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Spectral analysis based on heterodyne detection is used to investigate Brillouin dynamic grating (BDG) in a small-core polarization-maintaining

optical fiber. Thanks to direct heterodyning of the readout and diffraction waves, essential BDG properties can be fully investigated. It is

experimentally characterized that the BDG diffraction wave has an identical frequency downshift from the readout wave as the pump–probe

frequency offset in the BDG generation, which straightforwardly verifies the theoretical estimation of the BDG’s phase-matching condition for the

first time to our best knowledge. The spectral analysis also confirms that the maximum power of the main peak changes in the same way with the

stimulated Brillouin gain and has an exponential (linear) dependence on the pump (probe) power. # 2013 The Japan Society of Applied Physics

D
ynamic grating can be generated by the use of gain
saturation effect in rare-earth-metal-doped optical
fibers1–3) or stimulated Brillouin scattering (SBS)

process in optical fibers.4–10) Dynamic grating is more
advantageous for certain applications than fiber Bragg
grating (FBG)11) because it can be dynamically constructed
using two coherent pump waves while FBG is static after
fabrication. In comparison, the SBS-generated dynamic
grating, also called Brillouin dynamic grating (BDG), is
superior to the saturation gain grating due to its elasto-
optical nature and lack of quantum noise.12) In addition,
the BDG is much easier to experimentally characterize4,5)

while the saturation gain grating needs sophisticated double
lock-in detection.2) To date, there are various methods of
generating BDG in optical fibers4–9) or even in a photonic
chip.13) Undoubtedly, the method based on a polarization-
maintaining optical fiber (PMF) is more attractive because
the generation and readout of the BDG in a PMF are oriented
in two orthogonal polarization states4,5) and intrinsically
deviated in optical frequency due to the birefringence-
determined phase-matching condition.5) The frequency-
deviation property provides an additional degree of freedom
to precisely characterize the birefringence5) and has been
developed for the complete discrimination of strain and
temperature responses for Brillouin-based distributed optical
fiber sensing applications.5,14–16) Besides, the BDG in a PMF
has great potential applications in the fields of microwave
photonics17) and all-optical signal processing.18,19)

In this paper, we demonstrate a heterodyne detection
between the diffraction and readout waves of the BDG
in a PMF. The heterodyne detection provides an essential
analysis of the BDG’s spectral properties, which is superior
to the so-far reported characterization based on direct power
measurement4) or lock-in detection of the diffraction
wave.5–8) In Refs. 4–8, the BDG diffraction wave as an
entirety was detected to study the relation of the diffraction
power to the frequency difference between the pump/probe
wave and the readout wave so that no spectral details
(especially of the BDG diffraction) could be revealed in
Refs. 4–8. Here, we can straightforwardly verify the depend-
ence of the diffraction wave’s frequency shift on the pump–
probe frequency offset and the dependence of diffraction
efficiency on the pump or probe power.

The experimental setup is depicted in Fig. 1. Two laser
diodes (LD1 and LD2) at 1550 nm and with �2MHz

linewidths are used as the light sources of BDG generation
and readout processes, respectively. The LD1 is split into
two beams by the first 3 dB coupler for the pump–probe-
based BDG generation. One beam serving as the probe wave
is downshifted in frequency by a single sideband modulator
(SSBM1) driven by a microwave synthesizer (RF1, �1), and
amplified by an erbium-doped fiber amplifier (EDFA1). The
other beam serving as the pump wave is amplified by
another erbium-doped fiber amplifier (EDFA2). The two
beams are oriented in the same x polarization states and
launched into a 30-m-long small-core PMF (Fujikura HA13-
PS-U25A) after passing through polarization controllers
(PC1 and PC2), x polarizers, and a polarization-maintaining
isolator (PM-ISO) or a polarization beam splitter/combiner
(PBS/C). The PMF’s parameters are given as follows:
5.5 �m mode field diameter, 1.3 �m cutoff wavelength,
2.0 dB/km loss, and 2.5mm beat length (Lbeat) correspond-
ing to a birefringence of B ¼ �=Lbeat ¼ �6:2� 10�4 at
� ¼ 1550 nm.

The optical frequency of the LD2 is preset to be 75GHz
greater than that of the LD1. Its output is modulated using
another single sideband modulator (SSBM2) driven by an
RF2 synthesizer (�2) so as to achieve an upshifted single
sideband with a stable and precise frequency sweeping,
which is also divided into two parts by the second 3 dB
coupler. One part serving as the BDG’s readout wave is
amplified by an EDFA3, and the other works as a local
oscillator for heterodyne detection. The readout wave is
y-polarized by a PC3 and a y-polarizer, and launched into the
PMF through a PM circulator (PM-CIR) and the PBS/C. In
order to spectrally filter the leaked pump and probe waves
from the diffraction wave, a tunable bandpass filter (TBF) is
laid after the PM-CIR. The heterodyne detection is carried
out in two steps: optical mixing of the local oscillator and
the filtered diffraction wave after a PC4 via the third 3 dB
coupler and optoelectronic conversion of the coupler’s
dual optical outputs via a high-speed balanced photo-
detector (Discovery Semiconductor DSC720). The balanced
electrical signal is measured using an electrical spectrum
analyzer (ESA) under single scan and recorded with a
personal computer.

Figure 2(a) shows the optical spectra of the readout wave
when �2 ¼ 6:5{9:5GHz, which give flat frequency-upshifted
single sidebands with more than 20 dB suppression ratio. For
a fixed �2 (such as 6.5 GHz), the spontaneous Brillouin
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scattering (SpBS) spectrum at a readout power of P3 ¼
15 dBm is measured by heterodyne detection when the
pump/probe waves are shut down. The ESA spectrum is
recorded for twice when the readout wave is turned on or off,
respectively. After subtraction of the two records, a clear
Brillouin gain spectrum (BGS) of SpBS free from the noise
floor of ESA is achieved, as illustrated in Fig. 2(b). It
provides the Brillouin frequency shift of �B

y ¼ 10:506GHz
and linewidth of �40MHz. By use of B ¼ �6:2� 10�4, the
Brillouin frequency shift in the x (or slow) axis is estimated
to be �B

x ¼ �10:511GHz.5)

When �1 ¼ 10:511 of the RF1 synthesizer is fixed for the
pump–probe BDG generation, the electrical spectra of the
BDG diffraction wave are successively recorded for different
�2. The pump and probe powers are P1 ¼ 18 and P2 ¼
4:8 dBm. A three-dimensional (3D) plot of the spectra is
summarized in Fig. 3(a). The peak power of each ESA
spectrum as a function of �2 is shown in Fig. 3(b) and
Lorentz fitting to its linear vertical scale is included in the
inset. The results give the 3 dB bandwidth of �25MHz and
central frequency (related to the birefringence-determined
frequency deviation, fyx) of �2 ¼ 8:069GHz. Provided the
frequency difference of f21 ¼ 75GHz between LD2 and
LD1, fyx ¼ f21 þ �2 ¼ 83:069GHz is experimentally char-
acterized. According to its definition given by4,5)
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Fig. 1. Experimental setup of spectral analysis of BDG in PMF. LD: laser diode; SSBM: single sideband modulator; EDFA: erbium-doped fiber amplifier;

PC: polarization controller; PM-ISO: polarization-maintaining isolator; PM-CIR: polarization-maintaining circulator; PMF: polarization-maintaining fiber;

PBS/C: polarization beam splitter or combiner; TBF: tunable band-pass filter; PD: photodetector; ESA: electrical spectral analyzer.
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Fig. 2. (a) Optical spectra of readout wave generated by SSBM2

(at different �2) to frequency-upshift LD2. (b) Measured Brillouin gain

spectrum based on spontaneous Brillouin scattering (SpBS) of readout wave

(�2 ¼ 6:5GHz). Open symbols corresponding to the ESA signal of SpBS

(triangles) and noise floor (rectangles) are labeled with the right vertical

axis; closed symbols (triangles) denoting the subtraction of open triangles

and rectangles are labeled with the left vertical axis.
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Fig. 3. (a) 3D plot of ESA spectra when �2 is scanned. (b) Dependence of

peak power of each spectrum on �2. The dashed inset denotes Lorentz fitting
(solid curve) to the linear vertical scaled symbols in (b).
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fyx � �0
nx

� B ¼ c

nx � Lbeat
; ð1Þ

where c is the light speed in vacuum, �0 is the optical
frequency, and nx (¼ 1:448) is the effective refractive
index of the slow axis, the nominal fyx is calculated to be
82.873GHz by substituting Lbeat ¼ 2:5mm. There is a tiny
discrepancy of �fyx ¼ �0:2GHz between the measured and
calculated values. The possible reason is due to the small
estimation error of the PMF’s beat length since an error of
�Lbeat ¼ 0:006mm will lead to �fyx ¼ 0:2GHz according to
Eq. (1).

The BDG diffraction property is further studied by fixing
�2 ¼ 8:069GHz while scanning the pump–probe frequency
offset (i.e., �1) from 10.46 to 10.56GHz. The optical powers
are set as P1 ¼ 21:8, P2 ¼ 4:8, and P3 ¼ 21:3 dBm. The
3D plot of the ESA spectra is summarized in Fig. 4(a). The
peak frequency and power dependence on �1 are shown in
Figs. 4(b) and 4(c), respectively. The frequency dependence
is a linear relation because the acoustic resonance frequency
of the BDG is determined by �1 so that the diffraction wave
suffers the identical frequency downshift from the readout
wave. The Brillouin gain determined by the pump–probe-
based SBS process is well known to be changed when �1 is
swept,12) which is herein reflected by the measured power
dependence [see Fig. 4(c)] since the diffraction wave sees
the Brillouin gain change. As shown in the inset of Fig. 4(c),

Lorentz fitting provides the central frequency of �10:510
GHz, agreeing with the above estimation of �B

x, and 3 dB
linewidth of �18MHz. The SBS linewidth is larger than
the SpBS of �40MHz in Fig. 2(b) due to the physical
difference between SBS and SpBS.12,20) However, it is
comparable to but smaller than �25MHz in Fig. 3(b). This
is because the linewidth is inversely proportional to the SBS
pump power and gain.20,21)

Finally, we study the diffraction efficiency on the pump
and probe powers when �1 ¼ 10:510 and �2 ¼ 8:069GHz
are fixed at the RF1 and RF2 synthesizers, respectively. The
diffraction spectra under different pump powers (P1) for
P2 ¼ 4:8 and P3 ¼ 21:3 dBm are illustrated in Fig. 5(a),
while those under different probe powers (P2) for P1 ¼
21:8 dBm and P3 ¼ 21:3 dB are depicted in Fig. 6(a). There
are multiple peaks (two dominant ones) observed in all
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Fig. 4. (a) 3D plot of ESA spectra when �1 is scanned. Dependence of
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spectra, which appear also in Fig. 4(a). It is possibly because
multiple longitudinal acoustic resonance modes can co-exist
in a small-core optical fiber,22) which is now under plan
to clarify. The maximum diffraction efficiency of the main
peak as a function of P1 or P2 is summarized in Figs. 5(b) or
6(b), respectively. It is clearly shown that the pump power
increases the efficiency in an exponential way although
deviation from the exponential behavior is raised by the
pump depletion effect. Besides, the efficiency is linearly
proportional to the probe power. Both of them are in good
agreement with the strict theoretical analysis.10)

In conclusion, we have investigated experimentally the
diffraction properties of the BDG in a small-core PMF by the
use of heterodyne detection. The spectral analysis nature of
heterodyne detection verifies that the pump–probe frequency
offset in the BDG generation is identical to the frequency
shift of the diffraction wave from the readout wave and
changes the maximum diffraction efficiency in the exactly
same way with the SBS-induced BGS. The exponential and
linear dependences of the main-peak efficiency on the pump
and probe powers are experimentally verified, matching well
the theoretical analysis.10) It is believable that the essential
investigation of the BDG spectral property is very helpful to
develop for functional optical fiber sensing and all-optical
signal processing.
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