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Microwave engineers have been using optimization techniques for device, component and circuit
modeling and CAD for decades. Automatic optimization in modeling, simulation and design is
now taken for granted. One of the frontiers that remain is the successful application of
optimization procedures in problems for which direct application of traditional optimization
approaches is not practical. The recent exploitation of iteratively refined surrogates of “fine” or
accurate models, and the implementation of space mapping and related methodologies can be
viewed as attempts to address this issue.

Space mapping optimization intelligently links companion “coarse” and “fine” models of different
complexities. Examples include full-wave electromagnetic simulations with empirical circuit-
theory based simulations, or devices under test with a suitable simulation surrogate. The aim is
to accelerate iterative design optimization. It is a simple CAD methodology, which closely follows
the traditional experience and intuition of microwave designers, yet can be rigorously grounded
mathematically. The exploitation of properly managed space mapped models promises
significant efficiency in engineering design optimization practices.

This workshop will bring together the foremost practitioners in these fields including microwave
component designers, software developers and academic innovators. They will focus on the
state of the art and address designers’ needs for effective tools for optimal designs, including
yield optimization, exploiting accurate physically based device and component models. Current
progress in the development and application of suitable algorithms and software engines will be
presented. The concepts address the contradictory challenge of exploitation of device and
system models that are both accurate and fast.



WMB: Microwave Component Design Using Space Mapping
Methodologies

Date: Monday, June 3, 2002
Time: 8:00 am — 5:10 pm
Tentative Workshop Schedule

8:00 am John Bandler, Welcome: Introductions
8:15 am John Bandler

9:00 am José Rayas-Sanchez
9:45 am Coffee Break

10:30 am  Tony Pavio

11:10 am  Safieddin Safavi-Naeini
11:50am  Lunch

1:00 pm Dieter Pelz

1:40 pm Kaj Madsen

2:20 pm Jan-Willem Lobeek
3:00 pm Coffee Break

3:30 pm Qi-jun Zhang

4:10 pm Ke-Li Wu

4:50 pm Discussion Period

5:10 pm End
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Space Mapping Approaches to EM-based Device Modeling
and Component Design

J.W. Bandler and Q.S. Cheng

McMaster Uniﬁersity, bandler@mcmaster.ca, http://www.sos.mcmaster.ca
Bandler Corporation, john@bandler.com, http://www.bandler.com

Abstract

The Space Mapping concept intelligently links companion “coarse” and “fine” engineering models of different complexities, e.g., full-
wave electromagnetic (EM) simulations and empirical circuit-theory based models. Space mapping optimization closely follows the
traditional experience and intuition of designers. Our original 1993 concept and the subsequent Aggressive Space Mapping approach to
engineering design optimization will be discussed. Recent developments include neural space mapping and the introduction of the
object oriented SMX system to facilitate implementation with commercial simulators. We have developed a comprehensive Space
Mapping framework to engineering device modeling. Tableau-based approach, it permits many different practical implementations.
The accuracy of available empirical models can be significantly enhanced in selected regions of interest. We present microstrip
examples yielding remarkable modeling improvement. It has been reported to be useful in the RF industry for development of new
library models. We briefly review the new Implicit Space Mapping (ISM) concept in which we allow preassigned parameters, not used
in optimization, to change in some components of the coarse model. Extensive filter design examples, exploiting full wave EM
simulators, complement the presentation. Implementation in software such as Agilent Momentum and ADS will be discussed.
One of the frontiers that remains in the optimization of large engineering systems is the successful application of optimization
procedures in problems where direct optimization is not practical. The recent exploitation of surrogates in conjunction with “true”
models, the development of artificial neural network approaches to device modeling and the implementation of space mapping are
attempts to address this issue. :

Simulation Optimization Systems Research Laboratory
Chpier

McMaster University

Outline

Space Mapping intelligently links companion “coarse” and “fine”
models—full-wave electromagnetic (EM) simulations and empirical
models

Space Mapping optimization follows traditional experience of |
designers

we discuss the 1993 concept and subsequent Aggressive Space
Mapping
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Outline

object oriented SMX system facilitates commercial simulators

tableau approach enhances accuracy of available empirical models
(already used in the RF industry for new library models)

Implicit Space Mapping (ISM), where preassigned parameters change
in coarse model

filter design, implementation in AgileritMomentum and ADS
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Space Mapping p

(Bandler et al., 1994)

mapping

optimization
space
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Space Mapping: a Glossary of Terms

Space Mapping

Coarse Model

Fine Model

transformation, link, adjustment, correction,
shift (in parameters or responses)

simplification or convenient representation,
companion to the fine model,
auxiliary representation, cheap model

accurate representation of system considered,
device under test, component to be optimized,
expensive model B
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Space Mapping: a Glossary of Terms

Surrogate

Surrogate Model

Target Response

model, approximation or representation to be
used, or to act, in place of, oras a
substitute for, the system under consideration

alternative expression for coarse model
response the fine model should achieve,

(usually) optimal response of a coarse model,
enhanced coarse model, or surrogate
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Space Mapping: a Glossary of Terms

Companion

Low Fidelity
High Fidelity
Empirical
Physics-based
Device under Test
Electromagnetic
Simulation
Computational

Simulation Optimization Systems Research Laboratory
McMaster University

coarse

coarse

fine

coarse

coarse or fine
fine

fine or coarse
fine or coarse
fine or coarse

AANDLER
“ORPORATION

Space Mapping: a Glossary of Terms

Parameter (input) Space Mapping

Response (output) Space Mapping

Response Surface Approximation

mapping, transformation or
correction of design variables

mapping, transformation or
correction of responses

linear/quadratic/polynomial
approximation of responses
w.r.t. design variables
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Space Mapping: a Glossary of Terms

Neuro

Implicit Space Mapping
Not Space Mapping

Parameter Transformation

Predistortion

R

McMaster University

Simulation Optimization Systems Research Laboratory

implies use of artificial neural networks

space mapping when the mapping
is not obvious

(usually) space mapping
when not acknowledged

space mapping
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The Space Mapping Concept

(Bandler et al., 1994-)

Xe | coarse | Re(Xc)
—> ) L
model
VxH=]bD+J
Xr " D=sE i _ Rf(xf) X )\N\/ @ l—[z_ _Rc(xc)
5 VoB-O > \/c =fwd
VXE—-ij AR 3
ki Vp—p WWL % @\%\

[

such that

L

RC(P(xf)) ~ Rf(xf)
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Space Mapping Practice—Cheese Cutting Problem

optimal coarse model

initial guess

PE

new old -1, * new
X=X+ PT(x —xg )

é@: x;ew — X;ld + x: _x:ew

SN N N

prediction
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The Brain’s Automatic Pilot
(Sandra Blakeslee, The New York Times, ‘
International Herald Tribune, February 21, 2002, p.7)

[certain brain] circuits are used by the human brain
to assess social rewards ...

...findings [by neuroscientists] ...challenge the notion
that people always make conscious choices
about what they want and how to obtain it.

Gregory Berns (Emory University School of Medicine):
... most decisions are made subconsciously
with many gradations of awareness.
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The Brain’s Automatic Pilot
(Sandra Blakeslee, The New York Times,
International Herald Tribune, February 21, 2002, p.7)

P. Read Montague (Baylor College of Medicine): ... how did
evolution create a brain that could make ... distinctions ...
[about] ...what it must pay conscious attention to?

... the brain has evolved to shape itself, starting in infancy,
according to what it encounters in the external world.

.. much of the world is predictable: buildings usually stay
in one place, gravity makes objects fall ...
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The Brain’s Automatic Pilot
(Sandra Blakeslee, The New York Times, .
International Herald Tribune, February 21, 2002 p-7)

As children grow, their brains build internal models
of everything they encounter, gradually learning to identify objects ...

.. as new information flows into it ... the brain automatically
compares it with what it already knows.

.. if there is a surprise .... the mismatch ... instantly shifts
the brain into a new state.

Drawing on past experience ... a decision is made ...
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Current Space Mapping Milestones

yield driven EM optimization using Space Mapping-based
neuromodels (2001) '

EM-based optimization exploiting Partial Space Mapping (PSM)
and exact sensitivities (2002)

Implicit Space Mapping (ISM) EM-based modeling and design (2002)
introduction of Space Mapping to mathematicians (2002)
‘% Special Issue of Optimization and Engineering

on Surrogate Modelling and Space Mapping.
for Engineering Optimization (2002)
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Selected Space Mapping Contributors

Kaj Madsen (Technical University of Denmark, 1993-)
mapping updates, trust region methods

Pavio (Motorola, 1994-)
companion model approach, filter design, LTCC circuits

Shen Ye (ComDev, 1997-)
circuit calibration technique

Mansour (Com Dev, University of Waterloo, 1998-)
Cauchy method and adaptive sampling

i

0

Stephane Bila (Limoges, France 1998-) Fe

space mapping, waveguide devices
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Selected Space Mapping Contributors

Rayas-Sanchez (McMaster University; ITESO, Mexico 1998-)
space mapping through artificial neural networks

Jacob Sendergaard (Technical University of Denmark, 1999-)
space mapping: theory and algorithms

Qi-jun Zhang (Carleton University, 1999-)
knowledge based neural networks, space mapping

Jan Snel (Philips Semiconductors, Netherlands, 2001)
RF component design, library model enhancement

Dan Swanson (Bartley RF Systems, 2001)
combline filter design
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Selected Space Mzipping Contributors

Steven Leary (University of Southampton, England, 2000-)
constraint mapping, applications in civil engineering

Lehmensiek (University of Stellenbosch, South Africa, 2000, 2001)
filter design, coupling structures

Frank Pedersen (Technical University of Denmark, 2001-)
space mapping, neural networks

Ke-Li Wu (Chinese University of Hong Kong, 2001-)
knowledge embedded space mapping, LTCC circuits

Pablo Soto (Polytechnic University of Valencia, Spain, 2001)
aggressive space mapping, inductively coupled filters

Hong-Soon Choi (Seoul National University, Korea, 2001)
aggressive space mapping, design of magnetic systems
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Selected Space Mapping Contributors

Luis Vicente (University of Coimbra, Portugal, 2001-)
mathematics of space mapping: models, sensitivities and trust regions

Marcus Redhe (Link6ping University, Sweden, 2001)
sheet metal forming and vehicle crashworthiness design

Dieter Peltz (Radio Frequency Systems, Australia, 2002)
difference matrix approach, coupled resonator filters

Safavi-Naeini (University of Waterloo, 2002)
multi-level generalized space mapping, A
multi-cavity microwave structures A

Jan-Willem Lobeek (Philips Semiconductors, Netherlands, 2002)
power amplifier design
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Jacobian-Space Mapping Relationship
(Bakr et al., 1999)

through PE we match the responses

Rf(xf) ~ RC(P(xf))

by differentiation
T T T
T T T
OR; OR. - ox,
ox ¢ 0x, ox

~y
~~
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Jacobian-Space Mapping Relationship
(Bakr et al., 1999)

given coarse model Jacobian J, and space mapping matrix B
we estimate

S (x;)=J,(x,)B
given J, and J,we estimate (least squares)

g7 -1 4T
B~JIJ, I,
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Conventional Space Mapping for Microwave Circuits
(Bandler et al., 1994)

fine model coarse model

VxH=joD+J .
. D=+:E vchB-—-(r)
VxE=—joB .
: VeD=p

R (x, ®) X, —» ;‘; @1{zH R (x,®)
Aomred Ly
< ",

e 1 &

B=pH »

find
xC
[ } = P(x 7o )
a)C
such that

R.(x.0,)~R,(x,,0)
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Microstrip Shaped T-Junction

fine model coarse model

MSTEP H MSL H T-JUNCTION — MSL — MSTEP r—e port 3
]
MSL

MSTEP

port 1

Simulation Optimization Systems Research Laboratory IWNDLER
McMaster University : =ORFPORATION

Microstrip Shaped T-Junction

the region of interest
15 mil < H <25 mil
2mil < X< 10 mil
15mil <Y <25 mil
8<¢e,<10

the frequency range is 2 GHz to 20 GHz with a step of 2 GHz
the number of base points is 9, the number of test points is 50

the widths W of the input lines track H so that their
characteristic impedance is 50 ohm

W, = WI3, W, is suitably constrained
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Microstrip Shaped T-Junction Coarse Model

errors w.r.t. Sonnet’s em at the test points

0.2 0.25
0.2
0.15 .
= f )
©
2 / £ 015
5 O ; B
/ m
i 7
0.05 7 0.05
o = ° 4 ? 10 2 i 8
s 4 s 10 12 14 16 18 20 2 6 8 10 12 14 16 18 20
frequency (GHz) frequency (GHz)
Simulation Optimization Systems Research Laboratory ‘ ;QANDLER
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Microstrip Shaped T-Junction Enhanced Coarse Model

errors w.r.t. Sonnet’s em at the test points
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Implicit Space Mapping Theory
(Bandler et al., 2002)

c
™ coarse | Re(xc,x)
>

X ,| model

o m X, X

such that

Rc( xcsx) =~ R/(xf)
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Implicit Space Mapping Practice
(Bandler et al., 2002)

effective for EM-based microwave modeling and design

coarse model aligned with EM (fine) model
through preassigned parameters

easy implementation
no explicit mapping involved

no matrices to keep track of
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Implicit Space Mapping Practice—Cheese Cutting Problem

i *(0
optimal coarse model ) xc( ) x©@
o 0 *(0
initial guess @%2 / x}) = xc( )
- 1 M *(1
prediction @ xc() MO
. . - ) _ *1
verification @ éﬁt/j x}) = x,
| %
Simulation Optimization Systems Research Laborétory |
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Implicit Space Mapping Practice—Cheese Cutting Problem

verification @ ﬁ x;l) =x.®
i ”

PE @ v D @

prediction @ g 3 @

verification @ %/} x(f2) = x:(z)
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Implicit Spaée Mapping: Steps 1-3
optimize coarse model

Term
Term2
Num=2
Z=150 Ohm

Electrical_length_to_physical_length

E1=4*L1°90"sqrt(epsion_e1)*f0/c0* 1e9

| |
 I— L I
TLIN TLIN TLIN
" T 2 3
gg:;:\n Z=Z1 Ohm Z=22 Ohm 2=Z3 Ohm
i N E=E1 E=E2 E=E3
Optim Ty pe=Minimax
B ormah F=f0 GHz F=f0 GHz F={0 GHz
Maxlters=1000
DesiredError=1000 Sone [@% ] srarameters |
StatusLevel=4
SetBestValues=yes . S_Param VAB ) VAR
Seed= Oz?imG alt SP1 Optimizable_Variables
0
SaveSolns=yes A " Start=5 GHz W1=0.4 opt{ 0.001 10 40 } 10=10
Sav eeoans;};es Expr=rdb(mag(S1)" giop=15 GHz W2=0.15 opt{ 0.001 o 40 }
SaveOplimVars=yes oM nstanceName="SP1 Step=1000 MHz W3=0.05 opt{ 0.001 to 40 }

UpdateDataset=yes man:;zo
UseAllGoals=y es Weight=1

RangeVar{1]="freq"
RangeMin[1]=5GHz
RangeMax[ 1]=15GHz

@ VAR

Width_to_Z0

epsion_r=9.7

h=0.635

epslon_e1=(epsion_r+1)/2+(epsion_r-1)/(2* sqri(1+12°h/W1))

11=0.003 opt{ 0.0001 to 120 }
L2=0.003 opt{ 0.0001 to 120 }
L3=0.003 opt{ 0.0001 to 120 }

E2=4*12"90"sqrt{epsion_e2)*f0/c0* 1e9
E3=4*13"90"sqri(epsion_e3)*f0/c0* 1e9

Z1= if (W1/h)<=1) then ((60/sqri(epsion_e1))* In(8*h/W1+ W1/(4°h))) else (120°pi/(sart(epsion_e1)*(W1/h+1.393+0.667*In(W1/h+1.444)))) endif
epslon_e2=(epslon_r+1)/2+(epslon_r-1)/(2* sqrt(1+12°h/W2))
Z2= if ((W2/h)<=1) then ((60/sqri(epsion_e2))* In(8*h/W2+ W2/(4*h))) else (120" pi/(sqrt(epsion_e2)" (W2/h+1.393+0.667°In(W2/h+1.444)))) endif
epslon_e3=(epslon_r+1)/2+(epslon_r-1)/(2* sqrt(1+12*h/W3))
Z3= if ((W3/h)<=1) then ((60/sqri(epsion_e3))* In(8*h/W3+ W3/(4*h))) else (120° pi/(sqrt(epsion_e3) (W3/h+1.393+0.667°In(W3/h+1.444)))) endif

Agilent Technologies

ADS/Momentum Implementation

Simulation Optimization Systems Research Laboratory
"McMaster University
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Implicit Space Mapping: Steps 1-3

el }
—J
TLIN

Term1 TLIN

Ootim L1 2 3
Optimi Z=50 Ohm 2=Z1 Ohm 2222 Ohm 2223 Ohm

! E=E1 E=E2 E=E3
OptimTy pe=Mini
ErorForm=MM F=(0 GHz F=f0 GHz 150 Ohm
Maxlters=1000
P=2
DesiredError=-1000 -PARAMETERS -
StatusLevel=4 b—
SetBestValues=yes S_Param VAR VAR R
Seede= i Goa_I SP1 Optimizable_Variables Electrical_length_to_phy sical_length
SaveSolns=yes Dplim ool _ Start=5 GHz W1=0.4 opt{ 0.001 to 40 } £0=10
SaveGoals=yes xpr="db(mag(S1)" gyop=15 GHz W2=0.15 opt{ 0.001 to 40 } E1=4°L1°90*sqri(epslon_e1)*f0/c0* 169
SaveOptimVars=yes a’::‘"s‘a"ce“a"'e""sp’ Step=1000 MHz 0.001 to 40} E2=4°12°90" sqrt(epsion_e2)'(0/c0" 169
gg::;;g:al;s;l:es =20 . | €3)*f0/c0* 1e9

= Weight=1 190,003 o
Rangevar]=Trec” "l coarse model

RangeMin[1]=5GHz
RangeMax[ 1}=15GHz

circuit

VAR

Width_to_Z0

epsion_r=9.7

h=0.635

epslon_e1=(epsion_r+1)/2+(epsion_r-1)/(2* sqrt(1+12*h/W1

Z1= if ((W1/h)<=1) then ((60/sqri(epsion_e1))* In(8*h/W1+ W1/(4°h))) else (120°pi/(sart(epslon_e1)* (W1/h+1.393+0.667*In(W 1/h+1.444)))) endif
epslon_e2=(epslon_r+1)/2+(epslon_r-1)/(2* sqrt(1+12"h/W2))

2Z2= if ((W2/h)<=1) then ((60/sqri(epsion_e2))* In(8*h/W2+ W2/(4*h))) else (120°pil(sqrt(epslon_e2)* (W2/h+1.393+0.667*In(W2/h+1.444)))) endif
epslon_e3=(epsion_r+1)2+(epslon_r-1)/(2* sart(1+12*h/W3))

Z3= if ((W3/h)<=1) then ((60/sqrt(epsion_e3))* In(8*h/W3+ W3/(4*h))) else (120" pi/(sqrt(epsion_e3)* (W3/h+1.383+0.667"In(W3/h+1.444)))) endif

ADS/Momentum Implementation
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Implicit Space Mapping: Steps 1-3

optimize coarse model

sweep range

Term
Term2
Num=2
Z=150 Ohm

Electrical_length_to_physical_length

E1=4*L1*90"sqrt(epslon_e1)*f0/c0* 1e9
E2=4*1290"sqri(epslon_e2)*f0/c0* 1e9

B e | —1 .
Term1 TUN TLIN TLIN
Optim Num=1 T T2 3
ovtimt Z=50 Ohm Z=21 Ohm 2222 Oh 273 Ohm
i L E=E1 E=E2 E=E3
Optim Ty pe=Minimax
ErorF oMM 1 F=10 GHz F=(0 Gl F={0 GHz
MaxIters=1000 -
p=2 =
DesiredError=-1000 GOAL a(i;! I S-PARAMETERS
StatusLevel=4 '
SetBest Yes  Goal S_Param VAR VAR
Seed= " SP1 Optimizable_Variables
SaveSolns=yes OptimGoalt . Start=5 GHz W1=0.4 opt{ 0.001 to 40 } 10=10
SaveGoals=yes Exprrdb(mag(SIN | - Siop=15 GHz W2=0.15 opt{ 0.001 to 40 }
SaveOptimVarssy es ai""‘__'"s“'““”“a’“e‘ S Step=1000 MHz W3=0.05 opt{ 0.001 to 40 }

UpdateDataset=yes 4. - 90

UseAllGoals=yes Weight=1
RangeVar[1]="freq"
RangeMin[1]=5GHz
RangeMax[1]=15GHz

VAR

Width_to_Z0

epslon_r=9.7

h=0.635

epsion_e1=(epslon_r+1)/2+(epsion_r-1 M(2* sqri(1+12°h/W1))

Z1= if ((W1/h)<=1) then ((60/sqri(epsion_e1))" In(8*h/W1+ W1/(4*h))) else (120*pi/(sqri(epslon_e1)*

epslon_e2=(epslon_r+1)/2+(epsion_r-1 (2" sqr(1+12*h/W2))

22= if ((W2/h)<=1) then ((60/sqrt(epsion_e2))" In(8*h/W2+ W2/(4*

epslon_e3=(epslon_r+1)/2+(epslon_r-1)/(2* sqrt(1 +12°h/W3))

Z3= if (W3/h)<=1) then ((60/sart(epsion_e3))" In(8*h/W3+ W3/(4*h))) else (120"pi/(sart(epsion_e3)*

L1=0.003 opt{ 0.0001 to 120 }
L2=0.003 opt{ 0.0001 1o 120 }
L3=0.003 opt{ 0.0001 to 120 }

E3=4"1L3"90"sqri(epsion_e3)*f0/c0* 1e9

(W1/h+1.393+0.667°In(W1/h+1.444)))) endif
h))) else (120° pil(sart(epsion_e2)* (W2/h+1.393+0.667°In(W2/h+1.444)))) endif
(W3/h+1.393+0.667*In(W3/h+1.444))) endif

ADS/Momentum Implementation
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Implicit Space Mapping: Steps. 1-3

optimize coarse model

L — 1 J
| I OPTIM l - TLIN
i : . 2 3
Optim o Term
Optim. optimizable 23 om Torm
Optim Ty pe=Minir] t F:Yo GhHz Num=;
ErmorForm=MM - Z=150 Ohm
Maxiters=1000 parame ers =
pP=2 L
DesiredEror=-1000 WA -PARAMETERS l =
StatusLevel=4 GOAL l% ]
SetBestValues=yes o $_Param (] VAR
Seed= OptimGoalt SP1 Optimizable_Variables Electrical_length_to_physical_length
SaveSolns=yes i ’;‘.d‘;fm e Start=5 GHz W1=0.4 opt{ 0.001 to 40 } 10=10
SaveGoals=yes s "l "3 Vpre  Stop=15 Gz W2=0.15 opt{ 0.001 to 40 } E1=4°L1°90"sqri(epsion_e1)*f0/c0* 1e9
SaveOptimVars=y es M'i’"_"s'a“ce ame="S| Step=1000 MHz W3=0.05 opt{ 0.001 to 40 } E2=4*12°90"sqrt(epslon_e2)*f0/c0" 1e9
UpdateDataset=y es M:;=-zo L1=0.003 opt{ 0.0001 to 120 } £3=4"13"90"sqri(epsion_e3)*f0/c0" 1e9
UseAllGoals=y es Weight=1 tg:-g%g OD:( gggg} to :gg }
: RangeVar[1)="req" =0.003 opt{ 0. to
RangeMin[1]=5GHz

RangeMax|1]=15GHz

VAR

= Width_to_z0
epslon_r=9.7
h=0.635
epslon_e1=(epsion_r+1)/2+(epsion_r-1)/(2* sart(1 +12°h/W1))

Z1= if (W1/h)<=1) then ((60/sqrt(epslon_e1))* In(8°h/W1+ W1/(4*h))) else (120*pi/(sqri(epsion_e1)*

epslon_e2=(epsion_r+1)/2+(epslon_r-1)/(2" sqrt(1+1 2*h/W2))

(W1/h+1.383+0.667°In(W 1/h+1.444)))) endif

22= if ((W2/h)<=1) then ((60/sart(epslon_e2))* In(8"h/W2+ W2/(4*h))) else (120" pil(sari(epsion_e2)* (W2/h+1.383+0.667"In(W2/h+1.444)))) endif

epslon_e3=(epslon_r+1)/2+(epsion_r-1)/(2* sqrt(1+412°h/W3))

2Z3= if ((W3/h)<=1) then ((60/sqri(epslon_e3))” In(8*h/W3+ W3/(4°h))) else (120*pi/(sart(epsion_e3)* (W3/h+1 .393+0.667°In(W3/h+1.444)))) endif
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Implicit Space Mapping: Steps 1-3
optimize coarse model

goal of the
optimization

TLIN TUIN
" T T2
Optim =21 Ohm 2272 Ohm e .
Optim1 =E1 E=E2 E=E3 "l;ermzz
OptimTy pe=Minimax ~ . & -~ ums=:
ErrorForm=MM F=f0 GHz F=f0 GHz F=f0 GHz Z=150 Ohm
MaxIters=1000 =

| s-ParameTeRS |

S_Param
SP1

Goal

VAR
Optimizable_Variables

VAR
Electrical_length_to_phy sical_length

OptimGoal1 = = =
SaveSolns=yps | Start=5 GHz W1=0.4 opt{ 0.001 10 40 } 10=10
Sav esoa's?; s Expr="db(mag(S11)) Y g15p=15 GHz W2=0.15 opt{ 0.001 to 40 } E1=4*L190°sqri(epslon_e1)*{0/c0* 1e9
SaveOptimVjrs=yes SmInstanceName="SP1 Step=1000 MHz W3=0.05 opt{ 0.001 to 40 } E2=4°1.2'90"sqri(epsion_e2)*f0/c0* 1e9
UpdateDataskt=yes Min= L1=0.003 opt{ 0.0001 to 120 } E3=4*1L3"90°sqri(epsion_e3)*f0/c0* 1e9
U \ Max=-20 L2=0.003 opt{ 0.0001 to 120 }

Weight=1 L3=0.003 opt{ 0.0001 to 120 }

RangeVar|1]="freq"

RangeMin[1}=5GHz
RangeMax|[1]=15G]

= var

Width_to_Z0

epsion_r=9.7

h=0.635

epslon_e1=(epsion_r+1)/2+(epsion_r-1)/(2* sqrt(1+12*h/W1))

Z1= if ((W1/h)<=1) then ((60/sqrt(epsion_e1))* In(8*h/W1+ W1/(4*h))) else (120" pi/(sqrt(epsion_e1)* (W 1/h+1.393+0.667*In(W 1/h+1.444))) endif
epslon_e2=(epslon_r+1)/2+(epslon_r-1)/(2* sqrt(1+12*h/W2))
Z2= if ((W2/h)<=1) then ((60/sqrt(epsion_e2))* In(8*h/W2+ W2/(4*h))) else (120° pil(sart(epslon_ ©2)° (W2/h+1.393+0.667"In(W2/h+1.444))) endif
epslon_e3=(epslon_r+1)/2+(epsion_r-1)/(2* sqrt(1+12°h/W3))
Z3= if ((W3/h)<=1) then ((60/sqrt(epsion_e3))* In(8*h/W3+ W3/(4*h))) else (120*pi/(sqrt(epsion_e3)* (W3/h+1.393+0.667"In(W3/h+1.444)))) endif
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Implicit Space Mapping: Steps 1-3
optimize coarse model

optimizer
: Z=21 Ohm Z=2Z20nm
P E=E1 E=E2
ptim Ty pe=Minimax
ErorF ot F=f0 GHz F=f0 GHz
MaxIters=1000

DesiredEmor=-1000
StatusLevel=4

{@h]| s-ParameTERS |

SetBestValues=yes S_Param VAR VAR
Seed= Goal SP1 Optimizable_Variables Electrical_length_to_phy sical_length
SaveSolns=yes g""’:‘%gfg STy Start=5 GHz W1=0.4 opt{ 0.001 10 40 } 10=10
SaveGoals=yes SI’"’:' . "z )-)-spr Stop=15 GHz W2=0.15 opt{ 0.001 to 40 } E1=4"L1°90*sqrt(epslon_e1)*f0/c0* 1e9
SaveOptimvars=/s M’:_"s anceName= Step=1000 MHz W3=0.05 opt{ 0.001 to 40 } E2=4*12*90"sqrt(epsion_e2)*10/c0" 19
es Max—-— 20 L1=0.003 opt{ 0.0001 to 120 } E3=4*13*90"sqrt(epsion_e3)*f0/c0*1e9
Weight=1 L2=0.003 opt{ 0.0001 to 120 }
Rergevar1}="Treq" 13=0.003 opt{ 0.0001 to 120 }
RangeMin[1)=5GHz
RangeMax[1]=15GHz
VAR
Width_to_Z0
epslon_| =9.7
h=0.635

epslon_e1=(epslon_r+1)/2+(epslon_r-1)/(2* sqri(1+12*h/W1))

Z1= if ((W1/h)<=1) then ((60/sqrt(epsion_e1))* In(8*h/W1+ W1/(4*h))) else (120*pil(sqrt(epsion_e1)* (W 1/h+1.393+0.667°In(W 1/h+1.444)))) endif

epslon_e2=(epsion_r+1)/2+(epsion_r-1)/(2* sart(1+12°h/W2))

Z2= if ((W2/h)<=1) then ((60/sqrt{epsion_e2))* In(8*h/W2+ W2/(4*h))) else (120°pi/(sqri(epsion_e2)* (W2/h+1.393+0.667°In(W2/h+1.444)))) endif

epslon_e3=(epsion_r+1)/2+(epslon_r-1)/(2* sqrt(1+12*h/W3))

Z3=if ((W3/h)<=1) then ((60/sqrt(epslon_e3))* In(8*h/W3+ W3/(4*h))) else (120*pi/(sqrt(epsion_e3)* (W3/h+1.393+0.667"In(W3/h+1.444)))) endif
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Implicit Space Mapping: Steps 4-5

simulate fine model using Momentum
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Implicit Space Mapping: Steps 5-6

obtain the fine model result and check stopping’ criteria
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Implicit Space Mapping: Step 7
calibrate coarse model: extract preassigned parameters x

S-PARAMETERS

S_Param

SP1

Stan=5 GHz
Stop=15 GHz
Step=1000 M-z

o]
Optim
Optim2

OptimT ype=Quasi-Newton

StatusLevel=4
SetBestValues=yes
Seed=
SaveSoins=yes
SaveGoals=yes
SaveOptimVars=yes
UpdateDataset=yes
UseAllGoals=yes

Simulation Optimization Systems Research Laboratory

m VAR

ey [N [N
Te - N LT |
Term1 TUN TUN
Nom=1 L T2
2250 Ohm 2221 Ohm 2:22 Ohm iln orte d
E=E1 E=E2 p I |
Fel0 GHz F=10 GHz P1Lats3ar
Momentum responses
Electrical_length_to_physical_length Optimizajfle_Variables e
10=10 W1=0.333826 noopt{ 0.001
E1=4"L1°90"sartfepsion_e1J'10/c0" 19 22019239 noop!{ 0.001 10 40) '11=0.635 op{ 0.001 10 1000 } TETGEMTIT= 1GHZ
E2=4°1.2°90"sqri(epsion_e2)"f0/c0* 18 W3=0.4471311 noopt{ 0.001 to 40 ) RangeMax{1}=15GHz

E3=4°L3"90"sqrt{epsion_e3)'f0/c0" 1e9

Width_to_20
epslon_e1=(epsion_r1+1)y2+(epsion_r1-1)(2* sqri(1+12°h /W1

Z1= if {Wi1)<=1) then ((60/sqri(epsion_e1))* InB*h1W1+
epslon_e2=(epslon_r2+1)y2+(epsion_r2-1y(2* sqn(hlz‘hz
22= If (W2/h2)<=1) then ((B0/sqri(epsion_e2) Jg 5
epslon_e3=(epsion_r3+1)2+/a (2" sqn(1o12 h3/W!
2Z3= if (Wam3K=1)1j

- 3))
€07saniepsion_e3))' In(B*h3M3+ W3/(4°ha)) else (12079

Tem

Term3

Num=3 s

Z=50 Ohm SNP1
ImpMaxFreq=15 GHz

ImpDeltaFreq=0.5 GHz

McMaster University

ff1411)) else (120° pil{sqrifepsion_e1) (W1/h1+1.393+0.667"In(W 1/h1+1.444))) endif
N
4°h2)) eise (120°pil{sqri(epsion_e2)"(W2/h2+1.393+0.667°In(W2/h2+1.444)))) endif

psion_e3) (W3/h3+1.393+0.667"In(W3M3+1.444))) endif

i

h2=0.635 opt{ 0.001 to 1000 )
h3=0.635 opt{ 0.001 to 1000 }
epslon_r1=0.7 opt{ 0.001 to 1000 }
epston_r2=9.7 opl{ 0.001 to 1000 }
epsion_r3=0.7 opl{ 0.001 1o 1000}

Goal

OptimGoal2

Expr="abs(imag(S11)Hmag(S33)]

SiminstanceName="SP 1"

Mn=

Max=0.001

Weight=1

RangeVar{1)=Treq"

RangeMn[1]=5GHZ

RangeMax{1}=15GHz
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Implicit Space Mapping: Step 7
calibrate coarse model: extract preassigned parameters x

I 1 —
erm " M e
S-PARAMETERS Termt TUN TUN TUN
Nume1 LY T2 T3 Temn Soal
S_Param 2250 Ohm 2221 Ohm 2522 Ohm 2523 Ohm
SP1 E:El it gp;::::?aansnmansza)r
::ﬂ'"f 5‘3;11 SiminstanceName="SP1"
0p=15 GHz . Mn=
Slep=1000 M+
goals for parameter extraction ot
VAR RangeVar{1}=Yreq"
[q;_, ] OPTIM VAR1 RangeMin[1]=1GHZ

Optim
Optim2

(calibration step)

OptimT ype=Quasi-Newton
norForm=L2

E

Maxiters=100000
P=2
DesiredEnor=-1000
StatusLevel=4
SelBestValues=yes
Seed=
SawveSoins=yes
SaveGosls=yes
SaveOptimVars=yes
UpdateDataset=yes
UseAliGoals=yes

L3=0.0031349 noopt{ 0.0001 to 120

VAR
Width_to_20
epsion_et=(epsion_ri+1)2+(epsion_ri- 1ya sa(IZ NI

epsion_e3=(epsion_r3+1y2+(epsion_t |0~1y(7 sqr(1+12°h;

3W3))
Z3=if (W3h3)<=1) then ((60/sqri(epsion_e3))" In(B*h3AV3+ W3/(4°h3)) eise (120*pif(sqrtiepsion_e3) (W3/h3+1.393+0.667"In(W3/h3+1.444)) e

Tem
Tem3
Num=3 sS=
2250 Ohm SNP1
- ImpMaxFreq=15 GHz
ImpDeltaFreq=0.5 GHz

@

Tem

Num=4
Z=50 Ohm

RangeMax{1}=15GHz

h3=0.635 opt{ 0.001
epsion_r1=9.7 opt{ 0.0

Goal
OptimGoal2

Expr="abs(imag(S 11Hmag(S33]
SiminstanceName="SP1"
Mn=

Max=0.001
Weight=1
RangeVar{1}=Treq"
RangeMn[1]=5GHZ
angeMax{1]}=15
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Implicit Space Mapping: Step 7
calibrate coarse model: extract preassigned parameters x

[ e [
GOAL
S-PARAMETERS TN Ton o
T TL2 L3 Tem ool
:;’:mm 2=21 Otm 222 Ohm 223 Ohm a“l Tem?2 OptimGoal3
= 1 )real(S33)
Star=5 GHz 5Pt

Stop=15 GHz

optimizer for parameter extraction
sty ~ (calibration step) o

E3=4"L3"90°sqrt(epsion_]

——————————————————
L3=0.0031349 noopt{ 0.0001 to 120} epsion_r2=9.7 opt{ 0.001 to 1000 }

epsion_r3=9.7 opt{ 0.001 to 1000} GOAL

VAR

DesiredEnor=-1000 Width_to_20 Goal
StatusLevel=4 epsion_e1=(epslon_ri+1y2+(epsion_ri-1¥[2* sqi(1+12°h1/W1)) OptimGoal2
SelBestValues=yes 21= 1f W1m1)<=1) Then ((60/sari{epsion_e1))” In(B*h1W1+ W1/(4*h1))) else (120°pifisartfepsion_e1)' (W 1/h1+1.30340.667" InW 1/1+1.444))) endif  Expr=" abs(imag(S1 1)4mn9(S33))'
Seed= epsion_e2=(epsion_r2+1y2+(epslon_r2-1)(2* sqr(1+12*h2MW2)) SiminstanceName="SP1
SaveSoins=yes Z22= if (W2/h2)<=1) then ((60/sqri(epsion_e2))" In(8" hZIW2+ WZl(l'hZ))) else (120°pi/{sqit{epsion_e2)" (W2/h2+1.393+0.667"In(W2/h2+1.444)))) endil Mn=
SaveGoals=yes epslon_e3=(epsion_r3+1)2+(epsion_r3-1)(2* sqi(1+12°h3/W3)) Max=0.001
SaveOptimVars=yes 2Z3= if (W3/h3)<=1) then ((60/sqri(epston_e3))" In(8"! h3NV3‘ W3/(4°h3))) eise (120°pif{sqri(epsion_e3) (W3/h3+1.393+0.667°In(W3/h3+1.444)))) endif Weight=1
UpdateDataset=yes RangeVar{1)="req"
UseAllGoals=yes —i RangeMn[1)=5GHZ
RangeMax{1}=15GHz
Tem
Tema i Temd
Num=4
Num=3 sS= 2=50 Ohm
Z=50 Ohm SNP1
Ll ImpMaxFreq=15 GHz -4
impDeltaFreq=0.5 GHz -
-
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Implicit Space Mapping: Step 7
calibrate coarse model: extract preassigned parameters x

1} N oy | 1
i = GOAL
350 On 721 om Goal
S P = =
r="abs(real al
Stan=5 GHz F=i0 GHz szms«an(ceNLm—g s
Stop=15 GHz = Min=
Step=1000 M-z —_—— More0.001
Electrical_length_to_physical_length Optimizable_Variables v Weight=1 N
10=10 W1=0.398826 noopl{ 0.001 0 40 } = V:Rm RangeVar{1)=Treq
OPTIM E1=4°L1°90"sqrt(epsion_e1)*10/c0" 169 W2=0.149238 noop!{ 0.001 10 40 ) 11=0.635 opt{ 0.001 to 1000 ) RangeMin(1)=1GHZ
- E2=4°L2°90"sqri(epslon_e2)"10/c0" 1e8 W3=0.0471311 noopt( 0.001 to 40 } h2=0.635 opi{ 0.001 to 1000 } RangeMax{1)=15GHz
Oplim E3=4°L3"90"sqn(epslon_e3)'10/c0" 1e8 L1=0.00298468 noopt{ 0.0001 to 120} 1h3=0.635 opi{ 0.001 1o 1000 )
Optim2 1.2=0.00307353 noopt{ 0.0001 to 120} epsion_=9.7 opt{ 0.001 1o 1000 }
OplimT ype=Quasi-Newton L3=0.0031349 noopt{ 0.0001 to 120} epsion_r2=9.7 op!( 0.001 1o 10
Voaemitioo0 spsion 107 L I51eAC0)
P=2 [:=] VAR
DesiredEmor=-1000 Width_to_20 Goal
StatusLevel=4 epslon_e1=(epsion_r1+1)2+(epslon_ri-1)(2° sqr(1+12°h1/W1)) OptimGoal2
SetBestValues=yes 292 11 (W1 1)e=1) hen ((60/sari(epsion_e1))" InB*h1/W 1+ W1/4*h1)) else (120°pil(sai(epsion_e1)'(W1/m1+2/303+0.667 InW1/1+1.444))endif  Expr="abs(imag(S11}imag(S33)f
Seed= epslon_e2=(epsion_r2+1)2+{epsion_r2-1)(2* sqr(1+12°h2W2)) SiminstanceName="SP1"
SaveSolns=yes Z2= if (W2/h2)<=1) then (60/sartiepslon_e2)) Inf6"h2W2+ W2/(4°h2))) else (120°pil(sari(epsion_e2)' (WZJf2+1.393+0.667"In(W2/h2+1.444)) encit  Min=
SaveGoals=yes epsion_e3=(epslon_r3+1y2+(epsion_i3-1)(2" sqi(1+12°haW3)) Max=0.001
" Ziaul i pil(sqnepsion_e3)p3am3+1.393+0.667°In(W3i3+1. 444))) endif  Weight=1
u RangeVar(1}="Treq"
RangeMn[1]=5GHZ
T . RangeMax|1)=15GHz
ix the designable parameters Tem
M Termd
. . . Num=4
optimize preassigned parameters .

-
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Implicit Space Mapping: Steps 8-3
fix preassigned parameters: reoptimize calibrated coarse model

En | oo |

-3 -] 1
" em d ld jf S—
Optim Tem1 TUN TUN TLIN Goal
Optim1 ) Num=1 TLa TS T OnfimGodt
OptimT ype=Mnimax 2250 Chm 2=2100m 222 Chm Temn2 P
EnorForr=MM pr="dbfmag(S11)f
Maxiters=1000 N E=E1 SiminstanceName="SP1"
v F=i0 Gz Mn=
= =
DesiredEmor=1000 = VNVBB:;?;!
P VAR VAR RangeVar1j="req
estValuess s )
Seede e Electiical_length_to_physical_length mm;%:1 040) VAR ngeMn1}=5GHz
SaveSoins=yes =10 W2=0.149239 opl{ 0.001 to 40} h1=0.738556 noopl{ 0.001 to 1000} =156
SaveGoals=yes E1=4"L1°00"sarifepslon_e1)i0/c0*1e Wa0047 1311 oet{0.001 1040} h2=0.738568 noopi{ 0.001 to 1000}
SaveOptimVars=yes E2=4"12°90"sqri(epsion_e2)"f0ic0* 1e9 L120,00296468 opt] 00001 10 120 h3=0.665535 noopt{ 0.001 1o 1000}
UpdateDataset=yes E3=4"L3"90"sqri(epslon_e3) f/c0" 1e9 12=0.00307353 opt{ 0.0001 fo 120} "“:m-;’:g-:g: m: g%: :° 1000,
i s epsion_r2=10. . g}
UseAllGoals=yes £0.0031349 opt{ 0.0001 10 120} o sts reog 08T 1000)
@y
Width_lo_20

S_Param epslon_et=(epsion_r1+1y2+{epsion_r1-1)(2" sqr(1+12°h1/W1))

sP1 Z1=if ((Wim1)<=1) Then ((60/sari{epsion_e1))’ In(B*h1/W1+ Wik h1)) else (120"pil(sartiffpsion_e1) (W1/h1+1.39340.667"In(W1/141.444))) endif

Stant=5 GHz epsion_e2=(epsion_r2+1y2+epslon_2-Y(Z° Sq(1+12'h2/W2)) .

Stop=15 Gz 2= if (W2h2)e=1) then ((80/scrtiepsion_e2)F Inf8"h2W2+ W2/(4°h2)) else (120°pilisgfi(epsion_e2y'(W2/h2+1.383+0 667" InW2ih2+1.444)) endif

Siep=1000 Mz epslon_e3=fepsion_3+1)2+(epslon_(3-1Y(2" sqt{1+12°h3W3))

fix preassigned parameters:

reoptimize calibrated coarse model

1_e3)(W3/h3+1.393+0.667"In(W3/h3+1.444)))) endil

%
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Implicit Space Mapping: Steps 4-6

simulate fine model using Momentum,
satisfy stopping criteria
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Conclusions

Space Mapping intelligently links companion “coarse” or “surrogate”
models with “fine” models—physical, empirical, electromagnetic

Space Mapping optimization follows traditional experience of
designers

researchers and practitioners attracted to Aggressive Space Mapping

Space Mapping already used in the RF industry
for enhanced (mapped) library (surrogate) models

Implicit Space Mapping (ISM), where preassigned parameters change
in coarse model—novel approach

Simulation Optimization Systems Research Laboratory .
@ McMaster University @_ ANDLER
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Abstract

Artificial Neural Networks (ANN) and Space Mapping (SM) are eficiently combined to formulate EM-based design
algorithms. Neural Space Mapping (NSM) optimization and Neural Inverse Space Mapping (NISM) optimization are
reviewed.

NSM optimization exploits the SM-based neuromodeling techniques to efficiently approximate the mapping.  The next
point is predicted avoiding parameter extraction (PE). The initial mapping is established by performing upfront fine model
analyses at a reduced number of base points. Coarse model sensitivities are exploited to select those base points. Huber
optimization is used to train, without testing points, simple SM-based neuromodels at each NSM iteration. EM-based yield
optimization is efficiently realized after NSM optimization.

NISM optimization is the first space mapping algorithm that explicitly makes use of the inverse of the mapping from the
fine to the coarse model parameter spaces. NISM follows an aggressive formulation by not requiring a number of up-front
fine model evaluations to start building the mapping. An statistical procedure to PE avoids the need for multipoint matching
and frequency mappings. It can also overcome poor local mimima during PE. An ANN whose generalization performance is
controlled through a network growing strategy approximates the inverse mapping at each iteration. In this manner, the ANN
always starts from a 2-layer perceptron and automatically migrates to a 3-layer perceptron only if the amount of nonlinearity
found in the inverse mapping becomes significant. The NISM step consists of evaluating the current neural network at the
optimal coarse solution. This step is equivalent to a quasi-Newton step while the inverse mapping is essentially linear, and
gradually departs from a quasi-Newton step as the amount of nonlinearity in the inverse mapping grows.

Contrast is made between neural space mapping design methods. A number of industrially relevant microwave design
problems are efficiently solved.

)

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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Outline

» Conventional ANN optimization

» Neural Space Mapping (NSM) optimization

= Yield optimization using neuromodels

» Neural Inverse Space Mapping (NISM) optimization

= Conclusions

Conventional ANN-Based Optimization

Step 2

Many fine model simulations
are needed

Solutions predicted outside
the training region are
unreliable

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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Neural Space Mapping (NSM) Optimization

= Exploits the SM-based neuromodeling techniques
(Bandler et al., 1999)

= Coarse models reduce the amount of learning data and
improve the generalization and extrapolation performance

= NSM requires a reduced set of upfront learning base points

= The initial learning base points are selected through
sensitivity analysis using the coarse model

» A network growing strategy is employed

NSM Optimization Concept

Step 1 Step 2
1) ,_
—>| coarse
xcﬂ —| model
e
x %

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization Concept (cont)

Step 3 Step 4

coarse |= R
model °

coarse
model

2

(g
R

Neuromappings

Space Mapped neuromapping Frequency-Dependent Space
Mapped neuromapping

w (6}
c
Xy X,

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Séanchez and J.W. Bandler
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Neuromappings (cont)

Frequency Mapped Frequency Space Mapped
neuromapping neuromapping

Neuromappings (cont)

[F—

Frequency Partial-Space
Mapped neuromapping

It is not always necessary
to map the whole set of
design parameters

Coarse model sensitivities
xf can be used to select the

mapped parameters

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization Algorithm

COARSE OPTIMIZATION: find the
optimal coarse model solution x_° that
generates the desired response R”

R(x") =R

L2

Form a learning set with B, = 2n+] base:
points, by selecting 2n additional points
around xc', following a star distribution

k3

Choose the coarsc optimal solution as [
a starting point for the fine model i ]
. :

X=X Include the new x; in the lcarning @
2 set and increase BF by onc L
Calculate the fine response
R o s | SM BASED NEUROMODELING:
Find the simplest neuromgppingf’\ SMBNM OPTIMIZATION: |

v
= no S - such that - |__,| | Find the optimal x;such that | |
—¥es | R0, 0= REPEO 0) e S
PAS AR e s Rsmw(xf)="c(”("'f»"'k‘-

1= l,...,Bp andj= 1,....Fp

Coarse Optimization Phase

R (x)=[R(x)" ... RI(x)")
R (x)=[Ri(x,0) ... R(x,0.)1"  k=1..r
Circuit design using the coarse model is formulated as
x, =arg n}icn U(R.(x,))

where U is a suitable objective function

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Séanchez and J.W. Bandler
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Training the SM-Based Neuromodel

*— 1 .o T LIS T
W =g [ ¢ ']
e =R, (x" . w)-R(x D o) e R
s VA A e\"e; 2y B
)
¢; _ p )
o, =P"(x, " ,w0,,w)
j=L..,F, s=j+F,(-1) [I=L..2n+i

r is the number of responses in the model
P is the ANN function and w contains its weights

2n+1 is the number of training base points and F,
is the number of frequency points

SM-Based Neuromodel Optimization

We use an SM-based neuromodel as an enhanced coarse model

RSMBN(xf)'z [R.IS‘MBN(xf) o R.Sr‘MBN(xf) T] g
R;WN(xf)z[R:(xchcl) v R:(chp’wch)]T k=1,...ar
xcr' (i) * LR
a)._ =P"(x,,0,w) J=L..LF,
The next iterate is obtained by solving
xf(2n+i+1) = arg n}lfn U(RSMBN (x/ ))

If an SMN is used to implement P(i)

(ntitl) _ . ; . .
X T =arg n;l[n“PS(}i}(xfaw )~ x. ||

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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HTS Filter (Westinghouse, 1993)

L,= 50 mil, H = 20 mil,
W=17mil, g =23.425,
loss tangent = 3x1075;
lossless metalization

T H

Design parameters
Xr= [L,LyL; S, 5,817

NSM Optimization of the HTS Microstrip Filter

Specifications

|S,,] = 0.95 for 4.008 GHz < /< 4.058 GHz
|S,,| < 0.05 for f< 3.967 GHz and /' 2 4.099 GHz

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization of the HT'S Microstrip Filter

Fine model

Sonnet’s em™

NSM Optimization of the HTS Microstrip Filter

Coarse model

OSA90/hope™ built-in models of open circuits, microstrip
lines and coupled microstrip lines

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization of the HTS Microstrip Filter

Starting point
OSA90/hope™ (-) and em™ (e)

LT
A

5" / \
o X [
=30 °
ﬁ L[]
40 -
-50 -
6037901 3.966 4.031 209 4161

frequency (GHz)

NSM Optimization of the HTS Microstrip Filter

Coarse model responses at the initial 2n+1 points

AR TOTAN
vy VA VAN \ SNt
40 // 7 // >\ \ N\
p N
—6();//3.966 4.031 4096 4161

|Sz|| indB

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization of the HTS Microstrip Filter

Fine model responses at the initial 2»n+1 points

|S2|| in dB

\

\ ]
A\
B/ IVAYERN\NN\NN

AN

-603.901 3.966 4.031 4.096 4.161

frequency (GHz)

21

NSM Optimization of the HTS Microstrip Filter

Errors before and after neuromapping

08 ‘
W/
Eoa A W (mapping w, L1 and S1
02 % \ \ with a 3LP:7-5-3)
3901 3966 4031 406 416 013
frequency (GHz)
& 0. A
=
£ 005 3 &Y\—\

3.901 3.966 4.031 4.096 4.161
frequency (GHz)

22

EM-Based Design through Neural Space Mapping Mecthods
J.E. Rayas-Sanchez and J.W. Bandler
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NSM Optimization of the HTS Microstrip Filter

em™ (o) and FPSM 7-5-3 (—) model responses at the
next point predicted after the first NSM iteration

. F
s

-20 /
m ° o
e L)
5 -30 . \
S . .
40 . -
[ ] e e .
-50
6037901 3.966 4.031 409 4.161
frequency (GHz)

23

Yield Optimization with SM-based Neuromodels

R, (x,,0)~ Ry, (x,,0)
for all x,and w in the training region
We can show that
J,=J . J;
J e Rrxn Jacobian of the fine model responses w.r.t. the
fine model parameters

J, € R+ Jacobian of the coarse model responses w.r.t. the
coarse model parameters and mapped frequency

Jp€ R+ Jacobian of the mapping function w.r.t. the fine
model parameters

24

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and 1.W. Bandler
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SM-based Neuromodel of the HTS Filter

H
gr
w
L
Lg Re{S,}
L
S; Im{S,,}
5 Re(S,,}
Ll

Im{Sz]}
S, ,
[0}

Yield Analysis of the HTS Filter (cont)

At the nominal SM-solution: yield = 18.4%

IS,

3.901 3.966 4.031 4.096 4.161‘
frequency (GHz)

26

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler



WORKSHOP ON MICROWAVE COMPONENT DESIGN USING SPACE MAPPING METHODOLOGIES
2002 IEEE MTT-S International Microwave Symposium, Seattle, WA, June 3, 2002

Yield Analysis of the HTS Filter (cont)

At the nominal SM-solution: yield = 18.4%

150
8
g
1001 .
% yield = 18.4%
L
o
et
L
<
5 5o
g
0 1
-0.0624 0.0624 0.1871 0.3118 0.4365 0.5612

max error

27

Yield Optimization of the HTS Filter

At the optimal yield SM-solution: yield = 66%

1S,

3.901 3.966 4.031 4.096 4.161
frequency (GHz)

28

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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Yield Optimization of the HTS Filter (cont) |

At the optimal yield SM-solution: yield = 66%

350

3001
250
- yield = 66%

1501

number of outcomes

1001

500

T .

%0336 00336 0.1008 0.1681 02353 ' 03025
max error

29

Yield Optimization of the HTS Filter (cont)

em™ (o) response and SM-based neuromodel (-)
response at the optimal yield SM-solution

. //"g ﬂ
. T
Fl

-

. X
3.901 3.966 4.031 4.096 4.161
frequency (GHz)

S|

30
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Neural Inverse Space Mapping Optimization

Objectives

Develop an aggressive ANN-based space mapping
optimization algorithm

Avoid multipoint parameter extraction and frequency
mappings

31

Neural Inverse Space Mapping Optimization

L=t ]

COARSE OPTIMIZATION: find the
optimal coarse model solution x " that
" ‘generates the desired response

Y

@)=y i INVERSE: !

x=x_ . : ;

T e » NEUROMAPPING: " |
L PARAMETER EXTRACTION: |. _Find the simplest neural
Calculate the fine responses{ | .~ Find x @ such that - INEE network /N such'that |
R (xD) i G SRt el e i

4 : e Ray(xé(i)) z Rﬂ'(x_f‘(',))v : : 1o .xf 0= Nv_(xc(l,).b

1= i,....,i

XD =N <_——|

End

EM-Based Design through Neural Space Mapping Methods
J.E. Rayas-Sanchez and J.W. Bandler
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Statistical Parameter Extraction

[S—

Sy l”’:ar’gmin UPE(x’ ) Amx = : »6PE . = Axk —A.mx(ZiandL —l)
| , '"VUPE(xc )“ ELl e
U=l o Lo TR
te(x )= Rjk(xf()) R es(Xc ))

»begln :

solve (l) usmg x,. T as startmg pOmt .

= ,‘ Whlle “ e(x ())N >8P£

calculate Ax usmg (2) and (3)

solve (1) usmg X, + Ax as startmg pomt |

Inverse Neuromapping

@
ﬁw-w@ggU(w
L [
q-@-—No Sl;

g 1=1,.. =

begln . o
: “ solve (4) usmg a 2LP

‘fWMUpr'ﬂ?

| end ,

. solve (4) usmg a 3LP
h h + 1
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Nature of the NISM Step

«» Evaluates the current ANN at the optimal coarse solution
xf(’“) = N(x,")
» Is equivalent to a quasi-Newton step

= Departs from a'quasi—NeWton step as the nonlinearity in
the inverse mapping increases

= Does not use classical updating formulas to approximate
the Jacobian inverse

35

_Termination Condition for NISM Optimization

@ _ 0 0 .
”xf — Xy Hz < Eena (8end + “xf "2) ‘ v i=3n
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NISM Optimization of the HTS Filter (cont)

Responses using OSA90/hope™ (-) at x," and

em™ (o) at the NISM solution (after 3 NISM iterations)
1

—

i

0.6

S21]

0.4

1
O.é /
S

3.95 4 4.05 4.1 4.15
frequency (GHz)

NISM vs. NSM Optimization

HTS filter optimal responses in the passband

NISM (3 fine simulations) NSM (14 fine simulations)

‘ K&W%ﬁ ‘ 0
/Qx o
o 90
095 T T 0.95 T 1
; T
S 09 S5 09 {
085 0.85
(e}
038 0.8
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Conclusions

» A number of neural space mapping methods are reviewed

» NSM optimization creates an initial mapping with an ANN,
and refines it at each iteration

= After NSM, inexpensive yield optimization can be realized

» NISM optimization implements the inverse mapping with
an ANN at each iteration (aggressive approach)

» A statistical procedure overcomes poor local minima during
parameter extraction in NISM optimization

» NISM optimization has superior performance to NSM
optimization
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The Optimization of Complex Multi-Layer
Microwave Circuits Using Companion Models and
Space Mapping Techniques
Anthony M. Pavio, John Estes and Lei Zhao
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7700 S. River Parkway, Tempe, AZ 85284

Abstract — A novel approach for the optimization of high density, multi-layer
circuits for both RF and microwave applications will be presented. The method
employs the use of “companion” or “coarse models” coupled with conventional
circuit analysis and electromagnetic simulation to yield an optimum component
solution with a minimal amount of EM analysis. Limitations on model structure,
mapping requirements, simulation accuracy and computation time will be included.
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Method Outline Q)
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THE CIRCUIT IS ANALYZED USING STANDARD LINEAR/NONLINEAR
SIMULATION TECHNIQUES.

THE OPTIMIZED CIRCUIT VALUES (COMPANION MODEL) ARE
MAPPED (space mapping) TO THE EM SIMULATOR.

THE CIRCUIT MODEL VALUES ARE THEN ADJUSTED SO THAT THE
SIMULATED PERFORMANCE MATCHES THAT OF THE FIRST PASS EM
SIMULATION.

THE CHANGE IN VALUES FROM<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>