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Abstract—An optical vector analyzer assisted by stimulated Bril-
louin scattering (SBS) processing is proposed and experimentally
demonstrated. Benefitting from the selective amplification and
attenuation achieved by the SBS processing, the proposed OVA has
enhanced dynamic range and measurement accuracy. An electro-
optic modulator produces an intensity-modulated optical double-
sideband (ODSB) signal. During the SBS processing, the +1st-
order sideband of the ODSB signal is amplified while the -1st-order
sideband is attenuated. Thus, an optical single-sideband signal
owning a large sideband suppression ratio is achieved, which is then
served as the probe signal and passes through an optical device-
under-test. Then, by square-law detection, a photocurrent carrying
the frequency responses is generated. Receiving and detecting
the photocurrent, the multi-dimensional frequency responses,
including magnitude, delay, and phase responses, are obtained. In
an experiment, 34.05 dB amplification and 22.85 dB attenuation are
achieved by the SBS processing. A dynamic range enhancement of
14.01 dB is obtained by measuring an optical bandpass filter, which
is well coincident with the theoretical result. The comparative
optical transfer delay measurement of a high-precision variable
optical delay line indicates accuracy improvement.

Index Terms—Delay measurement, microwave photonics,
optical variable measurement, optical vector analysis, stimulated
Brillouin scattering.

I. INTRODUCTION

O PTICAL devices are now fundamental components and
play an important role in emerging technologies and appli-

cations, such as microwave photonics radars [1], fifth-generation
communication [2], high-precision optical sensing [3], and
so on. Characterizing multi-dimensional frequency responses
(e.g., magnitude, delay, phase, and polarization responses) is
an indispensable process in their manufacture and the related
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innovations [4]–[7]. Hence, optical vector analysis techniques
with the capability of multi-dimensional frequency responses
have been proposed and implemented.

Conventionally, optical vector analysis is achieved based
on the optical interferometry method [8]–[11], by which the
only optical vector analyzer (OVA) on the market is imple-
mented. The optical interferometer inherently has advantages
of high measurement accuracy and large dynamic range but is
very sensitive to environmental disturbance. Especially, optical
device-under-tests (DUTs) should be connected in one arm of
the optical interferometer. To achieve frequency responses mea-
surement, ultrafast continuous wavelength scanning, together
with temperature control and vibration isolation is necessary.
Additionally, the coherence length of the laser source would
place a limitation on the length of the DUT. To accurately
characterize the optical devices with high fineness frequency
structures, high-resolution OVAs using microwave photonics
(MWP) techniques are proposed and constructed [12]–[17].
The key of the MWP-based OVAs is to use the MWP-based
high-fineness optical frequency sweeping instead of the coarse
all-optical wavelength sweeping. An attractive frequency reso-
lution as high as 334 Hz was experimentally obtained [13]. The
dynamic range and the measurement accuracy of the MWP-
based OVA are obviously improved by innovative stimulated
Brillouin scattering (SBS) processing [14]. However, limited by
the bandwidth of electro-optic devices and microwave frequency
sweeping range, the measurement range is small and extremely
hard to extend. Another promising optical vector analysis is
based on phase-shift (PS) techniques [18]–[22]. Compared with
the two kinds of OVAs above, the PS-based OVA is of simple
construction and cost-effective besides high stability and a large
measurement range. Conventionally, to minimize the nonlinear
measurement error, the electro-optic modulator works at a small
modulation index. However, the dynamic range is also reduced,
which is now a key restriction placed on the PS-based OVAs
gaining ground.

In this paper, a PS-based OVA assisted by the SBS processing
is proposed and implemented, which owns enhanced dynamic
range and improved accuracy. In the proposed method, after the
SBS processing, an optical single-sideband (OSSB) signal is
achieved by amplifying the +1st-order sideband of an intensity-
modulated (IM) optical double-sideband (ODSB) signal and
attenuating the -1st-order sideband. Thanks to the selective
amplification achieved by the SBS processing, the dynamic
range is correspondingly enhanced. Furthermore, the sideband
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Fig. 1. Schematic diagram of the proposed OVA assisted by the SBS pro-
cessing. TLS, tunable laser source; OS, optical splitter; MZM, Mach-Zehnder
modulator; PC, polarization controller; EDFA, erbium-doped fiber amplifier;
MBC, modulator bias controller; RF, radio frequency; OC, optical circulator;
DUT, device under test; EA, electrical amplifier; PD, photodetector.

suppression ratio (SSR), presenting the power ratio of the +1st-
order sideband to the undesired high-order sidebands induced
by the nonlinear electrical-to-optical conversion, is dramatically
enlarged. Thereby, the nonlinear measurement error is reduced.
Experimentally, by the SBS processing, 34.05 dB amplification
of the +1st-order sideband and 22.85 dB attenuation of the
unwanted -1st-order sideband are achieved. Hence, the dynamic
range improvement of 14.01 dB is observed by characterizing
an optical bandpass filter (OBPF), which agrees well with the
predicted improvement in theory. By comparing the measured
optical transfer delays of a high-precision variable optical delay
line, the improvement of the measurement accuracy is presented.

II. ANALYTICAL ANALYSIS

Fig. 1 shows the schematic diagram of the PS-based OVA
assisted by the SBS processing. An optical carrier signal is
produced by a wavelength-swept tunable laser source (TLS).
Then, an optical splitter separates the optical wavelength-swept
signal into two portions. In the upper path, one portion is injected
into a Mach-Zehnder modulator (MZM), wherein the optical
signal is modulated by an RF signal with a frequency of fp. Since
the MZM works at the minimum transmission point (MITP), a
carrier-suppressed ODSB signal is output. After amplification,
the carrier-suppressed ODSB signal is used as a pumping signal.
The other portion, in the lower path, is delivered to an MZM,
which works at the quadrature transmission point (QTP). By
applying an RF signal, an IM-ODSB signal is thus achieved.
Mathematically, the electrical field can be described by

EIM (t) =

√
2

2
Ec exp (i2πfct)

{
exp

[
iβ sin (2πfet) + i

π

2

]
+ exp [iβ sin (2πfet+ π)]} (1)

where Ec and fc are the amplitude and the frequency of the optical
signal, respectively. fe is the frequency of the RF signal and β =
πV/Vπ is the MZM modulation index in the lower path wherein
Vπ is the half-wave voltage.

According to Jacobi-Anger expansion, the IM-ODSB signal
is rewritten, given by

EIM (t) =

√
2

2
Ec exp (i2πfct)

×
+∞∑

m=−∞
Jm (β) exp (im2πfet) [i+ (−1)m] (2)

where Jm(•) is the m-th order Bessel function of the first kind.

The IM-ODSB signal and the pumping signal are injected
from two opposite directions of the Brillouin medium. To active
the SBS, the frequency of the RF source in the upper path is
carefully set, leading the RF frequency difference equal to the
Brillouin frequency shift, e.g.,

fp − fe = fB (3)

where fB is the Brillouin frequency shift.
In the SBS processing, the +1st-order sideband is amplified

and the -1st-order sideband is attenuated by the SBS gain and
loss spectra, respectively. After the SBS processing, an OSSB
signal is produced, which is

ESSB (t) = HGain (fc + fe)

× EcJ+1 (β) exp

[
i2π (fc + fe) t+ i

3π

4

]

+ EcJ0 (β) exp
(
i2πfct+ i

π

4

)
+HLoss (fc − fe)EcJ+1 (β) exp

[
i2π (fc − fe) t− i

π

4

]

+

√
2

2
Ec exp(i2πfct)

+∞∑
m=−∞
m �=0,±1

Jm(β) exp(im2πfet) [i+ (−1)m]

(4)

where HGain(f) and HLoss(f) are the amplification and attenua-
tion transmission functions of the SBS. At the right, the first term
is the amplified +1st-order sideband while the third term is the
attenuated -1st-order sideband. Typically, the amplification and
attenuation beyond 20 dB are practically achievable. The fourth
term is the high-order sidebands introduced by the nonlinear
electrical-to-optical conversion. It is worth mentioning that the
nonlinear error inherently exists, as the electrical-to-optical con-
version is a nonlinear processing. Conventionally, the nonlinear
measurement error is reduced by decreasing the modulation
index. Thus, the suppressed -1st-order sideband as well as the
high-order sidebands can be ignored. The SBS-processed optical
signal can be simplified as

ESSB (t) = HGain (fc + fe)

× EcJ+1 (β) exp

[
i2π (fc + fe) t+ i

3π

4

]

+ EcJ0 (β) exp
(
i2πfct+ i

π

4

)
(5)

After propagating through an optical DUT, the probe signal
undergoes the amplitude and phase changes according to the
transmission function, which is

E (t) = HGain (fc + fe)

×H(fc + fe)EcJ+1(β) exp

[
i2π (fc + fe) t+ i

3π

4

]

+H (fc)EcJ0 (β) exp
(
i2πfct+ i

π

4

)
(6)

where H(f)=Hsys(f)•HDUT(f) is the joint transmission function.
Hsys(f) and HDUT(f) respectively present the system and the
DUT transmission functions.
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By square-law detection of a photodetector, the information
of the joint frequency responses carried by the optical signal is
transferred to the electrical domain. The desired fe component
in the generated photocurrent can be expressed as

i (fe) = ηHGain (fc + fe)

×H (fc + fe)H
∗ (fc)E2

cJ+1 (β) J0 (β) exp
(
i
π

2

)
(7)

where η is related to the responsivity of the photodetector.
To de-embed the transmission function of the system and

the amplification transmission function of the SBS, a through
calibration processing is performed. Connecting the two test
ports directly, where HDUT(f) = 1, the desired component in the
generated photocurrent is

isys (fe) = ηHGain (fc + fe)

×Hsys (fc + fe)H
∗
sys (fc)E

2
cJ+1 (β) J0 (β) exp

(
i
π

2

)
(8)

Considering that the RF frequency is much smaller than the
frequency sweep step of the TLS, it can be assumed that the
magnitude responses are the same and the phase responses
linearly change around the optical carrier. Hence,

|HDUT (fc + fe)| = |HDUT (fc)| (9)

arg [HDUT (fc + fe)H
∗
DUT (fc)]

= arg [HDUT (fc + fe)]− arg [HDUT (fc)] (10)

where arg(•) gives the phase in radian.
In accordance with (7)–(9), the magnitude and delay re-

sponses can be given by

|HDUT (fc)| =
√∣∣∣∣ i (fe)

isys (fe)

∣∣∣∣ (11)

τDUT (fc) =
arg [HDUT (fc + fe)]− arg [HDUT (fc)]

2πfe

= arg

[
i (fe)

isys (fe)

]
· 1

2πfe
(12)

The phase response is achieved by integrating the delay
response, which is

arg [HDUT (fc)] =

∫ fc

fs

τDUT (f) · 2πdf (13)

where fs is the first frequency of the TLS. By scanning the
frequency of the optical signal from the TLS, the frequency
responses, including magnitude, delay, and phase responses, are
measured.

It is worth noting, benefitting from the SBS amplification, an
enlarged dynamic range is obtained. Considering the suppressed
-1st-order sideband, the improvement of the dynamic range,
compared with the traditional PS-based OVA, is given by

G (fc) =

√
|HGain (fc + fe)|

2
(14)

Since the magnitude response is achieved by the square root
detection in the PS-based OVA as shown in (11), the dynamic
range improvement is lossy compared with the improvement in

Fig. 2. The optical spectra of the IM-ODSB signal and the OSSB signal
achieved by the SBS processing.

[14]. Moreover, only the desired+1st-order sideband undergoes
the amplification, since the SBS amplification has excellent
selectivity. It equivalently enlarges the power ratio of the desired
+1st-order sideband to the undesired high-order sidebands. As
a result, the nonlinear measurement error is suppressed consid-
ering beyond 20 dB amplification of the SBS processing.

III. EXPERIMENTAL RESULTS

An SBS-assisted PS-based OVA is constructed based on
Fig. 1, by which an experiment is carried out. A high-power
tunable laser (EXFO Inc. T100S-HP) provides a wavelength-
swept optical signal with an optical power of 13 dBm, which is
then divided by a 90/10 fiber splitter. In the upper path, the
10% output is delivered into an electro-optic MZM (Fujitsu
FTM7938EZ), which is driven by a microwave signal generator
(Keysight N5183B MXG). To active the SBS effect, an EDFA,
manufactured by Amonics Inc., is cascaded to provide proper
optical power amplification. The 90% output is delivered into
an MZM biased at the QTP. Driven by a fixed microwave
signal with an RF power of 0 dBm from a four-port vector
network analyzer (VNA, R&S ZVA67), an IM-ODSB signal
is generated. Two modulator bias controllers manufactured by
YYLabs Inc. are employed to set the working point of the MZMs.
An optical circulator is used to counter-propagate the signals of
both branches. A 10.17-km single-mode fiber (SMF) is served as
Brillouin medium. Two photodetectors (Finisar XPDV2120R)
respectively convert the two optical signals into photocurrents,
which are then amplified by electrical low noise amplifiers (RF
Bay LNA-1450). The VNA synchronously receives the two
photocurrents and extracts the differences of the magnitude
and phase information. A WaveShaper 4000S Multiport Optical
Processor, an optical tunable bandpass filter (Yenista XTM-50),
and a motorized variable optical delay line (General Photon-
ics MDL-002) are respectively served as the DUTs. A high-
resolution optical spectrum analyzer (OSA, APEX AP2040C)
with a frequency resolution up to 5 MHz is used to monitor the
optical signals.

Fig. 2 shows the optical spectra of the IM-ODSB signal and
the OSSB signal achieved by the SBS processing, when a 500
MHz RF signal is applied. The microwave signal in the upper
path is fine-tuned to make the RF frequency difference be equal
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Fig. 3. The frequency responses of the programmable optical processor with
Hilbert transformation measured by the conventional and the proposed OVAs.
(a) The magnitude, (b) delay, and (c) phase responses.

to the Brillouin frequency shift of the 10.17-km SMF (e.g.,
10.835 GHz @ 1550 nm). As can be seen, benefitting from
the SBS processing, 34.05 dB amplification of the +1st-order
sideband and 22.85 dB attenuation of the unwanted -1st-order
sideband are obtained. According to (14), the 34.05 dB SBS
amplification would bring a 14.025 dB dynamic range improve-
ment in theory. Moreover, the selective amplification of the SBS
enhances the SSR. The enhanced SSR is up to 48.50 dB. Hence,
the residual nonlinear measurement error is only 1.07%, which
is small enough to be ignored. It should be noted that the RF
power should be properly set. By applying a small RF power,
the nonlinear error is ignorable, but the dynamic range is small.
A large RF power would bring a large dynamic range together
with considerable nonlinear error.

Fig. 3 shows the measured frequency responses of the pro-
grammable optical processor with Hilbert transformation. As

Fig. 4. The magnitude responses of the OBPF measured by the conventional
and the proposed OVAs.

can be seen from Fig. 3(a) and (b), the magnitude and delay
responses measured by the conventional PS-based OVA (red
dash lines) are well coincident with those measured by the
proposed SBS-assisted OVA (blue solid lines). Fig. (c) shows
that the phase responses, achieved by respectively integrating
the delay responses, also have a good coincidence. Moreover,
the phase reversion of 180-degree around 1549.43 nm agrees
well with the designed transfer response of an optical Hilbert
transformer, verifying the high accuracy of the measurement
system. It should be noted that, due to the small insertion loss of
the optical Hilbert transformer (around 2.28 dB), the measured
frequency responses cannot demonstrate the difference induced
by the dynamic range.

To investigate the dynamic range enhancement benefitting
from the SBS amplification, an OBPF with an out-of-band
suppression larger than 40 dB is characterized by the conven-
tional and the proposed OVA, respectively. Fig. 4 shows the
measured magnitude responses of the OBPF. It is observed that,
the measured magnitude responses within the insertion loss of
30 dB, including the passband and the partial rising & falling
edges, are greatly overlapped, indicating a good coincidence.
Limited by the small dynamic range of the conventional OVA,
the measurable insertion loss is only 30.80 dB. Thanks to the
selective amplification and attenuation of the SBS, the dynamic
range of the proposed OVA is evidently enhanced. Hence, the
larger insertion loss of 44.81 dB is achieved. A dynamic range
enhancement of up to 14.01 dB is presented, which confirms the
given dynamic range enlargement of 14.025 dB according to the
SBS amplification in the experiment and analytical analysis.

It is worth mentioning that, to achieve maximum SBS ampli-
fication, the frequency of the RF signal in the upper path should
be fine-tuned during the optical wavelength sweeping. It is
because that the Brillouin frequency shift is optical wavelength-
dependent. Fig. 5 shows the measured Brillouin frequency shifts
at different wavelengths. As can be seen, the Brillouin frequency
shift linearly decreases from 10.869 GHz to 10.801 GHz when
the optical wavelength sweeps from 1545 nm to 1555 nm. By
linear fitting, the change rate of the Brillouin frequency shift with
the wavelength is observed, which is around 6.79 MHz/nm.

To present accuracy improvement, an experiment to measure
the delays of a variable optical delay line is carried out. The
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Fig. 5. The measured Brillouin frequency shifts at different wavelengths.

Fig. 6. The measured results of an optical delay line with different delays by
the conventional and the proposed OVAs. (a) The optical transfer delays and (b)
the deviations.

optical transfer delay of the variable optical delay line rises
from 20 ps to 300 ps with an optical delay step of 20 ps.
Fig. 6 shows the measured optical transfer delays at the set
delays and the measurement errors by using the conventional
and proposed OVAs. As shown in Fig. 6(a), the optical transfer
delays measured by the proposed OVA (red solid diamonds) are
exactly overlapped with those obtained by the traditional OVA
(blue hollow squares). The measurement results are linearly
fitted as shown the red dash line in Fig. 6(a). The R-square is
up to 1, which indicates the high linearity and high measure-
ment accuracy. To reveal the detailed measurement accuracy,
Fig. 6(b) shows the deviations between the measured optical
transfer delays and the set delays. The deviations achieved by the

Fig. 7. The stability investigation of the proposed OVA in 40 minutes.

conventional OVA measurement results fluctuate within 0.89 ps,
while the results achieved by the proposed OVA have a smaller
deviation range of 0.56 ps. By comparison, an obvious accuracy
improvement is obtained. The influence of the delay inaccuracy,
induced by the variable optical delay line on the deviations, is
ignorable since the delay inaccuracy is better than 10 fs, which
is much smaller than the deviations. It should be noted, since
the through calibration processing is performed when the delay
is set to 0 ps, no measurement error appears in the measured
magnitude responses. In this case, the generated photocurrents in
the calibration and measurement processes are always the same.
On the contrary, the rates of the phase responses are changed in
accordance with the delays.

Fig. 7 shows the long-term stability, wherein the optical trans-
fer delay is measured by per 2 minutes during 40 minutes after
calibration. As can be seen, the measured delays unpredictably
change between −0.34 ps and 0.70 ps, which are mainly caused
by the room temperature fluctuation in the lab. The temperature
fluctuation results in not only the length change of the fibers in
the system but also the working point drifting of the MZM. It is
believed that, by good temperature controlling, the stability can
be further improved.

IV. CONCLUSION AND DISCUSSION

A PS-based OVA assisted by the SBS processing is proposed
and experimentally demonstrated. Thanks to the selective SBS
amplification, the dynamic range is evidently enhanced, and the
nonlinear measurement error is suppressed. In the experiment, a
programmable optical processor owning Hilbert transformation
response, an optical bandpass filter, and a motorized variable op-
tical delay line are precisely characterized. The measurement re-
sults confirm the dynamic range enhancement and the accuracy
improvement given by analytical analysis. If a phase-modulated
ODSB signal is employed, the measurement error induced by the
bias point drifting can be eliminated and the measurement error
can be further improved. Additionally, the delay measurement
range can be significantly enlarged up to hundreds or even
thoughts of times by finely sweeping the frequency of the
RF source [23]. It is because the delay measurement range is
determined by the 2π phase change and the angular frequency
resolution.
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