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A novel optical vector network analyzer (OVNA) based on optical single-sideband (OSSB) modulation and balanced
photodetection is proposed and experimentally demonstrated, which can eliminate the measurement error induced
by the high-order sidebands in the OSSB signal. According to the analytical model of the conventional OSSB-based
OVNA, if the optical carrier in the OSSB signal is fully suppressed, the measurement result is exactly the high-order-
sideband-induced measurement error. By splitting the OSSB signal after the optical device-under-test (ODUT) into
two paths, removing the optical carrier in one path, and then detecting the two signals in the two paths using a
balanced photodetector (BPD), high-order-sideband-induced measurement error can be ideally eliminated. As a
result, accurate responses of the ODUT can be achieved without complex post-signal processing. A proof-of-concept
experiment is carried out. The magnitude and phase responses of a fiber Bragg grating (FBG) measured by the pro-
posed OVNA with different modulation indices are superimposed, showing that the high-order-sideband-induced
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measurement error is effectively removed. © 2015 Optical Society of America
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Many emerging applications, such as single-molecule
detection [1], optical storage based on slow light [2],
on-chip nonlinear effects [3], and high-precision optical
sensing [4], essentially desire a sharp magnitude or phase
change within an ultra-small spectral range. Optical
devices with ultra-high quality factor (@), which have
the capability to handle the optical spectra with high fine-
ness, are thus of critical importance. With the continuous
efforts devoted to the development of such high-Q devi-
ces, the state-of-the-art narrowband fiber Bragg grating
(FBG) has a 3-dB bandwidth of 9 MHz [5], and the @ value
of the optical micro-resonators can reach 6 x 101° (corre-
sponding to a 3-dB bandwidth of 3 kHz at 1550 nm) [6]. To
achieve the optical magnitude and phase responses of
these devices, an optical vector network analyzer
(OVNA) with ultra-high resolution is needed. Convention-
ally, the OVNAs based on modulation phase-shifted
method [7] or interferometry approach [8] achieve wave-
length sweeping by scanning the wavelength of a laser
source. Restricted by the low resolution and poor wave-
length stability of the state-of-the-art wavelength-swept
laser source, the resolution of these OVNAs is usually
larger than 1.6 pm, which is not enough to obtain the ac-
curate spectral responses of the ultrahigh-@ optical devi-
ces. To solve this problem, OVNAs based on optical
single-sideband (OSSB) modulation were proposed and
demonstrated [9-13]. 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 several hertz in theory [9]
and 78 kHz in experiment [10]. However, the OSSB
modulation based on electro-optic modulators (EOMs)
always stimulates many high-order sidebands (i.e.,
4ond_ 43rd_ - 4pMoorder sidebands), which would
introduce considerable measurement error [11], espe-
cially, when the EOMs have large phase modulation
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indices. Previously, we demonstrated a method to effec-
tively suppress the high-order-sideband-induced mea-
surement error [12] based on a two-step measurement
followed by post-signal processing. However, the method
is relatively complex and time consuming, which would
not be able to measure the optical devices with high-Q
value since the their spectral responses are always sen-
sitive to the temperature variation and mechanical
vibration.

In this Letter, a novel OSSB-based OVNA with suppres-
sion of the high-order-sideband-induced measurement
error is proposed and demonstrated based on balanced
photodetection. Without complex post-signal processing,
accurate optical spectral responses with high resolution
can be obtained by only single-step measurement.
In the measurement, the OSSB signal, after propagating
through an optical device-under-test (ODUT), is divided
into two parts. One part is directly sent to one input port
of a balanced photodetector (BPD), and the other one is
first connected to an optical filter to remove the optical
carrier, and then directed to the other input port of the
BPD. Letting the length of the two optical paths identical,
the two signals are vectorially subtracted in the BPD.
According to the analytical model of the OSSB-based
OVNA, the detection of the OSSB signal with the optical
carrier results in the spectral responses with high-order-
sideband-induced measurement error, while the optical
single-sideband-suppressed carrier (OSSB-SC) signal
can obtain only the high-order-sideband-induced mea-
surement error. As a result, the high-order-sideband-
induced measurement error is removed, and the output
photocurrent of the BPD carries exactly the responses of
the ODUT. A proof-of-concept experiment is performed.
The accurate magnitude and phase responses of a
FBG are successfully measured by the proposed OVNA.
Measurement results are almost identical for OSSB
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modulations with different modulation indices. The
measured magnitude and phase responses agree well
with those measured by a commercial OVNA (LUNA
OVA5000).

Figure 1 shows the schematic diagram of the proposed
OVNA based on OSSB modulation and balanced photo-
detection. An optical carrier from a tunable laser source
(TLS) is modulated by a RF signal from a RF source at an
OSSB modulator, which generates an OSSB signal. Math-
ematically, the RF modulated OSSB signal after the OSSB
modulator can be written as

+o0
Ein(@) = Agd(@ - ,) + Y Ay - 8w - (@, + na,)]. (1)
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where w, and w, are the angular frequencies of the opti-
cal carrier and the RF signal, respectively, and A,, is the
complex amplitude of the n™-order sideband.

When the OSSB signal propagates through an ODUT,
the magnitude and phase of the optical carrier and side-
bands are changed according to the transmission func-
tion of the ODUT. Then, an optical splitter divides the
optical signal into two parts. One part is directly intro-
duced to one input port of a BPD (the upper path).
The other part is directed to the BPD via an optical filter
that suppresses the optical carrier (the lower path). The
upper and lower paths are adjusted to have the same
length. Assuming the optical carrier of the optical signal
in the lower path is fully removed, the optical field in the
two paths can be expressed as

Ey () = BoH (w0)5(w — w,)
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where H(w) = Hopuyr(o) 'Hsys(a))r and Hopyr(w) and
Hgys(w) are the transmission functions of the ODUT

and measurement system, respectively. B, is the
TLS PC
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Fig. 1. Schematic diagram of the proposed OVNA based on
OSSB modulation and balanced photodetection. TLS: tunable
laser source; PC: polarization controller; RF: radio frequency;
ODUT: optical device-under-test; BPD: balanced photodetector;
PMD: phase-magnitude detector.

complex amplitude of the n'M-order sideband of the
optical signals in these two paths.

In the BPD, the optical signals in the upper and lower
paths are simultaneously converted into electrical sig-
nals. The w, components of the converted signals can
be written as

a
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where 7 is the responsivity of the BPD. On the right-hand
of Eq. (3.1), the first term represents the spectral
responses of the ODUT, and the second term is
the high-order-sideband-induced measurement error.
Eq. (3.2) is exactly the high-order-sideband-induced mea-
surement error.

At the output port of the BPD, the photocurrents are
vectorially subtracted, so the output current of the
BPD is

i) = iv(@,) ~in(@) = 5- BB H (@, + 0 H" (@,).
@

Hy(w) can be measured by a calibration step in which
the ODUT is removed and the two test ports are directly
connected, i.e., Hopyr(w) = 1. In this case, the transmis-
sion function of the measurement system can be acquired
which can be expressed as

n
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From Egs. (4) and (5), the actual spectral responses of
the ODUT without the high-order-sideband-induced mea-
surement error can be obtained, given by
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where H§r(w,) is a constant since it is the frequency
response of the ODUT at a fixed wavelength.

A proof-of-concept experiment based on the setup
shown in Fig. 1 is carried out. A lightwave with a power
of 16 dBm is generated by a TLS (Agilent N7714A), which
is modulated by a RF signal from an electrical vector net-
work analyzer (EVNA, Agilent N5245A) at an OSSB
modulator. In the experiment, the OSSB modulator is
implemented by a polarization modulator (PolM,
Versawave Inc.), a polarization controller (PC), a polar-
izer (Pol), and an optical filter (Finisar WaveShaper
4000 s) [14]. After propagating through a FBG (TeraXion
Inc.), which is used as an ODUT, the OSSB signal is



divided into two parts by an optical splitter. In the upper
path, a variable optical delay line and a variable optical
attenuator are inserted to balance the optical path and
the insertion loss of the two paths, respectively. In the
lower path, the optical carrier is removed by a tunable
optical filter (Yenista XTM-50). A 50-GHz BPD (U2T
BPD2150R) is employed to convert the two optical
signals from the two paths to a RF signal, which is then
received by a phase-magnitude detector in the EVNA. A
wideband RF power amplifier (SHF 806E) is applied to
amplify the RF signal from the EVNA to a satisfactory
power level. The optical spectra are monitored by an
optical spectrum analyzer (Yokogawa AQ6370C) with a
resolution of 0.02 nm.

Figure 2 shows the optical spectra of the OSSB signal
in the upper path and the OSSB-SC signal in the lower
paths when the modulation index is 2.81. As can be seen,
the optical carrier of the OSSB signal in the lower path is
suppressed by 34.2 dB, while the other sidebands main-
tain almost the same powers. The optical power of the
OSSB signal is 3.44-dB larger than that of the OSSB-SC
signal.

Figure 3 shows the magnitude and phase responses of
the FBG measured by the conventional and proposed
OVNAs with a phase modulation index of 2.81. From
Fig. 3, the magnitude and phase responses measured
by the conventional OVNA contain considerable high-
order-sideband-induced error. However, when the pro-
posed OVNA is applied, the error is significantly reduced.
Figure 4 shows the magnitude and phase responses of the
FBG measured by the proposed OVNA with different
phase modulation indices. As a comparison, the results
measured by a commercial OVNA (LUNA OVA5000)
are also plotted. As can be seen from Figs. 4(a) and
4(b), the magnitude and phase responses measured by
the proposed OVNA with different phase modulation
indices are coincident, which agree well with those mea-
sured by LUNA OVA5000 [the black solid diamond lines
in Figs. 4(a) and 4(b)].

Theoretically, the high-order-sideband-induced error
can be completely suppressed by carefully adjusting
the lengths and losses of the two paths. However, in prac-
tice the influence of the temperature variation on the
fiber lengths and the uneven frequency response of
the BPD must be considered. Considered that the length
of the fibers in the two paths are shorter than 3 m and
the temperature variation is smaller than 1°C in the
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Fig. 2. Optical spectra of the OSSB signal and the OSSB-SC
signal with a modulation index of 2.81.
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Fig. 3. (a) Magnitude and (b) phase responses measured by

the conventional and proposed OVNAs with a modulation index
of 2.81.

laboratory environment, the RF common mode rejection
ratio can keep very large in the experiment, for instance
more than 34 dB at 40 GHz. Figure 5 shows the frequency
response of the BPD when two identical signals are
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Fig. 4. (a) Magnitude and (b) phase responses measured by

the proposed OVNA with different phase modulation indices
and a commercial OVNA (LUNA OVA5000).
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Fig. 5. Frequency response of the BPD when two identical sig-
nals are introduced to the two input ports.

introduced to the two input ports. As can be seen, the
RF common mode rejection ratio of the BPD is larger
than 20 dB, indicating that the high-order-sideband-
induced measurement error can be reduced to less than
1%. By using a BPD with smaller imbalance of responsiv-
ity, the performance of the system could be further
improved.

In conclusion, a novel OSSB-based OVNA with sup-
pressed high-order-sideband-induced measurement error
was proposed and experimentally demonstrated using
balanced photodetection. In the proof-of-concept experi-
ment, the magnitude and phase responses of a FBG with
largely suppressed high-order-sideband-induced mea-
surement error were achieved without any complex post
signal processing.
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