Ultrasound wave propagation through rough interfaces:
Iterative methods

Arthur P. Berkhoff and Johan M. Thijssen
Biophysics Laboratory, Department of Ophthalmology, Nijmegen University Hospital, P.O. Box 9101,
6500 HB Nijmegen, The Netherlands

Peter M. van den Berg
Laboratory of Electromagnetic Research, Faculty of Electrical Engineering, Centre of Technical
Geoscience, Delft University of Technology, P.O. Box 5031, 2600 GA Delft, The Netherlands

(Received 8 May 1995; revised 15 September 1995; accepted 20 Novembér 1995

Two iterative methods for the calculation of acoustic transmission through a rough interface
between two media are compared. The methods employ a continuous version of the conjugate
gradient technique. One method is based on plane-wave expansions and the other on boundary
integral equations and Green’s functions. A preconditioner is presented which improves the
convergence for spectra that include evanescent modes. The methods are compared with regard to
computational efficiency, rate of convergence, and residual error. The sound field differences are
determined for a focused ultrasound beam distorted by surfaces having a Gaussian roughness
spectrum. The differences are evaluated from the root-mean-square differences on the rough surface
and in the focal plane. €996 Acoustical Society of America.

PACS numbers: 43.20.Fn, 43.30.Hw, 43.80.0Qf

INTRODUCTION 3-D calculations. Also for large 2-D problems the require-
ments on computation time and memory resources can be
In echographic imaging with large array transducersprohibitive.
wave distortions in intervening tissue layers often are the In this paper, two iterative methods are described for the
major cause for image distortions. Various correction methealculation of reflection and transmission at a rough interface
ods have been proposed to obtain better images for thesgtween two media. Both methods are based on a continuous
cases.™ In order to test the applicability and limits of the version of the conjugate gradient technidu@ne method is
correction methods, it is important to have an accurate anhased on plane-wave expansidmsile the other method is
efficient computational model describing the propagatiorbased on boundary integral equations and free-space Green’s
through these distorting tissue layers. The sound propagatidanctions!® Although the application deals with pulse-echo
through tissue is often modeled as the propagation through @trasound, the domain of analysis is the frequency domain.
layer consisting of a cascade of thin sublayers, where eachn analysis in the frequency domain has the advantage that
sublayer acts upon the incident wave as a random time-shithe strongly frequency-dependent absorption and dispersive
operatoP, Various papers;’ however, report that the wave sound speed can be incorporated quite easily. Time-domain
modification cannot be described sufficiently with theseresults are obtained by analyzing the problem at several fre-
models and that refraction effects also should be taken intquencies and subsequently calculating the invéesaporal
account. In particular, ultrasound propagation through femalé&ourier transform. Wave propagation through random inter-
breast’ suffers from severe refractive errors. In abdominalfaces can be analyzed by evaluating a large number of
animal tissug strong multipath components were noticed, interfaces:* According to Altmeyer;? typical acoustic inter-
with refraction as a possible cause. Recently, therefore, wkces in human tissue have a root-mean-square surface height
have tried to come up with an efficient numerical methiod ~ of at least 0.5 mm. Characteristic length scales of these sur-
model the process of refraction, which is attacked by solvindaces are not given by Altmeyer. The soft tissues show low
the numerical problem of wave propagation through an ircontrast between the different tissue layers, with a difference
regular interface between two uniform media. Of course, thén sound speed typically lying between zero and five percent.
present model should be extended with distributed wave ab- The extensions and novel techniques presented in this
errations to get a more complete description of wave propapaper are the preconditioning scheme for the iterative plane-
gation through human tissue. wave method of Ref. 9, an efficient preconditioner for this
If the medium parameters within each layer are assumegcheme, the comparison of the iterative methods, and the
to be constant, then the computational problem can be reapplication of rigorous computational techniques to propaga-
duced to the problem of finding the acoustic variables on théion through refractive rough interfaces similar to those oc-
interfaces of the layered configuration. The discretization ofurring in human skin and subcutaneous layers.
the problem leads to a large number of unknowns. Due to the
size of the numerical problem, iterative methods are esseﬂ FORMULATION OF THE PROBLEM
tial. Iterative methods can lead to dramatically reduced stor-  The rough interface is assumed to be a local deformation
age requirements and total computation time, especially foof an otherwise plane boundary a&0, where a point in
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15 Iy o(X|X")=—ipwGy (X|X"),
A o(X|X")==V,Gy 5(X|x"),

G, »(x[x") is the volume injection Green’s function, aivg
the spatial derivative at point. For 2D we haveG; 5(X|x’)
=iH §P(ky Jx—x'|)/4, with H§" the zero-order Hankel func-
tion representing outgoing waves ahg=w(p;x;)*? and
k,=w(p,k,)Y? the (comple®y wave numbers i/, and 7,
respectively.

The integral equations relate the presshrat a pointx
on the interface”” to surface integrals along” involving
pressure and the normal component of the particle velocity.
: : ; : ; The outward normal of the surface atx, pointing into%,
ok e Il S e is denoted by(x). Equations(1) and(2) constitute a system

: : : : : of two integral equations with two unknown quantities, viz.,

T R P

z [mm]

] S ............

: ; : ; ; P(x) andw»(x)-V(x) on.”. It is noted that the integrals in the
-15 -10 -5 0 5 10 15 left-hand sides of1) and(2) have to be interpreted as their
principle values, i.e., the integrals are, when necessary, cal-
FIG. 1. Configuration and a realization of a rough surface having a Gaussiaﬁmated _by a limiting Procedure that excludes the_ singularity
roughness spectrum with a correlation lengthl mm and a rms surface atx=Xx" in a symmetrical manner. Once the solutiorP(x)
heighth=0.5 mm. and »(x)-V(x) has been found, the transmitted figtd fol-

lows from an integral over*°

space is specified by its orthogonal coordinatesx,y,z). A

2-D configuration is shown in Fig. 1. The analysis is carried ~ Pi(X)=— J , [Da(XIXDV(X') + Ap(X|X")P(X') ]

out in the temporal frequency domain with angular fre- e

quencyw where the complex time facter '“! is suppressed. -v(x")dx', xe ;. ()

The two fluidlike media occupy the domaing, and %,  The numerical solution td1) and (2) can be obtained by
respectively, and are assumed to be linear, homogeneous, afjd cretizing the integral equations, evaluating the singular
isotropic with respective mass densiti@sandp, and com-  yanq of the integrals, and solving the resulting system of
pressibilities x; and «,. Furthermore, both media exhibit |inear equations by matrix inversion. This method will be

some losses and the real and imaginary partg @nd x  g|ied the direct integral equation meth@IE).
satisfy the Kramers—Kronig causality relations. The interface

is denoted by”. Pressure and the particle velocity variables

are denoted byP andV, respectively. InZ,, a source of B. Iterative solution method

finite extent generates a wave incident uponThe incident The technique described in Ref. 8 is used to arrive at an
wave is denoted byP;,Vi}. The total field in<y is written jierative method for the solution of the two coupled integral
as the superposition of the incident field and the reflected g ations, The iterations are obtained from a continuous ver-
field {P,,V,}. The total field in; is the transmitted field gjon of the conjugate gradient technique. The method will be

{P¢,V¢}. In two subsequent sections, one direct and tWo it-cqjleq the conjugate gradient integral equation method
erative methods are described for the numerical solution O{CG”E)_ Normalizing the unknownsP(x) and V(x)

the problem. =V(x)-»(x) according to

P(x)=Z§*Xp(x), (4
Il. INTEGRAL EQUATION METHODS

A. Direct solution method

V(X)=Y§Xy(x), (5)

with Z, and Y, a reference impedance and admittance, re-
Assuming that the contribution from the parts of the spectively, the integral equatioris) and (2) can be written
contour integrals at infinity vanish, leads, at the interfaCe gs
to the simultaneous integral equatidhs

1 Yi00= | [Kep0x)Xp(x)
5 POO= [ IOV OO+ s X)) Wy
e +Ky(X, X)) Xy(x")]dx', xe.¥, (6)

-p(x")dx' =P;(x), xe.7, 1

1 Yz(X):f, [Kap(x,X") Xp(X")
2 P(X”Lr T2 V() + Ag(xix')]- wx ! K e

+ Koy(X, X ) Xy(x")]dx’', xe.¥. @)
=0, xe.”, (2 . . . . .
We assume the existence of an iterative procedure, in which
where n steps have been carried out. The iterative procedure has led
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to the valuesx{"(x) andX{"(x). The integrated squared er- As a result, a decrease of the error is obtained® 0.

ror aftern steps of iteration is
ERR = [ (0074 PP 000, ®)
in which
FI%00=Y14X) — f ,

+ K (X)X (x")]dx’,

Kz (X)X (x")

Xe.”. 9
In going from the(n—1) st step to thenth, we use
XEL=XEY + 1" (10

where7(" is a variational parameter to minimize ERRand
g, =gM,(x) are the search directions. Using EQ0), it
can be shown that

F- i = Y, a
in which
1000 | Ky X000

+ Ky (X)X (x)]dX!,  xe.”. (12)

From Eq.(16) it can be seen that this is the caseFlTl)a&O

However, if s, ") vanishes, the exact solution is arrived at
in the iterationn—1. Once the iteration process has been
stopped, the transmitted field is found from evaluation of Eq.

A).

lll. ITERATIVE PLANE-WAVE METHOD

The solution of the reflection/transmission problem can
also be found by expanding the field in a Fourier-type inte-
gral of plane wave8.This method will be called the conju-
gate gradient RayleighiCGR) method because of its close
relationship with the modified Rayleigh method using direct
matrix inversiont* The existence of an iterative procedure is
assumed in whicm steps have been carried out. The itera-
tive procedure has led to the plane-wave componeifits
and ¢{" of the reflected and transmitted velocity potentials,
respectively. The corresponding field values are

= [ ot e+ i ai,
Xe ,{7/1, (20)

{Pgn) ,Vgn)}: f Jl ‘{pgn) ,Vgn)}eik;-x dk, dky,

For the search directions the conjugate gradient directions

are taken?
1 A(n) 1
gg])v SEDHV )+mgpnv ', n=2, (13
gbv=Shy (14
where the symbols{,=
directions
SE(X) = f, 5/[Klp,v(x/aX)':(ln)*(X')
X e’

*

+Kop (X' X)FPV* (x)]dx' | , xe.”,
(19
(the asterisk denotes complex conjugatrd
A= [ (sl (16
Xe.s

Xe s, (21
where
{pi" V"t =i{wp1 ki } "
" " =i{wpy k" (22

S(Pn,)\/(x) denote the steepest-descent The plane-wave vectork; and k; indicate plane waves

traveling away from?”:

ki =(Ky Ky Kz 1), (23)
with

Ky1=(0?p1ri— K= k9M  R(k,1),3(k,)>0, (24)
and

Ky = (Ke, Ky, —Kz2), (25)
with

Kz2= (wzpz'\’z_ k>2< - k§) vz

The integrated squared error Ef®Rin the boundary condi-

R(kz,2),I(k;2)>0. (26)

The variational parameter resulting from the choice for thelions aftern steps of iteration is

conjugate gradient directions is given by

7](n)=A(n)/B(n), (17
with
B~ [ (P 19
Xe.s
The error decreases at each iteration step according to
AP
ERR"=ERR"" - 7. (19)
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ERR" = f JUFEEHR 2, 27
Xe.”s

in which the deviationsF"=F"(x), F"=F{M(x) are
given by

FE'=Y54Pi+PM—P"),

28
F(n)_zllz (Vi+V§n)—V£n)). ( )
In going from the(n—1)st step to thenth, we use
-1
¢ =i U+ n Mgl (29
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where7(" is a variational parameter to minimize ERRand  used. This results in the so-called point-matching technique,
g(”)— (”)(kx,ky) are the search directions. Upon using Eqg.where the integrations are performed as simple summations
(29) it can be shown that of the discrete function values. If piecewise polynomials are
used for both the weighting functions and the description of

Fen=Fey" = 7MEy, (30) :
; ; ; the surface, then the subintegrals of the CGR method can be
where evaluated analytically. The CGR scheme was implemented
" for two different weighting functions: the Dirac-impulse
fi=—j a)plYéIZJ’ j giMelki X dk, dk, function and the piecewise constant function. The implemen-

tation for different weighting functions also provides a con-
w - venient check for the required spatial integration step size. If

+in2Y(1)/2J’ j giMe'k2 * dk, dk,, (31) the root-mean-square difference in the solution for Dirac-
T weighting and piecewise constant weighting was larger than,

o - say, one percent, then the step size was rejected as being too
= —ich)lzj f v-k{ gMe'k * dk, dk, large.
w o B. Integrals of Green’s functions
+iz},’2f f v-k; gMe'k2 X dk, dk, . (32) , _ ,
—w The Hankel functions of the integral equation methods

ere calculated by using the polynomial descriptionéRef.

For the search directions the conjugate gradient direction 5, pp. 369370 Although the latter expressions are in-

are taken tended for real-valued arguments, complex arguments with
() (-1 ™ relatively small imaginary parts also may be used. For the
9t=St  Tam oot . N=2 (33 absorption typically found in soft human tissue, these expres-
sions are accurate to about seven significant digits, where

g =s9. (34 recursion relationgRef. 15, pp. 385—386were used as ref-
where the symbols(”)— (“)(kx,k) represent the steepest- erence. When applying the Dirac-_vveighting fL_mction.s_, ex-
descent directions ceptions have to be made for the integrable singularities of
the integral equation kernels, which were evaluated by using
sV=| —iw YllzJ' F* oiky X gy a piecewise constant weighting function. These singular parts

' Pito xes © of the integrals were evaluated analyticdfifthe subintegral

of the singular derivative of the Hankel function was as-
(35) sumed to be zero.

*

S+
IZl/ZJ V_ki%—F%n)*elkl X gx
Xe.

C. Spatial discretization

+in2Y3/2J (/,F(Pn)* ez X dx Experiments with the spatial step size showed that, for
X< small to moderate surface slopes, the calculations gave con-
sistent results for a spatial integration step siwe<0.2\,
where\ is the smallest wavelength in both media. For larger
surface slopes the discretization in thelirection should be
and smaller. As an alternative, the discretization can be carried
o out with constant step size along the surface. To study the
A(“)ZJ f (Is" P12+ |s(" V|2 dk, dk, . (37 behavior of the methods for varying surface characteristics,
o surfaces with different correlation lengtts and different
The variational parameter is given bV =AM/B(™ where  root-mean-square surface heightsvere generated. The ir-
regular interface has a surface height with a Gaussian rough-
B<“>:j (| F9712+ | £5V[2)dx. (38)  ness spectrum, as described by ThofSds surface realiza-
xe.s tion with correlation length. =1 mm and rms surface height
Again a decrease of the error is obtained: h=0.5 mm is shown in Flg 1. The convergence of the CGR
ERRV<ERR"™ Y. The transmitted field follows from method is primarily governed by the maximum surface
evaluation of Eq(21). slope® Therefore the ratid/L was used as one of the inde-
pendent parameters. The other independent parameter was
the correlation lengtih.. Forh/L=<0.5, 512 surface points at
a step siz&Ax=0.2\ were used, witthh = 27/(w+/psk5) the
A. Weighting functions wavelength in medium 2. Fan/L=1,1024 surface points

Some issues concerning the 2-D implementation are preWIth Ax=0.In were used.

sented. To be able to make a fair comparison between t
integral equation methods and the plane-wave method, th
same spatial weighting function was used. For the compari- The CGIE method uses the same function spaces for the
son described in this paper, Dirac-impulse functions wereesiduals as for the search directions. For the CGR method

siV=

*

+izg? f v-ky F{V* ez * dx (36)
Xxe.s

IV. NUMERICAL IMPLEMENTATION

. Spectral discretization
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iteration n+1 Number of propagating modes
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FIG. 2. Residual error ERR of the CGR method as a function of the FIG. 3. Final residual errof ERR of the CGR method as a function of the
iteration numbem with parameter the ratio, the total number of plane humber of propagating modes. Evanescent modes are omitted. The dashed

waves taken into account divided by the number of propagating wavesine corresponds to the number of propagating modes for the discrete Fou-
L=A=0.294 mmh=\/2=0.147 mm. rier transform: N,Ax/\, with N,=512, Ax/A=0.2,L=1 mm,h=0.5 mm.

however, residuals are calculated in the spatial domain

whereas, the search directions are calculated in the s ectrmlOre If the number of modes is larger than the number of
e o PeCRlodes for the discrete Fourier transform. Taking the spectral
domain. This leads to an additional degree of freedom with

. . . o stepsize corresponding to the discrete Fourier transform turns
respect to the discrete implementation. However, it will be P P 9

seen that the discretization in the spatial domain rescribeOUt to be very convenient in practice. It allows a direct cou-
) . . patial 0 P Sling of the rough surface calculation method to FFT-based
the choice for the(optimum discretization in the spectral

residual error ERR at iterationn is defined by
ERR™
ERR,

where ERR s the initial error ERE for a zero initial guess,
i.e., X{%,=0 (CGIE) or ¢{9=0 (CGR). The ratior is intro-
duced as thaotal number of modes taken into account di- In the previous subsection, the inadequate convergence
vided by the number opropagating modes. In fact, the of the CGR method was mentioned in the case that evanes-
graph of Fig. 2 shows the convergence properties for a fixegent modes were included. If the problem would have been
spectral step size with the number of modes as parameter. $plved with direct matrix inversion, then the matrix would
can be seen that the error reaches a certain minimum vald@ve been found to be very ill condition&@lll-conditioned
after some iteration steps, where the minimum is lower ifmatrices often lead to badly converging conjugate gradient
more modes are included. However, it can also be seen thachemes?® Therefore, a modification of the scheme was
the convergenceate strongly decreases if becomes larger searched for by employing well-behaved matrix elements.
than unity, i.e., if more evanescent modes are included. In th&he modification was implemented along the lines of Ref. 18
next subsection it will be shown how a preconditioning op-by using a preconditioning operatBrthat approximates the
erator can improve the convergence considerably for thigverse operator of the problem at hand. The conjugate gra-
case. However, in almost every case occurring in our applidient directions for the preconditioned scheme become
cation, we found that the use of propagating modes only, n

the discrete Fourier transform, i.&Ak,=27/(N,AX). The
12 number of unknowns then becomedl2if all modes are
' (39 used and M, Ax/\ if only the propagating modes are used.

eRRo=|

E. Preconditioning

A
leads to a sufficiently small residual error. If we omit the  g{V=pP*Ps\ Y+ g7, n=2, (40)
evanescent modes altogether, the question remains what the A
desired number of propagating modes is. To this end, all gV=P*Pg9, (41)

modes up to the evanescent mode limit were used where the

mesh size in the discretized spectral domain was varied. ThighereP* is the adjoint ofP and where

is equivalent to varying the number of propagating modes, %

which is shown in Fig. 3. The dashed line indicates the num- A<”):f f (IPs" Y12+ |Ps"V[2)dk, dk,. (42

ber of propagating modes corresponding to the discrete Fou- o

rier transform, for a given spatial stepsize/wavelength ratioVarious preconditioners were evaluated. A preconditioner
Figure 3 shows that the residual error is not improved anywhich gave useful results is the inverse of the diagonal from
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r=1.4,P r=1.4, NP

z {mm)

r=1, NP 4
r=1,P

residual error
-
(=]
T

_2 .
10° 10' 10
iteration n+1

x [mm]

] ) o FIG. 5. Pressure magnitude field of array transducer for a plane interface
FIG. 4. Residual errof ERR of the CGR method with preconditioning separating two media. The array transducer is positioned=a0 mm and
(indicated by P and no preconditioningindicated by NP as a function of  radiates into a medium with parameters=1550 m/s,p,=10° kg/n® at a
the iteration numben, with parameter the ratip, the total number of plane  frequency of 5 MHz. The parameters of the second mediuntad 473
waves taken into account divided by the number of propagating wavesg/s, p,=10%g/n?. The attenuation in both media is 0.5 @8h MH2). The
L=A=0.294 mm,h=\/2=0.147 mm,N,=256. focus is atz=—40 mm.

the direct matrix inversion method of our least-square miniyronic focus is at deptz=—40 mm (that is, at a distance of
mization procedure. Then, the preconditioners are defined by mm from the array in a medium with the parameteps
and ;. The array elements radiate with equal magnitudes of
f (| Yollwps|? normal surface velocity. The frequency is 5 MHz and the
xes sound speeds are;=1550 m/s andc,=1473 m/s, i.e., a
-12 - sound speed contrast of 5%. The densities @rep,=10°
S (43) kg/m®. The attenuation is 0.5 d&m MHz). Note that due to
the attenuation the compressibilities are complex valued. The
5 values for the reference admittanég and the reference im-
LE'(/,(|Y0||‘°F’2| pedanceZ, were taken to be the geometric means of the
admittances and impedances of both media.

n)_

P

+]Zo/ |-k |2)] €1 42 dx

P =

-1/2

+1Zollv-ky [P)le*2 X2 dx| . (44)

B. Performance

In Fig. 4, the convergence of the preconditioned scheme is The sound propagation through the irregular interface
compared to the convergence of the standard conjugate gravas analyzed with the two iterative methods and a phase-
dient scheme. From this figure it can be seen that the precoscreen approximation, where the results of the direct integral
ditioning indeed has a positive effect on the convergencequation methodDIE) were used as a reference. The eva-
rate. It can also be seen, however, that there is little differ-
ence in convergence if evanescent modes are omitted. _g
Schemes which are already well behaved, such as the CGR
method with omitted evanescent modes, apparently are not -sot
substantially improved by using the preconditioner. How-
ever, the very ill-conditioned CGR method with evanescent -4}
modes benefits from the preconditioner.

z [mm]

V. RESULTS
A. Configuration

The methods were applied to surfaces described by -1°r
Gaussian statistical averages, in this case by a correlation
lengthL and a root-mean-square surface heighthe mean
of the surface is at=0. The rough surface is irradiated by an »
array transducer at dep#t+=10 mm. The mean of the inter- %0 20
face is atz=0. The 1-D linear-array transducer consists of
128 radiating elements, each having a width of 0.15 MMgG. 6. pressure magnitude field of array transducer for an irregular inter-
positioned at a grid distandépitch” ) of 0.2 mm. The elec- face separating two media with=2 mm,h=1 mm, CGIE method.

20 30

0
x [mm]

-10 10

1311 J. Acoust. Soc. Am., Vol. 99, No. 3, March 1996 Berkhoff et al.: Propagation through rough interfaces 1311



TABLE I. Residual error ERRY; of the CGR method, the normalized root-
mean-square difference between the integral equation methods and the CGR
methodE g e.cor (0N the rough surfageandEcge.cqr (in the focal plang

and the normalized root-mean-square difference between the integral equa-
tion methods and the phase-screen metBggie.phase screenfor h/L=0.1.

ECGIE-CGFZ ECGIE-CGR ECGIE-phase screen
L [mm] R NG)R (rough interfacg (focal planeg (focal plane
0.2 0.0040 0.0090 0.048 0.062
0.5 0.0013 0.0042 0.048 0.061
1 0.0010 0.0030 0.047 0.060
2 0.0024 0.0055 0.047 0.061

TABLE II. As Table I, excepth/L=0.2.

[}
x [mm)
) . ) . ECGIE-CGR ECGIE»CGR ECGIE-phase screen
FIG. 7. Pressure magnitude field of array transducer for an irregular intert. [mm] R NG)R (rough interfacg  (focal plane (focal plane
face separating two media with=2 mm,h=1 mm, CGR method.
0.2 0.0089 0.022 0.049 0.065
0.5 0.0048 0.012 0.047 0.060
nescent components of the CGR method were not taken into* 0.0095 0.018 0.047 0.062
0.0049 0.0086 0.046 0.063

account, which results in a relatively high efficiency from a
computational point of view. The calculations were run on a

40-MHz Sun-Sparc LX in Matlab 4.2. Within a finite number

of iterations the CGIE method always converged to the re-

sults obtained with the DIE method. Therefore the CGIEtagLE 111 As Table I, excepth/L=0.5.
method will be used as the reference from now on.

A beam pressure plot for the plane interface is shown in Eccie-cor Eceiecer  Ecoie-phase screen
Fig. 5. The beam pressure plots show the incident pressufel™M ERRd:  (rough interface  (focal plang  (focal plang
field P;(x) and the transmitted pressure fid®i(x). The in- 0.2 0.036 0.070 0.065 0.092
terface is shown as a dark line in the figures. The beam 0.5 0.035 0.065 0.050 0.071
pressure plots for the irregular interface obtained with CGIE 1 0.040 0.080 0.047 0.078

2 0.051 0.085 0.047 0.12

(Fig. 6) and CGR(Fig. 7) agree closely.
In Tables I-IV the results are shown for the different
surface characteristics. It can be seen that the residual error
R NG)R of the CGR method becomes larger for lar¢éL
ratios, as was also shown in Ref. 9 for sinusoidal interfacesiapLe v. As Table I, excepth/L =1.
On the surface, the normalized root-mean-square difference

Eccie-cer between the CGR method and the integral equa- " Eccie-cor Eceiecer  Ecoie-phase screen
tion methods has a similar behavior. The CGR residual i¢ (MM ERRcer  (rough interface  (focal plang  (focal plang
roughly a factor 2 smaller than the difference between the 0.2 0.090 0.13 0.078 0.13
two methods. If we assume that the integral equation gives 0.5 0.086 0.17 0.070 0.14
the more accurate result then we can say that the residual of* 0.076 0.22 0.092 0.15
0.058 0.16 0.072 0.39

the CGR method is a good indication of the absolute accu-
racy on the surface. The performance in the focal plane has a

somewhat different behavior. At first sight, the difference

Eccie-cor between the CGR method and the integral equatively large errors at largb/L ratios. The beam magnitude
tion methods does not seem to depend on the surface irregaross sections for the iterative methods are very close, also in
larity for small surface irregularities. As a matter of fact, thethe focal plane. Examples of two beam cross-sections in the
rms difference for a completely flat interface is 0.054. Thisfocal plane are shown in Figs. 8 and 9. Figure 8 shows the
difference is caused by the finite support of the spatial intebeam cross section for a perfectly flat interface, whereas Fig.
grals. At a distance halfway the focal plane, the difference® shows the beam cross section for a rough interface. It
between the iterative methods are smaller. In Tables I-I\&hould be noted that the CGR method can be made more
also the results for a phase-screen approximation are showaccurate than the results of Tables |-IV by using all propa-
The tables show the normalized root-mean-square differenogating and evanescent waves, in combination with the pre-
Ecoie-phases screePetWeeN the phase-screen method and theonditioned scheme.

integral equation methods. The phase-screen approximation As far as the computational efficiency can be evaluated
acts as a local time-shift operator based on travel time diffrom a single numerical implementation, it can be said that
ferences in the two media. Refraction is not taken into acfor the accuracy we desire, the total computation time of the
count in the phase-screen approximation, which leads to rel&€GIE method is much larger than the computation time of
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is the very rapid convergence for media with relatively low
CGR (Fig. 10. There are two reasons for this. First, for the contrast and moderate surface roughness. The advantage is
first few iteration steps, the convergence of CGIE is not ador a large part obtained from the observation that evanescent
fast as the convergence of CGR. Second, the computation #fodes can safely be neglected. Also in the latter case, the
the Hankel functions for CGIE requires much more time thanimethod is more accurate than a phase-screen approximation.
the computation of the exponentials in CGR. However, thd=0or the cases that evanescent modes are required, an efficient
error obtained with the CGR method reaches a steady valugreconditioning scheme has been presented. A further advan-
after a number of iterations, whereas the error obtained witfiage of the CGR method is that it can be directly coupled to
CGIE can be driven to an arbitrarily small value. Our interestFFT-based extrapolation methods. In addition, the implemen-
is in simulation of interfaces of moderate surface slopegdation is relatively simpléalso for 3D because of the lack of
separating media with low contrast. Then, the final errorsingular integrands. For improved accuracy and stability the
value which can be obtained with CGR is sufficiently small.Spatial subintegrals can be evaluated analytically for a com-
mon class of surfaces and weighting functions. An often
overlooked advantage of plane-wave methods over Green’s
VI. CONCLUDING REMARKS function methods is that the algorithms can remain un-
Two iterative methods for the 2-D simulation of wave changed for strongly absorptive media. For this condition,
propagation through aberrating interfaces were comparedhe Hankel functions of the integral equation methods should
The iterative plane-wavéCGR) method has a number of be calculated in a more sophisticated way.
attractive features that makes it very suitable for simulation ~ However, if extremely rough surfaces have to be evalu-
through aberrating media in human tissue. A clear advantagated, possibly with reentrant points, then the integral equa-
tion method should be used.
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