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Abstract: We propose and experimentally demonstrate a tunable frequency-doubling optoelec-
tronic oscillator (FD-OEO) based on a single-bandpass dispersion-induced microwave photonic filter
(MPF) consisting of a Mach–Zehnder modulator (MZM), a linearly chirped fiber Bragg grating and
polarization-multiplexed dual-loop. Thanks to the polarization dependence of the MZM, a special
double sideband modulation is implemented where the optical carrier (OC) and subcarriers are
orthogonally polarized. By simply tuning the PC in the OEO loop, the phase difference between the
orthogonal polarization carrier and two sidebands can be controlled, and thus the center frequency of
the fundamental OEO can be tuned. Furthermore, a PC and a polarizer are placed outside the OEO
to achieve optical carrier suppression (OCS) modulation, which ensures that a frequency-tunable
microwave signal at the second-harmonic frequency is generated. In the experiment, a fundamental
frequency signal with tunable frequency from 3.6 to 6.85 GHz and FD-OEO with a tunable frequency
range from 7.2 to 13.7 GHz are generated.

Keywords: fiber optic links and subsystems; radio frequency photonics; microwaves; modulators

1. Introduction

Optoelectronic oscillators (OEOs) have aroused significant research interests for their
capability in generating high-frequency microwave signals with low phase noise and high
spectral purity [1,2]. They are widely applied in the field of optical communications [3],
signal processing [4], radio-over-fiber systems [5], sensing system [4] and radar technol-
ogy [6]. The first OEO [7] was proposed in 1996, which consists of a pump laser and a
feedback loop including an electrical filter, an electrical amplifier, etc. Since the phase noise
is directly determined by the loop length fluctuation in general, fiber-based OEOs can
use long fiber delay lines to obtain a high Q-factor and ultra-low phase noise microwave
signals [8,9]. On the other hand, to realize the large-scale deployment of OEOs, integration
technology [10,11] using different photonic integration material platforms can be applied.
For on-chip OEO methods, a high Q-factor is realized by a long time delay. For example, by
using a spiral-shaped optical waveguide as a delay line, the phase noise can be decreased
to −92 dBc/Hz@1MHz [11]. In ref. [12], a 40 GHz microwave signal with ultra-low phase
noise (100 dBc/Hz@ 10 kHz) was achieved based on a high Q-factor ring resonator using
Si3N4 with a 1D superimposed grating.

In the potential application areas of OEOs, the demand for bandwidth is steadily
increasing. However, for traditional OEOs, the frequency of the generated microwave
signal is relatively low due to the bandwidth limitation of the electrical devices employed
in the system. A frequency-doubling OEO (FD-OEO) can generate a microwave signal

Photonics 2023, 10, 1002. https://doi.org/10.3390/photonics10091002 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10091002
https://doi.org/10.3390/photonics10091002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-4031-2303
https://doi.org/10.3390/photonics10091002
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10091002?type=check_update&version=1


Photonics 2023, 10, 1002 2 of 10

with a frequency that is two times the bandwidth of the electrical and electro-optical
devices in the OEO loop. Therefore, FD-OEOs with a larger bandwidth can extend the
operational frequency range, and thus have been researched recently [5]. Apart from the
microwave generation, FD-OEOs can also implement advanced optical signal processing
such as the optical non-return-to-zero to return-to-zero format conversion [13], photonic
frequency down/up-conversion [14,15], serial-to-parallel conversion [3] and clock recov-
ery [16], which cannot be achieved by a traditional OEO. Shin et al. proposed an FD-OEO
based on the wavelength dependence of the half-wave voltage of an MZM modulator [17].
In this scheme, two lasers at 1550 nm and 1330 nm were applied for the modulation at
quadrature and null-transmission points, which were used to produce the low-frequency
fundamental signal and the frequency-doubled signal, respectively. The requirement of
two optical sources makes the system complicated and inflexible. In order to simplify the
system, different kinds of schemes based on the special modulator have been implemented
to generate frequency-doubling microwave signals. In ref. [5], an FD-OEO was obtained
based on the distributed intensity conversion effect of a special polarization modulator
(PolM) [5]. The joint use of a PolM, two optical polarizers and two polarization controllers
(PCs) operated as a two-output intensity modulator, which provided the fundamental fre-
quency in the OEO loop and the frequency-doubled optically modulated microwave signal
outside the OEO. In refs. [18,19], using the carrier phase-shifted double sideband (CPS-DSB)
modulation of the dual-parallel MZM (DPMZM), a frequency-doubling microwave was
generated. In ref. [20], an FD-OEO was proposed based on the polarization property of a
LiNbO3 modulator, which makes the system simpler and more cost-effective. However, the
FD-OEOs mentioned above are not frequency tunable. Recently, several techniques have
been proposed for generating frequency FD-OEOs using wavelength-dependent Brillouin
frequency shift [21,22] and narrowband phase-shifted fiber Bragg grating (PS-FBG) [23],
where the frequency tunability can be achieved by tuning the wavelength of the TLS. How-
ever, the quality of the generated signal in the former systems may be degraded since the
SBS effect will introduce additional noise. The latter needs a frequency-fixed optical filter
to select the optical carrier and one of the second-order sidebands, which may make the
system complex and inflexible. In ref. [24], a frequency-multiplying OEO was demonstrated
based on cascaded PolM, PM and a PS-FBG. However, the additional modulator is bound
to increase the complexity and cost of the OEO. In addition, the generated frequency of the
FD-OEOs mentioned above are related to the wavelength of the TLS, and thus the wave-
length drifts of the light source will affect the stability of the system. In order to avoid using
the TLS, an FD-OEO is proposed based on a PolM and a tunable optical filter (TOF) [25].
By adjusting the bandwidth of the TOF, an FD-OEO can be obtained. Nevertheless, two
lasers are required in this scheme which decreases the system’s simplicity and reliability.
Furthermore , the use of an expensive TOF and specially designed modulator (PolM) will
limit the FD-OEO from low-cost and large-scale deployment.

In this paper, we propose and demonstrate a frequency-tunable FD-OEO based on a
microwave photonic filter (MPF) consisting of an MZM, a linear chirped FBG (LCFBG) and
a polarization-multiplexed composite cavity. Thanks to the polarization dependence of the
MZM, orthogonally polarized double sideband (PO-DSB) modulation can be implemented
where the polarization direction of the optical carrier (OC) is orthogonal with that of the
subcarriers. In the proposed scheme, an LCFBG is applied as a dispersive element to
form a dispersion-induced MPF. The transmission response of the MPF is a function of
the changes of the phase shift which can be adjusted by the PC in the OEO loop. By
adjusting the PC in the OEO loop, the phase difference between the OC and the first
sideband of the optical signal can be tuned, leading to the center frequency change of the
MPF. Therefore, the oscillation frequency of the OEO can be simply tuned by tuning the PC
in the loop. Finally, a fundamental frequency oscillation signal with frequency tunability
can be achieved by employing a tunable MPF in an OEO loop. Meanwhile, by placing a PC
and a polarizer outside the OEO, the optical carrier suppression (OCS) modulation can be
achieved. Therefore, a frequency-tunable FD microwave signal can be obtained. Compared
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with other published research works, our proposed FD-OEO is based on the polarization
property of the LiNbO3 modulator, which is a common device in optoelectronic systems.
Thus, this makes the system simpler and more cost-effective. The proposed technique is
more reliable since the instability of the generated signal induced by wavelength drifts
of the TLS can be avoided. In addition, neither the tunable optical filter nor the specially
designed modulator are required, and thus the complexity and cost of our proposed tunable
FD-OEO is much lower than other schemes.

2. Materials and Methods

The schematic diagram of the proposed optically tunable FD-OEO is shown in Figure 1.
A lightwave emitted by a laser diode (LD) is fiber coupled to an MZM via a PC (PC1),
whose polarization direction is aligned at an angle α with respect to the principal axis of
the LiNbO3 crystal of the MZM (noted as the y-axis in Figure 1b). Thus, the optical field of
the light after PC1 can be expressed as[

Ex
Ey

]
= E0ejω0t

[
sin θ
cos θ

]
, (1)

where E0 and ω0 denote the amplitude and angular frequency of the OC, respectively.
Thanks to the electro-optical property of the LiNbO3 crystal, the half-wave voltage Vπ in the
principal axis (x-direction) is around 3.58 times that in the orthogonal direction; therefore,
the injected light in the Y-axis is modulated in the form of optical-carrier-suppression (OCS)
by the microwave signal with an angular frequency of ωm. The modulation for the light in
the X-axis is insignificant. Considering the small-signal modulation, the optical field at the
output of the MZM can be written as [26][

Ex
Ey

]
= E0ejω0t

[
γ sin θ

cos θ J1(β)(ejωmt + e−jωmt)

]
, (2)

where γ is the polarization-dependent loss coefficient in the X-axis, β is the modulation
index and J1(β) is the first-order Bessel function of the first kind. It can be seen that the
PO-DSB signal is generated, and the polarization direction of the OC (λ0) is orthogonal
with that of the ±1st-order sidebands (λ+1 and λ−1), as shown in Figure 1(b-2).

Then, the generated PO-DSB signal is divided into two beams by a 50/50 coupler. One
beam is routed to a CFBG via an optical circulator. After the dispersion effect induced by
the CFBG, the signal at position 3 in Figure 1a can be written as[

Ex
Ey

]
= E0ejω0t

[
γ sin θejθ0

cos θ J1(β)(ejωmt+jθ+1 + e−jωmt+jθ−1)

]
, (3)

where θ0, θ−1, and θ+1 are the dispersion-induced phase shifts of the OC, −1st- and +1st-
order sidebands, respectively, as shown in Figure 1(b-3), which can be obtained by

θ0 = zβ(ωc)

θ+1 = zβ(ωc) + zβ
′
(ωc)ωm + 1

2 zβ”(ωc)ωm
2

θ−1 = zβ(ωc)− zβ
′
(ωc)ωm + 1

2 zβ”(ωc)ωm
2

, (4)

where z is the transmission distance, β(ωc) is the propagation constant at ωc, β’(ωc) is the
first-order derivatives of β(ωc), and β”(ωc) = −2πcD/zωc

2 is the second-order derivatives
of β(ωc), where D is the dispersion of the CFBG.
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Figure 1. The schematic diagram of the optically tunable FD-OEO. (a) Schematic diagram of the
proposed frequency-tunable OEO. (b) Schematic spectrum evolution at different locations 1–5. LD:
laser diode; PC: polarization controller; OC: optical circulator; MZM: Mach–Zehnder modulator;
PBS/C: polarization beam splitter/combiner; SMF: single-mode fiber; PD1, PD2: photodetector; EA:
electrical amplifier; ESA: electrical spectrum analyzer.

Then, the signal is sent to PBS via PC2. The signal generated after PBS can be written as

Et = sin αExejϕ0 + cos αEy

= E0ejω0t


γ sin α sin θejzβ(ωc)+jϕ0

+ cosα cos θ J1(β)(ejωmt+jz[β(ωc)+β
′
(ωc)ωm+ 1

2 β” (ωc)ωm
2]

+e−jωmt+jz[β(ωc)−β
′
(ωc)ωm+ 1

2 β” (ωc)ωm
2])


= E0ejω0t

 γ sin α sin θejzβ(ωc)+jϕ0

+2 cos α cos θ J1(β) cos(ωmt + ωmβ
′
(ωc)ejz[β(ωc)+

1
2 β” (ωc)ωm

2]



, (5)

where ϕ0 is the phase difference between the two orthogonal components (Ex and Ey) of the
signal at PBS, and α is the angle between the principal axis of the PBS and the principal axis
of the MZM. The corresponding schematic optical spectrum is illustrated in Figure 1(b-4).
Note that the ϕ0 and α can be adjusted by tuning PC2.
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Then, the generated signal is sent to a photodetector (PD1), and the output photocur-
rent can be written as

iPD ∝ Et(t)·Et
∗(t)

∝


(γ sin α sin θ)2 + [2 cos α cos θ J1(β) cos(ωmt + ωmβ

′
(ωc)]2

+2γ sin α sin θ cos α cos θ J1(β) cos(ωmt + ωmβ
′
(ωc)e−

1
2 jzβ” (ωc)ωm

2+jϕ0]

+2γ sin α sin θ cos α cos θ J1(β) cos(ωmt + ωmβ
′
(ωc)e

1
2 jzβ” (ωc)ωm

2−jϕ0


∝ 2γ sin α sin θ cos α cos θ J1(β) cos(ωmt + ωmβ

′
(ωc) cos(ϕ0 − 1

2 zβ”(ωc)ωm
2)

. (6)

From Equation (6), it can be seen that the generated microwave signal at ωm has a
dispersion-induced power fading coefficient given by cos(ϕ0 − 1

2 zβ”(ωc)ωm
2). Thus, the

power of the generated current varies as the square of ωm, and an equivalent microwave
bandpass filter is formed, which can be expressed as

F1(ωm) = cos[ϕ0 −
1
2

zβ”(ωc)ωm
2]. (7)

In order to possess a maximum transmittance for the signal at ωm, the absolute value
of F1(ωm) should be set to one, that is

ϕ0 −
1
2

β”(ωc)ωm
2 = kπ, k = 0,±1,±2 . . . , (8)

The above condition can be easily satisfied by changing ϕ0. Since ϕ0 can be adjusted
by tuning PC2, the maximum transmission response can be shifted to any desired frequency.
As a result, the frequency-tunable MPF is realized.

To further investigate the relationship between the dispersion of the CFBG and the
frequency response of the MPF, we substitute the equation D = −zβ”(ωc)ωc

2/2πc into
Equations (7) and (8). The frequency response of the MPF and the condition of the maximum
transmission response can be rewritten as

F1(ωm) = cos[ϕ0 + πcDωm
2/ωc

2]

ϕ0 + πcDωm
2/ωc

2 = kπ, k = 0,±1,±2 . . . ,
(9)

when the dispersion of the CFBG is −1225 ps/nm (D = −1225 ps/nm), the frequency
response of the MPF is shown in Figure 2a. Figure 2b presents the frequency response
of the MPF at different values of ϕ0, which can be changed by PC2. It can be seen that
by adjusting PC, the peak of the response is tuned from 4.5 to 7 GHz and 10 GHz when
ϕ0 is tuned from 0.2π to 0.5π and π. Finally, the fundamental frequency signal with tunable
frequency is generated by tuning PC2, and then it is injected back to the MZM via an EA to
form the OEO loop.

It is worth noting that a two-tap MPF is formed in the OEO loop by the polarization-
multiplexed dual-loops using a PBS and a PBC. The frequency response can be denoted as

F2(ωm) = cos(ωm∆τ), (10)

where ∆τ is the time delay difference induced by the two sections of fiber in the dual-loops,
which can finely select the oscillation mode to guarantee a tunable OEO with single-mode
oscillation. The frequency-tuning step is determined by the FSR of the comb filter, which is
the PMF and equal to 1/∆τ.

Another beam after the optical coupler is injected into a polarizer (Pol) via a PC3.
By adjusting PC3, the polarization direction of the OC is oriented 90◦ with respect to the
principal axis of the Pol. In this case, the optical field of the modulated light after the Pol
is given by

Eout2 = E0ejω0t cos θ J1(β)(ejωmt + e−jωmt) (11)
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From Equation (11), an equivalent OCS modulation scheme is achieved since the OC is
suppressed after the Pol and the ±1st-order sidebands are reserved. The schematic optical
spectrum at position 5 is illustrated in Figure 1b. By beating the two optical wavelengths
at PD2, a high-quality FD microwave signal at 2ωm is generated. Since the fundamental
signal can be tuned using the PC2 in the OEO loop, the frequency of the generated FD
signal can be tuned accordingly by adjusting the PC2.
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3. Results and Discussion

An experiment based on the configuration shown in Figure 1a was performed. The
parameters of the major devices in the experiment are given as follows: The wavelength
of the linearly polarized lightwave from the TLS (Agilent81600B, Santa Clara, CA, USA)
was 1550.26 nm. The polarization-dependent MZM had a 3 dB bandwidth of 10 GHz.
The optical spectrum was measured by an optical spectrum analyzer with a resolution
of 0.01 nm. An electrical spectrum analyzer (ESA, Agilent N9010A, 9 kHz∼26.5 GHz)
was employed to monitor the electrical spectrum of the generated fundamental and FD
microwave signals. The PD1 and PD2 used in the experiment had a 3 dB bandwidth of
10 GHz and 20 GHz, respectively. The length difference of the polarization-multiplexed
dual-loops was 12 m. The LCFBG used in the OEO loop had a 3 dB bandwidth of
0.9 nm and a chromatic dispersion of −1225 ps/nm. The reflection response of the LCFBG
is shown as the inset of Figure 1a.

By closing the feedback loop, the OEO begins to self-oscillate at frequencies around the
transmission peak of the MPF when the loop gain exceeds the threshold. The polarization-
multiplexed dual-loops are performed to complete the fine mode selection of the OEO.
Figure 3a shows the optical spectrum of the generated signal after PBS (position 4 in
Figure 1) in the OEO loop. The corresponding electrical spectrum and the zoomed-in view
of the fundamental oscillating signal at a frequency of 5.27 GHz are shown in Figure 3b,c.
The side mode suppression ratio of the generated signal is larger than 50 dB. Furthermore,
the free spectral range (FSR) of the OEO was measured to be about 3 MHz, as shown in
Figure 4c, which was determined by the length of the SMF in the OEO loop, i.e., about 66 m.

In order to realize the FD signal, we adjusted the PC3 to set the angle between the OC
and the principal axis to 90◦. Thus, an equivalent OCS modulation scheme was achieved.
The corresponding optical spectrum is shown in Figure 4a. The carrier-suppression ratio
of the equivalent OCS optical signal can achieve as high as 19 dB. After PD2, the FD
microwave signal at 10 GHz was generated, as shown in Figure 4b. The fundamental OEO
signal was strongly suppressed to 17 dB lower than the frequency-doubled signal. The
inset in Figure 4c shows the zoomed-in view of the generated FD signal within a frequency
span of 8 MHz. The side mode suppression ratio of the FD signal was larger than 44 dB.
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By tuning PC2 continuously, the wideband tunable fundamental and FD signal were
realized. Figure 5 shows the electrical spectra of the generated fundamental signals over a
frequency range from 3.6 to 6.85 GHz. The electrical spectra of the generated FD electrical
signals are shown in Figure 5b. It can be seen that an FD signal with a frequency tuning
range from 7.2 to 13.7 GHz was achieved. In practice, the imperfections in devices and
external environmental factors may affect the range and frequency interval of the generated
frequencies. For example, the center frequency of the dispersion-induced MPF was related
to the bias voltage of the MZM, and the bias drifts of the MZM will directly affect the
oscillation frequency of the OEO. Thus, high-stability voltage regulators can be used to
decreased the bias drifts of the MZM. From Figure 5, it can be seen that there were some
inconsistencies between the experimental results and theoretical calculations. For example,
the experimental frequency range was smaller than the theoretical calculation. Additionally,
there were some frequency gaps in the experimental results. The gaps were mainly due to
the uneven frequency response of the electrical devices (EA and PD) and the inaccurate
adjustment of PC4 in the system. In practical applications, electrical devices with a flat
frequency response and a FiberBench polarization controller can be used for more accurate
polarization manipulation and finer frequency tunability of the OEO signal. Furthermore,
the frequency range was mainly determined by the bandwidth of the electrical and electro-
optical devices. Thus, in real applications, a modulator, PD, filter and electrical amplifier
with higher bandwidths can be used in order to enlarge the frequency range. It should be
noted that the generated FD signal at higher frequency in our results had relatively low
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amplitudes due to the limitation of the PD’s bandwidth. Furthermore, higher-frequency
microwave signals can also be achieved using a CFBG with a lower dispersion coefficient.
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4. Conclusions

A tunable FD-OEO using a CFBG based on the orthogonally polarized double side-
bands modulation was proposed and experimental demonstrated. Compared with other
tunable FD-OEO methods, our proposed scheme is more flexible since the generated sig-
nal is independent of the TLS wavelength and the optical filter. Moreover, the proposed
method is more attractive and cost-effective since only one commercial MZM is used in
the OEO loop, and the specially designed modulator, such as the DPMZM or PolM, is no
longer needed. Thus, it can be predicted that the proposed high-quality FD microwave
signal generator could be widely applied in various applications, such as radio-over-fiber
systems, radars, wireless communications, and electronic systems. For example, for radar
systems, taking advantage of the benefits of generating high-quality signals, this kind of
OEO can be used to generate multi-frequency signals for multi-band radar [27], the Fourier
domain mode-locked signal for chirped radar [28], and the linearly chirped microwave
waveform generator for synthetic aperture radar [12]. For radio-over-fiber systems, the
OEO can be used to generate the vector signal [29]. For 5G wireless networks, since the
OEO has a good phase noise performance at high frequency, the FD-OEO can be applied to
generate a high-frequency local oscillator [30], which can meet the requirements of next-
generation wireless systems. In real applications, our proposed OEO has the limitations of
high power consumption, large size and costly, which need to be addressed. In order to
realize the large-scale deployment of the OEO, the photonic-integrated circuit technology
of OEOs [31,32] can be applied to make the proposed scheme more compact and cheaper.
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