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This talk concerns:
» electric currents in vacuum,

» time-harmonic quantities, z.e., A (r,t) = Re {A (r) exp (jwt)}.
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Shape Synthesis

Analysis x Synthesis %

Analysis (A)

» Shape (2 is given, BCs are known,
determine EM quantities.

g=L{J(r)}=Af

f={,E'}, g={p}
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Shape Synthesis

Analysis x Synthesis %
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Analysis (A) Synthesis (S = A7!)

» Shape (2 is given, BCs are known, » EM behavior is specified, neither {2 nor
determine EM quantities. BCs are known.
g=L{J(r)}=Af f=8g=A""g

f={2,E}, g={p}
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Shape Synthesis

Synthesis %

How to get f = A~ 1g?

Questions inherently related to synthesis are! (f = {2, E'}, g = {p;})
1. Can g be chosen arbitrary?
2. If g is such that there exists a solution f, is that solution unique?

3. If g is known only approximately, which is always the case, is the corresponding solution
for f close to the exact one?

4. If f is not exactly realized what effect will this have on Af?

1G. Deschamps and H. Cabayan, “Antenna synthesis and solution of inverse problems by regularization
methods,” IEEE Transactions on Antennas and Propagation, vol. 20, no. 3, pp. 268-274, 1972. pOI:
10.1109/tap.1972.1140197. [Online]. Available: https://doi.org/10.1109/tap.1972.1140197
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Shape Synthesis

Synthesis @

How to get f = A~ 1g?

Questions inherently related to synthesis are! (f = {2, E'}, g = {p;})
1. Can g be chosen arbitrary? No.
2. If g is such that there exists a solution f, is that solution unique? No.

3. If g is known only approximately, which is always the case, is the corresponding solution
for f close to the exact one? No.

4. If f is not exactly realized what effect will this have on Af? Potentially huge.

Generally, infinitely many possibilities and local minima — need for shape discretization.

1G. Deschamps and H. Cabayan, “Antenna synthesis and solution of inverse problems by regularization
methods,” IEEE Transactions on Antennas and Propagation, vol. 20, no. 3, pp. 268-274, 1972. pOI:
10.1109/tap.1972.1140197. [Online]. Available: https://doi.org/10.1109/tap.1972.1140197
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Discretization

g — OO
(PEC)

Original problem.
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Discretization

, .
g — OO
(PEC)

Original problem.

Equivalent problem.
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Discretization

g — OO
(PEC) . . )

Original problem. Equivalent problem.

Structure §2 — (27, current density in vacuum J (r), r € Qr.

Triangularized domain 2.

Miloslav Capek

Optimal Curren

ts and Shape Synthesis in

Electromagnetism
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Discretization of a Model

Operators Represented In RWG Basis Functions @

T
Starting point in this work is a given discretization into T triangles ¢;, 2r = | ;.
i=1
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Discretization of a Model

Operators Represented In RWG Basis Functions @

T
Starting point in this work is a given discretization into T triangles ¢;, 2r = | ;.

i=1
RWG basis functions {#,, (r)} are applied as

N
T(r) =Y Ingp, (r),

where N is the number of all inner edges.

) _ lﬂ +

RWG basis function ,, (7).
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Discretization of a Model

Operators Represented In RWG Basis Functions @

T
Starting point in this work is a given discretization into T triangles ¢;, 2r = | ;.

i=1
RWG basis functions {#,, (r)} are applied as

N
J(r)~ Z I, (1),
n=1
where N is the number of all inner edges.
Matrix representation of the operators used ) _odn 4
<J, AJ) — [I:;z <"/)m7 -A'l/)nﬂn] — THAL RWG basis function ,, (7).
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3. Heuristic algorithms (global optimization).

1. Designers’ skill and knowledge.

2. Parametric sweeps.

(local optimization).
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Shape Synthesis: Properties and Approaches
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“Solution.”

» Nonintuitive/complex design?
» What parameters? How many?

» Convergence. No-free-lunch.

1. Designers’ skill and knowledge.
3. Heuristic algorithms (global optimization).

2. Parametric sweeps.

4. Topology optimization (local optimization).

. partly.

» This talk..

Optimal solution:

» Combination of all approaches.
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Shape Synthesis Techniques

Topology Optimization

minimize [ = /F(p (r)) dV
0
subject to /pdV -V <0
1o’

» min. compliance — max.
stiffness

» solved within FEM
mesh dependence
» instability (chess board)

v
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Techniques

Topology Optimization

minimize f = /F(p (r)) dV
7

subject to /pdV —W<0
1o’

» min. compliance — max.
stiffness

» solved within FEM
mesh dependence
» instability (chess board)

v

1216 x 3456 x 256 ~ 1.1 - 109 unknowns, FEM?.

2N. Aage, E. Andreassen, B. S. Lazarov, et al., “Giga-voxel computational morphogenesis for structural
design,” Nature, vol. 550, pp. 84-86, 2017. DOI: 10.1038/nature23911
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Topology Optimization in EM %

State-of-the-art in mechanics, serious problems in EM?

> “gray” elements, rounding yields different results,

» numerical oscillation (chessboard),

» more sensitive to local minima (current paths?),
» threshold function for MoM.

Fundamental difference between EM vector field and
stiffness in mechanics?

Histogram of the best candidates
found for miny @@, NSGA-II.

38. Liu, Q. Wang, and R. Gao, “A topology optimization method for design of small GPR antennas,”
Struct. Multidisc. Optim., vol. 50, pp. 1165-1174, 2014. poI: 10.1007/s001568-014-1106-y
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Topology Sensitivity %

Idea behind this work

Let us accept NP-hardness of the problem, do brute force, but do it cleverly. ..

Optimal
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Topology Sensitivity %

Idea behind this work

Let us accept NP-hardness of the problem, do brute force, but do it cleverly. ..

» Inspired by pixeling?, but RWG functions are the unknowns (T vs. N unknowns).

» Fixed mesh grid 2p: operators calculated once, results comparable with the bounds.
» Woodbury identity employed: get rid of repetitive matrix inversion!

» Feeding is specified at the beginning.

4Y. Rahmat-Samii, J. M. Kovitz, and H. Rajagopalan, “Nature-inspired optimization techniques in
communication antenna design,” Proc. IEEE, vol. 100, no. 7, pp. 2132-2144, 2012. DOI:
10.1109/JPR0OC.2012.2188489
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1sitivity: Motivation

Comparison of Pixeling Techniques %

Pixel removal

Ts | T 3 Zu Zi2 Zis ZiN 3
| Zot Zaa Zas Zan |
I & Zs Zsz Zsy - Zsn
Ts 1ng i P ‘

| : 1 :

T, | Ts ‘ ‘

? ’ | ZN1 ZN2 ZN3 -+ ZNN

Classical pixeling removes metallic patches®.

(Zg +Z)I=Z1=V

5Y. Rahmat-Samii, J. M. Kovitz, and H. Rajagopalan, “Nature-inspired optimization techniques in
communication antenna design,” Proc. IEEE, vol. 100, no. 7, pp. 2132-2144, 2012. DOI:
10.1109/JPR0OC.2012.2188489

Optimal Curre
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Comparison of Pixeling Techniques %

Pixel removal Edge removal
T | T | Zn Zia Zas ZiN | P 3 0 0 0 0 |
| Zo1 Zas Zosz v+ Zon | ip ¢7¢\ [0 Yy Yoz - Yono
I s Zsy1 Zsp Zsy - Z3N3 21/} : 10 Yy Yi oo Yoy
N\ | T | _ — o [ | |
. | 1 T v |, v L o
T, | Ts " Zni Znz Zns -+ Znn 4$4 8 i 0 77YN277YN377-.. Yyn
Classical pixeling removes metallic patches®. Proposed basis function removal.
(Zg +Z)I=Z1=V I=Z2"'V=YV

5Y. Rahmat-Samii, J. M. Kovitz, and H. Rajagopalan, “Nature-inspired optimization techniques in
communication antenna design,” Proc. IEEE, vol. 100, no. 7, pp. 2132-2144, 2012. DOI:
10.1109/JPR0OC.2012.2188489
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Comparison of the longest meander possible for classical pixeling and edge removal.

» “Infinitesimally” small perturbation of a structure 27 is a removal of RWG edge®.

SM. Capek, L. Jelinek, and M. Gustafsson, “Shape synthesis based on topology sensitivity,” , 2018,
submitted, arxiv: 1808.02479. [Online]. Available: https: //arx1v org/abs/1808 02479
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Topology Sensitivity: Motivation

Shape Synthesis: Rigorous Definition %

For a given impedance matrix Z € CV*¥ matrices A, {B;}, {B;}, given excitation
vector V € CV, found a vector = such that

minimize I7A (z)T
subjectto I"B; (x)I = p;
"B, (z)I < p,
Z(x)I=V
@ e {01}V
» structure perturbation

» combinatorial optimization
> A= (m * :CT) R A

Miloslav Capek Optimal Currents and Shape Synthesis in Elect
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Topology Sensitivity: Motivation

Shape Synthesis: Rigorous Definition ﬁg%%

For a given impedance matrix Z € CV*¥ matrices A, {B;}, {B;}, given excitation
vector V € CV, found a vector = such that

minimize I7A (z)T minimize ITA (x)I
subjectto INB; (z)I = p; subjectto I'B; ()1
I"B; (z) I < p; ﬂB(@
Z(x)I=V Z(x)I=V
@ e {01}V @ e o, 1]V
» structure perturbation » material perturbation
» combinatorial optimization » relaxation of the combinatorial approach
>11:(m*:cT)®A > Ay = Aii +z;Ro

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Incorporation of Lumped Element R %

(ZG+ZL)I:ZI:V

Miloslav Capek Optimal Currents and Shape Synthesis in Elect
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Topology Sensitivity: Derivation

Incorporation of Lumped Element R %

Example:

(Zg +Z)I=Z1=V B=1{1,3}

Lumped element with resistivity R

ZL,nn = R & neB

Miloslav Capek Optimal Currents and Shape Synthesis in Elec
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Topology Sensitivity: Derivation

Incorporation of Lumped Element R %

Example:
(Zg+7Z,)I=Z1=V B=1{1,3}
Lumped element with resistivity R T
Cr — 100 0
Ziom=Re & nebB E7lo0 01 0

C |0 & n¢gB
Bnn =193 1 & otherwise

(All columns containing only zeros are removed.)

Miloslav Capek Optimal Currents and Shape Synthesis in Elect
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Topology Sensitivity: Derivation

Incorporation of Lumped Element R %

Example:
(Zg+7Z,)I=Z1=V B=1{1,3}
Lumped element with resistivity R T

Cr— 100 0

Ziwn =R & neB E=10 01 0
R 0 O 0
’ 1 < otherwise T 0 0 R 0

CpR.Cgz = 0

(All columns containing only zeros are removed.) : : : Lo
Z1, = CsR..C§, 0o 0 0 -0

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Utilization of Woodbury Formula %

Definitions

Z="7g+ 7y, =%Zg +CsR..Cg, I=Z"'V=YV.

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Utilization of Woodbury Formula %

Definitions

Z="7g+ 7y, =%Zg +CsR..Cg, I=Z"'V=YV.

Sherman-Morrison-Woodbury formula

(A+EBF) '=A '—-A 'E(B!+FA'E)  FA!

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetisn
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Topology Sensitivity: Derivation

Utilization of Woodbury Formula %

Definitions

Z="7g+ 7y, =%Zg +CsR..Cg, I=Z"'V=YV.

Sherman-Morrison-Woodbury formula

(A+EBF) '=A '—-A 'E(B!+FA'E)  FA!

1 —1
Y=Z"'=2Z5 -7Z5'Cs <R1D + nggcg> CiZg'

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Utilization of Woodbury Formula %

Definitions

Z="7g+ 7y, =%Zg +CsR..Cg, I=Z"'V=YV.

Sherman-Morrison-Woodbury formula

(A+EBF) '=A '—-A 'E(B!+FA'E)  FA!

1 —1
Y=Z"'=2Z5 -7Z5'Cs <R1D + nggcg> CiZg'

For Zal =Yg and R, — o0

-1
Y =Ye - YcCs(CiYcCs)  CiYe.

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Simplification With Indexing Property of Matrix Cp @

-1
Y =Yc-YeCs(CiYcCs) CiYa.

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Simplification With Indexing Property of Matrix Cp @

Y =Yg - YaCi (CEYaCr) ' ChYe.
For one (n-th) edge removed, |B| = 1:

YcCs =yGn; (C}ﬁ;YGCB)7] =

T T
) CBYG - me .
Yon

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Simplification With Indexing Property of Matrix Cp @

-1
Y =Yg -YcCs(CiYcCs) CiYg.

For one (n-th) edge removed, |B| = 1:

- -1 - -
YcCs =ya.n, (C5YcCi) = CsYG =YGn-

Y!l'll ’
Notice Cpg is indexing matrix (MATLAB) only. ..

T
YG,nYGm

Y=Ye- 5

Miloslav Capek Optimal Currents and Shape Synthesis in Elect
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Topology Sensitivity: Derivation

Incorporation of Fixed and Localized Feeding @
Imagine further, that only one (f-th) edge is fed

Vi=Vp[0 - Iy - 0],

Miloslav Capek Optimal Currents and Shape Synthesis in Elect
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Topology Sensitivity: Derivation

Incorporation of Fixed and Localized Feeding @

Imagine further, that only one (f-th) edge is fed

Vi=Vp[0 - Iy - 0],

T
YenYGn leln Yin
I, = (YG - YG> V= =1 - <§2Yf> Volnyan = If + Cpnln,
nn n nn

= bl Yy Zingg
= .
! 1 Y5 Zin,ij

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Incorporation of Fixed and Localized Feeding @

Imagine further, that only one (f-th) edge is fed

Vi=Vp[0 - Iy - 0],

T
YenYGn leln Yin
I, = (YG - YG> V= =1 - <§2Yf> Volnyan = If + Cpnln,
nn n nn

with I; =YgVy and

= bl Yy Zingg
1) T - .
’ 2Y; g

This is equivalent to a specific two-port feeding

V=V[0 ... Iy .o Cpnlw .. 0],

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Topology Sensitivity %

All potential removals at once:

Iis = [ I+l - I+ (enln ]

Miloslav Capek Optimal Currents and Shape Synthesis in Elec agnetism
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Topology Sensitivity: Derivation

Topology Sensitivity %

All potential removals at once:
Ip=[I;+C(nh o I+l |
An antenna observable defined as quadratic form

~ TYAI

z(I) = 8L

is calculated with a Hadamard product (vectorization)

x (Iyp) = diag (IfsAlss) © diag (IjzBlys) -

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Derivation

Topology Sensitivity %
All potential removals at once:
Is=[Is+Cnli - Ip+Gnln |
An antenna observable defined as quadratic form

~ TYAI

z(I) = 8L

is calculated with a Hadamard product (vectorization)
x (I;p) = diag (I{3Alsz) © diag (I}3BI;5) .
Finally, topology sensitivity is defined here as

75 (x, 027) =x (Irp) — 2 (If) = Ve (Iy).

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Topology Sensitivity: Examples

Example: Thin-strip Dipole — Input Reactance @

AN ANANANAAAANAARNNAANAAAANAAANAANN.

o[l =3m/4 [
e kl=7 6 o
1000 -kl =3m/2 Ll
e W
] o °
Q} s/ e
7; ..li ‘ u®%
= 500
ﬁ s 4a g%
- ¢
2 ......Il N l.......
& O‘“n ! ‘..n'
0000°° oue™ e “a .."::::“ooo
0 ‘E:O g AAM““ Ak N AAAAM::"--.. o0 .:i
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Example: Thin-strip Dipole — Q-factor

6
— center-fed dipole
—---- optimized shape
5
B
4 NN RN RN RN SISSNSNY NN
2 AN, NN YN SN NN SN OSSN NN
S
~
& A
3| SR ISR
NN NN NN NS N O SO YIS NN
2
B
A R o]
1
1 2 3 4 5 6 7 8

ke

Radiation Q-factor of center-fed dipole {24;p,, discretized into
Capek Optimal C 2

N =79 basis functions.
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Conversion to a Graph: Greedy Algorithm

Greedy Step @

A discretization establishes a graph.

G(V,E) =G (P,E) = {Ti} = {, (r)}

/

Miloslav C Optimal Cu
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Conversion to a Graph: Greedy Algorithm

Graph Representation: Reduction to Tree @

Synthesis for N = 4 as a directional binary tree.

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Conversion to a Graph: Greedy Algorithm

Greedy Algorithm %

One gradient-based search through the entire tree (the most pessimistic run):
» max (N — 1) series
» N(N—1)(N —2)--- = N! evaluations

Shermann-Morrison-Woodbury: N — n speed-up at every tree level

Note of solvability of the problem

Problem is not convex — combination of global and local algorithms.

Miloslav Capek Optimal Currents and Shape Synthesis in Electromagnetism
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Conversion to a Graph: Greedy Algorithm

Greedy Algorithm — Example: Rectangular Plate

7 6 23 22 74 73 198 192§192 198 73 74 22 23 6 7
27 85 186 186 85 27
7 2 -1 5 —-4 5 —18-478-478-18 5 —4 =1 2 7
26 3 1 —937 —937 1 26
11 (0) 2 -1/ 5 -1 11 —854-85411 —1 5 -1 0 11
0 —1 9 —1164 9 -1 0
11 1 0 i -4 5 -8 —-13—-13 -8 5 —4 1 11
30 3 2 —1 —1 2 30
10 1 [0} 0 o -4 -3 -1 -1 -8 —4 0 1 10
0 —1 —10 —5 —10 —1 0
9 0] (0} [0} () o -1 —-1|-1 —-1 o0 0 0 9
19 1 1 (8} (o] 1 19
5 1 [0} 1 0 1 [0} 1 1 0 1 0 1 5
14 26 37 43 37 26 14
4 4 9 8 14 13 18 17 17 18 13 14 4 4

(b

lav Capek Optimal
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Conversion to a Graph: Greedy Algorithm

Compression of the Problem

—_—
——
—

total comp. time, ¢(1 : %) [s]

50

o

dynamic 44.8s

Optimal Currents and Shape Synthesis in Electromagnetism
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Conversion to a Graph: Greedy Algorithm

Number of Evaluated Antennas and Computational Time @

plate (8 x 4) plate (14 x 7)  sphere
electrical size (ka) 0.5 0.5 0.5
basis functions (V) 180 567 900
number of iterations (1) 71 279 380

evaluated antennas 10332 119420 270129
realized Q/Qup 1.57 1.45 1.51
edge removal (p = o) 0.30s 23.5s 79.7s
edge removal (p = 50) 0.28s 194 63.6s
edge removal (p = 1) 0.43s 23.3s 84.9s

classical pixel removal 10s 1437s 10500s

Miloslav Capek

Optimal Currents and Shape Synthesis in Electromagnetism
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Conversion to a Graph: Greedy Algorithm

Moving in the Solution Space, Part #1 %
[ ]

11---11

11---00 00---11
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Conversion to a Graph: Greedy Algorithm

Moving in the Solution Space, Part #1 %
[ ]

11---11
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Algorithm

Shape Reconstruction

Q
Vg

Adding and removing DOF.
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Conversion to a Graph: Greedy Algorithm

Shape Reconstruction %

» Basis functions can be added back (shape reconstruction).

yr+

X X
%Xl . yf_ﬂ'_%Xb e
Tevs] = Cewn | ot e | o
z1 Zp
\.

Adding and removing DOF.

where
T
Xp = YZb, zZp = be — Zy Xp.
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Conversion to a Graph: Greedy Algorithm

Price to Pay for Reconstruction

10°
E 1071
= s
= i
=}
.2 i
+~
2 1072
=]
[oB
g
Q
[}
1073 |

—— topo. removal
X topo. removal (all vectors)
—— topo. addition

LNA N
N

100

Miloslav Capek

10t 102 108

M operations (matrix size 2 - 103)
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Conversion to a Graph: Greedy Algorithm

Moving in the Solution Space, Part #2 %
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Conversion to a Graph: Greedy Algorithm

Moving in the Solution Space, Part #2 %
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Conversion to a Graph: Greedy Algorithm

Moving in the Solution Space, Part #2 %
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Nearest Neighbor (NN) Search

An initial sample of topology sensitivity investigation.
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Nearest Neighbor (NN) Search

An initial sample of topology sensitivity investigation. The final sample resulting from a (NN) search.
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Live demonstration in MATLAB.




Concluding Remarks and Future Work

All Approaches to Synthesis at Once %

Do not find an approximative solution of the exact model but, instead, find an exact
solution of the approrimate model.

< 000

/ 000

1Y% OO0

2452 OO0
AV 000

4 Z 000
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1d Future Work

Reduction of the Complexity
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and Futur

Reduction of the Complexity
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and Futur

Reduction of the Complexity
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Concluding Remar nd Future Work

Concluding Remarks %

What has been done”. ..

» Inversion-free structure perturbation (removal/addition).
» Evaluation of topology sensitivity, greedy algorithm.

» Vectorization and parallelization friendly algebraic derivation.

M. Capek, L. Jelinek, and M. Gustafsson, “Shape synthesis based on topology sensitivity,” , 2018,
submitted, arxiv: 1808.02479. [Online]. Available: https://arxiv.org/abs/1808.02479
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Concluding Remarks and Future Work

Concluding Remarks %

What has been done”. ..

» Inversion-free structure perturbation (removal/addition).
» Evaluation of topology sensitivity, greedy algorithm.

» Vectorization and parallelization friendly algebraic derivation.

Topics of ongoing research

» Analysis of existing designs — can they be improved?
» Add topology sensitivity into heuristic optimization as a local step.
» Utilization for “data mining” (machine learning).

» Further study of graph representation and formal synthesis problem.
>

Admittance matrix pivots (big data, graph clustering).

M. Capek, L. Jelinek, and M. Gustafsson, “Shape synthesis based on topology sensitivity,” , 2018,
submitted, arxiv: 1808.02479. [Online]. Available: https://arxiv.org/abs/1808.02479
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Questions?

Miloslav Capek
miloslav.capek@fel.cvut.cz

January 16, 2019
version 1.1

The presentation is available at
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Questions

Moving in the Solution Space %
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Moving in the Solution Space
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Questions

Synthesis — Generalized Framework

Complete and general description of synthesis.
Desired quantity: I (source current), given quantity: Y, (source region).

f- (1 ~YaCs (27 + CEYaCr) Cg) Y Croli
I=1-P)YyV

Y, initial system to be optimized
V excitation (external/boundary condition)
I solution to original (arbitrarily shaped) structure 2

P (any) modification of the initial (arbitrarily shaped) structure {2

Miloslav Capek
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Questions

Computational Complexity @

Characterization of the synthesis problem

Number of inner edges N

Levels of the tree N+1

Total number of solutions N
Number of connections down N —n
Number of connections up n

Number of nodes at the n-th level 71'(]\]7\”71)' = (Z)
Number of connections down from the n-th level n (ZZ)
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