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Control of the temporal and polarization response
of a multimode fiber
Mickael Mounaix1* & Joel Carpenter 1

Control of the spatial and temporal properties of light propagating in disordered media have

been demonstrated over the last decade using spatial light modulators. Most of the previous

studies demonstrated spatial focusing to the speckle grain size, and manipulation of the

temporal properties of the achieved focus. In this work, we demonstrate an approach to

control the total temporal impulse response, not only at a single speckle grain but over all

spatial degrees of freedom (spatial and polarization modes) at any arbitrary delay time

through a multimode fiber. Global enhancement or suppression of the total light intensity

exiting a multimode fibre is shown for arbitrary delays and polarization states. This work

could benefit to applications that require pulse delivery in disordered media.
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Light propagation in disordered systems has been extensively
studied over the past 40 years1. Transmitted light through
such materials forms a complex pattern after propagation,

known as speckle, that is the signature of the interference between
a large number of modes within the sample. Although this speckle
looks random, this mixing of light is nonetheless linear and thus
deterministic. Wavefront shaping has revolutionized the spatial
control of coherent light beams thanks to the use of spatial light
modulators (SLM) in disordered systems2,3, such as biological
tissue, white paint or multimode fibers. Different approaches have
been developed to control the propagation of coherent light that
has experienced scattering, such as iterative optimization4,5,
optical phase conjugation6, and the measurement of the optical
transmission matrix7. These methods have been further extended
to the control of polarization8, spectral9,10, and temporal prop-
erties of light11, and widely used for imaging12–15 and optical
manipulation16.

The spatial and temporal distortions of scattered light are
coupled in disordered systems. Therefore, the temporal properties
of a spatio-temporal speckle field can be adjusted with spatial-
only control. In previous works, manipulating the temporal
properties of scattered light was achieved with spatio-temporal
focusing with a single SLM. The output pulse is focused on a
single speckle grain, and the spectral properties of the focus are
controlled to ensure a short duration of the output pulse. Spatio-
temporal focusing of the output pulse can be reached for instance
with optimization algorithms17,18, digital phase conjugation19,
pulse shaping methods20, or via the knowledge of the transmis-
sion matrix of the sample11,21. However, the output pulse has
only a short duration at this specified focus position, while the
background speckle remains temporally elongated22. The tem-
poral control of the spatio-temporal field is then limited to a
specific spatial mode (speckle position or a specific spatial pat-
tern), at the expense of undefined temporal behavior for the other
spatial modes. Equivalently, control of the impulse response of
only a small portion of the total power means the remaining field
is effectively a loss and potentially a source of noise. Most of the
total input power does not arrive at a controlled delay, it is
scattered into the temporal background. A control of the full
speckle pattern over a certain spectral bandwidth has been pro-
posed based on the transmission matrix, with the time delay
operator23–25. Nonetheless, the limited controlled spectral band-
width does not allow a full temporal control of the spatio-
temporal speckle.

In this paper, we propose a novel method to adjust the tem-
poral properties of the total output intensity at any arbitrary
delay over all the spatial and polarization modes propagating
through a multimode fiber. After experimentally measuring the

Multi-Spectral Transmission Matrix (MSTM) of the fiber, we
calculate the Time Resolved Transmission Matrix (TRTM) with a
Fourier Transform. Exploiting the TRTM, we demonstrate for the
first time both temporal enhancement and attenuation of the full
beam at specific delay times at the expense of undefined beha-
viour in the spatial domain. In contrast with previous spatio-
temporal focusing experiments where the temporal properties are
adjusted only in the spatial focus position, all the output spatial
modes are controlled at that specific delay. We also demonstrate
control of the often neglected polarization degree of freedom,
representing half of all the modes supported, which forms an
unprecedented full control of the spatio-temporal output field
over a large bandwidth.

Results
Experimental setup. At a given wavelength λ, the transmission
matrix U of a disordered system, such as a multimode fiber,
linearly links the input field (adjustable with a SLM) to the output
field (detectable with a camera). U is a N input ´ Noutput matrix,
with N input and Noutput the number of spatial and polarization
modes at the input and at the output of the system. Note that in a
multimode fiber, all the N input modes (on the order of 100–1000
modes depending on its geometrical parameters) could be mea-
sured in contrast with highly disordered materials26,27. The
transmission matrix has been widely used to manipulate light that
has suffered from scattering or mode mixing, for focusing7 or
imaging purposes28. Recently, the transmission matrix has been
extended to the spectral domain. The Multi Spectral Transmis-
sion Matrix9,21, also known as the optical transfer function29, is a
stack of transmission matrices UðλÞ for a set of different input
wavelength, that can be measured by sweeping the wavelength or
using hyper-spectral imaging30. The MSTM enables a spectral
control of the output field exploiting the spectral diversity of the
medium, and could be used for focusing a pattern at a given
wavelength9,29, pulse shaping the output focus21 and imaging
through scattering samples31.

We exploit the setup presented in Fig. 1 to measure the Multi
Spectral Transmission Matrix of a multimode fiber (MMF). The
light source is a tunable continuous wave (CW) laser (New focus
TLM-8700) operating between 1510 nm and 1620 nm (bandwidth
Δλ ¼ 110 nm ’ 13:5 THz). We use a phase-only spatial light
modulator (Meadowlark P1920) to generate any spatial and
polarization input state in amplitude and phase32. The SLM is
located in the Fourier plane of a multimode fiber. The fiber is a
1-m length of a 50 μm core radius step-index multimode fiber
(Thorlabs M42L01), which theoretically supports ~127 spatial
modes per polarization state33. A step-index multimode fiber has
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Fig. 1 Apparatus of the experimental setup. SMF: single mode fiber; SLM: spatial light modulator; PBS: polarizing beam splitter; MMF: multimode fiber;
NPBS: non-polarizing beam splitter; (L1, L2, L3, and L4): optical lenses. Focal length: L1: 25 mm; L2: 10 mm; L3: 4 mm; and L4: 60mm
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more mode coupling and a more complex and spread impulse
response than a graded index fiber with similar dimensions. The
multimode fiber we use in this experiment is not in the strong
mode coupling regime34 (see Supplementary Note 2 for more
details on the mode coupling in the fiber). The output field is
measured with digital off-axis holography, using an external path-
length matched reference beam and an InGaAs camera (Xenics
Xeva-1.7-320). The two polarization states are measured on the
left and the right side of the camera using a polarizer beam
displacer.

Measurement of the Transmission Matrix of a multimode
fiber. We use a swept-wavelength interferometer (SWI) to mea-
sure the multi spectral transmission matrix of the MMF29,32. We
measure the complete transmission matrix by generating all the
spatial and polarization modes (a total of N input ¼ 254 modes) on
the input facet of the MMF using the SLM. We launch the modes
of the step-index fiber in a linearly polarized basis with helical
wavefronts. For each individual input mode, we sweep the laser
and record the output field for all the wavelengths with the digital
holography beam analysis. Through the sweep, the camera is
triggered at 10.6 GHz through the sweep with an external Mach-
Zehnder interferometer that acts as a k-clock. This triggering
method enables the measurement of Nλ ¼ 1273 monochromatic
transmission matrices per sweep. Each output field is then digi-
tally decomposed on the fly in the Laguerre-Gaussian basis
(Noutput ¼ 650 modes). For a specific input mode, the corre-
sponding 2D slice of dimension Noutput ´Nλ of the MSTM is
measured in ~16 seconds: the full MSTM is then measured in a
bit more than an hour. Additional details on the experimental
setup are provided in Supplementary Note 1.

Enhancing the intensity at an arbitrary delay time. With a
sufficient spectral sampling, the MSTM can be Fourier trans-
formed to access the transmission matrices as a function of delay
UðτÞ. The obtained Time Resolved Transmission matrix (TRTM)
contains the full relationship between the spatiotemporal input
field to the spatiotemporal output field. The TRTM has been
exploited so far to focus light in space and time11 and to study
spatio-temporal correlations35. We show in Supplementary Fig. 1
a set of transmission matrices at different delay times of the
multimode fiber, that we calculated from our measured MSTM.

We demonstrate here how to exploit the TRTM to control the
light intensity integrated over all spatial and polarization modes
at an arbitrary delay τs. The transmission matrix of the MMF at
τs, that we write Uτs

, is extracted from the TRTM. Initially

developed in acoustics36,37, the Time Reversal Operator UyU ,
where the y operator stands for the conjugate transpose, has been
extensively used in the monochromatic regime for selective
focusing38, and the study of open channels39–42. Indeed, its
eigenvalues are directly related to the total transmitted energy at
the output of the disordered system26,43. In the time domain, the
eigenvectors of Uy

τs
Uτs

have been used to study optimal
transmission through scattering systems44. For instance, in order
to maximize the transmitted energy at the delay time τs, the input
state Emax

input is the eigenvector of U
y
τs
Uτs

associated to the highest
eigenvalue35. Our experimental setup enables us to measure all
spatial modes in both polarizations at both ends of the fiber
within UðλÞ, and thus within Uτs

. Therefore launching Emax
input is

thus enhancing both the horizontal and the vertical polarization
states at the output of the MMF at the delay time τs. In contrast
with digital phase conjugation of Uτs

11, this eigenstate is not
focusing light in a certain spatial mode or in a spatial position: it

is enhancing the light intensity at τs for all the spatial and
polarization modes.

We experimentally demonstrate this enhancement of light
intensity at an arbitrary delay time in Fig. 2. The delay time τ ¼ 0
ps corresponds to the arrival time of the first principal mode of
the MMF23. As an illustrative example, we maximize the
transmitted intensity at τmax ¼ 8.5 ps in Fig. 2a. Once we display
the eigenvector associated to the maximum eigenvalue of
Uy

τmax
Uτmax

onto the SLM, we measure the impulse response
IðτÞ of the output state. For this purpose, we measure the
spectrally resolved output field EoutputðλÞ with the SWI, while the
fixed input state is being displayed on the SLM. The impulse
response is calculated from the superposition over all the Noutput

output modes:

IðτÞ ¼
XNoutput

j¼1

jÊoutputðτ; jÞj2 ð1Þ

with Êoutputðτ; jÞ the Fourier transform of EoutputðλÞ decomposed
on the j-th output mode. The impulse response is then
normalized. The calculated impulse response with Eq. 1 is then
equivalent to what would be measured by a large photodetector at
the end of the fiber.

In Fig. 2a, we plot the experimentally measured time of flight
distribution of the multimode fiber in blue color as a reference
impulse response. It corresponds to the average impulse response
Irand over a set of Nrand = 20 random combinations over all
spatial and polarization input states. The experimentally
measured impulse response Iτmax

of the maximum eigenstate at
τmax is plotted in red in Fig. 2a, which clearly shows a sharp peak
at τmax. This impulse response could be numerically predicted
with the MSTM. For every wavelength λ, the expected output
field Enumerical

output ðλÞ reads Enumerical
output ðλÞ ¼ UðλÞ Emax

input. From the set

of Enumerical
output ðλÞ, we can use Eq. 1 to calculate the expected impulse

response Inumerical
τmax

. We plot Inumerical
τmax

in green in Fig. 2a, which is,
as expected, very similar to the experimentally measured impulse
response.

From the spectrally resolved field measurements, we can
reconstruct the output intensity at the delay time τmax with a
Fourier transform. In the inset of Fig. 2a, we show the
reconstructed intensity at τmax for both polarization states for
the enhancing eigenstate (top row). The output intensity is here
spread over a combination of spatial modes for both the
horizontal and the vertical polarization. As a contrast with
digital optical phase conjugation of the TRTM11 and previous
spatio-temporal control through scattering systems in the
literature, the output intensity is not spatially focused to a
mode or to a speckle grain, as all the output spatial modes are
enhanced at that specific delay. As a comparison, we also show
the reconstructed intensity of a random combination of input
modes of both polarization at τmax, with the same color-bar
(bottom row).

Similarly to spatial focusing experiments4, we define an
enhancement ratio ηðτmaxÞ when enhancing the output intensity
at delay time τmax. Based on the impulse responses plotted in
Fig. 2a., ηðτmaxÞ is defined as follows:

ηðτmaxÞ ¼
Iτmax

ðτmaxÞ
IrandðτmaxÞ

ð2Þ

with Iτmax
ðτmaxÞ and IrandðτmaxÞ the intensity of the impulse

response of the enhancing eigenstate and the time of flight at the
delay time τmax. In Fig. 2b, we compare the enhancement ratio
ηðτÞ calculated with the experimentally measured impulse
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responses (red markers) with the expected enhancement
ηnumericalðτÞ (green markers) for a set of different arrival times
spread between τ ¼ 0 ps and τ ¼ 45 ps. The expected enhance-
ment can be predicted with the TRTM. However, we cannot use
the random matrix theory to predict the eigenvalue distribution
as the MMF is not in the strong mode coupling regime35. The
expected enhancement ηnumericalðτÞ is calculated with Eq. 2, where
Inumerical
τmax

replaces Iτmax
. As the TRTM contains the full

spatiotemporal relationship between the input and the output
fields, ηðτÞ follows, as expected, a similar trend as ηnumericalðτÞ.
Modes arriving at very long delays are higher-order modes, that
are near cut-off. These higher-order modes experience less mode
coupling and hence sharper temporal features45, which tends to
increase the enhancement ratio for the eigenmodes at long delays.
Additional data processing, such all the individual impulse
responses used to calculate η and the spatial reconstruction of the
beam at the different delays, are presented in the Supplementary
Note 4. Finally, in our study we do not launch an input pulse as
we measure the data with swept-wavelength digital holography. A
simulation of the propagation of an input pulse, and its effect on
the impulse response and the enhancement is presented in the
Supplementary Note 4.

Attenuating the intensity at an arbitrary delay time. The time
reversal operator Uy

τs
Uτs

enables to adjust the transmitted
intensity over all spatial and polarization modes at the delay τs.
Exploiting the eigenvector associated with its maximum
eigenvalue enables enhancement of intensity at τs. Instead of
enhancing the light delivery, we can also attenuate the impulse
response at the delay time τs with the eigenvector Emin

input asso-

ciated with the minimum eigenvalue of Uy
τs
Uτs

. We illustrate in
Fig. 3a the experimental impulse response associated with the
minimum eigenstate at a chosen delay time τmin ¼ 19 ps. The
expected impulse response shows a clear minimum intensity at
τmin. Experimentally, the impulse response reveals as well a sharp
minimum at τmin, whose intensity is much smaller than the time
of flight distribution at the same arrival time.

Similarly to the enhancement ratio defined in Eq. 2, we also
define an attenuation ratio ρðτminÞ for such minimum eigenstates:

ρðτminÞ ¼
IrandðτminÞ
Iτmax

ðτminÞ ð3Þ

We plot the attenuation ratio in logarithm scale for a set of
different delay time between 0 ps and 45 ps in Fig. 3b. The
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numerical extinction ratio <� 20 dB implies we should be able to
completely attenuate the beam at every delay time, as the inset of
Fig. 3a illustrates for instance at specific delay τmin. However, the
experimental conditions are not allowing a pure zero-intensity in
the experimentally measured impulse response. Indeed, the
MSTM of the MMF has slightly decorrelated between its
measurement and when the eigenstates are being measured.
Besides, the superposition of the N input ¼ 254 input modes on the
SLM might not be as accurate as expected in the experiment.
Finally, the experimental stability level, whether on the detection
as well as on the illumination, add some noise which prevents the
observation of a pure zero-intensity in the impulse response.
Ultimately, this non-zero experimental intensity tends to decrease
the extinction ratio at larger delays where the time of flight gets a
smaller intensity.

Polarization control of the generated output state. The pro-
pagating modes in the multimode fiber are polarization-resolved.
In order to address all the modes, it is essential to control both the
spatial and the polarization degrees of freedom. Wavefront
shaping experiments in disordered materials, including multi-
mode fiber, are often sensing only a quarter of the transmission
matrix, by neglecting a polarization state both at the input and at
the output7,24. Neglecting the polarization is equivalent to
ignoring half of the propagating modes in the fiber. Full control of
all the modes requires then the measurement of the polarization-
resolved transmission matrix of the fiber. The experimental setup
presented in Fig. 1 enables the measurement of the polarization-
resolved MSTM of the MMF. Indeed, we can generate and detect
independently the two polarization states for all the spectral
components. Therefore the MSTM UðλÞ could be written as
follows:

UðλÞ ¼ UHHðλÞ UHVðλÞ
UVHðλÞ UVVðλÞ

� �
ð4Þ

with UijðλÞ the transmission matrix relating the input spatio-
temporal field on the i� th polarization state to the output
spatio-temporal field on the j� th polarization state. The
dimension of each sub-matrix is N input=2 ´Noutput=2. Let’s
assume we want to generate an arbitrary state in a chosen
polarization state j at the output of the fiber at a wavelength λ,
whether j is H or V. For this purpose we thus use
UjðλÞ ¼ ½UHjðλÞUVjðλÞ�29. In the delay domain, the calculated
TRTM from the experimentally measured MSTM is also polar-
ization-resolved: Uj;τs

is the TRTM at the delay time τs for the

output polarization state j. The time reversal operator Uy
j;τs
Uj;τs

enables then a temporal control of the overall combination of
spatial modes for a specific arrival time τs and a specific polar-
ization state at the output of the MMF.

Similarly to Fig. 2, the output intensity can be enhanced over
all the spatial modes for only the j-polarization state at the output.
The input field Emax;j

input is the eigenvector associated to the

maximum eigenvalue of Uy
j;τs
Uj;τs

. In Fig. 4a, b, we plot the
polarization-resolved impulse responses associated to such
eigenstates with τs ¼ 8:5 ps. The polarization-resolved impulse
responses are calculated with Eq. 1, using only the output modes
on the chosen polarization state. Figure 4a, b clearly evidence an
enhancement of the intensity overall spatial modes at τs for either
only H or only V. The reconstructed intensity at the output for H
and V at the delay time τs confirms that the transmitted light at τs
is polarized in the chosen state. An incomplete control of the
input polarization state would lead to similar results, but with a
lower energy delivery at τs as half of the input power would not

be controlled. Such an incomplete polarization control is shown
in Supplementary Fig. 8. The MMF in conjunction with the SLM
can then be used as an accurate deterministic polarization control
device in the time domain. This experiment could also be used to
study polarization recovery in scattering media46.

We also demonstrate an attenuation of a chosen polarization
state at the output of the fiber at the delay time τs. Instead of
launching Emax;j

input , we calculate Emin;j
input which is the input

eigenvector associated to the minimum eigenvalue of Uy
j;τs
Uj;τs

.
Figure 4c, d present the experimental polarization-resolved
impulse responses associated to such eigenstates for attenuating
either only H or only V. Figure 4c, d unambiguously reveal a
strong attenuation at τs for the controlled output polarization
state. In principle, any arbitrary polarization state can be achieved
at a given delay, similarly to previous work in the monochromatic
regime47, based on the superposition of the four sub time gated
transmission matrices of Eq. 4. Some examples are shown in
Supplementary Fig. 9.

Multiple delay control. In Fig. 2, we have demonstrated the
enhancement of light intensity at a chosen arbitrary time τs over
all the spatial and polarization modes. The TRTM could also be
used to shape more complex impulse responses. Spatio-temporal
focusing over multiple space-time positions have been demon-
strated with digital optical phase conjugation of the TRTM11.
Here we demonstrate an enhancement of the transmitted
light intensity at multiple delay times with the experimental setup
of Fig. 1.

The time reversal operator Uy
τs
Uτs

enables to adjust the
transmitted energy at the delay time τs. Figs. 2 and 3 have shown
this control for either enhancing or attenuating light intensity at a
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chosen delay time τs. The spectral diversity of the multimode
fiber ensures that this control is only affecting delays around τs, as
the transmission matrices as a function of wavelength/delay are
uncorrelated over a sufficient bandwidth/time interval21,23,24.

In order to enhance light intensity at two different delays τ1
and τ2, we use the time reversal operators Uy

τ1
Uτ1

and Uy
τ2
Uτ2

.

We calculate the input eigenvectors Emax ;τ1
input and Emax ;τ2

input associated
to the highest eigenvalue of the two single operators. The linear
superposition Emax;τ1;τ2

input ¼ Emax;τ1
input þ Emax ;τ2

input enables a control of
the impulse response at the two delay time τ1 and τ2. The phase
of the solution would then be displayed on the SLM, similarly to
spatio-temporal focusing at multiple delays11,21. This control can
be extended to a superposition of Nsuperpos: delay times. The input
field would then read:

E
max;Nsuperpos:

input ¼
XNsuperpos:

i¼1

Emax ;τi
input ð5Þ

with Emax ;τi
input the eigenvector associated with the highest eigenvalue

of Uy
τi
Uτi

. In practice, Nsuperpos: would be limited by the temporal
width of the impulse response of each single mode. The impulse
responses may interfere for different times, especially if the τi are
close in the time domain. We plot in Supplementary Fig. 3 the
temporal correlation between the different Time Resolved Trans-
mission Matrices. The quality of the superposition of the modes on
the SLM would also limit the efficiency of a high Nsuperpos:.

In Fig. 5 we demonstrate multiple delay control of the
transmitted intensity with the experimental setup of Fig. 1. In
Fig. 5a, Nsuperpos: ¼ 6 delay times are controlled, evenly spread
between 4 ps and 44 ps. Figure 5b illustrates a similar control over
a narrower time interval. The intensity of Nsuperpos: ¼ 7 delay
times is enhanced, evenly spread between 4 ps and 19 ps. We
clearly identify Nsuperpos: peaks in Fig. 5a and Fig. 5b. The
enhancement ratios at the Nsuperpos: delays are much lower than
the individual delay enhancement ratios presented in Fig. 2b.
However the total transmitted power remains similar for either a
single delay enhancement or a multiple delay control. The
amplitude ratio between these peaks could also be adjusted using
an amplitude coefficient in the superposition in Eq. 5. A control

of different Nsuperpos: within the same time interval is presented in
the Supplementary Figs. 10 and 11. This multiple delay control
could also be exploited in conjunction with Fig. 4, where the two
polarization states could be manipulated at different arrival times.

The ability to manipulate multiple delay times within long
delay and dispersion provided by a very compact optical system
such as a multimode fiber opens interesting perspectives for
compact pulse shaping experiments. We believe this multiple
delay control might also be useful for coherent control and pump
probe experiments for imaging purposes or for complex control
of light-matter interactions.

Discussion
Over the last decade, wavefront shaping with spatial light mod-
ulators have revolutionized the study of light propagation in
disordered systems, where scattering was considered as an
insurmountable obstacle. Most of the previous works studied
spatial control of the output field at the expense of the temporal
behavior. We have demonstrated here the temporal control of
light intensity averaged over all the spatial and polarization
modes after propagation through a multimode fiber, at the
expense of the spatial pattern. More precisely, we have shown
how to enhance or attenuate the transmitted intensity at any
arbitrary delay times, arbitrary polarization state, and arbitrary
combinations of these. This work opens interesting perspectives
in applications that require the measurement or control of spatio-
temporal properties of light in scattering media. A pulse with a
large number of transverse modes could be useful for the fol-
lowing non exhaustive list of examples: the study of correlations
in disordered systems35,48–50 telecommunications51, non-linear
imaging31,52 and endoscopy53–55 through complex systems, time-
gating imaging56,57, temporal focusing microscopy58–60 and high
power fiber lasers61. Our polarization control of the beam in the
temporal domain could find applications in polarization sensitive
optical coherence tomography62–64

Acknowledgements
We thank Martin Plöschner for careful reading of our manu-
script. This work is supported by the Australian Research Council
(ARC) projects DE180100009 and DP170101400.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 16 July 2019; Accepted: 16 October 2019;

References
1. Goodman, J. W. Some fundamental properties of speckle. J Opt. Soc. Am. 66,

1145–1150 (1976).
2. Rotter, S. & Gigan, S. Light fields in complex media: mesoscopic scattering

meets wave control. Rev. Mod. Phys. 89, 015005 (2017).
3. Mosk, A. P., Lagendijk, A., Lerosey, G. & Fink, M. Controlling waves in space

and time for imaging and focusing in complex media. Nat. Photonics 6,
283–292 (2012). ISSN 1749-4885.

4. Vellekoop, I. M. & Mosk, A. P. Focusing coherent light through opaque
strongly scattering media. Opt. Lett. 32, 2309–2311 (2007). ISSN 1539-4794.

5. Vellekoop, I. M. Feedback-based wavefront shaping. Opt. Express 23,
12189–12206 (2015). ISSN 1094-4087.

6. Yaqoob, Z., Psaltis, D., Feld, M. S. & Yang, C. Optical phase conjugation for
turbidity suppression in biological samples. Nat. Photonics 2, 110–115 (2008).
ISSN 1749-4885.

7. Popoff, S. M. et al. 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).

a

b

0

0.1

0.2

Im
pu

ls
e 

re
sp

on
se

 (
a.

u.
)

60

Delay (ps)

0

0.1

0.2

Im
pu

ls
e 

re
sp

on
se

 (
a.

u.
)

60

0 20 40

0 20 40

Average random

6 pulses within 40 ps

Average random

7 pulses within 15 ps

Fig. 5 Enhancement of transmitted light intensity at multiple delay times.
a Enhancing the light intensity at 6 different delays τ i evenly spread from 4
ps to 44 ps. b Enhancing the light intensity at 7 different delays τ i evenly
spread from 4 ps to 19 ps

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13059-8

6 NATURE COMMUNICATIONS |         (2019) 10:5085 | https://doi.org/10.1038/s41467-019-13059-8 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


8. Guan, Y., Katz, O., Small, E., Zhou, J. & Silberberg, Y. Polarization control of
multiply scattered light through random media by wavefront shaping. Opt.
Lett. 37, 4663–4665 (2012). ISSN1539-4794.

9. Andreoli, D. et al. Deterministic control of broadband light through a multiply
scattering medium via the multispectral transmission matrix. Sci. Rep. 5,
10347 (2015). ISSN2045-2322.

10. Paudel, H. P., Stockbridge, C., Mertz, J. & Bifano, T. Focusing polychromatic
light through strongly scattering media. Opt. Express 21, 17299–17308 (2013).

11. Mounaix, M., Defienne, H. & Gigan, S. Deterministic light focusing in space
and time through multiple scattering media with a time-resolved transmission
matrix approach. Phys. Rev. A 94, 041802 (2016a).

12. Čižmár, T. & Dholakia, K. Exploiting multimode waveguides for pure fibre-
based imaging. Nat. Commun. 3, 1027 (2012). ISSN 2041-1723.

13. Choi, Y. et al. Scanner-free and wide-field endoscopic imaging by using a
single multimode optical fiber. Phys. Rev. Lett. 109, 203901 (2012).

14. Plöschner, M., Tyc, T. & Čižmár, T. Seeing through chaos in multimode fibres.
Nat. Photonics 9, 529–535 (2015). ISSN 1749-4885.

15. BoonzajerFlaes, D. E. et al. Robustness of light-transport processes to bending
deformations in graded-index multimode waveguides. Phys. Rev. Lett. 120,
233901 (2018).

16. Leite, I. T. et al. Three-dimensional holographic optical manipulation through
a high-numerical-aperture soft-glass multimode fibre. Nat. Photonics 12,
33–39 (2018). ISSN 1749-4893.

17. Aulbach, J., Gjonaj, B., Johnson, P. M., Mosk, A. P. & Lagendijk, A. Control of
light transmission through opaque scattering media in space and time. Phys.
Rev. Lett. 106, 103901 (2011).

18. Katz, O., Small, E., Bromberg, Y. & Silberberg, Y. Focusing and compression
of ultrashort pulses through scattering media. Nat. Photonics 5, 372–377
(2011). ISSN 1749-4885.

19. Morales-Delgado, E. E., Farahi, S., Papadopoulos, I. N., Psaltis, D. & Moser, C.
Delivery of focused short pulses through a multimode fiber. Opt. Express 23,
9109 (2015). ISSN 1094-4087.

20. McCabe, D. J. et al. Spatio-temporal focusing of an ultrafast pulse through a
multiply scattering medium. Nat. Commun. 2, 447 (2011). ISSN 2041-1723.

21. Mounaix, M. et al. Spatiotemporal coherent control of light through a multiple
scattering medium with the multispectral transmission matrix. Phys. Rev. Lett.
116, 253901 (2016).

22. Mounaix, M., Aguiar, H. Bd & Gigan, S. Temporal recompression through a
scattering medium via a broadband transmission matrix. Optica 4, 1289–1292
(2017). ISSN2334-2536.

23. Carpenter, J., Eggleton, B. J. & Schröder, J. Observation of Eisenbud-Wigner-
Smith states as principal modes in multimode fibre. Nat. Photonics 9, 751–757
(2015). ISSN 1749-4885.

24. Xiong, W. et al. Spatiotemporal control of light transmission through a
multimode fiber with strong mode coupling. Phys. Rev. Lett. 117, 053901 (2016).

25. Ambichl, P. et al. Super- and anti-principal-modes in multimode waveguides.
Phys. Rev. 7, 041053 (2017).

26. Popoff, S., Goetschy, A., Liew, S., Stone, A. & Cao, H. Coherent control of total
transmission of light through disordered media. Phys. Rev. Lett. 112, 133903
(2014).

27. Goetschy, A. & Stone, A. D. Filtering random matrices: the effect of
incomplete channel control in multiple scattering. Phys. Rev. Lett. 111, 063901
(2013).

28. Popoff, S., Lerosey, G., Fink, M., Boccara, A. C. & Gigan, S. Image
transmission through an opaque material. Nat. Commun. 1, 81 (2010). ISSN
2041-1723.

29. Carpenter, J., Eggleton, B. J. & Schröder, J. Complete spatiotemporal
characterization and optical transfer matrix inversion of a 420 mode fiber.
Opt. Lett. 41, 5580–5583 (2016). ISSN1539-4794.

30. Boniface, A., Gusachenko, I., Dholakia, K. & Gigan, S. Rapid broadband
characterization of scattering medium using hyperspectral imaging. Optica 6,
274–279 (2019). ISSN 2334-2536.

31. Mounaix, M., Ta, D. M. & Gigan, S. Transmission matrix approaches for
nonlinear fluorescence excitation through multiple scattering media. Opt. Lett.
43, 2831–2834 (2018). ISSN1539-4794.

32. Carpenter, J., Eggleton, B. J. & Schröder, J. 110x110 optical mode transfer
matrix inversion. Opt. Express 22, 96 (2014). ISSN 1094-4087.

33. Snyder, A.W. & Love, J. Optical Waveguide Theory (Springer Science &
Business Media, 2012).

34. Xiong, W. et al. Principal modes in multimode fibers: exploring the crossover
from weak to strong mode coupling. Opt. Express 25, 2709–2724 (2017). ISSN
1094-4087.

35. Xiong, W., Hsu, C. W. & Cao, H. Long-range spatio-temporal correlations in
multimode fibers for pulse delivery. Nat. Commun. 10, 1–7 (2019). ISSN 2041-
1723.

36. Prada, C. & Fink, M. Eigenmodes of the time reversal operator: a solution to
selective focusing in multiple-target media. Wave Motion 20, 151–163 (1994).
ISSN 0165-2125.

37. Prada, C., Manneville, S., Spoliansky, D. & Fink, M. Decomposition of the
time reversal operator: detection and selective focusing on two scatterers. J.
Acoustical Soc. Am. 99, 2067–2076 (1996). ISSN0001-4966.

38. Popoff, S. M. et al. Exploiting the time-reversal operator for adaptive optics,
selective focusing, and scattering pattern analysis. Phys. Rev. Lett. 107, 263901
(2011).

39. Choi, W., Mosk, A. P., Park, Q.-H. & Choi, W. Transmission eigenchannels in
a disordered medium. Phys. Rev. B 83, 134207 (2011).

40. Davy, M., Shi, Z., Wang, J., Cheng, X. & Genack, A. Z. Transmission
eigenchannels and the densities of states of random media. Phys. Rev. Lett.
114, 033901 (2015).

41. Davy, M., Shi, Z., Park, J., Tian, C. & Genack, A. Z. Universal structure of
transmission eigenchannels inside opaque media. Nat. Commun. 6, 6893
(2015). ISSN2041-1723.

42. Yilmaz, H., Hsu, C. W., Yamilov, A. & Cao, H. Transverse localization of
transmission eigenchannels. Nat. Photonics 13, 352–358 (2019). ISSN 1749-4893.

43. Kim, M. et al. Maximal energy transport through disordered media with the
implementation of transmission eigenchannels. Nat. Photonics 6, 581–585
(2012). ISSN 1749-4885.

44. Hsu, C. W., Goetschy, A., Bromberg, Y., Stone, A. D. & Cao, H. Broadband
coherent enhancement of transmission and absorption in disordered media.
Phys. Rev. Lett. 115, 223901 (2015).

45. Carpenter, J., Eggleton, B. J. & Schröder, J. Comparison of principal modes
and spatial eigenmodes in multimode optical fibre. Laser Photonics Rev. 11,
1600259 (2017). ISSN1863-8899.

46. Aguiar, H. Bd, Gigan, S. & Brasselet, S. Polarization recovery through
scattering media. Sci. Adv. 3, e1600743 (2017). ISSN 2375-2548.

47. Xiong, W. et al. Complete polarization control in multimode fibers with
polarization and mode coupling. Light. Sci. Appl. 7, 1–10 (2018). ISSN2047-7538.

48. Hsu, C. W., Liew, S. F., Goetschy, A., Cao, H. & Douglas Stone, A.
Correlation-enhanced control of wave focusing in disordered media. Nat.
Phys. 13, 497–502 (2017). ISSN 1745-2481.

49. Freund, I. Looking through walls and around corners. Phys. A Stat. Mech.
Appl. 168, 49–65 (1990). ISSN0378-4371.

50. Feng, S., Kane, C., Lee, P. A. & Stone, A. D. Correlations and fluctuations of
coherent wave transmission through disordered media. Phys. Rev. Lett. 61,
834–837 (1988).

51. Winzer, P. J., Neilson, D. T. & Chraplyvy, A. R. Fiber-optic transmission and
networking: the previous 20 and the next 20 years [Invited]. Opt. Express 26,
24190–24239 (2018). ISSN1094-4087.

52. deAguiar, H. B., Gigan, S. & Brasselet, S. Enhanced nonlinear imaging through
scattering media using transmission-matrix-based wave-front shaping. Phys.
Rev. A 94, 043830 (2016).

53. Papadopoulos, I. N., Farahi, S., Moser, C. & Psaltis, D. High-resolution,
lensless endoscope based on digital scanning through a multimode optical
fiber. Biomed. Opt. Express 4, 260–270 (2013). ISSN 2156-7085.

54. Caravaca-Aguirre, A. M. & Piestun, R. Single multimode fiber endoscope. Opt.
Express 25, 1656–1665 (2017). ISSN 1094-4087.

55. Turtaev, S. et al. High-fidelity multimode fibre-based endoscopy for deep
brain in vivo imaging. Light Sci. Appl. 7, 92 (2018). ISSN 2047-7538.

56. Badon, A. et al. Smart optical coherence tomography for ultra-deep imaging
through highly scattering media. Sci. Adv. 2, e1600370 (2016). ISSN 2375-
2548.

57. Jeong, S. et al. Focusing of light energy inside a scattering medium by
controlling the time-gated multiple light scattering. Nat. Photonics 12, 277
(2018). ISSN 1749-4893.

58. Oron, D., Tal, E. & Silberberg, Y. Scanningless depth-resolved microscopy.
Opt. Express 13, 1468–1476 (2005). ISSN 1094-4087.

59. Zhu, G., Howe, Jv, Durst, M., Zipfel, W. & Xu, C. Simultaneous spatial and
temporal focusing of femtosecond pulses. Opt. Express 13, 2153–2159 (2005).
ISSN 1094-4087.

60. Escobet-Montalbán, A. et al. Wide-field multiphoton imaging through scattering
media without correction. Sci. Adv. 4, eaau1338 (2018). ISSN 2375-2548.

61. Jackson, S. D. Towards high-power mid-infrared emission from a fibre laser.
Nat. Photonics 6, 423–431 (2012). ISSN 1749-4893.

62. Li, J. et al. Polarization sensitive optical frequency domain imaging system for
endobronchial imaging. Opt. Express 23, 3390–3402 (2015). ISSN1094-4087.

63. Boer, J. Fd, Hitzenberger, C. K. & Yasuno, Y. Polarization sensitive optical
coherence tomography - a review [Invited]. Biomed. Opt. Express 8,
1838–1873 (2017). ISSN2156-7085.

64. Walther, J. et al. Depth-resolved birefringence imaging of collagen fiber
organization in the human oral mucosa in vivo. Biomed. Opt. Express 10,
1942–1956 (2019). ISSN 2156-7085.

Author contributions
M.M. initiated the study and performed the experiments. M.M. and J.C. led the study,
contributed to data analysis and writing the manuscript.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13059-8 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:5085 | https://doi.org/10.1038/s41467-019-13059-8 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13059-8.

Correspondence and requests for materials should be addressed to M.M.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13059-8

8 NATURE COMMUNICATIONS |         (2019) 10:5085 | https://doi.org/10.1038/s41467-019-13059-8 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-13059-8
https://doi.org/10.1038/s41467-019-13059-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Control of the temporal and polarization response of a multimode fiber
	Results
	Experimental setup
	Measurement of the Transmission Matrix of a multimode fiber
	Enhancing the intensity at an arbitrary delay time
	Attenuating the intensity at an arbitrary delay time
	Polarization control of the generated output state
	Multiple delay control

	Discussion
	Acknowledgements
	Data availability
	References
	Author contributions
	Competing interests
	Additional information




