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Abstract: We present a novel and simple scheme for all-optical microwave photonic
frequency converter, free of electrical components, based on stimulated Brillouin scattering
(SBS) effect. An SBS-based frequency shifter is incorporated to generate Stokes wave
whose frequency is down-shifted by vb, where vb is defined as the Brillouin frequency shift.
With a tunable optical passband filter, the up/down frequency conversion can be realized
through the same structure. In the proof-of-concept experiment, the microwave signal at
1 to 15 GHz can be up-converted while the microwave signal at 11 to 29 GHz can be
down-converted by the microwave photonic frequency converter. Moreover, the frequency
and power stability of the generated signals are also investigated in three hours. To vindicate
flexibility, low cost and easy implementation of the proposed all-optical setup, an experiment
is carried out, and it turns out that only the frequency-to-be-converted signal source is
needed while providing the ultra-wideband up/down conversion.

Index Terms: Microwave photonics, frequency converter, stimulated Brillouin scattering,
radio over fiber.

1. Introduction
Microwave photonic converter schemes are considered as promising applications in radar [1],
wireless communication systems [2], modern electronic warfare receivers [3] and defense systems,
owing to its inherent properties of ultrafast scanning, accurate beamforming and immunity to
electromagnetic interference [4]. In recent years, with the requirement of high selectivity, high
sensitivity, high frequency wide dynamic range, and wideband wireless receivers, millimeter-wave
up/down-conversion system is developing rapidly. Optical components have low transmission loss
and are lightweight, which make photonic microwave mixers more attractive for applications in
harsh environments such as avionics, radar receivers, satellite payloads. To form a microwave
converter, several methods have been put forward based on the frequency up/down conversion
technique. Usually, a conventional microwave converter is used to convert high-frequency radio
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frequency (RF) signal to intermediate frequency (IF) signal [5], [6]. The challenges of the con-
ventional microwave converter include the limited bandwidth and low channel isolation. Generally,
frequency conversion is an effect caused by the nonlinearity [7]. Photonic frequency conversion
has been studied in different literatures based on the different nonlinear media. For instance,
semiconductor lasers can be used for photonic frequency conversion. On account of the strong
nonlinear effects, such as four-wave mixing, cross-gain modulation, cross-polarization modulation
and cross-phase modulation [8]–[11], the semiconductor optical amplifier (SOA) is also a promising
device for realizing photonic frequency conversion. The main problem of SOA-based techniques is
the poor signal quality after conversion. To overcome these challenges, various methods have
been intensively investigated, which is convenient to implement, such as using two cascaded
Mach–Zehnder modulators (MZMs) [12], a pair of phase modulators (PMs) interrelate in series
[4], and a dual-polarization dual-parallel Mach-Zehnder modulator (DP-DPMZM) technology [13]
to up/down-convert the signal. However, the two modulators and DPMZM utilized in the above
techniques result in the power attenuation caused by the loss of the devices, which will degrade
the performance of the long-haul transmission. The desirable IF signal generated at photodetector
(PD) is disturbed by lots of mixing spurs because of the MZMs are cascaded [12]. In order
to suppress the mixed spurs generated between optical carriers and RF/LO sideband, many
frequency converters using carrier suppressed double sideband (CS-DSB) modulation are investi-
gated [14], [15]. Nevertheless, the beating of ±1st order sidebands will also bring about the mixing
spurs. Hence, carrier suppressed single-sideband (CS-SSB) modulation is usually employed in
frequency converters [16]. They present a reconfigurable microwave photonic converter by means
of using two modulators and optical filters. But the parallel structure is quite complicated, and
the requirement for consistency of modulators is extremely strict in the meanwhile. From then on,
Fang et al. realized ultra-broadband microwave frequency down-conversion based on the optical
frequency comb (OFC) to tackle these negative effects introduced by the two modulators [17]. Still,
the structure of this system is complex and costly due to the OFC generator used in the scheme.
Therefore, easier methods based on Brillouin frequency shifter can be applied in the microwave
photonic frequency converter [18]–[20].

In this paper, a simple and flexible all-optical microwave photonic method for frequency converter
is proposed and experimentally demonstrated to up/down-convert the signals of different frequency
range. The key technologies of this scheme are the Brillouin selective amplification property and the
Brillouin frequency shifter performance based on the stimulated Brillouin scattering (SBS) effect.
The use of SBS is to generate the Stokes light and providing a gain for the system. The narrow
gain spectrum generated by the SBS effect can generate the Stokes light whose frequency is
down-shifted by vb. The signal processed by the SBS effect is modulated by the MZM. After being
filtered through the tunable optical bandpass filter (TBPF), the microwave signals at 1 to 15 GHz
can be up-converted while the microwave signals at 11 to 29 GHz can be down-converted by
means of tuning the TBPF. The proposed structure is simple and has tolerance to the dispersion
introduced by optical fiber because the number of the laser is only one. In addition, the electronic
bottleneck effect and limited bandwidth can be solved since the all-optical microwave photonic
frequency converter is free of electrical components.

2. Operation Principle
Fig. 1 depicts the structure of the proposed all-optical microwave photonic frequency converter. A
light wave at vc emitted from a laser diode (LD) is split into two paths by a 3-dB optical coupler
(C1). The light in the upper branch is amplified by an erbium-doped optical fiber amplifier (EDFA)
and thereafter gets into port-1 of the optical circulator (OC) via an isolator (ISO), which is used
to isolate the inverse transmission. The magnified signal is employed as the pump light for the
SBS effect. The so-called Stokes wave at vc − vb generated is regarded as the processed optical
carrier in a length of 14-km single-mode fiber (SMF) which is used as Brillouin gain medium. The
processed optical carrier from port-3 of the OC is modulated by the RF signal and filtered by the
TBPF which determines to up/down-conversion. Subsequently, the treated signal is amplified by
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Fig. 1. Schematic diagram of the microwave photonic frequency converter. LD: laser diode, C: optical
coupler, EDFA: erbium-doped optical fiber amplifier, ISO: optical isolator, OC: optical circulator, SMF:
single mode fiber, PC: Polarization Controller; MZM: Mach-Zehnder modulator, TBPF: tunable optical
passband filter, PD: photodetector, ESA: electrical spectrum analyzer. Solid line: optical path. Dotted
line: electrical path.

the second EDFA and then coupled into another 3-dB optical coupler (C2) with the optical signal of
the lower branch in the scheme, as shown in Fig. 1. After coupling, the dual-wavelength output is
heterodyned at a high-speed photodetector (PD) to produce a signal after frequency converting.

The amplified continuous-wave at vc via the first EDFA is considered as the pump wave to stim-
ulate the SBS effect when the power of the pump light exceeds the threshold condition. The SBS
process arises from electrostriction, in which a time-varying electric field creates a time-varying
change in density of the material system (i.e., acoustic excitation). The acoustic wave modulates
the refractive index of the medium, which induces both amplifying and absorbing resonances in
the vicinity of the applied laser frequencies [21]. A periodic grating structure will be formed by
the acoustic wave. The SBS effect refers to two beams of optical signals which are transmitted in
opposite directions [22]. Once the power of the pump light exceeds the threshold condition of the
pump light, the SBS effect will occur when the propagating Stokes wave with frequency of vc − vb as
the optical carrier can be generated from port-3 of the OC in the opposite direction, as illustrate in
Fig. 2(a). After the SBS effect, the pump wave with the frequency of vc will generate a Stokes wave
at vc − vb, and the energy transfer will take place. The continuous wave at vc is in decay because
of transferring energy to reverse-transmitted Stokes wave at the same time.

The Brillouin gain spectrum g(f ) and loss spectrum α(f ) of the SBS effect in the fiber can be
expressed as [23]

g(f ) = g0
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Where g0 = gB IpLef f/Aef f , gB and �B are the line-center gain and Brillouin linewidth of the fiber
respectively, v is the frequency offset from the center of Brillouin gain (for g(f )) or loss (for α(f )), Ip
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Fig. 2. Principle of operation. (a) The counter-propagated Stokes light produced by the energy transfer
of the SBS process. (b) Output spectrum of the MZM. (c) Optical spectrum after the TBPF filters out
the right sideband. (d) Optical spectrum when the right sideband is reserved.

is the power of the pump light, and Lef f and Aef f devote the effective fiber length and effective mode
area of the SMF.

Afterwards, the Stokes wave is modulated by the RF signal at vRF in the MZM, as shown in
Fig. 2(b). The single drive MZM is set to operate at minimum transmission point (MITP) so that
the carrier suppressed double sideband (CS-DSB) signal can be generated after the SBS effect.
Under the small-signal modulation condition, the output optical field of the CS-DSB signal can be
written after the expansion of Bessel function as follows [24]:

EMZM (t ) ∝
√

2
2

E0J1 (β ) {exp[ j2π (vc − vb − vRF )t + exp[ j2π (vc − vb + vRF )t ]}, (3)

where β = πVm/2Vπ is the modulation index of the MZM, E0 is the amplitude of the processed
optical carrier, vRF is the RF signal to the modulator, Vm and Vπ represent the amplitude of the
modulated signal and the half-voltage of the MZM. Jn(β ) is the nth-order Bessel function of the first
kind.

Then the CS-DSB signal passes through the TBPF to filter out one sideband and the suppressed
single sideband (CS-SSB) signal is obtained. The TBPF filters out the right sideband the scheme is
the so-called down-converter, while the up-converter is done under the condition of the right side-
band is reserved, as illustrated in Fig. 2(c) and Fig. 2(d). As for up-converter and down-converter,
the formulas can be described as

ETBPF_up (t ) ∝
√

2
2

E0J1 (β ) {exp[ j2π (vc − vb − vRF )t }, (4)

ETBPF_down (t ) ∝
√

2
2

E0J1 (β ) {exp[ j2π (vc − vb + vRF )t }. (5)
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Fig. 3. Optical spectrum of counter-propagated Stokes light produced by the energy transfer in the SBS
process. An SBS-based frequency shifter is incorporated to generate Stokes wave whose frequency is
down-shifted by vb.

The signals after the TBPF and the light wave from the LD are converted to the microwave signal
by a high-speed PD after coupling. The current detected by PD of up-converter and down-converter
can be described as

Iup_converter ≈ E0
2 J1 (β ) cos [(vRF + vb) t ] , (6)

Idown_converter ≈ E0
2 J1 (β ) cos [(vRF − vb) t ] . (7)

Eventually, the frequency of the up/down-converted signal can be described as

v1 = vRF + vb, (8)

v2 = vRF − vb, (9)

where v1 and v2 are the frequencies of the output up-converted signal and the down-converted
signal, respectively.

3. Experimental Results
A proof-of-concept experiment is carried out based on the schematic and shown in Fig. 1. A light
wave with a wavelength of 1549.98 nm is launched into the SMF via the OC after enlarging by
the first EDFA. When the power of the signal exceeds the threshold, the SBS effect will occur
and Brillouin frequency shift vb is about 10.82 GHz. Fig. 3 indicates the optical spectrum of the
counter-propagated Stokes light produced by the SBS effect in the length of 14-km SMF through
an optical spectrum analyzer (OSA, Yokogawa AQ6370D).

Then the Stokes light spreads into the MZM (Oclaro AM-20). The half-wave voltage Vπ of the
MZM is 5.5 V, and the MZM is driven by the RF signal from an analog signal generator (Keysight
E8257D), which can provide the signal frequency from 1 to 15 GHz and 11 to 29 GHz with
frequency intervals of 1 GHz to be converted. To attain the optimum optical carrier-to-sideband
ratio of the modulated signal, the MZM is biased at minimum transmission point. Thus, the bias
voltage of the MZM is about 5.2 V in the experiment. A TBPF (Yenista Optics XTM-50) is used as
reserving the upper sideband or the lower sideband. The modulated signal is amplified to 11.8 dBm
using the second EDFA. After the TBPF, an EDFA operated at constant current control (ACC) mode
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Fig. 4. Electrical spectrum of the output up-converted signal after measuring at PD. The frequency from
1 to 15 GHz with frequency intervals of 1 GHz can be up-converted to 11.82 to 25.81 GHz, and the
frequency values of the abscissa are 11.82, 12.83, 13.84, 14.79, 15.80, 16.80, 17.81, 18.82, 19.82,
20.83, 21.84, 22.79, 23.80, 24.80, 25.81 GHz from left to right.

Fig. 5. Measured electrical spectrum of the output down-converted signal after the PD. The frequency-
to-be-converted signal from 11 to 29 GHz with frequency intervals of 1 GHz can be down-converted
from 0.17 to 18.18 GHz, and the frequency values of the abscissa are 0.17, 1.18, 2.18, 3.19, 4.20,
5.20, 6.16, 7.16, 8.17, 9.18, 10.18, 11.19, 12.20, 13.20, 14.16, 15.16, 16.17, 17.18, 18.18 GHz from
left to right.

is applied to compensate the insertion loss of the TBPF and the MZM. Owing to the imbalance
between the upper/lower sidebands and the light wave at 1549.98 nm, up/down-conversion is
realized by beating optical carrier and sidebands. We measured the spectrum by an electrical
spectrum analyzer (ESA, Keysight N9010A) which can observe the signal from 10 Hz to 26.5 GHz,
the spectrum of the output of the PD is shown in Figs. 4 and 5. It can be seen that the frequency
from 1 to 15 GHz with frequency intervals of 1 GHz will be up-converted to 11.82 to 25.81 GHz,
as shown in Fig. 4. By the same token, the frequency-to-be-converted signal from 11 to 29 GHz
with frequency intervals of 1 GHz can be down-converted from 0.17 to 18.18 GHz, as indicated in
Fig. 5. Since the frequency bandwidth is dependent highly on the experimental devices including
the MZM, the ESA and the PD. The frequency converter can achieve a wider bandwidth without
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Fig. 6. Frequency and power stability of the generated down-converted signal when the input signal is
17 GHz, which is measured every 20 min in 3 hours.

being limited by the bandwidth of the devices. Because he system is sensitive to the polarization
rotation, the reasons caused by polarization rotation could make the power fluctuation. However,
using better performance devices or controlling polarization well can make the system more stable.

Besides, the Brillouin frequency shift can be expressed as [25]

vb = 2nvA/λp, (10)

where n and vA denote the effective refractive index of the optical fiber and the velocity of the
acoustic, respectively, λp is the wavelength of the pump wave. The effective refractive index
and wavelength of the pump wave will develop a fluctuation with the changes of environmental
parameters such as vibration temperature. The Brillouin frequency shift will drift with temperature,
strain, etc. Measurements of the electrical spectrum are carried out every 20 min in 3 hours for
the sake of studying the frequency stability of the proposed photonic frequency down-converter
when the input signal is 17 GHz, as depicted in Fig. 6. It is found that the frequencies fluctuate in
the range of 0.0013 from 6.1804 GHz to 6.1817 GHz in 3 hours, and the maximum deviation from
the average value of 6.1811 GHz is 0.0105%. On the other hand, the RF power is also measured
in the experiment, and the recorded average peak power is −23.07 dBm. As time goes on, the
fluctuations in power are significant because the SBS effect in the fiber is sensitive to parameters,
and these fluctuations are caused by temperature changes of the environment and the devices
[26]. To solve this problem, the system can be stabilized by placing it in a temperature-controlled
room.

4. Summary and Conclusions
In summary, we have demonstrated and experimentally proposed the principle of a novel and
flexible all-optical microwave frequency photonic converter with ultra-wideband based on SBS and
TBPF. A SBS-based frequency shifter is adopted to generate the Stokes wave as the optical carrier
whose frequency is at vc − vb. Hence, the LO source is not required in the frequency converter.
After being modulated by the MZM, the modulated signal is processed by the TBPF. The TBPF
filters out the right sideband the scheme is the so-called down-converter, while the scheme is an
up-converter under the condition of the right sideband is left. Consequently, it has a wide bandwidth
operation of 1 to 15 GHz for up-conversion and 11 to 29 GHz for down-conversion. The system is
simple, in the meanwhile, the all-optical microwave photonic frequency converter is free of the
electrical components. Consequently, the proposed structure may have the potential to be utilized
in the signal processing in the radio-over-fiber systems as the scheme is simple and convenient.
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