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Abstract— High-resolution and high-sensitivity optical vector
analysis (OVA) is highly desired by many applications, such
as optical sensors and photonic integrated circuits (PICs).
However, it is difficult to achieve high resolution and high
sensitivity simultaneously. Here, we propose and experimentally
demonstrate a high sensitivity OVA using coherent detection to
achieve the complex frequency responses (including magnitude
and phase responses) of a device under test (DUT). Carrier
phase noise (CPN) cancellation is employed to eliminate the
carrier phase fluctuation induced by the coherent detection.
In an experiment, the frequency responses of a fiber Bragg
grating (FBG) is accurately measured by the proposed method
when the probe light is suppressed by ~18 dB. As a comparison,
the method using coherent detection without CPN cancellation
can only achieve the magnitude response, and the method using
direct detection cannot obtain an effective measurement. The
influence of the linewidth and time delay on the measurement is
discussed. The proposed OVA provides a stable, high resolution,
high sensitivity and low cost approach for characterizing optical
devices with arbitrary response, especially for optical devices with
large loss or bandpass response.

Index Terms—Frequency response, vector analysis, optical
instrument.

I. INTRODUCTION

HE spectral response of an optical component, including

magnitude response and phase response, is usually mea-
sured by an optical vector analyzer (OVA), which is essential
to the development of optical devices and photonic integrated
chips (PICs). The early OVA was realized based on the
modulation phase-shift method [1] and swept-frequency inter-
ferometry [2]. However, both methods rely on a tunable laser
source (TLS) for optical frequency scanning, leading to a rela-
tively low resolution (typically 1.6 pm, 200 MHz at 1550 nm).
In order to obtain a high-resolution spectral response measure-
ment, OVAs based on multi-frequency modulation [3], [4] or
linear-frequency modulation [5] have been proposed. These
methods have a typical resolution of 1.6 MHz and can usually
perform a measurement in a short time (typically 10 us), but
their dynamic range is relatively low due to the small signal
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to noise ratio (SNR) of the probe signal. Recently, OVAs
based on electro-optic modulation and microwave frequency
scanning were proposed to achieve large dynamic range and
high resolution at the same time [6]-[20]. Benefitting from the
ultrafine frequency scanning of the microwave source, these
methods generally have a high resolution (typically 1 MHz).
By using an ultra-narrow linewidth laser, we reported an OVA
with the highest frequency resolution of 334 Hz [16]. Its
dynamic range reached 90 dB. However, due to the employ-
ment of direct detection, such high-resolution OVA usually has
a low sensitivity. When the probe light is greatly suppressed
by the device under test (DUT) with a large loss, such as
PICs (typically 20 dB), previous OVAs can hardly measure
their responses.

In this paper, we propose a novel OVA with high
resolution and high sensitivity based on coherent detec-
tion and carrier phase noise cancellation, which employs
asymmetric optical double-sideband (ODSB) modulation to
improve the measurement bandwidth. Different from previous
high-resolution OVAs [9], [16], the proposed method separates
the ODSB signal into a local portion and a probe portion. A
frequency-shifted carrier is generated after an acousto-optic
modulator (AOM). The local portion is directly combined with
a part of the frequency-shifted carrier. The probe portion with
its magnitude and phase changed by the DUT is combined
with the other part of the frequency-shifted carrier. After
photodetection, the ratio of the local photocurrent to the probe
photocurrent is applied to represent the frequency response
of the DUT, which eliminates the carrier phase fluctuation
induced by the coherent detection. Here, we name the process
carrier phase noise (CPN) cancellation. To demonstrate the
feasibility of the proposed OVA, an experiment to characterize
the reflection spectrum of a fiber Bragg (FBG) grating is car-
ried out. The return loss of the FBG at the carrier wavelength
is about 18 dB. Under such loss, the method using coherent
detection without CPN cancellation can only measure the mag-
nitude response, and the method using direct detection obtains
an erroneous measurement, while the proposed method can
still achieve an accurate measurement with a range of 50 GHz
and a frequency setting resolution of 5 MHz. With an enhanced
sensitivity, the proposed OVA can measure high-loss optical
devices or characterize a bandpass device when the carrier is
located at the stop band.

II. PRINCIPLE

Fig. | illustrates the schematic diagram of the OVA based on
CPN cancellation. A narrow-linewidth laser source generates
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Fig. 1. Schematic diagram of the OVA based on CPN cancellation. EOM,

electro-optic modulator; AOM, acousto-optic modulator; DUT, device under
test; ODL, optical delay line; PD, photodetector; PMD, phase-magnitude
detector; RF, radio frequency; LO, local oscillator.
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Fig. 2. The measured (a) magnitude and (b) phase responses of the reflection
spectrum of an FBG. Trace A, B, and C are measured by the proposed OVA,
the ODSB-based OVA using coherent detection without CPN cancellation,
and the ODSB-based OVA using direct detection, respectively.

a CW lightwave with a frequency of w.. Then, it is split into
two portions. One portion is modulated by a sinusoidal signal
from an RF source to obtain an ODSB signal. Mathematically,
the ODSB signal at point a; can be expressed as

Eopss (1) = [Afle*j“"“' + Aog + A+1ejw“‘t] e/t +eO1 (1)

where wp is the frequency of the RF signal, ¢(r) is the
phase fluctuation of the optical carrier, A+; and Ap are
the complex amplitudes of the +1st-order sidebands and the
carrier, respectively.

The other portion is frequency shifted at an AOM to achieve
an optical reference signal, which can be written as

ER (t) = Age/ (@A D1+ —w0)] @)

where AR is the complex amplitude, Q is the frequency shift,
70 is the delay difference between point a; and point ap to the
laser source.

The generated ODSB signal and the optical reference signal
are divided into two portions, respectively. One portion of the
ODSB signal (denoted as the probe signal) is launched into a
DUT and combined with a part of the optical reference signal.
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Thus, the signal at point b; can be described as

1 .
Ep () = —A_ 1 H (0c — om) eI (@c=m) (t=Ta1b1)+¢ (1 —za1p1)]

V2
+LA0H (wc) el Moct=Ta1o)+¢(t—ta1p1)]

V2

—i—LA_HH (we+ om) eI N(@etom) (t=tap)+¢ (1= Ta1b1)]

V2

+LARej[(wc+Q)(t*Ta2bl)+¢(f*70*7a2bl)]’ 3)

where H (w) is the frequency response of the DUT, zapb, is
the time delay from point a,, to point b,. The other portion of
the ODSB signal, after passing through an optical delay line
(ODL), is combined with the other part of the optical reference
signal. So, the signal at point by is

Ew (1) = % Ao/ @—om) (=) +0—tu2)]
L IR R )
+L2 Ayl 1@ om) (=) =)
—|—LARej[(wc‘i’g)(f*Ta2b2)+¢(f*70*7a2b2)]. (4)

After photodetection, two photocurrents are generated and
received by a multi-channel phase-magnitude detector (PMD),
simultaneously. Since the PMD is set to receive signals with
frequencies of wy + Q, the relevant components of the
photocurrents are (5), as shown at the bottom of the next page,
where 71 and 7, are the responsitivity of the PD1 and the PD2,
respectively.

To eliminate the influence of the phase fluctuation ¢(¢),
we employ two ODLs to make 7a1p1 = 7a1b2, and tap; =
7a262. Considering that the phase fluctuation ¢ (¢) is relatively
slow duo to the narrow linewidth of the laser source, ¢ (¢t —
Talb1) ~ @ (t — ta1p2), and ¢ (t — 70 — Ta2p1) = P (t — 70 — Ta202)
can be obtained. Then, the DUT response can be achieved by
Fourier transform of the photocurrents from PD1 and PD2:

mipp1 (om + Q)
H(we—on) =\ —F——=
niirp2 (0m + Q)

DL 8D o (—jae). ()
nirp2 (0m — €2)
where Ag is the residual phase fluctuation induced by the
mismatch between 7,11 and 741p2. It should be noted that 7,411
includes the frequency dependence of the DUT, which cannot
be set arbitrarily equal to 7,1p2. However, considering that the
DUT delay variation is difficult to exceed ns lever, the residual
phase fluctuation Ag can be ignored when a narrow-linewidth
laser source is employed.

It should be noted that, before measuring a DUT, a normal-
ization calibration must be performed to remove the system
response [16].

) -exp (jAp)

H (o + om) =

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

An experiment is performed according to the setup illus-
trated in Fig. 1. A tunable narrow-linewidth laser source
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Fig. 3. Simulated measurement of a uniform FBG. (a-1) The linewidth is 100 Hz, 1 kHz, and 10 kHz, respectively. The residual delay is 0.1 ns, 1ns, 10ns,

and 100 ns, respectively. The blue traces represent magnitude responses. The red traces are phase responses.

module (TeraXion PS-TNL, the linewidth is ~1 kHz) is
employed to produce an optical carrier with low phase noise.
Then, the carrier is split into two parts. One part is modulated
at a Mach-Zehnder modulator (Fujitsu FTM7938EZ) to obtain
an ODSB signal. The other portion is frequency shifted at an
AOM (Gooch&Housego Inc.), driven by an RF signal with a
frequency of 80 MHz. The respective optical path differences
of the two MZ interferometers are adjusted to the same by
two manual variable ODLs (General Photonics VDL-001).
An FBG is used as the DUT. Two photodetectors (Finisar
XPDV2120RA) are exploited to convert the optical signal into
a photocurrent. A 4-port electrical vector network analyzer
(EVNA, R&S ZVAG67) is used as the microwave source and
the phase-magnitude detector.

The reflection spectrum of the FBG is measured by three
kinds of OVAs, including the proposed OVA, the ODSB-based
OVA using coherent detection without CPN cancellation [9],
and the ODSB-based OVA using direct detection [16].
Fig. 2 shows the measured frequency responses. The
microwave source is set to sweep from 0.5 to 25.5 GHz,
and the number of the frequency points is 5001. Thus,
50-GHz measurement bandwidth and 5-MHz frequency
setting resolution are achieved. The residual delay between
Ta1bl and 7a1p2 is ~1.3 ns, induced by the FBG. It can be
seen that the measurement uncertainty of the proposed OVA
is very small, and the measured results (i.e., trace A) can well
characterize the FBG reflection spectrum. If using coherent
detection but without CPN cancellation, the ODSB-based

ipp1 (w0m +Q, 1) = 3
ipp1 (om — Q, 1) =

2
ipp2 (om + Q, 1) = 3

ipp2 (Oom — Q, 1) = 5

1772A+1A7e . o/ 1@m=Q)1 =0 (Ta1b2 = Ta2b2) =Om Ta1b2+Q7a2b2 =P =70~ Ta2b2) +¢ (1 —Taib2)]

l’?lA* 1ARH* (e — wm) - o [ (@m+ Q)1+ (Tarb1 = Ta2b1) —Om Ta1bt —Q7a2b1 +G( =70 —7a2b1) =P = Ta1b1)]
1771A+1A;H (e + wm) - 24 [(@m—Q)1 =@ (Ta1b1 —Ta2b1) =@ Ta1b1 +QTa2b1 =P —T0—Ta201)+¢( —Ta1b1)]

177214* AR - oI [(@m+ Q)+ (Ta1b2 —Ta202) —Om Ta1b2 —Q7a2b2 +G (1 =70 —Ta2b2) = (t = Ta1b2)]

(5)
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OVA [9] can only achieve an effective magnitude response
(i.e., trace B in Fig. 2(a)). It is because that the carrier
phase noise is transferred to the photocurrent after coherent
detection, which makes the EVNA unable to extract a stable
phase response. Due to the CPN induced by the carrier phase
noise, the spectrum width of the photocurrent is broadened to
be wider than the employed IF bandwidth, leading to a huge
magnitude uncertainty (~20 dB). Thus, trace B cannot show
any detailed information, although it has almost the same
ups and downs as trace A. If using a wide IF bandwidth,
the magnitude uncertainty can be reduced, but the frequency
resolution will be limited. In addition, Fig. 2(a) shows two
passbands and some sidelobes beside the passband. Since the
carrier is not at the passband of the FBG and is suppressed by
a sidelobe, the FBG return loss at the carrier frequency reaches
~18 dB. The optical power of the returned probe signal is
only about -20 dBm. If using direct detection, the generated
photocurrent will be lower than the noise floor of the PMD.
Thus, the ODSB-based OVA using direct detection [16]
cannot perform an effective measurement in this case. Trace
C in Fig. 2(a) measured by this OVA only represents the noise
floor, providing no useful information. Thus, the proposed
OVA can detect weak signal and has a high sensitivity.

As can be seen from the experimental results, the CPN
cancellation is indispensable for OVAs using coherent detec-
tion. To evaluate the influence of CPN cancellation on the
phase response measurement, a simulation is performed. The
carrier phase noise is modeled using the probability density

function:
1 Agp?

TSP\ A ) )

2n JAf AT ( 47Z'AfAT)
where A¢ is the phase difference between two successive time
instants, At is the residual delay, Af is the TLS linewidth.
Fig. 3 shows the simulated results. The IF bandwidth is
100 kHz, Af is 100 Hz, 1 kHz, and 10 kHz, respectively, and
At is 0.1 ns, Ins, 10ns, and 100 ns, respectively. As can be
seen, the measurement uncertainty in the magnitude and phase
responses becomes significant as the linewidth and residual
delay increase. In severe cases, we cannot achieve an effective
phase response, which indicates that the CPN cancellation is
ineffective. To reduce the measurement uncertainty, an ultra-
narrow linewidth laser should be employed and accurate time
delay matching should be performed.

f(A) =

IV. CONCLUSION

A novel OVA based on CPN cancellation is proposed to
achieve high-resolution and high sensitivity simultaneously.
The reflection spectrum of an FBG, including the magnitude
and phase responses, is obtained when the probe light is
suppressed by ~18 dB, which shows that the proposed OVA
has a high sensitivity. The measurement bandwidth is 50 GHz,
and the frequency resolution is 5 MHz. The influence of
the carrier phase fluctuation and the residual delay on the
measurement uncertainty is investigated through simulation,
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indicating that the delay of the measurement path and the
reference path should be well matched to achieve high preci-
sion. If using an ultra-narrow linewidth laser, the measurement
uncertainty can be further reduced. With a high sensitivity,
optical devices with large loss or bandpass response can be
accurately measured by the proposed OVA.
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