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High-performance electro-optical (E-O), opto-electronic
(O-E), and optical (O-O) devices are widely used in optical
communications, microwave photonics, fiber sensors, and
so on. Measurement of the amplitude and phase responses
are essential for the development and fabrication of these
devices. However, the previous methods can hardly char-
acterize the E-O, O-E, and O-O devices with arbitrary
responses. Here we propose a comprehensive vector analyzer
based on optical asymmetrical double-sideband (ADSB)
modulation to overcome this difficulty. The ADSB solves
the problem of frequency aliasing and can extract informa-
tion from both the +1st- and —1st-order sidebands. Thus,
most devices in photonic applications, including phase
modulators, can be characterized. In the experiment, a com-
mercial photodetector, a phase modulator, and a sampled
FBG are used as the O-E, E-O, and O-O devices under test,
respectively. A frequency resolution of 2 MHz, an electrical
sweeping range of 40 GHz, and an optical sweeping range of
80 GHzareachieved. © 2021 Optical Society of America
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Electro-optical (E-O), opto-electronic (O-E), and optical
(0-O) devices, such as modulators, photodetectors (PDs),
and optical filters, play key roles in optical communication
[1], microwave photonics [2], and optical instrumentation
[3]. Measurement of their frequency responses is essential
in the application and fabrication of these devices, because
almost all the important parameters, such as half-wave voltage
and modulation index of the E-O devices, 3 dB bandwidth,
and responsivity of the O-E devices and insertion loss, group
delay, and chromatic dispersion of the O-O devices, can be
derived from the frequency responses. In general, a lightwave
component analyzer (LCA) can be employed to characterize
E-O, O-E, and O-O devices [4,5]. However, by utilizing the
double-sideband (DSB) modulation, commercial LCAs cannot
measure the E-O and O-O devices with arbitrary responses,
such as phase modulators and fiber Bragg gratings (FBGs). This
is because, in DSB-based measurement, the two first-order side-
bands are beaten with the optical carrier in the PD and generate
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RF signals with the same frequencies, resulting in frequency
aliasing [6]. When measuring phase modulators, the frequency
responses carried by the two first-order sidebands with opposite
phases cancel out after photodetection, making the LCA unable
to directly detect the phase-modulated signal. When measuring
O-O devices, the LCA employs intensity-modulated signals to
measure O-O devices such as FBGs. The frequency responses
carried by the two first-order sidebands would be superimposed
after photodetection and difficult to differentiate.

To characterize E-O devices with arbitrary responses, a few
methods based on an optical spectrum analyzer (OSA) [7] and
interferometry [8] are proposed. However, the OSA-based
method has a poor resolution (typically several gigahertz),
and the interferometry method is easily affected by mechani-
cal vibration and thermal fluctuations. To overcome these
problems, methods based on two-tone modulation [9] and
phase modulation to intensity modulation conversion [10]
are proposed. However, the two methods require complicated
systems.

To measure O-O devices with arbitrary responses, methods
based on modulation phase shift [11] and interferometry [12]
can be applied. However, both methods have a relatively low
resolution (typically hundreds of megahertz) due to the poor
wavelength repeatability of tunable laser sources. Recently,
methods based on multi-frequency modulation [13], optical
single-sideband modulation [14,15], and linear-frequency
modulation [16] have been proposed to improve the resolution
(sub-megahertz to several megahertz), but the dynamic range is
relatively low (20-60 dB).

In this Letter, we propose a comprehensive vector analyzer
(CVA) for accurate measurement of E-O, O-E, and O-O devices
with arbitrary responses. By employing the optical asymmet-
rical double-sideband (ADSB) modulation [6,17-20], the
frequency response of a phase modulator can be transferred
into a frequency-shifted photocurrent, and the frequency
responses carried by the %1st-order sidebands, respectively,
can be extracted. In addition, the measurement errors intro-
duced by the modulation nonlinearity can be removed by the
ADSB structure, leading to a large dynamic range (e.g., 90 dB
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Fig. 1.  Schematic diagram of the CVA for E-O, O-E, and
O-O devices. RE, radio frequency; PD, photodetector; PMD,
phase-magnitude detector; DSP, digital signal processor.
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in [17] for O-O device measurement). The fine frequency
sweeping of the microwave source also enables a high resolution
(e.g., 334 Hzin [17]). To evaluate the proposed CVA, proof-of-
concept experiments are performed. A PD (O-E device), a phase
modulator (E-O device), and a sampled FBG (O-O device) are
measured. Compared with previous methods, the proposed
CVA is a universal measurement method for E-O, O-E, and
O-O devices with arbitrary responses.

The schematic diagram of the CVA is shown in Fig. 1. An
optical carrier at @, is launched by a laser and then divided into
two branches. In the E-O branch, the optical signal is modulated
by a sweeping RF signal at an E-O modulator and generates an
optical double-sideband (ODSB) modulation signal. The
ODSB signal can be written as

Eopsp(w) = a Hro(wo — we)d [0 — (wo — we)]
+ a Hpo(w, + )6 [0 — (w, + w.)]
+ a Heo(w0)8 (0 — ), (1)

where @, is the angular frequency of the RF signal, z is the com-
plexamplitude of the carrier of the ODSB signal, and Hgo (w) is
the frequency response of the E-O modulator.

In the other branch, the optical signal is frequency-shifted
in an acousto-optic modulator (AOM). The frequency shift is
Aw, and the complex amplitude is 4. The combined signal of
the ODSB signal and the frequency-shifted carrier is called the
ADSB signal, which can be expressed as

Eapsp(w) = a Hgo(w, — 0e)d [0 — (0, — w.)]
+ a Hio(wo + we)$ [0 — (w, + we)]

+ a Hpo (o) (0 — wo) + 66 [0 — (wo + Aw)] .
(2

Since the phase difference of @ and & is a constant, it can be
ignored. The absolute value of 2 and & can be measured by an
optical power meter.

The ADSB signal is divided into the reference branch and the
measurement branch. In the reference branch, the ADSB signal
is directly injected into a standard PD.

The frequency response of the standard PD, i.e., Huq(w), is
previously calibrated, which will be used as a reference. After
square-law detection of the standard PD, the AC terms of the
generated photocurrentare

isd(We — Aw) = ab* Hyo(wo + wc) Hyg(we — Aw)

is(d(a)c + Aw) = ﬂ*bHEO(a)o - a)e)]_jstd(a)e + Aa)) (3)
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The magnitude and phase information are extracted by a
phase-magnitude detector (PMD). Since Hq(w) is known,
Hio(w) can be obtained as

Zistd (a)e - Aa))

H o+ e) —
Eo(, + ) ab* Hyy(w. — Aw)

(4)

Z'S(d((l)e + Aw) j|*

H o — We) =
o (o — we) [a*bHstd(we+Aw)

As can be seen in (4), the frequency responses of the E-O
modulator in both =£1st sidebands can be measured, which
indicates that the CVA can characterize the phase modulators.

To measure the frequency response of the O-E detector, the
O-O device is removed, and the A port and B port are directly
connected. In the measurement branch, the ADSB signal is
sent to the O-E detector. After square-law detection of the O-E
detector, the outputsignals are

iOE(a)e - Aw) - ﬂb*HEO(wo + a)e)HOE(we - Aw)
iop(we + Aw) = a* b Hi o (w, — we) Hog(we + Aw),  (5)

where Hog(w) is the frequency response of the O-E detector.
Since Hgo(w) is obtained in (4), Hog(w) can be derived from
one of the equationsin (5), i.e.,

iop(we — Aw)

Hop(w. — Aw) =
or(@ @) ab* Hyo(w, + )

(6)

Hog(we + Aw) = [ iog(we + Aw) ] .

ab* HEO((UO - a)e)

To characterize the O-O device, the ADSB signal undergoes
the O-O device and then enters into the O-E detector. The out-
put photocurrent can be written as

ioo(we — Aw) = ab” Hyo(w, + ) Hor(we — Aw)

- Hoo(w, + we) HS o (w, + Aw)
i00(we + Aw) = a™*b H (0, — w.) Hop(w. + Aw)

- Hi o (wo — we) Hoo(w, + Aw),  (7)

where Hoo () is the frequency response of the O-O device.
Since Hgo(w) and Hog(w) are obtained in (4) and (6), and
Hoo(wo + Aw) is a measureable constant, the frequency
response of the O-O device can be derived as

HOO (wo + we)

_ i00(we — Aw)
" ab* Hyo (o + @) Hop (0 — Aw) Hyo (0, + Aw)

Hoo(w, — we)

_ |: i00(we + Aw) :|*

 La* b Hi (@, — @) Hop (@, + Aw) Hoo (@, + Aw) |
)

The calculations of (4), (6), and (8) are performed by a

digital signal processor (DSP). It is worth noting that the fre-
quency response of the E-O modulator and O-E detector can
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Fig. 2. Measured (a) magnitude and (b) phase responses of the

phase modulator by using the proposed CVA.

be removed through direct calibration [6,17-19] in the mea-
surement of the O-O device. Sweeping the frequency of the
RF signal, the frequency response of the E-O, O-E, and O-O
devices are obtained according to (4), (6), and (8).

Experiments are performed based on the configuration in
Fig. 1. The optical carrier is generated by a tunable laser source
(Agilent N7714A) with a linewidth of 100 kHz, which is split
into two branches through an optical coupler. A modulator
under test is placed in the E-O branch, which can be any E-O
modulator, such as Mach—Zehnder modulator, phase modu-
lator, and polarization modulator. In this experiment, a phase
modulator (EOSPACE, Inc.) is employed as the modulator
under test. In the other branch, an AOM (Gooch & Housego,
Inc.) shifts the frequency of the optical carrier by 80 MHz. The
modulated signal and frequency-shifted signal are combined,
and the power is divided by an optical coupler. A sampled
FBG is used as the O-O device under test. Two PDs (Finisar
XPDV2120RA) with a bandwidth of 40 GHz are exploited as
the O-E detector under test and the standard PD, respectively.
An electrical vector network analyzer (EVNA, R&S ZVA67)
provides the sweeping RF signal, PMD, and DSP. To extract
the phase and magnitude information at the frequencies of
w,tAw, an EVNA extension (Scalar Mixer and Harmonics,
R&S ZVA-K4) is incorporated.

The standard PD is calibrated by an LCA (Agilent 86030A)
to obtain its frequency response. After removing the frequency
response of the standard PD, the frequency response of the
phase modulator is successfully achieved by the proposed
method, which is shown in Fig. 2. The frequency resolution is
2 MHz, which exhibits the fine structures of the responses. As a
comparison, an OSA (Yokogawa AQ6370C) with a resolution
0f 0.02 nm is used to characterize the phase modulator. Due to
the low power of the sidebands and poor resolution of the OSA,
the modulated sidebands in the range of 0—10 GHz are over-
whelmed by the carrier. Despite so, the measurement results of
the proposed CVA fit the measurement results of the OSA very
well in the range of 10-40 GHz, which verifies the effectiveness
of the proposed CVA for E-O device measurement.

Figure 3 illustrates the frequency responses of the standard
PD and the PD under test. According to the frequency responses
of the standard PD and the phase modulator, the frequency
responses of the PD under test are obtained. The frequency
resolution is 2 MHz. As a comparison, the PD under test is also
measured by an LCA. As can be seen, the measurement results
of the CVA and LCA are quite similar. Furthermore, since the
PD under test and the standard PD are of the same type, the
frequency responses of the two PDs have similar trends.

Figure 4 exhibits the measured frequency responses of the
sampled FBG by using the CVA. By removing the frequency
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Fig. 3. (a) Normalized magnitude and (b) phase responses of the

standard PD and the PD under test. The PD under test is measured by
the proposed CVA and an LCA.
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Fig.4. Measured (a) magnitude and (b) phase responses of the sam-
pled FBG by using the proposed CVA.

response of the E-O and O-E devices, the frequency response of
the O-O device is obtained. As a comparison, the sampled FBG
is also measured by an OSA with a resolution of 0.02 nm coop-
erated with an amplified spontaneous emission (ASE) source
(Amonics). The magnitude response measured by the CVA hasa
similar profile but exhibits a deeper notch, which indicates that
the CVA has a larger dynamic range. The measurement range is
80 GHz, and the resolution is 2 MHz.

There are some issues to be noted. The resolution of this
method depends mainly on the scanning step and the linewidth
of the laser. By using a laser with an ultra-narrow linewidth and
fine scanning, the resolution can be increased further. To obtain
a stable and effective measurement, polarization controllers or
polarization-maintaining fibers are used before the modulators.
By adding a polarization controlling module [21] before the
O-0 devices, the polarization response can also be obtained.

In conclusion, the proposed CVA has the capability to meas-
ure the E-O, O-E, and O-O devices with arbitrary responses.
The key problem of frequency aliasing, which makes it impos-
sible for the commercial LCA to measure the phase modulator
or O-O devices with frequency selectivity, is overcome by the
proposed ADSB structure. A wideband PD (O-E device),
a phase modulator (E-O device), and a sampled fiber Bragg
grating (O-O device) are experimentally measured. The pro-
posed ADSB-based CVA provides a compact, high-resolution,
large dynamic range, and stable measurement approach for
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characterizing E-O, O-E, and O-O devices with arbitrary

responses.
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