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Real-time spectrum sensing is essential to enable dynamic and rapid spectrum sharing of unused frequencies to
cater the substantial demands of new wireless services deploying the existing RF bands. In this paper, we present a
novel, real-time spectrum sensing approach for widely used RF signals based on Brillouin-scattering-induced
transparency (BIT). A temporal discrimination of multi-channel input frequencies is achieved through the group
delay tuning by BIT. By tuning the pump power and frequency, the proposed technique is fully reconfigurable
and viable for a broad range of spectrum sensing. Several experimental illustrations of the time domain sensing are
presented for two-tone channels with 0.9, 1.8, and 5 GHz frequencies to detect the unused spectrum within 3G,

4G, and 5G signals.
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1. INTRODUCTION

The tremendous surge in data traffic required for high-speed
communications and the Internet of things demands an effi-
cient allocation and utilization of the available spectrum.
The scarcity of the radio spectrum is one of the most challeng-
ing issues for future communication networks. A potential sol-
ution to diminish this issue is dynamic spectrum sensing, which
is the process of detecting the voids (unused spectra) in the
costly incoming spectrum [1,2]. Modern applications such
as cognitive radio, radar, and lidar require a real-time frequency
tracking to capture the dynamic alterations of the spectrum
[3-5]. This real-time spectrum analysis is carried out predomi-
nantly by Fourier transformation in digital signal processors
(DSPs). However, electronics-based conventional DSPs suffer
from major drawbacks such as intensive computational hard-
ware requirement, exorbitant power consumption, low speed,
and limited bandwidth, which curb the capability of this ap-
proach to a few hundreds of megahertz only and hence prevent
its application for wideband 5G and millimeter-wave (mm-
wave) communication systems [4].

Dispersive “phasers” [6,7] were proposed as an analog signal
processing unit to segregate the microwave frequencies.
Recently, a metasurface-based spatial phaser [8] was demon-
strated successfully for X-band frequency discrimination,
which involves a complex circuit synthesis and design
method. Nevertheless, losses and static configuration (non-
reconfigurable) impose substantial challenges to fit them for
5G or mm-wave systems. Also, sampling at such high-
frequency bands is quite challenging in the electrical domain.
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By contrast, photonic devices are more conducive due to their
immanent high bandwidth, low loss, and high immunity to
electromagnetic interference.

Modern radio frequency (RF) signal processing applications
have rigorous requirements in terms of bandwidth, processing
speed, and power consumption. Microwave photonics, which is
the field of processing, measurement, and manipulation of the
RF signals after being upconverted to the optical domain, has
attracted abundant interest in recent years as a promising sol-
ution to these challenges due to the ultra-high optical band-
width and the availability of low-loss optical fibers [4,9,10].
Many microwave photonic schemes of the past were bulky, ex-
pensive, and sensitive to external perturbations. However, pho-
tonic integration can significantly enhance the performance of
microwave photonics due to its several advantages such as small
footprint, high performance, and low cost [10].

In photonics, usually a linear chromatic dispersion is used
for a frequency-to-time mapping of the spectrum [11].
However, the time stretching by chromatic dispersion limits
this approach to low-speed or even a static application [12].
Therefore, a short-time Fourier transform (FT) was imple-
mented by calculating the FT of consecutive truncated sections
of the incoming spectrum with a sweeping temporal time win-
dow [13]. However, to avoid the loss of information between
time truncated windows and to track dynamic variations of
the spectrum, a large number of FT calculations are required.
Gap-free continuous spectrum measurement methods based
on short-pulse temporal sampling and dispersive delay have
been proposed in Refs. [14,15]. However, the demonstrated
frequencies are limited to only a few gigahertz (0.5-2 GHz).
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A frequency measurement approach based on a waveguide
Bragg grating on silicon has been presented in Ref. [5].
However, the measurements were limited to a coarse resolution
of 1 GHz. Although several electrical microwave devices and
optics-based solutions have been realized for spectrum sensing,
a simple reconfigurable, wideband, and ultra-fast temporal
spectrum sniffing, which may outperform existing DSP and
enhances the aptness of real-time analog signal processing at
5 G and mm-wave frequency bands, is still missing.

In this paper, we present for the first time, to the best of our
knowledge, a novel spectrum sensing technique, which exploits
Brillouin-scattering-induced transparency (BIT). Based on a sim-
ple setup and basic optical components, the proposed method is
fully reconfigurable and feasible for different frequency bands.
A predefined group delay difference between the input frequen-
cies is obtained by an optical fiber as a slow light medium.
However, the method can be fully integrated into a chip.

2. THEORY

A. SBS-Based Slow Light

Stimulated Brillouin scattering (SBS) is the non-linear effect
with the smallest threshold and interaction bandwidth. The
SBS can be seen as a non-linear interaction between a pump
and a counter-propagating Stokes wave mediated by an acoustic
wave (density modulation of the medium). Thus, a part of the
pump wave power is backscattered at this acoustic wave. The
backscattered Stokes wave is shifted in frequency by the so-
called Brillouin frequency shift f, which is around
11 GHz in standard single-mode fibers (SSMFs) for a pump
wavelength of 1550 nm [16]. Practically, if a relatively high
intensity pump wave at frequency f, propagates in the fiber,
it generates a gain for a counter-propagating wave with a fre-
quency around f, - f'5 and a loss for a wave with a frequency
around f, + f. For a continuous pump wave, the complex
Brillouin gain/loss spectrum is [17]

+ _ 18 2
O @) = o ibw —wp) /Ty M
where g, represents the peak Brillouin linear gain, which is
around 0.2 mW~! in SSMF. PP denotes the pump power,
Aw/2n is the frequency detuning between the pump and
probe waves, and I'z/27 is the full width at half-maximum
(FWHM) of the Lorentzian-shaped Brillouin spectrum.

The lifetime of the acoustic phonons (~10 ns) constrains
the Brillouin linewidth to 10-30 MHz [16] for a continuous
unmodulated pump wave in SSMF and it can be further re-
duced with several methods [18-21]. The real part of
Eq. (1) determines the gain/loss amplitude response of the
probe wave. Due to the Kramers—Kronig relations, the ampli-
tude change is accompanied by a phase change, and hence the
imaginary part of Eq. (1) represents the frequency-dependent
phase change (propagation constant) induced into the probe
wave [22]. Due to the very narrow SBS interaction bandwidth,
this abrupt change of the propagation constant will result in a
sharp transition in the group index An, = 7 + wAn/Aw that
leads to a group delay or advancement of the frequency com-
ponents falling inside the Brillouin spectrum [23]. This group
delay can be expressed as [24]
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where G is the gain parameter and it equals g, P, Legs; here Lo is
the fiber effective length [1 - exp(-aL)]/a and «a is the linear
loss coefficient.

B. Brillouin-Scattering-Induced Transparency

The proposed spectrum sensing mechanism is based on the fact
that a pulsed probe wave traveling in an SBS medium will ex-
perience a time delay given by Eq. (2) only if its frequency fits
into the Brillouin gain spectrum. Therefore, depending on the
center frequency of the Brillouin spectrum, different frequency
components of the spectrum under test (SUT) can travel at
different speeds and each frequency component can be mapped
to a different time delay.

Two main effects are related with the SBS-induced delay,
however, a broadening and amplification of the probe pulse
[25-27]. The broadening, which is a result of the dispersion
of the delay mechanism, does not affect the principle of the
proposed method, since the delayed and non-delayed pulses
are still distinguishable in the time domain and, if necessary,
this broadening can be compensated by several methods
[26-30]. On the contrary, the amplification process has the ma-
jor impact. The SBS slow-light system can be seen as a Brillouin
amplifier. For each nanosecond delay a gain of 1 dB is required
[24]. Thus, the part of the pulse spectrum which experiences a
20 ns delay is amplified by 20 dB at the same time. This excess
amplification makes the discrimination between delayed and
non-delayed pulses not attainable in the time domain since
the reference pulse is completely hidden by the amplified de-
layed pulse. However, since for a given setup all Brillouin
parameters are known, it is possible to realize a spectrum dis-
crimination between two pulses by a post-processing of the am-
plitude. However, such a post-processing is time consuming,
averting the proposed technique for real-time applications.
Thus, here the amplification associated with the delay has been
compensated optically by reducing the net amplitude of the
Brillouin gain spectrum through BIT [31,32]. Since the group
index change Az, depends on the shape of the Brillouin fre-
quency spectrum, the imposed group delay will be preserved
[32]. Such a BIT can be achieved by superposing a narrowband
gain with a broader loss. Figure 1(a) shows the schematic dia-
gram of the proposed technique. First, the incoming multi-
frequency signal has to be transferred to an optical Gaussian
pulse by an optical modulator. The spectrum of the pulsed
multi-frequency signal can be seen in the dashed purple box
in Fig. 1(a). Around the optical carrier, the two RF frequencies
(1.8 and 5 GHz) with a Gaussian shape are present as two
upper and lower sidebands [red curves in the purple box of
Fig. 1(a)]. The SBS will be applied to the 5 GHz component,
for instance [blue SBS gain in Fig. 1(a)]. If the SBS gain is fre-
quency downshifted by f, the frequency spacing between the
optical carrier, carrying the two RF frequencies, and the blue
Pump 1is f5 + fres> With frps as the selected RF frequency
(here 5 GHz). To compensate the gain, a broader loss has to be
superimposed [31,32]. This is achieved by the green Pump 2 in
Fig. 1(a). Thus, the frequency difference between the
optical carrier and Pump 2 is f - frps- Therefore, the BIT
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Fig. 1. (a) Schematic diagram of the proposed slow light-based spec-
trum  discriminator; (b) simulated Brillouin gain spectrum (green)
superimposed with a broad loss (blue), resulting in the orange net
curve. The left inset represents the normalized SBS phase response
for the gain (green), loss (blue), and the superposed spectrum (orange).
The right inset is the corresponding normalized group index change of
the superposed Brillouin spectrum.

profile can be scanned over different frequencies by only chang-
ing the pump wavelengths making the proposed method viable
for different frequency bands. The imposed time delay can be
adjusted either by changing the pump power or the length of
the Brillouin medium [Eq. (2)]. Since the SBS is a narrowband
process, the proposed SBS-based spectrum sensing offers very
high spectral resolution and can temporally discriminate
frequencies separated down to a few tenths of megahertz.
The superimposed complex gain coefficient for the BIT can
be written as

Gy G,
1-2i(Aw - wp) /Ty 1-2i(Aw - wp)/Ts’
@)

where G| and G, are the Brillouin gain and loss peaks, respec-
tively. I'g; /27 and ', /27 denote the FWHM of the gain and
loss spectra, respectively. Assuming that the peaks of gain and
loss are equal, we have a perfect BIT in the center of the in-
teraction [orange curve in Fig. 1(b)].

A spectrum as shown with the orange curve in Fig. 1(b) can
be generated from two distinct pump lasers. Since the linewidth
of the Brillouin spectrum is a convolution between the natural
Brillouin spectrum and the spectrum of the pump wave, the
Brillouin linewidth is determined by the pump if its spectrum
is much broader. Hence, by direct modulation of the second
pump laser, a broadened Brillouin loss spectrum can be
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Fig. 2. (a) Normalized photodiode output of non-delayed reference
pulse (blue) and optical (red) pulse delayed by 20 ns with a conven-
tional Brillouin gain spectrum. The inset shows the zoomed-in section
of the reference pulse, completely hidden by the delayed amplified
pulse. (b) Measured delayed pulses by a Brillouin spectrum superposed
with a broad loss (zero gain).

obtained. By controlling the optical frequency of the second
pump, its loss spectrum can be coincided with the gain spec-
trum generated from the first pump. As an example, Fig. 2(a)
shows two pulses. The red one is delayed by about 20 ns with
just the gain and the blue one is the non-delayed pulse. The
amplification gain [10 log(Pp/Py)], with Pp as the optical
power of the delayed pulse and Py as that of the reference pulse,
measured with the photodiode, is around 20 dB. As can be seen
in the inset of Fig. 2(a), the reference and the delayed pulse are
not distinguishable from each other. In Fig. 2(b) the BIT was
applied for three different delays, resulting in three broadening
factors B, which are defined as the ratio between the FWHM of
the delayed and non-delayed pulse as [17]

161n 2
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T
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where 7y, is the FWHM of the input pulse, G is the Brillouin
amplification gain, and I' is the FWHM of the SBS spectrum.
Thus, for a natural Brillouin linewidth, it can be clearly seen
that the broadening factor can be controlled by either changing
the FWHM of the input pulse or the Brillouin gain. A broad-
ening of a pulse by a factor of B results in an amplitude reduc-
tion of 1/B. However, the two pulses are clearly distinguishable
without any post-processing of the signal.

3. EXPERIMENT

To verify the proposed spectrum sensing technique, an exper-
imental setup as shown in Fig. 3 has been used. The output
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Fig. 3. Experimental setup: DFB, distributed feedback laser; AWG,
arbitrary waveform generator; RFG, radio frequency generator; MZM,
Mach-Zehnder modulator; ISO, isolator; SMF, single-mode fiber;
CIR, circulator; FBG, fiber Bragg grating; PC, polarization controller;
OC, optical coupler; EDFA, erbium-doped fiber amplifier; PD, pho-
todiode; OSA, optical spectrum analyzer; OSC, oscilloscope; VOA,

variable optical attenuator; TC, temperature controller.

from a distributed feedback laser (DFB 1) emitting at 1550 nm
has been split into an upper and a lower branches to form a
probe and Pump 1 wave, respectively. To avoid wavelength
drifting and secure high stability between Pump 1 and the
probe, both waves have been generated from the same laser
source. A pulsed two-tone SUT has been generated in an ar-
bitrary waveform generator by multiplying two RFs | and f,
with a Gaussian pulse. In the upper branch, the probe wave was
modulated by the optical carrier with the SUT using a Mach—
Zehnder intensity modulator (MZM 1) and then passed
through to a 10.9 km SSMF. In the lower branch, Pump 1
was used for generating the gain by driving MZM 2 with a
continuous-wave RF generator set at [ + frps- MZM 2 is
biased properly to achieve a double sideband suppressed carrier
modulation. The lower sideband has been filtered out using a
fiber Bragg grating filter. To achieve the required group delay,
Pump 1 has been amplified by an erbium-doped fiber amplifier
(EDFA 1) to around 8 mW.

The loss (Pump 2) has been generated from another laser
source (DFB 2) directly modulated with a Gaussian noise to
broaden its spectrum and spectrally placed at f - frps
through a temperature control. This has been done by mon-
itoring the frequency of the beat note between Pump 2 and
Pump 1 via an electrical spectrum analyzer (not shown in
the setup). In order to achieve a zero Brillouin gain, the peaks
of the gain and loss spectra shall be identical. Since the loss
spectrum is broader than the gain spectrum by a factor of
I'g,/Tp1, Pump 2 has been amplified by the same factor
[31] with EDFA 2. Both pump waves were combined via
an optical coupler and directed into the optical fiber through
an optical circulator.

4. RESULTS

To measure the superposed Brillouin spectrum, the frequency
of the probe wave is scanned in a vicinity of fppg = 200 MHz,
and the corresponding spectrum is depicted in Fig. 4. To char-
acterize the induced group delay and the broadening of the
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Fig. 4. Measured superposed Brillouin spectrum, BLS, Brillouin

loss spectrum; BGS, Brillouin gain spectrum. The cyan region repre-
sents the natural Brillouin spectrum in which the delay takes place.

probe pulses, a Gaussian pulse with an FWHM of 10 ns
has been employed as a probe wave.

The fractional delay (A7 /7y,), with 7;, as the FWHM of
the input probe pulses, and the broadening factor B of the setup
have been measured as a function of the Brillouin gain by
changing the pump power and the results are presented in
Fig. 5. A small deviation between the experimental and analyti-
cal measurements can be observed. This deviation is attributed
to some experimental insufficiencies and dispersion in the fiber
[17,33]. These characterization curves are used for a broaden-
ing compensation.
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Fig. 5. Experimental characterization of the (a) pulse broadening
and (b) fractional time delay in dependence on the Brillouin gain.
The solid curves give the analytical results and the red squares or dots
the measured values.
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off). The inset is the corresponding measured RF spectrum.

Some useful RF frequency bands have been analyzed to val-
idate the proposed spectrum sensing technique. First, a two-
tone RF signal composed of 1.8 and 5 GHz has been tested
using the experimental setup in Section 3. Figure 6 shows
the measured input RF pulse in the time domain (Pump 1
and Pump 2 are switched off).

The photodiode measures the optical power. However, for
all measurements an additional optical power bias was adjusted
at the modulator, so that after subtracting this bias, positive and
negative components seem to Occur.

For the proof-of-concept, the input power of both frequency
components has been set equally. However, this is not necessary
for the proposed technique. In the first experiment, the
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Fig. 7. (a) Output RF signal (after dc removal) for the delay of the
5 GHz signal after broadening compensation and amplitude normali-
zation. The inset shows the raw data before compensation.
(b) Spectrogram (time—frequency mapping) of the output signal in (a).

higher-frequency component has been delayed against the lower
one. To achieve a high separation between the two frequencies, a
fractional delay of around 2 has been adjusted and the result can
be seen in Fig. 7. To verify the configurability of the proposed
scheme, the lower-frequency component (i.e., 1.8 GHz) has
been delayed against the higher one. This is obtained by propetly
tuning the wavelengths of Pumps 1 and 2 to make the Brillouin
spectra coincide with the RF spectrum at 1.8 GHz. As can
be seen in Figs. 8(a) and 8(b), the input RF spectra are again
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Fig. 8. (a) Output RF signal (after dc removal) for delaying the
1.8 GHz signal against the 5 GHz; (b) spectrogram of the output sig-
nal in (a); (c) separation between 5 GHz and 0.9 GHz signals (5 GHz
is delayed); and (d) spectrogram of the output signal in (c).
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separated by 20 ns and the 1.8 GHz frequency component ap-
pears later. Additionally, we have considered another frequency
combination of 5 and 0.9 GHz. Using the same approach with
putting the SBS-induced delay profile at 5 GHz, again both fre-
quency components have been discriminated, as presented in
Figs. 8(c) and 8(d). Furthermore, in all cases we observed that
the input two-tone RF signal is properly resolved in time which
enables additional real-time post-processing.

5. DISCUSSION

Many advanced real-world applications require that the spectral
information of the signal under test is provided and captured in
a real-time dynamic manner. This involves the capability of
detecting and tracking fast dynamics of the frequency informa-
tion in the SUT continuously in real time [14]. For the pro-
posed method, an offline post-processing or analysis of the
signal is not necessary. However, fast dynamic changes can only
be measured if they are slower than the repetition time of the
pulses required for carving out pulses from the spectrum.
Additionally, the method is just able to detect if a given,
pre-defined frequency band is occupied or not. For the mea-
surement of other frequency ranges, the pump waves have
to be tuned, or other pre-defined pump wavelengths have to
be switched on and off. The latency associated with the fiber
length can be optimized by selecting shorter fibers, while in-
creasing the pump power to achieve the same group delay,
or by integrating the system on a chip.

To achieve a large group delay via SBS, a significant group
index change An, is required which in turn requires a large
Brillouin gain (A7 = LAn,/c), where L is the SBS medium
length and ¢ is the speed of light. To date, various high-gain,
on-chip SBS schemes have been demonstrated. In an optimized
chalcogenide (As,S;3)-on-silica waveguide a 52 dB SBS gain has
been demonstrated for instance [34]. In another work, on-chip
SBS slow light with a group delay of 23 ns has been reported in
a7 cm long rib waveguide based on As, S; platform [35]. Thus,
the proposed method can be straight forwardly integrated into
existing SBS chips.

In principle the proposed method can identify more than
two radio frequencies. Different frequency components can
be detected with different pump waves and different ampli-
tudes, resulting in different group delays. However, the number
of frequency components that can be distinguished depends on
the maximum delay and the broadening of the pulses. The
maximum delay that can be achieved by this method is around
3 times the pulse width [26]. So, at least three frequencies can
be distinguished. This might be enhanced by an accurate com-
pensation of the broadening. For a broadened gain superim-
posed with a loss the maximum fractional delay is around
3 bits [26]. For the experiment we have chosen 10 ns pulses
with a bandwidth of around 100 MHz. The gain bandwidth
is around 30 MHz and the loss 210 MHz. The 30 MHz broad
frequency range in the middle of the pulse spectrum will be
delayed by 20 ns, whereas the edges would see an advancement
(see Fig. 4). However, since the bandwidth of the loss is much
broader than that of the pulse, the frequency components at the
edges will be strongly attenuated. Hence, only the delayed part
can be seen at the output. But this carving out of frequency
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components will lead to a broadening of the pulses. In principle
the duration, time delay, and broadening factor in the
experiment were chosen in a way that the delay can be clearly
seen.

The specification of 5G supports bandwidths ranging from
5 MHz to 100 MHz for bands below 6 GHz [36,37]. Thus, the
bandwidth of the signal and data channels in 5G is usually
broader than the gain bandwidth of SBS (10-30 MHz).
However, the proposed method just detects if there is a fre-
quency component in the SBS gain bandwidth or not. As long
as a signal component (the carrier, for instance) falls into the
gain spectrum of SBS, there will be a delayed pulse. If the car-
rier (and no other frequency components in the range of
10-30 MHz around the carrier) is not present, no delayed pulse
can be seen. For signal spectra with widths up to the loss band-
width (210 MHz), just the delayed pulse will be present at the
output since the frequency components outside the gain band-
width will be strongly attenuated (see Fig. 4). If the signal band-
width is broader than the loss bandwidth, there will be a
delayed and a non-delayed pulses, since the frequency compo-
nents of the signal outside the loss bandwidth propagate with
the normal group velocity along the waveguide. If necessary,
however, the gain and loss bandwidths can be adapted to
the signal spectrum by a modulation [22].

The SBS gain spectrum is downshifted from the pump wave
by the Brillouin frequency shift of the fiber, which is around
11 GHz in the single-mode fiber at 1550 nm pump wave-
length. Therefore, the absolute frequency of the resolved RF
signals can be precisely determined. However, the Brillouin fre-
quency shift of a fiber depends on strain and temperature, so
the SBS frequency shift of the fiber has to be measured first and
during the measurement the temperature and strain have to be
kept constant.

6. CONCLUSIONS

In this work, we have presented a novel approach for real-time
spectrum sensing based on Brillouin-scattering-induced trans-
parency. The gain associated with the Brillouin-induced delay
has been optically compensated by superposing it with a broad
Brillouin loss spectrum. In the proof-of-concept demonstra-
tion, a fractional delay of around 2 has been used to temporally
resolve two pairs of frequencies (5, 0.9 GHz) and (5, 1.8 GHz).
The proposed method can be implemented using low-cost con-
ventional optical and electrical components without employing
any DSP-based offline signal processing unit. Time-resolved
RF components can be detected by using a low-bandwidth
photodiode and an oscilloscope. The system is fully reconfig-
urable by tuning two pump waves and can be integrated on
SBS compatible platforms. Due to its agile, fast processing,
and high resolution, the proposed technique is a promising sol-
ution for real-time spectrum sensing of 5G and mm-wave
signals.
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