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We demonstrate an arbitrary-response Brillouin instantane-
ous frequency measurement (IFM) based on the principle
of the frequency-to-power mapping in stimulated Brillouin
scattering (SBS), which is named Brillouin IFM. The arbi-
trary response is realized by periodically sweeping the fre-
quency of the local pump lightwave, and the response’s
amplitude depends on the sweeping slope. The Brillouin
IFM is achieved by the control of the sweeping period lower
than the double of the flight-of-time in the SBS interaction
length. A Costas frequency coded pulse is experimentally
measured to verify the feasibility of the proposed Brillouin
IFM scheme. The bandwidth of the digital sampling in the
scheme is reduced to 50 MHz. The Brillouin IFM range with-
out averaging reaches 6 GHz at Ku band. © 2019 Optical
Society of America

https://doi.org/10.1364/0L.44.002045

Instantaneous frequency measurement (IFM) is an important
technique to directly identify the frequency of an unknown mi-
crowave signal without complicated digital processing. It ensures
a fast response for electronic reconnaissance and warfare [1]. In
the last decades, several photonics-assisted IFM schemes [2—7] are
raised to provide a broadband measurement range, which are usu-
ally implemented by using wideband quadrature hybrid couplers
and delay lines similar to the traditional electronic IFM receivers
[8,9]. The principles of these schemes can be mainly classified
as the frequency-to-power mapping [2—6] or frequency-to-time
mapping [7]. The former one is more commonly used by simply
designing a monotonous system response, or so-called the ampli-
tude comparison function (ACF). It can be achieved by optical
delay lines [10], dispersion [7], and other nonlinear phenomena
[5,6]. However, most ACFs of these schemes are limited by the
specific parameters of the photonic devices (such as optical fiber
length). Some schemes might program the system’s ACF by tun-
ing the wavelength of the light source [4,5], but it is still difficult
to achieve an arbitrary response.

The stimulated Brillouin scattering (SBS) process is a non-
linear phenomenon of three-wave interaction involving the
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pump lightwave, counter-propagating probe lightwave, and
acoustic wave [11]. It occurs when the beat frequency between
the pump and probe lightwaves is close enough to the Brillouin
frequency shift (BFS) of the SBS interaction media. According
to the nature of phonon-photon interaction, SBS has been
studied and used for many signal processing applications
[12-20]. For the IFM application, SBS is expected to provide
high-frequency resolution for its narrow-bandwidth filtering
feature. In Ref. [19], an SBS-based IFM was proposed based
on the dependence of the BFS on the optical wavelength.
However, this scheme can only measure high frequency
(>20 GHz), because the observation of the BES change re-
quires a large wavelength difference. Besides, an SBS-based
IFM has been successfully implemented in a chip-scale device,
and both large measurement range and high resolution are
simultaneously achieved [5]. However, the frequency of the sig-
nal to be detected should be constant or composed of several
tones. Most recently, we have realized the measurement of the
instantaneous spectrum of an unknown microwave signal via
SBS [6]. However, the real-time detection is hardly achievable
due to the requirement of the repeatability of the signal and the
frequency tuning process.

In this Letter, we present a Brillouin IFM scheme with an
arbitrary response, which provides a potential solution for real-
time implementation. The unknown signal is modulated onto
the probe lightwave, and the pump lightwave is modulated
by a designed frequency sweeping signal. The instantancous
spectrum is converted by the frequency-to-power mapping prin-
ciple and obtained by detecting the Brillouin gain. Through peri-
odically sweeping the frequency of the pump lightwave, the
broadband measurement range is achieved, and an arbitrary re-
sponse is realized by controlling the sweeping slope. An experi-
ment in a 2.6 km dispersion compensate fiber (DCEF) is carried
out to measure the frequency Costas coded pulse [20]. The
Brillouin IFM detection without averaging is demonstrated with
the instantaneous bandwidth of 6 GHz at Ku band.

The system response H(w) of an SBS pump-probe-based
configuration is exactly the intrinsic Brillouin gain spectrum
(BGS) when the continuous pump lightwave has a constant
frequency of wp [11]:
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G(w) - £o
Eg(w) ~ 1/(Q27) + i(w - wp + wp)’

where G and E represent the spectrum of the slowly-varying
envelopes of Brillouin gain and injected probe lightwaves, re-
spectively. g, is the Brillouin gain coefficient, and 7, stands for
the phonon lifetime. wp/27 is the BES of the SBS interaction
media. By tuning @p and detecting the probe gain, one can
locate all frequency components under the Bragg condition
of wp — wp. As the SBS response is narrow due to the phonon
lifetime (~10 ns), the frequency of the pump lightwave has to
be tuned step by step for the wideband measurement [6,17],
which is not possible for single-shot detection.

To realize an arbitrary-response Brillouin IFM for potential
real-time implementation, the broadband system response is
essentially required for single-shot measurement. The system
response H(w) of the SBS-based IFM can be regarded as
the convolution result between the pump spectrum Ep(w)
and the intrinsic BGS Gy(w):

H(w) « Gy(0) @ Ep(w). 2

In principle, one can utilize a linear or nonlinear frequency
sweeping to the pump lightwave to broaden H(w). As illus-
trated in Fig. 1, they have different system responses from those
with no sweeping to the pump lightwave. For a constant fre-
quency of the pump lightwave, the system response keeps nar-
row as the intrinsic BGS, which is illustrated in Fig. 1(a). With
the frequency sweeping (green curves), the local BGSs (blue
and red curves) are frequency shifted along the SBS interaction
media, resulting in a wideband response (black dashed curves).
However, different sweeping slopes may cause different re-
sponse shapes. As shown in Fig. 1(b), the system response is
relatively flat, because the frequency sweeping is linear; thus,
every frequency component contributes equally to the final
H(w). In an IFM scheme, and a monotonous response with
a large slope is required to provide high-frequency resolution.
This can be achieved through nonlinear frequency sweeping
[sce Fig. 1(c)]. As the frequencies are swept with different
slopes, the local BGSs are nonuniformly distributed along
the SBS interaction media, and the final system response is
more possible for potential real-time IFM implementation.
According to Eq. (2), when the pump lightwave is a broad-
band signal beyond GHz, the intrinsic BGS can be regarded as
an impulse function, because its bandwidth is usually consid-
ered as 50 MHz in a silica optical fiber [11,13]. In this situa-
tion, H(w) is dependent on the designed pump lightwave’s
spectrum Ep(w). Note that the sweeping waveform is not
the only choice to establish a broadband response. In principle,
the amplitude of Ep(wy) is relative to the time duration of a

H(w) = (1)

Instantaneous frequency --- Local BGS

Integrated BGS - System response

Fig. 1. [Illustration of system responses for different pump light-
waves with (a) constant frequency, (b) linear frequency sweeping,
and (c) nonlinear frequency sweeping.
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Fig. 2. Simulations for three frequency sweeping signals.
(a) Instantaneous frequencies and (b) frequency spectrum.

certain frequency @,. Longer time duration results in more
Brillouin gain accumulated and stronger amplitude of the final
response.

Figure 2 shows the simulated system responses of three fre-
quency sweeping signals (including linear and nonlinear sweep-
ing) with different sweeping slopes. All three pump signals
are swept from 12 to 18 GHz within 1 ps [see Fig. 2(a)].
Figure 2(b) shows their spectra of Ep(w). For a linearly fre-
quency sweeping signal, which has the constant sweeping slope,
the spectrum turns out to be a flat response [see the green curve
in Fig. 2(b)]. When the frequency is swept nonlinearly, each
frequency component lasts for a different time, resulting in
a different response amplitude. Furthermore, a rising/falling
response can be achieved by a nonlinearly frequency sweeping
signal with a greater sweeping slope for higher/lower frequency
[see blue and red curves in Fig. 2(b)]. It can be found that the
nonlinear frequency sweeping instead of the linear frequency
sweeping can achieve an IFM required system response.

To potentially implement the real-time Brillouin IFM, there
are three more issues to be considered. One is the relationship
between the length of the SBS interaction media (Z) and the
pump signal’s sweeping duration (7). The Brillouin IFM
receiver is always designed to detect unknown single-shot sig-
nals without prior knowledge of the arrival time. Therefore, the
local pump lightwave’s signal has to be periodically repeated
during the IFM to catch the unknown single-shot signals.
In this situation, 7p should be shorter than the double of
the flight-of-time in the SBS interaction length to make sure
that the pump and probe lightwaves can successfully meet each
other, and SBS occurs within the SBS interaction media:

Tp <—, ()
v

where v is the light speed in the SBS interaction media. It
should be noted that 2L/ also represents the maximum time
of the pump lightwave that the probe lightwave can meet
within the SBS interaction media. It is noted that the probe
lightwave meets several periods of pump lightwave if 7p
is pretty short. Consequently, there are ripples in the final
response of H(w), which breaks the monotonicity of the
designed response. In addition, the minimum measurement
period of this scheme is /v (around several microseconds).
Note that the measurement period of our previous work [6]
is at least several milliseconds due to the requirement of repeat-
able frequency tuning.

The second issue is the trade-off between the measurement
range and resolution, which are two key performances of an
IFM scheme. For a basic IFM based on the frequency-to-power
mapping, the frequency information is converted into the
amplitude information. Thus, these two performances, in fact,
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are limited by the amplitude detection performance of the mea-
surement system. Given the specific sampling and quantization
module, the measured frequency resolution can be improved by
enhancing the Brillouin gain. As it can be found in Eq. (1), a
simple and effective way to enhance the Brillouin gain and
improve the SNR is to utilize an SBS interaction media with
high ¢, [20].

The last issue is the bandwidth needed for the photodetector
(PD) and quantization module (i.e., analog-to-digital converter
[ADC]) to implement the proposed Brillouin IFM. Since the
frequency information is converted to the amplitude informa-
tion after SBS, the PD and ADC only have to detect the probe
gain, rather than the probe signal itself. Usually, the bandwidth
of the probe gain is limited by the linewidth of the BGS or the
inverse of the lifetime of the phonon and, therefore, is less than
about 50 MHz in asilica optical fiber. Consequently, no matter
what the carrier frequency or the signal’s instantaneous band-
width, the bandwidths of the PD and ADC just have to be less
than 50 MHz in the proposed IFM scheme. Figure 3(a) depicts
the experimental setup. A 1550 nm distributed-feedback laser
(DFB-LD, NEL NLK1C6DAAA) is used as the light source
and split into two branches by a 1:1 fiber coupler. The upper
branch is modulated by a nonlinear frequency sweeping signal
of an arbitrary waveform generator (AWG, Keysight M8152A)
via a single-sideband modulator (SSBM) and works as the
pump lightwave to form the specific system response. The
lower branch, working as the probe lightwave, is modulated
via a Mach—Zehnder modulator (MZM) by an unknown signal
to be measured or a known linear frequency modulated (LFM)
pulse signal for the IFM implementation or ACF characteriza-
tion, respectively. Both erbium-doped fiber amplifiers (EDFA1
and EDFA?2) are used to compensate for and control the optical
power before launched into the SBS interaction media (such as
an optical fiber). Polarization controllers (PC1 and PC2) are
used to optimize the light polarizations before the SSBM and
MZM, respectively. The injected powers of pump and probe
lightwaves into the fiber are around 23 and 20 dBm, respec-
tively. PC3 and PC4 ensure the maximum SBS interaction in a

(1) TFM result 2
(2) ACF characterization e e

(1) Unknown signal to be measured
AAAAANY (%) A known LM pulse signal for ACF
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Fig. 3. (a) Experimental setup of the Brillouin IFM for ACF char-
acterization of a known LFM pulse and for implementation of an un-
known signal to be measured under two different pump lighwaves.
(b) Instantaneous frequency of the pump lightwave. (c) Optical spec-
trum of the modulated pump lightwave. (d) Instantaneous frequency
of the probe lightwave and (e) its Brillouin gain.
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2.6 km DCEF [20] with the BES of ~9.76 GHz at 1550 nm.
A circulator is used for the isolation and transmission of the am-
plified probe lightwave. A PD with the bandwidth of 300 MHz
converts the detected probe power into the electric voltage. It is
finally sampled and recorded by an oscilloscope (Tektronix,
DSA70804) which serves as an ADC with the programmable
bandwidth. The optical power before the PD is -5 dBm.
The local pump lightwave is swept nonlinearly, as shown in
Fig. 3(b) via a SSBM in Fig. 3(a), and the sweeping range is
from 2.33 to 8.33 GHz (corresponding to the gain spectrum
from 12 to 18 GHz) with around 4 ps period. Although a DCF
is utilized, the dispersion effect can be neglected due to such a
narrow optical bandwidth. It can be found that the pump light-
wave is swept slower for a higher frequency, which results in a
rising H (). The optical spectrum after SSBM is detected by
an optical spectral analyzer and given in Fig. 3(c). The lower
sideband is selected as the pump lightwave, and the carrier sup-
pression is about 20 dB. To characterize the H (@) and ACF, an
LFM pulse is first launched into the MZM with the sweeping
range from 12 to 18 GHz [see Fig. 3(d)]. After the SBS inter-
action, the Brillouin gain of the probe lightwave is illustrated in
Fig. 3(e). The kinks of the Brillouin gain in Fig. 3(e) are mainly
caused by the finite amplitude resolution of the AWG. It can be
seen that higher frequency obtains stronger Brillouin gain,
which agrees with Eq. (2) and the simulated result shown in
Fig. 2(b). The bandwidth of the oscilloscope is set as 200 MHz.
It should be noted that the intensity of H(w) in the SBS sys-
tem not only is dependent on the beat frequency between the
pump and probe lightwaves, but also is affected by the microwave
signal’s power. In order to precisely achieve the IFM, the con-
structed ACF should be independent on the microwave signal’s
powers. Here we present a novel method to eliminate the influ-
ence of the microwave signal’s amplitude. The ACF is relatively
constructed by obtaining two independent system responses
H,(w) and H,(w) under two different sweeping signals via
the AWG [see Fig. 3(a)]. The frequency information can be ex-
tracted from these two responses simultaneously, depending on
the microwave signal’s amplitude. More specifically, we can detect
the Brillouin gain of the probe lightwave with a known LFM
pulse under two pump lightwaves with different sweeping slopes
[see Fig. 3(a)]. Later, we deduce the rato of two different system
responses to be the ACF, i.e., ACF(w) = H,(w)/H, ().
Figure 4(a) shows two Brillouin gains [H (@) and H,(®)]
measured by two different local pump lightwaves (green and
blue curves), respectively. The probe lightwave is modulated
by a known LFM pulse with its frequency swept from 12 to
18 GHz in 1 ps. The ACF is calculated by H,(w)/H,(®)
and plotted in red curve. The sweeping slopes are opposite each
other, so that rising and falling responses are obtained and the
calculated ACF has a relatively high resolution. Figure 4(b)
shows the Brillouin gains of a Costas frequency coded pulse
with a 6 GHz bandwidth (from 12 to 18 GHz) and 1 ps du-
ration. There are 10 steps in this coded pulse. Each step lasts for
100 ns, and the frequency gap is 0.6 GHz. Again, two Brilloun
gains (D; and D,) are obtained under the two different sweep-
ing slopes. It can be seen that D, and D, show the opposite
variations for these two different pump lightwaves [see the blue
and green curves in Fig. 4(b)]. In the same way, we deduce the
gain ratio of D;/D,. By comparing the ACF [red curve in
Fig. 4(a)] and gain ratio of D, /D, [red curves in Fig. 4(b)],
the IFM results are evaluated, which are depicted in
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Fig. 4. Measurement results for the frequency Costas coded pulses.
(@) Measured ACF, (b) detected Brillouin gain, and (c) measured
instantaneous frequency information and the measurement error.
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Fig. 5. Comparison of measurement results at C band (a) with and

without averaging and (b) with different bandwidths of the ADC.

Fig. 4(c). The measured frequency matches well with the theo-
retical information, and the errors are within 100 MHz. It
should be mentioned that the two different sweeping pump
lightwaves are separately applied in two measurements. To
potentially achieve a real-time implementation, a parallel con-
figuration to utilize the Brillouin gain and loss effects [21] is
now under plan to get D1 and D2, simultaneously.

T'wo more experiments are carried out to verify the ability of
real-time IFM and the requirement of the bandwidth of the PD
and ADC. The frequency range of the Costas frequency coded
pulse is set from 2 to 4 GHz, and its period is 1 ps. The pulse
has totally 40 steps and, thus, its temporal and spectral steps are
set as 25 ns and 50 MHz, respectively. As analyzed in Ref. [6],
the temporal and spectral resolutions of an SBS-based IFM are
at least 10 ns and 50 MHz, respectively. The measured instan-
taneous frequency information is shown in Fig. 5(a) by a blue
curve (with 1024 times averaging) and a red curve (without
averaging). Note that the variation of the measurement is op-
posite the instantaneous frequency information of the Costas
frequency coded pulse [green curve in Fig. 5(a)]. This is due
to the falling system response being used and, therefore, higher
frequency obtains weaker Brillouin gain. It can be seen that the
IFM can be achieved without any averaging and, therefore, it is
capable for single-shot detection. As discussed above, the ADC

Letter

bandwidth needed is no more than the width of the BGS,
which is about 50 MHz. As compared in Fig. 5(b), the
measurement errors for different bandwidths of the OSC are
comparable. In consequence, the proposed IFM can be imple-
mented by a PD and/or ADC with a low bandwidth close to
the Brillouin linewidth (about 50 MHz).

We have demonstrated an arbitrary-response Brillouin IFM.
Instantaneous frequency information of the unknown signal
is converted by the principle of frequency-to-power mapping,
and the converted information is obtained by detecting the
Brillouin gain of the probe lightwave. Through sweeping the
frequency of the pump lightwave, the broadband measurement
is achieved and the arbitrary response is realized by controlling
the frequency sweeping slope of the pump lightwave.
Furthermore, we proposed a method with two different sweep-
ing pump lightwaves to measure the microwave signal’s
frequency without knowing its amplitude information. The
6 GHz instantaneous bandwidth at Ku band has been exper-
imentally achieved with 100 MHz frequency resolution at the
cost of ~50 MHz PD and ADC. Note that the Brillouin IFM
provides a potential solution for real-time implementation if a
parallel configuration is proposed to simultaneously character-
ize two independent ACF.
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