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Abstract: A new optical frequency shifter is presented. It is based on a double sideband
suppressed carrier radio-frequency (RF) modulated optical signal into a Brillouin-assisted
filter, which is formed by a Brillouin medium between a pair of optical circulators. The
frequency shifting operation is realized by utilizing multiple stimulated Brillouin scattering
gain and loss spectra to amplify one of the third-order sidebands but attenuate the other
sidebands. The frequency shifter has a simple structure and a high frequency shifted to
unwanted frequency component ratio. It also has the ability to realize a very large frequency
shift, which is three times the input electrical driving signal frequency. The frequency shifter
is experimentally demonstrated with the results showing a 32.53 GHz optical frequency shift
of a continuous wave light at 1551.016 nm with over 34 dB difference between the wanted
frequency shifted and unwanted frequency components.

Index Terms: Fiber optics systems, microwave photonics signal processing, electro-optical
systems.

1. Introduction
Translating a continuous wave light from one frequency into another has been a subject of interest for
more than 30 years. It has applications including gyroscopes, heterodyned sensors, spectroscopy,
signal processing, and coherent communication [1], [2]. Various techniques have been reported to
shift the light frequency. An acousto-optic frequency shifter can be implemented by using fiber mode
coupling inside a fiber or acousto-optic effect in a Bragg cell [3]. Serrodyne frequency translation is
another technique for shifting the light frequency. In this case, optical frequency shifting is realized
by phase modulating a continuous wave light with an electrical sawtooth [2]. However, only a small
frequency shift of few GHz can be obtained using the above techniques. Techniques including using
coupled inverted slot lines integrated on an X-cut LiNbO3 substrate [4], using a dual-electrode
traveling wave modulator inside a Sagnac fiber loop interferometer [5], using a dual-parallel Mach
Zehnder modulator (MZM) [6] and using stimulated Brillouin scattering (SBS) in an optical fiber [7]
have been reported to obtain a large frequency shift of more than 10 GHz. However, they either
rely on electrical components, have a complex structure that involves two modulators and/or two
microwave signal generators, or generate high unwanted frequency components. Furthermore, all
the above frequency shifting techniques require an input electrical driving signal with the frequency
equal to the frequency shift. Hence a large frequency shift requires a high frequency microwave
signal generator.
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Fig. 1. Optical frequency shifter structure.

This paper presents a new optical frequency shifter based on a Brillouin assisted filtering tech-
nique. The frequency of the input electrical driving signal only needs to be one third of the frequency
shift. The new optical frequency shifter has a simple structure that involves a single MZM and
off-the-shelf optical components. Different frequency shift can be obtained by tuning the laser
source wavelength or using different Brillouin medium. Experimental results are presented that
demonstrate a large frequency shift of 32.53 GHz using an electrical driving signal having
10.842 GHz frequency into an MZM and a high frequency shifted to unwanted frequency com-
ponent ratio of over 34 dB.

2. Frequency Shifter Operation Principle and Analysis
The structure of the optical frequency shifter is shown in Fig. 1. The optical carrier from the laser
source is modulated by a MZM driven by a single frequency tone with the frequency fs. The MZM is
biased at the minimum transmission point, which suppresses the optical carrier and the even order
sidebands at the MZM output leaving the odd order sidebands [8]. Hence the output of the MZM is
a double sideband suppressed carrier (DSB-SC) RF modulated optical signal and its electric field
can be written as

E M Z M (t) = E in
√

tff [J1 (βs) cos ((ωc ± ωs) t) − J3 (βs) cos ((ωc ± 3ωs) t)] (1)

where E in is the laser electric field amplitude, tff is the MZM insertion loss, Jn (x) is the Bessel
function of nth order of first kind, ωc = 2πfc is the carrier angular frequency, ωs = 2πfs is the
single tone angular frequency, βs = πVs/Vπ is the modulation index, Vs is the voltage of the single
frequency tone into the MZM, and Vπ is the modulator switching voltage. Note that the power of the
nth order sideband is proportional to Jn (βs)2. Simulation results show the fifth and the higher order
sidebands are >25 dB below the 3rd order sideband for a modulation index βs < 2. Hence, they
are neglected in (1).

The MZM output power spectral density is the Fourier transform of the autocorrelation of the
electric field [9] and is given by

SM Z M (ω) = πPin tff
[
J1

2 (βs) δ {ω + ωc ± ωs} + J3
2 (βs) δ {ω + ωc ± 3ωs}

]
(2)

where Pin is the laser output optical power, and δ{} represents a delta function. The output of the
MZM, which consists of the fundamental and third order sidebands, is launched into a Brillouin
assisted filtering structure [10]. The Brillouin assisted filter is formed by a single mode fiber, which
is used as a Brillouin medium for SBS, between a pair of optical circulators. The single mode
fiber has an SBS frequency fSBS. Note that Port 3 of the first circulator is connected to Port 1 of the
second circulator via an erbium-doped fiber amplifier (EDFA), which is used to amplify the backward
traveling wave.
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Fig. 2. Generation of a Brillouin (a) gain and (b) loss spectrum due to SBS interaction between a pump
wave and a Stokes wave.

Fig. 3. Signals propagating inside a Brillouin assisted filter.

The single frequency tone into the MZM is designed to have the same frequency as the single
mode fiber SBS frequency, i.e. fs = fSBS. In this case, different RF modulation sidebands at the
MZM output can be amplified or attenuated due to the SBS effect as they passed through the
Brillouin assisted filter. Fig. 2 summarizes the effect of SBS as two counter-propagating waves
traveled through an optical fiber [11]. When a pump wave is launched into an optical fiber, a
Brillouin gain spectrum centered at a frequency down shifted by the Brillouin frequency fSBS of the
fiber is generated in the counter-propagating wave (Stokes wave) as shown by the dashed line in
Fig. 2(a). The pump power depletes as it transfers energy to amplify the Stokes wave. The Stokes
wave induces a Brillouin loss spectrum centered at a frequency up shifted by the Brillouin frequency
fSBS as shown by the dashed line in Fig. 2(b).

In order to explain how the Brillouin assisted filter can be used to shift the laser frequency, the
single mode fiber that is used as a Brillouin medium inside the Brillouin assisted filter is divided
into four sections as shown in Fig. 3. Each section of the fiber has a length L. The DSB-SC RF
modulated optical signal passed through the first circulator into the first section of the fiber. It acts
as a pump wave for the SBS process. The power of the fundamental sidebands at fc ± fs are
designed by controlling the power of the single frequency tone into the MZM and the laser source
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power to above the SBS threshold value of the single mode fiber inside the Brillouin assisted filter.
This generates the backscattered Brillouin wave [12] at fc and fc − 2fs traveling in the backward
direction as shown in Fig. 3(a). The amplitude and the spectral shape of the backscattered Brillouin
wave are determined by the pump power and the Brillouin gain coefficient [13], [14]. The backward
traveling wave also consists of the frequency components due to Rayleigh backscattering of the
forward traveling wave, i.e., the DSB-SC RF modulated optical signal. However, the amplitudes of
the Rayleigh backscattering components are much smaller than that of the backscattered Brillouin
wave when the power of the fundamental sidebands is above the optical fiber SBS threshold value.
Hence the Rayleigh backscattering components are neglected in the analysis. The backscattered
Brillouin waves at fc and fc − 2fs having the same amplitude pass through the first circulator and
amplify by an EDFA to above the optical fiber SBS threshold value. The amplified backscattered
Brillouin wave acts as a pump wave in the second section of the fiber for the SBS process. This
generates two sets of gain and loss spectrums in the forward Stokes wave as shown by the dashed
lines in Fig. 3(b). Therefore, the power spectral density of the forward Stokes wave after passing
through the second section of the fiber becomes

Sforw ard (ω) = πPin tffe−α2L
[
J1

2 (βs)
1

gB1,2ωs (ωc − ωs)
gB1 (ωc − ωs) δ (ω + ωc − ωs)

+ J1
2 (βs)

1
gB1 (ωc + ωs)

δ (ω + ωc + ωs)

+ J3
2 (βs) gB1,2ωs (ωc − 3ωs) δ (ω + ωc − 3ωs)

+ J3
2 (βs) δ (ω + ωc + 3ωs)

]
(3)

where α is the fiber loss coefficient, and gB1(ω) and gB1,2ωs(ω) is the SBS gain spectrum [14]
generated by the backscattered Brillouin wave at fc and fc-2fs into the second section of the fiber
respectively. The inverse of gB1,2ωs(ωc − ωs) and gB1(ωc + ωs) given in (3) represent the amount of
attenuation at the center of the two SBS loss spectrums at fc − fs and fc + fs respectively. Since
the two backscattered Brillouin waves at fc and fc − 2fs have the same amplitude because the
amplitude of the two fundamental sidebands at the MZM output are the same, the peak value of
the two SBS gain spectrums are the same, i.e. gB1(ωc − ωs) = gB1,2ωs(ωc − 3ωs). Therefore from (3)
the attenuation due to the SBS loss spectrum compensates for the amplification due to the SBS
gain spectrum [15] in the negative fundamental sideband at fc − fs. Hence the amplitude of the
negative fundamental sideband remains almost the same after the second section of the fiber.
On the other hand, the positive fundamental sideband is attenuated and the negative third order
sideband is amplified by the SBS loss and gain spectrum respectively.

The two high-power frequency components in the forward Stokes wave at fc − fs and fc − 3fs
launch into the third section of the fiber. This generates the backscattered Brillouin wave at fc − 2fs
and fc − 4fs due to SBS as shown in Fig. 3(c). This backscattered Brillouin wave is combined with
the backscattered Brillouin wave generated by the first section of the fiber. Therefore, the overall
power spectral density of the backscattered Brillouin wave can be written as

Sbackw ard (ω) = SBBW 1 (ω + ωc) + SBBW 1 (ω + ωc − 2ωs) + SBBW 3 (ω + ωc − 2ωs)

+ SBBW 3 (ω + ωc − 4ωs) (4)

where SBBW 1(ω) and SBBW 3(ω) are the spectrum of the backscattered Brillouin wave generated by
the first and third section of the fiber, respectively. Note that both the first and third section of the fiber
generate a backscattered Brillouin wave at fc − 2fs. Hence, this backscattered Brillouin wave has
higher amplitude compared to that at fc and fc − 4fs. This is verified experimentally and is showed
in Fig. 9. The figure also shows the backscattered Brillouin wave at fc has higher amplitude than
that at fc − 4fs. The three backscattered Brillouin waves are amplified by the EDFA to above the
single mode fiber SBS threshold value and are launched into the fourth section of the fiber via the
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Fig. 4. Brillouin assisted filter based optical frequency shifter input and output spectrums.

second circulator. The backscattered Brillouin wave at fc, fc − 2fs and fc − 4fs generate three sets
of SBS gain and loss spectrums in the forward Stokes wave as shown in Fig. 3(d). Therefore, the
power spectral density of the forward Stokes wave after passing through the fourth section of the
fiber into Port 2 of the second optical circulator is given by

Sout (ω) = πPin tffe−α4L
[
J1

2 (βs)
1

gB1,2ωs (ωc − ωs)
1

gB2,2ωs (ωc − ωs)
gB1 (ωc − ωs) δ (ω + ωc − ωs)

+ J1
2 (βs)

1
gB1 (ωc + ωs)

δ (ω + ωc + ωs)

+ J3
2 (βs) gB1,2ωs (ωc − 3ωs) gB2,2ωs (ωc − 3ωs)

· 1
gB2,4ωs (ωc − 3ωs)

δ (ω + ωc − 3ωs)

+ J3
2 (βs) δ (ω + ωc + 3ωs)

]
(5)

where gB2(ω), gB2,2ωs(ω) and gB2,4ωs(ω) are the SBS gain spectrums generated by the backscattered
Brillouin waves at fc, fc − 2fs and fc − 4fs into the fourth section of the fiber, respectively. Since the
backscattered Brillouin wave at fc − 2fs has higher amplitude compared to that at fc and fc − 4fs,
the peak value of the SBS gain spectrum gB2,2ωs(ω) is higher than that of gB2(ω) and gB2,4ωs(ω).
Similarly the dip of the SBS loss spectrum generated by the backscattered Brillouin wave at fc − 2fs
is deeper than that generated by the backscattered Brillouin waves at fc and fc − 4fs, as shown in
Fig. 3(d). Hence, the negative fundamental sideband, which aligned with the SBS gain and loss
spectrum generated by the backscattered Brillouin wave at fc and fc − 2fs respectively, is attenuated
after passing through the single mode fiber. It can be seen from (5) that the two fundamental
sidebands are attenuated but the negative third order sideband is amplified. As a result, the laser
frequency is shifted from fc to the negative third order sideband frequency fc − 3fs at the output
of the Brillouin assisted filter. The input and output spectrum of the Brillouin assisted filter based
optical frequency shifter are depicted in Fig. 4. Note that, in addition to the sidebands, the output
of the optical frequency shifter also consists of the residual carrier due to the practical MZMs
have limited extinction ratio, the Rayleigh backscattering components from the backward traveling
wave and the SBS noise components at the center of the SBS gain spectrums. The amplitude of
the input single frequency tone and the gain of the EDFA are designed to maximize the amplitude
of the frequency shifted light while minimise the unwanted frequency components, the Rayleigh
backscattering components and the SBS noise components.

Since the optical frequency shifter requires the frequency of the input electrical driving signal to
be the same as the SBS frequency of the Brillouin medium and the SBS frequency of a normal
single mode fiber is around 11 GHz at 1.55 μm [11], the amount of frequency shift that can be
obtained by the Brillouin assisted filter based optical frequency shifter is around 33 GHz. This shows
33 GHz optical frequency shift can be obtained using an 11 GHz electrical driving signal. Reducing
the electrical driving signal frequency can lower the system cost, which is the advantage of the
new optical frequency shifter compared to all the reported optical frequency shifters [4]–[7] that
require the electrical driving signal frequency to be the same as the frequency shift. Altering the
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Fig. 5. Experimental setup of the Brillouin assisted filter based optical frequency shifter.

wavelength of the incident light can change the single mode fiber Brillouin frequency [16], which
in turn enables continuous tuning the frequency shift via controlling the electrical driving signal
frequency. However, this technique can only change the 33 GHz frequency shift by several hundred
MHz. Different fibers, which have different Brillouin frequencies, can be used as a Brillouin medium
in the Brillouin assisted filter to obtain different optical frequency shifts. For example, a polymer
chalcogenide tapered fiber has a Brillouin frequency of 6.8 GHz and can be increased to 8.15
GHz by altering the fiber core diameter [17]. Hence a frequency shift ranges from 20.4 GHz to
24.45 GHz can be obtained using this fiber. Our previous work on optical frequency shifters is
based on designing the frequency of the pump wave for the SBS process to be the difference
between the Stokes wave frequency and the SBS frequency of the Brillouin medium [7]. This
requires two minimum-biased MZMs where one MZM is driven by a single tone with the frequency
equal to the amount of frequency shift and is used to generate the Stokes wave. The other MZM is
driven by another single tone with the frequency equal to the difference between the frequency shift
and the SBS frequency, and is used to generate the pump wave. The use of two MZMs and two
microwave signal generators increases the size and cost of the system. This precludes the SBS
based optical frequency shifter to be used in practice. The new optical frequency shifter presented
in this paper overcomes the problem by employing a Brillouin assisted filtering structure in which
the backscattered Brillouin wave from the Brillouin medium is used as the pump wave for the SBS
process. Hence only one MZM and one microwave signal generator are needed. Furthermore,
the experimental results presented in the following section show the Brillouin assisted filter based
optical frequency shifter has over 9 dB signal-to-noise ratio improvement compared to the previously
reported optical frequency shifter [7]. Note that the Brillouin assisted filter based optical frequency
shifter does not involve electrical components. It is low cost compared to other optical frequency
shifting structures since the frequency of the electrical driving signal only needs to be one third of
the frequency shift.

3. Experimental Results
Experiments were conducted to verify the concept of the new optical frequency shifter. The ex-
perimental setup is shown in Fig. 5. A laser source generated a continuous wave light with
1551.016 nm wavelength (or 193.2878 THz frequency) and 1.2 dBm optical power, which were
measured by an optical spectrum analyzer (OSA) with 0.03 nm resolution bandwidth. The light
was modulated in a MZM, which had 30.6 dB extinction ratio. A DC voltage of 3.3 V from a DC
power supply was applied to the MZM to bias the modulator at the minimum transmission point.
Due to the lack of a high power signal generator, an electrical amplifier was used to amplify a
single frequency tone from a signal generator to 25.6 dBm. A polarization controller (PC) in front
of the MZM was used to align the light polarization state into the MZM. The fundamental RF
modulation sidebands at the output of the MZM were amplified by an EDFA to above the SBS

Vol. 9, No. 2, April 2017 7102111



IEEE Photonics Journal Optical Frequency Shifter Employing

Fig. 6. Optical spectrum of the DSB-SC RF modulated optical signal into the Brillouin assisted filter.
The single tone frequency into the MZM was 10.842 GHz.

threshold value of the optical fiber inside the Brillouin assisted filter. The amplified spontaneous
emission noise generated by the EDFA was suppressed by an optical filter with a center wave-
length of 1551.02 nm and a 3 dB passband width of 1.12 nm or 140 GHz. This enables all the
sidebands up to and including the 6th order sidebands at the MZM output to pass through the
optical filter with only small attenuation due to the optical filter insertion loss. The 7th and the
higher order sidebands were outside the optical filter passband and were suppressed by the optical
filter. However, they have very small power since the power of the nth order sideband is propor-
tional to Jn (βs)2. Hence, they can be neglected even without the presence of the optical filter.
Note that the EDFA and the optical filter can be avoided by using a high power laser source. The
spectrum of the DSB-SC RF modulated optical signal at the optical filter output was measured
on the OSA with a 15 dB attenuation attenuator at the input to avoid saturation and is depicted in
Fig. 6. It can be seen from the figure that the carrier was suppressed and the fundamental sidebands
were 24.3 dB above the third order sidebands. The Brillouin assisted filter was implemented by a
25.3 km single mode fiber between a pair of optical circulators. The single mode fiber, which
acted as a Brillouin medium, had a Brillouin frequency of 10.842 GHz at 1551.016 nm and a Bril-
louin linewidth of 10 MHz. The power of the backscattered Brillouin wave was measured at Port
3 of the first circulator for different fundamental sideband powers. Fig. 7 shows the power of the
backscattered Brillouin wave was saturated at around –7 dBm, which cannot be further increased
by increasing the fundamental sideband power. This indicates that an EDFA inside the Brillouin
assisted filter is needed to amplify the backscattered Brillouin wave to above the single mode fiber
SBS threshold value.

The EDFA gain was adjusted to maximize the amplitude of the frequency shifted light while
minimise the unwanted frequency components. The relative polarization state between the forward
and backward traveling wave into the single mode fiber was controlled by a PC at Port 1 of the
second circulator. The PC was adjusted to maximize the output frequency shifted light amplitude.
The frequency shifted light was measured at Port 3 of the second circulator using the OSA with
0.03 nm resolution bandwidth. Fig. 8 depicts the spectrum at the output of the Brillouin assisted
filter based optical frequency shifter when the frequency of the single tone into the MZM was set
to be the Brillouin frequency of the single mode fiber used in the experiment, i.e. 10.842 GHz.
The laser output spectrum is also shown in the figure for comparison. The measurements show
32.53 GHz down shift in the laser frequency from 193.2878 THz to 193.2553 THz. This demonstrates
the frequency shifting operation and the amount of frequency shift is three times the input single
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Fig. 7. Backscattered Brillouin wave power as a function of the power of the fundamental sideband into
the Brillouin assisted filter.

Fig. 8. Measured input (dotted) and output (solid) spectrums of the Brillouin assisted filter based optical
frequency shifter.

tone frequency. Fig. 8 shows the two fundamental sidebands at 193.2776 THz and 193.2993 THz
are the highest unwanted frequency components and they are 34.1 dB below the frequency shifted
light. To the best of our knowledge, this is the highest reported frequency shifted to unwanted
frequency component ratio for a large frequency shift of above 30 GHz. Fig. 8 also shows the
unwanted frequency components at the optical frequency shifter output consists of the residual
carrier at 193.2878 THz, the sidebands that cannot be fully eliminated by the SBS loss spectrums,
the SBS noise components, and the Rayleigh backscattering components. Note that the unwanted
frequency component at 193.3102 THz, which is the second order sideband, is due to the second
order harmonic component generated by the electrical amplifier at the modulator input. Using a
high power signal generator can avoid the electrical amplifier, which in turn reduces the unwanted
second order sidebands at the frequency shifter output. The backward traveling wave, i.e. the pump
wave, into the single mode fiber in order to shift the light frequency as shown in Fig. 8 was measured
by inserting a 50% coupling ratio optical coupler at Port 2 of the second circulator. Again, a 15 dB
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Fig. 9. Backward traveling wave at Port 2 of the second optical circulator.

Fig. 10. Frequency shifted to unwanted frequency component ratio for different frequency input single
tone into the modulator.

attenuation attenuator at the OSA input was used to avoid saturation. Fig. 9 shows the spectrum of
the backward traveling wave. It can be seen that the backscattered Brillouin wave at 193.2661 THz,
which corresponds to the frequency fc − 2fs, has higher amplitude compared to that at 193.2878
THz and 193.2447 THz, which correspond to the frequencies fc and fc − 4fs, respectively. They
generate three sets of gain and loss spectrums with different amplitudes in the forward traveling
wave as they pass through the single mode fiber. This results in the amplification in one of the third
order sidebands and attenuation in the other sidebands of the input DSB-SC RF modulated optical
signal.

The ratio of the frequency shifted to unwanted frequency components for different electrical driving
signal frequency, while fixing the laser wavelength at 1551.016 nm, was investigated experimentally.
Fig. 10 shows a high frequency shifted to unwanted frequency component ratio of over 30 dB can
be maintained when the electrical driving signal frequency was changed from 10.838 GHz to
10.849 GHz. This enables the optical frequency shift to be tuned from 32.514 GHz to 32.547 GHz.
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Fig. 11. Single mode fiber SBS frequency versus laser source wavelength.

A larger optical frequency shift tuning is expected by using the phase modulation technique [18] to
broaden the Brillouin linewidth. Another way to tune the frequency shift over a wide frequency range
is to alter the SBS frequency of the Brillouin medium by changing the laser source wavelength.
The SBS frequency of the single mode fiber used in the experiment was measured for different
laser wavelengths. Fig. 11 shows a linear relationship between the SBS frequency and the laser
wavelength, and 249 MHz changes in the SBS frequency can be obtained by tuning the laser
wavelength from 1530 nm to 1565 nm. Shifting the laser frequency by three times the single mode
fiber SBS frequency with a large frequency shifted to unwanted frequency component ratio was
demonstrated experimentally for different laser wavelengths. The results show the optical frequency
shift can be tuned over 747 MHz frequency range for 35 nm changes in the laser wavelength. It
should be pointed out that an optical frequency shifter can be inserted anywhere in an optical
system to alter the frequency of its input optical signal. This is different compared to a wavelength
tunable laser that controls the frequency or wavelength of a continuous wave light at the tunable
laser output. Furthermore, in applications such as a SBS based microwave photonic bandpass filter
[19] and a coherence-free microwave photonic notch filter [20], two continuous wave light with a
fixed frequency separation are needed. Using two tunable laser sources increases the system cost
and most importantly the frequency separation between the two continuous wave light cannot be
fixed but is changing with time due to slight fluctuation in the tunable laser wavelengths. This in turn
causes fluctuation in the SBS based microwave photonic bandpass filter response [19]. Splitting
the output of a laser source into two where one is connected to an optical frequency shifter provides
a solution to this problem.

4. Conclusion
A new optical frequency shifter has been presented. It is based on SBS in a single mode fiber
inside a Brillouin assisted filtering structure that generates multiple SBS gain and loss spectrums
to amplify a third order sideband but attenuate other sidebands. The Brillouin assisted filter based
optical frequency shifter has the advantages of not only capable of realizing a large frequency shift
but also the electrical driving signal frequency only needs to be one third of the frequency shift.
This reduces the system cost compared to all the reported optical frequency shifters that require an
electrical driving signal to have the same frequency as the frequency shift. The optical frequency
shifter has a simple structure and can be implemented using off-the-shelf optical components.
The Brillouin assisted filter based optical frequency shifter has been demonstrated experimentally
with the results showing a large 32.53 GHz frequency shift with over 34 dB frequency shifted to
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unwanted frequency component ratio. Tuning the frequency shift by controlling the laser frequency
and the electrical driving signal frequency has also been demonstrated.

References
[1] H. E. Engan, B. Y. Kim, J. N. Blake, and H. J. Shaw, “Optical frequency shifting in two-mode optical fibers by flexural

acoustic waves,” in Proc. IEEE Ultrason. Symp., 1986, pp. 435–438.
[2] I. Y. Poberezhskiy, B. Bortnik, J. Chou, B. Jalali, and H. R. Fetterman, “Serrodyne frequency translation of continuous

optical signals using ultrawide-band electrical sawtooth waveforms,” IEEE J. Quantum Electron., vol. 41, no. 12,
pp. 1533–1539, Dec. 2005.

[3] M. G. Gazalet, M. Ravez, F. Haine, C. Bruneel, and E. Bridoux, “Acousto-optic low-frequency shifter,” Appl. Opt.,
vol. 33, no. 7, pp. 1293–1298, 1994.

[4] W. Chujo, T. Hanasaka, M. Naganuma, and T. Yoneyama, “A 60-GHz optical frequency shifter using coupled inverted
slot lines,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 12, pp. 2280–2286, Dec. 1999.

[5] M. Y. Frankel and R. D. Esman, “Optical single-sideband suppressed-carrier modulator for wide-band signal processing,”
J. Lightw. Technol., vol. 16, no. 5, pp. 859–863, May 1998.

[6] K. Higuma, S. Oikawa, Y. Hashimoto, H. Nagata, and M. Izutsu, “X-cut lithium niobate optical single-sideband modu-
lator,” Electron. Lett., vol. 37, no. 8, pp. 515–516, 2001.

[7] E. H. W. Chan and R. A. Minasian, “All-optical frequency shifter based on stimulated Brillouin scattering in an optical
fiber,” IEEE Photon. J., vol. 6, no. 2, Apr. 2014, Art. no. 6600210.

[8] W. Li and J. Yao, “Investigation of photonically assisted microwave frequency multiplication based on external modu-
lation,” IEEE Trans. Microwave Theory Tech., vol. 58, no. 11, pp. 3259–3268, Nov. 2010.

[9] G. H. Smith, D. Novak, and Z. Ahmed, “Overcoming chromatic-dispersion effects in fiber-wireless systems incorporating
external modulators,” IEEE Trans. Microw. Theory Tech., vol. 45, no. 8, pp. 1410–1415, Aug. 1997.

[10] B. Chen, S. Zheng, H. Chi, X. Zhang, and X. Jin, “An optical millimeter-wave generation technique based on phase
modulation and Brillouin-assisted notch-filtering,” IEEE Photon. Technol. Lett., vol. 20, no. 24, pp. 2057–2059, Dec.
2008.

[11] A. Loayssa, D. Benito, and M. J. Garde, “Applications of optical carrier Brillouin processing to microwave photonics,”
Opt. Fiber Technol., vol. 8, no. 1, pp. 24–42, 2002.

[12] M. Horowitz, A. R. Chraplyvy, R. W. Tkach, and J. L. Zyskind, “Broad-band transmitted intensity noise induced by stokes
and anti-stokes Brillouin scattering in single-mode fibers,” IEEE Photon. Technol. Lett., vol. 9, no. 1, pp. 124–126, Jan.
1997.

[13] R. B. Jenkins, R. M. Sova, and R. I. Joseph, “Steady-state noise analysis of spontaneous and stimulated Brillouin
scattering in optical fibers,” J. Lightw. Technol., vol. 25, no. 3, pp. 763–770, Mar. 2007.

[14] A. Yeniay, J. M. Delavaux, and J. Toulouse, “Spontaneous and stimulated Brillouin scattering gain spectra in optical
fibers,” J. Lightw. Technol., vol. 20, no. 8, pp. 1425–1432, Aug. 2002.

[15] L. Yi, T. Zhang, Z. Li, J. Zhou, Y. Dong, and W. Hu, “Secure optical communication using stimulated Brillouin scattering
in optical fiber,” Opt. Commun., vol. 290, pp. 146–151, 2013.

[16] M. Nikles, L. Thevenaz, and P. A. Robert, “Brillouin gain spectrum characterization in single-mode optical fibers,”
J. Lightw. Technol., vol. 15, no. 10, pp. 1842–1851, Oct. 1997.

[17] J. C. Beugnot, R. Ahmad, M. Rochette, V. Laude, H. Maillotte, and T. Sylvestre, “Tunable stimulated Brillouin scattering
in hybrid polymer-chalcogenide tapered fibers,” Proc. SPIE, vol. 9136, 2014, Art. no. 91360O.

[18] T. A. Nguyen, E. H. W. Chan, and R. A. Minasian, “Instantaneous high-resolution multiple frequency measurement
system based on frequency-to-time mapping technique,” Opt. Lett., vol. 39, no. 8, pp. 2419–2422, 2014.

[19] M. Pagani, E. H. W. Chan, and R. A. Minasian, “A study of the linearity performance of a stimulated Brillouin scattering
based microwave photonic bandpass filter,” J. Lightw. Technol., vol. 32, no. 5, pp. 999–1005, Mar. 2014.

[20] E. H. W. Chan, “Coherence-free optical delay line signal processor,” Electron. Lett., vol. 43, no. 17, pp. 947–948, 2007.

Vol. 9, No. 2, April 2017 7102111



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


