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Using a conventional refraction-based optical lens, it is challenging to achieve both high-resolution
imaging and long-working-distance conditions. To increase the numerical aperture of a lens, the work-
ing distance should be compensated and vice versa. Here we propose and demonstrate a new concept in
optical microscopy that can achieve both high-resolution imaging and long-working-distance conditions
by utilizing a scattering layer instead of refractive optics. When light passes through a scattering layer, it
creates a unique interference pattern. To retrieve the complex amplitude image from the interference pat-
tern, we utilize a speckle-correlation scattering-matrix method. The proposed method enables holographic
microscopy without any lens or external reference beam. Importantly, it allows high-resolution imaging
with a long working distance beyond that which a conventional objective lens can achieve. As an experi-
mental verification, we image various microscopic samples and compare their performances with off-axis

digital holographic microscopy.
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I. INTRODUCTION

In optical microscopy, the performance of an objec-
tive lens is greatly affected by the size of an aperture. A
finite-lens aperture forces a fixed relationship between a
numerical aperture (NA) and a working distance. Thus,
when the aperture size is fixed, there is a trade-off between
NA improvement and improvement in a working distance,
which becomes a critical issue when a high resolution and
a long working distance cannot be compromised, such as
imaging of a thick tissue, an extracellular matrix [1], or a
microfluidic channel [2].

A straightforward solution is to expand the physical size
of the aperture [3-5]. In reality, however, this approach
is impractical because aberration becomes severe with
increase in the aperture size. In addition an objective
becomes bulky and heavy causing compatibility issues.
For this reason increasing the aperture size is challenging
and costly, and alternative approaches have been intro-
duced. For example, Fourier ptychography [6,7] can mit-
igate the issue by simulating a large-aperture imaging
system. It allows high-resolution imaging with a low-
NA objective lens that typically has a long working dis-
tance. However, it requires a thin sample [8], and a heavy
computational workload is unavoidable.

A possible alternative to the existing solution is to
exploit multiple scattering of light in a disordered medium.
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Multiple scattering is a deterministic process that is
described by a scattering matrix or a transmission matrix
(TM) in a transmission geometry [9—11]. Recent stud-
ies have demonstrated that a scattering layer can be used
for focusing and imaging by utilizing the information of
a TM [12—-17]. A TM is also utilized in laser-scanning
microscopy to generate optical foci through a scattering
layer [18-21]. Importantly, TM-based imaging has been
introduced in microscopy yielding an improved resolution
beyond what a refraction-based imaging system with an
objective lens can achieve [22,23]. However, TM-based
imaging methods require a complicated interferometric
system. Alternatively, microscopic imaging using a scat-
tering layer has been demonstrated [24] by exploiting
speckle correlations [25,26]. However, its use is limited to
the imaging of sample intensity at a fixed axial position.

Here we demonstrate a high-resolution long-working-
distance reference-free holographic microscopy using
a scattering layer. The scattering layer simultaneously
replaces the roles of an objective lens and that of an
interferometer (Fig. 1). Exploiting the speckle-correlation
scattering matrix (SSM) technique [27], the scattering
layer can be utilized as a high-NA imaging lens with a
long-working-distance condition. This is possible because
the scattering layer only needs to generate random speck-
les. As a result, a large-size scattering layer can be
easily adopted unlike the case of a conventional objec-
tive lens. By exploiting the randomness of a multiple-
scattering layer, SSM uniquely determines an incident
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Comparison between conventional interferometric microscopy and the proposed method. (a) Schematic of off-axis-

interferometric microscopy. An objective lens is used to collect diffracted light from a sample with a high-numerical aperture. In
addition, an external reference beam should be introduced to perform interferometry. The complex amplitude at the sample plane is
retrieved from the measured interferogram. (b) A schematic of the proposed method is shown. In the proposed method, the optical
components are replaced with a single scattering layer. The scattering layer generates a unique interference pattern, from which the
complex amplitude is retrieved using the speckle-correlation scattering matrix technique.

field from the scattered-intensity image of light after pass-
ing through a scattering layer. This allows holographic
imaging of a microscopic object without introducing a
reference beam for off-axis interferometry. We experimen-
tally demonstrate a high-NA (0.7) with a working distance
of 13 mm, which significantly exceeds the capabilities
of existing commercially-available high-NA and long-
working-distance objective lenses. The performance of
the proposed method is demonstrated by imaging various
microscopic samples.

II. PRINCIPLE

The principle of the proposed method is based on SSM.
SSM is a method to retrieve the complex amplitude of an
incident light from an intensity image of light transmit-
ted through a scattering layer. SSM essentially utilizes the
TM information of a scattering layer. The TM, denoted as
T, describes the relationship between an incident field x
and a transmitted field y, as y = Tx. In order to determine
an incident field, one must know the transmitted field or
vice versa. However, SSM provides a method to retrieve
the incident field directly from the intensity image of a
random-speckle field [27].

Suppose there is an incident field x = Zi,v o,k,, where k
is a spatial frequency or generally an arbitrary orthonormal
basis. The corresponding field after a scattering layer can
be deterministically described using the TM of the scatter-
ing layerasy = Tx = Zﬁ,v Opty = ij o, Tk,,. Then matrix
Z can be defined as

nm —
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where y*y corresponds to an intensity image of the trans-
mitted field and ( ), indicates a spatial average. Note that
the Z matrix contains the TM and the measured inten-
sity image. For a strong scattering medium whose TM
is described as a Gaussian random matrix [11,28], the
fourth-order moment of the Z matrix can be rewritten in
terms of second-order moments according to the Isserlis’
theorem [29-32]. The fourth-order moment in Eq. (1) can
be rewritten as

(6y™) (tmy),
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where «, = <zj;y)r/(|z,,|2),. The second term in Eq. (2)
is negligible when the columns of the Gaussian ran-
dom TM are uncorrelated to each other, ie., (f,£,), ~
8um and (t,t,,), ~ 0 (see Appendix A for a rigorous condi-
tion for uncorrelated TM). In practice, however, the second
term can be neglected with an additional condition, as the
averaging over all space is impractical due to the limited
number of pixels in a detector. This additional condition
is an oversampling to keep the number of detection modes
(the number of speckles imaged by a detector) larger than
the number of input modes (or the number of basis states
for the incident field) [27]. If the above conditions are met,
Eq. (2) is written simply as Z= o« *, whose singular vec-
tor corresponds to the incident field (see Appendix B for
the effect of the oversampling).

In principle, there is a single non-zero singular value,
and a corresponding singular vector is used to reconstruct
the incident field. However, in the presence of noise, there
is more than one non-zero singular value. In this case, the
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FIG. 2. Experimental setup and
TM calibration. (a) Experimen-
tal setup with a He-Ne laser
(633 nm) used as a light source.
The arrows indicate the direction
of light propagation. (b) DMD
patterns for TM calibration. The
central part of the DMD is mod-
ulated with 3N different patterns,
where N is the number of total
input modes. In the peripheral
part, a static pattern is projected
that serves as a reference field.
(c) Measured speckle intensity
patterns. Three speckle patterns
per input mode are measured. (d)
TM calculated from the measured
speckle-intensity patterns.
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singular vector having the largest singular value is used
instead.

III. METHODS

A. Experimental setup

The experimental setup is shown in Fig. 2(a). A col-
limated He-Ne laser (HNL210L, Thorlabs, New Jersey,
USA) illuminates a digital micromirror device (DMD)
(DLi4130, Digital Light Innovations, Texas, USA). The
incident light is diffracted by a grating pattern displayed
on the DMD. The diffracted light is captured by a plano-
convex lens (f =300 mm). Only the first-order diffraction
passes through the condenser lens (UPLFLN60X, Olym-
pus, Tokyo, Japan). Other diffraction orders are filtered
out by the back aperture of a condenser. As a result,
only the first-order diffraction is imaged in a sample
plane. This light illuminates a sample and propagates onto
the scattering layer (see Appendix C for the fabrication
and optical properties of a scattering layer). The scat-
tered light passes through a linear polarizer to generate a
speckle pattern at the CCD (Lt365R, Lumenera, Ontario,
Canada).

Reference part

B. TM calibration

For the calibration of TM, the DMD is divided into
two parts [Fig. 2(b)]. One is a modulation part at the
center of the DMD. The modulation part corresponds to
a field-of-view (FOV) to be calibrated and it projects grat-
ing patterns with different spatial frequencies. As only the
first-order diffraction passes through the condenser lens,
the grating patterns modulate the incident angle of light
in the sample plane. The other is a reference part surround-
ing the central area. The reference part projects a stationary
grating pattern throughout the calibration process, provid-
ing a static reference field, similar to Refs. [11,17,33]. To
maximize the visibility of speckle images, the size of the
reference part is determined to have the same surface area
as the modulation part.

The total number of patterns used for calibration is
determined by the number of input modes (). For each
input mode, three different patterns are used, resulting in
phase shifts of 0, 27/3, and 47r/3. In addition, the intensity
image of a reference field is imaged by turning off the mod-
ulation part. Thus, a total of 3N+ 1 grating patterns are
used. The number of input modes depends on the area of
a FOV, denoted as Argv, and the NA to be calibrated. For
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example, in the experiment, the number of input modes is
expressed as N ~ 1 Argy (NA/A).

From the 3N interferograms, we reconstructed the TM
by a least-squares matrix inversion [34] as

-1

|R|2 + |tn|2 1 eiO ein In,O
R*t,, =11 ei271/3 e*i271/3 ]n,Zn/3 ,
Rl: 1 ei4n/3 efi4n/3 In,4n/3
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where R is the reference field, ¢, is a nth column of a TM,
and 7, , indicates an interferogram with the phase shift of
¢ corresponding to 7.

We consider the second element (R*%,) as a calibrated
TM. Note that the columns of the calibrated TM are mul-
tiplied with the complex conjugate of the reference field,
making it different from the columns of the actual TM (¢,),
similar to what was measured in Ref. [11]. However, this
does not affect the validity of the method for the following
reason. When Rt, is used for Eq. (1) instead of #,, every
term inside the bracket, ( ),, is multiplied by a weighting
factor, |R|?. Thus by compensating this weighting factor, a
correct Z matrix can be obtained. Since the weighting fac-
tor is the intensity image of the reference field measured
during calibration, the compensation is achieved simply
by dividing the weighting factor before taking the spatial
average in Eq. (1).

In the experiment, the total number of input modes used
in the calibration is 657, which corresponds to a FOV
of 15x 15 um? and an NA of 0.6 for a He-Ne laser
(633 nm). The number of detection modes is 502 400.
The TM calibration process took 394.2 s using 1971 4-bit
patterns.

It should be noted that other TM measurement tech-
niques and configurations can be adopted. For example,
one of input modes can be used as a reference instead of
a spatially-separated reference [35,36]. These techniques
make the most of the degree-of-freedom given by any spa-
tial light modulator, which will be useful when a larger
number of input modes is required. Alternatively, the TM
can be measured using a Mach-Zehnder interferometer
[23,28,37] or a phase-retrieval algorithm [38].

C. Iterative algorithm

In practice the singular vector of Z suffers from speckle
noise. This is because the second term of Eq. (2) does not
completely vanish. To suppress this noise, we adopt an iter-
ative algorithm. The iteration is processed as follows. The
singular vector (o) of the Z matrix having the largest sin-
gular value is obtained by singular-value decomposition.
Then the obtained singular vector is multiplied by the cal-
ibrated TM (R"t,). This gives a transmitted field (R"y),
whose intensity should be identical to the speckle image
of a sample multiplied by the intensity image of the refer-
ence field (|R|?|y|?). Therefore, we replace the amplitude

of the transmitted field with the square root of the multi-
plied images. Finally, the replaced field is multiplied by
the inverse TM. This, in turn, gives an updated singular
vector. This process is repeated until no significant update
is made to the singular vector. In the experiment, the itera-
tion is set to stop when the correlation between a (N — 1)th
singular vector and a Nth singular vector has a correlation
above 0.99999.

IV. RESULTS

A. Experimental demonstration

To demonstrate the performance of the proposed
method, we image various samples including a 1951
United States Air Force (USAF) resolution target (no.
59-153, Edmund Optics, New Jersey, USA), a quantitative-
phase microscopy target (Benchmark Technologies, Mas-
sachusetts, USA), and a human red blood cell (RBC). The
experiments are conducted in the following order. First, the
TM of a scattering layer is calibrated. When a coverslip is
used, TM is calibrated with empty coverslips placed at the
sample plane to minimize possible aberration induced by
the coverslips.

After the calibration process, samples are placed in the
calibrated field of view (FOV). Then the calibrated FOV
is illuminated with a plane wave (see Appendix D). The
corresponding images of light that passes through the scat-
tering layer are recorded with a CCD. Finally, the complex
amplitude at the sample plane is retrieved using SSM.

The experimental results are shown in Fig. 3. The left-
most column in Fig. 3 shows images of the scattered light
after passing through the scattering layer for different sam-
ples. Each sample generates a completely different speckle
pattern. We applied SSM and the iterative algorithm to the
speckle images to retrieve the complex amplitudes. For
the iterative algorithm, all data converge within 20 steps
and require less than a minute of computation time. The
results provide visualizations of samples, but speckle noise
is present in both the amplitudes and phases [Fig. 3(b)].
The speckle noise arises from the low signal-to-noise ratio
(SNR) at weak speckles during the TM calibration. The
NA at this point is 0.6, which is determined by TM cal-
ibration. For this reason aperture synthesis is adopted to
give a coherent summation of the signal. This also leads
to an effective NA of 0.7, with an increase of 0.1 (see
Appendix E for aperture synthesis). The results following
aperture synthesis [39—41] are shown in Fig. 3(c), where
speckle noise is greatly suppressed and clear images of the
samples are shown.

The first row of Fig. 3 shows results for an amplitude
mask from the 1951 USAF resolution target (the third
element of the eighth group). The results agree with the
standard width of 1.55 um. The second row corresponds to
a quantitative phase-resolution target, which has a height
of 200 nm and a refractive index of 1.52. It induces a
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Experimental results. (a) Speckle-intensity patterns generated using a scattering layer. (b) Complex amplitude images initially
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retrieved using SSM and the iterative algorithm applied to (a). (c) Final complex amplitudes retrieved after applying the synthetic
aperture method to (b). The first row shows results from a 1951 USAF resolution target (the third element in the eighth group). The
second row shows result from the quantitative-phase-resolution target. The third row corresponds to a human red blood cell. The scale

bar is 3 um.

phase delay of 1.03 rad at 633 nm, which agrees with
the measured phase value. The third row shows results
from a human RBC. The RBC is diluted with Dulbecco’s
Phosphate-Buffered Saline (DPBS) and sandwiched with a
cover slide. The measured phase image agrees well with
the known shape of a RBC.

B. High-resolution imaging at a long working distance

The proposed method enables high-resolution imag-
ing at a long working distance, as shown in Fig. 4(a).
Since light hitting any position of the surface of the
scattering layer undergoes multiple scattering, high-
spatial-frequency information can be measured, even at
a long working distance. As a demonstration, we image
a S5-um-diameter silica bead (44054, Sigma-Aldrich, Mis-
souri, USA) with the presented method. Then we image the
same sample with an off-axis-interferometric microscopy
[42,43] adopting a long-working-distance objective (LUC-
PLFLN 60X, Olympus, Tokyo, Japan) (see Fig. 5 for the
experimental setup of the off-axis-interferometric micro-
scope). The silica beads are immersed in water and sand-
wiched between two coverslips.

The results from the proposed method and those
from off-axis-interferometric microscopy are shown in
Figs. 4(b) and 4(c), respectively. The proposed method
shows a clear image of a sample. On the contrary,
off-axis-interferometric microscopy suffers from aberra-
tion of an imaging part induced by an objective lens and

a coverslip. Such aberration artifacts are minimized in the
proposed method. This is because any change in wave-
front occurring after the sample plane is included in the
TM. This can be confirmed by the fact that an aberration-
free image of the silica bead shows a good agreement
with the results of the proposed method and does not
exhibit any aberration artifact that can be found with the
long-working-distance objective (see Appendix F).

In addition, the proposed method not only shows a high
NA of 0.7, but a significantly improved working distance
of 13 mm. This is in contrast with the digital-holographic
microscope adopting the long-working-distance objective
lens whose NA is 0.7 and whose working distance is 2 mm.
Importantly, the proposed method can provide a higher NA
and a longer working distance by simply using a larger
scattering layer. It should be emphasized that making a
large scattering layer does not require careful analysis of
aberration unlike the case of an objective lens. The pro-
posed method can be readily adopted as long as a large
scattering layer generates uncorrelated speckle patterns.

V. DISCUSSION

In summary, we demonstrate a microscopic technique
that simultaneously enables imaging with a high resolu-
tion and a long working distance. Exploiting the SSM
approach, high-resolution microscopic images of samples
are obtained from measurements of speckle intensity
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patterns, which are obtained in a simple optical setup
composed of a scattering layer and an image sensor.
The scattering layer serves both as an objective lens
and an interferometer, and no other optical elements are
required for measuring holographic images. With the pro-
posed method, complex amplitudes from various samples
are successfully measured from intensity images of light

> |« 2 mm

M1
Obj1
Obj2
L2
M2
L3 L4 BS2
FIG. 5. The experimental setup for off-axis digital-holographic

microscopy. L1-L4, lenses; M1-M2, mirrors; Objl, objective
lens (LMPLFLN 50X, Olympus Inc., Tokyo, Japan); Obj2,
objective lens (LUCPLFLN 60X, Olympus Inc., Tokyo, Japan);
BS1-BS2, beam splitters; CCD (MQ042MG-CM, Ximea, Miin-
ster, Germany). Focal lengths of the lenses (L1-L4) are 200,
180, 60, 150 mm, respectively. A 633-nm He-Ne laser (HRR050,
Thorlabs, New Jersey, USA) is used as a light source.
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FIG. 4. Comparison of the
proposed method and off-axis-
interferometric microscopy. (a)
The imaging conditions of the
proposed method (above) and
those in off-axis-interferometric
microscopy using a long-
working-distance objective lens
(below). In this experiment, the
proposed method has an NA of
0.7 with a 13-mm working dis-
tance. The long-working-distance
objective lens has an identical
NA (0.7) and 2-mm working dis-
tance. (b) The measured complex
amplitude for a 5-um-diameter
silica bead using the proposed
method. (c¢) Results from the
same sample imaged using
off-axis-holographic microscopy
with the long-working-distance
objective lens. The scale bar is
3 um.

Phase (rad)

(¢}

transmitted through the scattering layer. Experimental ver-
ification has been conducted with a USAF resolution
target, a phase target, and a RBC.

This method provides a unique advantage in quantitative
phase imaging and extends the applicability of a scatter-
ing layer as an optical element. For example, the proposed
method provides highly flexible imaging conditions. The
FOV, the NA, or the working distance can be modified
through simple calibration. In addition, the calibration can
be performed as needed with the same setup used for imag-
ing. Therefore, both calibration and imaging are accom-
plished without an external reference arm. Consequently,
the proposed method enables imaging under different con-
ditions without changing the experimental setup.

The proposed method fundamentally differs from the
holographic imaging methods using a scattering layer as
reported thus far. Previous methods focused on the use
of a memory effect [4446], the direct use of a TM.
The methods based on the memory effect require either
a pseudo-thermal light source or an angular scanning of
an illumination beam [26,47]. Then an object is retrieved
using a phase-retrieval algorithm or a calibrated point-
spread function [24,48]. Similarly, a correlation with a
known object can be utilized [49]. Nevertheless, they can
only retrieve 2D intensity images, not optical fields. Other
methods based on TM [22,23,50] require interferometers
with external reference beams, which makes an optical
system significantly more complicated and limits practical
applications. Although adopting a mean-square-optimized
operator [17] eliminates the need for an external refer-
ence beam, a clear image can be obtained after averaging
over many disorder realizations. There has been research
to achieve holographic imaging through a scattering layer
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FIG. 6. The stability of the proposed method in the labora-
tory condition. Temporal intensity correlation between speckle
images is measured. The sample plane is illuminated with a
plane wave and corresponding speckle images are captured every
30 min. Intensity correlation values are measured with respect
to the first speckle image. The correlations are above 0.9 (black
dashed line) for 24 h.

using phase conjugation [51-54], statistical averaging [55,
56], or intensity correlations [57—59]. However, in these
methods an interferogram must be made with an external
reference. Thus a bulky interferometer or a reference beam
at the sample plane must be introduced. On the contrary,
the proposed method only requires a scattering layer for
imaging. The optical field of a sample is incident to the
scattering layer without using an external reference beam.
The complex amplitude image of a sample is retrieved
from an intensity image of the light passed through a scat-
tering layer. Thus, the proposed method allows greater
flexibility in the experimental setup.

One limitation of the presented method is that it requires
calibration of a scattering layer. However, due to the deter-
ministic nature of multiple-light scattering in complex
media, the calibrated scattering layer has a long life-
time provided no changes occur in the scattering medium.
Once calibrated, a scattering layer can be used as a high-
NA long-working-distance lens. In laboratory conditions,
the calibrated information for a scattering later has been
used for 24 h without additional calibration (Fig. 6). For
high-throughput generation of scattering layers, the pho-
topolymerization of a calibrated scattering layer [60] or an
engineered scattering layer [18] can be utilized. In such a
case, aberration analysis of an optical setup is required for
the correct implementation of the method.

It should be emphasized that the capability of the
method is not restricted by the oversampling condition
imposed on the number of input and detection modes.
This condition appears to limit the amount of measurable

information as the number of detection modes cannot
be increased indefinitely. However, one can work under
this condition using various methods. For example, the
NA of the proposed method can be extended beyond the
calibrated NA using a synthetic aperture with a large illu-
mination NA [50]. The FOV can also be extended with
multiple TMs, each of which corresponds to a different
FOV. The feasibility and performance of the method can
be further improved with a specially-designed scattering
layer whose TM is calibrated in advance [18]. The opti-
mal design can lead to little or no need for postprocessing,
including the iterative algorithm and synthetic aperture, by
minimizing the correlation between the TM columns.

Finally, the proposed method can potentially be
extended to wide applications of digital holographic
microscopy (or quantitative phase imaging) [61,62] includ-
ing holographic particle tracking [63], pathology of cells
and tissues [64,65], and quantitative mass imaging [66].
The proposed method can be adopted in the above-
mentioned applications without a complex interferometer,
but with a flexible imaging condition. We believe that
the proposed method can expand the reach of digital
holographic microscopy beyond the imaging conditions
restricted by an objective lens.
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APPENDIX A: RIGOROUS CONDITION FOR
UNCORRELATED TM

The retrieval process requires that a TM follow complex
Gaussian distribution so that each column is uncorre-
lated to any other column. The condition of an uncorre-
lated TM is explicitly studied in [67]. According to the
literature, the key parameter that determines the correlation
is the conductance, g, and the number of accessible output
modes, M. When g > M is satisfied, a TM is considered
to be uncorrelated.

The conductance, g, can be calculated from the beam
size, Apeam, incident to the scattering layer and the trans-
mittance of the scattering layer, T, which is expressed
as [67]

g ~ 27 ApeamA 2T (Al)
In the experiment, the beam size in front of the scat-
tering layer has a diameter of 26.5 mm, assuming input
modes of TM to be optical foci whose NAs are 0.7. The
total transmission through the scattering layer is 2.5%

024053-7



BAEK, LEE, and PARK

PHYS. REV. APPLIED 10, 024053 (2018)

(See Appendix C). Then the conductance is given by

g~ 27%(26.5 mm)? (633 nm) 2(0.025)

~ 2 x 108 (A2)
In the experiment the number of accessible output modes
is M ~5 x 10°. Since g > M, we can safely assume that
the TM is uncorrelated.

It should be emphasized that the proposed method works
even when columns of the TM are correlated. As long as
the TM is a full-rank matrix, we can rewrite the TM with
an orthogonal basis for the column space. Then by using
the orthogonal basis in Egs. (1) and (2) of the manuscript
instead of the original columns of the TM, the complex
amplitude of light can be measured. Thus, the proposed
method is not fundamentally limited even when there
exists correlation between columns of TM. Nevertheless
the condition for an uncorrelated TM is effective because
the orthogonal basis can become susceptible to noise when
there exists a strong correlation.

In this regard, it is recommended to satisfy two con-
ditions for the proposed method; (1) g > M, (2) M > N,
where N is the accessible number of input modes. Com-
bining the two conditions, we get g > N. Expressions for
g and N in terms of system variables are

27-[2 . 27
g~ 7{(WD) x tan(arcsin(NA))}T

271° 2 2 —17
~ 7{(WD) x (NA)}* x (1 = NA-)™'T (A3)

and
b4

N_)\2

Arov(NA)? (A4)
where WD is the working distance and Argy is the area

of the FOV at the sample plane. Then g > N can be

Amplitude

Phase

rewritten as

2r(WD)* -
_ WD 5y (A5)
Arov (1 —NA?)
In conclusion, we can say that the validity of the method is
guaranteed by adjusting the imaging conditions.

APPENDIX B: EFFECT OF OVERSAMPLING ON
THE RECONSTRUCTION

The second term of Eq. (2) in the main text can be
neglected under the condition that the number of detec-
tion modes is larger than the number of input modes. For
convenience we call the ratio of the number of detection
modes to the number of input modes an oversampling ratio
in the following discussion. Here we demonstrate how the
oversampling affects the reconstruction of the proposed
method. We used the same data that are used in Fig. 3 of the
main text. The oversampling ratio is modified by changing
the size of the image of the transmitted light. Following the
retrieval procedure including SSM, the iterative algorithm,
and the synthetic aperture method we compare the results
at different oversampling ratios.

First, we test with an amplitude object (no. 59-153,
Edmund Optics, New Jersey, USA). We change the over-
sampling ratio to 12, 48, 191, and 765. The results are
shown in Fig. 7. At the oversampling ratio of 12, speckle
noise is observed. However, at the oversampling ratio of
48, the result provides a clearer image of the sample. As
the ratio increases, the speckle noise is further reduced.
A similar pattern is found with a phase object (Bench-
mark Technologies, Massachusetts, USA). Again as the
oversampling ratio increases, a clearer image is obtained
(Fig. 8). In the experiment, an oversampling ratio of at least
48 guarantees clear imaging of the samples. We expect the
minimum-required oversampling ratio can be reduced by
improving the SNR of the system or by adopting a trans-
mission matrix that has a minimal correlation between its
columns.

FIG. 7. The effect of oversampling
ratio (y) on an amplitude sample.
Amplitudes (upper row) and phases
(lower row) at the sample plane with
different oversampling ratios are shown.
The scale bar indicates 3 um.

y =765

49 (spun-qre) —

(pey)
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APPENDIX C: FABRICATION AND OPTICAL
PROPERTIES OF A SCATTERING LAYER

A rutile (TiO;) paint is made by mixing rutile
nanoparticles (637262, Sigma-Aldrich, Missouri, USA),
resin (RSN0O806, DOW CORNING, Michigan, USA) and
solvent (toluene 99%) in a ratio of 0.5 g:1 ml:10 ml.
The paint is sonicated for 10 min to disperse the rutile
nanoparticles. Then the paint is applied on both sides of
a 25-mm-diameter round coverslip by using an air brush
(DH-125, Sparmax, Taipei, Taiwan). Finally, the painted
coverslip is baked (100 °C, 10 min) to cure the resin. The
rutile layer has a thickness of 60 4m and its transmittance is
52%. Its reduced scattering coefficient, u}, is 224.9 mm~!,
which is measured by inverse adding-doubling [68]. The
corresponding mean-free path is 44.5 um.

To ensure uniform speckle intensity at the CCD, a
ground-glass diffuser (DG10-120, Thorlabs, New Jersey,
USA) and a circular aperture are used in addition to the
rutile-painted layer. The layout of the detection part is
shown in Fig. 9. The total transmittance of all components
combined is 2.5%.

APPENDIX D: DIGITAL TIME MULTIPLEXING
FOR SAMPLE IMAGING

To measure an incident field, the proposed method
requires an image of light transmitted through a scattering
layer. The image of the transmitted light can be expressed
as I = |TSEj;|?, where T is a transmission matrix of a scat-
tering objective, S is a complex amplitude of a sample, and
E;y is an illumination field. Here, the illumination field is
controlled by a pattern projected on a digital micromirror
device (DMD).

Now suppose one wants to measure a sample response
with a certain illumination field, £y;. Using the Lee method
[69], an approximation of Ej; can be achieved. How-
ever, the Lee method suffers from noise induced by a
binary-amplitude modulation. As a result, the illumination
field contains multiple peaks at the Fourier plane, which
deteriorates the quality of the reconstructed image.

FIG. 8. The effect of oversampling
ratio () on a phase sample. Amplitudes
(upper row) and phases (lower row) at
the sample plane with different oversam-
pling ratios are shown. The scale bar
indicates 3 um.

(swun que)

EYS)
N

(peJ)

1
N
N

For this reason we used a digital time-multiplexing
method. The digital time-multiplexing method acquires the
response of a multi-bit amplitude modulation by digitally
synthesizing the response of different binary modulations.
The method starts with an N-bit grating-pattern, G (or
hologram), which generates Ejy. Ideally, G is expressed
as G = e Ey + e~ *XE¥ with a carrier frequency k.
First, we divide the grating pattern, G, into series of 1-bit
gratings, G,, which satisfy G = Zivzl 2"G,. Here each 1-
bit grating, G, will generate a field £ satisfying Ey =
Zivzl 2"Ei(1'1'). Second, we upload each 1-bit G, on a DMD
and measure corresponding images of the transmitted light,
ITSEY” 2. From these images we retrieve SE\| using the
proposed method. Finally, we restore the response of Ej
by combining the retrieved fields with correct weightings;
SE;q = ZnN:1 2”SEi(1'1’). In this way one can measure the
response as if the DMD is a multi-bit-depth amplitude
modulator.

12 mm 13 mm 15 mm

26.5 mm
7.4 mm

TiO, layer  Ground-glass Polarizer CCD Plane

diffuser .
Circular Aperture

FIG. 9. Layout of detection part. A rutile (TiO;) layer and a
ground-glass diffuser is placed at the front spaced 12 mm from
each other. A circular aperture is placed right after the ground-
glass diffuser to match the speckle size with a size of the CCD
pixel. A linear polarizer is placed to ensure linear polarization of
scattered light. All components have a diameter of 26.5 mm.
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APPENDIX E: SYNTHETIC APERTURE FOR
NOISE REDUCTION

First, the complex amplitudes at the sample plane under
different illumination angles are measured using SSM and
the iterative algorithm. Then we add the measured complex
amplitudes together to gain a coherent summation of the
signal and an incoherent summation of noise. Since the
measured complex amplitudes are shifted differently in
Fourier space, such shifts are compensated before the sig-
nals are added. For small changes in the illumination
angle, the contribution of noise decreases as the number
of illuminations () increases, i.e., Opoise X 1/ /N. In the
experiment, 21 different illuminations are used with a max-
imum illumination NA of 0.1. This gives an increase in the
NA by 0.1, resulting in an effective NA of 0.7.

APPENDIX F: COMPARISON WITH AN
ABERRATION-FREE IMAGE

To elaborate the result shown in Fig. 4, we imaged
a 5-um-silica bead with the same digital holographic
microscope setup used for Fig. 4(c), but a different imag-
ing objective lens (UPLSAPO 60XW, Olympus, Tokyo,
Japan). The silica bead is immersed in water and sand-
wiched between two coverslips for imaging. This objective

Amplitude (arb. units)

Phase (rad)

(b)

(C))

(N .

0 1-5

[6)]

FIG. 10. Complex amplitude images of a 5-um-silica bead
measured with the setup used for Fig. 4 but using a differ-
ent objective lens (UPLSAPO 60XW, Olympus, Tokyo, Japan).
(a),(b) A complex amplitude image of the bead with a native
resolution of the objective lens (NA =1.2) (c),(d) A complex
amplitude image obtained by low-pass filtering (a),(b) with a
cutoff frequency corresponding to an NA of 0.7. Scale bar 5 um.

lens is not designed for long-working-distance applica-
tions. It has a very short working distance of 0.28 mm
and the corresponding aperture is smaller than the long-
working-distance objective. The experimental result is
shown in Fig. 10.

Figures 10(a) and 10(b) show a measured complex
image of the silica bead with a native resolution of the
objective (NA = 1.2). To simulate the image with an NA of
0.7, the images are low-pass filtered with a cut-off spatial
frequency corresponding to an NA of 0.7. The low-pass
filtered images are shown in Figs. 10(c) and 10(d). The
result shows a clear amplitude and phase image of a sample
without the aberration artifact shown in Fig. 4(c). Despite
the fact that both objective lenses have correction col-
lars, the comparison shows that a large-aperture objective
lens is very vulnerable to the aberration. On the contrary,
the low-pass filtered image shows a good agreement with
the result shown in Fig. 4(b), indicating that the aberra-
tion of the imaging part is minimized with the proposed
method.
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