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Two-Wavelength Square-Waveform Generation
Based on Fiber Optical Parametric Oscillator

Sigang Yang, Chi Zhang, Yue Zhou, and Kenneth Kin-Yip Wong, Member, IEEE

Abstract—A square-waveform generator based on a fiber op-
tical parametric oscillator (FOPO) is proposed and demonstrated
experimentally. The FOPO works fundamentally by extracting
the longitudinal modes beating signal to drive the intracavity
amplitude modulator. In order to broaden the longitudinal mode
spacing, two sub-ring cavities with a short cavity length are used.
The longitudinal modes are phase locked, which ensures the
generated microwave signal with very low phase noise. By biasing
the amplitude modulator, the even-order beating signals are sup-
pressed, while the odd-order beating signals are enhanced. Thus,
the FOPO is self-starting and can provide stable square-waveform
output with the repetition rate of 1.133 GHz at the signal and idler
simultaneously. It is tunable over 10 nm, which is only limited by
the gain bandwidth of the fiber optical parametric amplifier of the
current configuration.

Index Terms—Microwave photonics, nonlinear optics, optical
fiber lasers, optical generation of microwave signal, parametric
amplifiers (AMPs), parametric oscillators.

I. INTRODUCTION

PTICAL generation of microwave signals is an impor-
O tant research branch in microwave photonics [1]-[8].
Usually the techniques to generate microwave signal in the
optical domain make use of the beat note of phase correlated
optical frequencies [1]. Thus, in order to generate a microwave
signal in the optical domain, the primary step is to obtain the
phase-locked optical frequencies. Thanks to the state-of-the-art
mode-locking techniques [9]-[12], the mode-locked lasers
provide an ideal phase-locked frequency source for the beating.
Fiber lasers, in which, the active gain medium is an optical
fiber doped with rare-earth elements, have attracted more and
more attention due to their remarkable advantages such as high
power, high stability, high reliability, and so on [13]. For a fiber
laser, in order to obtain enough gain so as to overcome the
cavity loss, long length of the gain fiber, such as erbium-doped
fiber (EDF), is required. A major problem with the long cavity
is that the longitudinal mode spacing is fairly small, typically
in the order of megahertz or even kilohertz. Hence, it is difficult
to make an intracavity optical filter to select and track a single
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or several frequencies. Consequently, multiple longitudinal
modes oscillate simultaneously. Under normal circumstances,
phases of these multiple longitudinal modes have random re-
lationships, and for a continuous wave (CW) oscillation beam,
intensity shows random time variation, as well as noise [14].
In order to overcome this problem, an actively mode-locked
method has been proposed to lock the phase of the longitudinal
modes [10]. In the actively mode locked fiber laser, an external
RF signal is used to drive the intracavity amplitude modulator.
As a result, all the longitudinal modes have the same spectral
phases so that they can serve as the beating source in order to
produce a microwave signal. For example, a rational harmonic
mode-locked fiber ring laser has been proposed to generate
a microwave signal [15]. Another optical oscillator is the
so-called fiber optical parametric oscillator (FOPO), which
utilizes the fiber optical parametric amplification (FOPA) as
the gain mechanism instead of the EDF [16]. One advantage
of the FOPO over a traditional fiber laser is that it can provide
two synchronized output wavelengths at the signal and idler
simultaneously. Thus, photonic generation based on the FOPO
can provide two-wavelength synchronized microwave signal
simultaneously. Hence, the fiber optical parametric ampli-
fiers (AMPs) and oscillators have attracted more and more
interests in the study of microwave photonics, as they provide
more freedom to tailor the output signal compared with the
traditional EDF-based fiber lasers [17], [18]. Basically, the
CW FOPO is the multiple longitudinal mode due to the long
cavity length [19], [20]. The longitudinal modes have a random
phase relationship. In order to overcome this problem, we have
previously proposed an actively mode-locked FOPO to lock the
phase of the longitudinal modes [21]. However, in an actively
mode-locked fiber laser or FOPO, the RF signal frequency from
the external signal generator must be the precise harmonics of
the free spectral range (FSR) of the fiber cavity. The cavity
easily loses synchronism with the modulation signal because
it will readily drift due to the temperature variation or envi-
ronmental disturbance. As a result, the generated microwave
signal is not stable and durable, and it can only provide a single
frequency microwave signal based on this method [15].

To synchronize the modulation frequency and the cavity
automatically, a regenerative mode-locked FOPO which used
an opto-electronic oscillator (OEO) as the modulation signal
source was proposed [22]. The main limitation is that the OEO
requires a high-() RF narrowband electrical filter. Alternatively,
the RF driving signal in an actively mode-locked FOPO can
be directly acquired from the beat note between the multiple
longitudinal modes. In this paper, we propose and demonstrate
experimentally a novel method for microwave signal generation
based on a regeneratively mode-locked FOPO, which simply
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employs the beating RF signal of the longitudinal modes to
drive the intracavity amplitude modulator. Due to the long
cavity length of the FOPO, we use two sub-rings with short
cavity length to enlarge the effective longitudinal mode spacing,
as well as increasing the modulation frequency. The FOPO
can produce a two-wavelength stable square pulse train with
the repetition of 1.133 GHz at the signal and idler without any
external RF signal source. The tuning range is over 10 nm,
which is limited only by the FOPA gain bandwidth under the
current CW FOPO pump configuration. The proposed scheme
provides a solution that produces pulse train with potentially
higher repetition rates than that of the traditional techniques.
The repetition rate can be increased by adopting the following
steps. The first is to use the sub-rings with shorter cavity length.
This can be realized by decreasing the length of the pigtails
of the devices in the sub-rings, e.g., the 50/50 coupler and the
polarization controller. The shorter cavity length will result
in larger FSR for the individual sub-ring cavity. The second
step is to introduce more sub-ring cavities with different cavity
length. The resultant least common multiple of the FSRs of all
cavities will increase remarkably compared with the current
two sub-ring cavities configuration. This also requires higher
operating frequency for the amplitude modulator. Hence, the
repetition rate of the generated pulse train is limited by the
available operating bandwidth of the intracavity amplitude
modulator.

II. PRINCIPLE

For an optical ring oscillator, the resonant frequencies can
be obtained by imposing the condition that the total phase shift
along the ring path must equal to an integral number of 27. The
phase condition can be described by L = 2km [23]-[25] in
which [ is the propagation constant in the ring, L is the cavity
length, and k is a positive integer. The spacing between two
consecutive longitudinal mode frequencies is

Dv =c¢/nL €))

where c is the light speed in vacuum, n is the equivalent
refractive index of the ring, and L is the cavity length. Under
normal circumstances, the multiple longitudinal modes have
random phase relationships, as can be observed in a self-homo-
dyne measurement [26], [27]. This measurement acquires the
beating signal of the longitudinal modes. The fundamental and
higher order beating signals can be observed clearly. However,
the beating signals are not stable and have severe fluctuation,
which indicates that the longitudinal modes contain severe
phase noise. The mode-locking technique is used to lock the
spectral phase of the longitudinal modes, thus the spectral phase
difference of two consecutive modes is constant. The active
mode-locking method is a typical resolution to lock the phase of
the longitudinal modes [28]. In an active mode-locked resonant
cavity, the AM produces sidebands to each of the oscillating
longitudinal modes at the longitudinal mode spacing. The side-
bands have a fixed spectral phase difference. Furthermore, the
sidebands are modulated with the same frequency by AM and
higher order sidebands will be produced, as shown in Fig. 1.
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Fig. 1. Principle of the active mode locking.

Finally, the spectral phase ¢; of the longitudinal modes in the
output beam is locked according to the relation

w1 — i1 = Ap ()

where Ay is constant. The modulator transfers energy from
each mode to its neighboring mode, thereby redistributing en-
ergy from the center to the wings of the spectrum. This process
seeds and injection locks neighboring modes. Since the longitu-
dinal modes are phase locked in a mode-locked resonant cavity,
the microwave signal can be generated based on optical hetero-
dyne in which the multiple longitudinal modes beat at a pho-
todetector (PD). An electrical beat note is generated at the output
of the PD with the frequencies at the fundamental and multiple
longitudinal mode spacing.

Due to the long cavity length of the fiber resonant cavity, the
longitudinal mode spacing is very small, which results in a mi-
crowave beating signal with very low frequency. According to
(1), the longitudinal mode spacing is the inverse ratio of the
cavity length. In order to obtain a high-frequency beat note, a
coupled sub-ring cavity with shorter cavity length can be intro-
duced. For a multiple-ring composite cavity, the modes oscil-
late only at frequencies that satisfy the resonant conditions of
the main cavity and all of the sub-ring cavities simultaneously.
Therefore, the introduction of the short ring cavities will signif-
icantly increase the effective longitudinal mode spacing.

Usually, for an actively mode-locked resonant cavity, an ex-
ternal frequency source is necessary for driving the intracavity
amplitude modulator. Thus, the generated microwave signal has
the frequency equal or integral multiple of the external signal
frequency. The driving signal to the intracavity AM can also
be obtained directly from the beat note between the longitu-
dinal modes instead of an external microwave signal source.
Particularly, a portion of the oscillating light is extracted and
detected by a PD first. While the beat note is noisy and not
stable because the longitudinal modes are not phase locked.
The generated microwave signal is then amplified and time de-
layed and fed back to drive the intracavity AM. Although the
longitudinal modes have a random phase relationship initially,
the oscillating longitudinal modes will be phase locked after
such a positive feedback. Different from [15], the generated mi-
crowave signal consists of the fundamental and integral multiple
of the cavity FSR frequency components rather than a single
frequency. By tailoring the electrical spectrum in the frequency
domain, the desired waveform in the time domain can be ob-
tained. This can be realized by biasing the intracavity AM at
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Fig. 2. Schematic diagram of the square-waveform generator based on FOPO.
The dotted box corresponds to the electrical path.

a proper voltage. For example, the even-order sidebands can
be suppressed, while the odd-order sidebands can be reserved
when biasing the Mach—Zehnder AM at the minimum point of
the transfer function [1]. In the time domain, the resonant cavity
will produce the square waveform.

III. EXPERIMENT

The schematic diagram of the square-waveform generator
based on FOPO is shown in Fig. 2. The pump was seeded
by an external cavity tunable laser source (TLS). In order to
suppress the stimulated Brillouin scattering (SBS), the light
was first phase modulated with 10-Gb/s pseudorandom bit
sequence (PRBS) signal via a phase modulator (PM). The
polarization controller PC1 aligned the state of polarization
(SOP) of the pump with the transmission axis of the PM. The
SBS could be suppressed by up to 28 dB. The pump was then
amplified by a two-stage configuration of EDFAs in which the
first stage (EDFA1) provided a small-signal gain to prevent
self-saturation by amplified spontaneous emission (ASE). It
was then filtered by a 0.8-nm tunable bandpass filter (TBPF1)
to reduce ASE noise, and further amplified by the second
stage (EDFA?2), with a maximum average output power of 33
dBm. The amplified pump was coupled into a 400-m highly
nonlinear dispersion-shifted fiber (HNL-DSF) via the P-port
(1554.89-1563.89 nm) of a bandpass wavelength-division mul-
tiplexing (WDM) coupler (WDMCI1). The high power pump
propagated through the HNL-DSF and then was rejected via the
P-port of another bandpass WDM coupler (WDMC?2), while
the amplified signal and idler propagated through the R-port
(1500-1551 nm, 1567-1620 nm) of WDMC2. A C/L-band
WDM coupler was then inserted to allow only the C-band
signal to circulate in the cavity, while the idler was coupled out
via the L-port. The signal from the C-port of WDMC3 was fil-
tered by a 0.35-nm bandpass filter (TBPF2), which determined
the lasing wavelength. Two sub-ring cavities with different
cavity length were then inserted after TBPF2. The FOPO
provided the output through 10/90 output coupler. Another
10/90 coupler was used to provide feedback. The feedback
loop, as shown in the dashed square region, consisted of a PD
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TABLE 1
SPECIFICATIONS OF HNL-DSF

Parameter Value
Length 400 meters
Attenuation 0.56 dB/km
Dispersion -0.14 ps/km/nm@ 1550nm
Dispersion slope 0.035 ps/km/nm’@ 1550nm
MFD 3.8 um
Nonlinear coefficient 14 W km!
PMD 0.03 ps/sqrt(km)
Zero dispersion wavelength 1554 nm

with 12-GHz bandwidth, a 7.5-GHz low-pass filter (LPF), a
variable electrical phase shifter denoted by ¢, and RF AMPs. A
LiNbO3 Mach—Zehnder amplitude modulator (MZ-AM) driven
by the feedback signal was inserted. Due to the polarization
dependence of the MZ-AM, a polarization controller (PC4)
was employed to adjust the SOP of the signal pulse. PC5 was
used to align the signal’s SOP with that of the pump so as to
maximize the signal gain.

The specifications of the HNL-DSF are shown in Table I. Its
nonlinear coefficient was 14 W~ 'km ! and its zero dispersion
wavelength was 1554 nm. The OPA worked in its anomalous
dispersion region, as the pump wavelength was 1556 nm [29].
The pump phase dithering would not influence the microwave
beat note and the output signal [30]. The beat note is only de-
termined by the effective FSR of the composite ring cavities.
In order to broaden the effective longitudinal mode spacing,
two short sub-ring cavities with different cavity length were
introduced. The PC in each sub-ring cavity must be tuned to
the same SOP as that of the main cavity. The main cavity and
the sub-ring cavities are on resonance. Hence, the radiation can
couple effectively from a mode of the main cavity to modes
of the sub-ring cavities [31]. The introduction of the sub-ring
cavities can suppress the oscillation of longitudinal modes of
the main cavity greatly. The cavity lengths of the two sub-ring
cavities are about 6.2 and 6.5 m, respectively. The effective
FSR of the three cavities was measured using a self-homodyne
method and the effective longitudinal mode spacing with all
three cavities connected was 1.133 GHz. In our scheme, a por-
tion of the optical signal from the main cavity was extracted
through a 10/90 coupler and detected by a PD. The generated
RF signal from the PD consisted of the fundamental beating
frequency and the harmonics. It was amplified by an electrical
AMP first. A 7.5-GHz electrical LPF was used to allow only
lower order harmonics to be transmitted and suppress high-fre-
quency noise. An electrical phase shifter was used to adjust the
phase difference between the circulating pulses and the modu-
lation signal so as to ensure perfect synchronization. After the
RF signal was further amplified by a second electrical AMP,
the amplified signal was fed back to drive the MZ-AM. The
FOPO oscillation was established once the pump power ex-
ceeded the threshold power. The oscillation was self-starting
and the process was like the following. Initially the longitudinal
modes separated equally by 1.133 GHz showed random phase
relationship. Thus, the fundamental and higher order beating
signal was very noisy and unstable owing to the phase noise.
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Fig. 3. Measured RF spectrum. (a) Signal pulse train. (b) Idler pulse train.

However, when the generated RF signal from the PD drove the
MZ-AM biased at the voltage of 1.28 V, the MZ-AM produced
sidebands to each of the oscillating longitudinal modes. Since
the sidebands had fixed spectral phase difference, the longitu-
dinal modes were mode locked. The optical signal output port
provided stable pulse train. Fig. 3(a) and (b) shows the mea-
sured RF spectrum of the output signal and idler pulse trains,
respectively, using an electrical spectrum analyzer (ESA). The
fundamental frequency and the odd harmonics can be observed
while the even harmonics are prohibited. The reason is that the
MZ-AM was biased at the quadrature point at which even har-
monics were suppressed [32].

The generated optical pulse trains were observed on a dig-
ital communication analyzer (DCA) and are shown in Fig. 4.
Fig. 4(a) and (b) shows the signal and idler waveforms, re-
spectively. The FOPO provides square-waveform pulse trains
at the signal and idler wavelengths simultaneously. The over-
shoot is due to the limited bandwidth of the electrical branch in
the FOPO. The measured duty cycle is 45.3% and the repetition
rate is 1.133 GHz. The simultaneous generation of the signal
and idler during the OPA process indicates that each photon
pair is correlated in the quantum sense [30]. Thus, the proposed
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Fig. 5. Measured optical spectrum of the output signal pulse train.

scheme provides an ideal synchronized signal source for the ap-
plication in modern large-scale scientific facilities requiring the
synchronized time signals. The optical spectrum of the pulse
train is shown in Fig. 5. The lasing wavelength has more than
60-dB suppression ratio over other nonlasing modes. It indi-
cates that, with the proposed method, the longitudinal modes
are well phase locked and the phase noise can be negligible. The
FOPO was self-starting and could maintain stable square-wave-
form pulse train.

The FOPO could also be tunable without disturbing the stable
pulsing state. When the oscillating wavelength is varied, the lon-
gitudinal mode spacing would change due to the cavity disper-
sion. In a traditional actively mode-locked FOPO, the MZ-AM
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Fig. 6. Output power of the FOPO versus wavelength.

is driven by an external RF signal generator. To maintain the
synchronization, the repetition rate of the signal or the cavity
length has to be tuned. However, in our scheme, the longitu-
dinal mode beating signal acts as the driving RF signal and it is
synchronized with the cavity automatically. For the signal, the
maximum output power was —1.6 dBm at the wavelength of
1540.45 nm when the pump power was 1.28 W.

However, when the oscillating wavelength was tuned away
from 1540.45 nm, the output power would decrease due to the
gain bandwidth of the FOPA. Fig. 6 shows the output power
versus wavelength when the FOPO was tuned. It shows the
FOPO can be tuned over 10 nm. Actually the gain spectrum of
the FOPA is not uniform over its gain bandwidth. The reason
is that it is hard to maintain the phase-matching condition over
a wide bandwidth in a single-pump FOPA. The cavity loss is
as large as 20 dB. Only when the OPA gain exceeds the cavity
loss, the cavity can oscillate. Thus, there is only a narrow gain
bandwidth that can provide such large gain. Hence, it decides
the tuning range.

IV. CONCLUSION

In conclusion, we have demonstrated photonic generation of
the square waveform using a FOPO. The FOPO worked fun-
damentally by extracting the beating signal of the longitudinal
modes to drive the intracavity amplitude modulator. In order to
broaden the longitudinal mode spacing, two sub-ring cavities
with short cavity length were inserted. The resultant longitu-
dinal mode spacing could be broadened to be 1.133 GHz. The
generated RF signal from the PD drove the intracavity amplitude
modulator. Without any external RF signal source, the FOPO
could output square-waveform pulse trains with the repetition
rate of 1.133 GHz at the signal and the idler wavelengths simul-
taneously.
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