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Abstract—Frequency responses of optoelectronic devices are
essential to obtain the precise performance of electrical-to-optical-
to-electrical signal conversion or optical signal processing. We re-
viewed the development of optical or electrical measurement meth-
ods proposed for characterizing electrical/optical (E/O) devices,
optical/electrical (O/E) devices and optical/optical (O/0O) devices in
the frequency domain from the perspective of accurate calibration
standard. It has been found that full calibrated E/O or O/E mea-
surement requires at least an optoelectronic thru standard for the
conversion between optical and electrical domains, and an electrical
port extension for de-embedding the error or adapter network
of microwave source or detector. The indetermination problem
still exists in most O/E and E/O device characterization, which
appears in different forms for different measurement techniques.
Nevertheless, it should be noticed that obtaining an optoelectronic
thru standard can be transferred to characterizing a microwave
source or detector in the electrical domain, and a precise electrical
calibration standard is much easier to be obtained as compared
with an optoelectronic calibration standard. Therefore, the cali-
bration standard transfer from optical to electrical domain is a
prominent approach to solve the indetermination problem.

Index Terms—Calibration, electro-optic modulators, frequency
response measurement, microwave network analyzer, optical
vector network analyzer, photodetectors.

1. INTRODUCTION

PTOELECTRONIC devices can be categorized as elec-
O trical/optical (E/O) devices, optical/electrical (O/E) de-
vices and optical/optical (O/O) devices, including typical di-
rectly modulated laser diodes (DMLs), electro-optic intensity
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modulators (IMs), electro-optic phase modulators (PMs), pho-
todetectors (PDs), optical filters, etc. Optoelectronic devices are
essential elements in high-speed optical fiber communications
and microwave photonic applications, in which frequency re-
sponse characteristics of DMLs, modulators and photodetectors
are critical to precise electrical-to-optical-to-electrical signal
conversion [1], [2], and spectral responses of optical filters are
indispensable for hyperfine spectrum manipulation [3].

With the ever-increasing bandwidth requirement of high-
speed optical fiber communications and microwave photonic
systems, wideband high-resolution optoelectronic device mea-
surement becomes more and more important, since it not only
provides effective ways to inspect the device performance,
but also bridges the iteration between chip characterization
and device packaging. As we know, optoelectronic devices
are mainly used for the signal conversion between electrical
domain and optical domain. For O/E or E/O devices, frequency
responses denote the variation of modulation or demodulation
efficiency especially when they are operated at high-frequency
regime. For example, the degradation of modulation efficiency
at high-frequency modulation is always found in applications
of a traveling-wave E/O modulators. The amount of modulation
degradation achieved is dependent on the modulation frequency,
and related to two key factors: (1) phase-velocity mismatch
between light-wave and microwave and (2) impedance mismatch
between microwave source and modulator, which are very use-
ful parameters for improving the chip fabrication and device
packaging.

In advanced applications such as optical sensing of nanopar-
ticles [4]-[6], optical storage [7], on-chip optical signal process-
ing [8], non-Hermiton parity-time-symmetric quantum mechan-
ics [9], and on-chip optical nonlinear effects [10], the emerging
optical components have pushed the requirements for frequency
response measurement techniques to an unprecedented level in
terms of measurement bandwidth, dynamic range, and especially
resolution. For example, an ultra-fine fiber Bragg grating (FBG)
with a 3-MHz linewidth [11], optical micro-resonators with
ultrahigh quality factor of more than 1000 were successively
proposed to improve the sensitivity of the optical sensing system
[12] or realize a recording low threshold and narrow linewidth
lasing [13]. In this context, the accurate measurement of fre-
quency response of optical devices with ultra-high resolution is
a big challenge.
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Fig. 1.  Schematic diagram for the characterization of an E/O device, LD: laser
diode, PC: polarization controller, PM: phase modulator, MS: microwave source,
OSA: optical spectrum analyzer, PD: photodetector, ESA: electrical spectrum
analyzer.

For the accurate measurement of optoelectronic devices, in
this paper, a review about the development of optical or elec-
trical methods for measuring the high-frequency response of
optoelectronic devices is presented. Sections II and III provide
summative introductions to the typical measurement techniques
for E/O modulators and O/E photodetectors. Section IV intro-
duces the frequency response measurement of O/O devices. In
Section V, we investigate for the first time to our knowledge
the optoelectronic measurement methods from the perspective
of transfer of calibration standard, which provides more infor-
mative angle of view to the calibrated frequency response in
both optical and electrical domain. Future lines of optoelectronic
measurement are discussed and outlooked together with main
conclusion provided in Section VI.

II. E/O DEVICE MEASUREMENT

There are two main methods to load an electrical signal
onto an optical carrier, namely external modulation and direct
modulation. External modulation transfers the electrical signal
to optical domain with the use of a separate modulator, such
as a Mach-Zehnder modulator (MZM), an electro-absorption
modulator (EAM) and an electro-optic PM, wherein the Lithium
Niobate (LiNbO3)-based MZMs and PMs are widely used E/O
devices with the advantages of linear electro-optic effect, larger
bandwidth and reduced chirp. In a DML, the electrical signal is
placed on the optical carrier by modulating laser current, which
brings relatively low-cost level and reduced system complexity.

The frequency responses of E/O devices are typically mea-
sured with optical spectrum analysis method, electrical spectrum
frequency-swept method, and optical heterodyne frequency-
converted method. As shown in Fig. 1, an optical carrier at the
angular frequency w, in the upper branch of an interferometer
is modulated in the PM at the microwave frequency w,,. The
same carrier in the lower branch is phase shifted by ¢, and the
combined optical signal at the output of the interferometer can
be written by

E(t) _ Ecejwct . (ejm(wm)sinwmt +,Yej<pejw)

+oo
= B elwet . { Z o [m (wm)]ej"“’mt +,Yej(<p+w)}

ey
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with the amplitude E. of the optical carrier, the modulation depth
m of PM at the modulation frequency w,,, and the relative am-
plitude « and phase 1) between the two interferometer branches,
respectively. Then the combined optical signal is sent to an
optical spectrum analyzer (OSA) and a PD, respectively. The
generated photocurrent after photodetection can be expressed
as

z‘(t)—R~|E(t)|2—R~{(1+72)EC2+27E§

+o00
. Z I [m (wim)] cos (nwmt — o — w)} )

n=-—oo

with the responsivity R of the PD. In the case of v = 0, the
interferometer only consists of a PM, and the photocurrent only
includes DC component from Eq. (2). Therefore, PMs are often
measured with an OSA by analyzing the relationships between
the optical carrier and its sidebands based on Eq. (1). In the case
of v # 0 and ¢ = constant, the interferometer represents a basic
MZM, and the frequency component at w,, after photodetection
can be easily quantified as

i(wm) = 4’7E3R (W) J1 [m (wi)] sin (¢ + )
x R (wpm) J1 [m (wm)] 3)

From Eq. (3), a MZM can be characterized in the electri-
cal domain with the help of a reference PD. In other words,
the electrical spectrum frequency-swept method can be used
to measure the cascaded response of MZMs and PDs, and
the accuracy relies on the calibration to de-embed the impact
of the reference PD for characterizing an E/O device or to
de-embed the impact of the reference MZM for characterizing
an O/E device.

The optical spectrum analysis method was firstly proposed
by F. Auracher and R. Keil [14]. Later, T. Kawanishi and S.
Oikawa demonstrated half-wave voltage (V) measurements of
MZMs under small-signal approximation model based on the
optical spectrum analysis [15], [16]. In 2003, Y. Q. Shi ef al.
improved the theory of optical spectrum analysis, and made it a
fundamental method for extracting half-wave voltages of PMs
and MZMs [17]. The measurement setup includes only an optical
source, a microwave source and an optical spectrum analyzer
together with the modulator under test. As shown in Fig. 2(a), the
optical spectrum analysis is focused on the relationships between
the optical carrier and its sidebands, corresponding to the case
of v = 0 in Fig. 1. The approaches exploit the high sensitivity
and large dynamic range of an optical spectrum analyzer (OSA)
and allows E/O device characterization from low (small signal)
to high (large signal) driving power levels. In 2004, N. Courjal
et al. demonstrated the extinction-ratio-independent method for
chirp measurements of MZMs based on the optical spectrum
analysis [18]. In 2005, L. S. Yan et al. proposed the graphical
solution for half-wave voltage and chip parameters of MZMs
using optical spectrum analysis [19]. In 2006, we extended
the optical spectrum analysis method to extracting frequency
responses of DMLs [20], [21], as shown in Fig. 2(b).
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Fig. 2. Typical optical spectrum of (a) an externally modulated optical signal
and (b) a directly modulated optical signal [21].

In 2009, Y. Liao et al. realized the frequency response
measurement at high frequency for MZMs through the power
ratio between high-order modulation sidebands in the optical
spectrum [22]. In 2014, C. Yang et al. used similar method
to measure half-wave voltages of PMs [23]. Up to now, the
optical spectrum analysis is still considered as a very simple and
effective method, enabling the direct measurement of absolute
frequency responses for DMLs, MZMs and PMs in the optical
domain. Nevertheless, the spectrum measurement in the optical
domain is often affected by the linewidth of the laser source and
the resolution of the commercial OSA, which is limited to be
with low resolution of about 0.02 nm at around 1550 nm.

For high-resolution measurement, R. F. Bauer and JR. P.
Penfield introduced the electrical spectrum frequency-swept
method into optoelectronic measurement, and developed the
de-embedding technology for measuring frequency response
of optoelectronic devices based on the widely-used microwave
network analyzer [24]. In 2003, P. D. Hale and D. F. Williams
described the procedure for characterizing a large class of O/E
or E/O devices with a calibrated microwave network analyzer
and a calibrated reference O/E transducer [25], since the elec-
trical measurement relies on intense calibration to de-embed
the impact of the reference PD in the measured frequency
response, or expensive equipment, such as a light-wave com-
ponent analyzer (LCA) with built-in calibrated reference O/E
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Fig. 3. (a) Experimental setup for proving the quasi reciprocal approxima-
tion of frequency response of EAM as a modulator or a photodetector. CW:
continuous wave. LD: laser diode. (b) Results of experiments in Fig. 3(a) [27].

transducers, corresponding to the case of v # 0 and ¢ = constant
in Fig. 1. In 2009, we proposed microwave generation in an
electro-absorption modulator with a DFB laser subject to optical
injection [26]. From the experiment, it has been found that when
the EAM modulator is used as a photodetector or a modulator,
its frequency responses are almost identical. In order to simplify
the E/O calibration, we proposed quasi reciprocal approximation
based on the fact that an EAM can be used for E/O modulation
and O/E photodetection with the same frequency response, as
shown in Fig. 3(a) and (b), and demonstrated measuring the
frequency responses of a DML and a MZM with the help of
an EAM as the assisted modulator and photodetector [27], [28].
The experiments show the frequency responses measured by this
method only contain the characteristics of the devices under test
without the influence of other assistant devices.

With similar scheme, a phase modulator can also be
frequency-swept measured in the electrical spectrum after the
phase modulation-to-intensity modulation (PM-to-IM) conver-
sion. Several kinds of optical structure have been used to realize
PM-to-IM conversion, such as a polarization interferometer [29],
aSagnac loop [30], the dispersion in fibers [31], a Mach-Zehnder
delayed interferometer, and a tunable optical bandpass filter [32],
[33]. However, most of these PM-to-IM conversion methods as-
sume that the photodetection has an ideal flat frequency response
in the measurement system in the concerned frequency range,
which should be corrected through an extra O/E calibration for
the photodetection.

Recently, with the development of tunable lasers, optical het-
erodyne methods have been widely investigated, which was also
proposed by F. Auracher for measuring the high frequency mod-
ulation characteristics of MZMs [14]. The optical heterodyne
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Fig. 4. Schematic diagram of the proposed frequency-shifted heterodyne
method. LD, laser diode, PC, polarization controller, PM1, phase modulator
under test, PM2, secondary phase modulator, FS, frequency shifter, MW,
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spectrum analyzer, OSA, optical spectrum analyzer [38].
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method was also used by T. S. Tan to simultaneously measuring
both the modulator and the photodetector [34]. In 2006, A.
K. M. Lam developed optical heterodyne frequency-converted
method and realized the high frequency response of MZMs [35].
In 2007, A. A. Chtcherbakov improved the optical heterodyne
frequency down-converted method and achieved both the am-
plitude and phase frequency response of MZMs [36]. In 2010,
C. E. Rogers III employed the optical heterodyne method to
characterize the residual chirp of a MZM [37].

For high-resolution measurement of PMs, we proposed a self-
calibrated heterodyne scheme. From Eq. (2), in the case of 7 # 0
and ¢ = ¢(t) = wst, the frequency components can be obtained
as following

i (W —ws) = 27E3R (Wm — ws) J1 [m (wi,)]
i(ws) = 27E§R (ws) Jo [m (wm)]

(4a)
(4b)

For a self-calibrated E/O measurement, the sweeping mi-
crowave signal w,, on the PM is set close to twice of the
frequency ws (wy, & 2ws), so that the assumption on the respon-
sivity R(wy, — ws) =~ R(w,) is satisfied. Thus, the modulation
index of PM can be extracted from

i(wm — ws) _ J1 [m (Wm)}
1 (ws) Jo [m (wm)]

In practice, the frequency-shifted optical heterodyne method
was demonstrated as shown in Fig. 4 [38], consisting of an
acoustooptic frequency shifter and two PMs located in a Mach-
Zehnder interferometer (MZI). The two PMs are separately
driven by different microwave signals with about half frequency
relationship. The modulation efficiency of PM under test is
extracted from the beat note of the detuned optical carriers and
the modulated sidebands. The uneven responses of the PD are
cancelled out through keeping the half frequency relationship
of the driving microwave signals, and thus a self-calibrated E/O
measurement can be achieved, as shown in Fig. 5(a) and (b).
In 2017, we demonstrated a four-in-one measurement based
on the frequency-shifted heterodyne scheme for frequency re-
sponse measurements of high-speed optoelectronic devices with
a shared self-heterodyne interferometer [39], given in Fig. 6,
including the modulation index of LDs, modulation index, half-
wave voltage and chirp parameter of MZMs, modulation index

H[m (wn)] = (5)
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and half-wave voltage of PMs, and responsivity of PDs, which is
free of any extra E/O calibration for the assisted devices except
the device under test. In order to characterize on-chip devices,
we presented electrical probing testing based on serial or parallel
modulation mixing for characterizing high-speed transceiving
devices with self-reference and on-chip capability [40]. The
testing can also avoid the extra O/E or E/O correction, and allow
electrical probing with reduced or free of optical coupling off
chip, enabling this serial or parallel modulation mixing method
promising for on-chip measurement of wafer level devices or
circuits.

III. O/E DEVICE MEASUREMENT

Frequency response measurement of O/E devices can be
categorized into all-optical stimulus method and electro-optic
stimulus method. All-optical methods typically include the opti-
cal heterodyne method and the intensity noise method [41]-[43].
The principle of the optical heterodyne method is based on the
beat frequency, with which J. Wang constructed a delayed self-
heterodyne structure of DML and achieved the high-frequency
measurement for the responsivity of PD [42]. In 2006, we pro-
posed a delayed self-heterodyne method based on a distributed
Bragg-reflector (DBR) semiconductor laser to obtain the high-
frequency responsivity of PD [44]. The linewidths at the frequen-
cies corresponding to the beat peaks have been used to correct the
measured frequency response, and the measurement accuracy
can therefore be significantly improved. The optical method with
the self-reference capability is the intensity noise method based
on an amplified spontaneous emission (ASE) source, in which
the ultrawide optical spectrum from ASE is directly put into the
high-speed PD under test and the beating among them allows to
extract the frequency response of PD in the ultra-wide frequency
range. This method works without any microwave component
but suffers from the poor signal-to-noise ratio.

Different from all-optical stimulus method, the principle of
electro-optical stimulus method is based on the electro-optical
source originated from the electro-optic modulation. In 2005,
M. Yoshioka proposed a secondary intensity modulation method
for the high-frequency measurement of the high-speed PD [45].
However, this method was seriously influenced by the bias drift-
ing of the modulators. In 2012, K. Inagaki developed one dual-
frequency laser source formed by the carrier-suppressed double
sideband modulation to realize the high-frequency measurement
for the PD [46]. Prior to the all-optical method, the electro-optic
method can quickly and simply obtain the frequency response
of the high-speed PD by using a microwave network analyzer
through the cascaded E/O device and O/E device network [47].
Nowadays, the electrical spectrum frequency-swept method has
been widely used in measuring PDs [48]. Nevertheless, it should
be noted that the measured results from the microwave net-
work analyzer is the frequency response of the whole cascaded
network, as given by Eq. (3). Extra E/O calibration is always
required to subtract the frequency response of the assistant
modulator to extract the responsivity of the PD itself. To address
this dilemma, we extended the electrical spectrum frequency-
swept method based on quasi reciprocal approximation [27]. As
mentioned in Section II, we made the best of an EAM which
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can be used as a modulator and photodetector with the same
frequency response, and demonstrated measuring the frequency
responses of an EAM and a PD with the help of the EAM as a
modulator and a photodetector [28].

In 2015, we extended the frequency-shifted heterodyne
scheme to measure frequency response of PDs [49]. The electro-
optic stimulus consists of an acousto-optic frequency shifting
and two-tone phase modulation in a MZI structure. The two-
tone phase modulation generates multiple pairs of sum-and-
difference sidebands with equalized amplitude in the optical
domain, regardless of driving levels of the PMs. The frequency-
detuned optical carrier heterodynes with two pairs of sidebands
in the electrical domain after photodetection, from which the
frequency response of PD is extracted without any extra E/O
calibration. Note that the method is applicable for different
driving levels and operating wavelengths, since it is established
without any small-signal assumption. In 2016, we simplified the
electro-optic stimulus based on two-tone intensity modulation
[50]. Asis shown in Fig. 8, the method consists of a MZM driven
by two closely spaced sinusoidal tones. The two-tone intensity
modulation generates the harmonic sidebands in the optical
spectrum and their sum-and-difference frequency products in the
electrical spectrum after photodetection allows direct extraction
of frequency responses of PDs.

In 2019, S. L. Pan et al. proposed the frequency response
measurement for integrated coherent receivers based on the
optical carrier-suppressed double-sideband (ODSB) modulation
and optical carrier frequency shifting. The measured results
were calibrated through the optical power measurement for the
desired optical carrier and sidebands [51].

Recently, we proposed an ultra-wideband and frequency scal-
able electro-optic stimulus for self-referenced measurement of
high-speed PDs through segmental up-conversion based on low-
speed photonic sampling [52], with the help of a low-repetition-
frequency mode-locked laser diode (MLLD), as shown in Fig. 9.
It achieved ultra-wide and scalable frequency response measure-
ment of PDs with 2M-fold measuring frequency range, where
the sweeping frequency up to N X f,./2 of the modulator en-
ables the measuring frequency range of M x N x f. (M = 10,
N =51).

IV. O/O DEVICE MEASUREMENT

Inrecent decades, a series of techniques have been proposed to
realize the simultaneous measurement of magnitude and phase
responses of optical device under test (ODUT), as are called op-
tical vector analysis (OVA). Conventional OVAs were basically
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Fig.9. Schematic diagram of the low-speed photonic sampling, MLLD: mode-
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test, PD: photodetector, ESA: electrical spectrum analyzer [52].

implemented based on optical methods including the modulation
phase-shift method [53] and the interferometric method [54],
[55] using a wavelength-swept laser source. These methods
are advantageous for the ultra-wide measurement frequency
range and the large dynamic range. However, due to the limited
wavelength accuracy of state-of-the-art laser sources, a typical
resolution of only 1.6 pm (around 200 MHz in 1550-nm wave-
band [55]) can be achieved, making it powerless for the mea-
surement of ultrafine ODUTSs. In order to obtain high-resolution
optical spectrum responses, researchers have also turned to
develop approaches that obtain the optical spectrum responses
of ODUTs in the electrical domain via the optical-to-electrical
and electrical-to-optical conversion. One kind of such OVAs
are realized based on a digital signal processing (DSP), whose
basic idea is just similar to the methods used for the optical
channel estimation [56]-[62]. By transmitting coherent optical
orthogonal frequency division multiplexed (OFDM) symbols
through an ODUT and then comparing the received symbols
with the original ones, the response of ODUT can be calculated.
In these DSP-based OVAs, the use of the narrow linewidth laser
source and the fast Fourier transformation on a large number
of points have ensure a fast and high-resolution measurement
(e.g., a resolution of 5.86 MHz in 1.45 microseconds [60]).
However, due to the limited signal to noise ratio (SNR) of OFDM
signals, the obtained dynamic range in a one-time measurement
is relatively small and it can be further smaller as the resolution
increase. For example, the achieved dynamic range is 15 dB at
aresolution of 5.86-MHz in [62], which is too small to measure
the high-Q optical components. In addition, the limited SNR
of OFDM signals also make it nearly necessary to repeat the
measurement for tens of times to reduce the measurement error,
which in turn lower the measurement speed.

Subsequently, OVAs based on the optical single sideband
(SSB) modulation have been proposed and developed to achieve
both a high resolution and large dynamic range [63]-[79]. Op-
tical SSB modulated signal can carry the information of optical
spectrum responses of an ODUT after passing through it. The
beating between the optical carrier and its first-order sideband
in the PD can thus establish a point-to-point mapping between
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Fig. 11. Illustration of accuracy-improved SSB-OVA based on suppression
of even-order sidebands. (a) the system setup, PolM: polarization modulator;
CS-SSB: carrier suppressed single sideband; DSF: dispersion shifted fiber; OC:
optical coupler; OF: optical filter; PC: polarization controller; Pol: polarizer;
EDFA: erbium doped fiber amplifier. (b)—(d) schematic diagram of the optical
signal spectrum [71].

the optical and electrical domain. As a result, the responses of
ODUT can be obtained by detecting the magnitude and phase
of the photocurrent from the PD. Fig. 10 shows the schematic
diagram of a typical OVA based on SSB modulation. Thanks
to the stable and accurate radio frequency (RF) technology, the
resolution of SSB-OVAs can reach sub-kHz. Generally, SSB
modulation can be realized with the assistance of a 90° hybrid
coupler [63]-[67], an optical bandpass filter [68], or nonlinear
effects such as the stimulated Brillouin scattering (SBS) [69].
In these schemes, the undesired sidebands cannot be eliminated
perfectly, whose beating with the optical carrier will introduce
considerable measurement errors. In addition, to achieve larger
dynamic range, the modulation index should be large enough
to ensure a large enough power of the desired optical sideband,
which will also lead to a series of high-order sidebands. As a
result, the beating between high-order sidebands will signifi-
cantly constitute another source of the measurement errors. To
improve the measurement accuracy of SSB-OVAs, M. Xue [70],
[71] and W. Wang [72] have proposed methods based on the
direct error subtraction, and we have proposed methods based
on the suppression of even-order sidebands [73], [74]. Fig. 11(a)
shows the system setup of an accuracy-improved SSB-OVA
using Brillouin-assisted polarization pulling, and Figs. 11(b)—(d)
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Fig. 13.  Schematic diagrams of OVAs based on (a) carrier-frequency-shifted

double sideband (DSB) modulation and (b) symmetric DSB modulation. TLS:
tunable laser source; DUT: device under test; PD: photodetector; PMD: phase
and magnitude detector; EBPF: electrical band-pass filter.

show the schematic diagram of optical signal spectrum during
the generation of SSB signal with suppression of even-order
sidebands. These methods have made a big progress to avoid
the tradeoff between large dynamic range and low measurement
error. SSB-OVAs with extended measurement range have also
been proposed based on SSB modulation using the second-order
sideband [75] or an optical frequency comb (OFC) [76]. In 2014,
we proposed a method based on the segmental measurement to
characterize ODUTs with a bandpass response [77], the system
setup of which is shown in Fig. 12(a). Figs. 12(b) and 12(c)
show the measured magnitude and phase response, respectively.
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Despite so much effort, the measurement range of SSB-OVAs
with a single optical carrier cannot exceed the device bandwidth
while maintaining a high resolution. Moreover, the measurement
of bandpass ODUT in a relatively simple manner remains a great
challenge.

In this context, OVA based on the double sideband modulation
(DSB) have been proposed to overcome the disadvantages of
SSB-OVAs. Generally, optical DSB modulated signal cannot
be used to perform the point-to-point mapping between the
optical and electrical domain, since the beating between the
optical carrier and the two first-order sidebands will alias in
the PD at the same frequency. In 2013, M. Wang and J. Yao
demonstrated an OVA based on the unbalanced DSB modulation
with an asymmetric power of the two first-order sidebands [78].
Similarly, T. Qing et al. have proposed a scheme based on
the carrier-frequency-shifted DSB modulation [79]-[81]. The
DSB modulation involved in the above schemes are specially
designed to be asymmetric in terms of frequency or power.
The problem of beating aliasing which normal DSB modulated
signals suffer from can thus be solved, however, at the cost of
much more system complexity caused by the asymmetric DSB
modulated signal generation or the frequency-shifted signal
detection. Asymmetric DSB-OVA has also been proposed based
on the electro-optical harmonics heterodyne [82]. Owing to the
use of Wiener-Lee transformation, only magnitude detection is
required in the system, which greatly reduced the complexity of
the detection. In 2017, we proposed for the first time an OVA
based on the symmetric DSB modulation using a dual-parallel
Mach-Zehnder modulator (DPMZM) [83]. By measuring the
ODUT multiple times under different optical carrier phase
shift (CPS) and post-processing the measurement results, the
responses of the ODUT can be obtained accurately.

Similar symmetric DSB-OVAs were also demonstrated us-
ing a polarization modulator (PolM) [81], a dual-drive MZM
[85], or a pair of intensity modulator and a phase modulator
[86]. Figs. 12(a) and 12(b) show the schematic diagrams of
the DSB-OVAs based on the carrier-frequency-shifted method
and the CPS method, respectively. It can be seen that the CPS-
based scheme dramatically simplified the system of DSB-OVAs
since no extra modulator, electrical filter, RF mixer, or RF source
are required in symmetric DSB modulation. In 2019, we have
further proposed an accuracy-enhanced scheme to overcome
the uncertainty of CPS in DSB-OVAs [87]. Compared with
SSB-OVAs, these DSB-OVAs have doubled the measurement
range with a single optical carrier while maintaining the high
resolution. On this basis, DSB-OVAs have also open up a new
chapter of an OVA being suitable for the measurement of the
arbitrary response.

Generally, if the ODUT has a birefringence feature, we can
also apply the aforementioned methods in two orthogonal polar-
ization states by adding polarization control, and then calculate
the polarization-dependent parameters according to the Jones
matrix [88]-[90]. There should also be an important reminder
that the aforementioned methods are not contradictory to each
other, and they can be combined to exert greater advantages. For
example, a few months ago in 2019, T. Qing and S. Pan have
demonstrated an OVA with attometer resolution, 90-dB dynamic
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range and THz bandwidth by combining the advantages of the
asymmetric DSB-OVA and the OFC-based OVA [91].

V. TRANSFER OF CALIBRATION STANDARD

From the summative introduction, the electrical spectrum
frequency-swept methods have been proved to be powerful for
measuring both modulators and photodetectors, with the help
of a high-resolution microwave network analyzer. However, we
always encounter a cascaded network of E/O and O/E devices.
To accurately measure the response of an E/O device, a known
reference O/E device as a calibration standard must be used, and
vice versa. Therefore, obtaining an accurate either E/O or E/O
calibration standard is the problem we must overcome.

In order to obtain the first calibration standard, many methods
have been proposed in the characterization of individual E/O or
O/E device. The procedures are quite similar to the calibration
of non-reciprocal test fixtures in the electrical domain [92]. It
will be very attractive if a similar approach can be applied to the
optoelectronic device measurement. Unfortunately, the general
circuit theory shows that no matter how many and what type
of calibration standards are used, the individual transmission
coefficients cannot be determined. Let us call this indetermina-
tion problem. However, the understanding of this issue is not
explicit, and many efforts have been attempted to solve this
problem. For example, a bilateral electro-optic network (BEON)
which allows forward (E/O) and reverse (O/E) transmissions has
been constructed [93]-[95]. In fact, the indetermination issue is
still unsolved because the constructed bidirectional network is
non-reciprocal.

Fig. 14 shows the possible error sources in the measurement
of optoelectronic devices. The error sources are divided into
four parts. Error boxes I and II indicate the errors of microwave
source and detector, and the errors from E/O and O/E devices
are included in the optical transmitter and receiver, respectively.
The O/O devices can be a long optical fiber, or an optical
modulated laser, etc. In the calibration of the measurement setup,

Errors in the frequency response measurement of optoelectronic devices.

the O/O device can be replaced by a short fiber jumper, which
has a flat frequency response. In the following, we summary the
various methods for characterizing the individual E/O or O/E
device.

Microwave network analyzer has become a key instrument for
the S-parameter measurement of microwave networks [26]. A set
of calibration standards, such as short, open, matched load, thru,
and delay line, can be used to remove completely the errors of test
fixtures, the microwave source and the detector, and locate the
test reference planes at “B” and “E” [96]. For an optoelectronic
network cascaded by E/O and O/E devices, the parameters which
can be measured are St11, ST21Sr21 and Sgros, and individual
parameter Sto1 Or Sg21 can not be determined. For a reciprocal
network, the extended short-open-load method can be used to
uniquely determine the individual transmission coefficients So;
and S12 [97]. Unfortunately, the constructed bidirectional net-
work BEON is non-reciprocal. Therefore, the indetermination
problem can not be solved with a similar calibration technique
using three reflection standards. Lightwave component analyzer
(LCA) is developed based on the microwave network analyzer.
In principle, the indetermination issue still exists. LCA can
be used to measure optical/optical (O/O) device after the O/O
calibration. In this case the test reference planes are at “C”
and “D”.

Small-signal power measurement is based on the nonlin-
earity of a MZM or an EAM [98]-[100]. The high-frequency
modulation index can be extracted from the measured optical
output power. In the measurement, the high-speed PD and the
broadband microwave detector are not required. However, the
response of the driving microwave source is still involved in
the measured results, and the test reference planes can only be
located at “A” and “C”.

In the optical heterodyne method for characterizing the high-
speed PD, the effects of the electrical spectrum analyzer can
not be removed, and the test reference planes are at “D” and
“F”. Optical heterodyne technique can also be used to measure
the frequency response of the optical modulator, and the test
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reference planes can be located at “A” and “F”. Through E/E
calibration, the reference test planes can be moved further to
“B” and “E”.

In the impulse response technique [101], the test reference
planes can only be moved to “A” and “F”, because the response
of the oscilloscope can not be subtracted from the measured
results.

The optical spectrum analysis technique is very attractive
because the measurement frequency range depends only on
the microwave source and there is no need to use a calibrated
broadband PD. However, the response of the microwave source
is still affecting the measured results.

With the frequency-shifted heterodyne scheme, the E/O mea-
surement can be achieved without the requirement of extra O/E
calibration, which corresponds to the reference plane moved to
“A” and “C”. Similarly, the O/E measurement can be operated
at the reference plane between “D” and “F”. Note that the
error network I from microwave source and the error network
I from microwave detector are still needed to de-embedding
for the completed calibrated results of the intrinsic E/O or O/E
device.

VI. DISCUSSION AND CONCLUSION

Network analyzer calibration is one of the most important
steps in microwave network measurement. Accuracy depends on
the precision of calibration standards and methods. Short, open,
match, thru (or delay) are always used as calibration standards.
A lot of methods, such as the line-short-open (LSO), thru-
reflect-line (TRL), thru-short-match (TSM), thru-open-match
(TOM) etc., have been developed for a two-port calibration. All
these methods need at least one transmission standard, such as
standard thru or line. It is easy to achieve these standards if the
test ports of the devices are identically electrical or optical. For
example, in the O/O device measurement, the standard thru or
line can be easily obtained by simply removing the ODUT and
connecting the two optical ports of the OVA directly. Therefore,
the conventional optical measurement for O/O devices can be
smoothly shifted to the electrical domain, with only neglectable
effect from the microwave source and microwave detector. The
frequency response calibration in the O/O device measurement
is focused on the reduction of measurement errors induced by
the nonlinearity of the modulator, in order to keep establishing a
linear point-to-point spectrum mapping between the optical and
electrical domain. In addition, more efforts have also been paid
to the dynamic range improvement and the measurement range
increasement.

In the case of the E/O or O/E device measurement, the thru
calibration standard is far from obtainable, because the two test
ports are one electrical port and one optical port, belonging to
different domains. Therefore, the measured frequency response
often includes not only the individual contribution from the E/O
and O/E devices under test, but also the inevitable influence from
the driving microwave source and the detecting microwave re-
ceivers. For example, the full calibration in the E/O measurement
requires at least two necessary procedures. The first one is to
realize the self-reference O/E conversion from optical domain
to electrical domain, corresponding to the test plane shifting
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from “F” to “C”, and the second one is to obtain electrical
calibration at the electrical port of E/O device, corresponding to
the test plane shifting from “A” to “B”. Thus, the reference plane
can be located at “B” and “C”, from which we can obtain the
frequency response of the E/O modulator itself. Similar analysis
can be applied to the O/E device case, corresponding to the test
reference plane to “D” and “E”, respectively.

From the analysis in Section V, there is still work to move
the reference planes to “B” and “C” for the E/O device mea-
surement, or to “D” and “E” for the O/E device measurement,
the indetermination problem still exists in the aforementioned
methods, but appears in different forms. Nevertheless, it should
be noticed that with the developed methods, obtaining an E/O or
O/E standard can be transferred to characterizing a microwave
source or a detector in the electrical domain. It is well known
that a precise electrical calibration standard is much easier to be
obtained as compared with an optoelectronic calibration stan-
dard. Therefore, the calibration standard transfer from optical
domain to electrical domain is a prominent approach to solve
the indetermination problem.

The quasi reciprocal approximation, we think, provides useful
ideas to solve the indetermination problem, in terms of transfer-
ring the calibration standard. As we know, for symmetric recip-
rocal networks, the frequency response characteristics can be
obtained by measuring the S-parameters of cascaded symmetric
reciprocal networks. It has been observed that a reversely biased
EAM can be used as a dual-functional device for modulation
and detection in the optoelectronic transceiver applications.
Moreover, lots of experiments have been demonstrated that when
the EAM is used as a PD or a MOD, its frequency responses
are almost identical [26]-[28]. Therefore, the EAM can be
considered as a candidate of reciprocal network. It is worth
noticing that the EAM must be terminated with good impedance
matching for better accuracy, since the driving microwave source
and receiving detector are already matched with 50 €2 at the input
or output port.

At present, optoelectronic devices are playing increasingly
important roles in photonics-assisted microwave measurement
and instrumentation [102], in contrast, the high-frequency mea-
surement of optoelectronic devices is still continuing the lines
of thinking of electronic devices. With the continuous progress
of electrical instrumentation, we may find new mechanisms and
practical solutions. For example, the NIST electrooptic sampling
system has been proposed to measure the complex band-limited
Fourier transform of the electrical impulse response of a fast
PD to 110 GHz [103], [104]. These PDs, when stimulated
with a short optical pulse, are then capable of delivering well-
characterized pulses to their electrical loads and can be used
to provide traceable calibrations for LCAs, sampling oscillo-
scopes, large-signal network analyzers. There are also some
measurement uncertainties in the electrooptic sampling system,
which are caused by the response time of LiTaO3 wafer, the
pulse width and waist size of the light, the transmission depth of
electric field and the multiple reflection of the light. However, the
electrooptic sampling scheme provides a method to accurately
measure high-speed PDs, which may provide a scientific way to
solve the indetermination problem in the optoelectronic device
measurement.
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