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Motivation/Need for
Non-Linear Models for PA Design

The demand of accurate models

Accurate models can predict precisely the performances of RF
circuit designs — yet challenges remain!

PA Design has become more complex in terms of competing multi-
dimensional requirements of BW, efficiency, linearity and power
performance.

Electro-thermal effects often a critical issue for accurate HPA modeling
Requirement of Isothermal measurements
Self-heating effects held constant

Some applications (GSM, radar) required pulsed operation.

= Advance model testing

Wireless systems use various digital modulation signals.
Are currently available models adequate for emerging requirements?

. .
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Nonlinear Modeling

Device behavior is different under large-
signal conditions than for small-signal
conditions.
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Example BJT
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Source of PA Nonlinearities
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Basic Nonlinearities of PAs

Frequency generation | Iﬁi ‘ L
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NL Transistor Modeling Process
——

Characterizations
static/pulse 1V, Parame_tel'
CV, Extraction

(IC-CAP, ADS, etc.)
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Schematic Representation of

T

Power FET
[
Extrinsic Intrinsic Model Manifold

L Shell Gate Drain e

o | |
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: : Source : :

Manifold ‘
T Thermal

Package and Matching Mode@ % 1

Networks Paiss Rin | Cun

« Accurate simulation and measurements are required.
« Shell representation of packaged entire transistor.

Used with permission from Peter Aaen of Freescale

b freescalg ™

semicon ductor



Inside an RF Power Transistor

Ceramic
substrate

Integrated \ 7 e
capacitor \ o .
- ) sy Drainlead 1 1sistors
iy . = r .-.r{:'_ s e,
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Array of
bonding-wires

MOS capacitors

Flange

This packaged transistor operates at 2.1 GHz and is
capable of producing 170 W (CW) output power.

Used with permission from Peter Aaen of Freescale .,
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Test Configuration for NL Transistor
Model Development

Pulsed IV Analyzer

Keithley 4200 DC
Parameter
Analyzer

Anristu 37369C

VNA

GPIB connection

Agilent
ICCAP

Bias force I

sense |

DUT

ut

Bias tee

P HBT)

RF Wafer Probe

Station
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Extraction of I Equation

Input: ] Input: IC-CAP
hdode: v Mode: v
+ Mode: D + Mode: 5 : / SetUp
- Mode: GROUND - hode: GROUND | IFyam MNade: GROUND
Unit: tPSMILA Unit: MPSWUZ LInit: MPSHLN . . :
Compliance: 100 0m || Compliance: 1000y Type: B Measured (Solid Lines) and Simulated
Sweep Type: LM Sweep Type: LIN .
Sweep Order 1 Sweep Order; 2 (DaShed LlneS) IV Data:
Start: 0.000 start:  2.000
Stop: 20,00 stop: 3600 et eere
# of Points: 201 # of Points: 9 i
Step Size. 100.0m Step Size: 200.0m ' S

The quality of the IV :
extraction plays a large part .
in determining the path of the =

~ large-signal swing in the IV
plane as well as gain and
output conductance.
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30 W MESFET

Model Representation Legend
Model O Measured

v 18:
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Mextram Model for InGaP HBT
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Mextram Model for InGaP HBT
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Modeled (red) S- : @ﬁf’%}\a
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\
ib= 50~200uA in a step of % P
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frequency range is from 0.5 — =
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Test Configuration for NL

Transistor Model Validation

GPIB connection

GEED GEED GNP GIND GIEND GEND CGEED T

DC power source/

measurement

(Keithley 2430,
Agilent E4438C)

Maury ATS
version 4.00
system

Tuner controller

I I
I I
| _ (MT 986A) ] -— - -
| l |
I | | I
| l |
| | |
RF source Bias tee Tuner DUT Tuner Bias tee Power meter
(Agilent E4438C) [ (Anritus ML
2438A)

Note: Can also be performed under pulsed RF conditions with minor
modifications to setup.

B O
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30 W MESFET

1850 MHz loadpull results (Source = 13.5-j25.0 Ohms)

Load Load
Pout

Device 1 45.92 6.6518 | 4.78-16.2
Device 2 45.86 | 6.86-j17.91 | 4.78-j16.86
Model 46.08 |5.23-18.04 | 5.06-12.5

System 50.000
Reference Legend
Imped.
b anCAe . —Q— Measurement Model
P AE (thick) and Delivered
Power (thin) Contours 10.5 r
Maximum [ @-9 A )
Power 10 C8-a-aC =t 4
Delivered, — L ]
dBm m 95} o
oo 46.04 z i %\ <
53 s 9 440 ©
88 ® =X
nn Maximum -
e Power-Added 3 8.5 F i 'OU
i Efficiency, % = I i
]F;% = 8 |- P E
58.35 £ i K\— 35 ©
o g e ] =
s 7.5 F ] [+2]
5 | 2
o Tr 3/ -] 30
indep(PAE ¢ S 0.000 to 31.000 :m N
ﬂdigépdel;éé’;‘&?t‘i;ﬁ? ((o.ooo o 56.000)) 6.5 I #
ml m2 6 t R . . IR I . 25
indep(ml)= 4 indep(m2)= 4
m1=0.826/-151.672 e/ 158,286 15 20 25 30 35 40
level=38.251836, number=1 leveF46.029644, number=1 In wer (dBm
impedance = 5.062 - j12.497 impedance = 5.223 - j18.868 put power (d )

i | UNIVERSITY OF

USE
o . S8 <OUTH FLORIDA.
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Pulsed Load-Pull —- HVVI Device

“MET” Model
Developed by
Modelithics

Fixed Load

Full

Freg = 1.2000 GH=z

FGource:

M3ource Znd:
MGource 3rd:

Fout

max = 38.36 dbm

0.830e« -8a0.47
0.9020«< -36.20
0.88935<

at  0.8§902<-11&2.87

5 contours,
[34.00 to 35.00 dEm)

Jpecs: OFF

, 40 ——— 100
- 0 08 ="""71 -
_ 0O ©
% 30 : —80
) - )}y/ B
u B —60
ﬁ — /ELQVQ)}/ Label:
20 o
% . 0o MM&OOW 40
| o L
g ].O : - (3)/{ U—o—C ””’() 720
0 N e T\\ ? i \/ I T T T T T 0
0 5 10 15 20 25 30
Input Power (dBm)
O— . .
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1.00 dBEm step

— & oo

ZZ.78

Load

Measurement

Pin = 23dBm, Freq = 1200 MHz, Vds
=28V,Vgs=165V. S=0.83 < -
98 . In measurement pulse width =
200us, pulse separation = 2ms.

[ -:i:.l; UNIVERSITY OF
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What are the main considerations for non-
linear Non-linear transistor models?

Transistor model parameters

Overall measurement accuracy Active Electro.
Correct calibration components Thermal

o
= Repeatability
_ I-V Trap
= De-embedding model Resistances Model Effects
P .
= RFIV vs. DCIV =
Suitability of model

= equation set (model template)
limitations/intent

= physically meaningful parameters?
Model testing/validations

= Conventional - general

= Advanced — application specific

X capacitances —
o|Modelithics 19
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Small
Signal
Model
parameters

Large
Signal
Model
Parameters
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Pulsed IV Measurement

. .

79

EXY

Measurements are performed during brief (~0.2 us)
excursions from a quiescent bias.

The pulses are usually separated by at least 1 ms.

Thermal and trap conditions during the measurement
are those of the quiescent bias, as in high-frequency
operation.

L]{.‘"‘F UMIVERSITY OF
AL M SOUTH FLORIDA
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Pulsed |V system AU4550

ol IC_ ) es-08E
pr— OO0 oQo
oo o ©8858

P

AU455(

Pulser

DUT

Pulser

From Yusuke Tajima, used with permission.

June 16, 2008

2008 IMS Workshop

¢ AURIGA

B~

MEASURENENT SYSTEMS, LIG



Why Pulsed [V?

1.

Drazn Current (A

Thermal 2 Field induced traps

QAURIGA

MEASURENENT SYSTEMS, LIG

——— oo |

e BE0 .
P—— | g
I MR S

: e | ﬁ-l} C P RPEEECS WL peePYiey 1Y

: : 200

Oraim Current (&)

o100 | P00 SR AU (PPN 0 SO |

e

1 | | S SN L . T

AT - N : — -3.50 ' ]
el T T TN T T in ) i b o | HAHD ) ]
2 a 4 1 B 7 A a i 11 2 13 44 18 o 1 ]

o 1
{3} Drain Yoltage () {C,'I

Quiescent condition 0Vd, 0Vg

et -:-...... , seesihiznin: L |

TR r'r:':’._l‘é‘l'l ErressEi
= T L] 3 0 11 i2 i3 14 15

Drain YVoltage (W3

Quiescent condition 6Vd,-4Vg

Pulsed IV data of a pHEMT at different quiescent conditions

June 16, 2008 2008 IMS Workshop



Electrothermal “Circuit”

I.=7Z,P,+T,

+ @\ Pd § Rth — Cth { | J
Zth = Rth /! .~

Tc Ja)Cth

—Ila Cth = il

T Ry,

As w0, Z, SR,
As w—>large, Z, >0
*IModelithics 2 USH Eviprinn
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Trapping Effects

Trapping Effects in MESFETs™:
Substrate Traps
Surface Traps

Electron Capture - Fast Process
Electron Emission - Slow Process

S G Surface Traps D

O 0000

Electron Flow \I

o O O O O
Substrate Traps

*C. Charbonninud, S. DeMeyer, R. Quere, J. Teyssier,
2003 Gallium Arsenide Applications Symposium,
LI, October 6-10, 2003, Munich.

79
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A Subset of Available FET Model (Templates)

Bias dependent

— Number of capacitance/ Electro-
FET models parameters Thermal effect Original Device Context
JFET 4 27 No/No GaAs FET
Curtice3 59 Yes/No GaAs FET
CFET 48 Yes/Yes HEMT
EE HEMT1 71 Yes/No HEMT
Angelov 80 Yes/Yes HEMT/MESFET
CMC (curicemodeiihics/cree) [6] 55 Yes/Yes LD MOSFET
MET motorola Etectro-Therma 77 62 Yes/Yes LD MOSFET
MOS Level 1/2/3 40/48/47 Yes/Yes MOSFET
BSIM3 (v3.24) 148 Yes/Yes MOSFET
BSIMSOI3 191 Yes/Yes SOl MOSFET
L1 UNIVERSITY OF
Modelithics o5 i

79
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EEHEMT Large Signal FET Model

DC and AC behavior o

separated - simpler 29 SR

extraction _eé .

Temperature effects 'g’f"““ N

modeled through covid () 5 j“g?db 1.
equations — not Osc = Cbs
electro-thermal é‘c'ﬁz‘ 5

circuit. ———

Ig f Es
51

B O

O— . .
o Modelithics 26
I I PRECISION MEASUREMENTS AND MODELS YOU TRUST

L 1;-,.1‘1 UNIVERSITY OF
el B8 SOUTH FLORIDA.




79

Angelov Large-Signal FET Model

Traditional —
single-pole R -
electrothermal =" i
subcircuit () Lo
(not shown) - .
accounts for yRy
heating effects .

- Available in most -
simulators also
in Verilog A

Modelithics . USE Fayjir e
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CFET Model Topology

= Developed by Dr. - s 5 0w
Walter Curtice and . s ‘ '
used by Modelithics. i
= Designed for @ {’ | I
GaAs/GaN MESFETs
and HEMTs. ?‘E‘“

?: m THERMAL
s It CIRCUIT
o) °
Nt 3
I L
Cth

SOURCE

Y USF

O— . .
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Non-Linear (EEH

EMT) Model for NE 3210 SO1

IV Fit 0.06

= (&)

1 NGES=0.000
i1.05— ) +_.__=__E=.__...||—4—|—"'_-'
'__._'__’_‘,_..-—t——v-'—'—_‘-.‘ WE5=0.200

et G500

el e 1]

* + L)

T+t
a8 10
ids (W

'I"|'
00 02 04 06

S-Parameter Fits
2V, 20 mA

frag {1 000GHE 1o 30.00GHz)

&1

i
C

I I freq [1.000GHE bo 30.00GHE)

O— . .
o Modelithics

T
1.3

i voEsnpm
14 186 18 20

B mil Rogers Vds=2V lds=20mA

|
frag (1.000GH: t 30.005Hs)
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2-Tone IM Regults -8 GHz 2V, 20 mA

Crarrier
[
:
E o Jrd eder prodisct Sth erdar produc]
= A0 | |
EI s Tth arder product
L 50 ¥
]
a0 —— Modsled
—@ Miksurad
A00 .
20 A8 A ] 0 5
Fin [d8m)
Power Compression — 8 GHz 2V, 20 mA
18 i
11 14
ik
s q1z2
e -4 10
i a5 1: E
g 1B 1. =
& s = F
. 3 i+ =
N
u\_ = :
7.5 Lsganid y
7 — Modcked A
—— Measurnd
&5 . ! -2
RERT I | T 4 8
Pin {dBam)
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MOSFET Modeling

. .

79

Motorola’s Electro-Thermal (MET) Model
Curtice-Modelithics-Cree (CMC) Model

Both of these models possess traditional
electrothermal subcircuits.

Used for Si LDMOSFET, VDMOSFET devices
- No traps

- Electrothermal subcircuit and temperature
dependence extraction are much simpler!

LJ""I-“F UNIVERSITY OF
' =AUTTH BLOR DA,
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Curtice-Modelithics-Cree Topology

. .

The Curtice- .
Modelithics-Cree Gate %, LC%g WA A
(CMC) model is a Cos cShwo | o 1l
proprietary electro- % Ak “
thermal LDMOS model Rin T Crrax é
Four region (4R) R . % R
current model based W@ .

on work of Fager et.al. Thermal | m [

(see IEEE Trans. MTT,  cirout ¢

Dec. 2002)

The model provides
accurate predictions of
power, efficiency and
distortion performance
over a wide range of
devices sizes.

Modelithics

79

EXY
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Source

See W. Curtice, L. Dunleavy, W. Clausen, and
R. Pengelly, ,High Frequency Electronics
Magazine, pp18-25, Oct.. 2004.

The CMC model is copyright Cree, Inc.
© 2004-2008 all rights reserved.

e —
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30 W LDMOS Device Modeling

Gm (S)
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i i Vg (V) J UNIVERSITY OF
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LDMOS Model Fit to Pulsed IV Data

CMC Model for 1 W: solid lines, model pulsed IV data: dashed lines
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30 Watt LDMOS Power FET

I I PRECISION MEASUREMENTS AND MODELS YOU TRUST

Legend

15 H Model —=a— Measured ] 46
i 145

13 ]
I -1 44
& 1} 143

z I ]
[ L ] 42

® - 1
O 97 44
: 1 40

7 : ]
I 1 39
5 R N N B S A B 38

24 26 28 30 32 34 36 38

Pin (dBm)
The CMC model is copyright Cree, Inc.
© 2004-2008 all rights reserved.
O— . .
o|Modelithics
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-40
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-0
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34

Blue is IM3
Red is IM5
Green is IM7

Crosses are
Cree data
sheet values
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150W Phillips Power Transistor —
Curtice-Modelithics-Cree (CMC) Model

(wgp) 1emog inding

Vds=28V Ids=1600mA Legend
—O— Measured Modeled
15 1 55
4 50
il o ]
’
S wu o O P ©w e a ]
T ]
c 7] 40
£ ]
o 4
fieq (100.0MHz to 800.0MHz) freq (100.0MHz to 800.0MHz) 4 35
E 130
bt o g 15 20 25 30 35 40 45
2231 RELL L E S Input Power (dBm)
Legend
—O— Measurement —— Model
-10
fieq (100.0MHz to 800.0MHz) r
fieq (100.0MHz to 800.0MHz) " . 3rd order IMD A
s I o
£ [ /
i) i
z 30 %M 5th order IMD
P ] SR WS NI, s S SR
B . o I— /—§7Q
The CMC model is copyright Cree, Inc. E Lo _ 0o ®
© 2004-2008 all rights reserved. s A0 N S
< , %/f 7th order IMD
— - o -50 SR o/o/d
= = x - g r %
? 9 = 60 |
o— I i
Modelithics - ) SR I S B DU S B
o 25 27 29 31 33 35 37 39
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Available HBT Model (Templates)
Number of substrate effect / | Original Device
BJT models parameters self heating Context
GP (1970) 24 No/No Si BJT
VBIC (1985) 102 Yes/Yes SiGe BJT
81
Mextram (1987) (version 504) Yes/Yes SiGe HBT
HICUM (1995) 114 Yes/Yes GaAs HBT
Agilent (2003) 124 Yes/Yes InP/GaAs HBT
FBH (2005) 80 No/Yes GaAs HBT
Curtice (2004) 58 No/Yes GaAs HBT
e . USE Eis

79
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Mextram Model for 3x20x2 InGaP HBT

17 15 0.020

—10 0.015 i

b o

—5 u ) ]

é & o107

0 # .
1;1 5T Yoo

5 0.005—]
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5.5 GHz power sweep results at ve= 3V and ib= 100uA.
Source reflection coefficient Gms=.06522<148.97 (mag<deg); L
Load reflection coefficient Gml=.07354<36.24 (mag<deg). 80
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- Constant Base Current vs. Constant Base Voltage -
(See B. Lee, L. Dunleavy ,,” High Frequency Electronics, May 2007.)

-0- line: Mextram 504 model and solid line: measurements

20 10 0.020
’ 3> o—6—60—¢ =1
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S ] =~ 7 25 v
] = 10 22 ool %
5
1 == L, - o
1 -15 o.oos—_ ¢
0 . . . . . . . . . . . . . -20 0.006 T T T T T T T T T T T T
34 232 30 28 26 -24 22 -20 -18 -16 -14 -12 -10 34 32 30 28 26 -24 22 20 -18 -16 -14 -12 -10
Power In [dBm] Power_in [dBm]
(a) The case of constant base voltage (Vb=1.33V)
20 10 0.010
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~%=  0.008
15 >< =3
S % I o 1
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Power_In [dBm]

(b) The case of constant base current (Ib=89.4uA)
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Behavioral Models

Empirical models (behavioral models, black-box models)

79

EXY

Requires no knowledge about the internals of the PA
Based on the observation of the input-output signal relationships

Its simulation performance heavily depends on the dataset used for
the extraction of the model

It fits well to the given datasets and requires small simulation time;

However it may suffer when trying to extrapolate the PA
performance or fit to different datasets (by that means different PA

topologies)
y(t) = kyx(t) + kow(t)® + kya(t)”
_?_?_l i) UNIVERSITY OF
Modelithics 39 USF SOUTH FLORIDA
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PA Modeling Techniques

Circuit Level Models (Physical Models)

EXY

Based on the knowledge of the amplifiers’ circuit structure

Require accurate active device models and other
components

The simulation results can be accurate, however, time-
consuming

T R L e 1o =

o I, vt O | O, £

= L2 [t = ] | Accurate
B e [[ e M S NL device model
"'-FAH—J(' II : needed
—?—?—| ‘ IR UINLVERSITY OF
z: Modelithics 40 LkF SOUTH FLORIDA
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“Built-in” ADS Amplifier Models

- Amplfier
CAMPT .
. 521=dbpolar0 D]I

S11=polarid O

- S22=polar(l, 1BI:I]| '
' 512 [l S '
- MFmin= .

. anpt=

Fn=

T
=

- GainCompType=LIST -
. GainGCompFreg= . .
. ReferTalnput=CUTPLIT

_F'sat— : :
_GaanmpSat =50 g:iEI_
GainCompP ower=
EEinComp=1.0 dEI
CANEPMW=
PAMZPM= .

41
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TOl=
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AmphferF’ED

AMP2

Fregq=1.0 GHz
F20File="pZdfile. pEd
arl=. :
ivall=

AmplifierS2D

AMP 1
S2DFile="s2dfile.s2d"
SSfreq=auto
InterpMode=Linear
InterpDom=Data Based
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“Built-in” AWR Models

Element Options: NL_AMP - Nonlinear amplifier system model (Closed Form) Properties

NLAMP | Parameters |Statistics || Display || Symbol || Layout || hodel Options || \r’edor|

EJA;EI:IT:D dEl | MName | Walue Unit | Tune Opt Limit Lower LUpper Description

NF=0dE . . 1 mo Element D

.FQH:dD dBm . Bcan 10 d& [ 0 0 Mid-band fransducer gain
AP3=30dBm. | . . . BrF 0 B O ] ] Noise Figure
(P1DB=10dBm. . . . IPZH 40 dBm I 30 30 tid-band output IP2 (harmanic)

BAiF3 30 dBm [T 30 30 Mid-hand output IP3

| I

| -

| I

| -
BF1DE 10 dBm | 30 30 Output 1-dB compression paint
Es11. 0 I | 0 0 Input reflection coefficient magnitude
Es11. 0 Deqg [T - 0 Input reflection coefficient phase angle
Esz2. 0 r - 0 0 Output reflection coefficient magnitude
Bs22. 0 Deg ™ | 0 0 Output reflection coefficient phase angle
Ezo 50 r - 0 0 Portimpedance
ETOLY 0O ns [ | 0 0 Group delay

Element Options: ML_AMPE - Advanced system model for a small-signal amalifier Properiies

AL -AMFT Persmilars | Emistics | Display | Symbol | Leyca | Modal Opions | vacior
L= v
MFKIN=T B Hama walue Unil Ture Opl Limid Lower Uppss  Doscription
- HORKEDS 5 Il EkmartiD
ZOPT_KEG=0 B FiFkdb ] daa r 1] 1] tnmum nose higue (8]
[PT_AHG=0 Deg HRN_MNOFM 05 C C C & ] Fdoigse rasisianca fnomel e o 20)
P2H=40 4Bm B GORT_MAG 1 r r 1 1] Source reflecion coeficent for optimum FF. magniude
=20 dBm B GOFT_&NG 0 Doy C 1 o Sourca reflecion cosfliciant for optimum MF, phase
PI0E=10dBm - B FiH A0 @mC 3 3 MicHend oy P2 fhemonich
B 4 | F: 2w @mlC O O 30 3 MicHoand culd F3
BFOE 10 ofAm [ rC 10 1] Caripurt -8 compression poni
HENMas 0 I C 1 o Tt rarlia ction Coeifcken ngnfuck:
EIEN&NG 1] Chmg I rC 1] 1] Irgurl red e chion coehcisn] phese sngle
HEzMas 0 r C C 1 o Ot reflaction coeificsen megniuck:
BN E2PANG 1] Chmg I rC 1] 1] Caripur reflechion coeficisni phese sngle
HE2TMAG 11E23 r | N = a 1] 321 magniuda
EIEMANG 174 Chmg I rC 1] 1] 581 phass angle
HEIMAE 0 r C C 1 o 312 magnikida
ARG 1 Ceg T C 1 0 312 phase angle
Ezn 50 r rCr (i 1] Fil rakanan os [foimalizin gl inpssdan o
i agw UMNIVERSITY OF
O— S : SOUTH FLORIDA.
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Capabilities of Built-in Models

S-parameter, NPar
Gain compression
Phase compression
TOl, etc

Can use multiple dimensional datasets, including
nonlinear gain compression information vs bias,
temperature, frequency, etc

Can simulate in envelope domain for outputs such
as ACPR/Spectral spreading

i | s UNIVERSITY OF
sap s LJbF SUUTH FLUR LA
Modelithics 43
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Frequency-related Memory Effects

Gain vs. Input Power and Frequencies

2a :
B iiiiitiiiiz:: | Measured results for
......... ili
tettrteacas,, T tiilty Murata XM5060 PA sample
a7 R T TT R l""l'l‘l“--..;hl
26 b ] ‘:?-:_1*‘
3 o | B18GHE — . K
a 5”’.?..':‘GHI . h.', - i AM-PM effects at different frequencies
og | B29GHZ L . a0 : ‘ .
' & | Siebh —— | | ] !
= 18t N1 el aEE A
?E-ﬁ.-E.'.-.aH:I' - SRR S .
" ssasghz = B g 27 S32GH: - ." |
6 -4 a2 0 B 6 4 2 @ 2 4 = 5.4::3&: g S e
Pin [dBm) E 15 | 785Gz el E
@ 5.805GHz + Ll
Carrier frequency related AM-AM Tt Saxeta *
and AM-PM variation :

16 -14 12 -10
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Example Approach for Frequency-related
Nonlinear Effects — ADS Amplifier Model

r" =, 1
] | | = il . )
i e |
— ' 3
— 3 TX Spectrum Simulation at Different Carmiers: Input power at -5 dBm
— w = ﬂ:
— =10
- ]
iz
& -20-
- 2 . :
Amplifier g 30-
.
8 404
§s
=
-6

| | | | ] | T
30 25 -2 15 10 A O 5 10 15 20 25 30
Fraguency referred Lo carier (MHz)

? 9 USF UMNIVERSITY OF
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o Modelithics 45

IS PRECISION MEASUREMENTS AND MODELS YOU TRUST




Combined P2d/S2D Model

AMP_TRI_TGAB399-5CC
AMP_TGAB3I98 _SCC 1
RFfreq=2? GHz
CEFregSpacing=1 MHz

Bias=5
temp=24
sim_mode=0
BwRemowe=0
M
EEEETTTY
g g
s i
-u T T T "~ T~ T~ T T 1 |
N O W M 22 M B 6 M 2 -0
FFpower
qu; UNIVERSITY OF
_ i i N S ) B <OUTH FLORIDA.
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P2D/S2D MMIC example (cont)

Triquint TGA8399B MMIC amplifier, bias of 5V, frequency at 11.25 GHz

B O

M eres

200
‘g ]
o 5 100
s s i
£ E 1
5 = 456
E -
-40 L] I 1 | L | Ll I L] | ¥ I L] i T -2[10 LJ I 1 I L] I T | L] | T I T i L]
26 24 -22 -20 -18 -16 -14 -12 -10 26 24 -22 -20 -18 -16 -14 -12 -10
RF_pow RF_pow
28— 4
- : ' IOC =
- = - o
S 26 =
b= i T .
g 48 8 -20-
T 24— a
o
B = -30-
23 & 1
22 ial S s I L B B
26 24 -22 -20 -18 -16 -14 -12 -10 -26 24 22 -20 -18 -16 -14 -12 -10
RF_pow RF_pow

Comparison of the measured and simulated Power. Blue is measurement; Red is model result.
Circle for —10C, sguare for 25C and triangle for 60C.
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Large Signal Scattering Function
Theory

Designed to overcome the limitation of the small-signal S-
parameter
Take into account the fundamental tones as well as the harmonics

The S-parameters become amplitude-dependent

= =

All Al12 AIN ) - A21 A22 A2N
Port 1 DUT Port 2
- —

Ity Ity

B11l B12 B1N B21 B2? BN

s o

Modelithics 48 o OLUTH FLORIDA
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Poly-Harmonic Distortion (PHD)
Behavioral Model (Root et. al.)

e Recent application of the large-signal scattering function theory
includes the “PHD Model” which targets the broad-band amplifiers

e It combines the A11-dependent S and T functions to characterize
the Bpk at different port “p” and harmonic index “k”

e |tisimplemented in ADS using FDD component and DACs

Bu(jAul, f)=) Z 5;:{;Az(| Avl, f) - P Ag

q I=

> Z Tf;u(HuI f)-PH Ay

g I=l..

— []":I

Tp1 41 =0, (2)

eD.E. Root, J. Verspecht, D. Sharrit, J. Wood, A. Cognata, “Broad-band poly-harmonic distortion (PHD)
behavioral models from fast automated simulations and large-sinagl vectorial network measurements’,
IEEE Trans. Microw. Theory Tech., vol. 63, no. 11, pp. 3656-3664, Nov. 2005.

ﬂl L]qF l'_'IH IVERSITY OF
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Simplified Large-signal model
(J. L1u et. al.)

Utilize the large-signal scattering function theory and
consider the fundamental tone only, we can get a
simplified model eauation shown below:

Bz — SZIAI + S22A2 + TzzA;
— S21A11 + S22B2FL + Tzz (Ber)*

S21 — C1 "‘jCz _
The Cn (n=1 to 6) are the

Szz — C3 +jC4 model coefficients and should

T,=C.+jC, be derived from optimizations

Can be implemented in ADS using FDD component
o " ) P USF ESviig e i
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Derivation of the model

L iyl Limijpadl

The advantage of this model is that it femiemes
depends on readily available load-pull and

VNA instruments and more available

measurement processes

Measurements required to derive this model
Small signal S-parameters
AM-AM loadpull measurement,
AM-PM loadpull measurement

J. Liu, L.P. Dunleavy and H. Arslan, “Large Signal Behavioral Modeling of Nonlinear
Amplifiers Based on Loadpull AM-AM and AM-PM Measurements”, IEEE Trans. Microw.
Theory Tech., vol. 54, no. 8, pp. 3191-3196, Aug. 2006.

. .

sl UNIVERSITY OF
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Gain and phase compression at 50
ohm (MAX2373 RFIC LNA)

EXY

5 EE—
—e— Meas.
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Simulated Fund. tone and

Note: the “Large
S21 model”
neglects the last

_E@jugate term.

Moderithics

79
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Agvancing tha

Volterra Modeling for System Simulation i

SoaEg . DI

- Volterra methods are based on the idea that a nonlinear transfer
characteristic can be expressed as a functional series.

L=
wit) = [ dyirhs(r—n )y

-

== ]
+ I' F (o m bslf - Wid— 7y ha'r oy

==

momom

+j I I Fqlly o Ty Ty |80 — 7 Wt — 7y |0 — 5y ey dfraley +

=i =2

- The h_ are nth order Volterra kernels. w(t) is the response and s(t) is
the excitation.

- The expression can be viewed as an n-dimensional convolution
integral.

From Dr. Steve Maas, used with permission. QWH’



Agvancing tha ;-

Volterra Model Extraction . T

SN EE . 0T

The model is extracted from one,
two, and three-tone HB analyses of
E BT i i
- 1 the circuit.
ek S ' — 0 |
e fom
a0 ORi
ﬂTﬂ
Freces 33875 Gbs
Roge g
Lﬂﬂ Torm=l S—
25 i o L -

FORTPFY SPLITS
Tl S =3 0=

I= I Ot L3t=0 40

PILLAST O

Argr==0 Dag ”?—

Tama=3

From Dr. Steve Maas, used with permission. QWH



VSS Simulation: Class AB Cellular PA

Aovancing tha
wirgless revolution
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Summary

79

. .

EXY

Non-linear device measurement/modeling requires...
Careful attention to measurement setup/accuracy
Pulsed multi-temperature testing
High current/high power instrumentation and components
Advanced non-linear instrumentation (e.g. load-pull)
Large signal modeling requires
Advanced models (templates) and extraction techniques.

Focused expertise that can pull together the varied
aspects of IV, S-parameter and non-linear test results into

an effective modeling extraction and validation.
A measurement/modeling team is best!

g g W NIVERSITY OF
LJbF mlUTH PLORTEA
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Summary (cont’d)

. .

79

A Good Behavorial Model...

Needs be created based on measurement datasets
through instruments available to the modelers.

Good News! More advanced non-linear test
instruments/software are becoming available.

Model should be easy to use and no more complex
than necessary.

Powerful enough to present multiple dimensional
datasets for designers to inspect the amplifier’s
performance in a system view

(Ideally) Model should be supported in popular CAE
software packages.

[@fSE L LvERSITY OF
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. .

79

A. Parker, J. Scott, J. Rathmell, M. Sayed, “Determining Timing for Isothermal Pulsed-Bias S-
Parameter Measurements,” IEEE MTT-S International Microwave Symposium, 1996.

C. Baylis, L.P. Dunleavy, A.D. Snider, “The Normalized Difference Unit as a Metric for
Comparing IV Curves,” Automatic RF Techniques Group Conference, Orlando, Florida,
December 2004.

C. Baylis, L. Dunleavy, and J. Daniel, “Direct Measurement of Thermal Circuit Parameters Using
Pulsed IV and the Normalized Difference Unit,” IEEE MTT-S 2004 International Microwave
Symposium, Fort Worth, Texas, June 2004.

C. Baylis, Improved Current-Voltage Methods for RF Device Characterization, Master's Thesis,
University of South Florida, 2004.

Dr. Stephen A. Maas and Ted Miracco, “Using Load Pull Analysis and Device Model Validation to
Improve MMIC Power Amplifier Design Methodologies,” Microwave Journal, November 2002.

J. Sevic, Chuck McGuire, G. Simpson, and J. Pla, “ Data-based Load Pull Simulation For Large
Signal Transistor Model Validation,” Microwave Journal, March 1997.

C. Charbonninud, S. DeMeyer, R. Quere, J. Teyssier, “Electrothermal and Trapping Effects
Characterization of AlIGaN/GaN HEMTs,” 2003 Gallium Arsenide Applications Symposium,
October 6-10, 2003, Munich.

D. Siriex, D. Barataud, P. Sommet, O. Noblanc, Z. Quarch, C. Brylinski, J. Teyssier, and R.
Quere, “Characterization and Modeling of Nonlinear Trapping Effects in Power SiC MESFETs,”
2000 IEEE MTT-S International Microwave Symposium Digest, Vol. 2, pp. 765-768.

LJ""I-“F UNIVERSITY OF
' =AUTTH BLOR DA,

Modelithics 60

EXY

PRECISION MEASUREMENTS AND MODELS YOU TRUST



Useful References (cont’d)

. .

79

Modelithics

I I PRECISION MEASUREMENTS AND MODELS YOU TRUST

G. Meneghesso, G. Verzellesi, R. Pierobon, F. Rampazzo, A. Chini, U. Mishra, C. Canali, E.
Zanoni, “Surface-Related Drain Current Dispersion Effects in AIGaN-GaN HEMTs,” IEEE
Transactions on Electron Devices, Vol. 51, No. 10, October 2004.

C. Baylis, L. Dunleavy, and W. Clausen, “Design of Bias Tees for a Pulsed-Bias, Pulsed-RF
Test System Using Accurate Component Models,” Microwave Journal, October 2006.

C. Baylis, Improved Techniques for Nonlinear Electrothermal FET Modeling and
%eoasurement Validation, Doctoral Dissertation, University of South Florida, Tampa, Florida,
7.

Sonoko Akamatsu, Charles Baylis, Larry Dunleavy, “Accurate Simulation Models Yield High
Efficiency Power Amplifier Design,” IEEE Microwave Magazine, December 2005.

Ravi K. Varanasi1, Charles P. Baylis Il , Lawrence P. Dunleavy, William Clausen,
“Prediction of Harmonic Tuning Performance in pHEMTSs,” IEEE Wireless and Microwave
Technology Conference (WAMICON 2005), April 7-8, 2005, Clearwater Beach, FL
Charles Baylis Il, Lawrence Dunleavy, and William Clausen , The Importance of Sweep
Rate in DC IV Measurements,” Microwave Journal, March 2005.

S. Wood, R. Pengelly, L. Dunleavy, W. Clausen, T. Weller and L. Emmadi, “New LDMOS
Model Delivers Powerful Transistor Library—Part 2: Library Applications,” High Frequency
Design Magazine, pp26-33, Nov. 2004.

W. Curtice, L. Dunleavy, W. Clausen, and R. Pengelly, “New LDMOS Model Delivers

Powerful Transistor Library—Part 1: The CMC Model,” High Frequency Electronics
Magazine, pp18-25, Oct.. 2004.

ey UNIVERSITY OF
.UbF SOUTH FLORIDA
61



Useful References (cont’d)

. .

79

Modelithics

B. Lee, L. Dunleavy , “Understanding Base Biasing Influence on Large Signal Behavior in
HBTs,” High Frequency Electronics, May 2007 .

P. Aaen, J. Pla, and J. Wood, Modeling and Characterization of RF and Microwave Power
FETs, 2007 Cambridge University Press.

L. Dunleavy, J. Liu and R. Connick “Practical Approaches to Behavioral Modeling of
'I?ﬁlg/MMIIC Aqnplifiers for Nonlinear Simulations,” IEEE COMCAS 2008, May 11-13, 2008
el Aviv, Israel.

J. Wood and D. E. Root, Eds., Fundamentals of Nonlinear Behavioral Modeling for RF and
Microwave Design. Norwood, MA: Artech House, 2005.

2L05 Dunleavy, J. Liu, “Understanding P2D Nonlinear Models,” Microwaves & RF, July
7.

W. Clausen, J. Capwell, L. Dunleavy, T. Weller, J. Verspecht, J. Liu, and H. Arslan, “Black-
box modeling of rfic amplifiers for linear and non-linear simulations,” Microwave Product
Digest, Oct. 2004.

D. Root, J.Wood, and N. Tufillaro, “New techniques for non-linear behavioral modeling of
microwave/RFICs from simulation and nonlinear microwave measurements,” in Proc.
Design Automation Conference, 2003, June 2003, pp. 85-90.

J. Verspecht, D. F. Williams, D. Schreurs, K. Remley, and M. D. McKinley, “Linearization of
large-signal scattering functions,” IEEE Trans. Microw. Theory Tech., vol. 53, no. 4, pp.
1369-1376, Apr. 2005.

ey UMNIVERSITY OF
.UbF SOUTH FLORIDA
62

I I PRECISION MEASUREMENTS AND MODELS YOU TRUST



Useful References (cont’d)

J. C. Pedro and S. A. Maas, “A comparative overview of microwave and wireless power-
amplifier behaviroal modeling approaches,” IEEE Trans. Microwave Theory Tech., vol.
53, pp. 1150-1163, Apr. 2005.

e J. Verspecht, “Everything you’ve always wanted to know about hot-s22 (but we’re afraid
to ask),” in Workshop at the International Microwave Symposium, June 2002.

e D.E. Root, J. Verspecht, D. Sharrit, J. Wood, A. Cognata, “Broad-band poly-harmonic
distortion (PHD) behavioral models from fast automated simulations and large-sinagl|
vectorial network measurements”, IEEE Trans. Microw. Theory Tech., vol. 53, no. 11,
pp. 3656—-3664, Nov. 2005.

e J.Liu, L.P. Dunleavy and H. Arslan, “Large Signal Behavioral Modeling of Nonlinear
Amplifiers Based on Loadpull AM-AM and AM-PM Measurements”, IEEE Trans. Microw.
Theory Tech., vol. 54, no. 8, pp. 3191-3196, Aug. 2006.

e A. A M. Saleh, “Frequency-independent and frequency-dependent nonlinear models of

B TWT amplifiers,” IEEE Trans. Commun., vol. 29, pp. 1715-1720, Nov. 1981.

79

e G. White, A. Burr, and T. Javornik, “Modeling of nonlinear distortion in broadband fixed
wireless access systems,” Electronics Letters, vol. 39, pp. 686—-687, Apr. 2003.

—LL. LJqF UMNIVERSITY OF

ayp mlUTH PLORTEA
Modelithics 63 : :

I I PRECISION MEASUREMENTS AND MODELS YOU TRUST




Useful References (cont’d)

C. Rapp, “Effects of HPA-nonlinearity on a 4-DPSK/OFDM-signal for a digital sound
broadcasting system,” in Proc. Of 2nd European Conf. on Satellite Communications, Liege,
Belgium, Oct. 1991, pp. 179-184.

e H.KuandJ.S. Kenney, “Behavioral modeling of power amplifiers considering IMD and
spectral regrowth asymmetries,” in IEEE MTT-S digest, vol. 2, June 2003, pp. 799-802.

e H.B.Poza, Z. A. Sarkozy, and H. L. Berger, “A wideband data link computer simulation
model,” in Proc. NAECON Conf, 1975

e H. Ku, M. D. McKinley, and J. S. Kenney, “Quantifying memory effects in RF power
amplifiers,” IEEE Trans. Microwave Theory Tech., vol. 50, pp. 2843—-2849, Dec. 2002.

i | L]qF UNIVERSITY OF
Il

79

ayp mlUTH PLORTEA
Modelithics 64 : :

I I PRECISION MEASUREMENTS AND MODELS YOU TRUST



