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The field transmitted through disordered media is essentially a randomly sampled version of the incident field.
Properties of the initial field can be recovered if this sampling function or transmission matrix is known. Here
we demonstrate how the transmission matrix of a disordered material can be used to simultaneously measure
the spectral and polarimetric properties of an optical field. © 2010 Optical Society of America

OCIS codes: 160.2710, 290.3200.

Because random media are ubiquitous in the real world,
there has been great interest in the transmission matrices
(TMs) associated with such materials [1-8]. The full TM
of a disordered system is extremely large, because it de-
scribes the propagation of fields with any wavelength,
polarization, wavefront, and degree of coherence [9].
As a result, disordered materials could be expected to
be able to serve in place of different types of traditional
optical components or systems if the appropriate subsets
of the TM were known [1].

One of the earliest demonstrations of using the TM of a
random material was the polarimetric measurement of an
incident optical field by correlating the transmitted
speckle pattern with several other reference fields [10].
Focusing of acoustic and electromagnetic waves through
arandom material has also been demonstrated using time
reversal of the speckle field generated by a point source,
although time reversal should work for more complicated
source distributions as well [2,3]. Later experiments
showed that time reversing a speckle pattern is not neces-
sary to focus through a random material, noniterative
wavefront shaping techniques can be used to find the ap-
propriate wavefront [4].

Recently, many of the predicted uses of random mate-
rials with known TMs have been realized experimentally.
For example, work has focused on how the TM of a ran-
dom material varies spectrally or polarimetrically for a
fixed wavefront and then has used these properties to
perform optical measurements [5-7]. The TM of a ran-
dom material as a function of incident wavefront at a gi-
ven wavelength and state of polarization has also been
measured and used to focus light into arbitrary patterns
[8]. In this Letter, we demonstrate that randomly scatter-
ing materials have sufficient diversity in their spectral
transmission, both spatially and polarimetrically, to allow
precise measurement of the spectrally dependent polar-
ization state of an optical field with a given wavefront.

For a static medium, the wave interferences inside the
medium are fixed and, as a result, the TM of the material
can be discussed in terms of either intensities or fields.
For the sake of making the polarimetric discussion
clearer, we will discuss the TM in terms of intensity trans-
mission. A related development concerning transmitted
fields has been previously presented [6]. In a static, linear
system, the transfer of the Stokes vector is given by a
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wavelength-dependent 4 x 4 Mueller matrix, M(x, 1). If
intensity measurements of the scattered light, not polari-
metric measurements, are made, only the first row of
M(x, 1), denoted as M;(x, 1), is important, and it can be
calculated after exposing the medium to reference states
of polarization and measuring the transmitted intensities
at position x. After finding several M;(x,1)’s for many
different wavelengths, the spectrally dependent polari-
metric properties of an unknown field can be determined
by inverting the sampled version of the incident field pro-
duced by the known M;(x, 1)’s.

A complete estimation of the Stokes vector for a par-
ticular wavelength can be made by measuring the inten-
sity after passing the light through at least four different
M,”’s [11]. The measurement can be expressed as

I=MS, (1)
where Iis an x 1 row vector, with n > 4, composed of the
intensity measurements through n different M;’s. The
matrix M is the n x 4 TM whose rows are the M,’s cor-
responding to the appropriate intensity measurement,
and S is the 4 x 1 Stokes vector of the incident light.
For n =4, S can be estimated by inverting the TM as
S = M. Here S denotes the estimate of the Stokes vec-
tor based on the measured intensities. When more than
four intensity measurements are used, the linear system
given by Eq. (1) becomes inconsistent, so the least-
squares solution for the Stokes vector, given by the
Morse—Penrose pseudoinverse, is usually found.

The generalization to measure the Stokes vector for
multiple wavelengths is straightforward. The measured
intensities will be the result of contributions from multi-
ple wavelengths, so the rows of Eq. (1) must be inte-
grated over wavelength:

I, = /Mi(/l)S(/l)dl. (2)

For practical purposes, the system response can be aver-
aged over different spectral bands to produce a discrete
approximation of the actual spectrum. The widths of
these bands should be small relative to the spectral
variations of the unknown field and such that the sys-
tem’s response varies from band to band. This averaging
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effectively converts the integral in Eq. (2) to a summation
over a finite number of spectral bins:

I; ~ M, (1)S(2). (3)

Therefore, the Stokes vectors for the additional wave-
lengths are simply appended to the original S, making
it a 4 m x 1 row vector, where m is the number of spec-
tral bins for which the polarization properties of the light
are being estimated. The TM becomes an # x 4 m matrix,
where 7 is the number of intensity measurements with
n >4 m. The inversion procedure used to estimate the
Stokes vector remains unchanged, although constraints
must be added to the inversion to ensure that the result-
ing Stokes vectors are physically realizable.

To test this concept, we used a setup similar to the one
described in [7]. One end of a 140 ym diameter imaging
fiber bundle with approximately 3 ym cores was covered
with anondiffusing layer of 0.5 ym silica spheres. Because
the spheres are located randomly with respect to the cen-
ters of the fiber cores, which are inherently asymmetric,
different cores have widely varying responses, both spec-
trally and polarimetrically. The average spectral contrast,
i.e., the standard deviation of the spectral response for
each core divided by its mean averaged over all of the fiber
cores, was approximately 24%. The wavelength averaged
polarimetric contrast, defined analogously to the spectral
contrast, was approximately 31%. So, the scattering med-
ium used in our experiments has significant variations in
both its polarimetric and spectral responses.

The other end of the fiber bundle was imaged onto a
CCD camera. Two light sources were used during the ex-
periment as calibration and test sources. The first was an
Optronic Laboratories OL 490 light source with adjusta-
ble bandwidth and the ability to generate complex spec-
tra. In this case, the calibration spectra for the spectral
bins had an FWHM of approximately 8 nm, so that the
center 3 nm were approximately uniform in intensity.
The bins ran from 520 to 580 nm in 3 nm steps. The sec-
ond light source was a halogen lamp filtered with an
acousto-optic tunable filter (AOTF) with an FWHM of
2.5 nm. It was used for spectral bins running from 544
to 557.5 nm in 1.5 nm steps.

The state of polarization of the incident light was con-
trolled using a polarizer and a broadband, quarter-wave
plate. The calibration was carried out in a manner similar
to that described in [6]. Four orientations of the polariza-
tion optics were used to measure the M, (x, 1) of each of
the fiber cores. The wavelength of the source was swept
over the desired range for each configuration of the po-
larization optics.

After measuring M, (x, 1) for each fiber core, groups of
fibers can be formed to measure the spectropolarimetric
properties of an unknown field. Because at least four
measurements are required per wavelength, a minimum
of 80 cores, or 36 cores per group, is required to estimate
S(2) for the two different light sources; however, because
each CCD image contains over 1200 fiber cores, the es-
timation was performed using approximately 700 cores
to reduce the effects of experimental noise. The estima-
tion process was repeated many times using randomly
selected groups, and the average result was computed.

July 1, 2010 / Vol. 35, No. 13 / OPTICS LETTERS

= Reconstruction
— = = Spectrum

2237

=0 =
Alnm]
Fig. 1. (Color online) Left panel, Poincaré sphere representa-
tion of the measured polarization states using different groups
of fiber cores (blue crosses) and the average measured state
(white dot) for a -V incident state. Right panel, normalized
spectrum recovered using the new scattering-based procedure
(Reconstruction) and the input spectrum measured by a typical
spectrometer (Spectrum) with 3 nm spectral resolution.

The first test consisted of an optical field characterized
by a single spectral peak at 550 nm with an FWHM of
6 nm, and a polarization state [I,Q,U,V]=1,0,0,-1].
The results of the reconstruction are shown in Fig. 1.
Each blue cross on the Poincaré sphere denotes the state
of polarization recovered using a different group of fiber
cores; because of inherent experimental noise, the recon-
structed states have some spread on the Poincaré sphere.
However, the center of mass of their distribution, indi-
cated by the white dot, differs by only 1% from the input
state of polarization. The uncertainty in estimating the
Stokes vectors along the @ and U axes are better than
0.04 and 0.1, respectively. Testing indicates that the slight
asymmetry in the estimates is likely due to chromatic
aberration in the imaging optics.

The input and recovered spectra are also shown in Fig.
1. A 3-nm-wide averaging window was applied to the in-
put spectrum to make it comparable to the spectrum re-
constructed using our scattering-based procedure.
Clearly, the input spectrum is recovered quite well.
When a Gaussian profile is fitted to each of them, the
FWHMs are 3.6 and 5.8 nm for the reconstructed and in-
cident spectra, respectively. The rms difference between
the spectra is only 0.5%.

The new procedure has been applied to even more
complex situations. For instance, the reconstruction of
input spectra having two and three well-defined modes
is illustrated in Fig. 2. In both cases, the input field was
in the same polarization state as in the previous example.
The errors in the recovered polarization states at the
peak wavelengths range between 1% and 1.5%, and the
spread in the @ and U components are 0.07 and 0.28.
As can be seen, the spectral peaks are well recovered,
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(Color online) Input and recovered complex spectra.

The polarization state was constant across both spectra.

Fig. 2.
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Fig. 3. (Color online) Input and recovered optical fields with
spectrally varying states of polarization. The arrows indicate
the spectral bin represented on the Poincaré spheres. The color
code is the same as in Fig. 1, except that the dashed spectral
curve was smoothed with a 1.5-nm-wide window.

the rms differences between the reference and estimated
spectra are less than 1.25%

Finally, we demonstrate the ability to recover optical
fields with spectrally varying states of polarization. To
test the procedure in this case, the random medium
was illuminated sequentially with individual spectral
peaks, each with different a state of polarization. The
images from the individual spectra were then added to-
gether to produce a spectrum with well-separated polar-
ization states at different wavelengths. In the example
presented in Fig. 3, the test field has a spectrum contain-
ing a peak at 547 nm polarized in the -V state and an-
other peak at 553 nm but polarized in the U state.
Neither of these polarization states were used as refer-
ence states for obtaining the TM. As can be seen in
Fig. 3, the agreement between the expected and recov-
ered properties is quite good. The error in recovering
the -V polarization state was less than 3%, while, for
the U polarization state, the error was less than 1%.
The rms difference between the input and recovered
spectra is 3.3%. The slightly increased errors for the re-
covery in Fig. 3 are likely due to mechanical instabilities
in our experimental setup. The intensity from the AOTF
was significantly less than the OL 490 light source and, as

a result, longer integration times were needed to collect
the calibration data.

The accuracy of the spectral and polarimetric mea-
surements are comparable to some commercial devices
and could be further improved by minimizing the chro-
matic aberration in the imaging optics and employing
more polarization states in the calibration process. The
maximum resolution of the spectral recovery is a func-
tion of the spectrum of the calibration source, because
using a small bin separation with a broad source will re-
sult in ambiguity as to which bin certain wavelengths
belong.

Accurate measurements of spectra using fiber probes
are commonly performed; however, the polarization prop-
erties of the light have been largely neglected because the
state of polarization is not, in general, maintained upon
propagation through an optical fiber. The concept pre-
sented here can be extended to measure other properties
of the incident field, for example, its wavefront, by utiliz-
ing a larger subset of the TM of the material.

Utilizing the TM of a random medium, we have demon-
strated here for the first time, to our knowledge, that both
the spectral and polarimetric properties of an optical
field can be simultaneously recovered by encoding those
properties into intensities through a random scattering
process. In fact, the potential of TMs of scattering media
is only beginning to be explored experimentally. Indeed,
as was pointed out nearly two decades ago, the limita-
tions in using a random medium for optical measure-
ments or processing are primarily due to the reference
fields used to select elements from the TM [1].
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