a SOA (SOA-XN-OEC-1550, CIP,
China), the phase information of the NRZ-QPSK signal
is eliminated and the intensity variation is modulated
on the continuous wave (CW) light from TL2 through
XGM. As shown in Fig. 4(b), some sidebands arise in
the intensity-modulated light from TL2, which gives a
clean clock tone. Following the SOA, a wave shaper
(WAVESHAPER4000s, Finisar, USA) is used to select
the wavelength-converted signal. Then, the signal is set
to the same wavelength as that of the free-running AFL
so that one of the sidebands is aligned to one mode
of the AFL while the signal carrier is aligned to the
other mode of the AFL. After the injection of the clock-
tone-enhanced signal into the AFL, the lasing optical
spectrum exhibits an injection-locked state due to the
phase synchronization in the AFL diode, as shown in
Fig. 4(c). Finally, a synchronized clock is obtained from
the beating of the two injection-locked modes.

To investigate the quality of the recovered clock signal,
the trace and the full span RF spectrum of the clock sig-
nal are shown in Fig. 5, where the input power is 0 dBm.
The input signal power value refers to the power of the
optical signal out of the port 2 of the optical circulator,
as shown in Fig. 2. The recovered clock shows clear tem-
poral trace at a signal rate of 40 Gbaud, as shown in Fig.
5(a). Figure 5(b) shows that a carrier-to-noise ratio of 36
dB is obtained for the recovered clock, in which both of
the resolution bandwidth (RBW) and video bandwidth
(VBW) are 910 kHz.

The optical power of the injected signal is adjusted to
various levels to evaluate the performance of the recov-
ered clock. Figure 6(a) shows the single sideband (SSB)
phase noise of the recovered clock signal where the op-
tical power values are varied from −20 to 6 dBm, in which

Fig. 4. Optical spectra in the CR setup. (a) After the C1;
(b) after the SOA; (c) after injection-locked.

Fig. 5. (Color online) (a) Temporal trace of the recovered
clock signal. (b) Detailed RF spectrum of the recovered clock
signal. (c) Full span RF spectrum of the recovered clock sig-
nal.

Fig. 6. (Color online) (a) SSB phase noise spectra of the re-
covered clock signals under various input power values. (b)
Dependence of the RMS timing jitter on the optical power of
the injected signals.

a significant suppression of the phase noise is obtained
by increasing the input power. Figure 6(b) shows the de-
pendence of the RMS timing jitter of the recovered clock
on the optical power of the injected signal. As can be
seen, when the injected power is less than −4 dBm, the
phase noise derived from the AFL diode is suppressed by
an increase in the input power. Yet, no further much sup-
pression for the phase noise is obtained when the input
power is higher than −4 dBm. The timing jitter changes
little when the injected optical power varies from −4 to
6 dBm. When the injected power is 6 dBm, the lowest
timing jitter of 362.8 fs is obtained in our experiment,
where the timing jitter may be primarily from the input
signal. It is worth noting that a timing jitter of 161 fs
for the clock of the original QPSK signal corresponds to
the jitter noise floor, as shown by the dash line.

In conclusion, we successfully demonstrate all-optical
CR for MZM-generated 40-Gbaud NRZ-QPSK signals
using a monolithic AFL diode. With a preprocessing
stage to enhance the weak clock tone, a low-timing-jitter
and robust clock signal is recovered. Through XGM,
the SOA being insensitive to phase changes, is used to
eliminate the influence from phase information in the
original NRZ-QPSK signal and equivalently enhance the
clock tones in the wavelength-converted signal. The
dependence of the CR on the input signal power is inves-
tigated. A minimum timing jitter of 362.8 fs (integrated
within a frequency range from 10 Hz to 10 MHz) is
obtained in our experiment. As we know, it is the low-
est timing jitter for using a quantum-well based laser to
extract the clock signal for 40 Gbaud NRZ-QPSK signals.
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