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The numerical aperture (NA) of a multimode optical fiber sets the limit of the information transport capacity along
the spatial degree of freedom. In this Letter, we report that the application of a highly disordered medium can
overcome the capacity limit set by the fiber NA. Specifically, we coated the input surface of a multimode fiber with
a disorderedmediummade of ZnO nanoparticles and transported a wide-field image through the fiber with a spatial
resolution beyond the diffraction limit given by the fiber NA. This was made possible because multiple scatterings
induced by the disordered medium physically increased the NA of the entire system. Our study will lead to enhanc-
ing the spatial resolution of fiber-based endoscopic imaging and also improving the information transport capacity
in optical communications. © 2013 Optical Society of America
OCIS codes: (110.3175) Interferometric imaging; (110.0113) Imaging through turbid media; (110.2350) Fiber optics

imaging.
http://dx.doi.org/10.1364/OL.38.002253

Optical fibers have been serving as the backbone of
signal transmission in optical communications, and also
widely used for image delivery in medical practices. In
order to transport information through a fiber, the tem-
poral degree of freedom was mainly used at the initial
stage of technology development in conjunction with the
use of a single-mode optical fiber. Much effort has been
made to exploit spatial degree of freedom as well to
boost the data transfer rate [1]. Multimode optical fibers,
instead, were used for this purpose and information
was delivered through multiple spatial modes called
LP modes. Examples include image reconstruction by
circular spatial distribution of a fiber [2], image transport
through a single fiber by spectral encoding [3] and phase
conjugation [4,5]. Advances have been made in recent
years to realize endoscopic imaging through a single mul-
timode optical fiber [6–9]. The main idea was to shape an
incident wave entering the fiber such that a focused spot
was generated at the opposite side of the fiber. Proper
change of the incident wave provided scanning of the
focused spot. Our group also demonstrated wide-field
endoscopic imaging operated in a reflection mode [10].
In that study, we recorded a transmission matrix of a
single multimode fiber, which characterized output field
responses to various input modes, and applied the inver-
sion of the transmission matrix to eliminate the effect of
image distortion by the fiber [10]. Later, we made use of a
transmission matrix for determining spatial mode proper-
ties of an arbitrarily shaped fiber [11]. However, in all the
preceding studies where spatial degree of freedom was
used, the numerical aperture (NA) of fibers imposed a
fundamental limit on the bandwidth of spatial frequency.
We noted that a highly scattering medium can physically
extend the NA of an imaging system [12], because multi-
ple scatterings caused by the scattering medium can
convert high spatial frequency inputs into low spatial
frequency components.
In this Letter, we propose a method that uses a disor-

dered medium to enlarge the spatial passband of a multi-
mode fiber beyond the limit determined by the fiber NA.

In order to experimentally prove the proposed concept,
we demonstrated that a wide-field image with a spatial
resolution surpassing the diffraction limit set by the fiber
NA can be transported through a multimode optical fiber.
Specifically, ZnO nanoparticles were randomly deposited
on the input surface of a multimode fiber and the trans-
mission matrix of the random-material-coated fiber was
measured. Object information was then sent through
the fiber and the image distortion was reversed by the
recently developed turbid lens imaging technique [12].

The experimental setup is depicted in Fig. 1(a). Light
waves emitted from a He–Ne laser (λ � 633 nm) were
split into a sample beam and a reference beam by a beam
splitter (BS1). The sample beam was delivered to the
input surface of a fiber at the object plane (OP) via a
two-axis galvanometer mirror (GM), a spatial light modu-
lator (SLM: Hamamatsu Photonics, X10468-06), and a 4-f
telescope composed of an objective lens (OLT : Olympus,
ACHN20XP; 20×) and a tube lens. After being injected
into the fiber at the OP, the sample beam was guided and
delivered to the opposite surface of the fiber located at
the image plane (IP). The output wave was collected by
an OL (Olympus, ACHN40XP; 40×) and delivered to a
CMOS camera (RedLake, M3; 500 fps) via a tube lens, a
4-f telescope, and a beam splitter (BS2). The SLM posi-
tioned at the plane conjugated to the OP worked as a nor-
mal mirror when a flat pattern was written, and served as
a test object when a target pattern was loaded. The refer-
ence beam was combined with the sample beam at BS2
to form an interference image at the camera. The polari-
zation of the output wave was set the same as that of the
reference beam for the maximum interference contrast.
An electric field image was extracted from the interfer-
ence image by using the digital holographic technique
[13]. In this experiment, we prepared two 1 m long multi-
mode optical fibers (Thorlabs, M14L01; 0.22 NA) with a
core diameter of 50 μm and a clad thickness of 37.5 μm.
One of the fibers was left intact as a reference, whereas
for the other, a disordered medium was coated on the
input surface at OP by spraying ZnO nanoparticles.
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Relative transmittance of the coated fiber was 0.5% to
that of the intact fiber.
In order to record a transmission matrix, T , of the

fiber, the sample beam was steered by the GM such
that the input angle, θi, was scanned at the OP with a uni-
form angular sampling density. For the intact fiber, 2000
images were taken for the transmission matrix, whose
angular scanning range corresponded to NAtr � 0.22, ex-
actly the same as the fiber NA. When the incident angle
was beyond this value, light transmission was signifi-
cantly attenuated. Some representative transmission im-
ages are shown in Fig. 1(b). With the nanoparticle-coated
fiber, however, light transmission at incident angles
larger than the fiber NA was maintained at a similar
level to that of the smaller incident angles. For the coated
fiber, we measured the transmission matrix up to
NAtr � 0.4, 1.8 times larger than the maximum NA of the
fiber. We recorded 5000 images in 10 s. Some represen-
tative transmission images are presented in Fig. 1(c). The
plane wave inputs were completely distorted by the
random material and by the mode mixing of the fiber.
With the recorded images, the transmission matrix, T ,

was constructed by converting each two-dimensional
image into a single vector and appending it in a column
in a sequential way [11,14]. For the intact fiber, the mea-
sured T is shown in Fig. 2(a). The average intensity of
each column vector in T is plotted as a function of input
angle θi in Fig. 2(c). The transmitted intensity retains
almost the same value up to 0.22 NA, but decreases
sharply beyond this point due to the limited NA of the
fiber. For the coated fiber, on the other hand, T is signifi-
cantly large well beyond the fiber NA [Fig. 2(b)] and
the average intensity stays almost in the same range,
as shown in Fig. 2(c). This is because multiple scatterings

induced by the nanoparticles at the input surface fold
the input waves outside the fiber NA into the passband.
In other words, the disordered medium extends the
acceptance angle of the fiber [12]. Therefore, one can
expect that the extension of the transmission matrix
leads to enlargement of the fiber passband for informa-
tion delivery.

After measuring the transmission matrix, a test object
was loaded on the SLM. The object consisted of stripe
patterns similar to a United States Air Force (USAF) tar-
get with various widths and lengths (Fig. 3). The peak-
to-peak distances of line pairs indicated by numbers 2,
3, and 4 were 1.8, 1.5, and 1.2 μm, respectively, at the OP.
After the target image was transported through the fiber,
the distorted object image at the IP,EIP�x; y�, was taken by
the camera. One thousand object images were recorded
while scanning the illumination beam onto the test object
up to the maximum angle corresponding to the fiber NA,
0.22, at OP. Therefore, the NA for the illumination, NAill,
was set as 0.22. From each distorted image at the IP, we
reconstructed the object image at the OP by multiplying
the inversion matrix of the measured T [10,12]:

EOP�ξ; η� � T−1EIP�x; y�: (1)

Here, EOP�ξ; η� is the object image at the OP and T−1

represents the inverse of the transmission matrix. Using
Eq. (1), the distortion imposed by the fiber itself (for the
intact fiber) or by the fiber and the nanoparticles (for
the coated fiber) can be eliminated. The Matlab built-in
function pinv was used for the inversion operation. After
the process, all reconstructed images were incoherently
added to produce the final objective image.

Fig. 1. (a) Schematic diagram of the experimental setup. BSi,
i-th beam splitter; PBS, polarizing beam splitter; GM, galvanom-
eter mirror; OP, object plane; IP, image plane; OL and OLT ,
objective lenses. The red arrows indicate the direction of
polarization. The photograph next to the OLT shows the
bright-field image of the input surface of the fiber coated
by nanoparticles. (b), (c) Representative measured output
images as a function of the incident angle (sin θi) of plane
waves at OP, for the intact fiber (b) and the nanoparticle-coated
fiber (c), respectively. Scale bar, 25 μm.

Fig. 2. (a) Measured transmission matrix of the intact fiber.
The matrix elements were acquired up to the fiber NA. (b) Mea-
sured transmission matrix of the random fiber. The measurable
input range was extended over the fiber NA (yellow dashed
line). Vertical and horizontal indices represent the position at
IP and input angle θi at OP, respectively. Color bar: arbitrary
intensity unit. (c) Average intensity of the column of the trans-
mission matrix as a function of incident angle. The intensity was
normalized with respect to that of θi � 0. The dashed line
denotes the fiber NA.
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For the case of the intact fiber, the reconstructed
object image is shown in Fig. 3(a). In this case, the NA
of the measured transmission matrix, NAtr � 0.22, and
the NA of the illumination, NAill � 0.22, set the diffrac-
tion limit as 1.22λ∕�NAtr � NAill� � 1.8 μm. As a result,
the patterns in groups 3 and 4 are not resolved. In other
words, the transmission of high spatial frequency infor-
mation forming the stripes in groups 3 and 4 through the
fiber is forbidden. In contrast to the case of the intact
fiber, the stripes in group 3 are clearly resolved when
the nanoparticle-coated fiber was used [Fig. 3(b)], be-
cause the increased NA of the transmission matrix
(NAtr � 0.4) with the same NAill � 0.22 increases the
achievable resolution limit up to 1.25 μm. This allows
the spatial frequency band, that used to be forbidden,
to open through the fiber and consequently more infor-
mation can be delivered through the newly released
passband. The finest stripes in group 4 are barely, but
still resolved since the achievable resolution is almost
the same as the peak-to-peak distance of the structure.
Figure 3(c) presents section profiles for both images.
This confirms that the resolving power is considerably
improved by employing a highly disordered medium on
the input surface of a multimode fiber. In return, the SNR
of the reconstructed image was somewhat decreased
with the use of the disordered medium.
In conclusion, we have experimentally demonstrated

that the spatial passband of a multimode optical fiber

can be extended beyond the limit imposed by the fiber
NA. By depositing nanoparticles on the input surface
of a multimode fiber in a random fashion, transmission
properties of the fiber were modified. Particularly, the
acceptance angle of the fiber was significantly increased
due to the multiple scatterings induced by the nanopar-
ticle layer. By using the transmission matrix of the coated
fiber, high spatial frequency inputs embedded in the
distorted output images were faithfully reconstructed
and, consequently, a wide-field image was successfully
delivered through the multimode fiber with improved
spatial resolution mediated by the disordered medium.
Our study will lay a foundation for the application of
disordered media to improve the spatial resolution of
fiber-based endoscopic imaging and enhance the infor-
mation transport capacity in optical communications
beyond the limit imposed by the fiber NA. As a final
remark, wide range of various materials such as micro-
lenses that can manipulate the angle of incident wave
can be used in our method to obtain the similar enhance-
ment of fiber NA.
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Fig. 3. (a) Reconstructed image transported through the intact
fiber. The smallest structures in group 4 are blurred due to the
lack of resolving power. (b) Reconstructed image from the out-
put through the nanoparticle-coated fiber. The structural details
in group 4 can be resolved. Scale bar: 10 μm. (c) Section profiles
along the lines shown in (a) and (b). The improved resolution is
verified by the comparison of the two section profiles.
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