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                    Abstract
In this paper, we present a binary amplitude-only modulation parallel coordinate algorithm for focusing and scanning light through a multimode fiber (MMF) based on the digital micro-mirror device (DMD) in a reference-free multimode fiber imaging system. In principle, our algorithm is capable of efficiently calculating the masks to be added to DMD for yielding a series of tightly focused spots; and for the same number of modulation sub-regions, our method is more than M (the number of focused spots) times faster than the amplitude iterative optimization algorithm. In the experiment, efficient light focusing and scanning at the distal end of the MMF are demonstrated. Furthermore, we demonstrate that the proposed method can also be extended to focus and scan light at multiple planes along the axial direction by just modifying the input wavefront accordingly; and our algorithm can be applied not only in multimode optical fiber focusing but also to other disordered media. Particularly, it will be valuable in fast multimode fiber calibration for endoscopic imaging.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1


Fig. 2


Fig. 3


Fig. 4


Fig. 5


Fig. 6


Fig. 7


Fig. 8



                        

                    

                    
                        
                    


                    
                        
                            
                        
                    

                    

                    

                    References
	G. Oh, E. Chung, S.H. Yun, Optical fibers for high-resolution in vivo microendoscopic fluorescence imaging. Opt. Fiber Technol. 19(6), 760–771 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	A.M. Caravaca-Aguirre, R. Piestun, Single multimode fiber endoscope. Opt. Express 25(3), 1656–1665 (2017)
Article 
    ADS 
    
                    Google Scholar 
                

	Y. Choi, C.Y. Yoon, M. Kim, Scanner-free and wide-field endoscopic imaging by using a single multimode optical fiber. Phys. Rev. Lett. 109, 203901 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	Y. Choi, M. Kim, C.Y. Yoon, M. Kim, T.D. Yang, C. Fang-Yen, R.R. Dasari, K.J. Lee, W. Choi, Synthetic aperture microscopy for high resolution imaging through a turbid medium. Opt. Lett. 36(21), 4263–4265 (2011)
Article 
    ADS 
    
                    Google Scholar 
                

	S.M. Popoff, G. Lerosey, R. Carminati, M. Fink, A.C. Boccara, S. Gigan, Measuring the transmission matrix in optics: an approach to the study and control of light propagation in disordered media. Phys. Rev. Lett. 104, 100601 (2010)
Article 
    ADS 
    
                    Google Scholar 
                

	S. Popoff, G. Lerosey, M. Fink, A.C. Boccara, S. Gigan, Image transmission through an opaque material. Nat. Commun. 1, 81 (2010)
Article 
    ADS 
    
                    Google Scholar 
                

	I.N. Papadopoulos, S. Farahi, C. Moser, D. Psaltis, High-resolution, lensless endoscope based on digital scanning through a multimode optical fiber. Biomed. Opt. Express 4(2), 260–270 (2013)
Article 
    
                    Google Scholar 
                

	I.N. Papadopoulos, S. Farahi, C. Moser, D. Psaltis, Focusing and scanning light through a multimode optical fiber using digital phase conjugation. Opt. Express 20(10), 10583–10590 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	M. Azimipour, F. Atry, R. Pashaie, Calibration of digital optical phase conjugation setups based on orthonormal rectangular polynomials. Appl. Opt. 55(11), 2873–2880 (2016)
Article 
    ADS 
    
                    Google Scholar 
                

	M. Cui, C.H. Yang, Implementation of a digital optical phase conjugation system and its application to study the robustness of turbidity suppression by phase conjugation. Opt. Express 18(4), 3444–3455 (2010)
Article 
    ADS 
    
                    Google Scholar 
                

	Y.C. Shen, Y. Liu, C. Ma, L.H.V. Wang, Focusing light through scattering media by full-polarization digital optical phase conjugation. Opt. Lett. 41(6), 1130–1133 (2016)
Article 
    ADS 
    
                    Google Scholar 
                

	D.F. Wang, E.H.J. Zhou, J. Brake, H. Ruan, M. Jang, C.H. Yang, Focusing through dynamic tissue with millisecond digital optical phase conjugation. Optica 2(8), 728–735 (2015)
Article 
    
                    Google Scholar 
                

	Y. Liu, C. Ma, Y.C. Shen, J.H. Shi, L.H.V. Wang, Focusing light inside dynamic scattering media with millisecond digital optical phase conjugation. Optica 4(2), 280–288 (2017)
Article 
    
                    Google Scholar 
                

	I.M. Vellekoop, A.P. Mosk, Focusing coherent light through opaque strongly scattering media. Opt. Lett. 32(16), 2309–2311 (2007)
Article 
    ADS 
    
                    Google Scholar 
                

	I.M. Vellekoop, A.P. Mosk, Phase control algorithms for focusing light through turbid media. Opt. Commun. 281, 307–3080 (2008)
Article 
    
                    Google Scholar 
                

	Z. Yin, G.D. Liu, B.G. Liu, Z.T. Zhuang, Y. Gan, Research on the objective function of spatial light modulator-based output spot focusing for multimode fiber. Chin. J. Lasers 42(7), 0705003 (2015)
Article 
    
                    Google Scholar 
                

	T. Čižmár, K. Dholakia, Exploiting multimode waveguides for pure fibre-based imaging. Nat. Commun. 3, 1027 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	S. Bianchi, R.D. Leonardo, A multi-mode fiber probe for holographic micromanipulation and microscopy. Lab Chip 12, 635–639 (2012)
Article 
    
                    Google Scholar 
                

	R.N. Mahalati, R.Y. Gu, J.M. Kahn, Resolution limits for imaging through multi-mode fiber. Opt. Express 21(1), 1656–1668 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	A.M. Caravaca-Aguirre, E. Niv, D.B. Conkey, R. Piestun, Real-time resilient focusing through a bending multimode fiber. Opt. Express 21(10), 12881–12887 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	R.D. Leonardo, S. Bianchi, Hologram transmission through multi-mode optical fibers. Opt. Express 19(1), 247–254 (2011)
Article 
    ADS 
    MathSciNet 
    
                    Google Scholar 
                

	R.N. Mahalati, D. Askarov, J.P. Wilde, J.M. Kahn, Adaptive control of input field to achieve desired output intensity profile in multimode fiber with random mode coupling. Opt. Express 20(13), 14321–14337 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	Z. Yin, G.D. Liu, F.D. Chen, B.G. Liu, Fast-forming focused spots through a multimode fiber based on an adaptive parallel coordinate algorithm. Chin. Opt. Lett. 13(7), 071404 (2015)
Article 
    ADS 
    
                    Google Scholar 
                

	D. Akbulut, T.J. Huisman, E.G. van Putten, W.L. Vos, A.P. Mosk, Focusing light through random photonic media by binary amplitude modulation. Opt. Express 19(5), 4017–4029 (2011)
Article 
    ADS 
    
                    Google Scholar 
                

	H.L. Huang, C.Z. Sun, Z.Y. Chen, J.X. Pu, Light focusing through strongly scattering media by binary amplitude modulation. Optoelectron. Lett. 11(4), 313–316 (2015)
Article 
    ADS 
    
                    Google Scholar 
                

	D.B. Conkey, A.M. Caravaca-Aguirre, R. Piestun, High-speed scattering medium characterization with application to focusing light through turbid media. Opt. Express 20(2), 1733–1740 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	C.J. Tay, C. Quan, F.J. Yang, X.Y. He, A new method for phase extraction from a single fringe pattern. Opt. Commun. 239, 251–258 (2014)
Article 
    ADS 
    
                    Google Scholar 
                

	X.F. Qian, F. Rao, X.H. Li, C. Lin, B. Li, Accurate least-squares phase unwrapping algorithm. Chin. J. Lasers 39(2), 0209001 (2012)
Article 
    
                    Google Scholar 
                

	S. Turtaev, I.T. Leite, K.J. Mitchell, M.J. Padgett, D.B. Phillips, T. Čižmár, Comparison of nematic liquid-crystal and DMD based spatial light modulation in complex photonics. Opt. Express 24(25), 29874–29884 (2017)
Article 
    ADS 
    
                    Google Scholar 
                

	K.J. Mitchell, S. Turtaev, M.J. Padgett, T. Čižmár, D.B. Phillips, High-speed spatial control of the intensity, phase and polarisation of vector beams using a digital micro-mirror device. Opt. Express 24(25), 29269–29282 (2016)
Article 
    ADS 
    
                    Google Scholar 
                

	I. Ashary, A. Wang, Y. Xu, Mode-division-multiplexing of absorption based fiber optical sensors. Opt. Express 24(5), 5186–5202 (2016)
Article 
    ADS 
    
                    Google Scholar 
                

	G. Rademacher, S. Warm, K. Petermann, Nonlinear interaction in differential mode delay managed mode-division multiplexed transmission systems. Opt. Express 23(1), 55–60 (2015)
Article 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This work was supported by the National Natural Science Foundation of China under Grant 61535015.


Author information
Authors and Affiliations
	Research Department of Information Photonics, Xi’an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi’an, 710119, China
Yi Geng, Guangzhi Zhao, Hui Chen, Chengfang Xu, Bin Zhuang & Liyong Ren

	School of Physics and Information Technology, ShaanXi Normal University, Xi’an, 710119, China
Liyong Ren

	University of Chinese Academy of Sciences, Beijing, 100049, China
Yi Geng, Guangzhi Zhao, Hui Chen, Chengfang Xu & Bin Zhuang


Authors	Yi GengView author publications
You can also search for this author in
                        PubMed Google Scholar



	Guangzhi ZhaoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hui ChenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chengfang XuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bin ZhuangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Liyong RenView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Liyong Ren.


Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Geng, Y., Zhao, G., Chen, H. et al. High-speed focusing and scanning light through a multimode fiber based on binary amplitude-only modulation parallel coordinate algorithm.
                    Appl. Phys. B 125, 83 (2019). https://doi.org/10.1007/s00340-019-7197-9
Download citation
	Received: 28 November 2018

	Accepted: 22 April 2019

	Published: 29 April 2019

	DOI: https://doi.org/10.1007/s00340-019-7197-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        









                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.89.13.143
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    