teaemen Anny YEEP THIS COPY FOR REPRODUCTION PURPOSES j(S
r- Form A 1
— pproved
AD-A255 759 )\ pace os e, 07040183
Public rep “'I{'" ml 'm‘ IM, Itm fl", Iml 'l" rl" * 1 hOUr per response. including the time for reviewing instructions, searching existing data sources,
gathenng ' sllection of information Send comments regarding this burden estimate or any other aspect of thig

collectuon nington Headquarters Services. Directarate for information Qperations and Reports. 1215 jetterson

Davis Hig! gement and Budget, Paperwork Reduction Project (0704-0188). washington, DC 20503
1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
l June 15, 1992
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

WAVE PROPAGATION AND SCATTERING IN DENSE
GEOPHYSICAL MEDIA

B ? ! F?
6. AUTHOR(S) 1 W

Akira Ishimaru ‘,_‘ L [:CT!L' Tiﬁ;"{;‘

8. PERFORMING ORGANIZATION
REPORT NUMBER

University of Washington Agf (:
Seattle, WA 98195

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. spouscemuc/momtomus
AGENCY REPORT NUMBER
U. S. Army Research Office

P. 0. Box 12211
Research Triangle Park, NC 27709-2211

11. SUPPLEMENTARY NOTES
The view, opinions and/or findings contained in this report are those of the
author(s) and should not be construed as an official Department of the Army

osition, policy, or decision, unless so designated by other documentation.
12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

This final report summarizes our study of the propagation and scattering
characteristics of waves in geophysical media. We have conducted theoretical
and experimental studies of enhanced backscattering from very rough surfaces,
millimeter wave and optical experiments on scattering from random media, vector
radiative transfer studies including rough surface effects, and pulse
scattering from rough surfaces.

0 84
92 9 22 015 J i S i

5

14. SUBJECT TERMS . . 3 15. NUMBER OF PAGES
Multiple scattering, radiative transfer, rough surface 34

scattering, backscattering enhancement

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION {20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev 2-89)

Prescribed by ANS) Std 239-18
298-102




WAVE PROPAGATION AND SCATTERING IN
DENSE GEOPHYSICAL MEDIA

FINAL REPORT
Period: April 1, 1987 to March 31, 1992

Akira Ishimaru

June 15, 1992

U.S. Army Research Office
Contract DAAL(Q3-87-K-0032

University of Washington

Azguasicn For

AXand {
e Ta i
IR !
NEUAEEEN O ! —
APPROVED FOR PUBLIC RELEASE ~ —— - —n ;
DISTRIBUTION UNLIMITED T

DTIC QUALITY INSPECTED 8




THE VIEW, OPINIONS, AND/OR FINDINGS CONTAINED IN T
THOSE OF THE AUTHOR(S) AND SHOULD NOT BE CONSTRUED
DEPARTMENT OF THE ARMY POSITION, POLICY, OR DECISI
DESIGNATED BY OTHER DOCUMENTATION.

HIS REPORT ARE
AS AN OFFICIAL
ON, UNLESS SO




TABLE OF CONTENTS

L STATEMENT OF THE PROBLEMS STUDIED .....c.cccccoovviiiivenninnn, 1
II. SUMMARY OF THE MOST IMPORTANT RESULTS .............cccoeivinene. 1
A. Backscattering Enhancement from Very Rough Surfaces ....................... 1
B. Mueller Matrix for a Random Medium with Random Surfaces ................. 2
C. Radiative Transfer, Beam Wave, Imaging and Pulse Scattering ................ 2
D. Optical Scattering Experiment ...........cccccoiiiiiiiiciiiiiiniiiicicennnnnn, 2
E. Millimeter Wave EXperiment ..........c.cooviiiiiiiiiiiiinenieniiiienininiennnn. 3
.  LIST OF MANUSCRIPTS SUBMITTED OR PUBLISHED UNDER ARO
SPONSORSHIP DURING THIS PERIOD........cccc.oovvviiiniiiinninnnniiiinnns 4
IV.  PAPER PRESENTATIONS AT MEETINGS DURING THIS PERIOD ........ 6
V. PARTICIPATING SCIENTIFIC PERSONNEL ........ocvvvovveoeerereeeeen. 11

VI.  ABSTRACTS OF PUBLISHED PAPERS ...............coiii, 12




I. STATEMENT OF THE PROBLEMS STUDIED

For the past years, we have been conducting extensive basic research on millimeter
and optical wave propagation and scattering in geophysical media. These media include
hydrometeors, fog, hail, smoke, dust, turbulence, ice, snow, and vegetation which often
severely affect communication and target detection in the atmosphere. We have been
successful in making substantial contributions in this field. On the basis of our extensive
background and capabilities, we proposed to conduct theoretical and experimental studies
on wave characteristics in such random media. We conducted carefully controlled
millimeter, microwave, and optical experiments so that the experimental results could be
compared with theoretical predictions. We also proposed to conduct theoretical and
numerical studies in conjunction with experimental studies. The studies included coherent
and incoherent fields, beam waves, pulse waves, backscattering enhancement,
depolarization, angular and range resolutions, vector radiative transfer, and target
identification. This basic information should be useful in clarifying the wave characteristics
in the actual geophysical environments and their effects on communications, radars, lidars,
polarimetric radars, and target resolution and identification.

II. SUMMARY OF MOST IMPORTANT RESULTS
A. Enhanced Backscattering from Very Rough Surfaces

When the rms height of a rough surface is of the order of a wavelength and the
correlation distance is such that the mms slope is close to unity, the surface is called a "very
rough surface” and at present this is outside the range of applicability of conventional
theories. However, in this range of parameters, enhanced backscattering takes place, and
this has attracted considerable attention among workers in geophysics and surface optics.
We have conducted extensive studies on this problem -- theoretically, numerically, and
experimentally. Theoretical studies are made using the first- and second-order Kirchhoff
approximations with shadowing corrections. The theory agrees with numerical simulations
if the surface is a perfect conductor or very lossy and the incident wave is s-polarized.
However, for p-polarization, the surface wave effects may be contributing to some
differences between theory and numerical simulation. Also noted is the dependence of
numerical simulations on the surface integration length. These differences will be studied
in the near future. We have also conducted millimeter wave experiments on very rough
surface scattering, and the experimental results are in close agreement with the numerical
simulations if the spot size of the experimental beam is used as the integration length of the
surface for numerical simulations.

Paper No. (2) in the list of our publications in Section III discusses the advantages
of the phase perturbation method over other conventional perturbation and Kirchhoff
approximations. The phase perturbation method was previously developed by
Winebrenner and Ishimaru. Papers (12), (13), (15), and (16) give the complete
development of the analytical theory of very rough surface scattering and backscattering
enhancement based on the first- and second-order Kirchhoff approximations with
shadowing corrections. They are compared with numerical simulations (12) and with
millimeter wave experiments (16).

The above studies are limited to one-dimensional rough surfaces. We are now
extending the above results to two-dimensional surfaces. A machine capable of cutting
surfaces according to a prescribed profile has been obtained, and two-dimensional rough
surfaces are being prepared at present. Experiments on these surfaces should give us very
valuable surface scattering data which include all polarization effects from surfaces of




known statistics. Theoretical studies on two-dimensional surfaces are also under way, and
we expect to be able to compare theoretical results with experiments. Numerical
simulations of two-dimensional rough surface scattering have also been attempted even
though computer storage may limit the range of its applicability. The results of this study
on two-dimensional rough surfaces should be applicable to realistic practical problems of
terrain and geophysical environment, and the experimental data should provide valuable
information to aid in construction of useful theoretical scattering models.

B. Mueller Matrix for a Random Medium with Random Surfaces

Volume and surface scattering from random media are important in several
applicatons in geophysical remote sensing, communications, and target identification. We
have developed computer codes for combined volume scattering and rough surface
scattering. Complete vector radiative transfer equations are solved using the discrete
ordinate method, and the results are combined with Kirchhoff approximations for rough
surfaces. Detailed computer codes have been developed for calculating the Mueller matrix
and the polarization signature of the scattered wave from a slab of random scatterers with
the slab surface consisting of rough surfaces. Two cases are considered. One is rough
surfaces with moderate rms height for which the series representation of the Kirchhoff
solution has been used. The other is very rough surfaces where the geometric optical
approximation of Kirchhoff solutions has been used. Although these codes are now
available, it is necessary to relate the parameters in the codes to the actual geophysical
parameters for practical applications. The development of these codes is detailed in Papers
(21) and (22). Applications of these codes to optical scattering by leaves are discussed in
(10), (11), and (19). Calculated transmission, reflection, and degree of polarization are
compared with experimental data showing good agreement.

C. Radiative Transfer, Beam Wave, Imaging and Pulse Scattering

Our previous work on backscattering enhancement from discrete scatterers has been
extended to include moderate and large particles sizes (3) and (6). For particles with large
size, the radiative transfer equation becomes increasingly difficult to solve numerically
because of the sharp angular spectrum of the phase function. The second-order theory is
found to be useful in this case (5). A general review of the enhanced backscattering is
given in (8) and the application to optical diffusion in tissue is discussed in (7).

Beam wave solution of the radiative transfer equation is difficult because of the
large number of spatial spectra. The general formulation and numerical codes for this
problem are given in (1). Imaging through a random medium in terms of the modulation
transfer function is given in (4) and the experimental work is discussed in (9). A
preliminary study on pulse scattering from rough surfaces is given in (16). Some work on
the use of artificial neural networks for particle sizing and determination of rough surface
parameters is discussed in (14) and (20). A general review of wave propagation and
scattering in random media and rough surfaces is given in (17) and a review of
backscattering enhancement including turbulence, particles, and rough surfaces is given in
(18).

D. Optical Scattering Experiment

During the past several years, we have constructed a carefully controlled optical
scattering measurement system. We had vertical and horizontal intensity measurements
which resulted in the critical measurement of the coherent intensity in a dense medium and
the backscattering enhancement. Recently, we extended our system to the measurement of
the complete Stokes vector and the Mueller matrix. The details of the system are described
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in the M.S. Thesis "Optical Mueller Matrix Measurement System" by P.K. Phu, our Ph.D.
student, University of Washington, 1989. The incident polarizations are Vertical,

Horizontal, 45°, and LHC, and the detector can measure Vertical, Horizontal, 45°, 135°,
LHC, and RHC. As an example, we show the comparison of the experimental data with
the radiative transfer solution, including rough surface effects, for a laurel leaf (11). We
also show the measured 16 elements of the Mueller matrix as functions of the scattering

angle (transmission -90° < 8 < 90° and backscattering 90° < 8 < 270°). Currently, we are
modifying our system to obtain complete bistatic characteristics in 8 (elevation) and ¢
(azimuth) directions with full polarimetric capability.

E. Millimeter Wave Experiment

We have constructed a millimeter wave system (75-100 GHz) to measure the rough
surface scattering. The advantage of using millimeter waves is that we can construct the
actual rough surface with given statistics. We have also constructed a one-dimensional
rough surface with Gaussian spectrum and power law spectrum for ¢ = £ - 3 mm for use at
100 GHz (A = 3 mm). These experiments have been used to study the enhanced
backscattering from very rough surfaces and the results show good agreement with
numerical Monte Carlo simulations (23). These experiments are now extended to two-
dimensional rough surfaces, and it is expected that complete polarization information will
be obtained.
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Controlled Millimeter Wave Experiments and Numerical
Simulations on the Enhanced Backscattering from
One-Dimensional Very Rough Surfaces

Phillip Phu, Akira Ishimaru and Yasuo Kuga
Electromagnetics and Remote Sensing Laboratory
Department of Electrical Engineering, FT-10
University of Washington
Seattle, Washington 98195

ABSTRACT

We present experimental results on the scattering of electromagnetic waves at millime-
ter wave frequencies from one-dimensional very rough conducting surfaces with controlled
surface roughness statistics. Very rough surfaces are defined as surfaces with rms height
and correlation length on the order of a wavelength such that the rms slope is at least
unity. It is expected that scattering' experiments using these surfaces can provide useful
insights since their statistics lie outside the range of validity of the present theories, namely,
the Kirchhoff and perturbation theories. Strong backscattering enhancement at different
incident angles, both in the TE and TM polarizations, are observed experimentally. Nu-
merical calculations based on the exact integral equation method for cylindrical beamwave
antennas compare favorably with the experimental results. The agreement between mea-
surements and numerical calculations is good over a wide range of incident angles and
for all scattering angles. The close agreement between the experimental results and nu-
merical simulations indicates that this controlled experimental setup can be used to study
scattering phenomena from one-dimensional very rough surfaces with different roughness
statistics and from two-dimensional rough surfaces.

Submitted to Radio Science January 1992




Mueller Matrix Calculation
For A Slab of Random Medium
With Both Random Rough Surfaces
And Discrete Particles

Chi M. Lam and Akira Ishimaru
Department of Electrical Engineering
University of Washington
Seattle, Washington 98195

Abstract

A model for a slab of random medium containing both random rough surfaces and
discrete scatterers is presented in this paper. The refractive indices of the surrounding
media are different from the background refractive index of the random medium. Kirch-
hoff rough surface theory is used to derive the transmittivity and reflectivity matrices
for the scattering of electromagnetic waves from the rough surfaces. These matrices
are used to determine a pair of boundary conditions for the vector radiative transfer
equation. The multiple scattering due to the discrete scatterers is computed by solving
the radiative transfer equation numerically including the rough surface scattering ef-
fect. Mueller matrices which characterize the random medium are constructed from the
scattered Stokes vectors due to four independent polarized incident waves. The Mueller
matrices are found to have symmetrical properties and there are eight nonvanishing

matrix elements.

Submitted to IEEE Trans. Antennas and Propagation
December 1991




CALCULATION OF MUELLER MATRICES
AND POLARIZATION SIGNATURES
FOR A SLAB OF RANDOM MEDIUM

USING VECTOR RADIATIVE TRANSFER

Chi M. Lam and Akira Ishimaru
Department of Electrical Engineering
University of Washington
Seattle, Washington 98195

Abstract

The Mueller matrix which characterizes a slab of random medium containing spher-
ical particles is calculated by using the vector radiative transfer theory. The vector
radiative transfer equation is solved for arbitrarily polarized incident waves. The back-
ground refractive index of the slab is allowed to be different from the surrounding me-
dia. The scattering specific intensities for four independent polarized incident waves
are calculated and used to construct the Mueller matrix. The Mueller matrix contains
multiple scattering due to the randomly distributed particles governed by the vector ra-
diative transfer theory. The calculated Mueller matrices are found to have symmetrical
property and there are eight nonvanishing matrix elements. Polarization signatures are

obtained at the backscattering direction from the Mueller matrix of the reflection side.

Submitted to IEEE Trans. Antennas and Propagation - October 1991




SURFACE ROUGHNESS DETERMINATION
USING SPECTRAL CORRELATIONS OF SCATTERED INTENSITIES
AND ARTIFICIAL NEURAL NETWORK TECHNIQUE

Kuniaki Yoshitomi
Department of Computer Science and Communication Engineering
Kyushu University
6-10-1 Hakozaki, Higashi-ku
Fukuoka 812, Japan

Akira Ishimaru
Jenq-Neng Hwang
Department of Electrical Engineering
University of Washington
Seattle, Washington 98195

Jei Shuan Chen
Lockheed Palo Alto Research Laboratory
Sunnyvale, California 94088

ABSTRACT

The artificial neural network (ANN) technique is applied to the determination of the

rms height and the correlation distance of one-dimensional rough surfaces. The surface is
illuminated by a beam wave, and the intensity correlations of the scattered wave at two
wavelengths in the specular and backward directions are used to determine the roughness
parameters. Scattered intensity correlations calculated by Monte Carlo simulations are
used to train the ANN, and two methods. the explicit inversion method and the iterative
constrained inversion method, are used to perform the inversion. The inversion values are
compared with the target values, and the iterative constrainéd method is shown to give
smaller errors, but requires longer computer CPU time.

Submitted to IEEE Trans. on Antennas and Propagation
December 3, 1991
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Propagation and Depolarization of an Arbitrarily
Polarized Wave Obliquely Incident
on a Slab of Random Medium

Qinglin Ma, Member, IEEE, and Akira Ishimaru, Fellow, IEEE

Abstract—The problem of how a slab of random medium
affects the propagation and polarization of an arbitrarily polar-
ized obliquely incident electromagnetic wave is investigated. The
geaeral formulation s given by using vector radistive transfer
theory. The transfer equation with Stokes parametess is solved
exactly by numerical methods sad the multiple scattering solu-
tion is given in Fourler series. The multiple scattering solution is
compared with the saalytical first-order solution whea the opti-
cal distance is small and the comparison shows that the results
are consistent with each other, The muitiple scattering resuits
for 8 left-handed circularly polarized Incident wave show that
the transmitted wave is still left-handed polarized whereas the
reflected wave becomes right-banded gear the backscattering
direction. A complete Mueller matrix can be established for say
slab shaped random medium and the normalized scatlering
signature can be obtained by making use of the kaowa Mueller
matrix. The scattering signature obtained shows that for sormal
incidence we can obtaia a maximum backscattered power if an
arbltrarily oriented linearly polarized lucident wave is chasea
snd that for an incident angle of 30°, ws can get 8 mialmum
backscattered power. if a linearly polarized Incident wave ls
oriented at 45° or 135°, '




Backscattering Enhancement:
From Radar Cross Sections to Electron and
Light Localizations to Rough Surface Scattering

Akira Ishimaru

Deparument of Electrical Engineering
University of Washington

Seattle, WA 98195

Abstract

Exciting new research is taking place in electromagnetics
with results that are not predicted by coaventional theories.
Backscattering-enhancement phenomena are observed for radar
cross sections, imaging, and for scattering from particles, rough
surfaces, turbulence, and geophysical media. Thes¢ phenomena
have also attracted considerable attention among condensed-matter
physicists, resulting in & large number of publications on wave lo-
calization in disordered media. This paper gives an historical de-
velopment and an overview of the recent work on backscattering
enhancement.

IEEE Antennas and Propagation Mogazine, Vol. 33, No. 5, October 1991




Wave Propagation and Scattering in
Random Media and Rough Surfaces

AKIRA ISHIMARU, FELLOW, IEEE
Invited Paper

Many natural and man-made media such as the atmosphere,
oceans, geophysical media, biological media, and composite and
disordered materials have random spatial inhomogeneities and
vary randomly in time, and these media are called “random
media.” Microwaves, optical waves, and acoustic waves propa-
guling in these media experience random fluctuations in space
and time, and these fluctuations affect a broad range of practical
problems such as communications, remote-sensing, imaging, and
ubject identification. In addition, waves in random media present
une of the most challenging problems to theoreticians. This paper
reviews the historical development, basic theories, and some re-
cent new developments and discoveries, including backscattering
enhancement.

PROCEEDINGS OF THE IEEE, VOL. 79, NO. 10, OCTOBER 1991
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Numerical, analytical, and experimental studies of
scattering from very rough surfaces and backscattering
enhancement

Akira Ishimarut, Jei S Chent, Phiilip Phut and Kuniaki Yoshitomi}

t Department of Electrical Engineering, University of Washington, Seattle, Washing-
ton, 98195, USA

1 Department of Computer Science and Communication Engineering, Kyushu Uni-
versity, Fukuoka 812, Japan

Received 19 November 1990

Abstract. This paper presents numerical simulations, theoretical analysis, and mil-
limeter wave experiments for scattering from one-dimensional very rough surfaces.
First, numerical simulations are used to investigate the effects of roughness spectrum,
height variation, interface medium, polarization, and incident angle on the backscat-
tering enhancement. The enhanced backscattering due to rough surface scattering is
divided into two cases; the RMs height close to a wavelength and RMs slope close to
unity, and RMs height much smaller than a wavelength with surface wave contribu-
tions. Results also show that the enhancement is sensitive to the roughness spectrum.
Next, a theory based on the first- and second-order Kirchhoff approximation modi-
fied with angular and propagation shadowing is developed. The theoretical solutions
provide a physical explanation of backscattering enhancement and agree well with
the numerical results. In addition to the scattering of a monochromatic wave, the
analytical results of the broadening and lateral spreading of a pulsed beam wave
scattering from rough surfaces are also discussed. Finally, the existence of backscat-
tering enhancement from one-dimensional very rough conducting surfaces with exact
Gaussian statistics and Gaussian roughness spectrum is verified by a millimeter-wave
experiment. Experimental results which show enhanced backscattering for both TE
and TM polarizations for different angles of incidence are presented.
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Scattering from very rough metallic and dielectric surfaces:
a theory based on the modified Kirchhoff approximation

Akira Ishimaru and Jei Shuan Chen

Department of Electrical Engineering, University of Washington, Seattle, WA 98195,
USA

Received 8 October 1990

Abstract. This paper presents a theory of scattering from very rough metallic and
dielectric surfaces using the first- and second-order Kirchhoff approximations (Ka)
modified with the angular and propagation shadowing. The shadowing functions limit
the single and double scattered waves which are illuminated and not shadowed by
the surface. The theoretical results are compared with the Monte Carlo simulations
showing the range of validity of the theory. The theory is applicable to the range
where the RMS height is close to a wavedength and the RMS slope is close to unity,
and the second medium is lossy. The second-order scattering includes two waves
travelling in opposite directions on the surface, giving a physical explanation of the
enhanced backscattering.




November 1, 1990 / Vol. 15, No. 21 / OPTICS LETTERS 1221

Particle-size distribution determination using optical sensing
and neural networks

Akira Ishimaru, Robert ]. Marks II, Leung Tsang, Chi M. Lam, and Dong C. Park

Department of Electrical Engineering. University of Washington, Seattle. Washington 98195

Shinzo Kitamura

Department of Instrumentation Engineering, Kobe University. Kobe 657, [apan

Received February 1, 1990: accepted August 11, 1990

We present an inverse technique to determine particle-size distributions by training a layersd percsption neural
network with optical backscattering measurements st three wavelengths. An advantage of this approach is that,
even though the training may take a long time, once the neural network is trained the inverse problem of obtaining
size distributions can be solved speedily and efficiently.
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Scattering from very rough surfaces based on the modified second-
order Kirchheff approximation with angular and propagation
shadowing

Akira Ishimaruand Jei S. Chen
Department of Electrical Engineering, University of Washingion, Seatile, Washington 98195

(Received 19 March 1990; accepted for publication 19 June 1990)

A theory of scattering from very rough surfaces is presented. Both the surface rms height and
the correlation distance are close to a wavelength and the rms slope is close to unity. The
theory is based on the first-order and modified second-order Kirchhoff approximations. The
second-order scattering includes the incident and scattering shadowing and the angular and
propagation tapering shadowing. The angular shadowing limits the angular spectrum of the
second-order scattering within those intercepted by the surface, while the propagation
shadowing limits the propagation distance within those intercepted by the surface. The
calculations are made for the rms height /4 = 1.5, 1.0, and 0.5 and the correlation distance
1 /A = 1.8, and show close agreement with the Monte Carlo simulation of the exact integral
equation. The results show that the first-order Kirchhoff scattering is dominant for /4 = 0.5,
but for g/4 = 1.0 and 1.5, the second-order scattering becomes comparable to the first-order
and produces the enhanced backscattering. Therefore, this theory provides a possible physical
explanation for the enhancement.

PACS numbers: 43.30.Gv, 43.30.Hw
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Numerical simulation of the second-order Kirchhoff approximation
from very rough surfaces and a study of backscattering
enhancement

JeiS. Chenand Akira Ishimaru
Department of Electrical Engineering, University of Washington, Seattle, Washington 98195

(Received 1 February 1990; accepted for publication 11 June 1990)

A Monte Carlo simulation is used to study the second-order Kirchhoff scattering and
backscattering enhancement of a scalar wave from one-dimensional soft Gaussian rough
surfaces. The surfaces are very rough with the rms height /4 = 0.707, 0.5, and 0.3, and the
correlation distance / /4 = 1. Numerical results of the scattered intensity using the Kirchhoff
approximation and second-order scattering are compared with the exact calculations of the
integral equation. With tte corrections of incident and scattering shadowing and the
propagation shadowing for the second-crder scattering, good agreement between approximate
and exact results is obtained. The results also show that the backscattering enhancement may
be explained by the second-order Kirchhoff scattering including shadowing effects. The law of
energy conservation and the problem of convergence in the simulation are also investigated.
The results of numerical simulation may be useful for the development of an analytical model
for very rough scattering.

PACS numbers: 43.30.Gv, 43.30.Hw
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Transmission, Reflection, and Depolarization of an
Optical Wave For a Single Leaf

865

QINGLIN MA, MeMBer, 1eee, AKIRA ISHIMARU, reLLow, 1Egg, PHILLIP PHU, STUDENT MEMBER, IEEE,

AND YASUO KUGA, MEMBER, IEEE

Abstract—Oplical scuttering by a single leal is investigated, taking
inte account the structures inside a leal and the lcal surfuce roughness.
An optical scattering madel, which lncludes both volume scattering und
rough surface scattering, Is developed using vector rudiative trunsfer
theery and Kirchhoff rough surface scattering theory. A leaf ls mod-
eled as & slad of water with an Irregular surface containing randomly
distributed spherical particles. The degree of polarization and the nor-
malized scattering cross section per unit area for the transmitted and
reflected copolarized and cross-polarized intensities are obtained for
corn, potsto, and laure! leaves. The theoretical results are compared
with measured data (o determine the parameters for the scatterers in-
side the leal, the surface roughness, and the optical thickness. The
agreement between the calculaiion snd experiment (ur 8 wide varicty
of cases shows that this [s 8 rcasonsble lesf model in the opticsl fre-
quency regime.
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Scattering and depolarization of waves incident upon a slab
of random medium with refractive index different
from that of the surrounding media

Qinglin Ma' and Akira Ishimaru

Department of Elecirical Engineering, University of Washington, Seattle

Yasuo Kuga

Department of Elecirical Engineering and Compuiter Science, University of Michigan, Ann Arbor

(Received April 21, 1989; revised March 19, 1990; accepted March 21, 1990.)

The problem of how the difference of the refractive indices between the background medium and
surrounding media affects the propagation of an electromagnetic wave is investigated in this paper.
We present the general formulation for an arb.irarily polarized plane wave obliquely incident on a
slab of random medium and compare the numerical multiple scattering solution of the integral-
differential vector radiative transfer equation for latex particles with that of the analytical nirst-order
scattering solution. The comparison shows good agreement between the two methods within the
applicable range of the first-order approximation. From the cases studied we see that when the
optical distance r > 10, the effects of the multiple-boundary reflection on wave propagation can be
neglected for the calculation of the transmitted intensity but usually must be taken into account for
the calculation of the reflected intensity and the degree of polanization.
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Effect of a Random Medium on Microwave Imaging

"MICHAEL J. SIERMAN, MEMBER, IEEE, YASUO KUGA, MEMBER, IEEE,
AND AKIRA ISHIMARU, FELLOW, IEEE

Abstract—The effect of & random medium on the microwave imaging
process is experimentally examined by positioning randomly distributed
giass beads imbedded in thin styrofoam sheets in various densities
between the (arget and the antennas. The main effect of the random
medium Is a reduction in the signal-to-noise (S/N) ratio for the tested
medium with a small size parameter, If the medium consists of densely
distributed particles, it is shown thst the image quality is less than that of
the sparsely distributed particle medium of the same optical distance.
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EXPERIMENTAL AND THEORETICAL STUDIES ON ENHANCED
BACKSCATTERING FROM SCATTERERS AND ROUGH SURFACES

Akira ISHIMARU

Department of Electrical Engineering, University of Washington, Seattle, Washington
98195, USA

This paper presents experimental and theoretical studies on the backscattering en-
hancement from discrete scatterers. The theory is based on the diffusion approximation
and shows that the angular width of the peak is related to the transport length of the
medium. The enhancement due to the rough surface scattering is divided into the case of
large height variations and slopes and the case of small height variations with surface wave
mode contributions.

1. INTRODUCTION

Backscattering enhancement phenomena have been observed for many years. It has
been sometimes called the “retroreflectznce” or the “opposition effect!.” An example
i3 “glory” which appears around the shadow of an airplane cast on a cloud underneath
the airplane. The moon is brighter at full moon than at other times. Many materials
such as BaSO4 or MgCOj3 are known to cause the enhancement of scattered light in the
backward direction. Some soils and vegetation are also observed to cause backscattering
enhancement?. In spite of many observations, the several theories proposed to explain these
phenomena are inadequate !. For example, the shadowing theory is based on the fact that

~ the scattering direction other than in the back direction, less light may be observed
because of the shadowing. Also vhe scattering pattern of the surface or the scatterers such
as Mie scattering may be often peaked in the back direction. The lens hypothesis is that
the material may often act as corner reflectors or lenses resulting in peaked backscattering.

Recently, more quantitative experimental and theoretical studies of the enhancement
have been reported. Watson® noted that the backscattered intensity is twice the multiple
scattering and the first-order scattering. de Wolf* showed that the backscattered inten-
sity from turbulence is proportional to the fourth-order moment and approximately twice
the multiple scattered intensity. An excellent review is given by Kravtsov and Saichev®,
Kuga and [shimaru reported on an experiment which showed that the scattering from
latex microspheres is enhanced in the backward direction with a sharp angular width of
a fraction of a degree®. It was explained theoretically by Tsang and Ishimaru that the
enhanced peak is caused by the constructive interference of two waves traversing through
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Diffusion of light in turbid material

Akira Ishimaru

This paper discusses some of the present knowledge of the mathematical techniques used to describe light
diffusion in turbid material such as tissues. Attention will be paid to the usefulness and limitations of various
techniques. First, we review the transport theory, radiance, radiant energy fluence rate, phase functions,
boundary conditions, and measurement techniques. We then discuss the first-order solution, multiple
scattering, diffusion approximation, and their limitations. The plane wave, spherical wave, beam wave, and
pulse wave excitations are discussed followed by a brief review of the surface scattering effects due to rough in-

terfaces.

I. Introduction

The scattering of light by turbid media has been
studied extensively in the past,! and its applications
include atmospheric optics, optics in the ocean, optical
scattering in biological media, and scattering by stellar
and interstellar media. In spite of these studies, how-
ever, the existing theoretical models are still not satis-
factory for explaining the experimental data in many
important and practical applications. This paper at-
tempts toshow some of the existing theoretical models
and indicate their limitations and usefulness.

In turbid material, light is scattered and absorbed
due to the inhomogeneities and absorption character-
istics of the medium. A mathematical description of
the propagation and scattering characteristics of light
can be made in two different manners: analytical
theory and transport theory.! Inanalytical theory, we
start with Maxwell’s equations, take into account the
statistical nature of the medium, and consider the
statistical moments of the wave. In principle, this is
the most fundamental approach, including all diffrac-
tion effects, and many investigations have been made
using this approach.1* However, its drawback is the
mathematical complexities involved, and its useful-
ness is limited.

Transport theory,! on the other hand, does not start
with Maxwell’s equations. It deals directly with the
transport of power through turbid media. The devel-
opment of the theory is heuristic and lacks the rigor of

The author is with University of Washington, Department of
Electrical Engineering, Seattle, Washington 98195.

Received 12 January 1989,

0003-6935/898/122210-06$02.00/0.

© 1989 Optical Society of America.

2210 APPLIED OPTICS / Vol. 28, No. 12 / 15 June 1989

the analytical theory. Since both the analytical and
transport theories deal with the same physical prob-
lem, there should be some relation between them. In
fact, many attempts have been made to derive the
transport theory from Maxwell’s equations with vary-
ing degrees of success. In spite of its heuristic devel-
opment, however, the transport theory has been used
extensively, and experimental evidence shows that the
transport theory is applicable to a large number of
practical problems.!

We first review the transport theory and the first-
order and multiple scattering theories. We then de-
vote most of our discussion to the diffusion theory with
its limitations and usefulness.

Il. Transport Theory

The fundamental quantity in transport theory is the
radiance I(r,3), which is also called the specific intensi-
ty in radiative transfer theory and the brightness in
radiometry. Its unit is W m~2 sr~! Hz"! and is the
average power flux density in a given direction § within
a unit solid angle within a unit frequency band (see
Ref. 1, p. 149 for details). Since we normally use a
laser source with a narrow bandwidth and a detector
with sufficient bandwidth, we integrate over the fre-
quelncy and redefine the radiance with the unit Wm~=2
srl,

The fundamental differential equation for the radi-
ance is the transport equation

d 7‘ 7 4 ’
5 [xd) = —yd(rd) + = Sp@ XM )dw, M

where v; = v, + v, is the extinction coefficient in m~!,
v, is the scattering coefficient, v, is the absorption
coefficient, p(3,3) is the phase function, and dw’ is the
elementary solid angle about the direction 3.

The quantity most useful in light diffusion in tissue
is called the radiant energy fluence rate and is denoted




Backscattering enhancement by randomly distributed

very large particles

Yasuo Kuga and Akira Ishimaru

Recently, the backscattering enhancement by densely distributed particles of a size comparable to the
wavelength was reported. It has been explained as the constructive interference of two waves traveling in
opposite directions. This enhancement was observed only in densely distributed particles, and its existence
insparsely distributed media has not been verified yet. In this paper we present the experimental evidence of
backscattering enhancement by sparsely distributed very large particles. Experiments are conducted using
45-um latex particles which are approximately 100 times the wavelength. Both copolarized and cross-
polarized components are measured for different particle concentrations. Unlike for small particles, back-
scattering enhancement is most noticeable when the particle concentration is low. The angular width of the
peak is comparable to the ratio (wavelength)/(particle size) and is independent of the optical distance.

I.  Introduction

Backscattering enhancement by random media is
important in many areas including remote sensing and
solid state physics. The experimental evidence of
backscattering enhancement by randomly distributed
particles was first reported by Kuga and Ishimaru and
later by other groups.* This enhancement is caused
by the constructive interference of two waves traveling
through identical multiple scattering paths in opposite
directions.56 It is also known as the weak Anderson
localization effect in solid state physics. We call this
backscattering enhancement type . The backscatter-
ing enhancement is strongly influenced by size param-

ka (ka = 2xa/\), where ) is the wavelengthand a is
tt.  adius of particles.”

v 2 characteristics of enhancement type I are as
follows: (1) it is most visible when the particle sizes
are comparable to the wavelength 1 < ka < 20, (2) the
peak is observable only in densely distributed parti-
cles, (3) the maximum enhancement is 3 dB compared
to the nonenhanced intensity, (4) the angular width of
the peak is <0.1-0.2°, (5) the angular width and the
amount of enhancement are related to the transport
optical distance r,, * po.L(1 — ), where p is the num-
ber density, o, is the scattering cross section, L is the
path length, and i is the average cosine, and (6) the
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enhancement is most visible when r,, is large. When
the particle sizes become much larger than the wave-
length, it is believed that backscattering enhancement
type 1 is not observable.?

Backscattering enhancement can also be caused by
large particles and turbulence. This type of enhance-
ment is known as the focusing effect.8? We call this
backscattering enhancement type II. Because type I
enhancement is caused by the focusing effect, the in-
tensity enhancement is related to the particle size or
the turbulence scale size, and the enhancement can be
much more than 3 dB.

In this paper we show the experimental evidence of
type I backscattering enhancement by sparsely dis-
tributed large particles. Unlike for small particles, the
backscattering enhancement by large particles is most
noticeable when the particle concentration is low.
The angular width of the peak is comparable to the
ratio (wavelength)/(particle size) and is independent
of the optical distance.

. Experiments

The experimental setup is shown in Fig. 1. A He-
Ne laser with an expanded beam diameter of 30 mm is
used as the light source. The incident wave is vertical-
ly (out of the paper) polarized. The detector, which
consists of a polarizer, a 5-mm input aperture, a lens,
and a 50-um pinhole, has a field of view (FOV) of 0.09°
and is mounted on the computer-controlled rotational
stage. The light output of the optical fiber cable is
focused on a temperature-controlled photomultiplier.

Uniform latex microspheres manufactured by Dow
Chemical are used as scatterers. The mean diameter
and the standard deviation are 45 and 9.9 um, respec-

1June 1989 / Vol. 28, No. 11 / APPLIED OPTICS 2165
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The second-order multiple scattering theory for the vector radiative transfer equation

Yasuo Kuga, Akira Ishimaru, and Qinglin Ma

Department of Electrical Engineering, University of Washington, Seattle

(Received June 27, 1988 revised October 24, 1988 accepted November 15, 1988.)

Vector radiative transfer (RT) and first-order multiple scattering (FOMS) theories are often used for
analyzing the depolarization effect by the random medium. However. the numerical solution for the RT
theory is limited to moderate-sized particles because of the numerical stability. In order 10 analyze the
depolarization effect by large particles near the backscattering direction, we obtained the second-order
multiple scattering (SOMS) theory for the vector RT theory. The derivation was based on the second-
order solution of each Fourier component of the Stokes vector. The numerical resuits were compared
with FOMS and RT theories. It was shown that the SOMS theory was most useful for large particles
and near the backscattering direction. Experimental results for large spherical particles were compared
with the SOMS theory. The second-order ladder term which was inciuded in the SOMS theory was not
sufficient to explain the sharp peak observed in the backscattering direction in the depolarized inten-
sity. The peak appears to be caused by the backscatiering enhancement effect.
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ABSTRACT

We present experimental studies of the imaging of an object behind randomly distributed spherical
pariicles using coherent illumination. The object, which has black stripes on white diffuse paper with
different spatial wavelengths, is placed behind a scattering cell and illuminated by an expanded HeNe laser
beam. Results are obtained for different particle sizes and optical distances. The differences between the front
and back illumination are studied. The diffucion approximation is used to calculate the modulation transfer
function for the front illumination.

1. INTRODUCTION

Image transmission through random media has been studied extensively in recent years. The quality of
images transmitted through a random medium is usually expressed by the modulation transfer function
(MTF). This is a ratio of the modulation in the image to that in the object as a function of the spatial
frequency (cycles/mm or cycles/radian). There are two types of imaging system: passive and active. In the
passive imaging system the object is the incoherent source and the scattered light is detected through the
random media. We have studied passive imaging through randomly distributed particles [1]. We obtained
excellent agreement between experimentai results and theory using the small-angle approximation for the
radiadve transfer theory (2]. We have also studied the effective range of the small-angie approximation by
comparing it with the radiative transfer theory (5].

In an active imaging system in which an object behind a random medium is illuminated by a coherent
wave, the incident wave of an object is not only the reduced coherent wave but also the incoherent scattered
wave, and the reflected wave from the object must go through a random medium before reaching the detector.
In this paper we present experimental studies of the imaging of an object behind randomly distributed
spherical particles using coherent illumination.

2. EXPERIMENTS

The experimental setup is shown in Fig. 1. The object, which had black stripes on white diffuse paper
with different spatial wavelengths, was placed behind a scattering cell and illuminated by an expanded HeNe
laser beam from the front side. The image-forming optics consisted of an iris diaphragm (aperture diameter,
5 mm) and a lens with a focal length f, = 50 mm and thickness t=4.5 mm. Since the lens thickness was
much less than the focal length, the thin-lens formula was applied. The length from the lens to the detector
(d) and the equivalent air length from the object to the lens (L) were 68.5 and 185 mm, respectively. Because
a water-filter spectrophotometer cell (SC) was used, the actual length between the object and the lens was
longer than the equivalent air length (192 mm compared with 185 mm). The distances L and d satisfied the
following lens formula.
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The scattering of waves by particles of moderate size is nonisotropic. In this paper, the backscattering enhance-
ment of scattering of waves by nonisotropic scatterers is studied. Multiple-scattering effects are included by
examining the summation of all the ladder terms and all the cyclical terms. It is shown that if the observation angle
is in the neighborhood of the backscattering direction, then both summations can be related to the unidirectional
point-source Green's function of the transport equation. For the case of small albedo or small optical thickness, the
second-order theory is applied to calculate the Green's function. The angular width of backscattering enhance-
ment in this case is of the order of the coherent wave attenuation rate divided by the wave number. For thecaseofa
large albedo and a large optical thickness, the diffusion approximation is used to calculate the Green’s function.
For this case. the angular width is of the order of .he transport rate divided by the wave number. The transport rate
is equal to the product of the coherent wave-attenuation rate and 1 minus the mean cosine of the scattering angle.
Hence the predicted angular width is substantially smaller for particles with dominant forward scattering and is
shown to be in good agreement with experimental observations.
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Abstract— The classical field perturbation and Kirchhoff approximations can be viewed
as low and high frequency solutions to the rough surface scattering problem. The for-
mer is accurate for surfaces whose roughness is much smaller than the wavelength of the
incident field and the latter for surfaces that have large radii of curvature relative to
the incident wavelength. However, there is a need for a solution that applies .0 surfaces
rough on scales comparable to the incident wavelength. Ideally this solution must also
reduce to the two classical solutions in the appropriate limits. In this paper we examine
the recently-developed phase perturbation technique. We show numerically that for a
one-dimensional surface with Gaussian roughness spectrum satisfying Dirichiet boundary
conditions the phase perturbation reflection coeflicient reduces to that of field pertur-
bation theory for small surface roughness and to that of the Kirchhoff approximation
for gently undulating surfaces. It is also numerically shown that the phase perturbation
backscattering coefficient reduces to those of first-order field perturbation theory and the
Kirchhoff approximation in the appropriate limits.

INTRODUCTION

Many engineering and scientific problems arise which require a thorough under-
standing of wave scattering from rough surfaces. For example, knowledge of rough
surface scattering is important in areas such as remote sensing, integrated optics,
radio communications, oceanography, radio astronomy, surface profilometry, un-
derwater acoustics, and surface physics [1-4].
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ABSTRACT

Many studies have been conducied on beam wave propagation in turbulent media where the scattered
waves are confined within small forward angles. However, the beam wave in randomly distributed particles
can be scattered in wider angles. and the parabolic equation technique cannot be used in most cases. This
paper presents a numerical solution of beam wave propagation based on the radiative transfer theory. The
incident wave is assumed to be a monochromauc. anpolarized, collimated beam with a finite beam width.
The Fourier-Bessel transform is used to obtain the equation of transfer for each spatial frequency, and the
numerical solution is obtained using two-dimensional Gauss quadrature and an eigenvalue-eigenvector
technique. Numerical solutions are given for iransmitted and backscattered specific iiensities and transmutted
power for various optical depths, mean cosine of the phase function, and beam sizes. showing the
efectiveness of the method.
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