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Abstract: Aimed at the problem of narrow tunability and low
frequency microwave signal generated by the optical method,
a novel approach to stabilizing the tunable photonic microwave
generated by the multi-wavelength Brillouin fiber laser is
proposed and is experimentally demonstrated. A single-
longitudinal-mode Brillouin fiber laser is designed, and by
using the laser, a multi-wavelength Brillouin fiber laser with
more than eleven orders of Stokes wave is observed. The
wavelength spacing of the adjacent Stokes wave is 0. 085 nm.
If the Brillouin pump power is increased, the number of
Stokes wave output can be further increased. The tunable
microwave signals of 10.8 and 21.6 GHz are obtained by
heterodyning the Rayleigh wave and Stokes wave of the multi-
wavelength Brillouin fiber laser. In the experiment, by tuning
the pump wavelength and temperature of the gain fiber,
microwave signals at different frequencies are generated. The
tunable frequency range can be further expanded by using a
temperature controller with a wider adjustment range, and the
generated microwave signal exhibits high stability on frequency.
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he tunable microwave signal generated by the pho-
T tonic approach has attracted much attention due to
its important applications in communication systems,
wireless access networks, radar and modern instrumenta-
tion'" .
to obtain a tunable microwave signal in the past few dec-
2-14]

Several effective approaches have been proposed

, most of which focused on the external modula-
>, optoelectronic oscilla-

ades!
tion solution with a modulator'™”
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tor ", optical beating metho
ser'”™ . In the external modulation solution, a continu-

or dual-wavelength la-

ous optical wave is directly modulated by the electro-opti-
cal modulator (EOM) or the phase modulator (PM), and
then the high frequency microwave signal can be obtained
via the up-conversion of a low frequency signal. Howev-
er, a high-quality microwave signal source and a high-
speed modulator is required. When the optical beating
method is used, two optical wave signals are heterodyned
on a photo-detector, and the frequency difference of the
optical wave signals is the intended microwave signal. If
independent lasers are used to generate the microwave sig-
nal by this method, the random phase difference between
the lasers will produce high phase noise. Therefore, sev-
eral effective approaches have been proposed to reduce
phase noise, such as using a phase-locked loop'*” or
multi-wavelength laser'™ . A high-speed modulator is also
needed in the optoelectronic oscillator, but the tunablity
of the optoelectronic oscillator is limited due to the modu-
lation bandwidth. Stimulated Brillouin scattering ( SBS)
is the interaction between incident light and phonons with-
in a fiber, and it has been widely used in microwave sig-
nal generation. The optical beating method used to obtain
the microwave signal based on SBS is considered to be an
effective and mainstream scheme due to its low phase
noise!"* ™,

In order to obtain the microwave signal with wide fre-
quency tunable ranges, a novel approach to stabilizing the
tunable photonic microwave generated by the multi-wave-
length Brillouin fiber laser (MW BFL) based on the Bril-
louin amplification technology is proposed and demonstra-
ted in this paper. First, a single-longitudinal-mode Bril-
louin ring cavity laser is obtained, and then a multi-wave-
length Brillouin laser with eleven orders of Stokes wave is
observed by using the Brillouin ring cavity laser. The
high quality microwave signal can be obtained by hetero-
dyning Rayleigh wave and Stokes wave from the multi-
wavelength Brillouin fiber laser.

1 Experimental Setup

The experimental setup using the multi-wavelength
Brillouin fiber laser to obtain the tunable microwave sig-
nal is schematically shown in Fig. 1. The schematic dia-
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gram of the multi-wavelength Brillouin fiber laser is
shown in the dashed box, which contains a tunable laser
source (TLS), fiber polarization controllers (PCI1, PC2),
an erbium-doped fiber amplifier ( EDFA), Coupler 1
(50:50), Coupler 2 (70:30), Coupler 3 (80:20),
solator (ISO), optical circulators (OC1, OC2), and sin-
gle mode fibers ( SMF1, SMF2). The linewidth of the
TLS is approximately 200 kHz, and the beam from the
port of Coupler 1 is amplified by the EDFA after passing
through the 30% port of Coupler 2, and it is used as the
Brillouin pump signal in SMF1. The Brillouin ring cavity
laser can be obtained in the second ring cavity as shown
in Fig. 1, which consists of OC1, Coupler 3, SMFI and
PC1. The Brillouin laser is exported from the 20% port
of Coupler 3, which is used as the signal light. The
length of the SMFI is about 4 m, and the total length of
the ring cavity is 5.3 m. The beam from another port of
Coupler 1 is injected into SMF2 of 20 km in length via
OC2, which is used as the Brillouin pump for SMF2. In
SMF2, when the Stokes wavelength excited by this Bril-
louin pump is aligned with the signal wavelength from the
20% port of Coupler 3,
amplified optical signal is injected into Coupler 1 through
OC2. The type of SMF2 is the same as that of SMFI,
that is, the Stokes wavelength is equal to the signal light
wavelength from the 20% port of Coupler 3. Moreover,
the temperature controller ( TC) is used to control the
temperatures of SMF1 and SMF2. An ISO is used to pre-
vent signal light from traveling into the TLS. Then, the
Stokes signal is re-amplified as the pump signal of the next
order of Stokes wave, which can be amplified in SMF2.
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TLS—tunable laser source; PC—polarization controller

EDFA—erbium-doped fiber amplifier; ISO—isolator

SMF—single mode fiber; FBG— fiber Bragg grating

OCTF—optical channel tunable filter; PD—photo-detector

OC—optical circulator; ESA—electrical spectrum analyzer
Fig.1 Experimental setup

Two of these signals must be selected to generate the mi-
crowave signal. When the narrow bandwidth filters are
used, the output signal from the 30% port of Coupler 2 is
separated by Coupler 4 (50: 50). One signal passes
through the FBG filter, and the other one passes through
an optical channel tunable filter ( OCTF). The 3 dB
bandwidth of the FBG and OCTF is approximately 0. 1
and 0. 01 nm, respectively. The beating signal is detected
by a photo-detector (PD) after passing through Coupler 5
(50:50). The microwave signal is measured by an elec-
trical spectrum analyzer (ESA).

2 Results and Discussion

The transmission direction of the Brillouin pump and
Stokes wave is clockwise and counterclockwise as shown
in Fig. 1. The mode spacing of the Brillouin laser is con-
trolled by the length of the ring cavity. As shown in Fig.
2, the mode spacing of the Brillouin ring cavity laser can
be detected by direct measuring the signal of the Brillouin
ring cavity laser, which is approximately 19 MHz. Mean-
the extinction ratio is approximately 18 dB be-
which can force the laser to operate in

the single longitudinal mode due to the mode competition
(o

while,
tween the modes,

between modes
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Fig.2 Mode spacing of the Brillouin ring cavity laser

In the experiment, the type of SMF2 is the same as
that of SMF1, and the wavelength of the Brillouin ring
cavity laser from the 20% port of Coupler 3 is equal to
the Stokes wavelength of SMF2. As a result, the signal
from the Brillouin ring cavity laser shown in the small
dashed box in Fig. 1 can be amplified. This Brillouin fi-
ber amplifier can be used to amplify any signal. There-
fore, the multi-order Stokes signal can be obtained by
using the Brillouin fiber amplifier. The effective length of

the SMFs is expressed as L = L[1 -exp( -al)].
a

Here, « is the total fiber loss while L is the length of the
fiber. From the equation of the effective length, the max-
imum effective length of the SMFs is about 21 km, so an
SMF2 of 20 km in length is used in the experiment.
When the power of TLS is 1 dBm, the output power of
the EDFA is 30 dBm, and the spectrum of the MW BFL
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is obtained, as shown in Fig.3. From Fig. 3, the pump
wavelength is approximately 1 549.96 nm, while more
than eleven orders of the Stokes wave can be observed,
and the wavelength spacing is approximately 0. 085 nm.
A great number of output Stokes lines will be obtained if
the Brillouin pump power is increased in SMF2. In the
experiment, the FBG and OCTF are used to generate the
desired signal as shown in Fig. 1. The output spectrum of
the OCTF is shown in Fig. 4, it can be seen that the range
of tunable wavelength is from 1 549. 66 to 1 550. 08 nm,
and the OCTF can be used to select the desired Stokes
wave.
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Fig.3 Spectrum of the multi-wavelength Brillouin fiber laser
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Fig.4 Output spectrum of the OCTF

The center wavelength of FBG is set to be 1 549. 96
nm, which is the Brillouin pump wavelength. When we
tune the OCTF to make the center wavelength, a micro-
wave frequency of 10. 8 and 21. 6 GHz will be generated.
Fig. 5 shows that the experimental electrical output signal
can be measured by the ESA. Due to the lack of high
bandwidth ESA and PD, only a 21.6 GHz microwave
signal is observed. In the Brillouin ring cavity laser, the
combined influence of the cavity feedback and the acous-
tic damping can lead to the narrowing linewidth effect,
and the linewidth of the Brillouin ring cavity laser is giv-

en by'"”
Af,,..(cInR)?
A siokes = - 2 (D
(cInR - nLwAv,)
where Af,is the linewidth of the Brillouin pump; ¢, R

and n are the light velocity in vacuum, the coupling ra-

tion of the cavity and the fiber effective index, respec-
tively; L is the length of the cavity. In this experiment,
the length of the cavity is approximately 5. 3 m. It can be
seen from Eq. (1) that the linewidth of the Brillouin ring
laser will decrease when the coupling ration of the cavity
is increased. Moreover, the noise of the amplified spon-
taneous emission ( ASE) is very low when the feedback
magnifying mechanism is outside the ring cavity!"'.
Therefore, a Brillouin ring cavity laser with narrow line-
width can be obtained.
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Spectrum of the microwave signal. (a) Low frequency

The Brillouin frequency shift v, is expressed as'"”’
2nV,

vy =
A
B

(2)

It can be seen from Eq. (2) that the Brillouin frequency
shift is inversely proportional to the pump wavelength.
The microwave frequency based on the first-order Stokes
wave is measured under different pump wavelengths as
shown in Fig. 6. The microwave frequency decreases with
the increase in the pump wavelength, and therefore, the
microwave frequency can be changed by tuning the pump
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Fig.6 Microwave frequency under different pump wavelengths
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wavelength. The frequency can be tuned from 10. 76 to
11. 043 GHz when the pump wavelength tunes are from
1 565 to 1 528 nm.

When the temperature changes, the refractive index and
the speed of light in the optical fiber will be changed, and
the Brillouin frequency shift can be expressed as'"!

v(T) =vu(T,) +C(T-T,) (3)

where T, and C, are the reference temperatures and Bril-
louin frequency shift coefficients, respectively. It can be
seen from Eq. (3) that the Brillouin frequency shift can
be tuned by changing the temperature. The frequency of
the generated microwave signal at different temperatures
with a pump wavelength of 1 528 nm is shown in Fig. 7.
It can be seen that the high frequency signal can be ob-
tained if high temperatures are used. The slop of the line
is approximately 0. 93 MHz/C. The tunable range of the
frequency can be further increased by using a temperature
controller with a wide adjustment range.
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Fig.7 Measured microwave frequency at different temperatures

In the experiment, only the tunable microwave fre-
quency using the first-order Stokes wave is demonstrated
by changing the pump wavelength and temperature. How-
ever, the tunable microwave signal can also be obtained
by using other order Stokes waves. The frequency of gen-
erated microwave signal is equivalent to multiples of Bril-
louin frequency shift from the MW BFL, which can be

12
expressed as''”!

2nV,
A

Jre =Nvg =N (4)

P

It can be seen from Eq. (4) that the pump wavelength
fluctuation is the main factor causing frequency stability.
In the experiment, the TLS ( Agilent lightwave measure-
ment system 8164B) is used as the Brillouin pump and its
wavelength fluctuation is very small. Therefore, the fre-
quency stability of the generated microwave signal can be
greatly ensured. The frequency stability of the third-order
Stokes wave is measured at time intervals of 20 min, as
plotted in Fig. 8. It can be seen from Fig. 8 that the fre-
quency fluctuation is approximately 0. 3 MHz in 2 h, so
the microwave signal has good frequency stability. Limit-
ed by the measuring equipment of the signal source analy-

zer, the phase noise of the microwave signal is not meas-
ured. The phase noise of the Brillouin pump is transferred
to the Brillouin lasing light after being significantly re-
duced due to the influence of the acoustic damping and
the cavity feedback!""!. So, the generated microwave sig-
nal may suffer from low phase noise.
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Fig.8 Frequency stability of microwave signal with 21. 6 GHz
within 120 min

3 Conclusion

In this paper, a novel solution to obtain a tunable mi-
crowave signal is proposed and it is experimentally dem-
onstrated by using MW BFL. More than eleven orders of
Stokes wave are obtained. More and more output Stokes
lines can be observed, if the EDFA is used to enhance the
pump power. The microwave signal is obtained by a het-
erodyning multi-order Stokes wave. The microwave fre-
quency can be adjusted by tuning the pump wavelength
and temperature of the fiber. The microwave signal with
the range of 11 to 21. 6 GHz is obtained, and the genera-
ted microwave signal exhibits high frequency stability.
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