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Outline @ FOCUS

TECHNOLOGY GROUP
 Wave-based Load-pull mea.arement overview

 CM+ Behavioural maoa!l'generation
— Theory of mode' ex.action
— Measurement _‘raccgy

— Model extracticn procedure
e Application — Usage in CAD
e Does Source-pull really affect device'p:rformance?

e _Civiz Model Interpolation and Extironlation
(-raquency and Bias)

<“Conclusions
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Wave-based load-pull measurefnei ¥ @ O LS

Introduction TECHNOLOGY GROUP

* Load-pull is the measuremi = ¢ key non-linear parameters indexed a‘ a
function of load-imped:.icc

— Input Power Load Sweep

— Output power ar'"Ga 0

— Drain efficiency A
Power added efficiency

 Impedance control is
provided by a passive
turer or active tuner.

e Tradidanally carried
o I1t. using a scalar
binch e.g. using power
sensors and calibrated
passive tuners.
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Wave-based (Vector) load-pull measfirer »¢nt @ FOCUS

Hardware SEtUp TECHNOLOGY GROUP
VNA Requirements:

« Standard 4-Port VNA (PNA-X or P*.~)
* NO requirement for any non-line.
‘ options

DC POWER SUPPLY

!L il

oaﬁaaﬁb@@

High Power
Termination

RF+DC RF

mesuro Measure Ampliitae and Phase of A1,B1,A2 and B2@FO0,2F0,3F0



Wave-based load-pull measuremeint:

Capabilities

@

FOCLUS

TECHNOLOGY GROUP

* Load-pull data can be captured by measuren: *.c ot traveling waves with a calibrated network
analyser e.g. a, b, a, b, as well 2amdc * 'ns v, v, i, i,allow us to compute additional

parameters:

— Input Gamma of the device

under

— Accurate measure of load-impe( nce foi he fundamental and harmonic frequencies at the input and output ¢ =

— Accurate time-domain wav

rm. ~has reference required).
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Solve Puzzles for RF design engineers @ ECYC LIS

TECHNOLOGY GROUP
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Behavioural Model Generation l‘» 6 FOCUS

Brief theory of Cardiff Model +
e The Cardiff Model+ is a behavioural mode%tegy, based on a
polynomial fit of the load-pull mea ata

m
e |tis generalized to an Nth odd ord%ms of the relative phase

component Q/P.

=P"f |a,| a,
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Brief theory of Cardiff Model + TECRNCLOGr GROUE

\\ )
Behavioural Model Generation lw 6 F O LS

How many coefficients do we neagilia
model this load-pull grid accurittely?

Average Errorin By, (%)

2 L5 20 25 3.0 35 4.0

OQutput Power (dBm) Power offsets from optimum (dB)

mesuro
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. . ) (@" FOCUS
Harmonic Behaviouralaladel TECHNOLOGY GROUP

In order to test the 2F0 model extrapolatiog
2™ harmonic coefficients were extracted fro
measurement data contained within two subset®’

For 2F0 impedances with |I;;| <= 0.2 - [Model ‘X’]
For 2F0 impedances with | r&w - [Model ‘Y’]

These two conditions af® sfiown on the right. Each

model was then re t dict the measured
i : pedances spread all over

u points atthe edge of the

mesuro
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Harmonic Behavioural Madel @icgmc(;\,goé

Harmonic tuning limited 0.2
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Harmonic Behavioural ¢/ adel (? TECHNOLOGY GROUP

Harmonic tuning limited 0.7

X Measured 2F0 Gamma
B Predicted Gamma using Model Y]
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Behavioural Model Generatiort: @ FOCUS

Measurement Strategy (FO,Ori.v) Lal s

* For fundamental-only (FO) model §{ :r<_ ion, the load-FO impedance is swept through a r e-
defined sweep plan; centred azd theptimum for power and efficiency performanc=.

 The harmonic frequencies e., 2F0 . 1d 3F0 are kept at a constant impedance.

* Measurements of a;, b, ¢ . 3, acall calibrated frequencies and dc values v, V,4, 17,015, are
captured and stored i. - "\t iriiexed by fundamental load impedance and input drive.

* We usually recommend  arrying out an input drive power sweep with a ~20dB dynamic
range.

 Fundamental source-pull is not necessary however it can aid in mir 2ising the input return
loss and thus provide a facility for driving the DUT into compress™_».

Set Bias Point,
FO Frequency,
Harmonic terminations

Set FO impedance
with tuner

Trigger

measurement and
save data

FO Sweep Plan Power Sweep
Yy Complete?

mesuro
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Behavioural Model Generatiort: @ FOCUS

TECHNOLOGY GROUP
Measurement Strategy (harmenics)

/_ 2F0 impedance }_‘

e For harmonic model generation. the «lc \d-FO Vo sweep plan
impedance is swept through a pr :-de“ned sweep b
plan. This is “nested” with ansther swe :p plan at
each harmonic required with 1 the aodel.

e MPT Tuner can be u¢ .t. s nultaneously change

the fundamental and h.=nicnic impedance for the
above plan. FO impedance
sweep plan 1
« Gamma@2FO0 is around 0.6-0.8 with 6 to 12 points. = =—= "—= |

Set Bias Point,
B FO Frequency,
| armonic terminations

, FINISH Trigger
measurement and

FO Sweep Plan ¢ save data
YES
Complete?

Set FO impedance Set 2F0 Impedance
with MPT tuner with MPT tung

Power Sweep

meSUl" Complete?
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Behavioural Model Generatiort: @ FOCUS

. TECHNOLOGY GROUP
Importing data

. ne g .nerator requires measured a and b waveforms for all the
" .i. onics and ports.

Import Wave-based LP Data

>0 requires the measured DC parameters v,.and i,.

* | Generator sorts the datasets in sub-sets of input pover,” € wency
Measurement Data processing... and bias.

* Indexing of the data-sets in |ap,h| and Q/P is carried o. 3 for each
T load-pull point.

« User can remove erroneous data points before attempting to
create a model using the advanced filtering options.

Preview  Advanced Filber Oplions

Filtor Actiaine: “mic Rangs | Biw Yot Surmrmary

Model this Data |] Automatically Sor and Qrder iy Input Varables

inpul Power (2] Oulput Pawer [ Drain Efficioncy [ PAE
Meazured Gama F DUTpUL Fawer Triput Pawar
(LoadFD . Oraon Effcigncy PAE
= - 00
A HMuasure o Gamma - LuadH ’
E g
S, L g >
A e Lmw 5 5
S
. N . E &
d o b R
o 8. & -5
0 5 10 15 0
I Dataset Number (10*3)
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Behavioural Model Generatiort: @ FOCUS

. TECHNOLOGY GROUP
Selecting the order

e £ based on user requirements, the generate-
n0 .el can be conditioned to a coefficient patt rn

e.g.

—  Fundamental Only,

| —  Fundamental and Second Harmonic Mixing model, etc.

Users can also define custom patterns for the

Determine the complexity (w) required behavioural model
to fit a global model for the given load-

ull space.
p p Model Options  Model Verification File Export  XMP File Generator
Generate Model Coefliciant Previe , (Phas ms)
Jad2FL v va LoadFD -
Generate Model Now —
o z — . T
auerate the Model \

Fundamental Presets Harmonic Model Presets Mode. ‘ . . . . .

() Second Harmonic Only (6 Terms?

o

™
() Output Fundamental and Seco Mo Mixing) R ‘ . . . .

3

-

Mixing Models
(® Output Fundamental And Se. ith Mixing) 4 . . . . .
O OutputFL Sorondana . sharmonic
- O OutputFunc sntal’ .. .d, Output Second
2
| ) Full Mixing Mot input, 3 Qutput) 3 2 Rl

0
I LoadF0

mesuyr D
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Behavioural Model Generati
Built-in Verification

TECHNOLOGY GROUP

WVQFOCUS

Meas adLine Modelled LoadLine
T T T

Import Wave-based LP Data

Measurement Data processing...

, , , | |
-20 -10 0 10 20 30 40 30 60 20 45 10 05 00 05 10 15 20
Collector/Drain Voltage (V) Real

Determine the complexity (w) required
to fit a global model for the given load-
pull space.

[T sommany

agsde  MinEnor% MaxEnmors A EforH

Current (&)

Gr ~erate the Model

0 200 400 BOD  BOO 1000 1200 1400 1600
Measurement peint

VigBlel Verification:
me@e feedback of model vs.
easurement performance

Once t
simulat

ement conditions.

Error

time-domain waveforms and other plots are
d to check the accuracy of the model.

mesuro
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TECHNOLOGY GROUP

Model files

\\ )
Behavioural Model Generatiol w 6 F O LS

Import Wave-based LP Data Model files are in MDF format with a v
file size (<100kiB) compatible with

— Keysight ADS v2009-2015
SAELIEEIE DR SiEEEs . — AWR Microwave office v9.0-12.0

* . .
Determine the complexity (w) required CM+ Models can also be saved as *.xnp files with
to fit a global model for the given load- the built-in XNP Model file generator

pull space.

Extraction Setings  Progress and Information

il Uptioas
1.File Pain CWsersiRaNDY
~ Load-dependent X-parameler opliony
1 Extraction Oeder 1
2 Edract harmanics 31 the input? False
3 Number of phasa points. 12
Gr ~erate the Model ki o s & i g b

~ Measurement Data Information
1 Fundamental Frequency (GH:) 21
2 Measured Hamonc count a
3 Slart Power Leval (alm) o3
4_Siop Power Level (dBm) 23
& Gale DC (V) 247
& Deain 0G (V) aros

50,000 + 0.0
50,000 + |0,
50000 + 0
annan «in

Ve el Verification:
. me. .efeedback of model vs.
.~ easurement performance

Export model coefficients as
MDEF file or XNP File

mesuro
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Performance in CAD:

Model extraction parameters

T

Model extraction was carried out for.~10W
CREE Device (CGH40010).

The FO, 2F0 and 3F0 impedances = »re used n
a nested pattern.

Bias point was chosen tog ov ‘= i< -390mA
with V, =28V

Fundamental frequency ..” Yz

PNA-X was used with = Mesuro Phase
reference unit

RF Signal was in CW Mode.

48
-1
Creee
A
ﬂm‘h“’ﬁ% &
@ waags
o an fan
e

2F0 & 3F0

Yl W
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@O8E2

Optimised Tuning Mode with MPT
20 x Power Levels
30 x FO L.P. Points
6 x 2F0 L.P. Points
6 x 3F0 L.P. Points
= 21,600

Measurement time ~ 2 Hours

— — —
‘Al Min Max
un - amental Frequency 2.1 -

Jt Power (dBm) 11.401 28.915
Lirain Voltage (V) 27.8978 28.001
Gate Voltage (V) -2.354 -235
Cutput Power (dBm) 255846 41537
Cirain Efficiency (%) 3599 V2092
PAE (%) 3567 71.26




Performance in CAD: (a O LS
TECHNOLOGY GROUP
Fundamental load-pull perforiitance

* Measured vs. Modelled power contours
— Source FO and Harmonics 2F0/ na 2E0 locked to 50 ohms
— Load FO swept and Harmori=s 2r0 a- d 3F0 locked to 50 ohms
— Fixed available input pov er =2 .43dBm. [3dB compression pt. at optimum]

— L b ®Loau,.,u,50,0)T,1]

LF. sta
A N e Drain Efficiency, @ 65,61
— 0 NPAE5,10,50,00 1)

P L. Mag =014
& . PCHMAX(PAE 50,00 ] Measurement Phase = 0.93degs
LP Data ;

Mim Pout_dBirm [Z Cale] [Cal] [Le
2

=L G_LPCMMAX(PLoad, 50,00 %] e 9022 des A Max Pout_dBrm = 40,54

LP Data
maxPciué_wd;im[ZCa\[][Cal][Lt Mag = 0.1 ?

9 Plrate = 101 2dags / Phaze = 141.32deqs
Paint Value: - I 9

T -1.36 +0.362

T 1408<165.016°

Z:-8612 + j6331()

FO LP area used ‘
for Model C .

40.531 dBm 64.824 %
Mag 0.1439 Mag 0.1407
Ang 167.7 Deg Ang 2.487 Deg




Performance in CAD:
Fundamental load extrapolaticn
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Dutput Power = 35.88 dim

Input Power =

24.21 dim

——art

Output Power (dBm} and Gain (dB)

B

e e

|

* Measured power sweep in an imoedang »
where the model was not capt/ re
[
Test for Load FO |
extrapolation N\ L
LP Data ,' 36 dBm \ v
‘ Mag 0.7192 \
' Ang 68.22 Deg \
! Pload =36 dBm|
FO LP area used : o1 iPower = 1 ]
for Model Gen. - 2

40.702 dBm
Mag 0.1624
Ang 166.6 Deg

mesuro
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64.826 %

Mag 0.1432
Ang 3.017 Deg

Swp Min

LT T :

_Co

"em-. ’
2 ; e
: e

g
g

T
o
=

T
&
s A3UaTar44a upesq

e

E‘1rar|sdur_er Gain = 18.87
|Tnput Power = 24.21 dem
- : SE— ; | L a
16 18 . 22 24 26
AL hle Power (dim)
—£- Output Power (dBm) (L, ¢ ) Drain Efficic_.cy % (R) — Transducer Gain (dB) (L)
Zerformance
40
35
o 3
=5
25 z
c
@
e
= =
L
c
Es 15 .E
[} e
= (=]
+~ 10
5
0 0
15 20 25 29

Input Power (dBm)




Performance in CAD:

Fundamental Source-pull

Model was generated at
|T | =0and LT

This test was done w'
| T | =0.85and - 1

source sourc 0

source ‘rce

-168

@

FOCLUS

TECHNOLOGY GROUP

Measured power sweep in di7.érei.c Source FO Impedance settings.

Measurement

-2 Qutput Power (dBm) (L, dBm) -2 Drain Efficiency % (R) — Transducer Gain (dB) (L) | ’ 78
w0 b et
L ]
Performance PO ol o e
42 80 o i - Pal
35 A i |output Power = 40.91 dbm A
40 56.3 4 i |Input Power - 21.62 dBm iy
4 ; ~~
= . pen et ] ]
- -— ‘_»‘ s
a 35 46.9 < EL:] .‘.-l“'r - 2RI (AR ema— W o
T o & /1 i
~ & || i -
£ > || & i e a8
‘= 30 375 T || s g N . insga /
= % L Drain Fff. = SR.A9 %
é 51|z -~
- G b | : ] Input Power = 21.62 dBm
c = = i tassumram At Sasanesseas e T __i g ! | s
% 2F 28.1 ué § 20 i ‘. "._r.", s gaip, bl o ST TR -
© A
= 2 188 0O ||< - 2
2 3 15 e q —= =9
d S Transducer Gain 19.29 dB
L i Inpul Power = 21.62 dBm
15 9.38 < ]
QT 10
10 0
8 9 10 11 12 13 14 15 16 17 18 189 20 21 22 5 i i i i i i i o
Input Power (dBm) 8 10 12 14 16 18 20
I| Available Power (dBm)

mesunro
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Performance in CAD: @ FOCUS

. - TECHNOLOGY GROUP
Second Harmonic Load-pull (efficieri v)

* The 2" Harmonic Load-pull contour. shown were acquired using an active
load-pull setup; with the FO/,arrma at |I',__,|=0.21and £ T, ,=168°

|
58.529 58.298
Measurement 58.744 58.152
Simulation y 9
2nd Harmoniv . d-p. -

— Drain Eff %
LP_Dats

 Max. Drain Ef. %
LP_Data

|2

58,995

0

Mag 0.901~

Ang -142  Deg
Drain_Ef. 58S %
iGa=mal1 =2

[ S

I m=n
N

5575 Swp Min
Mag 0.9036 0

Ang -102.7 Deg

Drain_Eff =55.75 % L

iGammal1 =1

iPower =1

harm = 1 p_
Max Drain Efficiency = 60,52 Min Drain Efficiency = 56.44
Mag =054 Mag = 0.97

mesuro Phase = -155.47degs Phase = -101.78 degs
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Performance in CAD:

Second Harmonic Load-pull (powt )

@

FOCLUS

TECHNOLOGY GROUP

The 2" Harmonic Load-pull contour. shown were acquired using an active

load-pull setup; with the FO/,arrma at |I',__,|=0.21and £ T, ,=168°

Measurement 40.858 40.845 —
2nd Harmonic Load-p- 11 10874 40.835
40.826
,40.89 2
0.955
40.903 40.,,513-3&4 40.846
- . o)
40877 -
. 40.805
40.929 N, L4088
» \ 40816 40.801
110,893 1,845 /
40 894 )
40.786

Li]
Mag 0.939° 40777
Ar "4 Deg "
F ad- 249 dE 74
i amal
iPy =1 /
ar 10.57
— — Mag 0.8938 ™ 4

Ang -100.4 Deg

PLcad = 40.57 dBm Ul 5 ]

iGammalLi =1 _

iPower =1 el Pout, . =40.93

harm = 1 Mag =5

Phase -13047degs Min Pout_dBrm = 40,71
' Mag =097
mesuro Phase = 10178 g
aders in RF dev hars




Performance in CAD: @ FOCUS

. . TECHNOLOGY GROUP
Time Domain Waveforms — Load . nes

e The 2F0 gamma target was setto |1, .4/=0.9¢ ind £ T° _,=-150°
*  The FO gamma target was setto | 1=0.20 and £ T' ,,=168°
* A power sweep was carried out to 345 co apression point

Y o ]
DLL

2000 ~
1900 N ¥
1700 I/ L_ad Line
1500 pl:Freq=21GHz p2: Freq=21GHz
Pwr = 15.86 dBm Pwr = 17.86 dBm
—_ 1300 p3: Freq=2.1GHz pd: Freq=2.1 GHz
> Pwr = 19.86 dBm Pwr = 21.86 dBm
“G'J’ 1100 ph: Freq=2.1GHz pb: Freq=2.1 GHz MeaSU rement
o Pwr = 23.86 dBm Pwr = 25.86 dBm
& 900 pT- Freq =21 GHz - . =
(=] Pwr = 27.86 dBm i T
= 700 f
500
300
100
<
-100 — =
0 3 10 15 20 25 30 35 40 45 50 585 60 g
Voltage (V) 3

V [real] (V)

mesuro
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Performance in CAD:

@

Time Domain Waveforms — IV.Wa etorms

e The 2F0 gamma target was setto |1, .4/=0.9¢ ind £ T° _,=-150°
*  The FO gamma target was setto | 1=0.20 and £ T' ,,=168°
* A power sweep was carried out to 345 co apression point

/
50 oy 1575
40 =) 1250
= V()
(]
> 30 B (R mA) 925
% i(t)
p
20 600
10 275
0 -50
0 0.2 0.4 0.6 08 0.952
Time (ns)

60 N\ _qq 1900 |

Current (mA)

mesuro
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Measurement

FOCLUS

TECHNOLOGY GROUP

v(t)

[ V18 5 0076 « 7 0200]_—— 1 18] 32 0015 + 3 G003]

50%.._. - Mamas
5 | a

502 / »
45;\ f \
1 |

403\ /

35 1 \ :
1 \ ‘.f

30 - \ ,
26 + ‘

?

AU T UPU WU P N SETR., - S S S R ——

0.1 0.1

20 &
15 4

Time (ns)

| [real] {(mA)




Conclusions @7 OCUS

TECHNOLOGY GROUP

e CM-+is a behavioural m>Ze 'ing strategy, based on a
polynomial fit of th/: loc 4-pull measurement data.

* CM-+ can suppart *cnuamental and harmonic load
extrapolation

 Model file size is around a few hundreds kB, faster simulation
in CAD

e Built-in model verification
e ©#{asy .0 upgrade from existing load prinsystm

mesuro
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