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Abstract. Stimulated Brillouin scattering (SBS) is one of the most dominant nonlinear effects in standard single-
mode fibers and its unique spectral characteristics, especially the narrow bandwidth, enable many different
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width reduction of SBS in optical fibers are presented and discussed. A bandwidth reduction down to 17% of
the natural gain can be achieved by the superposition of the gain with two losses or the utilization of a multistage
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1 Introduction

Microwave photonics, which brings together the worlds
of radio-frequency engineering and optoelectronics, has
attracted great interest from both the research community
and the commercial sector over the past decades.'™ The tech-
nology makes it possible to have functions in microwave sys-
tems that are complex or even not directly possible in the
radio-frequency domain and also creates new opportunities
for applications such as radar, communication systems, sen-
sor networks, and instrumentation. In general, the microwave
photonics techniques cover the photonic generation of
microwave signals, photonic processing and distribution of
microwave signals, and photonic analog-to-digital conver-
sion. Microwave photonics provides a promising solution
for the processing of high-frequency and broadband micro-
wave signals, as it overcomes the bottle neck due to the lim-
ited sampling speed of digital electronics. Other advantages
of processing microwave signals in the optical domain
include large tunability, reconfigurability, and immunity to
electromagnetic interference. Various photonic components
have been employed in microwave photonics systems, such
as optical sources, optical amplifiers, dispersive elements,
electro-optical modulators, optical filters, and photodetec-
tors. Most microwave photonics systems are designed to
operate at the 1550 nm band, to take advantage of the
low-cost photonic devices developed for fiber optic commu-
nications in this wavelength band.

One of the most important microwave photonics subsys-
tems for the processing of radio frequency, microwave, and
millimeter-wave signals in the optical domain are optical fil-
ters. The ultimate goal of a filter is to improve the signal-to-
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noise ratio of the signal of interest either by rejecting
unwanted signals or by allowing only the desired signal
to propagate to the detector and thus, reducing the received
bandwidth. While commercial optical filters with single
band-reject or band-pass resonances provide wide tunability,
their bandwidth is typically in the order of tens of GHz,
which is much larger than desirable for a number of appli-
cations. Fiber Bragg gratings (FBG) achieve bandwidths
down to 5 GHz with a tuning range over 10 nm or 1.27 THz,
for instance. The filter characteristic is Butterworth shaped,
which leads to steep edges and a good out-of-band suppres-
sion. Recently, manufacturers have introduced FBG with
ultranarrow bandwidths of 100 MHz, but the tuning range
is limited to 20 GHz. A special type of grating-based filter
is a wave shaper, which utilizes spatial light modulators.
It can operate over a large frequency range and can be pro-
grammed individually with a bandwidth down to 10 GHz.
The Gaussian filter characteristic makes them suitable as pre-
filter, in order to extract a small part out of a large spectrum.
Furthermore, Fabry—Perot (FP) filters can be used, which uti-
lize the interference of light bouncing within a cavity. The
filter characteristic has a Lorentzian shape. Due to the cavity,
a FP filter has a periodic structure. Therefore, the free spec-
tral range (FSR) of an FP is very important. Commercially
available devices achieve bandwidths of <3 GHz at 1550 nm
with an FSR of up to 51 GHz. Unfortunately, the bandwidth
varies independent of the wavelength. Therefore, custom
devices are necessary to cover a large frequency range.
Additionally, the fabrication process for narrow bandwidths
is technically challenging. The visualization of the band-
width for different filter realizations can be seen in Fig. 1.

A different approach for filtering in the optical domain
utilizes the nonlinear effect of stimulated Brillouin scattering
(SBS). SBS is a nonlinear process that occurs in optical
fibers, which results in a back-scattered Stokes wave with
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Fig.1 Frequency response for different filter types. WS: wave shaper,
FBG: fiber Bragg grating, FP: Fabry-Perot, SBS: stimulated Brillouin
scattering.

narrow bandwidth, in the range of tens of MHz, and a fre-
quency shift around 10 GHz.* Although detrimental for
optical communications due to its low threshold, it has been
shown that SBS can be controlled and harnessed for a wide
range of radio-frequency signal processing applications. The
unique characteristics of the SBS process and the achievable
high gain enable a narrowband filtering over a large tuning
range independent of the pump laser source used, as well as
the used fiber as medium for the interaction. The bandwidth,
gain profile, and wavelength of the SBS process can be con-
trolled, however, by tailoring the pump profile. SBS-based
gain and absorption resonances therefore provide a flexible
way to realize a widely tunable, reconfigurable optical filter.
Several applications such as wideband phase shifting,” tun-
able true time delay,*’ and microwave photonic filtering,*
among others, have been demonstrated. The further reduc-
tion of the bandwidth would enable significant advantages
for several applications in the field of microwave photonics
and optical signal processing.

This contribution gives a short introduction to the nonlin-
ear effect of SBS with its unique properties. The main
focus will be on several methods for the reduction of the
SBS gain bandwidth. Afterward, different applications that
benefit from a narrower gain bandwidth will be introduced.
This includes the spectroscopy of optical and microwave
signals, the quasi-light-storage (QLS) of optical data packets,
and the processing of optical frequency combs, including
high-quality mm-wave and ideal sinc-shaped Nyquist pulse
generation.

2 Stimulated Brillouin Scattering

The SBS is the most dominant nonlinear process that occurs
in optical fibers at relatively low-input powers.'"'? In prin-
ciple, SBS is based on an interaction of an incident light
wave (pump wave) with the optical medium, as shown in
Fig. 2. Density fluctuations inside the optical fiber or thermo-
elastic motions of the molecules cause scattering of parts of
the incident light wave into the backward direction. The
back-scattered wave is called Stokes wave. This Stokes
wave superposes with the pump wave, which builds up an
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electrical interference field. Due to the process of electro-
striction, the interference pattern leads to a periodical density
modulation of the medium. The density modulation can be
seen as a modulation of the refractive index, which acts like a
moving Bragg grating. If the Bragg condition is fulfilled,
more power of the pump wave is back-scattered. This
leads to a stronger density modulation, which in turn expo-
nentially increases the Stokes wave. The process continues
and more and more optical power of the pump wave is back-
scattered and transferred to the Stokes wave. The Brillouin
scattering effect becomes stimulated if the reason for the den-
sity modulation is the pump wave itself, and the pump power
exceeds a certain threshold.*!> As long as the optical pump
power supply is sufficiently strong and can compensate for
the pump power decrease due to the creation of the density
modulation, the SBS process is self-preserving.

The density modulation of the medium can be seen as
acoustic phonons or an acoustic wave, because it propagates
with the speed of sound into the direction of the pump wave.
Due to the relative velocity between the pump and the acous-
tic wave, the frequency or wavelength of the Stokes wave is
shifted according to the Doppler effect. This frequency or
wavelength shift is called Brillouin shift f and is typically
in the range of 10 GHz. In a standard single-mode fiber
(SSMF), a pump wave generates a gain for counter-propa-
gating pulses if they are down-shifted in frequency by fp.
For up-shifted counter-propagating pulses, the same pump
wave generates a loss. The gain of the SBS process has
a Lorentzian shape and can be written as'*

(%)
(@-wof + ()]

with I'p as the full width at half maximum (FWHM) band-
width of the spontaneous Brillouin scattering, @, as the
angular frequency of the line center, and g, as the line center
gain, which can be expressed by'*

G =¢e9 =exp

¢))

0 = ngpLeff ) (2)
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where g, is the peak value of the SBS gain coefficient, P, is
the input pump power, L. is the effective length, and A is
the effective area of the fiber. With respect to a pump wave-
length of 1550 nm, as used in optical telecommunication, in
SSMF the bandwidth of the gain is usually in the range of 20
to 30 MHz, depending on strain, temperature, and possible
dopants. According to Eq. (1), for g, > In 2, the bandwidth
of the SBS gain can be calculated by

[ In2
Aw =ITg|————. 3
w B go—1In2 3

As mentioned before, an adaption of the gain bandwidth
is important and necessary for many applications. A simple
broadening of the gain can be achieved with various tech-
niques, enabling broadband gain response in the GHz
range. They include the modulation of the pump laser source
itself'>!® or the utilization of a multiple wavelength pump
source, where the different wavelengths have a spacing
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Fig. 2 Generation of an acoustic wave due to the superposition of the forward propagating pump wave

with the back-scattered Stokes wave.

below the SBS bandwidth.'”!® In contrast, many applications
like ultranarrowband optical filters,'® high-resolution spec-
troscopy of optical and microwave signals,' and the storage
of optical data signals (QLS)**** require a very narrow
bandwidth. Within the spectroscopy, the bandwidth of
SBS directly defines the achievable resolution. All frequency
components beneath the SBS bandwidth cannot be correctly
displayed. Similarly, the inverse of the SBS bandwidth
defines the maximum storage time of the QLS. All of these
applications would benefit from a narrower Brillouin gain
bandwidth.

3 Stimulated Brillouin Scattering Bandwidth
Reduction

The gain bandwidth reduction of SBS can be realized by sev-
eral approaches. Some of them are capable of reducing the
gain down to 15% of its original value. On the first sight,
there are two obvious possibilities. According to Egs. (2)
and (3), the gain bandwidth can be decreased by a higher
pump power or a longer effective length of the fiber. This
narrowing of the Stokes bandwidth is well known.?*?
The calculated and measured SBS bandwidth in dependence
of the pump power can be seen in Fig. 3(a). Within the cal-
culations, the values A.; = 84.95 um?, Loy = 13.07 km,
I'; =86 MHz, and g, =2x 107! m/W are used.” The
measurement was carried out for a 20 km long AllWave

50

fiber with an attenuation of @ = 0.19 dB/km and a Brillouin
threshold of 5.5 dBm. Below the threshold, the gain band-
width is, as expected, much broader. Above the threshold,
and clearly in the stimulated process, it approaches a con-
stant value around 10 MHz. The measured gain profiles for
two exemplary chosen pump powers of 1 and 15 dBm can be
seen in Fig. 3(b). The measured bandwidth for a pump power
of 1 dBm is 23 MHz and for a pump power of 15 dBm is
reduced to 10.3 MHz.

However, as with every amplification process, the SBS
shows saturation. Thus, the maximum achievable gain is
restricted to go max & 19.2%?7 Hence, the minimum bandwidth
for high pump powers is around 10 MHz,?® which is also
defined by the phonon lifetime of ~10 ns in commonly used
optical materials. Unfortunately, the increase of the SBS-
related noise, accompanied with high pump powers, makes
this approach impractical for many applications. However, it
is also possible to use special types of fibers to reduce the
gain bandwidth.**® In dispersion-shifted fibers, bandwidths
of 7.2 MHz could be achieved.®® Another possibility to
significantly reduce the natural SBS gain bandwidth is by
cooling the fiber down to cryogenic temperatures.’’ For a
temperature of 1 K, a bandwidth of 3 MHz was achieved,
albeit with an enormous effort. The remaining part of this
section focuses on several methods for reducing the Brillouin
gain bandwidth at room temperature to similar values.
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Fig. 3 (a) Comparison of the theoretical values of the SBS gain bandwidth for different pump powers
with the measured values and (b) the measured gain profile for pump powers of 1 dBm and 15 dBm.
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3.1 Multistage System

The first method for reducing the SBS bandwidth relies on
the cascading of several SBS stages or amplifiers, respec-
tively. The basic setup of a SBS amplifier with n equal stages
can be seen in Fig. 4. Each stage consists of a fiber as
Brillouin medium, as well as an EDFA and a circulator, in
order to provide sufficient power for the pump wave and to
couple into the fiber. The amplified signal is attenuated at
the end of every stage in order to provide the same initial
condition for each SBS process and to prevent saturation.
With extension of Eq. (1), the gain for such a multistage
system is*?

Iy
wls)
—n

G = e = exp 5
(@ = wg)* + (%B)

. “)

with A as the attenuation in every stage. Analogous to
Eq. (3), the FWHM bandwidth of this n-stage SBS system
)
is’

In 2
Aw =T | ————. )
ngo —1In 2

Thus, the Brillouin bandwidth decreases with the square root
of the number of stages Aw « n~3. Therefore, for n = 2,
the minimum FWHM bandwidth is around 7 MHz, and
for n = 100, the bandwidth would be around 1 MHz. The
measured and normalized gain spectra after the different
stages can be seen in Fig. 5. For the first stage, the AllWave
fiber was used again and a Brillouin gain bandwidth of
10.3 MHz (black curve) could be achieved. For the next
stages, AllWave fibers with exactly the same SBS shift
but different lengths, compensated by an adaption of the
pump power, are used. The red curve indicates a bandwidth
of 7 MHz after the second stage and the blue curve a band-
width of 5.8 MHz after the third stage. Therefore, a SBS gain
bandwidth reduction from 10.3 MHz down to 5.8 MHz is
achieved, which equals a reduction down to 56% of the ini-
tial bandwidth. However, the dashed curve shows the calcu-
lation of the gain bandwidth for n = 100. As can be seen,
the gain will be narrowed further, but the technical effort
increases significantly, since all parameters, especially the
SBS shift inside the fiber, needs to be equal for all the differ-
ent stages.

Signal|

Pump

Fig. 4 Basic setup for a SBS multistage system. Every stage contains
a fiber as SBS medium, a circulator (C) and an EDFA for sufficient
pump power, as well as an additional attenuator (A).
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Fig. 5 Measured and normalized SBS gain for one (black), two (red),
and three (blue) SBS stages. The dashed line shows the calculated
gain distribution after 100 stages.

3.2 Superposition

The second approach is the superposition of the gain with
two losses.*® As described previously, a pump wave gener-
ates a gain for counter propagating waves if they are
up-shifted in wavelength by the Brillouin shift. For down-
shifted counter-propagating waves, the same pump wave
generates a loss. For the superposition of the gain with
two losses, three pump waves are needed, as can be seen
in Fig. 6. There, the first pump wave (P1) generates the gain
and the other two pump waves (P2, P3) are generating the
two losses. In the middle, the gain and losses overlap, and the
whole gain distribution of the SBS mechanism in the fiber
can be written as™*

9o%o _ 975 _ NG
o4y (@+8)>+y, (0=68>+7y

(©)

Gges =

where g is the maximum gain, g; is the maximum loss, y is
the half width at half maximum bandwidth of the Brillouin
gain, and 0 is the separation of the losses from the gain. With
the variation of the distance between the two losses as well as
the ratio between gain and loss, the overall gain bandwidth
can be narrowed.”® A calculation with a gain/loss ratio of
0.55 with different distances of the losses can be seen in
Fig. 7(a). The normalized measurement for different ratios
between gain and loss, as well as different distances of
the losses, can be seen in Fig. 7(b). The black curve shows
the normal gain bandwidth for lower pump powers with a

Fig. 6 Schematic for the generation and superposition of the gain with
two losses. The first pump wave (P1) generates the gain (solid) and
the other two pump waves (P2, P3) generate the losses (dashed).
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Fig. 7 (a) Normalized superposition of a SBS gain with two spectrally shifted SBS losses at different
distances and (b) measurement results for the gain bandwidth reduction by superposition.

bandwidth of 20 MHz. The red curve was measured at a gain/
loss ratio of 0.45 and 6 = 6 MHz with a bandwidth of
10 MHz. For the blue curve, the gain/loss ratio was 0.55
and 6 =4 MHz. With these parameters, a bandwidth of
8 MHz could be achieved. Furthermore, with the same
gain/loss ratio but with § = 3 MHz, the bandwidth could
be reduced to 3.4 MHz, as represented by the green curve.
This equals a reduction to only 17% of the original bandwidth
in the fiber. The negative gain in Fig. 7 corresponds to a sup-
pression of the spectral components of the counter-propagat-
ing signal that falls in this area. In the case of a narrowband
frequency extraction, this can enhance significantly the signal-
to-noise ratio or the dynamic range. However, the narrowing
of the bandwidth comes at the costs of a lower gain,* e.g., the
gain of the blue curve in Fig. 7(b) has only 33% of the maxi-
mum gain that is achieved without losses, and the gain of the
green curve just 5%. Nevertheless, this can be compensated
up to a certain point with higher pump powers.**=* Further
improvement of the gain bandwidth could be achieved with
broadened and adapted losses. In principle, with perfect
rectangular losses, every bandwidth reduction would be
possible without reducing the gain bandwidth.

3.3 Aperture

The third method is the application of a frequency domain
aperture to the signal.®® Thereby, the saturation characteris-
tics of the SBS gain are utilized to reduce the bandwidth. The
amplification of the SBS process depends directly on the
input power of the signal. If the signal intensity is much
smaller than the pump intensity, the pump is assumed to
be independent of the signal.'* If the signal power is coming
into the order of magnitude of the pump, the pump power is
depleted, which limits the gain and leads to a saturation of
the amplification process, where further amplification of the
signal power becomes impossible.

Figure 8 shows the input signal to the SBS system at two
different levels. The dotted black line shows the low signal
under test power level, and the solid black line shows the
signal superposed with the aperture. This higher aperture
power level will saturate the amplification process. For
the SBS interaction, this results in a small gain for the aper-
ture components and a larger gain for the signal components
inside the gap. If the gap in the saturating signal spectrum is
smaller than the natural SBS bandwidth (dashed black line),
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Fig. 8 The fiberinput signal as a superposition of the signal under test
(dashed black line) and the aperture signal (solid black line) for an
aperture bandwidth of 15 MHz. The dashed line shows the SBS
gain that would occur for a small signal power without an additional
aperture. The colored lines show measured gain distributions with a
saturating aperture at different gap widths.

the edges of the gain are suppressed due to the saturation, and
the gain bandwidth is narrowed to the spectral width of
the gap.

The measured gain distributions with different widths are
shown in Fig. 8. The red, green, and blue lines show the SBS
gain distributions by superposing the saturating aperture,
with achieved bandwidths of 8.5, 5.5, and 3 MHz, respec-
tively.*® This equals a maximum reduction of the bandwidth
down to 15% of the natural one. However, further reduction
of the gain bandwidth into the kHz range should be achieved
through an appropriate generation of the aperture in the
electrical domain. In general, the generation of narrow gaps
with steep edges or a perfectly rectangular shape is experi-
mentally challenging. Additionally, the aperture used has to
be extracted from the signal and is therefore a problem for
some applications, e.g., data processing, where the aperture
would destroy the information in the signal. Nevertheless,
the great advantage of this method is, that the gain in the
center is not reduced, which promises a good contrast or
a large dynamic range for specific applications.
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4 Applications

This section will focus on different applications. All of them
utilize narrowband optical filters for the analysis, signal
processing, or even signal generation in microwave photon-
ics and optics. Therefore, all of these applications rely on the
bandwidth reduction of SBS. The featured applications
include the ultrahigh-resolution spectral analysis of optical
signals, the QLS of optical data packets, and the processing
of optical frequency combs for the generation of ultrastable
mm-waves with low-linewidth and phase noise and ideal
sinc-shaped Nyquist pulse trains.

Another important field of application is in microwave
photonic filters (MPF), where it represents a great advantage
toward overcoming the limitations of microwave filters
implemented in the electrical domain, i.e., difficulties in tun-
ing, reconfiguration, filter shape, and bandwidth as well as
electromagnetic interference.*® In general, MPF can provide
a wide tuning range, are insensitive to electromagnetic inter-
ference, and some schemes exhibit the ability to be reconfig-
ured.*® Therefore, they are predestined for microwave signal
processing with applications in radar, radio over fiber (RoF),
and mobile communication. However, tunable and recon-
figurable filter architectures usually do not provide high
Q-factors and have periodic spectral responses, which limit
the tuning range by the FSR and the amount by which the
bandwidth can be reconfigured.’’-* Recently, widely tunable
single passband MPF with high Q-factors have been demon-
strated by exploiting the narrow gain distribution of
SBS.3%¥40 Contrary to previous MPF based on transversal
structures, these filter architecture does not present periodic
spectral responses and can be tuned continuously over a
broad range.*! Tunable bandpass filters based on SBS can
be realized by altering the modulation frequency of the
pump®>*? or the wavelength of the pump itself,”* as well as
tunable notch filters by manipulating the phase shift of
SBS.*5 The filtering properties, including the out-of-band
rejection and the bandwidth, directly depend on the pump
power and pump wave configuration.*® Recent progress
has shown that, with a spectral shaping of the SBS gain
distribution, the filter response can be broadened*’ and
MPF with complex coefficients can be realized with a dual-
pump wave system, enabling independent manipulation of
the magnitude and phase of an optical carrier.*® The utiliza-
tion of frequency combs as pump source for the SBS leads to
reconfigurable passband filter with a rectangular shape.*
Additionally, the polarization pulling characteristics of
SBS were utilized for MPF to rotate the state of polarization
of the optical carrier and afterward the desired sideband of
the modulation for detection.®! Finally, with the help of
fiber-based SBS, ideal rectangular MPF with high selectiv-
ity,? as well as ultraflat and widely tunable MPF>® can be
realized. But, the minimum filter bandwidth is given by
the Brillouin bandwidth itself. Here, the SBS bandwidth
reduction takes into account to minimize the possible filter
bandwidth. Therefore, MPF with high Q-factors and ultra-
narrow bandwidths could be realized. However, this needs
to be further investigated. Nowadays, the photonic integra-
tion of microwave sources and signal processing require on-
chip realization of SBS. Especially, chalcogenide glasses
with a high refractive index are used, which results in large
nonlinearity. Recently, large SBS gain was demonstrated in a
7-cm-long rib waveguide using moderate pump powers.’* In
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between most of the well-known MPF filter structures have
been demonstrated on-chip utilizing SBS.>>’

4.1 High-Resolution Spectroscopy

The spectrum of a signal is a very important information. By
measuring the spectral response, transmission effects can
directly be seen, for instance. In addition to the classical
spectral analysis of optical sources, nonlinear effects, and
transmission links, the analysis of large-bandwidth micro-
wave signals can be carried out in the optical domain, where
the bandwidth of electrical devices is too low. Therefore, the
signals are transferred into the optical domain via modula-
tion. Also, RoF signals can be analyzed in the optical
domain. RoF analog photonic links are typically multichan-
nel in nature. In principle, all channels can be measured
simultaneously in the optical domain, and by focusing on
one channel, both sidebands of the intermediate frequency
modulation technique can be shown.

Therefore, different methods for the analysis of the
spectrum are available. Commonly, grating-based optical
spectrum analyzers (OSA) are used. In principle, they use a
monochromator as tunable filter. Within the monochromator
a diffraction grating, basically a mirror with extremely nar-
row spaced grooves on its surface, separates the different
wavelengths of light. Subsequently, the diffracted light
passes through an aperture to the photodetector. For the
measurement of a broad wavelength range, the grating is
rotated. Thus, only specific wavelengths, depending on the
position of the diffraction grating, can pass through the
aperture. The width of the aperture itself is variable and
determines the resolution of the device. State-of-the-art OSA
achieves resolution of 1.25 GHz, which equals 10 pm at a
wavelength of 1550 nm. All spectral components beneath
can not be displayed. Different types are based on inter-
ferometers, e.g., FP and Michelson interferometers. The
resolution of the FP-based OSA depends on the reflection
coefficient and the distance of the mirrors, which leads to
achievable resolutions of 100 MHz (800 fm) to 10 GHz
(80 pm). However, the measurement range is limited by
the FSR. The Michelson interferometer is based on creating
an interference pattern between the signal and a delayed
version of itself. Last but not least, optical spectra can be
obtained through heterodyne detection. Thereby, the optical
signal is down-converted with the help of a local oscillator.
The optical signal is converted to the electrical domain with a
photodiode and analyzed with an electrical spectrum ana-
lyzer (ESA). The maximum achievable bandwidth depends
on the bandwidth of the photo diode as well as the bandwidth
of the ESA.

In parallel, another approach for the high-resolution
measurement of optical spectra based on the nonlinear effect
of SBS was developed.'*® Within this method, the spectrum
is measured by shifting the pump wave, and respectively
the gain, through a counter-propagating signal under test.
The signal within the gain bandwidth will be amplified
and recorded with a power sensor. Consequently, the SBS
gain bandwidth directly defines the achievable resolution.
The optical rejection ratio and the dynamic range can be
enhanced by utilizing the polarization pulling effect of
SBS.* Thereby, all unwanted out-of-band components are
suppressed entirely by a proper alignment of the polariza-
tions for the signal and pump.%*¢! Brillouin OSA are capable
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Fig. 9 (a) Measurement of a 0.5 Gbps PRBS 2'°-1 NRZ signal with a conventional OSA and BOSA.
(b) Measured spectra of an amplitude modulated signal under test with different modulation frequencies
by utilizing the bandwidth reduction technique of SBS assisted by polarization pulling. For the bandwidth
reduction, the gain was superposed with two losses.

of measuring with a resolution of 10 MHz (0.08 pm at
1550 nm) and spurious-free dynamic range (>80 dB), simul-
taneously for any wavelength.

The measurement of a 500-Mbit PRBS 2!°-1 NRZ signal
with a conventional grating based OSA with a resolution of
4 GHz is depicted by the red curve in Fig. 9(a). As can be
seen, the details of the spectrum under test remain hidden. A
more detailed measurement of this spectrum can be achieved
with a classical Brillouin based OSA as shown by the black
trace of Fig. 9(a). The frequency shift through the spectrum
under test, as well as, the recording of the measurement
values was realized through an extension of a conventional
network vector analyzer.®> However, through the gain band-
width reduction of SBS this resolution can be increased even
further. Figure 9(b) illustrates the measurements of several
amplitude modulated carriers with frequencies of 9, 5, and
even 4 MHz with the bandwidth reduction techniques.®*™%
For a better visualization, the amplitudes are adapted. As
can be seen, even the lower modulation frequencies can
be clearly distinguished. The minimum achievable resolution
up to now is 3 MHz. The system is build from commercially
available components from optical telecommunications and
is a cost effective alternative to standard devices. Especially
for the analysis of microwave signals, the utilization of band-
width reduced SBS offers the possibility to analyze details
of the spectrum which would remain hidden with other opti-
cal methods. At the same time, the overall bandwidth of
microwave signals, or its carrier wavelength can be much
higher than possible with electrical spectrum analyzing
methods.

4.2 Quasi-Light-Storage

An all-optical memory is one of the bottlenecks in realizing
all-optical information networks since it is needed for optical
signal processing, synchronization and buffering of the
data.%® In recent years, there were several approaches for
the delay and storage of optical signals.®” The easiest method
for delaying optical signals is a single-fiber element. The
desired delay is chosen in advance and it depends on the
fiber length. Additionally, for different delay times a fiber
network and a switching matrix must be built. However,
the delay time is not completely variable for this approach.
Due to these disadvantages, the so called ‘“slow-light”
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concept which could provide a way out of these problems
has been discussed and developed for the last few years.®
Within the slow-light method not the length of the propagat-
ing material is changed but the group velocity of the signal.
Therefore, different mechanisms like Raman or Brillouin®
scattering can be used. This approach is completely tunable,’
and can be made distortion free,’®’! but show rather low-
delay times.** In order to overcome the disadvantage of
the low-delay times, the approach for the storage of optical
data called QLS?>* can be utilized. The main principle of
QLS is based on the duality between the time and frequency
representation of each signal.”® A pulse in the time domain
with the temporal width At has a spectral distribution with
the bandwidth Af. If the pulse spectrum is multiplied by n
equally spaced narrow frequency components with the spac-
ing Av, basically a frequency comb, the result is a sampled
version of the pulse spectrum. The multiplication in the fre-
quency domain leads to a convolution in the time domain,
which results in an infinite number of undistorted copies
of the signal. The copies have a distance of AT = 1/Av.
With a simple time domain switch, e.g., a modulator, one
of the delayed copies can be extracted. For the multiplication
of the comb and the spectrum SBS is utilized. Due to the
bandwidth of SBS, the different copies are covered with
an envelope.”’ Therefore, the maximum storage time is
defined by the inverse of the SBS bandwidth. This leads
to maximum storage times of 100 ns for a SBS bandwidth
of 10 MHz in the high-pump power regime.*!*> Exemplarily,
the storage of a 4 bit packet with the data sequence of 1101
with the normal SBS bandwidth can be seen in Fig. 10 in the
black trace. The results are normalized in amplitude. If the
frequency spacing Av is below the SBS bandwidth, the comb
will generate one broadened SBS gain distribution.’” In this
case, the QLS acts like a conventional slow-light system and
only low-delay times could be achieved. The four wave mix-
ing products generated due to the narrow frequency spacing
between the frequency lines can be neglected.**

However, the maximum storage time can be enhanced
significantly by the SBS gain bandwidth reduction. As can
be seen from the red trace in Fig. 10, the storage time can be
enhanced up to 140 ns with the superposition of the gain with
two losses.”® Higher storage times are limited by the overall
gain reduction within this method. For the multistage system,
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Fig. 10 Quasi-light-storage of a “1101” bit sequence with the standard Brillouin bandwidth (black), the
narrowed gain through superposition (red), and in a multistage system (blue).

the maximum storage time can be enhanced up to 160 ns.
The additional storage time is normalized and represented
through the blue trace. Here, the maximum storage time
was limited by the number of the stages during the experi-
ment.*? The aperture method for the bandwidth reduction of
SBS cannot be applied here, since it adds a numerous amount
of noise to the signal. The principle idea of the QLS can also
be integrated on an optical chip.”* Thereby, the data is trans-
ferred in the frequency domain with a high-dispersive element
and then processed with an intensity modulator driven by a
train of pulses. Afterward, the signal is transferred back into
the time domain with a dispersion compensating element.
Finally, an optical switch can be used to extract the desired
delayed signal from the generated replicas.

4.3 Frequency Comb Processing

The narrowband characteristics of SBS are predestined for
the filtering and processing of frequency combs.” The spec-
tral representation of the pulse trains produced by a mode-
locked laser is a frequency comb consisting of comb lines
with equal spacing and phase. Especially, femtosecond
fiber lasers can produce frequency combs with a very high
quality and bandwidth. At the same time, these fiber lasers
have a small footprint, are cost effective, and have a center
frequency in the range of the C-band of optical telecommu-
nications. Typically, such devices have a span of more than
40 nm and a frequency separation of 80 to 100 MHz between
the lines. The output spectrum of the FemtoFErb 1560 can
be seen in Fig. 11(a) including a detailed measurement
with a BOSA® in Fig. 11(b). As mentioned in Sec. 1, the
frequency separation between the lines is far too narrow
for the selection of single tones with standard optical filters.
In order to separate individual lines, SBS is needed.
Especially, the polarization pulling effect enables the extrac-
tion of single lines including the suppression of all out-of-
band components.

Depending on the number of filtered lines, different appli-
cations can be realized. If just one of the comb lines is
extracted, as illustrated in Fig. 12(a), it can be used as a nar-
row linewidth, tunable laser source.”® The gray lines depict
the original frequency comb lines, the red line represent the
single extracted comb component, and the small black lines
represent the suppression of the out-of-band components
due to PPA-SBS. With an appropriate modulation of the
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extracted line, it can be long-term stabilized in the Hz region
and additionally fine tuned.”® The coarse tuning is enabled
by selecting a different line; thus, the broad bandwidth of the
comb and the possibility of nonlinear broadening, in princi-
ple, means that a tunability of more than 100 nm could be
achieved.

Beyond this, the selection of two lines out of the comb, as
displayed in Fig. 12(b), leads to very narrow, stable and
tunable millimeter or THz-waves.”””® Beside potential appli-
cations in spectroscopy, radar and metrology, wireless com-
munications is an important field that utilizes high-frequency
electromagnetic waves. In the millimeter and THz region of
the electromagnetic spectrum, large and up to now unregu-
lated bandwidth is available for wireless communications.”
Generating and processing signals with multi-GHz frequen-
cies are challenging using electrical systems due to the
impairments such as electromagnetic interference and large
loss at high frequencies. These disadvantages can be over-
come by photonic approaches, resulting in stable, high-per-
formance microwave sources and signal processing.® If two
lines of the frequency comb are extracted and heterodyned in
an appropriate photomixer, the generated mm- or THz-wave
can achieve very high quality. In between, experiments have
shown a measured phase noise of < — 130 dBc/Hz at 10 kHz
offset and a linewidth of 1 Hz.%' Additionally, due to the
broad bandwidth of the comb, the tunability in principle
can be over several THz and all lines of the comb are
phase-locked.

The extraction and further processing of more than two
lines can lead to very short, high-quality Nyquist pulses
with an almost ideal sinc-shape.®” In order to overcome the
bandwidth constraints in optical communication networks
and allocate almost all of the available bandwidth, Nyquist
pulse transmission can be used.®* Contrary to orthogonal fre-
quency-division multiplexing system, in Nyquist wavelength
division multiplexing (N-WDM) systems the pulses are sinc-
shaped. Therefore, the spectrum of these signals is perfectly
rectangular. This enables the possibility to set the different
channels directly next to each other in order to fully allocate
the given bandwidth. The challenge for flexible N-WDM
systems is the generation of ideally sinc-shaped Nyquist
pulses with variable bandwidth and repetition rates. The
Fourier representation of a sinc pulse corresponds to a rec-
tangular spectral function, and consequently, a periodic train
of sinc pulses corresponds to a rectangular-shaped and
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phase-locked frequency comb.®* Such combs can be gener-
ated by using a single-mode external cavity laser diode and
cascading two Mach—Zehnder modulators.®> But the overall
bandwidth and number of lines of such a comb are limited
due to the frequency range of the modulators. This results in
a limited pulse duration and repetition rate of the generated
pulses. In order to enhance the bandwidth and repetition rate,
multiple carrier frequencies can be extracted out of the given
frequency comb by the narrowband SBS filter and sub-
sequently modulated. The extraction of three lines and the
generated flat frequency comb is schematically shown in
Fig. 12(c). The time domain representation forms an ideal
sinc-shaped Nyquist pulse train, as depicted in Fig. 12(d).
First experiments have shown flat, rectangular frequency
combs with a maximum bandwidth of 260 GHz with 27
equidistant frequency components and a power deviation
of only 0.6 dB.%® Additionally, almost ideal sinc-shaped
Nyquist pulses with a pulse width of 3.5 ps and a duty
cycle of 2.2% have been reported.®

5 Conclusion

In conclusion, we have shown three promising methods to
reduce the gain bandwidth of SBS in optical fibers at
room temperature, as well as applications in microwave
photonics and optical signal processing. The results for a
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multistage Brillouin system show a reduction of the band-
width down to 56% of the natural gain bandwidth, limited
by the number of stages. Further reduction down to 17%
was achieved by the superposition of the gain with two
losses. The lowest bandwidth of only 15% was achieved
by utilizing a frequency domain aperture. These unique, nar-
rowband properties of SBS enable numerous applications
like spectrum analysis, data storage as well as microwave
signal generation and processing. We have shown the
high-resolution spectroscopy of optical and microwave sig-
nals that reveals previously concealed details. The overall
storage time of optical data packets with quasilight storage
could be enhanced by 60% through the bandwidth narrow-
ing, and SBS was utilized for the generation of mm- and
THz-waves with a narrow linewidth of 1 Hz and low-
phase noise of —105 dBc/Hz at an offset of 10 kHz from
the carrier, as well as the generation of ideal sinc-shaped
Nyquist pulses.
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