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Abstract This paper demonstrates a theoretical investi-
gation on clock extraction from carrier-suppressed return-
to-zero (CSRZ) modulation format data at 40 Gbit/s by
using a semiconductor optical amplifier (SOA)-based ring
laser. A completely numerical analysis about the clock
characteristics at 40 Gbit/s is done, which is an effective
guide for the experiment and necessary to optimize system
performance. The crucial parameters, including the pulse
width, energy of the CSRZ data signals and influence of
SOA bias current, are analyzed because they determine the
quality of the recovered clock pulses. Meanwhile, simula-
tion results show that high-quality clock extraction from
271 pseudo-random binary sequence (PRBS) CSRZ data
at 40 Gbit/s can be achieved by using higher power
assisting continuous-wave (CW) light into a SOA-based
ring laser.

Keywords all-optical signal processing, all-optical clock
extraction, semiconductor optical amplifier (SOA), cross
gain modulation (XGM), carrier-suppressed return-to-zero
(CSRZ) modulation

1 Introduction

All-optical clock extraction is one of the key technologies
for realizing high-speed optical networks that require
synchronous operations such as re-amplification, re-
shaping and re-timing (3R). Several schemes for all-
optical clock extraction have been reported. A scheme
based on self-pulsating laser diodes, which is easy to
integrate but requires complicated technologies, has been
demonstrated at 40 Gbit/s [1]. Clock extraction configura-
tion based on mode-locked semiconductor lasers has been
realized at 160 Gbit/s, but the weakness of this structure is
unstable [2]. Optoelectronic phase-locked loop (OPLL)
can be also used for all-optical clock extraction, but this
scheme requires high-injected power and the operation
speed is limited because of electronic barriers [3]. Injection
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mode-locked fiber laser based on a semiconductor optical
amplifier (SOA) is one of the promising methods for all-
optical clock extraction, as it may provide high quality
clock pulses and can work at a high bit rate. The advantage
of using SOA as a nonlinear switching medium also holds
fast recovery time and can be integrated with other
semiconductor components [4].

In recent years, novel modulation formats have been
intensively studied in high-speed transmission systems.
The optical carrier-suppressed return-to-zero (CSRZ)
modulation format is considered one of the promising
transmission signal formats in dense wavelength division
multiplexing (DWDM) systems and is currently widely
used in long-haul transmission systems due to its high fiber
nonlinearity tolerance [5—7]. However, previous clock
extraction schemes are usually applied to common
modulation formats, such as return-to-zero (RZ) and non-
return-to-zero (NRZ), and there is no research report on
clock extraction from CSRZ data. Therefore, clock
extraction for CSRZ data is imperative. To the authors’
best knowledge, a detail theoretical analysis on clock
extraction at 40 Gbit/s based on SOA-based ring laser from
CSRZ modulation format data has not yet been reported.

In this paper, all-optical clock extraction using an SOA-
based ring laser from CSRZ modulation format data is
investigated for the first time. A numerical model is given
and the simulation result shows this scheme is still an
effective technology for implementing clock extraction in
case of a high bit rate (about 40 Gbit/s) and novel
modulation format. Some critical parameters that have
great influence on the performance of extracted clocks are
investigated numerically, including the pulse width, energy
of CSRZ data signals and bias current of SOA.

2 Principle and numerical model

Figure 1 shows the schematic diagram of clock extraction
based on an SOA-based ring laser. The CSRZ data signal is
injected into the cavity through coupler C; and the
extracted clock pulses export from coupler C,. SOA is
the key element for clock extraction, which provides gain
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Fig. 1 Clock extraction configuration based on an SOA-based
ring laser

and gain modulation in this scheme. Because of the cross
gain modulation (XGM) effect in SOA, the gain in the ring
cavity is periodically modulated by the injected CSRZ data
signal, which causes the generation of mode-locking
pulses (i.e., the recovered clock pulses) with repetition
rate equaling the rate of the CSRZ data signal [8,9]. A
tunable optical filter is used for selecting desirable
wavelength clock pulses, an isolator ensures unidirectional
oscillation of the clock pulses and blocks of CSRZ data,
and an optical delay line (ODL) is used to precisely adjust
the cavity length to obtain clock pulses at the expected
repetition rate. The assisting continuous-wave (CW) light
is injected into the cavity through coupler C;, which is
mainly used to eliminate pattern effects caused by the slow
gain-extraction of SOA [10,11].

A numerical model based on a self-reproducing pulse
profile model has been given by Ref. [8], in which the
clock pulse in the cavity can reproduce itself after each
complete transit through the SOA, filter and other
components when laser is at a steady state. In this model,
amplified spontaneous emission (ASE) noise of SOA is
neglected due to the high power of both CSRZ data and
clock signals that deeply saturate the SOA. As the pulse-
width of CSRZ data is less than 10 ps, the nonlinear gain
compression in SOA is mainly contributed by the intra-
band effects of SOA such as carrier heating (CH) and
spectral hole burning (SHB). Therefore, the carrier density
rate equation, optical power and nonlinear phase shift in
each section of the SOA can be expressed as [10]
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where subscript j=1,2,...,n stands for section number,
and £=1,2,3 denotes the CSRZ data, clock and assisting
CW light, respectively. Ni(z,) is the carrier density in
section j, [ is the injected current, g is electron charge, Vis
the volume of active region. c; is the nonradiative recom-
bination coefficient caused by defects and traps, ¢, is the
bimolecular recombination coefficient and c3 is the Auger
recombination coefficient. ' is the mode confinement
factor, g ; is the material gain for beam £ in section j, 4 is
the Planck constant, v, is the optical frequency of beam £,
A is the cross-sectional area of the active region, ¢ is the
nonlinear gain compression effects produced by CH and
SHB effects, P; is the sum power in section j, and Py (z,f)
and ¢y ;(z,f) are the power and phase shift of beam £ in
section j, respectively. a;,, is the internal loss of SOA, and
oy 1s linewidth enhancement factor, which can be estimated
by
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where 4, is the wavelength of beam £, dn/dN is differential
refractive index, and a is the empirically determined
constant. A cubic formula with empirically determined

constants is used to model the asymmetric gain spectrum of
SOA [11]:

g=a(N-N)-71(A-2,)* + (A= 2,)’, (%)

Ay = A —Ko(N—Ny), (6)

where y; and y, are empirically determined constants, with
y1 determined by gain bandwidth and y, accounting for the
asymmetry of the curve; A is the wavelength of the light in
consideration; A, is the gain peak wavelength for carrier
density; N, is the carrier density at transparency; A; is the
gain peak wavelength at transparency; and x is the gain
peak shift coefficient.

When there is no optical input into the SOA, a steady
state can be established under certain current levels, which
can be characterized by carrier density N, and carrier
lifetime 7. When a CW light is injected into the SOA, a
steady state can be also built in the active region of SOA,
but the carrier density and carrier lifetime change. The
effective carrier lifetime 7.4 can be obtained by the
following expression [10]:
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where Py = FL is the saturation power of SOA, v is the
ar

optical frequency of data signal, and P, is average power in
the SOA active region:
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where L is the length of SOA and Pcw(z) is the injection
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power of assisting CW light in the SOA active region.
Equation (1) is a steady state equation when only CW light
exists, so Pcw(z) can be solved using Eq. (1) and z.¢can be
obtained from Eq. (7). Equation (7) indicates that the
carrier lifetime will decrease dramatically when an
assisting CW light is injected into SOA.

The transmission function of the filter is expressed as a
Gaussian function:

T(w) = \/1-ogexp [~ (0 wy)*/Bi], 9)

where ayis the loss of filter in the center frequency, w is the
angle frequency of optical signals, wy is the central angle
frequency of filter, and By is related to the full width at half
maximum (FWHM) vewpwm by

Br = 2y / (2VIn2). (10)

Equations (1)—(10) are the models used in simulation.

3 Simulation results and performance
analysis

The bias current of SOA is set to 90 mA, and the peak gain
wavelength of SOA is 746 nm. In simulation, it is assumed
that the filter has a Gaussian profile with a bandwidth of
2.5nm. Other physical parameters of the SOA used in
simulation are taken from Refs. [10-12]. The 40 Gbit/s
27-1 pseudo-random binary sequence (PRBS) data with
CSRZ modulation format is injected into ring cavity as
well as an assisting CW light with the power of 25 dBm.
For evaluating the amplitude fluctuation of the extracted
clock pulses, the relative standard deviation Ry is defined as
[13]

S
Ry =+ x 100%,

(an
where M and S are the mean amplitude and standard
amplitude deviation of the clock pulses, respectively. The
timing jitter is characterized by standard deviation of the
time. Therefore, both amplitude fluctuation and timing
jitter of the extracted clock pulses can be obtained by using
Eq. (11) for every time in simulation as follows:

A typical result of clock extraction from 40 Gbit/s CSRZ
data using an SOA-based ring laser is shown in Fig. 2. In
the simulation, it is assumed that the pulsewidth of the
input CSRZ data is 6 ps FWHM and the average injecting
power is 5.44 dBm. Figures 2(a) and 2(b) show the sample
waveform and optical spectrum of the injected 40 Gbit/s
CSRZ data. Figures 2(c) and 2(d) show the waveform and
optical spectrum of the extracted clock pulses without an
assisting CW light. As can be seen, the waveform and
optical spectrum have worse performances. The amplitude
fluctuation is 41% and the timing jitter is about 4 ps by
using Eq. (11), which means the pattern effect of the clock
pluses is too significant to apply in 3R. To reduce the

pattern effect, the assisting CW light is injected into the
SOA-based ring laser. Figures 2(e) and 2(f) show the
waveform and optical spectrum of the extracted clock
pulses when the 25 dBm assisting CW light is injected into
SOA. The amplitude fluctuation of clock pulses is
estimated to be about 17% and the timing jitter is about
0.5 ps by using Eq. (11), which means there is still a slight
pattern effect but weakened significantly due to the
injection of the assisting CW light. The results above
show that this method is an effective technology for all-
optical clock extraction from CSRZ modulation format
data using the SOA-based ring laser.

The dependence of pattern effect on the injection power
of the assisting CW light is analyzed. Figure 3 shows 7
of SOA as a function of the input power of the assisting
CW light. With increasing injection power of the assisting
CW light, 7.¢ of SOA is gradually decreasing. When there
is no light input, 7. of SOA is usually several hundred ps
governed by the spontaneous emission. However, when
the assisting CW light in gain region or at the transparency
wavelength is injected, new carriers are generated and the
gain recovery is enhanced due to absorption. This results in
the pattern effect being reduced rapidly. Meanwhile, the
carrier lifetime at the wavelength of the assisting CW light
in the gain region can be reduced more effectively than that
at transparency wavelength. When power of the assist light
increases to about 30 dBm, SOA will be deeply saturated,
and gain of the assisting CW light at different wavelengths
tends to be the same value determined only by the material
absorption coefficient. Recovery time for each wavelength
tends to obtain the corresponding steady value [11].

Meanwhile, the dependence of pattern effect on wave-
length of the assisting CW light is analyzed. Figure 4
shows 7.¢r of SOA for different wavelengths of the assist-
ing CW light. In terms of the short wavelength of SOA, the
longer the wavelength, the smaller the pattern effect. In the
long wavelength range, when the wavelength becomes
longer, the pattern effect will correspondingly increase.
Meanwhile, the peak wavelength is about 1550 nm. Thus,
the minimum pattern effect occurs near the peak
wavelength of gain curve of SOA, where the carrier
lifetime recovery time is shortest. This can be simply
explained as follows: for the assisting CW light near the
gain peak of SOA, average optical power in the SOA
active region is maximized and z.¢ is minimized. Thus, the
lowest pattern effect will appear near the peak wavelength
of SOA [11].

Figure 5 shows the dependency of the performance
(clock pulsewidth, amplitude fluctuation and timing jitter)
of the recovered clock pulses with the pulsewidth of
injected CSRZ data. It can be seen from Fig. 5(a) that the
pulsewidth of the recovered clock pulse becomes narrower
with a decrease of the injected CSRZ data pulsewidth. This
happens as shorter injected CSRZ data pulses pass faster
through SOA without enough time bringing it to the
saturation level required for the formation of the mode-
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Fig. 2 Waveform (a) and optical spectrum (b) of injected CSRZ data streams at 40 Gbit/s; waveform (c) and optical spectrum (d) of
recovered 40 GHz clock pulses without assisting CW light; waveform (e) and optical spectrum (f) of recovered 40 GHz clock pulses with

assisting CW light

locked clock pulses, so that more energy is necessary. As a
result, increasing the extracted clock’s energy leads to a
reduction of the clock pulsewidth. However, it can be
indicated that the sensitivity of the output mode-locked
clock pulsewidth on the injected CSRZ data pulsewidth is
relatively weak. Figure 5(b) depicts the amplitude fluctua-
tion and timing jitter as a function of the pulsewidth of

injected CSRZ data. It is found that by increasing
pulsewidth of the injected CSRZ data, the recovered
clock signal amplitude fluctuation and timing jitter
accordingly increase, which slightly weaken the quality
of recovered clock pulses. However, for CSRZ data
pulsewidth in the range of 4 to 9ps, the amplitude
fluctuation and timing jitter of the recovered clock pulses
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Fig. 5 Pulsewidth (a), amplitude fluctuation and timing jitter (b) of recovered clock pulses as a function of pulsewidth of injected CSRZ
data (CW light power: 25 dBm, SOA bias current: 90 mA, average input power: 5.44 dBm)

are less than 20% and 1 ps, respectively, which show
comparatively good performances.

The recovered clock pulsewidth, amplitude fluctuation
and timing jitter versus the power of injected CSRZ data
are plotted in Fig. 6. It is observed that with increasing data
power, the recovered clock pulsewidth becomes narrower
due to the stronger interaction of the clock and CSRZ data.
Figure 6(b) shows that the average power of injected
CSRZ data has an obvious effect on the quality of
recovered clock pulses. The simulation results illustrated in
Fig. 6(b) indicate that the recovered clock amplitude
fluctuation and timing jitter increase against the power of
the injected CSRZ data. Meanwhile, for CSRZ data power
in the range of 3 to 8 mW, the amplitude fluctuation is
reduced from 18% to 13.1% and timing jitter from 0.73 to
0.3 ps. Therefore, it is necessary to choose the appropriate
injected light power.

Figure 7 shows the pulsewidth of recovered clock,
amplitude fluctuation and timing jitter versus the injected
SOA bias current. As seen from Fig. 7(a), the pulsewidth
of clock signal increasingly becomes narrower as the bias
current of SOA gradually increases. The principle is as
follows: with increasing injected SOA bias current, the
density of carriers will increase accordingly and lead to the
reduction of the carrier lifetime. Thus, a shorter carrier
lifetime will reduce the clock pulsewidth. Figure 7(b)
indicates that with an increasing SOA bias current, the
recovered clock amplitude fluctuation and timing jitter
decrease accordingly to a certain extent. For injected SOA
bias current in the range of 70 to 120 mA, the amplitude
fluctuation is reduced from 17.5% to 15.4% and timing
jitter from 0.9 to 0.3 ps.

Overall, appropriate power and pulsewidth of injected
CSRZ data are important to the quality of the recovered
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Fig. 6 Pulsewidth (a), amplitude fluctuation and timing jitter (b) of recovered clock pulses as a function of the average input power of
injected CSRZ data (input pulsewidth: 5 ps, CW light power: 25 dBm, SOA bias current: 90 mA)
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Fig. 7 Pulsewidth (a), amplitude fluctuation and timing jitter (b) of recovered clock pulses as a function of SOA bias current (input
pulsewidth: 5 ps, CW light power: 25 dBm, average input power: 5.44 dBm)

clock in Figs. 5 and 6. Meanwhile, higher injected SOA
bias current is necessary to the quality of the recovered
clock in Fig. 7. To achieve ideal clock signals, analyzing
important parameters is a useful guide to optimize this
system.

4 Conclusion

In this paper, all-optical clock extraction from CSRZ
modulation format data is investigated using an SOA-
based ring laser for the first time. A model based on the
laser is proposed for numerically analyzing the clock
performance at a 40 Gbit/s rate. The results show that the

pulsewidth, power of the injected CSRZ data and bias
currents of SOA have a great influence on the perform-
ances of the recovered clock pulses such as amplitude
fluctuation and timing jitter. Meanwhile, simulation results
also show that high-quality clock extraction from 27-1
PRBS CSRZ data at 40 Gbit/s is realized by injecting
higher assisting CW light into the SOA-based ring laser. It
is believed that this simple scheme is an effective method
for all-optical clock extraction and other all-optical signal
processing.
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