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of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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diameter core of 3.6! m, and a beam divergence of 0.11 rad,
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nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
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In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
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lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
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poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
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fidelity employing a simple phase term (aÒpistonÓ) on each vir-
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works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
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intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the
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lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
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compared to the peak [Fig.4(c)], and the average of the highest
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! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
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spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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micrometers away from the facet as well to examine their dif-
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mode, usually in two iterations. Figure3(b)is an example when
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state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
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the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
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compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
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up as the highly contrasted region between the central lobe and
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inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
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obtained an experimental peak sidelobe level of! 4.8 dB while
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Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
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of the speckle grains denoted by the annulus in panel (b).

3640 Vol. 43, No. 15 / 1 August 2018 / Optics Letters Letter

of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.

Letter Vol. 43, No. 15 / 1 August 2018 / Optics Letters 3639

Fermat’s spiral

Sensing Technique

(RS)

+ Mirror 

galvanometers

Biological

sample

<latexit sha1_base64="/VuBQybEmMYQhdC8dYSiMJdidD8="></latexit>

f

(MCF)



Lensless endoscopy: focused mode

8

2-D Section

50 �Pm

(a)

MCF

Raster Scanning

respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).

3640 Vol. 43, No. 15 / 1 August 2018 / Optics Letters Letter

of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.
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respectively, while the standard deviation on the diameter is
about 15! 10! 3 mm. Germanium-doped glass rods drawn
from a preform with a maximum index difference of30! 10! 3

with regard to silica (parabolic indexÑ Prysmian Group) are
then inserted into these holes. This preform is drawn in two
steps into a MCF with an outer diameter of 176! m, fiber core
diameter core of 3.6! m, and a beam divergence of 0.11 rad,
and the average nearest-neighbor distance," , is determined to
be 11.8! m. The MCF core diameter, the index profile, and
minimal coreÐcore spacing were chosen similar to earlier hex-
agonal MCFs that were optimized for crosstalk [3] and low
inter-core group delay dispersion [15]. We measure the average
inter-core group delay dispersion in a 400 mm long MCF to be
less than 128 fs, which is less than the initial pulse width. This is
a result of the very high homogeneity of the group indices of the
cores and is comparable to the conventional MCFs in a hexago-
nal tiling [16]. This indicates that there are no additional stress-
related distortions during the fabrication of the drilled preform or
in the drawing process in these FermatÕs spiral MCFs.

In order to characterize the sidelobe levels and the imaging
performance with pulsed light, we work with an experimental
setup whose simplified schematic is presented in Fig.3(c).
A key element of the setup is a liquid crystal spatial light modu-
lator (SLM, X10468, Hamamatsu) upon which the phase of a
lenslet array is inscribed. The positions of the individual lenses
of this array match the positions of the fiber cores themselves.
The source is a pulsed Ti:Sapphire laser (Chameleon, Coherent
Inc.) operating at 920 nm, delivering 150 fs pulses at 80 MHz.
After reflection off the SLM, the laser beam converges to an
array of spots arranged in the FermatÕs spiral. A further demag-
nification by a factor 55 matches the foci array to the size and
the NA of the fiber cores themselves. In this study, we used a
400 mm long fiber held relatively straight to preclude any tem-
poral distortion of the pulses. The fiber end facet is imaged
onto a CMOS camera (Flea3, FLIR) with a magnification
of 16.5! . The MCF distal end is mounted on a translation
stage, such that we can image axial planes a few hundred
micrometers away from the facet as well to examine their dif-
fraction patterns.

At 920 nm, we observe theLP11 mode group when the
launch spot is offset from the center of the individual fiber
cores. This is detrimental to delivering ultrashort pulses.
Hence, fine alignment is done iteratively for all the cores mon-
itoring the mode intensity profile at the distal end. This quickly
converges to an optimum launch into the fundamentalLP01
mode, usually in two iterations. Figure3(b)is an example when
the coupling is optimal and no higher-order modes are visible.
This ensures we can phase all theLP01 modes with very high
fidelity employing a simple phase term (aÒpistonÓ) on each vir-
tual lenslet using the SLM. After traversing the bundle, light in
each core acquires a random phase difference with regard to a
reference (typically the central core). This manifests as an in-
tensity distribution resembling a speckle at a plane 500! m
away from the center. So an initial compensation of this phase
distortion is performed as reported in Ref. [3]. Since the SLM
works only withp-polarized light and the output polarization
state of each of the beamlets is random [7], we choose to work
with only a single component of polarization. This results in the
intensity patterns visualized in Figs.4(a) and 4(b) at a plane
500! m away from the fiber. We choose this plane in particular,
since it offers the optimal combination in terms of overlap of the

individual beamlets from the cores, thereby maximizing the Strehl
ratio, the resolution, and field of view (FoV) for the imaging
experiments.

The main metric of interest for us is the sidelobe levels in the
Fresnel regime. Figure4(a) is an example of such a generated
focus. In addition to the intense central peak, we also observe
the characteristic AF of the FermatÕs golden spiral, with the side-
lobes at a radius! 45 ! m that appear in the log plot in Fig.4(b).
The highest of the sidelobes exhibits a contrast of! 10.9 dB
compared to the peak [Fig.4(c)], and the average of the highest
30 speckle grains in the first ring is measured to be approximately
! 12 dB. In comparison, for the true far-field operation, we
measure the peak sidelobe to be at! 11.7 dB(data not shown).
We observe that there is a marginal increase of the sidelobe levels
and the nonspecific background speckle as compared to the far-
field operation. We interpret this as the result of the imperfect
spatial overlap of the individual beamlets in this intermediate
regime. Another clear advantage of the FermatÕs spiral shows
up as the highly contrasted region between the central lobe and
the sidelobes even in this intermediate regime. In the earlier ap-
proaches [8,9], such a region could not be engineered due to
inherent randomness of the design of the array.

From Fig.4(c), the full width at half maximum (FWHM) of
the central lobe is measured to be 3.2! m and, in turn, the
resolution of our eventual two-photon images to be! 2.2 ! m.
When we calculate the azimuthal average of the intensity over
the annulus corresponding to the smeared sidelobes, we obtain
an average sidelobe level of! 17.8 dB[Fig.4(d)]. Since the non-
linear signal is dependent on the peak irradiation, this spatial
smearing further reduces their contribution to any spurious sig-
nals. On all relevant metrics, the golden spiral design clearly out-
performs our earlier pseudo-random aperiodic fiber where we
obtained an experimental peak sidelobe level of! 4.8 dB while
maintaining a superior packing fraction (" Fermat! 11.8 ! m
c.f. " PR ! 15 ! m).

Fig. 4. (a) Experimental intensity images at a plane 500! m away
from the fiber endface. (b) Corresponding log-plot highlighting the
sidelobes at! 45 ! m and the nonspecific speckle background.
(c) Intensity plot of the central and the highest sidelobes indicated
by the dashed line in panel (a). (d) Azimuthal average of the intensities
of the speckle grains denoted by the annulus in panel (b).
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of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.
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<latexit sha1_base64="eRQj2qzDV28gUCC/NHbXaVU9Gzc=">AAAB+nicbVA7T8MwGHTKq5RXCiOLRYvEVCUVAsYKFsYi0YfURpHjuK2pYwfbAVWhP4WFAYRY+SVs/BucNgO0nGT5dPd98vmCmFGlHefbKqysrq1vFDdLW9s7u3t2eb+tRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvMr/zQKSigt/qSUy8CA05HVCMtJF8u1ztB4KFahKZC977d1Xfrjg1Zwa4TNycVECOpm9/9UOBk4hwjRlSquc6sfZSJDXFjExL/USRGOExGpKeoRxFRHnpLPoUHhslhAMhzeEaztTfGymKVBbOTEZIj9Sil4n/eb1EDy68lPI40YTj+UODhEEtYNYDDKkkWLOJIQhLarJCPEISYW3aKpkS3MUvL5N2veae1U5v6pXGZV5HERyCI3ACXHAOGuAaNEELYPAInsEreLOerBfr3fqYjxasfOcA/IH1+QOVV5OR</latexit>qj

<latexit sha1_base64="SdHqrc0WXhKdzKnpYnXhG4hKfvg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGIUJIEL2dvbgw17e5fdORNC+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKUw6LrfTmFtfWNzq7hd2tnd2z8oHx61TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwxGNzP/8YlrIxL1gOOU+zEdKBEJRtFK99Ww2i9X3Jo7B1klXk4qkKPZL3/1woRlMVfIJDWm67kp+hOqUTDJp6VeZnhK2YgOeNdSRWNu/Mn81Ck5s0pIokTbUkjm6u+JCY2NGceB7YwpDs2yNxP/87oZRlf+RKg0Q67YYlGUSYIJmf1NQqE5Qzm2hDIt7K2EDammDG06JRuCt/zyKmnXa95FrX5XrzSu8ziKcAKncA4eXEIDbqEJLWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QOBOI1J</latexit>

d

<latexit sha1_base64="vHXhX3nDHhJxcsywLIq7ty2jKcY=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGKUjwQI2VvmYMPe3mV3zwQv/AQbC42x9RfZ+W9c4AoFXzLJy3szmZnnx4Jr47rfTm5tfWNzK79d2Nnd2z8oHh41dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++mfmtR1SaR/LBTGLshXQoecAZNVa6Lz+V+8WSW3HnIKvEy0gJMtT7xa/uIGJJiNIwQbXueG5seilVhjOB00I30RhTNqZD7FgqaYi6l85PnZIzqwxIEClb0pC5+nsipaHWk9C3nSE1I73szcT/vE5igqteymWcGJRssShIBDERmf1NBlwhM2JiCWWK21sJG1FFmbHpFGwI3vLLq6RZrXgXlepdtVS7zuLIwwmcwjl4cAk1uIU6NIDBEJ7hFd4c4bw4787HojXnZDPH8AfO5w+ipo1f</latexit>z
<latexit sha1_base64="aXGFWqvSxIGR2JYZAFtdK9f9n1k="></latexit>

! = ( ! 1, á á á, ! Q )!

SLM confi

MCF

<latexit sha1_base64="BjHMtNd0mUlEH7568s5PTWXkV5E=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGIiHxEuZG7Zg5W9vcvungkh/AsbC42x9d/Y+W9c4AoFXzLJy3szmZkXJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjm5nfemJK81jem3HC/AgHkoecorHSQ7mLIhli77HcK5bcijsHWSVeRkqQod4rfnX7MU0jJg0VqHXHcxPjT1AZTgWbFrqpZgnSEQ5Yx1KJEdP+ZH7xlJxZpU/CWNmShszV3xMTjLQeR4HtjNAM9bI3E//zOqkJr/wJl0lqmKSLRWEqiInJ7H3S54pRI8aWIFXc3kroEBVSY0Mq2BC85ZdXSbNa8S4q1btqqXadxZGHEziFc/DgEmpwC3VoAAUJz/AKb452Xpx352PRmnOymWP4A+fzB8hjkFY=</latexit>! j

<latexit sha1_base64="MZdhkPRe5EeniM8uaNJ/Om46/mE="></latexit>

Q = { qj } Q
j =1

Q cores located on

far field

<latexit sha1_base64="/VuBQybEmMYQhdC8dYSiMJdidD8="></latexit>

f

Back to the model…

<latexit sha1_base64="Y/uv0FVVmIrNl/8nT8n3+RxbjnQ=">AAACB3icbVC7TsMwFL0pr1JeKYwsFhUSU0kqBIwVLIxFog+pDZXjOKlV5yHbAZWoH8BHsMLIhlj5DCZ+BbfNQFuOZOnonHt0r4+bcCaVZX0bhZXVtfWN4mZpa3tnd88s77dknApCmyTmsei4WFLOItpUTHHaSQTFoctp2x1eT/z2AxWSxdGdGiXUCXEQMZ8RrLTUN8tPqBcEyLuvnfa4jnm4b1asqjUFWiZ2TiqQo9E3f3peTNKQRopwLGXXthLlZFgoRjgdl3qppAkmQxzQrqYRDql0sunpY3SsFQ/5sdAvUmiq/k1kOJRyFLp6MsRqIBe9ifif102Vf+lkLEpSRSMyW+SnHKkYTXpAHhOUKD7SBBPB9K2IDLDAROm25raMdSP24v+XSatWtc+rtduzSv0q76YIh3AEJ2DDBdThBhrQBAKP8AKv8GY8G+/Gh/E5Gy0YeeYA5mB8/QJiKJjb</latexit>

z ! d2/ !

<latexit sha1_base64="VWlh2ViXXuKCbBJplrfqP6Bl7fE=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0VwFSatNXVXdOOygn1AG8pkMmmHTh7MTIQS8hFudelO3PoxrvwVJ2kFK3rgwuGcc7kPN+ZMKoQ+jNLa+sbmVnm7srO7t39QPTzqySgRhHZJxCMxcLGknIW0q5jidBALigOX0747u8n9/gMVkkXhvZrH1AnwJGQ+I1hpqT/iOurhcbWGzCtkN1tNmBNUtwtiNZDdgJaJCtTAEp1x9XPkRSQJaKgIx1IOLRQrJ8VCMcJpVhklksaYzPCEDjUNcUClkxbrZvBMKx70I6ErVLBQf3akOJByHrg6GWA1lb+9XPzLGybKbzkpC+NE0ZAsBvkJhyqC+e3QY4ISxeeaYCKY3hWSKRaYKP2hlSmZ/sj32fB/0qub1qVZv7uota+XvymDE3AKzoEFbNAGt6ADuoCAGXgET+DZyIwX49V4W0RLxrLnGKzAeP8CDE+Vjw==</latexit>

!
Laser

<latexit sha1_base64="Q4S6VaSwYu6gNKSXyrfNlLft2+4="></latexit>

photo-
detector

FO
V

Speckle
<latexit sha1_base64="n1LEg4Sepo0rAhZnzw33VvwtCi8="></latexit>! !

<latexit sha1_base64="Rkb/xTqYr7knk+73r5qlecmwChE="></latexit>x
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Optics

<latexit sha1_base64="tOO1nICCIaKshptMjjCDguve/c4=">AAAB+nicbVA7T8MwGHR4lvJKYWSxaJGYqqRCwFjBwlgk+pDaKHIcp7Xq2MF2QFXoT2FhACFWfgkb/wanzQAtJ1k+3X2ffL4gYVRpx/m2VlbX1jc2S1vl7Z3dvX27ctBRIpWYtLFgQvYCpAijnLQ11Yz0EklQHDDSDcbXud99IFJRwe/0JCFejIacRhQjbSTfrtQGgWChmsTmgvf+uObbVafuzACXiVuQKijQ8u2vQShwGhOuMUNK9V0n0V6GpKaYkWl5kCqSIDxGQ9I3lKOYKC+bRZ/CE6OEMBLSHK7hTP29kaFY5eHMZIz0SC16ufif1091dOlllCepJhzPH4pSBrWAeQ8wpJJgzSaGICypyQrxCEmEtWmrbEpwF7+8TDqNunteP7ttVJtXRR0lcASOwSlwwQVoghvQAm2AwSN4Bq/gzXqyXqx362M+umIVO4fgD6zPH5bck5I=</latexit>qk

<latexit sha1_base64="hY2FB9e34fpat14Ybw7N7lxiB14=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGIiYIQLmVv2YMPe3mV3z4Rc+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6zhVlLVoLGL1EKBmgkvWMtwI9pAohlEgWCcY38z8zhNTmsfy3kwS5kc4lDzkFI2VHqs9FMkI++Nqv1xxa+4cZJV4OalAjma//NUbxDSNmDRUoNZdz02Mn6EynAo2LfVSzRKkYxyyrqUSI6b9bH7xlJxZZUDCWNmShszV3xMZRlpPosB2RmhGetmbif953dSEV37GZZIaJuliUZgKYmIye58MuGLUiIklSBW3txI6QoXU2JBKNgRv+eVV0q7XvIta/a5eaVzncRThBE7hHDy4hAbcQhNaQEHCM7zCm6OdF+fd+Vi0Fpx85hj+wPn8AcnokFc=</latexit>! k

<latexit sha1_base64="eRQj2qzDV28gUCC/NHbXaVU9Gzc=">AAAB+nicbVA7T8MwGHTKq5RXCiOLRYvEVCUVAsYKFsYi0YfURpHjuK2pYwfbAVWhP4WFAYRY+SVs/BucNgO0nGT5dPd98vmCmFGlHefbKqysrq1vFDdLW9s7u3t2eb+tRCIxaWHBhOwGSBFGOWlpqhnpxpKgKGCkE4yvMr/zQKSigt/qSUy8CA05HVCMtJF8u1ztB4KFahKZC977d1Xfrjg1Zwa4TNycVECOpm9/9UOBk4hwjRlSquc6sfZSJDXFjExL/USRGOExGpKeoRxFRHnpLPoUHhslhAMhzeEaztTfGymKVBbOTEZIj9Sil4n/eb1EDy68lPI40YTj+UODhEEtYNYDDKkkWLOJIQhLarJCPEISYW3aKpkS3MUvL5N2veae1U5v6pXGZV5HERyCI3ACXHAOGuAaNEELYPAInsEreLOerBfr3fqYjxasfOcA/IH1+QOVV5OR</latexit>qj

<latexit sha1_base64="SdHqrc0WXhKdzKnpYnXhG4hKfvg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGIUJIEL2dvbgw17e5fdORNC+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKUw6LrfTmFtfWNzq7hd2tnd2z8oHx61TZJpxlsskYnuBNRwKRRvoUDJO6nmNA4kfwxGNzP/8YlrIxL1gOOU+zEdKBEJRtFK99Ww2i9X3Jo7B1klXk4qkKPZL3/1woRlMVfIJDWm67kp+hOqUTDJp6VeZnhK2YgOeNdSRWNu/Mn81Ck5s0pIokTbUkjm6u+JCY2NGceB7YwpDs2yNxP/87oZRlf+RKg0Q67YYlGUSYIJmf1NQqE5Qzm2hDIt7K2EDammDG06JRuCt/zyKmnXa95FrX5XrzSu8ziKcAKncA4eXEIDbqEJLWAwgGd4hTdHOi/Ou/OxaC04+cwx/IHz+QOBOI1J</latexit>

d

<latexit sha1_base64="vHXhX3nDHhJxcsywLIq7ty2jKcY=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGKUjwQI2VvmYMPe3mV3zwQv/AQbC42x9RfZ+W9c4AoFXzLJy3szmZnnx4Jr47rfTm5tfWNzK79d2Nnd2z8oHh41dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++mfmtR1SaR/LBTGLshXQoecAZNVa6Lz+V+8WSW3HnIKvEy0gJMtT7xa/uIGJJiNIwQbXueG5seilVhjOB00I30RhTNqZD7FgqaYi6l85PnZIzqwxIEClb0pC5+nsipaHWk9C3nSE1I73szcT/vE5igqteymWcGJRssShIBDERmf1NBlwhM2JiCWWK21sJG1FFmbHpFGwI3vLLq6RZrXgXlepdtVS7zuLIwwmcwjl4cAk1uIU6NIDBEJ7hFd4c4bw4787HojXnZDPH8AfO5w+ipo1f</latexit>z
<latexit sha1_base64="aXGFWqvSxIGR2JYZAFtdK9f9n1k="></latexit>

! = ( ! 1, á á á, ! Q )!

SLM confi

MCF

<latexit sha1_base64="BjHMtNd0mUlEH7568s5PTWXkV5E=">AAAB8XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtSTaWGIiHxEuZG7Zg5W9vcvungkh/AsbC42x9d/Y+W9c4AoFXzLJy3szmZkXJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjm5nfemJK81jem3HC/AgHkoecorHSQ7mLIhli77HcK5bcijsHWSVeRkqQod4rfnX7MU0jJg0VqHXHcxPjT1AZTgWbFrqpZgnSEQ5Yx1KJEdP+ZH7xlJxZpU/CWNmShszV3xMTjLQeR4HtjNAM9bI3E//zOqkJr/wJl0lqmKSLRWEqiInJ7H3S54pRI8aWIFXc3kroEBVSY0Mq2BC85ZdXSbNa8S4q1btqqXadxZGHEziFc/DgEmpwC3VoAAUJz/AKb452Xpx352PRmnOymWP4A+fzB8hjkFY=</latexit>! j

<latexit sha1_base64="MZdhkPRe5EeniM8uaNJ/Om46/mE="></latexit>

Q = { qj } Q
j =1

Q cores located on

far field

<latexit sha1_base64="/VuBQybEmMYQhdC8dYSiMJdidD8="></latexit>

f

Back to the model…

<latexit sha1_base64="Y/uv0FVVmIrNl/8nT8n3+RxbjnQ=">AAACB3icbVC7TsMwFL0pr1JeKYwsFhUSU0kqBIwVLIxFog+pDZXjOKlV5yHbAZWoH8BHsMLIhlj5DCZ+BbfNQFuOZOnonHt0r4+bcCaVZX0bhZXVtfWN4mZpa3tnd88s77dknApCmyTmsei4WFLOItpUTHHaSQTFoctp2x1eT/z2AxWSxdGdGiXUCXEQMZ8RrLTUN8tPqBcEyLuvnfa4jnm4b1asqjUFWiZ2TiqQo9E3f3peTNKQRopwLGXXthLlZFgoRjgdl3qppAkmQxzQrqYRDql0sunpY3SsFQ/5sdAvUmiq/k1kOJRyFLp6MsRqIBe9ifif102Vf+lkLEpSRSMyW+SnHKkYTXpAHhOUKD7SBBPB9K2IDLDAROm25raMdSP24v+XSatWtc+rtduzSv0q76YIh3AEJ2DDBdThBhrQBAKP8AKv8GY8G+/Gh/E5Gy0YeeYA5mB8/QJiKJjb</latexit>

z ! d2/ !

<latexit sha1_base64="tp+BFBRIpmapKkzEHuzrsQBKMZE="></latexit>

! ! (x ) ! w(x )
! Q

j,k =1 " j " !
k e

2! i
" z (q j " qk ) ! x

Speckles are interferences:

Why would this behave as a random Gaussian sensing?

<latexit sha1_base64="VWlh2ViXXuKCbBJplrfqP6Bl7fE=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0VwFSatNXVXdOOygn1AG8pkMmmHTh7MTIQS8hFudelO3PoxrvwVJ2kFK3rgwuGcc7kPN+ZMKoQ+jNLa+sbmVnm7srO7t39QPTzqySgRhHZJxCMxcLGknIW0q5jidBALigOX0747u8n9/gMVkkXhvZrH1AnwJGQ+I1hpqT/iOurhcbWGzCtkN1tNmBNUtwtiNZDdgJaJCtTAEp1x9XPkRSQJaKgIx1IOLRQrJ8VCMcJpVhklksaYzPCEDjUNcUClkxbrZvBMKx70I6ErVLBQf3akOJByHrg6GWA1lb+9XPzLGybKbzkpC+NE0ZAsBvkJhyqC+e3QY4ISxeeaYCKY3hWSKRaYKP2hlSmZ/sj32fB/0qub1qVZv7uota+XvymDE3AKzoEFbNAGt6ADuoCAGXgET+DZyIwX49V4W0RLxrLnGKzAeP8CDE+Vjw==</latexit>

!
Laser

<latexit sha1_base64="Q4S6VaSwYu6gNKSXyrfNlLft2+4="></latexit>

photo-
detector

(Under far-field approximation)

FOV 

window

FO
V

Speckle
<latexit sha1_base64="n1LEg4Sepo0rAhZnzw33VvwtCi8="></latexit>! !

<latexit sha1_base64="Rkb/xTqYr7knk+73r5qlecmwChE="></latexit>x
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Assuming
<latexit sha1_base64="JMylyKS3+Wv1voUqir5FtQ6N4Zg="></latexit>

! ! (x ) = w(x )
! Q

j,k =1 " j " !
k e

2! i
" z (q j " qk ) ! x ,

with the (Hermitian) interferometric matrix
<latexit sha1_base64="7iFecopedYAjjZEZ51H4IHuuK6I="></latexit>

I [wf ] ! CQ! Q s.t.
<latexit sha1_base64="lw/Hdu39vFq6uXR8zR/ShD2Q0HA="></latexit>

(I [wf ])j,k :=
!

R2
e

2! i
" z (q j ! qk ) ! x w(x )f (x ) dx .

<latexit sha1_base64="FmZMxqVlRgsA1/LdOUjoMFl3j6s="></latexit>

y! = ! ! ! , f " =
! Q

j,k =1 ! j ! !
k

" #
R2 e

2! i
" z (q j " qk ) ! x w(x )f (x )dx

$
,

= " ! I [wf ] " ,

(1/3)
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Assuming
<latexit sha1_base64="JMylyKS3+Wv1voUqir5FtQ6N4Zg="></latexit>

! ! (x ) = w(x )
! Q

j,k =1 " j " !
k e

2! i
" z (q j " qk ) ! x ,

with the (Hermitian) interferometric matrix
<latexit sha1_base64="7iFecopedYAjjZEZ51H4IHuuK6I="></latexit>

I [wf ] ! CQ! Q s.t.
<latexit sha1_base64="lw/Hdu39vFq6uXR8zR/ShD2Q0HA="></latexit>

(I [wf ])j,k :=
!

R2
e

2! i
" z (q j ! qk ) ! x w(x )f (x ) dx .

! Lattices are bad core arrangements

! Fermat’s spiral is not bad

<latexit sha1_base64="hcPNUC+4Sdl9PIF4ninNaqHPyUA="></latexit>

F [wf ]

<latexit sha1_base64="ajWEQWI5SFYzvvWyqIx0OusEm78="></latexit> q j
!

q k

<latexit sha1_base64="FmZMxqVlRgsA1/LdOUjoMFl3j6s="></latexit>

y! = ! ! ! , f " =
! Q

j,k =1 ! j ! !
k

" #
R2 e

2! i
" z (q j " qk ) ! x w(x )f (x )dx

$
,

= " ! I [wf ] " ,

(1/3)

of nano-antenna arrays [12] and demonstrated on an eight-
element array [13]. A key difference in our work, unlike in typical
phased array configurations, the lensless endoscope operates in
the Fresnel regime with only an imperfect overlap of the individ-
ual beamlets from the cores. Hence, we simulate the performance
of the FermatÕs spiral array and the conventional hexagonal array
with the angular spectrum approach in this intermediate regime.
Figures1(a)and1(b)show the geometry of the considered MCF
in both configurations with a divergence of 0.12 rad, and
Figs.1(c)and1(d)are images of the diffraction patterns at a dis-
tance 500! m away from the MCF facet. Note that an additional
quadratic phase is imposed to generate a focal spot at this plane
to enable a visual comparison of the eventual point spread func-
tion (PSF) of the lensless endoscope in either case.

Since the NA of the individual cores and the minimal dis-
tance between them (" ) are chosen to support only the funda-
mental mode of the core and ensure no inter-core coupling [14],
all the parameters of the spiral naturally emerge with no further
need to optimize any design parameters. Clearly, given a degree
of overlap of the individual beamlets, the FermatÕs spiral MCF
exhibits a PSF that is centrally peaked [Fig.1(d)] in comparison
with the PSF with multiple satellite peaks associated with the
hexagonal array [Fig.1(c)]. We also highlight in the case of
the hexagonal array, the axial diffracted intensity patterns de-
picted in Fig.2(a), which exhibit intense on-axis and satellite
foci. In comparison, the intensity pattern of the FermatÕs spiral
exhibits no such self-imaging of the array itself, and no significant
on/off-axis foci appear in Fig.2(b). This is the key insight: the
aperiodicity offered by the FermatÕs spiral ensures there are no
common positions in space where all the beamlets are in phase
due to the geometric reasons (seeVisualization 1). This is clear in
Figs.1(c)and1(d)where the energy of the incident beamlets is
localized to six intense satellite focal spots occupying an effective
area of48 ! m2, whereas it is distributed over an effective area
of240 ! m2 for the FermatÕs spiral. Hence, given our experimen-
tal constraints, we identify the FermatÕs spiral as a near optimal

design for sidelobe reduction in lensless endoscopes while main-
taining a high packing efficiency.

We fabricated a novel 120-core golden spiral MCF as de-
picted in the electron micrograph in Fig.3(a)in the following
fashion: initially 120 holes of 2.1 mm diameter following the
FermatÕs spiral are drilled into a 50 mm silica rod up to a depth
of 230 mm. The standard deviations of the positions from the
FermatÕs spiral on both the inlet and outlet face with respect to
the drilling are only around4 ! 10! 3 mm and9 ! 10! 2 mm,

Fig. 1. Calculations: (a) layout of the fiber cores in a hexagonal tiling and
(b) in a FermatÕs spiral. (c), (d) Simulated intensity PSFs with an intermedi-
ate focus (with an added quadratic phase) at a distancez ! 500 ! m from
the fiber for the hexagonal and the FermatÕs spiral arrangement.

Fig. 2. Calculations: (a)xzcut of the diffracted intensity pattern by
the cores in a hexagonal arrangement where intense foci appear peri-
odically inx andz directions. (b) Same plot for the cores arranged in a
FermatÕs spiral where the foci are replaced by a broader speckle back-
ground. Note that both images are plotted on the same color scale.

Fig. 3. (a) Electron micrograph of the FermatÕs spiral MCF. (b) End
facet of the fiber with laser light coupled. (c) Simplified view of the
setup used to characterize the imaging performance of the MCF.

Letter Vol. 43, No. 15 / 1 August 2018 / Optics Letters 3639

Observation: denser Fourier sampling if
<latexit sha1_base64="DJbEDrTO1B7Z0n8wVQVasbMZ4II="></latexit>

|{ qj ! qk : " 1 # j, k # Q}| $ Q2
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Assuming

Similarity with radioastronomy!

1 telescope pair

at 1 instant

<latexit sha1_base64="CzSLN+SBm2vKH8cS7PwSGC/nQTg="></latexit>

F [f ]

(1/3)

with the (Hermitian) interferometric matrix
<latexit sha1_base64="7iFecopedYAjjZEZ51H4IHuuK6I="></latexit>

I [wf ] ! CQ! Q s.t.

<latexit sha1_base64="JMylyKS3+Wv1voUqir5FtQ6N4Zg="></latexit>

! ! (x ) = w(x )
! Q

j,k =1 " j " !
k e

2! i
" z (q j " qk ) ! x ,

<latexit sha1_base64="lw/Hdu39vFq6uXR8zR/ShD2Q0HA="></latexit>

(I [wf ])j,k :=
!

R2
e

2! i
" z (q j ! qk ) ! x w(x )f (x ) dx .

<latexit sha1_base64="FmZMxqVlRgsA1/LdOUjoMFl3j6s="></latexit>

y! = ! ! ! , f " =
! Q

j,k =1 ! j ! !
k

" #
R2 e

2! i
" z (q j " qk ) ! x w(x )f (x )dx

$
,

= " ! I [wf ] " ,

<latexit sha1_base64="hcPNUC+4Sdl9PIF4ninNaqHPyUA="></latexit>

F [wf ]

<latexit sha1_base64="ajWEQWI5SFYzvvWyqIx0OusEm78="></latexit> q j
!

q k
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(2/3)

General model:
<latexit sha1_base64="+Dz9zyJMyAcAI+CjCqXPowUbpXU="></latexit>

y! = ! ! I [wf ] ! + noise,

= tr( ! ! ! I [wf ]) + noise,

= ! ! ! ! , I [wf ]"F + noise,
<latexit sha1_base64="Ckjpjs7hj0HvVwV/BdsV/jpUfD0="></latexit>

Rank-one projection
of I [wf ]

<latexit sha1_base64="M2Y5O9stKqpSC/8P9z9MRRBGJns="></latexit>

y = ( y! 1 , á á á, y! m )! = A(I [wf ]) := { ! ! j ! "
j , I [wf ]"F } m

j =1 ,
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fiber”. In: Optics letters 43.15, pp. 3638–3641.

Chen, Y., Chi, Y., & Goldsmith, A. J. (2015). Exact and stable covariance estimation from quadratic 
sampling via convex programming. IEEE Transactions on Information Theory, 61(7), 4034-4059.
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(3/3)

General model:

<latexit sha1_base64="MS8Zh1SkH6SBgiACmcDjK20GCvI="></latexit>

with A(M ) := { ! ! j ! !
j , M "F } m

j =1 .

<latexit sha1_base64="boQk4akDAoaoDBAOYeTYeNpgjGQ="></latexit>

y = ( y! 1 , á á á, y! m )! = A(I [wf ]) + noise,

(ROP)

Sample complexities of interest:
<latexit sha1_base64="qLgeRD33b6fap1KzLU6bZPHDyLo="></latexit>

DoesA capture enough fromI ? ! m big enough?
<latexit sha1_base64="4jVp0N7CkJE9IlwfTY7TyHnCmAc="></latexit>

DoesI capture enough fromf ? ! Q big enough?
<latexit sha1_base64="S/cBcPA7//sMQLBvk+zHeZNjmMo="></latexit>

Core arrangement?

First answers from a few simplifications …
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Chen, Y., Chi, Y., & Goldsmith, A. J. (2015). Exact and stable covariance estimation from quadratic 
sampling via convex programming. IEEE Transactions on Information Theory, 61(7), 4034-4059.
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<latexit sha1_base64="gw8B1AZNVBqcLrQssYzRzGX6h7A="></latexit>

(wlog, ! = 1)

<latexit sha1_base64="wDTOKpMBzGUC9xEvNmc2paCnuyc="></latexit>

qj ! R2 " qj ! R
<latexit sha1_base64="IqtYYOgQHkt0AzvGNmzr8ju9iOE="></latexit>

qj ! { ! , 2! , á á á, N ! }
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Interferometric sensing model: 

<latexit sha1_base64="ihlWDXftSdYiplBnNTv54d6DM64="></latexit>

(J [wf ])j,k :=
!

R e
2! i
" z ( j ! k )x w(x)f (x) dx.

<latexit sha1_base64="8oE9J5ibDi1TGCQMmkJeL6xjPl4="></latexit>

with ! = ! (" ) :=
! Q

j =1 ! j eqj , { ek } N
k=1 ! RN canonical basis, and

<latexit sha1_base64="gw8B1AZNVBqcLrQssYzRzGX6h7A="></latexit>

(wlog, ! = 1)

<latexit sha1_base64="wDTOKpMBzGUC9xEvNmc2paCnuyc="></latexit>

qj ! R2 " qj ! R
<latexit sha1_base64="IqtYYOgQHkt0AzvGNmzr8ju9iOE="></latexit>

qj ! { ! , 2! , á á á, N ! }

(Noiseless & Reloaded)

<latexit sha1_base64="H+kgvDcJBH5F6rxHI+5W0xiUlp4="></latexit>

y! = ! ! I [wf ] ! = " ! J [wf ] " , (! y = B[J ])

Extended 

interf. mtx
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Interferometric sensing model: 

<latexit sha1_base64="ihlWDXftSdYiplBnNTv54d6DM64="></latexit>

(J [wf ])j,k :=
!

R e
2! i
" z ( j ! k )x w(x)f (x) dx.

(Noiseless & Reloaded)

Facts:


<latexit sha1_base64="gw8B1AZNVBqcLrQssYzRzGX6h7A="></latexit>

(wlog, ! = 1)

<latexit sha1_base64="VChBn0GpGA44SnLmzHCOJrzHt9I="></latexit>

! J ! CN ! N is Hermitian & Toeplitz , i.e. (J )j,k = ( J )j " k = ( J )#
k,j ;

! if f, w " 0, then J is PSD;

! if f =
! r

t =1 ! t " (x # xt ) (with ! t > 0, xt ! R), then J has rank r , since

J =
! r

t =1 ! t w(xt ) uu #; with u := { e
2! i
" z k } N

k=1 .

<latexit sha1_base64="wDTOKpMBzGUC9xEvNmc2paCnuyc="></latexit>

qj ! R2 " qj ! R
<latexit sha1_base64="IqtYYOgQHkt0AzvGNmzr8ju9iOE="></latexit>

qj ! { ! , 2! , á á á, N ! }

<latexit sha1_base64="8oE9J5ibDi1TGCQMmkJeL6xjPl4="></latexit>

with ! = ! (" ) :=
! Q

j =1 ! j eqj , { ek } N
k=1 ! RN canonical basis, and

<latexit sha1_base64="FRI5rIMZNqrrPN9i6ksKwSXYttA="></latexit>

! complexity of J is r (not rN )

<latexit sha1_base64="H+kgvDcJBH5F6rxHI+5W0xiUlp4="></latexit>

y! = ! ! I [wf ] ! = " ! J [wf ] " , (! y = B[J ])

Extended 

interf. mtx
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1.  Reconstruct      with 
 
 
 

2.  Unfold  


3.  Inverse the FT and get    

<latexit sha1_base64="RT0z3QcM5mTtk1g4Y4nhfJbYCYg="></latexit>

J

<latexit sha1_base64="1zKrjgeXPpf+uX58WK6x9jbFNCA="></latexit>

öJ
<latexit sha1_base64="0JQzzBhsB0x+yYs9YBDriACEVeI="></latexit>

! get an estimate of the FT F [wf ] of wf .
<latexit sha1_base64="Sb/RmpxdjJhgS3yNTqeNzzrClgQ="></latexit>

wf .

 [Chen, 15]

(at a resolution limited by N and �� )

<latexit sha1_base64="V51A089MkcCxWexf76boaCbUiw4="></latexit>

öJ = arg min
M ! CN ! N

! M ! " s.t . M ! 0, ! y " B[M ]! 2 # ! ,

M is Toeplitz.
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1.  Reconstruct      with 
 
 
 

2.  Unfold  


3.  Inverse the FT and get    

<latexit sha1_base64="RT0z3QcM5mTtk1g4Y4nhfJbYCYg="></latexit>

J

<latexit sha1_base64="1zKrjgeXPpf+uX58WK6x9jbFNCA="></latexit>

öJ
<latexit sha1_base64="0JQzzBhsB0x+yYs9YBDriACEVeI="></latexit>

! get an estimate of the FT F [wf ] of wf .
<latexit sha1_base64="Sb/RmpxdjJhgS3yNTqeNzzrClgQ="></latexit>

wf .

 [Chen, 15]

(at a resolution limited by N and �� )

<latexit sha1_base64="V3TNMqj7So1aoDepyTBELDk7uas="></latexit>

Theorem. [Chen Õ15] If! is sub-Gaussian (i.i.d! i , ! ! i ! ! 2 = O(1)),
then, provided ! noise! " " , and

m # C r log10 N ,

we have (uniformly over any rank-r J )

! öJ $ J ! F " C
"

%
m

.

(Partial answer)

<latexit sha1_base64="V51A089MkcCxWexf76boaCbUiw4="></latexit>

öJ = arg min
M ! CN ! N

! M ! " s.t . M ! 0, ! y " B[M ]! 2 # ! ,

M is Toeplitz.
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In practice, we solve
<latexit sha1_base64="0hOAnKQpj1K3Y2nmuMtwFyAtaOQ="></latexit>

öf = arg min
f !

! f ! ! 1 s.t . ! y " A [I [w # f !]]! 2 $ ! ,

Simulations (1-D)

Transition matrices (1-D case):

- r-sparse signals

- Random core arrangement

- Complex Gaussian ROP

- 60 trials

- Success if  40 dB!

(with ADMM)
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In practice, we solve
<latexit sha1_base64="0hOAnKQpj1K3Y2nmuMtwFyAtaOQ="></latexit>

öf = arg min
f !

! f ! ! 1 s.t . ! y " A [I [w # f !]]! 2 $ ! ,

<latexit sha1_base64="cbVT6w/Nt349cGSbd5ii9mP6Q5Q="></latexit>m

<latexit sha1_base64="iOtluTGLYvGr9h3pOj27S5HeRvc="></latexit>r

<latexit sha1_base64="boggFTANjb1wIn73oxlmjlfDQSs="></latexit>

Q
1

2 3
<latexit sha1_base64="boggFTANjb1wIn73oxlmjlfDQSs="></latexit>

Q

5

12

<latexit sha1_base64="iOtluTGLYvGr9h3pOj27S5HeRvc="></latexit>r

<latexit sha1_base64="boggFTANjb1wIn73oxlmjlfDQSs="></latexit>

Q

0

1

2 6 10 12

3

Observations:

- : 

- :  
1

2 3

<latexit sha1_base64="XXRS1w6UIqUbFqVvXanbtgscQBw="></latexit>

Òm ! CrÓ ifQ large
<latexit sha1_base64="jV0OSE4f6QMBL1uSXNCGAm/QUxc="></latexit>

Òmin(m, Q) ! CrÓ
Success


rate

Success

rate

Transition matrices (1-D case):

- r-sparse signals

- Random core arrangement

- Complex Gaussian ROP

- 60 trials

- Success if  40 dB!

(with ADMM)
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Simulations (2-D)

Extending the reconstruction in 2-D.     (preliminary results)

Actual experiments are ongoing…
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Sensing parameters:N = 4096 = 64 ! 64, Q = 100.
<latexit sha1_base64="dVzv1bTNUIQ5pHoXWJMdr3fkqUI="></latexit>

Object parameter: r = 64 (= sparsity level)

<latexit sha1_base64="PEqRxPQAH9AKEPOt88/Xlt+7U9E="></latexit>

m/r = 5
<latexit sha1_base64="exfCCPnKUqHp0ANXuuKjYDLdgqQ="></latexit>

m/N = 8%
<latexit sha1_base64="bJYa4Uh6350DkhRoybK7OALpKcU="></latexit>

m/r = 10
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SNR = 5.71dB
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SNR = 21.26dB
<latexit sha1_base64="kaa3XGE87riTX6nS0hJwM6fMuew="></latexit>

& SNR > 40dB for m/r = 20



To conclude …

Take away messages:

! Fluorescent compressive speckle imaging (with MCF)  

follows an interferometric sensing model;

! This model amounts to “rank-one projecting” 

an interferometric Toeplitz matrix ;


! Sparse images lead to low-rank  
that can be recovered.


Open questions:

! Theoretical guarantees for sparse random vectors ;

! Using more advanced sparsity models: 

e.g., sparsity in levels + wavelets, weighted sparsity;

! Optimization of core arrangements.

" [wf ]

" [wf ]

!
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Thank you for your attention
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