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Multimode fibers are explored widely for optical commu-
nication, spectroscopy, imaging, and sensing applications.
Here we demonstrate a single-shot full-field temporal
measurement technique based on a multimode fiber. The
complex spatiotemporal speckle field is created by a refer-
ence pulse propagating through the fiber, and it interferes
with a signal pulse. From the time-integrated interference
pattern, both the amplitude and the phase of the signal are
retrieved. The simplicity and high sensitivity of our scheme
illustrate the potential of multimode fibers as versatile and
multi-functional sensors. © 2020 Optical Society of America

https://doi.org/10.1364/0L.388616

A multimode fiber (MMF) provides a versatile and multi-
functional platform for communication [1], spectroscopy
[2—4], imaging [5-9], and sensing applications [10-14]. Its
abundant spatial degrees of freedom have been utilized for
controlling spatial, temporal, spectral, or polarization states
of transmitted light, making an MMF function as a micro-
scope [5-9], a reconfigurable waveplate [15], or a pulse shaper
[16-19]. The speckles, created by interference of multiple
guided modes in an MME have been employed to detect
changes in temperature, refractive index, and strain [10-13]. In
optical coherence tomography (OCT), random temporal speck-
les created by MMFs have been used to image axial reflectivity
profiles [20]. For spectroscopy application, the dependence of
the output speckle pattern on the spectrum of an input signal
has been utilized to transform an MMF into a compact and
high-resolution spectrometer [2,3]. However, only the spectral
amplitude can be extracted from the spatial intensity pattern,
not the spectral phase, which is needed for full-field temporal
measurement.

In this work, we propose and realize a novel method based
on an MMF for single-shot full-field measurement of optical
pulses. It utilizes the complex yet deterministic spatiotempo-
ral speckle field E(r, ) produced by a reference pulse f(z)
propagating through an MME. Such field E(r, #), which is
two-dimensional (2D) in space r and one-dimensional (1D) in
time ¢, interferes with the unknown field g (#) of a signal pulse
that is mutually coherent with f(#). The interference pattern
is integrated in time by a camera. From this pattern, both the
spectral amplitude and the phase of the signal are retrieved.
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The Fourier transform gives the full field of g(#). The tempo-
ral resolution 6z is set by the temporal speckle size, which is
inversely proportional to the spectral bandwidth of the reference
pulse §w. The temporal range of a single-shot measurement, At,
is set by the temporal length of the transmitted waveform, which
is given by the inverse of the spectral correlation width Aw of the
MME A fiber with stronger modal dispersion has faster spectral
decorrelation, thus covering a longer time window.

Our scheme can be considered as parallel ghost imaging in
time. Compared to the conventional ghost imaging that relies
on the sequential generation of different temporal waveforms
[21], the MMF simultaneously creates many distinct temporal
speckle patterns, each at a different spatial location of the out-
put facet, to sample the signal. The parallel sampling enables
single-shot measurement, eliminating the requirement for
repetitive signals.

The proposed scheme is experimentally demonstrated in
a Mach—Zehnder interferometric setup shown schematically
in Fig. 1(a). A 230-fs-long pulse from a mode-locked near-IR
fiber laser (NKT, Onefive Origami) is split by a beam splitter
into two paths; one is launched into the MMF for creation of
the spatiotemporal speckle field £(r, #), and the other is sent to
probe a sample placed in the reference arm of the interferom-
eter. The transmitted or reflected field g(#) from the sample is
combined with E(r, #) by a second beam splitter. Since the two
fields are mutually coherent, they will interfere, as long as g (z)
overlaps with E(r, #) in time, which is ensured by matching the
optical path lengths of the two arms of the interferometer. The
time-integrated interference pattern is recorded by a camera
(Xenics Xeva 1.7-640).

To increase the temporal length of E (r, #), which determines
the measurement range, we adjust the launch condition for the
reference pulse into the MMF so that it excites many guided
modes that propagate at different speeds. Due to modal dis-
persion, the transmitted pulse is broadened and distorted. The
pulse shape varies spatially across the fiber facet. To have strong
modal dispersion, we choose a step-index fiber (105 pm core,
0.22NA, Thorlabs FG105LCA) of 1.8-m length.

The spatiotemporal speckle at the fiber output can be cali-
brated in the time domain with the reference pulse of varying
time delay (by scanning the length of the reference arm without
a sample) [22]. Alternatively, the calibration can be done in the
frequency domain by measuring the transmitted field profile
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Fig. 1.  Experimental setup and measured spatiotemporal speckles.
(a) Schematic of a Mach—Zehnder interferometric setup for off-axis
holography. Inset: intensity (red, solid) and phase (blue, solid) of the
reference pulse launched into the MME. BS, beam splitter; PBS, polar-
izing beam splitter. (b) Spatial field (amplitude) distribution of the
laser pulse transmitted through the MMF at three arrival times —7.5,
0,and 7.5 ps. (c) Temporal field amplitudes at three spatial positions of
the fiber output facet, marked by white circles in (b).

at each frequency. We perform the spectral calibration with a
tunable continuous-wave (CW) fiber laser (Agilent 81940A).
The laser wavelength A is scanned from 1520 to 1570 nm with
a step of 0.2 nm. This range fully covers the spectrum of the
reference pulse, which is centered at A = 1546 nm and has a
full width at half maximum (FWHM) AA = 12 nm. To ensure
the launch condition of the CW laser light into the MMF is
identical to that of the pulsed laser, the outputs from both lasers
are coupled into a single-mode fiber (SMF) switch. The ampli-
tude and phase of the field transmitted through the MMF at a
single frequency w are extracted from the off-axis hologram, as
described in Ref. [17]. By scanning the frequency w of the CW
laser, the frequency-resolved field transmission matrix 7(r, )
is measured. At both the input and the output of the MMF, only
one polarization is selected.

After calibrating 7'(r, ) of the MMF with the tunable CW
laser, the input source is switched to a pulsed laser. The temporal
intensity and phase of the reference pulse f(z) are shown in
the inset of Fig. 1(a). The Fourier transform of f(z) is F(w).
The transmitted field of the MMF is E (r, w) = T(r, w) F (w)
in frequency, and E(r, ) = F[E(r, ®)] in time. As shown in
Fig. 1(b), the output speckle pattern changes rapidly in time.
At each spatial location, the distinct temporal waveform is
composed of multiple speckles, as plotted in Fig. 1(c).

The complex yet deterministic spatiotemporal speckles
generated by the MMF enable single-shot full-field mea-
surement of the unknown signal by interfering E(r, #) and
2(#). The time-integrated interference pattern is recorded
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by off-axis holography, I(r)= [|E(r, t)+ g(¢)|*dt. The
information of g(#) is encoded in the interference term
I(r)= [ dt[E(x, )g*(2) + E*(x, £)g(¢)], which is extracted
by applyinga Hilbert filter in the Fourier domain of the recorded
interference pattern. The interference term can be expressed in
the frequency domain as

H0) = [ Tr, ) F(@) T*(r, 0) F*(@) ] [GG((ww))] M

where G () is the Fourier transform of ¢ (¢). With 7'(r, ) and
F(w) known, G() is retrieved from 7(r) by an iterative opti-
mization algorithm. The spatiotemporal speckle field is sampled
by 251 points in real space and by 251 points in time/frequency,
so that the number of linear equations is equal to the number
of unknowns in (1). If G(w) is sparse, more unknowns can
be recovered from a fewer number of equations. We deploy a
compressive sensing algorithm, FASTA [23], to solve the sparse
least squares optimization problem.

To find the temporal resolution, we compute the tem-
poral correlation function of the speckle field, C(Ar) =
(E*(r, t) E(r, t + Ar)), where (...) denotes averaging over r
and z. The FWHM of C(At) gives the average temporal speckle
size §# = 230 fs, which determines the temporal resolution.

The temporal range of measurement Az is equal to the
temporal length of E(r, ), which is inversely propor-
tional to the width of the spectral correlation function
C(Aw) = (E*(r, 0)E(r, o + Aw)). From the width of
C(Aw), we estimate Az to be about 35 ps. The time bandwidth
product (TBP), defined by the ratio of the temporal range to the
temporal resolution, is Az/8z = 152.

We first test our method by measuring single pulses propa-
gating through the reference arm (without a sample) of the
Mach—Zehnder interferometer with different delay times. We
change the reference arm length with a delay line, and the arrival
time 7 of the pulse is 0 when the length of the reference arm
matches that of the fiber arm. Figures 2(a) and 2(d) show the
interference term 7(r) extracted from the experimentally mea-
sured hologram for two delay times T = 0 and 4 ps in these two
cases. Although the pulse shape remains the same, the spatial
interference pattern is very different. It is because pulses with
varying delays interfere with different parts of the spatiotem-
poral speckles from the MME The recovered spectral intensity
in Figs. 2(b) and 2(e) is consistent with the measurement using
an optical spectral analyzer. While the recovered spectral phase
is flat for T = 0 in Figs. 2(b), it changes linearly for 7 =4 ps in
Figs. 2(e). These results are expected, as the slope of the spec-
tral phase corresponds to the delay time. In the time domain
[Figs. 2(c) and 2(f)], the arrival times of the recovered pulses
agree with the values set by the delay line, and the temporal pulse
shape is consistent with the autocorrelation trace.

We next measure double pulses created by a double-
side-polished silicon wafer in the reference arm of the
Mach—Zehnder interferometer. The incident pulse is 2.2 ps
long, obtained by spectral filtering the output from a mode-
locked fiber laser (Calmar Mendocino). It is reflected back and
forth between the two surfaces of the wafer, creating multi-
ple pulses in transmission. In Fig. 3(a), the recovered spectral
intensity (red solid line) exhibits a rapid oscillation, in good
agreement with the simulated spectrum (black dotted line)
using the transfer matrix method. The recovered spectral phase,



2464 Vol. 45, No. 8/ 15 April 2020 / Optics Letters

0.03
0.02

0.01

-0.01

-0.02

b) (e)
© 5 1 130
>
Zos 2 Zos 10
f=4 [ =4
I 13 GJ o
€06 3 Eos 03
8 0 ® 8 ®
Noa 3 Soa 703
© 1a ®© a
£ Z E Z
5 50
g 0.2 2 2 0.2
0 Premess N -3 0 N )
1520 1530 1540 1550 1560 1570 1520 1530 1540 1550 1560 1570
Wavelength (nm) Wavelength (nm)
(c) )
! 3 1 3
Z 08 2 g 08 2
[%)
c
g 128 13
2 06 g Eos o
3 02 3 o2
Io. s B -
© 12 ® El-"
£ ZE o =
02 5 o.
E 2 2 2
3 3
0 7 FRNE] 0 T2 3
Time (ps) Time (ps)
Fig. 2.  Full-field measurement of single pulses with varying delay.

(a), (d) 2D interference term /(r) extracted from the off-axis hologram
for a single pulse with arrival times T =0 and 4 ps. (b), (e) Spectral
intensity (red solid line, left axis) and spectral phase (blue solid line,
right axis) of the signals retrieved from (a) and (d). The black dotted
line is the spectral intensity of the signal measured by an optical spec-
trum analyzer. (c), (f) Temporal intensity (red solid line, left axis) and
temporal phase (blue solid line, right axis) of the signals, obtained by a
Fourier transform of (b) and (e), respectively. Black dotted line is the
temporal intensity of the signal obtained from autocorrelation and
spectrum measurements.

unwrapped and plotted by the blue solid line, features descend-
ing jumps at the frequencies of local minima for the spectral
intensity. These phase jumps, together with the amplitude
oscillations, are results of spectral interference of the double
pulses shown in Fig. 3(b), which are reconstructed from the
Fourier transform of the recovered spectral field in Fig. 3(a). The
first pulse originates from direct transmission of the probe pulse
through the wafer and the second pulse from two reflections
within the wafer. They are spaced by 12.5 ps, which is consistent
with the 3.75-mm-long one-round-trip optical path length
in the silicon wafer. Because of the relatively low reflectivity of
the silicon—air interface, the intensity ratio of the first pulse to
the second pulse is 17.6. The temporal phases of the two pulses
vary linearly, reflecting the absence of frequency chirp within
each pulse.

Finally, we measure more complex pulses created by reflec-
tion from a thinner wafer. The interferometric setup is slightly
modified to measure the pulses reflected by the sample in the
reference arm. The Fourier transform of the recovered spectral
field shown in Fig. 3(c) reveals three pulses in the time domain,
as plotted in Fig. 3(d). The first pulse results from the direct
reflection of the incident pulse by the front surface of the wafer,
and the second pulse from direct reflection by the back surface.
Even the third pulse, generated by three bounces in the wafer, is
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Fig. 3. Full-field measurement of multiple pulses. (a),
(b) Transmission of the reference pulse through a silicon wafer of
thickness 535 pm with an incident angle of 1°. (c), (d) Reflection of
the reference pulse from a 212-pum-thick silicon wafer at an incident
angle of 2°. Left column: spectral intensity (left axis) and spectral phase
(right axis). Right column: temporal intensity (left axis) and temporal
phase (right axis).

still visible and recovered in our measurement. Since this wafer is
thinner than the previous one, the delay time between adjacent
pulses is shortened to 5 ps, corresponding to one round-trip in
this sample.

In summary, we demonstrate a novel MMF-based scheme
for the single-shot full-field measurement of complex pulses.
We obtain a temporal resolution of 230 fs, a temporal range
of ~35 ps, and a TBP of 152. The temporal resolution can be
further enhanced by increasing the spectral bandwidth of the
reference pulse. Using a 10-fs transform-limited pulse as the
reference, the temporal resolution will reach 10 fs. If the pulse
is not transform limited, its spectral bandwidth is broader and
the temporal resolution will be finer. The temporal range of
measurement is dictated by the spectral correlation width of the
MME, and scales linearly with the fiber length and the differ-
ential group delay. Using a 100-m-long MMF will increase the
temporal range to 1 ns [3].

The temporal range of measurement is dictated by the spec-
tral correlation width of the MMF and scales linearly with the
fiber length and the differential group delay. The ratio of the
temporal range to the temporal resolution, i.e., the TBP, gives
the number of independent temporal channels that can be mea-
sured in a single shot. The upper limit of the TBP is bounded
by the number of uncorrelated temporal traces at the MMF
output facet, which is limited by the number of guided modes
in the fiber, if there is no prior information on the signal. If there
is, the TBP can exceed the number of fiber modes. For a fiber
with a large core and a high numerical aperture, the TBP may
well exceed 1000. However, if the core diameter is too large,
the fiber becomes rigid (“light tube”), and its length is limited.
Consequently, its temporal measurement range is narrower
than that of a longer fiber that is flexible and can be coiled.
Alternatively, the TBP may be increased by using coupled-core
multi-core fibers or a bundle of smaller-core MMFs with longer
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lengths [24]. For example, the TBP can reach 10 with a bundle
of 50 MMFs, each MMF having 2000 guided modes.

Taking full advantage of the complex spatiotemporal speckles
created by the reference pulse through an MME, our scheme
eliminates the mechanical scanning of the time delay between
the signal and the reference. While the spectral interferometry
relies on a high-resolution grating spectrometer [25-31], our
method is based on an MMF that can provide a higher spectral
resolution [3] and thus a broader range of temporal measure-
ment. Furthermore, the MMF has light weight and low cost and
can be coiled to a small volume, compared to a high-resolution
grating spectrometer. The high throughput of an MMF over
a wide frequency range allows broadband operation of our
method. Compared to other single-shot methods based on
nonlinear processes such as time lenses [32-36], our scheme is
based on linear interferometry, which possesses a much higher
sensitivity. To avoid nonlinear mode coupling in the fiber, the
reference pulse energy must be kept low; otherwise, the spa-
tiotemporal speckle at the fiber output will depend on the input
pulse energy, and the (linear) transmission matrix no longer
works. For an MMF with a large core, it is possible to stay in the
linear regime even for a temporal pulse shorter than 100 fs, as the
pulse is stretched in both time and space, and the peak intensity
is reduced [37].

With the knowledge of the reference pulse, as required
by all linear interferometric methods [38], it can measure non-
reproducible and non-periodic ultra-weak signals. The reference
pulse is not necessarily transform limited, as long as its tempo-
ral or spectral amplitude and phase are known. Even without
knowledge of the reference, the relative phase and amplitude
change imposed by the sample can still be recovered. If F(®) is
notknown, Eq. (1) can be rewritten as

() =[T 0 Tt w)] [ii‘g’igggﬂ 2

From the measured interference pattern I(r), F*(0)G(w)
is recovered. Then we remove the sample from the reference
arm of the interferometer and repeat the measurement to
get F*(w)F(w). The ratio F*(w)G(w)/F*()F(w)=
G(w)/ F(w) = H(w) gives the spectral response of the sample,
and its Fourier transform gives the temporal response /4 (¢).

The simplicity and high sensitivity of our method illustrate
the potential of MMFs as versatile and multi-functional sensors.
To minimize external perturbations to the fiber that would
require a frequent recalibration of its transmission matrix, the
MMEF can be housed in a temperature-controlled chamber [39].
Alternatively, the fiber may be replaced by a multimode wave-
guide fabricated in asilicon chip [40], which can be stabilized by
acommercial temperature controller.
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