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SHORT ABSTRACT:

We demonstrate the transmission of multiple independent signals through a multimode fiber
using wavefront shaping employing a single spatial light modulator. By modulating the
wavefront for each signal individually, spatially separated foci are transmitted. Potential
applications are multiplexed data transfer in communications engineering and endoscopic light

delivery in biophotonics.

LONG ABSTRACT:

The transmission of multiple independent optical signals through a multimode fiber is
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accomplished using wavefront shaping in order to compensate for the light distortion during
the propagation within the fiber. Our methodology is based on digital optical phase conjugation
employing only a single spatial light modulator, where the optical wavefront is individually
modulated at different regions of the modulator, one region per light signal. Digital optical
phase conjugation approaches are considered to be faster than other wavefront shaping
approaches, where (for example) a complete determination of the wave propagation behavior
of the fiber is performed. In contrast, the presented approach is time-efficient since it only
requires one calibration per light signal. The proposed method is potentially appropriate for
spatial division multiplexing in communications engineering. Further application fields are
endoscopic light delivery in biophotonics, especially in optogenetics, where single cells in
biological tissue have to be selectively illuminated with high spatial and temporal resolution.

INTRODUCTION:

The transmission of multiple light signals through a multimode fiber (MMF) is evident in
communications engineering® and biophotonics?. In communications engineering, space-
division multiplexing (SDM) is believed to be a viable solution in order to enhance the
transmission capacity of optical fibers for future data transfer applications benefiting from a
higher utilization of the limited space, compared to multiple single-mode fibers3. In
biophotonics, biological samples are manipulated by light transmitting through an MMF
endoscope?. For example, the independent optical control of individual neurons using MMF
endoscopes is of interest for optogenetics in order to study neuronal networks in the brain>.
However, the light projected onto the MMF input facet is subject to distortion due to mode
mixing and dispersion during propagation to the output facet of the MMF. As a result, the light
propagation is altered, which makes signal transmission challenging.

Wavefront shaping methods®’ are applied in scattering media using spatial light modulators
(SLM) and enable the compensation for the distortion due to scattering during light
propagation®. There are iterative approaches that optimize the output using an optical
feedback®. These approaches are rather time consuming because of the necessity for numerous
iterations and the high degree of freedom, corresponding to a large number of modulator
elements. Another approach is to completely determine the distortion within the MMF
described by its transmission matrix'°. If the number of modes to be transmitted is large, this
will be time consuming as well. In contrast, digital optical phase conjugation (DOPC) is
considered to be fast and advantageous here, since only few focal spots have to be generated
at the output facet of the MMF. Phase conjugation approaches have also been demonstrated
for focusing or imaging through biological tissue!?4,

So far, DOPC was employed for a single time signal only*>1®, and was applied for the
transmission of light through an MMFY’. A DOPC approach for multiple independent signals has
not been accomplished. We have developed an enhanced DOPC method providing the
independent transmission of multiple light signals using individual wavefront shaping for each
signal employing a single phase-only SLM*, To this aim, the SLM is segmented into regions, one
for each signal to be transmitted. The proposed experimental setup is depicted in Figure 1,
where a calibration is performed in a) before the actual transmission happens in b).



[Place Figure 1 here]
PROTOCOL:

1. Assembling the experimental setup

1.1) Preparing the proximal side

1.1.1.) Place and fix the laser providing a collimated light beam - or use a fiber-coupled laser
with collimation optics at the exit facet of the fiber.

1.1.2.) Put the polarizing beam splitter (PBS) to split the laser beam into reference and object
beam. Turn the orientation of the half wave plates (HWP) by rotating the HWP in its rotation
mount until the power of reference beam and object beam (at the distal side) is roughly the
same.

1.1.2.1) Check this by putting a screen into both reference and object beam. Choose the
orientation of the PBS so that the polarization of the reference beam fits the polarization-
sensitive spatial light modulator (SLM).

1.1.3.) Put a beam splitter (BS) into the reference beam to split the reference beam into two
beams. Place the optical modulators (OM) such that these two beams coming from BS1 can
pass OM1 and OM2, respectively.

1.1.4.) Combine the two beams passing OM1 and OM2 at BS2 employing two mirrors. Adjust
the beam splitters and mirrors so that both beams are spatially separated.

1.1.5.) Carefully align BS5 to ensure that the direction of incidence of both beams is
perpendicular to the pixel plane of the SLM, ignoring BS3 and BS4 at first.

1.1.6.) Adjust the position and the distance between the two lenses (L) constituting a Keplerian
telescope in order to get a sharp image of the SLM plane on the complementary metal-oxide
semiconductor (CMOS) camera. Watch the correct orientation of L1 and L2 (flat sides are facing
each other) to minimize aberrations.

1.2) Preparing the distal side

1.2.1.) Use BS7 to split the object beam into two beams and combine them at BS8 employing
two mirrors. Again, adjust the beam splitters and mirrors so that both beams are spatially
separated.

1.2.2.) Deflect both beams using BS9 to aim them to the microscope objective (OBJ). Focus
OBJ2 on the distal end of the multimode fiber (MMF). Check the focus by observing the back

reflection from the MMF employing L3 and a charge-coupled device (CCD) camera.

1.3) Connecting proximal and distal side



1.3.1.) Collimate the light from the object beam exiting the MMF employing OBJ1.

1.3.2.) Split the object beam using BS6, ignore the linear polarizer (LP) at first. Combine both
object beams with both reference beams at BS3 and BS4 employing a mirror. Adjust the beam
splitters and mirrors so that each pair of reference and object beam overlap at the SLM,
intersecting with a small angle (less than 1°).

1.3.3.) Ensure that the power of the reference and the object beam are approximately equal by
turning the orientation of the HWP, according to step 1.1.2.

1.3.4.) Check the interference pattern (off-axis hologram) at the CMOS camera and adjust the
intersection angle accordingly. Increase the angle, until the interference fringe spacing roughly
equals the size of two pixels on the CMOS camera.

1.3.5.) Adjust the orientation of the LP to match the polarization of object and reference beam
in order to get a maximum contrast of the interference pattern in the CMOS camera image, so
that the camera image shows distinct fringes.

2. Calibrating the system

2.1) Calibrating the pixel relation between SLM and CMOS

2.1.1.) Iluminate the whole SLM using only one of the reference beams and block the other
reference and objects beams.

2.1.2.) Capture an image of the SLM with the CMOS camera.

2.1.3.) Get the coordinates of the upper left corner of the SLM in the CMOS camera image, e.g.
using graphics software and the mouse cursor at the PC. Use these pixel coordinates as the
point of origin regarding the SLM.

2.1.4.) Remove all beam blocks.

2.2) Calibrating the signal paths
2.2.1.) Block both reference beam 2 and object beam 2.

2.2.2.) Capture an image of the hologram with the CMOS camera. Evaluate the phase in the
recorded hologram using angular spectrum method*°. Calculate the inverted phase in the
corresponding region of beam 1.

2.2.3.) Remove the former beam blocks and now block both reference beam 1 and object
beam 1.

2.2.4.) Capture an image of the hologram with the CMOS camera. Measure the phase in the
recorded hologram using angular spectrum method again. Calculate the inverted phase at the
corresponding region of beam 2.



2.2.5.) Remove all beam blocks.

3. Transmitting the signals
3.1) Block the object beam.

3.2) Stitch the calculated inverted phase images at the corresponding regions of beam 1
and 2 together and display the entire image on the SLM, typically using the computer graphics
port.

3.3) Start the modulation of the input signals 1 and 2 by activating OM1 and OM2.
3.4) Observe the output signals 1 and 2 on the CCD camera.

REPRESENTATIVE RESULTS:

Typical output signals at the distal side of the 2 m long fiber are depicted in Figure 2. Note that
the desired focal spot (peak) is accompanied by an undesired speckle pattern (background),
which is due to imperfection of the DOPC as a matter of principle. The corresponding peak-to-
background ratio (PBR) amounts to 53 (solely signal 1 is ‘on’), 36 (solely signal 2 is ‘on’) and 20
(both signals 1 and 2 are ‘on’) here, respectively. The PBR can be increased when a fiber that
supports a larger number of modes (currently: 1710) is used.

Due to the finite PBR, a crosstalk results between the output signals, which is visualized in
Figure 3. The crosstalk between to periodic signals with the frequencies f1 and f2 amounts to —
24 dB (from signal 2 to signal 1) and —29 dB (from signal 1 to signal 2).

Figure 1: Experimental setup.

BS = beam splitter, CCD = charge-coupled device, OM = optical modulator,

CMOS = complementary metal-oxide semiconductor, HWP = half wave plate, L = lens,

LP = linear polarizer, MMF = multimode fiber, OBJ = microscope objective, PBS = polarizing
beam splitter, SLM = spatial light modulator (phase only) — only relevant beams for a) the
calibration and b) the transmission are depicted

Figure 2: Image of distal fiber end, transmission of output signal 1 (left), signal 2 (center) and
both signal 1 and signal 2 (right).
Intensity [a. u.]

Figure 3: Temporal frequency spectrum of the transmitted output signal 1 (left) and 2 (right).
Amplitude [a. u.]

DISCUSSION:

The assembling of the experimental setup (step 1 in the protocol) requires a thorough
alignment of the optical components with respect to each other. The most important aspect is
the rectangular incidence of the reference beams onto the SLM in order to ensure a high PBR.



In order to enhance the setup to more than two transmitted signals, additional beam splitters
could be used. As an alternative, a fiber-based implementation would be more compact and
robust allowing the system to be portable for in-situ investigations in biophotonics. If a single-
side access is possible only, model-based calibration solutions?® need to be accomplished as a
future step. The more signals are transmitted, the more modes will be required so more pixels
on both the SLM and the CMOS camera will have to be involved for achieving a PBR. Moreover,
the number of pixels should be larger than or equal to the number of modes. In addition, the
pixel size of the SLM should be twice the size of the smallest speckle diameter at the proximal
side. It is further recommended that the SLM has a bit depth of at least four bit. The pixel
number of the camera denoted with CMOS should exceed the number of the SLM pixels.
However, instead of the CMOS camera any other detector type may be employed, e.g. CCD. The
same holds for the camera denoted with CCD.

One limitation of the proposed method is that the light source requires a large coherence
length (low spectral bandwidth) to assure interference in the hologram needed for the phase
measurement. In addition, the system must be stable, i.e. no changes of the fiber or the optical
setup between the calibration and the transmission are tolerable that are faster than the
duration of the calibration, which is currently below 1 s. For long fibers and high signal
frequencies, the group velocity dispersion of the different fiber modes has to be taken into
account and may deteriorate the signal. To compensate for that, gradient-index fibers or the
correction of spatiotemporal distortions?! may be used.

In contrast to previous phase conjugation approaches, our proposed SDM method can be used
in applications, where independent light signals have to be transmitted. Phase conjugation
methods are advantageous regarding time performance, compared to iterative approaches or
complete matrix determination.

One further potential application field may be endoscopic light delivery, for instance at optical
traps or in optogenetics. For optogenetics, our method is advantageous regarding the selective
illumination of single neurons in order to analyze the behavior of the brain and better
understand neurodegenerative diseases.
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Excel Spreadsheet- Table of Materials/Equipment Click here to download Excel Spreadsheet- Table of Materials/Equipment
list_of _materials.pdf

Name of Material/ Equipment Company Catalog Number Comments/Description
spatial light modulator Holoeye PLUTO-VIS-016
CMOS camera Mikrotron MC4082
diode-pumped solid state laser Laser Quantum torus 532
CCD camera IDS U3-3482LE-M CMOS camera; suitable as well
lens 1 Qioptiq G063204000
lens 2 Qioptiq G063203000
lens 3 Thorlabs AC508-180-A-ML
multimode fiber Thorlabs M14L02
beam splitters Thorlabs BS013 9x
polarizing beam splitters Thorlabs PBS251
mirrors Thorlabs PF10-03-P01 5x
microscope objectives Thorlabs RMS20X 2x
half wave plates Thorlabs WPH10M-532 2x
linear polarizer Thorlabs LPVISBO50-MP2
optical modulators Thorlabs MC2000B-EC 2x
linear and rotation stage for CMOS camera Thorlabs XYR1/M
fiber connector Thorlabs S$120-SMA 2x
reducing ring for microscope objectives Qioptiq G061621000 2x
xy adjustment for objective adapters Qioptiq G061025000 2x
z translation mount for fiber adapter Thorlabs SM1z 2x
rods for fiber alighment to objectives Qioptiq G061210000 8x
mounts for lenses 1 and 2 plus two phantom mounts Qioptiq G061047000 4x
rail carriers for objective and lens mounts Qioptiq G061372000 6X
rail for rail carriers Qioptiq G061359000 2x
adapter for CCD camera to 1 post in-house
adapter for laser to 4 posts in-house
mount for lens 3 Thorlabs LMR2/M
mounts for half wave plates Thorlabs RSP1D/M 2X
mounts for mirrors Thorlabs KM100 5x
mount for linear polarizer Thorlabs RSPO5/M
mounts for beam splitters and SLM Thorlabs KM100PM/M 11x

clamping arms for beam splitters and SLM Thorlabs PM4/M 11x

L]
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posts for mounts, rail carriers and adapters
holders for posts

pedestals for holders

clamping forks for pedestals

Thorlabs
Thorlabs
Thorlabs
Thorlabs

TR75/M
PH50/M
BE1/M
CF125

29x
29x
29x
29x
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Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.
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Cover letter to the reviewers

Manuscript ID: JoVES55407

Editor:

1. Please take this opportunity to thoroughly proofread the
manuscript to ensure that there are no spelling or grammar issues.
The JoVE editor will not copy-edit your manuscript and any errors in
the submitted revision may be present in the published version.

=> Again, we proofread the manuscript and corrected spelling or
grammar errors.

2. Please include volume, issue numbers, and DOIs for all
references.

=> We have rechecked that all of the references have volume and
issue numbers and added DOIs for all references.

3. For in-text formatting, corresponding reference numbers should
appear as numbered superscripts after the appropriate statement(s).
Please remove the brackets as well.

=> We changed the formatting of the reference numbers accordingly
and removed the brackets as well.

4. Formatting:

-References should be superscript numbers without brackets in the
manuscript.

=> Corrected.
-Reference section — Please include DOI where available.
=> Done.

5. Please copyedit the manuscript for grammatical errors and awkward
phrasing. A subset is listed below.

-Line 38, 215 - Placement of “only” is awkward. Delete or move.
=> OK, the word "“only” was deleted.

-Line 82 - Please clarify “using multiple signals being independent
from each other”.

=> Phrase clarified, now reads: "“for multiple independent signals”.

-Line 84 - “for each signal individually using only a single phase-
only SLM” - please clarify

=> Phrase clarified, now reads: “individual wavefront shaping for
each signal employing a single phase-only SLM”.

I+
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-Line 215 - “solutions..needs”
=> OK, corrected to "“solutions..need”.

6. Visualization: Please provide photographic images of the setup
described in Figure 1. The images should be supplied as supplemental
files. Please use highlighting to indicate which sections/steps
should be filmed. 2.2.2 and 2.2.4 should not be highlighted as there
is insufficient detail for filming these computational steps.

=> We added two photographic images of the setup as supplemental
files. As recommended, we also highlighted the part to be filmed in
the protocol section of the manuscript.

7. Additional detail is required:

-1.1.2 - How is the orientation of the HWPs “adapted”? How does one
adjust the power ratio? Where doe the reference and object beams
come from? It is unclear what we would be filming in this step.

=> The orientation of the HWP is turned by rotating it in its
rotation mount. Rotating the HWP directly affects the power ratio
between reference and object beam that evolve from the polarizing
beam splitter. For filming, this effect can easily be visualized by
putting a screen (e.g. simply a sheet of paper) into both reference
and object beam. This information was added to the paragraph.

-1.1.3 - How is the beam splitter used here? Where is it placed? How
are the beams guided?

=> The beam splitter is just put into the reference beam. The
incoming beam is split so that two beams result. The optical
modulators OM are placed such that each of the resulting beams
passes one of the OMs. For clarification, the formulations were
revised here.

-1.3.3 - How is this done?

=> Like at 1.1.2.), the power of both reference and object beam
should approximately equal which can be proven by putting a screen
into the beams and corrected by turning the orientation of the HWP.
We added the reference to 1.1.2.), here in the manuscript.

-1.3.5 — How should this look in the camera?

=> When a good contrast of the interference pattern is achieved,
fringes appear in the camera image. This information was added to
the manuscript.

-2.1.3 - How 1s a cursor chosen?

=> Simply the mouse cursor of the PC is used to obtain the
coordinates, e.g. employing standard graphics software.



-2.2.1, 2.2.3 - Are the beams blocked together or separately?

=> It is only important that both of the beams are blocked at a
time, thus we added the word “both” in the respective paragraphs.
However, it does not matter whether they are blocked individually or
with a shared beam blocker.

-3.2 — How 1s this done? It is unclear what actions will be filmed.

=> After two inverted phase images have been obtained, they are
stitched together. The resulting image is displayed onto the SLM,
typically using the computer graphics port. We enhanced the
description in the manuscript accordingly. The film can show the two
images as well as the stitched image on a standard computer monitor.

-3.3 - How are they activated?

=> The modulators are usually activated by pushing the "“ON” button
to start an on-off-modulation, but this depends on the individual
control options of the modulator, thus we did not include this
detail in the manuscript.

8. Results: Please discuss the results in more detail in the results
section. What is the interpretation of the data presented?

=> We extended the results section and now comment on how to
increase the peak-to-background ratio (PBR). Moreover, some
troubleshooting in the discussion section was added for convenience.
Thus, we discuss that both the CMOS camera and the SLM need at least
as many pixels as modes are supported by the fiber to ensure a high
PBR.

9. Discussion: Please discuss the limitations of the method. Please
also expand upon the significance with respect to alternative
methods - what are these other methods? Please include independent
citations when discussing significance.

=> Thank you for your valuable remark. We included some further
limitations of the method (coherent light source, stability of the
system, group velocity dispersion). For expanded discussing of
significance, we added further independent citations (11-16) at the
introduction and summarized the advantages with respect to other
methods at the discussion section.




Reviewer 1:

This manuscript is about phase conjugating two foci through
multimode fiber. The authors used off-axis interferometry to
calibrate an optimized phase mask corresponding to one signal at a
time.

Then they combined two phase masks to reconstruct two foci at the
same time. The manuscript itself is brief and straightforward.
Considering the scope of JoVE, this manuscript can be accepted for
publication. However, there are several points which need to be
addressed prior to publication.

=> Thank you for your valuable remarks. We like to address all of
your points in the following answers.

1. For better reproduction of the results shown in this work, I
strongly suggest the authors include the section of troubleshooting.
This section may include a list of problems, possible reason, and
solution. Each troubleshooting can be mentioned in the procedure
section.

=> Following your advice, we now describe possible reasons/solutions
for a low peak-to-background ratio (PBR) in the manuscript. In our
opinion, this will be the most observed problem. To achieve a high
PBR, the SLM needs sufficient pixels (mode number at minimum) and
the CMOS camera as well.

2. This review thinks that the manuscript can be enhanced if the
authors also discuss the requirements for important parts (e.g. CCD,
SLM) such that other researchers can use alternative devices. For
example, the authors many want to discuss whether this scheme can
also be realized with using other devices such as CMOS sensor, a
dynamic mirror device, or a deformable mirror. What would be the
required specification for alternative parts?

=> We appreciate your idea and included the discussion about
alternatives for important parts (CMOS, CCD and SLM). The pixel
number of both the CMOS and the SLM is important and should exceed
the number of mode supported by the fiber. In contrast, it does not
matter whether a CMOS or CCD camera is used.



3. The current manuscript missed citing relevant work. The authors
should cite the following papers at least.

- Yagoob Z, Psaltis D, Feld MS, Yang C. Optical phase conjugation
for turbidity suppression in biological samples. Nature photonics
2008, 2(2): 110-115.

- Cui M, Yang C. Implementation of a digital optical phase
conjugation system and its application to study the robustness of
turbidity suppression by phase conjugation. Optics Express 2010,
18(4): 3444-3455.

- Ci¥ma&r T, Dholakia K. Exploiting multimode waveguides for pure
fibre-based imaging. Nature Communications 2012, 3: 1027.

- Hillman TR, Yamauchi T, Choi W, Dasari RR, Feld MS, Park Y, et al.
Digital optical phase conjugation for delivering two-dimensional
images through turbid media. Scientific Reports 2013, 3.

- Ma C, Xu X, Liu Y, Wang LV. Time-reversed adapted-perturbation
(TRAP) optical focusing onto dynamic objects inside scattering
media. Nature photonics 2014, 8(12): 931-936.

- Lee K, Lee J, Park J-H, Park J-H, Park Y. One-wave optical phase
conjugation mirror by actively coupling arbitrary light fields into
a single-mode reflector. Physical review letters 2015, 115(15):
153902.

=> Thank you for pointing this out. We included these references
(11-16) at the introduction of the manuscript, as proposed.




Reviewer 2:
Manuscript Summary:

In this manuscript a method to spatially multiplex two different
signals based on ODPC is presented. Results on spatial and
wavelength division multiplexing are demonstrated.

=> It is correct that spatial division multiplexing is shown,
however, no wavelength division multiplexing is used but the same
wavelength for both of the two signals.

Major Concerns:

I do not recommend the publication of this article unless the
following comments and corrections are addressed:

=> We appreciate your concerns and addressed all of our comments.

-In long haul communications GVD is a limitation. When using a
multimode fiber such as in this case, modal dispersion is quite
significant. Can you elaborate in modal dispersion and mention the
limitations of this approach in terms of maximum fiber length?

=> Thanks for that hint. We agree, that group velocity dispersion is
a limitation of this approach for long fibers. This limitation is
now mentioned at the discussion section. It can be reduced by using
gradient-index fibers (instead of step-index fibers). Furthermore,
spatiotemporal correction methods (see e.g. doi:
10.1038/nphoton.2011.72) are now also mentioned in the manuscript.

-The fiber length and number of fiber modes are not mentioned. As I
said in the previous comment, fiber length is important, because the
range of a multimode fiber approach is more limited that with single
mode fibers.

=> The fiber is 2 m in length and supports up to 1710 modes. We
added this information to the manuscript at the results section.

-In line 66, scattering is mentioned as the process that restricts
direct transmission of images and produces light scrambling or
speckle in multimode fibers. This is completely wrong. Light
propagates in optical fibers as a finite number of fiber modes. Mode
coupling and phase difference between the modes produced due to
slight fiber bending and index of refraction imperfections is what
produces the speckle like pattern.

=> We understand your point, although scattering in the strict sense
means a deflection of radiation from the straight trajectory in the
medium, e.g. due to non-uniform refractive index (imperfections and
boundary surface between core and cladding). This also includes mode
propagating and coupling. However, we changed the formulation in
order to avoid possible confusion.


http://dx.doi.org/10.1038/nphoton.2011.72

-In line 71 scattering is mentioned again. However in this case it
is correct because the reference is about focusing light through
scattering media. Just mention: "Wavefront shaping methods in
scattering media..." to clarify that now you are talking about
scattering media, because as it is now it seems that you are still
talking about propagation in multimode fibers.

=> Thanks for pointing this out. We corrected the corresponding
paragraph in the manuscript, as suggested.

Minor Concerns:
-It is not clear if the optical modulators are beam choppers.

=> In fact the modulators were simply beam choppers in our latest
setup, but these can be replaced by any other kind of optical
modulator, which does not affect the transmission principle itself.

-In line 190 the paragraph mention the frequency cross talk between
signal 1 and 2. Why is this shown since there is already a spatial
division multiplexing of the transmitted signals? The interesting
thing would be to know the crosstalk of two channels delivered at
the same location at two different frequencies. If the later was the
case of the results shown in Fig. 3 then a clarification should be
made.

=> For clarification, the signal transmission is based only on
spatial division multiplexing. Thus, the two signals have to be
delivered at different locations, otherwise they would overlap and
could not be separated from each other. In figure 3, two different
temporal frequencies fl and f2 have been chosen for the two signals
1l and 2 two emphasize their independence. Thus, the evaluation of
the received signals in frequency domain clearly shows that there is
a crosstalk between both signals, since the transmitted signal 2 has
also some unintended frequency content f1 from the original signal 1
and vice versa.

-In line 213, a compact fiber based implementation of the system is
proposed. Since the modulation of the channels is performed with the
choppers or the so called (modulators), would a fixed hologram
instead of the SLM simplify the implementation of this kind of
systems?

=> The SLM is needed to manipulate the light based on the inverse
phase of the light propagating through the fiber. Since the behavior
of fiber is usually not known or changes in time (due to bending,
temperature influences), a fixed hologram cannot be used here.
Anyway, this is independent from the fiber based implementation.
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