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中文摘要 
欲精確地分析出生物隨機界質的光學性質，一個根據基

本電磁學理論的精確分析方法是不可或缺的。本計畫以

PSTD (Pseudospectral time-domain method) 的演算法，

建構一個虛擬生物組織模型，藉以探索生物組織的光學

特性。利用此虛擬實驗有系統地分析其光學特性，以精

確地探索巨觀散射光與微觀細胞結構關係。本研究已完

成初步分析巨觀隨機介質的光學特性。研究結果可提供

生醫光電研究重要的資訊，目前已發表於  Japanese 
Journal of Applied Physics (in press) and Applied Physics 
Letters (2007. 91(051114), DOI: 10.1063/1.2767777)。 
 
 
關鍵詞：PSTD，馬克士威方程式，隨機介質 
 

Abstract 
A virtual optical experiment is established by implementing 
the pseudospectral time-domain (PSTD) technique with 
parallel computing resources.  This numerical platform is 
grid-based and enables simulation of light scattering by an 
arbitrary geometry of macroscopic dimensions.  Based 
upon the fundamental electromagnetic principles, the 
proposed numerical platform simulates an idealized light 
scattering experiment in a practically noise-less 
environment with controllable variables.  In this 
manuscript, we investigate the angular and spectral light 
scattering characteristics of a cluster of dielectric coated 
cylinders.  Specific results suggest that a spectral 
signature directly relating the macroscopic scattered light 
to its microscopic origin is identified.  Research findings 
will provide essential information to the research of 
biomedical optics, and have been published in: Japanese 
Journal of Applied Physics (in press) and Applied Physics 
Letters (2007. 91(051114), DOI: 10.1063/1.2767777).   
 
Keywords: Maxwell’s equations, macroscopic random 
media, PSTD, light scattering 
 

Introduction 
We report employing the pseudospectral 
time-domain (PSTD) technique to establish a 

numerical platform capable of accurately 
simulating light scattering by an irregular 
geometry of macroscopic dimensions.  The 
PSTD technique is a grid-based simulation, 
enabling simulation of light scattering by an 
arbitrary geometry.  In addition, while achieving 
accuracy comparable to the rigorous FDTD 
algorithm (12), the PSTD algorithm significantly 
reduces computer storage and running-time, 
therefore enabling simulation of a much larger 
system than the FDTD technique (12).  
Combined with parallel computing resources, 
light scattering problems of macroscopic 
dimensions that were not solvable can now be 
accurately studied by employing the PSTD 
technique. 

By placing the simulation of light scattering 
within biological tissues on firm ground, the 
virtual optical experiment can provide essential 
information regarding near-field and coherent 
interference effects that may be critical for the 
development of medical diagnostic techniques 
for early detection of diseases. 

Method 
In this manuscript, we report a virtual optical 
experiment based upon the PSTD simulation of 
the transverse-magnetic light scattering by a 
macroscopic cluster of coated dielectric cylinders 
in vacuum.  A uniform PSTD grid with a spatial 
resolution of 0.3 μm is used, equivalent to 0.42λd 
(λd: wavelength in dielectric medium) at 300 THz 
for a refractive index n = 1.2.  An irregular 
geometry of randomly-positioned, coated 
cylinders is generated with random numbers.  
Two cases of study are shown: light scattering by 
a cluster of concentric coated cylinders (Fig. 3), 
and light scattering by a cluster of off-centered 



 

 

coated cylinders (Fig. 4).  Analyzing the 
scattering characteristics of all angles and all 
wavelengths is too complex and infeasible; 
instead, we analyze the total scattering 
cross-section (TSCS) as a function of frequency, 
which can be understood as the total effective 
cross–sectional area that scatters light.  The 
spectral scattering characteristics, the TSCS 
spectrum is calculated and analyzed.   

Parallel computing resource is required to 
simulate a light scattering problem of 
macroscopic dimensions.  By employing a 
computer cluster with 4 Xeon 3.2GHz processors, 
each simulation with physical dimensions 
200μm-by-200μm roughly takes about 4 hours.  
While fixing the positions of each coated 
cylinder and gradually varying the inner cylinder 
radius, the effect of the radius on the overall 
scattering characteristics of the irregular 
geometry is investigated. 

The schematic of the proposed virtual optical 
experiment is shown in Fig. 1.  The PSTD 
algorithm is a grid-based simulation technique, 
therefore enabling light scattering simulation by 
an arbitrary geometry.  However, stair-casing 
error may occur as a result of coarse grid 
resolution.  Yet, unlike other heuristic 
approximation methods, the stair-casing error can 
be arbitrarily minimized by increasing the 
simulation resolution.  As a result, the proposed 
virtual optical experiment platform is essentially 
an idealized optical experiment in a practically 
noise-less environment; in addition, the virtual 
optical experiment allows more freedom and 
control over the research parameters than actual 
optical experiments.  By means of a systematic 
approach, it is possible to accurately determine 
the effect of a certain parameter (e.g. radius of 
nuclei) without varying other parameters.  The 
objective of this research is to rigorously 
determine the microscopic origin of macroscopic 
scattered light. 

The virtual optical experiment yields both 
angular scattering characteristics and spectral 
scattering characteristics, as shown in Fig. 2(a): 
the differential scattering cross-section (DSCS) 
as a function of angle, and in Fig. 2(b): the total 
scattering cross-section (TSCS) spectrum as a 
function of frequency, respectively.  Aside from 

the strong forward scattering peak, significant 
speckle effect is observed in Fig. 2.  This is 
anticipated since the light source in the 
simulation is highly coherent, and the 
interference effect due to coherent light scattered 
by random media results in speckles.  By 
averaging over 12 DSCS functions corresponding 
to different illumination angles upon the same 
cluster geometry, the speckle effect within the 
DSCS function is significantly reduced, as shown 
in Fig. 2(a) as the DSCS-ave function.  
Similarly, the speckle effect of the TSCS 
spectrum is also significantly reduced by 
averaging over 12 different incident angles, as 
shown in Fig. 2(b) as the TSCS-ave spectrum.    

The motivation for calculating DSCS-ave and 
TSCS-ave is to average out the “randomness,” 
while preserving the characteristics that is 
specific to the cluster geometry.  Notice that in 
the TSCS-ave spectrum, there are complex 
spectral characteristics even after the speckle 
contribution has been suppressed.  This is 
mostly likely relevant to the specific cluster 
geometry.  We further analyze the TSCS-ave 
spectrum, our goal is to obtain specific 
information from the TSCS-ave spectrum 
indicative of the microscopic structure of the 
cluster of coated cylinders. 

In order to systematically determine the effect of 
inner cylinder radius on the TSCS-ave spectrum, 
we begin by simulating the problem of light 
scattering by a cluster of concentric coated 
cylinders, where each coated cylinders are 
identical with the inner cylinder located precisely 
at the center.  The TSCS-ave spectra are 
compared, each corresponding to the same 
cluster geometry but with different inner-cylinder 
radii.   

Results 
Light scattering by a 160um-diameter cluster 
consisting of 118 concentric dielectric cylinders 
is simulated with the virtual optical experiment 
and shown in Fig. 3.  Each outer cylinder is of 
5-μm radius, with a refractive index of n= 1.1, 
whereas each inner cylinder has a refractive 
index of n= 1.2.  Six cases are shown, each 
corresponding to a cluster with the inner cylinder 
radius  
ri= 0.5 μm, 1.0 μm, 1.5 μm, 2.0 μm, 2.5 μm, 



 

 

3.0μm, respectively.  Minute variations of the 
TSCS-ave spectra are observed for different inner 
cylinder radius ri.  In order to determine the 
relationship of the variations of the TSCS-ave 
spectra and ri, an autocorrelation analysis of the 
TSCS spectra is performed to obtain the 
correlation interval δω (a small δω value would 
indicate many variations of the TSCS-ave 
spectrum per unit range.)  As shown in Fig. 3(b), 
the correlation interval δω of the TSCS-ave 
spectrum monotonically decreases with respect to 
ri, suggesting that the variations of the TSCS-ave 
spectra is clearly related to the inner cylinder 
radius ri. 
Though the monotonic behavior of the 
correlation interval δω shows promising 
possibilities, we suspected that it might be the 
result of a special case since the inner cylinders 
are located precisely at the center of each coated 
cylinder.  Therefore, in order to study a more 
general case, we then simulated a cluster 
consisting of 118 coated dielectric cylinders, but 
with the inner cylinder randomly positioned 
within each coated dielectric cylinders as shown 
in Fig. 4.  
 
Similar to Fig. 3, each outer cylinder is of 5-μm 
radius, with a refractive index of n= 1.1, whereas 
each inner cylinder has a refractive index of n= 
1.2.  Five cases are shown, each corresponding 
to a cluster with a inner cylinder radius ri = 
0.5 μm, 1.0 μm, 1.5 μm, 2.0 μm, 2.5 μm, 
respectively.  Again, minute variations of the 
TSCS-ave spectra are observed as the ri is varied.  
The result of the autocorrelation analysis is 
shown in Fig. 4(b).  Similar to Fig. 3(b), it is 
easily seen that the correlation interval δω clearly 
exhibits a monotonic behavior with respect to ri.  
On a broader scope, the results of Figs. 3 and 4 
suggest that the microscopic structural 
differences of the sample can be related to the 
macroscopic scattering characteristics.    

 
Discussion   

The proposed virtual optical experiment is based 
upon the PSTD algorithm.  Therefore, since the 
PSTD technique is a grid-based simulation, there 
will be stair-casing error due to the resolution of 
the grid.  However, unlike other approximation 
methods, such error can be arbitrarily minimized 
with increasing resolution.  In other words, the 

proposed virtual optical experiment is practically 
an idealized experiment that can be as accurate as 
desired.   

In this manuscript we focus on exploring the 
spectral light scattering characteristics (TSCS 
spectrum).  Though both the TSCS spectrum 
and DSCS function contain scattering 
information, it is suggested that the TSCS spectra 
may contain information relevant to the structure 
of the sample, as shown in Figs. 3 and 4.  This 
can be understood as different wavelengths of 
light provide information of different 
length-scales; it is anticipated the cluster 
geometry will exhibit different characteristics if 
the incident wavelength matches a specific 
length-scale of the cluster geometry.  We 
believe this is the origin of the spectral signatures 
of macroscopic scattered light that may be 
indicative of the microscopic geometry.     

Significant amount of speckle effect is observed 
as shown in Fig. 2(a), due to the fact that the light 
source in the simulation is perfectly coherent, and 
speckles are caused by the coherent interference 
from the irregular geometry.  In actual 
experiments, speckles are less pronounced for 
aqueous samples, due to the Brownian motion 
which averages out the speckle effect.  In the 
proposed virtual optical experiment, the speckle 
effect in the simulations can be reduced by 
ensemble averaging of the DSCS function 
(averaging the DSCS function corresponding to a 
different incident angle upon the same geometry,) 
as shown in Fig. 2 as the DSCS-ave function.  
Likewise, the TSCS spectrum also consists of a 
significant amount of speckle effect, which can 
be reduced by ensemble averaging, as shown in 
Figs. 2, 3, and 4 as the TSCS-ave spectrum. 

In addition to the speckle effect, the proposed 
virtual optical experiment can accurately 
simulate the near-field and coherent interference 
effects for macroscopic light scattering problems.  
Such effects are usually disregarded in 
conventional simulation methods, since the wave 
nature of light is often compromised by the 
research hypotheses.  Furthermore, even in 
actual experiments, the coherent interference 
effects may be overlooked since they exhibit 
noise-like behavior and are indistinguishable 
from noise.    



 

 

Temporal and spatial coherent interference 
effects may contain essential information 
indicative of the specific sample structures (8).  
As shown in Figs. 2, 3 and 4, the TSCS-ave 
spectra exhibit non-trivial structures that may 
provide information of the specific sample 
structure.  More importantly, the proposed 
optical experiment enables an idealized optical 
experiment in a practically noise-less 
environment, providing the opportunity to 
accurately characterize the coherent effects; with 
fixing all variables and varying only one 
parameter at a time, it is possible to rigorously 
determine the origin of those coherent 
interference signatures.     

Specifically, we report discovery of a direct 
relationship of the macroscopic scattered light 
and the microscopic structure of the sample 
geometry as shown in Figs. 3 and 4.  It is found 
that there is a monotonic relationship between the 
correlation interval  δω and the inner cylinder 
radius ri.  In other words, the reported 
relationship indicates that larger inner cylinder 
radius would directly affect the scattering 
characteristics and resulting in more variations of 
the TSCS-ave spectrum per unit range.  Indeed 
there should be more parameters of the geometry 
that may affect the TSCS-ave curve, yet, by 
means of a systematic analysis, one can 
accurately determine the effect of each parameter.   

Based upon fundamental electromagnetic 
principles, the proposed virtual optical 
experiment can accurately determine the optical 
characteristics of an irregular geometry given the 
refractive index profile in space.  A similar idea 
of the proposed virtual tissue model has been 
applied to determine the optical characteristics of 
a biological cell, pioneered by Dunn, Drezek, and 
Richards-Kortum (11) using the FDTD technique.  
However, due to the intense computational 
requirements of FDTD, it was infeasible to model 
a larger system containing more than a few cells.  
With the PSTD technique implemented on 
parallel computing resources, it is now possible 
to model the light scattering problem of 
macroscopic dimensions.  By simulating 
irregular structures with increasing complexity, 
eventually we would like to model a virtual 
tissue—the forward problem of determining the 
optical characteristics of a biological tissue 

structure.   

Conclusions 

We have shown in this manuscript that the 
proposed virtual optical experiment is capable of 
accurately simulating the problem of light 
scattering by an irregular geometry of 
macroscopic dimensions, and can account for 
coherent interference effects.  The proposed 
simulation is essentially numerical realization of 
the analytical solution, enabling a virtual optical 
experiment with controllable variables in a 
practically noise-less environment.  By 
employing a systematic analysis, it is possible to 
unambiguously determine the microscopic origin 
of macroscopic scattered light from irregular 
geometries.   
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Fig. 1.  Schematic of the virtual optical experiment. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Light scattering by a cluster of coated cylinders as shown in Fig. 1 is simulated by employing 
a virtual optical experiment.  The spatial and spectral scattering characteristics are shown in (a) and 
(b), respectively.  (a): With an incident wavelength of λ = 1μm, the differential scattering cross 
section (DSCS) function and the DSCS function averaged over 12 different incident angles are shown 
as a function of scattering angle.  (b): The total scattering cross section (TSCS) spectrum and TSCS 
averaged over 12 different incident angles are shown as a function of frequency of the incident light. 
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Fig. 3.  TSCS-ave spectra of a cluster of concentric coated cylinders.  The TSCS-ave spectra of 
light scattering by a cluster (cluster diameter D=160μm, as shown in (a)) of inner cylinder radii ri are 
shown in (b) (Each TSCS-ave spectrum represents an average of 12 TSCS spectrum corresponding to 
12 different illumination angles to suppress speckle effect; in addition, each curve is offset in the 
y-direction to facilitate comparison.)  Notice that the TSCS spectra exhibit complex structures that 
may be relevant to the cluster geometry.  An autocorrelation analysis of the TSCS-ave spectra is 
performed; the correlation interval δω is plotted vs. ri in (c).  It is shown that the correlation interval 
δω changes monotonically with ri, suggesting a direct correlation relationship of the macroscopic 
scattered light and the inner cylinder radius ri.        
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Fig. 4.  TSCS-ave spectra of a cluster of coated cylinders with off-centered inner cylinder location.  
Similar to Fig. 3, the TSCS-ave spectra of light scattering by a cluster (cluster diameter D=160μm, as 
shown in (a)) of inner cylinder radii ri are shown in (b) (Each TSCS-ave spectrum represents an 
average of 12 TSCS spectrum corresponding to 12 different illumination angles to suppress speckle 
effect; in addition, each curve is offset in the y-direction to facilitate comparison.)  Unlike Fig. 3, 
each coated cylinder has an off-centered, randomly-positioned inner cylinder.  Autocorrelation 
analysis of the averaged TSCS spectra of (b) is performed and shown in (c).  Again, it is found that 
the correlation interval δω changes monotonically with ri, suggesting a direct correlation relationship 
of the macroscopic scattered light and the microscopic parameter—inner cylinder radius ri. 
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Comparing Monte Carlo simulation and pseudospectral time-domain
numerical solutions of Maxwell’s equations of light scattering
by a macroscopic random medium
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The Monte Carlo simulation of light scattering by a cluster of dielectric spheres is compared with
numerical solutions of Maxwell’s equations via the pseudospectral time-domain technique. By
calculating the total scattering cross-section �TSCS� spectrum, respectively, the spectral light
scattering characteristics are determined. Since the Monte Carlo simulation falls short to accurately
account for coherent interference effects, it is shown that the Monte Carlo simulation yields TSCS
spectra that significantly deviate from the numerical solutions of Maxwell’s equations. Therefore, it
is necessary to resort to Maxwell’s equations in order to accurately determine the light scattering
characteristics of a macroscopic geometry. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2767777�

The problem of light scattering through macroscopic
random media is commonly found in nature, including non-
periodic structures such as clouds, biological tissues, etc.
However, this problem has not been rigorously studied; due
to the extreme complexity involved, heuristic approxima-
tions based on the radiative transfer theory1 are commonly
employed. Among such heuristic methods, the Monte Carlo
technique2–6 is widely used for the problem of light scatter-
ing through macroscopic random media, particularly in the
area of tissue optics.

However, all heuristic methods are fundamentally lim-
ited by the imposed hypotheses. For example, in the study of
light scattering by random media, the Monte Carlo technique
assumes independent scattering events between stochastic,
pointlike scatterers; such assumptions involve modifications
of the physical nature of the original problem, and fall short
to accurately account for all the physics of the problem, in-
cluding polarization and coherent interference. As a result,
the validity and applicability of such heuristic methods re-
main to be determined.7,8 In order to accurately account for
the coherence effects and near-field interactions, a rigorous
research method based on Maxwell’s equations is preferred.

In this letter, we simulate the light scattering character-
istics of closely packed dielectric spheres by employing two
different approaches: the Monte Carlo technique and the nu-
merical solutions of Maxwell’s equations via the pseu-
dospectral time-domain �PSTD� technique,9 respectively.
The Monte Carlo technique is a widely used heuristic ap-
proach based on the radiative transfer theory; by assuming
light undergoes a sequence of independent scattering events,
light scattering through random media is treated
statistically.10,11 On the other hand, the PSTD technique is a
numerical method where the light scattering problem is
simulated by solving Maxwell’s equations numerically. In
this letter, we report the application of both simulation tech-
niques, where the total scattering cross-section �TSCS� spec-
tra are calculated and compared.

Light scattering by a cluster of dielectric spheres is
simulated using the Monte Carlo technique. The Monte
Carlo technique has been widely used in simulating light
scattering through random media.2,6,12,13 For a specific wave-
length, a total of 1 000 000 photons are injected into a cluster
�cluster diameter d=50 �m� of N dielectric spheres; each
sphere has a diameter d=6 �m, with a refractive index n
=1.2. Each photon scattering angle is determined with a ran-
dom number generator based on the Mie scattering phase
function of a single dielectric sphere. The TSCS spectrum
from 30 to 300 THz is calculated.

Alternatively, we calculate the light scattering character-
istics of a cluster of dielectric spheres by employing the
PSTD technique. The PSTD simulation is a grid-based tech-
nique capable of solving Maxwell’s equations numerically.
By assigning the spatial distribution of the refractive index,
the PSTD technique can accurately determine the light scat-
tering characteristics of macroscopic geometries, including
irregular geometries. In this letter, we report the employing
of the PSTD technique on a parallel computer to model full-
vector, three-dimensional �3D� scattering of light by a cluster
of dielectric spheres in free space. A standard anisotropic
perfectly matched layer absorbing boundary condition14 is
implemented to absorb outgoing waves to simulate light
scattering in free space. A near-to-far-field transformation15

is employed, allowing scattered light for a broadband of
wavelengths at all angles to be obtained in a single simula-
tion. Based on Maxwell’s equations, the PSTD simulation is
essentially an idealized optical experiment in a noiseless en-
vironment, where the coherent effects can be accurately
determined.

By employing the PSTD technique, light scattering by a
cluster of closely packed dielectric spheres in free space is
simulated, yielding the TSCS spectrum from 0.5 to 300 THz
��0=600 �m–1 �m� with a resolution of 0.5 THz. With a
grid resolution of 0.33 �m, a PSTD simulation of light scat-
tering by a �60 �m�3 cluster typically takes �12 h with a
parallel computer cluster of 20 2.4 GHz Pentium 4 Xeon
processors.a�Electronic mail: snow@cc.ee.ntu.edu.tw
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A validation of the PSTD simulation of light scattering is
shown in Fig. 1. Light scattering by seven randomly posi-
tioned, dielectric spheres is calculated using PSTD simula-
tions and compared with the multisphere expansion.16 The
TSCS spectrum is determined. As shown in Fig. 1, the
PSTD-computed TSCS spectrum shows good agreement
with the analytical expansions of Maxwell’s equations.

The Monte Carlo technique and the PSTD technique are
employed to simulate light scattering by a cluster of dielec-
tric spheres, respectively. Firstly, as shown in Fig. 2, the
TSCS spectra of a cluster of N dielectric spheres are obtained
using the Monte Carlo technique. Five cases are shown: N
=25, 50, 75, 125, and 192. Notice that for sparse distribution
of dielectric spheres �e.g., N=25�, light impinging the cluster
mostly encounters a single scattering event, and therefore the
TSCS spectrum resembles the TSCS of a single dielectric
sphere, showing that the Monte Carlo simulation yields re-
sults consistent with Maxwell’s equations. However, as the
cluster becomes closely packed with less space between ad-
jacent spheres, the Monte Carlo assumption of “light under-
goes independent scattering events” no longer holds and the

TSCS spectra obtained by the Monte Carlo simulation be-
come less valid.

Secondly, as shown in Fig. 3, the TSCS spectra are cal-
culated using the PSTD technique. By numerically solving
Maxwell’s equations, the TSCS spectrum of an arbitrary ge-
ometry is accurately determined. Notice that, due to the co-
herence effect, the magnitude of the TSCS spectrum based
on Maxwell’s equations is larger than the Monte Carlo re-
sults. Furthermore, as the cluster geometry becomes packed
with more dielectric spheres, the TSCS spectra gradually ex-
hibit optical characteristics that are significantly different
from the Monte Carlo simulation �as shown in Fig. 2.�

To determine the relationship of the TSCS spectrum of a
cluster of dielectric spheres and the size of the constituent
spheres, we compare light scattering characteristics of two
clusters, each consists of monodisperse dielectric spheres. As
shown in Figs. 4�a� and 4�b�, light scattering by a cluster of
d=6 �m and d=8 �m dielectric spheres is simulated using
the PSTD technique, respectively. Each �60 �m�3 cluster
consists of N randomly positioned, closely packed, homoge-
neous, dielectric �n=1.2� spheres of diameter d. Notice that
even for an optically think cluster of closely packed dielec-
tric spheres, the TSCS spectrum exhibits significantly differ-
ent characteristics directly related to the size of the constitu-
ent spheres of each cluster.

Research findings show that the Monte Carlo simulation
yields TSCS spectrum that significantly differs from the nu-
merical solutions of Maxwell’s equations, owing to the heu-
ristic assumptions involved. Based on the radiative transfer
theory, the Monte Carlo simulation of light scattering is
treated as an energy transport problem by omitting the wave
nature of light. Furthermore, light scattering through macro-
scopic random media �e.g., biological tissues� is heuristically
approximated as a stochastic sum of sequences of indepen-

FIG. 1. �Color online� Validation of the 3D PSTD simulation. Light scatter-
ing by a cluster of seven randomly positioned, 6 �m diameter, n=1.2 di-
electric spheres is simulated, with a grid resolution of dx=0.33 �m. The
PSTD-computed total scattering cross-section �TSCS� as a function of fre-
quency is compared with the multisphere expansion, which is based upon
numerical expansions of Maxwell’s equations.

FIG. 2. �Color online� TSCS spectra obtained from the Monte Carlo simu-
lation. By employing the Monte Carlo technique, the TSCS spectra are
obtained, each corresponding to a �diameter d=50 �m� cluster consisting of
N randomly positioned, n=1.2, �diameter d=6 �m� dielectric spheres. Five
cases are shown �from bottom to top�: N=25, 50, 75, 125, and 192.

FIG. 3. �Color online� PSTD-computed TSCS spectra. Each TSCS spectra
corresponds to a �overall diameter d=50 �m� cluster consisting of N ran-
domly positioned, n=1.2, �diameter d=6 �m� dielectric spheres. Five cases
are shown �from bottom to top�: N=25, 50, 75, 125, and 192. Notice that as
more dielectric spheres are packed together, the TSCS spectrum gradually
exhibits optical characteristics due to the overall geometry which signifi-
cantly differs from the TSCS spectrum obtained in the Monte Carlo
simulation.
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dent scattering events. By omitting the wave nature of light,
the complex light scattering problem is reduced to a simpler
problem that is solvable but distorting the physics of the
problem. As a result, such heuristic approximation in prin-
ciple excludes the possibility of accurately determining the
coherent effects of light using the Monte Carlo technique.

For sparse distribution of spheres �e.g., N=25�, the
Monte Carlo simulation yields a TSCS spectrum that is simi-
lar to the TSCS spectrum determined by the PSTD simula-
tion based on Maxwell’s equations, as shown in Fig. 2. This
resemblance is anticipated, since with only a few dielectric
spheres spaced far apart in space, the Monte Carlo assump-
tion of independent scattering events is satisfied. However,
for dielectric spheres closely packed in space, the assumption
of light undergoes independent scattering events breaks
down. By comparing Figs. 2 and 3, it is readily seen that the
TSCS spectrum determined via the Monte Carlo simulation
deviates significantly from the PSTD numerical solutions of
Maxwell’s equations. As the number of spheres increases and
the cluster becomes closely packed, the overall TSCS spec-
trum is gradually dominated by the optical characteristics of
the cluster as a whole and shows less of the characteristics
due to individual spheres.

Specifically, �in Fig. 3� as the N increases, a TSCS peak
gradually forms around 55 THz; this peak is due to the co-
herent interference effects of the overall cluster geometry as
a whole.17 For long wavelengths, the electromagnetic wave
is insensitive to the microscopic structural details and reacts
to the cluster geometry as a whole. This phenomenon is simi-
lar to the two-dimensional case, as reported in Ref. 17. In
addition, notice that the amplitude of the Monte Carlo calcu-
lated TSCS spectra �Fig. 2� is significantly lesser than the
PSTD calculated TSCS spectra �Fig. 3�. This difference is

anticipated because the Monte Carlo simulation treats each
“photon” independently and does not accurately account for
the coherent wave interference effects of light. As a result,
the Monte Carlo simulation of light scattering falls short to
determine the optical coherent effects.

Lastly, as shown in Fig. 4, the TSCS spectra exhibit
optical characteristics that are related to the specific micro-
scopic information of the cluster geometry �e.g., size of the
constituent spheres�. Such optical characteristics may pro-
vide essential information for innovative optical techniques.
However, due to the complexity involved, a thorough analy-
sis is required. Further analysis is currently ongoing and will
be reported in future publications.

In summary, we report the comparison of the Monte
Carlo simulation and PSTD numerical solutions of Max-
well’s equations for the problem of light scattering by a clus-
ter of monodisperse, dielectric spheres. Due to the heuristic
assumptions, the Monte Carlo simulation falls short to ac-
count for the wave interference phenomenon. As a result,
Monte Carlo simulation of light scattering yields optical
characteristics that deviate from the numerical solutions of
Maxwell’s equations. On the other hand, based on Maxwell’s
equations, the PSTD technique is robust and applicable to
light scattering problems of macroscopic arbitrary geometry.
To accurately determine the coherent optical characteristics
of macroscopic random medium, it is necessary to resort to
Maxwell’s equations.

The authors thank the Taiwan National Science Council
under Grant No. 95-2112-M-002-039 for the support on this
research. In addition, the authors would like to extend special
thanks to all the computing facilities provided by the Na-
tional Taiwan University Computing Center.
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A virtual optical experiment is established by implementing the pseudospectral time-domain 

technique with parallel computing resources.  This numerical platform is grid-based and 

enables simulation of light scattering by an arbitrary geometry of macroscopic dimensions.  

Based upon Maxwell’s equations, the proposed numerical platform simulates an idealized light 

scattering experiment in a practically noiseless environment with controllable variables.  In this 

manuscript, we investigate the angular and spectral light scattering characteristics of a cluster of 

coated dielectric cylinders.  Specific results suggest that a spectral signature of the macroscopic 

scattered light and its microscopic origin can be related.   
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1.  Introduction 

Non-invasive optical imaging techniques such as optical coherence tomography 1-4) and 

diffuse optical tomography 5-7) are assuming greater importance in modern diagnostic technology.  

Without damaging live tissues, these techniques target the detection of changes in optical 

properties resulting from normal developmental biology, normal biologic responses to internal or 

external stimuli, or pathologic situations such as cancer, infections, stroke, heart attack, or 

jaundice.  As a result, it is important to establish the connection between macroscopic scattered 

light (the signal that can be measured in experiments) and its microscopic origin, which will 

provide a firm foundation upon which optical diagnostic techniques are developed. 

 

Recently, it has been shown that the near-field coherent effects of light may provide critical 

information for optical diagnostic applications 8), yet, the underlying mechanisms of such 

coherent effects are not yet well understood.  Furthermore, to date, most simulation techniques 

for light scattering through macroscopic, irregular geometries involve heuristic approximations 

which fall short to account for coherent or near-field effects.  As a result, optical characteristics 

that may potentially play a critical role for optical diagnostic purpose may be obscured by such 

approximations; a rigorous simulation without heuristic approximations is desired. 



 

 

 

Owing to the extreme complexity involved, light scattering by macroscopic random media 

(e.g. tissue optics) has been studied mostly involving heuristic approximations that are based 

upon the radiative transfer theory, including the Monte Carlo technique 9), and diffusion 

approximation 10).  In order to accurately determine the optical characteristics of biological 

structures, a rigorous numerical method, the finite-difference time-domain (FDTD) technique, 

has been employed to simulate light scattering by a single cell by Dunn et al and Drezek et al11).  

Yet, due to the intense computations required, a simulation of a problem of macroscopic 

dimensions, e.g., a cluster of biological cells, was not feasible. 

 

In this manuscript, we report employing the pseudospectral time-domain (PSTD) technique 

pioneered by Liu 12) to establish a numerical platform capable of accurately simulating light 

scattering by an irregular geometry of macroscopic dimensions.  While achieving accuracy 

comparable to the rigorous FDTD algorithm, the PSTD algorithm significantly reduces computer 

storage requirements and run time.  As a result, the PSTD technique enables simulation of a 

much larger system than the FDTD technique.   



 

 

 

Similar to the FDTD technique, the PSTD technique is a grid-based simulation, enabling 

simulation of light scattering by an arbitrary geometry.  An initial simulation study of light 

scattering by macroscopic random media by employing the PSTD technique was previously 

reported 13).  In this manuscript we report simulation of a system of complex random media—a 

cluster of randomly positioned coated dielectric cylinders.  This is the two dimensional (2-D) 

analogy of a cartoonized version of a biological tissue structure.  A cluster of coated cylinders 

bears arguable similarity to actual biological tissue; nevertheless, the virtual optical experiment 

reported in this manuscript represents the initial attempt to rigorously determine the optical 

characteristics of biological random media of macroscopic dimensions based upon fundamental 

electromagnetic principles—Maxwell’s equations.   

 

Our long-term goal is to analyze the optical characteristics of biological structures in a 

noiseless environment via the proposed virtual optical experiment while gradually increasing the 

complexity of structural details.  By placing the simulation of light scattering within biological 

tissues on firm ground, the virtual optical experiment can provide essential information on 

near-field and coherent interference effects that may be critical for the development of medical 



 

 

diagnostic techniques for early detection of diseases. 

 

2.  Methods 

We employ the PSTD technique to establish a numerical platform, the virtual optical 

experiment, to simulate light scattering by an irregular geometry of macroscopic dimensions.  

The PSTD technique is very similar to the FDTD technique, but uses fast Fourier transforms  

(eq. 1) to calculate the spatial derivatives of Maxwell’s equations in the frequency domain.  By 

transforming each of the electric and magnetic fields into the frequency domain via discrete 

Fourier transform (DFT), multiplying them by a factor of xjk  in the frequency domain, and 

inverse DFT to transform it back to the time domain, the derivatives of all fields in the entire 

space can be obtained accurately.   

{ }( )  x i
i

V jk V
x

⎧ ⎫∂
= −⎨ ⎬∂⎩ ⎭

-1F F       (1) 

Here V  represents the electric or magnetic fields; F  and -1F  denote, respectively, the 

forward and inverse DFT, and xk is the DFT variable representing the x-component of the 

numerical wave vector.  The field derivatives calculated via (eq. 1) are spectrally accurate 

which permits the PSTD meshing density to approach the Nyquist limit, i.e., two samples per 



 

 

wavelength in each spatial dimension.   

 

In this manuscript, we report a virtual optical experiment based upon the PSTD simulation 

of the transverse magnetic light scattering by a macroscopic cluster of coated dielectric cylinders 

in vacuum.  A uniform PSTD grid with a spatial resolution of 0.3 μm is used, equivalent to 

0.42λd (λd: wavelength in dielectric medium) at 300 THz for a refractive index (n) of 1.2.  An 

irregular geometry of randomly positioned, coated cylinders is generated with random numbers.  

Two cases of study are shown: light scattering by a cluster of concentric coated cylinders (Fig. 3), 

and light scattering by a cluster of off-center coated cylinders (Fig. 4).  Analyzing the scattering 

characteristics of all angles and wavelengths is too complex and infeasible; instead, we analyze 

the total scattering cross-section (TSCS) as a function of frequency, which can be understood as 

the total effective cross–sectional area that scatters light.   

 

A schematic of the proposed virtual optical experiment is shown in Fig. 1.  The cluster 

consists of 118 coated cylinders with diameter (d) of 10 μm; each cylinder encloses randomly 

positioned, 3μm-diameter nuclei with refractive index of 1.2.  With a spatial resolution of Δ = 

0.3 μm and temporal resolution (Δt) of 0.5e-16 sec, the PSTD simulation yields the frequency 

response from 0.5 to 300 THz (λ0 = 60 – 1 μm) with a resolution of 0.5 THz.  The PSTD 

algorithm is a grid-based simulation technique, which enables accurate simulation of light 

scattering by an arbitrary geometry.  As a result, the proposed virtual optical experiment 

platform is essentially an idealized optical experiment in a practically noise less environment 



 

 

with controllable variables.   

 

The virtual optical experiment yields both angular and spectral scattering characteristics, as 

shown in Fig. 2(a), the differential scattering cross-section (DSCS) as a function of angle, and in 

Fig. 2(b), the TSCS spectrum as a function of frequency, respectively.  By implementing a 

near-to-far-field transformation 14), the DSCS function can be calculated for a range of 

frequencies from the PSTD simulation with a pulse incidence of light.   

 

Aside from the strong forward scattering peak, significant speckle effect is observed in Fig. 

2.  This was anticipated since the light source in the simulation is highly coherent, and the 

interference effect due to coherent scattering by random media results in speckles.  By 

averaging over 12 DSCS functions corresponding to different illumination angles on the same 

cluster geometry, the speckle effect within the DSCS function is significantly reduced, as shown 

in Fig. 2(a) as the DSCS-ave function.  Similarly, the speckle effect of the TSCS spectrum is 

also significantly reduced by averaging over 12 different incident angles, as shown in Fig. 2(b) as 

the TSCS-ave spectrum.    



 

 

 

The motivation for calculating DSCS-ave and TSCS-ave is to average out the 

“randomness,” while preserving the characteristics that are specific to the cluster geometry.  

Note that in the TSCS-ave spectrum, there are complex spectral characteristics even after the 

speckle contribution has been suppressed.  This is most likely related to the specific cluster 

geometry.  We further analyze the TSCS-ave spectrum to obtain specific information from the 

TSCS-ave spectrum indicative of the microscopic structure of the cluster of coated cylinders. 

 

In order to systematically determine the effect of inner cylinder radius on the TSCS-ave 

spectrum, we begin by simulating the problem of light scattering by a cluster of concentric 

coated cylinders, in which all the coated cylinders are identical, with the inner cylinder located 

precisely at the center.  The TSCS-ave spectra are compared, each corresponding to the same 

cluster geometry but with different inner cylinder radii.   

 

3.  Results 

Light scattering by a 160 μm-diameter cluster consisting of 118 concentric dielectric 



 

 

cylinders is simulated with the virtual optical experiment and is shown in Fig. 3.  Each outer 

cylinder is of 5-μm radius, with an n = 1.1, whereas each inner cylinder has an n of 1.2.  Six 

cases are shown, each corresponding to a cluster with a different inner cylinder radius  

(ri = 0.5 μm, 1.0 μm, 1.5 μm, 2.0 μm, 2.5 μm, 3.0μm.)  Minute variations in the TSCS-ave 

spectra are observed for different ri.  In order to determine the relationship between the 

variations in the TSCS-ave spectra and ri, an autocorrelation analysis of the TSCS spectra was 

performed to obtain the correlation interval δω (a small δω value indicates much variations in the 

TSCS-ave spectrum per unit range.)  As shown in Fig. 3(c), δω of the TSCS-ave spectrum 

monotonically decreases with respect to ri, suggesting that the variations in the TSCS-ave spectra 

are clearly related to ri. 

 

Although the monotonic behavior of δω shows promising possibilities, we suspected that it 

might be the result of a special case since the inner cylinders are located precisely at the center of 

each coated cylinder.  Therefore, in order to study a more general case, we then simulated a 

cluster consisting of 118 coated dielectric cylinders, but with the inner cylinder randomly 

positioned within each coated dielectric cylinders, as shown in Fig. 4.  

 

Similar to Fig. 3, each outer cylinder has a 5-μm radius and an n of 1.1, whereas each inner 



 

 

cylinder has an n of 1.2.  Five cases are shown, each corresponding to a cluster with ri values of 

0.5, 1.0, 1.5, 2.0, and 2.5 μm.  Again, minute variations in the TSCS-ave spectra are observed 

as ri is varied.  The result of the autocorrelation analysis is shown in Fig. 4(c).  Similar to  

Fig. 3(c), it can be easily seen that δω is monotonically correlated with ri.  On a broader scope, 

the results of Figs. 3 and 4 suggest that the microscopic structural differences in the sample is 

correlated to the macroscopic scattering characteristics.    

 



 

 

4.  Discussion   

Although both the TSCS spectrum and DSCS function contain scattering information, it can 

be readily seen that the TSCS spectra contain information relevant to the structure of the sample 

(Figs. 3 and 4).  This can be understood as different optical wavelengths yield information of 

different length scales; the cluster geometry exhibits different characteristics for an incident 

wavelength matching a specific length-scale (e.g., diameter of cylinder, diameter of nuclei, 

average distance between cylinders) of the cluster geometry.  We consider that this is the origin 

of the spectral signatures of macroscopic scattered light that may be indicative of the 

microscopic geometry.     

 

Temporal and spatial coherent interference effects may contain essential information 

indicative of the specific sample structures 8).  As shown in Figs. 2-4, the TSCS-ave spectra 

exhibit nontrivial structures that may provide information on the geometry.  In Figs. 3(c) and 

4(c), the dependence of the autocorrelation analysis is depicted.  As the radius of the nuclei is 

increased, δω decreases; this can also be attributed to the increase in the average refractive index 

of the coated cylinder, since the nucleus (which has a higher n) occupies a larger portion of the 

coated cylinder.  This relationship requires further analysis for a complete understanding; 



 

 

nevertheless, the simulation results reported in this paper show that microscopic structural 

changes in the geometry can be detected in the macroscopic scattered light.    

 

More importantly, the proposed optical experiment enables an idealized optical experiment 

in a practically noiseless environment, providing the opportunity to accurately characterize 

coherent optical effects.  A similar idea of the proposed virtual tissue model has been applied to 

determine the optical characteristics of a biological cell, pioneered by Dunn, Drezek, and 

Richards-Kortum 11) using the FDTD technique.  Nevertheless, due to the intense computational 

requirements of FDTD, it was infeasible to model a larger system containing more than a few 

cells.   With the PSTD technique, a macroscopic light scattering problem can now be 

accurately simulated.   

 

5.  Conclusions 

We have shown in this manuscript that the proposed virtual optical experiment is capable of 

accurately simulating the problem of light scattering by an irregular geometry of macroscopic 

dimensions, and can account for coherent interference effects.  The proposed simulation is 



 

 

essentially a numerical realization of the analytical solution, enabling a virtual optical 

experiment with controllable variables in a practically noiseless environment.  By employing a 

systematic analysis, our long-term goal is to unambiguously investigate the microscopic origin of 

macroscopic scattered light from irregular biological geometries.   
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Figure Captions 

Fig. 1.  Schematic of virtual optical experiment.  Based upon the PSTD technique, the virtual 

optical experiment can simulate light scattering by arbitrary geometries.  More importantly, it is 

capable of simulating a much larger problem that is infeasible using the FDTD technique.  

Unlike other approximation methods based upon heuristic assumptions, the error of the virtual 

optical experiment can be arbitrarily minimized by increasing the simulation resolution. 

Fig. 2.  Light scattering by a cluster of coated cylinders, as shown in Fig. 1, is simulated by 

employing a virtual optical experiment.  The spatial and spectral scattering characteristics are 

shown in (a) and (b), respectively.  (a): With an incident wavelength of λ = 1μm, the DSCS and 

DSCS averaged over 12 different incident angles are shown as a function of scattering angle.  

(b): The TSCS and TSCS averaged over 12 different incident angles are shown as a function of 

frequency of the incident light. 

Fig. 3.  TSCS-ave spectra of a cluster of concentric coated cylinders.  The TSCS-ave spectra of 

light scattering by a cluster (cluster diameter D = 160 μm, as shown in (a)) with an inner cylinder 

radii ri are shown in (b) (Each TSCS-ave spectrum represents an average of 12 TSCS spectra 

corresponding to 12 different illumination angles to suppress the speckle effect; in addition, each 

curve is offset in the y-direction to facilitate comparison.)  Note that the TSCS spectra exhibit 



 

 

complex structures that may be relevant to the cluster geometry.  An autocorrelation analysis of 

the TSCS-ave spectra is performed; the δω is plotted vs. ri in (c).  It is shown that the 

δω changes monotonically with ri, suggesting a direct correlation relationship between the 

macroscopic scattered light and ri.  

Fig. 4.  TSCS-ave spectra of a cluster of coated cylinders with off-center inner cylinder location.  

Similar to Fig. 3, the TSCS-ave spectra of light scattering by a cluster (D = 160 μm, as shown in 

(a)) of inner cylinder radii ri are shown in (b).  (Each TSCS-ave spectrum represents an average 

of 12 TSCS spectra corresponding to 12 different illumination angles to suppress the speckle 

effect; in addition, each curve is offset in the y-direction to facilitate comparison.)  Unlike in Fig. 

3, each coated cylinder has an off-center, randomly positioned inner cylinder.  An 

autocorrelation analysis of the averaged TSCS spectra of (b) is performed and the results are 

shown in (c).  Again, it is found that δω changes monotonically with ri, suggesting a direct 

correlation relationship between the macroscopic scattered light and the microscopic 

parameter—inner cylinder radius ri. 
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ABSTRACT 

By numerically solving the Maxwell’s equations for the problem of light 
propagation through closely packed random media, we report an optical signature 
indicative of structural information concerning the random media.  On a broader 
perspective, our research findings may lead to a better understanding of the 
coherent interference effect of light scattering by closely packed random media.  
Specifically, based on first principles, we show that microscopic structural 
information of the random medium can be obtained from forward, multiply 
scattered light, even for closely packed random media, with scatterers spaced 
less than a single wavelength apart. 
 
 
Activities: 
  In the box below, please indicate your particular activities which justify 
favorable consideration of you as a participant and contributor to this 
Conference. This information is required. 
 
It is of unprecedented importance to understand tissue optics based upon fundamental 
electromagnetic theory--Maxwell's equations.  Yet, very few people other than myself is 
taking this approach.  I have some intriguing results that may be interesting.  If 
possible, I'd like to give an oral presentation, which should be more effective for me to 
introduce the significances of my research findings. 
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