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Period-Doubling Optoelectronic Parametric
Oscillator for Reconfigurable Microwave

Waveform Generation
Liangzun Tang , Shifeng Liu , Changlong Du , Zhenzhou Tang , Simin Li , and Shilong Pan , Fellow, IEEE

Abstract—In this paper, a novel period-doubling optoelectronic
parametric oscillator (OEPO) based on the in-loop nonlinear dy-
namics is proposed. The proposed system is built upon the con-
ventional single-loop optoelectronic oscillator (OEO) architecture,
incorporating an additional broadband filter in parallel with the
narrowband filter. By injecting an external microwave signal into
the OEO, two mutually coupled oscillation modes, whose sum
frequency equals the injected microwave signal, can simultaneously
survive and oscillate. The two oscillating frequencies reach self-
consistency every two round trips through frequency conversion
and energy coupling in the Mach-Zehnder modulator (MZM) and
the photodetector. When the loop gain slightly exceeds the oscil-
lation threshold, the OEPO can oscillate at two pure frequencies
with proper phase matching. As the loop gain gradually increases
to a sufficiently high level, a Hopf bifurcation will occur in the
amplitudes of the two surviving modes due to nonlinear effects,
leading to frequency-hopping behavior in the output microwave
waveform. In a proof-of-concept experiment, the OEPO success-
fully generates a phase-coherent dual-frequency microwave signal
or a frequency-hopping microwave signal with frequencies ranging
from 6.5 to 12 GHz. This work demonstrates a novel oscillation
mechanism in OEPO, providing reconfigurable microwave wave-
form generation capabilities that could be applied in emerging
wireless communications and advanced electronic warfare systems.

Index Terms—Microwave generation, microwave photonics,
optoelectronic parametric oscillator.

I. INTRODUCTION

O PTOELECTRONIC oscillators (OEOs) are nonlinear,
dissipative, time-delayed, and spontaneous microwave

photonic systems that have been extensively studied for various
applications. A key advantage of OEOs is their capability to
generate high-frequency signals (tens of GHz) with ultralow
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phase noise, which is crucial for applications such as wireless
communication [1], radar [2], electronic warfare [3], [4], [5],
and metrology. Traditionally, commercial high-frequency mi-
crowave signals are generated by multiplying the output fre-
quency of a conventional low-frequency (tens of MHz) oscilla-
tor, such as a voltage-controlled oscillator [6] or a quartz crystal
oscillator [7]. However, this method often results in significant
phase noise deterioration due to the frequency multiplication
process. In contrast, OEOs use narrowband electrical filters
[8], [9], [10], [11], [12], [13], [14], optical filters [15], [16],
[17], [18], [19], [20], [21], or equivalent microwave photonic
filters [22], [23], [24], [25] for effective mode selection and
can generate high-frequency single-mode microwave signals.
Moreover, OEOs have been demonstrated as a viable method for
radio-frequency (RF) synthesized signal generation [26], [27],
offering optimized phase noise performance for various sig-
nals including dual-frequency RF [28], [29], frequency-hopping
microwave signals [30], [31], [32], linearly frequency-chirped
signals [33], [34], [35], [36], [37], [38], [39], and arbitrary
microwave waveforms [40], [41], [42]. When the loop gain
is sufficiently high, nonlinear effects within OEOs, due to the
inherent nonlinearity of intracavity electrical-optical modulators
or RF amplifiers, significantly affect the amplitudes of the oscil-
lating signals. These nonlinearities, combined with loop delay,
lead to complex dynamical behaviors such as solitons [43],
[44], [45], chaos [46], [47], [48], [49], and bifurcations [50],
[51], [52], [53], [54]. Recently, an optoelectronic parametric
oscillator (OEPO) [55] was proposed, capable of achieving
parametric frequency down-conversion in the optoelectronic
domain through intracavity nonlinearity. Similar to an optical
parametric oscillator (OPO), an OEPO can be regarded as a
coherent microwave source with a wide range of applications,
including communication, navigation, and radar systems. How-
ever, the coherent microwave signal generated by the OEPO
in [55] is symmetrically distributed over a narrow bandwidth,
limiting its practical applications.

In this paper, we propose a broadband OEPO with period-
doubling oscillation based on intracavity nonlinear dynamics.
The proposed system features a broadband filter connected
in parallel with a narrowband filter, creating two oscillation
loops with equal round-trip times. This parallel filter arrange-
ment enables the oscillation of two nondegenerate modes and
facilitates the parametric oscillation procedure introduced by the
intracavity nonlinear mechanism.
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Fig. 1. (a) Schematic diagram of the proposed period-doubling OEPO; (b) the dual-frequency oscillation state when the loop gain of the OEPO is GL1; (c) the
frequency-hopping oscillation state when the loop gain of the OEPO is GL2. LD: laser diode; PC: polarization controller; MZM: Mach-Zehnder modulator; SMF:
single-mode fiber; VOA: variable optical attenuator; PD: photodetector; EA: electrical amplifier; DC: directional coupler; BPF; band-pass filter; PS: phase shifter;
RF: radio frequency.

The Mach-Zehnder modulator (MZM) in the OEPO acts as
the nonlinear medium for parametric oscillation and operates at
the minimum transmission bias (MITB) point to achieve carrier-
suppressed double sideband (CS-DSB) modulation. An external
RF signal is injected to the proposed OEPO via the MZM
to stimulate the nonlinear frequency conversion and energy
coupling between different oscillation modes. The frequency of
the injection signal is the sum of the two oscillation modes.
The mixed frequency component of the injection signal and
one oscillation mode contributes to the stable oscillation of
the other mode, provided there is proper phase matching and
sufficient loop gain. Under these conditions, two mutually cou-
pled oscillation modes can simultaneously survive and oscillate
in the OEPO. By adjusting the loop gain, two distinct os-
cillation states—dual-frequency and frequency-hopping—can
be achieved, which were previously unexplored. Additionally,
frequency tunability of the oscillation mode is facilitated by
the wideband filter and the time-delayed parametric oscillation
process.

II. PRINCIPLE OF OPERATION AND SIMULATION RESULTS

Fig. 1(a) illustrates the schematic diagram of the proposed
OEPO system. The system, characterized by a closed feedback
loop, consists of two coupled branches: an optical branch and
an electronic branch. In the optical branch, an optical signal
from a continuous-wave (CW) laser is modulated by feedback

signals in the MZM and then converted into electrical signals by
the photodetector (PD). In the electronic branch, the electrical
signals from the PD are amplified, filtered, and phase-shifted
before being fed back to the MZM along with the external RF
signal. Unlike conventional single-loop OEOs, an additional
broadband filter in parallel with the narrowband filter is used
to achieve a broadband operating frequency. Fig. 1(b) and (c)
show the frequency conversion and energy coupling between
the two oscillation modes through the nonlinear medium in
the proposed period-doubling OEPO. In Fig. 1(b), the OEPO
operates in a dual-frequency oscillation state when the loop
gain GL1 slightly exceeds the oscillation threshold. In this state,
two nondegenerate modes oscillate simultaneously and convert
into each other during the next round trip. As the loop gain
increases to a sufficiently high level, the OEPO transitions to the
frequency-hopping state shown in Fig. 1(c). In this state, only
one nondegenerate mode oscillates during each round trip due to
the intracavity nonlinear mechanism and the gain competition.
The nonlinearity primarily originates from the MZM, which is
biased at the MITB point. Through the electro-optical conver-
sion and opto-electrical conversion in the MZM and PD, the
energy coupling and frequency conversion are achieved between
the two oscillation modes. Since the oscillation frequencies
require two round trips to achieve self-consistency, the OEPO
operates under a period-doubling state.

Generally, we assume that the angular frequencies of the
injected signal and the oscillating signal are ω0 and ωosc (ω0 >
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ωosc), respectively. Ignoring the high-order sidebands generated
by the MZM biased at the MITB point, the frequencies of the
output signal from the PD are 2ω0, 2ωosc, ω0 + ωosc, ω0-ωosc.
A broadband filter is employed to remove the sum-frequency
and other harmonic components. To sustain oscillation, the
remaining frequency components must match the oscillating
signal, i.e., ω0-ωosc = ωosc. In this case, the OEPO operates
in a degenerate oscillation state and functions as a 1/2-scaled
microwave frequency divider, as detailed in [56].

A. Dual-Frequency Signal

Here we discuss the case of nondegenerate oscillation. As-
sume the oscillating signal in the closed feedback loop is Vosc =
A1cos (ω1t + θ1) + A2cos(ω2t + θ2), and the injected signal is
Vin = A0cos(ω0t + θ0), where A0, A1, A2, ω0, ω1, ω2, θ0, θ1,
and θ2 are the amplitudes, angular frequencies and phases of the
injected signal and the two nondegenerate oscillation frequency
components, respectively. The output optical signal of the MZM
could be written as

Eout(t) = Ein/2 · [exp(jωct− jβ0 cos(ω0t+ θ0)

− jβ1 cos(ω1t+ θ1)− jβ2 cos(ω2t+ θ2))

+ exp(jωct+ jβ0 cos(ω0t+ θ0) + jβ1 cos(ω1t

+ θ1) + jβ2 cos(ω2t+ θ2) + jϕ)] (1)

where Ein and ωc are the amplitude and angular frequency of
the optical carrier, β0 = πA0/Vπ , β1 = πA1/Vπ , β2 = πA2/Vπ

are the modulation index of the externally injected signal and
oscillating signal, ϕ is the phase difference between the two
arms of the MZM. To achieve CS-DSB modulation, the phase
difference ϕ is set to π.

After traveling through a length of single-mode fiber, the
optical signal is converted into an electrical signal by a PD.
The resulting output current can be expressed as

iPD =
aL�E2

in

2
[1− cos(β0 cos(ω0(t− T ) + θ0)

+ β1 cos(ω1(t− T ) + θ1) + β2 cos(ω2(t− T ) + θ2))]
(2)

where � is the responsivity of the PD, aL and T are the
transmission coefficient and the time delay of the oscillation
loop. According to the Jacobi-Anger expansion and neglecting
high-order harmonics and high-frequency mixing signals, the
output RF signal could be rewritten as

iPD = aL�E2
in[J0(β0)J1(β1)J1(β2)

× cos((ω2 − ω1)(t− T ) + θ2 − θ1)

+ J0(β1)J1(β0)J1(β2) cos((ω0 − ω2)(t− T )

+ θ0 − θ2) + J0(β2)J1(β0)J1(β1)

× cos((ω0 − ω1)(t− T ) + θ0 − θ1)] (3)

where Jn is the n-th order Bessel function of the first kind. For
sustained and stable oscillation in the OEPO, the output RF sig-
nal, after filtering, phase shifting and amplifying should match

the input oscillating signal in the MZM. The low-frequency com-
ponent ω2-ω1 is filtered out by the band-pass filter. Therefore,
we obtain⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ω0 = ω1 + ω2

θ1 = θ0 − θ2 − (ω0 − ω2)T + φ1 + 2k1π
θ2 = θ0 − θ1 − (ω0 − ω1)T + φ2 + 2k2π
A1 = aL�E2

inRPDG1J0(β1)J1(β0)J1(β2)
A2 = aL�E2

inRPDG2J0(β2)J1(β0)J1(β1)

(4)

where φ1, φ2 and G1, G2 are the phase shifts introduced by the
phase shifters and the total gain coefficients of the electronic
branches for the frequency components ω0-ω2 and ω0-ω1, RPD

is the matched load of the PD, and k1 and k2 are the differ-
ent integers corresponding to the mode orders. According to
(4), two different frequency components whose sum frequency
equals the injected frequency can oscillate simultaneously under
appropriate loop gain and phase conditions. However, if the
frequency response of the electrical path is completely flat, the
mode pair of the nondegenerate oscillation is random. To obtain
a desired oscillating signal, a narrowband filter (tens of MHz) is
used in parallel connection with the broadband filter so that the
frequency response of the whole electronic branch is equivalent
to a flat shape with a slight peak. This configuration causes the
OEPO to preferentially oscillate at the frequency of the peak.
Consequently, the oscillating mode pair for the nondegenerate
oscillation becomes fixed. This setup allows for the generation
of a dual-frequency microwave signal, with one frequency fixed
at the center of the narrowband filter and the other varying with
the injected signal. It is worth mentioning that the two generated
frequency components are phase coherent and have a better
phase noise performance compared to the injected signal near
10-kHz offset.

B. Frequency-Hopping Signal

When the loop gain gradually increases to a sufficiently high
level, a supercritical Hopf bifurcation will occur due to the
nonlinear dynamics of the OEPO. Similar nonlinear bifurcation
behaviors have been analyzed in broadband/narrowband OEOs
[57], [58], [59] and SBS-based tunable OEO [60]. Reference
[59] proposes a time-domain approach using delay-differential
equations (DDEs) to study the nonlinear dynamics of narrow-
band OEOs. For the case of external RF injection in our config-
uration, the DDEs can be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
V1(t) +

1
Δω1

dV1(t)
dt +

ω2
1

Δω1

∫ t

t0
V1(s)ds

= aLG1SP0fNL[V2(t− T ) + Vin(t− T )]

V2(t) +
1

Δω1

dV2(t)
dt +

ω2
2

Δω1

∫ t

t0
V2(s)ds

= aLG2SP0fNL[V1(t− T ) + Vin(t− T )]

(5)

where ω1 and ω2 are the angular center frequencies of the
oscillating signals, Δω1 is the bandwidth of the narrowband
filter, P0 is the output power of the CW laser, and S = �RPD

is the conversion factor of the PD. In these equations, Vosc(t) =
V1(t) + V2(t) represents the oscillating microwave signal, while
fNL[xT] = cos2(πxT/2Vπ + ϕ/2) denotes the nonlinearity from
the MZM, where Vπ and ϕ are the half-wave voltage and offset
phase of the MZM. Since the two oscillation modes are mutually
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coupled and limited by the narrowband response of the filter, the
microwave signal can be written as Vosc(t) = V1(t) + V2(t) =
A1(t)cos(ω1t + θ1) + A2(t)cos(ω2t + θ2), where A1(t) and A2(t)
are the slowly varying complex amplitudes on the timescale of
approximately 1/Δω1. Given that the MZM is bias at the MITB
point (ϕ = π) and applying the Jacobi-Anger expansion, (5)
could be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

V1(t) +
1

Δω1

dV1(t)
dt +

ω2
1

Δω1

∫ t

t0
V1(s)ds

= aLSG1P0J1

[
πAin
Vπ

]
J1

[∣∣∣πA2(t−T )
Vπ

∣∣∣]
cos(ω1(t− T ) + (θ0 − θ2))

V2(t) +
1

Δω1

dV2(t)
dt +

ω2
2

Δω1

∫ t

t0
V2(s)ds

= aLSG2P0J1

[
πAin
Vπ

]
J1

[∣∣∣πA1(t−T )
Vπ

∣∣∣]
cos(ω2(t− T ) + (θ0 − θ1))

(6)

To simplify the integral terms in (6), we introduce the inter-
mediate variables μ1 and μ2{

μ1(t) =
∫ t

t0
V1(s)ds

μ2(t) =
∫ t

t0
V2(s)ds

(7)

which are nearly sinusoidal near zero. Therefore, they can be
expressed as{

μ1(t) =
1
2B1(t)e

jω1t + 1
2B∗

1(t)e
jω1t

μ2(t) =
1
2B2(t)e

jω2t + 1
2B∗

2(t)e
jω2t

(8)

where B1(t) and B2(t) are the complex amplitudes of the inter-
mediate variables. By substituting (8) into (6) and cancelling the
common phase terms ejω1t and ejω2t, we can obtain⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

B̈1 + (Δω1 + 2jω1)Ḃ1 + jω1Δω1B1

= 2Δω1aLSG1P0J1

[
πAin
Vπ

]
×J1

[∣∣∣π(Ḃ2(t−T )+jωB2(t−T ))
Vπ

∣∣∣] ejϕ1

B̈2 + (Δω1 + 2jω2)Ḃ2 + jω2Δω1B2

= 2Δω1aLSG2P0J1

[
πAin
Vπ

]
×J1

[∣∣∣π(Ḃ1(t−T )+jωB1(t−T ))
Vπ

∣∣∣] ejϕ2

(9)

whereϕ1= θ0-θ2-ω1T,ϕ2= θ0-θ1-ω2T. Considering the slowly
varying conditions⎧⎨

⎩
∣∣∣B̈1

∣∣∣ � ω1

∣∣∣Ḃ1

∣∣∣ � ω2
1 |B1|∣∣∣B̈2

∣∣∣ � ω2

∣∣∣Ḃ2

∣∣∣ � ω2
2 |B2|

(10)

Eq. (9) can be reduced to⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2jω1Ḃ1 + jω1Δω1B1

= 2Δω1aLSG1P0J1

[
πAin
Vπ

]
J1

[∣∣∣ jπωB2(t−T )
Vπ

∣∣∣] ejϕ1

2jω2Ḃ2 + jω2Δω1B2

= 2Δω1aLSG1P0J1

[
πAin
Vπ

]
J1

[∣∣∣ jπωB1(t−T )
Vπ

∣∣∣] ejϕ2

(11)

From (7) and (8), we obtain A1(t) = jω1 and B1(t) = jω2 and
B2(t). Therefore, the complex envelopes A1(t) and A2(t) of the

Fig. 2. Numerical simulations of the complex amplitudes developing with
time. (a) Converging to a fixed value. (b) Periodic oscillation.

microwave signals V1(t), V2(t) could be written as follows:⎧⎨
⎩

dA1(t)
dt = −Δω1

2 A1(t) +
Δω1GL1Vπ

π J1

[
π|A2(t−T )|

Vπ

]
ejϕ1

dA2(t)
dt = −Δω1

2 A2(t) +
Δω1GL2Vπ

π J1

[
π|A1(t−T )|

Vπ

]
ejϕ2

(12)

where GL1 = πaLSG1P0J1[πAin/Vπ]/Vπ , GL2 = πaLSG2

P0J1[πAin/Vπ]/Vπ are the loop gain for frequency components
ω1 and ω2, respectively. By performing a stability analysis of
the coupled equations, we can deduce that the variation period
of the complex envelope TH≈2T = 2neffL/c, where neff and L
are the effective refractive index and length of the optical fiber,
respectively, and c is the speed of light in a vacuum.

C. Simulations

Since the (12) consists of coupled delay differential equa-
tions, deriving analytical solutions is challenging. Therefore, we
employ the fourth-order Runge-Kutta method to numerically
simulate the evolution of the envelopes. Fig. 2 displays the
numerical simulations of the complex amplitudes over time.
In Fig. 2(a) and (b), the simulation parameters based on the
experimental setup are as follows: (a) Δω1 = 12.5 MHz,
Vπ = 3.5 V, GL1 = GL2 = 2.2, ϕ1 = 0.3, ϕ2 = 0.4; (b)
Δω1 = 12.5 MHz, Vπ = 3.5 V, GL1 = GL2 = 2.6, ϕ1 =
0.3, ϕ2 = 0.4. The initial condition is [A1(t), A2(t)] = [1 ×
10−2, 1 × 10−2] over the interval [−T, 0]. In Fig. 2(a), the
complex amplitudes converge to fixed values, representing a
dual-frequency microwave solution of the DDEs. In Fig. 2(b),
the complex amplitudes exhibit square-wave modulated with
a period approximately equal to 2T when oscillation is stable.
The energy of the two frequency components is complementary,
leading to a transfer of energy between components every period
T, resulting in a frequency-hopping phenomenon in the output
microwave waveform.

The numerical simulations of the complex amplitudes as
functions of loop gain and external injection power are shown
in Fig. 3. In Fig. 3(a) and (b), the simulation parameters based
on the experimental setup are as follows: (a) Δω1 = 12.5 MHz,
Ain = 20 dBm, ϕ1 = 0.3, ϕ2 = 0.4; (b) Δω1 = 12.5 MHz, Vπ =
3.5 V, � = 0.65 A/W, RPD = 50 Ω, P0 = 17.5 dBm, aL = 4 ×
10−5, G1 = G2 = 46 dB, ϕ1 = 0.3, ϕ2 = 0.4. Fig. 3(a) indicates
that the amplitudes of the oscillating signals are governed by
the total loop gain. For GL1&GL2 < 1, the amplitudes are
zero, and the OEPO does not oscillate. For 1 ≤ GL1&GL2 <
2.3, the amplitudes converge to fixed non-zero points and the
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Fig. 3. Numerical simulations of the complex amplitudes varying with: (a)
loop gain; (b) external injection power.

Fig. 4. The illustration of the experimental setup. ATT: attenuator; MSG:
microwave signal generator; PNA: phase noise analyzer; RTO: real-time
oscilloscope.

OEPO outputs dual-frequency microwave signal. For 2.3 ≤
GL1&GL2 < 2.7, the amplitudes undergo Hopf bifurcation to
periodic oscillations and the OEPO outputs frequency-hopping
microwave signal. For GL1&GL2≥2.7, the amplitudes bifurcate
further, evolving into a chaotic state. This study focuses on the
range 1≤GL1&GL2< 2.7. We also investigated the relationship
between the amplitudes and the injection power. As depicted in
Fig. 3(b), the injection powers corresponding to the oscillation
thresholds and the Hopf-bifurcation points are about 6.5 dBm
and 14.5 dBm, respectively. When the amplitudes reach their
maximum values, the corresponding injection power is about
16.2 dBm.

III. EXPERIMENTAL RESULTS

To investigate the performance of the proposed system, an
experiment based on the setup in Fig. 1(a) is carried out. The
experimental setup is illustrated in Fig. 4. In the experiment, an
optical carrier centered at 1550.12 nm with a power of 17.5 dBm
is produced by a CW laser (Teraxion PS-NLL). The optical
carrier is then sent to an MZM (Fujitsu FTM 7938EZ) with
a half-wave voltage of 3.5 V. After passing through a 1.05-km
single-mode fiber, the output optical signal is converted to elec-
trical signal by a PD (u2t XPDV2120RA) with a responsivity of
0.65 A/W. A variable optical attenuator (VOA) is used before
the photodetector to adjust the input optical power. Two power
amplifiers are employed to amplify the generated electrical
signal. The first amplifier (EA1) offers a gain of 20 dB and a
saturated output power of 17 dBm, while the second amplifier

Fig. 5. (a) The open-loop magnitude response of the OEPO and corresponding
zoomed-in view of the narrow-band peak. (b) The measured spectra of the input
optical signal before the PD. The frequency spectra (RBW = 100 kHz) and
corresponding zoomed-in view (RBW = 100 Hz) of the generated (c) dual-
frequency signal and (d) frequency-hopping signal.

(EA2) provides a gain of 26 dB and a saturated output power of
23 dBm. Two parallel microwave band-pass filters are employed
for mode selection: a narrowband filter (BPF1) with a center
frequency of 9.953 GHz and a 3-dB bandwidth of 12.5 MHz,
and a broadband filter (BPF2) with a passband of 6.3–12.4 GHz.
A phase shifter (PS) with a bandwidth of 6–18 GHz is used to
adjust the loop delay. After passing through these two branches,
the electrical signal, along with an external RF signal generated
by a microwave signal generator (R&S SMA100B), is fed back
to the MZM.

In the first step, the loop gain is adjusted to be slightly below
the free-oscillation threshold by tuning the VOA. An external
microwave signal with a frequency of 18 GHz and a power
of 15 dBm is then injected into the OEPO system, bringing
the effective loop gain to the free-oscillation threshold. As a
result, the OEPO begins oscillating at frequencies of 9.953 GHz
and 8.047 GHz, producing a dual-frequency microwave signal.
In this state, the optical power before PD and the electrical
power after EA2 are −3.5 dBm and 14.8 dBm, respectively.
Further increasing the loop gain to the Hopf-bifurcation point
by reducing the insertion loss of the VOA causes the OEPO
to enter a nonlinear dynamic state, resulting in a frequency
hopping microwave signal. In this state, the optical power before
PD and the electrical power after EA2 are 0.2 dBm and 16.5
dBm, respectively. Fig. 5(a) illustrates the open-loop magni-
tude response of the OEPO, measured by a vector network
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Fig. 6. Temporal waveform of the output (a) dual-frequency microwave signal
and (b) frequency-hopping microwave signal. (c) The amplitude envelopes of
the two frequency components in frequency-hopping microwave signal. (d) The
zoomed-in view of temporal waveform at the frequency-hopping point. The
instantaneous frequency-time diagrams for (e) dual-frequency microwave signal
and (f) frequency-hopping microwave signal.

analyzer (R&S ZVA-67), showing a passband of approximately
6.3–12.4 GHz. Additionally, the narrowband peak centered at
9.953 GHz has a bandwidth of about 12.5 MHz. Fig. 5(b)
presents the spectra of the input optical signal before the pho-
todetector under different conditions, measured by an optical
spectrum analyzer (YOKOGAWA AQ6370). As can be seen,
the MZM is biased at the carrier suppression point, resulting in
no output from the OEPO without external microwave signal
injection. With the external signal injection, the oscillation will
start up and two new ±1st order sidebands appear between the
optical carrier and the injection signal, which correspond to the
oscillating signal. Fig. 5(c) and (d) show the electrical spectra
and their corresponding zoomed-in views of the oscillating sig-
nals, measured by a phase noise analyzer (R&S FSWP50) under
varying loop gains. Observations show that the longitudinal
mode spacing (LMS) of the OEPO is 95.6 kHz, approximately
half of the cavity free spectral range (FSR) for the 1.07-km
single-mode fiber. This suggests that the OEPO operates under
a period-doubling mechanism. Fig. 5(c) shows that when the
total loop gain slightly exceeds the oscillation threshold, the
OEPO oscillates at two distinct monochromatic frequencies.
In Fig. 5(d), when the loop gain significantly surpasses the
oscillation threshold and exceeds the Hopf-bifurcation point,
a stable mode-locked frequency-hopping signal is generated.

Temporal waveforms of the output signals, measured with
a real-time oscilloscope (Keysight DSOX93304, 80 GSa/s),
are shown in Fig. 6(a) and (b). Fig. 6(b) shows a stable

Fig. 7. Electrical spectra (RBW = 100 kHz) of the output dual-frequency
signals with one frequency component fixed at 9.953 GHz and the other varying
from 6.5 GHz to 12 GHz with a step of 0.5 GHz.

frequency-hopping pulse sequence with a pulse period of
10.46 µs, approximately twice the round-trip time of the
OEPO. The amplitude envelopes of the two frequency compo-
nents, measured by a digital oscilloscope (RIGOL MSO2302A,
2GSa/s), are shown in Fig. 6(c). These results align with the
simulation shown in Fig. 2(b). Fig. 6(d) provides a zoomed-
in view of the temporal waveform during frequency hopping,
demonstrating a rapid frequency-switching speed of up to tens
of nanoseconds. Fig. 6(e) and (f) shows the instantaneous time-
frequency diagrams for both the dual-frequency microwave
signal and the frequency-hopping microwave signal. The two
carrier frequencies are centered at 8.047 GHz and 9.953 GHz.

A. Frequency Tunability

To investigate the frequency tunability of the proposed sys-
tem, external microwave signals with frequencies ranging from
16.5 GHz to 22 GHz are applied to the OEPO. The experimental
setup and device parameters remain as described above. First, the
total loop gain is adjusted to slightly exceed the free-oscillation
threshold. By tuning the phase shifters, the phase matching con-
dition is achieved. Subsequently, the OEPO begins oscillating
and outputs dual-frequency microwave signal. The electrical
spectra of these dual-frequency signals are shown in Fig. 7. One
frequency component of the dual-frequency signal remains fixed
at the center of the narrowband filter, while the other varies
within the passband of the broadband filter. The sum of the
two frequency components equals the frequency of the injected
signal, demonstrating microwave parametric down-conversion.

The total loop gain is then adjusted to exceed the Hopf-
bifurcation point, enabling the OEPO to produce frequency-
hopping microwave signals. By varying the frequency of the
injection signal from 16.5 GHz to 21.5 GHz with a step of
1 GHz, the instantaneous frequency-time diagrams of the output
frequency-hopping signals are depicted in Fig. 8. Notably, the
fixed frequency component can also be adjusted using a tunable
narrowband electrical filter, such as an yttrium iron garnet (YIG)
filter. The frequency tuning range of the output signal is primarily
constrained by the bandwidth of the broadband electrical filter.
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Fig. 8. Instantaneous frequency-time diagrams of the frequency-hopping mi-
crowave signals with one carrier frequency fixed at 9.953 GHz and the other
changing from 6.547 GHz to 11.547 GHz with a step of 1 GHz.

Fig. 9. Temporal waveforms and instantaneous frequency-time diagrams of
frequency-hopping signals with different fiber lengths: (a) and (c) for 500 m,
(b) and (d) for 5 km.

Since the period of the frequency-hopping signal is related to
the OEPO’s cavity delay, it can be adjusted by changing the
length of the single-mode fiber. Fig. 9 shows the temporal
waveforms and corresponding frequency-time diagrams for the
frequency-hopping signals generated by the OEPO with fiber
lengths of 500 m and 5 km.

B. Phase Noise Performances and Phase Coherent

The phase noise performances of the generated signals and
commercial electrical sources, measured by a phase noise an-
alyzer, are shown in Fig. 10. The generated signals were ob-
tained using a 1.05-km fiber and an 18-GHz external injection

Fig. 10. Comparison of the phase noise performance of the generated signals
and commercial electrical sources.

Fig. 11. Comparison of the phase noise performance of the output dual-
frequency signals with different single-mode fiber lengths.

signal in the OEPO setup. The phase-noise curves of the two
frequency components (red and blue line) of the generated
dual-frequency signal are approximately the same and as low
as −121.5 dBc/Hz at 10-kHz frequency offset. Compared to
the injected signal (black line), the dual-frequency signal has
a better performance around 10-kHz frequency offset. Ad-
ditionally, the side-mode suppression ratio is approximately
90 dB, representing over a 22-dB improvement compared to
the free-running OEO (pink line). The experimental setup of
the free-running OEO is generally similar to that of the OEPO,
with the main difference being that the OEO uses only a single
electrical branch containing BPF1 and does not incorporate
external injection. The phase noise of the frequency-hopping
signal (green line) is about −112.7 dBc/Hz @ 10 kHz, signif-
icantly better than the commercial frequency-hopping signal
(olive line) from an arbitrary waveform generator (Keysight
M8195A). At low frequency offsets (<10 kHz), the phase
noise of the frequency-hopping signal has a more than 40-
dB improvement compared to the commercial source, indi-
cating superior short-term stability of the OEPO-generated
signals.

To examine the effect of fiber length on the phase noise
performance of the output dual-frequency signal, single-mode
fibers of 500 m (blue line), 1 km (red line), and 5 km (green line)
are used in the OEPO. The corresponding phase noise curves
are shown in Fig. 11. There is no significant improvement in
phase noise performance as the fiber length increases. This is
primarily because the ±1st order sidebands generated by the
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TABLE I
COMPARISON OF THE MICROWAVE SIGNAL GENERATION BASED ON OEOS

Fig. 12. Phase noise performance of the output dual-frequency signals at
different bias points and the intermediate-frequency (IF) signal generated by
frequency mixing.

injected signal become the optical carrier in the OEPO loop, so
its phase noise performance is collectively limited by that of the
injected signal (black line) and the oscillation system. It should
be noted that phase noise performance at low frequency offsets
(1–5 kHz) does improve with increased fiber length.

To verify the inherent phase coherence of the dual-frequency
signal, the two frequency components are separated by band-
pass filters and then combined using an electrical mixer. The
phase noise curves for the output intermediate-frequency (IF)
signal (black line) and the original frequency components (red
and blue lines) are shown in Fig. 12. Compared to the frequency

components of the dual-frequency signal, the phase noise perfor-
mance of the intermediate-frequency signal shows considerable
improvement, indicating that the two frequency components of
the dual-frequency signal are phase coherent. It is worth noting
that to achieve a phase-coherent dual-frequency signal, the MZM
must be biased at the MITB point. Although the OEPO can
generate a dual-frequency signal when the MZM is set at the
quadrature bias (QB) point, the signal is not phase coherent.
The phase noise curves for the MZM biased at the QB point are
also shown in Fig. 12. The phase noise curves for the 8.047-GHz
(pink line) and 9.953-GHz (green line) frequency components
show a significant difference. The phase noise of the 9.953 GHz
component is similar to that of a free-running OEO, while the
phase noise of the 8.047 GHz component resembles that of
the injected signal. This discrepancy occurs because the OEPO
behaves as a frequency-mixing system rather than a parametric
oscillation system when the MZM is set to the QB point.

C. Hopf Bifurcation

To investigate how the amplitudes of the oscillating signal
vary, different loop gains are achieved in the OEPO system
by separately adjusting the insertion loss of the VOA and the
injected power of the RF source. Fig. 13(a) shows how the ampli-
tudes of the two frequency components change with the optical
carrier power, while the injected power is fixed at 18 dBm. The
amplitudes exhibit Hopf bifurcations at an optical power (input
power to the MZM) of approximately 10.5 dBm. Fig. 13(b)
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Fig. 13. (a) Measured amplitudes varying with the power of optical carrier.
(b) Measured amplitudes varying with the injected power of microwave source.

Fig. 14. Frequency drifts of the two frequency components over 10 minutes
at max-hold mode (RBW = 100 Hz).

illustrates how the amplitudes vary with the injected power,
while the optical power is fixed at 14 dBm. The amplitudes
exhibit Hopf bifurcations at an injected power of approximately
13 dBm and reach maximum values at about 19 dBm. Addi-
tionally, the experimental results for amplitude variations near
the bifurcation point are consistent with the simulation results
presented in Fig. 3.

D. Long-Term Stability

To assess the frequency stability of the proposed OEPO, the
frequency drift of the output dual-frequency signal is evaluated
using a PNA in max-hold mode. As shown in Fig. 14, the
frequency span and RBW are set to 10 kHz and 100 Hz, respec-
tively. Over a period of 10 minutes, the measured frequency
drifts of both frequency components remain within 1.2 kHz,
indicating good stability performance. Notably, no mode hop-
ping is observed during the measurement. The frequency drifts
are mainly induced by the loop delay variation caused by slow
temperature changes of the long single-mode fiber. This issue
could be mitigated with temperature control [61] or dynamic
feedback compensation [62]. Interestingly, the frequency drift
directions of the two frequency components are opposite, which
satisfy the complementary characteristic of the two frequency
components. To prevent bias drift of the MZM during long-term
measurement, a bias point controller with a 4-kHz pilot tone is
employed, resulting in frequency offset peaks of±4 kHz on both
sides of the carrier frequencies.

IV. CONCLUSION

In this paper, a period-doubling OEPO for reconfigurable and
tunable microwave waveform generation is proposed and ex-
perimentally demonstrated. Different from conventional OEO,
the oscillating period in this system is twice the loop delay
of the OEPO. By adjusting the loop gain, both dual-frequency
and frequency-hopping microwave signals can be generated. A
comparison of some previous OEOs for microwave generation
and this work is listed in Table I. To our knowledge, this is
the first report for the microwave generation of both coherent
dual-frequency signal and frequency-hopping signal with large
frequency tunability. The frequency tuning range in this experi-
ment spans from 6.5 to 12 GHz, limited by the bandwidth of the
broadband filter. The phase noise of the dual-frequency signal
is approximately −121.5 dBc/Hz at a 10 kHz offset, lower than
that of both the injection signal and the free-running OEO. Addi-
tionally, the phase noise performance of the frequency-hopping
signal shows significant improvement compared to commercial
frequency-hopping sources. This OEPO, utilizing a period-
doubling oscillation mechanism and providing reconfigurable
microwave waveform capabilities, has potential applications
in emerging wireless communications and advanced electronic
warfare systems.
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