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A White-Box Digital Twin for Real-Time Polarization Tracking

Xuguang Zhang, Guoqing Pu,* Yong Wu, Weisheng Hu, and Lilin Yi*

Tracking polarization in real-time is a long-term challenge. The conventional
heuristic and gradient-descent-based algorithms for polarization tracking lack
efficiency and interpretability. To resolve the problem, a white-box digital twin
modeling the entire polarization tracking system is derived by calculating with
Stokes vectors and Mueller matrices. Moreover, the real-time polarization
tracking enabled by the white-box digital twin is experimentally demonstrated,
which is over 7 times faster than the commonly used stochastic parallel
gradient descent (SPGD) on average. The adoption of digital twin allows the
algorithm to bypass the loop of perturbation, sampling, and adjusting over
the real system, thereby significantly reducing the sample times and recovery
time. The proposed white-box digital-twin-based algorithm has strong
interpretability and high efficiency, which has substantial potential to become
a standard approach to achieve real-time polarization tracking.

1. Introduction

A stable state of polarization (SOP) is always desired in diverse
optical applications ranging from quantum communication,[1–5]

quantum computation,[6–9] gravitational-wave observatory,[10–12]

and coherent beam combining[13–16] to coherent optical
communication.[17–19] However, due to defects of fiber, mechani-
cal and thermal disturbances, air turbulence, etc.,[20–25] the SOP
of light varying stochastically in transmission calls for real-time
polarization tracking techniques, which is a long-term chal-
lenge. The conventional algorithms for SOP tracking generally
include various heuristic algorithms and gradient-descent-based
algorithms. Heuristic algorithms, such as genetic algorithm
(GA),[26] simulated annealing (SA),[27] particle swarm opti-
mization (PSO),[28] etc., are computationally intensive thereby
demanding hundreds of interactions with the real system to
complete SOP tracking and their performances heavily depend
on the hyper-parameters tuning. As the alternative, gradient-
descent-based algorithms become more popular, such as the
most popular stochastic parallel gradient descent (SPGD),[29,30]

root mean square propagation (RMSprop),[31] adaptive moment
estimation (Adam),[32] etc. Their performances also depend on
hyper-parameters tuning and related techniques to avoid zigzag,
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for instance, the adaptive learning rate
strategy and momentum. Particularly,
various random noises in the real system
inevitably introduce errors in gradi-
ent calculations, which could be fatal
to these gradient-descent-based algo-
rithms. Moreover, both heuristic and
gradient-descent-based algorithms are
generally blind-searching algorithms
lacking interpretability and efficiency.
There is barely theoretical assurance
that any algorithm can eventually com-
pensate for the SOP disturbances. On
the other hand, the indeterminacy of
blind-searching demands more neces-
sary sample times, further increasing the
time consumption of achieving the tar-
get SOP. Among all existing algorithms,
the SPGD generally requires the least

sample times (i.e., usually dozens of sample times),
thereby making it the most popular solution to polarization
tracking.
Here, we demonstrate real-time polarization tracking enabled

by a white-box digital twinmodeling the entire polarization track-
ing system. Via modeling with Stokes vectors and Mueller ma-
trices, we derive that the output optical power can be expressed
by a linear assembly of 9 simple terms with 9 coefficients wait-
ing to be resolved. As a result, merely 9 sample times are re-
quired to establish the digital twin. Then, the optimal control
state can be searched in the digital twin, and one-step polar-
ization tracking is achieved. The introduction of the white-box
digital twin enables us to save numerous sample times from
the real system. We conduct experiments to test the recovery
time of achieving target SOP after disturbance and the opti-
cal power under various disturbances and to compare perfor-
mances of the digital-twin-based algorithm with the commonly
used SPGD in polarization tracking. The experimental results
show that the digital-twin-based real-time polarization tracking
is on average over 7 times faster than the SPGD in an identi-
cal physical setup. On the other hand, the SPGD is rather sen-
sitive to the initial state due to the lack of global information on
the objective function. The problem is perfectly resolved by the
white-box digital twin providing the accurate global landscape of
the objective function. Consequently, the digital-twin-based algo-
rithm is way more robust than the SPGD in diverse polariza-
tion disturbances. Further, via combining the white-box digital
twin with the SPGD, more powerful and robust real-time con-
tinuous polarization tracking is experimentally demonstrated.
The introduction of the white-box digital twin greatly improves
the stability, determinacy, and interpretability of polarization
tracking.
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Figure 1. a) The experimental setup of polarization tracking. The continuous wave (CW) laser and the homemade scrambler together generate a light
beam with random SOP, which passes through an electrical polarization controller (EPC) for polarization tracking. The polarization maintaining optical
coupler (PMOC) splits the light beam into two. One beam is sent to a polarimeter to measure the SOP. The other transmits through the polarizer
and part of it is used for feedback after being acquired by an analog-to-digital converter (ADC). The real-time polarization tracking (PT) is completed
by the field programmable gate array (FPGA) controlling digital-to-analog converters (DACs) after running the digital-twin(DT)-based algorithm. b)The
workflow of the digital-twin-based polarization tracking algorithm. First, establish the digital twin with 9 fixed samples from the real system. Then, the
optimizer searches the set of phase retardances corresponding to the maximum output power via the digital twin. Finally, apply the searched phase
retardances to the real system.

2. Principles

2.1. Experimental Setup

The experimental setup is shown in Figure 1a. In this polar-
ization tracking system, the light beam is generated by a con-
tinuous wave (CW) linear-polarized laser centering at 1550 nm
and first transmits through a homemade polarization scrambler.
The homemade polarization scrambler is composed of an EPC
and its corresponding control circuits which include a field pro-
grammable gate array (FPGA) and the affiliated digital-to-analog
converters (DACs) to control the electrical polarization controller
(EPC). The polarization scrambler can effectively randomly dis-
turb the SOP. The light beam with random SOP passes through
the other EPC to compensate for the polarization disturbances
introduced by the scrambler. The EPCs in this system consist of
four phase retarders whose phase retardance is proportional to
the square of the corresponding analog DC driving voltage. The
typical half-wave voltage of the phase retarder is 123 V. The az-
imuths of four retarders are sequentially 0, 45, -45, and 0◦. Note
that similar effects can be achieved with other types of EPCs, for
instance, the EPCs consisting of retarders with fixed azimuths
and variable retardances, and the EPCs based on squeezing fiber
with PZT. The light beam after compensation is split into two
beams by a polarization maintaining optical coupler (PMOC).
One beam is sent to a polarimeter to measure the SOP, and the
other transmits through a polarizer, which transfers the SOP vari-
ations into fluctuations of optical power. A photodetector (PD)
and an optical coupler (OC) are employed to detect the power
of the transmitted light beam at a fixed ratio and to generate a
feedback analog voltage signal for the analog-to-digital converter
(ADC) to sample. Finally, the polarization tracking is completed
by the FPGA controlling DACs after calculations in situ. When
the output power of the polarizer reaches the maximum, the in-
put SOP of the polarizer aligns with the orientation of the po-
larizer, thereby achieving polarization tracking. Note the polar-
ization maintaining links highlighted in green in Figure 1a are

merely utilized to measure the SOP, which is unnecessary in ac-
tual polarization tracking systems.

2.2. Theory of the White-Box Digital Twin

Consider a typical system containing two variable phase retarders
and a polarizer. We calculate SOPs using Stokes vectors and
Mueller matrices. TheMueller matrix of a variable phase retarder
is

M(𝜃,Δ)

=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0

0 cos22𝜃 + sin22𝜃 ⋅ cosΔ sin 2𝜃 ⋅ cos 2𝜃 ⋅ (1 − cosΔ) − sin 2𝜃 ⋅ sinΔ

0 sin 2𝜃 ⋅ cos 2𝜃 ⋅ (1 − cosΔ) sin22𝜃 + cos22𝜃 ⋅ cosΔ cos 2𝜃 ⋅ sinΔ

0 sin 2𝜃 ⋅ sinΔ − cos 2𝜃 ⋅ sinΔ cosΔ

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(1)

where 𝜃 andΔ are respectively the azimuth and the retardance of
the retarder.[33] The Mueller matrix of a polarizer is

M(𝜃) = 1
2

⎡⎢⎢⎢⎢⎢⎣

1 cos 2𝜃 sin 2𝜃 0

cos 2𝜃 cos22𝜃 sin 2𝜃 ⋅ cos 2𝜃 0

sin 2𝜃 sin 2𝜃 ⋅ cos 2𝜃 sin22𝜃 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎦

(2)

where 𝜃 is the azimuth of the polarizer.[33] The Stokes vector of
the output light beam S′ is

S′ =
[
S′
0 S

′
1 S

′
2 S

′
3

]T = MN ⋯M2M1S (3)

where S is the Stokes vector of the input light beam, and
M1,M2,… ,MN are the Mueller matrices of optical components
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as the sequence that the light beam passes through.[33] The first
element of Stokes vector S′ is S′

0, which indicates the power of
the output light beam. In this system, the azimuths of all optical
components are fixed. So, all terms inMueller matrices of optical
components, except the terms containing the phase retardances
of the two phase retarders, are also fixed. We can derive that the
optical output power y can be expressed as

y = S′
0 =

⎡⎢⎢⎢⎢⎣

1

0

0

0

⎤⎥⎥⎥⎥⎦

T

S′ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1
a2
a3
a4
a5
a6
a7
a8
a9

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

⋅

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

sinΔ1

cosΔ1

sinΔ2

cosΔ2

sinΔ1 ⋅ sinΔ2

sinΔ1 ⋅ cosΔ2

cosΔ1 ⋅ sinΔ2

cosΔ1 ⋅ cosΔ2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
= f

(
Δ1,Δ2

)
= A ⋅ P

(
Δ1,Δ2

)
(4)

where Δ1 and Δ2 are the phase retardances of two
phase retarders, the row vector A = [a1,… , a9] con-
sists of the 9 coefficients, and the column vec-
tor [sinΔ1, cosΔ1, sinΔ2, cosΔ2, sinΔ1 ⋅ sinΔ2, sinΔ1 ⋅
cosΔ2, cosΔ1 ⋅ sinΔ2, cosΔ1 ⋅ cosΔ2]

T is denoted as P
(
Δ1,Δ2

)
.

Equation (4), i.e. y = f (Δ1,Δ2), is the digital twin that we es-
tablish, showing the fact that the optical output power in the
system can be expressed as a linear assembly of 9 terms. Once
the coefficient vector A is solved, the easy corresponding relation
between the optical output power and the phase retardances
of two phase retarders can be given by y = A ⋅ P(Δ1,Δ2). Note
that a different birefringence of the system corresponds with a
different coefficient vector A.
The workflow of the digital-twin-based algorithm for real-time

polarization tracking is shown in Figure 1b, which can be divided
into two steps. The first step is to establish the white-box digi-
tal twin by sampling from the real experimental system. First,
N (N ≥ 9) sets of phase retardances {𝜟(1),… ,𝜟(N)} are gener-
ated, where 𝜟(i) = (Δ1(i),Δ2(i)) for i = 1,… , N, corresponding to
two channels of the EPC. The system applies 𝜟(i) to the EPC, then
samples the output optical power y(i), and repeats this process for
N times in total. According to Equation (4), the row vector of out-
put optical power Y = [y(1),… , y(N)] can be expressed as

Y = [A ⋅ P(Δ1(1),Δ2(1)),… ,A ⋅ P(Δ1(N),Δ2(N))] = A ⋅ X (5)

where X is a 9-by-N matrix depending on the generated phase
retardances. Hence, Equation (4) is an overdetermined equa-
tion to A. Through solving Equation (5) using the least-squares
method, we can obtain the solution A, and reconstruct the func-
tion y = f (Δ1,Δ2) = A ⋅ P(Δ1,Δ2). As a result, the white-box dig-
ital twin of the entire polarization tracking system is established.
The second step is to find the maximum output optical power in
the digital twin. The univariate search algorithm is applied to op-
timize (Δ1,Δ2) to maximize the output power y = f (Δ1,Δ2) and
identify the optimal set of phase retardances corresponding to
the maximum output power as �̂� = (Δ̂1, Δ̂2). The key point here

is that the entire optimization process is carried out in the digi-
tal twin, therefore, there are no physical delays induced by vari-
ous components or systematic instabilities and the optimization
process is fast. Finally, the system applies the maximum point
�̂� = (Δ̂1, Δ̂2) to the EPC so that the optical output power reaches
the maximum value, i.e., the SOP is aligned with the polarizer,
thereby achieving real-time polarization tracking. As a reminder,
the white-box digital twin does not characterize the input SOP
and it merely describes the relation between the output power of
the polarizer and the phase retardances of the prior EPC. As a re-
sult, like the SPGD, the digital-twin-based polarization tracking
can only align the input SOP to the orientation of the polarizer,
not an arbitrary SOP.

3. Results and Discussion

The two phase retarders of the EPC used for polarization tracking
are scanned to obtain the real mapping between the output op-
tical power after the polarizer and the two phase retardances, as
shown in Figure 2a. The white-box digital twin established with
only 9 samples from the real mapping is shown in Figure 2b.
The blue points in Figure 2a indicate the selected 9 samples to
create the digital twin. The modeling residuals are directly ob-
tained by subtracting the digital twin from the real mapping, as
shown in Figure 2c. Figure 2d displays the histogram of the resid-
uals and the absolute magnitudes of 90% residuals are smaller
than 2%. Moreover, the absolute magnitudes of all residuals are
less than 5% for all possible phase retardances and the RMSE
is 0.012, thereby manifesting the high accuracy of the white-box
digital twin.
Different types of polarization disturbances can be achieved by

applying different types of driving voltages to the EPC of the po-
larization scrambler. We use the angle between the Stokes vector
after disturbance and the Stokes vector of the original SOP before
disturbance to evaluate the magnitude of an SOP disturbance.
Figure 3a–c displays the recovery curves of the output power, nor-
malized by the average power when no disturbance is imposed,
for both the digital-twin-based algorithm and the SPGDwhen the
system encounters different polarization disturbances. The ex-
traordinary peaks close to the maximum are overshoots obtained
by the oscilloscope.
We define the time consumed from the polarization distur-

bance to the average output power of a small continuous time slot
(e.g., 0.5 ms here) reaching 98% of the maximum as the recovery
time of the algorithm. The recovery time of SPGD varies consid-
erably in different disturbances due to its inherent sensitivity to
the initial state. Fortunately, owing to a one-step optimal control
strategy governed by strong interpretability, the time-consuming
performance of the digital-twin-based algorithm is independent
of the initial state, as shown in Figure 3a–c. In principle, the ef-
ficiency of the digital-twin-based algorithm is independent from
power values obtained during the 9 times of sampling. Mean val-
ues and variances of time consumption in 16 different recoveries
of the SPGD and the digital-twin-based algorithm are compared
in Figure 3d. The digital-twin-based algorithm can ensure the re-
covery time is within 0.8 ms in any case, and its average recovery
time is over 7 times shorter than that for the SPGD. Moreover,
the recovery-time standard deviation (STD) of the SPGD is over
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Figure 2. a) The real mapping between the normalized output power and the two phase retardances. b) The established digital twin of the real mapping
in Figure 2a. c) The modeling residuals and d) the histogram of the residuals.

Figure 3. a–c) The recovery curves of both the digital-twin-based algorithm (traces with dark colors) and the SPGD (traces with shallow colors) when
the system encounters different polarization disturbances. Nine samples required to establish the digital twin are highlighted in yellow dots. d) Mean
values and standard deviations (STD) of recovery time by analyzing 16 different recovery processes.
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Figure 4. The SOP traces on the Poincaré sphere during the polarization tracking recorded by the polarimeter when the system encounters an identical
polarization disturbance and is recovered by a) the digital-twin-based algorithm and b) the SPGD.

100 times larger than that of the digital-twin-based algorithm, val-
idating that the digital-twin-based algorithm is more robust in di-
verse polarization disturbances. Note that the hyper-parameters
of the SPGD are carefully optimized to ensure decent perfor-
mance.
Figure 4 shows the SOP traces on the Poincaré sphere during

the polarization tracking recorded by the polarimeter when the
system encounters an identical polarization disturbance and is
recovered by the digital-twin-based algorithm and SPGD, respec-
tively. In order to obtain distinct traces and curves under the lim-
ited sampling rate of the polarimeter, the delay after every time
changing the driving voltages is lengthened to 100 ms. As a re-
sult, the time scales of the horizontal axes in Figure 4 become sec-
ond. The SOP trace of SPGD is twisted while that of the digital-
twin-based algorithm is rather straight.
We also characterize the time consumed inwaiting for the EPC

to respond and in running the algorithm program during the po-
larization tracking. As shown in Figure 1b, step 1 includes 9 times
of sampling and one-stepmodeling. Every sampling is performed
after waiting 50 us to guarantee to obtain stable samplings, which
is substantially confined by the response time of the EPC. Each
sampling process costs ≈68 us in total. The modeling takes ≈12
us. So, step 1 costs ≈620 us in total. Step 2 includes iterative op-
timization and typically costs ≈80 us. Step 3 costs ≈68 us to ap-
ply the searched phase retardances to the real system. Obviously,
≈65% of the time is consumed waiting for the EPC to respond.
Therefore, the time-consuming performance can be further sub-
stantially boosted by replacing the current EPC with a faster one.

On the other hand, the major limit in algorithm running
would be the iterative optimization, which applies a univariate
search algorithm via the digital twin and the optimum is typi-
cally located within 10 iterations. During applying the univariate
search algorithm, when one variable is fixed, the optimization
function turns into a sinusoidal function of the alternative vari-
able. Calculating the optimum of a sinusoidal function consists
ofmultiply accumulation, division, arc-cosine calculation, square
and root calculation, and FPGA is rather good at these operations.
The FPGA (Xilinx ZC702) has two internal ARM cores and cur-
rent calculations are actually run in oneARMcore based onC lan-
guage. If the algorithm is realized in Verilog and deployed on the
programmable logic gates inside the FPGA, the tracking speed
will be substantially enhanced.
Three degrees of freedom are required to transform an arbi-

trary input SOP to the desired output SOP, which means that
using only two phase retarders cannot ensure a complete recov-
ery. In our experiments, the digital-twin-based algorithm with
two phase retarders can realize the SOP tracking for most cases,
and if not, the digital-twin-based algorithm can guarantee the out-
put power reaching a quite large level, which is at least 90% of
themaximum according to our experimental experiences. In this
case, the SPGD can be a perfect complement to the digital-twin-
based algorithm.We propose a joint algorithmby setting a proper
threshold on the output power. When the output power falls be-
low the threshold, it is considered that the system encounters a
rather large disturbance hence launching the digital-twin-based
algorithm is more efficient. When the output power is still above
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Figure 5. a) The continuous polarization tracking results under step-wise polarization disturbances of the SPGD, the digital-twin-based algorithm (DT),
and the joint algorithm (DT+SPGD). The difference between the joint algorithm and the SPGD is plotted on the right axis. b) The continuous polarization
tracking results under sinusoidal polarization disturbances of the SPGD and the joint algorithm (DT+SPGD). The differences between the joint algorithm
and the SPGD are plotted on the right axis.

the threshold, the SPGD is kept running to deal with small varia-
tions. The threshold in the experiments is set as 80% of the max-
imum output power according to the empiricism. The joint al-
gorithm via combining the digital-twin-based algorithm and the
SPGD can avoid the inherent sensitivity to the initial state of the
latter, where the SPGD starts with a rather good initial state close
to the global optimum quickly obtained by running the digital-
twin-based algorithm first. On the other hand, the accidental in-
complete recovery when using the two-channel white-box digital
twin can be addressed by using a three-channel version of white-
box digital twin, i.e. y = f (Δ1,Δ2,Δ3) = A ⋅ P(Δ1,Δ2,Δ3), where
the vector A consists of 27 elements. As a result, it requires at
least 27 samples, which is 3 times that of the two-channel version.
Considering the tedious response time of the EPC, the three-
channel digital-twin-based algorithm would probably be rather
slow. Therefore, we suppose the joint algorithm combining the
two-channel digital-twin-based algorithm and the SPGD is the
best solution for real-time complete polarization tracking in prac-
tice.
To further evaluate the proposed method, experiments of con-

tinuous polarization tracking are designed and performed, where
the scrambler continuously induces polarization disturbances
with certain frequencies. The step-wise and sinusoidal distur-
bances are realized by applying step and sinusoidal controlling
voltages to the EPC of the scrambler. Under continuous distur-
bances with different frequencies, the output power is measured
when using different algorithms for polarization tracking, in-
cluding the SPGD, the digital-twin-based algorithm, and the joint
algorithm. Figure 5a shows the experimental results of contin-
uous polarization tracking under step-wise polarization distur-
bances. The peak-to-peak voltage of the step signal corresponds
to the large SOP disturbance of 𝜋 rad. The output power de-
creases as the disturbing frequency increases as expected. Both
the digital-twin-based algorithm and the joint algorithm outper-

form the SPGD. The joint algorithm performs best at the ma-
jority of disturbing frequencies. As shown on the right axis of
Figure 5a, the difference in the output power between the joint
algorithm and the SPGD generally increases as the disturbing
frequency increases.
We test two types of sinusoidal polarization disturbances,

whose peak-to-peak variations correspond to the large SOP dis-
turbance of 𝜋 rad and the smaller SOP disturbance of 2𝜋∕3 rad,
respectively. The experimental results of continuous polarization
tracking under sinusoidal polarization disturbances are shown
in Figure 5b, which further validate the superiority of the joint
algorithm. The differences in the output power between the joint
algorithm and the SPGD, as shown on the right axis of Figure 5b,
again aremagnified as the disturbing frequency increases. Partic-
ularly, when the frequency of the sinusoidal polarization distur-
bance reaches 200 Hz, the output power for the joint algorithm
is 20% larger than that for the SPGD. Given a certain sinusoidal
disturbing frequency, the difference becomes larger when en-
countering a larger disturbance, suggesting that the performance
gap between the joint algorithm and the SPGD increases as the
amplitude of disturbance increases. In general, the joint algo-
rithm is more resilient to high-frequency and large-variation dis-
turbances.
We also use the polarimeter to record the SOP with polariza-

tion tracking from off to on for both the SPGD and the joint
algorithm. Figure 6a shows the SOP records under step-wise
polarization disturbances, whose intervals randomly range from
20 to 50 ms and peak-peak variations also randomly range from
𝜋∕3 rad to 𝜋 rad. The Stokes vector (S1, S2, S3) of the target SOP
is (1,0,0). Figure 6b shows that the variances of the normalized
Stokes components of the SPGD are significantly larger than
those of the joint algorithm. In particular, the variance of S1 for
the SPGD is over 20 times larger than that for the joint algorithm,
suggesting that the joint algorithm can obtain a much more
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Figure 6. a) Variations of normalized Stokes components when switching polarization tracking from off to on for the SPGD and the joint algorithm
(DT+SPGD). b) Variances of the normalized Stokes components with polarization tracking on for the SPGD and the joint algorithm. c) SOP records of
the SPGD (top) and the joint algorithm (bottom).

stable SOP than the SPGD can, which is evident in the SOP
records shown in Figure 6c.More relevant experimental data sup-
porting the inference can be found in Supporting Information.

4. Conclusion

In conclusion, we demonstrate real-time polarization tracking
enabled by a white-box digital twin. Benefiting from the rigorous
mathematical derivation with polarization optics, the white-box
digital twin can accurately model the entire polarization tracking
system with strong interpretability. The adoption of digital twin
allows us to bypass the loop of perturbation, sampling, and ad-
justing over the real system, thereby significantly reducing the
sample times and recovery time. Generally, merely 9 times of
sampling from the real system is required to establish the digital
twin and complete one-step polarization tracking. As a result, the
digital-twin-based polarization tracking algorithm averages over
7 times faster than the SPGD. Due to the insensitivity of the ini-
tial state, the digital-twin-based algorithm is much more robust
than the SPGD in various polarization disturbances. Moreover,
by combining the digital twin with the SPGD,more powerful and
robust real-time polarization can be delivered in continuous po-
larization tracking. The novel white-box digital-twin enabled real-
time polarization tracking and its variants have great potential in
numerous non-polarization maintaining optical systems, whose
general performances are related to the stability of SOP.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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