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Abstract—Optical vector analyzer (OVA) based on optical single-
sideband (OSSB) modulation is attractive due to its potential sub-
Hz resolution. However, the accuracy and dynamic range are lim-
ited by the unwanted sidebands of the OSSB signal, including the
high-order sidebands and the unwanted first-order sideband. Pre-
viously, the influence of the high-order sidebands has been studied
and several methods to suppress the errors induced by the high-
order sidebands have been proposed. However, the investigation
of the influence of the unwanted first-order sideband is still in-
sufficient. In this paper, an analytical model is established and a
numerical simulation is performed to comprehensively study the
impact of the unwanted first-order sideband on the accuracy and
dynamic range of the OSSB-based OVA. Then the simulation re-
sults are verified by experiment, which indicates that the unwanted
first-order sideband has evident influence on the measurement ac-
curacy and places a restriction on the dynamic range. Given that
some prior information of the transmission responses is known,
certain parameters of the device under test may still be achievable
with high accuracy even when large unwanted first-order side-
band is presented. This study may provide guidance in design and
application of the OSSB-based OVA.

Index Terms—Measurement techniques, microwave photonics,
optical modulation, optical variables measurement, optical vector
analyzer.

I. INTRODUCTION

O PTICAL devices having the capability of manipulating
the optical spectrum with a resolution of sub-MHz or

higher are highly desired in emerging applications such as label-
free detection down to single molecules [1], optical storage
based on slow-light [2], [3], on-chip optical signal processing
[4] and so on. Measuring the magnitude and phase responses
is essential for their fabrication and application. Optical vec-
tor analysis is such a technology to simultaneously acquire the
magnitude and phase responses of optical devices, by which
other key parameters such as dispersion, group delay (GD), po-
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larization dependent loss (PDL), polarization mode dispersion
(PMD) and so on, can be further calculated. Previously, optical
vector analyzers (OVAs) were constructed based on modula-
tion phase-shift approach [5] or interferometry approach [6]. In
these OVAs, the spectral responses are extracted by scanning the
wavelength of a laser source. Restricted by the low wavelength
stability of the wavelength-swept laser source, the resolution is
usual >1.6 pm (i.e. 200 MHz @ 1550 nm), so that the spec-
tral responses of optical devices with MHz-level or less fine
structure cannot be characterized.

To achieve high-resolution measurement, OVAs based on
optical single-sideband (OSSB) modulation have been proposed
[7]. Thanks to the high-fineness microwave frequency sweeping
and high-accuracy phase-magnitude detection, the OSSB-based
OVA can potentially achieve sub-Hz resolution [8] and was
demonstrated to have 78-kHz resolution in an experiment [9].
However, the undesired sidebands in the OSSB signal, including
the high-order sidebands induced by the nonlinearity of the
electro-optic modulators (EOMs) and the residual unwanted
first-order sideband, place a restriction on the measurement
accuracy and dynamic range of the magnitude, phase, and
polarization responses [10]. The influence of the high-order
sidebands on the measurement accuracy and the dynamic range
was investigated [11], and approaches to suppress the high-
order-sideband induced errors were proposed [12]–[16], by
which the accuracy and the dynamic range of the OSSB-based
OVA are significantly improved. In addition, a model of the OVA
based on a 90-degree electrical hybrid coupler and a dual-drive
Mach-Zehnder modulator was built, by which a study on the
influence of the sideband suppression ratio (SSR) of the OSSB
signal on the measurement accuracy was given [17]. The results
show that the measured magnitude and phase responses get more
accurate with the increase of the SSR. To eliminate the mea-
surement error induced by the unwanted first-order sideband,
two approaches were developed [18], [19]. However, it still
lacks a comprehensive study on the influence of the unwanted
first-order sideband, which is essential to estimate the accuracy
and dynamic range of the implemented OSSB-based OVA.

In this paper, analytical analysis, numerical simulation and
experiment are employed to comprehensively investigate the
influence of the unwanted first-order sideband on the measure-
ment accuracy and the dynamic range of the OSSB-based OVA.
Given that the high-order-sideband induced errors are ignorable
in a small index case, a general analytical model for studying
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Fig. 1. The schematic diagram of the basic OSSB-based OVA. PC: polar-
ization controller, OSSB: optical single-sideband, DUT: device under test, PD:
photodetector.

the influence of the residual −1st-order sideband is established.
Then, a numerical simulation and an experiment are performed.
The results show that the unwanted −1st-order sideband has
evident influence on the measurement accuracy and dynamic
range, which decreases with the SSR of the OSSB signal. The
phase of the unwanted −1st-order sideband also has significant
influence on the measured results even at the same SSR. In addi-
tion, if some prior information of the transmission responses is
known, certain parameters of the device under test (DUT) may
still be achievable with high accuracy even when large unwanted
first-order sideband is existed.

II. ANALYTICAL ANALYSIS

Fig. 1 shows the schematic diagram of the basic OSSB-based
OVA. In the scheme, the most important component is the OSSB
modulator, which can be realized by a dual-drive EOM or two
cascaded EOMs together with a 90-degree/120-degree electrical
hybrid coupler [12], [20], a double-sideband modulator and an
optical filter to remove one sideband [9], [21], and a double-
sideband modulator followed by an optical Hilbert transformer
[22]. Different schemes would produce OSSB signals with dif-
ferent relationships between the desired +1st-order sideband
and the unwanted −1st-order sideband. To be general, we de-
note the OSSB signal as

Ein (ω) = A−1 · δ [ω − (ωo − ωe)] + A0 · δ (ω − ωo)

+ A+1 · δ [ω − (ωo + ωe)] (1)

where ωo and ωe are the angular frequencies of the optical carrier
and the RF signal, respectively, and A−1 , A0 and A+1 are the
complex amplitudes of the unwanted −1st-order sideband, the
optical carrier and the desired +1st-order sideband. The high-
order sidebands are ignored by assuming a small modulation
index case.

The generated OSSB signal goes through an optical DUT, in
which the magnitude and phase of the optical carrier and the two
first-order sidebands are changed according to the transmission
function of the DUT. Thereby, the optical signal carries the

spectral responses, which can be expressed as

Eout (ω) = A−1H (ωo − ωe) · δ [ω − (ωo − ωe)]

+ A0H (ωo) · δ (ω − ωo)

+ A+1H (ωo + ωe) · δ [ω − (ωo + ωe)] (2)

where H(ω) = HDUT(ω)·Hsys(ω), HDUT(ω) and Hsys(ω) are
the transmission functions of the DUT and the measurement sys-
tem, respectively. A photodetector (PD) is followed to convert
the optical signal into a photocurrent. The phase-magnitude
detector only extracts the magnitude and phase of the ωe-
component in the photocurrent, which is

i (ωe) = ηA+1A
∗
0H (ωo + ωe) H∗ (ωo)

+ ηA0A
∗
−1H (ωo)H∗ (ωo − ωe) (3)

where η is the responsivity of the PD. At the right hand of (3), the
first term is the component carrying the spectral responses of the
DUT, and the second term is the measurement error introduced
by the unwanted −1st-order sideband.

To achieve Hsys(ω), a calibration step, which is implemented
by directly connecting the two test ports, i.e. HDUT(ω) = 1, has
to be performed. In this case, the photocurrent is given by

ical (ωe) = ηA+1A
∗
0Hsys (ωo + ωe) H∗

sys (ωo)

+ ηA0A
∗
−1H(ωo)sysH

∗
sys (ωo − ωe) (4)

From (3) and (4), the transmission function of the DUT is ob-
tained, shown in (5) at the bottom of this page, where

SSR · exp (iΔϕ) =
A+1A

∗
0

A0A∗
−1

(6)

H∗
DUT(ωo) is the transmission function of the DUT at ωo which

is measurable complex constant, SSR = |A+1 |/|A−1 |, and Δϕ
is the phase difference between the beat note of the +1st-order
sideband and the optical carrier and that of the −1st-order side-
band and the optical carrier in the OSSB signal.

As can be seen from (5), the measurement error is dependent
highly on the feature of the OSSB-signal generator, and the
spectral responses of the measurement system and the DUT. In
addition, the selection of ωo would also affect the measurement
error. It should be noted that in practice one would concern more
about the ratio of the measurement error and the actual response.
When HDUT(ω) becomes small, this ratio would grow. In some
extreme case (e.g. at the deep notch), the accurate magnitude
and phase might be submerged by the measurement error. Thus,
the dynamic range of the OSSB-based OVA would be restricted

Hm (ωo + ωe) =
i (ωe)

ical (ωe) H∗
DUT (ωo)

=
A+1A

∗
0H (ωo + ωe) H∗ (ωo) + A0A

∗
−1H (ωo) H∗ (ωo − ωe)[

A+1A∗
0Hsys (ωo + ωe) H∗

sys (ωo) + A0A∗
−1H(ωo)sysH

∗
sys (ωo − ωe)

]
H∗

DUT (ωo)

=
SSR · exp (iΔϕ) H (ωo + ωe) H∗ (ωo) + H (ωo) H∗ (ωo − ωe)[

SSR · exp (iΔϕ) Hsys (ωo + ωe) H∗
sys (ωo) + H(ωo)sysH

∗
sys (ωo − ωe)

]
H∗

DUT (ωo)
(5)
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Fig. 2. The magnitude and phase responses of the FBG under test.

by the unwanted −1st-order sideband. The phase of the un-
wanted −1st-order sideband would also have significant impact
on the measured spectral responses since the measured spectral
responses are the vectorial sum of the actual responses and the
measurement error.

It is worth mentioning that the influence of the responses
of the measurement system is small and ignorable, since the
spectral responses of the measurement system on the both sides
of the optical carrier are generally symmetrical and have small
ripple with the wavelength.

III. NUMERICAL SIMULATION

In order to comprehensively understand the influence of the
unwanted first-order sideband in the OSSB signal on the mea-
surement accuracy and the dynamic range of the OSSB-based
OVA, a numerical simulation is performed. In the simulation,
the transmission function of the measurement system is assumed
to be Hsys(ω) = 1, so (5) can be rewritten as (7) shown at the
bottom of this page. In practice, the optical DUT that can manip-
ulate optical spectrum with an ultrahigh resolution always has
a deep notch in transmission response, which is symmetrical to
the notch center [1]–[4]. Therefore, in the simulation an ideal
fiber Bragg grating (FBG) with magnitude and phase responses
shown in Fig. 2 is served as the optical DUT, which has a notch
depth of 12 dB, a 3-dB bandwidth of 173.2 MHz and a phase
shift of 180°.

A. Magnitude Response

From (3), the photocurrent at the output port of the PD is
the vectorial sum of E+1 and E−1 , where E+1 (or E−1) is the
component beaten by the +1st-order (or −1st-order) sideband
and the optical carrier after the DUT. The phase difference of
E+1 and E−1 is the sum of Δϕ and the phase difference of
the frequency response of the DUT at the two wavelengths.
Therefore, the range of the magnitude of the photocurrent in the
PD is

|E+1 | − |E−1 | ≤ |E+1 + E−1 | ≤ |E+1 | + |E−1 | (8)

Fig. 3. The magnitude responses measured with different Δϕ in simulation
when the SSR of the OSSB signal is 25 dB.

Fig. 3 shows the magnitude responses of the FBG measured
by the OSSB-based OVA with different Δϕ in simulation when
the SSR of the OSSB signal is 25 dB. As can be seen, the
measured magnitude responses are different for different Δϕ,
which agrees with the analytical analysis.

For an optical DUT that can manipulate optical spectrum
with an ultrahigh resolution, notch depth, center frequency and
3-dB bandwidth are the most interesting parameters, which can
be achieved from the measured magnitude response. The notch
depth describes the suppression of the DUT on the optical signal,
while the center frequency and the 3-dB bandwidth respectively
indicate the working frequency and bandwidth of the DUT.
Since the phase response of the FBG at the center of the notch
is 0 and the phase response at the unwanted first-order sideband
approach 0, as can be seen from Fig. 2(b), the phase difference
of E+1 and E−1 approaches to Δϕ when measuring the notch
depth and the center frequency. In addition, 3-dB bandwidth
is also dependent on Δϕ because the shape of the frequency
response varies with Δϕ, as can be seen in Fig. 3.

Fig. 4(a) shows the measured notch depth of the FBG with
the SSR and the Δϕ of the OSSB signal. As can be seen from
Fig. 4(a), the measured notch depth approaches the actual one
with the increase of the SSR, and the measurement error changes
according to Δϕ for a fixed SSR. When E+1 and E−1 are in
phase, the magnitude of the photocurrent equals to the maxi-
mal value (i.e. |E+1 | + |E−1 |). As a result, the measured notch
depth is minimal. When E+1 and E−1 are out of phase, the
magnitude of the photocurrent equals to the minimal value (i.e.
|E+1 | − |E−1 |), leading to the maximal notch depth. In other
cases, the measured notch depth is between the minimal and

Hm (ωo + ωe) =
SSR · exp (iΔϕ) HDUT (ωo + ωe) H∗

DUT (ωo) + HDUT (ωo) H∗
DUT (ωo − ωe)

[SSR · exp (iΔϕ) + 1]H∗
DUT (ωo)

=
SSR · exp (iΔϕ)

SSR · exp (iΔϕ) + 1
HDUT (ωo + ωe) +

HDUT (ωo) H∗
DUT (ωo − ωe)

[SSR · exp (iΔϕ) + 1]H∗
DUT (ωo)

(7)
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Fig. 4. The influence of the unwanted −1st-order sideband on the measured
(a) notch depth, (b) center frequency and (c) 3-dB bandwidth

maximal values. It should be noted that the maximal notch-
depth measurement error is not exactly present at Δϕ = 0 or π
in the measurement since the phase difference of E+1 and E−1
is determined by both of Δϕ and the transmission response of
the DUT.

Fig. 4(b) shows the impact of the unwanted −1st-order
sideband including the SSR and Δϕ on the center frequency
measurement. When E+1 and E−1 are in phase or out of phase,
the magnitude measurement error is symmetrical to the cen-
ter frequency and therefore the center frequency can be accu-
rately identified. Nevertheless, for other cases, the measured
results would contain asymmetrical measurement error, leading
to center-frequency measurement error. This error decreases
with the increase of the SSR of the OSSB signal. For in-
stance, the maximal measurement error can reach 17.91 MHz
when the SSR of the OSSB signal is 20 dB, and decrease to
2.25 MHz if the SSR of the OSSB signal increases to 40 dB. For
the label-free detection based on the optical resonators [1], the

Fig. 5. The phase responses measured with different Δϕ in simulation when
the SSR of the OSSB signal is 25 dB.

improvement on the center frequency measurement could en-
hance the sensing accuracy of the sensors, making the molecule
having a smaller diameter detectable. It should be noted that the
maximal center-frequency measurement error is not present at
a predictable Δϕ in the measurement due to the influenced of
the transmission response of the DUT on the phase difference
of E+1 and E−1 .

Fig. 4(c) shows the influence of the unwanted −1st-order
sideband on the measured 3-dB bandwidth. When measuring
the 3-dB bandwidth, not only the magnitude of the +1st-order
sideband is suppressed by 3 dB, but also the phase is obviously
shifted. Hence, the measured 3-dB bandwidth changes accord-
ing to Δϕ when the SSR of the OSSB signal is fixed. Again,
the measured 3-dB bandwidth approaches the actual one with
the growth of the SSR. The maximum bandwidth measurement
error is 15.26% when the SSR is 20 dB and 1.15% if the SSR is
40 dB.

From above analysis, to achieve accurate notch depth, center
frequency and 3-dB bandwidth of the narrow notch filters, the
SSR of the OSSB signal should be as large as possible. Then,
Δϕ can be set to be 0 or π to measure the accurate center
frequency.

B. Phase Response

From (3), if E+1 and E−1 are in phase or out of phase,
there is no phase measurement error, while large phase error
is presented when E+1 and E−1 are quadrature (i.e. having a
phase difference of ± 90 degree). Since the phase difference
of E+1 and E−1 is the sum of Δϕ and the phase difference
of the frequency response of the FBG at the two wavelengths,
the phase measurement errors are different for different Δϕ and
different actual phases.

Fig. 5 shows the phase responses of the FBG measured by an
OSSB signal with a SSR of 25 dB when applying different Δϕ
in simulation. Because the FBG has a maximal phase of π/2 and
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Fig. 6. The influence of the unwanted −1st-order sideband on the measured
phase shift.

a minimal phase of −π/2, E+1 and E−1 have phase differences
of 0 and -π at the two extreme points when Δϕ = −π/2. There-
fore, the unwanted first-order sideband does not introduce any
phase error, as shown in Fig. 5(a). Around the center frequency,
however, the measured phases contain obvious measurement
errors since the +1st-order sideband is greatly suppressed by
the deep notch (i.e. the power of E+1 is comparable with that
of E−1) and the phase difference of E+1 and E−1 is −π/2.
Similarly, for Δϕ = π/2, the phase differences between E+1
and E−1 are respectively π and 0 when measuring the maximal
and minimal phases, so the maximal phase shift of the FBG can
be accurately obtained, as shown in Fig. 5(c). At frequencies
around the center frequency, the measured phases are smaller
because E+1 and E−1 have comparable powers and the phase of
E−1 is smaller than that of E+1 . When Δϕ = 0 or π, E+1 and
E−1 have a phase difference of π/2 (or -π/2) when measuring
the maximal (or minimal) phase response. In this case, the mea-
surement error of the phase shift of the FBG can reach 13°, as
shown in Fig. 5(b) and (c). It is worth noting that the measured
phase responses at the notch center is accurate since the actual
phase is 0 and E+1 and E−1 are in phase or out of phase.

To investigate the influence of the unwanted −1st-order side-
band on measuring the phase shift, which is an interesting pa-
rameter for narrow-bandwidth notch filter, another simulation
is performed with the results shown in Fig. 6. As can be seen,
the measured phase shift approaches the actual one with the
increase of the SSR. As the change of Δϕ, the errors in the
measured phase shift rise and fall accordingly. For a fixed SSR,
when Δϕ = −π/2 or π/2, the measured phase shifts at SSRs
always equal to the actual ones, and when Δϕ = 0 or π, the mea-
surement error is the largest, reaching 12.93% for SSR = 20 dB,
and 1.27% for SSR = 40 dB.

In previous measurement systems, Δϕ is not controlled since
it is determined by both of the OSSB signal and the transmission
function of the measurement system, so it is important to eval-
uate the maximal measurement errors at different SSRs when
Δϕ is varied from -π to π. Table I shows the calculated results
for an optical DUT with a notch depth of 12 dB, a 3-dB band-
width of 173.2 MHz and a phase shift of 180°. As can be seen,
the measurement errors are non-ignorable when the SSR of the
OSSB signal is smaller than 50 dB. It should be mentioned that
the measurement accuracy of the notch depth depends not only

TABLE I
THE MAXIMAL MEASUREMENT ERROR WHEN Δϕ IS NOT CONTROLLED

Fig. 7. (a) The optical filter shapes of the WaveShaper and (b) the optical
spectra of the OSSB signals with different SSRs.

the SSR and Δϕ but also the responses of the DUT. For fixed
SSR and Δϕ, the accuracy decreases with the notch depth.

IV. EXPERIMENTAL RESULTS

In order to verify the analytical analysis and the numerical
simulation, an experiment is carried out, in which the magnitude
and phase responses of a FBG are measured at different SSRs
when Δϕ = 0 and π.

In the experiment, the OSSB-based OVA shown in Fig. 1
is constructed. A tunable laser source (TLS, Agilent N7714A)
is used to provide the optical carrier, which is modulated by
a RF signal from an electrical vector network analyzer (VNA,
R&S ZVA67) at an OSSB modulator. The OSSB modulator
is comprised of an EOM and a programmable optical filter
(Finisar, WaveShaper 4000 s) which can form an optical filter
with different shapes. To make Δϕ = 0, the EOM is imple-
mented by a single-drive Mach-Zehnder modulator (MZM, Fu-
jitsu FTM7938EZ) biased at the quadrature transmission point
(QTP), which is stabilized by a modulator bias controller (MBC,
YYLabs Inc.); and to let Δϕ = π a phase modulator (PM,
EOSpace Inc.) is applied. A FBG written on a polarization
maintaining fiber is used as an optical DUT. A 50-GHz PD
(Finisar XPD2150R) is inserted to convert the optical signal
into a photocurrent. The phase-magnitude detector in the VNA
extracts the magnitude and phase of the photocurrent. The opti-
cal spectra of the modulated signals are monitored by an optical
spectrum analyzer (OSA, Finisar WaveAnalyzer 1500S) with a
resolution of 150 MHz.

Fig. 7 shows the shapes of the bandpass optical filter im-
plemented by the WaveShaper and the optical spectra of the
OSSB signals with different SSRs. As can be seen, OSSB sig-
nals with SSRs of 20 dB, 30 dB and 40 dB are respectively
generated by filtering the optical double-sideband (ODSB)
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Fig. 8. The magnitude and phase responses measured by (a), (b) the MZM-
based OSSB signal, and (c), (d) the PM-based OSSB signal.

signal produced by the MZM or the PM via the WaveShaper.
The EOMs work in a small modulation index case, so the pow-
ers of the second-order sidebands are much smaller than those
of the optical carrier and the +1st-order sidebands, making the
influence of the second-order sidebands ignorable.

Fig. 8 shows the magnitude and phase responses of the FBG
measured with the MZM-based OSSB signal or the PM-based
OSSB signal. As can be seen, with the growth of the SSR,
the measured magnitude and phase responses converge in both
cases. According to the simulation in Section III, we refer the
limit values at infinite SSR to the actual responses thereafter.
Since the polarization-maintaining FBG is sensitive to the po-
larization of the OSSB signals while the polarizations of the
PM-based and MZM-based OSSB signals are different due to
their non-polarization maintaining pigtails, the magnitude and
phase responses of the FBG in two cases have some difference.
It should be noted the ripples in Fig. 8 are the natural responses
of the FBG.

When the MZM is biased at the QTP (i.e. Δϕ = 0), the mea-
sured spectral responses are generally larger than the actual
ones, as shown in Fig. 8(a) and (b). For the measured mag-
nitude responses, the largest errors appear at the notch center
where E+1 and E−1 have the same phase and the smallest power
difference. Increasing the SSR of the OSSB signal, the power
difference between E+1 and E−1 grows and the error induced
by E−1 reduces. As a result, the measured magnitude responses
as well as the measured phase responses get accurate, as shown
in Fig. 8(a) and (b). On the other hand, when the PM is applied
(i.e. Δϕ = π), the measured spectral responses are smaller than
the actual one, as shown in Fig. 8(c) and (d). The largest mea-
surement errors also appears when measuring the notch center,
due to the smallest power difference and the opposite phase
of E+1 and E−1 . With the increase of the SSR, the measured
magnitude and phase responses approach the actual ones.

Fig. 9. The experimentally measured (a) notch depth, (b) center frequency,
(c) 3-dB bandwidth, and (d) phase shift when applying the MZM-based and
PM-based OSSB signals with difference SSRs.

TABLE II
THE KEY PARAMETERS OF THE FBGS IN SIMULATION

Notch depth Center Frequency 3-dB bandwidth Phase shift
(dB) (GHz) (GHz) (Degree)

Δϕ = 0 10.70 36.75 3.93 102.85
Δϕ = π 13.02 36.42 4.09 112.63

Fig. 9 shows the notch depth, center frequency, 3-dB band-
width and phase shift of the FBG measured by the MZM-based
and PM-based OSSB signals with different SSRs in the exper-
iment. The simulated curves in the cases of Δϕ = 0 and π are
also plotted for comparison. Due to the dissimilar responses of
the polarization-maintaining FBG in two measurements, the key
parameters of the FBGs in the simulation are different, as shown
in Table II.

As can be seen, with the increase of the SSR, the measured
notch depth, center frequency, 3-dB bandwidth and phase shift
approach the actual ones. For the notch depth, 3-dB bandwidth
and the phase shift measurement, the simulation results are ver-
ified by the experimentally measured results. It should be men-
tioned that the simulation results in Fig 9(b) indicate that the
center frequency can be accurately obtained when Δϕ = 0 or
π. However, in the experiment, the measured center frequencies
contain the measurement errors, since the phase response of the
measurement system would introduce extra phase difference be-
tween E+1 and E−1 . As a result, E+1 and E−1 are not exactly
in phase or out phase, so the measured center frequencies still
contains obvious errors.

V. CONCLUSIONS AND DISCUSSION

In conclusion, the influence of the unwanted first-order side-
band in the OSSB signal on the measurement accuracy and
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the dynamic range of the OSSB-based OVA was theoretically,
numerically and experimentally investigated. The results show
that the unwanted −1st-order sideband introduces considerable
measurement errors in the magnitude and phase responses mea-
surement and restricts the dynamic range of the OSSB-based
OVA. The influence deceases with the SSR of the OSSB signal.
Hence, to improve the accuracy and the dynamic range of the
OSSB-based OVA, the unwanted −1st-order sideband should
be well suppressed.
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[10] M. Sagues, M. Pérez, and A. Loayssa, “Measurement of polarization
dependent loss, polarization mode dispersion and group delay of optical
components using swept optical single sideband modulated signals,” Opt.
Express, vol. 16, no. 20, pp. 16181–16188, 2008.

[11] M. Xue, S. L. Pan, X. W. Gu, and Y. J. Zhao, “Performance analysis of
optical vector analyzer based on optical single-sideband modulation,” J.
Opt. Soc. Amer. B, vol. 30, no. 4, pp. 928–933, 2013.

[12] M. Xue, S. L. Pan, and Y. J. Zhao, “Optical single-sideband modulation
based on a dual-drive MZM and a 120-degree hybrid coupler,” J. Lightw.
Tech., vol. 32, no. 19, pp. 3317–3323, Oct. 2014.

[13] M. Xue, S. L. Pan, and Y. J. Zhao, “Accuracy improvement of optical
vector network analyzer based on single-sideband modulation,” Opt. Lett.,
vol. 39, no. 12, pp. 3595–3598, 2014.

[14] W. T. Wang, W. Li, J. G. Liu, W. H. Sun, W. Y. Wang, and N. H. Zhu, “Op-
tical vector network analyzer with improved accuracy based on Brillouin-
assisted optical carrier processing,” IEEE Photon. J., vol. 6, no. 6, pp. 1–10,
Dec. 2014.

[15] M. Xue, S. L. Pan, and Y. J. Zhao, “Accurate optical vector network
analyzer based on optical single-sideband modulation and balanced pho-
todetection,” Opt. Lett., vol. 40. no. 4, pp. 569–572, 2015.

[16] W. Li, W. H. Sun, W. T. Wang, L. X. Wang, J. G. Liu, and Z. N. Hua,
“Reduction of measurement error of optical vector network analyzer based
on DPMZM,” IEEE Photon. Technol. Lett., vol. 26, no. 9, pp. 866–869,
May 2014.

[17] R. Hernández, A. Loayssa, and D. Benito, “Optical vector network anal-
ysis based on single-sideband modulation,” Opt. Eng., vol. 43, no. 10,
pp. 2418–2421, 2004.

[18] M. Wang and J. P. Yao, “Optical vector network analyzer based on unbal-
anced double-sideband modulation,” IEEE Photon. Technol. Lett., vol. 25,
no. 8, pp. 753–755, Apr. 2013.

[19] M. Xue, S. L. Pan, and Y. J. Zhao, “Large dynamic range optical vector
analyzer based on optical single-sideband modulation and Hilbert trans-
form,” Appl. Phys. B, Laser Opt., vol. 122, no. 7, p. 197, Jul. 2016.

[20] Y. M. Zhang, F. Z. Zhang, and S. L. Pan, “Optical single sideband modu-
lation with tunable optical Carrier-to-Sideband ratio,” IEEE Photon.Tech.
Lett., vol. 26, no. 7, pp. 653–655, Apr. 2014.

[21] S. R. Blais and J. P. Yao, “Optical single sideband modulation using an
ultranarrow dual-transmission-band fiber Bragg grating,” IEEE Photon.
Technol. Lett., vol. 18, no. 21, pp. 2230–2232, Nov. 2006.

[22] Z. Li, H. Chi, X. Zhang, and J. P. Yao, “Optical single-sideband modulation
using a Fiber-Bragg-Grating-Based optical Hilbert transformer,” IEEE
Photon. Technol. Lett., vol. 23, no. 9, pp. 558–560, May 2011.

Min Xue was born in Changzhou, China, in September 1988. He received
the B.S. and Ph.D. degrees from the College of Electronic and Information
Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing,
China, in 2011 and 2016, respectively. He joined the College of Electronic and
Information Engineering, Nanjing University of Aeronautics and Astronautics,
in 2016, where he is currently a member of the Key Laboratory of Radar Imaging
and Microwave Photonics. His research interests include photonic microwave
measurement and metrology, optical fiber sensor, and integrated microwave
photonics.

Shilong Pan (S’06–M’09–SM’13) received the B.S. and Ph.D. degrees in elec-
tronics engineering from Tsinghua University, Beijing, China, in 2004 and 2008,
respectively.

From 2008 to 2010, he was a “Vision 2010” Postdoctoral Research Fellow in
the Microwave Photonics Research Laboratory, University of Ottawa, Ottawa,
ON, Canada. In 2010, he joined the College of Electronic and Information Engi-
neering, Nanjing University of Aeronautics and Astronautics, Nanjing, China,
in 2010, where he is currently a Full Professor and the Executive Director of the
Key Laboratory of Radar Imaging and Microwave Photonics. He has authored
or coauthored more than 270 research papers, including more than 140 papers in
peer-reviewed journals and 130 papers in conference proceedings. His research
interest focuses on microwave photonics, which includes optical generation and
processing of microwave signals, analog photonic links, photonic microwave
measurement, and integrated microwave photonics.

Prof. Pan is a Senior Member of the IEEE Microwave Theory and Techniques
Society, the IEEE Photonics Society and a member of the Optical Society of
America. He received an OSA Outstanding Reviewer Award in 2015. He was
the Chair of numerous international conferences and workshops, including the
TPC Chair of the International Conference on Optical Communications and
Networks in 2015, the TPC Co-Chair of the IEEE International Topical Meet-
ing on Microwave Photonics in 2017, the TPC Chair of the High-Speed And
Broadband Wireless Technologies Subcommittee of the IEEE Radio Wireless
Symposium in 2013, 2014, and 2016, respectively, the TPC Chair of the Optical
Fiber Sensors And Microwave Photonics Subcommittee of the OptoElectron-
ics and Communication Conference in 2015, and the Chair of the Microwave
Photonics For Broadband Measurement Workshop of International Microwave
Symposium in 2015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


