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1. Introduction
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We are interested in monitoring defects in a waveguide

- A source generates a wave field over a range of frequencies k € K C Rt
- Measurements of the fields uy(z,y) are made on a section X of the waveguide

- From which we try to reconstruct 3 types of defects : a variation in the optical
index of the waveguide, a bump or a bent in its geometry

- Applications include monitoring of pipelines or railtracks using torsionnal waves,
monitoring of Si wafers, detection of corrosion,...



There is a large body of work concerning the detection of defects in waveguides, e.g.
- Reconstructions based on linear sampling at a fixed frequency.
[Dediu-McLaughlin, Bourgeois-Fliss, Bourgeois-Lunéville, Monk-Selgas-Yang]

- Asymptotic studies of the fields when the defects are small
[Ammari-lakovleva-Kang]

- Inverse problems using multi-frequency measurements [Bao-Triki, Isakov-Lu,
Sini-Thanh]

Our approach uses multifrequency measurements of the field on a section of the
waveguide, or on a part of the boundary



2. The scalar forward problem

The Helmholtz equation in a (perfect) straight waveguide Q2 = R x (0,1)

Au+k*u = s inQ

Opu = by onRx {y=1}
Ou = by onRx {y =0}
u is outgoing
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ioc outgoing solution, provided that the source terms are sufficiently

has a unique H
smooth

u can be represented with a modal expansion

ww,y) = Y upa(@)en(y)

n>0

Upn(z) = i R[sn(z/)+b](z/)<pn(1)+/m(a:/)gon(O)]eiknlx—x/‘dm/



where (¢n)p>1 is the basis of L2(0,1) defined by

poy) =1  and  @n(y) = V2cos(nry), n > 1

The expansion holds provided th frequency is non resonant, i.e.
Vn >0, k,’i =k2—n72 £ 0
and expressing the radiation condition in the form
d T
Vn>0, |—(<ug,on>)— —ikn <ug,pn > — 0 as|z|]—> o0
dx |z|
Further, assuming that the data is compactly supported in Q, = (—r,r) x (0,1), the

solution operator is continuous

llurllaz,) < Csor(llsllL2(q,) + 1b1llg1/2(p oy + 1100l g2 py
(=mr) (=rr)

where C,; depends on 7 and on dist(k,nm), n >0



2.1. Coping with smooth perturbations (case of a boundary perturbation)

We consider smoothly perturbed waveguides of the form
Q = {¢o(z) <y<oi(z), zeR}

where ¢o and ¢1 — 1 have compact support, in which the field satisfies the
Helmholtz equation

Al +k%*0 =5 inQ
by on{y=¢1(z)}
i = by on{y = ¢o(z)}

« is outgoing

S5)
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and straighten the waveguide by a change of variable ¢ : Q—Q

The transformed field u = @ o ¢ satisfies
Au+k2u = —|det(Ve)|s — V  (MVu) — k*pu in Q
ovu [Véilbr—MVu-v on{y=1}
Ovu = |Volbo—MVu-v on{y=0}

u is outgoing

where M/ = Vo H(Vo )T T and = |det(Vo)| — 1



We define the Born approximation v of u to be the solution to
Av+ k20 = —|det(Ve)|s inQ
Opv [Voilbr on {y =1}
v |[Volbo on {y =0}

v is outgoing

If the mapping ¢ is C2(£2,) there is a constant C o = C(), Cso1) > 0 such that
lu =2y < Corn (Iet(VO)sllzzia,) + 111Vo1lbrll /20y
+ 1119 olbol 71/2(_p.ry)

The Born approximation has a modal representation, which explicitely involves the
RHS, and which contains terms that depend on the perturbations



2.2. A reconstruction procedure

Assume that the top and bottom bumps are described by g, h € C2(—r,7) and that
1+h>g

The distorded waveguide is straightenend with the mapping

ozy) = (2.0+h@) —g@)y+9)

Impose a source s, = —2ikdo(z) at x = 0, so that ujpc = etklz|

Given some maximal frequency kmqa, we assume that one can measure the
propagative modes vy, ,, of the response

forn =0,and 0 <k < kmax
forn =1,and 7 < k < kmax



which correspond to measuring
7

v [hl(ﬂf/) 7g/($/)]ik€2ikz/ da’
2k Jr

vk,0(0)

vg,1(0) = [W (') + g'(m')}ike“““kl)wl dx’

i

Problem of Fourier synthesis : reconstruct a function f from the values of its Fourier
transform f(w), w € [wo,w1] [Isaev-Novikov]

Our setting is somewhat non-standard as low frequency information may be missing

The assumption that f has compact support ensures that f is analytic, which also
helps recovering the low frequency part



Thm : Assume that f,g € H'(—r,r) and that N e =y 19l B 2y S M

For any 0 < € < 1, there exists £ = £(r, wo, w1, M, €) such that

. 8T M o9
W =ola,y < EMVeyrg - FeuzE,

SM?

+ ;H}—(f) Fg )HL 2 (wo,w1) + T]Q

Remarks

- The estimate involves estimates on the condition number of the Hilbert matrix

2

- When wg — 0 and w; — +o00, £ — 0 and —0

wi

we obtain a controled reconstruction of f if an apriori bound on M is known and
the range of measurement frequencies is large enough



2.3. Numerical illustration

Reconstruction of localized bumps : we seek a piecewise linear approximation of g’
and h/ using a least-square algorithm

0 = L toe (") — o (2)]ik 2z’kz’d /
o) = g [ W) o @ik o
ih &

— [h/(xj) — g’(:z:j)}ike%kzj
2k =

Synthetic data is generated via a finite element resolution of the PDE using perfectly
matched layer on each side of the relevant portion of the waveguide

300 frequencies used in the range [0.02, 70] \ (unzo [nm — 0.02,n7 + 0,02}>



Reconstruction of a bend

Reconstructions with 100 frequencies in the range [0.01, 40]

2 single bends with different angles, 1 double bend



Reconstruction of an elliptical inhomogeneity

45
Happs happ > 0

10-2
107

200 frequencies in [0.01,150], 3000 points for the spatial discretization, 20 modes




3. Using resonant frequencies in a scalar waveguide

We consider a waveguide with variable thickness h, which is a perturbation of a
straight wavewguide, under the smallness assumption that

Ve R7 0 < hmin < h(f) < Amax < 00

W lo <n |Ih"llec <n*  support(h’) C (—~R/n, R/n)

and to simplify the analysis, we assume that the bottom of the waveguide is flat and
that h is increasing from hpyin to hAmax




The Helmholtz equation in @ = {z € R,0 < z < h(z)}
A+ k2@ f inQ

O, = by onR x {y =h(z)}
) (1)
Oy U bp onR x {y =0}
u is outgoing
can be mapped to a PDE on a straight waveguide using the change of variable
(,y) = (z,y/h(z))
Ahu—&-kgu = f inQ
Oyu—Dpu = by onRx {y=1}
(2)

Oyu— Dpu = by onR x {y=0}
u is outgoing

Ay, Dy, are differential operators that involve h and its derivatives



Under the smallness assumption, we may neglect the terms in Ay, Dy, that are small
and consider approaching the previous system by the simpler

1
Ozzv + Wayyv +Ew = f inQ
v = by onRx{y=1}
®3)
Oupv = by onR x {y=0}
u is outgoing

for which wee seek a solution in the form of a series

v(@y) = D va(@)en(y)

n>0

where the vy, 's are outgoing and solve the 1D equation

v (@) + kn(@)on(z) = fa(z) —en(Dbi(z) = en(0)bo(z), =z €R
5 5 n271'2
Here the 'local wavenumber’ is  k,(z)? = k? —

h(z)?



1/2
We assume that & = inf (‘kg — LWQ,Z

hmax

22

1/2

and that the N — th mode is resonant at a (single) point z*

kn(z*) =0 while kn(xz) #0ifn#N

To build a fundamental solution for solving the modal equation, we solve
v (x) + kn(z)?vp(z) = 0 forx < s and forxz > s
un outgoing

and connect the two pieces at £ = s



For propagative modes, n < N :

We use results of F. Olver for the Schrodinger equation to show that

A X J—
7exp<—i kn(t)dt)(1+£(x)) T <s
un(e) = 4 V() X/
\/ﬁ exp(i/ kn (t) dt>(1+€(z)) > s
where
c@LED) < o)
and

|| Btt(kn(t)_l/Q)‘ dt

1
”/R | N0

R 2211} _ a(h/ )2nint
< 7]/ ‘nﬂ'(hh(d(h) ‘7)&
R 2h4k3 4h6k5
(N —1)2722 (N —1D)*niat
< nC( 33 + 35 ) = nCn



For evanescent modes, n > N :

uyn, takes a similar form as in the propagative term, with a remainder controled by
ef'/2 — 1 with

R n27r2(h”h—3(h/)2 5(h/ 2,44
[Fl < ‘ 153 6k5, ‘7
R 2h4k3 4h8 k3
(N71)27r2 (N 1)4 4 4 _
< (5 e

so that again the remainder can be estimated uniformly wrt n



For the locally resonant mode n = N :

Then z* is the only root of kx(2*) = 0 and as we assumed that h is increasing

The change of variable

- (—32'/2/:* kN(s)ds>2/3 if o < z*
_(3/z/j kN(s)ds>2/3 if 2 > z*

shows that wy (&) = —(VENE(x) ™/ *)un () solves the Airy equation

deewny —Ewny = ((Ewn, with  [|¢|[cc = O(n)

and wy can be expressed as a combination

of Airy functions Ai, Bi plus an error term




Theorem :
Let f € L?(Q2),b1,bo € H'/?(R) with compact support in |z| < r
Assume that there is a single locally resonant mode N at the point z*

Then for 0 < 1 < 1o = 1M0(Amin, Pmax, R, T, d) the red Helmholtz equation (2) in the
straight waveguide
{ Apu + k2u = f inQ

+BC(Dy) + outgoing

has a unique solution u € HZ _(£2)

Moreover u can be approximated by

W(ay) = 3 ([ 6@ (= £u(9) + ea(Dh(6) +on(Obo(s) ds)onls)

n>0

and there is a constant C' = C(hmin, hmaa, R, 7,8) such that

llu — u®PP|| 1 g,y < nC(HfHLz(m + Hblle)



where the approximate fundamental solution takes the form

G*P(z,s)

( )kn( )
[en | (3)[kn | (@ ’/ lk”“

Vkn(s)kn(2)

K (s)kn (z)

f’fn()

exp (z

@@a»“
(LA + B)(E(s) Alg(2)

~(e(s)e@) !
(A + B)(E() AE(s))

n<N

n >N
ifex<s

n=N
ifex >s



Idea of the proof:

We want to compare the solutions to

1 h'h — 2(R)2 h)2 1% )
Ozzu + ﬁayyu+k2u = f+ %yayuf (h4) y46yyu+22y81yu in Q

}/
Oyu = b1+%'1u onR x {y=1}
Ou = by onR x {y=0}

u is outgoing

(4)

and to

1
8zzv+Wayyv+k2v = f inQ

ov = b1 onRx{y=1} 5)
v = by onRx {y=0}
u is outgoing

The solution to the latter system is amenable to modal decomposition, where the
terms are obtained by convolution with the fundamental solution



The solution operator for the blue PDE is bounded :
O :L2(Q) x HY2(—rr) —  H2(Q,)
(f,) - v

while the solution to the red PDE satisfies
w = TYf 4 S(u),b+T(uw)

where S : H2(Q,) — L2(Q.) and T : H2(Q,.) — H~1/2(—r,r) are bounded by
O(n)

The function u can thus be expressed as a Neumann series



Finally, one can infer existence of a solution to the under
the assumption of smallness of h and define an approximate solution

- yePp(p Y
( ’h(ﬁ))

Remarks :
- This construction is again a Born approximation

- The assumptions imply that mode coupling is weak, inspite of the z-dependance
of h

- The construction can be extended to a non-increasing profile A which is the
union of a finite number of sections where h is strictly monotonous

(one has to assume that there are no trapped modes)



Comparisons between FEM approximation of u and u2PP

N A/WW

ST R

Red : G7PP(z,0) ~ u®PP when f ~ &o(z)
Blue : @(z,0) computed via a FEM approximation, using PML'’s

Relative L? error between 5 and 10%



Representation of the wavefield for a monochromatic source

evanescent mode Fons )
" —
0 —6 — -2 0 2 4 6 0
_ - i
locally resonant modes o
7& 31.2 B
o —6 -4 -2 0 2 1 6 o
k=313
o p s H“
" —6 — -2 0 2 4 6 0
o i > i“
0 —6 -4 -2 0 2 4 6 o
o i . Hw

propagative mode



3.2. Reconstruction of the profile of the waveguide
We use a monochromatic source  f(z,y) = fn(z)en(y) where n is a locally
resonant frequency

The measurements are
u@0) = uWPelex(0) = [ G¥P(ws)f(s)ds
R

—&(x)!/*
Vkn(x)

where  GPP(z,5) = q(s)

A(g(2))

One can show that

data(z) = wu(z,0) = zA(a(z* —2z)) + error term
_ (2NZm2p/(z*)\-1/6 [ _ (2NZm2R/(z*)\1/3
z = (7}1@*)3 ) L*+RQ(8)fN(S)ds a = (7“:6*)3 )



Setting F(z,a,8) = 2A(B — ax), the parameters z, «, 3 are estimated from the data
points by a least square fit

And one obtains an estimate for 2* =/«

On the other hand, if the frequency k is locally resonant at z*

N
.2 _ .
ky = 0 = k = h)

In this way, one can infer both z* and h(z*) from the data and recover the profile of
the waveguide



Reconstruction method

1. Find an approximation of the support of h’ and a range of frequencies
[kmin, kmaz] that contain locally resonant frequencies

2. Choose a discrete set of frequencies K C [kmin, kmax], choose source terms
f,b1. Measure the wavefield u(z,0) for each chosen frequency

3. Filter the data, eliminating components corresponding to propagative frequencies
in the Fourier transform of the responses

4. Find the point mae Where the response |u(z,0)| is maximal and choose points
in an interval [zmaz — L, Tmax + L]. The data is then

data(i) = wu(z;,0)

5. For every frequency k in K, compute h(z*(k)) = Nm/k. Minimize
D, 0) = F(z, 0 ) (i)

to obtain an estimate of z* (k)



Examples of reconstruction




4. The modal approximation for elastic waveguides or plates

In a 2D elastic waveguide Q = R x (—h, h), we seek a solution u = (u,v) to

div(e(u)) +w?u = f inQ
o(u)v = b1 ony=h
o(u)v = by ony=—h

where f,bg, b1 are given loads and  o(u) = Adiv(u) + 2pe(u) = ( i i )

One can separate variables : X = (u,t),Y = (—s,v) solve

0 (%) = e(X)er

where L(X,Y) = (F(Y),G(X)) only involves derivatives with respect to the vertical
variable y

P 1 -1 — A9y G - w2 oy
T ox+2p \ Ay —4p(\ +p)dp, — Wi (N 2u) T\ -9y !



A Lamb mode (k,X,Y) € C x H%(—h,h)? x H?(—h,h)? is a nontrivial solution to
LX,Y) = ik(X)Y) (+ homogeneous BC’s)

One can show that there is a countable set of Lamb wavenumbers k,, € C : Set

o = w? o, q2:ﬁ7k2
A+2n I
then symmetric Lamb modes are given by the dispersion equation
tan(ph
(q27k2)2 —  —4k%pq (ph)
tan(gh)

and antisymmetric modes satisfy
5 tan(qh
(q2 - k2)2 = —4k%pq (ah)

tan(ph)




Lamb modes form a complete family provided the frequency w is not critical, i.e.
provided there is no wavenumber k which satisfies kK = 0 or which satisfies the
dispersion relation together with dxw(k) = 0

[Kirrmann 94, Akian 21]

If w is not critical, the eigenmodes satisfy the bi-orthogonality relations
iw2knFA/S(kn) ifn=m

0 otherwise

(Xn7 Ym) = {

where I" 4 /g is proportionnal to Oxw(kn)

We further define an outgoing wavefield as u for which (X,Y) satisfy, as |z| — oo

‘—(<Y X >) z‘k’,n<Y,Xn>(9c)’ - 0

I\
\d (<xy,,>)|‘ ikn<X,Yn>(ac)’ S0



Thm : Assume that w is non critical.
Given f € HY (), bo, b1 € H3/2(—r,r)2, then the system
div(o(u)) +w?u = f inQ
o(u)ry =bg1 onh=h,—h
u outgoing

has a unique solution u € HE (Q) that satisfies

u(z,y) = Zan(x)un(y) v(z,y) = an(x)un(y)

n>1 n>1
where u, = X5,1 and an, b, are solutions to the decoupled Helmholtz systems
all +k2an = iknFP — (F)
{ Wt k2an = (FP) —iknFY
where the F*'s are given as moments of the loads against the Lamb eigenfunctions

In addition, for some C = C(h,w,r) > 0,

allgs,y < CUlfllar, +1boallgs/2 .,
(=r7)



Application to the detection of bumps

Using the modal expansion in Lamb waves, we can implement the strategy described
for the scalar equation

- Changing variables, the perturbations appear as source terms in the equations for
the straightened waveguide

- In this configuration, the system can be simplified to define a Born
approximation, which can be represented as a sum of Lamb modes

- Assuming that the perturbation has small amplitude, and that the incident wave
is the first symmetric Lamb mode, we can consider that the measurements
correspond to knowledge of

Fleng' +cnh')(€)
where the coefficients ¢ are explicit, and where £ € (0, &max)
- Letting w vary in (0, wmax) and using the information associated to the first

symmetric and the first antisymmetric Lamb modes, we can reconstruct the
profiles g, h




5. Conclusion

- We studied the propagation of waves in waveguides with a slowly and smoothly
varying profile (bumps or bends) or with localized smooth changes in the
material parameters

- Using a modal decomposition, we consider a Born approximation to reconstruct
the characteristics of the perturbations

- We analyzed the wavefield for locally resonant frequency : under our smallness
assumption mode mixing does induce significant changes in the structure of the
solution

- We also considered the case of the elasticity operator, where the Lamb modes
may provide a modal basis. However, they only form a bi-orthogonal family



Many questions remain open :

- Can one relax the smoothness assumptions on the geometry 7 In particular, what
about kinks ?

- Can one find a method to show existence of solutions in perturbed waveguides
that does not rely on a modal expansion ?

- We were inspired by experiments performed by

Claire Prada (ESPCI), who uses ZGV modes . T .,,,,///'
(wavenumbers k # 0 for which d,k = 0) . / /
to monitor the thickness of plates s
what is the geometrical information contained in /

the asymptotic structure of these modes 7




