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Multimode Fiber Imaging Based on Temporal-Spatial
Information Extraction
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Abstract Multimode fiber (MMF) contains rich temporal and spatial information because of the mode characteristics. As a
novel optical fiber imaging method, MMF imaging based on temporal-spatial information extraction has the advantages of small
device size, high resolution, large information capacity, and minimal invasion and has the potential to become a new generation
of high-resolution and low-invasive endoscope. This review summarizes the basic methods and related progress of MMF
imaging and introduces the related work of combining machine learning with MMF imaging. In addition, for the practical

application of MMF imaging, we discuss the methods and related progress of MMF imaging under dynamic perturbation and

the limitation of MMF imaging performance and quality. Finally, MMF imaging is summarized and prospected.
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Table 1 Comparison of MMF imaging methods based on spatial-domain information extraction
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Fig. 3 MMEF imaging based on spatial-domain TM measurement.
(a) Principle of spatial-domain TM; (b) experimental
diagram of spatial-domain TM measurement; (c) experimental
diagram of MMF imaging based on spatial-domain TM

measurement
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(b) experimental diagram of spatial-domain TM measurement;

(c) experimental diagram of MMF imaging based on

frequency -domain TM measurement
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Fig. 7 Research framework of MMF imaging based on phase conjugation and phase optimization
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Fig. 14 Research framework of machine learning-assisted MMF imaging
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Table 2 Parameter comparison of representative works of MMF imaging based on temporal-spatial information extraction
Work Fiber/probe Resolution /jim FOV / Imaging .Workmg Method
parameter (pm X pm) speed distance /pm
. 2 0.48NA, 200 pm 1 frame/s for
< (23] g —_ ~ )
Chot et al. diameter 18 12300 pixel 40 ™
P los 4 -di Phas
apadop(t)tlJ 0s 50 pm-diameter —1 100% 110 o 200 hase
et al. probe conjugation
Turtaev 60 pm external 3.5 frame/s for
: . 1.18 = 0.04 X . — T
et al. "™ diameter §=0.0 o050 7000 pixel M
Caravaca- Four different a few seconds
. 2 . X . ~
Aguirre ezal. 7 commercial MMFs 2 8080 for one image 100 ™
Vasquez-Lopez 50 pm diameter, - 2.4 s per 120 pixel X
> . X5 e -
etal. ™" 0. 22NA 139 D050 120 pixel image 0-100 ™
Leite ez al ™ 0.2mmXx 0.4 mm Angular resolution: Rvilc?rtlfi(i 0 4.4 s for each 20000- ™
e erat dimension endoscope  (3.59 4 0.07) mrad . g 10° pixel image 400000
distance
B 50 pm diameter 3.7 s for one
(36] ’ _ -
Wen et al. 0 29NA 1.4 volume image 0-102 ™
Illumination fiber:
Stellinga 0. 22NA 25 pm radius, Angu!ar Related to 5 frame/s for
(37] - - resolution: working . 0-2.5m ™
et al. collection fiber: 500 pm . ~23000 points
. 16 mrad distance
diameter
105 pm resilzjtciizﬁ,li)mfm Fovl(;;amlicr: 120 Hz
Lee et al. ™ core diameter ) U pm " (limited by the 0-1200 ™
0. 22NA ~267 pm (working (working camera)
' distance: 600 pm)  distance: 600 pm) o
15-meter long MMF ~18 s for one Phase
Cheng etal. "' (0.22NA, 105 pm — — projection through 2000 — L
. . optimization
core) iterations
36 min for 3000
Mabhalati 50 um diameter Twofold reduction in 40 X 40 patterns, 12 s for the 95 Structure
et al. " 0. 19NA the width of the PSF reconstruction of 75 pixel X illumination
75 pixel image
. . 0.014 s for 150 patterns
Amnontc:“\ja 50 pm diameter., (1.4+0.2) pm — 20 s for the calculation of <20 Structure
et al. 0. 22NA . R illumination
50 pixel X 50 pixel image
Caravaca- 250 pm X 125 pm Up to a minute for - Structure
. (60] 3, 1.6 um — . . 50 . S
Aguirre et al. probe photoacoustic imaging illumination
Amitonova 50/105 pm diameter, 2 times better than 2000. 4000 20 times faster than the . Structure
etal. " 0.22/0. INA the diffraction limit ’ Nyquist-Shannon limit illumination
Core diameter of
Fukuiezal ™ 105pmand NA of  vumberofresolvable 0000 g poone pattern 0-100 ~ Otucture
features: 1007 illumination
0.22
Abrashitova 50 um diameter,  2-fold higher resolution - 5 frame/s o Structure
etal. 0. 22NA than the diffraction limit N ’ illumination
50 pm diameter, Number of resolvable 242 s for 801 speckle Structure
541 ~
Zhuet al. 0. 22NA features: 1400 3000 ¢ 3000 patterns 6000 illumination
[llumination fiber: 1. 7 s for the acquisition
Dong et al. " 0. 22NA 25 pm core Axial resolution 100 X 100 X of the entire volume, 0-200 Structure
ong et at radius, collection fiber: 16 pm 200 6. 3 min for the 3D ) illumination
500 pm core diameter reconstruction
Triple-cladding fiber detection Time-
Liu et al. ™" probe =+ ball lens <15 pm =200 X 200 frame rate of — domain
(580 pm diameter) 15. 4 10° frame/s analysis
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