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Abstract: We experimentally demonstrate a fiber-based phase tracking system through an
adaptive homodyne detection technique. In the experiment, we use a random phase signal as
an example. The system works well when the random phase varies between —2.4 and + 2.4
radians. Such tracking range is much larger than previous work due to the improved
performance of phase-locked loop. The minimum mean square error reaches theoretical value
at a photon flux of ~10°, which proves a quantum-limited fiber phase tracking. Such system
has potential applications in high-precision real-time fiber sensing of temperature, strain, and
SO on.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical phase tracking is a crucial task in precision metrology like gravitational-wave
detection and biological measurements [1-9]. In a classical system, various sources of
contamination such as impure probe states, imperfect detection, and poor data processing
would limit the sensitivity of optical metrology [4,10]. To solve these problems, many
techniques have been developed rapidly to suppress system noises, which allow
measurements to reach quantum noise limit [9,11-13]. For example, heterodyne detection,
one of the conventional way to estimate optical phase, can achieve a measurement accuracy
that is only a factor of 2 greater than intrinsic uncertainty limit [14,15]. An alternative method
using traditional homodyne detection can approach quantum noise limit. To measure a time-
varying signal with a large phase range, adaptive homodyne detection with quantum-limited
accuracy is developed in several precision measurement systems [16]. In 2012, a quantum-
enhanced optical-phase tracking technique was reported [17], which has been studied
extensively in other systems like mirror-motion estimation [18] and paradigmatic atomic
sensors [19].

Previous experiments mainly focus on free-space optical measurements. With the rapid
progresses in micro/nanotechnology, system miniaturization has become one of the current
demands in phase sensors [20-22]. Many practical systems for measuring strain, temperature
and other parameters are based on fibers as they have unparalleled advantages such as
immunity to electromagnetic disturbance, flexible multiplexing and long-distance sensing
[23,24]. For example, when monitoring real-time underwater signal, fiber is more reliable in
comparison to the other systems [25,26]. To date, little efforts have tried to combine
quantum-limited optical phase tracking technique with a fiber sensing system [2,27,28]. It is
still difficult to reach quantum-limited sensitivity in most of fiber sensors [28]. The main
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challenge in fiber is the large phase variations induced by the parameters to be measured. The
low-frequency noise is also a tricky problem in a fiber system. In this letter, we construct a
fiber homodyne system to detect a low-frequency random phase signal. To obtain optimal
tracking, we design a phase-locked loop in the fiber homodyne system (i.e., adaptive fiber
homodyne detection) and use a Kalman filter to estimate the time-varying phase precisely
[29]. Our experimental results demonstrate a quantum-limited fiber homodyne system
capable of tracking a random phase beyond the 7 range.

2. Theory

Consider an ideal adaptive balanced homodyne setup (Fig. 1). In our experiment, we use the
double sideband mode as signal beam, which is generated by an electro-optic amplitude
modulator (EOM). The double sideband mode is a balanced combination of upper and lower
sidebands relative to the carrier frequency, which is equivalent to a weak coherent state [13].
In a general homodyne theory, the signal beam a and the strong local oscillator (LO) field L
can be denoted as

i(0+Q)t i(0-Q)t

a=[oe +e )+ 0] (1)

L=l +38)e®" @)

Where o denotes the optical carrier frequency, Q the frequency of the amplitude modulation,
@(t) the phase to be estimated, a and 1 are the amplitude operators of the signal and LO
beams, and 6o and 41 are the fluctuation operators of the signal and LO beams with (da) = 0
and (31) = 0, respectively. In homodyne detection, I >> a, 1 >> 81, and o >> da. The signal and
LO beams are then combined in a beam splitter and detected by a pair of photodiodes. The
phase-locked loop in Fig. 1 adjusts adaptively to ensure the relative phase of /2 between the
signal and LO beams, which is the operating point for homodyne detection [17]. After
demodulation, the normalized homodyne output current can be written as [30]

I(t) = 2|osin[ @(t)— @, (t) |+ dW (1) / dt 3)

where <I>}»(t) = qDLO(t)—g is the filtered estimate of ®(t) and dW(t) represents the quantum

noise of the output current. For a coherent state, the quantum noise can be modeled as
independent white Gaussian noise [10,31], satisfying (dW(t)dW(t) ) = §(t-)(dt)*. When the
phase-locked loop well functions, (D}.(t) should be the real-time optimal estimate of ®(t),

which satisfies
' 2
(em-o,1)])<<1 “)
Hence, Eq. (3) can be linearized as

1(t) = 2|0 (@(t) - D, (1)) +dW (1) / dt (5)
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local oscillator

Fig. 1. Diagram of a homodyne phase-locked loop that implements the Kalman filtering
estimation. The signal beam is combined with the local oscillator at a 50/50 beam splitter (BS)
and then are detected by two photodetectors (PD). The outputs from the photodetectors are

subtracted. The obtained current I is processed by a integrator(Jl ds ) with a Kalman gain

(I"), which determines an optimal phase estimate. The phase modulator (PM) is adjusted
accordingly for the next estimate.

Considering the random signal as an Ornstein—Uhlenbeck (OU) process, the stochastic
waveform ®(t) can be defined by
dO(t) = -AD(t)dt +~/xdV (¢) (©)

where dV(t) denotes the classical Wiener increment satisfying (dV(t)dV(to)) = 3(t- to)(dt)%, A
the bandwidth of phase noise ®(t), and k/2A the mean square variation of ®(t).

During the tracking process, the homodyne output current I(t) is sampled at discrete times.
Based on the Kalman-Bucy filtering theory, one can construct the real-time minimum mean
square error (MSE) estimate of @(t) at the moment t, taking into account of the past
measurement outcome {I(s): 0<s<t}. We define the estimator @ (t) as [29,32],

d® (t) = —AD (t)dt + TI(¢)dt )

where Kalman gain is defined by I'= 4|oc|2 (1) with
X(t) = ([(D(t) —Q}.(t)} ® [d)(t) - (D',.(t)]> . X(t) is the so-called covariance matrix of

estimation that obeys

d¥(t) = 202 (1)dt — 4o (2(1))’ dit + wt 8)
At the steady state, Eq. (8) can be solved analytically to obtain minimum Z(t) [29], which
. . . 2 2 .
gives the optimal Kalman gain T',, =-A+4A" + 4K|0c| . Then, one can get the optimal
estimate from Eq. (7) [17,29],

@, (t)=T" j o0 1) 4o
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It should be noted that according to the estimate <I>}.(t) , the phase of LO beam is adjusted

adaptively at the working point using the feedback loop illustrated in Fig. 1. Such adaptive
system is capable to track a phase signal varying in a large range.

3. Experimental configuration and results

In our experiment, the input source is an ultra-narrow-linewidth 1064 nm Nd:YAG laser
(Mephisto MOPA, Coherent Co.). The laser noise is suppressed to quantum noise limit
through a “noise eater” feedback loop with a bandwidth of 2MHz. After coupled into a
polarization-maintaining fiber, the laser is split to two beams at a fiber beam splitter (BS1).
One beam is amplitude-modulated at 1.5 MHz using EOM1 to yield two sidebands, which
can well avoid the low-frequency technical noises. The random phase signal d(t) is
introduced through a piezoelectric transducer (PZT1). Here, we use a signal generator and a
Ist-order low-pass filter with a cutoff frequency of 1 kHz to produce an OU random signal,
which is amplified by a high voltage amplifier to drive PZT1. Correspondingly, the
bandwidth of the fiber phase tracking system is set to be 1 kHz. The signal and LO beams
interfere in another fiber beam splitter (BS2). The interference beams are then injected into a
pair of balanced photodetectors and the two output photocurrents are subtracted to suppress
the classical noises [10]. After demodulated by a lock-in amplifier, the homodyne output
current I(t) is obtained.
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Fig. 2. Experimental configuration for adaptive homodyne measurements. The red and black
lines denote optical and electrical paths, respectively. The green and blue lines denote the
locking loop 1 (LL1) and locking loop 2 (LL2), respectively. FC: fiber coupler; BS: beam
splitter; EOM: electro-optical modulator; PZT: piezoelectric transducer; PD: photodiode; RF:
rf synthesizer; LPF: low pass filter; KF: Kalman filter; PID: PID servo; P: Proportion
controller; HA: high-voltage amplifier; LA: Lock-in amplifier.

There are two phase-locked loops in Fig. 2, which lock the relative phase between the LO
and signal beams at /2. The first one (LL1) works at low frequencies (<100Hz) through
PZT2, which can significantly suppress the environmental disturbances. The second loop
(LL2) is used to implement the Kalman filtering estimation. In the experiment, we use a
feedback low-pass filter with a cutoff frequency of 1 kHz after the demodulation current. The
Kalman gain in this loop is adjusted by the proportion controller and a lock-in amplifier. The
estimation term is generated and then fed back to the LO beam with EOM2. The data are
stored as an estimated phase ®(t) for the next analysis. We use a signal oscilloscope with a
sampling rate of 350 MHz (MSO-X 3034T, KEYSIGHT) to record the waveform.
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In our experiment, all the optical components in the adaptive homodyne system (Fig. 2)
are polarization-maintaining fiber devices. The quantum efficiencies of the homodyne
detectors are ~85%. With a 2.5 mW LO beam power, they produce 6.5 dB of shot noise on
top of the electronic noise. The optical transmission efficiency of signal beam is 92% and the
homodyne visibility is 97%. The resonance frequencies of PZT1 and PZT2 are about 30 kHz,
which have a flat frequency response within the signal frequency domain (100Hz-1kHz) in
our experiment.

Figure 3 gives the time-domain results of phase tracking. During the tracking process, the
homodyne output current is kept near the zero point, which indicates that the relative phase
between the signal beam and LO is well kept at the working point of n/2. The tracking system
works well when the random phase varies between —2.4 and + 2.4 radians. The tracking range
of phase rotation goes beyond 7 range, which indicates a promising fiber system for practical
applications. In the experiment, the amplitude |of* of the coherent beam, the amplitude factor
k of the phase variance, and phase noise bandwidth A are 1.43 x 10°s7!, 7.91 x 10° rad/s, and
5.65 x 10 rad/s, respectively. It should be noted that the photon flux includes only the
sideband modes considering that the carrier is removed after demodulation. The time constant
of demodulation process is 1ps.

3 T T T T
——signal
2 F —— estimate| -

Phase (rad)

Time (ms)
Fig. 3. Time domain results of fiber-based phase tracking. The blue curve is the input OU
random signal with a bandwidth of 1 kHz and the red curve is the estimation result in our fiber

homodyne system.

To analyze the phase-tracking performance quantitatively, we calculate the theoretical
MSE using adaptive homodyne filter theory [17,29] to be

5 L AR +41<|oc|2
o = (@O -D (1) | ) = ————
4o
For comparison, we also calculate the theoretical limit of a standard heterodyne system

[11,15], which is
) <[q}(t) @ (t)]2> Aty 0\,2 +4K|(X|2
(o) = — =t
hetero est 2 (_2 |a|2

(10)

(1)
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B adaptive filter experiment results
® adaptive filter theory with imperfections
0. 065 - A heterodyne theory with imperfections
A lossless adaptive filter theory
0.06 - lossless heterodyne theory
0.055 4
0.05 3
0. 045 3
0.04 3
%
0. 035 3
0.03 —;
0. 025
0.02
1E+06 1. 5E+06 2E+06 2. bE+06  3E+06
al’

Fig. 4. Dependence of MSE o on |af>. The black spots are the measured MSE. The red and
blue spots are the simulated MSEs based on adaptive homodyne and heterodyne theories,
respectively. In the calibration of the amplitude |af* for coherent beam, we has considered the
imperfect efficiency of the system. The spots for adaptive homodyne and heterodyne theories
are calculated including the experimental imperfections. If considering an ideal system without
losses, the theoretical MSE can be further reduced as shown by the red and blue lines.

In the experiment, we adjust the modulation depth of EOM1 to change the photon flux |a/*
and calculate the corresponding MSEs. The values of k and A are the same as used in Fig. 3.
When changing the photon flux, we adjust the Kalman gain to obtain the optimal tracking
results. The experimental MSE is calculated from the data points with a signal of 5 ms. The
standard deviation of MSE is obtained through 50 measurements. Figure 4 compares the
experimental and theoretical MSEs for the tracking process of a random phase signal. Clearly,
our experimental result goes beyond the theoretical value of a standard heterodyne system. At
a photon flux of ~10°, the measured MSE reaches theoretical value of the adaptive homodyne
detection, which proves a quantum-limited random phase tracking in our fiber system. The
discrepancy between the adaptive homodyne theory and experiment at a larger photon flux
may stem from the technical noises in the phase-locked loop [14].

4. Conclusion

In this work, we have experimentally demonstrated a quantum-limited phase signal estimation
using adaptive homodyne detection in fiber system. The random phase signal varying beyond
the m range can be well tracked. Our system opens a door to achieve quantum-limited real-
time detection in a fiber system, which can be utilized in various practical measurements such
as high-precision remote sensing [22,24] and low-light biological measurement [2,3]. In
addition, our system can be readily combined with a quantum light, which can perform
quantum-enhanced phase tracking [17,18].
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