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Why S-parameters?

DESIGN

« Complete characterization of a component in linear mode of operation
« Derive insertion loss, return loss, gain, ...

« S-parameters enable system-level interpretation of behavior of the
component

* Low — pass filtering, high reflective, ...

» S-parameters enable design in conjunction with other circuits

TEST in Manufacturing

« S-parameters can be extracted for the designed circuit

 The S-parameters can be measured for the manufactured circuit and can
be compared

S-parameters close the characterization, design and test loop

HFNMDG



S-parameter Design- and Test-Cycle for Linear Applications

At the Foundry

GWK 52 | -ﬁ =] DeSign h
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- Design library

[S-parameter based]

Passive S-parameters

Devices \/

Semiconductor Manufacturer
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S-parameter Design- and Test-Cycle for Linear Applications

At the Semiconductor Manufacturer

S-parameters Design kit

/ Design library
<

[S-parameter based]

Iterations almost completely eliminated

Design Houses - System Manufacturers
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Beyond S-parameters???

« S-parameters, the behavioural model for “linear” applications

 Components in linear mode of operation only
» Filters
» Transistors under small signal of excitation

* Their success is based on its uniform approach for linear RF and microwave
problems both to measure and to simulate

« What about components in nonlinear mode of operation?
* No uniform approach for nonlinear RF and microwave problems
» There is a lot of “trial and error” or “measure — tweak”

« S-parameters are used mainly during device modelling in conjunction with a lot of
model expertise to go from small-signal to large-signal

CEIIaee; NMDG




“Trial-Error” Design- and Test-Cycle for “Nonlinear” Applications

At the Foundry

- Design kit
Design library

. - =7 /Modelling
DeV|CeS dlig g g e, (6 months)
\/Small-Signal
Large-Signal

Load-Pull

Mathematics...

Semiconductor Manufacturer
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“Trial-Error” Design- and Test-Cycle for “Nonlinear” Applications

At the Semiconductor Manufacturer » Models do not meet the needs of application
» To time costly to develop own models

» Wafer fabs cannot worry about specific problems

Initial
Design

DataSheet
2] Eval Board

Trial and Error

/A |
" i F
i/ BB =
=

Design Houses - System Manufacturers
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The Magic ...

S-Parameters
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The S-function Design- and Test-Cycle for Active Devices

At the Foundry

Design kit

- Design library

[S-functions based (*)]

Devices S-Functions

NS

Semiconductor Manufacturer

(*) S-functions for different applications
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The S-function Design- and Test-Cycle for Active Devices

At the Semiconductor Manufacturer

Improving S-functions with application-specific information

!f!"ﬁ
L .[j'

Chips S- functlons Design kit

\ / Design library

[S-functions based]

Reducing the number of iterations

Design Houses - System Manufacturers
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Why S-functions”? Adopting the S-parameter paradigm

DESIGN

« “Complete” characterization of a component in nonlinear mode of operation
for specific applications under a relevant set of conditions

» Derive “insertion loss”, “return loss”, “gain”, “mismatch”, conversion coefficients

» S-functions enable system-level interpretation of behaviour of the
component

 Power- dependent Low — pass filtering, power conversions, ...
» I|deal for dividers, multipliers and mixers

« S-functions enable design in conjunction with other circuits
» \When the signals are limited to the relevant set of conditions

TEST in Manufacturing
» S-functions can be extracted for the designed circuit

» The S-functions can be measured for the manufactured circuit and can be
compared

S-functions close the characterization, design and test loop

e S/NMDG




S-Functions, the “S-parameters” for nonlinear applications?

« S-Functions, the behavioural model for nonlinear applications

Deal with a subset of nonlinear RF and microwave phenomena in a uniform way
as a natural extension of S-parameters

Will not solve “all” nonlinear problems

S-paramesters Linear
: Applications All
Other

S-functions Applications

Can be “measured”

i i ‘_\ How to define the
- . L] ] - - ?
Can be used for design in simulators application boundary

Can be used for test to compare with realizations in simulator

(*): Nonlinear behaviour determined by a small number (e.g. 2) of tones

HFNMDG




S-Functions — Key Benefits

S-Functions are for nonlinear applications ...
... what S-parameters are for linear applications

« Simplify the use of HF components and circuits
« Complement limited data sheets with more complete system-level models
« Complement evaluation boards, enabling upfront more realistic simulations

* Improve and speed up the design and test process
» Adequate replacement when classic models fail
« Simulate with a behavioural model, optimized for your design problem
« Same Look and Feel as S-parameters: measure, model, verify and simulate
» Verify the realized circuit with S-functions against the simulation during test

e Shorter time to market for component manufacturers and buyers

CEIIaeEnn S/ NMDG



From S-parameters to S-functions

S-parameters measured at fixed DC bias point
m— S(f)

f VDC f

/ Keep signal small to
f 1\ stayin alinear mode

of operation

S-parameters measured at different DC bias points
Linear —) S(Vpcff)
Nonlinear wesp 1,.(V ;)

Remark: for the sake of intuitive explanation, mathematics is not 100% correct

© 2011 BE /NMDG




From S-parameters to S-functions

Simple model and “easy” to measure

Nonlinear  wmp Bm(nfo):an(VDC’fO’ |a1(f0)|)
Nonlinear  mmmp ]DC:H<VDC’fO’|a1<fO)|>

CEIIaeEn S/ NMDG



From S-parameters to S-functions

foijfojfi Simple model and “easy” to measure
f

0 -

4,(fo) ’

I
_ NDC By(kfo) k:l..3.. B, (nf)=F,.Voe, fo a1<f0>|)
(" ,
W ‘?l(lf;)‘l ‘3 4=0 QSOQ 1 Lpe=HV pe, [, a1(fo)‘)
O of  af

« AM-AM
f’ f « AM-PM
 Harmonic Distortion

But not useful in the real world

» S-functions should be able to predict cascades

{ Input contains harmonics !!

« “‘Easy” to measure .... not in reality

f
« Harmonic distortion of source ? CAlSf,)
» Imperfect match at input and output * >

HFNMDG




From S-parameters to S-functions

— A—

- B,(k f ) >Az<kfo> HZL

fO 0 1
T 2f0 3f0 2f0 3f0
L
Bm<nf0):an<VDC’fO’|a1<f0)|)
]DC:H(VDC’fO’|a1(fO)|)
“Simple” model extension ﬂ
B,(nf)=F,, (Ve fola,(jfy), all phase comb of (a,(j 1))
Ioe=HV pe, [y ai<jf0)|’ all phase comb of (a,(/ f)))
o201 3 IYNVIs]c;




From S-parameters to S-functions

B, (nfo)=F,,Vie, fo lalJ fo)|: all phase comb of (a;( f',)))
[DC:H(VDC’fO’|ai<ij)|’ all phase comb of (a,(; f)))

/ ¥\ Huge number of combinations with sweeps in amplitude and phase

© 2011

B /NMDG




From S-parameters to S-functions

f f, 2f 3f
P e g
f - ,A1<kfo> } Bz<kfo> >
f

o OBES) £, AlkS) mzL
0o2f) sf I oA af
T P, g
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From S-parameters to S-functions

f0 fO 2f0 3f0
2fO 3fO Vv T T {7
-
fO

O alksy) S BykS)

—_—

N

Y —
o Bilkfo) gy kS ) HZL
TO 2 3f I 2 3f

P, d D
N
Inmany cases: A4,(kf,), A,(k f,)withk>1

::> Linearize equationsin  4,(k f,), 4,(k f,)withk>1

© 2011 Bl /NMDG



From S-parameters to S-functions

The intuitive approach

T 2 3f

fo
I VDC T T
>A1<fo) B,(kf,) -
f Bl(kfo) f Az(fo) HZL

© 2011 B2 /NMDG



From S-parameters to S-functions

© 2011 Bl /NMDG



From S-parameters to S-functions

1:o 2f0 1:o 0
e s
> A1(kfo) Bz( fo) >
f

10D - -

Bikfo)  f I 47z,

0 2f i
& LINEAR

But with frequency conversion, like a mixer
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From S-parameters to S-functions

/1\ LINEAR Superposition

© 2011 Bl /NMDG



From S-parameters to S-functions

© 2011 B3 /NMDG



From S-parameters to S-functions

f f (7 2f 3f\\
I o af ’ L\T fV
0) B2<kf0) >

B,(k f,)
?ﬁ?
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From S-parameters to S-functions

The Mathematical Approach

B, (nfo)=F .V, fola;(jfo), (a;(j fo)
Ie=H(V pe, fo.|a;(j f,)],all phase comb of (a,(j f)))

Linearization ‘

The S-functions

DC_SfOOOI<VDC’ All ’ A21 >+Sf001](VDC’ All ’ A21> _|_ SfCOOi]’< VDC’ All ’ A21> A:
_Sfmn0]+Sfmnl] VDC’All’A21)A i Sf mnl/(VDC’All’AZI)A;j
‘LSOP” o .
Sfmm m: output port with j>1 Tickle tone

n: frequency at output port m

i input port with B, =B (nf,)
j: frequency at input port i . _ .
with Aij:Ai(]fO)

LSOP: large-signal operating point (ﬂ Sweep in strongly reduced LSOP
D /NMDG




f0 f0 2f0 3f
|3 s mal L1
f > Al(kfo) } 0) >
f

4k, B.(k f
() _—
COBS) 1, A mzL
0 2f 3f I 1
RN .
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—

f fa of of
sl
: ,A1<kfo>>32<kfo>\ ot
f

(") - df
o Bilkfo) g, AlS) HZL
0 2f 3f I 1
bAoA, .
df
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How to extract S-functions?

Select a LSOP and keep it constant

B, =S o (VDC’ Ay, A21>+Sfmni/(VDC’ Ay, A21)A1_-,-+Sfc Ve, 4 AZI)A;’

mnij (

constant constant constant

Y v

Change the tickle tones

Measure each time A,-j ,

an

Solve for the S-functions :  Sf,,,,;(LSOP), Sfc,,.(LSOP)

Select a new LSOP and repeat

CEIIaeeY. /NMDG



Extract S-functions for a real device

DC Bias @ fo
f or
() = =

Large-Signal
Source k fo

Tickling y4
Source

.

» Repeat the following for all LSOPs of interest
« Select tickle tones

DC Bias

Large-Signal fFEEs 1l
» Large enough to be detectable Source g = Tickling

: : . . - Source
« Small enough not to violate linearity assumption e L

-
» Measure incident and reflected waves for different tickle tones

» Model by solving for all Sf and Sfc

» Resulting into S-functions

HFNMDG




S-functions for Real Devices with ZVxPlus

Z\V/xPlus
Tickling

/ Source

Large-Signal
Source




Extract S-functions for a simulated device

R

wlcl SweepParameters © © o wdciSweepPammeters - 0 0 findfreqiweepParameters - - - inpertPaw er 3w eep Farameters-
- WOCtSEr=df - - - - - - dc2saed - - - - - . .. findfreqStar=4.029 - - - . . . . inputfowerdan=-15 . . .
. ADCiSep=0E - . . - . . WOC2Stop=d . . . . . . L . indfreqitap=1.0ed . . . . . . . inputPowerStop=5
CooRCiMeft=1 0 L L L wDCINofPte=1 yndfreqiofPte=1 | MPMRowertaiiessl

'ﬁﬁﬁﬁ/‘ﬁ\irgﬁﬁﬁﬁs-f;nc%dnnﬁsﬁﬁﬁﬁﬁﬁ ...........

T_T TR
PORT2
Wuri=2
T= 00N

= P il b b |k b Poswer 3
Fregm Ddkle 1)

Tickling

. Source
Bias

PO T Shake
TUTTEH |
vy | Shikmporiorl [
N Loes =006 It | -
g be_feel VEURI= 1. be_feed i
Iwmncl Di_Fead | Ticak KCdE Di_Feed2 IWC-"DC“
- -
a
[T | i = [ [ 1 D‘
il 7 il
IWI} SR BN 0 Pl Pal 2 S En Iﬁ': o
. Fi P2 = copm . P3
De_ Bk | ke lemCpll Sz DE_Blk2
- 20 Wimm= | Num=2 2131 - Nun=3
2 R,
23 SR
L Signal e e
darge-oigna i
PORTI
Source
Zm30 0l
Peprclansiben kowichm 2l 00 -l ep e e TEod IalFre quercle )
Fremdniiteq

CEIIee Y. /' NMDG



Assumptions of S-functions

&8 w1

DUT

a,(k f,),a,(l f,)withl, k0,1

Is causing only a LINEAR perturbation on the NONINEAR behaviour

Large-Signal Operating Point (LSOP) Tickle or probing tones
a,(f,),a,(f,)and v, a,(k f,),a,(lf,)withl, k+#0,1

CEIIee . S/ NMDG




The crucial question for S-functions

Linear
Applications
Some

NonLinear
Applications

S-pararmeters

All
Other
Applications

S-functions

Mathematically well-defined To what applications does it apply?
a (kf,),a,(lf,)with [,k>1 SMALL

o

éﬁi 20 dBc down from main tone

BUT /Q}/

© 2011 B /NMDG




Applicability of S-functions

a, > < a, < a,
DUT X DUTY
R [ i
- N N
Components Prediction

 Transistors » Harmonic distortion
« Amplifiers « AM — AM and AM - PM
* Dividers » Source-pull
« Multipliers e Load-pull

* Modulation behaviour (*)
e Intermodulation

®: The component is assumed to be pseudo-static

CEIIeenT S/ NMDG




S-functions in ICE"

Sweepable Large-Signal Operating Point (LSOP)

Auto or user-defined tickle signal level

From simple push-the-button solution to access to expert-level details
Visualization of component behaviour during data collection

Easy model verification (no EDA tool required)

Sanity checks included

Easy export to and integration in Agilent™ ADS and AWR™ MWOQO

Support for mismatched environments

Harmonics generated by RF sources don't cause any problem
Simple output prediction does not require EDA tool

Export to and integration in other EDA tools on request
Possible to extend the LSOP variables, e.g. temperature

O Integrated Component Characterisation Environment

CEIIeeT /NMDG




Confidence in S-functions

 Constantness of LSOP

» All Sf, and Sfc are assumed to be extracted at fixed LSOP
» e.g. variation in DC drain voltage due to changing current violates this assumption

 Interpolation capability of all Sf, and Sfc
« LSOP interleaving verification measurements

» Linearity assumption of tickle tones
* Model verification for different amplitude and phases of tickle tones

Extract Confidence
Measure > . > through > Simulate
S-functions Verification

CEIIaem. /NMDG



Confidence in S-functions through Verification

MEASURE

ADS: Agilent Technologies Advanced Design Systems design software
MWO: AWR Corporation's Microwave Office design software

© 2011

B /NMDG



S-functions for Real and Simulated Components / Circuits

QBCx Nlipex éﬂ £.m
. i ] Ora
Measurements Simulations
Data Collection on Real Devices On Virtual Devices
using ICE () in Simulation Tool (ADS - MWO)

T nemii
W

Extraction

S-fu njtions

S-functions Verific

v

Simulators
(ADS - MWO)

© 2011 B2 /NMDG
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S-functions Verification — Constantness

& S-functions Tool - Untitled *
Project Tools  Help

Wisualization | Verification | LSOP Constantness  Report

of LSOP

S[=1E9

Data File: |E:-:trau:tion Data + | Display Type: |[Rfa]sRte e
e Selecton Select LSOP variable
LSOP Excitation Measurement
ﬂ Part: Frequency (Hz): Phase: P Repetition:
CIEI R vl o ([l | ) an v| ..
\ | | | Variation on
e LoD [ | [ I i
FilteF'fora tSOP-variable i drain bias voltage
888 T - - T i i . — '_[5_(|
a (j Val & S-functions Tool - Untitled |._||E|_
_HQ [ [ . Ul Proiect  Tools  Help
-8.39 I b Visualization | Werification | LSOP Constantness | Beport
-8.385 | - :
84| !
. I . Data Selection ]
= -8.405 o 5 . » . [ LSOP Excitation Measurement
% -8.41 = ) . /G)_AD Port: Freguency (Hz): Phase:
F 8415 § LN T Eeteet] || [0 v [an v (s v
-5.42 | | |
View [
-8.425 |
-8.43 . * zx ' . .« oo ® | . * "
. T T T T L]
-8.435 -} 5.002 | . o| ® “: R - . ° ..‘- S | =
.
| * oo e M VS A S, N MY i
’ o, = ¢ = Co % o '-. = : I .-u.i-l
0 5 10 20 Bl I - E‘"\f: e e, T L PR I
~ 5 e 4 ﬂ‘q’f'ﬂat'v*:'?“u‘ ."‘:’: -:: ’.ﬁ- l?ﬂ'}- ;.ﬁ.-.“
§ 4.989 ir :'gi:- '&'&:-,-ﬁ*' .‘ ::"‘-':‘ﬂ'&'b “'?:-'; :- o9 ’-: -"‘-
. . . . &Y . . « s & [ 8 2 Pl I o e
4999 - | : 1 | ] | -
Variation on fixed input power et B o Tl ol - PP AP S Bl
4.998 s o’ w o'ples se e g% .
] . ® o * . =
e S Fa A ¥
4985 =
0 100 200 300 400 500 500 700




S-functions Verification — Interpolation Capability

% s-functions demo - Model Data Verification/Prediction

Load Options

o
“]
- L= B

L Part: Freguency (Hz): Phase:
" Single (o =] A MR

- R

[n Bl

{ Quantity: Freguency (Hz): Repetition: \

10

B —— 3 W 2GHz
-10 ey ey e e ] 4GHz
15 W'ﬁ g, . & §GHz
-20 i ¥

25 o 2 L _J"'.' - Yy edn
-30 -
-35
-40
-45
-50
-85
-60
-85
-70
75
-80
-85
-80
-85
-100 b

0 50 100 150 200 250

ey
"' % o

I'. v
o e ® e?,
:,-: LI
L

amplitude (dBm)

verify interpolation of b, using independent set of measurements
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S-functions Verification — Linearity Assumption of Tickle Tones

Large-Signal DC Bias @ f0

fo@ = or

Large-Signal Ll \
Source k fo -gglljlrlgg Q ZL
O/E Small-Signal
for harmonics
DC Bias az(kfo)
-
Switching Amplifier design —
r,(2f,) H(k?‘]
I .
2 . .
2(2.70) Still small signal?
a,(3 f,)




|ICEBreaker — Option S-function Verification Tool

|ICEBreaker Predicted
Dataset - |CEBreaker - Compare

Dataset Datasets
» Measured Data » Using S-function e Derived Quantities
 Realistic Sweep Plan * Incident / Reflected Waves
* Under multi-harmonic Load-Pull  \Voltage and Current

» Absolute Error

» Relative Error

CEIIaet /NMDG



Generation of “S-function Predicted Dataset” in ICEBreaker

® FSLP Data Analyzer
atasets| Help

Load 13 m

Generate  » | sfunctions based Data |—

Bat v || 2% MEE

= |&

Quantities: . |f0

£
=
=
(2]
E

freq [Hz] wDC1 V) wDC2 W) gammal 1 gammal 2 gammal 3
Cluatitity | Uit v | 26 w12 w | hh w | -250m w | -09+00 w | al v
PAEf]

% oW

b))

50.9
50.5

0.3 50T

08

505

Generate 5-functions-based Dataset

Please specify the files?

50.4

50.3

502

Generate Source Dataset |- home'demoepsB\FSLPssssion2:FiredinputPowerddBmvg [ | [ A
S-fu N Ction based ‘ S-functions Model: I %home'demotepaBStunctions\S winpPowers-10dB mivahind _ D o g

D ataS et Destination: [ vhometdemotepaB Y FS LPYsession2FisedlnputPower9dBmivg [ |

50.1
50

489

QK ][ Cancel ] 49,3

487
486 EI
485
. 454
0.1 483
482
4.1

49

45.9

Compare -
Dataset N
and ‘ ThirdHarmSwp . !
. | ThirdH armSwpSimul : — 485
S-function based S — -

Dataset R

HFNMDG
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458




Absolute Comparisons with S-function Predictions

® FSLP Data Analyzer

Datases Help
Source Pull | Load Pull [
. Fin [dBm] freq Hz) wDCT ] wDC2 W] gammal.1 gammal2 gammal3
Quantlty for E D v |12 v |55 w | -250m ~ | 300m v |al v

which to compare

meagurement and L [ Idc_out
prediction mga_m[?m 8] @[] _ -
S o

* Derived quantities o

> |ldc_out

» Gain

» Pdel_in

» Pdel_out

» PAE

>

» Frequency selection
* Basic quantities

> Incident waves

» Reflected waves

> Voltages / Currents

» Frequency selection

Measurements
Va: W
_Datasets:

ThirdHaimS wp

S'fu nCthﬂ - TrirdHamSwpSimul [ ]
Prediction

Compare i

Absolute Error
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Relative Comparisons with S-function Predictions

® FSLP Data Analyzer.
Datassts Help

Source Pull | Load Pull -

Pin [dBm] freq Hz] wDC1 [W] wDC2 [W] gammall gammal2 gammal3
|9 | 26 V|12 v |55 w | -250m 077342 - 0450 v Al -

4

Quantities: f: -1.5

G - b_out(3f0)

boow) v | dBm v 9
v > o5 -
-10

-10.5

-1
15
-12
125
13
135
14
145
15

-15.5
-16
-16.5

 Versus
» Harmonic index
» Harmonic refl

<

'=: | gammal3 i
Gammal[f0]

(=T
o
o

Gammal[2f0]
Gammal[3f0]
Gammal[4f0]
G ammal 50

=]

l Relative Error (dB)
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Case Study"”: EPA120B-100P

- EPA120B-100P _ EYCBE(‘S

- high efficiency heterojunction power FET ¥ SEMICONDUCTOR
power output: + 29.0dBm typ.
power gain: 11.5dB typ. @ 12 GHz

T

“Tafeilodel T 0 T T T ottt

IEEErﬁ;sFETMESFw1
EPAI20B-100P © ' hidelsmEsFETM1T 0 ¢ MFEFwes - Betatees oo Cdeel#Eeld fpaiH - cwPmas- o
GATE DRAIN gt o PFET=no . . Firr040bm . Ci=lel1F . K18, . _AlPaEms .
- Brmp= - - - . - . . PBmEEED - REIMObm . Rdss17 Chm f6s
. Thise=. . . . . . . . pd&l= JFesDS o GEwd= o mae
ShatlEz W GEcaps Gierén= Trel=
C e e \figles - Cge=2pF c c GdwdE © © BumdiEne  c c
-« Buslpsec - Cgd=88e-14F. Gdew- - - F= - - - o oo
. . Gammz16.Fgd= . . . Bi=iMbm. F=. . . . . . . .
. Temed? Gdeaps  RED P
kste= Rd=0.265 Ohm Wbi=085 C=
©OA=0354°  RpE0.35 Ohmt o sbeleS N T whgied=T 0 T T
©OA=032 - c Re=0ATSOhm W= 0 0 whgs= 0 - 0
< - A=D124 - l=0EnH - Bleld4A - whgds - - - o -
.. FA=D0D9E . lg=0dnH . . F . . . . wBuds=s . . L L
Moo= le=00EERH ) MR wHema=
Real Device Virtual Device

O all results in this slide set are based on S-function extraction and deployment for this device
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Data Collection with ZVxPlus

LSOP
sweep

detailed
feedback
of LSOP
for actual
measurement

# 5-functions demo - Data Collection z

=

_ o] x|
Configure Show Tools
- "E_\!
Sweep Parameters: Edit.. Settings: Edit...
llmin | -20 dBm Ptickle P1| 20 dBm
(1T ¥ 73
llmax | 5 dBm Plickle P2| =20 dBm tickle
Asteps | 10 #ham | 3 settings
vG | -300m v Hphase | &
vD 15 v tirep 1
- 0e_
> Il = of Collecting data for model extraction
of Collecting data for model verification
f Performing model extraction
@,
Sweep Parameters; Setlings: detai |Ed
desired | realized tickle port | 2 feedback
vG | -300m | -301m Vv ticklefreq | 6G Hz .
WD | 15 | 1501 | W et on tickle
feq | 2G| 26 | H ep. count | 1 for actual
Bl | 453 | 452 | dBm measurement

CEIIaeel /NMDG



Expert Details If Desired @ Data Collection

@ 1ce - M5 2.0.4.0

Workspace View Took Windows Help

iBRLG-AA-2-=-- RO RE-D

# s-functions demo - Data Collection and Model Ge o ] 4
Configure Show Tools .
requency: 2G
g
D ifi} = C data for model Output Level 10.6100113665047 dBm
____________ Collecting data for model verification Phase 0
431/ 500 done Performing model extraction
Summ:y¥ = o o Yy
SveepParameiers: setings =
desired |realized tickle port 2
vG -300m -301m A tickle freq 4G He Frequency: 4G Hz
vD 15 1498 W phase count 1 Output Level 369 dBm
freq 2G 2G Hz rep. count 1
&l 4.04 402 dBm ® OoF Y Reset Local
-Ioix 1o
i 4 2 1 | Dynamic Trajectories Derived Quantities >> Ottput
b [ Output Level -300m v
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b 2
son [ I Y o I
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1001
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= 10m
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{sWa mings and Errors
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[ [ ZWA24_4P - RF Analyzer
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[~ @ NGMQO -Analyzer
(@ NGMO - Sourcel
@ NGMO - Source2
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settings
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at the DUT




S-functions Extraction

#% 5-functions demo - Model Visualization

g8 Import Mode! Extraction Data...

& Load Model Parameters...

=10l x|

SR . — 3
160 =304
= S 140 = 5] 32 = =021
- 1 133 e | SF111 i I = |Sfc1121|
-36 2% | SF121
| 80 -38 - [ Sfel121
0 40 %\5& - x”‘? &0
TR | 40 o _az : T L
= o g EgE | | S e 2
T 5§ (1] 2 B 5 P——ro — ! (1] 2
%. -20 3 %. -47 .-". -20 E
E 59 -40 5 & _ -40
- — -
-7 1t _:g :224 I,-"l . _’:g
-8 -100 o | ~100
120 120
g | 140 -58 =0 — 140
-160 B0 = = -180
-10 4 -180 -62 -180
20 10 0 20 -10 0
|a1] (dBm) |a1] (dBm)
b 155 b 5
L = (S| -10 = 52|
153 2% {52111 = |Sfc2121|
5 ¢ | 5f121
152 —< [ Sfe2121
. _. 20
) 181 5 )
w Il
g 150 § Ei
[=% .- [=1
£ 148 E 30
148 -
W : 2 meaningfu
=40 ,-’ -
65| /4 155 )2 -140 9
_ = -160
o4 - 45— | 1% complex
20 -10 0 20 -10 o F
: conjugate
s ~3 dB compression ot ) Jug
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S-functions Verifications — Residual Error

% s-functions demo - Model Data Verification/Prediction
Load Options

-~ L= E

zoom in _
on | = Al Paort: Freguency (Hz): Phase: Quantity: Freguency (Hz): Repetition: B Zzoomin
tickling ~ Single fa =] A A = [ | [ =] A = on result

) )
10
5
D L ]
5 7 w .E'_]t[B:Hz
0 - - - e~ et & =2 # 4GHz
15 2 = . M . ® 6GHz
20 . ™ * %
s, % o’ &
e = S v > ey
E . - - e e ®
T 4 . . * .
T 45 - & A
= 80 F CUAY
E miwe 3 ;"..
G0 [ ]
-65 s {""f e -
70 3% < s . vNumber of measurements

. . .o » S-functions

535 ?‘ﬂ it 2t B . + requijred to extract

o &0 100 150 200 250 300

amplitude of complex error for measured and predicted b, using extraction data
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S-functions Verification — Interpolation Capability

% s-functions demo - Model Data Verification/Prediction

Load Options

o
“]
- L= B

L Part: Freguency (Hz): Phase:
" Single (o =] A MR

- R

[n Bl

{ Quantity: Freguency (Hz): Repetition: \

10

B —— 3 W 2GHz
-10 ey ey e e ] 4GHz
15 W'ﬁ g, . & §GHz
-20 i ¥

25 o 2 L _J"'.' - Yy edn
-30 -
-35
-40
-45
-50
-85
-60
-85
-70
75
-80
-85
-80
-85
-100 b

0 50 100 150 200 250

ey
"' % o

I'. v
o e ® e?,
:,-: LI
L

amplitude (dBm)

verify interpolation of b, using independent set of measurements
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S-functions Verifications — Constantness LSOP

& S-functions Tool - Untitled *

Project Tools  Help
Wisualization | Verification | LSOP Constantness  Report
Data File: | Extraction Data + | Display Type: |[Rfa]sRte e
e Selecton Select LSOP variable
LSOP Excitation Measurement
Part: Frequency (Hz): Phase: Repetition:
CIEI R v la v v )l v| ..
| | Variation on
e LoD [ | [ I i
FilteF'fora tSOP-variable i drain bias voltage
888 T - - T i i . — '_[5_(|
a (j Val & S-functions Tool - Untitled |._||E|_
_HQ [ . Ul Proiect  Tools  Help
-8.38 | bl . . Vizualization | Verification | LSOP Constantness | Report
-8.395 | - :
84|
. I Data Selection ]
= -8.405 o 5 . [ » . [ LSOP Excitation Measurement
% -8.41 = ) . /G)_AD Port: Freguency (Hz): Phase:
F 8415 § LN T Eeteet] || [0 v [an v (s v
542 4 ! : ~
View [
-0.425
-9.43 | ™ zx [ [ [ . o o® © . . ..
. Il T T L]
-8.438 5.002 i i —* ol %% eyl o 0", : LS T ’
. L -
.44 . 5.002 | ' :' ¥ o . ot ? “eos "‘ L R
I { L] { - { L } Il
. zil | ‘% Tl ':t.‘ ** . -?f.- T : o o° Celt S’ l.
0 5 10 15 20 : B, T, tel s, [ PR I TV DI SR
S oL e‘“ﬂ'ﬁ:'z‘fg"w S pip sl U feag
' 4 ’ .
P R AT R L A AL
. . . . P 5 . 4 £33 g o o T *s
4909 B°e : T i { T
Variation on fixed input power et B o Tl ol - PP AP S Bl
e R e R AT
4987 |5 & s L Y. - i
4007 | | . L -
4985 =
0 100 200 300 400 500 500 700




S-functions in ADS

Acknowledgement:
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S-functions Useage in Agilent ADS

: EPACIlassAMediumPower.ael

. < . . EPAClassAMediumPower.dsn
.@_3 | 4-@

EPAOp3GammacClassA-

S-func

fundamentalfreq=fund

Paort e 4 Paort . c
1 P2 Set of equations using FDD
Mum=1 Mum=2
:: :: E‘El METLIST INCLUDE I
Paort Paort Metlistinzlude
P P4 Metlistinzlude 1
Mum=23 Mum=4 Inzlude Path=. Jmodel=/EPA0pE GammaClassA

IncludeFiles [1F Model BEquati ons tat

[T] R Values of all Sf, Sfc
AR
hly 5 Fun ctions DataFile=" Jmodels/EPA0p3 Gamma Cla zsAModel P arameters. citi”
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S-functions Verification in ADS - Schematic

« Example: Harmonic Balance simulation with measured a1 and a2 spectra
« Excitation: Sweeping through a subset of LSOP points + tickle tones

Port 1 Measured incident waves Poit 2
Ann E i Wpor il E i i i vporiz i ; AR
p iy vas o e - S
mDV_dlmzaimear R G Grar |: _— J_ e Crarlts Rz \nD U_Hlm 2 aZmear
Frei= i Fm30 0 D.llllﬂollg ] EF=0p 35amnmads b s ] alll.uo!r F=30 O hm Frei= 1l
reuge s e _
Mosdelveddzalon Mosdefved dzalon
daka display R ] daka display

S-function to be verified

To¥:]
Iﬁ I HARMO NI BALANCE I E-“-;_,.g
Fleas D abF e Hame = °C Fome m aroubs Develop b2 s Zalmclons vl calon_pi i cd e 15 EPACp 25am mac lai Aime aruemenb LEEFADp 2eammac lar i& - waiicallon Daka - o A0Zd07

Hamnorlc Balarnse

L [— Measurements for model verification

arder[ 1=nnd THamonl o

IEﬂ:::' E.. £ % . @ , @ . E"%.
Access to measureddata | . — e _ e
using DAC EEE

Sweeping through subset
of LSOP and tickle tones

CEIee /NMDG




S-functions Verification in ADS - Frequency Domain

Frequency = 2 GHz, VDC1=-1.3 V, VDC2=+2.0V

DT current at Qutput Port Harmonic distortion b2 Am plitude
0.04 20

IZIIIIS—E 7 m_:
EE s ]
£ 0024 T 10—
= ] = i
5 7 ||
0.071 — i
7 -30—

|:I-I:”:I_IIII|IIII|IIII|IIII|IIII|IIII _4[' ||||||||||||||||||||||||||||I

-0 15 10 5 0 5 10 -20 -15 -10 -5 0 ] 10
a1(f0) (cBrn) a1(f0) (dBm)
Harmaonic distortion k
_ 200+
Measurements at different ~ .
iInput powers than those L 1007
which were used for S ]
S-functions model extraction! PR
= -100
circles — measurements - .
SOIidIineS-SimUIationS _EDD_IllllIIII|IIII|IIII|IIII|IIII
-20 -15 -10 -5 0 g 10

21(f0) (dBm)
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S-functions Verification in ADS - Time Domain

Frequency = 2 GHz, VDC1=-1.3 V, VDC2=+2.0 V, Pa1 = +10.0 dBm

Waveforms at Input

(1 adng

voltage (v)

circles — measurements
solid lines - simulations

Wiaveforms at Output

(%) Jang

.
il
b
i
=
[
=
Inpout
onz onos
np - 0 Ofi—
~ 0004
T 1 @ 0 09—
= 0o 4 noz—
0.0 0 00—
-0z UL L L UL L L 002 T T
-3.0 25 20 14 -1.0 -0.5 on a0 A
wl (W)

-2.0

-1.5
wl W)

-1.0

-0.5

on

2 08

time, nsec

Loadline
0.z0

025
020

015- Saturation

DDEM Pinch-off
000 e
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S-functions in ADS — Modulation Prediction - Schematic

Frequency = 2 GHz, VDC1=-1.37 V, VDC2=+4.0 V, Pa1 = +0.0 dBm — Class C

[<2]

[&]

11 Wportd Wportg
[ |_Probe | Frobe —é—
DC_Blodk |_Probe = |_Frobez ZIP_Eqn
DC_Block HighP awClass CTermS00hm DC_BlodkZ  74py
PtRF_CDhA_IS05_FUy D Siiune 1 OC_Feed ZMAF20+57
+ DC_Faed fundamertalfre g=fund
SRCA
Fo=fund DC_Feed i
Paw ar=db mtow(0)
= Z=80 Ohm
== HNum=1
|{;:.'_?| " —i|=—I
It [ e [ER[EwE0PE] D i
| ’ | Probe — bitrate=12288 MHz i
UEPIE Iports melop e fund=2 GHz B
SR C Env spt=d
Wl 1l Freq(1]=fund s tep=1/bitr atefs pb
Order[1F3 nofs=280
Stop=Ftztop _ .
Step=tstep Etop=nofsr2ibitrate
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S-functions in ADS — Modulation Prediction - Display

Frequency = 2 GHz, VDC1=-1.37 V, VDC2=+4.0 V, Pa1 = +0.0 dBm — Class C

Incident wave Transmitted wave
0 0
EIII—_ 20—
£ 40— —_ 1
i £ 40—
a
T 60— = _
— 7 ol B0
© 50— o)
00— -80—
S I e e I O R T 7T 1 T T T 1
25 20 45 0 05 00 05 10 15 20 25 25 20 15 10 05 00 05 10 15 20 25
freq, MHz freq, MHz
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S-functions in ADS — Source-Pull - Schematic

Frequency = 2 GHz, VDC1=-1.37 V, VDC2=+4.0 V, Pav = +1.0 dBm — Class C

Cne Tone Source Pull Simulation; output power and
PAE found at each fundamental source impedance

Spedfy desired Source Tuner coverage:

=11 _rhois the radius of the circle of reflection I_Fphbe _
coefficients simulated. However, the radius ofthe koW LR
circle will be reduced ifit would atherwize go
outzide the Smith Chart . If you want to allow
reflection coefficients outzside the Smith Chart, edit
the SweepE guation s WAk block, and set
max_rho=mag(=11_rhal

z11_center iz the center of the circle of
simulated reflection coeficients

pts istotal number of reflection
coefficients sim ulated

I iz the system reference impedance

Reflection : -0.27

=l vac=vigs

VAR
DSweequlamls Cn
$11_Mko =02 p— ==
s ok r=0.32 4068 . i C=100F w
P =100 =11 _rho iz the radius - o '-—) I— LR
11_certer i= the + :I = = i_t-_"“'l': Dl.‘ﬂlmlalm Ecquatizn:
_ — — il
, |EIP-EAr c=ioaF High Powc ss © B m iS00 im - B
=ik S-mc| mz
o .- Tunclam et the e RFTE Hum =2
i e Z=HamowkZ:
SR =
T Ve=dbn BwiPaus, 2 twdy
FreimFFTE PARAMETER Sl EEP Set Load and Source
= = impedances at
Setthese values: Sweepl harmaonic frequencies
VAR
STIMULUS &
VAR
Pav=1 _dbm =.
- WA RZ
FFRq-2 GHE %5 | HARMONIC BALANCE el
Viigh= ELIE 11517 T L2=0+410
Vw=-1.37 HE i el I
. . Freg[]=FFreq Z_Ld=20+]0
Load pull simulation setups and DRl =3 Z15=20+/T
data displays are explained in o
detail in the PowerPoint (Th} file, Z 5 4-20+'D
"LoadPullPres ppt' in the exarmple file, Z s 5-Z0+'0
examples'EF_BoardiLoadPull_pr.

The HB1Tone_LoadPull_egns
desigh and ReflectionCoefltility. dds in
the same example project are useful,

© 2011 B /NMDG



S-functions in ADS — Source-Pull - Schematic

Frequency = 2 GHz, VDC1=-1.37 V, VDC2=+4.0 V, Pav=+1.0 dBm — Class C

W 1cE - epacharacterization

Workspace  Wew Tools  wWindows Help

B SR-3Q-2-=-0 &G-o-

B DUT - Derived Quantities CE®
Settings - 2GHz (]
Yalue Uit
1.00912 dBm
AT.R0916 X ™
17.1263 dBm

1 l Dynamic Trajectories @ | Derived

a5 38U )

Guantity
Pdel_in(f)
PAE
Pdel_outf]

H

LA IE 1R

{I

ddy zé&,]sdmas ﬁa]dmas 30 + 4 EJ]

System 50.000
Reference
Impedance
PAE (thick) and Delivered Set Delivered Pawer
Power (thin) Contours contour step size (dB)

and PAE contour step
size (%), and number of
contour lines

Seftings

/ Pdel_step=05
PAE step=1

[
==
" == .
“[tmpedatice: 15.319 - 73.236i tE Sl MumPAE_lines=10
Reflection: 0.826 ¢ -67.069 S5 - N
F-jé&]uenc-,.- (Hz): 2G Ty =l MumPdel_lines=10
[l =
M aximurm Mpaéi{\irrgrum
= = Power-Added Delivered
[._ﬁWarnlngs and Errorsl Efficiency, % IBm '
% =9 37 .80 10 40
indepPAE _contours_pi (0000 to 37.000)
indep(Pdel _contours_p) (000010 35.000)
Measured Input Impedance - ma
indep(m1)=5 indepimZ)=4
PAE contours p=0.845 /R8.734 Pdel_contours_p=0 838 /63 532
leve[F37 803459 number=1 leve=18.475077, number=1
impedance = Z07* [0.259 + j1.430) impedance =70 * (0.272 + j1 428)
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S-functions in MWO

Acknowledgement:
With the support from AWR providing MWO / VSS licensing
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S-functions Usage in AWR MWO

MDF file i
ID=S1 BIASTEE
NET="SFUNC_Mode!" ID=X2

Model data

@._HZ
PORT_PSt

P=1

Z=50 Ohm
PStart=PinMin dBm

PStop=PinMaxdBm
PStep=PinStep dB

1.16226472890446E-16,-1.35308431126191E-16
-3.15025783237388E-15,4.72191730160887E-15
9.71445146547012E-17,-2.37310171513627E-15
1.51267887105178E-15,1.07899800205757E-15
-2.98198965520413E-15,1.59594559789866E-15
-5.759281940243E-16,-1.97758476261356E-16
-1.83880688453542E-15,1.92901250528621E-15
-5.06539254985228E-16,2.94209101525666E-15
-2.50494069931051E-15,-6.73072708679001E-16
-8.60422844084496E-16,2.65412691824451E-16
-2.019218126037E-15,2.7373936450914E-15
-2.28289609438548E-15,1.70870262383715E-15
1.08246744900953E-15,-6.78276879106932E-16
-1.02955838299224E-15,-1.31578775652841E-15
5.45570533194706E-16,3.99333344169861E-15
-3.62904151174348E-15,-1.74860126378462E-15
-2.00100352953925E-15,-5.68989300120393E-16
2.14975606760426E-15,-5.53376788836601E-16
-1.16226472890446E-15,-2.44942954807925E-15
2.08166817117217E-16,2.4980018054066E-15
1.04372118124342E-05,-1.36061371223614E-05
2.85882428840978E-15,3.11556336285435E-15
-2.15105711021124E-16,1.37390099297363E-15
9.71445146547012E-16,9.95731275210687E-16
-1.69309011255336E-15,2.33146835171283E-15
4.27435864480685E-15,3.3584246494911E-15
-1.08246744900953E-15,-8.60422844084496E-16

2D and 3D package data

HFNMDG




S-functions Verification in MWO - Frequency Domain

v
Po with swept Pin Gain and Phase with swept Pin
40 20
195
20 19 b—A—8—8—n A A
FO 185
g & DB(|LSSm(PORT_2,PORT_1,1,1)))[1.X]
0 18 Swept Poner. AP B
175 8 %%mpgpmémm_1v21)l1.ﬂ (0e9)
- 17
20 150
-40 100
-A-DB(| Peomp(PORT _2,1)[)[1,X] (dBm)
Swept Power AP_HB
{53 DB(| Peomp(PORT_22)])[1,X] (dBm) S0
'60 Swept Power AP_HB
-0~ DB(| Poomp(PORT _23)|)[1. (dBm) 0
‘Swept Power AP_HB fom] m — fo] — [ m
B_H—% = == = L= = =
-80 -50
-20 -15 -10 -5 0 5 10 20 -15 -10 5 0 5 10
Power (dBm) Power (dBm)
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S-functions Verification in MWO - Time Domain

- Vtime(V_METERVM1,1)[*T] (V) = time(l METER.AMP1,1)[*,T] (mA)

HBTUNER? Waweform Tests.AP_HB Waweform Tests.AP_HB
ID=X1
Mag1=0
Ang1=0 Deg
Mag2=0
Ang2=0 Deg I‘ J
Mag3=0
Ang3=0 Deg 250
Fo=2 GHz
SUBCKT Z0=50 Ohm
PORT_PS1 D=S1 200
P=1 NET="EPA_120_B" ] 5
7=50 Ohm . _ F 4._<]
PStart=-20 dBm  BIASTEE ] 150
PStop=8 dBm ID=X2 —  PORT
PStep=1dB I_METER 3:Biasp=p 100
5 RF 1 1 ID=AMP1 E Z=50 Ohm
RE pg "
DC 50
3 V_METER -+ \ bpcvs
ID=VM1 ID=V1 0
p— - V=DC2val V 1 5

+ DCVS
ID=V2 b
— V=DC1valV p— 1 0

-&-DB(|Pcomp(PORT_2,1)|){1.X] (dBm) =+ DB(|Pcomp(PORT _2,2) )} 1,X] (dBm) ~©- DB(/Pcomp(PORT_2,3)|)[1,X] (dBm)
Waveform Tests AP_HB Waveform TestsAP_HB Waveform TestsAP_HB

0.2 04 0.6 0.8 1
40 Harmonics Time (n S)

20

-20

-40

-60

-80
-20 -10 0 8
Power (dBm)
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S-functions in MWO — Modulation Prediction - Schematic

ID=U1

R=50 Ohm
LOSS=0dB
I1SOL=30 dB

HBTUNER2
ID=DCBlock2

SUBCKT

ID=51
NET="EPA_120_B"

e

PORT_PS1

P=1

Z=50 Ohm
PStart=-20 dBm
PStop=8 dBm
PStep=0.5 dB

PBASE = 76

Sweptvariable

Qam_SRC

OLVLTYP=Avg. Power (dBm)
RATE=_DRATE

CTRFRG=2 GHz
PLSTYP=Root Raised Cosine
ALPHA=0.35

PLSLN=

16QAM Source

© 2011

3
Devs
ID=V1
V=DCijal V

g
Analyzer

NET ZAMAMANPMAP_HB"
SMTYP=Harmonic Balance
NOISE=RF Budget only
RAFRQ=

e

Circuit
Based Amplifier

PWR=-170
PWRTYP=Avg. Power, Symbol (dBW)
L0SS=0 4B

ChannelNaoise

Genera

e
ID=AMP Out

L6QAM (Gray) System

— DB(PWR_SPEC(TP.AVIP Out, 1000,0,10,0,-1,0-1,1,04,0,1,0)) (dBm)  — DB(PWR_SPEC(TP.AMP In,1000,0,10,0-1,0-1,1,0,4,0,1,0)) (dBm)
16QAM System 16QAM System
ACPR
50
0
-50
-100
-150
1.92 1.94 1.96 1.98 2 202 2.04 2.06 2.08
Frequency (GHz)

eceiver

BER Detector

e
12> Boex consttaton

B8 /NMDG



S-functions in MWO — Load-Pull

HBTUNER2

Io-DCBI0ck2 Load Tuner (and bias)
Ang1=46 Deg
LP_Data_Low_Power Meg2=0
— _ — ng2=0 Deg
Mag3=0
Ang3=0 Deg
Fo=2 GHz
Z0=50 Ohm
PORT1 . L 2 <]
P=1 J !
p1: Pcomp_PORT_2 1_M DB=-287 Z=50 Ohm PORT
Pwr=10 dBm 3:Bias p=2
p2: Pcomp_PORT_2_1_M_DB=-265 SUBCKT P2
@ 2IRF RF|. * 1 D=1
p3: Pcomp_PORT_2 1_M_DB=-243 e e D€ NET="SFUNC_Model"
p4: Pcomp_PORT_2 1_M DB=-221 ID=X1 3 DCVS
ID=V2
p5: Pcomp PORT_2 1_M DB=-1.99 = V=7V
p6: Pcomp_PORT_2 1_M DB=-1.77 bevs
p7: Poomp_PORT_2_1_M_DB=-1.55 Teby 1
p8: Pcomp_PORT_2 1_M DB =-1.33 -
p%: Pcomp PORT 2 1M DB =-1.11
- o i
p10: Peomp_PORT 2 1_M_DB=-0.89 B tal Load oints

Radius

Center Magnitude

MNumber of Circles

|
|
Center Angle |
I

Faints Per Circle

Mode

e~

L

1: Pcomp_PORT_2_1_M DB =21.93 ‘  - - - Extra Fine

p2: Pcomp_PORT_2_1_M_DB =22.33
p3: Pcomp_PORT_2_1_M DB =22.73
p4: Pcomp_PORT_2_1_M DB =23.13 Existing Data File LP_Data
p5: Pcomp_PORT_2_1_M_DB =23.53
p6: Pcomp_PORT_2_1_M DB =23.93
p7: Pcomp_PORT_2_1_M DB =24.33
p8: Pcomp_PORT_2_1_M DB = 24.73 [L]Edit Points On Graph
p9: Pcomp_PORT_2_1_M DB =25.13

p10: Pcomp_PORT_2_1_M DB = 25.53
p11: Pcomp_PORT_2_1_M DB =25.93

LP Data_High_Power

kel

Fead Existing Load Pull File

Ok l [ Cancel




S-functions Strengths

» S-functions are completely public
« S-functions are transparent

» S-functions are connected into ADS and MWO and can be connected in
other tools on request, e.g. Matlab

« S-functions are closely integrated with load-pull in general and especially
with tuners from Focus Microwave

» S-functions extraction tool has a verification capability for LSOP
constantness and interpolation capability, investigating quality of model,
without needing a simulation tool

* The source- and load-pull software ICEBreaker from NMDG allows S-
function verification, related to the linearity assumption

« Customers can explore the capabilities of S-functions via NMDG services

HFNMDG



S-Functions - Key Capabilities

Natural extension of S-parameters

» Reduce to S-parameters for small-signal excitation

» S-parameters are cascadeable, S-Functions are cascadeable too
* e.g. Transistors, amplifiers, dividers, multipliers

Predict harmonic behaviour of components under different impedances
» Source — Pull

 Load - Pull

* Harmonic distortion, Waveforms

Predict modulation behaviour of components under different
impedances

 When no long-term memory effects

Valid for multi-ports, applicable to differential components

HFNMDG



References

F. Verbeyst and M. Vanden Bossche, “VIOMAP, the S-parameter equivalent for
weakly nonlinear RF and microwave devices”, published in the Microwave
Symposium Digest of IEEE 1994 MTT-S International and published in the 1994
Special Symposium Issue of the MTT Transactions, vol. 42, no. 12, pp. 2531 —
2535.

F. Verbeyst and M. Vanden Bossche, “VIOMAP, 16QAM and Spectral Regrowth:
Enhanced Prediction and Predistortion based on Two-Tone Black-Box Model
Extraction”, published in the Proceedings of the 45th ARFTG Conference, Orlando,
June 1995 and winner of the “Best Conference Paper Award”.

J. Verspecht and P. Van Esch, “Accurately characterizating of hard nonlinear
behaviour of microwave components by the Nonlinear Network Measurement
System: introducing the nonlinear scattering function,” Proc. International Workshop
on Integrated Nonlinear Microwave and Millimiterwave Circuits (INMMIiC), October
1998, pp.17-26.

J. Verspecht, “Scattering functions for nonlinear behavioral modeling in the
frequency domain,” IEEE MTT-S Int. Microwave Symp. Workshop, June 2003.

J. Verspecht and D.E. Root “Polyharmonic Distortion Modeling,” IEEE Microwave
Magazine, vol.7 no.3, June 2006, pp.44-57.

D.E. Root, J. Horn, L. Betts, C. Gillease, and J. Verspecht, "X-Parameters: The new
paradigm for measurement, modeling, and design of nonlinear RF and microwave
components,” Microwave Engineering Europe, December 2008, pp. 16-21.

HFNMDG



Conclusion

« S-functions are a natural extension to S-parameters for nonlinear behaviour

« S-functions aren't much more complex than S-parameters

« S-functions are accurate when assumptions are not violated
* Linearity assumption

» S-function extraction is supported on R&S network analysers
« S-functions can be coupled into ADS and MWO

» S-functions can be used to compress or hide specifics of nonlinear circuits
in ADS and MWO

For more information info@nmdg.be

www.nmdg.be
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Explore the power of S-functions

Send your device or circuit to NMDG ...

... and NMDG sends you the S-functions

Please contact NMDG at info@nmdg.be
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