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Centre for High Frequency Engineering

- Who are we?

e Founded in 1997
e Significant funding from Government

and Industry

e Staff & Students

- 4 academics

- 1 professorial fellow

- 2research associates

— 20+ research Students

— dedicated Technical Support
e Strong industrial links

- Tektronix, Agilent, Freescale, CREE, RFMD,
Nokia, Ericsson, EADS, Astrium, ...

- Research is 50% funded by industry
e Also EPSRC, DTC, FP7, EUREKA
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Centre for High Frequency Engineering
- What do we do?

Mission statement: to innovate and establish scientifically robust
nonlinear characterisation, analysis and design methodologies at
high-frequencies

*Motivation behind lectures

Core capability and development: RF Waveform Measurement
and Engineering

» Topic of the lectures

e Measurement: The ability to observe and quantify the time varying
voltage V (t) and current | (t) present at all terminals of the Device
Under Test (DUT): thus involves all frequencies including DC, IF and
RF.

e Engineering: The ability to modify in a quantified manner the time
varying voltage V (t) and current | () present at the terminals of the
Device Under Test (DUT): thus involves all frequencies including DC,
IF and RF.
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Motivation and Background

Consider the Design and Optimization of the Highly Efficient Linear RF Power
Amplifier

[Blas dependent s-parameters]

-
Fundamental Nonlinear device Power amplifier Lineariser Amplifier & Amplifier &
Circuit theory modeling design design Lineariser Lineariser

production testing

ACPR measurement/s:mulations

Pulsed DCIV measurements

-

EVM measurement/s:mulatlons

Harmonic load pull measurement/simulations

i

AN

/

J U

BER measurements/simulations]

/] J

Lack of single measurement techniques that can successfully tackle all

relevant technology areas!

In coherent links between the area resulting in significant and relevant loss of
information when moving from one area to another
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Motivation and Background

/ )
Fundamental Nonlinear device Power amplifier Lineariser Amplifier & Amplifier &
Circuit theory modeling design design Lineariser Lineariser

production testing

Waveform Engineering (requires waveform measurement & engineering)

|
. J Jue J Je J

Current and voltage waveforms have the potential to interlink the entire design
and development chain!

However, it is a new approach and as such requires (1) new measurement
systems, (2) new data analysis tools, and (3) design techniques
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RF |-V Waveform Measurement & Engineering

e |ecture : 10.00am - 11.00am
- CW Measurement System Realization

e [ecture 2: 11.00am - 12.00pm
-~ Role in Supporting Non-Linear CAD Design

e [ecture 3: 1.00pm - 2.15pm
- Role in Transistor Characterization and Amplifier Design

e Lecture 4: 3.00pm - 4.00pm
- Emerqging Multi-Tone Systems
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RF Waveform Measurements and Engineering
— a powertul tool and concept

Design/CAD Circuit Design/Evalir o
Tool —F—— Emulation Too! 4O

K\

Analysis
Tool

uuuuuuuuuuu

e | Doherty PA

unifying link between device technology, circuit design & system performance

/ )
Fundamental Nonlinear device Power amplifier Lineariser Amplifier & Amplifier &
Circuit theory modeling design design Lineariser Lineariser

production testing

Waveform Engineering

| |
. Jo  Jue  Je Je Je o,
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Fundamental Nonlinear device Power amplifier Lineariser Amplifier & Amplifier &
Circuit theory modeling design design Lineariser Lineariser

production testing

Waveform Engineering (requires waveform measurement & engineering)

|
. J Jue J Je J

Current and voltage waveforms have the potential to interlink the entire design
and development chain!

However, it is a new approach and as such requires (1) new measurement
systems, (2) new data analysis tools, and (3) design techniques

Thank You
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RF IV Waveform Measurement and Engineering
- CW Measurement System Realization -

Centre for High Frequency
Engineering

School of Engineering
Cardiff University

& IEEE IEEE MTT-S Distinguished
M Microwave Lecturer

Prof. Paul J Tasker — A8 2008-2010

tasker@cf.ac.uk
website: www.engin.cf.ac.uk/chfe
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History of RF |-V Measurements
- Development of the Non-Linear Network Analyzer
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e Historically has had many names;

NLVNA: Non-Linear Vector Network Analyser
LSNA: Large Signal Network Analyser

ANA: Absolute Network Analyser

Vector(ial) Component Analyser

Era of the MTA (Microwave Transition Analyser)
Kompa et al (1990)
Tasker et al (1994)
Verspecht et al

1990

Waveform Measurement

Return of the DSO
Tektronix DSA
Williams et al

2010

1980

2000

First realization of calibrated

waveform measurement solutions
Time Domain Sipila et al (1988)
Frequency Domain: Lott U (1989)

First wave of Commericalization (LNSA)
Agilent & Maury Microwave Corporation




History of RF |-V Measurements
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- Era of commercialization and industrial acceptance

e Second Wave of Commercialization

Agilent: PNA-X

Mesuro/Tektronix

NMDG/Rohde & Schwarz
VTD (Verspecht-Teyssier-DeGroot)

Era of the MTA (Microwave Transition Analyser)
Kompa et al (1990)
Tasker et al (1994)

Return of the DSO

Tektronix DSA

1980

First Realization of calibrated
waveform measurements
Time Domain Sipila et al (1988)
Frequency Domain: Lott U (1989)

e Key Parallel
Development

Waveform Measurements

2000

First wave of Commercialization (LNSA)
Agilent & Maury Microwave Corporation

Waveform Engineering

2010

Agilent PNA-X: Frequency Domain
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Mesuro/Tektronix: Time Domain
Waveform Measurement System
Simplified Architecture with active harmonic load pull

2 Channel Arbitrary Waveform
Generator - Tektronix 7102

High-power Oscilloscope High-power

4 channel Sampling ‘

Broadband Broadband
Crowave Microwave
Driver PA Load-pull PA

aaaaaaaaaaaa
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Tektronix

Enabling Innovation 3



(AFRDY®

Objective of RF I-V Measurement Systems
- has to enable Waveform Engineering in Design

e Their measurement domain is to go beyond s-parameters

P RF I(I) & V(t) Waveform Measurement

e Their application domain is to go beyond linear design

IIﬂ RF I(I) & V(t) Waveform Engineering
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Outline:
- CW Measurement System Realization

e RF I-V Measurement Solution
— Architecture and Receivers
—  Error Models and Calibration

e RF I-V Engineering Solutions
— Active Open Loop Architecture

- ELP Concept
Frequency
Source(s)

Two-Port Microwave
Test-set

N

Four Channel
Receiver
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Non-Linear Vector Network Analyzer
- Basic Architecture with RF Test-set

Time domain variant requires a four channel
receiver with each channel receiving either A
incident or scattered travelling voltage e e

signals.
- Frequency domain, PNA-X, variant requires a E

five channel receiver and a reference signal.

Utilized directional couplers for I A e aan o
detection/separation of travelling voltage
signals.
Source switch for redirection of stimulus a(t) by(t bs(t) as(t)
signal.

— Alternatively utilize two sources, PNA-X or Couplers Couplers

Tektronix AWG. LI Bias T @
Port1 Port 2
All instruments and components are

a,(t b,(t
_ {( 2(t)
computer controlled allowing for automated Input b, (t a,(t) Input
measurements bc « «— b

Measures RF a (t) and b, (1) time varying Voltage

Travelling Signal Waveforms
6



_ _
Time Domain Systems:
- Sampling Receivers

e Key component is a broadband receiver
e Time domain sampling based

Agilent: Microwave Transition Analyzer (MTA) Tektronix: Digital Serial Analyzer (DSA)
e Principle is based on sampling over many cycles
T\ ) /T AlAl N
! = (155 |of™
ke L LR (MRS Rl BCIIR
fo v

e Signals must be repetitive and on a specific frequency grid
Samples RF Voltage Waveforms v (1)



CARDIFF

UNIVERSITY
PRIFYSGOL

(AFRDY®

Non-Linear Vector Network Analyzer:
- Sampling based Architecture

CARDIFF Microwave
UNIVERSITY Source

Measurement architecture is almost
identical to conventional Network Tektronix'
An a I yze r Enablin g Innovation
RF hardware between DUT and the 4-channel Microwave Sampler

sampling receivers.
— Introduces Systematic Errors

Measured a_(t) and b_(t) time varying agolt o)t 4| by(w) 4] )
voltage travelling signal waveforms will Couplers Couplers
be erroneous. [Bias T @
—  Error Correction Model Port1 Port 2
-~ Vector Calibration t b, (t
Input —aL() ‘ —2£) Input
DC b (t) ay(t) DC

Measurements System needs to be vector calibrated
8
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Non-Linear Vector Network Analyzer:
- Error Model

e Error Correction Flow Graph

— 8 Term Error Model
e Similar to that utilized by VNA

_ @ ® o ®

- All terms required €00 A€l |DUT| eny AE33
® @ ®
- Independent of switch match b, 8<01 lgl a, 8;3 ay

e no transformation to a
reference impedance

- Simple de-embedding algorithm
— Independent of direction of ® b, = (by-egea5)/e0
energy flow ® a; =((eg18107€0011)A0™€1100)/ €0,
® b, = (b5-e558;5)/e5,
°

8y =((€3p823€33€02)A3 €, 03) e,

Require a calibration procedure: going beyond s-parameters
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Ratio Calibration:
- VNA 10 Term Error Model

Follow VNA Procedure

Bias T Ii?.
Port1 Port 2
short | short

Input
DC

°
| Microwave | —  Determine 10 (12) Term Error Model
Source e Load, Open, Short, Thru (LOST)
e Thru, Reflect, Line (TRL)
e Thru, Reflect, Match (TRM)
Forward Error Model
4-channel Microwave Sampler a 1 a, b 8108’32 b
— > o —>»> o
a (0] byo)4 4| by(0) 4| aso) b. < g Oj
o  €10%01 | )
Coupl Coupl
— oee Reverse Error Model
323332

DUT

a
{3 1 + +333
<«
€3 1
01

measure S- parame’rers
10

Input
| DC

open
L]

load

by

open
load

|
|
|

thru




Ratio Calibration:
- VNA 10 Term Error Model

e Equivalent to VNA

| T | — Ratio measurements as a function of
Source frequency

E S, Radius =9 90 S;, Radius =0.2

4-channel Microwave Sampler

ag(@)]d  by(w)4 A | by(w) 4 ay(0)
Couplers Couplers
Bias T
Port1 Port 2

31((})) bZ(w) 550
Input —> —> Input A Measured ] A Modelled
DC b4(w) a,(o) DC

4_

...... Measure s-parameters
11



_
Relating VNA and NLVNA Error Models
- step 1

Forward Error Model b b b
’ a a; Dy Eq083 Dy 3
a, 1 a, b, w3 b, A > o o > o0— >0
@ P ® o P o e e
e : €00 At € A°33 \ A
€00y y SAVEEENR ) 4
o1 — o— b et o a2t 7 -
by €408 ]gl C) ’ oror 1 %2 *a3't10
Reverse Error Model
al b2 823832 b3 ao 810/823 al b2 823832 b3
—0 ® > o o O > ® @ - o
A€ 11 €Y AE33 I, A €00y A1l &y A%33
@ < o < o g—{ o O < @ < o
b, £,5€ 01 ]gl & 1 i 0 by €338 ]gl & 1 iy

Reformulate Error Model: Isolate correction and Impedance transformation
12




Relating VNA and NLVNA Error Models

- step 1
e Transformation of Error Model . 1 2 b, ec b b
e Utilize measurement of by/a, (I's) 0 I T2 10732 3 3
: 3T3 V3 @ > o O > o0—>o
during forward THRU calibration . c ¢ 5
e Utilize measurement of by/a, (I',) 00 5o 22 7 SR A&
during reverse THRU calibration < e < o0

— Mathematical Conversion

— €y T Eyyte sl (1-853.15) ® O > o [ | o
€10€ 32= €10€30/(1-€33.13) € € € €
e Reverse Model Lo & 00 A 7/ s
; @ < o ¢ o
© O T et/ (10 To) ‘go-< .bo €23801 D1 & 1 a3
€01€ 23~ 01823/ (1-€00-T'g)

Reformulate Error Model: Isolate correction and Impedance transformation
13




Relating VNA and NLVNA Error Models
- Step 2
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Determine
Missing Terms

a; b, €3 b,

@ @ @
AS11 €y At
]g @ o

) €93 dj

Un-normalize and Combined Error Model

14
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Absolute Calibration:
- Determine &,, or €54

Microwave
Source

| e Additional calibration steps
€,, Un-normalization

e MAG:  Attach a power meter to Port 1
e PHASE: Attach a phase meter to Port 1
e PHASE: Inject a known signal into Port 1

_ —  &,5 Un-normalization

4-channel Microwave Sampler e MAG:  Attach a power meter to Port 2
e PHASE: Attach a phase meter to Port 2
e PHASE: Inject a known signal into Port 2

ao(olt Dot ) bso) 4 as(e) e Phase Meter I
Couplers Couplers - Requires the utilization one of the samplers
Bias T
Port 1 Port 2 e Phase Signal !
Inout | Power meter }—‘ Input -~ Requires a spectrally rich signal with a known
Dpc || . DC phase relationship
Phase meter Phase signal

....... g0 beyond s-paramefters
15



Absolute Calibration:
- NLVNA 8 Term Error Model

Microwav 4_
| v | Ve
E a €10 a, b, €3  bs
@ > o @ > @
4-channel Microwave Sampler 800' AS 11 |1 DUT 822' A833
® < ® < ®
b, €01 ]gl ) €23 as
ao(t)h  by(t)4 Al oby(t) A agt)
Couplers Couplers —  Simple de-embedding algorithm

Bias T
® a, =((gp18407€n0€11)@01€41D0) 204
b2 g ® b, = (bs-e35a5)/es,

(t
Input —k )‘ ‘ Input

DC a(t) DC ® 3, =((e3p8,37€33€07)A3FEx,D3) e,

Waveform Measurements
16



RF I-V Waveform Measurement System
- Review of Fundamental Architecture

RF test set to
separate incident
and reflected
voltage traveling
waves

RF Source for both
Calibration and Measurement

Receiver to
measured voltage
traveling waves

v' Key Component

Microwave Transition
High-power analyzer
Broadband

Microwave
Driver PA

Bias-T Blas T
E’-"’ t— .....
e r— Directional Pr— Frequencies up to 67 GHz
ggfu;?er:a |_ Coupler Power levels up to 100 Watts
DC DC

17
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NLVNA Goes Beyond S-parameter:

- Waveform Measurement

Gate Currentdl[mA]

e Measures magnitude and phase of all
the frequency components present in
the terminal travelling waveforms

e Power response
e Spectral distortion

e Data Transformations

SIS N N R
6
[vwR BBelj0A o1es

0 180 360 540 720
Phase [°]

HFET Transistor

Drain Currentcj[mA]

e Frequency to Time Domain
- Waveforms

e a & b waves into v & i waves

Power Sweep @ 1.8 GHz

-
(o))

o

g

12 35

<

o

° &

1 D
40"% \/\/ A _>b2M

—r T 1 10 = b — DUT | —

0 180 360 540 720 /\//\/ 1 a, /\/\

Phase [°]
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NLVNA Waveform Measurement:
- Performance Extraction

E30 2
2 20 0 e Data Transformation. Non-Linear
o .
£ 1 20 Performance Evaluation
§ 1 J/—-— 20} -40 e Gain and Gain Compression AM-AM
0|'|'|'|'|'|'|'4|F'?1:O| 60 e Output Power
2 46 8 101214161820 e Phase Response AM-PM
Input Power [dBm] e Spectral growth
HFET Transistor e Direct Observation
- Power Sweep @ 1.8 GHz e Mode of Operation
1800, ) e Breakdown/Reliability
S 1352 — 174
S, 903 172
2 453 NWA 170
£ od* 1 168
J-m- 2f0 B
-gg—; 310 L 166 \/\/ A ‘ oUT ‘ —_ D
- L L L N
2 46 8101214161820 /\/J\/ b, < ¢ a, N\

Input Power [dBm]

Are Waveform Measurements Sufficient? o



Linear versus Non-Linear Circuit Design
- the need for waveform engineering

e Linear System
— characterized by s-parameters

e allow impedance transformation I S-parameters are
e cascading of networks also a design tool in

Linear CAD

e Non-Linear System

— characterized by waveforms
— includes spectra growth (harmonics & inter-modulation)
e cannot perform impedance transformation
— Performance is influenced by measurement environment

Need to Engineer as well as Measure Waveforms
20



NLVNA needs a waveform engineering extension to
become a productive design tool

e Non-Linear Vector Network Analyzer Limitations
e Determines non-linear behaviour only into its fixed “nominal 50 ohms” impedance environment
e Circuit design requires knowledge of on-linear behaviours into an arbitrary impedance environment

Microwave
. . . Source
e Waveform Engineering Extension
- Valid calibration despite changing
impedance states |

e Passive Impedance Variation 4-channel Microwave Sampler
— Manual stub tuners

- Automated source- and load-pull
systems

e Active Impedance Variation
— Requires multiple microwave L Couplers Couplers
sources. Bias T .—l_H Bias T
— Allows for compensation for losses Port1 Port 2
Input Input
DC DC

21
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Engineering the Stimulus Voltage Waveform
- The concept of open-loop active “load-pull”

e ‘“load-pull” requirement: Modify Reflected Travelling Wave

e Active System
-~ Amplify signal to overcome losses

adjust e Closed loop stability issues
] Stub
length
‘, I (Zy)
adjust
- Stub ) - (2)
| —2p position <= |
— o circulator eorb sianal b
[ — ; absorb signa
| Matched | —2> g 2
1 a . . 1
; 2 termination i
| I Matched !
: ! termination
e Passive System ;

— Performance limited by losses in
measurement system

e Couplers, bias-tees, fixture

Phase locked
Inject signal a, signal generator

22
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Engineering the Stimulus Voltage Waveform
- multi-harmonic open-loop active “load-pull”

Multiple RF Sources

Agilent

- S
14 S -3
Adryr B === = a
eemkdie ===
® 333 (=R -
332 0% S i |
» 333 838 |
= =
- .
14 S -3
®les e yE I == =1
oo0 8 = |
» 333 = - .
— 332 .|
_ =333 Cx) |
- e - |l
e - |
1 .
2 ™ -3
3338850 we oo 19
-
. -

Active Harmonic Source PuII Actlve Harmonic Load-Pull

Microwave

Sources Frequency domain

Arbitrary Waveform
Generator

Tektronix

Tektronix

Enabling Innovation

Time domain

Digital World reaches RF
23
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RF I-V Waveform Measurement & Engineering System
- Review Fundamental Architecture

Stimulus to engineer
MRMALUSLUI Voltage traveling

Engineering
Stimulus waves

v' Key Component

Receiver to
High-power High-power | Measured voltage
Br_oadband Broadband .
Microwave RF Waveform Microwave travellng waves

Driver PA

Load-pull PA +
Measurement ocad-pu v Key Component
Receiver

High Power DUT High Power
Bias-T Bias-T

Directional

Dgecticlmal i i “‘5 —| Coi e Frefoercistrage daab TVEHzZ
SRR |:C - Power 2908 svith PekO®Watts

24



RF I-V Waveform Measurement & Engineering System
- Emerging Commercial Architectures

Tektronix

dvanced RF testing and .
Enabling Innovation advanced NG BNd Measuremaent systems

Demonstrated at IMS
2009 with Tektronix

25



Further Considerations and Developments
- higher power and/or higher thru-put

e Packaged Devices
- Requirement for waveform de-embedding

e High Power Devices
- Requirement for impedance transformation

e High Thru-put
- Requirement for “closed loop” active load-pull

26
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De-embedding Requirements:
- Packaged 20W Si LDMOS Device

Extrinsic Waveforms: Meaningless Intrinsic Waveforms: Design Aid

(@)
o
-

50 i Al 4
- 50 ,
S | o $,3 -3 O
> 30 & 2 S =402 =
o i ® o 30 =% — 2 5
*x - © E3 —
& 20 % — = = S pg
S . i > o 202 -1 =
> 10% - 0= 10
OEE"H#IHHII:/HEIHIfHIIf -1 0 Frrrrbrrrt e M 0
0 05 10 15 20 25 / \
Time (ns)
insi e Extrinsic e gp
Intrinsic  Intrinsic M
. easurement -
Generlator Dev[!ce Plane <
Plane Plane = 1000 1 /i
-, = L | : ,
DL ¥ R (S PN 3
Vintw T ¢ = e & Vi 0
=i = = = = 500 JH-HHH-H
Package & Mounting \\ ’ K “ v°|ta3;0e (v) “ K ”
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System Impedance Issue:
- Band Limited Waveform Engineerin

R0t >> Z, System Impedance R

Y

opt << Z, System Impedance

12 60
>10+ -50 &
o8 -40 3
614 -30 2
o 47 —20’§
=21 10 > _
%00 05 10 15 2025 00 05 10 15 20 25
" 7T Time(s) ~ _ Enginedred T T pie sy
_ Current Wgveform . )
“Engineered” Engineered
< 50 § Voltage Waveform ¢ = 60 Voltage Waveform
1 %'32 > T
m [ LA, @ 9
o 107 >3 407
> T o 307
g 107} 2 201
) L 5 107
= 30612 S 04—

High Power Characterization Environment/ 28
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Waveform Engineering Issues
- Active load pull at high powers?

e High |[|= JP.»/P,,, requires both values to be almost equal

e High dissipated power P, = P. - P, requires a difference

e Both requirements can be only satisfied by a rise of P and Pg,,

Example:

Load-pull of a 100 Watt

device with 1Q output impedance
in a 50Q) system results in the —
following signal levels: ! Emulated Load Plane

LP

P,=12kW P, =13kW

Abbreviation

VSWR=50 V, =14kV « P.,: Load-Pull Power (Watt)
+ P, Power delivered by the DUT
9 PrOhibitive! 2 Pgen: PLP n Pd

+ VSWR: Voltage Standing Wave Ratio

29
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High Power Waveform Engineering:
- Solution is a low impedance measurement system

e Build a low-impedance measurement system
- This is the preferable option but is impractical

e Use of broad impedance transformers

— Significantly reduced VSWR

— Maintain integrity of waveforms

- Resonance free environment
over large bandwidth

- Can employ well established
TRL calibration techniques.

Pd_’i Emulated Load Plane
|

30



High Pow

- Solution is

er Waveform Engineering:
a low impedance measurement system

1 Q Emulated Load

300y T T T T

250f | P.r (No Transformation N
p— ,',f \
£ 200 ) ).
= Load-pull Power Limit~"
~150 7
h S— _P -
w —
= 100 P_p (50 to 10 Q Transformer)
o

P p (50 to 1 Q Transformer)

08 -06 04 -02 0 02 04 06 0.8
Load-pull Reflection Coefficients

1
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High Power Waveform Engineering: -
- Measurement of a Freescale 100 W LDMQOS Device

f
| l :I o Only 120 Watts required to
| i '. L7150 probe the optimum load
| S e \ when using 50 to 7.15
Equivalent N\ Pl impedance transformer
sweep, area in-a~ o e
\ qet \ L e RN
50 Q,?ystem 9.6 R
\ \ T49.8 2%\ TS
\ & 50,0% 34@4“,~.._.
: '\’_ ) ) ﬁil.'?ﬁ S~ .,.{  Guin — Pout  Efficiency
A g g gl ;-" 16 60 _
NS TN /..f e
mpedance ./ e 12 _— > | ¥
sweep areaina T 0 /// el
7.15Q System \..\ |' § 8- I
— °] e T2 Ig
4 - ///// E
Measured Optimum Load Impedance (Z,,,) 21— -
(=]
1.643 -j3.562 0 ’ s e L

Pin (dBm)
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High Power Waveform Engineering:
- Critical High power measurement set-up components

100 Watt LDMOS Hig_h Power
Transistor Bias-tee

Klopfenstein Impedance High Power
Transformers Test Fixture

33
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Alternative Active Load Pull Solutions
- address the issue of measurement thru-put

-
Passive Load-Pull Technique

Impedance Controlling
Element

A traditional passive load-pull system can:

Input Output
DUT —> b2 ‘z‘ ﬁ I:Aower
— & eter x
|_> Phase Shifter Tuner
= aZ
—bad E X
- /
é )

Active Open-Loop Load-Pull
System

Active Load Controlling Element

Input Output ~ I"777° CTTTTmmmmmmmm e
— b2 i Circulator
g
(Ry— o O
<4+— Qap !
Source

loads independent of power output of DUT

bility & measurement artefacts due to
#hpedance variations

omplex challenge to independently set

T@aaﬁowe;rgak@ﬂrhef advantages
“of both of these Toad setting

The active op&ﬂ&h niqm&?mach:

v' Sets

monic impedances independent of each

ay take considerable time to iterate to each load

34
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Alternative Active Load Pull Solutions
- developed Envelop Load-Pull System

frequency within the bandwi .
v" Can emulate loads that are outsSiae the smin chart

/Slngle EI'|:7/I\Ilulti-Harmonic ELP System \
50 ELP Module
I;‘ 1 b2 a, Directional Fo e e e e et i | :
s t— i % ? Coupler ! X g
b2 Directiof —— DUT E ,b2_> ELP f PC :
DUT R Control Y |
& i Coupler 50_ j :
r F ESG :
_ 2 (IQ Modulator) :
—bad | b, a, Mer L _;
[]
'
Harmonic ------'———‘X-*----g
k Load-Pull —> E ELP L - PC E
System i E Control E
N : I‘ i
v Sets impedances rapidly, aq Pl Miijator) E
. [l H I l
v Harmonic loads are indeper] - ____Tk@j
v Requires only 3 RF measurt : /

w
()



. .
Envelope Active Load Pull Solutions
- calibrated electronic load-pull system

Ensure impedance

Applying the calibration setting accuracy using
) E error model_and o non-training . < < .
R R re-measunn% = “»  load points -
/* L D \XJ ol &

“‘ AR ¥ 4 % i
. o K o x X 2§/ o + Calibrated Measured Impedances g
v a 7 X % . o Desired Verification Impedances e
' r Desired Impedances o Desired Impedances @ @
- + - Uncalibrated Measured Impedances —X  Calibrated Measured Impedances ® " o @
Before Calibration After calibration Load Setting
. . Verification
Calibration Advantages & Assessment
- The accuracy of the loads set after e o Percentage Difference In Loads Set _
calibration is independent of the number of F ”"dfF’:’)e"’a' Se°°"d(ﬁj’m°"’° Third '(",5'3;'"°"'°
data points captl.Jred., providing that there 1 0.0236 % 0.0344% 0.0335%
are at least 3 points in the set. 20 0.0237 % 0.0348% 0.0338%
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Alternative Active Load Pull Solutions
- developed Envelope Load-Pull System

Example:

The third harmonic load was
swept around the edge of the
Smith chart with 8 equi-spaced

Viewing the variation of the fundamental magnitude
and phase (at a desired load of 0.38 £ 160°) as the
3rd harmonic is swept around the edge of the Smith

impedances, whilst sweeping hart
the fundamental load in a 4x4 chart.
grid. o o
— 150
4 | Zopt(FO) @ 0.8
\ [} U
\ o >0
206 &
R A4 O+ =4 —100®
T — S §
\ 04— - L e
@ T 50
O +FFTF O F a9 02— ~ Phase
— - - Magnitude
+ F, Grid Sweep Impedances
© F, Phase Sweep Impedances 0.0 = \ \ \ \ r 0
0 1 2 3 4 5 6 7
Fundamental Impedance Point
e e



CARDIFF
UNIVERSITY

PRIFYSGOL

CARDY®

Fully Functional NLVNA: Integrated System

- Waveform Measurement and Engineering

Output CurrenfmA]

Drain Voltage (V)

Ignaginay (W) o
g a 2

g

0 10

.....

04 03
Real (W™)
—8— measure d b2 —@— modelled b2

—
‘DUT“

Investigating and optimizing amplifier
modes of operation
e Development of Class J

Investigating and optimizing Transistor
performance

e Fan Diagrams

Behavioural Characterization/Modelling
e Data Lookup Models

b, A/
2 [\/\

38
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RF IV Waveform Measurement and Engineering
- Role in Supporting Non-Linear CAD Design -

Centre for High Frequency
Engineering

School of Engineering
Cardiff University

Contact information

Prof. Paul J Tasker — tasker@cf.ac.uk
website: www.engin.cf.ac.uk/chfe
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Non-Linear CAD Models:

- State function based formulation

e Time domain formulations

- Physics Based State function () = L{vy(val) + c?Qg(vgs(t),vds(t))/.7t
formulation: | & Q
e Four quasi-static | and Q surface 1) = (v valt) + 0Qd(vgs(t),vds(t))&t
functions
- Advanced formulations include time
delays
g I,(t) QIRF(VI(t),Vz(t)) QzRF(Vl(t)avz(t)) L(t) _
= —> <« g
é_moo S
T b oL
{:} o0 Vi) V,(1) 2,
‘s 200 g 2
S T T T | O 47 T T T |
0 1 2 3 4 0 1 2 3 4
Drain Voltage [V] IIRF(VI (1),V,(1) IZRF(VI (1),V,(1) Drain Voltage [V]

This fundamental formulation is followed by all analytical models and the Root lookup table model
2
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Non-Linear CAD Models:

- behavioral “black box: based formulation

e Frequency or Time domain
formUIatlonS ig(t) = ag+a,(t-7)+ay s(t—1:2)2 +av s(t—13)3 F o,
— Behavioral based formulation

e Many different formulations
- Analytical or experimental data based

by(w) =f(a1(w),a1(2.a)) ....... ay(nw),,a,(w),a,(2.0)...... az(n.w))

g 1803 174
=30 20 | L® L) | g 1353 B
5 — BN R S on 3 172
820 % -0 | 4 e oy | “Black-Box™ | T T | gl m..;::,@i\, - 170
=] a;(nw nw) ) < Z|—a— f0
L -20 “::> 1 : 2 03 L
£, 10 Vi®) ot Non-Linear ooy G V2O | T T 20 168
o -m- 20 _40 & by dinw 45 3, 310 L 166
¢ 3f0 | IFFT MOdeI FFT -90 T T T T T T T "
O S 60 S 2 46 8 101214161820
2 46 8 101214161820 Input Power [dBm]
Input Power [dBm]

Generally focus on describing a specific behavior
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RF |-V Waveform Measurement & Engineering
- role in CAD modelling

e State Function I(V) - Q(V) Non-Linear Models

— Directly Measures Model related parameters | & V

e |-Q function Extraction
— Data Lookup Model Generation

e Analytical Model validation and Optimization

e Behavioural “Black Box” Non-Linear Models

— Directly Measures Non-Linear Behaviour
e Directly Import into CAD Tool
— Data Lookup behavioural model
e Indirectly Import into CAD Tool

- Formulated behavioural models (Volterra)

- Emerging non-linear parameter equivalent to linear s-parameters (X-
parameters)



Non-Linear CAD Models:

- State function based formulation
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(CAFRDY®

e Requires measurement of the state
functions: | & Q

e DC |-V provides Current State Function
- Static measurements: trapping and

thermal issues

e S-parameters measure differential of
state functions

— Trapping and thermal issues

‘\
oS>

L(®)
>

!

Vi(®

QEVOVA)  QEVOMD)  p

t

l ;/i :Zi él V(0
LIV, (0.V,00) LYV, (0.V,(0)

Ideally require direct dynamic measurement of state functions

S, radius = 30 o Sjradius =04
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Non-Linear State Function CAD Models:

- indirect extraction from bias dependent s-parameters

Small Signal Equivalent Circuit Model
; AQ, (v, (t),vy(t Yad
) =15 0al0) + P07 . el :
. AQ 4|V, (1), vyt
lds(t) = Id(vgs(t)’vds(t)) + d( ¢ () d( ))/Jt VT ygs Vygml de
£
2 1000 Linearize to get l
£ 800 s-parameters
£ 600
< 400 )
‘= 200 Ly = Y-V + ViV Yi = Y + Y Yo = - Yu
2 o T T T 1
0 1 2 3 4 )
Drain Voltage [V] Ly = YuVy T Y0V Yo = Yan " Y Y2 T Ya T Yu
: . . E)
Integrate bias dependent |:> Non-linear State Functions E g
linear s-parameters to get 2 4
; 23
non-linear parameters Q, = [y, )v, + [(y,)Ve 2 g
g -2
Provides data for Root model e [an O 4t+—T—T—T1
or for analytical curve-fitting o = SRV, + [ R(ya) v, o \folta;em“G
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Non-Linear State Function CAD Models:

- direct extraction from RF I-V Waveforms

Model uses state functions to describe the
arbitrary time dependent terminal current flow
resulting from the applied arbitrary time

o

-1.0

I I I I |
6 -4 -2 0 2
Gate VoItageg¥V]

0 180 360 540 720
Phase [°]

<= 2 o . = 10+ — 1.0
E% o8 dependent terminal voltages g [ 08
°5 < =5 57 2
3 2 3 @ —0.6 &
3 4 & RF RF s 07 048
LW 2 | o QUEVOV®)  QFVIOVAD) gy | S o
‘= —> < 8 10 0.0 g
0 180 360 540 720 [ — =
. 8 -6 4 2 0 2 3
Phase '] Gate VoItag«a;)V]
V,(t) l / / l V()
16
A A A 55?. ‘ < 16 00 4
N\ : S RF RF %12 02 3
F° 2 LE(V1(0,V,5(0) LRV, (1),V,() 5 5 04 g
4 & 3 06 8
0 3 § 40 -0.8 g
2

If we have measured the terminal current flow
resulting from an applied and measured terminal
voltage and we reverse process and determine
state functions?

'
oo

YES: Solutions in both the time and frequency domain. 7



Non-Linear State Function CAD Models:

- direct extraction from RF I-V Waveforms
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gt)

G(Vs(®)

\
S

N
Vit l

77_1 ]

e One-Port Problem

Two State functions

Depend on one
variable

Select _ oe i

1, (V@)

i (1) = L(v, (1) + 7, (vt

a

() = L(va) + ¢, 7/ (1)

c, M/ (t.)

igs(tz) =

Ig(vgs(tz)) +

—

Two equations with two unknowns,
so solve for I, and C,

0.9

Vgs(n) Vgs
S 07 o
>"06
05
7
1 1 1 I 1
0 100 200 300 400
60 -ﬂ
40 |
SRR Y
9
0
1 1 1 1 |
0 100 200 300 400

dv(t)/dt




Non-Linear State Function CAD Models:

- direct extraction from RF I-V Waveforms
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— = 2—
E 60 — é
- E 1 —
"E‘ 40 s
= o
520 — =2 U
& 3
= 8
r 0 T
o @)
fia | [oD)]
0 T
N T T U'2_||||||||
02 03 04 05 06 0.7 08 09 02 03 04 05 06 07 08 09
Gate Voltage, V,(t) [V] Gate Voltage, V,(t) [V]

e Extraction of state functions for all measured values of Vgs(t)
e Only one large signal measurement needed
e Model extraction or model validation
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Gate Currta{trlA]

Drain Curre@[n‘\A]

CAFRDY®
n ]
|
Non-Linear State Function CAD Models:
é 10— — 1.0 g?
g 05— —08 g
@ E @)
(E O 04 b
Q -5 _| o
‘9; —. 10— Input Characteristic © — 0.2 §
3 £ 10 I . — 0.0 5
T T 1= 2 5 8 -6 4 2 0 2 =&
0 180 360 540 720 g 0— Gate VoItageg\S{V]
Phase [°] ] . .
o -5 | ° Extraction State Functions | & Q
HiSieim b4 e U T Reactive strongly second order
Power Sweep @ 1.8 GHz © 10 I I I I
-8 6 -4 -2 0 2 — 160— — 0.0
160 16 g < ] - =
3 Gate Voltage \JV] E” 02 S
12 12 5 J 21200 ¢ i
g ° Performance Understanding o 80—— —-0.4 g,)
80 8 T Reactive Non-Linearity's 3 i L -0.6 §
«Q =,
o £ 40+ .08 &
40 4 = — 160— Transfer Characteristic g . 3
3 < 0 0 -1.0 @
0 0 = S ) | =
A N =8 120 8 -6 -4 2 0 2 a
0 180 360 540 720 S . Gate Voltage \[V]
Phase [°] 3 80—_ 9 g\sN
£ 40
© _
)
0 T T 1
-8 6 -4 -2 0 2

Transistor Behavior

Gate VoltageggV]

State Functions
10
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Non-Linear State Function CAD Models:

- direct extraction from RF I-V Waveforms

Stimulate with appropriate engineered
waveforms V,(t) and V(t) voltages and
perform measurements

)
4

{

[——]

—

@ INPUT

Reverse Modelling Process

.

I BN FEm B EE WF

hi

Lt QRF(V,(1),Va(1) QRF(V,(1),V4(1) L)

iz

LIEF(V(0),V,(1) LRV, (1),V,()

=Y ‘4

f/

%

[———]

—

@ OUTPUT

Extract I and Q state functions: i.e. their
dependence on voltages V, and V,

L

Morgan et al, IMS 2001
 Extracted Fully Dynamic Intrinsic I and Q Surfaces of apHEMT transistor 11
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Waveform Measurement and Engineering
- are we looking at the device or the system?
Vi I
b,/a,; or a,/b,

measure .

8 frequency domain
engineer " measure

DUT

\/\/ a, = » b,
VY

S <

b1 < < a,
measure Vo 5
ﬁ measure
a,/b, or b,/a, ] engieer
time domain
t
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Waveform Measurement and Engineering
- are we looking at the device or the system?

e “Forward and Reverse Looking” Measurements

— separation in the frequency domain

e fundamental

- Input Impedance S,,(b,/a,)
e harmonics

- source Impedance (a,/b,)

_ 2
<é:20 g))
%10 0 c"i
5 0- \ 5
210 —2 G
&-20 — <
—T T T 4

0 200_ 400 600
Phase

a, wave spectra

<  Stimulus

A

Responce

4 wave spectra

13
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Waveform Measurement and Engineering
- are we looking at the device or the system?

e “Forward and Reverse Looking”

Measurements

- separation in the time domain
e |oad Impedance (a,/b,) when current generator is active

“Reverse Looking”

e Device Impedance (b,/a,) when current generator is in-active /\

g 20
= 80 \ )
- A\ © =
5 40 ' //\\ S =P
T ¥ = 5 @ s
<
O —

0 200 _400 600
Phase

Drain Voltage [V]

:> Extract Output Capacitance C . = 0.4 pF/mm 14
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RF |-V Waveform Measurement & Engineering
- role in CAD modelling

e State Function I(V) - Q(V) Non-Linear Models

— Directly Measures Model related parameters | & V

e |-Q function Extraction
— Data Lookup Model Generation

e Analytical Model validation and Optimization

15



Transistor RF |-V Waveforms
— Verification of non-linear CAD models

e Control mode of excitation
— Similar to circuit operation

-~ Maximize coverage of output |-V
space, state variable space.

030 ]
Ids/A
) ' 015
Measure: V,(t), V,(t) and L,(t), 1,(t) :
L(t) ] ) :
1,(t) Simfllated .
Simulated : ¢ %
H: Va() ﬂ[:l; TR 0 s w0 s 6
V,(t) i Measured Drain Voltage'V
Measured - 1
| Compare Simulated I, (t), 1,(t) with
Measured 1,(t), 1,(t)

Import Measured V. (t) and V,(t) into the simulator

16



Transistor RF I-V Waveforms
— Verification/Optimization of non-linear CAD models

Provides insight to why and where the model is failing to
accurately predict non-linear behavior

0.30

Ids/A

Some
divergence €+——
near knee

-0.15 Illllllill‘lllllllv

0 10 20 30 -
Dram Voltage'\V

S

Some divergence at
pinch-off 17

More robust and useful than what is typically done: simply
comparing simulated and measured Power performance
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Transistor RF |-V Waveforms
— Verification/Optimization of non-linear CAD models

e Separate the measured
currents into their individual
components

— Displacement and real
contributions

e Results can be presented as
a function of input or output
voltage

—  Check model
formulations

- Validity as a function of

bias
Real Current Displacement
Component Current Component

e Result, in this case, show that the LDMOS model used is not
accurately modelling the variation of output capacitance as a function

of gate bias.
18
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RF |-V Waveform Measurement & Engineering
- role in CAD modelling

e State Function I(V) - Q(V) Non-Linear Models

— Directly Measures Model related parameters | & V

e |-Q function Extraction
— Data Lookup Model Generation

e Analytical Model validation and Optimization

e Behavioural “Black Box” Non-Linear Models

— Directly Measures Non-Linear Behaviour
e Directly Import into CAD Tool
— Data Lookup behavioural model
e Indirectly Import into CAD Tool

- Formulated behavioural models (Volterra)

- Emerging non-linear parameter equivalent to linear s-parameters (X-
parameters)

19



Review Linear Design Situation
- back to basics: s-parameters behavioral models

DUT * utilize measured s-parameter

RF Design
Environment 2006A

Dutip ol e %
DeE|Yh@o | &M ZEi0 =
Ha 5 50 2

rrrrrr

81.245846 -0.028574

Can simply transform s-
parameter to any arbitrary
impedance environment

Can also measure say S,,
and S, as function on
input drive to get a very

Gain, Bandwidth, . . . . :
Stability, Matching Characterization and basic non-linear behavioral

CAD Design Enabling Tool model

20
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Consider Non-Linear Design Situation
- large signals: waveform based behavioral models

DUT Waveform . utilize measured waveform data
Measurement and tables in RF CAD Tools
Engineering

Ell  RF Design
Environment 2006A

Cannot simply transform
waveforms to any arbitrary
impedance environment

Can measure as a function of
input and/or output
fundamental and harmonic
load impedances: CAD

[A] sbeyop ureig

Power, Efficiency,
Linearity CAD Design Enabling Tool interpolation and extrapolation

Characterization and

21
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CAD Enabled Waveform Engineering
- Direct Waveform Look-up (DWLU) Data Model

Measure Waveforms

8

<):6—

:

Sweep: £
° -/\/\/

2_

Pin TLoap: Bias ]
C T I T l T I T I T I T I T l T I T l T

|:| 00 01 02 03 04 05 06 07 08 09 1.0

time, nsec

Formulate in frequency domain
Populate multi-dimensional datasets

H Table_Format - WordPad Q@@

Fie Edt View Insert Fomat Help

DEH SR A /B &

VAR Vgs (real)=-1.2 &)

VAR Vds (real)=10.4 3

VAR Garwa_a (real) = -0.8

VAR Gauwa_ib (real) = -0.4

BEGIN RefCoef_Sweep_1 20

Vinag(real) T1_de(real) 12_de(real) yii_t(complex])  y21_i{complex) yii z(

0.538626  -0.00012  D.5737 0.0568231 -0.165889  -1.35781  0.0705181  0.0224937 .4t

0.626009 -0.0001 0.619 0.0527368 -0.161745 -1.25831 0.073193 0.0187114 r

0.687399  -0.00014  D.6926 0.0598906 -0.162485 -1.27689  0.018053  0.0183925 m 0

0.745525  -0.00014  0.7821 0.063489  -0.167902 -1.32831  -0.00120558 0.0175555 kel

0.817791  -0.00014  0.5794 0.0699851 -0.17059  -1.35007  -0.052761  0.0171567 = _

0.886949  -0.00014  D0.9792 0.0767954 -0.175043 -1.38028  -0.0978024 0.0167771 P h R f 5

0 ase e s,
= -20—
[0

VAR Vgs (real)=-1, kel _

VAR Vds (real)=10 2

VAR Gama_a (reall  — S I c

i -2 . _ Mn — — n caie o -40—

| L\nw) = V. o), V. (W o}

For Help, press F1 1 1 1 = 4

-

freq, GHz

22
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CAD Enabled Waveform Engineering
- DWLU Data Model Implementation

Data Import Unit constructed in Agilent ADS using FDD & DAC

L ’&(\Ge nent
FFT i T ) X vic
i & i (nw) ‘\"\ Vi

o Y ok-
O IFFT O Dgetiook up
W .

[

L DA R e

| Reduires Z determination
23
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CAD Enabled Waveform Engineering
- DWLU Data Model Utilization

100W IIP Voltage Waveform Output Power vs Pin Gain vs Pin
157 N T so . 19—
10 T 40]_T—1_[Fuhdamental 18- l\K‘\
= 51— ,% b ]
o s 30 m ]
g 01— =1 T 2174
2 g 20 2nd H ic L ]
S 5 . T"— e \
Z St v & 10 — G 16 -
'10 T I\T T T T T |\l/! T 0- 1 3rd qum‘)ni c ]
LA N A AU N N 153
(=) (= ~) (=) (=) (=) (=) (=) - T T T T T T T T I T
s 2SReRaaIab o 28F29d3° 31 |3|2 33P34 slsdB.%e 37 28 29 30 31 32 33 34 35 36 37
Time/nsec undamental Input Power/dBm Fundamental Input Power/dBm
O/P Voltage Waveform Output Phase vs Pin Efficiency vs Pin
sl - ! il ; 200. Fundamental < 501 ’ Ll
] o ]
. > 40 / e g
Simulate on Data o . 2 o . 2 4
. 2 30+ S :T armonic £
Look-up Grid % 20 g T
e ®-200 = £ 40
10 = 1 £ 27d Harrnov|||c g 7
0+t i oY,/ N O O B B L P B I
----- Simulated oS epooooo0o0 28 29 30 31 32 33 34 35 36 37 28 29 30 31 32 33 34 35 36 37
o =MW g OO N 0w o
Timelnsec Fundamental Input Power /dBm Fundamental Input Power/dBm

:> DWLU Accurately regenerates RF waveforms
24
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CAD Enabled Waveform Engineering
- DWLU Data Model Utilization

100W IIP Voltage Waveform Output Power vs Pin Gain vs Pin
LDMOS = | o o5
10_ o 40 undamental ] ~
1 £ 30] 16.0 ]
30 8 o e |8
® o T g 274 Harmonic < 1551
S g o 8 150
> - o 0| B
o Harmonic ]
N TTTITLLIL . T r T n n ey %3 37
C o m b b oo ue oo 28293031323334353637
Time/nsec Fundamental Input Power/dBm Fund “0 1Bm
O/P Voltage Waveform Output Phase vs Pin \ \\\“
60 400 0\'

504/ \ 3004 Fyndament: \‘6&6 \9 /

] g 200
Simulate off Data 2307 S 100 3rd Hr \‘{ 6 4‘0
H 8 20 k<]
Look-up Grid S 3 o - 0

. S -100]

0l & 2000 V

C o bbbbbdod A . 28293031323334353637

..... Simulated S2NGRboaNmioo v

o Fundamental Input Power/dBm
Time/nsec Q

=) DWLU Accurately interpolates RF waveforms
25



CAD Based Waveform Engineering

- Parameter Based Data Models: Formulation Concepts

e Non-linear Data look-up

— Direct looks up measured waveform data
e Stored in the frequency domain

CARDIFF
UNIVERSITY
PRIFYSGOL
CARDY®

e Non-linear Data Formulation: Parameter look-up

- Transform waveform data into “circuit parameters”
e Equivalent functionality to linear data formulation: s-parameters

— Circuit analysis and design formulation
— Travelling wave a-b rather than I-V formulations

e Agilent Solution: X-parameters

— Natural extension of linear s-parameters data-set to non-linear data-
set

e Cardiff Formulations

— Natural extension of X-parameters. Cardiff “Mixing” Formulation for
load-pull contours: contains higher order mixing terms

26
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CAD Based Waveform Engineering
- Formulated Based Data Lookup Models FDLU

& Ck,m(%)m 2 ’ (P)ma2 O=phase(a,)

Q P=phase(a,)

b =
100w k
LDMOS,” Output power
contours Cim,

147

1B34+—T—T——T 17—
28.0 30.0 32.0 34.0 36.0 38.0
Available Input Power /dBm

= f(la,(f)l, [ax(f)l) & Uy . = f(lay(f)l, [ax(f,)l)

Good simulation accuracy can be kept for
quite a large area on Smith Chart

Fast and robust simulation
implementation

AM to PM

LA I R IR R HE A
28.0 30.0 32.0 340 36.0 38.0
Available Input Power /dBm

Good accuracy for different drive power levels 27
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5}
-
m ~
w
Y| @
A
o

CAD based Waveform Engineering

- Parameter Based Data Models: Formulation Concept

e “Circuit” Formulation Requirement: remove direct reference to load

— Component dependency: f(|a,|,|a,|,(Q/P))

_ Jjo _ _ jb, _
= ‘al‘e = ‘al‘P a, = ‘az‘e = ‘az‘Q

Linear System uses s-parameters: 15t order system

b, = {311“31“1)"‘ 312"32"Q}
>  Constant Parameters

by = {Sy1-fas]- P+ Spy-ay|- O}

28
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CAD based Waveform Engineering

- Parameter Based Data Models: Formulation Concept

e Use of s-parameters in non-linear design: “Hot” S-parameters
—  Wrong functionality:
e model circular function
e measurement elliptical functionality

0.70 —

0 1 065 —

bl = P'{Sll |al|(%) + S12 |32|(%) } I;.60 -
0 1 2

b, = P-{Szl '|al|'(%) +Sx -|a2|-(%)

| —
o Imagipary
g &
| |

0.40 —

Parameter

- " RealW-)
> dependency: —@— measured b2 +n:odelledb2
Sm,n(|a1|!|a2|)

29
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CAD based Waveform Engineering
- Parameter Based Data Models: Formulation Concept

e Non-Linear System: include mixing components
- Weakly Non-Linear System: 3" order: relates to S&T Parameters (X-parameters)

W, W,

) S . 0 2.0, - ®,
bl _{XIZ |az| %2 + Xll |al| P+ X12 |a2| Q + XHX /} T *
b2 = {Xzz |az| /Q + X21 |a]| P+ X22 |a2| Q + X2x Qg} P.P/Q ] ? Q.Q/P

Allow 0, =,

For small perturbation reduces to three parameters: X-parameters

_1 0 1 2
b, =P,{X1T2-|a2|-(%) + X§1-|a1|-(%) + X?2'|az|‘(%) * X1T1'|al|°(%) } Parameter
dependency:

-1 0 1 2
b, = p.{x§2-|a2|-(%) . x§1-|a1|-(%) . X§2-|a2|-(%) . x§1-|a1|-(%) } X, nllay])
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: :
CAD based Waveform Engineering

- Parameter Based Data Models: Formulation Concept

e 3rd Order Mixing Model: S&T-parameters (X-parameters)
- Significantly improved functionality: .

e model is now an elliptical function 065 —
e measurement elliptical functionality /
_ Next Step R
e Compute local X-parameters @_55_’
— function of load 5
e Allow for full amplitudes dependence Sos0 -
e Increase order of mixing
045 —
040 — B -
T T T T
0.5 0.4 -0.3 0.2
Real (W ™)
‘+ measured b2 —@— modelled b2 ‘
-1 0 1 2
Q Q Q Q
b = P.{xa-|a2|-(;) e i ful () + ool () + X5l ) } Parameter
o) o o) oF dependency:
b, - P.{xa ool (2] + X8l (2] + Xl (2] + XE ol (3] } S (CHRER)
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CAD based Waveform Engineering

- Parameter Based Data Models: Formulation Concept

e Non-Linear System: include mixing components
— Strongly Non-Linear System: nt" order: relates to C&U Parameters (R-parameters)

0 1 W W
by = P.{Sll-|al|-(%) ; s12-|a2|-(%)} Y 2

3.(1)2 - 2.0.)1

0 1
by - p.{szl ol 2]+ sl (2) } 3.0, 20, T
t L[
P(PIQ2 p Q@ Q(QP)
QY s 1 (Q) L s QY P.P/Q Q.Q/P
by = Pl (2] Xl (2] o X fod (] + Tl ) - -
-1 0 1 2
b, = p.{x; -|a2|-(%) £ XS, ~|al|'(%) + X5, -|a2|-(%) + X0, -|a1|-(%) }
-2 -1 0 1 2 3
b, = P~{R1,-2'|az|'(%) +R1’_1-|a2|-(%) + R170-|a1|-(%) + R1,1'|32|'(%) + R1’2-|a1|-(%) + R173-|a1|'(%) }

2

-2 -1 0 1 3
b, = P.{Rz,-z Tl () + Raa bl (2] # ol (3] + R ool (2] # Roo ol (2] + R ful (3] }

-1

a-ile)

Allow 0, =,
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: :
CAD based Waveform Engineering

- Parameter Based Data Models: Cardiff Formulation

e Modelling with Extracted Fundamental R, , components: g(|a,|,|a,|)

e Accurate reproduction of measured b, contours (load-pull contours) with 7t order
(Q/P) phase model

e Avoids any implicit load based lookup

7t order model: R-parameters

n=(N)5) n
on = Pl 2| 3 {R(%)}

“='(N_12)

=)

o

S
|

0.
Parameter g |
dependency: B0 77
R o(la4l; [a2]) ois -

0.3 0.2
Real (W ™)

‘ —@— measured b2 —@— modelled b2

Collapse large data lookup to small (6*12 or 8x12) R, , parameter lookup
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CAD based Waveform Engineering

- Parameter Based Data Models: Cardiff Formulation

e Cardiff “Circuit” Parameter Formulation
Generalized to nt" order in terms of the relative phase component (Q/P)

n-(%) n
,(%))=P 2 {Rmn(%) }Where Rm,n = g(|a1

n=(%5-1)

Determination of parameters R,, , requires measurements at constant |a;| and
|a,| while sweeping relative phase component (Q/P), normalized to optimum
load: easy to achieve with active load-pull

a,))

9

a,

K

b, =P, f(|a1

Waveform Measurement System
Simplified Architecture with active harmonic load pull 06
2 Channel Arbitrary Waveform
Generator - Tektronix 7102
& oy ai]
°
g
High-power 46?:3?0:22:)?"9 High-power .g’O-Z 80_ 1 i!
Romnd = pasd = a2 T
Driver PA R = Load-pull PA EXtraCt 100_ | || || |
TR = 001207 | SEmEa e T I
model 30 20 10 0 10 20 30
ff' . - coefficient number
coefficients Example of resulting set aligoefficienbtobtained
from a measured device b, response

0.4 -0.2 0.0 0.2
real 3 4
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CAD based Waveform Engineering

- Parameter Based Data Models: Cardiff Formulation

“Circuit” Formulation that is an extension of linear s-parameters
— remove direct reference to load

- Formulation dependency: f(|a,|,|a,|,(Q/P))
e Function dependency: f(|a,|,|a,|)

_ o _ _ jb, _
= ‘al‘e = ‘al‘P a, = ‘az‘e = ‘az‘Q

Q Q\" Parameter dependency:
b)) -» 3 {R( )} Rnn(lail.lag)

35



: :
CAD based Waveform Engineering

- Parameter Based Data Models: Cardiff Formulation

Magnitude Function Fitting to Extracted Fundamental R, , components: g(|a,|,|a,|)
- R, = 0g Fag]ay] + a,a,?+ ag.la,P + ayla,t + ag.la,) + ag.la,|® + a.]a,|”
-~ Only 20 relevant coefficients
e Accurate reproduction of measured b, contours (load-pull contours) with 7" order model

7t order model: R-parameters

1 = RrR2,0 (xf)
~E- R2,1 (Xs) 0.65 —
-0.2 o 8- R2,-1 (Xt)
-0.3

o

o

=)
|

@ @ = _

0.4 T T T T | =3
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 28.55 —

g

©

(0]
Bs0

04 -5 R2,0 (Xf)
- R2,1 (Xs) i
- R2,-1 (Xt) 045
0.2

040 —

] " RealW-)
—@— measured b2 —@— modelled b2
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CAD based Waveform Engineering
- Parameter Based Data Models: CAD Implementation

Schematic of ADS Simulation

e The model can be directly
D D] imported into CAD software,
. Lo - . oo . . . Lo . . ft r r in th
N T P U e NP P e after processing the

E:n EE =,mn= - B =. FDD2P ,= FE - - .=. Y2P. Eqn__é_ B ggm B measurement data.
um=t Jﬁo ]a:lj P . 'ﬁ?,D]_zlETS . . . . gﬁoﬁibfj hum=2

Y[1.2]=2/Zopt 1[2,1]=b: Y[1.2]=2/Zopt

Y[2.1]=-1 Y[2.1]=-1

- Y[2.25 . -Y[2.2]‘:1:

Simulated load-pull
Contours (Left)

Load-pull

Power Contour

o’
Simulated load-pull

t
Contours Measured load-puli

Contours (Right)

Measured load-pull
Contours
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_ _
RF |-V Waveform Measurement & Engineering
- role in CAD modelling

e State Function I(V) - Q(V) Non-Linear Models

— Directly Measures Model related parameters | & V
e Analytical Model validation and optimization

e |-Q function Extraction
— Data Lookup Model Generation

e Behavioral “Black Box” Non-Linear Models

— Directly Measures Non-Linear Behaviour
e Directly Import into CAD Tool
— Data Lookup behavioural model

e Indirectly Import into CAD Tool
- Formulated behavioural models (Volterra)

- Emerging non-linear parameter equivalent to linear s-parameters (X-
parameters)
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Engineering

School of Engineering
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& IEEE IEEE MTT-S Distinguished
M Microwave Lecturer

Prof. Paul J Tasker — A8 2008-2010
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Contact information




_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Basic Concept
- Use RF Waveform Measurement and Engineering Systems to investigated
both the transistors dynamic |-V (Current-Voltage) plane and its Q-V
(Charge-Voltage) plane
e Both qualitative and quantitative
e Alternatives: DC |-V, Pulsed |-V, bias dependent s-parameters

e Applications

e Technology Evaluation
- Observe and quantify its dynamic large signal response

e Technology Optimization
- Link technology design to system performance

e Technology Modelling
— support the development of CAD tools

e Circuit Design Tool
- Support the development of Power Amplifiers



_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
general performance of Transistor Technology

e Current Limits, Modes of Operation, RF Cooling



_
Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Measure Input voltage and current waveforms
— function of input drive level
e Detailed Insight into Dynamic
P - 20 Behaviour
-~ Gate Diode: Forward Diode

Conduction and Reverse
Breakdown

- Gate Capacitance

[ww/yw] Juarm)) 9jen

Gate Voltage [V]

e Relevant information for both
— Device Engineer
-~ PA Circuit Designer

Time (psec)

AlGaAs/InGaAs HFET @ 4 GHz
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Measure Output voltage and current waveforms

— function of input drive level
e Detailed Insight into Dynamic

Behaviour

— Drain Current Saturation: Knee
Region and Breakdown

- Gate-Drain Trans-capacitance

10

e Relevant information for both
— Device Engineer
— PA Circuit Designer

Drain Voltage [V]
[w/yw] juarm)) ureiq

I
0 100 200 300 400 500

Time (psec)

AlGaAs/InGaAs HFET @ 4 GHz
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response
e Waveform Shapes
500 & — Insight provided by eliminating time axes
oo

E =3 e Effects of dynamic transfer characterisation
5 400 A
& = clearly observed
% 300 c:é e DC/RF Dispersion
> e Effects of Delay/Trans-capacitance clearly
] 200 5
s observed
© 100 B e [-Q Extraction
0

0 100 200 300 400 500
Time (psec)

@ 4.0 GHz

Dynamic Transfer Characteristic
Measurements

30020 -1 0 1
Gate Voltage [V] 6
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response
e Waveform Shapes

pcryv | - Insight provided by eliminating time axes
g 0 — Meawred e Effects of dynamic gate-drain breakdown
£ 600 LoadLines learlv ob d
< Vs =-0.6 V4= 5.5 clearly observe
% 500
g 400
O _
j= 300 \ \
£ 200 QuadraticRF
A BreakdownLocus
100
Voo =-1.1V4=3.5
0 T I 1 LI 1 I T LILEL I LI T T I LI ) T I T LI )

0.0 25 5.0 7.5 10,0 125 150
DrinVotage [V]

Dynamic Breakdown
in Low Noise
AlGaAs/InGaAs HFET's
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Transistor RF |-V Waveforms
— Detailed Insight into Dynamic Behaviour Limitations

e Device Response

- RF Dynamic LoadLines e Waveform Shapes
E 160 — measured at 2 GHz : : T :
- — Insight provided by eliminating time axes
2 e Effects of dynamic RF cooling clearly
3 observed
g
= - Linked with pulsed RF |-V technique
&)
I

Collector Voltage [volts]

RF Cooling in
Handset PA
AlGaAs/InGaAs HBT’s
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Measured RF |-V Waveforms
Performance = 1 —1.0
— [®) Q
E =L gﬂn 5 — 0.8
> p £ |06 O
= s 2 0 T3
o = = ®
= Q = — 04 o)
= «Q O c =
= 0.2 5
£30 —. 10— Input Characteristic 0.0 3
= B RS e e e e ] - . bR
20 — 0 0 180 360 540 720 | £ ]
§- o1 -20 Phase [°] E 0
g1 ,/'“/‘.,’, = 201 -40 Waveform Measurement © 5 | hetions 1 & Q
3 ¢ 3f0 Power Sweep @ 1.8 GHZ (ED; y second order
O -10 T T T ]
2 46 8 101214161820 -8 6 -4 -2 0 2 — 0.0 -
Input Power [dBm] Gate VoItageg\JV] | ) %
L - (@)
° Performance Evaluation ° Performance Understanding b=, 0.4 o
Weak AM-PM observed Reactive Non-Linearity's —-0.6 8_
08 B
1805 i iiiiasinas | 474 0 \ 0 T 160— Transfer Characteristic I 10 &8
= 1353 B I I I I I £ . 5
L L 172 0 180 360 540 720 | ‘3B 1204 ']0 2 3
S, = ) = i
0 453 “’“.’ZJ?"**"‘A’ 170 Phase [*] E 80—
2 g=f0 168 'S) -
b 45 o= 200 B £ 40+
"9 e 300 L 166 5 o
-90 LI L L L L L L L L [ | [ |
2 4 6 8 101214161820 -8 -6 -4 -2 0 2
Input Power [dBm] Tech nology Gate VoltageggV] 9




Measured RF |-V Waveforms
— General purpose Analysis Tool
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Output Power versus Input Power
and Base Bias Voltage

0
[dBm]

1.30 VBE [V]

Pin[dBm] -30 135

274 Harmonic Output Power versus Input
Power and Base Bias Voltage

5
-10
15
[dBc] 20
25
30 ]
-35 VBE [V]

-20
Pin [dBm]

GaAs HBT Performance as a function of Load Impedance

Experimental Emulate
the affect of varying
external parameters:
In this case input drive
level and input DC
bias voltage

Note, have all
information on
magnitude and phase
of all voltage and
current Fourier
components

Efficiency versus Input Power
and Base Bias Voltage

-20

1.30 VBE
Pin[dBm] -30 M

1.35

374 Harmonic Output Power versus Input
Power and Base Bias Voltage

-20
-30

-40[dBc]
20

30
[dBc] 40
50
60

Pin[dBm]

10



_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
factor limiting the observed power performance of the emerging GaN
Transistor Technology

e Current Collapse, Knee Walkout, Poor Pinch-off

11
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

Commonly observed that the RF Power Performance of the GaN
transistor was less than predicted (DC |-V & s-parameters)

S
2 30 Plot against one another to give the
S 25 RF Load-line
S 250
3 157
s 200 -
O 107
| T | | 150
0 180 360 540 720

Phase [deg]
Approach: Drive the GaN transitor in to
compression while measuring RF

Output V & | Waveforms (840MHz) 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40

100

Output Current Ip [mA]

n
o
|

I
\

Output Voltage V, [V]

<

%mj Waveforms show compression at RF

§ & Boundaries differs from the DC

3 0] Boundaries, hence clearly identifying

S o) . | J source of the problem: knee walkout or
0 80 360 50 70 current collapse

Phase [deg]

12
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

e Measured drain current with fundamental load-pull only
- Complex load-lines are more difficult to interpret: cause concern in extracting boundaries

140 160

120 - 140 —
120 —

100

<TmA]

80 100 —
80

Ip[mA]

60 —

ut Current I

40 60

P!

Outy

20— 40 —

0—

20 —

0
20 1 ] T T T T 1

0 360 70 0 10 20 30 40 50

Phase [°]

e Measured drain current with 3-harmonic load-pull
- Simple load-lines are easy to interpret: no ambiguity in extracting boundaries

140 160
140 —
120
120 —
100
—_ 100 —
< g0
£ 80 a0
= 60 60 -
40— 40 -
20 20
0 T 1 0 T T T T 1
0 360 720 0 10 20 30 40 50
Phase [°]

e For quantitative results make full use of waveform engineering, however,
fundamental alone does provide for qualitative insight.
13
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Transistor Characterization: GaN Case Study
- visualizing the DC-RF Dispersion Problem

* |Investigate factors that influence the knee walkout or current collapse
problem: Quiescent Drain Bias Voltage

— 250

E The Dynamic RF knee

o200 boundary shifts as DC drain

T 150 bias increases

2 100 (10, 15 and 20V)

o

S 50- This limits achievable
0. power densities

|
0 5 10 15 20 25 30 35 40
Output Voltage Vj [V]

Still unclear whether should relate
problem to knee walkout or current
collapse
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RF “Fan Diagram”: GaN HFET Application

- evaluation of trapping ("knee walkout”) problem

Harmonically rich waveforms Small Load (almost a short) R, = 5Q
'g' 800 T K Use active load-pull to take a series of
c | measurements for increasing load
2 600 - values on a 250um device: RF “Fan”
c Diagram @ 0.83 GHz
& 400 - . |
= High Load (approaching an open)
3 | R, = 1500Q
= 200
= S
5 ‘ 4d NN i S e
O O . =T T T T

0 10 20 30 40
Output Voltage [V]
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“Fan Diagram”: GaN HFET Application

- evaluation of trapping ("knee walkout”) problem

Output Current b [mA]

e Repeat for a Range of Drain Bias
Values to Observe Detailed Features

— Clearly identifies the problem: knee
walkout

— guide development of appropriate
physical models

— guide optimum use in circuit
applications

250 —

200 —

150 —

-—

o

o)
\

17, 7
50 — |I¥)
p
)
/

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Output Voltage V, [V]
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Transistor Characterization: GaN Case Study
- Class A RF |-V Waveforms versus Pulsed [-V

e Comparison with pulsed |-V Measurements

— Determine boundaries by simultaneously pulsing both gate and drain voltage (DIVA
System) from quiescent Class A bias point

e Clearly observe both predict
very similar “RF knee-
walkout” as V increases

e Compressed current waveforms confirm that

the device is In compression

RF Dynamic Load Lines

— — N

(&)] o (@) o

o o o o
| ] ] |

Output Current b [mA]

o
|

0 10 20 30 40 50 60
Output Voltage Vp [V]
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Transistor Characterization: GaN Case Study
- Class B RF |-V Waveforms versus Pulsed [-V
e Comparison with pulsed |-V Measurements
- Problem in this case is that the quiescent bias point is not on the DC |-V plane:
Where do we pulse from?
e Same voltage Vg bias point e Same current I, bias point
— poor agreement - good agreement
— <
< 1504 E ‘ ‘ ‘
()] T —_
= 1004 AW\ =
g ¥ £ )
3 50 O __|Bias Points|
§. Best performance — tuned Class F, 5.5 W/mm, 70% efficiency
8 0 _ —o- Theoretical
E 6 - I\P/Iredictec:j g A
0O 10 20 30 40 50 60 70 £ °7] | @ Measuredtlass
Output Voltage Vp [V] S 1 | VeasuodClassF
g *
" gy ® ‘g 0? 2
e "RF knee-walkout” is sensitive to 5 ,
mode of operation 0, | | | |
0 10 20 30 40
Drain Voltage Vd [V]




_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor characterization tool

e Transistor Characterization: Technology Evaluation and
Optimization
— Poor Pinch-off very similar to knee walkout investigations

— Reliability and device stress: emerging area.

19



RF “Fan Diagram”: GaN HFET Application

- evaluation of buffer layer design (“soft pinch-off”)

e Evaluate Different Buffer Layer Design (Level of Fe Doping)
— Elimination of soft pinch-off
— No significant effect at the Knee Region

250 —
200 —
150 —
150 —

100

Output Current Ip [mA]
Output Current Ip [mA]

50 — i/ 7 50 | /A
(i W7 4§

CARDIFF

UNIVERSITY
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0 10 20 30 40 50
Output Voltage V [V]

30 40 50
Output Voltage V[V]

Undesirable “Soft” Pinch-off Behaviour Improved Pinch-off Behaviour

i — e
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Transistor RF I-V Waveforms: GaN HFET Application

— Detailed Insight into Dynamic stress/reliability Limitations

e RF waveforms were periodically sampled 100 times during the 1.5hour RF stress period
e 1.8GHz Large-signal CW (= 3dB of gain compression), V, = 20V, Class A, Zf, = Py ¢

N
o
|

T - = 22
o 10 / E
= o 10
g o 5
S . %
> 5
2'-10 ] ( \ 8 10 -
=
20— | | — | | 20 ‘ ‘ ——— ‘ ‘ ‘
0 100 200 300 400 500 600 700 10 8 6 4 2 0 4
Phase [°] Input Voltage V;[V]
2,
= e Dynamic Input Characteristics
O . . .
?0,327 — Highlights the displacement current
‘;g through Cg
57 - A small increase in leakage can be
=6 seen at the breakdown end

-8 \ \ \ \ \ \ \

0 100 200 300 400 500 600 700
Phase [°]
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Transistor RF I-V Waveforms: GaN HFET Application

— Detailed Insight into Dynamic stress/reliability Limitations

Output Curre

o
300
250 /
200 — ) 5’” e —— Pre-Stress
—— Post-Stress
150+ ) —— N
1 N
100 | [ [Fooitcaaioe
50—
0
\ \ \ \ \
0 10 20 30 40
Output Voltage V, [V]

e Dynamic Transfer Characteristics

- Very little degradation until V5 swings
above -3V

- No change around V; = -6V

Dynamic Load lines (overlaid on DC-IVs)

Output Current b [mA]

Useful for visualising DC-RF dispersion — a non-permanent
problem

Here the degradation is permanent suggesting a different
mechanism

Initial Transfer Characteristic |-

= N N

a o u,

©o o o
\ \ |

100 — / ‘Final Transfer Characteristic

50 —

-10 -8 -6 -4 2 0 2 4
Input Voltage V[ V]
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RF Waveform Measurement and Engineering
- powertul “real time” design tool

e Basic Concept
- Use RF Waveform Measurement and Engineering Systems to
investigated and achieve the required circuit/system performance.

e Key: Performance is theoretically defined in terms of the voltage
and/or current waveforms

e Alternatives: build and test, CAD tools (requires non-linear model)

e Relevant Circuit Design Problem

— Those that involve strongly non-linear (‘large signal”) device
operation, not weakly non-linear or linear operation
(]
e Switching Amplifiers
e Frequency Multipliers/Dividers

23



Review PA Design Situation
- too reliant on Build & Test

CARDIFF

UNIVERSITY
PRIFYSGOL

(AFRDY®

Low

Power

RF Power Meter

High

e Design Approach

e Experimental Data Essential
- |-V, s-parameters, load-pull contours

e Design Knowledge: mode of operation, class A, AB,

Efficiency

DC Supply

- Efficiency Demands: Move to more complex modes B, F, E or switching modes

e Build, Evaluate and Adjust
- Bias point

- Load and Source impedance @ fundamental (and harmonics)

24



Review PA Design Situation

- Incorporate Basic Principles: “Waveform Engineering”

Power RF Power Meter | gr==——pun

4

Efficiency

4 :j‘g/////
Raaaad
Ol
o|iBng |
0| nii| 5
(] \ﬁ‘ g
ol [™iE|

\

Current

, \ |
\
|
- !
|
— \
\
\
\
\

Voltage

Voltage

25
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RF |-V Waveform Engineering

- Insight provided by having measured waveforms

HBT biased to operate in class B, low quiescent current Engineer harmonic impedances: Short second/third harmonic
* Current waveform is half rectified * Current waveform is half rectified
* Voltage waveform is not sinusoidal * Voltage waveform is now sinusoidal
— 12— @20GHz _ 599 O > 12— @20GHz _ 90
> S 5 5
% & g 150 &
G A > g
> 100 & 5 100 ~
g 2 < 200 E :
3 A 0Z=E G 0 g
) g ' : ’ ! ' . ' =)
&) > = 150 e o =
O T 711 0 = 2 ‘T T 71 1° =
0 200400 600 8001000 S 100 0 200400 600 8001000
S
Time [psec] % 50 Time [psec]
S “Class B Operation”
S 0T 1

| Efficiency increased

|
0 2 4 6 8 10 12 from 44% to 55%

Collector Voltage [volts]

Design Example: Class B Amplifier Emulation/Measurement 26



HBT biased to operate in class B, low quiescent current
¢ Current waveform is half rectified
* Voltage waveform is not sinusoidal

Collector Voltage [V]

RF |-V Waveform Engineering

- Insight provided by having measured waveforms

CARDIFF
UNIVERSITY
PRIFYSGOL
(CARDY®

@?2.0GHz _

o B e
0 200400 600 8001000

Time [psec]

[\
S
S

[S—
(9]
e

(J)] p—
ja) S
()
[ V] 3ua1ny) 10399[[0))

S

Collector Current [mA]

i i N
% =Y
L T 7

(e

Engineer harmonic impedances: Short/open second/third

harmonic

Current waveform is half rectified
* Voltage waveform is now a square wave

0 2 4 6 8
Collector Voltage [volts]

|10 12

Collector Voltage [V]

@ 2.0 GHz

[S—
\&}
I

I

0 200 400 600 8001000

Time [psec]

“Class F Operation”

Efficiency increased
from 44% to 65%

Design Example: Class F Amplifier Emulation/Measurement

3 3
[ V] 3ua1my) 1030910

S
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RF Waveform Measurement and Engineering
- “on-line” direct utilization in amplifier design cycle

Waveform Measurement System Waveform Data

Simplified Architecture with active harmonic load pull

2 Channel Arbitrary Waveform
Generator - Tektronix 7102

“Tektronix

[A] aBeyon ureiq

Oscilloscope
High-power

— - Broadband
‘v' e Fiiea Microwave
—
S —11 1
. Tektronix

4 channel Sampling |

e Relevant Circuit Design Problems

— Those that involve strongly non-linear
(‘large signal”) device operation.
(]

e Switching Amplifiers
e Frequency Multipliers/Dividers
e Eftc.




_ _
RF Waveform Measurement and Engineering
- powerful dynamic transistor amplifier design tool

e Transistor Amplifier Design: Case Study

- Use RF Waveform Measurement and Engineering Systems to investigated
how to realize in practice the theoretically predicted high efficiency modes
of operation

e Class B, Class F or their variants
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Design of Highly Efficient RF Power Amplifier

- requires engineer of voltage and current waveforms

Simple Theoretical Understanding

V & | engineering
1007 7 o Practical solution 100 7
< 6 S < L
£ 80 = = 80 6 o
-— 5 = — - =
C - -— | 5 ©
o 60 4 g . S 60 c
5 0 3 = Transistor | £ ,, T4 <
o Q ot -3 =
= 2 ® characteristics © i g
=l 13| g 22
© o0 ! T T T 1 1 ™0 Circuit 3 07 1S
0 100 200 300 400 500 600 700 Bandwidth 20 I T T — | — 0
Phase 0O 100 200 300 400 500 600 700
Phase

Advanced Theoretical Understanding

e Designed in an intelligent manner a class
F efficient RF Power Amplifier

e Maximized Output Power
e Realized 75% PAE

e Ready for realization
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Design of Highly Efficient RF Power Amplifier

- review of theoretical understanding: Class F

|deal Class F occurs if the current and voltage waveforms are simultaneously
engineered such that:

The current
waveform
contains f, and
correct
proportions of
the even
harmonics

;

Output Current b [MA]

N
o
|

0

[+]
o
|

[=2]
o
|

H
o
|

/

o
- eS

©

=1

c
//45;
«Q

\
0

I | I l l l
100 200 300 400 500 ®00
Phase [°]

|
700

The voltage
waveform
contains f, and
correct
proportions of
the odd
harmonics

If this is achieved there is no overlap between the waveforms, resulting
in no dissipated power and 100% efficiency.
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: System and Circuit Bandwidth

* The achievable efficiency in a real design is constrained by our
ability to correctly engineer the ideal waveforms.

e Circuit Bandwidth

* In real PA designs harmonic control is commonly limited to 2f, and 3f, due to the
complexity of matching circuits.

« Following the analysis of Rhodes,* for a Class F design with harmonics only up to 3f,
ideally terminated, the maximum achievable efficiency is limited to an upper limit of
90.6% - assuming your matching network is lossless!

We can quantify the ability to engineer ideal waveforms by two factors
Nourrent @Nd Nyortage USING the DC and fundamental RF components:

Neurrent = iRF/(\/§ X IDC) Nvoltage = VRF/(\/5 X VDC)

* J.D. Rhodes “Output universality in maximum efficiency linear power amplifiers’
International Journal of Circuit Theory and Applications, volume 31, 2003, pp.385-405
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: System and Circuit Bandwidth

Class r]current r]voltage n= r]current X r]voltage x 100 [%]
A 0.707 0.707 50
B 1.111 0.707 78.5
F (Ideal) 1.111 0.900 100
F (3f,) 1.111 0.816 90.6
188 - 10-
’ \\ f/ﬂ\\
T80 S sesd N —%
= / / > \ / \ /
geo / I
5 4a | / = i \ /
g 40+ 0.4- \\H\ // \ /}#
20 0.2 \\ C g# \\\\///
0 \1 T T N A T — \ 0.0 \\ﬂ// I \‘ /”
0 100 20 300 4% 500 GO0 700 0 200 400 600

PRBage[6] Phase [°]
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Transistor Limitations

« A further limitation on achievable efficiency in practical designs arises from
features of real transistor characteristics which make a fraction of the dc
dissipated power unavailable for conversion to RF power:

100 —

80 —

60 —

40 —

Output Current b [mA]

Area of IV Plane available for
conversion into RF power

Output Voltage V,, [V]

Achievable
efficiency is
scaled by the
ratio of
Available to
Unavailable
IV plane Area

We can quantify the ability to engineer ideal waveforms by two factors
Nourrent @Nd Nyortage USING the DC and fundamental RF components:

Neurrent = iRF/(’\/§ X IDC) Mvoltage = VRF/(\/5 X VDC)
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Impedance Scaling

« Starting with Class B bias for a half rectified current waveform, what is the
effect of tuning the second harmonic to a short?

§S,, Radius=1 0

a7 — -

S]2 Radius=1.0

In s L S e
— 1 ”/,' \},l ’/ "”“;l . \ - B
EXT B m/ N
- | - i1 26 24y 7126 2626 fy L 1fo= Ry

[N
Q =N umﬁ.,\m -]

-j250

425 7w

Eliminated 279 harmonic from
voltage waveform

0.0 0.2 04 0.6 038 10
Harmonic Temination Ratio
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Design of Highly Efficient RF Power Amplifier

- review of practical constraints: Impedance Scaling

e Good short circuits harder to achieve
relative to a Small R,

D
o
|

e Makes high efficiency harder to %551
achieve in large devices _08&)0
i
e Possible solution - include numerous 7
short circuits integrated onto the dieto  ,;_
allow subsets of transistor cells to be 00 02 04 06 o8 10

given a better short... Harmonic Temination Ratio

Harmonic Termination Ratio:

e Packaging parasitics can form a filter Z @ 2f, normalised by Z @ f,
blocking higher harmonics...

CARDIFF
UNIVERSITY
PRIFYSGOL
(ARDY®
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Design of Highly Efficient RF Power Amplifier
- review of practical constraints: Transistor Transfer Characteristic

e Need to select a suitable drive level for harmonic
generation (approaching P1dB)

e Ideally we need to ensure we have separated the
harmonics:

- only odds in the voltage waveform
- only evens in the current waveform

...but will the practical device allow this!
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Engineering The Current Waveform
— Gate bias control to null the odd harmonics

* In class F optimum performance will only occur if the most significant odd
harmonics (usually only consider 3f,) are not present in the current waveform.

» Using Fourier analysis of the measured current waveforms we can locate this
optimal case...

3rd Harmonic

g 50 ‘ 5 . Current [maA]

= ~@ dc & f) = 2f = 3f, -+ - 4f, -0 - 5 o /] 5

2 = | i ‘ :

~ 40 4 @ 3rd Harmonic ] ”‘."". L] | -

'8 T Current [mA] 7 L /] d

© o ® L2

o 30 & 3 3 SYEY L 1

. © - 3 /|
Optimum § T 2 ;>
. S 20 - - . ¥ 08
bias at ' — El A
VG=_O_7V '8 -2 & 0.4 Nu_rmalised
to null 3f, & 5" 95 ¢ : 0z Ometes
0 0 ‘5 0 ST 06 05 g
‘ ‘ ‘ ! Gate Bias [V] 03 02
-1.0 -0.8 -0.6 -04 -0.2 0.0
Gate Bias [V]

* Practical constraints:
« Other harmonics are not zero

« Optimum bias is a function of voltage waveform “shape” and RF drive level
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b [mA]

Engineering The Voltage Waveform
- Open tuned 3@ harmonic gate bias sweep

Engineering the voltage waveform to a square wave involves tuning the 3rd

harmonic to an open and increasing the fundamental load to maintain the

same current swing.

* Note, the optimum Class F behaviour will only occur if the current at 3f,

remains null.

\
0 100 200 300 400 500 600 700
Phase [°]

| & Ratio m Efficiency @ Pgyy |

N
o

Ratio = 0.224|]

— 0

[ \ \ \ \ \
-15 14 13 12 11 -1.0 09 -08 -0.7 -06 -05 -0.4
Gate Bias [V]

— 100

[MItno g [%] Aousioyq
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» Since Class F requires an open termination at 3f,, it is impossible to verify this
condition has been met by direct measurement of the 3f, harmonic current.

- Consider v, ,/v; 4 ratio. Theory predicts 1/6 (=0.167)
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Engineering The Voltage Waveform
- Why was extra third harmonic developed?

* Plotting the dynamic load-line for the
final design shows the interaction of
the waveforms with the knee region.

* |deal square wave requires all
harmonics — we only control the first 3

* Optimal 3 harmonic only voltage
waveform has a v,,4/V;,,q ratio of 1/6 if the
boundary conditions are ideal (vertical)

« However due to the finite on-resistance
of the real knee boundary the optimal
ratio is higher, at almost 1/4

1.0
S0.8 /
®06 \ /W\V\N
g7
204 -
0.2+
0.0 ‘ \ ' | ‘ |
0 200 400 600
Phase []

200 400 600
Phase [°]

* The final experimentally
engineered “class F” waveforms

achieved a drain efficiency value
of 75%,

 This is extremely high given the
boundary conditions and drain
bias of the real device used.
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RF Waveform Measurement and Engineering
- “on-line” direct utilization in amplifier design cycle

Simple Theoretical Understanding: Provides If not How and Why

|+ac+f0+2fu-.-3f0-+-4f0-a-5fu| I = =
engineering
=100 7 7
g 9 6
=80 =
g ] z
tw 5 £
9] 5 3
3 40 g 2
5] ]
O 20 T 1
0
0 T T T T T T 0
0 100 200 300 400 500 600 700
Phase [,]

Transistor Circuit
characteristics Bandwidth

_ 100
” T P P
80 E40 te
S 25 B
T 60+ 0 E:
c 0 3rd 54

0 200 400 GO0
Phase [ harmonic:
open
o 1 2 3 4 5 & 7 circuit _
“relaxation” |/ % s

2"d Harmonic
short circuit

V engineering

~

Advanced Theoretical Understanding: Must provide How and Why

‘ developing theoretically based but practically relevant waveform
engineering design methodologies 41
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Apply Waveform Design Methodology
- 5W Si LDMOS into Class F Emulation/Design
Engineered and Measured Intrinsic Waveforms: Design Aid
800 — 60 800 — 60
— 50 _ — 50
2 600 s 3600— s
:fé 400 g _3(§ g’ 4007 —Bdg
° 200 —20v ° 200 —205
10 — 10
0 LO 0

0 500 1000 1500 2000
time (ps)

0 200 400 600 800
time (ps)

High Power Class F Design

SW Si LDMOS @ 900 MHz

e Class F clearly achieved
e High Power 36.0 dBm (4W)
e High Efficiency 77.2%

SW Si LDMOS @ 2100 MHz

e Class F clearly achieved
e High Power 35.9 dBm (4W)
e High Efficiency 77.1%
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Apply Waveform Design Methodology
- 10W GaN HFET & 5W Si LDMQOS into Inverse Class F
Engineered and Measured Intrinsic Waveforms: Design Aid
0.8 - - 80 1.2 80
1.0 - 70
< 06— 60 < < 0.8 ] 90 <
o 0.4-— 40 & D 40 &
- o £ 04 30 @
> —_ D —_
O 0.2 | o0 = © 02 20 =
0.0 | 10
0_ , | , , O '02 B O
00 05 10 15 20

0O 05 10 15 20
Time (ns)

SW Si LDMOS @ 900 MHz

e Inverse Class F clearly achieved
e High Power 37.3 dBm (5.4W)
e High Efficiency 73%

Time (ns)
10W GaN HFET @ 900 MHz

e Inverse Class F clearly achieved
e High Power 40.8 dBm (12W)
e High Efficiency 81.5%
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12W Inverse class-F Amplifier Realisation
— right first time design using CREE 10W device

Pout, Gain /dBm, dB

90

80

700\o

£
0

20

&
4 preod
% /’/-
Ll // / 60 5
% / // 50 §
//*.; / 10
/ £
1
/ 5 //
__.-a-’-_/

Pin/dBm

2

== Pout
== gain
e ff

.Q’O
o . 2
 ‘Right first time’ waveform based design e 00 —
through the realisation of a high- | Perforrm - g~ ¢ ary
] Max. © 6 6 4Bm
performance inverse class-F PA M Q‘b &z
» Impressive efficiency of 81% at high output —M ‘9 6\)0 Approx.
powers < S
« High Power achieving 12W form a 10W oy
device
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RF Waveform Measurement and Engineering
- powerful dynamic transistor amplifier design tool

e |nvestigation of “New Design Space”

Use RF Waveform Measurement and Engineering Systems to stimulate
new theoretically investigations in alternative high efficiency modes of
operation

Move beyond the discrete design point thinking to design continuum
thinking

The Class B to Class J Continuum
e New Theory
e Improved Bandwidth

45
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RF Waveform Measurement and Engineering
- provides for new theoretical insight

° Consider the Class B and Class J Mode of Normalised Class B voltage waveform
operation s 207
- Both have a half rectified current waveform g 00
- Both have the same theoretical power and 8
efficiency values g 10-
- But have very different voltages waveforms 2 oo
i : : L L B I L I L B
) D|fferentfyndamental and 2nd harmonic 0 90 180 270 360 450 540 630 720
reactance’s Phase
7 Normalised Class J voltage waveform
” / - — ° 3.0 —
: § 2.0
§ 1.0
3
0.0

0 90 180 270 360 450 540 630 720
Phase

e Are these not just different solutions of the
same mode?

- Rhodes’ provide some mathematical insight

e Optimum fundamental reactance is mathematical
defined by harmonic reactive terminations

2nd harmonic *
Impedance

e * J.D. Rhodes “Output universality in maximum efficiency linear power amplifiers’
International Journal of Circuit Theory and Applications, volume 31, 2003, pp.385-405 46



RF Waveform Measurement and Engineering

- provides for new theoretical insight

They are just different solutions of the same

mode?

- The Class J - Class B - Class J* Continuum

(@) =(1-PeosB)l-asind).

-~ Many more possible solutions

(-1=a= 1)

Normalized Voltage

Normalized Voltage

Normalized Voltage

Normalised Class J voltage waveform

3.0

2.0

1.0+

0.0
0

o=1

90 180 270 360 450 540 630 720

Phase
Normalised Class B voltage waveform

3.0

2.0

1.0+

0.0

o=0

0

90 180 270 360 450 540 630 720
Phase

Normalised Class J voltage waveform

3.0

2.0+

1.0+

0.0 <

0

90 180 270 360 450 540 630 720
Phase
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RF Waveform Measurement and Engineering
- experimental validation of new theoretical insight

On Cree 2W on-wafer device:

 Maintain constant P, to device
¢ Vary Z(fo) = Ropt + J k Ropt

* Vary Z(f,) = -] k R,

Drain Voltage (V)

80 —

o
3
\

N
o
\

20 —

-1<k<1

‘ RF Output Voltage‘

400 600
Normalised Time (samples)

800

Drain Current (mA)

w EN

S S

S S
| |

P [6Fm]

(6]
o
o
|
5 en

o
|

Effclency [%)

w  ©
[T
| |

i

a=X,/R, = -X,/R,

— XJR, 1.0
R —— EFiranou -
~ a=-1.05 (Class-J¥)
A——L—X.\ oA - a=-0.85
— —a=-075
|- —a=-065
—a=0

— a=065
— a=0.75

ufx

(Class-B)

s | a=0.85 (~Class-J) v

IN

D 05 00

N -

\
T e
0.5 1.0 |

| .

200 400 600

. 800

Normalis?a(d“ﬁrhe (samples)
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- Class J-B-J* Continuum Sensitivity Analysis

On Cree 2W on-wafer device:

* Ry held to R, R, held to 1.5Q
« X, and X, were swept to
examine %he impact of the 100 —
deviation off the Class-JB
continuum contour 50 |
Results < 07
 Class-JB continuum visually 50
identifiable with a high efficiency
contour -100 —
 Roll-off of efficiency is greater for a

deviation in fundamental load a0 80 40 -
compared to second harmonic X, (iQ)

Increased design flexibility

49



Realising Class-J Matching

Class-J output matching schematic:

DC bias
feed PA

DUT
+output C _t_

parasitics 4L

1

- Compromises need to be made/considered across this size of bandwidth.
- Fundamental load impedance matching given priority.

- Second harmonic already close to optimum class-J reactance at centre frequency of
desired bandwidth as a result of output capacitance C

-2 Z,;, allowed more latitude during the design.

- Shunt shorted-stub increases the effective capacitive reactance of second harmonic
load at lower frequencies.
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Performance of PA Prototype (1stit.)

—/— Realised PA Drain Efficiency
80 —| & Model-Predicted Efficiency
- 0 - Device Efficiency, Under Load-Pull

\
o
S

- N - - — — - N
70 — //,i&, ~ _oo I o

\
~
=

% / Kousrony3 uleiq

\
o
I3

60%+ efficiency between : RN
1.35 and 2.25GHz S

Drain Efficiency / %
3
\

\
o
o

40

\
N
o

30 v v
\ \ \ \ \ \ \ \ \ \ \ \ \ \
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 21 2.2 2.3 2.4
Frequency / GHz

e The PA shows a measured 60%-and-above drain efficiency across the
frequency range 1.35-2.25GHz.

e Drain efficiency measured for PA, model simulation and load-pull
emulation.

\
I
S

N
&)

e Closely agreeing results with the load-pull emulation.

e Output power across this same bandwidth is 9-11Watts (device-rated power).

Proposed bandwidth not met entirely, but still a 50% bandwidth PA achieved.
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Performance of PA Prototype (219 it.)

e Second design iteration extending high-efficiency operation across the
originally intended PA bandwidth of 1.5-2.5GHz

807 —i+— 1st Design lteration - 80
- % 2nd Design Iteration
70 — /@77,/8 -~ _ _ e *709
60 | TR T g e 603
5 X - ~---a - -~ " % g
£50 — ﬁ - 502
% Efficiency improvement with o
second design
30 — 30
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 21 2.2 2.3 24 25 2.6 2.7
Frequency / GHz

e Input matched PA - Resulting gain and PAE profiles |
gjoi 770%2
:\%soi /7/7/@\\77%77\‘7‘@/7777@,,,,ﬁ,,,e,_\i | ————g — : ) RS 7@*60‘}3
x50 =& 50"
- More than 50% PAE g
340i e e & e & 840
08130* *3030-
T20 10dB minimum gain ~, Ty
§10*+ N — o T 105
i ° \ \ \ \ \ \ \ \ \ \ \ \ O )

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 24 25 2.6 2.7 52
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RF Waveform Measurements and Engineering
— a powerful tool and concept

Design/CAD
Tool Circuit Emulation i .
_ R J ] Design/Evaluation
Analysis Tool S Tool
g
g30 B 22:
- e
£ - VoM
: k Doherty PA
— s
ST A Iz M- z S §o
g =i AN 3 \ — 5 -
5 = s 5 = L
A % : ! / a
g v/ // leasured & c 2
3 y | | 2 © = il
1 [ ] E e

5 10 15
nput Power (dBm)

Waveform are the unifying link between device technology,
circuit design and system performance 53
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RF IV Waveform Measurement and Engineering
- Emerging Multi-Tone Systems -

Centre for High Frequency
Engineering

School of Engineering
Cardiff University

Contact information

Prof. Paul J Tasker — tasker@cf.ac.uk
website: www.engin.cf.ac.uk/chfe
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RF |-V Waveform Measurement & Engineering
- Demand for Multi-Tone Excitation

e Synthesize “real” system stimulus

e Pulsed RF ~ 10-100 us e Complex Modulation/Multi-Carrier

TR

l v 1 v L Time
P01 Gl . £ 1.0
0.0 i 0.0
1.0 ) 3 -1.0
ER
15 15 . 0 100209390400500
1.0 084
0.0 "
— 044
-1.0
024
I l 0 1 400500

ol
0 60 n 0

31 Multi-Tone a(t) waveform

Amplitude

Amplitude
l

15 Multi-Tone a(t) waveform

Amplitude
|
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RF |-V Waveform Measurement & Engineering
- Demand for Multi-Tone Excitation

e CW (Single Tone) to Modulated (Multi-Tone)
Measurement System Development

— RF Multi-Tone I-V Waveform Measurement
e Intelligent Sampling
e Inclusion of IF (Base-band signals)

- RF Multi-Tone IV Waveform Engineering
e |F (Base-band) active load-pull

e Application

e Memory Investigations: Base-band Electrical Memory

e CW (Single Tone) to Modulated (Multi-Tone)
Measurement System Development

- RF Multi-Tone IV Waveform Engineering
e RF active load-pull (Digital ELP)
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RF |-V Waveform Measurement & Engineering

- Multi-Tone Measurement Requirements

Microwave
Source

Need to extend sampling strategy to

accommodate multi-tone excitation
— folded and interleaved sampling

Need test-set architecture to account for 4-channel Microwave Sampler

all frequency components
- RF hardware between DUT and the

sampling receivers ignores base-band
components

Couplers

Input
DC

Couplers

I Bias T
Port1 Port 2

Input
DC
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RF |-V Waveform Measurement & Engineering
- Intelligent Sampling: Review CW Case

e CW Period Stimulus on a Specific Frequency Grid

— Sample over many RF cycles (M.P + C.Prime)

- Engineer Sampling T,=M.T; + C.Prime.T /P (P=sampled points,

e M is the number of RF cycles contained within the sample period

C=cycles),

e Multiple solutions f; = f,.(M.P+C.Prime)/P are sampled into Fourier location C
e If Prime (prime number) is greater than 1, time interleaving also occurs

- Independently Engineer the Fourier location of frequency components

f

1!

A

C
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RF I-V Waveform Measurement & Engineering

- Intelligent Sampling: Multi-Tone Case

e Multi-Tone Period Stimulus
- Sample over many modulated RF Cycles
- Independently engineer Fourier location of carrier (and harmonics) and
modulation (and distortion)
e T=NT_ +T /P thus

foqg = fs-(N.P+1)/P  (Fourier Location 1)
o T=MT,+C.T/P thus  f;

f (M P+C)/P (Fourier Location C)

od

M=50 " " \ M=50 ik
N=2 | “ (i i \ ‘ \\‘ \ | N=2 | il
P=128 ‘ M i P=128 n
C=25 C=9
With C=M/N With CZM/N (=2.Order+1)
M/N-1 C-1
- TT . - TT .
1 M/N+1 1 C+1
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RF |-V Waveform Measurement & Engineering
- Multi-Tone versus CW

e Spectrally sparse

t fund — Simple sampling (measurement)
A e Only RF components
— Simple engineering
T | S
DC harmonics
ﬁ [ p(t), D(t)
e Spectrally rich but “grouped” # und "\ ©
- Envelope domain A
— intelligent sampling TT
e RF and IF components 4. 2 T A W A A A
-~ measured DC harmonics
— engineered and |



Non-Linear Vector Network Analyzer:
- Basic Architecture with RF and IF Test-set

Requires a very broadband four
channel receiver

Utilizes integrated RF and IF
directional couplers for
detection/separation of waves
— Critical components
e Bias Tee/Diplexer
e Bias-Tee/Combiner
e |F Bis-Tee

Measures RF & IF a (t) and
b,(t) time varying Voltage
Travelling Waves [ sweerer |




RF |-V Waveform Measurement & Engineering
- Need for IF Measurements

RF Components

RF (Carrier
+ Harmonics)

1 1l

’ ’ - T T
® 2w 0 500 1000

IF Components
IF (Baseband) 64

[

DC/Aw

Waveform measurements necessitates all spectral components
9
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RF |-V Waveform Measurement & Engineering
- Classical IF Measurements and Data Presentation

) ~ b ol- ®2-

- A ®2 ol 201
T I \ 4 202

Classical 2-tone often used

Observation of IM magnitude <
and symmetry

Limitation — Little insight into

sources of memory — just the
consequences

Traditional Instrumentation -
Spectrum Analysers,

New Instrumentation - VSA, ol
and recently PNA-X 0 5 10 15 20 2
y Pin [dBm]

Pout [dBm]

5 ° - %-IMD5L - % - IMD5H
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RF |-V Waveform Measurement & Engineering
- Non-Classical IF Measurements and Data Presentation

e \What is envelope domain analysis

e Powerful approach - intuitive
— Ciritical to to capture all significant spectral components

- DC, Baseband and RF spectra then used to ‘rebuild’ the
modulation envelope.

- Mag and Phase information key in this process.

o —— = = = = = e =

T T T T T

N Dynamic transfer
Freq ! ! 2 characteristics ‘
Domain l E
| | & 160
+ : : 2 140+
10 £ i
Phase ! l S 100
1 ! 40 30 20 10 0 10 S5 80
1 1 Pin (dBm) °
1 | 5 60
| 3 40
: 20+ Dynamic Sweep - Id vs Vg
X 0
|
|
|
|
|
|
|
|
1

0.0 0.4 0.8 1.2 1.6
Input Voltage (V)
| B envelope domain '
\ | (without time)
oo o w0 w0 ww w0 //11
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RF |-V Waveform Measurement & Engineering
- Non-Classical IF Measurements and Data Presentation

Note-need phase infornation for all of these!

dc / Fo \
4 baseband t TR N )
} R : 3Fo
Mt tt I
+n \; + 4§E
Important i
All spectral

information used in
constructing the
various envelope
components
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RF |-V Waveform Measurement & Engineering
- Investigation Linearity Issues (i.e. Memory)

Baseband o
*I[n-band
*Qut-of-band

13



Realization of IF (Base-band) Engineering
- Initial focus on bias circuit electrical memory issues

e Low frequencies
- Passive solution physically

very large
4-channel Microwave Sampler —  Open-Loop Active Solution
(MTA — Sampling Scope) scaleable

____________________

Input Input
DC DC

____________________
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Realization of IF (Base-band) Engineering
- Initial focus on bias circuit electrical memory issues

Here limited to 2 Harmonics Constant Impedance
and 5t Order Environment
Amplitude
ISR . I R IR :
W1 W2 DC & IF RF \%ﬂl%fllml) Second harmonicé
[ | _
|:> < |:> IFl | . IFlHigh
T el (e | T
: - | IMSL IM51L - .
53 o 5 O O S
()]

simplified two-tone spectrum up to fifth-order
component polynomial transfer characteristic

Investigate role of these signals on RF
components - engineering the base-band
impedance
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IF Output Voltage Engineering (Envelope Tracking)
- Effect on RF Carrier Output Power (HBT)

120

IF Load-Pull Effect on Output Power and Efficiency

Carrier 1004

Efficiency [%]

Output Power [dBm] ‘oo_i g Output Power [dBm] g - %0 /’::j LOW (0 Ohm)
60 Wl kb 1 oyl daalutluutis w6 ol . High (300 ohm)
; Variation around unity circle | S
o Lowom) . L L d N -
o C s s
h E VeVl
B o r
304 - L 30
] & v
; o g
_ - e
20 e | F2o
E e o 00|
o = e a1 39 Control of interaction of output
» - W DA dynamic waveforms with knee
, | Variation along real axis o 180° P region explains carrier
DO L L L B T L L R ) LA LA LA Y RAARY AR AR LA AL B
2 oupatpowermwl. 0 2 OupatPowermwl Power and efficiency sensitive to

IF load impedance.

16



CARDIFF
UNIVERSITY

PRIFYSGOL

(CAFRDY®
IF Output Voltage Engineering (Envelope Tracking)
- Effect of Amplitude on Intermodulation Distortion (HBT)
Carrier
IF Load-Pull Effect on IM3 Distortion A A
|1 Variation along real axis
-1 i ;89 -High (300 ohms)-
1|5 2 IM3 Low| | IM3 High
{ |- 0@
4 [——= 70Q
R 15| > 809
S ] |= 100
s 1| 1506 —+ | ¢
g 7] = 0.80 0.82 0.84 0.86
E - Frequency [GHz]
S
; 4 120 P
T R
J | Low (0 ohm)
- _ 80 )
25 EGO* / ___High (300 ohm)
] Low (0 ohms) 7 N
i 04 fr S~ —
30~ ' N

5 10 15
Output Power [dBm]

VelV]

Control of interaction of output dynamic waveforms with knee region explains

intermodulation sensitive to IF load impedance.
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IF Output Voltage Engineering (Envelope Tracking)

- Effect of Amplitude on Intermodulation Distortion (HBT)
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IF Output Voltage Engineering (Envelope Tracking)
- Effect of Phase on Intermodulation Distortion (HBT)

IF Load-Pull Effect on IM3 Distortion

Variation around unity circle t
—— 50° —— -50°
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i i g
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. w0 "\“"‘u u'VH“ | W \
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IM3 Product, Z &k | "% w a o de e o e
X 120 Phase[”]‘i
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IM3 High ¥ il /(AR ’) ‘h\‘r‘ " |

l | | I
20—l e i | I
e
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Phase [*]

Mixing of transfer and output non-linearities caused by interaction of dynamic output waveforms with knee
region explains sensitivity to IF load impedance.
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IF Output Voltage Engineering (Envelope Tracking)
- Effect of Phase on Intermodulation Distortion (HBT)
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IF Input Voltage Engineering (Pre-distortion)
- Effect on RF Carrier Output Power (HBT)

100

100 -
High (300 ohms) Carrier Low (0 ohms)
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IF Source-Pull Effect on Output Power and Efficiency HH

|
’ u

vu

ut Power [dgm] Output Power [dBm]
o (=}

o o
= ~ © =) =
(\I (\I

A

y

10
12
13
14
15 o
16 'U
7
19

m WMW “lww w MM]W I “ .

by

“

i

s

Varlatlon around unlty C|rcle U
,,,,,, | o0 e ass o
a F

;” A L reauency [Ghz) TohomoEow om o
] P pael
100 Low (0 ohms)
E 80 —
< High (300 ohms)
g "o 50° 5 0
51 4 -m 110°
w 18 —— 130° 20 —
17 —¥- 150°
1 4 —~— 170° o
1 b 118700 | T | T | | |
10 _: A= 120(£2 T —7 -1509 ! 2 3 VC[V] 4 S g 7
] —%— Open —A— -130°
—'g — _ —&- -1107 ) )
, 3+ lislohleohli=sllex & %0 Waveform shape explains carrier
20 40 60 80 100 power and efficiency sensitive to IF

source impedance.
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IF Input Voltage Engineering (Pre-distortion)

- Effect on Intermodulation Distortion (HBT)
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(AFRDY®

IF Source-Pull Effect on IM3 Distortion
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Transfer function explains intermodulation sensitivity to IF source impedance
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IF Input Voltage Engineering (Pre-distortion)

- Optimization of Linearization Process (HBT)

Input Voltage and Output Current

) Engineered
Carrier Envelopes Carrier Envelope : | ‘HM | ‘
Phase ° . o
o : ” L 4
g o , o :
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Realization of IF (Base-band) Engineering
- continue focus on bias circuit electrical memory issues

Here limited to 2 Harmonics
and 5t Order

Previous work investigated
IM sensitivity to IF1.

Constant Impedance
Environment

DC & IF E E RF (fundamental)

E Second harmonic E
W1 W2

IF1 High

T
2 n n 3 2 W 2
\A\/ — 1 2 —

V

w W
2 1

»—‘él\.)—>
NéN—V

ﬂéJE_’—
—» T

5
—> 5

=
_24\)2—»

2
4
2

simplified two-tone spectrum up to fifth-order
component polynomial transfer characteristic

But is some device, high power
LDMOS base-band spectra is more
complex
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Linearity and Memory Investigations:
- 20W Si LDMOS

Waveform Engineering: 0
« Minimize Source of Electrical Memory 13 = IMD3 Low
* 0.5 to 4.5 MHz AM Modulation (Two Tone: 2.f.) 15 IMD3 High

Vol
\. \f 1

Limitations of

NN
A
Pout [dBc]
)
o

s

~ Passive Load-Pull) -30
o 2; Range1!| Range2
1 2 374 5 6 7 8 9
e Tone-Spacing [MHz]
_ < 4+W
2. 7 \ kS \ LJF—J-.‘X“
40 0 !
30 Tones | S XXX
o AN
20./ IM3L & |M3HJ > -‘ g(v
Range-2 4? ‘ y
E 10 - I
S 0 Y\ \\\ - '/\ ,-/K\
s AL YA
£ 10 _ NN
' Observations S
207= IM3L & IM3H

| « Weak Memory Resulted
12 14 16 18 20 22 24 « Memory/Linearity sensitive to 4 times modulation BW
Pin [dBm] Alghanim, EuMC 2007 25

Range-1
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IF Waveform Engineering
- Optimum IF termination to simultaneously minimize IMD3 and IMD5
Measured IMD magnitude vs. phase of IF2 Measured IMD magnitude vs. phase of IF1
40 40
303%
5 £ 20p
% % 10[j R
o o o
10 - &- IMD5L- £1- IMD5H
0 45 90 135 180 225 270 315 360 20 0 45 920 135 180 225 270 315 360
o —— Phase of IF2 [degree] Phase of IF1 [degree]
v L ';‘; 1§\
/ SN SNTHR
‘/“ / Y , /; N
B e ™ Improvement of IMD3 by -16 dB and IMD5 by -11 dB
\‘ ] — B ==
\ F1 and/IF2 X

h N @
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IF Waveform Engineering
- Optimum IF termination to simultaneously minimize IMD3 and IMD5

Do these identified optimums change with tone-spacing?

T Measured IMD magnitude vs. Pin

e AT U LA 40 g ————
p N A 1\;\\:\\\ 30 WASW2 @182MHz . om0
A DT AAN J IS L
~-© - IMD3L@1MHz -~ - IMD3H@1MHz

10| . |MD3L@2MHz —— IMD3H@2MHz
0| --* IMD5L@1MHz IMD5H@1MHz
—+ IMD5L@2MHz IMD5H@2MHz: ¢

Pout [dBm]

\ ‘\‘ 0 \\ g \ &/// 10
\ \ . LA 4 i ; ‘,4'

terl ation |- // 30,

@

ey

DN

o3P

:5% \
P

: 40 =l
10 12 14 16 18 20 2 24 26 28

/

Pin [dBm]

* Indications are that the optimum IF impedances is independent of
modulation frequency

* These impedances can be easily synthesised using an ET
process
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IF Waveform Engineering
- Envelop Domain: Linearity Investigations
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Device: 20W LDMOS
Carrier: 2.1 GHz

Tone spacing: 800 kHz,
Bias A-B (10%Ildmax)
Passive IF short

Output IF Voltage

1?_ Modulation of DC supply voltage
0 f T f —
0.0 0.5 1.0 1.5 2.0
Period
— Output Current Envelope
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"qc: 2001
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3 100
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Dynamic Power Sweep - b, vs a,
301
€
= 20]
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= 107
2
o
o 0
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Pin (dBm)
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IF Waveform Engineering
- Demystifying Memory: Envelop Domain Simulations

e 27ps delay line used as DUT Cause ...
e 2-tone excitation [ f y Dynamic range
e 80 MHz tone separation used Envelope Dynamics
e imparts 0.8 degree phase shift onto N -0
Dynamic !nput / output transfer
the envelope 104 characteristics
G Input and Output 2-tone R 0
Power Envelopes E -"“"“---'---.--;-;.-:=. , g
(o Spamc P s Pou
I\ | 10
A
s Dramatic
---- Pin (dBm)
% & & % effect
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IF Waveform Engineering
- Demystifying Memory: Active Device Measurements

CARDIFF
UNIVERSITY
PRIFYSGOL
CARDY®

Device specifics

2W GAN Cree die.

Fmax 40 GHz, gate width:
2x360um

gate length 0.45um, Transit time
2.2ps

Gm=180uS.

Observations

Dynamic trajectories are well aligned
with quasi-static case.

Again, under controlled conditions,
becomes possible to expose delay.

The delay here is bigger however
(~45ps) than that observed for the
27ps delay line.

This can be explained here by transit
time and charge time for intrinsic
parasitics

Pout (dBm)

20 KHz (Quasi-Static)
20 MHz
40 MHz

—o— 20 kHz tone spacing
-4 20 MHz tone spacing
-+ 40 MHz tone spacing

-
(&3]
1

gain (dB)

-
N
|

-
~
1

18-~ _

| | I |
-20 -10 0 10

—
o
1

5 == 20 kHz tone spacing
- 2% -& 20 MHz tone spacing
-+ 40 MHz tone spacing

I I | |
-20 -10 0 10
Pin (dBm)
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Pout (dBm)

IF Waveform Engineering
- Demystifying Memory: Active Device Measurements

Observed delay can be

Observation explained (in this case) by
Majorlty Of Looplng can be intrinsic pal’asitic delay and
removed by applying an transit time.
approximate -45 ps linear —Tom—>
delay to the output envelope ,
Cos
- Dynamic Pin-Pout :
Y C == =C,,

gs
15:=

Approximate intrinsic delay

Cgs ~0.72 pF ~ 35 ps
Cgd ~ 0.06 pF ~ 3 ps
Cds ~0.13 pF ~ 6 ps
Tgm ~ 2ps

30 2 20 45 0 5 0 Total delay ~ 46 ps
Pin (dBm) 31
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IF Waveform Engineering
- Envelop Domain: Linearity Investigations

e Stimulate with Two-Tone Signal
e Analyze in Envelope Domain

Output Current (mA)

» 0 2 4 6 8
Input Voltage (V)

Input Voltage (V)

Time
0 > g 57

o

e Investigate Dynamic Envelop 2

Response >

Device: 0.5 W GaN HFET e Transistor “Memory” é

Carrier: 1.8 GHz e RF Impedance variation “Memory” 5

Tone spacing: 4 MHz, o
Passive IF short o =2 4 6 8

Input Voltage

32



: :
RF |-V Waveform Measurement & Engineering
- Demand for Multi-Tone Excitation

e CW (Single Tone) to Modulated (Multi-Tone)
Measurement System Development

— RF Multi-Tone I-V Waveform Measurement
e Intelligent Sampling
e Inclusion of IF (Base-band signals)

- RF Multi-Tone IV Waveform Engineering
e |F (Base-band) active load-pull

e Application

e Memory Investigations: Base-band Electrical Memory

e CW (Single Tone) to Modulated (Multi-Tone)
Measurement System Development

- RF Multi-Tone IV Waveform Engineering
e RF active load-pull (Digital ELP)
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Realization of RF (Multi-Tone) Waveform Engineering
- consider in-band and harmonic circuit electrical memory issues

4-channel Microwave Sampler
(MTA — Sampling Scope)

____________________

Input Input
DC DC

____________________
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Realization of RF (Multi-Tone) Waveform Engineering
- consider in-band and harmonic circuit electrical memory issues

4-channel Microwave Sampler
(MTA — Sampling Scope)

____________________

Input Input
DC DC

____________________
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Realization of RF (Multi-Tone) Waveform Engineering
- Envelope load-pull solution: Envelop Tracking

e Open loop at RF but a closed loop at envelope frequencies
— No loop oscillations as no direct RF feedback

— Reflection coefficient constant irrespective of the signal coming
from DUT

e |Impedances set by simple electronics controlled by the X & Y
inputs
— Suitable for modulated signals

| Modulator |
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Realization of RF (Multi-Tone) Waveform Engineering
- Envelope load-pull solution: Envelop Tracking

b(t) and a(t) waveforms
2 - [
E | “m.x“.” ll.“'..m“
o ,"vv"v“y |v’1",,"
g ”H’ | '
Envelope Time w/
Tracking

9 Tone Modulated Signal

=> Confined to a few 100 kHz at present
Constant
Load
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Voltage (V)

Voltage (V)
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Realization of RF (Multi-Tone) Waveform Engineering
- Envelope load-pull solution: ‘Instantaneous’ power sweeps

0.3+ 16 ] —25
0.2 -
0.1 14 -
0.0 _42- - 20
0.1 QEJ
-0.2 _010 . L 15@
-0.3 I T T T T : 5
Time 88'
0.3- o 6 | \ - 10
0.2+
0.1+ -
004 4 ~5
0.1 ‘ 2
_0.2_
0.3 . ‘ : : 0+ T T T T T |_0
Time -4 0 4 8
Pin (dBm)
Capture input (red) and Comparison between
output (blue) waveforms ‘instantaneous’ and CW
modulated with 200Hz power sweep

25 I j100
,xﬂ\ Pt
/
0/ /N N | SN j250
/ [
| J H
‘ 10 3\5
le Vs
X
N\
Sj25

Impedance measured during
‘instantaneous’ power sweep
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Realization of RF (Multi-Tone) Waveform Engineering
- Envelope load-pull solution: Envelop Tracking

e Open loop at RF but a closed loop at envelope frequencies
— No loop oscillations as no direct RF feedback
— Reflection coefficient constant irrespective of the signal coming
from DUT
e |Impedances set by simple electronics controlled by the X & Y
inputs
— Need high speed control electronics for relevant bandwidth
modulated signals: Digital Solution Required

| Modulator |
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RF I-V Waveform Engineering
- Next generation ELP Systems: Digital control using FPGA

e DSP development board Stratix Il edition
- FPGA is Altera Stratix Il clocked at 100 MHz
- Two-channel, 12 bit, 125-MSPS A/D converter
- Two-channel, 14 bit, 165-MSPS D/A converter

e The multi-tone measurement system is clocked by 10 MHz derived clocked from the
FPGA master clock

e The control algorithm is implemented in time domain
e Frequency domain control will offer more functionality such as individual tone control
- enable emulation of real world impedance matching network

| ¢ apc pac > |’ A A A2 4 a

100 MHz clk delay
Q (anc l pac >Q’
divide
frequency
by ten . M1 L1 K1 K2 L2 M2
10 MHz |<7 6 MH24>|
\/ 40
To multi-tone

measurement system 40
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RF |-V Waveform Engineering

- Next generation ELP Systems: Time Delay problem

e The control unit can support wideband stimulus albeit delay

e Phase variation over length of cable and components (group delay or envelope delay)
- Must be compensated for accurate load impedance matching

e The repetitive nature of the measurement stimulus made delay compensation possible in
the next repetition or N repetition later
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RF I-V Waveform Engineering

- Next generation ELP Systems: Delay compensation determination

e Configurable FIFO RAM based unit delay
— Unit delay is 10 ns (100 MHz clock)
— Delay is compensated after 76 delay elements

- éa;‘est development of delay compensation is not limited to unit
elay

e Linear group delay can be observed from the graph

—=— Delta Phase (M1-M2)
—+— Delta Phase (L1-L2)
—v— Delta Phase (K1-K2)

Delta Phase (degree)

Delay Element 42
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RF |-V Waveform Engineering
- Next generation ELP Systems: Digital control using FPGA using delay
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RF |-V Waveform Engineering

- Next generation ELP Systems: Two-Tone Signal with 2MHz separation

Constant Impedance over

10 MHz bandwidth

20 -
10 -
€ 0
810 -
5 20 ~F1
§__30 | . F2
e
3'50 i - IM5L
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70 : : : : ‘ :
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Input power (dBm)
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