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Temporal light control in complex media through the singular-value decomposition
of the time-gated transmission matrix
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The complex temporal behavior of an ultrashort pulse of light propagating through a multiple scattering
medium can be characterized experimentally through a time-gated transmission matrix. Using a spatial light
modulator, we demonstrate here that injecting singular vectors of this matrix allows us to optimally control the
energy deposition at any controllable delay time. Our approach provides insights into the fundamental aspects
of multispectral light scattering and could find applications in imaging or coherent control.
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A coherent light pulse passing through a multiple scat-
tering medium gets distorted into speckled interference
patterns—both in space and time [1]. Even though the re-
sulting pattern is seemingly random, it results from linear
and deterministic scattering events and can therefore be
controlled [2]. In recent years, many techniques have been
developed enabling the control of the scattered light by means
of shaping the input field [3,4].

A concept that enables a particularly detailed control of
light propagation through scattering media is the transmission
matrix (TM) [5]. For a given wavelength, the monochro-
matic TM relates the light field entering the medium to the
output field, thus encoding the entire transmission behavior
of the scattering sample. Once measured, an “inversion” of
this matrix thus enables the focusing at arbitrary locations,
the transmission of images [6], as well as the creation of
states that are invariant to scattering [7]. In addition, de-
composing the matrix in its eigen- or singular modes gives
access to orthogonal input channels sorted by their total trans-
mission [8,9]. This is not only interesting for the study of
mesoscopic effects, accessible when measuring a large frac-
tion of the modes, such as open and closed channels [10–12],
but also for controlling the overall transmission and reflection
of a sample [13–15].

In the case of pulsed illumination, the speckled interfer-
ence pattern acquires an additional temporal component as
the different wavelengths of the pulse propagate differently
in the scattering process [16]. The TM concept still holds in
this situation but needs to be extended to a multispectral TM,
encoding the transmission of each spectral channel [17]. The
number of distinct spectral channels needed to capture the
full transmission behavior depends on the scattering sample
and on the bandwidth of the input pulse. In order to address
the light arriving at a certain time, one can either Fourier
transform a multispectral TM [18,19] or directly perform
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a time-resolved measurement, resulting in a time-gated TM
which is valid only for a certain arrival time in the scat-
tered pulse. This tool already proved useful for spatiotemporal
focusing behind scattering media [20], for focusing on an
object embedded inside a scattering sample [21], and, more
recently, to control the energy delivery after propagation in
a multimode fiber [18,19]. The two latter studies, however,
only indirectly measure and manipulate the pulse response by
measuring its individual monochromatic components and by
reconstructing it in postprocessing.

In this Letter, we report on the temporal control of a
femtosecond laser pulse that passes through a multiple scatter-
ing medium. We characterize the scattering process through
the direct measurement of the time-gated TM by interfering
the scattered light with a controllable delayed probe pulse.
Performing the singular-value decomposition (SVD) of this
time-gated TM provides us with a set of input modes that en-
able temporal control, beyond simple focusing [20]. Through
direct measurements of the time-resolved transmission, we
are able to show that the singular vectors of the time-gated
TM can be used to enhance or diminish the energy arriv-
ing at any selected time in the output pulse, enabling a
smooth and accurate control of the temporal intensity distri-
bution. We complement our experimental observations with
simulations of scattering waveguides that allow us to probe
regimes of control not easily accessible experimentally. In
this way we uncover the existence of states that are perfectly
nontransmitting at given delay times in the output pulse.
Working with the SVD has the advantage of accessing the
state with optimal transmission at any given time—a feature
recently addressed in the context of monochromatic light [8],
broadband inputs in optical fibers [18,19], the deposition ma-
trix [22], or non-normal photonic media [23]. We illustrate
this aspect by comparing the SVD states to other strategies
to enhance the total transmission. To illustrate the versatil-
ity of the SVD-based transmission control, we show how
to use it for controlling the speckle grain size at a specific
time [24].
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FIG. 1. Scheme of the experimental setup. An ultrashort pulse
of light, of central wavelength λ0 = 808 nm, delivered from a
Ti:sapphire pulsed laser (MaiTai HP, Spectra Physics, �100 fs pulse
length) is divided upon two paths by a polarizing beam splitter
(PBS). On one path the pulse wavefront is modulated by a reflective
phase-only SLM (HSP512L-1064, Meadowlarks) and passes through
a ∼10 µm scattering layer of TiO2 particles (transmittance of ∼0.3,
suspended on a glass slide and static on the timescale of experiments)
where it gets elongated. On the second path, the pulse is sent on a
controlled delay line. Both pulses get recombined on a beam split-
ter (BS) and are imaged on a CCD camera (Manta, G-046, Allied
Vision). Two half-wave plates (λ/2) adjust the polarization of the
power of both arms and a polarizer (P) before the camera selects the
desired polarization.

The experimental setup used is sketched in Fig. 1. An
ultrashort pulse of light, modulated by a reflective phase-
only spatial light modulator (SLM), is sent through a slab of
scattering material. Multiple scattering processes elongate the
pulse in time before it is imaged on a charged coupled de-
vice (CCD) camera. Additionally, an unperturbed plane-wave
probe pulse, decoupled from the beam before the SLM, is
recombined and interferes with the scattered light at the CCD.
A delay line in the probe path allows us to tune the time delay
τ between the scattered light and the probe pulse. Scanning
the probe pulse delay over the elongated pulse enables us to
retrieve the spatiotemporal field of the scattered light [20,25]
(for more details, refer to Supplemental Material (SM) [26]
Secs. I and II).

This time-gated configuration enables us to measure a
time-gated TM at any desired delay time τ0 within the dis-
tribution of delays induced by the scattering. To this end, a set
of orthogonal spatial modes (Hadamard basis) is displayed on
the SLM while for each mode the output field is measured on
the CCD by phase stepping the pattern on the SLM between
0 and 2π [5]. As the probe pulse only interferes with the part
of the scattered light that matches its delay, the measured TM
only encodes information about this given delay. The rest of
the light acts as a background and does not influence the TM
measurement.

Using phase conjugation, it has already been shown that the
information contained in the TM can be used to concentrate
light at single or multiple spatiotemporal positions [20]. Here,
instead, we address the question of how to achieve the glob-

ally optimal energy delivery in a selected output region, at a
predetermined time τ0. The method of choice for this task is to
perform an SVD of the time-gated TM, which yields the real
singular values si and the orthogonal input singular vectors vi

associated with them (see SM [26] Sec. III.). The number of
nonzero singular values at a given time τ0 corresponds to the
matrix rank and we sort them in decreasing order. Correspond-
ingly, the first singular vector v1 corresponds to the largest
singular value and thus to the globally optimal transmission
at the time delay τ0. In the experiment, we display the phase
of the singular vectors on the SLM and record the resulting
output pulses. The impact of a specific input wavefront on
the temporal shape of the output is measured by tuning the
delay of the probe pulse over the full extended duration of the
scattered pulse while recording their interference. In Fig. 2(a)
we present the temporal shape of the scattered field amplitude,
spatially averaged over the full area over which the time-gated
TM was measured for two of its singular vectors. The first
singular vector v1, associated with the highest singular value,
leads to a sharp increase of the field amplitude in the region
of interest at τ0. On the contrary, the last singular vector
v225 (NCCD = 225), associated with the lowest singular value,
results in a decrease at that delay τ0. Outside of the controlled
time bin, the temporal profile of the pulse is not affected. The
temporal width of the affected region is larger than the original
pulse width due to the homodyne measurement process—its
value is detailed in SM [26] Sec. IV.

These two singular vectors represent the extreme cases
of field enhancement or reduction. Sending singular vectors
associated to intermediate singular values enables us to tune
the enhancement to field values in between [see the inset of
Fig. 2(a)]. Here, we define the amplitude increase ratio ηE as
the relative enhancement, at the target time, of the field am-
plitude relative to the unshaped plane-wave input pulse. The
measured enhancement values follow qualitatively the TM
singular-value distribution. The observed discrepancy in mag-
nitude of the enhancement can be explained by the phase-only
constraint of our wavefront modulation while the global shape
is reproduced well by a random matrix model (see SM [26]
Sec. VI). The singular vector spectrum of the time-gated TM
hence enables smooth control of the energy delivery at the
target time τ0.

Through measuring the time-gated TM for different delay
times, temporal control can be gained over the whole duration
of the elongated pulse, as shown in Fig. 2(b) for the first
singular vector. Yet, its effectiveness depends on the value of
τ0, with the increase ratio reaching a maximum at around τ0 ≈
1.1 ps which corresponds to about double the Thouless time of
the medium [27]. The decay of the enhancement for late times
can be attributed to a drop in the signal-to-background ratio
of the TM measurement (in line with related observations in
Ref. [28]). Our work also shows that the delay at which the
energy variations apply can slightly differ from τ0, especially
for short and long delays (see SM [26] Sec. VI).

Up to now, we demonstrated control of the global pulse
amplitude at a single delay time only. However, to gain control
over multiple times at once, linearity enables us to sum the
singular vectors associated to time-gated TMs measured at
different times, as presented in Fig. 2(c). This is analogous
to the superposition of multiple spatial, spatiotemporal, or

L051501-2



TEMPORAL LIGHT CONTROL IN COMPLEX MEDIA … PHYSICAL REVIEW A 105, L051501 (2022)

FIG. 2. Temporal control of scattered light with the time-gated
TM. (a) Temporal profile of the spatially averaged output pulse
amplitude |E | for the first singular vector v1 (peaked blue) and
the last singular vector v225 (dented orange) of a time-gated TM
measured at τ0 = 1.1 ps. The pulse shape obtained for a plane-wave
input is shown in gray. In the inset, the amplitude enhancement ηE

(measured at τ0) relative to the plane-wave input is shown for the
whole range of singular vectors (blue dots). The expected field en-
hancement for phase and amplitude control s̃ = s/

√
〈s2〉 corresponds

to the normalized singular values (see SM [26] Sec. VI.) and is
indicated by the red solid line. (b) Enhancements obtained with the
first (v1, blue dots) and last (v225, orange squares) singular vectors for
different delay times τ0. The plane-wave output pulse is shown as a
visual aid (arbitrary units, gray line). Here, the individual time-gated
TMs have been measured with ten phase steps per mode (instead of
four—see SM [26] Sec. I) to reduce measurement noise in the pulse
tail. (c) Simultaneous enhancement at three different delay times by
projecting the sum of the corresponding TM’s first singular vectors
v

(τ1,τ2,τ3 )
1 (three peaks, green) compared to the plane-wave input (no

peaks, gray) and to a single time control v
(τ2 )
1 (single peak, blue).

All TMs used here were measured for NSLM � 640 (see SM [26]
Sec. III A) and NCCD = 225. Data displayed in (a) are averaged over
four disorder realizations whereas (b) and (c) correspond to a single
realization.

spatiochromatic foci [5,17,20,29]. As for the spatial superpo-
sitions, tuning the pulse amplitude at multiple times with a
single SLM mask naturally leads to a drop in efficiency.

An important technical limitation in our setup is the restric-
tion to phase-only input patterns. Even though the singular
vectors contain the amplitude information, we only project
their phase on the SLM. In order to better understand how
this limitation affects the temporal shaping presented, we turn
to simulations. For a two-dimensional waveguide geometry
filled with randomly placed obstacles we solve the scalar
Helmholtz equation for 50 transverse input and output modes
(for details, see SM [26] Sec. V). Doing this for a range
of wavelengths we can retrieve the temporal response of the
waveguide through a Fourier transform [18,19]. This provides

FIG. 3. Simulation results in a waveguide geometry with a sim-
ilar scattering strength and using 50 input and output modes. Solid
lines indicate the output pulse shapes for amplitude and phase control
of the singular vectors v1 (peaked blue) and v50 (dented orange)
corresponding to the largest and smallest singular value of the TM
at the value of τ0 (indicated by the vertical dashed black line). The
corresponding results for phase-only control are depicted by dashed
lines. The gray line represents the time-of-flight reference when
injecting a set of random inputs. The simulation results are averaged
over ten realizations of the disorder.

us with the time-resolved TM, allowing us to calculate its
SVD and to evaluate the output pulse shape for different
input singular vectors. Figure 3 shows the response for the
extremal vectors v1 and v50, both for phase and amplitude and
phase-only control. For the latter, we find good qualitative
agreement with the experimental results. As expected, the
additional amplitude control yields a larger modulation of
the field at the target delay (indicated by the vertical dashed
black line). In the case of the first singular vector, however,
the difference between full control and phase-only control
is not large. For the last singular vector, on the other hand,
the additional amplitude control allows us to create a zero
crossing of the electric field (in line with results obtained in
multimode fibers where a quasicancellation of the field was
observed [19]).

Note that, in the waveguide, the fraction of modes that is
controlled is limited to the lowest 50% (see SM [26] Sec. V),
whereas in the experiment a much smaller fraction of all
modes is controlled. In addition, the transverse boundary con-
ditions differ. The good agreement between the simulation
and the experimental results is therefore all the more striking
and indicates that SVD-based temporal control is a widely
applicable tool.

In the following, we compare our SVD control to concep-
tually simpler strategies to enhance the energy at a certain
time. A spatiotemporal focus, for example, also leads to a
temporal focus, albeit only at a single location [20]. For the
light to be focused on several locations at once, many fo-
cusing wavefronts can be superposed at the cost of a lower
enhancement for the individual foci. Contrary to what one
might expect, focusing simultaneously on each output pixel
for which the TM was measured does not entirely diminish
the overall enhancement of the delivered light (see SM [26]
Sec. VI). This global-focus pattern can be obtained by
simply summing the time-gated TM over all output elements.
A comparison of the field enhancement obtained from the
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FIG. 4. (a) Amplitude enhancement ηE over the degree of control
scaled as 1/

√
γ for the first singular vector v1 (blue dots) and the

global-focusing vector (red squares). Here, NSLM � 120 was fixed
and NCCD was varied from NCCD = 25 (1/

√
γ = 2.25) to NCCD =

225 (1/
√

γ = 0.75). The insets show typical examples of the output
field amplitude patterns for the first singular vector (top left) and
the global-focusing vector (bottom right). Output fields are only
affected in the region where the TM was measured, a central square,
and the edges are displayed for visual reference. (No average over
disorder realizations was performed.) (b) Temporal evolution of the
speckle grain size for the first singular vector v1 (peaked blue) and an
intermediate singular vector v121 (dented yellow) in the same config-
uration used in Figs. 2(a) and 2(b). At each τ the speckle grain size
is normalized to the one obtained for the plane-wave input pulse. For
all data presented in this figure the TM was measured at τ0 = 1.1 ps.
(An average over four disorder realizations was performed.)

global focus and the first singular vector for different degrees
of control γ = NCCD/NSLM is presented in Fig. 4(a). We see
that for a large number of output modes (1/

√
γ � 1) the

SVD has a distinct advantage while in the case of few output
pixels (1/

√
γ � 1) the global focus leads to similar temporal

enhancements. In the extreme case of a single output pixel the
first singular vector and the global-focus pattern are naturally
equivalent [30]. The scaling of the enhancement with 1/

√
γ

is predicted analytically (see SM [26] Sec. VI B).
The smaller enhancements of the global-focus input com-

pared to the first singular vector is expected since the
summation of all TM rows constrains the field on all output
pixels to have the same phase and amplitude values. This
restriction prevents the optimally transmitting mode from
being reached and leads to non-Rayleigh distributed output
patterns. The insets in Fig. 4(a) illustrate this by comparing the
global-focus output to the Rayleigh distributed output speckle
obtained with the first singular vector (see also SM [26]
Sec. VII).

To demonstrate the versatility of working with singular
vectors of the time-gated TM, we show here how this ap-
proach can also be used to control speckle correlations at
well-defined moments in time. For this purpose we translate a
technique originally introduced for oversampled monochro-
matic TMs [24] to the temporal domain. Relying on an
imbalance in the transmission of different spatial frequencies
encoded in the TM, this technique enables the control of the

speckle grain size through a selection of different singular
vectors. For the time-gated TM, this effect translates to the
time domain, allowing for a temporal control of the speckle
grains as shown in Fig. 4(b). The grain size variations over the
pulse are presented for two singular vectors and in analogy
to the monochromatic case they can be tuned continuously
when utilizing the full spectrum of singular vectors. We expect
these results to trigger more advanced temporal correlation
engineering in complex media.

In conclusion, we present an experimental technique based
on the SVD of the time-gated TM which enables the tem-
poral control of the global light delivery on the region of
interest through a complex scattering medium. By select-
ing different singular vectors as inputs we can continuously
tune the transmission of a laser pulse at the desired arrival
times. Such pulse-shaping capabilities might be useful for
pump-probe experiments or for nonlinear excitations through
scattering environments. Moreover, we observe in simulations
that amplitude and phase control at the input should allow
for a perfect cancellation of the output field at a desired
point in time. To further match experiments, performing a
three-dimensional simulation, as presented in Ref. [31], would
be of interest. We also compare the SVD-based transmission
enhancement with a global-focusing approach that also boosts
transmission, but falls short in efficiency and yields differ-
ent output speckle statistics. The preservation of Rayleigh
statistics with the SVD may be an asset for speckle-based
imaging techniques such as speckle-field digital hologra-
phy microscopy [32] or for blind structured illumination
microscopy [33]. An important point to stress is that, com-
pared to previous studies that investigated temporal power
enhancements in multimode fibers [18,19], we perform mea-
surements directly in the time domain. Instead of measuring
the full monochromatic response of the system and calculat-
ing the anticipated temporal response by means of a Fourier
transformation, we work with pulsed light and time-gated
measurements. This means we only need a minimal number
of measurements to shape the temporal light distribution,
allowing us to explore interactions with nonlinear processes
in the future. Note that enlarging the formalism to nonlinear
problems, such as random laser peak tuning [34] for instance,
even though not evident, would be interesting. For now our
results will further improve the understanding of the time-
gated TM and the fundamental possibilities of spatiotemporal
light shaping in complex scattering environments.
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