
Optics Communications 381 (2016) 336–345
Contents lists available at ScienceDirect
Optics Communications
http://d
0030-40

n Corr
Physics,

E-m

Pleas
journal homepage: www.elsevier.com/locate/optcom
Refractive index and surface roughness estimation using passive
multispectral and multiangular polarimetric measurements

Bin Yang a,b,n, Changxiang Yan a, Junqiang Zhang a, Haiyang Zhang a,b

a Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Science, Changchun 130033, China
b University of Chinese Academy of Science, Beijing 100049, China
a r t i c l e i n f o

Article history:
Received 23 May 2016
Received in revised form
12 July 2016
Accepted 16 July 2016
Available online 23 July 2016

Keywords:
Polarimetry
Refractive index estimation
Surface roughness estimation
Spectrometry
x.doi.org/10.1016/j.optcom.2016.07.042
18/& 2016 Elsevier B.V. All rights reserved.

esponding author at: Changchun Institute of
Chinese Academy of Science, Changchun 130
ail address: yangbin8086@163.com (Bin Yang)

e cite this article as: Bin Yang, et al.
a b s t r a c t

This paper presents a method to estimate refractive index and surface roughness simultaneously from
multispectral and multiangular passive polarimetric measurements. Such a method has ties to passive
remote sensing applications. Within the analysis, we use a previously derived expression for the degree
of linear polarization, and a nonlinear least-squares algorithm to estimate the parameters of interest (i.e.,
refractive index and surface roughness) from the measured data. The results obtained from Monte Carlo
simulations show that the estimation accuracy improves as the number of spectral channels and de-
tection angles increase. It does so until the estimation accuracy reaches saturation. To take full advantage
of the presented method, we also determine the most reasonable number of spectral channels and
detection angles for our laboratory measurements using Monte Carlo simulations. Finally, after analyzing
the experimental results for dielectric and metallic samples, we validate the effectiveness and advantages
of the presented method to estimate refractive index and surface roughness for passive remote sensing.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The polarization state of reflected light provides valuable in-
formation about surface features, shape, material composition, and
surface roughness [1]. This makes polarimetric measurement a
powerful tool in passive remote sensing, where the sensor relies
on an unpolarized and usually uncontrolled illumination source
like the sun. Passive polarimetric measurement techniques have
been exploited in a number of applications such as target detec-
tion [2–4], shape estimation [5,6], material classification [7,8] and
characterization [9–12].

One can use material characterization to estimate parameters
of interest from a target. At optical wavelengths, refractive index
and surface roughness are usually the parameters of interest
within the analysis. Compared with other laboratory material
characterization methods, the polarization-based material char-
acterization technique is better for passive remote sensing. It re-
quires one to solve forward and inverse problems to estimate the
refractive index and surface roughness from polarimetric mea-
surements. The forward problem involves deriving a reasonable
model to describe the polarization state of the reflected light, and
the inverse problem involves retrieving the parameters of interest
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from measured data with a numerical algorithm.
Early work on the estimation of refractive index and surface

roughness for passive polarimetric remote sensing was published
by Fetrow et al. [9]. Based on a simulation, they presented a
method to estimate the complex refractive index of targets from
long-wave infrared polarimetric measurements. Their studies
showed that the surface roughness was a necessary quantity to be
considered within the analysis in determining the refractive index
through polarimetric measurements. To date, however, the surface
roughness is ignored in most publications on polarization-based
refractive index estimation.

Thilak et al. [10] presented a method to estimate complex re-
fractive index and reflected angle from multiangular polarimetric
measurements. Using the expression for the degree of linear po-
larization (DOLP) derived from a polarimetric bidirectional re-
flectance distribution function (pBRDF), they developed an effec-
tive algorithm based on nonlinear least-squares estimation. The
main advantage of their method was that the result was largely
invariant to the position of the source and the reflected angle [10].
Yet, they could only obtain the refractive index at a single wave-
length. In addition, they ignored the diffuse component of reflec-
tion, which had the effect of lowering the DOLP.

Hyde et al. [11] proposed a novel remote-sensing material-
characterization technique using passive polarimetric imagery
degraded by atmosphere turbulence. The technique recovered
refractive index from the turbulence-degraded polarimetric ima-
gery using a variant of the blind-deconvolution algorithm. They
016), http://dx.doi.org/10.1016/j.optcom.2016.07.042i
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Fig. 1. pBRDF geometry. θi and θr are the incident zenith and reflected zenith
angles, φi and φr are the incident azimuth and reflected azimuth angles, ωd i and ωd r
are the incident solid and reflected solid angles, respectively.
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took diffuse reflection into account when deriving the DOLP ex-
pression. However, their polarimeter was not sensitive enough to
make off-specular measurements. They only measured the DOLP
specularly, making it difficult to estimate the surface roughness.

Sawyer et al. [12] developed a method for material character-
ization using multispectral polarimetric imagery. Their main con-
tribution was that they introduced dispersion equations when
estimating refractive index. The dispersion constants were de-
termined via a nonlinear least-squares fit and then substituted
into the dispersion equations to yield the refractive index. Never-
theless, they ignored diffuse scattering when deriving the DOLP
expression. The measurements, fixed at a certain incident and
reflected angle, also limited the estimation accuracy.

In this paper, we present a method to estimate the refractive
index and surface roughness for passive remote sensing through
multispectral and multiangular polarimetric measurements. In the
aforementioned publications [10–12], they only used either mul-
tispectral measurements or multiangular measurements to esti-
mate the parameters of interest. Here, we find that the estimation
accuracy is improved by combining multispectral measurements
with multiangular measurements. Using the method presented in
this paper, we can also obtain more comprehensive information
(i.e., the distribution of refractive index as a function of wave-
length) about the target. The more accurate and more compre-
hensive information may be helpful in characterizing a material.
Furthermore, we can estimate the surface roughness accurately
using the presented method. By considering the surface rough-
ness, we not only obtain the surface information about the target,
but also reduce the impact of surface state on the refractive index
estimation. In this way, the estimation accuracy of the refractive
index is further improved. To take full advantage of the presented
method, we find the most reasonable number of detection angles
and spectral channels for our experiment through Monte Carlo
simulations. The simulation and experimental results clearly show
that the presented method is sufficient for the refractive index and
surface roughness estimation.

The paper is structured as follows. Section 2 describes the de-
rivation of the DOLP expression, which is based on a pBRDF model
and dispersion equations, and introduces the estimation algorithm
for the refractive index and surface roughness. Section 3 discusses
and verifies the presented method with simulations. In Section 4,
we summary and analyze our experimental results. Conclusions
are presented in Section 5.
2. Methodology

To estimate the refractive index and surface roughness from
polarimetric measurements, One must solve forward and inverse
problems. Using a pBRDF model, the forward problem can be
solved through a derived expression for the DOLP (topics of Sec-
tions 2.1 and 2.2). The inverse problem is usually solved by nu-
merical techniques such as the nonlinear least-squares algorithm
used in this paper, which is described in Section 2.3.

2.1. pBRDF Model

A pBRDF model is used to describe the radiance and polariza-
tion state of the light reflected from a material surface. In this
paper, we use the model presented by Hyde et al. [13], which can
characterize both the specular and diffuse components of reflec-
tion. The geometrical variables are illustrated in Fig. 1. We present
some of the necessary equations for deriving an expression for the
DOLP here. The interested reader can find more information in Ref.
[13].

The pBRDF is defined as the ratio of the polarimetric reflected
Please cite this article as: Bin Yang, et al., Optics Communications (2
radiance to the polarimetric incident irradiance,
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where η is the complex refractive index, σ is the surface roughness,
which is equivalent to the standard deviation of the surface slope
[11], θ is the angle between the surface normal of a microfacet and
the mean surface normal,
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G is the visibility function, which describes the part of the il-
luminated facet that contributes to the scattered flux [14,15],
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and Mjk is the element in the jth row and kth column of the Fresnel
reflectance Mueller matrix.

The diffuse component Fd is derived with the directional
hemispherical reflectance ρDHR [16]. It is given by
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where the superscript PEC denotes that we are dealing with a
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perfect reflecting surface, and the subscript 00 denotes the first
row, first column element of a matrix.

The full pBRDF expression can be obtained through combining
the specular component Fs with the diffuse component Fd [13],
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2.2. Derivation of DOLP

In this paper, we assume that the light source is unpolarized
and scattering occurs in the principal plane (i.e., ϕ π= ). Further-
more, the circular polarization of the light reflected from most
naturally illuminated surfaces can be ignored, which reduces M
and F to 3�3 matrices [10]. After making these assumptions, the
DOLP of the light is expressed as [13]
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and Rs and Rp denote s-plane and p-plane Fresnel reflectances,
respectively. When ϕ π= , the expressions for θ and β reduce to
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Eq. (10) can be further simplified using the Fresnel's equations,
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Since we are interested in estimating η (i.e., n and k) from
multispectral measurements, we must find a functional form for η
whose parameters do not depend on wavelength. We can use
dispersion equations for dielectric and metallic materials to
transform η into variables independent of wavelength.

For dielectric materials, we use the Cauchy equation to describe
the refractive index [17],
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where A0 and A1 are dispersion constants. The Cauchy equation
can describe dielectric dispersion accurately at visible wave-
lengths. In addition, its simple form enhances the efficiency of
estimation. We should note that the extinction coefficient k is ig-
nored in the Cauchy equation, which is consistent with the
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characteristics of most dielectric materials. Combining Eqs. (13)–
(17) and simplifying yields the full H expression for dielectric
materials,
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For metallic materials, the n and k in Eqs. (15) and (16) can be
further derived by using the Drude model. The expression for
complex refractive index η in the Drude model is given by
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where ω π λ= c2 / , τ is the electron relaxation rate, and ωp is the
plasma frequency [18]. The ωp and τ can be regarded as constants
across a wide wavelength range for most metals. The advantage of
the Drude model is that it is easy to break the η into expressions
for the real part n and the imaginary part k [12]. Substituting Eq.
(19) into Eqs. (13)–(16) and simplifying yields the full H expression
for metallic materials,
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The new DOLP expressions for dielectric and metallic materials
can be obtained by substituting Eqs. (18) and (20) back into Eq. (9),
respectively.

2.3. Refractive index and surface roughness estimation

We use a nonlinear least-squares algorithm to estimate the
refractive index and surface roughness from the measured data.
Firstly, the theoretical DOLP values Pt at multiple incident angles,
reflected angles, and wavelengths are obtained using the pBRDF
model. Then, the measured DOLP values Pm at those same incident
angles, reflected angles, and wavelengths are compared with the
theoretical DOLP values Pt to estimate the refractive index and
surface roughness. The error between the Pt and Pm is defined as
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where L and J are the number of angles and spectral channels,
respectively. The variable E denotes the constants (i.e., A0 and A1,
or ωp and τ) in the dispersion equations.

The values of E and σ can be identified as the estimation results
when minimizing ε through the Levenberg–Marquardt algorithm
[19]. The refractive index can then be obtained by substituting the
constants A0 and A1, or ωp and τ into the dispersion equations.

Noteworthy is that we use ×L J data points, L angles and J
spectral channels, to estimate the refractive index and surface
roughness. It means that more constraints are imposed on the
process of estimation, which may yield more accurate estimation
results than only using either L multiangular measured data points
or J multispectral measured data points. Through the presented
method, we can recover the refractive index at J different wave-
lengths simultaneously, instead of only one value at a single wa-
velength, which allows us to obtain more comprehensive in-
formation about the target. In Eq. (21), the surface roughness σ
serves as an independent variable in the model of the theoretical
DOLP. By doing so, we can extract the surface characteristic and
016), http://dx.doi.org/10.1016/j.optcom.2016.07.042i
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Fig. 2. Simulation results for a dielectric material (a, b) the averages and standard deviations of the real refractive index; (c, d) the averages and standard deviations of the
surface roughness. The input dispersion constants are =A 1.50460 and =A 0.00421 , and the input surface roughness is σ = 0.3. According to the Cauchy equation, the input
refractive index is =n 1.5185 at 550 nm. The results are achieved from 1000 Monte Carlo trials.
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reduce the impact of surface roughness on the refractive index
estimation, which effectively improves the accuracy of the mate-
rial characterization.
3. Simulation analysis

In this section, we analyze and validate the presented method
with Monte Carlo simulations. Synthetic data for simulations are
produced using the pBRDF model in Section 2 with specific θi, θr , σ ,
λ, and dispersion constants. The value of θi is fixed at 45°, while a
series of values for θr (i.e., detection angle) are used in the simu-
lations. We use 3, 5, 7, 9, and 11 detection angles, 3, 5, and
7 spectral channels for different simulations, respectively. For each
simulation, θr is always uniformly distributed between 40° and
60°, while λ is always uniformly distributed between 450 nm and
650 nm. With that said, when the number of detection angles is 3,
5, 7, 9, and 11, the step sizes of detection angles will be 10°, 5°, 3.3°,
2.5°, and 2°, respectively. When the number of spectral channels is
3, 5, and 7, the step sizes of spectral channels will be 100 nm,
50 nm, and 33 nm, respectively.

In order to analyze the robustness of our method to noise,
white Gaussian noise is added to the synthetic data. The standard
deviations of the noises are equal to 2% of the synthetic DOLP
values, which is consistent with the accuracy of our laboratory
equipment in the selected bands. Then, the Levenberg–Marquardt
solver is used to estimate the refractive index and surface rough-
ness from the noisy inputs. The simulation analyses are performed
for both dielectric and metallic materials.

Fig. 2 shows the simulation results for a dielectric material,
which is assumed to be BK7 glass. We provide the simulation
Please cite this article as: Bin Yang, et al., Optics Communications (2
results at 550 nm. From the averages and standard deviations of
the estimation results, we conclude that the refractive index and
surface roughness can be retrieved from the noisy simulated data.
We also see that the results with a fixed number of detection
angles (i.e., 3, 5, 7, 9, or 11) become more accurate as the number
of spectral channels increases. It does so until the estimation ac-
curacy reaches saturation. More specifically, there is a significant
improvement in the estimation accuracy when the number of
spectral channels increases from 3 to 5. However, no more obvious
improvement appears as the number increases from 5 to 7 due to
the noise floor. For a fixed number of spectral channels (i.e., 3, 5, or
7), it is also clear that the estimation accuracy improves with the
number of detection angles increasing until a saturation point.

To take full advantage of the presented method, the most
reasonable number of detection angles and spectral channels are
determined on the basis of the saturation points. By analyzing the
trends of the curves in Fig. 2, the most reasonable number of
spectral channels and detection angles are determined to be 5 and
5, which is under the simulated noise level. There is little im-
provement in the estimation accuracy with more measurements,
while the cost increases considerably. When recovering the re-
fractive index and surface roughness from the measured data, the
saturation points are determined by the accuracy of the mea-
surements. Because the noise levels in the simulations are con-
sistent with the accuracy of our experimental equipment, we use
5 spectral channels and 5 detection angles to measure the di-
electric samples.

Fig. 3 shows the estimations for a metallic material, assumed to
be aluminium. We also provide the simulation results at 550 nm.
When estimating a metallic material, we do not ignore the ima-
ginary part of the refractive index. We find that the averages grow
016), http://dx.doi.org/10.1016/j.optcom.2016.07.042i

http://dx.doi.org/10.1016/j.optcom.2016.07.042
http://dx.doi.org/10.1016/j.optcom.2016.07.042
http://dx.doi.org/10.1016/j.optcom.2016.07.042


Fig. 3. Simulation results for a metallic material (a, b) the averages and standard deviations of the real refractive index; (c, d) the averages and standard deviations of the
imaginary refractive index; (e, f) the averages and standard deviations of the surface roughness. The input dispersion constants are ω = ×2.39 10 rad/sp

16 and
τ = × −1.02 10 s15 , and the input surface roughness is σ = 0.3. According to the Drude model, the input refractive index is n¼0.958 and k¼6.69 at 550 nm. The results are
achieved from 1000 Monte Carlo trials.
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closer to the true values, and the standard deviations become
smaller with the number of spectral channels and detection angles
increasing until the estimation accuracy saturates. According to
the results, the most reasonable number of spectral channels is 5,
and the most reasonable number of detection angles is 9. These
results are also adopted in our experiments when measuring the
metallic samples.

The simulations for the dielectric and metallic materials sug-
gest that there are two main factors influencing the accuracy of
the estimation results. One is the number of spectral channels and
detection angles, which are found through the above simulations.
The other is the noise level dependent on the accuracy of the
measurement, and one can perform further study on the pre-
sented method by developing more accurate equipments.
Please cite this article as: Bin Yang, et al., Optics Communications (2
4. Experimental results

In our experiment, the DOLP of the reflected light is measured
with the Northeast Normal University Laboratory Goniospect-
rometer System (NENULGS), shown in Fig. 4. The NENULGS con-
sists of a goniometer, a tungsten halogen lamp and an Analytical
Spectral Devices FieldSpec 3 (ASD FS3) spectroradiometer. Using
the goniometer, one can perform measurements with zenith an-
gles ranging from �90° to 90° and azimuth angles ranging from 0°
to 360°. The tungsten halogen lamp, which is attached to a 90° arc
with a 1.5 m radius, is used as the source of unpolarized illumi-
nation. Spectral polarized reflectance measurements are per-
formed using the ASD FS3 spectroradiometer. In order to improve
the signal to noise ratio (SNR) in our experiments, we group ten
016), http://dx.doi.org/10.1016/j.optcom.2016.07.042i
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Fig. 4. Photograph of the NENULGS used in this experiment.
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neighboring pixels of the spectroradiometer. To measure the ra-
diance in different polarization directions, a calcite Glan–Thomson
prism, which allows for rotation from 0° to 360° in 1° increments,
is used in front of the fiber-optic detector of the spectro-
radiometer. More details about the NENULGS can be found in Ref.
[20].

The samples in our experiments are BK7 glass, quartz, a
roughened aluminium plate, and a roughened copper plate, shown
in Fig. 5. The diameters of the BK7 glass and the quartz are 80 cm
and 70 cm, respectively, and their thicknesses are both 10 cm. The
sizes of the aluminium and copper plates are 11 cm�11 cm, and
their thicknesses are 5 cm. For the BK7 glass, quartz and rough-
ened aluminium plate, the selected measuring wavelengths are
450 nm, 500 nm, 550 nm, 600 nm, and 650 nm, while for the
roughened copper plate, they are 700 nm, 750 nm, 800 nm,
850 nm, and 900 nm. To guarantee the geometry, shown in Fig. 1,
we used a leveler with a bubble to level the sample surfaces in our
experiments.

The size of the field of view is 8° when measuring all the
samples. We must change the sensor zenith angle in the mea-
surements, which leads to minor variations in the size of detec-
tion. The elongated region under inspection at larger view zenith
angles fits completely inside the homogenous part of the illumi-
nation. Since the values of surface roughness are approximately
equal in different parts of each sample and the illumination is
uniform, the effect of the minor variations on the average values of
the measured surface roughness can be ignored.

The DOLP is derived from the first three components of the
Stokes vector, given the symbols I , Q , and U . In this paper, the
parameters I , Q , and U are calculated by the light intensity
measured from four directions of the analyzer: 0°, 45°,90°, and
Fig. 5. Photographs of the samples used in this experiment (a) B

Please cite this article as: Bin Yang, et al., Optics Communications (2
135° [21]. The meridional plane of the instrument is taken as the
reference plane for the analyzer (i.e., the Glan–Thomson prism).
The expressions for I , Q , and U are given by [22]

= ( + + + ) = − = − ( )I I I I I Q I I U I I
1
2

, 220 45 90 135 0 90 45 90

where I0, I45, I90, and I135 are the light intensities measured with the
analyzer oriented at 0°, 45°, 90°, and 135°. The DOLP is given by

=
+

( )
Q U

I
DOLP . 23

2 2

Fig. 6 shows the measured and estimated DOLP values of the
light reflected from the BK7 glass and quartz, in which the DOLP
values are provided by varying the detection angle at five different
wavelengths. In our experiments, the incident angle is fixed at 45°.
To improve SNR, we measure the DOLP in a region where the
signal is much larger than the noise. After a preliminary experi-
ment, we find that the usable areas of the BK7 glass and quartz
samples only extend over about a 10° range. As a result, we are
forced to choose the detection angles between 40° and 50°, and
adjust the step size to 2.5°. We see that the estimated DOLP values
match well with the measured DOLP values in every spectral
channel, which illustrates the effectiveness of our method for es-
timating the refractive index.

Tables 1 and 2 list the results of refractive index for the BK7
glass and quartz. We ignore the imaginary part of refractive index
for the dielectric materials in visible spectrum. We obtain the
distribution of the refractive index as a function of wavelength,
which contributes to characterizing the target. In addition, the
estimation errors for the BK7 glass and quartz are about 4% as
compared with the reference data [23]. Sawyer et al. [12] also
estimated the refractive index of BK7 glass. The errors of their
results were 6.47% at 450 nm and 6.09% at 550 nm. Compared with
these, we find that the accuracy of the results in this paper im-
proves, which mainly because we use the multiangular measure-
ments within our estimate. Furthermore, there is a little difference
between the refractive index of the BK7 glass and quartz, yet our
method can still distinguish between the two. The high estimation
accuracy of the refractive index illustrates that the presented
method has much utility in the field of material characterization.

Fig. 7 shows the measured and estimated DOLP values for the
metallic surfaces. We keep the incident angle at 45° in the ex-
periments. By using the same method as for the dielectric samples,
we see that the usable areas of the aluminium plate and copper
plate extend over about a 20° range. Therefore, we choose the
detection angles from 40° to 60° with a step size of 2.5°, which is
consistent with the simulations. For clarity, we should mention
that the Drude model is not appropriate for metals near their
absorption band. Since the transition energy of copper is about
2.2eV, which corresponds to a wavelength of 560 nm [18], the
selected wavelengths for the copper plate are adjusted to 700 nm,
K7 glass; (b) quartz; (c) aluminium plate; (d) copper plate.
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Fig. 6. Measured and estimated DOLP plots for the dielectric samples. Black is for the BK7 glass and red is for the quartz. The center wavelengths of the spectral channels
used for the BK7 glass and quartz are: (a) 450 nm; (b) 500 nm; (c) 550 nm; (d) 600 nm; (e) 650 nm.

Table 1
Estimated refractive index and percent error for the BK7 glass.

Wavelength (nm) Estimated n Reference n Error of n (%)

450 1.588 1.525 4.13
500 1.580 1.521 3.88
550 1.575 1.519 3.69
600 1.571 1.516 3.63
650 1.568 1.515 3.50

Table 2
Estimated refractive index and percent error for the quartz.

Wavelength (nm) Estimated n Reference n Error of n (%)

450 1.628 1.552 4.67
500 1.622 1.549 4.50
550 1.618 1.546 4.45
600 1.615 1.544 4.40
650 1.613 1.542 4.40

Bin Yang et al. / Optics Communications 381 (2016) 336–345342
750 nm, 800 nm, 850 nm, and 900 nm. We observe that, compared
with the dielectric surfaces, more fluctuations appear on the
curves of the experimental DOLP values for the aluminium and
copper samples. The main reason is that the s-plane Fresnel re-
flectance Rs and p-plane Fresnel reflectance Rp of metallic
Please cite this article as: Bin Yang, et al., Optics Communications (2
materials are approximately equal over most observation condi-
tions, leading to difficulty in the DOLP measurement. This is also a
critical factor influencing the estimation accuracy for metallic
samples.

Table 3 lists the estimated results of refractive index for the
aluminium plate. We find that the estimated values do not agree
016), http://dx.doi.org/10.1016/j.optcom.2016.07.042i
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Fig. 7. Measured and estimated DOLP plots for the metallic samples. Black is for the aluminium plate and red is for the copper plate. The center wavelengths of the spectral
channels used for the aluminium plate are: (a) 450 nm; (b) 500 nm; (c) 550 nm; (d) 600 nm; (e) 650 nm, while for the copper plate are: (a) 700 nm; (b) 750 nm; (c) 800 nm;
(d) 850 nm; (e) 900 nm.
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with the reference data [24]. The differences may be related to the
surface characteristic of aluminium, which is easily oxidized. The
coating of oxide on the aluminium surface changes the DOLP of
the reflected light. As a result, the estimated values deviate from
the true refractive index of aluminium. In addition, we note that
the estimated results are close to the reference data for alumina
Table 3
Estimated refractive index and percent error for the aluminium plate.

Wavelength (nm) Estimated n Reference n Error o

450 1.864 0.618 201.6
500 2.013 0.769 161.8
550 2.158 0.958 125.3
600 2.300 1.020 125.5
650 2.437 1.470 65.8

Please cite this article as: Bin Yang, et al., Optics Communications (2
[23]. It indicates that the presented method has a potential ap-
plication in detecting the oxidation rate of aluminium. Table 4 lists
the results for the copper plate. The errors of our estimated n and
k are mostly less than 10% compared with the reference values
[23], while the errors of the results obtained by Thilak et al. are
about 30% for n and 10% for k at 650 nm [10]. The more accurate
f n (%) Estimated k Reference k Error of k (%)

3.579 5.47 34.6
3.730 6.08 38.9
3.872 6.69 42.1
4.005 7.26 44.8
4.132 7.79 47.0
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Table 4
Estimated refractive index and percent error for the copper plate.

Wavelength (nm) Estimated n Reference n Error of n (%) Estimated k Reference k Error of k (%)

700 0.205 0.214 4.39 4.556 4.158 8.74
750 0.234 0.231 1.28 4.895 4.607 5.88
800 0.265 0.250 5.66 5.232 5.034 3.78
850 0.299 0.270 9.70 5.568 5.442 2.26
900 0.334 0.291 12.87 5.903 5.829 1.25

Table 5
Estimated and measured values of surface roughness for the samples.

Sample Estimated σ (rad) Measured σs (rad)

Bk7 glass 0.063 0.084
Quartz 0.051 0.076
Aluminium plate 0.434 0.406
Copper plate 0.397 0.368

Bin Yang et al. / Optics Communications 381 (2016) 336–345344
estimation results further prove the effectiveness of the presented
method to estimate the refractive index for metallic materials.
More importantly, we find that the two different kinds of metallic
materials are easily distinguished through the method presented
here, which is critical for classifying materials by passive polari-
metric remote sensing.

Another advantage of our work is that we estimate the surface
roughness simultaneously with the refractive index of the sample,
which provides us with the surface characteristic of the target. The
DOLP of the light reflected from the same kind of material will
vary with the surface state. Since our method estimates the
parameters of interest from the DOLP measurements, we must
take the surface roughness into account.

Before the estimation, we used a Taylor Hobson PGI-830 sur-
face profiler to measure the surface roughnesses of the samples.
Based on phase grating interferometry technology, the instrument
has a resolution of 0.8 nm. The measurements generated a data set
of 50,000 surface points for each sample. We assume that the
surface heights are Gaussian distributed and Gaussian correlated
[25]. The data sets were then analyzed to determine the root-
mean-square (rms) roughnesses in meters and surface correlation
lengths of the samples. The measured standard deviation of sur-
face slope σs in radians is given by

σ
σ

= ( )l
2

, 24s
h

where σh is the rms roughness in meters, l is the surface correla-
tion length of the samples.

Table 5 lists the values of the estimated σ and measured σs for
the samples. The surface roughness can be estimated accurately
using the method presented here, especially for the rougher tar-
gets (i.e., the roughened copper and aluminium plates). For a
smooth surface, the diffuse reflection is very weak, which leads to
difficulty in estimating the surface roughness. Nevertheless, we
find out the difference between the surface roughnesses of the
BK7 glass and quartz. The estimated values can be taken as a
roughness comparison criterion between different surfaces. More
importantly, the estimated σ can describe the diffuse component
of reflection, which makes the calculated DOLP through the pBRDF
model more accurate. In this way, we reduce the impact of surface
state on the refractive index estimation. It is one of the main
reasons why the presented method can improve the estimation
accuracy of the refractive index.

5. Conclusions

In this paper, we present a method to estimate refractive index
Please cite this article as: Bin Yang, et al., Optics Communications (2
and surface roughness from multispectral and multiangular pas-
sive polarimetric measurements. The method uses a previously
derived DOLP model, and estimates the parameters of interest
through the Levenberg–Marquardt algorithm. The Monte Carlo
simulation results indicate that the estimation results become
more accurate as the number of spectral channels and detection
angles increase until the estimation accuracy saturates. After fur-
ther analyzing the simulation results, we determine the most
reasonable number of spectral channels and detection angles to be
5 and 5 for a dielectric surface, and 5 and 9 for a metallic surface.
In addition, the experimental results validate the effectiveness and
advantages of the presented method. Through the estimated re-
fractive index, a certain material can be distinguished from others.
The estimated surface roughness can also accurately provide us
with the surface characteristic of the target.

Our work shows that more accurate and more comprehensive
information about the target can be obtained through the pre-
sented method. Firstly, the accuracy of refractive index estimation
is improved by combining multispectral measurements with
multiangular measurements and reducing the impact of surface
roughness on the refractive index estimation. Secondly, the dis-
tribution of refractive index as a function of wavelength can be
estimated from the multispectral data. Furthermore, the surface
characteristic of the target can be obtained accurately by esti-
mating its roughness. In general, with a more accurate and more
comprehensive estimation, the presented method gains an ob-
vious advantage in the field of material characterization for pas-
sive remote sensing.
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