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ABSTRACT
Ever-increasing demands for a higher bandwidth of data in the optical communications augment the operating frequency of components
and systems. To accelerate the development of these large-bandwidth technologies, there is a growing demand to characterize the frequency
response of optical devices in real time. In this work, we report a method to significantly improve the measurement speed of an optical vector
network analyzer (OVNA) with coherent time-stretch (CTS). Single-shot frequency spectrum measurements are enabled by time-stretch
technology that maps the spectrum of an optical pulse to the time domain. Compared to single-ended detection, the implementation of
coherent detection enables the acquiring of accurate phase information of the signal and also provides the digital processed cancellation of
dispersion-induced impairments. By utilizing dispersive time-stretch and digital coherent detection techniques, we demonstrate an ultrafast
and wide bandwidth OVNA. We successfully characterize its performance by measuring the frequency response of a micro-ring cavity and
a silicon Mach–Zehnder interferometer with 0.07-nm spectral resolution and 0.156-rad phase accuracy over 10-nm bandwidth. Meanwhile,
the dynamic responses of the magnitude and phase, and the drift of the resonance wavelength of the micro-ring modulator under thermal
tuning, were fully recorded by the CTS-OVNA at a 20-MHz frame rate.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022121., s

I. INTRODUCTION

Real-time measurement of the magnitude and phase responses
of an optical component plays a critical role in both components’
characterization and optical system design, and similar to the elec-
trical domain, it is usually known as the optical vector network
analyzer (OVNA). Conventionally, several approaches are intro-
duced to realize the OVNA, such as the modulation phase-shift
approach,1,2 the interferometry approach,3 and the optical single-
sideband (OSSB) modulation approach.4–6 Meanwhile, to character-
ize the optical multi-port devices, the spatially diverse optical vector
network analyzer is also proposed.7 However, the interferometry-
based OVNA and phase-shift-based OVNA inherently have a rela-
tively low spectral resolution and long measurement time owing to
the low wavelength accuracy and poor stability of the wavelength-
swept laser sources required in the schemes.8–11 In addition, the
modulation phase-shift approach only measures the group delay

rather than the phase of the optical transfer function.12 To enhance
the performance of scanning accuracy, the OVNA based on OSSB
modulation was proposed and demonstrated.4–6,8–10 Benefiting from
the high-resolution frequency sweeping and accurate magnitude and
phase detection in the electrical domain, the resolution of the OSSB-
based OVNA can reach hundreds of kilohertz, with the frame rate
in several hertz range.11 However, the measurement bandwidth of
the OVNA is usually limited by the bandwidth of the optoelectronic
devices and resolution constraints. To extend the measurement
bandwidth of the OVNA, an optical frequency comb was introduced
to replace the swept-laser, and 8-nm bandwidth and 334-Hz resolu-
tion were demonstrated, while its acquisition frame rate was still in
several hertz range.13 Therefore, the aforementioned approaches are
not able to measure the ultrafast dynamics of some optical compo-
nents.11–14 Meanwhile, the longer frequency response measurement
time also results in higher costs, and a faster testing approach is
expected.15
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FIG. 1. (a) Absorption spectrum cap-
tured by time-stretch spectroscopy. (b)
Direct detection and (c) interferome-
try method for the time-stretch spec-
troscopy. (d) Digital coherent detection
is applied to retrieve the full-field infor-
mation. LO, local oscillator; DSP, digital
signal processing.

To improve the acquisition time resolution, ultrafast spec-
troscopy based on dispersive time-stretch has attracted a lot of
attention, as shown in Fig. 1(a). After mapping the spectrum of
an optical pulse to the time domain, the spectrum can be captured
by a single-pixel detector and a real-time oscilloscope with tens of
MHz frame rate.16–19 By virtue of its ultrafast frame rate, disper-
sive time-stretch technology has been employed for the discovery of
many ultrafast measurements, such as optical rogue waves20 and the
buildup of mode-locking.21–23 Meanwhile, a dispersive time-stretch
technique is applied to enable an extremely fast measurement of the
frequency response of electronic devices.14,15,24 Although the spec-
tral intensity profile can be acquired in real time by direct detec-
tion [Fig. 1(b)], the spectral phase information cannot be retrieved
without complex intervention and algorithms.14,15 To acquire the
optical phase information in a more straightforward way, the inter-
ferometry method was introduced to the conventional dispersive
time-stretch, as shown in Fig. 1(c).25 Here, a Hilbert transform
was performed to extract the phase information from the data of
a single-pixel photodetector to achieve microscopic imaging. How-
ever, there is an assumption that the intensity of the signal and
reference is varying with time slowly; thus, the Hilbert transform
can provide an approximation to a proper phase.26 To improve the
detection sensitivity and eliminate the noise generated in system, a
balanced photodiode (BPD) is introduced to achieve the extraction
of the intermediate frequency (IF).27 Without phase-diversity being
applied in balanced detection, a Hilbert transform is still required
to extract the phase and IF. To improve the extracting phase accu-
racy of the time-stretch-based OVNA, an optical digital coherent
detection technique is introduced here, as shown in Fig. 1(d). A sim-
ilar approach has been applied in an ultrafast microscope system to
retrieve the phase and polarization information of the images.28,29

The phase and polarization diversity of the homodyne receiver elim-
inates the influence of signal intensity and polarization fluctuation,
and the accurate magnitude and phase responses can be recon-
structed by digitizing the in-phase (I) and quadrature-phase (Q) sig-
nals from a phase-diversity homodyne receiver, and then, it recon-
structs the full-field optical waveform using digital signal processing
(DSP).30–36

With the combination of the dispersive time-stretch and
digital coherent detection techniques, we propose a coherent

time-stretch based optical vector network analyzer (CTS-OVNA)
to enable the single-shot measurement of the magnitude and phase
responses of an optical component by mapping different opti-
cal frequency components to different temporal positions. The
chirped optical pulse propagates through the optical device under
test (ODUT) in which the magnitude and phase of the signal
are changed according to the spectral responses of the ODUT.
The measurement frame rate is equivalent to the repetition rate
of the pulse laser (∼20 MHz), and under this 50-ns acquisition
period, this ultrafast CTS-OVNA achieves a spectral resolution
of 0.07 nm, a phase accuracy of 0.156 rad, and a observation
bandwidth of over 10 nm. Meanwhile, the frequency responses of
a silicon Mach–Zehnder interferometer (MZI) and a micro-ring
cavity have been successfully characterized by the CTS-OVNA,
and the measurement results correspond consistently with the
optical spectrum analyzer (OSA). Moreover, the spectro-temporal
dynamics of the thermal tuning micro-ring modulator was directly
observed over long record lengths of ∼1000 consecutive pulses,
around 50 μs.

II. PRINCIPLE AND THEORETICAL ANALYSIS
Figure 1 illustrates the schematic of the CTS-OVNA. The

optical pulse train goes through the dispersive element to achieve
wavelength-to-time mapping, and by passing through the ODUT,
its absorption spectrum is thus encoded on the time axis. As shown
in Fig. 1(b), the most conventional direct detection only extracts the
signal intensity envelope, and the bottleneck lies in the square law
detectors that filter out all fast phase variation. Then, the interfer-
ometry method is introduced to recover the phase information, as
illustrated in Fig. 1(c). An identical chirped reference beam mixes
with the absorption spectrum under test, and Hilbert transformation
is then performed on the interference signal such that the approx-
imate phase information can be obtained. As Fig. 1(d) illustrates,
with the phase-diversity being employed, the chirped local oscilla-
tor (LO) passes through a 90○ hybrid and interferes with the signal
to generate in-phase and quadrature-phase signals in the coherent
receiver. After the optical-to-electrical signal conversion, the digi-
tizer is used to sample and quantify the analog signal. Then, the
signals (I and Q) are sent to the DSP unit and processed to obtain the
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magnitude and phase responses of the ODUT. An analysis of the
principles of dispersive time-stretch and digital coherent detection
is provided as follows.

A. Dispersive time-stretch
Dispersive time-stretch is also known as dispersive Fourier

transformation (DFT),37–39 which is a powerful method that
overcomes the speed limitation of conventional spectroscopy
and permits the single-shot measurements of rapidly evolv-
ing spectral dynamics. In this CTS-OVNA system, the dis-
persive time-stretch is performed by the dispersion compen-
sating fiber (DCF) with the total group velocity dispersion
(GVD) of Dtotal = 4 ns/nm, and the spectral resolution can be
expressed as

δλ = λ ⋅
√

2
Dtotal ⋅ c , (1)

where c is the speed of light and λ is the center wavelength,
and it achieved 0.07-nm spectral resolution.37 It is desirable to
increase the amount of dispersion to improve resolution and
reduce the acquisition bandwidth requirement, but to avoid the
overlapping between neighboring pulses, the maximum tempo-
ral dispersion of DCF is limited by the period of the pulse laser
(T) and the spectral bandwidth (Δλ), and it can be described as
Dtotal ⋅Δλ < 1/T. Therefore, it is necessary to select the appropriate
amount of GVD to avoid pulse overlap and provide good spectral
resolution.

B. Digital coherent receiver
The digital coherent detection measures the magnitude and

phase responses by digitizing the I and Q signals from a phase-
diversity homodyne receiver34,35 and then reconstructing the opti-
cal waveform using DSP.33 Figure 1(d) illustrates a typical phase-
diversity coherent receiver. The LO is divided into two arms to
beat with the two paths of the signal, respectively. One of the LO
arms is phase shifted by 90○ so that the quadrature components
can be detected simultaneously. The currents from two BPDs are

given as

II(t) = k×4AS(t)ALO(t) cos[(ωS − ωLO)t + φS(t) − φLO(t)], (2)

IQ(t) = k×4AS(t)ALO(t) sin[(ωS − ωLO)t + φS(t) − φLO(t)], (3)

where k is the responsivity of the photodetectors, AS(t) is the ampli-
tude of the signal, ALO(t) is the amplitude of the LO light, φS(t) and
φLO(t) are the phase of the signal and LO, respectively, and ωS and
ωLO are the optical carrier frequencies of the signal and LO, respec-
tively. Then, the complex amplitude in digital signal processing can
be expressed as

IC(t) = II + jIQ

= k×4AS(t)ALO(t)
× exp{j(ωS − ωLO)t + j[φS(t) −φLO(t)]}. (4)

Through DSP, the magnitude response can be obtained, and the
phase information containing the frequency difference between the
signal and LO can be solved as tan−1|IQ|/|II |.29

III. EXPERIMENTAL SETUP
The detailed experimental setup of the real-time ultrafast

OVNA is shown in Fig. 2. A mode-lock laser generates a 20-MHz
optical pulse train, which is chirped by passing through a disper-
sive fiber with ∼4-ns/nm GVD (compensating 240-km SMF). An
erbium-doped fiber amplifier (EDFA) boosts up the chirped pulse
train to 20-dBm (average power), before an optical bandpass filter
with 12-nm bandwidth. After that, a 1 × 2 optical coupler sepa-
rates the pulses into the signal arm and the reference arm. In the
signal arm, the stretched pulses pass through the ODUT, as well
as another EDFA to compensate its insertion loss. An optical vari-
able delay line is applied in the reference arm to fine tune the rela-
tive time delay between two arms, and ∼4-GHz frequency offset is
achieved,25,27,28 which should be below the bandwidth of the coher-
ent receiver (Finisar, CPRV1225). In the coherent receiver, the opti-
cal signal is combined with the reference beam. The LO generated
in the reference arm is designed to have higher power than the sig-
nal to enhance the sensitivity. A real-time oscilloscope (operated at

FIG. 2. Experimental setup of the CTS-
OVNA. DCF, dispersion compensation
fiber; EDFA, erbium-doped fiber ampli-
fier; OBPF, optical bandpass filter; PC,
polarization controller; ODUT, optical
device under test; OVDL, optical variable
delay line.
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80 GS/s) acquires the I and Q data from the receiver, which can be
used to recover the phase and magnitude information of the ODUT
by DSP.

IV. DIGITAL SIGNAL PROCESSING
As shown in Fig. 3, the flow chart of DSP mainly consists of five

steps: (1) subtract the complementary outputs; (2) recover the full
field signal; (3) remove the IF; (4) extract the magnitude and phase
response; and (5) calibrate the responses of the ODUT. The system
noise is first eliminated by subtracting the complementary outputs
from a phase-diversity homodyne receiver, and the full field signal
is recovered from the I and Q signals. Next, the full field signal is
processed to remove IF and eliminate the out-of-band noise by a
low-pass filter. The magnitude response of the ODUT is achieved
via dividing the magnitude envelope of the ODUT by the magni-
tude envelope of LO signal. The tan−1|IQ|/|II | is then performed to
extract the phase information of the ODUT. To further increase the
accuracy of the measurement, the instrument response of system
should be taken into account, including the gain flatness and the link
dispersion. The calibration parameters of magnitude and phase can
be obtained by removing the ODUT. Finally, an accurate frequency
response of the ODUT can be achieved by utilizing the calibration
parameters to eliminate disturbances introduced by the instruments
of the system.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
To demonstrate the capability of the CTS-OVNA for obtain-

ing magnitude and phase responses, a waveshaper (Finisar, 1000s)
was placed as the ODUT, which was configured to have deliber-
ate intensities and phase profiles as the red dashed lines shown
in Figs. 4(a) and 4(b). To clearly compare with the experimen-
tal results, the results of measuring by an OSA and simulation
are shifted by 18 dB and 3.5 rad, respectively. As illustrated in
Figs. 4(a) and 4(b), the measured magnitude and phase (black
solid lines) are consistent with the result measured by the OSA
and simulation (red dashed lines). It is noted that the calibra-
tion parameters of magnitude and phase are obtained by set-
ting up the waveshaper as an all-pass filter with transparent
phase, and it can effectively calibrate the system profile during the
subsequent DSP.

The magnitude information of the waveshaper was designed to
have different spectral intervals, which were 0.1 nm, 0.2 nm, and
0.3 nm, respectively. As illustrated in Fig. 4(a), the actual spectral
resolution of the waveshaper is worse than 0.1 nm, therefore, the
0.1-nm spectral interval signal cannot be effectively generated. As
shown in Fig. 4(b), to explore the phase sensitivity of the system,
the phase profile with different peak values (∼0.156 rad) is applied,
and this small phase difference can be also retrieved accurately by
CTS-OVAN.

FIG. 3. Flow chart of the digital signal
processing.
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FIG. 4. Performance of the CTS-OVNA
with the given magnitude and phase pat-
tern. (a) The magnitude response of the
signal programmed on the waveshaper
is measured by the CTS-OVNA (black
solid line) and an OSA (red dashed line).
(b) The phase response obtained by the
CTS-OVNA (black solid line), and the
phase pattern simulated from the driv-
ing signal of the waveshaper (red dashed
line).

To further characterize the real-time performance of the sys-
tem, the CTS-OVNA was applied to measure the frequency response
of silicon devices. First, the CTS-OVNA was applied to measure the
frequency response of a silicon MZI, and the magnitude and phase
information over a 10-nm observation bandwidth was provided in
Figs. 5(a) and 5(b), respectively. To clearly compare with the exper-
imental results, the results of measuring by an OSA and simulation
are shifted by 20 dB and 40 rad, respectively. These figures illus-
trate the measured phase response with a difference of π and the
periodic phase jumps and the free spectral range (FSR) of nearly
200 GHz. As a reference, the magnitude response of the ODUT mea-
sured by an OSA is shown by the red dashed line in Fig. 5(a). The
phase frequency response of the ODUT is given by the simulation,
which is shown by the red-dashed line in Fig. 5(b). Comparing the
CTS-OVNA measured results with the reference, the CTS-OVNA
measurement matched well with the OSA and simulation results.
It could be observed that the signal to noise ratio (SNR) of the

measured frequency responses in the marginal areas is lower than
that in the middle because the signal in those areas has less power.
Similarly, the accuracy of the phase response information is also
worse in the marginal areas. However, it is worth mentioning that
the measured magnitude and phase information appear slightly dif-
ferent from the OSA measurement results and simulation because
the fiber length of the measurement system is longer, and the envi-
ronmental temperature and mechanical jitter will disturb the system
measurement.

To experimentally verify the simulation results of a micro-ring
cavity, the magnitude and phase responses of a micro-ring cavity was
measured by the CTS-OVNA with an 8-nm observation bandwidth,
which are shown in Figs. 6(a) and 6(b). To clearly compare with the
experimental results, the results of measuring by an OSA and simu-
lation are shifted by 10 dB and ∼2.5 rad, respectively. Compared to
the spectrum acquired from OSA and simulation [red dashed line
in Figs. 6(a) and 6(b)], the CTS-OVNA measurement matched well

FIG. 5. Full-field response of a silicon
Mach–Zehnder interferometer. (a) The
magnitude response is measured by the
CTS-OVNA (black solid line) and an
OSA (red dashed line). (b) The phase
response obtained by the CTS-OVNA
(black solid line) and simulation result
(red dashed line). The inset shows the
micrograph of the silicon MZI.

FIG. 6. Full-field response of a micro-ring
cavity by the CTS-OVNA. (a) The magni-
tude response is measured by the CTS-
OVNA (black solid line) and an OSA (red
dashed line). (b) The phase response
obtained by the CTS-OVNA (black solid
line) and simulation result (red dashed
line). The inset shows the micrograph of
the micro-ring cavity.
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with the OSA and simulation results. We can see the top of magni-
tude response has a slight fluctuation. This is because the micro-ring
cavity has a wider FSR than MZI and is easily affected by noise.12

The phase shifts less than π indicates a state of undercoupling.40

No matter MZI or micro-ring cavity, our experiment results are in
agreement with the simulation ones, which confirm the feasibility of
our method.

Owing to the relatively high thermo-optic coefficient of sili-
con,41 thermal tuning is often applied using a metallic micro-heater
on a silicon waveguide in tunable silicon micro-ring resonators.42,43

During the thermal tuning process, it will cause frequency shift to
achieve different applications, such as the differentiator, and the
response time can reach microseconds, even the nanosecond level.44

Therefore, it is meaningful to observe the dynamic response of
silicon devices.

To demonstrate the ultrafast real-time measurement capability
of the CTS-OVNA, we used the system to capture the thermo-optical
dynamics of the micro-ring modulator, which is on a silicon-on-
isolator wafer, with a 220-nm-thick top silicon layer and a 2 μm SiO2
buried oxide (BOX) layer. An external scanning voltage was applied
to the heater of the micro-ring modulator to change the power,
thereby achieving thermal tuning, and the dynamic responses of the
magnitude and phase were measured by the varying power of the
heater. The frequency of the radio frequency (RF) driving signal
was set to 50 kHz, and the peak-to-peak voltage (VPP) was 6 V, as
shown in Fig. 7(c). The spectro-temporal dynamics of the thermal
tuning micro-ring modulator was directly observed on a single-shot
basis, over long record lengths of ∼1000 consecutive pulses (around
50 μs), which are only limited by the memory size of the oscillo-
scope. Owing to the microsecond response time of the micro-ring
modulator, one out of every ten snapshots is selected. A single period
(∼20 μs) was applied to show the shift of the resonance wavelength
as the power varies, as well as the dynamic responses of magni-
tude and phase information of the ODUT. The notch filter with the

center wavelength at 1549.50 nm was selected to achieve a fixed ref-
erence wavelength. Thus, the drift of the resonance wavelength can
be obtained from the temporal spectra by measuring the time shift
off the reference notch.

The data stream exhibits the corresponding shift of the reso-
nance wavelength caused by the radio frequency signal changing
periodically. As illustrated in Figs. 7(a) and 7(b), we can find that
with the increase in the drive signal power, the resonance wave-
length of the silicon micro-ring modulator redshifts. Meanwhile, as
the drive signal power decreases, the resonance wavelength of the
silicon micro-ring modulator blueshifts.

The main reason is that the temperature of the heater will arise
along with the increase in the RF power, which will change the effec-
tive index of the silicon micro-ring modulator.45 The magnitude
and phase responses of the single frame along the dashed line in
Figs. 7(a) and 7(b) are illustrated in Figs. 7(d) and 7(e), respectively.
We successfully characterized the dynamic responses of the mag-
nitude and phase information of the ODUT under thermal tuning
and also fully recorded the drift of the resonance wavelength under
heater power change. This demonstration firmly establishes the abil-
ity of the CTS-OVNA to monitor fast dynamical processes in real
time.

From the above analysis and experimental characterization, the
CTS-OVNA can well characterize the frequency response of these
silicon devices, no matter the state of device is static or dynamic.
The key advantage of this approach is ∼50-ns ultrafast time resolu-
tion and ∼1.25-THz ultra-wide bandwidth (10 nm in the 1550-nm
wavelength band). Small discrepancies between the traces of the
measurement by an OSA and the CTS-OVNA may arise from the
temperature-induced timing jitter. Since it always requires a large
amount of dispersion, the temperature fluctuation of the long opti-
cal fiber link would result in variation in the optical path length and
laser cavity length; thus, the frequency-to-time mapping relation will
be affected under this circumstance.46

FIG. 7. The thermo-optical dynamics of
the micro-ring modulator is captured by
the CTS-OVNA. (a) The dynamic mag-
nitude response of the micro-ring modu-
lator with a single period time (∼20 μs).
(b) The dynamic phase response of
the micro-ring modulator obtained by
the CTS-OVNA. (c) The waveform of
the driving electrical signal with the fre-
quency of 50 kHz, and VPP is 6 V. (d)
The magnitude response of the single
frame along the red dashed line in (a). (e)
The phase response of the single frame
along the black dashed line in (b).
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With the advance of phase-diversity, the phase information of
the ODUT can be accurately extracted, even with the rapid fluctuant
intensity profile. Meanwhile, the polarization diversity also enables
the digital coherent receiver retrieve the polarization state in real-
time. Compared with the conventional OVNA, which requires all
the instruments to have large bandwidth, the bandwidth require-
ments of the CTS-OVNA are greatly relaxed by using the time-
stretch technology, and achieves ∼50-ns ultrafast acquisition time to
monitor fast dynamical processes in real time. Furthermore, com-
pared with the conventional time-stretch spectroscopy, the sensitiv-
ity of the CTS-OVNA is also improved due to the high power LO and
BPD technique. It is noted that there is still a tradeoff between the
measurement range and resolution due to the high acquisition rate.
Therefore, it is suggested to localize the region of interest quickly
under a wide observation bandwidth and then increase the reso-
lution by introducing large GVD and perform fine observation in
smaller bandwidth.

VI. CONCLUSIONS
With the combination of the time-stretch technology and digi-

tal coherent detection method, an ultrafast single-shot CTS-OVNA
is proposed and experimentally demonstrated. The CTS-OVNA sys-
tem employed time-stretch technology to achieve frequency-to-time
mapping and enhance the speed of measurement. Meanwhile, to
improve the accuracy of phase information, a coherent receiver is
used to measure the magnitude and phase responses by digitizing
the photo-detected I and Q signals from a phase-diversity homodyne
receiver. As an initial demonstration, we obtained the magnitude
and phase responses by configuring the waveshaper as an ODUT
with deliberate intensities and phases profiles, realizing a 0.07-nm
spectral resolution and a 0.156-rad phase accuracy. Then, using this
system, the frequency responses of a silicon MZI and a micro-ring
cavity were obtained over a 10-nm observation bandwidth at a 20-
MHz frame rate. Moreover, the dynamic frequency responses and
the drift of the resonance wavelength by the micro-ring modulator
under thermal tuning were successfully characterized by the CTS-
OVNA. The observation range can be improved by decreasing the
frame rate. Moreover, its magnitude and phase retrieval algorithm
are compatible with the conventional DSP of the coherent detection,
and it is promising to be adopted in other application areas.
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