N

EEE COM

Robustes Design und Optimierung
von HF-Komponenten mittels
Sensitivitaten

Franz Hirtenfelder
Applications Engineer

CST-Computer Simulation Technology AG,
Bad Nauheimer Strasse 19, 64289
Darmstadt, Germany.

Tel: +49 89 2420 828 101, Mob: +49 170 9160 110, Fax: +49 89 2420 828 198
Email: franz.hirtenfelder@cst.com, Web: www.cst.com

CST
10. EEEefCOM 25.-26. Mai 2011 www.cst.com

o


mailto:franz.hirtenfelder@cst.com
mailto:franz.hirtenfelder@cst.com
http://www.cst.com/

EEE COM

N
Agenda &\

= Einflihrung
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= Genetic Algorithm
= Particle Swarm Optimization
= Nelder-Mead Simplex
= Interpolated Quasi-Newton
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Terminologie —

Optimierungs-Process: X]c =arg mlﬂ U(RQ())

Optimal deSIgn to
be determined
Design parameters
dimensions,
Objective (goal or e.g.
fitness) function material properties

etc.

Response vector X can vary over the
e.g. S21 vs. search space
frequency (parameter space)

(3D Simulation)

CST
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General Optimizer Setup thetcom

Parameterization

1. Define structure parameters

Mame Value Description
W 15 patch width
L 10 gap length

2. Define parameter ranges

Parameter Min Mz
e L 9 11
P w 135 16.5

Definition of Goal function | Optimizer Choice
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.
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U RN S S Particle Swam Optimization
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1 Melder Mead Simplex Algorithm

A ! Interpolated Quasi Newton

JClassic Powell

-80

3354455 556657 758
Frequency / GHz
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Agenda ﬁ

= Ubersicht der verwendeten Optimierungsalgorithmen
= Genetic Algorithm
= Particle Swarm Optimization
= Nelder-Mead Simplex
= Interpolated Quasi-Newton
= Trust Region Framework

CST
10. EEEefCOM 25.-26. Mai 2011 www.cst.com

o



N

Local vs. Global Optimizers -

Classic Powell
Interpolated Quasi Newton
Trust Region Framework
Nelder-Mead Simplex Algorithm
Particle Swarm Optimization
Genetic Algorithm

local global

Initial parameters already Initial parameters give a
give a good estimate of the / " == poor estimate of the
optimum, parameter ranges = , optimum, parameter

are small ‘ ranges are large
Beispiel: | | | y
Waveguide Corner Goal: = / Y
Minimize S11 B \" = |
i cS'r
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WG Corner: Landscape Visualization (1)
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Classic Powell:

A local optimizer that
robustly finds an optimum
within the given parameter
bounds. Sometimes, many
iterations are necessary
when closing in on the
optimum.

—4.73054851

4-6.67213053

1-8.61371256

1-10.55529459

1-12.49687662

—16.38004067

—0.8473844
—2.7295303
—4.6116761
—6.4938219
1—8.3759678

0 N {-10.258113

1-12.140259

—14.022405

—15.904551

—17.786697

—18.32162270C

=270 -5 5 10

Quasi Newton:

A Search algorithm for expensive
problems: The parameter space
is sampled in each variable
direction. EM simulations are
only performed for these
discrete parameter space
points. A model is created from
these evaluations and used for
optimization. During the search,
the model is updated regularly
by real evaluations.
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—0.84738445
—2.72953030
—4.61167614
—6.49382198
—8.37596782
—10.25811367
—12.14025951
—14.02240535

—15.90455119

—17.78669704

= 0 5 10

Nelder Mead

An optimizer for more complex
problem domains with good
convergence behavior: Uses

relatively few evaluations if the

problem has a low number of
parameters (i.e., less than 5 ).
In geometry, a simplex or n-
simplex is an n-dimensional
analogue of a triangle.

CST
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Nelder-Mead Simplex Method I.

In geometry, a simplex or n-simplex is an n-dimensional analogue of
a triangle. This optimization method has been invented by John

Nelder & R. Mead (1965).

The worst s
goal value /\ /\
/ \ 4 \

The search direction for the Nelder-Mead algorithm

A simplex (2-d
wr
A‘R /.\ PR -*R
/ . co
// s 'él
. v CST
Contract outsid D Contract inside step All of the trial points for the Nelder-Mead algori
10. EEEefCOM 25.-26. Mai 2011 WWW. CStaGW



N
Nelder-Mead Simplex Method II. ﬁm

4

/
2

(51 P& Simionescu 2006
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WG Corner: Landscape Visualization (2)  e'com

Particle Swarm

A global optimizer that uses a
higher number of evaluations
to explore the search space,
also suited for larger numbers

of parameters (hint: use
distributed computing).

11

—0.847384
—2.729530
N —4.61167€

1-6.493821
4-8.375967
4-10.25811
1-12.14025
—14.0224C
—15.90455

—17.78669

—0.84738445

—2.72953030

-4.61167614

1-6.49382198

—8.37596782

4-10.25811367

1-12.14025951

—15.90455119

—17.78669704

Genetic Algorithm

A global optimizer that uses a
high number of evaluations to
explore the search space,
suited for large numbers of
parameters or very complex
problem domains (hint: use
distributed computing).
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—14.02240535

—0.84738445
I—2.78896648
—4.73054851

4-6.67213053
4—8.61371256

4-10.55529459

1—-12.49687662
—14.43845864
—16.38004067

—18.32162270

Trust Region
Framework (TRF)

A fast and  accurate
optimizer that converges
robustly and finds an
optimum within the given
parameter bounds using a
low number of evaluations.
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Introduction to Sensitivity

S-Parameters: 3D Fieldsolution

1
S(w, p)=———E" (o, p)K' (@, p)E(@, p)
Jw:uo B Transient Salver...

[K] ...left hand side, E (Fields at ports, p... any parameter) & Frequency Domain Solver. ..

Sensitivity of S-parameter vs. parameter change:

4 N\ )
S - | o
_ Ja)luo - F E Direct gnalytlcal der]vat1on of
apl K-matrix elements via e.g. [N]
g L/
Same 3D Fieldsolution CST
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Introduction to Sensitivity heicom

Matrix to solve: [K ]{E}= 0}
[K]: symmetric, complex, contains geometry, material, frequency

Example: Linear Shape functions for a 2D element in xy

1 : &j 4
.%12 : [N]: _E[LI-.L}’] EJ'J- bj ‘bk :'ﬁgﬁ: :IJ-L}’;:__}’J-I;::E]H;: = }’j-_}’;::ﬂ:y-k :Ik—}fj
& 6 Gy
z Example: electrostatic
z=[N,,N.,N Kz
e Z‘ koo =[], Ny, N, +e, Ny Ny byiy: m =i, ik
Xy K " OX OX OX OX
[E]: unkowns z
[Q]: Sources CST
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Introduction to Sensitivity ﬁ

What is it good for?

o The sensitivity helps estimate ,,new“ S-parameters due to the (small)
change of the parameter, at no extra cost

Suppose the parameter p changes by a quantity Ap :

S(X+Ap)~ S(x)+Z—S.Api

exact computation of the Sensitivity
(Approximated by 1st order Taylor expansion)

@ The various sensitivities are used in an optimizer to solve for Ap as
variables to best fit the S-parameter goals.

0S @ .
S, & Snm(3D—MWS) 4 ZaApi ﬁﬂ! Ap ... face constraints
| i

CST
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Typical Approach vs. CST Approach EEE COM

= How is yield calculated typically?
= Parameters vary according to a known probability curve
= Repeat
= Change the value of all parameters
= Simulate
= Check if specification (in our case for S-params.) is met
= Until the number of simulations is statistically relevant

= This is a large number of EM simulations - typicaly hundreds or
thousands!!!

= Knowing the sensitivity, there is no need to perform 3D simulations, at
least if the parameters vary in a small range.

= The efficiency of this new sensitivity analysis approach makes Monte-
Carlo based yield analysis feasible even for complex multi-parametrical

three-dimensional structures
CST
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= Beispiele
= Cavity und Iris gekoppelte Bandpass Filter
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Beispiel 1: 2-Post Bandpass Filter

N

EEE COM
B> CSTMICROWAVE STUDIO® o
Fiter Tutorial R F
Tutorials | = —
Frequency Domain Tetrahedral;
Frequency Domain Resonant; Fun Example .
/ \\ f/ \ .
3 ffm;mim w Rel Bandwidth:0.9 %
Ul S e -
i - o
| B
W&’"‘W r g
§ A
i 1
i .. V-
= ¥ - v r
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leo ot Dot of S Paamete Frase

\
Bsp. 1: Optimization using Sensitivity Data %\

1000

.[/\ ]
| .

bo ]
P Ar w40 560 580 &0 o0 660 Prequency | Mt
requancy | MHz
= Dervate of §-Parameter Magriude st o € Pt e
R/ .

+ H

- H

+ | ) \:
\ - A -

i

S, =S +) sens . AN i
11 njrsD_Mws Z ) P ) AL //

e - N 777
. . B VA B " \ \

CST
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Bsp. 1: Perform Optimizations : Simplex W\

Inital parameters ., |

"Parameters  Goals |Ngorithm| Infa I

[k p2 .15 0.18
015 0.15

I;'-‘u:lcl new goal .. j Edlif... I Remave All |
| Type | Oper4 Targe°t| Range | Weight
[ 0D Resutt: S+plxsensi+p2eens? Max = j 0.0 - 1.0
[~ 0D Result: S+plxsensT+p2eens2 Max_l = j 1 10
[~ 0D Result: S+plxsensT+psens? Max u = ~ | 1 10

20

S| eter Magnitude
d=5

New Goal: minimize S11 in a
somewhat lower frequency band
s | M S——

Frequency / MHz

x

" Parameters | Goals | Algorithm  Info |

N

EEE COM

Algorithm: MNelder Mead
Number of evaluations: Z0
{solver: 20, interpolation: 0)
Initial goal function wvalue

Last goal function wvalue
Best gozl function wvalue

Best parameters so far:

Simplex Optimizer ;I

0.15268051
*% ahorted by user **
0.0034932133431%3

Curve 1

Curve 19

p2 = 0.149387
pl = 0_0707552
S+plxge==itp2xsens?
-d=5
0.99981 : ‘L :
0.8 4--i-mmmnn- o KT, . R SR . R/ fomeemnes boeneneee PR
(T R e sl IRRREDE EERLREEE  ALEEEEEEEEEREEELERELEEEE EELEEE
0l4___1________L_______4: _______________________________________________________________
02 dorbomede b N
g |r'\'“-';|—\| : \/\
0 oot )
----<optimized_|
0.2 7ot b R R ] s R 1Y SeR i ARt RL LR LR LR
-0.31741 : : : t

10. EEEefCOM 25.-26. Mai 2011
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1.25

1.2 1

1.1

0.9 1

0.8 1

0.7 1

0.65

21

Bsp. 1: Results of the 2" opt. loop
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Goal Value
Sum of Al Goals
S+plxsensi+p2xsen og
__________________________________ S im lexo tlmlzer
. N/
=] A
\/
------------------------------------------------------------------------------------------------------------------------ -40
_______________________________________________________________________________________________________________________ -
I pl 0.20237568682351
5 10 15 20 25 O pt resu lts -I pZ 0 046385685215527
Optimizer Step
S-Param agnitude in dB

MName | Walue Description 0.002062 o

Input_coupling_1 6.3p2 63 5 2

Input_coupling_2 6.3+p2 6.3 » \ / o

Fes_funer_1 (+p1 0, Varying post-hight DD \ /

Res_tuner_2 (+p1 0 /

aperture 4915 52 "N [

facedistance_1 1] Parametrized face » \ < D:

facedistance_2 1] Parametrized face [Gi59] W

pl 071402 35

-37.471 ! c ST
pe 5+ 104700 541.22 [570] 580 590 600 607.48
Frequency / MHz

i

o
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Bsp. 1: S-Parameter Results Comparison

1D Results\Compare

540 545 550 555 560 565 580 585 590 595 600 605

Frequency / MHz

Several iteration steps are required since the linear sensitivity
approach is applied to a nonlinear system (3D-filtermodel)

10. EEEefCOM 25.-26. Mai 2011

= 51,1 init

= 51,1 opt_1st
= 51,1 opt_2nd
=== 511 opt_3rd

— 51,2 opt

—_ 52,1 ikt
— 52,1 opt
= 52,1 opt_2nd
= 52,1 opt_3rd
—_— 52,2 init
—_— 52,2 opt
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Bsp. 1: Yield Analysis

Yield-Specifications: < -25dB

N

N

EEE COM

In the range .569 to .574, S11 is under -25dB, the 3-sigma Lines are partially above and

below -25dB

For this spec, the yield will tell us what percentage of the devices are within this limit of

< -25 dB for the given frequency band.

Dezsign Parameters  Performance Specifications |\('ie|.;| I

Remowve Al

I.t'-‘u:ld new bound j

Edit |

Remowve |

X

Operatar

ﬂ 151 1] i dB

ﬂ
~ Tupe oK, |
= Mag. [linear] * tag. [dE] {” Phaze
Cancel |
— Output Input
Part: tode: Part: Made: Help |
e O
r— Conditionz

Operatar; B ound:

S-Parameter Magnitude in dB

— 51,1 nornina |

=20 ¢----

=25+
-30 4
-354

-5 [ ot [ 51,1 -3sigma
0 \\ - 2 5 "IB > — 51,1 +3sigma
15
-20 \ //
=25 . h

“ - /S N/

i R\ W/

W\ \ Ml

s v |
0.564 0.566 0.568 0.57 0.572 0.574 0.576 0.578 0.58

Frequency / GHz

Calculated Yield: 91.66%

a— ) R — 1
0.564 0.566 0.568 0.57 0.572 0.574
r~ Freguency range Frequency / GHz
L Calculated Yield: 0.71% csT
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Beispiel 2: 7-post Filter *) N

EEE COM

Center frequency: 7.55 GHz
Bandwidth: 100 MHz
Rel Bandwidth: 1.3 %
Insertion Loss:  -0.01 dB

ﬂ Return Loss: - 26 dB
mesi.
M rmAAS 2
[0} | | | S'Parameﬁ%iﬁ“”de = : : | 51,1
. AN
e —— i
& -40
B .
-80 \
Pt R A T R R R N
71007.3 7.35 7.4 7.45 [75] ] 755/ " [786] 7.65 7.7 7.75 7.8
Best results obtained by Group delay Tuning
CST

*) By courtesy of MESL Microwave Limited, Edinburgh
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Bsp. 2: Method of InvChirpZ %\

EEE COM

Comparison of the InvChirpZ-resonse between
groupdelayed tuned filter and Theory

1D Results\compare

_BD-""""""%‘"""-""%-"""-""Ji ------------- %‘ ------ '20_"""""""' """""'"'"""""""'""""""""""""""""""' """""""""""""""""""""""""""""""""""""""
_9075 0 5 10 15 70 0 SURU RS SO U NP < S SR SO SUNUUTNE SRV ... UL AU A
1 i N N\ 1 I
Note the high sensitivity A0  — A . P
at resonator 3 and 4 PO T T — — S iyt
(parameter ph3andph4 =~ = W e
respeCtively) : : : : : : T T : : : : : :
A e s A
77.017 —. f f f 3 f f f i f f f f T
7.5561 9 10 1 12 13 14 15 16 17 18 19 20 21.19
25 10. EEEefCOM 25.-26. Mai 2011 www.cst.com j
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Bsp. 2: Method of InvChirpZ - final results ;@)

Final results by individually tuned posts

1D Results\compare_final

s1,1
[[52,1]
51,2
52,2
e 55 v s 55 55 s s 7.8 CST
Frequency [/ GHz
26 10. EEEefCOM 25.-26. Mai 2011 www.cst.com
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Bsp.2: Optimization using Sensitivity Data |

S)y= Sll_BD_MWS + Z Sens, Ap

p

Template Based Postprocessing

1D Results |u|:| Resutts |

Result name

Template name I:I

f1_sens_s11_mag_v4_01td (extemal)
f2_sens_s11_mag_v4_01bd (extemal)
f3_sens_s11_mag_v4_01td (extemal)
f4_sens_s11_mag_v4_01bd [edemal)
So11_mag_v4_ 01t (extemal)
S_equation

S_mag_log

0 Y

+ Load 10 Data File {project and extem:
+ Load 10 Data File (project and extem;
+ Load 1D Data File {project and extem;
+ Load 1D Data File {project and extem
+ Load 1D Data File {project and extem:
+ Mix 10 Results

+ Mix 10 Results

Enter Expression, e.g. sin[2*sqri))/exp(37E)

IE + p1a+p2*B+p3*C+pd*D

I f1_zens_z11_mag_w4_07 .kt [External] j ok,

I f2_zens_s11_mag_wd 07 kst [extemal) j Lancel

C= |f3_$ens_s1 1_mag_wd 07 bt [external) j Help

I fd_zens_:11_mag_wd_07 kst [external] j

I So11_mag_w4_ 07kt [extemal]

-

- |

gl

=~

Derivative of S-Parameter Magnitude

A

EEE COM

st1
524

=

s1,2

!
|

52,2

—_
S
[—

/—‘—_) —
™

|
J
ﬁ\/\

!
\

magnitude!

|
I[ Note high

27
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0
U
.35 7.4 7.45 7.5 Frequ;;{:/ . 76 7.65 77 7.75 7.8
Results of the lin. optimization
S_mag_log
10 : :
; Curve 1
3 S S S S SONUUUUUUS NS B = Curve 108
S e L
‘ pi -0.0020708448507055
Lt Y P2 S N | B p2 0.0010056176544821
230 ‘ p3 -0.0007896 7608360601
1 i pd 0.00035797592058834
A0 oo Imt1al—-------------------; ----------------------- E 5 5 5
504 _____Opt.].mmed....l.. i Note small.dimensional
P8 T S S N — .changes! (um).....
. i = | | : i i i | r
7.3 7.35 7.4 7.45 7.5 7.55 7.6 7.65 7.7 7.75

o



Bsp. 2: Optimization using Sensitivity Data |

Modifying the geometry according to the found
Delta-Ps of the lin. Opt. system:

facedistance_1 -1.5703713166821-0.0020708443507055
facedistance_2 -4 00Z2064300113+0.0010056176544821
facedistance_3 -4 0230875722653-0.00073567608360601
facedistance_4 -4 03+0.00035757592053334

S-Parameter Magnitude in dB

-10 1
220 1
230 4
40
.50 4
60 1
70 1
80 -
-aQ 4
-100 1
-110

Frequency / GHz

Result of the new 3D simulation

28 10. EEEefCOM 25.-26. Mai 2011 www.cst.com

7.3 7.35 7.4 7.45 7.5 7.55 7.6 7.65 7.7 71.75 7.8

51,1
52,1
51,2
52,2
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Bsp. 2: Optimization using Sensitivity Data I

Template Based Postprocessing

1D Results |DD Results |

Result name

Template name l;l

f1_sens_s11_mag_vd_01bd {extemal)
f2_sens_s11_mag_v4_01 b {extemal)
f3_sens_s11_mag_v4_01bd (extemal)
f4_sens_s11_mag_v4_01.bd [extemal)
So11_mag_v4_01bd (extemal)
S_equation

S_mag_log

[EEAEEE R

+ Load 10 Data File [project and extem;
+ Load 1D Data File (project and extem;
+ Load 1D Data File (project and extem;
+Load 10 Data File {project and extem;
+Load 10 Data File {project and extem;
+ Mic 1D Results

+ Mix 1D Resulis

[ -]

A

EEE COM
Perform a 2nd optimisation loop
Derivative of S-Parameter Magnitude 1D Hesults DD Hegultg |
I . Add new postprocessing step...
’ l \ Fesult name Template name Yalug
I ( 1 i \ 1 | 5_equation_May + (0D Value from 10 Result  0.0632179
J L~/ ? Sum_mag_Min_abs_o + (0D Walue from 10 Result  0.861426
10 \ /\ ] / [ ? Sum_mag_Min_dbz o1 + (0D Walue from 10 Result  1.00003
\\I’ \ T Sum_mag_Min_abs_u + (0D Walue from 10 Result  0.900467

Settings... | [elete | [uplicate | Ewaluate | | | Delete Al | Evaluate Al | 0 y V ‘p ters Goals |A\gunlhm| Infa |
— | — | 0 o 74 a5 o s 765 77 775 [ rew god = it | Removedl |
‘ Type | Dpelaq Targ% Range |W'eig|
" Goal Value % 0D Result 5_equalion_Max = - - 10
| Sum of Al Goals [~ 0D Result: Sum_mag_Min_Abs o = j 1 1
1 n [~ 0D Result: Sum_mag_Min_Abs_u = j 1 1.0
b D Reesult Sum_mag_Min_Abs 01 = |1 10
i O
12
i
8 @ = Curve 1
6 | I -5+ —— Curve 181
4 . 1 T
2 Wi I A . O T T e | O T e d=25
N -15
’ 0 20 40 60 80 100 120 140 160 180 200 B 1 I T T B S i SLTCEERETERE | PR Pr RSP PR ERETPEEE SEPEEETEERPT PRRRPRRRRREY
Optimizer Step
[-25]
pl 0.0073822373493485 oINS ]
p2 0.001371471035572 LY UNSRSRRRIOR VUSROS MU SUUSURON JUSRRNTR 81 SO L A 1/ SO | RN SUOSROU SO SO
pa -0.0016749161719886 Qb a e NN R ]
pd -5.911344652434 7005 178 SOV S St O SO |1, SSUIO | HNO NE IS SR ——
o mmm e ) L L L ]
Result of new OP D I N r
-60
7.4 7.425 7.45 7.475 7.575 I—T_ﬁ—‘ 7.625 7.65 7.675 7.7
29 10. EEEefCOM 25.-26. Mai 2011 www.cst.com




Bsp.2: Optimization using Sensitivity Data I

A

EEE'COM
S-Paramets itude in dB
o] d=0.1
3 S I g
L N 23]
L B 92
-20_
26|
-30_
-35_
-40_
-45_
B0 N
-55 - . S S A N SO
PO N N SR facedistance_1  -3.5703713166821-0 0020708448507085- 0038 |
P ISR 7SS N N facedistance_2  -4.0022064900113+0.0010056176544821- 0006372 | .
70 Lo facedistance_3  -4.0230873722653-0 00078967608360601- 000867 |
TS ] facedistance_4  -4.03+0000357975920588349.85¢ 5 |-
80 .................................................................................................................................................
L T T T TS
-90 : : : : : : : : :
7.4 7.425 7.45  7.475 7.525 7.55  7.575 7.625  7.65  7.675 7.7
Frequency / GHz . 10 Resuks\mantal v4
0ETTN // \\ ///’ \\ e - .
Result of the new 3D simulation W \Y/ \7 N
I - | i
. T
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Trust Region Framework Algorithm (1)

* Choose initial point X,

* Create a local linear model around that point,
and define an initial ,trust region radius‘, an
area in which we think the model is good.

Repeat:
 Go to the minimizer (predicted optimum) of

the model inside the trust-region
» Verify: Does the error decrease?
« If true, and if the model is very good, go

further until quality gets worse, take last
point as new center. Reduce trust region

N

radius and calculate new model
« If ,just® true, keep trust region radius and C% Define a plane by 3 points
calculate new model (if no sensitivity data is

* If not true, reduce size of trust region. available)
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Trust Region Framework Algorithm (2)

* Choose initial point X,

* Create a local linear model around that point,
and define an initial ,trust region radius‘, an
area in which we think the model is good.

Repeat:
* Go to the minimizer (predicted optimum) of

the model inside the trust-region

 Verify: Does the error decrease?

 If true, and if the model is very good, go
further until quality gets worse, take last

point as new center. Reduce trust region
radius and calculate new model

 If ,just‘ true, keep trust region radius and
calculate new model

* If not true, reduce size of trust region.
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Trust Region Framework Algorithm (3)

* Choose initial point X,

* Create a local linear model around that point,
and define an initial ,trust region radius‘, an
area in which we think the model is good.

Repeat:
* Go to the minimizer (predicted optimum) of

the model inside the trust-region

 Verify: Does the error decrease?

 If true, and if the model is very good, go
further until quality gets worse, take last

point as new center. Reduce trust region
radius and calculate new model

 If ,just‘ true, keep trust region radius and
calculate new model

* If not true, reduce size of trust region.
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Trust Region Framework Algorithm (4)

* Choose initial point X,

* Create a local linear model around that point,
and define an initial ,trust region radius‘, an
area in which we think the model is good.

Repeat:
* Go to the minimizer (predicted optimum) of

the model inside the trust-region

 Verify: Does the error decrease?

 If true, and if the model is very good, go
further until quality gets worse, take last

point as new center. Reduce trust region
radius and calculate new model

« If ,just true, keep trust region radius and
calculate new model

* If not true, reduce size of trust region.
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Trust Region Framework Algorithm (5)

* Choose initial point X,

* Create a local linear model around that point,
and define an initial ,trust region radius‘, an
area in which we think the model is good.

Repeat:
* Go to the minimizer (predicted optimum) of

the model inside the trust-region

 Verify: Does the error decrease?

 If true, and if the model is very good, go
further until quality gets worse, take last

point as new center. Reduce trust region
radius and calculate new model

 If ,just‘ true, keep trust region radius and
calculate new model

* If not true, reduce size of trust region.
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N

Trust Region Framework Algorithm (6)  e¢'cn

... “The algorithm will
be converged once the
trust region radius or
distance to the next
predicted optimum
becomes smaller than
the specified domain
accuracy.”

Algorithm: [Tmst Region Framework ¥ | | Properties...

36

Algorithm settings

10 % of inttial value Domain accuracy: 164
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Agenda o

= Einfiihrung
= Ubersicht der verwendeten Optimierungsalgorithmen
» Genetic Algorithm
= Particle Swarm Optimization
= Nelder-Mead Simplex
» [nterpolated Quasi-Newton
= Trust Region Framework
= Sensitivitat /Yield
= Beispiele
= Cavity und Iris gekoppelte Bandpass Filter
= Zweistufiger Impedanztrafo
= Planar filter tuning
= Zusammenfassung CST
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N

EEE COM

Bsp. 3: a) Initial Sensitivity Model

Setup of face-constraints required for the TrustRegionFramwork Optimizer

Select faces to specify a distance to a principal plane, possibly change wcs.

38

10. EEEefCOM 25.-26. Mai 2011

x
Type oK |
% set distance ko pl I Consider blend |
el distance Lo plane onsider blends Apply
€ Set distance to poink
£ 5t radius ﬂl
Cancel |
~Parameters
‘W-Diskance: ISD Parametrize. .. | [Ptk | ¥
Principal plane normal: Help | §
iy Oy (OB
Show Face Constraints
Face '-T| Pararneker | Yalue | Twpe
componentl:SOohmsticksl  facedistance 1 30 distance toplane | | Mame Value | Description
" ) L1 a0 an
componenkl:Stufel:? fFaceradius_1 7.35  radius of Face L - -
componenkl;Stufez; 1 facedistance_2 30 distance to plane | R 735 Ra/esplE0/60)  [start 7.35]
componenkl:Stufez:2 faceradius_2 5 radius of Face Rz 5 Ra/espl82 44/60]  [stant 5)
Ela | Defined as initial Parameter
facediztance_1 -a0 Parametrized face of component:S0ohmstiick
facediztance_2 a0 Parametrized face of component]:Stufe?
faceradiuz_1 735 Parametrized face of component]:Stufel
faceradiuz_2 5 Parametrized face of component]:Stufe?
T ETCE L) 100 Ohm Port
L] R a/exp(B0/60] 50 Ohm Port

www.cst.com il'
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Bsp. 3: b) Initial Sensitivity Model

Frequency Domain Solver Setup + Sensitivity results

Frequency Domain Solver Parameters

~ Method
¥ General Purpose

i~ Resonant: Fast 5-Parameter
{~ Resonant: S-Parameter, Fields

Mesh kype:

—Salver settings

[ Save all field resulks

™ Store result datain cache
™ Calculate modes only

Accuracy (tetrahedral mesh):

Tetrahedral Mesh j

| 14 =]

Skark
Optimize, ..

Par, Sweep. ..

Acceleration...

I

Specials. ..

— Excitation setkings

Source bype: Mode:

—S-parameker setkings

[ Mormalize o Fized impedance

Simplify Model, ..

Apply

Il

™ Do mot calculate field manitars

I Use broadband frequency sweep

Properties... |

—Adaptive mesh refinement

[ Adaptive tetrahedral mesh refinement

Fropetties, .. |

—Sensitivity analysis

v Use sensitivity analysis

Alports x| 1 =l E Ohms
Close
—Frequency samples Help |
| Auko | Samples | From | To | Unit || -
Max.Range (i) 1.5 35 GHz
Adapt.Freq. X 1 GHz
Frequency X GHz
Frequency [ GHz
Frequency [ GHz LI

-0.05

10. EEEefCOM 25.-26. Mai 2011

S-Parameter Magnitude in dB

1]
S1,1
5 s2,1
51,2
-10 52,2
-15
-20
-25 \\
-20
L
=35
\ NS
-40
-45
14 16 1.8 2.2 24 26 2.8 3 3.2 3.4 36

0,006

Frequency / GHz

0.004

0.002

-0.o02

-0.004

0.15

22 24 25 28 3 32 34 38
Frequency / Gz

Derivative of S-Parameter Magnitude

0.1

0.05

\

0.1

2.2 24 2.6 2.8 3 32 34 36
Frequency / GHz

51,1
52,1
51,2
82,2

A

EEE COM

CST
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Bsp.3: c) Optimized Sens. Model

N

N

EEE COM

Using TRF Optimizer for a 3D Model-Optimization

Simulation tppe: IFrequenc_l,l Diomain Sakver

[~

Settings I Goals I Ifia I

=10l %]

Properties. .. | Acceleration...l

Algorithin: | Trust R egion Framework x| | Fropeiies.. | Simulation type: IFrequenc:_l,l Diamain Solver j Properties... | Acceleration...
r—dgarithm settings Settingsl Gosls  Info |
Rezet mina"maxl |5 % of initial value Domain accuracy: ID.DDDT
Algorithm: Trust Region Framework
¥ Use curent as initial value [ Use data of previous calculations Numher of ewaluations: 16
P Wi W Fp— el TG 5 {solwer: 15, reloaded: 1, interpolation: 0O}
| arameter [Min  |Max | Samples |Initial | Curent [Best |4 Initial goal function valus = 3.55314852118
[% facedistance 2 285 N5 5 20 20 20 Best goal function value = 0.Z05957819523
¥ facedistance_1 Reila 285 5 -30 -30 <30 Last goal function walue = 0.E0535781853% (reloaded)
% faceradius 2 475 b.25 5 5 5 5
X faceradius_1 E9825 77178 & 735 73 7.35 Lest sellvas orelesEden Eame = QU027 I
'_ L 48 4 £ & & el Eest parameters so far:
L2 285 Zfil.5 3 an an 30
I~ Rl B.9825 77175 3 7.35 7.35 735 facedistance & = 30.Z681 { exploiting sensitivity information )
[ Rz 475 525 3 [ [ 5 facedistance 1 = -29.1493 (| exploiting sensitiwvity information )
— B 1g a1 E a0 a0 a0 ¥ faceradius_2 = 4_ 36081 ( exploiting sensitiwvity information )
faceradius 1 = 7_Z3705 ( exploiting sensitiwvity information )
Start Apply Abort Close | Help |
A Marme Walue | Dezcription
I a0 20
Sirnulation type: IFrequen-:_I,I Darmain Salver "I Properties... | .&cceleratinn...l gl &S Ra/ewp(E0/E0)  [start 7.39)
Rz 5 Fafesp(32 44/60]  [start 5)
. Ra 20 Defined as initial Parameter
Goals | | =
3 EttlﬂgS Ifo facedistance_1 -29.149303182698 Farametrized face of component]:B0ohmstiick
facedistance_2 30.268117799564 Pararnetrized face of component:Stufe2
I.-'-‘-.u:h:l new goal ... TI Edit... | A ermowve Al | Eemoyve taceradius_1 7237046516174 :
I 4 9603056191913
ISL,IITI af all gDalS TI a0 Radexp(100/60)
50 Fa/exp(B0/60]
| ] | Type | O perator | T arget | Fange | Weight l_
B 0 10 Resul: S11dB ¢ R 1.872.3128 1.0

40
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Bsp.3: d) Optimized Sens. Model @

EEE COM
4 Goal Value
el . L P P L P P e ‘ —8— 0_iD Result: S11dB
3 g e froaseeanee froaseeanee fremneanee fromneeanee +- Aborted by the User after 16
25 N A proe A [ T~ passes at a residual of 0.2 (=dB)
N Y N T e [ " Some more passes are required to
e A T K [ A get the desired -31dB (->Goal=0)
1 qoeemmeeoees .L . R . . .
0.5 O, Lmmmmmmmmmo o - [P Ny S e S A J U U R
|:| t t t t t t t 1
0 2 2 6 8 10 12 14 16
Oplimizer Step
o Iniial
Best so far
_20_
_25_
_30_
_35_
-40 A
s , , , , , , , , , , CST
1.4 1e 18 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6
Frequency / GHz g
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BSp. 3: e) Initial PostProcessingTemplate Model @

EEE COM

By releasing the specifications a bit (-30dB and a smaller bandwidth),
standard-deviations > 0 can be optimized such, that the spec is still satisfied.

Design Parameters  Performance Specifications |Yie|.:| | Goal is to f'i n d the
If-'-.l:ld new bound ... j Edit... | Remowve All | RHemove | ° °
maximal possible
I | Type | Operator | Bound | Fange I;I
[ 151.11indB < j -0, 18..31

deviations?

S-Parameter Magnitude in dB
-19.729 5

51,1 norrinal
52,1 norrinal
o5 4 51,2 norrinal
52,2 nominal
S1,1 -3sigma
52,1 -3sigma

Yield Analysis

Design Parameters | Performance Specificatinnsl Yield I

""""" M Specmcatlon

-30

S — S - S — — S N S— S

0 I S W A% — — AV, W [ L

|_| Farameter Statistical Distribution | Mean i| Standar
. ‘ . . ‘ . . . X facedistance_1 Fauzsian j-ES.MEISEIS i 0
B . > o e o ! - R facedistance_2 Gaussian ~ |30.2681177F
Frequency / GHz X faceradius_1 Fauzsian j?.ES?D#EE'I 1]
X faceradius_2 Fauzsian j#.SEDBDEE'I 1]
CST
s
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BSp.3: f) Optim. PostProcessingTemplate Model N

Simulation type: ITempIate Bazed Pnstprncessingj Froperties. .

Aoceleration..

Setting&l Goalz  Info |

Algorithm: Trust Region Framework
MNunher of ewaluations: 52
lsolwver: 57, reloaded: 1, interpolation:

Initial goal function walue = 11.8Z887E57993 (reloaded)
Best goal function walue = 3F.13ZEE81861

Last goal function walue = 3.1E6Z65681861

Last solver ewvaluation time = 00:00:03 h

Best parameters so far:

Ll dewi = 0.0169747
LE dewi = 0.0187474
Bl dewi = 0.00441%968
BE dewi = 0.00345357

The radii are factor ~4 in sigma more critical than
the pertinent lengths

N

EEE COM

Goal Walue

Optimizer Step

Parameter Value

: : L1 devi
_______ _ o L2 dewi
---------- S| R ded
1 R2_dewd

S-Parameter Magnitude in dB

51,1 norminal
52,1 norminal

51,2 norminal
52,2 norminal

52,1 -3sigma
51,2 -3sigma
52,2 -3sigma
51,1 +3sigma
52,1 +3sigma

1.7048 2 2.2 2.4 2.6 2.8 3
Frequency / GHz

43 10. EEEefCOM 25.-26. Mai 2011
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Optimizer Step
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N
Bsp.3: a) Initial PostProcessingTemplate Model @

EEE'COM
Goal is to find the best parameters to maximize the
[J
yield
) ) .. Design Parameters  Performance 5 pecifications | ield |
Yield is calculated for the initial set of | - | |
. . Add new bound .. - Edit... Remove &l Hemayve
constraints (=to satisfy the S-Parameter
Spec'lf'lcat'lons) - | Type | O perator | Bound | Range |_
& 151.1lindB < «| 3079 1.9..31
facediztance_1 -29.1493031 82693 Farametrized face of componentT:S0ohmatuck,
facediztance_2 30.268117739564 FParametrized face of component]:Stufe : — :
faceradiuz_1 F.2370465181744 Farametrized face of component:Stufel Design Parameters I Performance Specifications ield
faceradius_2 4 9603056791913 FParametrized face of component]:Stufe Calculated Tield- 41 614
S-Parameter Magnitude in dB
-24.907 -
| 51,1 nominal
g 52,1 nominal
-28 1 51,2 nominal
-30 1 52,2 nominal
-32 52,1 -3sigma
3 51,2 -3sigma
'34: $2,2 -sigma
-36 - 51,1 +3sigma
T 52,1 +3sigma
-38 | 51,2 +3sigma
-40 4 52,2 +3sigma
-42 1---+
'43.41 2 ] T T T T T T t t t t t t t
1.8587 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1147 CST
Frequency / GHz A
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N
BSP. 3: b) Result of the TRF-Optimization N

EEE COM

Sirnulation type: IFrequenu:_l,l Damain Solver j Properties. .. Acceleration... |

The new dimensions to achieve the max yield:

Yield Analysis

Design Parameters I Ferformance Specificatiunsl Tield I

Settingsl Goalz  Info |

Algorithm: Trust Begion Framework
hinlsse @ ebaliEEnEass 28 |_| Parameter | Statigtical Digtribution | Mean Standard Cies
lsolver: 46, reloaded: Z, interpolation: 0O) - -
Initial goal function walue = 0.525&  (reloaded) E facedistance_1 G aussian j-29'1525845| 0.02
Best goal function walue = 0.487 [® facedistance & (3 auzsian jED.Ed?E?S#E 002
Last goal function walue = 0.487 ireloaded) R faceradius_1 Gaussian ~ |7.25083548€ 0,02
Last solwver evalustion time = 00-00:30 kL [® faceradius 2 (3 auzsian j4.95522231|: 002
Best parameters so far:
facedistance 1 = -EZ3.15:z6 i i
facedictence F = 30,2477 S-Parameter Magnitude in dB
fareradius 1 = 7.2509 ~24.564 3= 1 il
faceradius z = 4_955ZE . A
-28 '
" S1,2 nominal
-307 52,2 nominal
-32 4 :_
. _ _ . . -34 - 52,1 -3sigma
Check: 1 - goal = yield: o $1,2 -3sigma
Yield Analysis -38 - 52,2 -3sigma
_40_: 51,1 +3sigma
Design F'arametersl Performance Specifications  7ied | ol 32,1 +3sigma
T 1,2 +3sigma
|calculated vielda: so.94% -4 52,2 +3sigma
-46 :
-48 -
-50.004 : : : : : : : : : : . : i :
1.7318 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.167
Frequency / GHz
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Agenda o

= Einfiihrung
= Ubersicht der verwendeten Optimierungsalgorithmen
» Genetic Algorithm
= Particle Swarm Optimization
= Nelder-Mead Simplex
» [nterpolated Quasi-Newton
= Trust Region Framework
= Sensitivitat /Yield
= Beispiele
= Cavity und Iris gekoppelte Bandpass Filter
» Zweistufiger Impedanztrafo
= Planar filter tuning
= Zusammenfassung csST
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Beispiel 4: Planar filter tuning

C2+Cdp fF C2+Cdp fF

Result for the initial value of
tuning capacitors C1-5 = O fF.

e

47
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-10

-20

-30

-50¢

-60

N

EEE COM

T

+51,1
*51,2
52,1

*52,2

2

2.2

24
Frequency [/ GHz
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Bsp. 4: Optimizer setting and

N

N

Results - S11 [dB] EEE COM
S11 Magnitude in dB
' - -y w
5 -+ Initial
| = GA
| +PS
4 Simplex
, l- -------------------------- "‘SIT’I‘IP'EX 2
-+ Newton
! opumizer x|
E Parameters | Goals I Infa I Specialsl
E Fieset mindmax ”T 7 of initial value ¥ Use cuent as initial values
E |F'alameter |Min |Max |Samples‘\ Initial |Eunent |Best l;l
& Ci 100 5 0 0 0
: ® 2 15 15 5 0 0 0
: K C2 15 15 5 0 0 0
= C4 -15 15 5 0 0 0
! R 5 15 15 5 0 0 o
\r a5 = J 324z 3242 3242
R e L B | |
-0 i ; i Edi. | Removesn [ A |
2 2l2 2l4 2I6 I EMove EMOVE
[Ty |Dq§@nr |Tw [ Ban [ e -
Frequency / GHz ( e N P B '1_0““_“]
Cl = Eg._438:2
CZ = -8.2Z1335 .
c3 = -14.4762 —— The values of the best result (Simplex method)
Cd = -3_Z0739 CST
C5 = -0_.9403z5
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Bsp 4: Comparison of methods I.

N

N

EEE COM

50

Goal value

600

Number of evaluations

4,5

4,0

3,5

3,0

2,5

2,0
1,5 A
1,0 A
0,5 A

0,0

N 500 -
] 400 -
- 300 -
: 200 -
N\ N 100 -
. 0 . . .
& 2 +

4

&
&
2 2

@ Al
(4
5 Q

Vv >

&
é@

49

10. EEEefCOM 25.-26. Mai 2011

CST

www.cst.com ﬂ

o



N
Bsp.4: Trust Region Framework + Sensitivity m

EEE COM
Optimizer = | ] |
Simulation type: ’Frequenc)' Domain Saolver V] [ Properties. .. ] [ﬂccelemﬁon...]
Settings | Goals | Info
NQOﬁthm;d[Tmst Region Framework =] | Properties...
4
ﬁﬂgﬁrithm settings
7
i 10 % of initial value Domain accuracy: 0.0001
Use cument as initial value Use data of previous calculations
Parameter | Min Max Samples | Initial Current | Best -
51 30 40 5 35.04 35.04 35.04
52 40 50 5 440 440 440
 a 4608 563.2 5 5 B2 512
b 5148 629.2 5 57 hi2 572
[~ dvia 1.7 | 143 5 1 13 13
® gapl2 of -5 5 5 il 1071 107
® gap23 of -5 5 5 2. 298 298
Mk 225 275 B 2 25 25
[~ hbox 135 165 B 1 150 150
il 3915 4785 5 4 435 435
[~ off -10 10 B
™ off2 -10 10 5y
™ off3 -10 10 5y
® reslof -0 10 5
® res2of -0 10 5
® resiof -0 10 5 . . .
it 045 055 5y 0.5 0.5 0.5
[~ tap 8244 10076 5 51.6 51.6 516
™ w50 216 264 5y 24 24 24
I~ woverh 18 22 5 2 2 2
Sensitivity Analysis F @ =
. i
[~ Parameter Value Description [ = J [ Aoply ] Aot Close ] [ Help ]
™ gapl2_off 1.0712591016999 Parametrized face of resonator 2:resonator_1
ance
™ gap23_off 2.9800190760837 Paramefrized face of resonator2iresonator_1 CST
B resl_off 8.55387236714267 Parametrized face of resonator3;resonator_1_1
M res2_off -3.7929273223514 Parametrized face of resonator2:resonator_1_1
% resd_off -1.2630683327365 Parametrized face of resonator:resonator
e res3. www.cst.com




Bsp.4: TRF + Sensitivity: Results S

=2 filter_lossless_3D_opt TRF_sens_Mow12 |:| |§||X| :E: filter_lossless_3D_opt_TRF_sens_Mov12:1D Results\Optimizer\Goals\... B@@

Goal Value

____________________________________________ 0_10 Result: S11dB

Optimizer

Simulation type: |Frequenc:y Damain Solver v| [ Properties... J [Acceleration...]

| Settings || Goals | Info

Algorithm: Trust Region Framework
Mawber of ewvaluations: 320
(solwer: 29, reloaded: 1, interpolation: 0)
Initial goal function walue = 15_861780E5336
Best goal function walue 0. 877908637075
Last goal function wvalue 0. 5779065687075 {reloaded)

N\

Best so far

Last solwer evaluation time = 00:19:20 h
Best parameters so far:

gaplZ off = 1.0712& { exploiting sensitivity information |
gap23_off = 2_3958002 ( exploiting sensitiwvity information |
resl off = 8_5587Z ( exploiting sensitiwvity information |
resz_off = -3_73233 [ exploiting sensitiwvity information )
res3_off = -1.Z2&6307 { exploiting sensitivity information |

2 21 22 23 24 25 26 27 28 29
Frequency f GHz

CST
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dB

53

BSp.5: 4-Pole Bandpass Filter (2.3% fractional Bandwidth) &

-50

-55

1D Resultr‘a;m
/. NTA
N [ d=26
/. \
\. N\
7
/. X
i b
Initi
59

1.03 1.04 1.05 1.06 1.07 1.0{1.0875]| 1.1

Frequency / GHz

1.1125.12 1.13 1.14 1.15

N

S-Parame| g=n 025 |J_Jde in dB
: : : : s1,1
51,2
52,1
52,2

d=44

1 102 104 106 J10875|[11125) 114 115 118 1.2
Frequency / GHz

Simulation ppe: IFrequenc_l,l Domain Solver j Froperties... | .-’-'-.u:u:eleratiu:un...l

Sefings Goals |Inf|:| I

I.-'l'-.du:l riew goal ... j Edi... | Remove All | Femn
ISum of all goals j

| D | Type | O perator | Target | Range | Wwieight
[ 0 10 Resul: 511 ik j no 1.0875...1.1125 1.0
[ & 1D Resul: 521 ik j no 1.03..1.07 1.0
[ 4 1D Resul: 521 ik j no 1.13..1.15 1.0

M

o



Bsp.5: Parameters:

N

S-Param d=0.025

........

................................

F3 300
R 34 30 30 R
K cd 300 300 (0]
1 102 104 1108?5
R cd5 30 30
54 10. EEEefCOM 25.-26. Mai 2011
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Bsp.5: Result Comparison

Nelder - Mead Simplex 6.5304
Genetic Algorithm 4.6469
Particle Swarm 9.4008
Quasi-Newton 15.7412

284 -116.703 10.8331 -173.935
497 -101.677 -3.12807 -147.783
451 -71.691 -2.31349 -125.868
66 -133.449 -5.62373 -147.671
S-Parameters

—— si16a

55

104 105 106 1.07 1.081.0875

11
Frequency [ GHz

1112512 113 114

10. EEEefCOM 25.-26. Mai 2011

—l— 51,1 Mewton
—¥— S51,1PS
—— 51,1 Simplex

N

N

EEE COM
6.06555
-3.7497
-4.65223
-0.730258
CST

i
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Bsp.5: 2nd Step - Fine Optimization

Nelder - Mead Simplex 0.0517 352 -109.806 4.32482 -164.966
Genetic Algorithm 0.0653 1953 -100.589 -0.23677 -151.744
Simplex + GA 0.0508 1953 -109.279 4.09072 -164.547
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Bsp.5:Tuning Parameters/FaceConstraints

Parametrized face 6.1

Farametrized face -5.16

FParametrized face of castingwall .3

Farametrized face 10.8




Bsp.5: Results
Nelder Mead: 70 Iterations

Goal Value
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1.6 1
L4111 'L ------ 'L ------ L. | facedistance_1
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121 L ________ facedistance_3
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-4 7409102801817
0. 76372544257 057
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0.4 4
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0_10 Result: 511 0g
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15 Iterations
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Convergence Speed (animated) ﬁ\
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N
Zusammenfassung a\m

 CST Studio Suite 2011 bietet
* Sensitivitats- und Yield-Analysen

 S-Parameter Sensitivitat wird exakt analytisch
berechnet (ohne zusatzlichen Aufwand), ohne
Geometrie- oder Meshvariationen, aufwendige
Parameterstudien entfallen

- Sensitivitats-Informationen beschleunigen Optimierungen

» Optimierung erfolgt an kleinen, linearen Matrix-
Systemen und ist daher schnell

- Neue Optimierungsstrategien basierend auf
Sensitivitatsinformationen

 Trust Region Framework
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Vielen Dank!
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