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Introduction: Challenges of simulation-based optimization
Background: AVM & self-adjoint sensitivities of S-parameters
Point of Interest: Accuracy of an FDFD implementation
Applications: Response gradients in design tuning

Applications: Response gradients in imaging




Introduction: Simulation as Forward Model
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Introduction: Simulation-Based Optimization (Design Flowchart)
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Introduction: Simulation-Based Optimization, cont.

example objective function F — minimax formulation
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Introduction: Simulation-Based Optimization, cont.

example objective function F — ¢, formulation in imaging
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Introduction: Pros & Cons of Gradient-based Optimization

@fast convergence, i.e., number of iterations is relatively small

overall speed conditional upon Jacobian availability

Jacobian
available?
(T; <N-Tg

preferrable no clear preference

@ solution is only local (starting point is important)

@convergence to a good solution is not guaranteed

gradient-based algorithms preferred in tuning tasks

Challenges in Optimization with Numerical Simulations

F is a strongly nonlinear non-analytical function of p

optimization problem is not convex

evaluation of F'is computationally expensive

numerical errors are unavoidable — accuracy is limited by resources
Jacobian is not available

response-level Jacobian estimates are unreliable and time-consuming

interfacing external optimization algorithms with commercial EM
solvers is fraught with technical complications




Dos and Don’ts in Optimization with Simulators

|:> determine the accuracy of the simulated responses o

perform mesh convergence analysis o 5| r*) —p® <&

typical 0 is about 0.01 for S-parameters of passive devices

|:> select the values of the termination criteria accordingly
objective function: stop if AF™ <5y AF™ = |F("> —F("‘1>|
Sr & F(Su)|  F" =F(e")

step in shape-parameter space: stop if || Ap™ ||[< 0,

S, = 0.75]yin >|
observe termination criteria for 2 or 3 consecutive iterations

|:> do not change mesh topology from one optimization iteration to

another .

Sensitivity Analysis Based on EM Simulations

objective
Vv, r subjectto R(x,p)=0 <
Jacobian must be obtained within 7, << NT <|
dr _r(p+Apu,)-r(p)

dp, Ap,

response-level finite differences

,n=1..,N

approach — adjoint variable method

overhead is at the most one additional EM simulation regardless of N
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Adjoint Variable Method in Electromagnetics

derivatives with respect to parameter p,, n = 1,...,N

system equations response
LE=g, R(E)=LE-g=0 F(E) = j j jg F(E)dQ
L Il
oL OE 0O e
B+ -8 5_F_5F:m > 9% g
apn apn apn ﬁpn ﬁp,, o \é=x,y,z 6E§ 6pn
L1 il
E,a—RE :—E,La—E 5F_56F: aE’g
OPn OPn opn 0P \Opn
OR OL = o R of .
“o " t= 2 o ¥
apn apn apn E=x,y,z Y&
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AVM in Electromagnetics, cont.

the “transpose” (or pseudo-adjoint) of the EM operator is the one where
the constitutive tensors are g7 and p’

(f.Lg)=(g.L1)

system equations response
E)aRE __ E,LaE aF_aeF: aE’g
P P p,  Opy OPr
L

. OR OE
E,—FE)=- @
< 0P > <8pn qg

OF 0°F ~ OR(E —
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AVM in Electromagnetics: Implementation with FDFD

opn  Op OPn
LE=g, R(IE)=LE-g=0

O _oF ([ 2B g0 [FEog
o0

assume residual R uses a FDFD model based on Helmholtz equation
R(E)=Vxji,'VxE—kj& E+ jou,d =0
after FD discretization source term
o) C’E+aE-G =0
C? ~-Vxpu;'Vx
a=k} I:é‘, — j&,tan oy —ja(a)go)‘l:'

G=j0)ﬂ()J
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AVM in Electromagnetics: Implementation with FDFD, cont.

the double-curl operator is discretized using central-node FD grid
C? ~-Vxpu;'Vx

Xx-component u u P U
X—>y—>z>x (CE), = Dyyfx + Dzzl;jx _ Dy Ey _ DxE:
Ay Az AyAx  AzAx

E

E +Ay,z
(D)éj/Ex)(xo,yo,zo): . x (x0,y0+Ay,z0) n

Hr(xo,yo+Ay/2,20)  Hr(xo.v0-Av/2,20)

x(x0,y0-Ay,20)

1 1
|: = +— j|'EX(x0,yo,Zo)
Hir(xo,y0+00/2,20)  Hr(x0.y0-Av/2,20)

1 l: E}’(X[)-I-AX,.V()-FA}’,Z()) _Ey (JC()—AX,'V()-FA}’,Z[))

(D;;Ey ) (x0,70,20) :Z

aur(xo,y0+Ay,20)

E}’(XO‘*AX,,VO_A)HZO) _E}’(Xo—Ma}’o—Ay,Zo) }
’ 14
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AVM in Electromagnetics: Implementation with FDFD, cont.

linear operator and source term L =C?+a, g=G
residual derivative

OR(E) _OL & g

_ap " 8_]9,1 O _ usually zero
OR(E) OC?E N oa o oG

P op,  Opn P

derivatives of system coefficients wrt material parameters

_ C’E . ki(1-jtans,), ifp, =¢,
8C2E T 1fpn =4 0( / d) P
~ Hr oa . k& .
Ofly . —=y"J—— ifp,=o
0, ifp, =0 or tand; op, &
—je ks, if p, =tanJ,
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AVM in Electromagnetics: Implementation with FDFD, cont.

summary of exact sensitivity analysis with the FDFD method

oF _ aeF—ﬂ]E'aR(E) 40

an  Opn 7y Opa

where
_ - ~
OR(E) _ 0C?*E N oo o

this formula is directly applicable with material parameters
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AVM in Electromagnetics: Implementation with FDFD, cont.
[Nikolova, Zhu, Song, Hasib, and Bakr, IEEE Trans. Microwave Theory Tech., June 2009]

approximate sensitivity analysis for shape parameters (FDFD method)

OF O°F ¢trre AR(E)
P, Iy b, a0

where
AR(E) _AC’E LA 5 A Jopd ™)
Ap, Ap,  Ap, Ap,

and the adjoint field is the solution of the perturbed adjoint problem

Ik, =g g= > La
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AVM in Electromagnetics: Implementation with MoM
[Georgieva, Glavic, Bakr, and Bandler, IEEE Trans. Microwave Theory Tech., Dec. 2002]

the linear EM problem in matrix form
ZI=V <& Lx=g or R(x)=Lx-g=0

=L=Z andg=V = R(I)=ZI-V /Lz

\%_/
Z(p) system matrix ‘_‘_‘f z,
I=[i..i,] state variable vector (solution) A I gutgsection
L |
V=[..v1 excitation vector N

A

T
p=[p - Pv] design variables




AVM in Electromagnetics: Implementation with MoM

exact sensitivity formula for linear deterministic problems in matrix
form

OF _O°F [; OR(I) oR(I) oZ 7 v
Opn  Opn ’ OPn 0P Opn Opy

6_F28€F+i 6_V_6_ZI’ n=1,...,N usually zero
Pn P Opn  Opn

where

Z'f = [V,F]f:i
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S-parameter Self-adjoint Sensitivity Analysis

[Nikolova, Zhu, Song, Hasib, and Bakr, IEEE Trans. Microwave Theory Tech., June 2009]

S-parameters as functionals of the E-field at the ports

H(E, xh{)Y. ds

1, k =7 v Fk'
Sy =t— =0y, Oy = / SIEJ)ZV_J_ g
[[®irexn®).-as 0, k= e
S; k,]zl,...,K
modal vectors
assume ports do not depend on p ”( ) h(“ )) {1, ifo=0v
modal vectors and magnitudes 0, if o0

are then independent of p modal incident-wave magnitude
V= ﬂ (Eire xh(")).- ds

S;
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S-parameter Self-adjoint Sensitivity Analysis, cont.

the generalized response

F(E)= m FE®)dQ+{p £.(E)ds

So
in the case of S-parameters, F = F ki F = ”Sk (E; x hi“)) -ds

f = O andf = (E] thCU)).aﬂJ at Sk
* |0, elsewhere on Sq

excitation via port boundary (no volume sources!)
LE=0 L'E=0

if €7 =g and n” = p, the EM operator is symmetric
[Chew et al., Integral Equation Methods for Electromagnetic and Elastic Waves, 2008]

I'=L = LE=0
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S-parameter Sensitivity Analysis, cont.

adjoint field can be obtained from the E-field — no need for adjoint
system analyses!

how? — set boundary conditions in adjoint problem same as in
original problem, incl. those at excitation ports

adjoint field for F; turns out to be linearly dependent (in a complex
sense) on the original field E,

Ekj =xyEx, ky=—2Vi jouy)™

exact sensitivity formula for Skj

Sy aR(EJ)
opn _2Vk V; jou {[J

<
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S-parameter Sensitivity Analysis, cont.

sensitivity formula for shape parameters

sy A R(EJ)
Py 2Vk jouy Iy

implementation involves assumed perturbations in both forward and
backward directions of one cell size
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Memory Requirements: Recording the Field

field is recorded at voxels whose material parameters change as a
result of an assumed parameter perturbation

shape parameters material parameters
e o o o :
° o |
H
° ° ' o o
Ti e o o o ::AH =2Ay Ti
-»Z -»Z
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Algorithm for the Self-adjoint S-parameter Sensitivity Calculation

parameterization: determine optimizable parameters

generate local FD sensitivity grids at optimizable objects
calculate derivatives of system coefficients

acquire E-field solution at sensitivity-grid points at all frequencies
acquire or calculate modal magnitudes at ports

calculate sensitivity integral
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Accuracy of Self-adjoint S-parameter Sensitivities

dielectric-post bandstop filter [Minakova and Rud, 2000]

7 = 2.088, mm
tp = 6.960, mm
so =14.0, mm
g.=38.5
S-parameter error
ep = Si [P +[ S [P -1
S-parameter derivative error
oS oS
es =215 | T g1, A2l
P 92

26
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Accuracy of Self-adjoint S-parameter Sensitivities, cont.

X 1073

response-level FD estimates

As =0.5, mm

—©—SASA

0 ——FFD [~

—BFD
—CFD

(

() s/ sl

13

) so/|'“slo

sensitivity-grid step

Ah:r0/4

0.522, mm

13 14 15 16 17 18 19 20
s (mm)

-5
12

Accuracy of Self-adjoint S-parameter Sensitivities, cont.

-5

(es)sasa ~ 107

x 10

(es)crp ~ 103

e, ~1078

s (mm)

28
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Accuracy of Self-adjoint S-parameter Sensitivities, cont.

two-section waveguide impedance transformer [Young, 1960]

nominal cross-sections
4221, mm>

38x14, mm?
36x7, mm?*

34 x5, mm?

nominal lengths
L =152, mm
L, =15.6, mm

29

ol

01, [/ow (mm)

Accuracy of Self-adjoint S-parameter Sensitivities, cont.

—S—SASA
—FFD ||
—BFD ||
— CFD

frequency (GHz)

sensitivity-grid step
Ah=2.0, mm

als, low

205 I | |
55 56 57 58 59 6 61 62 63 64 65 6.6 ok

-0.0
-0.0.
-0.0

-0.0

response-level FD estimates
Aw=1.0, mm

S S

2

3

frequency (GHz)

4 I
55 56 57 58 59 6 61 62 63 64 65 66
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Accuracy of Self-adjoint S-parameter Sensitivities, cont.

(eq)sasa ~ 10-8

(eq)crp ~ 10~

e, ~1077

55 56 57 58 59 6 61 62 63 64 65 66
frequency (GHz)
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Applications in Design Tuning: Dielectric-resonator Antenna
71[Yau and Shuley, 1999]

pT:[grl abc la]
p =[12 23 23 10 2077
[all lengths in mm)]

¥ [, =2.00 mm
I, =17.50 mm a

w, =2.00 mm
h=0.78 mm
&0 =2.8 ground

l & V t h 4 |
optimization setup (Jacobians: SASA, FFD 4%) | p& — po) |

optimizer: minimax [Bandler, Kellerman, Madsen, 1985] Afpk) =

(k)
initial trust region radius: #? = 0.01|jp©)| “ k” 11’ I .
termination criterion: AR =|| F&ED — k]
(AP <5,.and.AY ™ <5,).0r.(AY < p.and.AY™ < ) 6, =0.013
or =0.010

16



Applications in Design Tuning: Dielectric-resonator Antenna, cont.

specs, initial design and final designs
1

T

Initial

. —©— SASA optimal

08 - o —>— FFD optimal |
| SRS

0.6/ N NC AT P :

04f - r 1S11|20.65 2.0< f <2.4 GHz

| |S,,]<0.2 2.82< £ <2.98 GHz
L AR S I1S11|=0.65 3.4< f<3.8 GHz.
02 2.‘25 2.5 2.‘75 3 3.‘25 3‘.5 3.‘75 4

frequency (GHz) 33

Applications in Design Tuning: Dielectric-resonator Antenna, cont.

summary of optimization processes
0.6

0.5
05 004(1
' Aperp =| 0.04b
0.4 0.05¢
; 0.05/,
03
S
02 stops when
01 SASA opt: AW <0.01
NG
. FFD opt: A <0.013
reducing 5p does
0.1

not help FFD opt

Piasa =[10.06 23.66 23.47 13.64 17.46]
phep =[10.59 23.58 2321 12.74 17.21]
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Applications in Design Tuning: Dielectric-resonator Antenna, cont.

CPU time comparison (per optimization iteration)

HFSS frequency sweep: 220 s
SASA Jacobian calculation: 0.1 s
FFD Jacobian calculation: 1100 s

TOTAL
SASA opt: 1321 s
FFD opt: 9240 s

35

Applications in Design Tuning: Dielectric-resonator Filter

A

‘ s Ml L[ axb=(34.8x8) mm”
4 TEy E.(®% e = p=[t r s & =385
p© =[5.5 2.0 14 mm

Initial —©— SASA optimal —»— FFD optimal |
| | |

Y

[ 1S, 208 for 44< f<5.0 GHz
777777777 |S,,[<0.2 for 5.0< £ <5.5 GHz

I
I
I
|

5.8 6 6.2 36

fréquency (GH-Z)
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Applications in Design Tuning: Dielectric-resonator Filter, cont.

minimax optimization process

0.2

0.15

0NN -1

o 005 -\ XK

-0.051 o\ o
—O— SASA A4=0.5 mm

—— FFD 2%
0 2 4 6 8 10 12 14 16
iterations

-0.1
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Applications in Design Tuning: Dielectric-resonator Filter, cont.

CPU time comparison (per optimization iteration)

HFSS frequency sweep: 459 s
SASA Jacobian calculation: 0.45 s
FFD Jacobian calculation: 1377 s

reliability comparison

p9=[7.5 15 13.5]" mm

FFD 2%: does not converge, F'=0.2330
SASA: converges after 20 iterations, ¥ =—0.0677

38
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Applications in Design Tuning: H-plane Filter

0=0.6223 mm
S$1=5,=16.18 mm
S5=16.80 mm

[Young and Schiffman, 1963]

values for termination criterion p=[L L, L, L4]T
0, =0.001 .
Sr =0.009 pO=[56 116 96 135]

Applications in Design Tuning: H-plane Filter, cont.

)i

; Initial
0 N CTT T —6— SASA optimal
08 | —%— FFD optimal

0.7

0.6

0.5

IS,

0.4

0.3

0.2

0.1- - 2K N N\ N

frequency (GHz)

1S, 2085 f<52GHz
15,,1<0.16 5.4< f<9GHz
1S,,[20.5 f>9.5GHz

40
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Applications in Design Tuning: H-plane Filter, cont.

0.84

0.6

o 04f---

| FFD 1%

—©— SASA Ah=0.6223 mm

 piasa =[4.4680 53042 5.9099 5.9024]
pir=[4.3732 53892 5.8185 5.9821]

I
I

---@8 B T
I

|
:
|
L, :

02 ! ‘ ! ! ! [in mm)]
| | |
| | &
| |

U B————= S

| | | | | | | |
| | | | | | | |
| | | | | | | |

_0'2 | | | | | | | |

0 1 2 3 4 5 6 7 8 9
iterations
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Applications in Design Tuning: H-plane Filter, cont.

time comparison

FFD |SASA
number of iterations 10 10
calls to the simulator 50 10
time for 1 simulation (s) 537 537

Jacobian estimation, total (s)

21480 | 1536 (CPU time = 4 s)

total optimization time (s)

32063 | 7216

42
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Applications in Microwave UWB Imaging

applications of near-field microwave imaging

cancer diagnostics (microwave tomography)
nondestructive testing for structural integrity
concealed weapon detection

etc.

near-field UWB imaging with EM simulations as forward models

medium is complex

exploits near-zone (evanescent) field information
exploits multi-frequency information

exploits co- and cross-polarization scatter

solved as a nonlinear optimization problem
43

Objective Functions in Microwave Imaging, cont.

typical number of optimizable parameters N is 10* to 103
(permittivity and conductivity of each voxel in the imaged volume)

stochastic optimization approaches are impractical — gradient-
based approaches are preferred if Jacobians are available

response-level Jacobian approximations are not possible

adjoint Jacobians do not suffer from accuracy and time limitations
(may increase memory requirements in time-domain simulations)

minima of 3-D Jacobian maps point directly to possible scatterer
locations

a4
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Objective Function in Microwave Imaging

F(g O') Z(r _r)2+p82|8n Epn |2+IOUZ|O_ O-bn

n=1 n=1
reRN~
set regularlzatlon terms to 0 £,6cRM

two types of responses are derived from S-parameters
[Li, Trehan and Nikolova, Inverse Problems, 2010]

* magnitude response

F D _1 3w\
mo-osSIS-ST

k=1

* phase response
K
FP(&)=0.5 Z exp (jLFj(,f) ) —exp (jzﬁj,? )‘2

Jok=1
45

Jacobian Maps

Jacobian maps: cost function derivatives plotted vs. voxel location

* magnitude maps

aFl\(/Ii) | (l) ‘ N
F(’) _ F(l) ,
ap, R /;10 i =1 E5 D) " 1_1 N Nf
where
F F a .
8| | =|F["':|ReF-Re 8_ +ImF - -Im 8_ FEFJ-(/?
apn apn ap”

* phase maps

(i) K ) _ 84F(l) _
ai :Zsin(Z}?jﬁ]j)_Z};}(]z)) Jk l?—l,...,N
apn Pn=&r.n>0n j k=1 ap l :1""’Nf
where
0LF = F |2 '{RGF'Im(a—Fj—ImF-Re(a—Fﬂ
apn 8p,1 apn "
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Jacobian Maps: Summary
* magnitude vs. permittivity maps
OFY)

M) (u,v) =
r,n (M,V)

* magnitude vs. conductivity maps

: oFy
M (u,v)=—-
oo,
(u,v)
* phase vs. permittivity maps
) Pl F(i)
P (u,v)=—*
Ern (u,v)
* phase vs. conductivity maps
: or”
P (u,v)=—=
On L)
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Example 1: Detecting Scatterer in a Homogeneous Lossy Dielectric

circular array of six probes: vertical polarization only

TQuickWavevel

7 N,

/ N
Ah=0.5 mm |

/_/} 5 (\\ s
\\ e a2 /. o E<3

14 2 i

/ b N
i a a N 5 “

‘-\\ =4 i /_, -

> ¢
P he Ep = 6 Epg = 30
N\ i . 0, =0.2 S/m o,=3S/m
7 e (S S Y =20 mm

target structure #1
(x;,¥5) =(20,20) mm

target structure #2
(x,,75)=1(23.5,20) mm

48
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Example 1: Detecting Scatterer in a Homogeneous Lossy Dielectric

model structure:
background only

true center map minimum

X v X v
case#1 | 20.00  20.00 20.00  20.00
case#2 | 23.50  20.00 23.00  20.00

49

Example 1: Detecting Scatterer in a Homogeneous Lossy Dielectric

case #1

24 16

case #2

50
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Example 2: Detecting Scatterer in a Heterogeneous Lossy Dielectric

ABC .
medium1
grl = 6
o = 02

mediym?2

ABC

x
I
=
=
=

y
L
X ABC

cross-section of
model structure:
background only

ABC .
5 medium1
&l = 6
| o, = 02
medium?2
o gr2 = 7 1
6, =03 medium3
€3 =8
oh=04
(@)
i scatterer
& =30
o,=3
i
ABC

cross-section of
target structure
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Example 2: Detecting Scatterer in a Heterogeneous Lossy Dielectric

data acquisition setup for a 3D scan

S,
i S >
Ple ¢
© ° T
Qe
Qe

6’ .Rl .PZ1

acquisition planes
are also planes where
Jacobian maps are
plotted

////‘)_21\\\
e Sopl
Rl &
~ \
JAENREN
II NI \
I, >« [Planel \
' | \ \\ |
Ly \ S /
M \ ~o.
Bpl o\ Pl
SR 4
N \ i
\\\E.g}//
3
B ”
4
Ré - o}
e bp;
2@ — — — — — —— ————__
Y G
P& 4P
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Example 2: Detecting Scatterer in a Heterogeneous Lossy Dielectric

Location (x, y) True Center Map Minimum
(in mm) in the
plane z = 20 mm (19.00, 19.00) (19.65, 19.73)

53

Summary

* response sensitivity analysis is crucial in design optimization and the
solution of inverse problems

* the AVM is the most efficient method for SA — requires only
additional 1 system analysis regardless of the number of parameters

* the self-adjoint method is applicable to network parameters — it does
not require any additional system analyses

* numerically efficient — overhead is negligible compared to simulation
time regardless of N

» reasonable memory even if N is on the order of 10°

* versatile: applies to both shape and material parameters

54
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