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Stretch frequency band
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Definition of current densities

Exclusively for scattered field:
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Induced from incident field:
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J — Jtnd) o J(s) M — Mnd) 1 pp(s)

Equivalence between total / scattered field equations

° ° ® ° ® ° ° ° °
D]_I'eCt prOblem loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 27/52



Similarity of equations

Total field — Scattered field:

E — E® H— H®
o — plind) 4 9 -y plind) (5
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Equivalence between total / scattered field equations

Uniform treatment of electromagnetic problems
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Similarity of equations

Total field — Scattered field:

E — E® H— H®

o — plmd) 4 (%) T —s pnd) 4 - (s)

J — Jtnd) 4 j(s) M — Mrd) 1 V()
Equivalence between total / scattered field equations

Uniform treatment of electromagnetic problems

Pure scattered field formulation
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Finite-difference frequency-domain (1/2)

Spatial derivatives — finite differences

Of | fxo+he)— f(xo—he) |
(‘hi a 2h | O(h )

X0
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Finite-difference frequency-domain (1/2)

Spatial derivatives — finite differences

Of o f(Xo —+ he;) — f(Xo — he;) | 9
9| 57 - O(h*)

X0

Uniform cubic grid

Eot = Eyloox 0 HYN = Hy| 1,1
L & 7’+§7jak L L Z;]+§,k‘|‘§
LIk

By = Byli i,

Lk Lk

N
k Hy — Hy i+2.5,k+3

i+3.J+5.k
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Finite-difference frequency-domain (2/2)

Average adjacent cell properties
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Finite-difference frequency-domain (2/2)

Average adjacent cell properties

discretize i K i,k

discretize
\

//l/ 7j k H/l’h? k

rr

MCIZCIZHx
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Finite-difference frequency-domain (2/2)

Average adjacent cell properties

discretize . .
e X <€z,J,k>E;,J,k

rxr

discretize\< i,j,k>H’i,j,k
‘ x

M i1y ooy
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Finite-difference frequency-domain (2/2)

Average adjacent cell properties

discretize . .
SN X <5z,J,k>E;,J,k

rxr

discretize\< i,j,k>H’i,j,k
‘ x

M i1y ooy

(e +em e T et
(Hast) & 5 (e + pi )
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Faraday: VX E=—jwi-H - M
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Faraday: VX E=—jwi-H - M

HF = Eéaj,kﬂ _ E;;jk — ELitLk 4 piik _ p ik
hjw <ua5§; >

E;lJrl,j,k o E;ﬁ,j,k . E;,j,kJrl i E;’j,j,k _ hM?j’j’k
hjw <uy’i k>

E’;’j,jnLl,k . E;’j’k o E;jrl’j’k 4 Eé,j,k . hM;’,j,k
hjw <ﬂz’§ k>

1,0,k
H,»" =

g,k
H 7" =
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Faraday: VX E=—jwi-H - M

- Eigktl _ pigk _ Ei,j+1,k 4+ Fhik Nk
H%]ak — Y Y Z X
i
hjw (it )
- EitLik _ gk _ piik+tl 4 pigk o pfidk
Hz,],k __ % % x T Y
J W Myy
- EiitLk _ pigk _ pitlik 4 pigk o p ) fidk
Hudk — —* z y Y Z
- - 7.7 k
hjw by
Ace = —jwdiag((f))h —m

FDFD method

loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 30/52



Maxwell-Ampere: V x H = jwé - E+ J
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Maxwell-Ampere: V x H = jwé - E+ J

i7j7k -
HZ

iaj_lak — i7j7k 7’7]7]{_1 - i7j7k
H! Hi* 4 hJ

1),k
BN =

i7j7k -
HZC

hjw <53;;,7;k>

iajak_l — iajak 2_17J7k - iajak
H! Hik 4 Hi hJi

g,k
b, =

i7j7k —
Hy

hjw <€Z:Zk>

7:_17 ‘7]{ — iajak Za]_l7k — iajak
Hi-bik — {iGk 4 g hJ

g,k
g, 2 =

FDFD method

hijw <éi’:§’k>
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Maxwell-Ampere: V x H = jwé - E+ J

i7j7k - Z?]_lak — i7j7k Zajak_l - i7j7k
Hidk — fi Hi* 4 H hJi

iajak -

b = RN
hijw <5;,;’5,;’ >

o HER gLl ik g ishik p gidk

E%]a —
yy
i7j7k — Z_lajak — iajak Za]_l7k — i7j7k

i Y~ H, Hid% 4 Hi hJ

VA

hijw <s‘i’:§’k>

Ach = judiag((é))e+j , An=Ac

FDFD meth()d loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 31/52



Discretized wave equation (1/3)

The two matrix equations yield:

A" diag((f1))'Ae — w’diag((€))] e =
— jwj — A diag((f))"'m
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Discretized wave equation (1/3)

The two matrix equations yield:

A" diag((f1))'Ae — w’diag((€))] e =
— jwj — A diag((f))"'m

Compare with the continuous case:

Vxi VXE-—w$é E=—juJ-Vxp M
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Discretized wave equation (1/3)

The two matrix equations yield:

A" diag((f1))'Ae — w’diag((€))] e =
— jwj — A diag((f))"'m

Compare with the continuous case:

Vxi VXE-—w$é E=—juJ-Vxp M

Add gradient of Gauss’ law VV - (€-E) =V (p+ p(md))
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Discretized wave equation (1/3)

The two matrix equations yield:

A" diag((f1))'Ae — w’diag((€))] e =
— jwj — A diag((f))"'m

Compare with the continuous case:

Vxi VXE-—w$é E=—juJ-Vxp M

Add gradient of Gauss’ law VV - (€-E) =V (p+ p(md))

in discretized form:

Aqding((e))e = ~Agdiag((c0)¢ ~ Aylp)

°
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Discretized wave equation (2/3)

Sparse linear system (N x N):

Ax = b
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Discretized wave equation (2/3)

Sparse linear system (N x N):

N, N, 2D-TM
Ax=b N={2N,N, 2D-TE
3N,N,N, 3D
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Discretized wave equation (2/3)

Sparse linear system (N x N):

NN, 2D-TM
Ax =b N =< 2N, N, 2D-TE
3N, N,N, 3D
Common formulation for 2D-TM, 2D-TE, 3D
FDFD method : Ioannis. Aliferis, I\./Iicrowave.imaging o: buried ol:jects, NTU.A
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Discretized wave equation (2/3)

Sparse linear system (N x N):

NN, 2
Ax =Db N =< 2N, N, 2]
SN, N,N, 3l

Common formulation for 2D-TM, 2D-

A=A diag(Vmf) A+

D-TM
DRIND

D
TE, 3D

(Ag — w?l)diag(Vee) + jwdiag(Veo)
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Discretized wave equation (2/3)

Sparse linear system (N x N):

NN, 2
Ax =Db N =< 2N, N, 2]
SN, N,N, 3l

Common formulation for 2D-TM, 2D-

A=A diag(Vmf) A+

D-TM
DRIND

D
TE, 3D

(Ag — w?l)diag(Vee) + jwdiag(Veo)

Ve, Vi, V,: averaging matrices, e.g. (€) = Ve
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Discretized wave equation (3/3)
Closed-geometry and radiation problems

X=e€

b=—(jwj+ Ae' diag(Vimpt) 'm + A,V ,p)
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Discretized wave equation (3/3)

Closed-geometry and radiation problems
X=e

b=—(jwj+ Ae' diag(Vimpt) 'm + A,V ,p)

Scattering problems

X = e’

b=—(jwj®+ Ae' diag(Vimft) 'm*® + A,V ,p°+
[(Ag — w’l)diag(Vec:) + jwdiag(Vec,)| €'+
ijeriagwmu) 1chag(vmc:m)h‘)

[ ] [ ] [ ]
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Enforce boundary conditions
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = 'VMC an IVMCAIC b’ = IVMCb — IVI e + Vv
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = 'VMC an IVMCAIC b’ = IVMCb — IVI e + Vv

No Gauss | PEC
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = IVMC an IVMCAIC b’ = IVMCb — IVI e + Vv

No Gauss | PEC
A’g = Im,c,Ag A;) = Im,c, A,
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = IVMC an IVMCAIC b’ = IVMCb — IVI e + Vv

No Gauss | PEC
A’g = Im,c,Ag A;) = Im,c, A,

Condensed system
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = IVMC an IVMCAIC b’ = IVMCb — IVI e + Vv

No Gauss | PEC

A’g = Im,c, Ag A;) = Im,c, A,
Condensed system

(a1 a1z a3\ (1) (b1)

0 1 0 Lo | = bg

\az1 az2 azs) \r3) \b3)
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Enforce boundary conditions

Perfect electric conductor (€, ||): x, =0 or x, = —e|

Applied voltage: x, = v,
A = IVMC an IVMCAIC b’ = IVMCb — IVI e + Vv

No Gauss | PEC
A’g = Im,c,Ag A;) = Im,c, A,

Condensed system

(ay1 ayy a3\ (1) (b1\ [an aiz) (= _ b1 — a12b9
0 1 O [|z2]|=|b2|\G31 a33/) \ T3 b3 — a13bs
\a31 asz az3) \x3) \b3) To = by
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Perfectly Matched Layers

€ pPML

Hpnr

FDFD method

g -
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A
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Perfectly Matched Layers

_ o — A yvvvv‘y ;‘vvvv‘]
Epnr = € Ay : 1/ A X

- = > ¢ ( S
ﬁPML — “ ACE XX X XX At‘AAAA"

N\ \

1/s, 0 0
A =] 0 s 0 N k

0 0 s g
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Perfectly Matched Layers

_ _ = R DX X XKY LXK
Epmr, = € - A, : 1/ SR X
_ ry = D < /: 1
Py, = - Ay NN A"“%
1/s, 0 0
A N N
ACU I O SQZ O <7 yvvvv:
0 0 s :
- x_ 4 /’AAAAA{
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WEe
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Perfectly Matched Layers

_ _ = R DX XY LXK
Epmr, = € - A, : 1/ SR X
- S X ¢ N

p— “ . A_m XXX XX At‘AAAA“

Hpnr, = ‘ N

1/s, 0 0
A= 0 s, O
0 0 sz

A'J}Z:j_\'J}A

z

Sa::/ia:_j 9 "ia:>17 o, > 0
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Near- to Far-Field Transform
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Near- to Far-Field Transform

r’ near-field point
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Near- to Far-Field Transform

r  far-field (observation) point

r’ near-field point
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Near- to Far-Field Transform

)  any rectangular component of 2 or H
r  far-field (observation) point

r’ near-field point
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Near- to Far-Field Transform

Kirchhoft integral:
1 G_ij Qw(r') . | | ~ ) / ;
o)== i | P = (k4 ) g Ro)| ar

)  any rectangular component of 2 or H
r  far-field (observation) point

r’ near-field point

R=r—7r'", R=|R|, k=wyl1we0
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Near- to Far-Field Transform

Kirchhoft integral:
1 G_ij Qw(r') . | | ~ ) / ;
o)== i | P = (k4 ) g Ro)| ar

)  any rectangular component of 2 or H
r  far-field (observation) point

r’ near-field point

R=r—7r'", R=|R|, k=wyl1we0

0

o finite differences
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Near- to Far-Field Transform

Kirchhoft integral:
1 G_ij (%b(’r') . | | ~ ) / ;
o)== i | P = (k4 ) g Ro)| ar

)  any rectangular component of 2 or H
r  far-field (observation) point

r’ near-field point

R=r—7r'", R=|R|, k=wyl1we0

8%, — fnite differences

b = D 0D m Wam - .. 4th order 2D integration

°
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Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0

° ° ° ° ° ° ° ° °
FDFD meth()d loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 38/52



Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0

Compare:
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Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0
Compare:

Analytical far-field Ey, (directly calculated)
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Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0
Compare:
Analytical far-field Ey, (directly calculated)

Transformed far-field (from analytical near-field)
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Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0
Compare:
Analytical far-field Ey, (directly calculated)

Transformed far-field (from analytical near-field)

ey = (Ep(0 = 5°) Ep(0 = 10°) -~ Ey(0 = 1750))T
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Near- to Far-Field Transform: Validation (1/6)

Radiation of an elementary dipole (far-field):
E.(r,0,0) =0, FEyg(r,0,0) ~sind, FEu(r,0,¢)=0
Compare:
Analytical far-field Ey, (directly calculated)

Transformed far-field (from analytical near-field)
ey = (Ey(0 = 5°) Ep(0 = 10°) - Ey(0 = 175°))"

leg — ewms|”

Ry =
lesnol|”
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Near- to Far-Field Transform: Validation (2/6)

Size of the integration cube

f=1GHz, Grid: A/ 20, r = 1000\, =0
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Near- to Far-Field Transform: Validation (3/6)

Position of the integration cube

f=1GHz, Grid: A/ 20, r = 1000A, =0

-2 0
Offset (cells)
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Near- to Far-Field Transform: Validation (4/6)

Coarseness of the discretization grid

f = 1GHz, Grid: variable, r = 1000\, =0

40 60 80
Cells Per Lambda
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Near- to Far-Field Transform: Validation (5/6)
Grid: \/20

f=1GHz, Grid: A/ 20, r = 1000A, =0

~32.0546dB @ 90deg
fRé = 4.0592e-005
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Near- to Far-Field Transform: Validation (6/6)
Grid: \/120

f=1GHz, Grid: A/ 120, r = 1000A, =0

° ° ° ° ° ° ° ° °
FDFD methOd loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 43/52



FDFD: numerical results

Closed-geometry problems

Open-geometry problems
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FDFD: numerical results

Closed-geometry problems:

2D: waveguide modes

3D: cavity modes

Open-geometry problems
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FDFD: numerical results

Closed-geometry problems:

2D: waveguide modes

3D: cavity modes

Open-geometry problems:

3D: elementary dipole
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FDFD: numerical results

Closed-geometry problems: Ae

2D: waveguide modes

3D: cavity modes

Open-geometry problems:

3D: elementary dipole
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FDFD: numerical results

Closed-geometry problems: Ae — 0

2D: waveguide modes e ¢ nullspace A

3D: cavity modes

Open-geometry problems:

3D: elementary dipole
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FDFD: numerical results

Closed-geometry problems: Ae — 0

2D: waveguide modes e ¢ nullspace A

3D: cavity modes find eigenvector(s)
for zero eigenvalue

Open-geometry problems:

3D: elementary dipole
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FDFD: numerical results

Closed-geometry problems: Ae — 0

2D: waveguide modes e ¢ nullspace A

3D: cavity modes find eigenvector(s)
for zero eigenvalue

Open-geometry problems: Ae = b (sparse)

3D: elementary dipole
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FDFD: numerical results

Closed-geometry problems: Ae — 0

2D: waveguide modes e ¢ nullspace A

3D: cavity modes find eigenvector(s)
for zero eigenvalue

Open-geometry problems: Ae = b (sparse)

iterative methods:
3D: elementary dipole BICGSTAB, GMRES

. ° ° ° ° ° ° ° ° °
Numerlcal results loannis Aliferis, Microwave imaging of buried objects, NTUA — UNSA — p. 44/52



FDFD: numerical results

Closed-geometry problems: Ae — 0

2D: waveguide modes e ¢ nullspace A

3D: cavity modes find eigenvector(s)
for zero eigenvalue

Open-geometry problems: Ae = b (sparse)

iterative methods:
3D: elementary dipole BICGSTAB, GMRES

preconditioning:
diagonal, LU, ILU
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Waveguide modes

Dimensions: a/b = 3
Non-degenerate modes: TE], (1 GHz), TES,
Cells: N, =31, N, = 11
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Waveguide modes

Dimensions: a/b = 3
Non-degenerate modes: TE], (1 GHz), TES,
Cells: N, =31, N, = 11

E, for TEZ, E, for TEg,

lewumll =1, [lem — equnl| = 107
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Cavity modes

Dimensions: a/b =3, a/c =2
Non-degenerate modes: TE],; (1 GHz), TES,,;, TMj;,
Cells: N, =31, N, = 11, N, = 16
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Cavity modes

Dimensions: a/b =3, a/c =2
Non-degenerate modes: TE],; (1 GHz), TES,,;, TMj;,
Cells: N, =31, N, = 11, N, = 16

Ey for TETOl Ey for TE%Ol E. for TMflzlo
HenumH — 17 Heth - enurn” ~ 10_14
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Elementary dipole radiation

Electric current J(z) = 2 at a single cell (1 GHz)
Cells: N, = 31, N, = 31, N, = 31
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Elementary dipole radiation

Electric current J(z) = 2 at a single cell (1 GHz)
Cells: N, = 31, N, = 31, N, = 31

f=1GHz, Grid: A / 20, r = 1000\, ¢ = Odeg

 -48.4527dB @ 90deg
R,=19803e-005
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Elementary dipole radiation

Electric current J(z) = 2 at a single cell (1 GHz)
Cells: N, = 31, N, = 31, N, = 31

f=1GHz, Grid: A / 20, r = 1000\, ¢ = Odeg

 -48.4527dB @ 90deg
R,=19803e-005

80 100 120 140 160 180
6 (deg)

Fit theory to data — dipole length \/44000
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Near-field radiation pattern

Measurement noise simulation for synthetic data

Parametric studies
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Two-dimensional numerical modeling

Enhanced microwave tomography method
Near-field radiation pattern

Measurement noise simulation for synthetic data

Parametric studies
Robustness to noise
Measurement line
Frequencies — wide band, few points, no hopping

Input information — optimum quantity:
variety)] redundancyl)
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Study of the three-dimensional extension

Finite-difference frequency-domain method

Closed-geometry, radiation and scattering
2D-TM, 2D-TE, 3D
Explicit formulation

Near- to Far-Field transform

Validations: waveguide, cavity, elementary dipole

FDFD GREC (General-purpose Rectangular-mesh
Electromagnetic Code) 20k MATLAB lines
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Perspectives

Two-dimensional imaging
Invert from real data (measurement S field)
Quantify the notion of information

Three-dimensional imaging
Proceed to the inverse problem
Harder and easier to solve (a Zen statement)

Combine with different approaches

Use FDFD GREC independently
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