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Large-Dynamic Frequency Response Measurement
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Abstract— A novel method for characterizing the frequency
responses of broadband electro-optic phase modulators (PMs) by
employing stimulated Brillouin scattering (SBS) is proposed and
experimentally demonstrated. In the proposed method, the SBS
amplifies the +1st-order sideband and attenuates the −1st-order
sideband of the phase-modulated signal from a PM under test.
Thereby, the phase-modulated signal is converted into an optical
single-sideband modulation signal. After square-law photodetec-
tion, the overall frequency responses are obtained. Removing the
frequency responses of the SBS gain and the photodetector from
the overall responses, the responses of the PM are thus achieved.
Benefitting from the amplification of the SBS, the proposed
method possesses a large dynamic range. Sub-Hz resolution and
broadband measurement range are also achievable. A commercial
broadband PM is experimentally characterized from 10 MHz
to 50 GHz with a resolution of 5 MHz. According to the
amplification of the SBS, the dynamic range is enhanced by
17.74 dB. The measurement result is verified by the conventional
method utilizing optical spectrum analysis.

Index Terms— Electrooptic modulation, phase modulation,
microwave photonics, optical variables measurement, stimulated
Brillouin scattering.

I. INTRODUCTION

BROADBAND electro-optic phase modulators (PMs) are
now fundamental electrical-to-optical conversion com-

ponents in high-speed communications [1] and microwave
photonics [2]–[4] due to the intrinsic advantages of high
linearity, bias-free operation, low insertion loss, etc. Frequency
responses are key parameters to reflect the modulation effi-
ciency of PMs at different frequencies, which require precise
measurement in the fabrication and application. However,
the frequency responses cannot be directly obtained by the
conventional lightwave component analyzer [5], [6], since the
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direct photodetection of a phase-modulated signal produces no
AC photocurrent.

To obtain the frequency responses of the PMs, optical
spectrum analysis can be used to analyze the phase-modulated
signals [7], [8]. But the poor resolution of the optical spec-
trum analyzer (OSA) would limit the frequency resolution
of the measurement, and the responses at the low-frequency
regime are unachievable. To realize high-resolution measure-
ment, the methods based on optical interferometry [9]–[11]
or two-tone modulation [12], [13] were reported. However,
the former method suffers from mechanical vibrations and
thermal fluctuations due to the sensitivity of the optical
interferometers, while the latter requires complicated electrical
spectrum analysis. To measure the vector frequency responses
(i.e. the magnitude and phase responses), we have proposed
an electro-optic vector analyzer (EOVA) [14] with ultrahigh
resolution and broadband measurement range utilizing phase
modulation to intensity modulation (PM-IM) conversion, but
the frequency responses at low frequencies cannot be accu-
rately obtained because the PM-IM converters always have a
low conversion efficiency at low-frequency regime. Another
problem associated with the EOVA proposed in [14] is its
high wavelength dependence, making it only feasible at several
specific wavelengths. In addition, all the above-mentioned
approaches, a common problem is the small dynamic range
because the PMs under test should work in the small signal
modulation condition to ignore the errors introduced by the
high-order sidebands.

In this paper, a wavelength-independent method based on
stimulated Brillouin scattering (SBS) for characterizing the
broadband electro-optic PMs is proposed. Benefiting from
the amplification of the SBS and the high-resolution fre-
quency sweeping, the proposed method potentially has an
improved dynamic range and a sub-Hz frequency resolution.
In the proposed method, a carrier-suppressed optical double-
sideband (ODSB) signal with proper power and frequency
is used to activate the SBS effect, by which the +1st- and
−1st-order sidebands of the phase-modulated signal generated
in an electro-optic PM under test are respectively amplified
and attenuated. An optical single-sideband (OSSB) signal
is thus achieved. Detecting the OSSB signal, the overall
frequency responses can be achieved. After removing the
responses of the SBS and the PD, the accurate frequency
responses are obtained. An experiment based on the proposed
method is performed to measure the frequency response of a
commercial broadband electro-optic modulator. The frequency
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Fig. 1. The configuration of the proposed SBS-based method. TLS,
tunable laser source; OS, optical splitter; MZM, Mach-Zehnder modulator;
EDFA, Erbium-doped fiber amplifier; PD, photodetector; Brillouin medium,
a 4.4-km single-mode fiber in the experiment.

sweeps from 10 MHz to 50 GHz and the resolution is set
to 5 MHz. As compared with the method based on PM-IM
conversion we previously mentioned in [14], the dynamic
range is enhanced by 17.74 dB. The measurement result is
verified by the conventional OSA-based method.

II. THEORETICAL ANALYSIS

The schematic diagram of the proposed method based on
SBS for characterizing broadband electro-optic PMs is shown
in Fig. 1. An optical carrier produced from a tunable laser
source is split into two portions. In the upper path, a Mach-
Zehnder modulator (MZM) biased at the minimum transmis-
sion point (MITP) modulates a RF signal with an angular
frequency of ωp on the optical carrier. An ODSB signal with
carrier suppressed is thus generated, which is used as the pump
signal after proper amplification. In the lower path, a PM under
test modulates a RF signal with an angular frequency of ωm
on the injected optical carrier. To avoid the influence of the
nonlinearity, the electro-optic modulators (EOMs) work at the
small signal modulation condition. Mathematically, the phase-
modulated signal in the lower path can be expressed as

EPM (t) = Ec J+1 [β (ωm)] exp
[
i (ωc + ωm) t + i

π

2

]

+ Ec J0 [β (ωm)] exp (iωct)

+ Ec J+1 [β (ωm)] exp
[
i (ωc − ωm) t + i

π

2

]
(1)

where Ec is the amplitude of the optical carrier, β(ω) denotes
the modulation index of the PM under test at different fre-
quencies, and Jn(·) represents the n-th order Bessel function
of the first kind.

Let ωp-ωm = ωB, where ωB is the Brillouin frequency shift
of the Brillouin medium. Thereby, when transmitting through
the Brillouin medium, the +1st- and −1st-order sidebands are
respectively amplified and attenuated by the gain and absorp-
tion of the SBS stimulated by the pump signal since the gain
and absorption are located at wavelengths which are ωB lower
and larger than that of the pump signal, respectively [15]. The
optical signal after the SBS is given by

Eout (t) = EcG (ωm) J+1 [β (ωm)] exp
[
i (ωc + ωm) t + i

π

2

]

+ Ec J0 [β (ωm)] exp (iωct)

+ Ec A (ωm) J+1 [β (ωm)] exp
[
i (ωc − ωm) t+i

π

2

]

(2)

where G(ω) and A(ω) represent the gain and absorption of
the SBS, respectively. By square-law detection, a photocurrent
having an angular frequency of ωm is achieved,

iPM (ωm)

= η (ωm) E2
c J+1 [β (ωm)] J0 [β (ωm)] G (ωm) exp

(
i
π

2

)

+ η (ωm) E2
c J+1 [β (ωm)] J0 [β (ωm)] A (ωm) exp

(
−i

π

2

)

(3)

where η(ω) is the frequency response of the broadband
photodetector (PD). The first term, on the right hand of
the equation, is the beat note of the amplified +1st-order
sideband and the optical carrier, and the second term is the
component generated by the attenuated −1st-order sideband
and the optical carrier. By properly adjusting the power of
the pump signal, the ratio of the gain and absorption of the
SBS can be very large (typ. G(ω)/A(ω) > 30 dB), so that
the second term is small enough to be ignored. (3) can be
simply expressed as

iPM (ωm)

= η (ωm) G (ωm) E2
c J+1 [β (ωm)] J0 [β (ωm)] exp

(
i
π

2

)
(4)

Thus, the transmission function of the PM under test is
achieved, given by

H (ωm) = J+1 [β (ωm)] J0 [β (ωm)]

= iPM (ωm)

η (ωm) G (ωm) E2
c exp

(
i π

2

) (5)

In (5), η(ω) can be accurately measured by the optical
heterodyne method which is a standard method recognized
by National Institute of Standards and Technology (NIST) to
measure the responsivity of PDs. G(ω) is the gain responses
of the SBS at different frequencies, which would be slightly
fluctuated with the RF frequency. To obtain the accurate
frequency responses, G(ω) should be precisely characterized.
To do so, a calibration process can be carried out, in which the
PM is replaced by a broadband MZM biased at the quadrature
transmission point (QTP). A two-step calibration process is
then performed. In the first step, the intensity-modulated signal
output from the MZM is directly injected into the PD. The
electrical field of the produced AC photocurrent is

i1 (ωm) = 2η (ωm) E2
c J+1 [βMZM (ωm)]

× J0 [βMZM (ωm)] exp
(

i
π

4

)
(6)

Then, the second step is performed. The optical signal
from the MZM is processed by the SBS, so the photocurrent
becomes

i2 (ωm) = η (ωm) G (ωm) E2
c J+1 [βMZM (ωm)]

× J0 [βMZM (ωm)] exp
(

i
π

4

)
(7)

From (6) and (7), G(ω) can be accurately obtained, which
is

G (ωm) = 2i2 (ωm)

i1 (ωm)
(8)
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According to (8), the transmission function of the PM under
test is precisely achieved,

H (ωm) = J+1 [β (ωm)] J0 [β (ωm)]

= iPM (ωm) i1 (ωm)

2i2 (ωm) η (ωm) E2
c exp

(
i π

2

) (9)

Benefitting from the gain of the SBS, the dynamic range is
enhanced as compared with the previous methods. Since the
SBS has narrow bandwidth and wide frequency tuning range,
the proposed method has a broad frequency measurement
range, which can be measured from several MHz to hundreds
of GHz. In addition, the proposed method inherently has
an ultrahigh resolution owing to the high-finesse electrical
frequency sweeping. Theoretically, a sub-Hz resolution should
be available.

III. EXPERIMENT AND DISCUSSION

A measurement system adopting the diagram illustrated
in Fig. 1 is experimentally established. A tunable laser source
(TLS, Agilent N7714A) produces an optical carrier, which
is split into two paths. In the upper path, a broadband
MZM (FUJITSU FTM7938EZ-A) is employed to modulate
the optical carrier by the RF signal from a RF source (Agilent
E8257D). To make the MZM work at MITP, a modulator
bias controller (MBC, YYlabs) is employed. An erbium-doped
fiber amplifier (EDFA, Amonics Inc.) is inserted to amplify
the pump signal, which stimulates the SBS in a 4.4-km single
mode fiber (SMF). In the lower path, a commercial broadband
electro-optic PM (EOSPACE Inc.) serves as the device under
test. The optical-to-electrical conversion is achieved by a
calibrated broadband photodetector (Finisar, XPDV2120RA).
An electrical vector network analyzer (VNA, R&S ZVA67)
produces the RF signals and detects the photocurrent. In a cal-
ibration process, another broadband MZM (FUJITSU) biased
at the QTP is employed. The optical spectra are monitored by
an optical spectrum analyzer (OSA, Yokogawa AQ6370C).

Figure 2 shows the optical spectra of the phase-modulated
signal and the SBS-processed signal when a 20-GHz RF signal
with a power of 0 dBm is applied. By carefully tuning the
frequency spacing between two RF signals from the RF source
and the VNA, the SBS occurs in a 4.4-km SMF. In the exper-
iment, the Brillouin frequency shift is 10.637 GHz. As can
be seen, the −1st-order sideband is attenuated by 18.25 dB,
while the +1st-order sideband is amplified by 17.74 dB, which
brings in a 17.74-dB improvement of the dynamic range. The
phase-modulated signal is converted into an OSSB signal with
a sideband suppression ratio (SSR) of 36 dB, so the influence
of the attenuated −1st-order sideband is ignorable. It is worth
to mention that the Rayleigh backscattering is also activated by
the pump signal, as shown in Fig. 2, but it has no influence
on the measurement results since the power is much lower
than the useful optical components (e.g., the optical carrier
and the amplified +1st-order sideband) and is incoherent with
the SBS-processed signal.

Figure 3 shows the magnitude responses measured with
and without the SBS and the gain of the SBS at different
frequencies obtained in the calibration process. In this case,

Fig. 2. Optical spectra of the phase-modulated signal from the PM under
test with and without the SBS.

Fig. 3. (a) The magnitude responses measured with and without the SBS
and (b) the obtained response of the SBS gain.

a broadband MZM biased at the QTP is serviced as the
modulator under test. There are 9999 measurement points from
10 MHz to 50 GHz, which leads to a resolution of 5 MHz.
Benefitting from the high resolution, the magnitude responses
of the MZM-based link with and without the SBS are precisely
measured, as shown in Fig. 3(a), wherein the ripples are finely
characterized, as shown in the insets of Fig. 3(a). According to
the two measured responses, the gain of the SBS at different
frequencies is precisely calculated by (8), as illustrated in
Fig. 3(b). The measured gain is about 17.5 dB, which agrees
with the gain obtained in Fig. 2. The ripples in the achieved
gain response are finely observed, as shown the inset of
Fig. 3(b). It should be noted that the gain decreases at the
high frequencies, because the working bandwidth of the MZM
used to generate the pump signal is limited, which leads to the
small gain at the high-frequency regime.
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Fig. 4. The frequency responses measured by the proposed SBS-based
method and the conventional OSA-based method.

Figure 4 shows the frequency responses obtained by the
proposed SBS-based method and the conventional OSA-based
method. By removing the response of the calibrated PD and
the SBS gain from the observed overall frequency responses,
the frequency response of the PM (blue solid line) is accurately
achieved. The measurement resolution is 5 MHz. Thanks to
the high resolution, the internal fine structures are clearly
obtained, as shown in the inset of Fig. 4. The resolution
can be further improved by employing a laser source with
ultra-narrow linewidth and increasing the measurement points.
To achieve the theoretical sub-Hz resolution, a laser source
with a linewidth of sub-Hz is required and the measurement
points should be large enough to ensure that the frequency
spacing between the neighboring points reaches sub-Hz level.
For instance, to achieve 100-mHz resolution in a frequency
range of 10 kHz, 100001 measurement points are required.
The response characterized by the conventional OSA-based
method (red solid diamonds) is also plotted in Fig. 4, by which
the frequency response measured by the proposed method is
verified.

It should be noted that the phase response of the PM is the-
oretically measurable, but the phase response is unachievable
in the experiment because the delay introduced by the 4.4-km
SMF (to stimulate the SBS) is sensitive to the temperature
variation. To achieve the phase response measurement, a com-
plex setup is required to carefully control the temperature and
isolate the vibration. Alternatively, an As2S3 waveguide [16]
with careful temperature control and vibration isolation can be
employed to generate the SBS, by which the phase response
would be measurable. In addition, the multi-stage SBS ampli-
fication [17] can be employed to improve the performance of
the proposed method, as it has evident superiority in terms of
high selectivity and low noise in the high gain conditions.

IV. CONCLUSION

In conclusion, a method based on SBS for character-
izing the frequency responses of broadband electro-optic

PMs is proposed and experimentally demonstrated, which
features ultrahigh frequency resolution, large dynamic range,
and broadband measurement range. In the experiment, the fre-
quency response of a commercial broadband PM is measured
in the frequency range from 10 MHz to 50 GHz with a
resolution of 5 MHz, which is verified by the conventional
OSA-based method.
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