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Tailoring temperature response for
a multimode fiber

Han Gao'?, Haifeng Hu'*** and Qiwen Zhan!>**

This work introduces special states for light in multimode fibers featuring strongly enhanced or reduced correlations be-
tween output fields in the presence of environmental temperature fluctuations. Using experimentally measured multi-tem-
perature transmission matrix, a set of temperature principal modes that exhibit resilience to disturbances caused by tem-
perature fluctuations can be generated. Reversing this concept also allows the construction of temperature anti-principal
modes, with output profiles more susceptible to temperature influences than the unmodulated wavefront. Despite
changes in the length of the multimode fiber within the temperature-fluctuating region, the proposed approach remains
capable of robustly controlling the temperature response within the fiber. To illustrate the practicality of the proposed spe-
cial state, a learning-empowered fiber specklegram temperature sensor based on temperature anti-principal mode sensi-
tization is proposed. This sensor exhibits outstanding superiority over traditional approaches in terms of resolution and
accuracy. These novel states are anticipated to have wide-ranging applications in fiber communication, sensing, imaging,
and spectroscopy, and serve as a source of inspiration for the discovery of other novel states.

Keywords: multimode fiber; principal mode; wavefront shaping; optical fiber sensor; temperature response
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Introduction sion, unavoidable random mixing between modes with

Multimode fiber (MMF) is an intricate and indispens- different propagation constants, intrinsic defects of the

able system that plays a pivotal role in a diverse array of fiber, and disorder induced by external perturbations can

applications, ranging from optical transmission'~, imag-
ing® ', and sensing!'-"%, to high-power laser'®'” and opti-
cal amplifier'®"”. Across all these diverse application do-
mains, the ability of MMF to carry a large number of
transverse optical modes is both a critical feature and a
significant challenge. Compared to single-mode fiber
(SMF), which can only support a single transverse opti-
cal mode, MMF exhibits significantly enhanced informa-
tion-carrying capacity. Moreover, the structural charac-
teristics of MMF enable fiber-based lasers and amplifiers

to operate at high power levels. However, mode disper-

cause significant distortion of the optical signal propa-
gating through the MMF. After injecting coherent light
into MMF, a seemingly random and chaotic pattern with
bright and dark spots, called speckle pattern, can be ob-
served at the output. Understanding and manipulating
this distortion in MMFs remains an important challenge
for applications in optical telecommunications, endo-
scopic imaging, and micro-manipulation.

Recently, transmission matrix (TM) has become a
powerful tool for characterizing and controlling the

propagation of light in complex but deterministic optical
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linear systems®. The TM was originally proposed and
demonstrated in the context of scattering media, and it is
obtained by measuring the linear relationship between
optical wavefronts on the incident plane and observa-
tion plane. The conjugate and time-reversal properties of
the TM enable convenient manipulation of the output
optical field of scattering media®'>* or imaging®*2°. Sub-
sequently, this concept was transferred to MMFs, which
further facilitated the development of various applica-
tions, including endoscopic imaging?, micromanipula-
tion*, quantum information processing®”. However, the
use of TM is not capable of entirely describe the trans-
mission properties of MMF in a dynamic state*. In fact,
one of the major challenges in the practical application of
MMEF is not only understanding the impact of external
disturbance, but also completely avoiding it. In recent
times, the time-delay operator introduced by Wigner and
Smith®*? in quantum mechanics has garnered signifi-
cant interest among researchers. Simultaneously, with
the advancement of wavefront shaping technology and
devices, detecting a single Wigner-Smith eigenstate in
optics has become possible. By extending the concept of
polarization mode in single-mode fiber, the Wigner-
Smith eigenstate, also referred to as the principal mode
(PM) in MMFs, has emerged as a promising strategy to
mitigate mode dispersion®*~*. Through this approach,
ultra-short light pulses can be transmitted through
MMFs with unprecedented fidelity in the temporal di-
mension. In 2015, the existence of the PM in MMFs was
experimentally validated for the first time by J. Carpen-
ter et al.**, who demonstrated its superiority over the La-
guerre-Gaussian mode in different types of MMFs. This
groundbreaking achievement confirmed the viability of
the Wigner-Smith eigenstate as a powerful tool for sup-
pressing mode dispersion and improving the perfor-
mance of optical communication systems. Due to the
universality of the PM concept, researchers have realized
that by employing the generalized Wigner-Smith opera-
tor, the search for channels that are insensitive to exter-
nal disturbance can be extended beyond the incident
light frequency to other parameters®. However, research
on utilizing the generalized Wigner-Smith operator to
search for novel and special states in MMF remains
scarce.

In this work, we utilized a generalized Wigner-Smith
operator constructed according to the multi-tempera-
ture transmission matrix of MMF to generate special op-
tical states called temperature principal modes, using

wavefront shaping techniques. Compared with the un-
modulated incident beams, the temperature principal
mode exhibits greater resistance to temperature-induced
distortions of output speckle patterns. Furthermore, by
reversing the concept, our approach can also be em-
ployed to generate temperature anti-principal mode with
extremely narrow temperature bandwidth, which have
potential applications in the field of optical fiber sensing.
Experimental results have demonstrated that the learn-
ing-empowered fiber specklegram temperature sensor
sensitized by the temperature anti-principal mode is sig-
nificantly superior to traditional solutions in terms of
resolution and demodulation accuracy. The proposed
approach in this work holds promise for a wide range of
applications in imaging, sensing, and communication,
and is expected to serve as a universal framework for
promoting to other multimode waveguides.

Methods

Temperature principal modes and anti-principal
modes
The fidelity between the transmission matrix of the per-
turbed fiber and the reference matrix for the unper-
turbed configuration decreases quickly as the tempera-
ture AT increases. While temperature fluctuations can al-
ter transmission characteristics, our objective is to identi-
fy a set of channels minimally affected by fluctuations in
ambient temperature, which are referred to as the tem-
perature principal modes. The temperature principal
modes refer to a set of optical channels that exhibit re-
markable resistance to temperature-induced distortions.
Compared to unmodulated wavefronts, the temperature
principal modes can enable the output field of a MMF to
maintain high correlation over a wider temperature
range. Here, we introduce a method based on the Wign-
er-Smith operator to calculate the temperature principal
mode and temperature anti-principal mode in a MMF.
In optical fibers, the Wigner-Smith operator Q can be ex-
pressed as*:
u(T) - U(T)
T—T,

where U is the transmission matrix. Temperature princi-

Q = 7iU71(T0) ) (1)

pal modes ¢ are the eigenstate of the Wigner-Smith op-
erator Q.

To provide a quantitative assessment, we describe the
suppressive effect of the temperature principal mode on
temperature-induced distortions by calculating the
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correlation function C. The correlation function C can be
expressed as®:

CAT=T-T,) = |y (Ty) - w(T)

; ()
where y(T) represents the normalized output optical
field under the temperature of T. As the value of C ap-
proaches 1, the correlation between the output optical
fields becomes higher.

To further enhance the bandwidth of the temperature
principal mode, a loss function I' has been introduced.
The loss function I' can be expressed as®:

I(9) = [ 11 - C(a1)]

_ RAGORTO
-J dT[I |w<T>2|w<To>2]' ®

It can be observed that by minimizing the value of the
loss function I', which can be achieved through gradient
algorithms, the temperature principal mode with opti-
mized bandwidth can be obtained. When applying opti-
mization algorithms to minimize the loss function, it is
recommended to use the temperature principal mode
obtained through Eq. (1) as the initial value for the opti-
mization loop.

The temperature anti-principal modes are a set of op-
tical channels that are more sensitive to temperature-in-
duced distortion. Compared to the unmodulated wave-
front (e.g. Gaussian beam), the speckle patterns generat-
ed by the temperature anti-principal mode exhibit a
higher degree of decorrelation with each other under
varying temperature conditions. Unlike the process for
obtaining the optimized temperature principal mode, the
temperature anti-principal mode can be easily obtained
by maximizing the loss function I' described in Eq. (3)*°.

Experimental setup

As shown in Fig. 1, the continuous wave output of the
laser (Santec TSL-550) is collimated and expanded be-
fore being split into two arms by a beam splitter (BS1).
The linewidth and operating wavelength of the laser used
in this experiment are 200 kHz and 1550 nm, respective-
ly. The light in one arm is modulated using a spatial light
modulator (SLM, HOLOEYE, GAEA-2, pixel size: 3.74
pumx3.74 um, resolution: 4160x2464) and then projected
onto the proximal end face of a 1 m long multimode op-
tical fiber (MMF, 62.5/125 um core/cladding diameters).
In this study, the multimode fiber supports approximate-
ly 390 modes, and the signal light is modulated using
1500x1500 pixels at the center of the SLM. The two lens-

es (L3 and L4) used in the experiment are both manufac-
tured by Thorlabs, with a model designation of LA1509-
C and a focal length of 100 mm. The output field of the
fiber is acquired by means of a microscope objective
(OBJ2, Nikon, CFI40X, 40x, NA=0.75) and subsequently
superimposed with the light in the reference arm at the
second beam splitter (BS2). The interference fringes are
generated by inducing a phase tilt between the two wave-
fronts through the use of the beam splitter (BS2). The in-
terference pattern was recorded with a camera (CCD,
Xenics, Bobcat 640 GigE, 16-bit). Subsequently, the am-
plitude and phase distributions of the output field were
extracted in momentum space. To obtain the transmis-
sion matrices of the optical fiber at different tempera-
tures, the fiber was heated using a hot plate. The multi-
mode fiber used in this work has a coating layer. There-
fore, to ensure accuracy and minimize potential errors,
we waited for ten minutes after each temperature change
before initiating data collection. The overall dimensions
of the experimental setup are 95 cm x 70 cm.

- A -
M - | Heating equipment

211 s
P =t /
« M

_ MMF
Hi—-——= " my
SLM BS1 |3 |4 OBJ1 O0BJ2 P
» L k '

M BS2 CCD

Laser

1
1

1

1

1

1

1

’

Fig. 1| Schematics of the experimental setup. OBJ: microscopic
objective (OBJ1: 20x, NA (numerical aperture) = 0.40; OBJ2: 40x,
NA= 0.75); CCD: charge-coupled device camera; MMF: multimode
fiber; SLM: spatial light modulator; P: polarizer; M: mirror; BS: beam
splitter; L: lens.

Results

To construct the Wigner-Smith operator, we employed
the interferometer illustrated in Fig. 1 to measure the
field transmission matrix of a MMF across various tem-
peratures. The wavefront of the optical field is modulat-
ed by a SLM in the fiber arm and subsequently projected
onto the proximal face of MMEF. The resultant interfero-
gram, formed by combining the output field of the fiber
with a reference beam, is analyzed to extract the ampli-
tude and phase distribution of the transmitted field
through the fiber. To reduce noise, a filtering process was
applied by discarding the eigenchannels with very high
loss in the measured transmission matrices®. Specifical-
ly, the channels with eigenvalues less than 1% of the
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maximum eigenvalue in the transmission matrix were
discarded. The reason for conducting this filtering can be
attributed to the fact that eigenchannels with smaller
eigenvalues will introduce substantial errors, leading to
the computed Wigner-Smith operator being highly sen-
sitive to noise and system errors. Therefore, despite trun-
cating the transmission matrix and discarding some of
its transmission characteristics, the filtering process miti-
gates the ill-conditioning of the transmission matrix and
enhances the robustness of the Wigner-Smith operator
to disturbances. In this experiment, a total of 80 eigen-
channels were retained. The temperature principal mode
and temperature anti-principal mode corresponding
input states were generated using SLM and launched in-
to the fiber for propagation. As this work employs a
phase-only modulation type of SLM, it is necessary to
use complex-phase encoding techniques to convert the
phase-only holograms into complex functions with both
amplitude and phase modulation”. It should be noted
that this work focuses only on the study of one linear po-
larization state of the input and output light. Due to the
distortion that occurs as the input light propagates
through the MMF, some of the input light is converted
to another polarization state, resulting in the loss of this
information at the output. Therefore, even in the ab-
sence of intrinsic losses, the measured transmission ma-
trix is non-unitary and can be regarded as a subset of the
full transmission matrix that includes both polarizations.
Despite this, it is still possible to obtain a Wigner-Smith
operator corresponding to one polarization from the
partial transmission matrix*, and its eigenstates can be
used to manipulate the response of one polarization
component of the output field to temperature-induced
distortion. Currently, the calibration time for the tem-
perature principal modes and anti-principal modes is ap-
proximately ten minutes, with most of the time spent on
calibrating the multi-temperature transmission matrix.
Using wavefront shaping devices with faster modulation
rates, such as DMD (digital micromirror device), can sig-
nificantly improve the calibration speed by two orders of
magnitude®. Additionally, employing compressive sens-
ing algorithms enables the reconstruction of the com-
plete transmission matrix under undersampling condi-
tions®, further enhancing the real-time feasibility of the
proposed approach.

Computer-generated phase holograms were loaded
onto a SLM, and temperature principal modes and tem-
perature anti-principal modes were constructed through

amplitude and phase modulation. Corresponding out-
put fields were recorded as the environmental tempera-
ture was scanned, and the correlation between the out-
put-field patterns was calculated using Eq. (2). The tem-
perature bandwidth 8T is defined as the temperature
change required to induce decorrelation of the output
optical field and can be expressed as:

C(8T/2) = C(0)/2 . (4)

Figure 2 illustrates the relationship between the corre-
lation of the output field and temperature variation, rep-
resented by the red solid line for the temperature princi-
pal mode, the green solid line for the temperature anti-
principal mode, and the blue solid line for the unmodu-
lated wavefront. When the length of the MMF in the
temperature fluctuation region is 10 cm, the tempera-
ture bandwidth of the unmodulated wavefront is 40.6 °C,
while the temperature bandwidths of the temperature
principal mode and temperature anti-principal mode are
57.4 °C and 27.4 °C, respectively. Compared with the un-
modulated wavefront, the temperature bandwidth can be
increased by about 40% using the temperature principal
mode. In contrast, the temperature anti-principal mode
reduces the temperature bandwidth to 67% of the un-

modulated wavefront.

Correlation
o
(o]

o
N
T

o
[N
T

—— Unmodulated wavefront
| —— Temperature principal mode

—— Temperature anti-principal mode
0 5 10 15 20 25 30
AT (°C)

Fig. 2 | Calculated correlation function for output signals of the
unmodulated wavefront (blue solid line), the temperature princi-
pal mode (red solid line) and the temperature anti-principal

mode (green solid line).

Figure 3 provides a more intuitive demonstration of
the manipulative effects on temperature response in
MME, where the top, middle, and bottom rows respec-
tively represent the intensity distribution of the output
field corresponding to the temperature principal mode,
the temperature anti-principal mode, and the unmodu-
lated wavefront. The middle panel of Fig. 3 represents
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the initial state, while the left and right panels respectively
depict the intensity distribution of the output field at the
distal end of the fiber under temperature fluctuations of
—10 °C and 10 °C. It can be visually and intuitively ob-
served that the scheme described in this work can effec-

tively manipulate the temperature response in MMF.

AT=—10°C AT=0°C AT=10°C
- » .

-~ > N

R E055

Fig. 3 | Recorded intensity profiles of (a) temperature principal mode
(top row), (b) temperature anti-principal mode (middle row) and (c)
unmodulated wavefront (bottom row) at the distal end of the fiber.

To explore the applicability of the proposed scheme,
we further investigated scenarios with fiber lengths of 20
cm, 30 cm, 40 cm, and 50 cm in regions of temperature
fluctuations. By recalibration, the proposed approach re-
mains robust as the length of the fiber in the path in-
creases. Figure 4 displays the normalized bandwidths of
the temperature principal mode and temperature anti-
principal mode, normalized by the temperature band-
width of unmodulated wavefront. When the lengths of
the fiber in the temperature fluctuation region are 10 cm,
20 cm, 30 cm, 40 cm, and 50 cm, the normalized band-
widths of the temperature principal mode are 1.41, 1.45,
1.43, 1.46 and 1.44, while the normalized bandwidths of
the temperature anti-principal mode are 0.67, 0.65, 0.64,
0.67 and 0.66, respectively. Despite the change in fiber
length, the approach proposed in this work can still ro-
bustly manipulate the temperature response of MMF.

To compare the effects of heating environments on the
principal modes, we utilized both water bath heating and
hot plate heating methods to generate the principal
modes. When the length of the fiber in the temperature
fluctuation region is 30 cm, the normalized bandwidths
of the temperature principal modes generated by the wa-
ter bath heating method and the hotplate heating
method are 1.43 and 1.45, respectively, while the normal-

ized bandwidths of the anti-principal modes are 0.64 and
0.62, respectively. The experimental results reveal that,
with uniform temperature distribution inside the optical
fiber ensured, the bandwidths of the principal and anti-
principal modes obtained through both heating meth-
ods are similar.

%]
14} o— 9 o ®
c
5 1.2
2
©
1.0}
e}
©
[0}
NQO8
£
£ [*) ? 9 [+
So6} 4
—Q— Temperature principal mode
0.4 | —_@— Temperature anti-principal mode
0.1 0.2 0.3 0.4 0.5

Fiber length (m)

Fig. 4 | Normalized bandwidth of the temperature principal mode
and the temperature anti-principal mode for different fiber length.

Temperature principal mode can suppress tempera-
ture-induced distortions, which has potential applica-
tions in fields such as fiber optic spectrometers, imaging,
and communication. On the other hand, the tempera-
ture anti-principal mode can enhance the response of
fiber optic to external perturbations, and therefore holds
promise for advancing the field of fiber optic sensing.
Fiber optic sensors have been widely used in various
fields due to their small size, high sensitivity, and resis-
tance to electromagnetic interference. In the reported
works, fiber specklegram sensors are considered as a
promising candidate for widely applicable fiber sensing
technologies due to their advantages of not requiring ex-
pensive sensor interrogation schemes or complex fabri-
cation processes®. Fiber specklegram sensor is devoted
to analyzing the statistical information of the speckle pat-
tern generated at the distal end of the fiber, and predict-
ing the sensing parameter based on the correlation coef-
ficient between the speckle patterns. Therefore, the sensi-
tivity of fiber specklegram sensor relies on the distortion
induced by external disturbances. Currently, methods to
increase the sensitivity of fiber optic temperature sen-
sors, such as using specialty fibers'*?, coating” or
filling'! with sensitive materials, or designing and fabri-
cating special sensing structures***, often compromise
the robustness of the fiber optic structure or increase the
time and experimental effort required, which is not
conducive to practical applications. The temperature
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anti-principal mode can enhance the temperature-in-
duced distortion in optical fibers, thereby improving the
performance of fiber specklegram temperature sensors
without compromising the robustness of fiber structures
or requiring complex fabrication processes. To validate
the feasibility, we proposed a fiber specklegram tempera-
ture sensor enhanced by the temperature anti-principal
mode. In traditional fiber specklegram sensing schemes,
various techniques such as normalized inner-product co-
efficient (NIPC)*°, zero mean normalized cross-correla-
tion coefticient (ZNCC)*, and morphological image pro-
cessing?’ have been proposed to fit the relationship be-
tween speckle patterns and sensing parameters. Howev-
er, these techniques often focus on analyzing the statisti-
cal information of speckle patterns and do not fully uti-
lize the abundant information carried by many fiber
modes. Hence, these methods have limitations in fully
capturing the evolution of speckle patterns under specif-
ic perturbations. Deep learning has emerged as a promi-
nent research field in recent years, and its ability to mine
and learn the complex relationship between speckle pat-
terns and sensing parameters has resulted in a high-per-
formance sensing signal demodulation solution*. The
learning empowered fiber specklegram temperature
sensing scheme based on temperature anti-principal
mode sensitization is shown in Fig. 5. The temperature
anti-principal mode was calibrated using the aforemen-
tioned method, and then speckle patterns corresponding
to the temperature anti-principal mode were collected at
different temperatures to create a dataset. A deep learn-
ing model was then employed to learn the relationship
between speckle patterns and temperature. The trained
model is capable of directly predicting the correspond-
ing temperature value based on the speckle pattern col-
lected at the distal end of the fiber.

Temperature

Temperature anti-

o PCA BP neural network
principal mode

Predicted values

Fig. 5 | Overview of learning empowered fiber specklegram tem-
perature sensing schemes based on temperature anti-principal

mode sensitization.

As a data-driven model, deep learning hinges on the
solution space offered by the dataset to mine and com-
prehend the relationship between speckle patterns and

sensing parameters. Therefore, the first step is to collect a
large number of raw samples containing various configu-
rations. In this work, the length of the multimode fiber in
the sensing area is 10 cm, and the temperature surround-
ing the fiber is increased from 30 °C to 45 °C in steps of 1
°C. In this study, the temperature anti-principal mode
was calculated and utilized as the incident wavefront. A
total of 50 images were collected for each temperature
group, with the collection process repeated four times to
ensure data diversity. Consequently, a total of 16 differ-
ent configurations were gathered, and each configura-
tion was composed of 200 speckle patterns. The second
step involved transforming the collected data into a
dataset. To evaluate the predictive performance of the
trained model on both learned and unlearned configura-
tions, two different test sets were utilized, enabling a
more accurate assessment of the generalization ability of
the model. Specifically, 10 sets were randomly selected
from the collected 16 groups and divided into Group B,
while the remaining samples were assigned to Group A.
Within Group A, the speckle patterns were split equally
into training set A and testing set A, with a 1 : 1 ratio.
The samples in Group B were designated as testing set B.
The training set A was utilized to provide a solution
space for the neural network to learn the evolution pat-
tern between speckle patterns and temperature. The task
of testing set A is to characterize the generalization abili-
ty of the trained model to the learned configurations.
Testing set B, on the other hand, comprised of samples
collected from unlearned configurations, which was em-
ployed to further evaluate the feasibility and robustness
of the proposed approach. To provide a comparative
analysis of the enhanced sensitivity of the temperature
anti-principal mode, another set of datasets was con-
structed following the same procedure, with the unmod-
ulated wavefront as the illuminating light.

Prior to training the model, preprocessing of the sam-
ples contained in the dataset is required. The collected
speckle patterns are cropped into a 100x100 pixels win-
dow centered on the speckle, and then downsampled to
32x32 pixels. To reduce the computational complexity,
principal component analysis (PCA) was employed to
reduce the dimensionality of the samples. PCA is the
most commonly used data dimensionality reduction al-
gorithm, which can improve the learning efficiency and
convergence speed of the model while preserving the ab-
stract features of the samples as much as possible. How-
ever, in practical applications, it is necessary to carefully
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choose the dimensionality of the low-dimensional space,
ensuring a balance between convergence speed and model
accuracy. In this work, contribution rate is defined as the
amount of data preserved in the direction of the princi-
pal component, while the cumulative contribution rate is
defined as the ratio between the features contained in the
low-dimensional space and those contained in the origi-
nal space. As shown in Fig. 6, when the dimension is 20,
the low-dimensional space contains 99.9% of the origi-
nal data features. Therefore, in this work, the dimension
of the low-dimensional space was chosen to be 20.

™.

N
o

—o— Contribution rate

—— Cumulative contribution rate

o
N}

Contribution rate
o o
IS o
o>—<r4°
=} [=} o
~ [oc] [(e]
Cumulative contribution rate

0 10 20 30 40 50
Dimension
Fig. 6 | The contribution rate and cumulative contribution rate of
principal components under different dimensions.

The training and validation of the model were con-
ducted on a computer equipped with an i7-10857H CPU.
The architecture of the back propagation (BP) neural
network used in this work is 20-15-1, indicating that the
number of neurons in the input layer, hidden layer, and
output layer is 20, 15, and 1, respectively. The number of
neurons in the input layer is equivalent to the dimen-
sionality of the optimized feature space obtained via PCA
algorithm. The number of neurons in the hidden layer is
typically determined empirically based on the number of
input and output layer neurons, and subsequently ad-
justed based on the training process. The PCA algorithm
was used to perform data dimensionality reduction on all
samples in the dataset, which took approximately 2 sec-
onds. Subsequently, the BP neural network was trained
on the preprocessed training set A for 1.1 seconds, with
an initial learning rate of 0.01. To mitigate the uncertain-
ty caused by sensitivity to initial values, a transfer learn-
ing approach was adopted. Specifically, weights from
similar models trained in other speckle pattern demodu-
lation works were extracted and used to initialize the
model in this work. As a first step, the prediction accura-
cy of the trained model for the learned configurations

was tested when illuminated with unmodulated wave-
front and temperature anti-principal mode, respectively.
The demodulation speed of the trained model is 0.007
milliseconds per frame. The testing results are depicted
in Fig. 7, where Fig. 7(a) and 7(b) illustrate the predic-
tion errors and error distribution histogram for the fiber
specklegram temperature sensor illuminated with the
unmodulated wavefront. Similarly, Fig.7(c) and 7(d)
show the corresponding results for the sensor with en-
hanced sensitivity using the temperature anti-principal
mode. For the learned configurations, the average pre-
diction errors of the fiber specklegram temperature sen-
sor with temperature anti-principal mode and unmodu-
lated wavefront are 0.01 °C and 0.018 °C, respectively.
Based on the comparison of results, it can be observed
that the fiber speckle pattern temperature sensor with
enhanced sensitivity using the temperature anti-princi-
pal mode exhibits slightly better sensing accuracy than
the one using the unmodulated wavefront.

In fact, it is impossible for the dataset to encompass all
possible configurations, hence the generalization ability
of the deep learning model towards unseen or unlearned
configurations determines its applicability and feasibility.
Testing set B includes samples collected from configura-
tions that the model has not learned, which can be further
utilized to evaluate the predictive accuracy of the trained
model. Figure 8 illustrates the testing results for the un-
learned configurations, with Fig. 8(a,b) displaying the
prediction errors and error distribution histogram for
the fiber specklegram temperature sensor with the un-
modulated wavefront, and Fig. 8(c, d) presenting the cor-
responding results for the sensor with enhanced sensitivity
through the temperature anti-principal mode. The fiber
specklegram temperature sensor with temperature anti-
principal mode and unmodulated wavefront achieved
average prediction errors of 0.12 °C and 0.84 °C, respec-
tively, for unlearned configurations. From Fig. 8(a, b), it
can be observed that the fiber specklegram temperature
sensor with unmodulated wavefront exhibits poor gener-
alization performance for unlearned configurations, with
a prediction error range of +2 °C. The observed phe-
nomenon can be attributed to the fact that the unmodu-
lated wavefront is less sensitive to temperature-induced
distortions. Consequently, when the external tempera-
ture changes, the fluctuation in the field distribution at
the output end of the fiber is relatively small.

The confusion in the deep learning model arises from
its difficulty in distinguishing the speckle pattern
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changes caused by small temperature fluctuations under
unmodulated wavefront illumination. Therefore, the
fiber specklegram temperature sensor with unmodulat-
ed wavefront has limited resolution. In contrast, fiber
specklegram temperature sensors with enhanced sensi-
tivity using temperature anti-principal mode exhibit re-
markable superiority for unlearned configurations, with
an error range of £0.4 °C and most errors concentrated
around 0 °C. Fiber specklegram temperature sensors
with temperature anti-principal mode sensitization
demonstrate outstanding advantages in prediction accu-
racy, resolution, and stability. This is because the tem-
perature anti-principal mode scheme can enhance the re-
sponse of optical fiber to temperature-induced distor-
tion, leading to significant fluctuations in the field distri-
bution at the far end of the optical fiber with tempera-
ture changes. This makes it easier for deep learning mod-
els to distinguish changes in the speckle pattern caused
by small temperature fluctuations.

For a comprehensive analysis, the performance of the
fiber specklegram temperature sensor based on tempera-
ture principal modes was investigated, as depicted in Fig.
9. Figure 9(a) and 9(b) illustrate the prediction errors
and error distribution histograms for the learned config-
urations, while Fig. 9(c) and 9(d) depict those for the un-
learned configurations. The average prediction errors for
the learned configurations and unlearned configurations
are 0.30 °C and 1.42 °C, respectively. As previously men-
tioned, temperature principal modes can notably sup-
press the response of the output field to temperature
fluctuations, leading to a significantly inferior perfor-
mance of sensors based on temperature principal modes
compared to the two sensors discussed earlier.

To have a clearer understanding about the features of
the previously proposed fiber specklegram temperature
sensor based on regression neural network, a compari-
son is shown in Table 1. It is evident that compared to
sensitivity enhancement methods reported based on
sensing structure optimization, the approach proposed
in this work, utilizing wavefront shaping, can effectively
enhance the sensitivity to a greater extent. It is impor-
tant to note that the method proposed in this work
demonstrates high compatibility, seamlessly integrating
with sensing structure optimization techniques, and
holds promise for further enhancing the performance.

Discussion

In this work, we extend the concept of principal modes

beyond frequency, presenting and experimentally gener-
ating temperature principal modes and temperature anti-
principal modes for the first time. The temperature prin-
cipal mode exhibits good resistance to temperature-in-
duced distortion, while the temperature anti-principal
mode has a narrower temperature bandwidth than the
unmodulated wavefront. The normalized bandwidths of
the temperature principal mode and temperature anti-
principal mode are maintained at around 1.4 and 0.67,
respectively. Without compromising the structural in-
tegrity of the fiber and without resorting to thermosensi-
tive materials, we have effectively manipulated the tem-
perature response within MMF solely through wave-
front shaping techniques. Furthermore, the generation of
temperature principal modes and temperature anti-prin-
cipal modes has been demonstrated to be highly conve-
nient, relying solely on multi-temperature transmission
matrix and generalized Wigner-Smith operator. In this
study, incomplete transmission matrices are used to gen-
erate temperature principal modes and temperature anti-
principal modes. It can be observed from both the exper-
imental results and previously reported works*-¢ that
despite their incompleteness, these transmission matri-
ces still manage to accurately describe the transmission
characteristics of multimode fibers and successfully gen-
erate the exact Wigner-Smith operator.
Temperature-induced distortion is an issue that can-
not be overlooked in engineering based on optical fiber
speckle patterns. In such circumstances, the temperature
principal modes stand out as a promising option, offer-
ing the capability to manipulate the temperature re-
sponse within the MMF conveniently while preserving
the structural integrity of the fiber. The temperature
principal mode can suppress distortion induced by tem-
perature fluctuations, yielding an output light field with
minimal temperature sensitivity, making it highly
promising for applications such as fiber optic spectrome-
ters®!, fiber optic imaging®, and fiber optic specklegram
sensors®. In fiber-optic imaging, both the reconstruc-
tion algorithms based on the transmission matrix and
those based on deep learning rely on the mapping rela-
tionship between the speckle pattern and the target im-
age. The distortion induced by temperature can intro-
duce additional perturbations, posing challenges for
high-resolution reconstruction of the target image. Vari-
ous methods have been reported to mitigate tempera-
ture-induced distortions, such as in learning-based fiber
imaging schemes where distortion can be alleviated by
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Table 1 | Objective evaluation parameters of the different transform domain fusion methods.

Measurement error

Model Sensitization method
Learned samples (°C) Unlearned samples (°C)
CNN# Side-polished 0.34 /
VGG Exposed core 0.14 0.2
MLP5° Exposed core 0.079 0.39
This work Wavefront shaping 0.01 0.12

expanding the dataset, albeit at the cost of additional
time and experimental efforts®>. In this work, the temper-
ature-principal mode described can effectively alleviate
the fluctuations in the spatial distribution of the output
field caused by temperature-induced distortion, provid-
ing potential for more convenient and cost-effective im-
provement of imaging quality. Although the optimiza-
tion problem will undoubtedly become more intricate,
we remain optimistic that by researching and develop-
ing more efficient and tailored optimization algorithms,
and refining the calibration strategy of the temperature
principal mode, these challenges can be effectively sur-
mounted. In the field of optical fiber sensing, fiber speck-
legram sensors have gained significant attention owing
to their cost-effective sensing scheme and streamlined
fabrication process. The efficacy of this sensor in demod-
ulating sensing signals hinges upon the accuracy of the

fitting relationship between the speckle pattern and the
sensing parameter. Nevertheless, when measuring sens-
ing parameters beyond temperature, the distortion in-
duced by temperature changes can engender a notewor-
thy reduction in the demodulation accuracy, thereby
leading to significant uncertainties in the measurement
process. While conducting a detailed analysis of the cor-
relation between the speckle pattern and the measured
parameter in various temperature scenarios can alleviate
the distortions, it entails a substantial investment of time
and effort. The utilization of temperature principal
modes offers an effective approach to mitigate the distor-
tion effects caused by temperature variations, thereby in-
creasing the sensitivity of the sensor without compro-
mising its structural integrity.

Contrary to the temperature principal mode, the tem-
perature anti-principal modes are a unique set of optical
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channels characterized by their heightened sensitivity to
distortions induced by temperature fluctuations. The op-
timization strategy described earlier allows us to gener-
ate such highly sensitive state by just maximizing the
functional in Eq. (3). Compared to unmodulated wave-
fronts like Gaussian beams, the output field of the tem-
perature anti-principal mode exhibits faster decorrela-
tion when the environmental temperature changes —a
property that holds promise for sensing applications with
MMFs. The design scheme of this learning-empowered
fiber specklegram temperature sensor based on tempera-
ture anti-principal mode sensitization can be divided in-
to several steps: Initially, calibrate the multi-temperature
transmission matrix and generalized Wigner-Smith op-
erator to subsequently excite the temperature anti-prin-
cipal mode. Next, gather speckle patterns at the distal
end of the fiber under different temperatures and com-
pile the dataset. Finally, the deep learning model is em-
ployed to learn the mapping relationship between speck-
le patterns and temperature fluctuations on the dataset,
utilizing the trained model to demodulate the sensing
signal. This proposed approach introduces a new avenue
for sensor sensitization, offering a convenient and effec-
tive means to enhance the sensor's response to tempera-
ture fluctuations solely through wavefront shaping tech-
niques without compromising the fiber structure. Impor-
tantly, this method is compatible with commonly used
sensor sensitization methods based on thermosensitive
materials or complex sensing structures.

The generation of temperature principal and anti-
principal modes is solely dependent on the transmission
matrices calibrated at different temperatures and the
generalized Wigner-Smith operator, regardless of the
type of fiber and the wavelength of the incident light.
Therefore, our methodology, which involves the con-
cepts of temperature principal mode and temperature
anti-principal mode, as well as the ability to create com-
plex fields through wavefront shaping, is not confined to
any particular types of scattering systems or waveforms.
We anticipate that our findings can be easily transferred
to other experimental platforms or other complex media.
It is noted that the original definition of the Wigner-
Smith operator is dependent on the scattering matrix®,
which comprises both transmission and reflection.
Therefore, we anticipate no barriers in transferring the
concept of temperature principal mode or temperature
anti-principal mode to other disordered media with re-
flection and loss®. Additionally, this approach also has

the potential to be generalized as a universal model for
exploring more novel light states.

In practical applications, generating temperature prin-
cipal modes and temperature anti-principal modes in
relatively longer fibers (for example, up to 1 km) presents
challenges. When transmitting optical signals through a
1 km long MMF, the speckle intensity at the distal end of
the fiber will change rapidly with time, even if the proxi-
mal input remains constant. This can be attributed to
fluctuations of the vibration or airflow over the optical
setup that induce slight perturbations on the fiber that
become significant over its 1 km length. This perturba-
tion leads to changes in the transmission matrix of the
fiber, rendering the principal modes generated based on
the original transmission matrix unsuitable for the per-
turbed fiber. Fortunately, research indicates that these
perturbations are not entirely random and can be
learned by models such as neural networks. Hence, we
are optimistic about successfully generating temperature
principal modes and anti-principal modes in relatively
longer fibers.

The main sources of error in our work are attributed
to the errors during transmission matrix calibration, im-
perfections in the optimization strategy, and the incom-
pleteness of the transmission matrix. Our future work
will focus on several aspects of improvement. The initial
step involves further optimization of the experimental
setup to reduce potential sources of systematic error.
Subsequently, advanced optimization techniques, which
are more efficient, problem-specific, and have better per-
formance, are investigated to enhance temperature band-
width. Finally, employing the more comprehensive mul-
ti-temperature vector transmission matrix™ or multi-
temperature polarization transmission matrix'’ to gener-
ate temperature principal modes and temperature anti-
principal modes with improved performance.

Conclusion

In summary, we have discovered a set of distinctive light
states in multimode fibers that exhibit either enhanced
robustness or heightened sensitivity to temperature-in-
duced distortion compared to the unmodulated wave-
fronts. These states can be referred to as the temperature
principal mode and temperature anti-principal mode,
and can be generated based on experimentally-measured
multi-temperature transmission matrices. The tempera-
ture principal mode can robustly increase the tempera-
ture bandwidth by approximately 40%, while the
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temperature anti-principal mode can reduce the temper-
ature bandwidth to 67% of the unmodulated wavefront.
To fully leverage the characteristics of the temperature
anti-principal mode, a learning-empowered fiber speck-
legram temperature sensor based on temperature anti-
principal mode sensitization is proposed. This sensor ex-
hibits superior performance in both resolution and sensi-
tivity compared to traditional solutions, and can be easi-
ly implemented without compromising the robustness of
the fiber structure. Our method has potential applica-
tions in optical communication, imaging, and sensing,
and can be easily extended to other multimode waveg-
uides, providing an inspiring reference for exploring
more novel states.
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