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Abstract—Accurate, and low phase noise RF synthesis is crucial
for various applications. The phase-locked loop (PLL) is the com-
mon architecture to synthesize high spectral purity RF carriers
with desired frequencies. However, the phase noise is limited by
the electrical voltage-controlled oscillators (VCOs). Optoelectronic
oscillator (OEO) is an alternative of RF oscillator that allows
overcoming the phase noise limitation of electrical oscillator. Here,
we propose a novel photonic RF synthesizer by using a voltage-
controlled optically tunable OEO as VCO in a PLL. By phase-
locking OEO to a tunable RF reference, tunable RF carrier with
precise frequency can be synthesized. The OEO incorporates a
RF photonic filter as the mode selector harnessing the light-sound
interaction in a fiber, namely the stimulated Brillouin scattering.
Due to the low dissipation rate of the confined acoustic wave, a
narrowband anti-Stokes loss spectrum is formed, which can be
transformed into a high quality factor tunable RF bandpass filter
with the aid of a phase modulated optical probe wave. It facilitates
the removal of the supermodes and enables the frequency tuning of
OEO. Experimentally, we attain a RF synthesizer with frequency
synthesis tuning range from 6 GHz to 12 GHz. The minimum
tuning step is 8 Hz. At 8.4 GHz, the phase noise is −125 dBc/Hz at
10 kHz offset. The phase-locking dynamics, frequency tunability,
and phase noise are thoroughly investigated. Our approach offers
the prospects of low phase noise RF synthesis with wide frequency
range.

Index Terms—Photonic RF synthesizer, phase-locking,
optoelectronic oscillator, stimulated Brillouin scattering.

I. INTRODUCTION

LOW phase noise and accurate RF synthesis is of great
importance for a wide variety of demanding applications,

such as radar, communication, instrumentation, sensing and
metrology. A phase-locked loop (PLL) based RF synthesizer
is the most common architecture to synthesize a series of RF
carriers with desired frequencies owing to its high spectral
purity, high frequency accuracy and wide frequency tuning range
[1]. A generic PLL based RF synthesizer is comprised of a
frequency stable reference, a phase detector, a loop filter, a RF
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frequency divider and an electrical voltage-controlled oscillator
(VCO) [1]. Theoretically, the phase noise of the synthesized
RF signal at the carrier offset beyond the PLL loop bandwidth
is limited by the phase noise of the electrical VCO [1]. To
synthesize ultra-high spectral purity RF signals with high carrier
frequencies, a substantial challenge arises from the fact that the
phase noise performance of the electrical VCOs deteriorate with
the increase of the carrier frequency [2], which leads to the
phase noise degradation of the synthesized RF signals. Alterna-
tively, a hybrid optoelectronic oscillator (OEO) is a promising
microwave oscillator that would enable high spectral purity RF
signal generation due to the unique property of the phase noise
is independent of oscillation frequency [3]. The OEOs use low
loss optical fibers, optical waveguides or optical microcavities as
the resonators in the oscillation loop, which shows higher quality
factor than that of the electrical counterparts. To harness an OEO
as the VCO in a PLL based RF synthesizer, the OEO should be
capable of voltage-controlled frequency tuning. Essentially, the
fine frequency tuning of the OEO can be attained by changing
the loop length, while the coarse frequency tuning relies on
the center frequency tuning of the mode selector in the OEO
loop. The mode selector is intending to remove the supermodes
induced by the long cavity of the OEO. A tunable electrical
bandpass RF filter can be used as the tunable mode selector of
the OEO to achieve the wideband frequency tuning [4], but with
the issue of the broadening of the passband bandwidth of the RF
filter at high frequency.

Recently, the wide frequency tuning of the OEO can be
achieved via the incorporation of the RF photonic filters in the
OEO loop [5]–[10]. Due to the appealing features of wide fre-
quency tuning range, narrow passband and nearly no broadening
of the passband bandwidth of the RF photonic filters, it permits
us to achieve the OEOs with unprecedented fundamental oscilla-
tion frequency tuning range. In our preliminary work [9], [10],
we exploited the stimulated Brillouin scattering (SBS) effect
mediated by the nonlinear light-sound interaction in an optical
fiber to attain the frequency tunable narrow passband mode
selector in the OEO loop. Two types of wideband frequency tun-
able OEO by harnessing the narrowband Stokes gain spectrum
and the anti-Stokes loss spectrum are respectively demonstrated,
which featuring fundamental oscillation frequency tuning range
as wide as 60 GHz with the use of SBS gain spectrum [9]. In par-
ticular, due to the mitigation of the transduction of the laser phase
noise to the RF phase noise, the OEO by leveraging anti-Stokes
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Fig. 1. System architectures of the PLL based photonic RF synthesizer by using an OEO as the VCO and the working principle of the phase-locking acquisition of
the PLL. (a) With open loop frequency calibration for the phase-locking acquisition. (b) With automatic frequency calibration (AFC) system for the phase-locking
acquisition. (c) Working principle of the frequency synthesis. LNA: low noise amplifier. N is the frequency division factor of the RF frequency divider, fRef is the
frequency of the electrical reference, fOEO is the frequency of the free-running OEO, fout is the frequency of the synthesized RF signal.

loss spectrum of SBS is amenable to a higher spectral purity,
frequency tunable RF oscillator [10]. Despite the remarkable
progress of the wideband frequency tunable OEO by using RF
photonic filters, the application of these wideband frequency
tunable OEO in a RF frequency synthesizer system still remain
unexplored. From the practical point of view, due to the potential
prospects of high frequency accuracy, deterministic frequency
output, low phase noise and high long-term stability offered by
the RF synthesis technique, it is promising to unlock the potential
advantages of the OEO in the practical applications. Although,
the OEOs have been proposed to be used to develop wideband
RF frequency synthesizers [11]–[13], the mode selectors in the
OEO loop still rely on the electrical bandpass filters, which may
limit the performance of the oscillation mode selection of the
high frequency OEO [13].

In this paper, for the first time, we propose to use a voltage-
controlled optically tunable OEO to implement a PLL based
photonic RF synthesizer, which aims to attain ultra-low phase
noise RF synthesis. In our scheme, the optically tunable OEO
is used as the VCO in the PLL, which utilizes the anti-Stokes
loss spectrum of SBS in a fiber to achieve the OEO oscillation
mode selection and the voltage-controlled wideband frequency
tunability. A voltage-controlled RF phase shifter is incorporated
in the OEO loop to obtain the voltage-controlled continuous
frequency tuning, which is demanded for the phase-locking of
the OEO to a stable electrical reference via the PLL. To acquire
the phase-locking for different target synthesis frequencies, the
frequency of the OEO is coarsely calibrated by electrically con-
trolling the wavelength difference between the co-propagating
probe wave in the forward direction and pump wave in the
backward direction within a same fiber. By precisely tuning
the frequency of the electrical reference, a series of RF signals
with different carrier frequencies can be synthesized. Experi-
mentally, we attain a photonic RF synthesizer with a frequency
synthesis tuning range from 6 GHz to 12 GHz. The minimum
tuning step is 8 Hz. At 8.4 GHz, the phase noise can reach
as low as −125 dBc/Hz at 10 kHz offset. The phase-locking

dynamics, frequency tunability, and phase noise performance
of our proposed system are thoroughly investigated. Compared
with the free-running SBS based OEOs [9], [10], our proposed
scheme offers the prospects of the RF signal generation with de-
terministic frequency output, higher long-term stability, higher
frequency accuracy and higher frequency tuning resolution,
which are beneficial for the practical applications [1].

II. SYSTEM ARCHITECTURE AND WORKING PRINCIPLE

A. Architectures of RF Synthesizer by Using an OEO as VCO

Fig. 1 shows the system architectures and working principle
of our proposed PLL based photonic RF synthesizer. The PLL
is comprised of a highly stable electrical reference, a phase
detector, a low noise amplifier, a loop filter, a frequency tunable
OEO, and a RF frequency divider. Essentially, the frequency
tunable OEO is used as the VCO in the PLL. The aim of the
PLL is to lock the frequency of the OEO to the integer multiples
of the frequency of the electrical reference, which leads to a
synthesized RF signal with the frequency of N·fRef. The N
is the frequency division factor of the RF frequency divider,
fRef is the electrical reference frequency. The RF frequency
divider is intending to lower the frequency of the electrical
reference. Moreover, the frequency of the electrical reference
can be precisely changed. By tuning the electrical reference
frequency, a series of RF signals with different RF frequencies
can be synthesized. The most challenge of the system is the
phase-locking acquisition of the PLL [14], which arises from
the narrow continuous frequency tuning range of the OEO [15].
A narrow continuous frequency tuning range of the OEO leads
to a narrow pull-in range of the PLL, which is unfavorable for the
self-acquisition of the phase-locking. Hence, the frequency of
the OEO should be coarsely calibrated to assist the phase-locking
acquisition.

Here, we propose two methods to achieve phase-locking ac-
quisition, as shown in Fig. 1(a) and (b). One is the open loop OEO
frequency calibration, the other utilizes the automatic frequency
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Fig. 2. Experimental setup. PM: phase modulator. ISO: optical isolator. OC:
optical coupler. NZ-DSF: none-zero dispersion shifted fiber. SMF: single-mode
fiber. PD1, PD2: photodiodes. VCP: voltage-controlled RF phase shifter. EC1,
EC2, EC3: electrical couplers. LPA: low phase noise amplifier. LNA: low noise
amplifier. ESA: electrical spectrum analyzer.

calibration (AFC) technique. The open loop calibration system
relies on the open loop frequency tuning of the OEO, while
the AFC method can automatically calibrate the frequency of
the OEO to acquire the phase-locking. The AFC system can
detect the locking state of the PLL with an out-of-lock detection
unit, and automatically tune the frequency of OEO to make the
target synthesis frequency fall in the pull-in range of the PLL.
The AFC system has been proposed in our preliminary work to
acquire phase-locking of a phase-locked OEO system to realize
highly stable single frequency RF source, which shows robust,
high speed and fully automatic operation [15]. The principle
of the phase-locking acquisition of these two methods can be
illustrated by Fig. 1(c). If the target synthesis frequency is out of
the pull-in range of the PLL, the PLL is unable to achieve self-
acquisition of the phase-locking. In this manner, the frequency
of the OEO will be coarsely tuned to make it approach to the
target synthesis frequency by the open loop calibration system
or the AFC system, as shown by step 1. Once the target synthesis
frequency falls in the pull-in range of the PLL, the OEO can be
rapidly synchronized to the electrical reference, which leads to a
synthesized RF signal with a precise frequency of N·fRef, which
is indicated by step 2. By varying the frequency of the reference,
a series of synthesized RF carriers can be attained.

B. Implementation of RF Synthesizer Based on a
Phase-Locked Tunable OEO Harnessing Anti-Stokes Loss
Spectrum of SBS

To implement the proposed photonic RF synthesizer shown
in Fig. 1, an experiment is carried out. Here, we use the open
loop calibration method shown in Fig. 1(a) to acquire the
phase-locking of the PLL in our experiment. Fig. 2 shows the
experimental setup of our RF frequency synthesizer. The system
consists of two parts, which are the frequency tunable OEO
based on the anti-Stokes loss spectrum of SBS and the PLL.
The OEO is used as the VCO in the PLL. To stimulate the SBS
in the fiber, we use a continuous-wave (CW) laser (Teraxion
Inc., NLL) as the probe laser, and a voltage-controlled frequency
tunable continuous-wave fiber laser (NKT photonics Inc.) as the
pump laser. The frequency of the pump laser can be thermally

Fig. 3. Principle of the tunable RF photonic filter harnessing the SBS effect
in a fiber. The forward is the phase modulated probe wave. The backward is
the continuous-wave pump wave. c, fm, λc, λp, νB, ΔνB, fBPF denote the
velocity of light in vacuum, RF modulation frequency, probe carrier wavelength,
pump laser wavelength, Brillouin frequency shift, 3-dB bandwidth of the SBS
anti-Stokes loss spectrum, and the center frequency of the RF photonic filter. (a)
The photodetection of a phase modulated probe wave. (b) The +1st order phase
modulated sideband falls on the anti-Stokes loss spectrum of the SBS.

tuned within 1 nm range and finely tuned by changing the voltage
of the applied DC signal on the piezoelectric transducer (PZT).
The probe laser is phase modulated by an electro-optic (EO)
phase modulator (Eospace Inc.). The phase modulated optical
probe wave is injected to a spool of 2 km non-zero dispersion
shifted fiber (NZ-DSF) in the forward direction. Meanwhile,
the light emitted from the pump laser is sent to the same fiber
in the backward direction via an optical circulator. With an
optical coupler, the light from the output of the port-3 of the
optical circulator is split to two optical signals. The two optical
signals are sent to two single-mode fiber links with fiber length
of 10 meters and 700 meters, respectively. The output optical
signals of the two fiber links are photodetected by two high
speed photodiodes (PD1, PD2, APIC Inc.), respectively. The two
photodetected RF signals are combined by an electrical coupler
(EC1). Three low phase noise amplifiers (LPA, Analog Devices
Inc., HMC-C072) with frequency response range from 6 GHz
to 12 GHz are cascaded to amplify the combined RF signal. The
amplified RF signal is fed back to drive the phase modulator.
The use of two single-mode fiber links is intending to form a
dual-loop OEO structure to further suppress the supermodes
of the OEO. Note that a voltage-controlled RF phase shifter
(VCP) is inserted to the long fiber link to realize the continuous
frequency tuning of the OEO. The coarse frequency tuning of
the OEO relies on the center frequency tuning of the photonic
RF filter by leveraging the anti-Stokes loss spectrum of SBS.

Fig. 3 shows the working principle of the tunable RF photonic
filter used in the OEO loop. The phase modulated probe wave and
the continuous-wave pump wave are co-propagating in opposite
directions in the fiber. The two first order sidebands of the phase
modulated probe wave have anti-phases and equal amplitudes.
No RF signals can be detected via the photodetection of the phase
modulated probe wave due to the destructive interference of the
two RF beat notes mediated by the beating of the carrier and the
two phase modulated sidebands of the probe wave, as illustrated
in Fig. 3(a). However, by introducing a backward pump wave in
the fiber, as shown in Fig. 3(b), it can excite waveguide confined
acoustic waves, which leads to the SBS process. The nonlinear
SBS process strictly relies on the phase-matching condition [16].
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Provided that the frequency difference of the pump wave and the
+1st order phase modulated sideband of the probe wave satisfies:

f+1 − fp = vB (1)

where f+1, fp and νB are the frequency of the +1st order
phase modulated sideband of the probe wave, the pump wave
frequency and the Brillouin frequency shift, respectively, the
SBS process will occur. Under this case, the optical interference
between the forward propagating phase modulated +1st order
sideband of the probe wave and the backward propagating
pump wave will excite moving acoustic wave in the fiber via
the electrostriction effect, which can scatter the photons of the
forward phase modulated +1st order optical sideband to the
backward direction. The energy of the backscattered light will
be coherently transferred to the pump wave, which forms a
narrowband anti-Stokes loss spectrum. The phase modulated
+1st order sideband falls on the SBS loss spectrum, which
will significantly attenuate its optical power. Due to the low
energy dissipation rate of the confined acoustic waves, the 3-dB
bandwidth of the anti-Stokes loss spectrum can be as narrow
as tens of MHz. After transferring the optical energy of the
forward propagating phase modulated +1st order sideband to
the backward propagating pump wave, it leads to asymmetrical
optical sidebands of the forward propagating probe wave, which
breaks the condition of the destructive interference of the RF beat
notes in the former case. After the photodetection of the probe
wave with asymmetrical optical sidebands via a fast photodiode,
the optical notch filter formed by the SBS anti-Stokes loss spec-
trum can be transformed into a RF bandpass filter with passband
bandwidth as narrow as tens of MHz, which facilitates the single
oscillation mode selection of the OEO. By varying the frequency
of the pump wave, the frequency of the passband of the tunable
RF photonic filter will be changed, as shown by the formula of
the center frequency fBPF shown in Fig. 3(b), which will lead
to the oscillation frequency tuning of the OEO. Here, we adjust
the voltage of the applied DC signal on the PZT of the pump
laser to rapidly change the frequency of the OEO. It provides
the strategy for the frequency calibration of the OEO to achieve
the PLL phase-locking acquisition. To lock the phase of OEO to
the electrical reference (Keysight Inc., E8257D), a portion of the
output of the OEO is frequency divided by a RF frequency di-
vider (Analog Devices Inc., HMC862A). The frequency division
factor of the RF frequency divider is 8. A phase detector formed
by a double-balanced mixer (DBM) is utilized to convert the
phase difference between the frequency tunable reference and
the output of the RF frequency divider to an error signal. The
error signal is amplified by a home-made low noise amplifier
(LNA, Analog Devices Inc., OP27). Afterwards, the amplified
error signal is fed back to drive the voltage-controlled RF phase
shifter (VCP, CONNPHY Inc., CVPS-6G15G-360) after passing
through a home-made second order proportional-integral (PI)
loop filter.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To attain high selectivity of the oscillation mode of the OEO,
a narrow passband of the photonic RF filter is favorable. Due to

Fig. 4. Measured frequency response of the RF photonic filter based on the
SBS anti-Stokes loss spectrum. (a) Comparison of the frequency responses with
different kinds of optical fibers. The center passband frequencies are around
8 GHz. (b) The measured 3-dB bandwidth of the passband as a function of the
power of the pump wave.

Fig. 5. (a) Optical spectrum of the output signal of the port-3 of the optical
circulator. (b) The characteristics of the OEO frequency and RF power as a
function of the DC bias voltage of the VCP.

the SBS Stokes gain spectrum and anti-Stokes loss spectrum are
influenced by the material properties and waveguide geometry
of the optical fibers [17], the passband of the photonic RF
filters by using different optical fibers are tested via a vector
network analyzer (VNA, Keysight N5247A). Fig. 4(a) shows
the passband responses at the center frequency of 8 GHz by
using different kinds of fibers as the medium for SBS. A highly-
nonlinear fiber (HNLF), a standard single-mode fiber (SMF),
a dispersion shifted fiber (DSF), and a NZ-DSF are tested.
Among them, by using NZ-DSF, it can achieve the smallest
3-dB bandwidth as narrow as 40 MHz. Note that the passband
response presents multiple peaks, which originate from the
interactions of the optical fundamental mode and multi-mode
acoustic modes supported by the fiber [17]. With the use of
SMF, it shows higher side peaks around the dominant passband
peak, which is unfavorable for the oscillation mode selection in
the OEO loop. Besides, Fig. 4(b) shows the 3-dB bandwidth of
the passband as a function of the pump laser power for different
fibers. The pump power is varied from 3 dBm to 15 dBm. With
the increasing of the pump power, the 3-dB bandwidth of the
passband by using NZ-DSF nearly keeps below those of the
other fibers. Hence, we use the NZ-DSF as the medium for SBS
in our OEO loop to attain higher OEO supermodes suppression.

Fig. 5(a) shows the optical spectrum of the optical signal
at the output of the port-3 of the optical circulator when the
oscillation frequency of the OEO is around 8.4 GHz. The
wavelength of the pump laser is located in the right side of
the +1st order phase modulated sideband of the probe wave.
The Brillouin frequency shift is estimated to be 10.7 GHz.
Besides, the power of the +1st order phase modulated sideband
is suppressed by more than 10 dB due to the transfer of its
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Fig. 6. (a) The measured electrical spectra of the free-running and the phase-
locked OEOs. (b) Transient response of the feedback error signal during the
process of phase-locking. (c) Transient response of the RF frequency change.
(d) Transient response of the RF phase change.

energy to the backward propagating pump wave, which results
in asymmetrical modulation sidebands. It should be worth noted
that the phase modulation sidebands up to the ±3rd orders exist
due to the large modulation depth of the phase modulation.
Through the power ratio of the −1st order sideband and the
carrier in Fig. 5(a), the phase modulation depth can be extracted
to be around 1.4. The large phase modulation depth is attained
due to the high saturation power of the low phase noise amplifier
and the ultra-low half-wave voltage of the phase modulator. A
large phase modulation depth is intended to improve the power of
the+1st order sideband, which enhances the optical interference
of the forward+1st phase modulated sideband and the backward
pump wave. A stronger optical interference is beneficial for the
initiation of SBS effect through the electrostriction [18], which
facilitates the oscillation mode selection of the OEO. Besides,
the voltage-controlled continuous frequency tuning of the OEO
is also characterized, as presented in Fig. 5(b). The blue curve
shows the characteristics of the OEO frequency by varying the
DC bias voltage of the VCP in the OEO loop. The bias voltage of
the VCP varies from 0 V to 2 V. Besides, the red curve indicates
the RF power of the OEO as a function of the DC bias voltage
of the VCP. It should be noted that the oscillation frequency of
the OEO is quasi-linearly increased. The frequency increment
is around 100 kHz. Correspondingly, the voltage-controlled
frequency sensitivity of the OEO is estimated to be 50 kHz/V.
Besides, the variation of the RF power is below 2 dB. A small
RF power variation is favorable for the phase-locking.

To make a comparison of the RF spectrum purity of the
free-running OEO and the phase-locked OEO, the RF spectra of
these two states are measured by an electrical spectrum analyzer
(ESA, Keysight N9030A) with the same span and resolution
bandwidth (RBW), as shown in Fig. 6(a). In the free-running
state, the oscillation RF signal features higher close-in car-
rier noise due to the influences of the thermal fluctuation and
environmental vibration on the OEO, as indicated by the red
curve. In contrast, by phase-locking the OEO to the electrical
reference, the close-in carrier noise of the synthesized RF tone is

significantly suppressed, as shown by the blue curve. It indicates
the PLL can assist the OEO to against the effects of the thermal
noise and environmental vibration. Furthermore, to investigate
the dynamics of the phase-locking acquisition of the PLL, the
transient responses of the feedback error signal of the PLL, RF
frequency and RF phase of the OEO are measured by a signal
source analyzer (SSA, Keysight E5052B+E5053A), as shown
in Fig. 6(b)–(d), respectively. To acquire the phase-locking, we
coarsely calibrate the frequency of the OEO by changing the
voltage of the applied DC signal on the PZT of the pump laser.
Once the frequency difference of the free-running OEO and the
target synthesis frequency is smaller than the pull-in range of
the PLL, it will lead to the phase-locking acquisition of the PLL.
During the phase-locking process, the voltage of the feedback
error signal, and the OEO frequency experience damped oscil-
lations and finally converge to the steady states, which indicates
the frequency of the OEO is locked to the integer multiples of
the frequency of the electrical reference. Moreover, the abrupt
phase change occurs during the phase-locking process, as shown
in Fig. 6(d). The phase-locking time is estimated to be 3.6 ms,
which can be further reduced by increasing the loop gain of the
PLL. For instance, by increasing the voltage gain of the LNA
in the PLL loop, the phase-locking speed can be faster. Note
that the temperature variations on the system will lead to the
frequency drift of the free-running OEO. If the frequency drift
of the OEO exceeds the pull-in range of the PLL, it will result
in the out of lock of the PLL [15]. As analyzed in our previous
work [10], under the influence of the temperature variations,
the frequency drift of the SBS based OEO is mainly induced
by two mechanisms. The first one is that the thermal expansion
and thermal refractive index change of the fiber will degrade the
frequency stability of the OEO. Typically, the thermal frequency
stability of the free-running fiber based OEO is expected to be
8 ppm/K [19], [20]. To prevent the out of lock of the PLL, the
fiber spools should be thermally stabilized [19]. The second
mechanism is that the thermal laser frequency drifts of the probe
laser and pump laser will induce the RF phase delay fluctuations
of the SBS based RF photonic filter in the OEO loop, which
results in the frequency drift of the OEO [10]. To guarantee
small frequency fluctuations of the lasers, the temperature of
the probe laser and pump laser modules are stabilized by the
built-in temperature control systems.

To investigate the wide frequency tunability of the proposed
RF frequency synthesizer, the electrical reference frequency is
changed, which leads to different target locking frequencies.
Correspondingly, by changing the voltage of the applied DC
signal on the PZT of the tunable pump laser, it can lead to
the acquisition of the phase-locking at different target locking
frequencies. The maximum voltage-controlled frequency tun-
ing range of the pump laser is tested to be around 8 GHz.
Fig. 7(a) shows the superposition of the electrical spectra of
the synthesized RF carriers with different RF frequencies. The
frequency synthesis tuning range is from 6 GHz to 12 GHz
with a coarse frequency tuning step around 250 MHz. The
frequency tuning range is limited by the frequency response
range of the low phase noise amplifiers, which can be further
improved by using a pump laser with wider voltage-controlled
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Fig. 7. Tunable electrical spectra and frequency stability. (a) Tunable electrical
spectra from 6 GHz to 12 GHz. (b) Tunable electrical spectra from 8.4 GHz to
8.6 GHz. (c) Fine frequency synthesis with 8 Hz tuning step. The carrier fre-
quency is around 8.4 GHz. (d) The measured Allan deviation of the synthesized
RF signal with frequency of 8.4 GHz.

frequency tuning range and broadband RF amplifiers. Fig. 7(b)
exhibits the frequency synthesis tuning spectra from 8.4 GHz to
8.6 GHz with a medium frequency tuning step around 10 MHz.
Note that the medium frequency tuning step is not uniform,
which attributes to the Vernier effect of the dual fiber loop of the
OEO [21]. Moreover, by tuning the frequency of the reference
with a step of 1 Hz, the frequency of the synthesizer can be
precisely varied with a step of 8 Hz, as shown in Fig. 7(c),
which indicates the frequency of our proposed RF synthesizer
can be precisely tuned. Moreover, to investigate the long-term
frequency stability of the proposed RF synthesizer, the Allan
deviation of the synthesized 8.4 GHz signal is shown in Fig. 7(d).
The averaging time is from 0.1 s to 100 s. At the averaging time
of 100 s, the Allan deviation is measured to be 1.5 × 10−11.
Theoretically, the long-term frequency stability of our proposed
RF synthesizer is determined by the frequency stability of the
electrical reference. By using a reference with higher long-term
stability, the frequency stability of the proposed RF synthesizer
can be further increased.

The phase noise of the OEO is of crucial for the performance
of the PLL based RF synthesizer. As demonstrated in our pre-
liminary work [10], the origin of the phase noise limitation of
the SBS based OEOs are dominated by the frequency noise of
the probe and pump lasers. According to the Kramers-Kronig
relation, the introduce of the anti-Stokes loss spectrum in the
fiber will lead to the small change of the refractive index within
the SBS loss spectrum [17]. In this manner, the phase modulated
+1st order sideband falls on the loss spectrum will experience
a SBS induced optical phase shift. In the presence of the laser
frequency fluctuations of the probe and pump lasers, it results
in the SBS induced optical phase fluctuations imposed to the
phase modulated +1st order sideband, which decorrelates the
optical phase between the probe carrier and the phase modulated
+1st order sideband. After the photodetection of the probe wave
with asymmetrical sidebands, the laser frequency noise of the
pump laser and probe laser will be transduced to the phase noise

Fig. 8. (a) The measured laser frequency noise spectra of the probe laser and
the pump laser used in our experiments. (b) SSB phase noise of the 8.4 GHz
free-running OEO (blue), the experimentally predicted OEO phase noise (red)
and the phase noise induced by the low phase noise amplifiers (olive). The
predicted phase noise curve takes into account the transduction of the laser
frequency noise to the OEO phase noise.

of the OEO. To experimentally investigate the conversion of
the laser frequency noise to the RF phase noise of the OEO,
the frequency noise spectra of the probe laser and pump laser
are measured by an optical noise analyzer (SYCATUS Inc.,
A0040A), as shown in Fig. 8(a). The Fourier offset frequency
range is from 1 kHz to 20 MHz. The frequency noise of the
pump laser is much lower than that of the probe laser. It should
be noted that the frequency noise spectrum of the NKT fiber
laser in the offset frequency range from 20 kHz to 20 MHz
is measured by the high sensitivity mode of the optical noise
analyzer due to the ultra-narrow linewidth of the NKT fiber laser.
Moreover, the phase noise of the 8.4 GHz free-running OEO is
measured, as shown by the blue curve in Fig. 8(b). Theoretically,
the contribution of the SBS induced laser frequency noise to the
OEO phase noise can be predicted by multiplying the sum of
the laser frequency noise of the two lasers with the dual-loop
transfer function of the OEO and a conversion factor [10]. Given
a conversion factor of −158.8 dB, it shows high correlation
between the predicted phase noise curve and the measured phase
noise curve, as the comparison of the red and blue curves in
Fig. 8(a). To quantitatively determine the conversion factor in
theory, as derived by our preliminary work [10], the conversion
factor of the SBS induced laser frequency noise to the OEO
phase noise is:

FC =

(
1

L− 1

lnL

ΔvB

)2

(2)

where L is the amplitude loss of the+1st order sideband. Accord-
ing to the measured optical spectrum shown in Fig. 5(a) and the
passband bandwidth of the SBS based RF photonic filter shown
in Fig. 4(b), the amplitude loss of the+1st order sideband and the
3-dB bandwidth of the SBS anti-Stokes loss spectrum are around
3.2 and 40 MHz, respectively. By substituting these parameters
into (2), the conversion factor of the laser frequency noise to
OEO phase noise is calculated to be−157.6 dB, which indicates
an excellent agreement between the theoretically calculated
conversion factor and the experimentally predicted conversion
factor. Note that the raise of the phase noise floor of the OEO
within the offset frequency range from 100 kHz to 10 MHz
attributes to the high frequency noise floor of the probe laser (Ter-
axion Inc., NLL). By using a probe laser with lower frequency
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Fig. 9. (a) SSB phase noise of the 1.05 GHz electrical reference, the 8.4 GHz
free-running OEO, the 8.4 GHz phase-locked OEO, and a commercial benchtop
RF synthesizer. The magenta dashed line is the predicted phase noise of the
frequency multiplication of the 1.05 GHz reference. (b) SSB phase noise of the
synthesized RF signals with different RF frequencies.

noise floor, the phase noise floor of the OEO is predicted to be
optimized. Moreover, the phase noise contribution of the low
phase noise amplifiers to the OEO is estimated by multiplying
the additive phase noise of the low phase noise amplifiers with
the transfer function of the dual-loop OEO [10], as illustrated
by the olive curve in Fig. 8(b). It indicates that the phase noise
contribution of the low phase noise amplifiers is predicted to be
lower than the phase noise transduction of the laser frequency
noise.

To make a comparison of the phase noise of the electrical
reference, the free-running OEO and the phase-locked OEO,
we measured the SSB phase noise of the 1.05 GHz reference,
8.4 GHz free-running OEO, 8.4 GHz phase-locked OEO, as
shown in Fig. 9(a). The loop bandwidth of the PLL is around
2 kHz. Within the loop bandwidth, the phase noise of the
phase-locked OEO is strongly suppressed when compared with
the free-running OEO. Theoretically, the phase noise of the
phase-locked OEO within the PLL loop bandwidth is determined
by the phase noise of the electrical reference. As the frequency
of the OEO is locked to the 8 times of the electrical reference
frequency, it raises the phase noise of the electrical reference
by 20×log10(8) ≈ 18 dB to the phase noise of the 8.4 GHz
phase-locked OEO. It should be worth noted that the noise of
the PLL circuits can also contribute to the synthesized RF signal
via the feedback control loop [22]. For instance, the flicker
noise of the LNA in the PLL can be transferred to the phase
noise of the synthesized RF signal. Theoretically, based on the
phase noise transfer function of the PLL phase noise model, the
phase noise contribution of the LNA can be derived as Sϕ(f) ≈
(N/Kpd)2Sn(f) at low offset frequency range [13]. f is the Fourier
offset frequency, N is the frequency division factor of the RF
frequency divider, Kpd is the phase detector gain, and Sn(f) is
the power spectral density of the LNA voltage noise. In our case,
N is 8 and Kpd is measured to be around 0.5 rad/V. According to
the specifications of the LNA with the model of OP27 (Analog
Devices Inc.), the power spectral density of the flicker noise
is −166 dBV2/Hz. To the end, the phase noise contribution
of the LNA flicker noise is estimated to be −142 dBc/Hz at
1 Hz offset, which is below the phase noise contribution of the
reference oscillator. Beyond the loop bandwidth, the PLL has no
phase correction to the OEO, which results in the phase noise
of the phase-locked OEO inherits that of the free-running OEO.
The phase noise of the synthesized RF signal can be as low

as −125 dBc/Hz at 10 kHz offset. Note that there are some
spurs at integer multiples of 50 Hz, which are induced by the
interference of the laser power supply. It should be worth noted
that the PLL features a relative small loop bandwidth, which is
intending to optimize the overall phase noise performance of the
synthesized RF signal. Since the phase noise of the reference
oscillator will contribute to the synthesized RF signal within
the PLL loop bandwidth, we predicted the phase noise curve
of the frequency multiplication of the reference, as illustrated
by the magenta dashed line in Fig. 9(a). It indicates that the
free-running OEO features lower phase noise than that of the
frequency multiplication of the reference at offset frequency
above 5 kHz. To avoid high phase noise contribution of the
reference oscillator to the synthesized RF signal at offset above
5 kHz, we choose the intersection point of the phase noise curve
of the free-running OEO (red) and the predicted phase noise
contribution curve of the reference oscillator (magenta) as the
PLL loop bandwidth. The offset frequency of the intersection
point is around 2 kHz. However, a relative small loop band-
width will lead to a slow phase-locking process, as indicated
by the milliseconds lock-in time shown in Fig. 6(c). Moreover,
a phase noise comparison between a commercial benchtop RF
synthesizer (Keysight Inc., E8257D) and our proposed system
is carried out, as shown by the blue curve and the green curve.
Within the offset frequency range from 7 kHz to 90 kHz, the
phase noise performance of our proposed synthesizer is better
than that of the benchtop RF synthesizer. Besides, to make a
comparison of the phase noise performance of the synthesized
RF signals with different RF frequencies, the phase noise of
three synthesized RF signals with frequencies around 8 GHz,
10 GHz and 12 GHz are measured, as shown in Fig. 9(b).
Phase noise variations exist among different RF frequencies.
At 10 kHz offset, the maximum phase noise variation is around
3 dB. Within the PLL loop bandwidth, the experimental phase
noise for different synthesized RF signals show tiny difference.
Theoretically, if the phase noise contribution of the reference
oscillator dominates, the phase noise of the RF synthesizer will
increase at higher frequency due to the phase noise degradation
of the electrical reference oscillator. Beyond the loop bandwidth,
in principle, the phase noise of the OEO is nearly independent
of the oscillation frequency provided that the additive phase
noise of the OEO loop is invariant within a wide oscillation
frequency range [3]. However, for a practical implementation of
the OEO, at higher oscillation frequency range, the phase noise
performance of the OEO may slightly degrade due to the higher
additive phase noise of the OEO loop [10].

IV. CONCLUSION

In summary, a PLL based photonic RF synthesizer based on
a phase-locked optically tunable OEO is proposed and exper-
imentally demonstrated. The incorporation of the tunable RF
photonic filter utilizing the anti-Stokes loss spectrum of SBS in
the OEO loop enables the voltage-controlled wide frequency
tuning of the OEO, which provides the strategy of the PLL
phase-locking acquisition at different synthesis frequencies via
the wideband frequency calibration of the OEO. Due to the
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mitigation of the transduction of laser phase noise to the RF
phase noise of the SBS anti-Stokes loss spectrum based RF
photonic filter, the voltage-controlled frequency tunable OEO
features phase noise as low as −125 dBc/Hz at 10 kHz offset,
which facilitates low phase noise of the RF synthesizer. Our
approach can benefit from the OEO’s characteristics of the
low phase noise and the phase noise is nearly independent of
oscillation frequency, which permits us to attain a high frequency
RF synthesizer with ultra-low phase noise and without phase
noise degradation in a wide synthetic frequency range. Besides,
with the potential of the fully integrated SBS based OEO in a
nanophotonic platform [23], our proposed system is amenable
to a chip-scale photonic RF synthesizer through the integration
of the PLL circuits and the photonic integrated SBS based OEO.
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