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An all-fiber optical parametric oscillator comprising a highly nonlinear optical fiber and wavelength divi-
sion multiplexing couplers is numerically simulated. The model is based on a set of coupled nonlinear
Schrödinger equations which spectrally resolve the gain bandwidth of the pump, signal and idler waves.
We show that such high wavelength resolution is necessary to obtain the correct threshold pump powers,
stationary output powers, and relative intensity noise. Finally, we compare seeded and unseeded configu-
rations and find that the seeded configuration generates low-noise idler output at conversion efficiencies
of up to 10% below the threshold power for unseeded operation, but that both seeded and unseeded
oscillators produce comparable results above threshold. © 2019 Optical Society of America
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1. INTRODUCTION

Fiber optical parametric amplifiers (FOPAs) have long been con-
sidered as attractive systems for wavelength conversion mainly
due to the large bandwidth operation that they can potentially
provide [1, 2]. However, because of the low Kerr nonlinearity
of silica-based fibers, long propagation lengths are normally re-
quired to achieve sufficient gain. On the other hand, all optical
fibers exhibit some non-uniformity along their lengths, such as
minor diameter fluctuations, which affect the fiber dispersion
properties and thus affect the phase matching condition required
for efficient four-wave mixing (FWM) which forms the basis of
parametric amplification. The non-uniformity of optical fibers
therefore greatly reduces the efficiency of practical FOPAs [3]
and can also increase the pump power thresholds [4].

One way to overcome this is to use shorter-length highly non-
linear fibers (HNLF). Significant further gain enhancement can
be achieved if the fiber is used inside a ring resonator, thereby
forming a fiber optical parametric oscillator (FOPO), where a co-
herent build-up of circulating power leads to stronger nonlinear
effects.

The first FOPO system, termed the modulation instability
laser, was theoretically and experimentally characterized by
Nakazawa et al. [5, 6]. Experimental studies with similar appa-
ratus have been conducted for both pulsed [7–9] and continuous
wave (CW) configurations with high conversion efficiencies [10–
13]. The conversion efficiency of these systems is subject to the
gain of the HNLF, similar to FOPAs, but also depends on the
transmittance of the signal within the FOPO and the relative
phase of the waves under consideration [14].

FOPO systems have also been investigated numerically in

a few studies. The most straightforward approach is to model
a single amplitude for each of the waves involved, i.e., for the
pump wave and the generated signal and idler waves [1]. How-
ever, this is a CW approach (and thus cannot simulate e.g. noise
properties) and it requires a priori knowledge of the generated
signal and idler wavelengths. Since these wavelengths depend
on phase matching and thus also on nonlinear phase shifts, they
will generally depend on pump power and may change during
the time evolution of the system. To simulate the full temporal
and spectral dynamics, an approach based on the generalized
nonlinear Schrödinger equation [15, 16] has been exploited. The
downside of this is that it becomes numerically very challeng-
ing and inefficient for large wavelength separations between
the pump, signal, and idler since a continuum spectrum is effec-
tively simulated where most wavelength components contain no
power [17]. Alternatively, a set of coupled nonlinear Schrödinger
equations has been used [18–20] where the three waves are de-
scribed by individual time/wavelength dependent amplitudes.
These models can efficiently simulate large spectral separations,
but they do not take into account the Raman contribution to the
nonlinearity even for signal wavelengths within the Raman gain
bandwidth of the pump. Furthermore, cascaded FWM processes
leading to higher order signal and idler sidebands that have
been shown to increase the instability of the system [21, 22] are
neglected in this approach.

In addition, beam splitters, gratings, or optical couplers are
required to form the FOPO resonator. Care needs to be taken
with regard to the wavelength selectivity of these components.
In particular, if both the signal and the idler wave oscillate within
the cavity this can lead to back-conversion of power from signal
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Fig. 1. Schematic of the FOPO setup comprising a highly non-
linear fiber (HNLF), two wavelength division multiplexing
couplers (WDMC) for input/output and two phase modula-
tors (PM) to control the phases of the circulating light.

and idler to the pump [23] limiting conversion efficiency and
increasing the instability of the system. This instability can be
reduced if only the signal is oscillated[24, 25], which also can be
achieved in an all-fiber FOPO configuration using wavelength
division multiplexer couplers (WDMC) [11, 13].

In this article we simulate numerically an all-fiber WDMC-
based FOPO [13] using an enhanced version of the banded
nonlinear Schrödinger equation (BNLSE) [17] which allows for
broadband simulations with increased spectral resolution, cor-
rect treatment of the Raman nonlinearity at any wavelength
separation between pump and signal, and also includes higher
order signal and idler sidebands to capture cascaded FWM pro-
cesses. A realistic model of the WDMCs is used to include
parasitic effects induced by a residual amount of idler signal that
is circulating within the resonator. We focus on CW pumping
with and without externally seeding the signal wave and inves-
tigate the FOPO performance in terms of conversion efficiency
(CE) of pump power to the idler wave output and the relative
intensity noise (RIN) depending on system parameters.

2. OPTICAL SYSTEM

The simulated fiber oscillator is depicted in Fig. 1. It consists
of a HNLF for parametric amplification and two WDMCs for
wavelength-selective input/output coupling. The operation of
the system is as follows.

A strong CW pump wave enters the system at (a) and is
passed from port (i) to port (iii) of WDMC1 with high efficiency.
Upon propagation through the HNLF, a signal and an idler wave
are generated at wavelengths determined by the phase matching
condition in the fiber. The majority of the generated idler wave
is transmitted in WDMC2 from port (i) to port (iii) and is the
target output of the FOPO. On the other hand, the majority of
the signal wave is passed from port (i) to port (iv) and thus
remains in the oscillator. A linear wavelength-independent loss
is applied at point (c) modeling the accumulated effect of splice
losses throughout the resonator. WDMC1 finally combines this
circulating signal with a new pump wave, which thus becomes
the input to the HNLF for the following round trip and so on.
Eventually, the recirculation of the sideband within the FOPO
cavity leads to its power buildup until the losses of the system

counteract its gain. A high sideband power within the oscillator
is favorable since it mediates the conversion of energy to the idler
output, therefore increasing the CE of the FOPO [1]. Note that a
part of the unconverted pump is ejected at port (iii) of WDMC2,
while the remainder of the pump is dropped from the oscillator
through port (iv) of WDMC1. Two phase modulators are also
included in the system to ensure the resonance of the cavity
for the circulating signal and the correct relative phase between
pump, signal and idler waves before the HNLF to guarantee
parametric amplification, as discussed in more detail below.

3. NUMERICAL MODEL

The FOPO thus consists of two main subsystems, the WDMCs
and the HNLF, which are modeled separately as discussed in
the following.

The WDMCs are considered as 2× 2 linear fiber couplers
and are modeled using a scattering matrix representation (SMR).
Given input fields at ports (i) and (ii) of a WDMC the output
fields at ports (iii) and (iv) are found by [26]:U(iii)( f )

U(iv)( f )

 =

sin(g( f )) i cos(g( f )

i cos(g( f ) sin(g( f ))

U(i)( f )

U(ii)( f )

 , (1)

where U( f ) is the spectral amplitude at frequency f of the wave
under consideration. The function g( f ) is obtained by the cou-
pled mode theory that describes the WDMCs [26, 27] and de-
termines the transmittance window for each output port. In
particular, g( f ) is chosen such that the transmittance is max-
imum between ports (i) and (iii) at a desired wavelength λ1
and equivalently between (i) and (iv) at a second wavelength
λ2. For the sake of clarity, such a system will be denoted by
WDMC(λ1, λ2) hereafter. The SMR is also used to model a
frequency-independent round trip loss α (in dB) at position (c)
in the resonator. Whenever an input port (i) or (ii) is empty,
random quantum noise at the level of one photon per frequency
mode is injected at this position to provide a consistent noise
floor.

The main process of parametric amplification is degenerate
FWM where a pump wave at angular frequency ωp is propa-
gated through the nonlinear fiber resulting in the amplification
of the signal wave at the lower angular frequency ωs and of
the idler wave at a higher frequency ωi. Because of energy con-
servation, the signal and idler have equal frequency separation
Ω from the pump, i.e., ωp − ωs = ωi − ωp = Ω. If the signal
and idler reach sufficiently high powers, further higher order
sidebands at frequencies ωp ± 2Ω, ωp ± 3Ω etc. can also be cre-
ated. Since these waves have been shown to create instabilities
in FOPOs we include sidebands up to the third order in our
model. The nonlinear propagation is described by the BNLSE
[17] for 7 frequency bands, l = −3,−2, ..., 3,

dAl
dz

= i ∑
n≥2

βn

n!

(
i

∂

∂t
− lΩ

)n
Al + iγl

(
1 +

i
ωl

∂

∂t

)
×

∑
l+m=n+k

Ak A∗m An
{

1− fr + fr h̃ [(m− l)Ω]
}

(2)

where Al is the envelope function of the wave in band l, βn
are the Taylor expansion coefficients of the propagation con-
stant β calculated at the pump frequency (in band l = 0), γl
and ωl are the nonlinear coefficient and central frequency of
each band respectively, fr is the fractional contribution of the
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Raman nonlinearity, h̃(ω) is the Fourier transform of the Raman
response function at frequency ω. Note that h̃(0) = 1 due to
the normalization of the Raman response function. The details
of the derivation of the BNLSE, its validity and computational
efficiency have been discussed in [17]. The second sum in Eq.
(2) runs over all indices k, m, n = −3, ..., 3 such that the corre-
sponding FWM process conserves energy, i.e., l + m = n + k.
The spectral position of the bands is found by solving the phase
matching condition with respect to Ω [28],

β (ω0 + Ω) + β (ω0 −Ω)− 2β (ω0) + 2γ0P = 0, (3)

and thus the central frequency of band l is ωl = ω0 + lΩ. Note
that in Eq. (2) we have assumed that all fields are linearly po-
larized in the same direction and counter-propagating waves
are neglected. The BNLSE is solved using an adaptive step-size
symmetrized split-step Fourier method [28].

The FOPO is then simulated by iterating over many round
trips the sequence of WDMC1, BNLSE, WDMC2, and loss until
the output power of the idler at point (d) in Fig. 1 converges.
Two additional phases are applied to the propagating fields at
every round trip, as indicated in the figure. Before WDMC1, a
phase shift (PM2) is applied to all propagating bands to emulate
length-tuning of the fiber ring resonator. In the presence of a
seeded signal at the input of port (i) of WDMC1, this phase shift
is used such that the signal seed and the signal circulating in the
resonator are added constructively in WDMC1. Additionally,
after WDMC1 another phase shift (PM1) is applied to the idler
wave such that pump, signal and idler are in phase for maximum
parametric amplification, i.e. φs + φi − 2φp = π/2 where φs,i,p
are the phases of signal, pump, and idler, respectively [1]. The
phase shifts PM1 and PM2 are adapted dynamically at every
round trip in the simulation but are found to reach a stationary
state. Our simulated steady-state results, therefore, correspond
to experimental situations where optimized but constant phase
shifts are applied. We also note that the second phase shift,
PM2, is only required if there is a (small) amount of idler power
circulating in the resonator but it is not needed in situations
where the idler wave is fully ejected from the FOPO at WDMC2.

The algorithm to solve the model is written in the Python 3.6
programming language while making use of multiple libraries
from the scientific Python stack [29]. The source code used to
model the system is available under the BSD 3-Clause License
at [30].

The fiber considered for the system is an 18 m long LMA5-PM
fiber, which is a silica-based photonic crystal fiber by NKT Pho-
tonics. While the fiber is slightly birefringent, for the purposes of
this study we only consider light of polarization along its slow
axis. The Taylor expansion coefficients of the propagation con-
stants are given by β3 = 6.756 · 10−2 ps3/km, β4 = −1.002 · 10−4

ps4/km, β5 = 3.671 · 10−7 ps5/km at a zero dispersion wave-
length (ZDW) of λd = 1051.85 nm and the nonlinear coefficient
at the ZDW is γ = 10 W−1km−1 [31]. Because the material of
the fiber is silica the Raman response function described in [32]
is used. The spectral position of the frequency bands is deter-
mined by solving Eq. (3) for the selected pump frequency and
power and the spectral width of the bands is set large enough
to avoid boundary condition errors stemming from the Fourier
transforms. Finally, fiber attenuation is negligible compared to
the other losses per round trip in the FOPO.

Using the notation of Sec. 2, the WDMCs are set as
WDMC1(1048, 1204) and WDMC2(928, 1204) (wavelengths in
nm). This configuration leads to the longer parametric wave-
length (signal) oscillating within the fiber cavity and the shorter

Fig. 2. (a) Frequency/wavelength dependent transmission
per round trip of the FOPO and (b) insertion efficiency of
WDMC1.

(idler) forming the desired output. The splice loss at point (c)
within Fig. 1 is set to 1.4 dB. The combination of the WDMC
transmission and the loss result in the wavelength-dependent
transmission per round trip inside the FOPO and the insertion
efficiency of the input coupler WDMC1 as shown in Fig. 2. The
position of the frequency bands considered in the following
for pump wavelengths between 1046 nm and 1050 nm at 6 W
pump power and their corresponding cavity transmission and
insertion efficiency are given in Table 1.

For each set of parameters the FOPO is simulated over a large
number of round trips and the output power is calculated as
the average of the last 50% oscillations (after convergence is
reached). Numerically we find that low pump powers require
a larger number of oscillations until convergence is achieved
whereas higher powers converge much more quickly. The CE
of the FOPO is defined as the ratio of the time-averaged output
power at point (d) and the input power at point (a),

CE =
〈P(d)〉
P(a)

, (4)

and the equivalent RIN is calculated as

RIN = 10 log

(
1

∆ f
σ2

P
〈P(d)〉2

)
, (5)

where ∆ f is the frequency grid resolution (and thus the simu-
lated time window is 1/∆ f ) and σP the standard deviation of
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the output power per round trip from the mean power 〈P〉. The
power P(d) is calculated only at the desired output band (l = 1).

4. SIMULATION RESULTS

A. Frequency Resolution
We first investigate the build-up of power in the FWM sidebands
as a function of the number of cavity round trips. Fig. 3(a) shows
the idler output power at point (d) in the schematic of Fig. 1
averaged over the time window used in the simulation of the
BNLSE versus round trip number. Initially, no signal and idler
waves are present in the resonator apart from the fundamental
quantum noise (of order one photon per frequency channel).
Next, because of the strong FWM gain provided by the pump,
signal and idler waves are quickly building up from their noise
value over several tens of round trips and thus the idler output
power increases. Pump depletion then starts to limit the FWM
gain and a stationary output is achieved when the round trip
gain of the signal and idler sidebands is compensated by the
round trip losses as given above in Table 1.

However, Figure 3(a) shows that the achieved stationary state
depends strongly on the frequency grid spacing ∆ f used in the
BNLSE simulation or, equivalently, on the number of frequency
grid points Ng. In each case, the total width of the simulated
frequency range in each band is held constant at 5 THz, such
that Ng × ∆ f =5 THz. For large ∆ f (very few grid points) the
output power is high (around 3 W for the parameters of the
figure) and very stable. For decreasing ∆ f (increasing number
of grid points) the predicted output drops and the idler output
becomes noisy. This is shown more quantitatively in Figures
3(c,d) which depict the mean stationary output power and RIN
versus ∆ f in the range from 1 GHz to 1 THz (number of grid
points Ng = 22 to 212). At large ∆ f , the RIN is determined by
the quantum noise floor at -189 dB/Hz at 3 W power for this
system. By decreasing ∆ f , we see that the simulation results
converge for ∆ f . 50 GHz. This behavior is explained by the
idler output spectra shown in Fig. 3(b): for large ∆ f only a
single frequency grid point is within the gain bandwidth of the
FOPO, which thus leads to stable CW output. Only if the gain
bandwidth is resolved on the frequency grid, a realistic model of
the FOPO is achieved which properly describes the generation of
a finite bandwidth idler and the intensity noise that is generated
through the beating of its individual frequency components.
Figures 3(c,d) also show the output power and RIN as a function
of the frequency grid spacing for higher input power of 12 W. In
this case convergence is achieved at slightly larger values of ∆ f
because of the wider gain bandwidth at higher powers. For the
simulations in the following sections we will use a grid size of
Ng = 210 and grid spacing of ∆ f = 4.9 GHz. We also emphasize
that the widths of the frequency grids must be chosen wide
enough to accommodate all generated frequency components.
In our simulations this is ensured by checking for errors at the
grid boundaries at every oscillation.

We note that this result implies that simulations of FOPOs
based on three coupled amplitude equations for pump, signal,
and idler will generally not produce correct predictions. We also
emphasize the importance of using the BNLSE for these simu-
lations, instead of a single NLSE equation that covers the full
spectral range of all sidebands. For Ng = 210 and 7 frequency
bands to include potential cascaded FWM sidebands, our sim-
ulations overall include 7168 complex amplitudes, whereas a
single NLSE covering the same frequency span at the same res-
olution would require over 57,000 frequency amplitudes. The

Fig. 3. (a) Idler output power vs number of round trips for
different frequency grid spacings ∆ f . (b) Corresponding idler
spectra. Fore clarity, the curves for ∆ f =78.1, 4.88, 1.22 GHz
have been offset by -10, -20, -30 dBm/nm, respectively. (c) Sta-
tionary idler output power and (d) RIN versus ∆ f for pump
powers of 6 W and 12 W. The pump wavelength is 1046 nm for
all figures, and the pump power is 6 W for (a,b).

BNLSE/NLSE then needs to be solved for hundreds or even
thousands of round trips to calculate a full FOPO dynamics as
in Fig. 3(a).
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Table 1. Central wavelengths of frequency bands for different pump wavelengths (band l = 0) and spectral transmittance/insertion
of signal wavelength at band l = −1.

Central wavelength of band l (nm) Transmittance & Insertion of signal (%)

-3 -2 -1 0 1 2 3 Ts Is

2017 1540.3 1245.9 1046 901.4 791.9 706.1 61.8 12

1861 1478 1225.7 1047 913.8 810.6 728.4 69.4 3.4

1714.8 1414.8 1204.1 1048 927.7 832.2 754.6 72.45 0

1574.8 1349.3 1180.4 1049 943.9 858 786.4 68.45 4.45

1435.3 1278.9 1153.2 1050 963.8 890.6 827.8 54.75 20.2

B. Unseeded FOPO

Fig. 4. (a) Stationary idler power, (b) conversion efficiency, and
(c) RIN vs pump power at different pump wavelengths for
the fiber OPO depicted in Fig. 1 when only the pump wave is
present at the input. All parameters are given in the text.

We next consider the behavior of such a FOPO system in the
stationary regime, i.e., after a large number of round trips where
the mean idler output power and its variance have reached sta-

tionary values. The idler power, CE, and RIN versus pump
power for pump wavelengths from 1046 to 1050 nm are pre-
sented in Fig. 4.

Our numerical simulations find threshold pump powers of
approximately 4.10 W (1046 nm pump), 3.90 W (1047 nm pump),
4.05 W (1048 nm pump), 4.00 W (1049 nm pump), and 4.65 W
(1050 nm pump), respectively, where the largest threshold pow-
ers correspond to the parameters with the largest signal round
trip loss (cf. Table 1) as expected. We note that these threshold
values are in excellent agreement with experimental results [33]
reported as 4.1 W for an idler wave at 931 nm (corresponding to
a pump wavelength of∼ 1048 nm). By contrast, the threshold ex-
pected at this wavelength based on a simple coupled-amplitude
equation [1] which also overestimates the nonlinear factor γ by
neglecting the Raman contribution [17],

Pth = (γL)−1 cosh−1(1/
√

Ts) (6)

where Ts is the round trip transmission of Table 1, gives a signif-
icantly lower value of 3.3 W. However, we note that while our
model captures the frequency resolved dynamics of the system,
we still assume monochromatic (CW) pumping and thus ignore
the pump laser line width or frequency dithering that is applied
experimentally to avoid stimulated Brillouin scattering.

For pump powers above the threshold we find an approxi-
mately linear increase of idler output power with pump power
that is very similar for all simulated pump wavelengths. The
conversion efficiency of pump power into idler output power in-
creases from 0 at threshold to ∼30% at 12 W pump power. Note
that in an ideal lossless parametric process where the pump
power is fully converted into signal and idler, the maximum CE
for an idler at 928 nm with a 1048 nm pump would be 56.5% as
determined by the difference in idler and signal photon energies.

The idler RIN is depicted in Fig. 4(c). Below threshold, the nu-
merical RIN value obtained from our noise floor is -127 dB/Hz.
Above threshold, the idler noise is in fact increased beyond this
white noise for all pump wavelengths. As discussed in the previ-
ous section, the idler wave contains a bandwidth of frequencies
which compete for the parametric gain, and their random rela-
tive phase leads to strong interference effects in the idler power
in the time domain, thus affecting the RIN. Moreover, because
of anomalous fiber dispersion of the oscillating signal wave,
the signal wave is also subject to modulation instability which
subsequently affects the generation of the idler wave [24].

However, there are significant differences in the idler RIN for
pumping at different wavelengths, Fig. 4(c), where despite the
comparable signal power, as discussed above, the RIN reduces
by approximately 10 dB when the pump wavelength changes
from 1046 nm to 1050 nm. We attribute this to the different
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parametric gain bandwidths for the different pump wavelengths.
If we estimate the idler gain bandwidth as the angular frequency
range ∆ωidler where the phase mismatch over the fiber length
of L = 18 m is less than π, we find to lowest order in the Taylor
expansion of the propagation constant

∆ωidler =
π

Lβ3(ωp −ωd)(ωi −ωp)
(7)

where ωd = 2πc/λd is the angular frequency of the ZDW. For
our fiber parameters, this yields an idler gain bandwidth of
0.385 nm at 1046 nm pumping and 2.55 nm at 1050 nm, an
increase of bandwidth by a factor of 6.54 or 8.2 dB. Note that
for uncorrelated amplitude and phase noise between frequency
components at constant average output power, Eq. (5) suggests
that RIN reduces linearly with increasing bandwidth, which
matches well with our observation of ∼ 10 dB improved RIN
for an increase of bandwidth by 8.2 dB.

C. Seeded FOPO
As discussed above, the large RIN of the oscillator is attributed
to the spectral width of the oscillating parametric sidebands.
Therefore, we will now consider the effect of a continuous wave
(i.e., narrow band) input seed to the oscillator at a wavelength at
the center of the frequency band l = −1 (signal wave). The seed
power is set at Ps = 100 mW at point (a) of the system (see Fig.
1), of which a fraction Is is coupled into the oscillator through
WDMC1 depending on the seed wavelength as shown in Table 1.
Because of the configuration of the FOPO, a signal wavelength
of 1048 nm cannot be coupled into the cavity in this way and
therefore is not considered in the following. We also empha-
size again that in the seeded configuration, two independent
phase controllers are required inside the oscillator (labeled PM1
and PM2 in Fig. 1) to ensure the correct relative phase between
pump, signal, and idler wave for parametric amplification, and
to make the oscillator resonant for the signal wave frequency,
respectively.

Figure 5(a) shows the idler output power versus pump power
for four different pump wavelengths. No well defined threshold
power is found in this case, but an idler wave is generated
already at pump powers well below 1 W. For increasing pump
power, the idler power first increases nonlinearly at all pump
wavelengths up to around 3 W pump power, then experiences a
regime of slow, but approximately linear increase up to around 4-
5 W, and finally exhibits strong linear increase for larger powers.
A magnified version of the region below 6 W, Fig. 5(b), shows
that this latter regime corresponds to pump powers above the
threshold of unseeded operation. The comparison with the
results from the previous section (dashed curves) indicates that
above the unseeded oscillator threshold, the output power is
approximately the same in both cases of an unseeded and a
weakly seeded FOPO and thus the addition of a seed signal
wave brings no advantage to the FOPO output.

The CE of the seeded FOPO is plotted in Fig. 5(c). We see
that conversion efficiencies up to around 10% can be achieved
below the threshold power. There is again a nonlinear rise of the
CE at low pump powers, which seems to saturate around the
threshold powers before the CE curves follow the same behavior
as the unseeded results from Fig. 4. Similar observations hold for
the RIN of the output idler wave, Fig. 5(d). Below the thresholds,
the RIN is decreasing with increasing power as expected for
monochromatic signals where at higher powers the signal-to-
noise ratio decreases. After some transition region around the
threshold powers, the RIN takes on the same values as in the

Fig. 5. Results of the FOPO when a weak signal seed wave of
100 mW power is injected in addition to the pump field. (a)
Stationary idler output power, (b) zoom into the threshold re-
gion of idler power (solid) and comparison with the unseeded
FOPO (dashed), (c) conversion efficiency, (d) RIN vs pump
power for different pump wavelengths. All other parameters
are given in the text.



Research Article Journal of the Optical Society of America B 7

unseeded configuration, indicating that despite the presence of
a monochromatic seed signal, a broad bandwidth of signal and
idler frequencies are contributing to the output power in this
regime.

5. SUMMARY AND CONCLUSIONS

We presented a numerical model of a fiber optical parametric
oscillator ring with WDMCs for input and output coupling.
The model exploits the banded nonlinear Schrödinger equation
[17] to spectrally resolve the gain bandwidth of the generated
signal and idler waves. It was shown that such a fine spectral
resolution is essential to achieve reliable results. Specifically, we
demonstrated that the model provides pump threshold powers
in agreement with experimental data [33] and also predicts large
intensity noise of the generated idler wave. None of these results,
threshold power, output idler power and noise, can be achieved
with a simplified model of coupled amplitude equations where
pump, signal, and idler waves are treated as CW.

The output powers were found to behave similarly for a
range of pump wavelengths close to the ZDW which correspond
to over 100 nm variation of the signal wavelength and over 60
nm variation of the idler wavelength. The RIN, on the other
hand, varies for different pump wavelengths and while the RIN
is generally very high for the chosen system (of order 110 to
120 dB/Hz) we found that larger gain bandwidths, and thus
pumping closer to the ZDW, in general leads to less noisy FOPO
output.

Finally, we investigated the dynamics of seeded FOPOs
where a weak monochromatic signal wave is additionally in-
jected into the fiber resonator. This allows for the generation of a
low-noise idler output with conversion efficiencies up to ∼10%
below the threshold pump power of the unseeded FOPO. For
pump powers above the threshold, however, also in the seeded
configuration a broad bandwidth of signal and idler frequencies
contribute to the system dynamics and the results of the seeded
FOPO matched those of the unseeded one in this regime.

In conclusion, while WDMC-based FOPOs can operate over a
large bandwidth and exhibit relatively high CE, they also exhibit
large intensity noise which, at high powers, even prevails if the
oscillator is seeded with a narrow linewidth signal.
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