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Weak signal extraction in non-stationary channel
with weak measurement

Qi Song® "4, Hongjing Li® 234 Jingzheng Huang® %3, Peng Huang'%3, Xiaorui Tan!, Yu Tao,

Chunhui Shi' & Guihua Zeng® 23

An emerging challenge of integrated communication and sensing is the extraction of weak
sensing signals transmitted through an unknown non-stationary channel. In this work, we
propose a weak signal extraction method with weak measurement. Taking advantage of time
division multiplexing, we preliminarily estimate the channel via adjustable finite impulse
response filter, further suppressing the interfering signal caused by background noises via
spectrum shift. By subsequently using the time-varying phase estimation method via weak
measurement, the real-time detection of weak signals in the non-stationary channel is
achieved. We demonstrate via theoretical analysis and confirmatory experiment that our
method is able to amplify the phase shift, to suppress technical noise and to improve
detection resolution limit, while proving robust against light source fluctuations, initial phase
differences and detector saturation. The method hence enables weak sensing signal
extraction with a low signal-to-noise ratio non-stationary channel. Furthermore, we interface
our measurement method to squeezed light sources, offering the possibility of surpassing
standard quantum limit.
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have emerged as paradigm for developing applications in

many fields, such as radar sensing system!~%, distributed
optical fiber sensing~10, internet of vehicles networks!!, quantum
key distribution!?-14, etc. Its widespread applications not only
require high communication performance, but also put forward
higher requirements on the sensing precision and sensitivity. For
example, a greater and finer seismic monitoring can be achieved
by combining distributed optical fiber sensing technology with
the existing communication optical cables»!0. As another
example, twin-field quantum key distribution (TF-QKD) can take
advantage of redundancy information to obtain the vibration
disturbance or temperature drift along the optical fiber link,
which can locate the vibration disturbance!®. Therefore, extract-
ing sensing signal through communication channels, especially
high precision identification of a weak signal with a low signal-to-
noise ratio (SNR), becomes a potential challenge.

An accurate knowledge of the channel is the premise of signal
extraction. As the channel is always changing with time in the
actual environment, the non-stationary channel tracking should
be considered, that is the channel must be re-estimated and
updated progressively. The pilot-based channel estimation
method has the advantages of low computational complexity and
fast convergence, which is suitable for the real-time application of
sensing signal transmission in a non-stationary channel>415-17,
Furthermore, a high precision and sensitivity detection method is
also essential to realize the identification of weak signals. Since
weak measurement is derived in 198818, it can amplify weak
signal above technical noise!®-23 interacted as the role of encoded
parameter, including static parameter?4-32 and time-varying
parameter33-36, which may provide a good solution for the task
of the high sensitivity detection in practice.

In this paper, a weak signal extraction method with weak
measurement is proposed, which can realize the extraction of
weak sensing signal through a non-stationary channel for its
capability on weak signal detection and noise suppression. The
separation of interfering signal caused by channel background
noises is implemented by using time-multiplexed preambles to
estimate the channel via adjustable finite impulse response (FIR)
filter and least mean square (LMS) criterion, while spectrum shift
strategy can be adopted to further improve the SNR by mod-
ulating signal according to the estimation results. Meanwhile,
weak measurement technique is applied to guarantee a real-time,
sensitive and stable detection of the time-varying weak sensing
signal. The weak sensing signal through the channel is encoded to
a time-varying phase parameter and estimated by the change of
light intensity. The method performs an enhancement in ampli-
fying phase shift, suppressing technical noise and improving
detection resolution limit, and it can also eliminate light source
fluctuation, avoid detector saturation, has robustness in initial
phase difference. When using squeezed state as light source, the
method can surpass standard quantum limit (SQL). Moreover, a
confirmatory experiment is designed, and the results showcase
the method can realize the weak sensing signal extraction in a low
SNR non-stationary channel. In potential, the insertion of refer-
ence phases enables a controllable sensitivity and linear dynamic
range, and counteracts the influence of system initial phase
absolutely. We believe the method could play a role towards the
development of ICAS.

Recently, integrated communication and sensing (ICAS)

Results

Model setup. As shown in Fig. 1a, under the action of the signal
source, each sensor in the ICAS network may obtain a sensing
signal. The signal will be transmitted through a channel to the
receiving end, which will be affected by different kinds of noises.

The actual channel always changes with time, and may exhibit
non-stationary properties, that is, the noise power density spec-
trum of channel background noises is also time-varying. In some
cases, the noises may be stronger than the sensing signal, which
makes signal extraction more difficult. Here, we consider the
transmission process of the sensing signal in the case that the
interfering signal caused by the channel background noises is
additive to the weak sensing signal.

In order to detect the weak sensing signal with high precision
and sensitivity, a weak signal extraction method via weak
measurement is proposed. As a general rule, we will denote
scalar quantities by plain italics, vectors by boldface letters, the
superscript “H” means transposition combined with complex
conjugation and superscript “*” means complex conjugation in
the whole paper. Taking advantage of time division multiplexing,
after sensing signal, each senor sends the combination of
preamble and sensing signal to receiving end through a non-
stationary channel. Preambles are with labels, which can
distinguish sensing signal and preamble of different sensors. It
is worth noting that the length of preambles should be
appropriate, too long will waste resources while too short could
not get an efficient estimation of the channel. Channel pre-
estimation can be performed to check whether the method can be
applied, and determine the time fragmentation of preambles and
the signal. One may refer to channel estimation method for
details in the channel estimation part of methods section. In the
subsequent analysis, we take a sensor as an example to show how
the method is implemented.

In the receiving end, a weak signal detection system via weak
measurement is designed to guarantee a high sensitivity and real
time detection. As depicted in Fig. 1(b), the method performs
preselection, weak interaction, and postselection on the prepared
probe state, and measure the change of probe state. In the weak
interaction process, the signal x(f), including expected signal and
interfering signal caused by unwanted channel background
noises, is encoded into a time-varying phase parameter ¢(f).
When detecting the change caused by the signal, it is necessary to
consider the requirement of the selected probe state, and the real
time detection requirement in practice, which needs a higher
sampling rate.

After detection, adjustable FIR filter with LMS criterion is used
to achieve channel estimation according to the information
carried by preambles. As depicted in Fig. 1(c), preamble p(¢)
through the channel is detected by weak measurement to form
sampled signal u(n), as the input of the FIR filter with M taps.
LMS criterion is used to adjust the tap weights according to the
output of the comparator, that is the difference between the

output of FIR filter d(n) and the desired response d(n). Then a set
of tap weights when the error is convergence can be obtained.
Here, FIR filter is chosen to generate an output response to input
data for its stability, which can guarantee the arbitrary amplitude-
frequency characteristics while having strict linear phase-
frequency characteristics, and easier to implement in hardware,
which is suitable for real-time data processing. LMS criterion is
chosen as the adaptive estimation mechanism, for it is efficient in
the case that the prior knowledge of noises is limited37-40,
Signal extraction can be realized according to the estimation
results of each fragmentation. As a possible solution, the signal
through the non-stationary channel can directly enter the FIR
filter with the set of tap weights. For another possible solution,
spectrum shift strategy can be adopted if the receiving end can
send information to the sensors, then the method can escape
strong interfering signal in a specific frequency band and
estimation errors. According to the estimation results, the
receiving end can obtain a power spectrum estimation of the
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Fig. 1 The Schematic diagram of the weak signal extraction method with weak measurement. a A simple conceptual graph of the method. Each sensor in
the integrated communication and sensing network obtains a sensing signal, and sends it to the receiving end with preambles through a changing non-
stationary channel. In the receiving end, weak measurement system is used to guarantee a high sensitivity detection, while data processing system is used
to realize channel estimation and signal extraction. b The schematic diagram of the high sensitivity time-varying phase estimation method via weak
measurement. ¢ The schematic diagram of channel estimation method via preamble and adjustable finite impulse response filter with least mean square
criterion. d Effect of spectrum shift. With modulation, one can remove the signal to a low noise frequency band. Here, PSD stands for power spectral

density.

background noises, figure out a low noise frequency band and
inform the transmitter to shift the frequency spectrum of signal
via modulation to escape from strong noises and achieve a better
separation effect, as shown in Fig. 1d. Furthermore, the spectrum
shift strategy is similar to frequency hopping communication,
which may also resist multi-path fading and improve the security
of communication!.

Weak signal detection via weak measurement. In this work, a
weak signal detection method via weak measurement is proposed,
as depicted in Fig. 1b. Our method uses weak measurement
technique to amplify the phase shift introduced by time-varying
signal, by coupling two physical systems, “system” and “pointer”,
and reveals the phase shift by light intensity detection, which
enables the detection of signals with higher frequency compo-
nents and a relatively simple way to data processing. When light
intensity is chosen as observable, the pointer is the photon
number, and the photon number distribution will change in the
measurement.

In the method, the preparation of pointer state can be adopted
as the squeezed state, coherent state, classical light, etc. Here, we
take coherent state as an example for analysis, which can be

= exp(— lo? )y, = Wi |n), |n) denotes the Fock state

expressed as |a)

with n photon number, and the mean photon number is N = |a2.
In the preselection, the light beam is modulated as
. 1
1) (1H) + V), (1)

V2

and the system-pointer joint state can be expressed as
|‘{’i> = |i)|). In the weak interaction process, a signal x(f),
including expected signal, or preambles, and the interfering signal
caused by unwanted background noises, is encoded into a time-
varying phase parameter ¢(t) between |H) and |V), the initial

state |¥;) evolves to

[w()) = e 47i) oy, )

where the Stokes polarization operator A = |H){H| — |V){V] acts
on the system, and the photon number operator 71 = a'a acts on
the pointer. Here, a is annihilation operator and a' is creation
operator. In the postselection process, the evolved state |‘I’(t)> is
projected to final state
f) = (ze’slH ie” V), 3)
which is nearly orthogonal to the preselection with a postselection
angle ¢ <1 for a high amplification factor.
After postselection, the final pointer state can be written as

(®)) = (fle” 74y
\Pf> i i ) @

w(t) ie' ¢(r)
+— :

The average photon number for the final state is associated with

possibility*?, i.e.,

—ie

ot )] )

(n) = lal’sin’[e +
and the output light intensity can be expressed as
1) = L 0sin’le + 20 ©

where Io(f) denotes initial light intensity of the source.
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Under the condition of |ImA,¢(t)/2| < 1, where A,, is so-called
weak value, i.e.

<f|A| i
SIS

the final pointer state can be expressed as

/() = (fli)e ™4:a). ®)
Correspondingly, Eq. (6) can be approximated to
1,(t) ~ I(t)sin’e[1 + (t)ImA,]
~ Io(t)e + Io(t)eg(t).
When no signal inputs, the output light intensity is
I(t) = I,(t)sin’e ~ I,(t)e?, and the unknown time-varying phase

shift () can be obtained by the change of I(f) before and after
signal input, i.e.,

ImA (7)

)

AL =I1,() — L,(?)

= Io(ep(t). (10)

Quantified performance advantage. First, we focus on the
quantified advantage of the method in phase shift estimation. In
order to illustrate the advantage, a comparison with standard
interference technique is made. For standard interference tech-
nique, a equivalent interferometer similar to the equivalence by
Brunner and Simon?8 is designed. The light is polarized at 45°,
JLE(|H) +|V)), also introduced a time-varying phase ¢(f)
between |H) and | V), and then operated in a circular polarization
%GH) +i|V)). When |p(#)] < 1 is weak, the out intensity is

10 =011 4 sing(0)
%@[+¢@] "
and the change in light intensity is
AI(t) = Io( )sm(p(t)
~ @fp(t). "

Compared the method and the equivalent interferometer from
Egs. (9) and (11), the method has an attenuation factor of 2¢2 in
the detected light intensity, but only an attenuation factor of 2¢ in
the phase shift, the phase shift is actually amplified with a factor

our method,e = 0.05
our method,e = 0.01

-- - - - standard interference
our method,e = 0.1

s
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Fig. 2 The comparison with equivalent interferometer and the method
under different postselection angles. a The amplification effect of the
phase shift according to the change in light intensity relative to the initial.
b The SNR of technical noise related to light intensity or photon number.
Here, the red dashed line stands for standard interference, and the blue,
yellow, and green line reflects our method when setting postselection angle
as 0.1, 0.05, and 0.01, respectively.

of 1/e. In order to show the amplification effect more intuitively,
the change in light intensity relative to the initial is used as the
indicator, as shown in Fig. 2a. As a result, the system works in a
thinner linear dynamic range and has a higher amplification
factor when setting a smaller postselection angle. Furthermore, as
the detected light intensity is highly attenuated, the method can
effectively avoid detector saturation, and a low-saturation can be
used. Indeed, the attenuation of the detected light intensity
reflects the requirements for detection devices, detectors with
high resolution and low minimum detectable intensity or
amplifiers can solve this problem well.

In practice, the measurement system suffers some technical
issues, which will affect the actual precision. Then we consider
two types of them, the noise related to light intensity or photon
number and alignment error, and show that the method can
outperform equivalent interferometer in the presence of these
issues.

The noise related to light intensity or photon number, which
can be expressed as In(t) = 8Iy(¢), such as relative intensity noise,
thermal noise!®3243, SNR is chosen as figure of merit to measure
the enhancement of the method. The equivalent interferometer
has a SNR of

= —_ (13)

and the method has a SNR of

_ AL

L ((3)]
_ Iy(t)sin®[e + @] — I,(t)sin*(¢)
B I,(t)6sin?[e + @]

~ Lo
e &

SNR

(14)

Thus, the method has an improvement of SNR of 1/¢ on the noise
related to light intensity or photon number, as shown in Fig. 2b.

The transmittance rate of optical devices is impossible to be
100%, and there may be a difference y between |H) and |V)23.
Then alignment error occurs, which deviates the splitting ratio of
|H) and |V) from 1:1 to(1+y/2):(1-y/2), leads a potentially
erroneous detection of detector, and restricts the detection
resolution limit to the detection method?$43. For the equivalent
interferometer, (Iy(t)/2)@(t) > In(t)y should be satisfied, and the
detection resolution limit is ¢(t) >2y. Meanwhile, the detection
resolution limit is in the method is ¢(f) > ey, given by Iy(¢)
ep(t) > Io(t)e?y. Therefore, the method also leads an improvement
of 2/¢ in detection resolution limit.

Finally, an analysis of the precision of the method is carried
out. Under the condition of |ImA,,@(t)/2] <1, the final pointer
state can be normalized as

o0, -
71‘/’TAW11 |a> ,

(15)

®)

can be approximated to p = |< fli)|* = sin*e. The quantum

‘Pf(t)> =e

and the obtained possibility of the pure ¢()-based state,
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Fig. 3 Standard deviation of ¢(t) obtained when using coherent state and
squeezed state. The green line showcases the standard quantum limit. Red
points show the standard deviation of ¢(t) when using coherent state as

light source, and blue circles show that by using the optimal Gaussian state.

Fisher information (QFI) of ‘ pf(t)> can be expressed as

a(p 0]\ (]p®)
A= Zom ) | Tap
o(py0) )\ e
~ 4Rl e ONEGH 39(0)
=|A,[((n*) — (n)?)
=[A,I*(an),
and the total QFI of the method can be expressed as
F(t) = pQ(t) = cos’e(An)?, (17)

which indicates that the precision limit of each measurement is
related to the variance of photon number, (An)**2444> When
using coherent state as the light source, (An)2 = N, and the total
QFI is cos2eN. The standard deviation of ¢(f), Ag(f) is in the
scaling of 1/+/N, which can approach SQL, as shown in Fig. 3.

Using squeezed state as the light source can further enhance
the sensitivity and precision, which has been demonstrated in
many applications, such as gravitational wave detection?®47. For
squeezed state, one can apply a squeezing along a fixed direction
S(r) = exp((r/2)(@* — a')), where r is the compression para-
meter, and a displacement D(«) = exp(oc&Jr — a*a) on vacuum
state |0). When employing all available energy in squeezing the
vacuum state can achieve the highest sensitivity, which is so-
called the optimal Gaussian state*8. When the optimal Gaussian
state is applied to the method as light source, (An)* = 2(n2 +n,),
where n, = sinh’r is the mean photon number?$-50, here,
An>n,, which does not satisfy the condition of the form of
Heisenberg limit of 1/n, by Ou”2, In this case, the total QFI is
2cos’e(n? + n,), Ap(t) is in the scaling of 1/,/n2 + n,, and the
method can surpass SQL, as shown in Fig. 3.

Experimental verification. In our method, the total noises can be
divided into two parts, the interfering signal caused by unwanted
background noises and the technical noise caused by detecting
the weak signal. As discussed above, the weak signal detection

1 Source
Lo,
VOA BPD2
B \ H— S
) J .—a’”
FC1 Qwp P FC2 BPD1 DAQ Computer

Fig. 4 Schematic diagram of the experimental setup. Here, the orange line
is the optical fiber, blue line is electric wire and red line is the light beam in
free space. BS beam splitter, PC polarization controller, PM phase
modulator, AWG Arbitrary waveform generator, VOA variable optical
attenuator, FC1, FC2 fiber collimator, QWP quarter wave plate, P polarizer,
BPD1 BPD2, balanced photoelectric detector, DAQ Data Acquisition Card.

method via weak measurement can realize the estimation of
phase shift and suppress the technical noise. However, the
interfering signal caused by unwanted background noises com-
bines with the sensing signal in the transmission of sensing signal
through the non-stationary channel and encode into the weak
measurement system. Extracting the expected signal from the
phase shift is a significant part in ICAS, it is necessary to consider
channel estimation, which is realized via the preambles and FIR
filter with LMS criterion.

As depicted in Fig. 4, a confirmatory experiment is designed to
showcase the channel estimation effect of the method. In the
theoretical analysis, we have shown the performance advantages
and quantum enhancement when using squeezed state, and the
performance advantages of phase shift amplification, the SNR
improvement, and detection resolution limit improvement are
also established in classical light sources. For practical application
considerations, we use a classical light to perform the experiment,
a single frequency laser is chosen as the light source. In practice,
the light source may fluctuate due to changes in parameters such
as temperature, electric current, etc. To solve this problem, the
light beam is split into two paths where the 1 path is used to
detect the signal, and the 2”4 path is used to monitor the light
source. The light split ratio between the 15 path and the 2% path
are =1, and it can be processed with R(f), ie.

R(t) = 2—2; ~ ne* + nep(t). The unknown time-varying phase
shift can be also obtained by the change of R(f) without light
intensity fluctuation, AR(f) = R(t) — Ry(t) = nje¢(t). In addition, a
microcontroller or field programmable gate array can replace the
data acquisition card and computer for the requirement of real-
time processing in practical engineering. One may refer to
experimental materials and calibration for details in the methods
section.

In experimental setup, we choose sinusoidal signal with single
frequency as preamble, and perform two groups of experiment
with a sampling frequency of 100kHz. The amplitude and
frequency of sinusoidal preamble are 500mV and 100Hz in
Group 1, while the amplitude and frequency of sinusoidal
preamble are 50mV and 400Hz in Group 2. For the interfering
signal caused by unwanted background noisse, as pulse noise
under Gaussian mixture noise exist in many scenarios, such as,
marine ambient noise of Arctic Ocean>, short-wave broadband
channel®, etc, we choose the consist of pulse noise under
Gaussian mixture noise as the channel background noise.
Moreover, the detection results also contain technical noise, such
as electrical noise and imperfection of different devices, etc. Due
to the technical noise and the filtering effect of balanced
photoelectric detector, the actual noises are more complex than
the preset channel background noises.
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Fig. 5 The fragment of the 100ms preamble recovery results. a The
recovery results of Group 1. b The recovery results of Group 2. Here, the
yellow lines are the measured values of each group, while the blue lines are
the desired response of FIR, and the red dotted lines are the actual response
of the FIR filter. In the vertical coordinate, the amplitude is kg, where k is a
constant, one may refer to experimental materials and calibration for details
in the methods section.

Table 1 Figure of merit of the recovery results.

Group? 1 2

SNR before processing 2.1032dB -18.1594dB
SNR after processing 28.8022dB 8.1715dB

the improvement of 26.6991dB 26.3309dB
SNR

root-mean-square error  8.5534 x 10—4 9.1597 x 104
mean absolute error 71272 %104 7.7293 x10-4

aThe two groups of experiment results are different sinusoidal preambles through the non-
stationary channel with pulse noise under Gaussian mixture noise with a sampling frequency of
100kHz. The amplitude and frequency of Group 1 and Group 2 are 500mV and 100Hz, 50mV
and 400Hz, respectively.

According to the convergence situation, a set of the tap weights
is chosen to estimate the channel. One may refer to channel
estimation method for details in the methods section. In order to
intuitively display the noises separation effect of the method, we
first recover the preamble. As shown in Fig. 5, the estimated
values are in good agreement with the desired response. Root-
mean-square error, mean absolute error and the improvement of
SNR are further chosen as the figure of merit to quantitatively
measure errors and the improvement of SNR. As listed in Table 1,
the results show that the improvement of SNR can reach 26dB,
which suggests the feasibility that a set of the tap weights when
convergence can extract the signal well.

As shown in Fig. 1d, frequency spectrum shift strategy could be
used in the method. Thus, an estimation of noise frequency
spectrum is essential, the results is depicted in Fig. 6. The method
has a great estimation result from Fig. 6a, c. In the process of
detection by photodetector, electrical noise will disturb the
detection results. As the noises in low frequency range is more
complicated®, we further explore the noise frequency spectrum
estimation in the frequency lower than 2 kHz. As shown in
Fig. 6b, d, the method also has a good result, although only a few
frequencies are not accurately estimated. Overall, the estimation
results verify the feasibility of the method in a low-SNR non-

-50 N
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Fig. 6 Noise power spectrum density estimation results. a The overall
noise power spectrum density estimation of Group 1. b The noise power
spectrum density estimation in the range of lower than 2 kHz of Group 1.
¢ The overall noise power spectrum density estimation of Group 2. d The
noise power spectrum density estimation in the range of lower than 2 kHz
of Group 2. In a and ¢, the blue line with circles shows the actual values, and
red dashed line with points shows the estimation values. In b and d, the
blue line shows the actual values, and red points show the estimation
values. Here, the results are also calculated by kg, and PSD stands for
power spectral density.

stationary channel with pulse noise under Gaussian mixture
noise, which lays the foundation for ensuring the spectrum
shifting strategy.

Discussion

In summary, a signal extraction method with weak measurement
is proposed and experimentally demonstrated to extract weak
sensing signal through an unknown non-stationary channel. The
method performs enhancement in detecting weak signal, which
enables a real-time, sensitive and stable detection. With time
division multiplexing, preambles are designed to realize the noise
estimation in the non-stationary channel via adjustable FIR filter
with LMS criterion. According to the results, weak sensing signal
can be identified, and spectrum shift strategy can be used to
further improve the SNR via signal modulation if conditions
permit. Moreover, a confirmatory experiment is performed, and
the results illustrate the feasibility of the method in a low-SNR
non-stationary channel with pulse noise under Gaussian mixture
noise. The method may provide a good solution in the difficult
and potential task of weak sensing signal extraction under the
trend of ICAS.

In the weak signal detection of the method, weak measurement
technique performs quantum operation on photonics by setting
the postselection state which is nearly orthogonal to the pre-
selection state at the cost of light attenuation loss. Compared with
standard interference technique, the method has an amplification
in the phase shift with a factor of 1/¢, an improvement of SNR of
1/e on the noise or error related to light intensity or photon
number, and an improvement of detection resolution limit of 2/¢
in the ideal case. The light attenuation loss can avoid detector
saturation, although it puts forward higher requirement for the
minimum detectable intensity and resolution of detectors and
data acquisition equipment. When using squeezed light as light
source, the method may offer the possibility of surpassing SQL.

When the method is applied into the practice, there may be an
initial phase difference ¢, between |H) and |V), which is also
non-negligible in experimental setup. Still under the condition of
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|%t)1mAW| < 1, ImA,, = cot(e + ¢o/2), AR(t) can be rewritten as
AR(t) = nsin®(e + £)¢(t)ImA,,, and correspondingly, the ampli-
fication factor in the phase shift will reduce to cot(e + ¢o/2), and
the improvement of SNR on the noise or error related to light
intensity or photon number will also reduce to cot(e + @o/2).
Thus, the existence of the initial phase difference ¢, may lead to
an unsatisfactory amplification factor. In order to solve this
problem, an adaptive adjustment strategy can be utilized by
adjusting postselection angle £°© or inserting a reference phase in
the 15 path343657, The adaptive adjustment strategy can guar-
antee the amplitude of an unknown time-varying parameter
always meets the weak measurement condition in practical
application, even the initial phase difference ¢, is time-varying,
and enables the method a controllable sensitive and linear
dynamic range.

Furthermore, in the practical application, the light intensity
may exist large fluctuation, not like the case in the experiment
that the light intensity can be considered to almost non-
fluctuation. Due to a time delay exists between the signal path
and light intensity monitoring path, a synchronizer is needed.
One possible solution is modulating the light source with pulses
as synchronization markers.

Methods

Channel estimation method. In the method, channel estimation
is realized via preambles and FIR filter with LMS criterion. As
shown in Fig. lc, the preamble p(f) through the non-stationary
complicated channel is detected by weak measurement system, and
get the sampled signal u(n), which is processed by a FIR filter with
M taps. We denote the input of the FIR filter at any moment as a
Mx 1 tap input vector u(n) = {u(n), u(n — 1), ...,u(n — M+ 1)},
while the tap weights of the FIR filter is denoted as a M x 1 tap
weights vector, w(n) = {wy(n), w,(n),--- ,wy_,(n)}. Then the
output of FIR filter is

d(n) = W (n)u(n), (18)
which is the estimation of the desired response d(n), the sampling

sequence of a time-delayed preamble. The comparator is used to
compare d(n) and d(n), and its output is the estimation error, i.e.

e(n) = d(n) — d(n), (19)

which is used to adjust the tap weights w(n + 1) according to the
LMS criterion.

In order to track the change of channel, a cost function is
defined,

J(n) = le(n)* = e(m)e*(n)

to adapt to statistical variations of the unknown channel.
According to the LMS criterion, the updated tap-weight vector
w(n + 1) is optimal in the meaning of mean square error??, and
the updating rule is

w(n + 1) = w(n) + pu(n)e*(n)

(20)

@1

where y is step-size parameter, and a larger y has a faster
convergence rate. It is emphasized that y is a relatively small
positive value, which should satisfy 0<1ull u(n) I><1, where
[lu(n)||? is the squared Euclidean norm of the input vector u(n).
The tap-weight vector at the time of convergence can be denoted
as w(n).

In fact, the FIR output error is minimized to achieve
convergence by adjusting the convergence is determined by the
taps of FIR M and the step-size parameter of LMS criterion p. In
the experiment, The convergence situation of Group 1 is shown
in Fig. 7a, the taps of the FIR is M =500, and the step-size
parameter of LMS criterion is y=0.005. The convergence

0 2500 5000 7500

interations

Fig. 7 Convergence situation. a Convergence situation of Group], the taps
of finite impulse response is M =500, and the step-size parameter of least
mean square criterion is ¢ = 0.005. b Convergence situation of Group2, the
taps of finite impulse response is M =1000, and the step-size parameter of
least mean square criterion is u = 0.05. In the vertical coordinate, the error
is the amplitude error of k.

situation of Group 2 is shown in Fig. 7b, the taps of the FIR is
M =1000, and the step-size parameter of LMS criterion is
p=0.05. By comparing the convergence situation, a lower SNR
needs more convergence time, which needs increasing the length
of preamble fragmentation and more taps, which reflects the
requirements on computational performance and hardware
structure in practice.

Indeed, the method expects the tap weights vector w(n) can be
converged when estimating channel via the preamble, and the
convergence can be sustainable when the signal is received. Thus
misadjustment M, is defined to measure whether J(n) can be
accepted, i.e.

Jex()

}min

M, (n) = (22)
where J,,;, is the mean square error at time of convergence, and
Jex(n) = J(n) — J i is real-time value of the excess mean square
error. Eq. (22) can be expressed as
1

M,(n) = E.ull u(n) |* (23)
when y is small. Usually, M,, is often smaller than 10% in practical
application?,

Experimental materials and calibration. The schematic diagram
of the experimental setup, is shown in Fig. 3. The light beam
emits from a single frequency laser (NLFL-1550-50-SM-M) with
a central wavelength of 1550 nm, and is split into two paths
through a fiber beam splitter (TW1550R5A1, Thorlabs). In the
first path, the light beam is collected by a fiber collimator (60FC-
4-A11-45, Schifter+Kirchhoff) and enters a polarization con-
troller (FPC032, Thorlabs) to preselect the polarization state.
Then the light passes through a phase modulator (LN53S-FC,
Thorlabs), which encodes the simulated signals passing through a
complicated channel generated by an arbitrary waveform gen-
erators(AFG3011C, Tektronix) into time-varying phase para-
meter. After that, the output light passes through a quarter-wave
plate (AQWP10M-1600, Thorlabs) and a polarizer (LPNIR100-
MP2, Thorlabs), which play the role of postselection, and the
intensity was collected by a fiber collimator and monitored by the
first balanced photoelectric detector (PDB440C, Thorlabs). In the
second path, the light beam is attenuated by a variant optical
attenuator, which avoids detection equipment damage caused by
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Fig. 8 The analog-to-digital conversion values of the 15t path detected by
weak measurement under different driving voltages and the calibration
results. The blue points show the average measured values of 500
measurements, and the error bars showcase the maximum and minimum
values. The green line labels the linear dynamic range, and the red dotted
line shows the fitting results with a correlation coefficient of 0.9988. Here,
ADC value is analog-to-digital conversion value.

excessive light and then collected by the second balanced pho-
toelectric detector. Finally, the detection data of two balanced
photoelectric detectors are processed by a data acquisition card
(SBenché, Spectrum) with a 16-bit analog-to-digital converter
(ADC) and a sampling frequency of 100kHz and a computer.

In the experiment setup, the phase introduced by phase
modulator has a linear relation with its driving voltage in the
range of its half wave voltage, about from -7V to 7V. As the light
intensity monitored by the 274 path is almost stable with an
average ADC value of 24155 after attenuating about 40dB by the
variant optical attenuator, we choose the driving voltage as the
independent variable and the ADC values of the 1 path as the
dependent variable to calibrate, as depicted in Fig. 8. The fitting
linear dynamic range can be expressed as I} = 1610x + 24800,
with a correlation coefficient of 0.9988, where x is driving voltage
of the phase modulator.

Above all, as the phase introduced by phase modulator has a
linear relation with its driving voltage, and I;/I, also has a linear
relation with the driving voltage, the unknown time-varying
phase is in direct proportion to the change of I,/L, i.e.
(I (¢) — 24800)/I,(t) = kg(t). Therefore, we collect the light
intensity of the 1% path and the 27" path, and take
(I; —24800)/I, as the input of FIR in data processing.

Data availability

All data needed to evaluate the conclusions in the paper are preset in the paper.
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