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1 Governing equations for acoustic and elec-
tromagnetic waves

1.1 Acoustic Waves

Acoustic waves are mechanical disturbances that propagate in a medium, for
example air, water, or a solid structure such as, for example, the shell of a
ship.

The governing equations that describe how acoustical waves propagate in a
medium are derived from the basic conservation laws for fluids and the laws of
thermodynamics. The detailed derivation can be found in many books (see,
for example, Pierce [8], LD Landau and EM Lifschitz, Fluid Mechanics).
Here we shall just give the main steps.

For a fluid with density p and velocity v, the conservation of mass in the
non-relativistic case is expressed as:

%%—V-(pv):o (1.1)
In the presence of a mass source, the r.h.s. will be non-zero. If we have an
ideal fluid, i.e. with zero viscosity, the surface force F is directed normally
into the surface, so Fy = —np, where p is the pressure. With this assumption
and neglecting gravity and any other external forces, the conservation of
momentum is expressed as:

0
p (0_\1: +v- VV) =-Vp (1.2)

In general, for a system in local thermodynamic equilibrium, an equation of
state will hold, whereby a function of state can be expressed in terms of any
other two. We shall use the equation of state that relates the pressure to the
entropy S and the density p of the system: p = p(p, S), where the entropy is a
measure of the disorder of a system and is such that, for a reversible process,
the differential change in entropy equals the differential change in absorbed
heat divided by the system temperature: dS = d@Q/T. If one can ignore any
heat flow (so no temperature gradient imposed externally, gradient of the
fluid small), then the fluid motion is adiabatic and the entropy is constant,
So (isentropic process). In this case

p = p(p,S) (1.3)

and depends only on the density.
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1.1 Acoustic Waves

If sound, i.e. acoustic disturbance, is regarded as a small-amplitude pertur-
bation of an ambient state (po, po, Vo), then when the disturbance is present
one has

p=po+0; p=pot+p; v=vo+V,

which also satisfy the conservation laws:

a + i / /
AOL) L5 () =0 (1.4
/ av/ / / /
(po+p)(§ +V-VV)=—V(po+p) (1.5)
and
po+p = p(po+ ', So) (1.6)

Here vy = 0, so this derivation applies in the absence of mean flow. We shall
also take the fluid to be homogeneous so py and p, are constants related by

po = p(po; So)-
If p’ is expanded in a Taylor series in p':

p_ (o) S L(PP\
/= (5), 43 (G9)

by using this expansion in the above equations and truncating to first order
we obtain the linear acoustic equations

op’ )
I . p— 1-
T +pV-v =0 (1.7)
ov’
_— = — / 1
£o ot Vp ( 8)

/ 6]9) / 2 4
= — = C . ].9
p <9 0/0 p (1.9)

The quantity ¢ introduced in (1.9) is denoted speed of sound for reasons that
will become clear once we obtain the solution to the equation governing the
time evolution of the acoustic pressure p. The factor of proportionality pc,
equal to the ratio between pressure and velocity, is called characteristic
tmpedance of the medium. Let’s now use (1.9) in (1.7):

10p

- L V-vV=0 1.10
C2 at +p0 v ( )
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1.1 Acoustic Waves

If we then take the partial time derivative of (1.10) and use (1.8), we obtain
the wave equation for the acoustic pressure:
1 0%p
2
——=—=0 1.11

P 25p ’ (L.11)
where we have now dropped the primes.
The wave equation can be formulated alternatively in terms of a wvelocity
potential. If we take the curl of (1.8) and use the vector identity V x (V) =
0, valid Ve, it follows that (again dropping all primes)

IV xv)

=0
ot ’

i.e. the vorticity (V x v) is constant in time. Therefore the velocity field is
irrotational (V x v = 0) if it is irrotational initially, and we can introduce a
velocity potential ¢ by writing

v =Vo. (1.12)

Note that v = V¢ + v will apply if the fluid is initial moving with velocity
Vp. Substituting (1.12) in (1.8), we obtain

_ 99
P=pogy (1.13)

Now, using (1.12), (1.13) and (1.9) in (1.8) gives

1 0%¢
2
——=—=0 1.14
which is the wave equation in terms of the velocity potential.
A general solution of (1.11) is

p:f(t—§)+g(t+§), (1.15)

where f and ¢ are arbitrary functions which will be determined by initial
and boundary conditions, and & is the coordinate along which the acoustic
pressure varies, i.e. the direction along which the acoustic disturbance trav-
els. This solution is the sum of two waves travelling at speed c in the +¢ and
—& direction respectively.

In an arbitrarily oriented coordinate frame, if n is the unit vector in the
direction of increasing &, then at a point x we can write £ = n - x. If one
assumes, as is usually appropriate from physical considerations, that there
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1.1 Acoustic Waves

exists a time ty in the past before which the wave hasn’t arrived and all field
quantities are zero (causality), then the solution reduces to waves travelling
in the positive direction:

p:f(t—n'x> . (1.16)

Cc

For an acoustic disturbance of constant frequency, the field variables oscillate
sinusoidally with time, so

p = |A| cos(wt — ) = Re{Aelir~t)} (1.17)
where w = angular frequency,
¢ = phase,
2m )
and we have T = — = period,
w
f = “ frequency.
2m

If a sinusoidal wave p = |A| cos(wt) travels in the n direction, then we must
have p = f(t —n-x/c), and consequently

n-x

p = |A|cos [u)(t - —)] — Re{e @~} = Re{ek* 4t} | (1.18)
c

where we have used the wavevector k = “n. The above rightmost expression
is the one usually and most conveniently used in practical calculations.

NOTE: Even though the physical quantity is given by the real part only,
full complex waves are normally used in calculations, and the real part is
subsequently taken as appropriate. Consequently, if the acoustic field is
expressed in terms of a complex velocity potential ¢, we should be careful to
take

p = Reliwpy exp(—iwt)]

v = Re[V¢exp(—iwt)] (1.19)
when dealing with real physical quantities.
Any acoustic disturbance p(x,t) can be written as a superposition of time-

harmonic waves 1.17. This can be done using a Fourier transform (as long
as | p(x,t) | and | p(x,t) |€ L?):

p(x,t) = % /_OO p(x,w) exp(—iwt)dw (1.20)
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1.1 Acoustic Waves

where | e
p(x,w) = 2—/ p(x,t) exp(iwt)dt (1.21)
T —0o0

If we substitute a harmonic wave p = ¢**~“! in the wave equation (1.11)

(noting that Re{-} and £{-} commute), we obtain

2
w
§p+v2p:0,

or, by using the wavenumber k = <
(&

Vip+kp=0. (1.22)

This form of the wave equation, suitable for time-harmonic waves, is
usually called the Helmholtz equation, or reduced wave equation.

When considering time-harmonic problems then, it is usual (and obviously
very convenient) to drop the time-dependent part of the wave altogether.
This is possible, at least for part of the calculations, in the case of a non-
monochromatic wave, by decomposing it into monochromatic waves using
Fourier analysis. Since the wave equation is linear, each Fourier component
obeys the Helmholtz equation, and the total field can be reconstracted after
solving the scattering problem for whatever boundary conditions on any finite
surfaces are appropriate. In this case, though, it is not possible to express the
causality condition in the same way as before. Causality then is expressed by
the integrability condition implicit in assuming that a Fourier representation
of the wave exists. What was introduced as a condition in time (initial value),
and cannot in that form be readily applied to a superposition of stationary
waves, is equivalent to a condition in space (boundary condition at infinity):

p(x) = O(| x| 7/?) (1.23)

or, more usually:

x| (%p’i“) - ikp(x)) 0 (1.24)

uniformly as | x |— oo. This is the Sommerfeld radiation condition,
and it expresses the requirement that the field should contain no incoming
waves as | x|— oo. In general, integrability, hence causality, will also result in
restrictions imposed on the contour chosen for the integration in the complex
plane.
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1.2 Electromagnetic waves

In this section the wave equation obeyed by electromagnetic waves is derived,
and we introduce the general scattering problem for electromagnetic waves.
We shall begin with Maxwell’s equations for an electromagnetic field in a
generic medium with permittivity € and permeability p, in SI units (also
sometimes called MKS):

0B
E = —— 1.2
V x oy (1.25)
V-B = 0 (1.26)
oD
V-D = p, (1.28)

Here E is the electric field intensity, B is the magnetic induction, H is the
magnetic field intensity, D is the so-called electric displacement, J is the
current density, and p is the electric charge density. These quantities are
related by

D — cE+P (1.29)
B = tH+M, (1.30)

where P is the electric polarization and M the magnetization.
In free space, we have P = 0 and M = 0, and Maxwell’s equations reduce to

OH
E = —pug— 1.31
V x o5y (1.31)
V-H = 0 (1.32)
OE
VxH = 605 (133)
V-E =2, (1.34)
€0

where €y and py are the permittivity and permeability of free space respec-
tively.

It is straightforward to see from the Maxwell equations that there exist
scalar and vector potentials for the electromagnetic field. Since V-B = 0,
d a vector field A such that

B=VxA. (1.35)
Using this in the first of Maxwell’s equations shows that E must satisfy:
0A
E=-VV - — 1.36
at Y ( )
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1.2 Electromagnetic waves

where V' is a scalar field. A and V' are not unique. It is always possible to
find an arbitrary scalar ® such that the vector

Ag=A -V
also satisfies (1.35) giving the same B, and the scalar
od
Vo=V +—
T

gives the same E. This is a gauge transformation, and any particular choice
of ® is a choice of gauge.
We shall see that the electric field E and the magnetic field B obey a wave
equation equivalent to that derived in section 1.1 for acoustic waves.
Let us derive the wave equation first in free space, i.e. and in the case when
there are no charges nor currents: p = 0,J = 0. We shall start with equation
(1.27), which in this case becomes:

VxB= MOEO%—E; (1.37)
Noting that V x {-} and %{} commute, if we now apply % to (1.37), and
use equation (1.25), we obtain

O*E

V X (VXE) :MOGOW

(1.38)
and, since V- E = 0 in this case, and poeg = ¢ 2, where c is the speed of
light, we arrive at the wave equation for E
1 0°E
VZE-——>=0. 1.39
2 Ot? ( )
It is straightforward to derive a wave equation of the same form for the
magnetic field B. A wave equation for E can be similarly derived in the
more general case were charges and currents are present, and has the form:
1 O’°E oJ
V°E - == =¢"'Vp+ o=, 1.40
c2 Of2 €o P T o ot ( )
where the r.h.s. represents source terms due to charges and currents. A
similar equations for B also applies.
We notice here that the vector product E x H has the dimensions of an
energy flux. It is indeed taken as the energy flow at a point (even though it
is not unique), and is called Poynting vector:

1
S=ExH=-ExB (1.41)
W
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1.2 Electromagnetic waves

The Poynting vector gives the direction of the energy flow. Similarly to acous-
tic plane waves, an electromagnetic plane wave shall be written E(r,t) =
Eo(t)e’™®*, from which we can see that for plane waves the energy flow is
perpendicular to the wavefront, and the energy travels in the direction of the
wavevector k. Note that, even though the functional form of an electromag-
netic plane wave is the same as that of an acoustic plane wave, electromag-
netic waves are vector waves, so all the equations are vector equations.

For a time-harmonic field E(r,t) = Re{E(r)e ™'} we can derive, as in the
case of acoustic waves, a reduced wave equation: the Helmholtz equation for
electromagnetic waves

V2E(r) — K*E(r) =0, (1.42)

where k% = w?pe.

The radiation condition for electromagnetic waves can be expressed (as
before) in terms of the scalar and vector potentials, but is usually more
conveniently expressed in terms of the field components:

|"E|< K, |TH |< K

r(E+ Z, xH) — 0, as|r|— o0, (1.43)
r(H—1, xE/Z)) — 0, as|r|— oo, (1.44)

where Zy = \/11/e = impedance of the medium.

Polarized waves

Plane waves solutions of (1.40) or (1.39) and their equivalents for the mag-
netic field are again fundamental in practical applications, as in the case
of acoustic waves, either because only far-field solutions are of interest, or
because any wave can be represented as a superposition of plane waves.

Of particular interest are plane waves which are linearly polarized. Two kinds
of linear polarizations are possible. Let’s take Cartesian coordinates and a
plane wave with direction of propagation k in the (z,y)-plane. Then, either
the electric vector E is parallel to the z-coordinate:

E=2%2FE, , E-polarization (1.45)

or TM wave
or:

H=2zH, , H-polarization (1.46)

or TE wave .
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1.2 Electromagnetic waves

When talking of " direction of polarization”, one normally refers to the di-
rection of E (but note that the opposite convention is sometime found in
the literature). It is immediately apparent that in many scattering problems
with linearly polarized waves, the vector wave equation will reduce to a scalar
equation for either E, or H.,.

For example, if a TM wave is incident on a surface that can be described by
S = f(p, ¢) in cylindrical polar coordinates, independently of z, then for this
scattering problem the incident field is given by

Einc o iEmc Hinc _
= M =

Y Eznc Eznc

kLZ (aa; % aa; y) , (1.47)
where Z = \/m is the surface impedence, and depends on the properties
of the two media and the surface, and usually varies with the incoming field
at each point. In general, Z is also a function of frequency and angle of
incidence.

Since the boundary conditions are independent of z, then the scattered field
must also be E-polarized, and of the form

i (OFE:* oE:
ESC — ’*ESC HSC —_ Z S Z & 14

therefore the scattering problem reduces to finding the scalar function EZ¢
and is analogous to the problem of an acoustic field scattered by a soft sur-
face. Similarly, the case of H-polarization is analogous to that of an acoustic
field scattered by a hard surfaces. All problems where the scatterer is ax-
isymmetric and the incident electromagnetic field is polarized in the direction
parallel to the axis of symmetry therefore reduce to a scalar problem.
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1.3 Boundary conditions

The constraints imposed on the solutions of the wave equation at a surface
must reflect the nature of the solid object defined by the surface or, if the sur-
face in question is an interface between two fluids, the different characteristic
properties of the two fluids.

If the surface is perfectly reflecting, (for acoustic waves) or perfectly conduct-
ing (for electromagnetic waves), i.e. the tangential component of the total
electric field at the surface is zero:

E-(E-nn=0, (1.49)

then two cases are possible:
Neumann condition, when the normal derivative of the potential field is
given at the boundary, i.e., if n is the unit normal pointing outward from the

surface:

O (r)

on

For acoustic waves, this corresponds to an acoustically hard surface, or in the
case of electromagnetic waves in 2D, to a vertically polarized electromagnetic
wave on a perfectly conducting surface.
Dirichlet condition, when the value of the potential field is given at the
boundary:

=0, ronS. (1.50)

Y(r) =0, ron S. (1.51)

which, for acoustic waves, corresponds to a pressure-release or acoustically
soft surface, and in the case of electromagnetic waves corresponds to a hor-
izontally polarized electromagnetic wave in 2D on a perfectly conducting
surface.

In most real cases the surfaces is neither perfectly reflecting, nor perfectly
conducting, and the boundary condition is of mixed type:

Cauchy condition (also called Robin, or impedance boundary condi-
tion). In this case both the potential and its normal derivative are different
from zero at the boundary, and the boundary condition is then expressed as
an equation relating these two quantities:

O
on
For electromagnetic waves the boundary condition relates the tangential com-

ponent of the electric field at the surface to the normal component of the
magnetic field at the surface:

(r) =iZ(r,w,d,..)¢¥(r) ron S. (1.52)

E—(E-nn=Z(r,w,0,..)nxH (1.53)
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Here Z depends on the properties of the two media and usually varies with
the incoming field at each point. In general, 7 is also a function of frequency
and angle of incidence.

The impedance boundary condition can also be expressed as

nxVXxEr=iZnx (E xn)

in a form similar to the one for scalar waves.
Exact boundary conditions at an interface between two media are given by
the jump (continuity) conditions:

P11 = patho
o Oy op®
on  On On (1.54)

where the subscripts 1 and 2 refer to the two media, and we take n as the
normal directed into medium 1.

For electromagnetic waves, the boundary conditions at an interface are con-
tinuity of the normal component of B and the tangential component of E:

n X (E2 — El) =0 s (156)

plus
<D2 — Dl) n = P (157)
nx(H,-H) = Jg, (1.58)

where p, is surface charge and Jg surface current.
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1.4 Green’s functions

In most problems of practical interest in acoustics, there will be one or more
sources of sound, and the space where the problem needs to be solved will
include one or more surfaces. Consequently, the differential equation to be
solved will be an inhomogeneous version of (1.11) or (1.22), and the solutions
will be subject to other boundary conditions in addition to (1.24). In general
the problem in question will then be defined by a differential equation

V2p(x,t) + E*p(x,t) = f(x, 1), (1.59)

together with boundary conditions on one or more surfaces and the Sommer-
feld conditions. It is usually not easy to find solutions for such boundary
value problems, but the task is greatly facilitated by the use of an auxil-
iary function associated with the differential equation, known as Green’s
function.

In order to illustrate the concept of a Green’s function, and provide the means
of constructing Green’s functions for different problems, let’s first write (1.59)
in operator form as

Lp(&) = f(£) (1.60)

where L is a linear operator, p the unknown function, and f is a known
function determined by the source. The variable ¢ denotes a point in an
n-dimensional space which can include time as one of the coordinates. The
solution of (1.60) can be sought in principle by finding the inverse of the
operator L,

p(€) =L f(©) , (1.61)

but this is so far not particularly useful in practice. Since L is a differential
operator, if L™! exists, it can be reasonably assumed to be an integral oper-
ator. If we assume that L~! is an integral operator with kernel K, i.e. such
that

L1f(e) = / K(€.m)f(n)dy

for any functions f defined in the same domain as p, then we can write

p() = LL'p(€) = L / K (&, m)p(n)dn

Since L is a differential operator with respect to the variable &, we can for-
mally write

plE) = / LE (&, n)p(n)dy
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This can be true only if

LE(&n) =06(n—¢), (1.62)
in which case we can write the solution to (1.60) as
p€) = [ K& prndn (1.63)

The kernel K of the operator L~! is called the Green’s function for the
problem and will therefter be denoted by G(&,7n). We can see from (1.63)
that its knowledge allows us to find the solution of the wave equation for
any known source f(&), at least in principle. Equation (1.62) shows that the
Green’s function is the field generated by a delta-function inhomogeneity, i.e.
the solution of the inhomogeneous wave equation (1.60) with the source term
f=dn—29).

Due to the symmetric property of G-

G(&n) =G"(n,§)

This reciprocity relation means that G(x,y,t,t') can equivalently represent
the field at a point x due to a ’disturbance’ at y, or the field at y due to a ’dis-
turbance’ at x. In other words, the Green’s function is unchanged if source
and receiver are interchanged. We note that, with regard to the time coor-
dinate, the reciprocity implies time reversal: G(x,y,t,0) = G(y,x,0, —t), so
causality is satisfied.

The Green’s function defined above is not unique: it is always possible to
add to it a solution of the homogeneous wave equation, and the result will
of course still satisfy (1.62). The particular solution for the Green’s function
which is independent of any boundary conditions is called the free space
Green’s function, and shall usually be denoted by G¢(§,n). Any other Green’s
function can be written as

where Gy (&, 1) is a solution of

L(&G(&n) =0. (1.65)

When G (&,n) is chosen to satisfy the boundary conditions for the problem,
then G(&,n) is the exact Green’s function for the problem.

We shall derive here the free space Green’s function for time-dependent wave
equation in 1D, i.e. the function G satisfying:
PGr,t ,0°G(x,t)
—c
ot? Ox?

=0(x —y)o(t—7) (1.66)
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If we Fourier transform (1.66) in both space and time, it becomes
—?Gk,w) + ARG (k,w) = e | (1.67)

so the transform of the required Green’s function is given by

R 1 eikye—in
and G(z,t) can be obtained by transfoming back:
1 00 0o efik(xfy)eiw(th)
G, t) = m/_m /_oo e e (1.69)

The integral in (1.69) must be calculated taking care that the contour of
integration is chosen in a way that satisfies the causality condition. As dis-
cussed in section 1.1, this means requiring that the time-Fourier transformed
function G(z,w) must be analytic in Im(w) < 0. Therefore, when integrat-
ing in the complex k-plane, we need to take the limit from below at the pole
k = w/c, and the liimit from above at the pole k = —w/c. In the first case
the contour will have a small indentation above the pole, in the second case,
a small indentation below. With these contraints then, if we first carry out
the inverse in k-space we obtain:

1 00 —ik(z—y) —iwlr—:y‘
G(z,w) / ‘ S (1.70)

Ar2c? J_ o k? — w?/c? ATiwce

The inverse transform in time then gives:

1 () eiw(th

-t _
Glot) = [ o= g (1= 2D

dmic J_o w 2c c

The time (t — 7 — @) is called retarded time, and is the time at which
the disturbance observed at (x,t) has been emitted by the source at (y).

In 3 dimensions, the free space Green’s function for the time-dependent wave
equation is

G(x,t)

t—T1—1/c), (1.72)

~ dmcr
where r =| x —y |,
and the free space Green’s function for the Helmholtz equation is

ezkr

G(z,t) = (1.73)

Amr
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The above represents a spherically symmetric wave, and can be derived as
the wave generated by a source consisting of an oscillating sphere, in the
limiting case where the radius tends to zero. Such source is called a point
source, or monopole. In the case of electromagnetic waves, a point source
is equivalent to a charge.

It is instructive to consider a source Q(r), uniformly distributed within a
sphere. The Helmholtz equation for the wave field is then

V2p(x,w) + E*p(x,w) = Q(x) . (1.74)

This can now be written, using (1.63), as:

pcw) = o= [ Q) (1.75)

Tan ) r

If the radius of the sphere r’ is very small, so ' < r, then we can expand
(e*m=""1/(| » — ' |) in a power series:

(e = V(fr =" ]) =
eik’r , eikr 1 . ) eikr
e () ()

If we substitute this expansion in (1.75), we obtain:

ikr ikr eikr

(& (&

p=CQo

r

The coefficients @y, @; and Q;; (obtained by integrating over the volume

of the sphere containing the sources), are called respectively monopole,

dipole and quadrupole strength, and the series just obtained multipole
expansion.
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1.5 The Kirchoff-Helmholtz equation

1.5 The Kirchoff-Helmholtz equation

By using the Green’s function it is possible to derive an integral form of the
Helmholtz equation, which facilitates calculations of sound propagation and
scattering, and allows sources and boundary conditions to be treated in a
simple and convenient way.

In order to derive this integral equation, we shall first recall the following
vector identities. Given any two function f and g, we have:

V- (fVg) = fVig+(Vf) (Vg). (V1)

If fVg is a vector field continuously differentiable to first order, which we
shall denote by F = fVg, then we can apply to it the following theorem,
which transforms a volume integral into a surface integral:

Gauss theorem IfV is a subset of R, compact and with piecewise smooth
boundary S, and F is a continuously differentiable vector field defined on v,
then

/V-FdV:/F.nds, (V2)
\% S

where n 1s the outward-pointing unit normal to the boundary S.
In R?, for an F; = fVg and an Fy = gV f, we have, using V2 and V1:

/V[fV2g+(Vf)-(Vg)} dv = avag-nds, (1.77)

/V[9V2f+ (Vg)- (V)] aV = /WgVﬁndS, (1.78)

and subtracting (1.78) from (1.77) we obtain:

/(fV29—9V2f) dV:/ (fVg—gVf) -ndS . (1.79)
\% oV

This result can be used can be used to solve a general scattering problem, in-
volving one or more sources and write the solution in terms of the (unknown)
field and its normal derivative along the boundary. The integral equations
obtained can in principle be solved to find these unknown surface field val-
ues. This approach applies whether the problem involves an interface with a
vacuum or with a second medium.

Consider first a finite region V' contained between two smooth closed surfaces
So and Sj, and containing a source Q(r).

Part IIT - Classical Wave Scattering 18 O.Rath-Spivack@damtp.cam.ac.uk



Copyright © 2007 University of Cambridge. Not to be quoted or reproduced without permission.

1.5 The Kirchoff-Helmholtz equation

Let G be the free space Green’s function, and v the solutions to the inho-
mogeneous equation

V2 + K = Q(r) . (1.80)
Using the vector identities introduced above, we can write:
oG 0
/ (VV?G — V*G) dV = / <¢— — —wG> ds | (1.81)
\% So+S51 on on

where we have used d/dn = n-V. If we let the outer surface S; go to infinity,
then, provided ¥ obeys the Sommerfeld boundary condition at infinity, then
the integral over S vanishes.

Substituting in (1.81) the expressions for V21 and V?G obtained by the
appropriate wave equations, i.e.

VG = 0(r—71) - kG
V3 = Q(r) - k™

we obtain
/ / / / r a_G . 8_1/} s
/Vw(r )o(r —r') — Q(r")G(r,r")dr’ = /50+sl (1/1 o 8nG> ds . (1.82)
But
Pi(r) = /‘/Q(r’)G(r,r')dr’. (1.83)

is the incident field 1; inside the volume V. Using this result, then, we can
write (1.81) as

vir) =) + [

So

0G(r,rg) O

{w(rO)T - %(rO)G(r,ro)] dry .  (1.84)

This is the Kirchoff-Helmholtz equation, an integral (implicit) form of
the Helmholtz equation, which is of great practical use in calculating the field
induced by sources scattered by finite boundaries.
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1.5 The Kirchoff-Helmholtz equation
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2 Canonical cases

2.1 Scattering from a flat surface

Consider first a time-harmonic scalar (acoustic) wave potential ¢ exp(—iwt)
of frequency w in a 2-dimensional medium (z, z), having density p, sound-
speed c. In what follows the time variation e~™! will be suppressed. It is
useful to start by considering the elementary problem of plane wave reflection
by flat boundaries. Suppose therefore that the boundary between two media
(say medium 1 and medium 2) is an infinite flat surface at z = 0. and suppose
1) is the solution due to a wave v; incident on this in the first medium:

¥; = exp(ik|xsinf — z cos 0))

with reflected and transmitted fields 1, ¥ respectively.
Define the scattered field 1s(z, z) in medium 1 by

Vs =1 — ;. (2.1)
Then 1, ;, 15 obey the wave equation
(V*+ k) =0. (2.2)

Suppose the lower medium has density ps, wavespeed ¢y, and corresponding
wavenumber ky = w/cs. Denote the total transmitted field in medium 2 by
1¥® | so that this obeys the wave equation

(V2+ k)@ =0. (2.3)

By the wave equation above and the radiation condition (i.e. reflected and
transmitted waves consist of outgoing waves only), the scattered wave has
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2.1 Scattering from a flat surface

the form of specular reflection
ws _ R(e)ez(lm sin 0+kz cos 0) (24)

where R is the reflection coefficient. If the lower medium is not a vacuum we
also have

¢T _ T(Q)ei(kmsine—zq) (25)

q=\/k3 — k2sin? 0.

Writing ¥ = v; + ¢ and using jump conditions (1.54) we obtain

where

a—1
R =
a—+1
2 2k cos 6
T - pa LR (2.6)
p2(a+1)  qla+1)
where
pok cos 6
o=—"=—
Pq

The two perfectly reflecting cases can be recovered from this as ps — 0 or
p2 — 00, or by using the boundary conditions (1.51), (1.50) directly in (2.4).
Thus Dirichlet (¢ = 0) gives R = —1, and Neumann becomes R = +1.

Total internal reflection: Suppose that the sound-speed is greater in medium
2, ¢ > c¢. Then ky < k and we can have total internal reflection. From (2.5)

2
@ =k [(i) — sin? 9]
Co

so that when 6 > arcsin(c/cs) (critical angle) ¢ becomes imaginary, and we
shall write ¢ = ia(f) where a(f) is real. We must choose the positive root
to obey radiation conditions, and 7 is an evanescent wave, i.e. it decays
exponentially away from the boundary,

wT — Teik:x sin 0+za

(This form is also referred to as an inhomogeneous plane wave, and it may
be considered as propagating at a complex rather than a real angle.) We find
in particular that at the critical angle ¢ vanishes, and we have

R=1T=2.
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2.1 Scattering from a flat surface

Thus the interface appears as rigid when viewed from medium 1, but excites a
non-zero transmitted component. The question then arises of what happens
to the energy at the interface.

Energy flux

Since we will be looking for solutions to the scattering problem in terms of
plane waves, it is important to consider the energy carried by plane waves
across a given plane.

Remember that we started this course by deriving the wave equation from the
linearised versions of the equations of mass and of momentum conservation
for a fluid. An equivalent conservation equation for the energy can also
be written, and is very helpful when trying to describe and understand the
properties of sound fields.

Let us take the linearised momentum conservation equation in the absence
of external forces (1.8), and dot multiply it by v:

ov
ot

where we have dropped the primes. Using now the vector identity A.4 and
the linearised mass conservation equation in the absence of external sources
(1.7), together with the relationship p = ¢*p, we can re-write this as:

2G)-GE e e

which can be interpreted as a conservation law for the energy, where

1

pov-—+v-Vp=0, (2.7)

3 pv® = acoustic kinetic energy density

1 p? . . .

5@ = acoustic potential energy density
vp = acoustic energy flux

The relevant physical quantity of interest for time-harmonic fields is the
time-averaged energy flux:

T
2
E = ?/o vpdt , where T' = g (2.9)

From 1.19 (which gives p and v in terms of the wave potential ) and sincen-

V = a%, we can therefore calculate the time-averaged energy flux (at a point)
in a direction n for a wave :
pw L0
E = —— — 2.10
(o) = =22 {5} (2.10)
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2.2 Scattering from a semi-infinite plane

This is then integrated across the plane to which n is the normal to obtain
the energy per unit area in the direction n. So for a homogeneous plane
wave, say ¢ = exp(ik[zsin(f — z cos(0)]), the point-wise energy flux in the

direction n = —z, across some horizontal line in medium 2, is
k 0
B(p,n) = WTCOSU (2.11)

Note that this is independent of z and z.
Now consider an inhomogeneous plane wave ¢ = exp(ikz sin()+az). Across
the same horizontal boundary, we find that 1*0/0n is real, so that

E(Y,n) =0,

and as we would expect this means that the transmitted field carries with it
no energy.

(Note: What happens if another boundary is present somewhere below the
first? In that case the radiation conditions are replaced by the appropriate
boundary conditions for this interface. Then instead of just a single decaying
wave, there may be in addition an exponentially growing part corresponding
to the negative root of ¢ above. The coefficient of this will depend on the
boundary conditions and the depth of the layer, and the sum of these waves
will again carry some non-zero energy, while the reflection coefficient R will
no longer be unity.)

Finally consider the sum of two homogeneous plane waves, say

_ ik(z sin(61)—z cos(61)) ik(x sin(02)—z cos(02))
@ZJ ae + aqe .

We find that FE is proportional to
|a1|2 COS(@l) + |a2|2 COS(@Q) + 9Tm {alazeik[(sin(eg)—sin(91)):c—(cos(02)—cos(91))z]} '

The last term is oscillatory and vanishes when spatially averaged, so that the
energy in the plane waves adds linearly.

2.2 Scattering from a semi-infinite plane

When looking at scattering from a body with a finite boundary, additional
restrictions may have to be applied. In particular, if the scatterer has a
sharp edge, issues of uniqueness and singularity must be addressed. The
restrictions on the field and its derivative near an edge are known as edge
conditions. The appropriate requirement is that the energy in any finite
region should be bounded, which is equivalent to requiring that the edge
should not radiate energy of its own accord.

Part IIT - Classical Wave Scattering 24 O.Rath-Spivack@damtp.cam.ac.uk



Copyright © 2007 University of Cambridge. Not to be quoted or reproduced without permission.

2.2 Scattering from a semi-infinite plane

Following the derivation in [3], let’s consider a 2-dimensional time-harmonic
plane wave @, exp(—wt) = exp(i(kox cosf + koysinf — wt) incident on a
semi-infinite surface defined by y = 0, x > 0. We shall remove the time
factor e=™* throughout. ¢ is an odd function of y, hence ¢(z,0) = 0 for
x < 0, and we may confine attention to the half space y > 0, since for y < 0,
o(z,y) = —o(z, —y). The governing equation is the Helmholtz equation

¢ 0°
@+8—y2+k8¢:0’y20’ (2.12)
with boundary conditions on the plane y = 0
=0, z<0 ,y=0, (2.13)
o¢ o .
e —ikgsinfexp(ikozrcosd), =>0 ,y=0, (2.14)
Y
and boundary conditions at infinity
¢ ~ _eikomcos9+ikoysin0 + fl(.l‘)@ikox, r — 400 7 (215)
¢~ folx)e ™ x — —o0, (2.16)

for any fixed y > 0, where f; and f, are algebraic functions. The edge
conditions are:

¢  bounded (2.17)
|| = O(z) ,for some a > —1, as x — 0 . (2.18)

The solution is obtained by a straightforward application of the Wiener-Hopf
technique. This is a method for solving partial differential equations by using
the complex Fourier transform, and exploiting their analiticity properties.
We shall therefore define full and half-range transforms as follows:

+oo
Pls,y)= [ dloy)edr = 2(s,y) + Di(s,y) . (2.19)
with
+oo )
<I>+(Say) = ¢($’y)€zsxdl, (220)
0 |
O _(s,y) = / o(z,y)e*dr . (2.21)

If we assign a small imaginary part to kg = k + ic, then we can see that
® (s,y) is analytic for s > —ecosf, and ®_(s,y) is analytic for s < e. The
full-range Fourier transform (2.19) then is analytic in the strip:

S 1—ccosf<s<e. (2.22)
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2.2 Scattering from a semi-infinite plane

It follows that the Fourier transform of (2.12) is

D*D(s,y)

9 s*®(s,y) + ki®(s,y) =0, sin the strip S , (2.23)
)
with solutions
B(s,y) = e (2.24)
where
v=(5"=k)'/2, 4(0) = —iko (2.25)

has branch cuts from +ky to oo in the first and third quadrant. With this
choice of cuts Rey > 0 for all s in S.
The solution that remains bounded as y — oo is

O(s,y) = A(s)e Y, (2.26)

and A(s) has to be determined from the boundary conditions 2.13 and 2.14,
which give:

o_(s,0) = 0, (2.27)
09, (s,0) ko sin 0

= . 2.2

dy s+ ko cos 6 (2:28)

Setting y = 0 in the solution (2.26) gives
D, (5,0)+D_(s5,0) = A(s) (2.29)
and the y-derivative at y = 0 gives

aq)-‘r(‘s? y)

0P_(s,y)
oy +

By = —7(s)A(s) (2.30)

y=0

y=0

Eliminating A(s) from these equations, and using the boundary conditions,
gives:

Y(s)Py + P = % : (2.31)
This equation can be written in the general (standard) form

K(s)Uy(s)+U_(s) = P(s) , (2.32)
known as Wiener-Hopf equation, where the kernel K is

K(s) =(s) = (s* — k¢)'/*.. (2.33)
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2.2 Scattering from a semi-infinite plane

This is solved by the following steps:

Step 1: Multiplication decomposition of K (s).
K(s)=K(s):K_(s), a<Im(s) <, (2.34)

where o and 3 are such that K(s); is analytic in the half-plane Im(s) > «a,
and K (s)_ is analytic in the half-plane Im(s) < /3, and

K(s); = 0O(s") as |s|— ooin Im(s) > «
K(s)~' = 0O(s™) as | s |— ooin Im(s) < 3

then the Wiener-hopf equation can be recast as:

Ky (s)Up(s) +U_(s)/K_(s) = P(s)/ K_(s) , (2.35)
Step 2: Sum decomposition of R(s) = P(s)/K_(s).
R(s) = R(s)+ + R_(s) , (2.36)

where R(s); and R_(s) are analytic and of algebraic growth in the respective
half-planes.

Step 3: Completion

We can now write the Wiener-Hopf equation as

Ky (s)Uy(s) — Ry(s) = —U_(s)/K_(s) + R_(s) - (2.37)

Here the Lh.s. is analytic in the whole half-plane Im(s) > «, and the r.h.s. is
analytic in the whole half-plane Im(s) < 8. So each side analytically contin-
ues the other to define a function E(s) analytic in the whole s-plane. E(s)
can be found by using the conditions on the edge for the inverse transforms
uy(z) and u_(s). The Abelian theorem relates the behaviour of uy(x) as
x — %0 to the behaviour of Uy(s) as | s |[— o0.) If

Lhis. = 0O(s") and r.his. = O(s™)
as | s |— oo in their respective half-planes, then
E(s) = polynomial of degree N |

where N is the lesser of n, m, and the solution is complete.

In our case of scattering by semi-infinite plane, the factorization (Step 1)
of K can be done by inspection, giving:

K K_ = (s+ko)%(s — ko)'/?, where K. = (s =& ko). (2.38)
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2.2 Scattering from a semi-infinite plane

The Wiener-Hopf equation (2.31) can be recast as (dividing by K_)

—kgsinf

ko) /2@ — ko)"V?0. = ’
(s + ko) ++ (s — ko) T (54 kocosB)(s — ko)t

(2.39)

Now we need (Step 2) a sum decomposition of the r.h.s. of this equation,
such that R(s) = R(s)+ + R—(s). This can be done by

1
(5 + kocosO)(s — ko)l/2
1 1 _ 1 n
(s+kocosB) [ (s —ko)'/?  (—kocos® — ko)l/?
1
—ko cos O — kg s+ kgcosf)
(“ko cos 0 — ko) 2(s + ko cos 0)
So the Wiener-Hopf equation can be written as:
ko sin 6
ko) /2@ 0 —
(s+ko) /"0 + (—kocos@ — ko)'/?(s + kg cos )
—<$ — ko)l/zcbl_
ko sin 0 1 1 — B(s)
— — = E(s
(s + ko cos6) (s —ko)/?2  (—kocosB — kqy)'/2

This gives us the function E(s), analytic in the whole complex plane, since
the L.h.s. defines the analytic continuation in the upper plane, and the r.h.s.
the analytic continuation in the lower plane.

We now need to find E(s), or possibly &, and & . Using the Abelian
theorem), we can say something about the behaviour of @, and ' at oo from
the behaviour of their inverse half-transform at 0. From the edge conditions,
we have:

¢(z,0) bounded as x — +0
= ¢, =0 (%)as |s| = oo, in Im(s) > —ecos(h)

S

O+ (sy) =O0(z*(a>—1) asz — —0
y=0
= ®_ =0 (=) as |s| — oo, inlm(s) <e

Therefore, FE(s) — 0 as |s| — oo, hence E(s) =0 by Liouville theorem.
This tells us that our solution is unique, but the Wiener-Hopf equation still

has 2 unknown: ®, and ® . We can eliminate one of them by using the
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2.2 Scattering from a semi-infinite plane

boundary conditions at the surface. Remember that the appropriate form of
the solution & = ¢, + P_ is

® = A(s)exp(—vy) (2.40)

so at y = 0 we have &, + ®_ = A(s) (equation (2.26)). But the boundary
condition at the surface:

¢(z,0) =0 (z <0) (2.41)
gives ®_(s,0) =0, so
&, (s) = A(s)

Using these results in the Wiener-Hopf equation we have:

. — kosin 6 B
T (s+ko)2(—kocosO — ko)V/2(s + kgcosf)

172
tky' " siné — A(s)
(s + ko)V2(1 4 cos 0)1/2(s + ko cos 6)

and we can inverse-transform the solution (2.40) to obtain

—i ké/Q sin(0) e e
_t ds’ 2.42
o(x,y) 27 (1 + cos ) /c (s + ko) /2(s + ko cos ) i (2.42)

where we have now taken the limit ¢ — 0, and the integration path is along
the real axis, avoiding the branch cuts from —kj and kg, and the pole at
—kg cos(6).

Exact integration of (2.42) gives the total field due to scattering of an incident
plane wave by the wedge. A contribution to this field will come from the pole
at —kgcosfy. Writing x = rcosf and y = rcosf, then letting r — oo and
deforming the integration path, it becomes clear that the pole contribution
will be included only for some values of # (i.e. only some observers), and it
corresponds to the geometrical optics contribution. Only the result will be
given here.

When 6 > 0, the contribution from the pole is the plane wave

_ei(kox cos Bp+koy sin bp) , (243)

which cancels exactly with the incident wave;
When 6 < —6,, it is the plane wave

—¢ilkoz cosbo—koysin o) (2.44)
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2.2 Scattering from a semi-infinite plane

i.e. the reflected wave. According to geometrical optics alone, there is a
shadow zone (no field) for § > 6y, both reflected and incident waves for
6 < —0y, and only the incident field when —0y < 6 < 6y, and therefore the
field is discontinuous along the lines § = +6,. Exact integration of (2.42)
will give includes a diffracted field that penetrates the shadow zone, and is
not discontinuous along 6 = +6,.

It is possible to write the total field in terms of Fresnel integrals as follows:

N &, D1
br = <_> e kT [F((ri)? sin 5(9 — b))

(e

— F((2kr)} sin %(9 + 90))} ,

where

=
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and

C(z) = /0 cos <%7rt2> dt S(z) = /0 sin (%mﬁz) dt

are the Fresnel integrals, related by:

C(z) —iS(z) = / e

0

When |z| > 1
1 1 1
Flz)=——+ — — ] . 24
(2) o tis T O (|Z|5) (2.45)
When |z] < 1
1 1 (s
F(z)= §7r§e’f — 24+ 0(]z)) . (2.46)
Near the edge, the total field behaves like
%r\* w6y . O
¢pr~1—2 (_r) e cos = sin - (2.47)
T 2 2

Let’s now look at the diffracted field (i.e. the field left after the geometrical
optics contribution has been extracted). In the far field, it behaves like

2 2 in i sin 2 cos %
—5 —tkr 2 2 (248)

Pdift ~ <—

wkr cosfy — cos @’
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2.2 Scattering from a semi-infinite plane

therefore it is a wave with cylindrical spreading r~/2 for kr > 1.

This asymptotic expression is not valid when 6 is close to £6,. In fact we
can see from (2.42) that in this case the argument of F' may be small even
when kr > 1. The regions where this happens and the asymptotic expression
above does not hold are regions along the lines +6,, bounded by the parabolae
2krsin® 3(0 £6,) = const. In these regions the full expression (2.42) must be
used and there is no simpler approximation. The diffracted and the incident
wave are of the same order of magnitude
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2.3 Scattering from a wedge

2.3 Scattering from a wedge

The geometry of the wedge shall be defined as follows. The (infinite) wedge
will be defined by the surfaces y = 0, x > 0 and y = rsin3, x = rcosf,
where 3 is the exterior angle of the wedge and r the radial distance along
the surface, and the edge of the wedge coincides with z-axis. In a cylindrical
coordinate system {r, 6, z}, one face of the wedge is at # = 0 and the other

at 0 = [3.

We shall consider scattering from the wedge due to a harmonic point source
of strength @ at ry = (x5, ys, 0), and will seek a solution for the acoustic pres-
sure field which satisfies the Helmholtz equation with Sommerfeld boundary
conditions at infinity, and hard surface boundary conditions at the faces of
the wedge:

dp
—=0at0=0,0=7. 2.49
It is convenient to introduce a wedge index
s
V= —, 2.50
3 (2.50)

and to express the distance between source and observer as a function
R(p) = (r* + 72 = 2rrycos o + 2212 . (2.51)

R(yp) is the distance in the free-space Green’s function

etk R(p)

R(p)

The acoustic field at a point (7,0, z) due to the source, without any surfaces
present, is

Gp) = (2.52)

pikR(0—0s)

R(Q - 95) .

We shall define R(¢p) so that R is positive for real ¢, and R is analytic except
at branch cuts, extending from branch points above and below the real axis.

pO(T,e,Z) =Q (253)
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2.3 Scattering from a wedge

We can see from (2.51) that the branch points are at

¢ = 2wl + i where [ is any integer
2,2 2
2rry

(07

Since G(6 — ;) satisfies the Helmholtz equation, from the principle of super-
position we know that, given a position-independent contour C' and function

f7
= /Cf(sﬁ)G(so —0)dyp

r= flo+0)G(p)dp

or

(where we have made the change of variable § = ¢ — 6, and renamed 0 = ¢)
will also satisfy the Helmholtz equation.
We need to find an appropriate function f(¢ + #) and contour C.

Let’s start with the simpler case of a

wedge with integer index
If v = integer, then the problem can be solved with the method of images.
The symmetry of this problem will require 2v — 1 image sources, located
periodically around the edge of the wedge at angles 2m? — 0, and 2m? + 0,
m=0,1,...(v—1).
The solution is therefore:

v—1

p=0Q [ 2m——0 —9)+G(2m 10, —9)]. (2.54)

m=0
Alternatively we can express the sum above as a contour integral

@

5 G(p) [+ 60+0s)+h(o+0—10,)]dyp, (2.55)
™ Jo

p =
where the function i has poles at ¢ = 2m? with residue = 1 at each. The
contour C' should enclose one pole each for which m = 0,1,... (v — 1), for

example all poles between —m and 7.
A suitable choice for h(y) is

h(p) = gcot <%) : (2.56)
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2.3 Scattering from a wedge

The residue at the poles ¢ = 2mZ is 1. The integral (2.55) form is useful for
extending this result to non-integer v.

The closed-contour choice for C' is unsuitable for non-integer v, though, be-
cause in that case the number of enclosed poles varies with 6. We will need
to find a different contour that does not cross the real axis.

Note that, since the integrand is periodic of period 27, integration along the
downward infinite path from 7 +ioco to m —ioco will cancel exactly integration
along the upward path from —m —ico to —m| 4 ico. Therefore adding these
paths to the integral (2.55) will leave it unchanged. We shall therefore:

1. add the two infinite downward and upward paths;

2. deform the upper arc of the closed-circuit path in such a way that it
continues from the downward path from 7 + 100 and joins the upward path
going to —m| + 100;

3. deform the lower arc of the closed-circuit path in such a way that it
continues from the upward path from —m —100 and joins the downward path
going to 7| — 100;

= we have constructed an integration path split into two contours, Cy; and
C'1, neither of which crosses the real axis. Cpy must pass below the branch
points at ¢ = 1a, and C;, must pass above the branch points at ¢ = —ia.

Extension to non-integer wedge indices

It is claimed that the solution (2.55), with the function h(y) in the integrand

defined by (2.56), and where the contour of integration C' is Cy + Cl, is also

the solution of the scattering problem for a wedge with non-integer index v.
This can be confirmed by verifying that this solution satisfies the Helmholtz

equation and all the required boundary conditions. To do this, it is conve-

nient to express (2.55) as

p= ¢ G(p) > hdp (2.57)

N 21 CyL
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2.3 Scattering from a wedge

where

2
nu . .
Zh_n;1—00t<2(<ﬂ+( 1)"0 + (-1) 95)) : (2.58)
We can do this, because R(¢) = R(—¢), and the contour Cy is the inversion
of CL-

We can now verify:
(1) - The solution (2.57) satisfies the Helmholtz equation.
Since G(y) satisfies the Helmholtz equation:

19 ( 0 19> 0,
(o (o) * et gt 1) =0, 2

it follows that

(V2 +E)p = 222 s { 692Zh Zh—] do | (2.60)

and the r.h.s. vanishes.
(2) - The solution (2.57) obeys the boundary conditions at the edge faces:

(9 0= =0atf=0,0=7.
This follows from the expression (2.58), and because h(yp) is an odd function
of its argument, so Y h is even in @ for fixed ¢, and the derivative is zero at
6 = 0. The derivative is zero also at §# = 3, because h(p) is periodic in ¢
with period 2.

(3) - The solution (2.57) obeys the Sommerfeld radiation condition. This is
because the Green’s function will impose the correct limiting behavior to the
integral for any function _ h.

(4) - The solution (2.57) exhibits the right behaviour when approaching the
singular point at the source location. When approaching the source, i.e. in
the limit r — 75,2 — 0,6 — 6, then @ — 0, and a pole of h(p + 0 — 0,)
approaches the origin. It is possible to isolate the contribution from this pole
using an appropriate contour, and it gives QG(6; —6), which is just the direct
wave from the source.

As before, the contribution from the poles gives the geometrical optics con-

tribution to the field, and what is left over after extracting the solutions
obtained from geometrical optics is the diffracted field.
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2.3 Scattering from a wedge

General observations:

The contribution from the poles yields terms representing spherical waves
diverging from an image, which correspond to a possible ray path connecting
source and observer.

If 6 < 7, field is accounted for by geometrical optics

If 8 > m, geometrical optics leads to field discontinuities at the boundaries of
the shadow zone, and evaluation of all contributions to the integral is needed
to estimate the acoustic field.

There is no diffracted wave contribution if the index v is integer.

The case of the infinite half-plane is recovered in the limit 3 — 2.
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3 Approximations

In general, the solution of most scattering problems can only be expressed
analytically as some kind of integral, or as an implicit integral equation.
Calculation of the actual values of the field then has to be obtained by com-
putationally intensive numerical solutions. For many problems, though, it
is possible to obtain approximate analytical solutions. We shall review the
main ones in this chapter.

3.1 Born Approximation

The Born approximation is based on expressing the total wave field v, which
is in general the solution of a scattering problem in a volume with sources
and surfaces, as the sum of the incident field plus a ’small’ perturbation:

The actual solution in this approximation will take various forms, depending
on how the perturbation is expressed.

We can immediately see how the Born approximation can be applied to the
integral form of the wave equation (1.84), to obtain a first Born approxima-
tion

00w =)+ [ [ 25 - S 6t [ are, (32)

and higher terms can be obtaind by iteration.

The Born approximation will only be valid when 1, < v;, which intuitively
must apply to some kind of 'weak scattering’. In order to understand better
what this means in practice, to relate it to the physical features of a scattering
problem, and find boundaries for its range of validity, we shall derive it here
for some particular cases.

We shall consider the case where the scattered field is the result of a varying
refractive index n(r). The total field satisfies

V3 +k*(r)y =0 . (3.3)
We can then write
k(r) = kon(r) = ko(1 + ns(r)) , (3.4)
where it is assumed ns(r) < 1. Substituting kon(r) into (3.3) we get:

V2 4+ R(r) = R0 (x) - 1) = ~V(r)o . (3.5)
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3.1 Born Approximation

Using (3.1), and the fact that the incident field satisfies
V2 4+ K2 () = 0 (3.6)
we can write the wave equation for the scattered wave
V2, + k() = =V (1)) . (3.7)

We can then solve for ¢, using the free space Green’s function, with —V'(r)
as the source term

_ / Glr — ')V () () dr . (3.8)

But ¢ =9 — 1, so
v=u)+ [ G-V (39
We can write the above implicit integral equation as an infinite series of ex-

plicit integral equations by forming successive approximations starting from
the unperturbed incident field ;:

1/}(0) —

W = )+ [ G-V )00 Wl
v = mu>‘/au—rn< oD ) dr
¢(3) —

The first iteration in this series, ¥V, is know as the first-order Born approa-
imation, usually referred to just as Born approximation.

This can also be put in a more compact form by writing the integration with
Green’s function as an operator:

/G(r —)[f(")]dr' = Gf

0 (3.9) becomes ¥ = 1)y — GV, and the series becomes

PO =
PV = O 4 Gyy©
@ = YO L GVyY©® L GVEVY©®

w(n) — w(O) + év¢(0) ot (GV)”@/)(O)
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3.2 Rytov Approximation

This form of the Born series helps visualising the structure of the n-th or-
der approximation, and is the one usually found in quantum mechanics, for
scattering of a wave on a potential V.

Naturally the (first-order) Born approximation is good only if the first cor-
rection is smaller than the incident field, and in general will be valid only if
the series converges.

Note: in the Born approximation, if the wave is expressed as a sum of inci-
dent and diffracted secondary wave, the scattering of the secondary wave is
neglected. So no multiple scattering.

3.2 Rytov Approximation

The Rytov approximation is obtained by representing the total field as a
complex phase:

Y(r) = e?™ | (3.10)
Then, from the Helmholtz wave equation for 1) we have:
V2e?r) 4 290 (3.11)

Since
Vv2ef(r) — V2¢e¢(r) + (Vo) (V¢)e¢(r) ,

we get the following Riccati equation for the phase ¢(r):
Vi + (Vo) (Vo) + k> =0 . (3.12)
Let us now again write the refractive index as
k(r) = kon(r) = ko(1 + ns(r)) . (3.13)

The field for n(r) = 1, i.e. the field in a non-refractive medium, can be
written as 1;(r) = e®(); it is of course the incident field, and its phase will
satisfy

V20 + (Vi) + kg =0 (3.14)

If we write ¢ = ¢; + ¢ and subtract (3.14) from (3.12), we get
Vi, + 2(V6)(V6,) = — (V6)(Vo) + 2 —1)) . (3.15)

Now, using the identity

V2(Whis) = (V) s + 20(V ) (Vos) + 1, Vs
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3.2 Rytov Approximation

equation (3.15) becomes:

whose solution can be written as an integral using the free-space Green’s
function, to give:

1

Pu(r) = Yi(r)

[ 6= ¥) [(VauN(Tau(x) + Bt () = 1] vs(x)d

(3.17)
This equation is exact, but it’s implicit and in practice provides no solution
as it is. If we assume that the scattered phase ¢, is very small, then we
can neglect (V¢,)?, and we obtain an approximate solution for the scattered
phase

1
¢s(r) =~ ) / G(r — ) [ks(n*(x") — 1)) (x)dr’ (3.18)
The corresponding solution for the total field is then

Y(r) =~ ;(r)e? . (3.19)

This approximation is known as the (first) Rytov approxzimation. It cor-
responds to taking the first order term in an infinite power series expansion
of the phase ¢(r). It is valid when (V¢,)* < k2(n?(r') — 1).

It is interesting to compare the validity of the Born and Rytov approxima-
tions.

Note that the Born approximation can be seen as a Taylor series approxi-
mation of the field ¥ (r,e) in powers of ¢, where ¢ is a measure of the in-
homogeneity. The Rytov approximation can also be seen as a Taylor series
approximation of log(r,e) in powers of €. In our case, ¢ was the space-
dependent variation ns from a constant refractive index.

We shall reproduce here the analysis by Keller (see Keller J.B. 1969 "Accuracy
and validity of the Born and Rytov approximations’; J. Opt Soc. Am. 59,
1003-04) and consider the one-dimensional case of a wave travelling in a
inhomogeneous medium given by

Y(x,e) = ek (3.20)

and assume that k() is analytic in ¢ for |¢| sufficiently small, so that it can
be expanded in a power series in € with coefficients k;:

k(e) = i kel . (3.21)

Part IIT - Classical Wave Scattering 40 O.Rath-Spivack@damtp.cam.ac.uk



Copyright © 2007 University of Cambridge. Not to be quoted or reproduced without permission.

3.2 Rytov Approximation

The Born expansion gives

@z)(x,g):eikomiﬁi(iﬁ)l > ko (3.22)
s=0

=0 ' jiteti=s

The nth Born approximation wgl)(x, ¢) is the sum of the first n + 1 terms in
the expression above:

n ikox - s - (Zx)l
Ul e) = My ey T DT kiky (3.23)
s=0 =0 T jiteeti=s
The Rytov expansion gives

W(z, ) = eFEiZo ki) | (3.24)

and the nth Rytov approximation @/ng)(x,s) is obtained by taking the first
n + 1 terms in the sum in the exponent:

U(z,e) = e Cizokie’) (3.25)

The size of the error of the nth Born approximation ¢ — wgl) for small € and
large |z| can be found by examining the coefficient of "™ in (3.22). That
coefficient contains a term proportional to z"*1. So

w . 77Z)(;) — eik0z0(5”+lg;”+1) ) (326)

Dividing this by v, and noting that v differs from ¢** by terms of the order
£, we obtain for the relative error:

™
)i fB = O(e" ") | (3.27)

The error for the nth Rytov approximation ¢ — wg) is:
psi — Q/ng) _ eik(zjgo kjel) eik(zyzo kjed)
= (11— HEEm b))
= JO(E")
Dividing this by 1 gives for the relative error

) — )

5= O(e"tz) . (3.28)
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3.2 Rytov Approximation

We can see then that the relative errors of the Born and the Rytov approx-
imation are of the same order in the inhomogeneity parameter €. However,
the expressions obtained for the relative errors also show that they vary in a
very different way as functions of x. For a single plane wave, the nth Rytov
approximation is valid over a much larger range than is the nth Born ap-
proximation, however this advantage is lost for fields containing more than
one wave, where the Rytov method must be applied to each wave separately
and not to the total field .
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3.3 WKB Method

3.3 WKB Method

The WKB method (named after Wentzel, Kramers and Brioullin) is similar
in concept to the Rytov approximation, since in this case also the field is
assumed to have exponential form, and the exponent (phase) is approximated
by a perturbation series. It is a method of obtaining approximate solutions
to equations of the form
2

% +q(z)Y =0, (3.29)
where ¢(x) is a slowly varying function of x. We derive this here for the
one-dimensional case to keep the calculations simple. The generalization to
higher dimensions can be found in Bremmer H and Lee SW 1984 ’Propagation
of a geometrical field in an isotropic inhomogeneous medium’ Radio Science
19, 243-57. We shall take here ¢(z) = k*(x). If g(z) were constant, then
equation (3.29) would have solutions of the form:

(x) = ae ), (3.30)

with a constant and ¢(x) = Fkx. If k? varies slowly and the solution is
written in the form

U(z) = a(z)e@ | (3.31)

it is reasonable to expect ¢(z) to vary rapidly and a(z) to vary slowly. In-
serting (3.31) into the Helmholtz equation (3.29) gives:

d dC;(f PILL d:(f) dfg) + ia(a;)dj;f ) () (d(z(?) +k*(z)a(x) = 0

We now choose ¢(x) such that

(%?)2 — K (x) =0, (3.33)

i.e. such that .
() = $/ k(x')dx' . (3.34)

Since we made the assumption that a(z) vary slowly, while ¢(x) varies
rapidly, we can neglect @ in comparison to a¢. Therefore equation (3.32)reduces
to:

2019 ), (3.35)
a ¢
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3.3 WKB Method

which can be integrated to give
a(z) =oc oY = FE7V2 (3.36)

Hence, the approximate solution to (3.29) is

V() = ﬁ {Aexp (z /0 xk(az’)dx’) + Bexp (—i /0 xk(x’)d:v’)] (3.37)

where A and B are arbitrary constants. It is apparent from the approxima-
tion made earlier (equation (3.33)), that this method is only valid for high
frequencies. The nature of this approximation would have been even clearer
if we had started with a ’trial solution’ given by

P(x) = Ae™T) (3.38)

with A constant, which would have given in the end the same k~/? depen-
dance of the amplitude of the solution. Briefly, we can see that using (3.38)
in the Helmholtz equation gives

iwt(z) — w?(7(x))* + k*(x) =0 . (3.39)
This can be solved using the perturbation series

7(x) = 10(x) + éﬁ(l’) +..., forw — o0 (3.40)

Note that iw7y(z) < k*(x) as w — oo, because k*(z) is proportional to

w?. Therefore, by substituting the perturbation series into the Helmholtz

equation (3.33) and collecting leading terms, we have
W (7o(7))? = K (x) = w?s*(z) | (3.41)

where s*(x) = k/w, which is independent of frequency. This differential
equation can be solved to give

T0(z) =+ /x s(x')da' + Cp . (3.42)

Zo
By collecting first order terms in (3.39), we have:
iwTh(x) — 2wTo(z))71(x)) = 0. (3.43)
This gives ‘ .
n(z) = %m To(z) + C) = %lns(m) + O (3.44)
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3.3 WKB Method

By substituting the first two terms into the series, we find that the phase
therefore is N ]
7(x) = :I:/ s(z')dx' + QL Ins(z)+C . (3.45)
xg w

Using this result then we find the first order approximation to the field to be

ot L o (i [ s+ Bess (i [ 100
(3.

46)
where A and B are arbitrary constants.
We can make some observations regarding the physical meaning of the WKB
solution. It consists of a wave 9 (z) travelling in the +x direction, and a
wave ¢_(z) travelling in the —z direction The integrals in the exponents
imply that the phase of a wave going from xy to x is proportional to the
summation of all the phases gained locally at ' over the range from xq to z.
In fact, this physical picture of the way the phase propagates is only valid if
the multiple reflections of the wave can be neglected, and in general within
the range of validity of this approximation.
Let us examine further the range of validity of (3.46). If we substitute the
approximate solution ¢ (z) in the Helmholtz equation (3.29), we get

>y,
dx?

+q@)yr=f#0, (3.47)

so we need to have

| Il @)y | (3.48)

In our case, ¢(z) is related to the refractive index by ¢(z) = k*(x) = k2n?(z),
so the condition (3.48) is:

3 (dn(:ﬁ))2 1 dn(z)

At \ da - 203(x) da?

1
kg

<1. (3.49)

The refractive index, therefore, must be a slowly varying function of x for the
WKB approximation to hold. Also, we see that the solution becomes infinite
and the approximation is not valid whenever n(x) ~ 0 (or s(x) ~ 0. The
critical values zy at which this happens is called the turning point. It can
be shown that, in the case of scattering at an interface between two media
with different refractive index, it corresponds to the case when the angle of
incidence is the critical angle 6, (see section 2.1).
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3.4 Parabolic Equation

3.4 Parabolic Equation

Consider first a scalar plane wave 1) in free space (where we again assume
and suppress a time-harmonic variation e~**), with wavenumber % in a two-
dimensional medium (z, z). As before x is horizontal and z is vertical. So
1) obeys the Helmholtz wave equation (VZ+ k%) = 0. Suppose that 1 is
propagating at a small angle « to the horizontal, say

1/)(:[‘, Z) — eik(atcosa—i-zsina) ' (350)
Since sin « is small we can approximate
cosa = V1 —sina 21 —sin’a/2.

Now the fastest variation of ¢ is close to the x direction, so define the ‘slowly-
varying’ part E of ¥ by

E = wefikm
so that ' ' _
E ezk(—:csm o</2+zsma). (351)
(E is also referred to as the reduced wave.) It then follows that
OFE 1 0°F
- .52
or 2k 022 (8:52)

This is one form of the parabolic wave equation in free space, and
holds for any superposition of plane waves travelling at small angles to the
horizontal. (Also referred to as the paraxial or forward scatter equation.)

It is straightforward to write the exact solution of (3.52) in terms of an initial
value.

Let E be a field obeying (3.52). Define the Fourier transform of E with
respect to z,

N 1 o0 )
E(x,v) = oy /_Oo E(x,z)e" dz. (3.53)
Taking the z-transform of (3.52) gives an equation for E,
OF iv? .
— = — FE. 3.94
ox 2k (3:54)

This has solution (in terms of E at vertical plane x = 0)

A

E(z,v) = e ™% B(0,v). (3.55)
Note that equation (3.52) can also be derived by substituting the form E =

e into the Helmholtz wave equation for v, and neglecting terms of the
form 0*F /0x?.
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3.4 Parabolic Equation

We shall now consider the more general case of a harmonic source in a refrac-
tive medium. Let us consider a point source. It is natural then to use cylin-
drical coordinates (r, z,6), and we shall restrict the problem to one where we
assume azimuthal symmetry, so effectively again 2-dimensional, as the field
is not dependent on 6. The Helmholtz equation is therefore
0% 10y 0%
—— t——+ —— + kn*Y =0, 3.56
or2  ror 022 oY ( )
where ko = w/cy is a reference wave number, and n(r, z) = ¢y/c(r, z) is the
index of refraction of the medium.
Let us now rewrite the solution as
u(r, z)
rz)=——=—=", 3.97
wir2) = 12 (3.57)
so we can go on to solve the Helmholtz equation for the wave wu(r, z), with
the cylindrical spreading removed. In the far field, we obtain
0*u  0%u
— + — +knu=0. 3.58
or?2 022 0 ( )

If we now denote the operators appearing in this equation by

0 1 02

A=—, B=\/—5==+n? :
or’ k2 022 +ne (3.59)
we can factor equation (3.58) as
(A —ikoB)(A +ikoB)u — iko[A, Blu =0 . (3.60)

For a range-independent medium, where the refractive index does not depend
onr,son = n(z), A and B commute and the last term in (3.59) is zero.
The remaining term corresponds to factorisation into one outgoing and one
incoming wave component. Selecting only the outgoing wave component we
obtain the one-way wave equation

Au = ikoBu (3.61)
or
ou 1 0?
R iko ( 12797 +n ) u (3.62)

In order to use this equation in practice, a further approximation is necessary,
to resolve the square root operator. If we write B as

B=vV1+0, (3.63)
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3.4 Parabolic Equation

where

1 0?
k2022
then, if b is small, we can Taylor expand B and keep the first 2 terms to give
the approximation

b +n?—1, (3.64)

b 1 0? n?—1
Bolto=14 —ot .
T Tamae T 2

(3.65)

Substituting this expression into (3.62) we obtain a parabolic equation for
the ’full’ wave in a refractive medium:

ou i 0%*u iko

E — 2—]{:0@ -+ 5 (TL2 + 1)u . (366)

If, as in the free space case, we again separate a ’slowly-varying’ part E by
defining

E =u(r,2)e ™ =(r, 2)\/re *" (3.67)
then the Helmholtz equation for F is
%2757 + 2¢k0%—]f —K2E + ‘2275 +kn’E =0, (3.68)
and the operator A in the factorisation is
A= 9 + ko (3.69)
or

leading to the more usual parabolic equation in a refractive medium:

o .
OF _ L OE k> 1)p (3.70)
or  2ky 022 2

It is seen here that the effect of the medium is contained in the second term

on the right hand side. We may loosely think of the first term on the right

as the diffraction term, and the second as the scattering term.

Other forms of the parabolic wave equation can be obtained by using different

approximations for the square root operator.

This parabolic wave equation can also be derived (rather non-rigorously), as

follows.

Again restricting ourselves to 2 dimensions, by regarding the wave as equiv-

alent to the far field of a cylindrically spreading wave in a 3-dimensional

medium with cylindrical symmetry, we shall take as starting point the same

Helmholtz equation (3.56). As we are in the far field of this wave, we can
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3.4 Parabolic Equation

replace the range r by the horizontal coordinates x, and take z as the vertical
coordinate. We then denote by E the slowly varying part of ¢,

E(x,2) = (x, 2)\/ze %0, (3.71)
By substituting (3.71) into (3.56), and neglecting

1. all terms O (x_%> and higher order, since we are in the far field,

2 . . .
2. the term ‘?3723, which corresponds to slow variation across wavefronts

and can be assumed to be small,
we obtain again the parabolic equation

OF i 0°FE ik, ,
% = %ﬁ+§(n —l)E. (3.72)
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4 Scattering from randomly rough surfaces

4.1 Rayleigh criterion

We considered in section 2.1 the scattering of plane waves from a flat bound-
ary between two media in 2 dimensions. This is an idealized case where
analytical solutions to the scattering problem are straightforward and well-
known. All real surfaces are rough. The scattering problem will then depend
on the 'roughness’ of the surface, and exact analytical solutions will not be
generally available. In this chapter we shall look at ways of characterizing
the surface, and consider some approximate solutions.

Suppose then that a time-harmonic plane wave

1; = exp(ik[x sin§ — z cos 0))

is incident on a boundary which is now an irregular function of position.
(We suppress above and in what follows the harmonic time dependence).
We will assume here that the surface normal is well-defined and continuous
everywhere along the boundary. One of the earliest treatments of the rough
surface problem was by Rayleigh (1907), who considered the phase change
due to height differences in the case when the wavelength is small compared
with the horizontal scale of surface variation.

Calculating the phase difference A¢ between wavefronts along two specularly
reflected rays as in the schematic diagram gives

A¢ = 2k(hy — hy) cosf

where hy, ho are the heights at the two points of incidence. The interference
between these two rays depends on the magnitude of A¢ with respect to
7. When the surface is nearly flat, A¢p < 7 and the two rays are in phase
(so interfere constructively), but for large deviations we may have A¢ ~ m,
giving destructive interference. This lead to the so-called Rayleigh criterion
for distinguishing different roughness scales, by which surfaces may be called
‘rough’ or ‘smooth’ according to whether A¢ greater than or less than /2.
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If this is averaged across the surface, then (hy — hy) may be replaced by the
average r.m.s. surface height o, which gives the surface r.m.s. deviation from
a flat surface, and is defined by 02 =< h%(z) >. The Rayleigh criterion for
‘smoothness’ is then expressed by

ko cosf < % . (4.1)

The quantity ko cos 6 is referred to as the Rayleigh parameter. Note that
this is dependent on angle of incidence, and implies that all surfaces become
‘smooth’ for low grazing angles. At optical wavelengths this is often reason-
able, but is less true, for example, for typical radar wavelengths of 3cm or
whenever the roughness length scale becomes comparable to a wavelength. In
that case the Rayleigh criterion fails to take into account ‘multiple scattering’
effects such as shadowing and diffraction.

4.2 Surface Statistics

When we go on to the study of the Helmholtz integral equation, one of
the main goals is to find dependence of averaged quantities on the statistics
of the surface. We therefore require a few concepts and results for surface
statistics and characterisation. (The necessary results are not extensive but
some familiarity with them is essential in the manipulation of the statistical
quantities which arise, see for example Papoulis [7].)

Let S be a continuous irregular boundary, varying about a plane at, say,
z = 0. We will assume that S can be represented as a function h(z) of z, so
that we can model this as a continuous stochastic process. We can think of
h as a member of a given ensemble of surfaces all having the same statistical
nature. All averages < h(x) > etc are averages over this ensemble. (The
angled brackets denote ensemble averages.)

Main assumptions: A number of assumptions are usually made about the
statistics of the rough surfaces. This is for analytical convenience, but in
most cases the assumptions are physically reasonable.

(1) The mean surface is flat, i.e. < h(x) >= constant for all x (so we can
choose < h >=0).

(2) The surface h is statistically stationary in x, i.e. all statistics are
translationally invariant. Thus, in particular the autocorrelation function
< h(z)h(x + &) > is a function of the spatial separation ¢ only, and is
constant in x.

(3) Surface heights are often assumed to be normally distributed (also
referred to as Gaussian distributed, or simply as normal), i.e. they have
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probability density function

f(h) = L e (4.2)

oV 21

For normal random variables we have the following:

If h is normal, then so is h(z1) + h(z2), and [ h(x)dz over any interval.

All the one-point statistics are determined by the mean < h > and variance
< h% >. For example we have < h?""!(z) >= 0 for all n, and

< h*(z) >=30% < h? > (4.3)

This can be seen by writing
< B / B () dK

and integrating by parts, noting that in the case where f(h) is Gaussian
hf(h) =~ (F(h).

The assumption of normal distributed heights is often physically reasonable;
many rough surfaces arise as the result of a large number of independent ran-
dom events ad are therefore normal by the Central Limit Theorem. However,
it is wrong for important cases such as the sea surface. (The sea typically
has sharper peaks than troughs, so the height distribution is not symmet-
ric about the mean, as would be required by the symmetry of the normal
distribution about the origin.)

There are three main measures with which to characterise roughness:

(1) r.m.s. height 0 = /< h?(x) > (since we assume < h >=0).

(2) Autocorrelation function (a.c.f)

p(x1,m9) =< h(z1)h(xs) >

By stationarity we can write this as a function of spatial separation only:

p(§) =< hx)h(z +¢) >

(3) Correlation length L: This is defined as the value of separation £
at which p(¢) = e71p(0). So large L corresponds to a slowly varying surface.
Instead of L we often use the mean slope, < |dh/dx| >. Clearly, slope scales
with 1/L.
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The most general of these measures is clearly the a.c.f. (2), since this deter-
mines both the correlation length and r.m.s. height. It provides information
about the spatial variation of the surface height, but is not related to the
distribution of surface heights. The a.c.f. can have various forms depending
on the nature of the irregularities.
Eramples:

(a) Gaussian a.c.f.: p(€) = g% /7

(b) Fractal surface: p(¢) = o2e~l€I/L

(¢) Fourth order power law: p(&) = o?(1 + |¢|)el€l/e

Unlike (b), the functions (a) and (c) are smooth at the origin, i.e. dp/d{ =0
at £ = 0. Thus ‘under a microscope’ a surface of this type would appear
smooth. The autocorrelation function (c) often occurs in other contexts,
such as turbulence. We can assume that p is an even function, and falls from
its maximum o at £ = 0 to zero at large |¢|.

We also need the roughness spectrum (or power spectrum), that is the
Fourier transform of the a.c.f.:

sw)= | ) de

oo

Finally in this section, the scattering solutions we seek are functions of the
rough surface, involving integrals and derivatives of h. We therefore often
need to evaluate the statistics of such functions, so we need some basic prop-
erties or rules for averaging.

(1) If F(z) is a deterministic function, and A(h) is any functional of the
surface h, then

</A(h(x))F(:L’)dx> = /(A(h(x)))F(x)dz
This follows by linearity of the integral.

(2) A function which sometimes arises is the average of the product of h

and its slope:
dh(z)\  dp
<h<y> i >— b

In order to prove (2), write

§=y—x

B(y)H () = h(y) lim  [h(z + €) — h(x)

e—0 €
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The result follows by averaging the right-hand-side and taking the average
inside the limit sign.

Numerical generation of random surfaces

It is instructive in the manipulation of averages to consider how a continuous
rough surface h(x) may be simulated. The simplest method is to represent
h(z) as a sum of sinusoidal components as follows:

Suppose we wish to represent an example of a surface with a given a.c.f. p(&).
The basic steps are:

(1) Define A(v) = /B(v) where B is the cosine transform of p,

B0 =2 [ o) conter) e
(We can assume that B(v) has compact support.)

(2) Choose some number N of equally-spaced frequencies v; = jAv, say,
where N and vy are large enough to resolve the features of B adequately.
(3) Choose N independent random phases ¢;, uniformly in [0, 27).

(4) Define a function h(z) by

N
h(il?) = \/E Z An Sin(l/nx + ¢n)>
n=1

where A,, = A(v,,). Then h is a continuous function of x with the required
statistics, as we can show. The random part of this definition is in the
choice of random phases (3). Each different set of phases gives rise to a new
realisation of a random process h, and averages can therefore be taken over
this ensemble.

First, it is easy to check that < h >= 0, and for large N the values h(x) are
normally distributed by the central limit theorem. To calculate the a.c.f. of
h, first write z,, = v,x + ¢,,, and y,, = v,y + ¢,,. Then since ¢,, is uniform in
[0,27), it is easy to show for example that

< sinx, > = 0
<sinz,cosz, > =10

<sin’z, > =1/2
< sinx, siny, > = — cos(v,€)

where £ =y — x.
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So the a.c.f. can be written

N
< h(z)h(y) > = Av Z ALA, <sinz,siny,, >

m,n=1

N
= Av Z Ai < sinx, siny, >

n=1

Av & 9
= 5 ZAncos(unf)
n=1

o /_OO B(v) cos(v§) d¢

[e.e]

= p(§)

as required. Here we have used the fact that sinx,, and siny,, are indepen-
dent.
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Equations

4.3 Properties and Approximate Solutions of Scatter-
ing Equations

We will consider here the main methods used in solving the Helmholtz inte-
gral equations in the case of scattering from a rough surface, and the prop-
erties of the solutions.

Suppose that a plane wave

w(x Z) _ eik(:{:sinefzcosé)
i\ -

impinges on a random rough surface h(x). We will consider h to be a member
of a statistical ensemble, which is stationary with respect to translation in
x, with rms height < h? >= ¢, autocorrelation function p(£). We usually
require:

the scattered field 1)s;

the coherent (or mean) field < 15 >;

and the field coherence function

m(g) =< ws(x>¢*s(y) >, where E=y—uw,

so that m(0) is the mean intensity of the scattered field. It is often most
important to find the angular spectrum |1(v)|* or its average < | (v)|* >,
where

D) = % / Vy(x,0)e™ ™" da (4.4)

L.e. the Fourier transform of 5 along the horizontal mean plane, z = 0. Each
Fourier component () will be scattered away from the surface z = 0 as
another plane wave

b(v)e'r
satisfying the Helmholtz equation. This gives ¢ = v'k? — 12, where we have
taken the positive (or positive imaginary) root to ensure that the scattered

field consists of outgoing waves.
The field at a point (z,2) in the medium can therefore be written

(@, 2) = /_ T b w)eiera gy (4.5)

General properties:
We can state some general properties of these quantities.

(1)Relation between m(€) and |ih(v)|*:
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Consider the autocorrelation of . From (4.4) we obtain

(0010w =1 [ [ wE@ewe e ddy @0

Make the changes of variables & = (x —y)/2, Y = (2 + y)/2. This then
becomes

(b1 ) = [ [ mizgge e g gy
2

= —0(v — V')/ m(&)e” " dE. (4.7)
™ —0o0

This is just 2/m6(v — /) times the Fourier transform of m(§). Notice the

important corollary of this, that < ¢(v)y(v') >= 0 for v # V/'.

(2) Energy conservation, i.e. the average energy flux across a boundary in
one direction must equal the average energy flux at the same point in the
opposite direction. The averaged energy flux in a direction n was derived in
section 2.1, and is given by (equation (2.10)):

pw L0
E =—— — . 4.8
(o) = =22 {5} (45)
For the incident plane wave then, the average energy flux in the direction
n = —z across some horizontal line is (equation (2.11)):
pwk cos
E(tYi,n) = — (4.9)

and for the scattered field (4.5), the average energy flux in the direction n = z
is

B(w(w,2) = 255 [ 100 Padr (4.10)

So energy conservation implies
cosf) — / G D)2 dv (4.11)

where ¢ = Vk? — 2.
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(3) The mean field is specular, i.e.

< ws(x’z) >— Re(0> eik[xsinOJrzcosG] (412)

where the (generally unknown) constant R, is an ‘effective reflection coeffi-
cient’” which depends on the angle and the surface statistics. This result is a
generalised form of Snell’s law, and the mean transmitted field can be writ-
ten similarly as a plane wave at the Snell’s law angle. (Correspondingly, the
mean spectrum < 1& > consists of a single delta-function peak.) The result
follows from the assumption that the rough surface is statistically stationary.
A corollary of this is that the mean of the full complex field shows no
backscatter, or indeed any scatter outside the specular direction. This may
initially surprising, but note that it does not apply to the mean amplitude
< || > or the mean intensity or energy.

We now consider the two simplifying regimes of small surface height or small
slope which allow approximate analytical solutions to be found.

(a) Small surface height ko < 1:
In this case perturbation theory can be applied. The method is essentially
to expand the functions appearing in the problem to form a simpler boundary
problem on the mean plane, i.e. on z =< h(z) >= 0.
We seek the solution for the scattered field v, and its mean < v, >. Suppose
that the surface obeys the Dirichlet condition, v (z,h) = 0. We proceed as
follows:

(1) Expand the boundary condition to order h. Thus we obtain

0z + 0z

using ¢ = psi; +1,. Here and below, unless specified otherwise, the functions
are to be evaluated on the mean plane z = 0.

(2) Next, assume that the scattered field everywhere can be expanded in
powers of kh, say

Yi(2,0) + ¢¥s(,0) + h(z) ( ) =0 +O(h?) (4.13)

Vs(,2) = Yoz, 2) + i(x, 2) + Yoz, 2) + ... (4.14)

where 1, is of order O(h™) for all n, so that ¢ is the known, deterministic
flat surface reflected field, and 1, is stochastic for n > 1 since it depends on
the specific choice of surface h(x).

(3) Now truncate (4.14) at O(h), substitute into (4.13), and neglect terms
of order O(h?). This gives an approzimate boundary condition which holds
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on the mean plane

ER ER (4.15)

Vi + %o + Y1+ h(z) (M "‘%) =0
where again all functions are evaluated at points (z,0). In this equation the
third term ) is the only unknown component, since the remaining functions
are the zero order (flat surface) forms, so we have an explicit approximation
to the solution along the mean plane.

The first two terms in (4.15) cancel, since they represent the total field which
would exist in the case of a flat surface, which vanishes by the Dirichlet
boundary condition. We can now equate terms of equal order. Equating

O(h) (first order) terms gives

(i + o)
= —h _—
. ) 0z («,0)

which gives

i (,0) = ~2n(r) 22
This solves for 1; explicitly on the mean plane. From this we can obtain the
scattered field everywhere to O(h), using 1, = 1o + ¥1 + O(h?). Once 1, is
known on any plane we can split it into Fourier components, and propagate
these outwards (using radiation conditions to determine the direction):

Consider in particular the case of an incident plane wave, 1); = e*(@sinf—zcos0),
We then have

(4.16)

Yy (z,0) = —2h(x)ik cos § e**sind, (4.17)
Denote by h the transform of h,

h(v) ! /oo h(z)e ™" dx |

:% N

then, from (4.4) and (4.17) we get

N 1 o0 ) 0.
Y(v) = —/ Ys(x,0)e™™" dx = 7 h(v — ksinf) | (4.18)
2 J_ s
so that
0 [ . :
Uy (z, 2) = ) / h(v — ksin ) ' *+92) dy (4.19)
™ —0o0

where as before ¢ = V&2 — /2.
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Averaging:

The dependence of the field on the surface is now clear to first order in
surface height. Taking the average of (4.19) immediately gives the mean of
this perturbation as

< >=0

everywhere, since < h(x) >= 0, so that first order perturbation theory pre-
dicts no change in the coherent field. (Equivalently, the effective reflection
coefficient is the same to first order as the flat surface coefficient.) Although
we have examined the Dirichlet condition it holds for arbitrary boundary
conditions since the first order term is always linear in the boundary itself.

Angular spectrum:

Now consider the angular spectrum to find the scattered energy. For a plane
wave incident at angle 6 on a given surface, the far-field intensity is given by
Iy(v) = [()]2, so from (4.4), (4.17) we have

R /{ZQ 2(9 0 oo o ,
<|w(y)|2> _ < (;(-)23 /_OO /_Oo h(m)h($/)ez(ks1n97u)(x7x) dx’ d$> '
(4.20)

Making the change of variables ¢ = (z — '), X = (x + '), this becomes

" k*cos?6 [ [ ki O
<|@/J(V)|2> = a2 / / p(&)e!F eI q¢ dx
= 2@ k? cos* 0 S(ksinf — v) (4.21)
7r

where S is again the surface spectrum and 4 is the delta-function.
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(b) Small surface slope:

We have been dealing with approximate solution in the case of small surface
height. Now suppose that the surface slopes are small, i.e. < |dh/dz| >< 1.
This approximation is used with the integral form of the wave equation (1.84),
so the scattered field at r is given by

bselr) = /S Wo)% - G(r,ro)g—:i(ro)dro : (4.22)

where ry is on the surface and ¢ and 0¢¥/On are unknown. We note that
the use of this integral form implies integration over a closed surface, so will
introduce errors (due to the edges) when the surface is not infinite.
The unknowns are approximated by using the Kirchhoff approximation
(sometimes referred to as the tangent plane, or the geometrical optics so-
lution), which treats any point on the scattering surface as though it were
part of an infinite plane, parallel to the local surface tangent. We make the
following assumptions:

(1) that the surface can be treated as ‘locally flat’;

(2) and that the incoming field at each point is just ;.
The second assumption neglects multiple scattering, which can give rise to
secondary illumination of any point on the surface.
Consider for simplicity the Dirichlet boundary condition, so that we are solv-
ing the integral equation

ulr) = = [ Glrra) 3 ol (4.23)

Under the assumptions above, we can approximate dv)/0n at each point by
the value it would take for a flat surface with slope dh/dz:

a_¢ o _23¢i

on  ~On’
This neglects curvature and shadowing by other parts of the surface. The
field then becomes

(4.24)

) = 2 [ Gler) S o (4.25)

Similar formulae are easily obtained for Neumann condition and more gen-
erally an interface between two media.

When the surface is not perfectly reflecting, the normal derivative of the field
at the surface will be given by

s
o, = A= Rlro)5 -~ (4.26)
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where R(rg) is the flat surface reflection coefficient; and the field at the
surface by:

Y = (14 R(ro))vi - (4.27)

If we further consider the far-field approrimation, we can approximate the
argument of the free space Green’s function, k|r — r¢| by

klr —ro| = kr — kt - rg | (4.28)

where 1 is the unit vector in the direction of observation r. The derivative
of the Green’s function can then be approximated by
aG(r, I'Q) ie“’“”

on = 47mr (Il . ksc)e*ikscfo ’ (429)

where k. = kr is the wavevector of the scattered wave. Using these approx-
imations in equation (4.22), we obtain for the scattered field

wsc (r) B Z'eik:r

Ay

/((Rk_ — k") -n)e * Todr, (4.30)
S

where

k™ = ki — kg
kt = ki +ki .

If 6 is the angle of incidence (measured from the normal), and 0, and 05 are,
respectively, the angle of the scattered wave with the normal, and the angle
of the scattered wave with the x-axis in the plane (z,y), then

k; = k(xsin#; —zcosb)

ke = k(Xsinbycosfs + ysinbysinfs + zcosby) .
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We can now convert the integration in equation (4.30) to integration over
the mean plane of the surface, Sy, by noting that an area element of the
rough surface, dry, projects onto the mean plane of an area element of the
mean plane dr,;, with the area elements related by

. Oh _0Oh
ndr, = (Xﬁ—xo — a—yo + k) dras . (4.31)

The scattered field can therefore be written in the general form

T oh oh -
Pse(T) ‘e / <a— +b—m — c) e k(AT Byo+ Ch(@o.90)) gy | (4.32)
Snm

- 4rr 81’0 8y0
where
A = sin#; —sinfycosbs
B = —sinf,sinb; (4.33)
C = —(cosb + cosby) ;
and

= sinf;(1 — R) +sinfy cosb3(1 + R)
b = sinfysinfs(1 + R) (4.34)
¢ = cosby(l+ R)—cosb(1—R) .

Note that this approximation for the scattered field has been derived within
the far-field approximation, and for an incident plane wave. In order to make
analytical manipulations possible, further approximations are usually made.
Note: the following part of Ch. 4 is non-examinable.

In general, the reflection coefficient is a function of position on the surface.
We shall assume instead that R is constant. With this approximation, and for
C # 0, we can eliminate the terms involving partial derivatives of the surface
by performing a partial integration. Carrying out the integration with the
assumption of independent integration limits for xy and 1, and taking the
surface to be of finite extent, defined by —X < zy < X and =Y <y <Y,
gives a scattered field of the form

ieikr

¢sc(r) i 4

2F (61, 0,,05) / ek @0v0) dao dyo + e (4.35)

r S

where the phase function ¢(xg,yo) is

(20, Y0) = Axg + Byo + Ch(zo, %) , (4.36)
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the angular factor F'(0y,0,,03) is

1 /A Bb
F(@l, 62, 93) = 5 (Fa + ? + C> y (437)
and the term ), is given by
ie* [ ia " ,
= — - ikd(Xoy0) _ ikd(=X90)\ 4
o) = < [i [ ey

b . A
e / (equb(xo,Y) _ 62/@(9&07—5’)) d{ﬂo} (4.38)

In the above approximation the angular factor depends on the boundary
conditions. The term 1), is often referred to as ’edge effects’, since it involves
the values of the phase function at the surface edges.

We can now calculate average quantities of the scattered field, when h(z,y)
is a random surface with some probability density f(h). The average of the
scattered field, i.e. the coherent field is given by

1

- ikr 0o
Yee(r) = _f 2F / / eke@ow0) £ (1) dhdxody . (4.39)
mwr S J —o0

Assuming stationarity, and using the explicit expression for the phase func-
tion given by equation (4.36), we obtain
Z'ez'k'r R - 5
Vse(r) = = —2F f(kC) / A0t BYo o0 dyyo (4.40)

r S

where f (kC) is the Fourier transform of the probability density function,
with respect to the transform variable k£C'.
The average of the intensity, i.e. the angular spectrum, is given by

<|1/}sc|2> = <¢sc¢*sc> - <¢sc> <7vz)*sc> : (441)

This expression is far more complicated than the equivalent one obtained in
the ’small height’ approximation, because the coherent field is now different
from zero. Further approximations will be necessary to obtain an expression
of practical use for the angular spectrum in the Kirchoff approximation.
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5 Wave Propagation through Random Media

References:
A. Ishimaru, Wave Propagation and Scattering in Random Media
B.J. Uscinski, Elements of Wave Propagation in Random Media

Remarks

This section concerns waves scattered by randomness or irregularities in the
medium through which they are propagating. In many situations the wave
speed varies randomly, for example in the atmosphere or the ocean. Some-
times this variation may be highly localized, such as a patch of turbulent air
(e.g. over a hot road) or bathroom glass. These effects cause focusing, some-
what like that of a lens, and produce regions of both high and low intensity.
(Familiar examples include the twinkling of stars, or the pattern of light in
a swimming pool.)

There are essentially two mechanisms which contribute to this:

(i) diffraction (distance effect): i.e. the evolution of an irregular wave
beyond a fixed plane. This allows focusing of rays as in a lens even when the
medium is homogeneous; and

(i) scattering, i.e. the continuous evolution of phase with propagation

due to extended irregularities, causing bending of rays.
In an extended medium these effects of course occur simultaneously. We
will consider these mechanisms only for weakly scattering media. Roughly
speaking, ‘weak scattering’ corresponds to small angles of scatter, so that
a plane wave may become scattered into a narrow range of directions close
to the original direction. This allows us to use the parabolic wave equation,
derived in section 3.4, which was derived as a small angle approximation.

Throughout this section we will assume that the parabolic equation holds,
and that there is a definite predominant direction of propagation (which can
be taken to be horizontal). It will be helpful to have the exact solution of the
parabolic wave equation in free space, equation (3.52), in terms of an initial
value.

We shall first consider the case in which the random irregularities occur
within a thin layer.

5.1 Propagation beyond a thin phase screen

Suppose that we have initially a plane wave ¢ = e*** of unit amplitude prop-
agating horizontally, so that the reduced wave, i.e. e~ is just E(x, z) = 1.
Suppose that E encounters a thin vertical layer in the region x € [—¢, 0], say,
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in which the wave speed c¢(z) is slightly irregular. (This may represent for
example a jet of hot air, or a turbulent layer.)

Denote the refractive index n(z) = ¢y/c(z), where ¢q is the background or
free wave speed. Write
n(z)=14+w(z), (5.1)

where the function w(z) is small: w(z) < 1. We will assume that w(z) is a
continuous random fluctuation, with mean zero, i.e. < w(z) >= 0 for all z,
stationary in z, and normally distributed.

Initial effect: In the assumption of weak scattering and for a thin enough
layer, the field will only suffer a phase change on going through the layer. If
a wave has wavenumber k before entering the layer, the wavenumber in the
layer will be given by kn(z) = k + kw(z), and the reduced wave will acquire
a phase

¢(2) = kfw(z), (5-2)

where £ is the thickness of the layer.
Then E emerges from the layer with a pure phase change,

E(0,z) = €% (5.3)

Evolution of the field and the moment equations

A primary aim of the study of random media is to examine the evolution
of the field F with distance beyond the layer and find its statistics. (There
are many reasons for this requirement: For example in ocean acoustics one
can almost never know the refractive index in detail, but statistical infor-
mation can help overcome communications and navigational problems, or
may be used for remote sensing of the environment. In other situations the
measurement devices themselves may be detecting time or spatial averages.)
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We introduce here some of the basic quantities and ideas, that will be devel-
oped further for an extended random medium. One notion providing a pow-
erful tool for the analysis of wave statistics is that of the moment equations.
This is applicable particularly in the case of the extended random medium,
but best introduced first for the simpler case of propagation beyond a phase
screen. Suppose for example we wish to find the mean intensity of the field.
For a given medium it will not be possible to obtain a general solution for
the wavefield or its intensity as a function of position. However, it is found
that some of the statistical moments, such as field autocorrelation, them-
selves obey evolution equations. These take a relatively simple form since
the fluctuations in the medium have been ‘averaged out’, and they can be
solved or their solutions approximated analytically. We shall first consider
first and second moments.

Denote the first moment or mean field by
my(z) = (E(z,2)). (5-4)

This is a function of z only, by stationarity.
Similarly the second moment (transverse autocorrelation ) of the field is
defined as

mo(z,n) = (E(x,2)E*(x,2+n)) (5.5)

so that the mean of the intensity I(z,z) = |E|? can be written < I(z) >=
ma(x,0).
We also denote the transverse autocorrelation p of the layer ¢ by

p(n) =< ¢(2)¢(z +n) > (5.6)

with variance

and the power spectrum
sw)= [ plwe. (58)

The initial intensity (immediately beyond the layer) is unchanged, so that
< 1(0,z) >= 1, and the initial mean field is

my(0) =< ) = /2 (5.9)

(This is exact for the normal distribution as assumed here, in which case the
the probability density function of ¢ is

f(6) = —

o\ 21

o= ®2/20°
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and approximate in general. It can be obtained from the definition

< e >= /Oo e f(p)do (5.10)

o0

or simply by expanding the exponential and averaging term by term,
<el>=1+4i<o>—<d?>/2—i<¢®>/3+..) (5.11)

As the field evolves, the pure phase fluctuations which are imposed initially
become converted to amplitude variations. (In terms of ray theory, this
happens as the layer focuses or de-focuses the rays passing through it, and
the intensity changes with the ray density.)

This can be quantified roughly as follows:

At a small distance x beyond the layer, we can take a Taylor expansion of
the field E(x, z) about E(0,z) = €@ using (5.3) and the parabolic wave
equation (3.52):

Bz, 2) = |1+ %x(w” — )| e, (5.12)

where the prime denotes derivative, ¢’ = d¢/dz etc., so that

2
(07 +0?) (5.13)
neglecting higher powers of x. This describes the initial mechanism for the
build-up of amplitude fluctuations across the wavefront. As mentioned above,
however, we can form evolution equations, i.e. differential equations govern-
ing the behaviour of the moments. These can be solved to find the far-field.
Although the first few moment equations are trivial in the case of propagation
beyond a layer we give them here as an introduction to the concept.

I(x,z)%“l—%qb”—l-

Evolution of the first moment (mean field):
By equation (5.9) we can write

< E0,v) > = / mi(0) €% dz = V21 6(v) e 7 /2.

Taking the average of (3.55) then gives

< E(z,v) > = V21 §(v) e ¥ #/% =72,

so that (because of the delta function) < E(z,v) >=< E(0,v) > for all z,
ie.
dm1

dx
so that the mean field is unchanged with distance.

= 0. (5.14)
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Evolution of the second moment (vertical correlation of field):

We are also interested in mean intensity < I(z) >. Although we cannot
form an evolution equation for < I(x) > itself, we can do so for msy(x,n) and
obtain < I > by solving and setting n = 0.

The nitial condition for my at © = 0 is given by

m2(07n) = <e7’[¢(21)_¢(32)]>

where 7 = 23 — 29. Since ¢ is normally distributed, so is the difference
¢(21) — ¢(22). The variance of this difference is

(lo(21) = d(22)*) = 2 [0* = p(n)]
This gives the initial value
ma(0,n) = e~ l7*—Plm], (5.15)

Now consider the ‘transform’ moment M, defined by

My(z,v1, 1) = <E($7V1)E*($W2)>-
By equation (3.54) we get

OM. i
a; = ﬁ(yg—yf) M, (5.16)

However we can write My directly in terms of F, as

My(z,1n,1) = / / (E(x,z)E*(x, z2)) R e M P o
= / / ma(x,m) e —vY/2mitva)n/2 gy gy (5.17)

where we have made the change of variables n = 21 — 25, Y = 21 + 25.
Evaluating the Y-integral in (5.17) gives

e}

My(z,v1,10) = V2 §(1n — 1) / ma(z,n) glmtvan/2. gy, (5.18)

—00
so that M, vanishes unless 11 = 5. Hence we see from equation (5.16) that
Ms, and therefore mo, does not evolve with z, i.e.

8M2 . 8m2
or Oz

-0 (5.19)
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In particular the mean intensity remains constant. (It will be seen later that
this no longer holds for an extended random medium.) We therefore need
to go to higher moments to describe the intensity fluctuations which the eye
and most ‘square law’ detectors observe in waves propagating through an
irregular layer. Before doing that, we shall consider the evolution of the first
and second moments in an extended random medium.

5.2 Propagation in an extended random medium

Consider now the second mechanism which can produce field fluctuations,
that of extended refractive index irregularities. This is common in many
situations, e.g. underwater acoustic, or atmospheric radio wave propagation.
(Apart from any random irregularities there is often an underlying profile;
for example the ocean sound channel which causes upward refraction of ray
paths, confining sound to a region near the surface. This will not be treated
here.)

Consider again a 2-dimensional medium (z,z) and a time-harmonic wave
pe™t. Let c(x, 2) be the wave speed in the medium, and ¢y be the ‘reference’
or average wave speed. (We will take this as constant here although the
actual profile may depend on depth.) Let & = w/cy be the corresponding
wavenumber.

Denote the refractive index by n(z, z) = ¢y/c(x, z). We can write

n = 1+4+ng(z) + puW(z,z2) (5.20)
where ng is the deterministic profile which, for example, allows for chan-
nelling, but which will be set to zero in the following derivation. pW is the
random part, where ¥ has been normalised, so that

<W>=0, <W?>=1,
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and therefore p? is the variance of n. We will take W to be normally dis-
tributed, and stationary in x and z. We can then define the 2-dimensional
autocorrelation function

p(&,n) = p? (W(x,z) W(z+&z+mn)) (5.21)

so that p(0,0) = p?. Note that p is assumed to decay to zero as & — oo or
n — oo. (This is reasonable unless there is an underlying periodicity in the
medium.)

Further define the horizontal and vertical length scales H, L defined by

p(H,0) = p(0,L) = pPe™.
There are thus at least three measures affecting the scattering in different
ways: p2, H, and L. We will look at their various effects on the field.
Weak scatter assumptions: We make the following assumptions, which

correspond to different forms of weak scattering restrictions.

(1) Small variation of refractive index, > < 1 (or equivalently |n? —1] <
1).

(2) Small angles of scatter, expressed as

)\0 < L
where )\ is the reference wavelength, \g = 27 /ky.

(3) Weakly scattering medium, i.e. the phase fluctuations imposed over a
distance H are small,

Note: It will be seen below that ‘stretching’ the scale size H increases the
scattering effect, whereas stretching the vertical scale L weakens it.

Under these weak scatter assumptions we shall be able to use the parabolic
equation for an extended random medium, which was derived in section 3.4:
oF i O°E ik, ,
— = ———+ — —1)E. 5.22
ox 2k 022 + 2 (n*(z) ) ( )
We will go on now to consider effects on the propagating field. First we
investigate heuristically the effect of the horizontal length scale, and then
will form and solve the basic moment equations.
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Scattering effect of extended irregularities: For a given form of the
medium W and its statistics, what is the effect of changes in the length scale
H? For the moment we ignore diffraction and examine only the scattering
term in (5.22).

Consider therefore a vertical layer consisting of the region [z, x+d]. Subdivide
this into n thin subregions each of width Az = d/n.

Each of these subregions, for j = 1,...,n, imposes a normally-distributed
phase change ¢;(z) with mean zero, whose variance is assumed to be given,
say:

(05) =0, ($}(2)) = o*. (5.23)
So since we are ignoring diffraction the wave emerging at = + d has the form
E(z+d,z) = E(z,z) e¢® (5.24)

where n
6(z) = Y 6il2).
i=1
Now, since ¢ is normally distributed, the mean of this phase modification is
() = e <>/ (5.25)

so we want to examine the dependence of < ¢* > on H. Consider two
extreme cases:
(1) H small, say H < Az: Then we can treat ¢;, ¢, as independent for

all 7 # j, so that
@) = (X e0) )

n

= > () (5.20

i=1
= nd?
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so that scattering scales linearly with n

(2) H large, say H > d: Then we can suppose that the medium at each
depth z is approximately constant over the interval [z, z + d],

¢i(2) = ¢;j(2) for all 4, j,
so that
<> = <[n¢1(z)]2> = n? &% (5.27)

Thus, increasing H magnifies the scattering effect of the medium.

Moment equations for an extended random medium

We now return to the problem of formulating and solving equations for the
evolution of the moments, analogous to those for the thin layer.
Define again the first moment

mi(x) =< E(x,z) > (5.28)

where this quantity is again independent of z by the stationarity of W. Thus
all z-derivatives d"mj/dz" vanish, so that all effects on the mean field are
due to the scattering term only (in eq. (5.22)).

In order to derive the first moment equation, consider first the phase change
¢(z) over a distance d > H due to the scattering term only:

E(x+d,z) = E(x,2) ¢ (5.29)
where

(z) = ko /H W', z) dx'. (5.30)

Square and average (5.30) to get

z+d px+d
<> = kg;f/ / (W(2', 2)W (2", 2)) da" da"

z+d px+d
= l{:é;ﬁ/ / p(z' —2",0) dz’ dz" |

where we have used the definition (5.21) for the transverse autocorrelation
p(x’ —2”,0). We now make the change of variables

& = o' —u

X = (@+2"))/2
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and use d > H together with the fact that p(X,0) ~ 0 for large X to obtain

d 0o
(@) = ke [ [ a0 ds ax.
0 —00
Therefore
(¢*) = kip’dog (5.31)
where

o= [ o0 de.

oo

Now, averaging (5.29) and using (5.31) gives

mi(z+d) = (E(z+d,2)) = m(z) e Fow oo/ (5.32)

where we have made a further key assumption: the field becomes independent
of the medium, due to the cumulative effect of scattering., i.e. for large x

<E(x,z)ei¢(z)> ~ (E(x,z)) <ei¢(z)>.
It now follows directly from (5.32) that

my(z) = el“Fer oo/ (0). (5.33)

Equivalently (or expanding mq(xz + &) in £ and comparing terms of O(¢) with
a Taylor series) we can write

dm1 . ( 1
dr 2
Thus my(x) decays exponentially and is purely real.

kuoo)m; . (5.34)
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Equation (5.34) for the evolution of the first moment due to the scattering
term only, is also valid for a more general incident wave in 3 dimension, and
amplitude different from 1, where the wave emerging from from a screen of
width d is given by:

E(JJ T é’ Y, Z) - E(;L’, Y, Z>e¢>(ac+£,y,z) )

and we have
8m1

ox

In general, we cannot disregard the ’diffraction’ term, and we need to use

8E_z'(82 a?) iko

1
= —(ikrg,ugao)ml : (5.35)

s TS (5.36)

022 O0y? 2
Therefore the equation for the first moment is

8m1 . 1 82 82 1 2 92
o ( s ) m o~ (GRpogmi . (537

Since the medium is stationary, and therefore m; is independent of the trans-
verse directions y, z, this reverts to equation (5.35)above.

For higher moments, the V2 term must be retained, and the evolution equa-
tions can be solved by applying some small perturbations method, for exam-
ple Born or Rytov, but only for small intensity fluctuations. Such solutions
are of very limited use, since we know from experimental results and ob-
servations that even small randomness can give rise to very large intensity
fluctuations.

It is possible to find a solution that allows for large intensity fluctuations by
a local application of the method of small perturbation, and we shall derive
moment equations and their solutions in this way. Conceptually then, using
these moment equations to describe the evolution of the field is equivalent to
using repeated applications of the Born approximation for successive (thin)
screens.

Let us now consider the second moment

=< Ey(z,y1,21) E5 (2, Y2, 20) >, (5.38)

where F, and Ej represent F at two separate points in the same transverse
plane at x.
Let us derive first the 'diffraction’ term (or 'distance effect’). Consider

o . _O0F . 0B,
o BB = Bt + B
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The diffraction term for the field at a single point FE; is

OE; ? 0? 0? i
e — ==+ — | =—-——V%E, . 5.39
oz 2k ((93/22 * 823) 2o 1 (539)
Therefore 9 ,
7
&ElE; = _2_160 (E§V2T1E1 - EIV%QE;) >
and taking the ensemble average
0 . i *
5 < E1Es >= T (Vi — Vi) < E1Ej > . (5.40)

We shall now consider the ’scattering’ effect due to a screen of thickness d,
so how the second moment < EjFEj(x) > evolves onto < F1Ej(x + d) >
We have:

E\Ej(x + d) = By By (x)e!#etdua)molerdims) (5.41)
and 5
E\Bj(x+d) = BBy (w) — o- < EaBy > d (5.42)
SO

BB (v4d) = ByE () [14i(é(y1, 21) — b (g, ZQ))%(qs(yl,Zl)_qj(ym))un_ |

(5.43)
where we have equated (5.41) and (5.42), and expanded the exponent. Taking
the ensemble average, and remembering that < ¢ >= 0, we have

a% < EE>d= —% (g, 21) — Syo )Y < BLE} > . (5.44)
Now consider
(g1 — ¢2)*) = (< ¢T > =2 < g1y > + < $3 >) , (5.45)
where ¢; = ¢(y;,2;) In the same way as we previously derived < ¢* >

(equation (5.31)), we can derive

d 00
(p100) = kip? /0 / p(€,0) d€ dX.

(p102) = kop'dog (5.46)

Therefore

where

o0 = / p(€,0) dt.

(e o]
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and p is the normalised autocorrelation function of the refractive index fluc-
tuation:

1
p(gﬂnag) = E < W<x17y17zl)W(x2ay2722) >

We can now use (5.46) in (5.45) to obtain

Therefore the evolution due to the scattering only is
a% < BE\Ej >= —k{p*(0(0,0) — o(n, () < BE1Ej > (5.48)
Now, combining (5.48) and (5.40), we obtain the second moment equation
om i
= i (Vi = Viz) ma = ki (0(0,0) — o (n, Oyma . (5:49)
ox 2]{‘0

Let us consider the fourth moment defined by

We can derive an equation for the fourth moment in the same way as before:
The ’distance’ effect:

%(E1E2E3E4) o — (FE3EsE;)+E1— o (EgE )+E E; pe (E )+ E\ESEy— .
(5.51)
But 5
' V z )
0z Qko i
therefore:
a * * Z 2 2 2 2 * *
oz (EVE3E3EY) > o 5= (V1 = Vg + Vg = Vi) < (BLE3E3EY) >
(5.52)
The ’scattering’ effect:
We have
(E\E3EsE) (v +d) = (B Ey B3 E}) (x)e? %201 (5.53)
and
O(F\ESEsE]

ox
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Equating (5.53) and (5.54), and expanding the exponent, we get
. 1
(B1 By By B7) (w+d) = (EnEy B3 7)) [Li( 1 —dotds—da) =5
(5.55)

So, truncating the expansion and taking the ensemble average, we have

1
-%<E@ﬁﬂpﬁ:—§@—@+@—@f<m@&m>

1
= —5 (4 < ¢4 > 42 < ¢1¢3 > 42 < ¢2§Z§4 > (556)
— 2< i > =2 < Prdy > =2 < a3 > —2 < P304 >) < BN EJERE >
where we have used
< 0ip; >=<¢;¢; >
and
< i >=< ¢} > .
Now, proceeding as before, and remembering that (equation (5.46)),

< ¢idj >= kjplo(n;, ¢)d (5.57)

we can combine the ’distance’ and ’scattering effects to obtain the fourth
moment equation

8m4 1
or 2]{30
— l{?(Q)MQO'(O, 0)(2 + 013 -+ 094 — 012 — 014 — 023 — 0'34)’/')14 (558)

(v%l - V2T3 + v%zz - V%4)m4

This is more usefully often written in the slightly different form:

om i
8—; = _2—]{10<v%1 - v2T3 + V?Pg - V2T4)m4
— B2+ fiz+ foa — fr2 — fia — faz — faa)ma (5.59)
where
B = kgpi*o(0,0) (5.60)
and
fig =0 =y, 2 — 2)/0(0,0) . (5.61)

The quantity 3 defined above is the so-called attenuation coefficient, which
is a useful parameter of physical significance. [ is of course related to the
attenuation of the mean field < £/ > by the medium, since

< B >= Eg€76/2 ,
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and to the "unscattered’ power < E >2 by
< E >?= Fpe™” | (5.62)

It has a further physical significance in terms of the mean free path of a
photon in a random medium. Suppose the incident (electromagnetic) field is
regarded as a unidirectional flux of photons. The incident field is attenuated

exponentially like
X/Tm
e

as it passes through the medium, where z,, is the mean free path of the
photon in the medium. The number of photons in the unscattered flux is
proportional to the unscattered power, so, comparing with (5.62), we see
that 37! may be interpreted as the mean free path of a photon in a random
medium.

Let us now find the solutions for the second and fourth moment.

Solution of the second moment equation
It is convenient to use the set of variables

§=x1 -T2, N=%—Y2 , (=21—2
X:x1+x2,Y:y1+y2 s Z:z1+22 (563)
and to set
< E\E} > P = u(Bx,n,() . (5.64)
The equation for the second moment then can be written as
0 21 0? 0?
v 2 (0w | Oul, olng), (5.65)
d(Bx) koS \OYOn =~ 0Z0C a(0,0)
It is convenient to transform this equation using the transform pair
u(Y,n; Z,¢) = //@(77, G €1, 62)€i(ely+€2z)d€1d€2 )
1 ,
i, Gee) = o //U(Y, 0; Z,C)e ey dz
™
to obtain 54 56 56 (n.0)
U U uw o, ().
=B —+Ci— 5.66
208z) _ 'an T T 00" (5.66)
where

Bl == 261/1{36 3 Cl == 262//{36 .
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The general solution of (5.66)is

5% 5(n + By(Bzr — z'); ¢+ CL(Bx — Ba'))
a(0,0)

= ﬁo(n_}_Blﬁx’ §+C’15x) exp [/ d(ﬁ:p’)] )
0

(5.67)
where 1y is the solution of the transform equation (5.66) when o (&, 7, () = 0.
The second moment then is given by the inverse transform, which, in our
case where Y = Z = 0, reduces to

w(Y,n; Z,¢) = //ﬁdeldEQ : (5.68)

If the incident field is a plane wave with amplitude Fy at x = 0 and propa-
gating parallel to the z-direction, then

7}/0 = 5(61)6(62) (569)

and from (5.67) and the inverse transform we have:

w = Ejexp [ / " U(n(;%()]fl(())ﬁx’)}

E2 exp {—ﬁx (1 - ‘;Eggi)} . (5.70)
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Solution of the fourth moment equation
We shall now seek a solution of equation (5.59):
8m4 - )

FraT
— k§u200(2 + fiz + foa — fi2 = fia — fos — faa)ma ,  (5.71)

We shall follow similar steps to those used to find a solution of the second
moment equation, so we shall first make an appropriate change of variables,
then use Fourier transforms.

Denote by L the scale size of the inhomogeneities transverse to the direction
of propagation x, and define a new variable, scaling x by the so-called "Fresnel
length’ kL?:

v%l - V%‘s + V2T3 - V%4)m4

. X
kL2

Introduce also the following scaled variables:

Ca (21 — 20 — 23 + 24) /2L
G = (21+20—23—24)/2L
( )
( )

(5.72)

Cc = (21— 22+23—24)/2L (5.73)
Z = 21+22+23+Z4/L

and analogous ones relating in the y coordinate:

Na = (Y1 —Y2— Y3 +ya)/2L
m = (1 +y2—ys—ys)/2L
Ne = (1 —y2+ys—ys)/2L (5.74)
Y = (n+y2+ys+ya)/L
We shall also define the parameter
I = ko0 L? (5.75)

For simplicity, we shall restrict the following to 2 dimensions, in the plane
(z,z). It will be straightforward to extend the final result to include the y
coordinate. In this case then, and with the new variables defined above, the
fourth moment equation becomes

omy L 9*my N 9*my
0xX 0,00 0¢.0Z

)—2W1—M@£u@Wm, (5.76)

We shall now seek the solution in 2D, for a plane wave of unit amplitude
normally incident onto the half-space x > 0. Equation (5.71) then simplifies
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5.2 Propagation in an extended random medium

further, since in this case the 4th moment is independent of the transverse
direction Z, and all the field quantities in (5.76) can be written as functions
of 2 new variables only. We have:

87714 . 82m4

9xX 960G, 21°(1 = g(Cas Go))ma (5.77)

where now

= f(G) + f(CB) + ——f(Ca +G/2) - —f( — G/2)

Similarly to the procedure followed to find the solution for the second mo-
ment, set

mae™ —m |
then use this in (5.77), and multiply the resulting equation by e 2% to
obtain 5 52
m m
— = —1 2T 5.78
Again we transform this equation using Fourier transforms:
1 .
e _/ / m(Cay G, X)e e dCdG,
¢ - / / (Cor Go)e™ oo T80) G,
and obtain
aM / / ’
' = M + QF// — ) M(v,, v, X) (5.79)

In order to solve this integrodifferential equation, we shall now represent M
as a series:

M=> M,, (5.80)
n=0
where
My = M Vo, 1, 0) = §(va)0(1p) (5.81)

which we take as the initial condition for (5.79). Using now the series (5.80)
n (5.80) gives:

aM ! I ’
d = i, M, +2F// — ) M1 (v, v, X) (5.82)
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5.2 Propagation in an extended random medium

We can solve (5.82) starting from M;:
oM,

09X
with initial condition M (v,,v,0) = 0. This has solution

= WM, + 2I'G(va, 1) , (5.83)

X
M, (vg, vy, X) = 2T / G (va, 1)’ X=X x, (5.84)
0

Now we can use M; to solve for Ms:

0X
with initial condition My(v,,15,0) = 0. This has solution

M2<Va7Vb7X

X [e’s)
(2r)? / / / G (Vo — Vay, Vb — Vpy ) M1 (Vay, 1/,;, Xg)e’A”“”b(X_Xz)chgdyaldyb1

Xo
/ / / / G (Vo — Vayy Vb — Uy )G (Vg — Vay, 1, b, Xo) X

zyaub(X X2 +ZVa1Vb1(X2 X1) d)(2

aM ! / ! ! ’ /
2 — v M,y + 2F//G<I/a — v, v — ) My (v, v, X)dv,dv,  (5.85)

dv,, dvy,

and the nth term in the series is:

n X2
M, (ve, v, X) = (2I)" / / / / / (Vay, Vb, )
X (v,

as V(Z17Vb2 Vbl

G(Va3 — Vag, Vb — VbQ)

X G(Va - Van,n Vp — Vbn—l)

% e’i(l/al Vb, (X27X1)+I/a2 Vby (X37X2)+”.+l/g‘ub(X7Xn)

X dvg,...dv,, ,dvy,..dv,, dX;...dX,

Replacing all the terms G by their inverse transform and carrying out all the
possible integrals gives:

My (va, v, X) = 2W2n+2/ /Xn /X/ / 1_[19(Ca1,cb+62j)

X an( Vﬂj 1) wpCh

dg},dgal dC,
Ay ... dvy, dX;...dX, |
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5.2 Propagation in an extended random medium

where
Qj = (I/a(X — Xn) + Van_l(Xn — Xn) —+ ...+ Vaj(Xj—i-l — XJ)) . (586)

It is useful to interpret the subscripts n as the number of times that the
field is scattered, contributing to a given term in the series, M,,. The "single
scatter” approximation then corresponds to taking just the first term in the
series, which is

b's
M (vy, v, X) = ZF/ G (v, nup) e’V X=X g X, (5.87)
0
and we recover the Born approximation.

In order to obtain higher order terms in the sum, further approximations are
necessary, which of course involve further errors, beyond those incurred in
truncating the series.

Because of this, and because of the quite complicated analytical form of
the higher order corrections, which do not readily yield physical insight,
calculations are most usefully carried out using numerical approximations.
We can write the equation for the fourth moment (equation (5.77)) in terms

of operators as:
8m4

—x = (AX) + BT, X))my (5.88)
where
82
A=rgige s B==200 = g(CG)m (5.89)

We can write C' = A + B. Difficulties can arise in the numerical solution for
C, particularly for large values of I', when semi-discretization leads to a stiff
system of differential equations. Furthermore, since there are two transverse
variables, the matrices which operate on this system are of order N*, where
N is the number of points in the discretization along each axis.

The formal solution of equation (5.88) over the range (X, X + AX) is

X+AX C

Ma(Car G X + AX) = elx 7 C0X X (6, G, X)) (5.90)

In the case of a plane wave, C' does not vary with X, so
/ CdX = AXC

and the exact formal solution is

m4(Caa §b7 X + AX) = eAX(A+B)m4(Caa §b7 X) (591)
2
= (1 + AX(A+ B) + <A§) (A+ B)* + ) My (Cas G, X).
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We first approximate this with the 'operator splitting’ solution given by

ma(Cay G, X + AX) = eAXAeAXB)m4(Ca, Gy, X) (5.92)
(AX)? (AX)?

— (1 +AXA+ TA2 + ) (1 + AXB + TB2 + ) my(Ca, Gy X).

This is exact only if the operators A and B commute. We can see, by
expanding the terms in (5.91) and comparing with (5.92),that the step-wise
error in (5.92) is O[(AX)3]. However, the overall accuracy depends on the
degree of commutativity between A and B in the strong operator topology
or, in other words, on the quantity || (AB — BA)my ||. This quantity is
indeed very small, so the method is very accurate.

This operator splitting can be applied when the irregularities in the medium
have any given autocorrelation function with an outer scale, even if it is
range-dependent.

The method is unconditionally stable and convergent, and can be applied
even when there is strong scattering.

The method allows comparison of analytical and numerical intensity fluctu-
ation spectra over a wide range of I' and X.

The scintillation index

The scintillation index S? is the normalised variance (sometimes referred to
as 'mean square’) of the intensity fluctuations:

, <IP>-—<I>?
SI:
< I >?

: (5.93)

where the intensity [ is given by
I =FEF".

S? is a measure of the fluctuations of the received signal by most devices,
and is of course a fourth moment of the field.
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6 Electromagnetic scattering in layered me-
dia

We derived in chapter 1 the time-dependent wave equation for electromag-
netic waves in free space, equation (1.39), and the corresponding Helmholtz
equation for time-harmonic electromagnetic waves, equation (1.42). We shall
now extend these results to a general medium, and apply them to typical
scattering problems.

If the medium is anisotropic, then the permittivity ¢ and the permeabil-
ity p are 2nd rank tensors, because the medium has different propagation
characteristics along different axes. If the medium is inhomogeneous, the
permittivity and permeability are space-dependent. Therefore, for a gen-
eral anisotropic, inhomogeneous medium, with a source induced by a current
density J, the second and third Maxwell equations are

VXE = —%ﬂ(w,y,z) -H (6.1)
VxH = %E(m,y,z)-E+J (6.2)

and in this case €(z,y, z) and fi(z,y, z) do not commute with the V operator.
For time-harmonic waves, where the time dependence is given by ™!, then
we shall have reduced (Helmholtz) wave equations given by:

Vxp'-VxE—-we-E = iw] (6.3)
Vxe' ' VxH-wi-H = Vxe'-J. (6.4)

Where, to obtain the Helmholtz wave equation for E, we have taken V x i~*
of (6.1) and used (6.2); and similarly to obtain the Helmholtz wave equation
for H, we have taken V x e ! of (6.2) and used (6.1).

For an inhomogeneous, isotropic medium, these reduce to

Vxpu ' VXE—-wE = iw] (6.5)
Vxel' . VxH-w’uH = Vel (6.6)

If we have plane polarised waves, i.e. TE or TM waves, we can see that the
wave propagation problem will always be described by a system of coupled
vector equations in the case of an inhomogebeous anisotropic medium, whilst
it will be possible in general for an isotropic medium to choose a coordinate
system in which wave propagation is described by a system of six uncoupled
scalar equations.

If the medium is anisotropic, but homogeneous, TE and TM waves are, in
general, also decoupled. However, in the presence of a planar interface they
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will be coupled to each other at the interface; an incident TE wave may
generate both TE and TM waves, and propagation has to be treated by
vector equations. This is also the case when a polarised wave travelling in a
homogeneous isotropic medium is scattered by a non-planar surface.

In particular, for a homogeneous, isotropic medium we have:

V xV xE —w?euE = iwpd | (6.7)
which we can write as
1
V2E + k’E = —iwpJ — lwp5VV - (6.8)
by using the vector identity
VxVxE=-V’E+VV-E (6.9)

and the fact that (from Maxwell equations and the continuity equation)

.3
v.g-"-YVI

€ TWE

We can use the identity operator I to write (6.8) as

Vv] J (6.10)

V?E + k’E = —iwp [I + 03
This is a system of three scalar equations, each of which can be solved using
the free space Green’s function Go(r’—r), once we interpret —iwpu [I + %} -J
as a source term. This gives the vector solution
. - V'V
E(r) = zwu/Go(r’—r) [I—F 12 } - Jdr' . (6.11)

It can be proven (using vector identities) that equation (6.11) can also be
written as

B V/ !
E(r) = iwu/.]- [I+ 2 } Go(r' — r)dr’ | (6.12)
or, more compactly,
E(r) :iw,u/.IC_}(r’,r) ir' | (6.13)
where ——
G(r',r) = [T + 12 ] Go(r' —r) (6.14)
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is a dyad known as the dyadic Green’s function for the electric field in an
unbounded, homogeneous medium.

Note that (6.14) has a singularity of order o Whenr — r’, so due care
must be taken in evaluating the integral. It is useful in this respect to define
the free space Green’s function, in terms of its Fourier transform Go(|bfk)

Go(r',r) = (2;)3 / K rGo (k) dk | (6.15)

and work in the k domain.

A different approach is usually more suited to polarised waves in a layered
medium.

Let’s first consider linearly polarised TE waves (so, e.g., E = yE, = E, in an
isotropic, inhomogeneous medium where the permittivity and permeability
vary in one direction only, e.g. € = €(z) and p = u(2).

The Helmholtz equation then becomes

puV x u 'V x E, — weuB, = iwpd | (6.16)

Using the vector identity (6.9) as before, and noting that from Maxwell
equations we have in this case

V-D-V. B e VE, =0,

dy
SO 85 Y = (), the Helmholtz equation reduces further to
0? o _,, .0 9
= )= E, = 1
[8:{:2 + u(z)azu (:z)az +w ue} y =0 (6.17)

TE waves can be characterised in an analogous manner by the H, component
of the magnetic field, H,, which obeys the equation

o2 o ., o
w*‘ﬂ(z)&/ﬁ (2)@ +wipe| pH, =0, (6.18)

where we have used the fact that, for TE _waves and a medium with spatial
dependency in the z-direction only, and 2 o9 ;’ =0

Similarly, for TM waves we have:

0? J _ 0
{83;2 +p(z )(9Z'u 1(3)& + wzﬂe} E,=0, (6.19)
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and we recover the result that TE and TM waves are decoupled in a planar,
1-dimensional inhomogeneity.

The solutions to each scalar equation (6.17) and (6.18) must have a depen-
dency in the 2-direction of the form e**+® for all z. Considering them together
as a system of equations, we can write the solution in the form

B[] e

Y

for all z. Since the medium is translationally invariant (i.e. the properties
of the medium only vary in the z-direction), the solution for all z must have
the same phase variation in the z-direction, and (6.17) and (6.18) become
ordinary differential equations:

d _ d
{u(z)au l(z)% + w? e — ki] e, =0, (6.21)
d . \d 2 2
e(z)ae (Z)E +w'pe—kilh, =0 (6.22)

which corresponds to a one-dimensional problem, to be solved with appropri-

ate boundary conditions across any interfaces present in the medium. When

e and p are function of z, the solution to (6.21) can be found numerically,

e.g. with a finite difference method.

If € and p are constant, the solution will be a linear superposition of e, (z)e*™#*=#,
where k, = (w?ue — k2)'/2,

In this case, the second order ODE derived above can be converted into a

first order differential equation.

To illustrate this, let’s take the ODE that governs the propagation of TM
waves:

d 4, .d 9
= = - 2
() e )L+ k2 0=0, (6.23)
and define a new function | d
= ——0. 6.24
¥ twe dz ( )
Then equation (6.23)becomes
d k2
—p=——20¢. 6.25
dzw z'we¢ (6.25)
Then, equations (6.24) and (6.25) can be written in matrix form as
d _
—V=A-V 6.26
dZ Y ( )
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where V:t = [¢, ] is the vector describing the state of the system, and the
matrix A is given by:

_ 0 =

A= { e “56 } (6.27)

we

When € and k., are constant, (6.26) has a closed form solution. In this case,
let
V =MV, . (6.28)

Equation (6.26) then becomes:
(A=) -Vo=0. (6.29)

For non trivial Vg, the determinant A — A has to be zero, giving \ = +ik,.
Hence , '
V(z) = Cpett2c, 4+ C_etH2c_ | (6.30)

where c. are eigenvectors corresponding to the eigenvalues +ik,.

Since A is not symmetric, nor Hermitian, these eigenvectors need not be
orthogonal, but the eigenvectors ci can be normalised if necessary. The
solution (6.30) can also be expressed in matrix form as

V(z) =c-e"K2. O (6.31)
where
C'=[Cy Cy] (6.32)
iR eikzz 0
e [0 e (6.33)
Now, using the fact that €71 - ¢ = I, we can rewrite (6.31) as
V(z) = ce™KE) el v () (6.34)
If we define B )
S(z,2') = et K== g1 (6.35)

we can write the solution as
V(z) =S(z,7) V() . (6.36)

The matrix S(z, 2’) is variously known as the scattering matriz,propagator
matriz, transition matriz, ...

It relates the state vectors that relate the field at two different locations z
and 2.
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6.1 Reflection from a layered medium

6.1 Reflection from a layered medium

The scattering matrix can be used to solve a three-layer problem, where two
planar interfaces at z = 0 and z = —d separate three layer stacked vertically
in the z-direction, with region 1 defined by z > 0, region 2 by 0 < 2z, —d and
region 3 defined by —d < z.

First, the state vector in region 1 is given by:

R

Vl(z) = Cl_@_Zklzzcl_ + RC’l_elklzch_ — ée:l:sz . |: |

]a_. (6.37)

Because of the definitions of ¢ and v, they are continuous quantities across
the interfaces. Therefore,

Vi(0) = V32(0) ; Vi(—=d) = Va(—d) .

The S matrix can be used to find Vy(—d) in terms of V(0). Consequently:

Vﬂﬂﬁ—gﬂ—dm-Vﬂ®—§ﬂ—¢®-m-[?}Cl. (6.38)

Since region 3 should only have a transmitted wave, V3(z) must be of the
form

V3<Z) _ TCl,e_ik?’Z(Z—i_d)CSf = Cj3 - eiK3(z+d) . |: g :| C_ . (639)

Consequently, from (6.38) and (6.39), we conclude that

¢3! Sy(—d,0) ¢ - { }f] = [;] : (6.40)

There are two scalar equations with two scalar unknown R and 7" in (6.40),
and the solution can be readily found.
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6.1 Reflection from a layered medium

This approach is easily extended to the solution of wave propagation in
anisotropic, layered media. In this more general case, instead of a state
vector with two components, a state vector with at least four components is
required.

We shall start with Maxwell’s equations for a source-free, anisotropic medium:

VxE = iwp-H (6.41)
VxH = —iwé E (6.42)

Given the layered medium geometry used in this section, it is convenient to
work with the components of the electric and magnetic field transverse to
z. We shall denote them by E, and H, and decompose all quantities into a
transverse and a longitudinal part as follows:

E = E,+E,
H = H,+H,
0

V = V,+2—
+zaz

and the tensors i and € can be partitioned as
— ,as ,asz - €s €
"= { fios s ] € { Ers } (6.43)

Here, iy is 2 X 2, Jig, s 2 X 1, fi,s is 1 X 2 and fi,, is 1 x 1. Similarly for €.
After substituting this decomposition into (6.41), and equating transverse
and longitudinal components, we have:

0
a—é x Ey =iwps - Hy +iwjis, - H, — Ve X E, | (6.44)
z
Ve x Ey =iwji,s - Hy +iwp, . H, . (6.45)
We also have, either by duality, or from using the decomposition into (6.42):
0
a—é x Hy = —iwé, - Eg + —iwe,, - E, — Vy, x H, | (6.46)
2
V. x H, = —iwe., - E;, —iwe..E, . (6.47)
We can then use (6.47) and (6.45) to express E, and H, in terms of E; and
H.:
1 _
E. = —k..V,xH, —k..é., - E; (6.48)
iw
1
Hz - ._szvs X Es - szﬂzs : Hs ) (649)
iw
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6.1 Reflection from a layered medium

where x,, = ¢! and v,, = pu}. These two equations can then be used in

zz zz

(6.44) to give:

0
8_2 X Es = iwﬂs : Hs + ,asz : szvs X Es - Z-W,ﬁsz : ﬂzs : szHs
z

1
+ Vb X Ve x Hy + V, X K66 - Eg (6.50)
1w

By duality, we have:
0

6—2 xH, = weé-E;+¢6, - Kk, Vs X Hy —iwe,, - €,5 - K, By
z

1
— —Vexv,. Vo xE;+V, Xv,.ji., H,. (6.51)
iw

If we assume that the fields E, and H, have ¢!tk *s in the transverse direction
for all z’s, and if we also assume that € and i are a function of z only, then
taking —Zx of equations (6.50) and (6.51), and carrying out the transverse
derivative V gives:

d .
—E, = [(—iwé X flg+) + IWZ X [lgy * [lys * Vay — (ﬁ x kg X fzzzksx)] H,
dz w
+ [(—i2 X fis, - Vo keX) — 02 X Ky X K655 Eg (6.52)
d L o i
—H, = |(iwZXé&)—iwi X €g, €5 Koo + | — X ks X vk x || Eg
dz w
+ [(—i2 X €, - Ko keX) —i2 X kg X v, 5| Hy (6.53)

Now these two equations can be written in matrix form as a state equation:

d [ E, H,, Hi, E;
—_— p— —— et . 6-54
dz [ H; ] { Hy Hax H, |~ (6.54)
where I:Iz-j are 2 X 2 matrices. The state equation can also be written as
d V=H-V (6.55)
dz ’ '

where V! = (E,, H,) is a four-component vector, and H is a 4 x 4 matrix.

The solution to (6.55) can now be sought, in a similar way as the solution to
(6.26) in the one-dimensional case.
Let

V =MV, . (6.56)

Part III - Classical Wave Scattering 93 O.Rath-Spivack@damtp.cam.ac.uk



Copyright © 2007 University of Cambridge. Not to be quoted or reproduced without permission.

6.1 Reflection from a layered medium

Using this in (6.55) then gives:
(H- M) -Vo=0. (6.57)

Since H is a 4 x 4 matrix, there will be four eigenvalues and eigenvectors,
because det(A — AI) = 0 gives a quartic for A\. Hence, the general solution
of (6.55) has the form:

V(z) = Ala16wlz + A2a26i32zA1a3€w32 + A4a4€7iﬂ4z ) (6.58)

where a; are eigenvectors corresponding to the eigenvalues i;.
Again, since H is not symmetric, nor Hermitian, these eigenvectors need not
be orthogonal. The solution (6.58) can also be expressed in matrix form as

V(z)=a-e’* A, (6.59)
where a is a 4 x 4 matrix containing the eigenvectors a;:
a = [aj, a, as, a4 (6.60)

and A is a column vector containing the A,’s. 3 is a diagonal matrix, where
the i-th diagonal elements eigenvalues correspond to the i-th eigenvalus. So
€7 is given by
b 0 0 0
iz 0 e 0 0
0 0 e 0
0 0 0 e

(6.61)

These eigenvalues and eigenvectors are ordered, in such a way that the first
two diagonal elements correspond to an up-going wave, and the last two to
downgoing waves.

As a result, equation (6.62) can be written as:

V() = a-ede) . a 150 A
= S(z,7)-V(¢). (6.62)
where B B
S(z,7)=a- e . a7t (6.63)

is the scattering matrix.
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7 The inverse scattering problem

We have so far only considered the direct scattering problem, i.e.; given a
wavefield u; incident upon an inhomogeneity (this could be an interface such
as an infinite surface or a finite, closed object, or an extended inhomogeneity
such as a medium with varying refractive index), we have considered ways of
finding the scattered field u,, or equivalently the total field u = u; + us.

The inverse scattering problem starts from the knowledge of the scattered
field u,, and asks questions about the inhomogeneities that produced it (for
example their shape, or their refractive index) and about the source field.

This area of research is fairly new, because the nature of the problem gives
rise to a mathematical problem which is ill-posed, and until about the '60’s
was not considered worth studying from a mathematical point of view.

Let’s see what "well-posed’ means. According to Hadamard, a problem is
well-posed if

1. There exists a solution to the problem (existence)

2. There is at most one solution (uniqueness)

3. The solution depends continuously on the data (stability)

For a problem expressed as
Az =1y, (7.1)

where A is an operator from a normed space X into a normed space Y, A :
X — Y the requirements listed above translate into the following properties
of the operator A:

1. A is surjective. If it isn’t, then equation (7.1) is not solvable for all
y € Y (non-existence).

2. A is injective. If it isn’t, then equation (7.1) may have more than
one solution (non-uniqueness)

3. The solution depends continuously on y, i.e. V sequences z,, € X
with Az, — Kx as n — oo, it follows that z,, — = as n — oo. If this
is not the case, then there may be cases when for || ¥/ — y [[< 1 we have
| " — 2 ||> 1, small differences in y (e.g. small errors in the measurement
or in the numerical computation give rise to large errors in the solution
(instability).

Absence of even one of these properties is likely to pose considerable difficul-
ties in finding the solution to a problem.
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7.1 Tikhonov regularisation

If all the above properties apply, then the inverse operator A™! : ¥V — X
exists and is bounded, and

fzl<Clyl, (7.2)

where C' =[] A7!|.

If an inverse does exist for some gy, but is not bounded, then there does not
exist a constant C' for which (7.2) holds for all y € A(X).

It is possible, though, even when A~! is not bounded, but has dense range,
to construct a family of bounded approximation to A~!. A strategy for
achieving this is the Ttkhonov regularisation procedure, which provides
a mean to cope with ill-posedness.

7.1 Tikhonov regularisation

Definition A regularisation strategy for A : X + Y is a family of bounded
linear operators R, : Y — X for a > 0 such that

Roy — A7y as a — o0 (7.3)

When it is not clear whether a solution to the inverse scattering problem for
(7.1) exists, it is natural, as a first attempt at computing an approximate
solution, to try to find an z to minimise || Az —y ||.
It is possible to demonstrate that (Theorem):  For every y € Y, then
2’ € X satisfies

| Az' —y [|<| Az —y | .

if and only if 2’ solves the normal equation
A Az = A%y | (7.4)

where A* 1Y — X.

Equation (7.4) is still ill-posed, if the original scattering problem was ill-
posed, but this ill-posedness can be removed by introducing a small per-
turbation, so replacing the original problem with the slightly perturbed one
below:

ax, + A" Az, = A%y (7.5)

for some small o > 0.
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It is possible to prove that (Theorem):

If & > 0, then the operator (al + A*A) : X — X has an inverse, which is
bounded, with || (al + A*A)™! ||< a7

Given a linear bounded operator A : X — Y, and y € Y, the Tikhonov
functional is defined by

Jo=|Az —y|* +a |z |* Vo e X (7.6)

For o > 0, the Tikhonov functional J,, as defined above, has a unique
minimum z, given as the unique solution of the equation

at, + A" Az, = Ay . (7.7)
The solution of this equation can be written as x, = R,y, with
Ry = (ol + A*A)'A* 1Y = X, (7.8)

To = Ray is referred to as the Tikhonov regularisation solution of (7.1).
This strategy then approximates the actual solution = A~y by the reg-
ularised solution z,, given y. In general, a ys will be known, which differs
from y by some error § (for example because it is experimental data):

lys—yl<d. (7.9)

It is useful to be able to approximate the error involved in the regularisation,
and to relate it to the error associated with incorrect initial data d. Let’s
write

Ta) — T = Rays — Roy + RoAv — o . (7.10)

Then, by the triangle inequality we have the estimate
| Ta@y =2 ||| Ra || + || RaAz — 2z | (7.11)

This decomposition shows that the error consists of two parts: the first term
reflects the influence of the incorrect data, and the second term is due to the
approximation error between R, and A~!.

The regularisation scheme requires a strategy for choosing the parameter «
on the basis of the error ¢ in the data, in order to achieve an acceptable total
error for the regularised solution.
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8 Methods for solving the inverse scattering
problem

Inverse problems have a variety of very important practical applications,
ranging from the detection of land mines, to medical imaging, analysis of sub-
surface strata for oil and gas recovery, reconstruction and detection of craft,
missiles and submarines, non-destructive testing of materials and structures,
and many more.

As mentioned previously, there are several types of inverse scattering prob-
lems. We shall concentrate first on the problem of reconstructing the geome-
try of the scatterer, then we shall consider the problem of reconstructing the
refractive index. We shall only present a few simple results. For a compre-
hensive review see Sleeman (1982) IMA J. Appl. Math.29 113-142.

Inverse problems have been treated from many points of view.

e Some exact solutions, depending on the geometry of the scatterer, are
available. They are usually based on expressing the surface of the
scatterer parametrically in a coordinate system in which the Helmholtz
equation is separable.

e Some methods exploit the properties of the far field in order to con-
struct an analytical continuation of the far field into the near field of
the scatterer, and the circle of minimum radius enclosing the scatterer,
then determine enough points on the scatterer to approximate its shape
sufficiently. The method of Imbriale and Mittra comes in this category.

e A number of methods based on iterative procedures are also available.
These are particularly suited to lower frequencies, and for problems of
scattering by extended inhomogeneities.

8.1 The method of Imbriale and Mittra

(Ref: Imbriale & Mittra 1970, IEEE Trans. Antennas & Propag. 18, 633)
In order to describe this method, we shall first consider the properties re-
quired of a function f(n,k) to be admissible as a far field. Recall that, in
the direct scattering problem, given an incident (time-harmonic) field ¢; on
a (bounded) scatterer with boundary 0V, we seek the total field

¢:¢i+¢sa
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8.1 The method of Imbriale and Mittra

such that ¢, obeys the Helmholtz equation with suitable boundary conditions
on V', and the radiation condition at infinity, which can be expressed as

a¢s . — 0 in
1/2 _ N D 8
( z|k|¢s) 0 asr (1 2 ) ( '1)
( ® |k|¢s> —0 asr—oo (in 3D) <8‘2)

Then there exists a function f(n,k) such that

6.0 i{%(ﬂn wro(z)) w6

00 = - (fmro( L) (n3D)  (3.4)

as |x| — oo, where n = x/|x|. f is called the far field amplitude, or also
directivity pattern.

A theorem due to Miiller (1955) characterises the functions admissible as far
field amplitudes.

Theorem: A necessary and sufficient condition for a function f(n,k) de-
fined on the unit sphere S™1 to be a far field amplitude is that there ex-
ists a harmonic function H(n, k), analytic for all x € R™ and is such that
H(n,k) = f(n,k) on S"7', and further has the property:

/| - |H (n,k)|?ds = O (eMF) | (8.5)

where C' is a non-negative constant.

When this condition is satisfied, there exists a unique function ®(n, k) which
satisfies the Sommerfeld radiation condition and is a reqular solution of the
Helmholtz equation for |x| > C, such that

okl

B(n,k) = W(f(n k)+0<| |11/2)) (in 2D)  (8.6)

O,(x) = e <f(n k)+0(| |)) (in 3D)  (8.7)

x|
as |x| — oo.
The constant C'in (8.5) gives the radius of the sphere outside which ®(n, k) is

defined. In other words, the sources generating the given far field are located
within a sphere of radius C.
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From the uniqueness of ®(n, k) and ¢4(n, k), it follows that
¢s(n, k) = ®(n, k) for |x| > C . (8.8)

Thus, an important problem to be considered is that of locating the region
containing the sources that generate ®(n,k). We shall therefore seek to
construct an analytic continuation of ®(n,k) into the region |x| < C.

If we expand f(n, k) in terms of spherical harmonics:

F k) =>" 3" A,,Y"(n) (8.9)

n=0 m=—n

then, from (8.6) and the fact that ®(n, k) is a solution of the Helmholtz
equation in the exterior of V', we can write:

(k) =3 3 At h? (Klix) " () (3.10)

n=0 m=—n

for |x| > C, where % (|k||x|) is either a Hankel function (in 2D) (usually

denoted by HT(LU), or a spherical Hankel function (in 3D).
Now we need to find the analytic continuation of the series (8.10) for |x| < C,
and the location of the sources generating ®.

We shall illustrate this in the 2D case with soft (Dirichlet) boundary condi-
tions (see Crighton et al 1992, Ch. 19). Let us first note that, for r — oo,
the asymptotic behaviour of the Hankel function is

9 1/2 ' .
Hfll)(lﬂ“) ~ (_) ezkr—z'mr/2—17r/4 , (811)

wkr
where kr = |k||x].
In 2D, the far field f is a function of 8 — 6y, where 6, is the direction of the
incoming plane wave given by

b; = €™ cos(0 — bp) .

Therefore, from (8.11) and (8.10), we get:

1\2
g ~ (E) e’krf(Q) as kr — oo , (8.12)
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where

™

9 1/2 00
f(0) = (—) e N " Ape™ (8.13)

If we know f(#) at a given wavenumber k, then the Fourier coefficients A,
are known in principle and can be computed. Then the scattered field is
given by (8.10) for |x| > C' (where C is as yet unknown). For |x| < C' the
series (8.10) will in general diverge, and it has to be continued analytically.

Suppose that 0V is convex. Then, from the assumption of a soft boundary,
we have that ¢ = ¢; + ¢s = 0 on some convex boundary to be found.

The far field amplitude f(6) is given, with respect to some origin O.
Without loss of generality, we may take the coordinate system such that the
incident wave propagates parallel to the x-axis, so

¢' o eikx
;=

Given f(#), we can compute in practice only a finite number of Fourier
coefficients A,,, hence we shall have

9 1/2 N
f(8) = (—) e N A (8.14)
—N

™

where N is large enough to ensure a good approximation.
From (8.10) and ¢ = ¢; + ¢s, the total field for |x| > C' can be written as

N
¢ _ 6ikrcos€ + Z inAnHT(LI)(k:T)einG : (815)
N

where the coefficients A,, are now known.

If this expression is computed for a succession of decreasing values of r, there
will be eventually be a point on a circle of radius Cyy at which ¢ = 0, this
being one point of the boundary of the scatterer OV .

At this stage we know that V' is inside the circle Lo(r = Cj), and we know
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one point where 0V touches L.

It is not possible to take smaller values of r to find other points of OV,
since the sum (8.15) will generally diverge inside L£y. Other points of 9V
are now found by shifting the origin to a different position O;, given by

(r,0) = (r1,6), say.

Let (',6") denote new coordinates with respect to the new origin. Since
r'~r—r;and 0 ~ 6 as r — oo, the new far field, relative to the origin Oy,
is

f/(0> _ f(e)eikrlcoswf&)
9 1/2 ' 00 '
= (—) e TN AL (8.16)
T

The A, are related to the A, by the formula
(e.¢] o0
Z A;neimG _ Z Ane'mﬁeikrl cos(60—01)

= i A, i Jp(kry)iPe®E=00)

where J,(kr1) are Bessel functions of the first kind. Hence

o0
/

A = i A Ty (kg )e T T (8.17)

m
—00

which can be computed from the 2N + 1 known values of A,,.
Thus a large finite number of the A, are known, and we have a different
representation

M
o=y A HD (kr')e™ v/ > Cy (8.18)

-M
which will converge outside a different circle £;(r" = C}), centred at Oy,

where £ contains V. Again, by computing ¢ = ¢; + ¢, for successive smaller
values of r’ until ¢ vanishes at some point with ' = C;, we determine £;
and another point of contact with oV'.
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The process can be continued successively to limit further the region occupied
by V, and to find further points on 0V.

In practice, the far field amplitude f(#) may not be known for all 8, but just
for a limited range 0; < 6 < 3. To deal with this, Imbriale & Mittra (1970)
suggest that f(f) may be approximated by a sum

N
Py(0) =) A
—-N

with coefficients A,, chosen to minimise the error indicator

02
/ |£(0) — Pxn(6)]%d6 . (8.19)
01
Their results are good for the example of a circle if §; = —135° and 6, =

+135°, and are reasonable even for ; = —60° and 6, = +60°.

It is clear that the process described above will not determine OV if there
are several scatterers or if JV is not convex. For example, if OV consists of
two circles, this procedure would provide only the information that V' lies
within the region bounded by the two common tangents to the circles, and
the two ’outer’ arcs from the tangent points:

Imbriale & Mittra provide a straightforward extension to deal with such
cases. This is based on the fact that any solution of the Helmholtz equation
that is regular at and near some origin O; can be expanded in the form:

¢ =Y Buu(kr')e™ v > Dy (8.20)

where D is the distance from O to the nearest singularity. Here this ensures
that (8.20) converges within a circle ICy(r’ = D) that just touches OV
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The difference between the exterior expansion (8.10) and the interior ex-

pansion (8.20) is that i (kr) satisfies the Sommerfeld radiation condition,
but is singular at r = 7’; whilst J,(kr’) is regular at » = 7/, but does not
correspond to outward-travelling waves at infinity.

Thus (8.20) is valid within the circle ;. The coefficients B,, can be obtained
in terms of A, provided the inside of K; and the outside of [y overlap. This
can be ensured by choosing O outside [j.

Then comparing the two expansions (8.10) and (8.20), and using the following
addition theorem for Bessel functions:

o0

O (kr)e™ = = N~ B, (kry) T (k)™ 00
one finds: .
Bu= Y i"AHY,, (kry)e"—m0 (8.21)

Thus the B,, are known in principle, or rather, in practice, a large finite
number of them are known, and the representation (8.20) can be considered
as being known.

Now we take increasing values of r’, until ¢ vanishes at some point ' = D;
and 0’ = ;. This ensure that OV lies outside the circle Ki(r' = D;) and
gives a point of contact with ;.

In a similar way to that used previously for the circles £,,, we can extend this
process by choosing another origin Os, given by (r/,6") = (r3,6s), choosing
O, to lie inside ;. If (r”,0”) denote polar coordinates with respect to Os,
then we seek to continue the limited representation (8.20) by re-expanding
about the new origin Os:

=> B, J,(kr")e™" " > D, | (8.22)

for some value D, (as yet unknown).
A comparison of (8.22) and (8.20), both valid in some overlap region, and
the addition theorem for Bessel functions

H (kJT m(9 —02) _ Z Jn m k’?"g (k”l"”) im (0" —03) ’

m=—0o0

leads to the result

B, = > i"BuJy_m(kry)e 0 (8.23)

n=—oo
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and the representation (8.22) can be taken as known.

Taking successively bigger values of r” until ¢; + ¢, vanishes at some point
on a circle ICy, we obtain another point of 0V, and also the information that
0V is outside ICy. This process can be repeated indefinitely, in principle, to
get a series of circles K1, KCa, ... outside which 0V must lie.

This technique presents several considerable numerical problems, since it
involves many sums that have to be truncated. Also, for example, it turns
out that the coefficient B,, in (8.21) is sensitive to the values of A, at large
m. These problems are discussed by Imbriale and Mittra (1970), who give
results for a pair of circles of radii a and separation 2b between their centres,
with ka = 1 and kb = 2.5.

The methods of Imbriale and Mittra seem to give reasonable reconstructions
for modest values of kd (where d is the characteristic dimension of the scat-
terer). Nevertheless, such procedures based on analytical continuations are
inherently ill-posed and subject to numerical instability. Other methods are
more stable.
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8.2 Optimization method

This method was described by Colton & Monk (1987), for the scattering from
an acoustically soft surface S, recasting the problem as one in optimazation.
It overcomes the numerical difficulties associated with the analytical contin-
uation procedure.

Suppose that a time-harmonic plane wave with velocity potential given by

¢ = Re [¢"™] (8.24)

is incident upon a scattering surface S taht encloses the origin. The total
potential ¢ = ¢; + ¢, satisfies the Helmholtz equation and the boundary
condition

¢px=0, forxon S . (8.25)

It is assumed that k? is not one of the interior eigenvalues of the interior
Dirichlet problem. and that the scatterer is ”starlike”, i.e. its surface can be
represented in the form

x =r4(e)e

where e = x/(|x]), and r; is single-valued.
Given the far field amplitude f(w,e, k) (in 3D) defined by

g ~ (%) e*r f(w, e, k) as kr — oo, (8.26)
at fixed k, the problem is to determine the function r4(e) that specifies tha
scattering surface S.

Colton & Monk relate the far field f(w,e, k) to a function 1 (x, k) that cor-
respond to the scattered potential inside S induced by a point at the origin,
i.e the function ¥ (x, k) which satisfies

(V2 +E*)Y(x,k) =0 x insideS , (8.27)
with
eikrs
U(x, k) = pr x onS , (8.28)

By using Green’s function formalism applied to the potential ¢(x), with the
Green’s function
ikr

€
Gxy) = .

with r = |y — x| ,

in the region outside s, we can write

o) =60+ [ IO 4 (8.20)

4 r oOn
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where n denotes the outward normal from s. It follows that the far field
amplitude f has the representation
k 0p(x)

— —ike-x T\
f(w,e k) = gy Se o dx . (8.30)

Now define S; to be the sphere of unit radius and centre at the origin. The
above identity (8.29) can be multiplied by a suitable function g(e) and inte-
grated with respect to e over the unit sphere 57, to get

_4% 5 f(W,e’k)g(e)de = /;w(x)aqg—glx)dx . (831)

where

V(x) = /S g(e)e e de (8.32)

satisfies the Helmholtz equation if the kernel function g(e) is sufficiently
smooth.

Functions of the form (8.32) are called Herglotz wave functions, with
Herglotz kernel g(e).

It is now assumed that the domain inside S is such that the interior potential
Y (x) defined by (8.28) and (8.30) can be represented as an Herglotz function.
In this case, the integral (8.31) has value unity. This follows since, from (8.31)
and (8.28), and using the boundary condition, we have:

47 B 1 eikr a(b(X)
—5 Js fOvemgle)de = o | =25 Sdx
1 D etkr 9 /etkr
T4 Js {ﬁ_nr _¢8_n<r)]dx
_ D ' 0 [eikr
=3 s bnr—@%(r)hx (8.33)

The last step follows from the fact that the integral

B oJoR
1_/& [G an} dx | (8.34)

is invariant with respect to any surface S’ on or outside S, by virtue of Green’s
formula applied to ¢, and G. Taking S’ to be a sphere of large radius Ry,
one finds, by using the radiation condition satisfied by ¢,, that I — 0 as
Ry — o0, hence I = 0. Finally, the integral (8.33) is seen to have the value
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#;(0) = 1, from Green’s formula applied to ¢; and G, with (V2 + k?)G = 0x.

Thus
4

k Js,

for all directions of incidence w.

The problem is now specified by the two identities (8.35) and (8.28), to
determine g(e), then r.

Colton & Monk (1987) formulate the optimization problem to minimise

N
n=1

with respect to g(e) from a suitable function class. Given g, hence ¢ from
equation (8.32), there is a second optimization problem to minimize

A

with respect to 7s(e) from a suitable function class.

The estimate for ¢ gives an approximation to the surface S.

Colton & Monk (1987) give results for several axially symmetric problems,
using trial functions in the form of Fourier series in the azimuthal angle.
Their results give excellent reconstructions for a variety of shapes, such as
the oblate spheroid, the "peanut” shape, and the "acorn” shape.

f(w,e k)g(e)de =1 (8.35)

/ AT (ws e, B)gle)de + 12 (8.36)
s, k

2

de (8.37)

ikrs

U(rs(e)

4mr,
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8.3 Inverse scattering in the Born approximation

When the scattering is sufficiently weak, the inverse scattering problem can
be linearised and solved using the first Born (or Rytov) approximation (see
Chapter 3, were these approximationas are introduced for the direct scatter-
ing problem). In this case, the (known) scattered field is written as the first
Born (or Rytov) solution of the direct scattering problem, then the Fourier
transform of the scattered field is related to the Fourier transform of the
‘scattering potential’ of the object, or medium, thus formally solving the
inverse problem.

We shall consider first the Born approximation. We recall (see Chapter
3) that, given some inhomogeneity with refractive index n(r), and a non-
scattering background with refractive index 1, the the total field satisfies

V3 +k*(r)y =0, (8.38)

where

k(r) = kon(r) = ko(1 4+ ns(r)) , (8.39)
We shall assume ns(r) < 1. Substituting kyn(r) into (??) we get:

V2 + k3 (r)y = —k3(n*(r) — 1)y = -V (r)y (8.40)

and the scattered field is then given by

0(e) = [ Gl =)V )uar (8.41)
The total field is then given by
W =y(r) + / G(r — ) [V (r)y(r')]dr' (8.42)
and the scattered field can be approximated first Born approximation by
Bo(r) = / Glr — )V (&) (8.43)
Here G(r —r’) is the free space Green’s function in 3 dimension, i.e.
eikor
Gr—r')= . (8.44)

We shall now use the following representation for

ezkor

r
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Banos 1966, Wolf 1969):

Glr—1') = Zko// —etholp(z=a")a(y=y)+mG==] gpyqq | (8.45)
where:

m = (1—p*—=¢»)"? when (p* +¢*) < 1 (8.46)

m = i(p*+¢* — 1)? when (p* + ¢*) > 1 (8.47)

If we now substitute this expression for the Green’s function into equation
(8.43), we obtain:

/ / '(p, & po, @o)e™*PTHEE) dpdyg | (8.48)
where
A® (. 4: 70, o) = — =0 [ yryseibolo-m)s +amm)Em—ma) gy (3 49)
) 7 ) 87T2m

Here, the upper sign(+) applies in the region R* where z — z’ > 0, and the
lower one (-) in the region R~ where z — 2’ < 0. Equation (8.48) represents
the scattered field as an angular spectrum of plane waves, and the spectral
amplitude function A®)(p, ¢;po, qo) is expressed in term of the scattering
potential by (8.49). For homogeneous waves, i.e. when m is real, we obtain
the relation:
iko

8m2m

A(i)@, 4 Po, Qo) = — F[ko[(p — o), ko(q — qo), ko £ (m —myg)] , (8.50)

where F' is the Fourier inverse of F':

Flu,v,w) = (27103

Consider now the scattered field v, in two fixed planes z = z* and z = 2T,
situated respectively in R™ and R~ .

/F(m,y, z, )ehouetvytw) dodydy | (8.51)

Now, by taking the inverse Fourier transform of (8.48), with z at the fixed
values 21 and 2T, we obtain

A (p, ¢; po, qo) = k2T (kop, kog, 27) | (8.52)

where

Uy(u, v, 2%) )2 // e~ ) dody (8.53)
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is the inverse Fourier transform of 1, with respect to the variables x and y.
Now, comparing (8.52) and (8.52), and using m = (1 — p? — ¢*)/2, we obtain

Vu, v, w't) = @eﬂwzilﬁs(u,v,wi) , (8.54)
T
where
u = u — kopo
vl = v —koqo (8.55)
w o= Fw — kymo
and
w= (k2 —u? — 0?2, (8.56)

Equation (8.54) shows that some of the three-dimensional Fourier compo-
nents of the scattering potential v, and therefore the unknown refractive
index, can be immediately determined by the two-dimensional components
of the scattered field in the two planes z = 2™ and z = 2™

Note that (8.54) is valid only for those two-dimensional Fourier components of
1[18 and 14 about which the information is carried by homogeneous waves, i.e.
those for which u*+v? < k2. In general, it is impossible to reconstruct inverse
data associated with the high spectral components for which the information
is carried by evanescent waves, because these waves decay very rapidly from
the scatterer and do not contribute to the far field. This limitation arises
because the problem is ill-posed.

We saw earlier that one way to obviate the limitations caused by ill-posedness
is to use the Tikhonov (or other) regularization. In this case then, if we
represent by A the integral operator in (8.43):

AV (r) = /G(r — 1)V (r')y;(x')dr’ | (8.57)
then the problem we need to solve is
d=AV(r) (8.58)

where d is the vector of the scattered field measurements. This can be
regularised by minimising the Tikhonov functional

Jo =l AV(r) —d ||* +a || 2 | (8.59)

with the penalty parameter o usually chosen based on knowledge of the noise
level.

Part III - Classical Wave Scattering 111 O.Rath-Spivack@damtp.cam.ac.uk



Copyright © 2007 University of Cambridge. Not to be quoted or reproduced without permission.

8.3 Inverse scattering in the Born approximation

Using the first Born approximation for the inverse scattering problem reduces
the non-linear inverse problem to a completely linear one.
We can retain some non-linearity either by adding higher order terms in
the Born approximation, or by using the distorted-wave Born approxi-
mation (DWBA). In the DWBA, instead of approximating the ’zero order’
solution with the incident field as in the first Born illustrated above, we start
with a perturbed field, in other words, instead of writing the refraction index
as

n(r)=1+ns, (8.60)

we write
n?(r) = nd(r) +eny + ng + ... (8.61)

The DWBA then is obtained by seeking a solution of the Helmholtz equation
(8.38) in the form:

W(r) = o(r) + ey (r) + ... (8.62)

The solution terms in this series can be computed by solving:

(V2 + kinir)y = 0

(V2 + kgngr)er = —kjnith
(V2 + kgngr)s = —kinatho — kgnath
(8.63)
So the integral equation corresponding to (8.43) is now:
ba(r) = / GO — )V (s (Y (8.64)

and G (r —1') is not the free space Green’s function any more. If n2(r) = 1,
then the DWBA coincides with the Born approximation. In the DWBA it is
also possible of course to go to higher terms and include more iterations.

It should be noted, though, that in general, if the measured data is contam-
inated with noise, so that the actual total field ¥ is:

$o() = $(x) + Alr) (5.65)
where A(r) is the noise, then
ha(r) = ¥(r) — i(r) + A(r) . (8.66)

Hence, as successive iterations improve on ;(r) so that it is closer to ¢ (r),
s(r) is swamped by noise. Other variants of the Born iterative method are
more robust and also less time-consuming, especially in higher dimensions.
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