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LEADING BEYOND S-PARAMETERS

S-functions
- Measure, Model, Simulate -

An application in ICE



« Key benefits

« Key capabilities

 Why S-functions?

 What are S-functions?

« Harmonic-related S-functions as an example application in ICE"

O Integrated Component Characterisation Environment
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Key Benefits

S-functions are for nonlinear components ...
... what S-parameters are for linear components

 Improve and speed up the design process
 Measure and directly simulate RF systems under large-signal conditions

« Simplify and increase RF component sales

* Provide more complete system-level models for RF components, instead of
limited data sheets

» Reduce the need for evaluation boards to prove proper operation of component

« S-functions are easy because they are a natural extension of S-parameters
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Key Capabilities

» Natural extension of S-parameters
* Reduce to S-parameters for small-signal excitation
« S-parameters are cascadable, S-functions are cascadable too

* Predict harmonic behaviour of components under different impedances

* Predict modulation behaviour of components under different impedances
» Under pseudo-static assumption

* Predict component behaviour under arbitrary small-signal spurious signals in
different impedances

« Valid for multi-ports, applicable to differential components
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Why S-functions?

« S-parameters are valid for linear mode of operation only.

 The success of S-parameters is based on its uniform approach for linear
RF and microwave problems.

« Unfortunately there is no uniform approach yet to deal with nonlinear RF
and microwave problems.

* In the scientific world, different approaches are proposed to describe
different phenomena.

e S-functions deal with a subset of these phenomena in a uniform way as a
natural extension of S-parameters.
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From S-parameters to S-functions

S-parameters measured at fixed DC bias point

= S(f)
£ V.. £
S

S-parameters measured at different DC bias points
Linear - S Vpcff)
Nonlinear — wwsp (7 ,.)

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

© 2009 - NMDG NV B /NMDG




From S-parameters to S-functions

An additional bias point: large-signal tone at f_
Assumption: the amplitude of tone at £ is small enough"”
f fa 2f 3f

S A
O

£

Linear —) S<VDC’fO’a1<fO> ,f)
Nonlinear — mmp bl.(hfo):Mappingih(VDc, foa,(fy)

® to have linear contribution at output of £ only
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From S-parameters to S-functions

Increase the amplitude of tone at £
f f 2f0 3f0

0 0

- ? _ L f{SATf ‘ﬁt
L ~ m

f

Linear =m) S js extended to predict additional frequencies(’)

S<VDc’fo, a1(fo) ’f) and SC<VDc’fo: a1<fo)
Nonlinear  wesp b,( 4 f )= Mapping,,(V pe. f o, a,(f )

:f)

© theoretically expressed through the Volterra theory
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S-functions, limited to Harmonic Behaviour

Linear =m) S js extended to predict additional frequencies(’)
S(VDC’fO’ al(fo) fhfo) and SC(VDC,fO,

Nonlinear wmmp bi(hf0)=Mapping§h<VDc’fo’ a,(f))

a,(fo):hf)

© theoretically expressed through the Volterra theory
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S-functions, focused on Harmonic Behaviour

b (h.fy) can be expressed as function of DC, f and |a,(f )|

The complete model is based on three contributions:
Linear — SV e, fola(fo): 1 fo)

SC(VDC:fo: ‘al(f0)|;hf0)

Nonlinear mmp bi(hf0)=Mapping§h(VDc’fo, a,(f))
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S-functions in ICE"

S-functions focussed on harmonic and modulation!™ behaviour
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)

Sufficient sanity checks included

Easy export to and integration in Agilent™ ADS

Support for mismatched environments

Harmonics generated by RF sources don't cause any problem

Simple output prediction does not require EDA tool

Support for both sampler-, mixer- and scope-based Large-Signal Analysers
Runs both on PC and on supported instruments

Export to and integration in other EDA tools on request

Possible to extend the LSOP variables, e.g. temperature

O Integrated Component Characterisation Environment
™) Pseudo-static behaviour
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LSOP")
sweep

detailed
feedback
of LSOP
for actual
measurement

Model Extraction Process — Data Collection

#* s-functions demo - Data Collection z

=

=10l x|
Configure Show Tools
_ .
Sweep Parameters: Edit... Settings: Edit..
Bllmin | 20 dBm Ptickle P1| -20 dBm
(1T 79
Bllmax | & dEm Ptickle P2| 20 | dBm tickle
Hsteps | 10 #ham | 3 settings
vG | -300m v #phase 5
vD 15 v Hrep 1
_ 58
> il = o Collecting datafor model extraction
o Collecting data for model verification
4 Performing moedel extraction
().
Sweep Parameters: Sethings: detai Ied
desired realized tickle port 2 feed back
vG | -300m | -301m v ticklefreq | 6G Hz ickl
vD 15 1.5 v phase count L] on tlc e
feg | 2G| G | H rep_count | 1 for actual
il | 453 | 452 | dfm measurement

O LSOP = Large-Signal Operating Point

AT aesr! S/ 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 863 dBm
freq 2G 2G Hz rep. count 1
Il T LR it ® of 2 Reset Local
-Ioix 1o
i 4 2 1 | Dynamic Trajectories Derived Quantities >> Ottput
b [ Output Level -300m v
300m iy > I (Y T ( _
S0 K \ / \ — 2.2 l\ ',ll J,f — Compliance Value: 5m A
o |-/ | g | B—
. \ \ T |
100m J‘I \ ." 8 I|I I[ I[ Mode and Limits...
> om | b iyt M f
1.4 .
_300m |II \\ Jll \ ll ||| j ® of Disable N Peset Local
oom VS \ % L)
e | / \\ S - - JRE=TE
m
-B00m &00m / \_ Output
0 200p 400p &00p  80Dp n 0 200p 400p 60Op  80Op 1n Output Level 1667 v
Time (s) Time (s5)
Compliance Value: 50m A
b 2
son [ I Y o I
s J,f '|l Hf =3 3Em f \ / \ == Mode and Limits...
1001
A0 A i s )
5 0o ey \ <o \ l
it . \ i Y O | N
-300m Jnl JJ \II 15m }[ |l }l |l
= 10m
soom 31/ | ! . ( |
o \ \U Y i
[/}
(1] 200p 400p B00p 800p in 0 200p 400p 600p 800p in
Time (s) Time (s5)

{sWa mings and Errors
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RF + DC Setup 2

a RF + DC Setup & Setups |£§ Applications

@ out
[ [ ZWA24_4P - RF Analyzer
[ ZvA24_4P- SwitchingMatrix
[ ZvA24_ 4P - Source
[~ @ NGMQO -Analyzer
(@ NGMO - Sourcel
@ NGMO - Source2
@ sMcio0A

4

Monitor
RF and DC
source
settings

Observe
what happens
at the DUT




Model Extraction Process — Model Extraction & Visualization

#% 5-functions demo - Model Visualization

g8 Import Mode! Extraction Data...

& Load Model Parameters...

=10l x|

S | S— 3
180 30
ol —S 1 140 = s 32 = |sn121]
> 11 133 6 1 SM111 i I = |SFe1121|
38 < I_Sf121
| 80 38 . = [ Sfc1121
) a0
i) -4 Al 5_42 I I &
= 0 37 EgE | | ! O . 20 3
5 5 o g T E —— — ! o g
5 20 Z S 4z 20 =
g -40 I | _ -40
gy — y
-7 _:g :224 I,-"l : _’:g
-8 -100 o | -100
120 120
9 -140 -58 f——0 =y -140
-160 80 T ~ -160
104 -180 82 | -180
20 -10 0 20 10 0
|a1| (dBm) |a1| (dBm)
i3 = a
154 = 5R1 = [5R121|
153 2 |_SR111 = |Sfc2121|
¢ | 52124
152 o [ Sfe2121
g 151 o g
1] a ]
= 180§ E
= = =t
£ 149 E.
143
W ’ 2 meaningfu
_a0 -
654 /4 16 J By g L
I -160
o4 - 45— | 1% complex
20 10 0 20 10 0 .
. conjugate
s ~3 dB compression ot ) jugate
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Model verification process

« 1% sanity check: data collection for model extraction

* model extraction assumes data collection at constant LSOP
« flexible control loops to adjust LSOP-related sources (if necessary)
« summary of variation based on mean, stdev, min/max
e zoom in if necessary (visual inspection)

 model assumes sufficient variation of tickle signal
» condition number for each LSOP setting
« zoom in if necessary (visual inspection)

« model assumes linear contribution of tickle signal
» user-defined or automatic tickle power level
» user-defined or automatic characteristic impedance
« 2" sanity check: verify quality of model (incl. linearization)
« compare model prediction to measurements used for model extraction
» look at amplitude of complex error for all measurements in one plot
e zoom in if complex error too large for certain measurements
e compare to uncertainty on measurements

« 3" sanity check: verify interpolatibility of model
« compare model prediction to 2™ set of measurements
. independent set of measurements at in-between values of LSOP (e.g. |a_|)
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Model Prediction — Data Used for Model Extraction

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

-~ L= E

Lol Part: Fregquency (Hz): Phase: Guantity: Frequency (Hz): Repetition: B Zzoom in if
" Single fa =] A A = |v| |al =l A | necessary

- F]-

amplitude (dBm)

o &0 100 150 200 250 300

amplitude of complex error for b,
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Model Prediction — Data Used for Model Verification

% 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 3 -~ m 4GHz
15 W'ﬁ g, . & §GHz
20 A Y

25 ¥ . L _J"'.' e Yy adn
30 el .' ﬁ - f'-

-35 - -

-40
-45
-850
-B5
-60
-65
-70
-75
-80
-85
-80
-85
-100 *

H H 100 150 200 280

ey
"' % o

I'. v
o e ® e?,
:,-: LI
L

amplitude (dBm)

verify interpolation of b, with respect to |a_|
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S-functions in Agilent ADS

Port 1 Port 2
—| 2—a
i ! - File with S-functions
R R < > "1 ) D model parameters' values
o - ; Port Port
NEC_500hm_Sfunction| P —— 2 C D
X1 Num=1 FDD2P1 Num=2 DataAccessComponent
VI[1,0]=_si(1,0)*Zch+2*bn10 DAC1
fundamental=0 Hz D V[1,1]=b11+a11 _'_<:> File="NEC_SfunctionsModelParameters citi"
Port V[1,2]=b12+a12 Port Type=CITlfile
P3 V[1,3]=b13+a13 P4 InterpMode=Cubic
H Num=3 V[2,0]=_si(2,0)*Zch+2*bn20 Num=4 ExtrapMode=Interpolation Mode
NEC FET device V12 1150 e iyt
I V[2,2]=b22+a22 iVal1=real(_sv(1,0))
with 50 Ohm load M e e
iVal2=real(_sv(2,0))
iVar3="freq"
iVal3=fundamental
E iVard="|a1|"
NETLIST INCLUDE Valiormag(al)
Netlistinclude  Adapt the path to the data directory in your project directory

— Netistinctudet
IncludePath=C:/users/default/Sfunctions_prj/data
IncludeFiles[1]=NEC_StunctionsModelParameters. it Files with S-functions model parameters' definitions
IncludeFiles[2]=NEC_SfunctionsModelEquations.txt === and model equations P
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Model Verification in ADS - Schematic

 Example: Harmonic Balance simulation with measured a1 and a2 spectra
» Excitation: CW RF signal at 2 GHz, Input Power sweep
« DCBias: VDC1=-0.3V, VDC2=+15V

e wv_DC
+] SRC4 +| =RCS
— ‘de=regl(v1DC) W — Vde=real(vZDC) WV
- DC_Feed DC_Feed
OC_Feedi 0] DC_Feed?
Il L L Il
- _TTone Rm 11 Probe L] Rm ¢ V_1Tone
SRC2 - - - SRC3
V=0 _Al=2*zimess ] DC_Block iport! DC_Block R2 V=0 _Al=2*zdmess
Freg=2 GHz R=50 Ohm DC_Block1 DC_Block2 R=50 Ohm Freq=2 GHz
[
@ HARMONIC BALANCE ARS
MeazDataFileName="DataForModel/erification_NEC_CW citi”
HarmonicBalance
Freq[1]=fund Hz M M
Order[1]=nrOfHarmonics —_—
W AR
SweepVar="LSinput_index" VARZ - -
Start=0 . g -
5t2p=nr0fm15-1 almeaz=fie{meazDAC, "a1 .'} DatafccessComponent DatafccessComponent
Step=1 b1 meas=f!le{measDAC. 817} DCmeasDAC meazDAC
Pte aZmeas=fie{measDAG, "al"} File=MeasDataFishame File=MeasDataFiehame
bZ2meaz=fie{meaz0AC, "b27} Type=CITifile Type=ClTifie
\},;\;1 VAR InterpMode=index Lockup interpMode=index Lookup
oot ndered wld \ npa interpDom=Rectangular Interpom=Rectanguiar
input_inden:= a1DC-fle{DCmeasDAC, "a1™} ExtrapMode=interpolation Mods ExtrapMode=interpolation Mode
vDC1_index=0 b10C-fle{DCmeasDAC, "b17 n/arS="nrofMeasurementFrequencies” nar="wve
vDC2_index=0 D C=felDC DACl - fals=0 iall=vDC1_index
fund_index=0 e le{DCmeasDAC, 3;3 nar2="vl"
fund_list=makearray(1,2*10°8 2*10°8) b;gg:f'ﬁgcgfgém“c' b2} Mal2=vDC2_index
fund=fund_list{fund_indsx+1] VA Mard="freg”
| J2RC=a2DC+b20C A/al3=fund_index
ARS /ard="1a1l"

nrOfA11z=get_max_pointz(measDAC._TREE "al[")
nrOfHarmonicz=get_max_pointz(measDAC _TREE "nrOfMeazurementFrequencies™)-1

iald=1 Sinput_index
iar5="nrofMeazurementFrequencies”
ials=freg/fund
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Model Verification in ADS

Frequency = 2 GHz, VDC1=-0.3 V, VDC2=+1.5V

0.040
0.038
0.036
0.034
0.032
0.030
0.028
0.026
0.024
0.022

iDC2 (A)

Measurements at different
input powers than those

16 -14 12 10 -8 -6 -4 -2

Input Power (dBm)

which were used for

S-functions model extraction!
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circles — measurements
solid lines - simulations
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Model Verification in ADS — Time Domain

Frequency = 2 GHz, VDC1=-0.3 V, VDC2= +1.5V, Pal = +4.5 dBm  C'CeS — measurements

solid lines - simulations

10 0.006 3.0
0.5 50.004 D 5 _omeamy
1 -0.002 20—
< 0.0 I S N
s 0000 2 45 s
T -0.5] - Z § =
] —-0.002 = 104
-1.0 —-0.004 0.5 —egmet™
-1.5 "“\""l""\""|"“|‘"'|""|""""|"H -0.006 0.0 L B I -0.01
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
time, nsec time nsec
0.05 . 0.05 .
D.D4—: 0.04 ]
0.03 3 n.02 ]
E E . — ]
= > o023 S E
= & . = .
0.01 5 0.01 3
0.00 0.00
—D_[H-|||||||||||||‘|:'|‘|:.|‘L_.|‘L_.|D —D.D1-|||||||||||||||||||||||
- o o L] L L L - =& s s s [ % T U |
. m D @ mEm DR E@D oD g S O g s
vi(t) (W) 20t (V)
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Conclusion

« S-functions are a natural extension to S-parameters
« S-functions aren't much more complex than S-parameters
« S-function extraction is supported on R&S network analysers

e S-function extraction can be offered for other sampler-, mixer- and scope-
based Large-Signal Analysers on customer demand

For more information info@nmdg.be

www.nmdg.be
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