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A simple all-optical pulse generation technique based on gain-induced four-wave mixing in a semiconductor optical

amplifier is introduced. The introduced concept is theoretically investigated and experimentally demonstrated. For
a concept demonstration, 10 GHz and 42.5 GHz pulse trains are generated. A 20 nm central wavelength tunability is

achieved. © 2013 Optical Society of America
OCIS codes: 190.4390, 190.4223.

High-repetition-rate optical clocks play a crucial role in
many fields, including telecommunication system, THz
generation, and metrology [1]. Several technologies have
been explored to generate actively mode-locked pulse
trains with an electronically driven active medium in the
ring cavity. These include photonic crystal fibers [2],
electroabsorption modulators [3], lithium niobate modu-
lators [4], or their combinations [5]. However, the pulse
repetition rate is usually limited by the bandwidth of the
intracavity modulator. To mitigate this limitation, filter-
ing of highly stable low-repetition-rate optical combs uti-
lizing cavities such as Fabry-Perot etalons can be used
[6]. This scheme is not flexible as it requires highly pre-
cise control of ultrahigh finesse etalons, which limits the
repetition rate to the free spectral range of the filter.

Optical pulse sources based on semiconductor tech-
nology offer many advantages, including large gain band-
width, high small signal gain, rapid tunability, long-term
stability, mass production, and large-scale integration,
which are important for cost and scalability [7]. Semicon-
ductor optical amplifiers (SOAs) can serve as a modula-
tor in the cavity of a fiber ring laser based on cross-gain
modulation [8] or cross-phase modulation [9] from an
external injection. However, the bandwidth of external
injection often limits the repetition rate of the generated
pulses. To generate high repetition rate, rational har-
monic mode-locking technology is used. This kind of
technology introduces different amplitude among pulses,
thus needs amplitude equalization, which limits its prac-
tical use [7]. In order to achieve high repetition rate with
continuous tunability, generating pulse from dual-
frequency beating signals using four-wave mixing (FWM)
is also demonstrated for high-repetition-rate optical
clock [10,11]. However, to suppress the stimulated
Brillouin scattering, which dominates when using narrow
linewidth lasers, additional external modulation or
broadband source is required [10], thus requiring a much
more complicated setup. Moreover, the operating wave-
length is limited to tunability of the source laser.

In this work, we introduce a novel, simple method to
generate optical clock with wavelength tunability. Spe-
cifically, two continuous wave (CW) lasers are injected
into a conventional SOAs-based fiber ring laser. The
beating signal generated by these two lasers causes the
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modulation of the SOA gain saturation inside the cavity.
Thus, the SOA will function as the gain medium as well as
the active modulation medium. As a result, when the las-
ing mode inside the cavity [controlled by the bandpass
filter (BPF)] is amplified, it also results in gain-induced
FWM. The proposed technique is particularly versatile in
comparison to its counterparts; the repetition rate is con-
trolled by the frequency difference between the two CW
light sources, overcoming the bandwidth limitation of
other techniques, which require an RF source. In addition,
the operating wavelength is tuned by sweeping the central
wavelength of the BPF. Moreover, this new technique is
cost-effective and provides the possibility for hybrid
integration as it is comprised of semiconductor chips that
can be heterogeneously integrated on an Si platform. For a
concept demonstration, pulse train with repetition rate
up to 42.5 GHz is generated. A 20 nm central wavelength
tunability is achieved in this first demonstration.

The initial beating signal was obtained by simultaneous
injection of two linearly polarized continuous waves
with different frequencies and equal powers into the
SOA-based fiber ring cavity. To fully understand the
effect of the injected signal on the gain depletion and
mode-locking performance of the laser, the pulse evolu-
tion of the mode-locked laser is first theoretically inves-
tigated. The numerical simulations were performed by
solving the coupled equations of the field evolution
p(2,%) inside the semiconductor amplifier:
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where ng,, and By, are the group indices and second-
order dispersion of the SOA, y = wgny/cA is the Kerr
nonlinear coefficient in the SOA. I' is mode confinement
factor and ay, is the internal loss of SOA. The time-
dependent carrier density N(z, t) and gain g(N (2, t)) inside
the SOA are described by the following rate equations:
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where I, A, and V denote the injection current, cross-
section area in the active area, and volume of the SOA;
q is the electron charge. N, represents the transparent car-
rier density, 4y = 1y — a4(N — Ny) is the corresponding
wavelength for peak gain, a; denotes the differential gain
coefficient, a; and a3 are constant, which characterize the
width and asymmetry of the gain profile. a, is the empirical
constant describing the shift of the gain peak. 7, denotes
the spontaneous emission life time. To fully simulate the
laser operation, all equations must be supplemented by
the boundary condition:

P(w.z2 = 0) = vn(1 - acay)H (w) exp[-jp(w)LIP(w. 2 = L),
@

where 7 is the power coupling percentage, a.,, the cavity
losses, f(w) the propagation constant (expanded to the
second-order dispersion term), and L the length of the cav-
ity. P(w,z) denotes the Fourier transform of p(z,t) and
H(w) is the transfer function of the BPF.

The operation of the proposed source was first con-
firmed by simulating the 10 GHz pulse generation by
use of a split-step Fourier method. The 10 GHz beating
signal is simulated by fixing central wavelength of two
CW lasers at 1550 and 1550.08 nm. The parameters of the
SOA are, aj,; =20 cm™!, Ly, = 500 pm, A = 0.4 ym?,
=03, a; =25x10°m?, ay =7.4x10®¥ m=3, ny, =
3.56, ag = 3.16 x 10> m™, 7, =300 ps, ay = 3 x 10732 m?,
Pasoa = 0.05 ps’/em, I =600 mA, and mny = -1 cm?
GW-L. The parameters for the boundary condition are
L=6.2m, S =1ps¥km, y =0.9, and a., = 6 dB. The
transfer function of the BPF is assumed to be a Gaussian
profile with 5 nm FWHM bandwidth. Figure 1(a) shows
the temporal profile and corresponding spectrum of
generated 10 GHz pulse trace separately. After 30 round
trips, the pulse has stabilized at a width of ~8 ps FWHM
and the pulse peak power is ~14 mW. The repetition rate
tunability is simulated by fixing central wavelength of
one CW laser at ~1550 nm and tuning the central wave-
length of another CW laser. When it is tuned to ~1550.32
and ~1555.8 nm, the difference corresponds to ~40 and
~100 GHz repetition rates. Figures 1(b) and 1(c) present
the temporal profiles and spectra of the generated pulses
for the repetition rates 40 and 100 GHz. It is clear that the
generated pulse trains exhibit the same repetition rate as
the beating frequency of the external signal. The gener-
ated 10, 40, and 100 GHz pulses are chirped. The
estimated time-bandwidth product (FWHM) is approxi-
mately 0.58. It is worth noting that the intensity of the
two inject CW lasers is increased with increasing the rep-
etition rate to optimize the laser operation. In order to
generate the pulse rates discussed, the intensity of the
CW lasers in our simulation is ~3 mW for 10 GHz,
~6 mW for 40 GHz, and ~10 mW for 100 GHz.

Figure 2 is the experimental setup of the proposed
source. The main fiber ring cavity is comprised of two
SOAs (Thorlab BOA): the first SOA functions as the gain
and modulation medium, while the second one changes
the net gain of the cavity. The SOA has a typical small
signal gain of 30 dB at 600 mA current bias with an
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Fig. 1. Temporal profile (left plot) and corresponding spec-
trum (right plot) of generated (a) 10 GHz, (b) 40 GHz, and
(c) 100 GHz pulse trace separately.

associated saturation output power of 17 dBm. Each
SOA is mounted on a thermoelectric cooler to stabilize
the performance of the SOA. The tunable optical band-
pass filter (OBPF) has a 3 dB bandwidth of ~2 nm and
a 20 nm tuning range. It is employed to perform wave-
length selection to tune the central wavelength of the
output and filter the injected beating signal. The isolator
ensures the unidirectional propagation of light. The
polarization controller sets the appropriate polarization
state as the SOA gain is birefringent. The length of the
main cavity is ~15.5 m, which results in a fundamental
cavity resonance frequency of 12.5 MHz. To get stable
harmonic mode locking at 10 GHz to 42.5 GHz, the cavity
length is first calibrated by mode locking the fiber laser
through the injection of a 0.5 GHz pulse source. Two lin-
early polarized single-mode distributed feedback (DFB)
lasers are injected into the ring laser to modulate the SOA
gain. The central wavelength of the DFBs is ~1551 nm
and can be tuned using a temperature controller.

The source first operates in CW mode (i.e., without
external injection) and the central wavelength of output
CW light is tuned from 1545 to 1565 nm with almost con-
stant 4.3 dBm output power across its tuning span. By
fine tuning one DFB central wavelength to 1551.23 nm
and fixing another DFB at 1550.89 nm, a 42.5 GHz beating
signal is generated. When the external beating signal with
the power of 10 dBm is coupled into the cavity, the ring
laser source runs in a stable mode-locked operation at
42.5 GHz with 2.88 dBm output power, which is slightly
lower than that in CW mode. Figure 3(a) shows the cor-
responding optical spectrum of the pulse train and the
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Fig. 2. Experimental setup for pulse high repetition rate laser
setup based gain-induce FWM. PC, polarization controller;
EDFA, erbium-doped fiber amplifier
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Fig. 3. Measured profiles of spectrum characteristics of the
output (a) 42.56 GHz and (b) 10 GHz pulse train with two CW
inputs (solid line) and the output spectrum when the laser
operates in CW mode (dashed line). Inset: zoomed spectrum.
(c), (d) Autocorrelation trace of the output of (c) 42.5 GHz
and (d) 10 GHz pulse train.

CW output spectrum. Figure 3(c) shows autocorrelation
trace of the 42.5 GHz pulse train. The central wavelength
of the output laser is ~1559.8 nm and it has ~11 ps
FWHM pulse width. The DFB central wavelength is then
shifted to 1550.99 nm to generate 10 GHz pulse train with
17 ps pulse width. The spectrum and the autocorrelation
trace are shown in Figs. 3(b) and 3(d). In order to com-
press the noise inside the cavity, a 0.35 nm FWHM BPF is
used for the 10 GHz pulse generation. For both 10 GHz
and 42.5 GHz beat frequencies the estimated time-
bandwidth products are approximately 0.65, indicating
that the output pulse is not transform-limited but chirped.
The experimentally generated pulse exhibits broader
pulse width than the simulation. This is due to the fact
that the BPF inside the cavity has smaller bandwidth and
the SOA has less nonlinearity. The repetition rate of the
proposed technique is currently limited by the FWM
efficiency and the saturation power of the used SOAs.
Frequency comb generation of up to 15 nm has been
demonstrated using ultralong SOAs with a high FWM ef-
ficiency [11]. By replacing SOA with ultralong SOAs and
by managing the overall cavity dispersion the repetition
rate should easily exceed 100 GHz.

In order to investigate the wavelength tunability of the
proposed technique, we changed the central wavelength
of the OBPF. Figure 4(a) shows the wavelength tunability
of the actively mode-locked pulse laser. A 20 nm wave-
length tuning span is achieved, limited by the wavelength
tunability of the BPF. Theoretically, the tuning range can
cover the entire gain bandwidth of the SOA using this
technique. It is found the laser exhibits slightly narrow
pulse width when it operates close to the central wave-
length of external injection. SOA shows a higher ampli-
fied spontaneous emission noise at longer wavelength,
which leads to a broadening pulse width with longer
operation wavelength. Figure 4(b) shows the relation
between the pulse shape and the CW input powers. The
shorter pulses can be obtained by increasing the input
power of the CW lasers. This is because the stronger
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Fig. 4. (a) Pulse characteristics versus the central wavelength
of the OBPF. (b) Pulse characteristics versus the input power
of external pulse.

external injection will cause a deeper gain modulation,
thus resulting in a narrow pulse width.

In conclusion, a novel and simple actively mode-
locked SOA-based fiber ring laser with an external
injection is presented in this Letter. Up to 42.5 GHz pulse
train is generated. A 20 nm wavelength tuning span is
achieved. The unique features of this technique are: wide-
tuning of the repetition rate, broad wavelength tuning
range with nearly constant pulse width and output power
as well as no need for complex RF circuitry. These fea-
tures render this technique a very attractive candidate for
many applications. These include hybrid optical clocks,
sources for time/wavelength division multiplexing, and
as a characterization source for passive/active photonics
devices.
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