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Abstract—Knowing magnitude, phase, and polarization re-
sponses is of great importance for fabrication and application
of optical devices. A large variety of parameters such as inser-
tion loss, dispersion, group delay, polarization-dependent loss, and
polarization mode dispersion can be obtained based on these re-
sponses. Conventional approaches achieve the optical spectral re-
sponses by sweeping the wavelength of a laser source. Restricted by
the low-wavelength accuracy and poor wavelength stability of the
wavelength-swept laser source, the resolution of the optical vector
analyzers (OVAs) are usually poor (>1.6 pm). To achieve ultrahigh
resolution measurement, an OVA based on optical single-sideband
(OSSB) modulation has been proposed and developed, which po-
tentially has a sub-Hz resolution. However, electrical-to-optical and
optical-to-electrical conversions are required to implement the elec-
trical frequency sweeping and to detect the phase and magnitude
information in the electrical domain, which limits the spectral mea-
surement range, accuracy, and dynamic range. In the past decade,
great efforts have been devoted to deal with these problems. In this
paper, techniques for constructing high-performance OSSB-based
OVAs are discussed with an emphasis on the system architectures
and operation principles for improving the spectral measurement
range, accuracy, and dynamic range of the measurement system.
Possible future research directions are also discussed.

Index Terms—Measurement techniques, microwave photonics,
optical variables measurement, optical vector analyzers (OVAs),
optical modulation.

I. INTRODUCTION

N applications such as optical single molecule detection
I [1]-[3], non-Hermitian parity-time-symmetric quantum me-
chanics [4], slow-light-based optical storage [5], [6], on-chip
optical signal processing [7], on-chip optical nonlinear effects
[8], and high-precision optical sensing [9], [10], optical devices
having the capability to finely manipulate the optical spectrum
are highly desired, which leads to the development of a fiber
Bragg grating (FBG) with a 3-dB bandwidth of 9 MHz [11],
and an optical micro-resonator with a Q value of 1.7 x 10'
[12] (corresponding to a 3-dB bandwidth of 11.4 kHz if the cen-
ter wavelength is 1550 nm). Knowing the spectral responses are
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of great importance for the fabrication and application of these
devices. Optical vector analysis is such a technology which can
measure the magnitude, phase and polarization responses of
optical devices and further achieve other important parameters
such as insertion loss (IL), dispersion, group delay, polarization
dependent loss, polarization mode dispersion and so on. Con-
ventionally, optical vector analyzers (OVAs) are implemented
based on modulation phase-shift approach [13] or interferome-
try approach [14], which provide large dynamic range and wide
measurement range. By using multiple sidebands in different
polarization states, complex dispersion can be measured in a
single sweep [15], [16]. However, both approaches achieve the
optical spectral responses by sweeping the wavelength of a laser
source. Restricted by the low wavelength accuracy and wave-
length stability of the state-of-the-art wavelength-swept laser
source, the resolution of the conventional OVAs are usually
larger than 1.6 pm (i.e. 200 MHz at 1550 nm) [17], which is
difficult to obtain the optical spectral responses with MHz-level
or less fine structures. To improve the measurement resolution,
one effective approach is to apply the high-resolution spectral
analysis in the electrical domain via electrical-to-optical and
optical-to-electrical conversions. Two of such OVAs were pro-
posed and developed [18]-[32].

One is realized based on optical channel estimation (OCE).
In the OCE-based OVA, an orthogonal frequency division mul-
tiplexing (OFDM) signal with known symbols is generated in
the electrical domain which is converted to an optical OFDM
signal at an electro-optic modulator (EOM). The generated op-
tical signal is transmitted through the optical device under test
(DUT), so the optical spectral responses of the DUT in a cer-
tain frequency range are carried on the optical OFDM signal.
Then, the optical OFDM signal is converted back to the elec-
trical domain, after which the received symbols are compared
with the original ones, so the optical spectral responses can
be calculated [18]-[24]. The OCE-based OVA can achieve fast
and high resolution measurement (e.g. 0.732-MHz resolution
reported in [24]), but the dynamic range would be reduced with
the frequency resolution since the electrical power is distributed
to a large number of frequency components, leading to a small
signal-to-noise ratio of each frequency component. In addition,
the severe intermodulation distortion in the EOM restricts the
maximal electrical power introduced to the EOM. As a result,
the typical dynamic range is only 15 dB for a 5.86-MHz res-
olution [22], which is too small for characterizing most of the
high-Q optical devices. Moreover, only the linear optical devices
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Fig. 1. Block diagram of the OSSB-based OVA. OSSB: optical single
sideband; DUT: device under test.
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Fig. 2. The (a) magnitude and (b) phase responses of a phase-shifted FBG

measured by the OSSB-based OVA and a typical commercial OVA based on the
interferometry approach.

can be measured, since the nonlinear effects in the nonlinear
devices would distort significantly the power spectral density of
the OFDM signal, making the measurement inaccuracy.

The other one is implemented based on optical single side-
band (OSSB) modulation [25]-[33], which can potentially
achieve sub-Hz resolution and large dynamic range. Fig. 1 shows
the block diagram of the OSSB-based OVA. An optical carrier
from a laser source is modulated by a RF signal at an OSSB
modulator. The generated OSSB signal is propagating through
the DUT, in which the magnitude and phase of the optical car-
rier and the sideband in the OSSB signal are changed according
to the spectral responses of the DUT. Beating the two opti-
cal components at an optical-to-electrical conversion module, a
photocurrent, carrying the spectral responses of the DUT, is ob-
tained. Then, an electrical phase-magnitude detector referred by
the RF signal is used to extract the magnitude and phase of the
photocurrent, by which the magnitude and phase responses of
the DUT at the wavelength of the optical sideband are achieved.
Sweeping the frequency of the RF signal, the wavelength of the
optical sideband is swept, so the optical spectral responses of the
DUT at a certain wavelength range can be measured. Owing to
the ultrahigh resolution of the frequency-swept RF source and
the electrical phase-magnitude detector, the OSSB-based OVA
can measure the spectral responses of optical devices with sub-
Hz resolution in theory [26]. Previous experiment has reported a
resolution of 78 kHz [27], which is much higher than the typical
commercial OVA (LUNA OVAS5000) based on the interferom-
etry approach, as show in Fig. 2. Since only the optical carrier
and one optical sideband exist in the optical DUT and only

the fundamental frequency component is detected by the elec-
trical phase-magnitude detector, the OSSB-based OVA is able
to measure the linear responses of optical devices with strong
nonlinearity. In addition, the polarization responses can also be
measured if the following changes are performed [28]—-[33]: 1)
adding a polarization controlling module before the DUT which
can switch the polarization direction of the OSSB signal between
two orthogonal polarization states, 2) implementing polarization
diversity receiver in the optical-to-electrical conversion module,
3) performing two measurements using the OSSB signals with
the two orthogonal polarization states.

Although the OSSB-based OVA is attractive because of its
potential ultrahigh resolution, electrical-to-optical and optical-
to-electrical conversions are required to achieve the electrical
frequency sweeping and to detect the phase and magnitude in-
formation in the electrical domain, which introduces at least
three key challenges. First, the measurement range is relatively
small, typically less than 40 GHz (i.e. 0.32 nm in the 1550-nm
band), limited mainly by the electrical bandwidth of the OSSB
modulator, the photodetector (PD) and the phase-magnitude de-
tector. Second, the nonlinearity in the EOMs would inevitably
generate many unwanted high-order sidebands, leading to con-
siderable measurement errors especially when the modulation
index is large. In addition, the dynamic range of the OSSB-based
OVA will be restricted by the limited sideband suppression ratio
(SSR) of the practical OSSB signal. The recent progresses in
solving the problems on measurement range and accuracy were
briefly discussed in [25].

In this paper, the techniques developed in the past decade
for improving the spectral measurement range, accuracy and
dynamic range of the OSSB-based OVAs are discussed in more
detail. Possible future research directions are also discussed.

II. PRINCIPLE

One key component in the OSSB-based OVA is the OSSB
modulator, which can be implemented by a dual-drive EOM
or two cascaded EOMs together with a 90° electrical hybrid
coupler [34], [35], an optical filter to remove one of the two
sidebands produced by a double-sideband modulator [27], [36],
a dual-drive EOM with a 120° electrical hybrid coupler [37],
and a double-sideband modulator followed by an optical Hilbert
transformer [38]. Different modulation schemes would produce
OSSB signals with different frequency components. To be gen-
eral, we denote the OSSB signal as

+ 00
B ()= Y Ay-6lw— (wo +nw,)] (1

n=-—oo

where w, and w, are the angular frequencies of the optical carrier
and the RF signal, respectively, and A,, is the complex amplitude
of the nth-order sideband. For example, an ideal OSSB signal
contains only an optical carrier and one first-order sideband, so
Ag #0and A,y # 0 (or A_; # 0) while others equal to 0.
When the OSSB signal expressed in (1) goes through a
DUT, the magnitude and phase of the carrier and sidebands
are changed according to the transmission response of the DUT.
At the output port of the DUT, the optical signal carrying the
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spectral responses can be written as

+o0
Eou (w) = H(w) - By (w) = Z H (w, + nwe)
X Ap - 0w — (wo + nwe)] 2)

where H(w) = Hpuyr (w) - Heys(w), Hpur(w) and Hgys(w)
are the transmission responses of the DUT and the measure-
ment system, respectively. After square-law detection in a PD,
the optical signal is converted into a photocurrent. Given that the
phase-magnitude detector only receives the frequency compo-
nent which has the same frequency as the reference RF signal,
only the w, -component in the photocurrent is detected, which
can be expressed as

i(we) = NALAGH (wo +we) H (wy) +nAg A" H (w,)

+o00
X H (wo —we) +n > Ani1 4
11”#:—7102)
X H [wo + (n+ 1) we] H* (wo + nwe) (3)

where 7) is the responsivity of the PD. In writing (3), we assume
+ Ist-order sideband is the desired sideband of the OSSB signal.
At the right hand of (3), the first term carries the actual spectral
responses of the DUT, the second term represents the component
beat by the optical carrier and the residual — Ist-order sideband,
and the third term denotes the beat notes of all the neighboring
high-order sidebands.
If the OSSB signal is ideal, (3) can be simplified to

i(we) =nA AJH (wo +we) H (w,) 4

Let Hpyr(w) = 1, which can be implemented by removing
the DUT and directly connecting two test ports, Hys(w) can be
obtained,

Z‘sys (W(z) == nA+1AE§HSyS (wo + wc) H:ys (wo) (5)

From (4) and (5), we can achieve the transmission response
of the DUT by

’L'(We)
H o e) =7
puT (Wo +we) lsys (we) Hpyp (wo)

(6)

where Hpyr(w,) is the spectral response of the DUT at w,,
which can be seen as a complex constant.

The resolution of the OSSB-based OVA is mainly determined
by the frequency tuning step of the RF source, the resolution
of the electrical spectral analysis, and the linewidth of the laser
source. To date, the RF source frequency tuning step and the
electrical spectral analysis resolution can reach 0.1 Hz, and the
linewidth of the laser source can be smaller than 0.1 Hz [39].
Therefore, the resolution of the OSSB-based OVA can reach
0.1 Hz in theory.

In practice, however, the ideal OSSB signal is very difficult
to be generated. If the modulation index is large which is al-
ways the case to maintain a large signal-to-noise ratio of the
optical microwave signal, the nonlinearity in the EOMs would
inevitably generate unwanted high-order sidebands. These high-
order sidebands would result in additional w.-component in the
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photocurrent, which is presented in (3) as the third term at
the right hand. Obviously, the measurement accuracy would be
affected by these high-order sidebands [40]. For example, let
Hpyr(w) =1 we can calculate from (3) the measurement er-
rors induced by the beat notes of any two neighboring high-order
sidebands. Among these beat notes, the component beat by the
+15t- and +2nd-order sidebands introduces the major errors
because the powers of the +1st- and +2nd-order sidebands are
generally larger than other high-order sidebands. It is worth not-
ing that the measurement errors increase with the modulation
index. When the modulation index is /3, the +2nd-order-
siedeband-induced measurement error reaches 16.7%, which
could significantly distort the measurement results.

Although the SSR, which is defined as the power ratio of the
desired +1st-order sideband to the unwanted — Ist-order side-
band, of the OSSB signal can be as large as 40 dB [25]-[28],
the residual —Ist-order sideband could still cause measurement
error. As can be seen from Fig. 4, when measuring deep notches,
the power of the residual —1st-order sideband would be com-
parable or even higher than the notch-suppressed +1st-order
sideband. Then, the second term at the right hand of (3) would
be non-ignorable. Fig. 5 shows the magnitude and phase re-
sponses of a FBG achieved by the OSSB-based OVA using
OSSB signals with different SSRs via numerical simulation. As
can be seen, with the increase of the SSR, the measured mag-
nitude response as well as the phase response approaches the
actual responses. Therefore, the SSR of the OSSB signal is di-
rectly related to the dynamic range of the OSSB-based OVA. It
is worth mentioning that the high-order sidebands would also
affect the dynamic range especially when the modulation index
of the OSSB modulator is large.
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Fig. 5. The (a) magnitude and (b) phase responses achieved by the OSSB-
based OVA using OSSB signals with different SSRs via numerical simulation.

III. BROADEN THE MEASUREMENT RANGE

One key problem associated with the OSSB-based OVA is its
small measurement range which is restricted by the bandwidth of
the EOMs, PDs and microwave devices. Typically, the measure-
ment range of the OSSB-based OVA is less than 40 GHz, which
cannot completely characterize the optical devices in hundreds
or even thousands GHz range. Although a large measurement
range can be achieved by turning the wavelength of a tunable
laser source (TLS), the resolution would be greatly deteriorated
due to the low wavelength accuracy and poor wavelength sta-
bility of the TLS (usually hundreds of MHz).

To extend the measurement range without deteriorating the
measurement resolution, an OSSB-based OVA using an optical
frequency comb (OFC) as the laser source was proposed [41]. In
the OFC-based OVA, the interested frequency range is divided
into several consecutive channels and the OFC with abundant
comb lines provides the optical carriers for these channels. Then,
a single-channel OSSB-based OVA is used to measure the spec-
tral response in each channel one by one. By stitching the mea-
sured spectral responses together, the spectral responses of the
DUT in the entire interested frequency range can be obtained.
Benefitting from the fixed frequency spacing of the OFC, the
measured spectral response can be precisely stitched together
without deteriorating the measurement resolution.

Using the OFC-based OVA, the spectral responses in a range
of (n —1) x Aw + Aw, can be measured if an OFC with n
comb lines is employed, where Aw and Aw, are the frequency
spacing of the OFC and the measurement range of the single-
channel OSSB-based OVA, respectively. Aw must be smaller
than or equal to Aw,, so that the measured responses in the

,
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Fig. 6. Schematic diagram of the OSSB-based OVA using an OFC as the
laser source. LD, laser diode; PC, polarization controller; PolM, polarization
modulator; Pol, polarizer; TOBPF, tunable optical bandpass filter; PM, phase

modulator; RF, radio frequency; DUT, device under test; PD, photodetector;
EVNA, electric vector network analyzer.
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two neighboring channels can be stitched. Since the wavelength
range of the frequency combs can cover C-band [42], the OSSB-
based OVA using an OFC as the laser source has the capability
of characterizing the optical devices over the whole C-band.

Fig. 6 shows the experiment setup of the OSSB-based OVA
using an OFC as the laser source. The measurement system
consists of two key parts, i.e. an OFC-based optical carrier gen-
erator and a conventional single-channel OSSB-based OVA. In
the OFC-based optical carrier generator, a 5-comb-line OFC
with a frequency spacing of 20 GHz is generated by a polariza-
tion modulator (PolM) together with a polarizer [43]. A tunable
optical bandpass filter (TOBPF) is followed to select one comb
line from the OFC. The selected comb line serves as the opti-
cal carrier for the single-channel OSSB-based OVA to measure
the spectral response of the DUT in the corresponding channel.
Stitching the spectral responses of the DUT in all the five chan-
nels together, the spectral responses in a 105-GHz frequency
range are obtained.

Fig. 7 shows the magnitude and phase responses of a FBG
in a frequency range of 105 GHz measured by the OSSB-based
OVA using an OFC as the laser source. In each channel, the
measurement resolution is 1 MHz and the measurement range
is 25 GHz (10~35 GHz away from the optical carrier). As com-
pared with the 20-GHz frequency spacing of the OFC, there are
5-GHz frequency overlapped areas between every two neighbor-
ing channels (the shadows in Fig. 7). In these overlapped area,
the measured spectral responses are well superimposed due to
the fixed frequency spacing of the optical carriers. Hence, the
measured responses in adjacent channels are precisely stitched
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without deteriorating the measurement resolution and wideband
spectral-response measurement are realized.

It should be noted that measuring wideband spectral responses
of optical devices with an ultrahigh resolution is time consum-
ing. In practice, the typical measurement speed of an OSSB-
based OVA is 12.5 s/nm for a 100-kHz resolution, determined
mainly by the scanning speed of the frequency swept RF source.
When this speed is applied for the measurement of the spectral
responses in the whole C-band (1530-1560 nm), the measure-
ment time is more than 6 minutes. To speed up the measurement,
a parallel measurement system based on dense wavelength-
division multiplexing technology can be employed. The comb
lines from the OFC are modulated by an OSSB modulator at
the same time. The OSSB signals are propagating through the
DUT and then separated by a dense wavelength-division multi-
plexer whose channel spacing equals to the frequency spacing of
the OFC. In each channel, the magnitude and phase differences
between the optical carrier and sideband are detected by a PD
and a magnitude-phase detector. By scanning the frequency of
the RF signal, the spectral responses in all channels are mea-
sured simultaneously. In this case, the spectral responses with
a 100-kHz resolution in the whole C-band can be obtained in
2.5 second if an OFC with 25-GHz frequency spacing [42] is
applied.

There are also other approaches to extend the measurement
range [44]-[46], but the measurement range can only be in-
creased by two or three times.

IV. SUPPRESS HIGH-ORDER-SIDEBAND INDUCED ERRORS

Due to the nonlinearity in EOMs, an OSSB signal in reality
always comprises of many high-order sidebands (i.e. +2nd-,
+3rd-, ..., = nth-order sidebands). Analytical analysis and
numerical simulation have been performed to investigate the
influence of these high-order sidebands on the accuracy of the
measured responses [40], showing that considerable measure-
ment errors are presented if the modulation index of the EOM is
large. Applying small modulation index can undoubtedly reduce
the high-order-sideband induced errors, but it also leads to large
noise in the measured responses since the desired +1st-order
sideband is also small.

According to [40], the +2nd-order sideband would intro-
duce the largest errors due to its high power. Therefore, one
approach to reduce the high-order-sideband induced errors is to
suppress the +2nd-order sideband. To do so, an OSSB modula-
tion method based on a 120° electrical hybrid coupler and a dual-
drive Mach-Zehnder modulator was proposed, which can simul-
taneously suppress the —1Ist- and +2nd-order sidebands [37].
Fig. 8 shows the optical spectrum of the experimentally gener-
ated OSSB signals based on the 120° electrical hybrid coupler
when the modulation index is 1.92. As a comparison, the optical
spectrum of the OSSB signal generated by a conventional 90-
degree electrical hybrid coupler and a dual-drive Mach-Zehnder
modulator is also plotted. As can be seen, the +2nd-order side-
band is suppressed by 23.87 dB. Then, the OSSB signals with
the +2nd-order sideband suppressed is applied in the OSSB-
based OVA to characterize the spectral responses of a FBG. Fig.
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9 shows the magnitude and phase responses achieved by sim-
ulation. The responses obtained by the OVA adopting the 120°
electrical hybrid coupler based OSSB modulation are almost
coincided with the actual ones, while the OVA employing the
conventional 90° electrical hybrid coupler based OSSB modu-
lation achieves the responses together with large measurement
eITorS.

If the modulation index further increases, the measurement
errors introduced by other high-order sidebands become con-
siderable, as can be seen from Fig. 3. To effectively remove
these errors, an approach based on off-line error cancellation
was proposed [47]. Three-step measurement is performed. In
the first step, a RF-modulated OSSB signal with a high SSR
is applied and a photocurrent is generated which is comprised
by the component carrying the actual spectral responses of the
DUT and the high-order-sideband induced measurement errors,
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ie.
+o00
i1t (We) = NAAGH (wo +we) H (wo) + 1 Z Ay
N 10

X AL H [wo + (n+ 1D we] H* (wo +nwe) (1)

Then, removing the optical carrier from the OSSB signal and
performing a second measurement. In this case, the photocurrent
is exactly the measurement errors introduced by the high-order
sidebands, given by

+o00

i2nd (we) =7 Z AnJrlAsz[wO + (n+ 1)(")8}

n#-1,0
X H* (wy + nw, ) ®)

Subtracting the measured result in the second measurement
from the first one, the measurement errors introduced by the
high-order sidebands are fully eliminated. By detecting the mag-
nitude and phase in the electrical domain, the actual spectral
responses of the DUT are achieved.

Fig. 10 shows the magnitude and phase responses of a FBG
measured by the OSSB-based OVA with and without error can-
cellation, when the modulation index is 1.68. As can be seen,
the responses measured by the conventional OSSB-based OVA
contain large measurement errors. Eliminating the high-order-
sideband induced errors by the three-step measurement, the ac-
curate spectral responses are achieved, which agree well with
those measured by a commercial OVA (LUNA OVAS5000). In
[48], the absorption spectrum of stimulated Brillouin scattering
in optical fibers is used to replace the optical filter in [47], to

[ IV

\4

0OSSB
Signal

BPD
Y

‘i Photocurrent
S

Optical Filter

EiEes
&

ki

>
—4-3 -2 -1 0+ +2 +3 +4

i

>
+1 +2 +3 +4

A
Wi
0

Fig. 11. OSSB-based OVA employing balanced photodetection.

manipulate the optical carrier in the OSSB signal, which also
achieves the error cancellation.

It should be noted that in [47], [48] adjustment of the optical
filter is required between the two measurements, which not only
increases the measurement time but also introduces additional
measurement error if the center wavelength of the optical filter
is not accurately controlled. To solve this problem, a modified
approach employing a balanced photodetctor (BPD) was de-
veloped [49]. The schematic diagram is shown in Fig. 11. The
OSSB signal after the DUT is divided into two parts. One part
is directly sent to one optical port of the BPD, and the other part
is directed to the other optical port of the BPD after suppressing
the optical carrier. The two optical signals are simultaneously
converted into photocurrents and vectorially subtracted at the
output port of the BPD. According to the analytical model, the
detection of the OSSB signal with the optical carrier results in a
photocurrent containing the actual responses and the high-order-
sideband induced errors, while the carrier-suppressed OSSB
signal generates a photocurrent consisting only the high-order-
sideband induced errors. As a result, the output photocurrent
of the BPD carries the accurate responses of the DUT. Fig. 12
shows the magnitude and phase responses measured by the con-
ventional OSSB-based OVA and the OSSB-based OVA with bal-
anced photodetection when the modulation index of the OSSB
modulator is 2.81. As can be seen, the responses measured
by the conventional OVA are obviously deviated from the ac-
tual ones due to the large measurement errors. By employing
the balanced photodetection, the high-order-sideband induced
errors are significantly suppressed. The magnitude and phase
responses measured by LUNA OVAS5000 are also plotted for
comparison, which are coincided with those measured by the
OVA using balanced photodetection. It should be noted that the
signal-to-noise ratio of the spectral responses is also improved
since the BPD can effectively suppress the common-mode noise
in the measurement system.

Theoretically, the measurement errors induced by the high-
order sidebands can be completely suppressed. However, the
finite common-mode rejection ratio (CMRR) of a practical mea-
surement system, which is seriously affected by the temperature
variation and the imbalanced responsivity of the BPD, would
eventually limit the system performance. Fig. 13 shows the
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Fig. 12.  The (a) magnitude and (b) phase responses of the FBG measured by
the conventional OSSB-based OVA and the OSSB-based OVA with balanced
photodetection.
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Fig. 13.  The measured CMRR of the OSSB-based OVA employing balanced
photodetection.

CMRR measured by introducing two identical signals into the
BPD after carefully adjusting the length and IL of the two paths.
As can be seen, the CMRR of the measurement system is about
30 dB, indicating that the high-order-sideband induced errors
and common-mode noise can be suppressed by about 30 dB.
By removing the measurement errors induced by the high-
order sidebands, large modulation index of the OSSB modulator
can be applied, which can increase the capability of the OSSB-
based OVA for measuring very small spectral responses. Fig. 14
shows the measured magnitude responses at the bottom of an
FBG’s notch with different modulation indices. As can be seen,
the signal-to-noise ratio increases with the modulation index.

V. IMPROVE DYNAMIC RANGE

Dynamic range is one of the most important parameters for
practical spectral-response measurement. Because the optical
power is concentrated on a single-frequency component, the
OSSB-based OVA would have a much larger dynamic range
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Fig. 14.  The measured magnitude responses at the bottom of an FBG’s notch
when the modulation indices are (a) 0.38, (b) 1.10 and (c) 1.68, respectively.

than the OCE-based OVA [22]. However, the SSR of the swept
OSSB signal would place a restriction on the further increase
of the dynamic range, as can be seen from Fig. 4. Typically, the
SSR of a wideband-swept OSSB signal is less than 40 dB, so
the responses of the bandstop devices with deep notch cannot
be accurate measured.

To improve the dynamic range, an effective way is to perform
the measurement twice using two OSSB signals with different
SSRs [50]. Assuming the modulation index of the OSSB mod-
ulator is small so that the high-order sidebands can be ignored,
(3) can be simplified to

i1 (we) = NALAGH (wo + we) H' (w,) +nAgA” 1 H (w,)
X H* (wy — we) )
9 (we) = NaA 1 AJH (wo +we) H (w,) +1nBAcAY,

X H (wy) H (wo — we) (10)
where « and (8 (a # [3) are two known coefficients to form
different SSRs. With (9) and (10), the spectral responses of the
DUT can be accurately calculated,

ﬁil (we) - i2 (We)
(B — @) isys (we) Hpyyr (wo)

As a result, the influence of the undesired —1st-order side-
band is eliminated. In an experiment, the magnitude and phase
responses of a phase-shifted fiber Bragg grating are measured
when the SSR of the OSSB signal is 10, 20 and 40 dB, re-
spectively. Referring the magnitude response measured by the
OSSB signal with a SSR of 40 dB, the measurement errors are
8.1 and 1.9 dB for the cases using 10- and 20-dB SSRs, showing
that the dynamic range increases with the SSR. Then, taking the
currents measured by the OSSB signals with SSRs of 10 and
20 dB into (11), the accurate magnitude and phase responses
are calculated, which agree well with those measured by the
OSSB signal with a SSR of 40 dB. This approach, however, is
only effective when the modulation index of the OSSB modu-
lator is small since only the optical carrier and two first-order
sidebands are considered. If the high-order sidebands are taken
into account, the accurate spectral responses cannot be calcu-
lated. In addition, a change of the modulation scheme between
the two measurements is required, which not only increases the
measurement time but also introduces additional measurement
error since the SSR of an OSSB signal is always difficult to be
accurately controlled.

Hpur (wo +we) =

(1)
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To increase the dynamic range of the OSSB-based OVA with-
out premise on the modulation index of the OSSB modulator,
an approach based on optical Hilbert transform and balanced
photodetection was recently proposed [51], which can suppress
the error induced by the residual unwanted first-order sideband
together with the high-order sideband induced errors. In the
scheme, the OSSB signal after the DUT is split into two por-
tions. One portion is directly introduced to one optical port of
the BPD, which can be expressed as

Ey(w)= A4 -60[w—(wo —we)] + Ap - 0 (w— w,)

+Ai 0w — (wo +we)] +

+ 00
X [w — (wo + nw,)] +ZA" -9
n=2

X [w = (wo + nwe)] (12)

where A,, is the complex amplitude of the nth-order sideband.
The other portion is sent to the other optical port of the BPD
after propagating through an optical Hilbert transformer. In the
optical Hilbert transformer, the phase of the positive sidebands
are reversed, so the signal can be written as

EL(w)= A4 - 0fw—(wo —we)]+ Ap -0 (w—w,)

—Ap - w— (wo +we)] +

X [w— (wy + nwe)| — ZA” -0

n=2

X [w— (W, + nw,)] (13)

In the BPD, two photocurrents are generated, given by

iv(we) = NAGA" | H (wo) H (wo — we) + NAL1A]

o0
x H (WO + (-‘-)e) H* (Wo) +n Z A77,+1A:
A 1.0

X Hw, + (n+1)w.] H (wy + nw,)
i (we) = MAVAL H (wo) H" (wo — we) —nA 114G

(14)

o0
X H (wo +we) H (wo) +1 Y Ani14;,

n=—o00

n#-1,0

X Hw, + (n+ 1w H (w, +nw.)  (15)

At the right hand of (14) and (15), the first and third terms
are the measurement errors induced by the residual —Ist-order
sideband and the high-order sidebands, which are in phase. The
second terms carrying the transmission responses of the DUT
are out of phase. At the output port of the BPD, the two pho-
tocurrents are vectorially subtracted. Thereby, both the residual
— Ist-order-sideband-induced measurement error and the high-
order-sideband-induced measurement errors are suppressed and
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Fig. 15. The (a) magnitude and (b) phase responses measured by the con-

ventional OVA and the OVA based on optical Hilbert transform and balanced
photodetection.

the output photocurrent only contains the component beat by
the optical carrier and the 4 1st-order sideband.

Fig. 15 shows the magnitude and phase responses of a FBG
(TeraXion Inc.) measured by the conventional OVA using the
OSSB modulation based on a 90° electrical hybrid coupler and
a dual-drive MZM. The OSSB signal has a SSR of less than
20 dB which is much smaller than the notch depth of the FBG.
Because of the uneven frequency response of the 90° electrical
hybrid coupler and the undesirable-sideband-induced measure-
ment errors, the measurement results are significantly distorted.
When the approach based on optical Hilbert transform and bal-
anced photodetection is applied, the measurement errors are
significantly suppressed and accurate responses are achieved,
indicating that the dynamic range is greatly improved.

It should be noted that the improvement of the dynamic range
could not be infinity due to the imbalance of the responsivity
of the PDs in the BPD. Since the CMRR of the BPD is larger
than 30 dB, the measurement errors and common mode noise
can be greatly suppressed and at least 30-dB dynamic range
improvement can be achieved.

VI. CONCLUSION AND DISCUSSION

In conclusion, an OSSB-based OVA can achieve exceptional
high measurement resolution, but its small measurement range,
large measurement errors induced by high-order sidebands and
relatively small dynamic range restricted by the SSR of the
OSSB signal prohibit it from gaining ground in optics and
photonics. To broaden the measurement range, an OFC can be
used to provide optical carriers with fixed frequency spacing for
channel by channel measurement; to suppress the high-order-
sideband-induced measurement errors, carrier suppression to-
gether with balanced photodetection can be applied; and to
increase the measurement dynamic range, balanced photode-
tection and optical Hilbert transform is effective.
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Although the performance of the OSSB-based OVA has been
greatly improved in the past decade, the maturity level of the
technique can still be improved in the following aspects. First,
system architecture to reduce the cost is highly desired be-
cause both of the wideband frequency-swept RF source and the
high-frequency phase-magnitude detector are expensive. One
possible way to reduce the cost is to apply photonic microwave
mixing [52] so a low-frequency phase-magnitude detector can
extract the phase and magnitude information. Second, the cur-
rent solutions to improve the measurement accuracy and dy-
namic range are wavelength dependent because of the use of
narrowband optical filters. This will increase significantly the
operation complexity especially when broadband measurement
is required, so high performance OSSB-based OVA without the
use of the optical filter is welcomed. Last but not least, most
of the OSSB-based OVAs are operated in the 1550-nm band
thanks to the mature laser sources, modulators and detectors in
this band. However, many applications requiring high-Q opti-
cal devices, such as the label-free biosensing, single-molecule
detection, and optical metrology, are operated in other bands.
Therefore, considerable efforts should be devoted to the devel-
opment of OSSB-based OVAs in new wavelength bands.
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