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Optoelectronic parametric oscillator

Tengfei Hao'? Qizhuang Cen?, Shanhong Guan®, Wei Li'?, Yitang Dai®, Ninghua Zhu'? and Ming Li®"

Abstract

Oscillators are one of the key elements in various applications as a signal source to generate periodic oscillations.
Among them, an optical parametric oscillator (OPO) is a driven harmonic oscillator based on parametric frequency
conversion in an optical cavity, which has been widely investigated as a coherent light source with an extremely wide
wavelength tuning range. However, steady oscillation in an OPO is confined by the cavity delay, which leads to
difficulty in frequency tuning, and the frequency tuning is discrete with the minimum tuning step determined by the
cavity delay. Here, we propose and demonstrate a counterpart of an OPO in the optoelectronic domain, i.e, an
optoelectronic parametric oscillator (OEPO) based on parametric frequency conversion in an optoelectronic cavity to
generate microwave signals. Owing to the unique energy-transition process in the optoelectronic cavity, the phase
evolution in the OEPO is not linear, leading to steady single-mode oscillation or multimode oscillation that is not
bounded by the cavity delay. Furthermore, the multimode oscillation in the OEPO is stable and easy to realize owing
to the phase control of the parametric frequency-conversion process in the optoelectronic cavity, while stable
multimode oscillation is difficult to achieve in conventional oscillators such as an optoelectronic oscillator (OEO) or an
OPO due to the mode-hopping and mode-competition effect. The proposed OEPO has great potential in applications

such as microwave signal generation, oscillator-based computation, and radio-frequency phase-stable transfer.

Introduction

Oscillators are widely used in all aspects of modern
society, from watches and mobile phones to high-energy
physics experiments, as well as in gravitational wave
detection'~®, Parametric oscillators are an important type
of oscillator based on a nonlinear process. In particular,
optical parametric oscillators (OPOs) greatly extend the
operating frequency of lasers by utilizing second-order or
third-order nonlinearity, while the operating frequency
range of ordinary lasers is limited to the stimulated atomic
energy level®™. However, an OPO, especially the doubly
resonant OPO (DRO)', is difficult to operate because not
only the phase-matching condition but also the mode
condition for the signal and idler should be satisfied.
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Steady oscillation in such an OPO is a delay-controlled
operation, which is confined by the cavity delay since the
signal must repeat itself after each round trip if any timing
jitter is ignored. The delay-controlled operation leads to
difficulty in frequency tuning, and the frequency tuning is
discrete with the minimum tuning step determined by the
cavity delay'’. On the other hand, one of the attractive
features of an OPO is its continuous tunability, which is
generally implemented by changing the temperature,
orientation or poling period of the crystal to influence the
phase-matching  conditions’*>™**, These approaches
essentially change the round-trip time of the lightwave.
The cavity modes are still determined by the cavity delay,
similar to other delay-line oscillators. A parametric
oscillator can also be designed in the radio-frequency (RF)
domain by utilizing a nonlinear electronic device'*'®, e.g.,
a varactor diode. In practice, the parametric process in the
RF domain is used to amplify weak signals with ultralow
noise, which is very important in areas such as long-range
radar, radio telescopes, and satellite ground stations.
Essentially, the conventional parametric process in the RF
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domain has no difference from that in the optical domain.
On the other hand, an optoelectronic oscillator (OEO) is
another type of delay-line oscillator that is implemented
in an optoelectronic cavity'’~*°. It has a hybrid positive
feedback loop formed by an optical path and an electrical
path to create microwave signals with ultralow phase
noise owing to the use of a high quality-factor (Q factor)
optical energy-storage element, such as a long optical
fiber delay line. The generation of ultrastable single-mode
microwave signals and multimode microwave oscillations,
such as broadband chaotic signals, has been widely
demonstrated using OEOs. Nevertheless, steady oscilla-
tion in an OEOQ is also a delay-controlled operation, which
is also confined by the cavity delay as in an OPO and an
electrical parametric oscillator.

Here, we propose an optoelectronic parametric oscilla-
tor (OEPO) based on the second-order nonlinearity in an
optoelectronic cavity. A pair of oscillation modes is con-
verted into each other in the nonlinear medium by a local
oscillator (LO) in the proposed OEPO. The sum phase of
each mode pair is locked by the LO, which ensures stable
multimode oscillation that is difficult to realize in con-
ventional oscillators such as an OEO or an OPO due to
the mode-hopping and mode-competition effect. More-
over, owing to the unique energy-transition process in the
optoelectronic cavity, oscillation in the OEPO is a phase-
controlled operation, whose frequency can be indepen-
dent of the cavity delay. Continuous frequency tuning is
achieved without the need for modification of the cavity
delay. These unique and remarkable features of the pro-
posed OEPO make it a strong competitor in applications
such as microwave signal generation, oscillator-based
computation, and radio-frequency phase-stable transfer.

Results

A comparison between an OPO, an OEO and the pro-
posed OEPO is shown in Fig. 1. In the OPO, energy flows
from the pump w,, to the signal w, and idler w; through an
optical nonlinear medium, such as an optical nonlinear
crystal. The signal and idler are amplified by the optical
gain arising from the parametric amplification in the
optical nonlinear medium, which allows one or both of
them to oscillate in the OPO. In addition to the optical
nonlinear medium, an optical resonant cavity is also an
essential component of the OPO. The optical resonant
cavity serves to resonant at least one of the signal and
idler wavelengths. If the resonant cavity is resonant at
either the signal or idler wavelength, then it is a singly
resonant OPO (SRO). When both the signal and idler are
resonant, then the cavity is a DRO. Another configuration
is a triply resonant OPO (TRO), in which the pump, signal
and idler waves are resonant simultaneously. One of the
most attractive features of an OPO is that it is possible to
access wavelengths that are difficult or even impossible to
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obtain with lasers, such as in the mid-infrared spectral
region. Moreover, wide wavelength tunability is also
possible by changing the pump wavelength or the phase-
matching properties, which is highly desired in practical
applications such as laser spectroscopy. However, the
wavelength tuning in an OPO is generally complicated
because the operation wavelengths are determined not
only by the phase-matching condition but also primarily
by the requirement for resonance of the oscillating signal
in the OPO cavity. In steady oscillation, the signal must
repeat itself after each round trip if any timing jitter is
ignored, so only specific frequency components whose
frequencies are n/7 can survive, where # is an integer, and
7 is the cavity delay. Frequency tuning is discrete, and the
minimum tuning step is the cavity free spectral range
FSR = 1/71. The cavity modes of an OEO are also discrete,
and the minimum mode spacing is 277/7, similar to that of
an OPO since they are both delay-controlled oscillators.
In the physical configuration, the OEO and the proposed
OEPO are both implemented in an optoelectronic cavity.
The major difference is that a parametric frequency-
conversion process is introduced into the OEPO cavity,
which leads to the unique properties and advantages of
the proposed OEPO. In addition, the oscillating signal in
the OEO is established directly from noise, and there are
no energy transitions from the pump signal to the oscil-
lating signal, as in the proposed OEPO and OPO.

In the proposed OEPO, we use an electrical frequency
mixer as the second-order nonlinearity device to realize a
parametric frequency-conversion process in the optoe-
lectronic cavity. The electrical frequency mixer is a non-
linear electrical device that produces new frequencies.
Generally, two input signals Ejcos(wpt+¢) and
Eggcos (ws,»gt) are applied to a mixer, and the output signal
can be expressed as Vo X [Epcos(wpt + ¢)+
Eggcos (wsigt)]Z o EjyEgig cos [(wlo — wsig)t + q)]. Clearly,
the mixer creates a new signal at the difference of the
original frequencies. A pair of oscillations will be con-
verted into each other in the electrical nonlinear medium
by the LO in the proposed OEPO. Different from the
conventional parametric oscillator where the pump pro-
vides the gain, the signal gain in our scheme is provided
by an electrical amplifier, while the LO only frequency
converts the input signal to another frequency compo-
nent. This frequency conversion is unconditional, while
the frequency conversion in an OPO requires the phase-
matching condition. As shown in Fig. 1d, there is a phase
jump for the oscillating signals in the nonlinear medium,
which leads to unique mode properties of the proposed
OEPO. Such a phase jump also locks the sum phase of
each mode pair, so stable multimode oscillation can be
expected in the OEPO cavity. This is a unique and
remarkable feature of the proposed OEPO since stable
multimode oscillation is difficult to achieve in a
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Fig. 1 Comparison between an OPO, an OEO and the proposed OEPO. a Schematic and cavity modes of a typical OPO. The cavity modes are
discrete, and the minimum mode spacing is 277/1, where T is the cavity delay. b Schematic and cavity modes of a typical OEO. The cavity modes are
similar to those of an OPO since they are both delay-controlled oscillators. € Schematic and cavity modes of the proposed OEPO. wy, is the frequency
of the LO. Due to the phase jump in the parametric frequency-conversion process, the cavity modes can be continuously tuned by tuning the LO.
The minimum mode spacing is 77/1. d Energy transitions in a typical OPO and in the proposed OEPO. Oscillation in the OPO is based on optical

parametric amplification. The energy flows from the pump to the signal and idler through an optical nonlinear medium. There is no phase jump for
the oscillating signals in the optical nonlinear medium. In the proposed OEPO, oscillation is based on electrical parametric frequency conversion. A
pair of oscillations are converted into each other in the electrical nonlinear medium by the local oscillator (LO). There is a phase jump for the
oscillating signals in the nonlinear medium, which leads to the unique mode properties of the proposed OEPO. PD photodetector, LNA low noise

amplifier, BPF bandpass filter

conventional OEO or OPO due to the mode-hopping and  is not the same as the input frequency, then this para-
mode-competition effect. If the frequency of the signal metric process is nondegenerate. In this case, steady
generated in the parametric frequency-conversion process  oscillation must occur in the form of a mode pair, whose
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sum frequency equals the LO frequency. In the para-
metric frequency-conversion process, the LO converts
these two modes into each other, so the oscillating signal
can repeat itself after two round trips, as shown in the
right part of Fig. 1d. The oscillation frequency of the
OEPO can also be tuned easily, for example, by tuning the
frequencies of the mode pairs by changing the frequency
of the LO or by using different bandpass filters (BPFs) to
select the desired frequency components from all
cavity modes.

Mathematically, the oscillating mode pair in the
optoelectronic  cavity can  be  expressed as
s(z,t) = e i@at=kaz+gy) 4 p=ilont—koz+90) 1 c ¢ where z
is the spatial position along the cavity (here, z=0 is
considered as the position where frequency conversion is
implemented), w;; and w;, are the angular frequencies, ¢
and ¢, are the initial phases, and k;; and k;, are the wave
vectors of the mode pair. Assuming that the pump from
the LO is p(z=0,t)=p(z=1L,t)=e ' +cc,
according to the mode condition, the oscillating micro-
wave 5(z,¢) should satisfy

s(z=0,¢t) =mp(z =L,t)s*(z=L,t) + c.c.
s(z=L,t) = aps(z = 0,t + 1) + n,(t) + c.c.

where a; is the frequency-conversion loss, a, includes the
loss from the electrical-to-optical (E/O) and optical-to-
electrical (O/E) conversions, from the degeneracy when
the signal propagates along the cavity, and from the gain
provided by the low noise amplifier (LNA), and n,(?) is the
additive noise including the thermal noise, shot noise and
relative intensity noise (RIN) of the laser. Here, the noise
in the frequency conversion is ignored. The total loop
gain Gioop = 147 is near unity when the oscillation is in
the steady state. Assuming that the additive noise in the
optoelectronic cavity is negligible, according to Eq. (1), we
obtain

{ —WaT — ¢ + 2N\t = P2 (2)

—WT — ¢ + 2Nom = 81

where N; and N, are integers. Combined with the
frequency relationship ws; + ws, = Wy, we finally obtain

{ W51, Oy = wloizAganSR (3)
(Psl + ¢s2 = %%

where N=N; — N, and M =N; + N,. We can see that
the mode cluster is determined not only by the cavity
delay but also by the LO. Modification of either of them
would change the mode cluster. Moreover, the oscillating
modes must appear symmetrically about half of the LO
frequency. The frequency spacing between two cavity
modes can be less than the FSR, that is, half of the FSR.
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In the case of degenerate oscillation, the frequency-
converted signal has the same frequency as the input
signal, i.e., w51 = wg. According to Eq. (2), the oscillation
frequency and its initial phase can be expressed as

{ “ @

¢, =—%"+Km

We can see that the oscillator outputs a single-
frequency microwave whose frequency is fixed at w;,/2.
In this instance, the oscillation frequency can be com-
pletely independent of the cavity delay. Furthermore, the
initial phase of the oscillating signal is locked to ¢,=
—wt/2 + Kir, where K is an integer.

Why can such oscillation be independent of the cavity
delay? In the conventional resonant cavity, the spatial
boundary condition confines the cavity modes to integer
multiples of the fundamental mode. In our proposed
resonator, the parametric frequency conversion provides a
phase jump for the oscillating modes. In the degenerate
case, this phase jump is a result of the phase-conjugate
operation that inverts the phase of the input signal to the
opposite phase at the parametric frequency-conversion
output. The phase evolution in the proposed OEPO is not
linear owing to this phase jump, while the phase evolution
in the conventional oscillator is linear or quasi-linear. A
more detailed comparison of the phase evolution between
the proposed OEPO and conventional oscillator can be
found in Supplementary Note 1. The phase jump is 2¢, =
—w,T + 2Kt since the initial phase is locked to ¢ = —w,t/
2+ Km. One consequence of the phase jump is that
continuous frequency tuning can be achieved, while
modification of the cavity delay is not required. We can
call such oscillation phase-controlled oscillation, while the
conventional oscillation is delay-controlled oscillation.
The phase-conjugate operation in the parametric process
forces the signal to oscillate at half of the LO frequency
regardless of the cavity delay. Different from the con-
ventional oscillator, where the signal has a random phase
because oscillation starts from noise, the degenerate
oscillation in the OEPO has a specific initial phase relative
to the LO. In the nondegenerate case, the parametric
frequency conversion also leads to a phase jump of —wj,1/
2 + M for all the frequency components. As a result, the
mode cluster is not restricted by the cavity delay. In fact,
the cavity delay and the LO together determine the mode
cluster. In contrast to the spatial boundary condition in the
conventional resonator cavity, the oscillation has a phase
condition, that is, the sum phase of the signals before and
after the frequency conversion equals the phase of the LO.

The power spectrum and oscillation process of multi-
mode oscillation in the OEPO are shown in Fig. 2a, b. The
cavity FSR in our experiment is 1 MHz. As our theory
predicts, the oscillating modes of the multimode
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oscillation. The nondegenerate oscillation is symmetric about the degenerate one, and the minimum mode space is 1/2 the cavity FSR. b Oscillation
process in multimode oscillation. The two frequency components in each mode pair grow at the same rate and become stable simultaneously.
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oscillation are symmetrical about half of the external
frequency, and the minimum mode spacing is half of the
cavity FSR. In addition, the two frequency components of
each mode pair have the same power. From the real-time
frequency distribution in Fig. 2b, we can further conclude
that the signal oscillation starts from noise, and the fre-
quency components in each mode pair emerge and
becomes stable simultaneously. It should be mentioned
that nondegenerate oscillation in OEPO is easy to realize
and occurs stably without mode hopping in our experi-
ment, while stable multimode oscillation is difficult in a
conventional OEO or OPO due to the mode-hopping and
mode-competition effect. In an OEO, multimode oscilla-
tion is achieved by using a loop filter with a large band-
width to select a number of cavity modes. This multimode
oscillation is not stable and even chaotic under large
feedback gain due to the mode-hopping and mode-
competition effect?”*%, In an OPO, it is often assumed
that the resonant cavity allows only one or two modes,
depending on whether degenerate or nondegenerate

operation is considered. However, multimode oscillation
will also occur at high pump powers, and its stability is poor
due to the mode-competition effect®>?, Generally, stable
multimode oscillation in an OEO or an OPO requires a
mode-locking mechanism, e.g, Fourier domain mode
locking®?° or a saturable absorber”’. A specific mode-
locking mechanism locks the modes in a specific phase and
amplitude relationship so that the oscillator outputs the
designed waveform. In the OEPO, the phase control by the
LO locks the sum phase of each mode pair, so stable
multimode oscillation can be easily achieved. The proposed
OEPO can therefore be applied in scenarios requiring
stable, wideband, and complex microwave waveforms.

At the same time, although the multimode oscillation is
stable, it is still hard to predict the spectral envelope and
frequency spacing of adjacent oscillation modes of the
generated waveform because the oscillation starts from
noise and the initial phases of the respective frequency
components in a mode pair are not determined. In other
words, the parametric process in the optoelectronic cavity
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only locks the sum phase of each mode pair, which
ensures stable multimode oscillation when the parameters
of the OEPO cavity are fixed. There are still many possible
values for the initial phases of the respective frequency
components in a mode pair because only their sum phase
is determined. The initial phases are related to the para-
meters of the OEPO cavity, such as the cavity gain and
pump frequency. Different multimode operation states
can be achieved by tuning the parameters of the OEPO
cavity. Several typical oscillation processes along with
their power spectra are given in Fig. 3, when the cavity
gain is changed or the pump frequency is tuned. We can
see that in the cases of Fig. 3a, ¢, the frequency spacings of
adjacent oscillation modes are both half of the cavity FSR,
although they have different spectral envelopes. In the
cases of Fig. 3e, g, the frequency spacings of adjacent
oscillation modes equal the cavity FSR. In fact, the oscil-
lating mode spacing can be larger than the cavity FSR as
long as the initial phase and frequency of the oscillation
modes satisfy Eq. (3). Nevertheless, as we can see from the
above multimode power spectra and oscillation processes,
the oscillation modes of the OEPO must oscillate in pairs
and start at the same time with the same amplitude, which
is consistent with our theory.

Figure 2c, d shows the power spectrum and oscillation
process of the degenerate oscillation. The degenerate
oscillation is single-mode oscillation with a narrow line-
width that is smaller than the resolution bandwidth
(RBW) in the inset graphic shown in Fig. 2c. Demon-
stration of the delay-independent mode cluster is also
implemented with the degenerate oscillation. In this
instance, continuous frequency tuning is realized, as
shown in Fig. 4. As the degenerate oscillation is half-
harmonic generation, a 2Af modification in the LO leads
to a Af frequency tuning. No modification is applied to
the cavity delay. It should be noted that the tuning step in
our experiment is 100 Hz, which is much less than the 1-
MHz cavity FSR. Moreover, it can be inferred from Fig. 4b
that the linewidth of the single-mode oscillation is likely
smaller than the smallest RBW of the electrical spectrum
analyzer, which is 10 Hz. It should be noted that the
function and structure of the OEPO are similar to those of
an electrical frequency divider in this case. Frequency
dividers based on electrical parametric oscillators have
been reported previously”®*’, The basic idea is to syn-
chronize the oscillation frequency of the parametric
oscillator to one of the subharmonics of the pump signal,
which is similar to the degenerate oscillation in the pro-
posed OEPO. However, the operating frequency range of
these electrical parametric oscillators is limited by the
nonlinear electronic device to several GHz. The operating
frequency range of the proposed OEPO can be as large as
tens of GHz, which is only limited by the bandwidth of the
optoelectronic devices in the OEPO cavity.
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Discussion

Owing to the introduction of the parametric frequency-
conversion process, the phase evolution in the OEPO
cavity is not linear, leading to the unique and remarkable
characteristics of the proposed OEPO compared with
traditional oscillators such as the OEO and OPO. Stable
and tuneable multimode oscillation is easy to realize
without being bounded by the cavity delay due to the
phase control of the parametric frequency-conversion
process, while stable multimode oscillation is difficult to
achieve in conventional oscillators, such as an OEO and
an OPO, due to the mode-hopping and mode-
competition effect. The OEPO can be applied in scenar-
ios requiring stable, wideband, and complex microwave
waveforms. By increasing the cavity length of the OEPO,
the mode spacing of the optoelectronic cavity can be as
small as several kHz, which would allow many densely
distributed modes to oscillate in the cavity simulta-
neously. Oscillator-based computation can benefit from
such a large mode number®’32, Furthermore, when the
OEPO operates in degenerate mode, the parametric fre-
quency conversion actually works as a phase-conjugate
operation, similar to the phase-conjugate mirror in an
OPO?**3>, Based on this phase-conjugate operation, the
phase error resulting from cavity turbulence can be
autoaligned. Therefore, the OEPO can be used for phase-
stable RF transfer (see details in Supplementary
Information).

The noise characteristic is another important char-
acteristic of an oscillator. In an optical parametric DRO,
although the signal and the idler are mutually coherent
with the pump and are phase anticorrelated with each
other away from the degeneracy, they still suffer from
cavity instability®®. In the OEPO, we can expect that the
coherence properties of a mode pair are similar to those in
an optical parametric DRO since the sum phase of the
mode pair is locked to the LO phase. In a self-excited
oscillator, the Q factor of the resonator determines the
purity of the output signal. This is why OEOs are so
attractive for the generation of pure microwave signalsl7_20.
In OEOs, the phase noise can be written as>’

Sg—tink (f)
S l(f) = ? D)
’ |1~ Ha(f)H/(f)]

where S, sk (f) is the open-loop residual phase noise
associated with the residual phase noise of the electrical
amplifier, the relative intensity noise (RIN) and frequency
noise of the laser and the flicker noise of the photo-
detector. Hy(f) = exp(—2inft) = exp(—iQ) is related to
the Q factor of the energy-storage medium, and 7 is the
delay induced by the energy-storage medium. H; (f) is
related to the loop filter. As can be seen from Eq. (5), by
utilizing a low-loss fiber as the energy-storage medium,

(5)



Hao et al. Light: Science & Applications (2020)9:102

Page 7 of 10

a o= tore b
i
g
£
20— - s
RBW = 10 kHz H
ol
€ o
Eg/ 20 Frequency offset (MHz) §
o)
§ —0; 1 !
H] >
] 2
2 3
5 g
2 £
i o
2
&

7.9 8 8.1
Frequency (GHz)

8.2

RBW - 10Hz

RBW =10 kHz

g =
o Frequency offset (MHz) T
E 8
H 2 60
F] 3 -80-
& S -100
8 S -120
2 g -140-
£ E

3

o

78 7.9 8 8.1 82 82
Frequency (GHz)
e = f
RBW = 10Hz
0
20 . i 5 720‘
RBW = 10 kHz 57
0 n |
20 :

=]
Frequency offset (MHz)

Power spectrum (dBm)

Power/frequency (dB/Hz)

7.9 8 8.1
Frequency (GHz)

g™
S o]
20 5 I
£ w0
RBW = 10 kHz & ol
&
20|

E] o 1 2
Frequency offset (MHz)

Power spectrum (dBm)
Power/frequency (dB/Hz)

120 - . " 1

7.9 8
Frequency (GHz)

8.1

oscillation states. a, ¢, e, g Power spectra. b, d, f, h Oscillation processes. RBW resolution bandwidth

\

Fig. 3 Power spectra and oscillation processes of the multimode OEPO with different spectral envelopes and frequency spacings of
adjacent oscillation modes. The parameters, such as the cavity gain and pump frequency of the OEPQ, are tuned to achieve these multimode

Powerffrequency (dB/Hz)

Powerffrequency (dB/Hz)

Powerffrequency (dB/Hz)

equency (0BHz)




Hao et al. Light: Science & Applications (2020)9:102

Page 8 of 10

a Tuning span over 10 MHz
with a 1 MHz step

Tuning

Power spectrum (dBm)

\

Fig. 4 Cavity-delay-independent frequency tuning in the OEPO. The cavity length is approximately 200 m, resulting in a 1-MHz FSR. By tuning the
LO, the frequency of the degenerate oscillation is also tuned. a Tuning step of 1 MHz. RBW: 1 kHz. b Tuning step of 100 Hz. RBW: 10 Hz

b Tuning span over 1 kHz
with a 100 Hz step

Tuning

Power spectrum (dBm)
A
o

1000
500

0
_ 1 (WD)
500 oy o

Ky -500
Iz e
&/ \0 freqW

—-1000

OEOs can obtain a high-Q factor and generate ultralow-
noise microwave signals. The frequency components in
the OEPO can also benefit from a high-Q-factor
optoelectronic resonator cavity. In the case of degeneracy,
since the oscillation is half-harmonic generation, the noise
is only determined by the LO, and is independent of the
cavity Q factor. In this case, assuming that the phase of
the LO is ¥, = wit + Ay, where Ay, is the phase jitter
of the LO, the phase of the degenerate oscillation can be
expressed as ¥, = w,t/2 + Ay, /2 + ¢,. Therefore, the
frequency and phase jitter of the degenerate oscillation are
half those of the LO. Considering the relationship
between the phase noise and phase jitter
Ay = V2 - 104/10%% where A is the integrated phase noise
power, we can expect that the phase noise in the
degeneracy is 20log;p2 ~ 6 dB lower than that of the LO.
It is worth noting that phase noise reduction is quite
common in the coherent frequency-division process since
the phase jitter is also divided by N when the frequency is
coherently divided by N. As a result, a phase noise
reduction of 20logioN is achieved. In the nondegenerate
oscillation of the proposed OEPO, as the mode pairs are
frequency-converted by the LO, we can expect that their
sum-frequency signal shares the same noise as the LO.
The noise feature of the two frequency components in
each mode pair is related to the LO noise feature, the
cavity Q factor and the open-loop residual phase noise.
The phase noise of the two frequency components can be
written as

Sp—tink (f) N Sp—1o(f)
2
|1 — Ha(f)Hy (f)] 4
where Sy_;,(f) is the phase noise of the LO. As can be

seen, the phase noise of the two frequency components in
each mode pair share the same noise feature. A better

Spa(f) =

(6)

phase noise performance can be achieved by using a long
fiber delay line to obtain a high-Q factor or by reducing
the noise brought about by the active components such as
the electronic amplifier.

The coherence and noise features of the OEPO are
evaluated by measuring the single-sideband (SSB) phase
noise of the generated signal and the LO, and the results
are shown in Fig. 5. In the nondegenerate oscillation, we
use a frequency doubler to extract the sum phase of a
mode pair. Although the frequency-doubled signal con-
tains many frequency components, the frequency com-
ponent at the pump frequency is only contributed by the
frequency components from the same mode pair. To
evaluate the noise characteristics over a larger frequency
range, the fiber in the optoelectronic cavity is shortened to
5m so that the sum frequency of frequency components
from different mode pairs falls outside the observation
span. We can see that the SSB noise of the frequency-
doubled 8-GHz microwave is almost the same as that of
the LO. This consistency proves that the sum phase of
each mode pair is locked to the pump phase. Particularly,
in the degenerate oscillation, the SSB noise is ~6 dB lower
than the pump noise. As we mentioned above, the noise
feature of the nondegenerate oscillation relates to the LO
noise feature, the cavity Q factor and the open-loop
residual phase noise. The degeneracy sets the lowest level
limit for each frequency component. Moreover, the two
frequency components in each mode pair share the same
noise feature. Similar to the conventional OEO, a larger
cavity delay increases the cavity Q factor and ultimately
results in better noise performance. The SSB noise is
measured for different cavity delays, and the results are
shown in Fig. 5b. We can see that a larger cavity delay
decreases the SSB noise. In the 2-km OEPO, the degen-
eracy sets a bound on the lowest potential SSB noise level.
The two frequency components in each mode pair share
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the same SSB noise. In fact, the noise in each frequency
component contains two parts: the correlated component
and the anticorrelated component. The correlated noise
comes from the LO, and is distributed equally among the
two frequency components in a mode pair. As a result, the
correlated noise has the same level as the degeneracy. The
anticorrelated noise comes from the optoelectronic cavity,
and its magnitude depends on the cavity Q factor and the
active devices in the loop such as the electrical amplifier.
In the frequency doubling, the anticorrelated noise of the
two frequency components in each mode pair undergoes
fully destructive interference, and the correlated noise
undergoes constructive interference. As a result, the
frequency-doubled signal has the same noise as the LO,
while the degeneracy sets the lower bound for each fre-
quency component.

In conclusion, we have demonstrated a new OEPO
based on parametric frequency conversion in an optoe-
lectronic cavity. In this new OEPO, the mode condition is
no longer dependent on the traditional boundary condi-
tion. The cavity modes in the OEPO are discussed. We
found that the cavity modes are dependent on the cavity
delay and the phase of the external pump. In particular,
degenerate oscillation could be independent of the cavity
delay. In the nondegenerate oscillation, modes must
oscillate in pairs with the same amplitude symmetrically
about half of the external frequency. The sum phase of
each mode pair is also locked by the parametric
frequency-conversion process, which ensures stable
multimode oscillation that is difficult to achieve in con-
ventional oscillators. The noise characteristic of the
OEPO is also discussed. We found that although external
microwaves limit the noise performance of the OEPO, a
long fiber still contributes to lower noise oscillation. The
unique and remarkable features of the proposed OEPO
make it a strong competitor in applications such as

microwave signal generation, oscillator-based computa-
tion, and radio-frequency phase-stable transfer.

Materials and methods

The fiber length in our experiment is ~200 m, corre-
sponding to an ordinary FSR of 1 MHz. The LO frequency
is 16 GHz, with a power of approximately 10 dBm. An
electrical BPF with an 80-MHz bandwidth centered at
8 GHz is used to block the sum frequency and other spurs
generated from the electrical mixer. An electrical signal
analyzer (ESA) and a real-time oscilloscope are used to
measure the oscillator output. To realize degenerate
oscillation while suppressing nondegenerate oscillation,
an equivalent narrow BPF*° is embedded in the optoe-
lectronic cavity (see details in Supplementary Informa-
tion) to replace the 80-MHz BPF. The equivalent narrow
BPF is tuneable and has a 3-dB bandwidth of 12 kHz.

Acknowledgements

This work was supported by the National Key Research and Development
Program of China under 2018YFB2201902 and the National Natural Science
Foundation of China under 61925505. This work was also partly supported by
the National Key Research and Development Program of China under
2018YFB2201901, 2018YFB2201903, and the National Natural Science
Foundation of China under 61535012 and 61705217.

Author details

'State Key Laboratory on Integrated Optoelectronics, Institute of
Semiconductors, Chinese Academy of Sciences, Beijing 100083, China. “School
of Electronic, Electrical and Communication Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China. *State Key Laboratory of
Information Photonics and Optical Communications, Beijing University of Posts
and Telecommunications, Beijing 100876, China

Author contributions

M.L. and Y.D. developed the concept. TH., Q.C. and S.G. implemented the
experiment and carried out the data analysis. M.L. guided the experiment. TH.,
ML, QC, Y.D, WL. and N.Z wrote the paper. M.L. and Y.D. supervised the
project.



Hao et al. Light: Science & Applications (2020)9:102

Conflict of interest
The authors declare that they have no conflict of interest.

Supplementary information is available for this paper at https://doi.org/
10.1038/541377-020-0337-5.

Received: 26 February 2020 Revised: 19 May 2020 Accepted: 25 May 2020
Published online: 15 June 2020

References

1.

17.
18.

Marpaung, D, Yao, J. P. & Capmany, J. Integrated microwave photonics. Nat.
Photonics 13, 80-90 (2019).

Liang, W. et al. High spectral purity Kerr frequency comb radio frequency
photonic oscillator. Nat. Commun. 6, 7957 (2015).

Roslund, J. et al. Wavelength-multiplexed quantum networks with ultrafast
frequency combs. Nat. Photonics 8, 109-113 (2014).

Zhou, N. J. et al. Gigahertz electromagnetic structures via direct ink writing for
radio-frequency oscillator and transmitter applications. Adv. Mater. 29,
1605198 (2017).

Paidimarri, A. et al. An RC oscillator with comparator offset cancellation. /EEE J.
Solid-State Circuits 51, 18661877 (2016).

Canalias, C. & Pasiskevicius, V. Mirrorless optical parametric oscillator. Nat.
Photonics 1, 459-462 (2007).

Marandi, A. et al. Network of time-multiplexed optical parametric oscillators as
a coherent Ising machine. Nat. Photonics 8, 937-942 (2014).

Giordmaine, J. A. & Miller, R. C. Tunable coherent parametric oscillation in
LiINbO; at optical frequencies. Phys. Rev. Lett. 14, 973-976 (1965).

Ru, Q T. et al. Optical parametric oscillation in a random polycrystalline
medium: publisher’s note. Optica 4, 813 (2017).

Colville, F. G, Padgett, M. J. & Dunn, M. H. Continuous-wave, dual-cavity,
doubly resonant, optical parametric oscillator. Appl. Phys. Lett. 64, 1490-1492
(1994).

Yang, S. T, Eckardt, R. C. & Byer, R. L. Power and spectral characteristics of
continuous-wave parametric oscillators: the doubly to singly resonant transi-
tion. J. Optical Soc. Am. B 10, 1684-1695 (1993).

Baudrier-Raybaut, M. et al. Random quasi-phase-matching in bulk poly-
crystalline isotropic nonlinear materials. Nature 432, 374-376 (2004).
Vodopyanov, K. L. et al. ZnGeP, optical parametric oscillator with 3.8-124-um
tunability. Opt. Lett. 25, 841-843 (2000).

Myers, L. E. & Bosenberg, W. R. Periodically poled lithium niobate and quasi-
phase-matched optical parametric oscillators. [EEE J. Quantum Electron. 33,
1663-1672 (1997).

Penfield, P. & Rafuse, R. P. Varactor Applications (MIT Press, MA, Cambridge,
1962).

Komine, V, Galliou, S. & Makarov, A. A parametric quartz crystal oscillator. IEEE
Trans. Ultrason,, Ferroelectr, Frequency Control 50, 1656-1661 (2003).

Maleki, L. The optoelectronic oscillator. Nat. Photonics 5, 728-730 (2011).
Hao, T. F. et al. Toward monolithic integration of OEOs: from systems to chips.
J. Lightwave Technol. 36, 4565-4582 (2018).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 10 of 10

Yao, X. S. & Maleki, L. Optoelectronic microwave oscillator. J. Optical Soc. Am. B
13, 1725-1735 (1996).

Eliyahu, D, Seidel, D. & Maleki, L. Phase noise of a high performance OEO and
an ultra low noise floor cross-correlation microwave photonic homodyne
system. in Proceedings of the 2008 IEEE International Frequency Control Sym-
posium. 811-814 (2008).

Chembo, Y. K. et al. Effects of gain and bandwidth on the multimode behavior
of optoelectronic microwave oscillators. Opt. Express 16, 9067-9072 (2008).
Peil, M. et al. Routes to chaos and multiple time scale dynamics in broadband
bandpass nonlinear delay electro-optic oscillators. Phys. Rev. E 79, 026208
(2009).

Henderson, A. & Stafford, R. Spectral broadening and stimulated Raman
conversion in a continuous-wave optical parametric oscillator. Opt. Lett. 32,
1281-1283 (2007).

White, R. T. et al. Transition from single-mode to multimode operation of an
injection-seeded pulsed optical parametric oscillator. Opt.  Express 12,
5655-5660 (2004).

Huber, R, Wojtkowski, M. & Fujimoto, J. G. Fourier domain mode locking
(FDML): a new laser operating regime and applications for optical coherence
tomography. Opt. Express 14, 3225-3237 (2006).

Hao, T. F. et al. Breaking the limitation of mode building time in an optoe-
lectronic oscillator. Nat. Commun. 9, 1839 (2018).

Haus, H. A. Mode-locking of lasers. IEEE J. Sel. Top. Quantum Electron. 6,
1173-1185 (2000).

Heshmati, Z, Hunter, I. C. & Pollard, R. D. Microwave parametric frequency
dividers with conversion gain. IEEE Trans. Microw. Theory Tech. 55, 2059-2064
(2007).

Lee, W. & Afshari, E. Distributed parametric resonator. a passive CMOS fre-
quency divider. IEEE J. Solid-State Circuits 45, 1834-1844 (2010).

Inagaki, T. et al. Large-scale Ising spin network based on degenerate optical
parametric oscillators. Nat. Photonics 10, 415-419 (2016).

McMahon, P. L. et al. A fully programmable 100-spin coherent ising machine
with all-to-all connections. Science 354, 614-617 (2016).

Bohm, F, Verschaffelt, G. & Van der Sande, G. A poor man’s coherent Ising
machine based on opto-electronic feedback systems for solving optimization
problems. Nat. Commun. 10, 3538 (2019).

Larger, L. et al. High-speed photonic reservoir computing using a time-delay-
based architecture: million words per second classification. Phys. Rev. X 7,
011015 (2017).

White, J. O. et al. Coherent oscillation by self-induced gratings in the photo-
refractive crystal BaTiOs. Appl. Phys. Lett. 40, 450-452 (1982).

Hardy, A. Sensitivity of phase-conjugate resonators to intracavity phase per-
turbations. IEEE J. Quantum Electron. 17, 1581-1585 (1981).

Nabors, C. D. et al. Coherence properties of a doubly resonant monolithic
optical parametric oscillator. J. Optical Soc. Am. B 7, 815-820 (1990).

Lelievre, O. et al. A model for designing ultralow noise single- and dual-loop
10-GHz optoelectronic oscillators. J. Lightwave Technol. 35, 4366-4374 (2017).
Rohde, U. L. & Digital, P. L. L. Frequency Synthesizers, Theory and Design (Pre-
ntice-Hall, Upper Saddle River, NJ, 1983).

Dai, Y. T. et al. Hybrid radio-intermediate-frequency oscillator with photonic-
delay-matched frequency conversion pair. Opt. Lett. 40, 2894-2897 (2015).


https://doi.org/10.1038/s41377-020-0337-5
https://doi.org/10.1038/s41377-020-0337-5

	Optoelectronic parametric oscillator
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgements
	Acknowledgements




