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Francgois Bentosela,
CPT, Aix-Marseille University, France

Abstract

The aim of this paper is the study of the signal received by an antenna (RX) when a
transmit antenna (TX) sends a short pulse in a large scale space, for instance, in an urban en-
vironment. Integral equations are established which link the densities of charges and currents
inside the environment objects with the incident field created by the TX antenna. From this
equations we define an integral operator K. The densities can be obtained inverting 1 — K .
The introduction of Daubechies wavelets allows us to obtain sparse matrices for K K™ which
is computationally convenient to get (1 — K)™*'.
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Alex Grossmann started his career with two papers with Tai Tsun Wu [10] on ” The Schrédinger
scattering amplitude for a fixed potential”. The forecoming paper is an homage to his deepness
and his clarity in a field which is still alive.

1 Introduction

With the development of wireless telephony there is a need to better understand the propagation
of signals in an urban environment with its buildings, its inhabitants, its cars, its furniture... It
becomes important to characterize the electrical field received by an user walking in the street
when the antenna of the base station, situated on a roof or on a house front, transmits signals.
Previously the efforts were concentrated in the propagation of harmonic signals or narrow
band signals. In this case, the signal at the user antenna, which, in many cases, is considered as
pointwise, is determined once we get the complex amplitude of the electrical field at this point. To
calculate the electric field scattered by the urban environment there are mainly two ways . The first
one consists in using the geometrical optics approximation. Researchers and engineers introduce
the reflections, transmission and diffraction of rays. Today, in the range of 0.3 GHz to 6 GHz,
despite the great number of models and softwares implementing this technique, the calculations
suffer many discrepancies from measurements. The problem often comes from the difficulty to
take into account the irregularities of the house front, windows, balconies... The second way is
to use Lippmann Schwinger type equations [3], [8]. As the wavelength is much smaller than the
geometrical dimensions of the buildings, the matrix which has to be inverted numerically is very
large. Even if new techniques are available for the inversion of large matrices [11], [12], they have



not been applied to the urban problem. The numerical results concern only smaller bodies and
simple geometries.

Even if the harmonic problem was already difficult, the interest of the wireless community has
been moving towards the propagation of ultra wide band (UWB) signals i.e short pulses in the
nanosecond range, for which the study, of course, is more challenging [16], [17]. Apple launched
the first three phones with ultra-wideband capabilities in september 2019. Once again, the tech-
nique which is commonly used is the geometrical optics approximation which obviously infers an
imprecise description of the received signal at the user antenna, giving only some indications on
the time arrival and the amplitude of the signal, showing some picks corresponding to the main
reflections. Comparison with measured signals is not good, the latter are much more complex and
they present an important tail, very badly described by the models deduced from ray tracing.

At our knowledge, in the UWB situation, analytic techniques starting from the Maxwell equa-
tions have not yet been considered as probably the idea is that they should lead to the inversion
of such a large matrix that it is infeasible at present time.

The aim of this paper is to show that it exists a way which could help to solve the problem
partly analytically and partly numerically with a control of the different approximations.

Section 2 is devoted to establish the definition of the K operator (the equivalent of the Lipp-
mann Schwinger operator in scattering theory ) acting on the Hilbert space L?(R*) ® C* of four
functions d;(x,t),i = 0,1,2,3. do(x,t) represents the density of charges at different times, inside
the materials and d;(x,t),7 = 1,2,3 represent the three components of the density of currents.
These densities satisfy a Lippmann Schwinger type equation, (1 — K)d = d;,,. This equation links
the densities d to some functions d;,, called ”incident densities”, which depend on the incident
electrical field alone i.e the field generated in free space by the TX antenna. The way to establish
this equation seems to be new and relatively simple compared with the way Lippmann Schwinger
type equation was obtained in electromagnetism for the harmonic signals, [8]. Notice that the
usual Lippmann Schwinger (LS) type equations include the electric and magnetic field in full
space, instead our equations involve functions which are defined only inside the materials.

Let us notice that once charge density and current density inside the materials are obtained,
one can easily get the scattered electric field and adding to it the incident field one gets the total
electric field anywhere in space and time.

To solve numerically the Lippmann Schwinger type equation, one could choose a subspace of
L?(R*) @ C* of finite dimension, generated by a finite number of well chosen wavelets and write
the LS type equation in this space only. This is problematic because the corresponding matrix,
even if it is sparse, is not hermitian and contains large elements. The control of the stability of
the solution as we enlarge the subspace is difficult. Does the densities converge when new basis
vectors are added ?

The aim of this paper is to show that it is possible to tackle the problem differently. Multiplying
the two terms of the LS type equation by 1 — K* we get (1 — K*)(1 — K)d = (1 — K*)d;. So to
get d, we have to solve this new system or to invert (1 — K*)(1 — K). Notice that (1 — K*)(1 — K)
is an hermitian operator which makes easier the problem of the stability of solutions. To invert
(1 — K*)(1 — K) we write it as the sum of a diagonal matrix, D and an off diagonal matrix,
A, (1 -K)(1-K)=D+A = DY2(1+ D YV2AD=Y/2)DY2 So [(1 — K*)(1 — K)]! =
D=12(1 + D=Y2AD~1/2)~1D~1/2, We are going to prove that D~/2AD~1/2 is sparse and its
elements are small.

In section 3 we build a subspace of L?(R*) ® C* using the orthonormal basis of Daubechies—p
wavelets in the Hilbert space L?(R). The first p moments of the Daubechies—p wavelet are zero
and their Fourier transform is essentially concentrated in two intervals in which its absolute value
part looks like a smoothed characteristic function, (see Daubechies wavelets in Wikipedia [18]
and Wolfram Mathworld [20]). From the mother wavelet w whose support is compact, equal to
[—p+1,p], is built the spatial wavelet wmp (x) = 27m1/2272/22m3/24(27M1 (11 — 2710 ) )w (272 (29—
27™m2ny))w(2™3 (3 — 27 ™3n3)) where m denotes (mq,ma2, m3) € Z* and n denotes (nq,n2,n3) €
Z3. Also is built the temporal wavelet w;x(t) = 27/2w(27 (t—277k)). Their product constitute a ba-
sis for L2(R*). We denote Xmn := (27701, 27 215,27 n3) | Xparme = (27710, 2720k, 27 Mank),



tix == 279k and tji == 277'k’. One defines a subspace of L?(R*) @ C* as the linear span of a set
of wavelets corresponding to a finite set of m, n, j and k.

In sections 3 and 4 we will show that the matrix corresponding to (1 — K*)(1 — K) in this
subspace is sparse, contrarily to what could be expected since multiplying two sparse matrices give
us generally a non sparse matrix. This result is obtained through the use of spheroidal coordinates.
The study of the regularities of the kernel of K* K allow us to prove the smallness of many matrix
elements of K*K.

In the figure below, using the results established in Theorems 3.1 and 3.4 for the matrix ele-
ments <wm/n/wj/k/, K*menw]—k) , we present, in the case the material volume is a parallelepiped,P,
three artist views of the amplitude of some matrix elements as m, n, j and k are fixed (so we
are looking only to the elements of the column, K* Kwmnwj) as functions of Xp/n € P for three
different ¢;/5. The coordinates of the center of the yellow spot in the upper figure are Xxmn. Notice
that they are also the center coordinates of the spherical crowns in the middle and lower figures .
The upper figure corresponds to the values for (wm/n/wj/k/ , K*menwjk) as a function of Xpm/n/
when ¢/ — t;;, is fixed and close to zero. The figure in the middle corresponds to the values for

wm/n/wj/k/,K*menwjk) for a larger value of t;/;s — t; positive, the mean radius of the dark
red crown is ¢(tjr —t;) ( ¢ is the light velocity). The lower figure corresponds to the values for
(wm/n/wjfk/ , K*menwjk) foe an even greater value of ¢;/,» — t;;, , again the mean radius of the
dark red crown is ¢(tjp — tji).

Yellow color represents strongest amplitude, black color represents zero amplitude, while a
gradation of black and red is associated with values, more or less large depending on the proportion
of red.

Notice that if the time difference ¢/, — ¢, becomes sufficiently large the black region covers
all the parallelepiped. So the time difference for which all the matrix elements become equal to
zero can be easily estimated in terms of the initial position Xy, and the geometry. The presence
of red scars results from theorem 4.3. They disappear in the lower figure.

130622.pdf

Figure 1: A representation of the modulus of the matrix element for (wm/n/wj/k/,K*menwjk)

for three different couples (j', k) corresponding to increasing times ¢;y.

In section 5 we evaluate the proportion of matrix elements of K*K which are non negligible.

In section 6 we discuss the choice of the Daubechies wavelets order, in conjunction with the
irregularities of the permittivity of the materials and their geometry. We will also discuss briefly
the stability of the obtained densities as the number of elements of wavelets is increased and give
some perspectives.

Remark. The reason why we will call K*K and KK* time reversal operators is because their
sparsity has something to do with the time reversal technique . In the time reversal technique [6]



a pulse s;(t) is sent by the " TX antenna. This signal propagates in the environment and it
is registered by some RX antennas disposed around the materials. At the j*» RX antenna, the
received signal rj;(t) = (Gjis;)(t) is memorized and time reversed, that is transformed in fj;(t) =
rji(27—t). After, each jt" RX antenna acting now as an emitter sends its reversed signal. Then the
i't" antenna, which was previously a TX antenna, receives now a signal 7,(t) = 22 (Girjf0)(t).

What can be observed is that the i" TX antenna receives now a pulse r;;(¢) which is concen-
trated in time and more important than the signals r;/;(t) received by the others TX antennas.

If one chooses 7 as the time origin, the time reversal transform can be express in terms of the
operator G* | and the signal received at the TX antennas calculated from GG* . The experiment
indicates that in G*G the diagonal elements are greater than the non diagonal ones .

The analogy between K and G gave us the idea of the sparsity of K*K.

In Appendix 7 in order to prefigure the calculation of the densities in the buildings of a street,
we calculate the kernel in the case the volume is a set of parallelepipeds into each of which the
permittivity is constant.

In appendix 8 we study the matrix elements of K + K* and finally prove that the non negligible
matrix elements for (1 + K*)(1 4+ K) are the ones on the diagonal and its vicinity.

Finally in Appendix 9 we indicate a way to calculate the diagonal elements without the use of
the spheroidal coordinates , using the Fourier transform of the wavelets.

2 Direct and scattered fields

Once the coordinate system has been chosen conveniently with respect to the city, ( for instance
the 0z axis can be chosen vertical , the Oy axis parallel to the street axis), the TX antenna is
at point A, whose coordinates are given by a € R3. We choose some axis Az’, Ay’, Az’ linked
with the antenna geometry and denote by r’,6’, ¢’ the spherical coordinates of some point u with
respect to the Az’, Ay, Az’ axis. We suppose that in free space, the electrical field at point u,
generated by a given voltage excitation, v(t), is given in the far field approximation by

1

Em(u,t) = |u — a|

£(¢/,0) % (¢~ u — al/c) (2.)

f(¢',0') is a vector whose components f,/(8',¢'), for(6',¢"), fo(6',¢’) have the dimension of a
time. In the far field approximation (see [1]) f(¢’,8’) is transversal i.e f. (6',¢') =0

We are going to choose an ultra wide band input voltage v(¢) which means that its Fourier
transform has a support whose width is large, to fix the ideas, if the central frequency is fo = 27wy,
the bandwidth is 0.1 fy. Today in wireless telephony 0.8 GHz < fy < 6 GH z but higher frequencies
will appear soon.

The environment materials respond to the incident field E;,(u,t), charges and currents are
created inside them. In turn, these charges and currents create everywhere an electrical field (
called the scattered field ) and summing it with the incident field, total field is obtained inside or
outside the materials.

We are going to show that charge and current densities satisfy integral equations of Lippmann-
Schwinger type.

Let us come back to the electromagnetic theory. The total field polarizes the materials. Polar-
ization means that under the effect of the total electric field, the bound electrons of atoms move,
the charge density inside the materials is modified (some ”dipoles” are created) and currents are
generated. Introducing the polarisation vector P = ¢yx(E), the charge density inside the material
becomes pp(u,t) = —V.P(u,t) and the current density is given by J,(u,t) = %P(u, t). In the
literature [9], [19], the relation between the total electric field and the polarisation vector has been
discussed and many simplifications have been introduced.

To simplify our forthcoming analysis we will admit that in our situation, one can write that,
approximatively, P(u,t) = ¢yx(u)E(u,t), then



pp(u,t) = —eoV.(x(0)E(u,t)) = —¢gVx(u).E(u,t) — ¢gx(u)V.E(u, t) (2.2)

As V.E(u,t) = pp(u,t)/eo

;mmw:—Tf§BVMmEm¢> (2.3)
and
0
Jo(u,t) = eox(u)aE(u,t). (2.4)

If there are free electrons inside the materials (which is the case in metals) they can move under
the effect of the electrical field and some current density is created. We will admit the linearity
between the current density and the field i.e the Ohm law,

Ji(u,t) = o°(u)E(u, t) (2.5)

where o¢(u) is the conductivity at point u.

Suppose that inside the materials, the volume of which is denoted V', charge density is given
by pM)(uy,t) and the current density by J®)(uy,t). In the Lorenz gauge the scalar potential and
the vector potential created at some point us, at time t, respectively by the charge density and
the current density in the materials, are given by the so called retarded potential formulas :

1
0 g 1) = L /dmdnmegluw)
dmey Jy lus — uy|
Jm t— —
AW (uy,t) = @/ duy (0= [u2 — /o) (2.6)
4 v |UQ — ul\

Now let us recall that the scattered electric field is related to the potentials by: E; = —V¢ —
%A, then

1

1 1
Egl)(ug,t) = — v/ dulp( J(uy, t — [ug —wy|/c) o O JD(uy,t —Juy — uy|/c)
\Y4

u;

47eq lug — uy| Ar Ot v |us — uy|

(2.7)

The charges density induced by the total field, E;(uz,t) = E;,(ug, t) + Egl)(uz, t), using (2.3)
is

pP (ug, t) = —%Vx(ug).Et(uz,t)

- —%Vx(UQ).Ein(ug,t)

TR ) VY g = o =)
+z17r(1€+0/f(112))v><(u2>'88t/vdu11121111|‘](1)(u1’t ) (2.8)

while using (2.4) and (2.5)



OE
I (uy,t) = cox(uz)—"(us,t) + 0°(uz)Ey (us, t)

ot
OE;,, .
= 60X(“2)7(u2,t) + 0°(uz)Ein(uz,t)
1 optV)
—x(uz) V/ du 1m o (ug,t —[uz —wl/c)
1 523

€oHo
- dog —— 2% t— -
x(uz2) A /V u1|u2—u1| 12 (ui, luz — ugf/c)

o (uz) 1 1
_ v | duy—— M t— —
e /v ul\ug—u1|p (u1,t = [uz —wl/c)
M()O'e(UQ) 1 3J(1)
—— | duyy——mm — t— — 2.9
pp /V T (ur,t = [uz — wf/c) (2.9)

Denoting by pin(ua t) = T 14x (U)VX(U>Ezn(u7t) and by Jin(u7 t) = GOX(u)%Ein(uat) +
o(0)E;, (u,t), we write (2.8) and (2.9) as (0@, I?) = (pin, Jin) + K (p™M, IM)) where the matrix
elements of K

Koo Ko1 Koz Ko3
Ky Kin K2 Ki3
Ky Ko Ka Ka3
K3y K3 K3 Kzz

are integral operators which, in the case the conductivity is neglected, are given by,

1
(KOOP)(UQ,t) = WVX(UQ)V/‘;dU1 |u2 — u1|p(U1,t — |UQ — U1|/C)
€ofto Ox(u21, uge, u23) 8/ 1
KA . — — — —
(Koii) (w2, 1) = o= o)) O, o Jy, M7y —ay itz —wl/e)
1 0 1 ap
(iop) 1) = =x(ua) -5 [ iy s S s — i)

(K J;) (a2, t) = — (u)eouo/du L&(u t— |us — uy|/c)
1119 25 xluaz 471’ v 1‘112—111| 8t2 1, 2 1

Kio=Ki3=Ky =Koz =Kz =K32=0
1=1,2,3
(2.10)

The true charges and currents densities have to be chosen consistently, so they have to satisfy
(pv ‘]) = (pina Jzn) =+ K(/% J) Then we get, (pv J) = (1 - K)il(pinv ‘]ln)
One uses (2.1) and (2.3) to get,

pin{108) = ~ s e V() () ¢ — = (211)
and (2.1) and (2.4) to get,
1 N . dv d%v
Tin,1) = (o rfin(@) (o (@) G 6 — [ = al/e) - eox(w G (¢ = ja—alfe) (212



K is an unbounded operator due to the presence of the spatial and the temporal derivatives, so
the Neumann series cannot be used to calculate (1 — K)~! . It is already clear from the numerical
results obtained in small bodies that inside the materials the scattered field presents a shape very
different from the shape of the incident field, the wavelength is changed. Instead if we use the
Born approximation i.e (1 — K)™! ~ (1 + K) this would lead to densities whose shape would be
similar to the incident density ones.

For the reasons already mentioned in the introduction, we are going to study the self-adjoint
operator (1 — K)*(1-K)=1-K*— K+ K*K. In particular we are going to study the sparsity
of K*K in the Daubechies wavelet basis.

3 Time reversal operator

K*K =
KioKoo + KigK10 + K50 Ko0 + K30 K30  KjoKo1 + KigK11 K§gKoz + K5 Kae  KjgKos + K39 K3ss
K§1 Koo + K{1 Ko K Ko1 + K§1 K K1 Koz K1 Koz
K39 Koo + K35Ko Ky Ko Kio Koo + K55 Koo Ko Koz
K3 Koo + K33 K30 K3 Ko K3 Koz K3 Koz + K33 K33

K* K acts on a quadruplet constituted by the charge density function and the three components
of the current density field, which will be expressed on the basis formed by the products of the
spatial wavelets and the temporal wavelets. We want to study the operator K* K in the quadruplet
basis

Wrmgma (X)Wigko (£), Wiy (K051 (8), Wamay (K51 (8), Wi ()01, (1))

We are not going to study all the elements of K* K as this would be pretty tedious. To simplify
the exposure we limit ourselves to the study of K§;Ko1 + K7j K11 which acts only on the first
component of the current density . To simplify we will also suppose that the conductivity is zero.

We are going to show that many matrix elements (W n;wjr k!, (K¢ Ko1+K71 K11)Wmyn, Wik, )
are equal to zero or very small. To simplify the writing we suppress the index 1 in the wavelet
notation.

The support of the Daubechies-p wavelet wyyn(x) is

(27™ny =27 (p—1),27™ng + 27 "p)
X(27M2ng — 272 (p—1),27 ™2 ng 4+ 27 ™2p)
X(27M3pg — 273 (p —1),273ng + 273 p) (3.1)

dpm 1= py/272m1 4 2-2m2 4 9-2ms jg such that for any point x of the wmn(x) support , |x —
an| < dm )

Similarly for the temporal wavelet w;(t) we define d; := 277p is such that for any point ¢ of
the w;(t) support , |t —t;| < d;.

In the following theorem we want to show that some matrix elements of K§; Ko1 + Ki; K11
corresponding to the column (j, k, m,n) are equal to zero. .

Theorem 3.1. For fized (j, k,m,n),
Zf |Xm/n/ — anl < C(tjlk/ — tjk — dj — dj/) - dm - dm/
or if |Xmm’ — Xmn| < c(tjk — b —dj — dj/) —dm — d -

the matriz element (wm/n/wj/k/, (K§ Ko1 + Ki"lKu)wmnwjk) =0
Proof. Let us introduce the Green function for the d’Alembert equation
8(ty — ty — izl

G(x1,t1,%g,12) = g X;“ (3.2)




From (2.10) we get

» 1 1 d2w ik /s
(Kuwmanxui)X004W§~/dxhl om0 (07— Ju =10

dQ’LUk 5
/ Fa— / ) O, xt) (33)

Then the matrix element of K7, Ky is

*
(W Wi, KT K1iwmnWik) = (KW wjger, K11 Wmnw;ik)

1 d Wit et de ik
= C—4/dx/ wm/n/(x’)/dx wmn(x)/ dt' dt/JQ (t)/ dt dt; (t)

/ dt”/du Ix()]* G(u,t",x',t')G(u, ", x,t) (34)
R

Introducing the expression for the Green function

/ dt”/ du ) |2G(u, t”,x' ') G(u,t”,x' t) =

R e ﬂﬂﬂ—#Hu—#Vvﬂu—ﬂk> (35)

To calculate the integral over u in the material volume, we introduce the prolate spheroidal
coordinates.

The Cartesian coordinates for u = (uf, u, u}) are given with respect to the following orthonor-
mal vectors whose origins are the middle point in between x’ and x, e} = (x' — x)/||x" — x|, €}
is parallel to the ground plane and perpendicular to e}, while €] is perpendicular to the previous
ones.

If one denotes by 2a the distance in between x’ and x, the spheroidal coordinates are given by

7= go\Jurt Fup 4 (up ) e’ g o (ug - a)?
1 ’ ! ’ !
7= 5, u12+u22+(ug+a)2—\/u12+u22+(ug—a)2

us
¢ = arctan " (3.6)

Notice that 7 € [1,00) while o € [—1,1). The cartesian coordinates , in term of the spheroidal
coordinates are given by

av/ (72 —1)(1 — 02) cos ¢
a+/ (12 = 1)(1 — 02)sin¢
uy =aro (3.7)

A
Uy

uy

The surfaces of constant 7 are prolate spheroids while the surfaces of constant ¢ are hyper-
boloids denoted Hx x(0).
The volume element is dV = a®(72 — 0?)drdodg.



Notice that as 7 = 5. (jlu—x'|+Ju—x|) and 0 = 5 (Jlu—x'| ~ [u—x]|), then [u—x'| = a(r +0)
and [u— x| = a(r — 0), so [u — X/||u — x| = a?(72 — 0?)

The integrand simplifies
1

lu — x||u—x/|

/ dus(t —t+ [u—x|/c — [u - x]/c) |x(u)?
1%

1 [e's) 21
= X —x|/2 / do 6( — t + ofx’ — x]/0) / dr / Al (0,7, 0) (3.8)
1 1 0

Using the fact that wmn(X) = Wmo(X —Xmn) and w;x(t) = w;o(t —t;i), performing the change
of variables Xo = X — Xmn ; Xg = X' — Xm/n’s to =t — tj, and ¢, =t — t;; in the integrals the
matrix element of Ki; K is

.
(W Wy, K1 K11 Wmnwik) = (K11Wmn' Wy ks K11 WmnW;ik)

1 b d2w-/0 & d2w-0
S / A a0 (X5) / %0 Weno (X0) / dty 20 (1)) /_ )

— 00

1
X |Xm/n/ — Xmn + Xg — X0|/ do §(tjk — tjk + to — to + 0[Xm/n’ — Xmn + X — Xo|/¢)
-1
e’} 27
« / ir [ dolie (0,70 (3.9)
1 0

For fixed (j,k,m,n), if [Xm'n’ — Xmn| < c(tj/k/ —tjk —dj — dj/) — dm — dp, then
c(tr —tie+to—to)
[X 1/ n/ —Xmn+X5—Xo|

xo — Xo|/c) = 0 and (Wm/n Wik, K1 Ki1Wmnw;i) = 0

If |xm/n’ — an| S C(tjk — tj/k/ - dj — dj/) - dm - dm/
Xg, to, ty are, 80 (Wmmwjk, Ki1 Ki1wmnw;r) = 0 QED

> 1, whenever Xq, Xg, to, t(, are, s0 0(tj/k —tjx +1( — o+ 0|Xmn’ — Xmn +

c(t 1 —tin+to—to)

7 [ X/ n/ —Xmn+X5—Xo|

< —1 whenever xg,

Remark. Theorem results from a property of functions supports. It could have been obtained
more easily noticing that the operators K;; are the products of three operators, a time derivation
operator, a free wave propagation operator and a space derivation operator. If m and j are
sufficiently large, it is easy to follow, as ¢ increases, the spatial support of K;jwmnw;i. At time
t = t;, the support is in a small ball, while at time ¢ larger than ¢ = ¢;;, the support is a spherical
crown centred at X,y whose mean radius is c(t — tjk) and width dy,. Similarly the support
Kijwmnwjrp at time ¢ is a spherical crown centred at Xp,ns whose mean radius is c(t—t;) and
width dp, . It is easy to see that if |Xmm/ — Xmn| < c(tj/k/ —tp— (279 + 2_j/)p+ 2_j/) —dm — dp
or if [Xm/n' — Xmn| < c(tjk —tip — (277 + 2_j,)p+ 2_j) — dm — dy the supports never intersect as
t evolves , so the scalar product of K;jwmnw;i and K;jwmn'wj is equal to zero. So Theomem
3.1 is almost trivial and its proof could be obtained without the use of spheroidal coordinates.

4 Kernels regularity and matrix elements smallness

We want now to examine the values for the matrix elements (Wm/n' Wk, K71 K11Wmnw;k) when
Xmn, Xm'n’, tj'k', tjrkr do not satisfy the conditions stated in the previous theorem.
In (3.9) we perform the integration w.r.to the o variable , obtaining,



(wm n’wj’k’ K11K11wmnwjk (Kllwm n’wj’k’ Kllwmnw]k)

d w‘lo d w 0
=53 /dxowm/() Xg /dxowmo X0 / dt;, dt’é (to) / dto dtQj 0)

27
- Ct'k*t‘/k/+t07
X/ dT/ d(P|Xx0+xmn,x6+xm/n/( ( ! ! 7 0) s Ty (p>|2 (41)
1 0

|Xm’n’ — Xmn + Xo — X0|

In the following, to simplify the writing we will use the notations

[e%s) 27
foxx)i= [ dr [ dg el o) (42
1 0
and
c(tje — tyw +to — 1))
|Xm 'n’ — an+X0 _X0|7

c(tjk = tjrwr +to — 1)
|Xm’n’ — Xmn T X6 - X0|

fmnm ', j.k,j’ k’(X07X0at07t0) f( 0+an7X6+Xm’n’)

[e’s) 27
:/ dT/ do|Xx
1 0

Xx0+Xmn Xo+Xm/nt (

)| )

So
*
(Wmm Wk, KllKllwmnwjk) = (Knwmmwjk, Ki1wmnw;ix)

1 e d*w; w
= ﬁ/dxé)wmIO(X/O)/dXOUJmO(XO)/ dt;, dt; 1) / dto dtzjo(to)fm,n,m',n',j,k,j',k'(Xo,Xé,to,té)
(4.4)

]k t/k/+t0 t) .
A — >1or < —1.

In order to study the smallness of the matrix elements we are going to examine the regularity
of the function fum nm’n jk k' (X0, Xg,t,t') inside Imm;;» which is defined as the set of points
(%0, X}, t, 1) such that zo; € (—27™(p—1),27™p), xh, € (=2 ™i(p —1),2 ™ip), t € (=27 (p —
1),2779p), t € (=279 (p — 1),277'p) i.e the product of the supports of the wavelets wmo(Xo),
Wmo(%0), wjo(to), wio(tp)-

To start, we consider simple geometries for the material volume and regularity of the permit-
tivity inside it .

Notice that fm nm’mn k. ¢ (X0, Xp, ¢, 1) = 0 if |

Proposition 4.1. If the material volume is a polyhedron in which the permittivity is infinitely
differentiable , if

|Xm/n/ — an‘ > C(tjk — tj/k./) + C(dj + dj/) + dm + dmr (H]) or

[Xm/m/ — Xmn| > ¢ty — tjx) +c(d; +djr) + dm + dm' (H2),

and if for fited m,n,m’,n’, j, k, 5, k' the set of hyperboloids

tipt+t—t.r . —t’ . .

Hy o tx0, %t 5 ‘xc( ’f+x6jx’;nfio‘ with (Xo,%q,t0,t) € Immj;» hits only one face F;
(H3) or if it hits several faces, F;, Fi11,...Fiyy but do not hit a corner point (H4),

then function fmnm’ n jk,; .k (X0, Xg, to, ty) is regular for any (Xo,Xg, to,ty) 0 Immsj;

Proof. For fixed m,n,m’,n’, j, k, j', k' one chooses (xo,Xg,%0,t)) € Imm’j;» - From (H1) or
(H2) —1 < St tow =) g

I’ +X0 —Xmn —X0 ‘

Consider first , (H3), the case the intersection of the hyperboloid Hy,, xo,xm 4+, ( eltirtto—ty —to) )

[X ! n/ +X —Xmn—Xo]|

and the polyhedron is totally inside the face F;.

m/n/-i-xo—xmn x|’ 1P T
We are going to calculate 7(o,¢). We need to establish the equations for the plane P; in the
spheroidal coordinates.

The spheroidal coordinates of the points of the intersection are denoted (a = ‘x( jrtto—t i —t) 7(o, <p))
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We are going first to establish the link between the cartesian coordinates and the spheroidal
coordinates linked with x and x’. Vectors of the new basis are €'3 = ﬁ , €5 is chosen parallel
xh—xo ) —z1
e — e
V@ =)+ (@h—2)® + @ -z (wh—w2)? 2

to the ground and perpendicular to €'z, so €5 =
and
() — 1) (a5 — 23)
V(@] —21)? + (h — 22)? + (2 — 23)2/ (2] — 21)2 + (2 — 23)?
_ (w5 — @3)(2y — 22) .
\/(sc’1 —21)? + (ah — x2)? + (xf — 553)2\/(95/1 —21)% + (ah — x3)2
@3 + 23 — 2wy 2 + 12 — 2moxh + 1
V@t —1)? + (@ — 22)? + (25 — 23)2/ (2] — 21) + (25 — 23)?

The old vectors (e, €2, €3) can be expressed in terms of the new ones (€], €}, €}) by the formulas

e'1 = 8/2 X 6/3 = — €1

+ e3. (45)

e = (el.ell)ell -+ (el.elg)e/g + (el.e/g

e
€y = (eg.e’l)e'l + (82.6,2)6/2 —+ (62.6/3)6/3
Je

e3 = (eg.e'l)e’l + (03.6/2)8/2 + (83.6/3 /3 (46)

/
3

where the scalar products can be extracted from the formulas (4.5)
The old coordinates u1, us, u3 can be expressed in terms of the new ones

1 + 7}
up = % + (e1.€'1)u) + (e1.€2)us + (e1.€3)uf
1 + 2}
Ug = Tl + (e2.€'1)u] + (e2.€'2)ub + (e2.€'3)us
1 + 7
ug = % + (es.€’1)u) + (es3.€/z)us + (e3.€'3)uj (4.7)

Now we are going to study the intersection of the hyperboloid H, and the plane P; containing
the polyhedron face F;.

The normal n; to the plane P; is written, in the original basis, as n; = n;;e; + n;2es + n;ses,
in the basis €'1, €5, €'3, it becomes

n; = n;1€1 + N2€2 + n;3es

:nil[ €1)e'1 + (er.€2)e'y + (er.€'5)e 3]

(e1
+ni2 [(62 e'1)e
(

/
e+ (es.€/3)es + (es.€3

/

/ /

(
) ( ) ( )e’
+ni3[(es.€’1)e’s + (e3.€'2)e’s + ( )
= [Tm e1.€1) +nip(ex.e) + ms(eg e'1)
) + niz(e2.€'2) + nys( )
) ( ) (es.€s)

/
€;.eg

!
+ ni2(ez.€'3

(
=+ [nil(el ey
+ [nn(

+ N3 e’3 (48)

All the scalar products can be extracted from (4.5).

The equation of the plane P; is obtained writing that if M = (uf,u5,u}) € P;, O'M.n; =
s;e’3.n;, where O’ is the middle point x‘;xl , (0,0, s;) are the coordinates, in the new basis, of the
intersection point of the line xx’ and the plane P; . The previous equation becomes,

(u) €] + ubeh + uses).n; = s;eh.n; (4.9)

11



The scalar products €'1.n;, € 5.n;, € 5.n; will be denoted respectively a;1, 51, Vi1, they can be
calculated from equation (4.8).
In spheroidal coordinates the plane equation becomes

Qi1 (a\/ (72 = 1)(1 — 02) cos 30) + Bia (a\/ (72 = 1)(1 — 02)sin cp) + i1 (aTO’) =v18 (4.10)

B1.1

3 a2
O‘z‘,l"‘fBi,l

i1
3 a7
ai,1+ﬁi,1

Introducing ¢; ¢ such that cos ;¢ = and sin ;g = we get from (4.10)

"}/1'71(81‘ — aTO')

4.11
(-1 - o

cos(p — i) =
a

To determine the limits of integration for the integrals which enter in (o, x,x") we have to find

the relationship in between 7 and ¢. As for fixed —1 < ¢ < 1 the function F, (1) := 7(“25_11_)‘22) B

is a decreasing function on [1, 00) its inverse F, ! exists , so 7(o,¢) = F, (cos(p — ¢o.i))
So finally in the case H, hits only the face F;, we obtain

27 7(0,p)
foxx)= [ dp [ arxtorel, (4.12)
0 1

In the case the permittivity is a constant, xq

flo,x,x') = Xg( —om 4 /O% dy (o, <p)), (4.13)

It is easy to see that +;, s;, a are regular functions in x and x’ , so F and F~! are regular and
finally 7(o, ¢) is also regular.

Using now the Leibniz integral function formula several times , the regularity of |xxx/ (o, 7, ©)
and 7(o, ) with respect to o one gets that fmn,mn’,jk,j/k (X0, Xg, to, ty) is regular for any (xo, xg, to, ()

|2
in Imm’jj’

Let us now examine the case for fixed m,n,m’,n’, j, k, j', k' the set of hyperboloids
H c(tjetto—t . —t,)
Xmn1X0,Xm/n/ +Xg ‘Xm/n/—‘rx:)—xmn,x‘“

Fit1,...Fi4x but do not hit a corner point ( (H4) hypothesis).

The intersections of the hyperboloid with the polyhedron faces are pieces of ellipses. We have to
determine the spheroidal coordinates of the points which are at the intersection of the hyperboloid
with the edges of the polyhedron. Let us denote E;;r the edge corresponding to the faces F; and F.
The spheroidal coordinates of the intersection point of H, and E;;s are denoted (o, ;i (0), 71/ (0)).

We have to distinguish two cases . In the first case H, hits only the edge E; ;11 and it does
at two points. In the second case H, hits successively edges E; ;11 ..., Eiyiitit1s s Pipr,i and it
does at an unique point .

In the first case integrating always w.r.to ¢ in the counterclockwise

Pit1,i(0) 7(o,) $Piyitl 7(o.9)
foxx) = ([ e [T drlitomiel 4 [ e [ arlitonoP) (1)
] 1 © 1

iit1(0) i1,

) with (x0,%g,%0,t5) € Immj;» hits several faces, F;,

In the second case
k Pitit1,i+i+2(0) T(0,p)
floxx) =3 do [ dri(om el (4.15)
1

1—0 Y Pit+i,it+i+1(0)

To calculate @1 ;+i1+1(0) we use the fact that, at an intersection point of the two ellipses,
the value for the coordinate 7 has to satisfy from (4.11) v;411(Si41 — a70) = Yigi+1,1(Sit1+1 —

12



Vitl41,18i4141 " Vi41,18i41

ato), so it takes the value denoted, 74 := T Ty

and @it1,i+14+1(0) = iti0 +
Yiti1,1(Sit1—aTiLi0)

ay/(72,,—1)(1—02)

It may be another value for ¢, at the intersection of the hyperboloid with the edge, m —
(Piti,it141(0) — @it1,0)- In the first case we have to take the two values for ¢ while in the second
case we have to choose the convenient one. From the regularity of the integral bounds we deduce
the regularity of function fm nm’ n’ jk, ",k (X0, Xg, to, t))- QED

arccos

Remark. If Lt]/"/)l is close to 1, when (xg, Xg, to, t() belong to the wavelets supports it may

‘xm/n’_xmn
c(tjptt—t;—t') c(tjntt—t;rr—t") . ,
j ] 1. Since f(o,x,x’) has

[Xm/n/ —Xmn+X —X
. - o , N c(t sy —tiptto—to)
ajump at 0 =1, fmnm 0k, k (X0, X0, to, tg) = f(|xm/n/7xmn+x67xo\’

is not regular.

occur that

P < 1 or it may occur that

Xmn T X0, Xm/n’ + X6)

Theorem 4.2. If the volume material volume is a polyhedron in which the permittivity is infinitely
differentiable , if

|Xm/n/ - an| > C(tj/k/ - tjk) + C(dj + dj/) +dm+dm , orif ‘Xm’n’ — an| > C(tjk - tj/k/) +
C(dj + dj’) + dm + dm’ )

if for fited m,n,m’, 0’ j, k, j', k' the set of hyperboloids Hy,,,, 1 xq x4+, (

c(tjptt—t;r—t')
Xn/n/ +X—Xmn—Xo|

with (x0,Xg,t,t") € Imm’;j do not hit a corner point
the matriz element satisfies, for some constant C
(wm/n’wj’k’7 (K§1K01+KT1K11)wmnwjk> < W2_(P+1)m/22—(p+1)m//22—(p+1)j/22—(p+1)j//2

Proof. Recall that
(wm’n’wj’k’,Kilellwmnwjk)

1 ’ / <o d2wj/0 / > d2wj0 / ’

= @ dxowm/O(Xo) deme(XO) dto dt'2 (t ) dtO dt2 (tO) fmn,m’n/,jk,j/k’ (XO, X0 th to)
—o0 —o0 0

(4.16)

Integrating by parts
(wm’n’wj’k’a KflKllwmnwjk)

1 o0 o0 84 mn.m’n’.q N
= @/dx{)wmlo(xg) /dXo’wmo(Xo)/ th) wjlo(té)/ dto ’LUjo(to) f a’tQat/’zjk’] k (Xo,Xi),to,tf))
(4.17)

From proposition 4.1, fmnm/n,jk,j'k’ (X0, Xg, to, ty) is regular . To simplify the notations we replace
Xo,Xé),t,t/ by X such that Xl = 1‘01,.)(2 = ],‘02,}/3 = .1303,X4 = $61,X5 = 37627)(6 = $63,X7 =
tOv XS = t67

r 84 'n’ . ik.j'k’
(o) = TImmamm el o 1o 1) (4.18)
0~"0

It has the following Taylor expansion at point (0).

13



o R 8 af 1 8 an
X) = f(0 i—— (0 — i
0= 10+ 3w 0+ 51 355 w500
1 aa1+a2+...+asf 5 8 s
— My iyt —— (0 g Tyt Rt X
D LA L Lo o el P T ()

ay+ag+...+ag<lk Bi1+P2+...+Bs=k+1

(4.19)

, where Rg(X)) is a bounded function which satisfies |Rg(Xp)| < émawmzwmax(%) |D*F(Xo)|.
Inserting the expression (4.19) in (4.17), the integration of the term y{"'y5?...yg® give us 0 if
one of the exponents «; is smaller or equal to p, as the first p moments of the Daubechies -p

wavelets are null.

(wm’n’wj’k’ ) KflKllwmnwjk)

1 / / o ! / >
— @/dxowm’ﬂ(xo)/dxome(XO)/_Oo dt’ wjo(t )/_OO dtwjo(t)
X Z x?lxgg...t’ﬂst+1(xo,x&,t,t’) (4.20)
B1+B2+...+Bs=8(p+1)
9—(p+1)m/29—(p+1)m’/29—(p+1)j/29—(p+1)j'/2

. . . 1
In this case the matrix element is of order (s

Theorem 4.3. If the volume material volume is a polyhedron in which the permittivity is infinitely
differentiable and if |Xm/m’ — Xmn| > dm +dm’ (H5), if the reqularity of the wavelets is sufficiently
high ,( for the Daubechies-p wavelets , p has to be sufficiently large) the matriz element satisfies, for

some constant C', (wm/n/u}j/k/’ (K81K01+Kf1Kll)wmnwjk) < WQ—(p+1)m/22—(P+1)m’/22—(P+1)j/2

Proof. The kernel f(x,x’,¢,t") is a function of the variables x, x’ and ¢t — /. For fixed Xmn
and X, satisfying (H5), |x’ — x| is strictly positive whatever x,x’ are resp. in the support
of the wavelets wyp and wyyy. From the previous calculations it appears that if |x' — x| > 0,
f(x,x',t —t') is regular except on surfaces corresponding to the values of (x,x’,¢ — ') for which
the hyperbolod H .-, hits a corner.

[x—x/]

Recall that the matrix element is written as

% 1 o dQUJ'O
(wm/n/w]'/k/,KllKllwmnIUjk) = F/dxowmo(xo)/ dto dtQJ (t())
C —00 0
/ / > /dij/O ’ / ’
X [ dxgwmo(Xp) dt W(to) franmen ik, 1 (X0, X, to — tg) (4.21)
—00 0
d?w
Wo denote Fun,mm it 0 (X0, X f0) =[5 iy o5 (1) om0 10 (0, X Fo —

ty)-
It appears as the convolution of a regular function and a function fm nm’n’,j.k,j/.k (X0, Xg,t"0)
which is regular except on surfaces corresponding to the values of (xg,xgq,t”o) for which the hyper-
boloid H c(;,++"o—¢,,,» hits a corner. The partial derivatives of fmnm’n’ jk,j k' (x0,%5,t"0)
|’(m/n/+x6*xmn*x0\
exist also except on the same surfaces. Partial derivatives of first order contain jumps , par-
tial derivatives of second order contain delta functions... We suppose that the derivatives of the
wavelets exist up to order N, from Leibniz integral rule , the partial derivatives of Fin n m’n’ jk.57,k (X0, X0, t0)
with respect to xg,Xg,to exist, because the regularisation effect introduced by the convolution with
the regular wavelets.
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From the existence of the partial derivatives of Fin nm’ n’,j.k.j/,k (X0, Xg, o), on the support of
the wavelets wmo(Xo),wm’0(Xq), wjo(to) by the same arguments as in theorem 4.2, one can prove

that (wm’n’wj/kH (K81K01 —+ Kilell)wmnwjk‘> < WQ*(P+1)m/22*(p+l)m /227(P+1)j/2

5 Evaluating the sparsity of the time reversal operator

In the case the Hilbert space L?*(R*) ® C* is replaced by a finite dimensional space generated
by a finite set of wavelets we are going to estimate the proportion of matrix elements that are
not negligible. There is no clear limit to the wave propagation of pulses in cities, nevertheless
considering that TX antenna, situated at the origin, emits a short pulse at a time which can be
considered as the time origin, considering that this pulse will create charge and currents densities
in the materials which decrease rapidly in time and become negligible for ¢ larger than some t,, 4,
we will impose a time limit and a space limit to the study, (measurements show that the signal
fade at the receiver antenna approximatively 300 ns after the emission, this could be ¢4, ). Then
we will limit the study to a ball of radius ct;,q,. To simplify the calculations we suppose that the
selected volume is a parallelepiped (—Lq, L1) X (—Lo, L2) X (—Ls, L3).

We limit the indices 7,5, m;, m/ to some set of values, j € (J,J), j' € (J,J), m; € (M;, M)
, m} € (M;, M;). The values of M, depend on the support of the Daubechies-p wavelet and the
lengths L1, Lo, L3. J depend on the support of the Daubechies-p wavelet and ¢,,,4,. The values of
M, and J will be chosen depending on the objective, in terms of precision for the densities to be
calculated.

Once m, is given the n; is chosen such that the support of wy,n, (z;) i.e (27™in; —27™i(p —
1),27™in,; + 27™ip) intersects the interval (—L;,L;). Once j is given, k is chosen so that the
support of w;(t) i.e (£ — 277 (p — 1),tj5 + 2 p) intersects the interval (0, t;maz)-

The total number of considered wm;n, spatial wavelets, is equal to

(1424 . 4 2Mi= My o (1424 . 4 2M2mMy) 5 (1 424 2Ma—My)

= 2MaA Mot My=M, =M, =My+3 while the total number of considered wj, temporal wavelets is

equal to (142 + ... +27-L)N = 27-L+1

So the truncated K7 K1 operator acts on a space of dimension
N = 2Mi+ Mot Ma+J—M, —M,—My—J+4

We are going to consider that the matrix elements of (1 + K*)(1 4+ K) which are of order

(pil)!2_(1’4‘1)“‘/22_(”“)“‘//2 or smaller are negligible. From theorems 3.1, 4.3 and proposition
9.1 those which are not negligible are those such that |Xm/n’ —Xmn| < dm +dm and c|t; e —t;5] <
2(dpm + dmr) + (277 + 277 )p. In fact if [Xmm' — Xmn| < dm + dme and ety —tik) > 2(dm +
dm') + (277 + 2_3'/)]97 |Xm'n’ — Xmn| < ¢(tj/r — tjk) — dm — dm which infers by theorem 3.1 that
the corresponding matrix element is 0.

We look at the column of the matrix (1+K*)(1+ K) corresponding to the basis vector wWmnw;k
. We order the basis vectors wmm/w;g , the large scale wavelets with small m’ and j’ come first
, notice they are few , the small scale wavelets with large m’ and j’ are many , their number is of
the order 2™1 Ly x 2™2 Ly x 2™ Ls. For fixed m, n, j, k, m’ and j/ the number of matrix elements
(W) (14 K*) (14 K )wmnw;,) which are not negligible is the product of the number of lattice
points n’ which are inside the material volume , in the ball of radius dy, + dpy centred at xmn by
the number of k' which satisfy ;15 — t < 2(dm + dmr)/c+ (279 + 277 )p/c . Tt is smaller than

gmy+my+my 2]”+1(dm1 + dpt ) (dmy + dmé)(de + dmé). Then the total number of matrix elements

. .. . M J ’ ’ o
(Wmnwj e K K11Wmnwji) which are not negligible is Zm,:M Zj/:l 2mitmetms i +l(d, +

Ay )(dimy + diny ) (dimg +dry, ). Let us notice that for large m and j the proportion of non negligible
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elements with respect to the negligible ones becomes very small .

Let us estimate the sparsity in the case the volume is a parallelepipedic wall (L1 = 10m, Ly =
3m,Ls = 0.3m), signals are in the GHz range, the wavelength outside is of the order of the
centimetre. The unit of time is the nanosecond , then the light velocity is 0.3 m/ns. We choose the
Daubechies 10 wavelet. Then, p = 10 , as log, L1/p =0, —log, La/p = 1.73, —logy L1 /cp = 5.05
, one chooses M, =0, M, =1, M5 =5, J = 0. The values for M1 M3 and M3 can be determined
once the desired precision on the densities is chosen. We can for instance look for space details of
the order 1em and temporal details of 0.01ns in which case My = My = M3 = —log, 1073 /p =9
and J = 9. Then the dimension of the column vector is

Ny = oMi+Mot+Ma+J =M, ~M,~Mz—J+4 _ 934 _ 1.7 % 1010

The total number of non negligible elements of the column MnJk is

et oy P+ 2 M) (1 4 gma= M) (1 4 gma=May (1 4 97" T)

So for this column the ratio in between the non negligible elements and the vector dimension
is approximatively 3410%/1.7 x 1010 ~ 5 x 1075.

6 Discussion and conclusion

Here we want to address some open problems and perspectives. The choice of p, which affects
the support of the Daubechies-p wavelet and its regularity , has to be tuned. From theorem 3.1
hypothesis, the number of matrix elements

(wm/n/wjzk/7K§1K01 + Ki"lKuwmnwjk) such that |Xm’n’ - an| < C(tj/k/ - tjk - (27j +

2*j,)p + 2’j/) — dm — dm, which are equal to zero, decreases with the increase of p as can be
checked from the inequality. Similarly from the hypothesis of theorem 4.2 | the number of matrix
elements of K3, Ko1 + Ki; K11 such that [Xmm/ — Xmn| > ¢t — tjn + (2779 + 2-"Yp —277) 4
dm + dyy decreases with the increase of p but some of them become much smaller since of order
m2_(p+1)m/22_(p“)m//22_(p+1)j/22_(p+1)j//2. Notice also that the number of singularities
of f(o,x,x’), inside intervals whose length depends on p, changes. All that affects the number of
matrix elements which will be neglected.

To solve numerically the (1 — K)*(1 — K)d = (1 — K)*d;, system, one has first to calculate
the non negligible matrix elements. Notice that for the K*K matrix elements, using spheroidal
coordinates the involved integrals do not have strong singularities. Instead in the appendix-
Diagonal terms- we establish formulas, using Fourier transform which involve Cauchy principal
values. In fact it is a major benefit since the time used calculating numerically the matrix elements
becomes small .

Solving the system, even if the sparsity is important, will need clever algorithms and powerful
computers.

Finally we conjecture that the irregularities of the house fronts, windows, balconies...greatly
affect the signals, their presence modifies f(o,x,x) and increases the number of non negligible
elements of the matrix (1 — K)*(1 — K). To study better this point we could start with a simple
rectangular wall 20m wide, 10m high, 0.4m thick and after we would introduce several windows
of size 1I'm x 2m distributed regularly. The aim would be to compare the resulting densities for the
two cases. We could also determine the behaviour of the signals at the user antenna and compare
them with the signals obtained by ray tracing.

An important question is the stability of the charge and current densities when we increase
the dimension of the space generated by a finite set of basis functions. Using the fact that
(1— K)*(1— K) is Hermitian one could control the stability in the following way. Denoting A the
matrix (1— K)*(1— K) restricted to the finite space spanned by a finite number of basis functions,
adding for instance the function wmnwy 41,0 to the previous basis, a column and a line are added
to matrix A. Then the new matrix is formed by 4 sub-blocks A for the original matrix, B for the
added column without the last element, C for the added line without the last element, D for the
added diagonal element. Using the following analytic inversion formula
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A B] ' (A-BD 'C)! —(A-BD 'C)"'BD!

{c D} - [DIC(A -BD'C)! D '+D!C(A-BD 'C)"'BD'|

one notices that as D is large and B and C have many zero elements, it appears that BD™1C
is small so the block A —BD!C is close to A. As the component of the ”incident densities”, d;,,
on the added wavelet is small, then the modified densities are very close to the densities previously
calculated since if we compare the first components of the new densities with the components of
the old densities, they are close since A — BD'C is close to A and the added component of the
new densities is small.

7 Appendix - The K*K kernel for an union of parallelepipeds

We are going to calculate the K*K kernel, f(x,x’,t,t') in the case the volume material is the
union of parallelepipeds P, with constant permittivity, x;. The P, parallelepiped center is the
point (c¢j1, ¢j2, ¢13) The parallelepipeds summits coordinates are : (¢;; d—;, crp £ d—g, c3 =+ %)
The faces perpendicular to e; are denoted Fljf and the edge at the intersection of the faces F},
Flsj/ are denoted Ef;

We are going to evaluate f(o,x,x’) using formula (3.9) and the fact that x(u) = >, xiIp,(u) .

To evaluate the integrals we need to see how the hyperboloid H, intersects the parallelepiped,
P,. The intersection may be simple if it intersects only one face in which case the curve is an
ellipse or it may be a close curve made of several pieces of ellipses if the hyperboloid intersects the
edges of the parallelepiped . To examine the different cases we need to establish the equations for
the planes and the edges in the spheroidal coordinates.

Now we are going to study the intersection of H, and the planes P, , P;", Py, Py, Py, P;
containing resp.the parallelepiped faces F , i, Fy , Fyf, Fy, Fg” . They are ellipses denoted
resp.F1, Ef' , o, E;’ , E3, E;' . Each of these ellipses may be totally inside the face or partially
inside or totally outside the face. First we have to write the equation of the planes in the new
coordinates. The equations for the line which contains x and x’ is

yr—r1 _ Y2—T2 Y3 — X3 (7.1)

/ / / .
Ty — 1 Ty — T2 Ty — T3

The intersection of this line (or €'s axis ) with the plane P, is obtained in introducing y; =

1 — % in the previous equation, so the coordinates of the intersection point in the old basis are
— d1 _ x5y =3

Y1 ==¢— %5, Y2 =22 — I/l,m(

(x” +x)/2 to this point , denoted s is given by

’
e — % — 1), Y3 = T3 — ii’i;i’ (c1 — % — x1). The distance from

d /I\2 r d / 2 VA d
51:\/<cl_1_$1+m1) +(m2_u(cl_;_m_w) +<x3—$3 373(61_71_551)_563+“

2 2 ) — 1

Notice that the intersection of the line with the plane P, exits if ) # ;.

The normals to the planes P, , P;", Py, Py, Py, P; are in the original basisresp . —ej,e1, —€2, €5, —e3, €3
in the €1, €5, €'3 basis .

The equation of the plane P, is obtained writing that if M = (uf,u),u}) € P, O'M.e; =
s1€'3.e1 or

(u) €] + uhelh, + usel).ep = sy es.eq (7.3)

The scalar product €’;.e; will be denoted o , €'5.e; will be denoted 3 , €'3.e; will be denoted
~1 they are calculated from equation (4.6).
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In spheroidal coordinates the plane equation becomes

a (a\/ (72 =1)(1 — 0?) cos qb) + 5 (a\/ (72 =1)(1—02) sin¢) +7 (aro) = s8] (7.4)

The intersection of the hyperboloid H, and the plane of constant ¢ is a parabola. This parabola
intersects a face plane, for instance P, , at a point (o, ¢, 7 (0,¢)) . 71 (0, $) using (4.19) is given
by

ay?s; o+ yJatyis; 02 + a2 (sin(é — 60)2(1 — 02) —720%)(a?sin( — 60)2(1 — 02) — 425, )

7 (0,0) = a?(sin(¢ — ¢0)2(1 — 02) — v202)
(7.5)

In (4.12) to determine the bounds for the integral with respect to ¢ we need to calculate the
coordinates of the intersection points of the parallelepiped edges with the hyperboloid of constant
o. BEach edge intersects H, at 0 or 1 or 2 points. The edge which is adjacent to the faces ] and
Fy is denoted Ej,". Ej5" goes from the point points A = (c1 — dy /2,2 + da /2, c3 — d3/2) to the
point B = (¢; — d1/2,¢0 + da/2,¢c5 + d3/2) .In the new basis (e}, €}, e}) the coordinates of these
points are

1 + T} To + - T3+
Wy = (e1 —di/2 — L) (ehe1) + (co +do/2 — 2o 2) (€l ze1) + (3 — d3/2 — 2 "2)(e'5.e1)
2 2 2
x1 + 2] X9 + 2 x3 + 2
Wiy = (1 — dy/2— = o) (€1e2) + (e +da/2 - : 5 )(€/2.02) + (03 — d3/2 . o))
1 + 2 To + 3+
uyy = (01— dy/2 = ) (€' 1es) + (e + dp/2 — 2 ) (€'2.05) + (e — da/2 — =) (¢/5.e5)
1 + 2] T2 + T x3 + T
up = (c1 —dh /2 = 5 L)(e'rer) + (e +dp/2 — = 5 2)(e/2.e1) + (co + da /2 — = 5 2)(e.€1)
x1 + o] X9 + 2 x3 + 2
upy = (01— da/2 = =) (€1 ea) + (2 + /2 = =) (€ea) + (2 + /2 — ) (€ne2)
1 + 2 Tg + X 3+
upy = (e1 = di /2= =) (€1eg) + (ca + da/2— = 2)(€nes) + (c2 +da/2 — = 0)(€s.e)
(7.6)
The points of the edge line satisfy the equations
ulliulBl — uéiulBQ — ugiub?) (7 7)
Wy — Uy Uy —Upy Uy — upg '
or the equations
r I
= gy + (way ?317)(“/3 Ups)
U3 — Ups
r uh —
)y = gy + (uas 3"32)( /3 B3) (7.8)
Up3 — Ups
A point of H, has coordinates
uy = ay/ (12 = 1)(1 — 02) cos ¢
uh = ar/ (72 —1)(1 — 02)sin ¢
ufy =aro (7.9)
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Introducing these values for uf, ub, v} in the line equations we get

u;Q + u/22 =ad*(* - 1)(1 - 0?) =
(U{AQ — UJ//BQ)(GTO' — ulB?)) ) 2 (710)
Uyq — Ul
A3 ~ Ups

(uyy —ulgy)(aTo — u§5,3)

/ !
U3 — Ups

2
(wr + )+ (uo +

For fixed o from this equation of degree 2 has two solutions denoted 75" (o) and 7'12_ *(0). For
each of these values for 7 one can extract the value for ¢,

(uiaq *“331)(‘“'172+ (0)o—ups)
uy—u
A3 YB3

ay/(ri5" (0)2 = 1)(1 — 0?)

ujgl + (u/A1*"’131)/(aT12T/+(U)U*u353)

b5 (o) = arccos Z43—Uhs 7.11
12

ay/ (i3 (0)2 = 1)(1 — 0?)

It remains to verify if the obtained points are inside or outside the edge. Doing the same
calculus for all the edges, finally we obtain a set of cardinality smaller than 24 ( at most 2 values

!
Upy +

#15 (o) = arccos (

for ¢ by edge),(¢15 (o), (]5,15+(0'), ...) that we are going to order . For instance one can obtain the
following ordered set (¢3,7 < ¢f5" < ¢z < 37 )

Then the contribution of the parallelepiped P; to f(o,x,x’) in the case of the ordered set
(p317 < ¢157 < d15 < ¢3,), by inspection of the successive involved faces, can be written as

oi5" (o) 1 (0,6) b5 (0) 5 (0,6) b3y (o) 5 (0,0)
filo,x, %) :x?(/ dqb/ dr+/ d dr+/ dqb/ dT)
[ . ¢ ¢ ) T

a1t (o) 5 (0,0) (@) 5 (0,9) o (o T (0.9)
9 ¢T2+(U) n B ¢1_2_ (o) i _
—i( [ oo - @on+ [ dote (0.0) - 75 (0,0)
b3 (o) 15" (o)

o3, (o)
(o — T, (O
+/¢1_2_(U) ao(ri (0,0) — 5 ( ,(<z>>>))
7.12

Using Mathematica it appears that the integrals have analytic expressions which include
the variables coming from the parallelepiped P;. So we can obtain an analytic expression for
flo,x,x') = Zl filo,x,x').

It is clear that the kernel is very regular as long as the hyperboloid H, do not hit the paral-
lelepiped corners. Denoting c;; the i*" corner of parallelepiped P; , once Xmn, ik, tjp are fixed
, the singularity appears when [c;; — Xmn/| — |Cli — Xmn| = ¢(tj/i — tjx) i.e for the points Xm/n/
which are on the circle of radius |¢;; — Xmn|+ ¢(tj/x —t;1) centred at c;;. Then the corresponding
matrix elements are of order (277 + 2_j/).

In Figure 1 the red scars correspond to the singularities of f. . Notice that they disappeared in
the lower figure as for large time the intersection in the outer region of the crown with the spheres
centred at the corners is void.
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8 Appendix - Study for K + K* -

Proposition 8.1. If the volume material volume is a polyhedron in which the permittivity is
infinitely differentiable and if |Xm/n' — Xmn| > dm + dm' (H5), if the regularity of the wavelets is
sufficiently high ,( for the Daubechies-p wavelets , p has to be sufficiently large) the matriz element

satisfies, for some constant C (wm/n/wj/k/,Kfi + Kiiwmnwjk) < (pfl)l2*(p+1)m/227(p+1)m'/2

Proof. From (3.3) the matrix element of K;; is

wm n’ Wj'k/, Kuwmnw]k)

/dx w /dx w / dt'wip / dtdzw]k HG ', x,t)
C2 m’n’ mn Jk: 12 s Uy &y

d Wik
47TcQ/dx wmn(x’)x(x')/dx Wmn (X _Xl/ dt'wjg (t) e (t' — . )

1 1
= W/dxﬁ wm'O(XG)X(Xm/n/ +X6)/dxo Wmo(Xo)

|Xm’n’ — Xmn + X6 - XO|

d j 'n! — / —_
/ dt w7/0 / dzJQJO (t/ + tj’k’ _ t]k _ |Xm n Xmn T Xo X0|)

c
(8.1)
Denoting W) (7) = [ dt'wjno(t') a0 (¢ + 7)
(wm’n’wj’k’aKiiwmnwjk)
1 1
= dnc? /dx{)wmfo(xg)x(xmfn/ +xo) /dxowmo(xo) |Xm/n’ — Xmn + X — Xo
Xm/n/ — Xmn + Xh — X
< W) (tj,k, — b — | ; 0 °|) (8.2)

Noticing that Wj(?,) (7) has its support in the interval (— (277 4279 (p—1), (277 + 2’j/)p) the
matrix element is equal to zero if [Xmin' — Xmn| > ¢|tjn — k] + dm + dm + (277 +279)(p — 1)
or if |Xm/n/ — an| < C|tj/k/ — tjk| —dm — dmr — (Q_j + 2_j/)p.

It ‘Xm’n’ - an| > dm + dm’ L

| Xm/n/ —Xmn+Xg—Xo|

2 —Amn ! —
Wj(j,) (tj/k/ —tjk— X = 2 o x"‘) are regular when xg, x{, belong resp.to the supports of
Wmo and Wmo. In this case the matrix element (Wm Wik, KiiWmnwji) is of order

mg—(erl)m/?Q—(pH)m'/?_ QED
In conclusion, the non zero matrix elements are negligible except those for which |Xmm: —

an| < dm + dm/ and C|tj’k’ — t]k‘ < Q(dm —+ dm’) + (2_3 + 2—Jl)p

9 Appendix -Diagonal matrix elements using Fourier transform-

The diagonal elements of the matrix Kg;Ko; + KJ;K;; for i=1,2,3, can be evaluated using the
spheroidal coordinates and formula (4.4). In this appendix we will use another way , introducing
the Fourier transform of the wavelets and known expressions for the d’Alembert kernel in the wave
vector space . The Fourier transform of the wavelets look like smoothed indicator functions (see
Wikipedia ) and they can be obtained in Python, Julia or Mathematica libraries.

Wmn ‘= §Wmn, Wik ‘= Swjr and the permittivity x := §x. Let us start with

_ 1 s 1
(wmnwjka;;Kiiwmnwjk) = ('SKTIS WnnWjk, $KiiS wmnwjk)
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As FKii§ ™ Momn(p) ik (w) = ngilh)ﬁ)iibﬁwmn(p)wjk(w)a then
(wmnwjk’a K;'Kiiwmnwjk>
= /dp/dp’fc(p—p’)wmn(p’)/dp”fc(p —p”) Umn(P”)
w? w? _ .
« / o Bin (@) (w) 9.1)

2 _ w2 |p’ 2 — w?

Writing the decomposition of the rational expression

w? w?

PP (o1 02 0P — @+ i)

/13 .3
1 + . ‘p| C 99

2(w +140 — [p'[e)(|p'|*e* — (|p"[*c?)
[p'fPc?

2(w +1i0 + [p'le)(|p' e — [p"[*¢?)
‘p77|303

2(w ¥ i0 — |p77|c)<‘p/|2c2 _ |pw‘202)
‘pw|303

+ - 9.2
2+ 0+ [p )PP — [P Fe?) 2

Using the Plemelj formula lim,_,q+ ﬁ = Firf(0) + pv(%) in the integration w.r.to w and
performing the integration w.r.to p, we obtain
(wmnwjky K;;Kuwmnwjk)

- / i T () / dp" ¥ (p' — P”) Bann(p”)

/|303

Jr/dp'lf)mn( )/dpvaQ)(p 7p77) wmn(p”)2 ‘p

(/e — p"[2e?)
NI TR ]- RS
(= imiepigellp'le) + oo [ do i)

p'*c?
Ip'[2c? — |p”[2c?)

2T TR 1 N 7 N\ A~
(= i TR ity (—lp'le) + o [ oo T ()

_/dp/uA)mn(P/)/dp”f((Q) (p/ _ pn) 'UA)mn(p”)2(

,7|303

T~ T\ 9.~ 2 ~ 9 p
—/dp’wmn(p’)/dp X2 (p' = p”) Wmn(pP )2( |

p'[2¢? — [p”[¢?)

(= im TN (1p o) + o [ o)

1
w—p”le

+/d Im/d 77A(2)( I 77)12) ( n) |p”|363
p mn p p X p p mn p 2(|p/‘202 _ |p,,|262)
x ( — ik (—|P” )Wk (—[P7|c) +Pv/dww+|p”|cﬁ)jk(w)@jk(w)) (9:3)

where )2( )(p =
Noticing that |w]k( Ip

fdfc )X(p—p")
"le)| = |, (|P| )| and that
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pvfdwm|u?jk(w)|2 = —pvfdwmmjk(w)ﬁ one obtains

(wmnwjkaK;iKiiwmnwjk>
/dp tmn (P /dp”x(z)(p —p”) mn(p”)

N ) 9.2 M\ i |pl|3c3
+2/dp/wmn(p/)/dp X(2)(p’—p ) Wnn (P )2(|p,|2C2 ECIRrE)

1 .
X pv / dwmwjk(w)wjk(w))

s () 9 5(2) (! AR 9 ‘p”|303
=2 [ dp"mn(P’) [ dp"X'7 (P — P”) Wmn(P )2(|p’|202 —p"|2c?)

1 -
d — .
Xp'U/ ww_ |p”‘cwjk(w)wjk(w)>
- /dp/@mn( )/dp” A(Q)(p/ —P”) Wmn(P”)

/|363

—~ /__/\ 9~ b A b p
+2/dp’wmn(p’)/dp XP (@ = p") Wmn(P") 57— |

2(lp'[?c — [p7[*¢?)
1 ~ 2

2 / dp’ /d X (2) 5 /) Amll( /) | /|363
W - w
mn P X p p P 2(|p”|202 |pl|202)

1
dw——|; 2 9.4
sy [ i) (94)
Then
(wmnwjk,KZ-Kiiwmnwjk>
— [ 4T [ " D0~ B) ()
+e / / dp'dp” (wmn(p’)>2<2)(p = P") Bmn(P”) — mn(P") X (" - P') wmn(p’))
p'? / 1 - 2
X PU | dw——— Wk (w 9.5
|p/|2_|p ‘2 w—|p’|c| J ( )| ( )
The integrand presents a singularity when |p’| = |p”|, the integral has to be considered as
i [ [ dp/dp” (Fm @)D 0~ P) tun(B) = TP (07~ B) i (5))
' / Lo 2
X > - p | dw——— |k (w
o= (o e ) e )
o 1 .
%gr(l)ch/dp/pv/dww_'p/kwjk(w)F
/dp”[m W ) (2) (p/ _ p”) W (p”)) |p/|3 (9 6)
o A I (7).

, to which once more the Plemelj formula can be applied .
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One notices that the first term is equal to 2™ [ dx w(2™ (X — Xmn) X?(xX)

Let us look now at the diagonal term of K§j,Ko; i=1,2,3
(o, K Kowamw; ) = (sKOis-lwmnwjk,SKOis-lwmnwjk) .

N ~ I _ ch N N .
As SKOiS_lwmn(p)wjk(w) = 847302 16+’XS men(p)wjk(w)> denoting f;(u) :=

Ix
1 Bul
T Tow) then

*
(wmnwjkv KOiKOiwmnwjk> =

/dp/dw/dp filp—p) (|p|+20) 3 Omn(P') 0j(w)

dp” f; mn (P )W 9.7
< [ b fitp = 07 o e (8 i) (97)
Writing the decomposition of the rational expression
w w
p'[?c? — (w+1i0)? [p”[*c? — (w +i0)?
_ Ip'|e
2(w +140 — [p'[e)([p[*c* — [p"[*¢?)
B Ip'|e
2(w +140 + [p'[e)([p'[*c* — [p"[*¢?)
B Ip”|c
2(w+i0 — [p”[e)(|p'[>c? — [p”[¢?)
Ip”|e 9.8)

+ . 5
2(w +i0 + [p”[e)(|p'[*c* — [p”[*¢?)
we can as before obtain the matrix elements in terms of principal value integrals in the same
manner as in (?7)

(wmnwjkaKgiKOiwm)
_ / 99 Ai #(2) / AR 9 o £(2) ”» AR /
~ lim dp dp Wrmn(P') ;7 (P = P”) Wmn(P”) = Wmn(P”)f;™ (P” — P') Wmn(P')

n—0 ¢
Ip’| / 1 . 2
dwiw» w
P~ (o] + ) I [@5()]

_%%?/dppv/dw “plle |0 ( w)?

< [ a1 (0 = B tomn(6)) B (09)

where f2(p/ = p”) := [dpfi(p — ') fi(p — P")

The same technic can be used to evaluate the diagonal term of K{,Koo.

These evaluations have the interest to include the wavelets Fourier transform which contrarily
to the wavelets do not present oscillations but they have the drawback to need Cauchy principal
values estimation because of the singularities of the kernel in the Fourier representation.
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