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Pulsed IV measurement system
for
GaN HEMT compact modeling
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Instrumentation

Pulsed IV & [S] measurement setu
(Pulsed) Load-Pull measurement setup [S] P

(incl. Thermo chuck)

4 N
Commercially available tools through the
independent company AMCAD Engineering
Agilent Channel Partner — PNA-X based setups )
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Pulsed S parameters
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Pulsed S parameters
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Commercially available system from AMCAD Engineering

e Lr‘:\‘ VNA
i w (Optional)
. "

W H

Input Pulse generator Output Pulse generator
ulse IV meas. Unit / \@Ise IV meas. Unit /
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Pulsed I(V) and S2P measurements
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Dynamic measurements from a quiescent bias point

Thermal chuck & Pulsed |V and S pargmeler
measurement system used for model exiraction

¢ 0.5 -40 GHz
*10A/240V

¢ 200 ns to 1 ms pulses
e - 65 to 200 °C

For each pulsed bias point, the complete S2P
parameters (0,04-40GHz) are recorded
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Pulsed IV measurement system
for
GaN HEMT compact modeling
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Frequency dependant elements extraction Linear Model Extraction
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Non-linear Model Extraction

| Modeling process

Small Signal Model [-V Model Nonlinear capacitances @ Thermal model Trapping effects
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Modeling IV curves
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Capacitances € - D
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Non-linear Models for designers
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Non-linear Models for designers

+"“AMCAD Engineering

L Advaniced Modeling for Computer-Aided Design
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Thermal effect Modelling
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INPUT : Dissipated power

- Linear element

Nonlinear element
- Thermal element
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[EEE TRANSACTIONS ON MICROWAVE THEORY AND TECHMIQUES, VOL. 55, MO, 9, SEPTEMBER 317

Self-Consistent Electrothermal Modeling ot
Class A, AB. and B Power GaN HEMTs

Under Modulated RF Excitation

Vittorio Camarchia, Member, IEEE, Federica Cappelluti, Member, IEEE, Marco Pirola, Member, [EEE,
Simona Donati Guerrieri, Member, IEEE, and Giovanni Ghione, Fellow, IEEE
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Trapping effect Modelling

Gate- and drain-lag model topology (for ONE trap)

Trapping effect on the current modeled with a modification of the control voltage (= Vgs)
- Creates transients on Vgs = Current transients
- Charging state of the capacitance = charging state of the traps

- Fills through Rcapture, releases through Rémission

= /L_,;Jg_;)\ el

AN | f ) - —
] é | St Vgs_int
i I l"“""b" <::} I i Vgs
Vds I‘\\ i C ,'I vc trang
ves] | (1
=i = =i Processing: null offset, current
Fills and releases model dependencies, etc.
of traps (diode) Easy tuning of the amplitude

Fundamental effect : fill / release trapping time ¢ onstants are different

= modeled with an envelope detector

* Circuits number = Modeled traps number
» 3 parameters to extract per circuit : Rcaption, Rrelease, k
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Trapping effect Modelling
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Trap model parameters extraction |
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Current transient measurement, Negative pulse on Vds (emission)
=>» Obtaining : - numbers of traps
- emission time constants

- relative amplitude of each trap

Avoid thermal effects during measurement

= ONLY ONE MEASUREMENT TO OBTAIN ALL THOSE PARAMETERS

L PN
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Model Validity : Large Signal Measurements @ power optimal load impedance
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The current slope phenomenon
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The current slope phenomenon
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The current slope phenomenon
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The current slope phenomenon
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An Electrothermal Model for AlGaN/GaN Power
HEMTs Including Trapping Effects to Improve

Large-Signal Simulation Results on High VSWR

Olivier Jardel, Fabien De Groole, Tibault Reveyrand. Jean-Claude Jacquet., Chistophe Charbonniaud.
Jean-Pierre Teyssier, Didier Floriot, and Eaymond Quéare, Senior Member, IEEE
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PART Il : Load Pull Measurement setups

T. Gasseling (AMCAD Engineering)
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Load Pull for PA Design: LPPD

The needs

Existing architectures

Load Pull for Model Validation: LPMV

Specific needs
Measurement definition

Specific Architecture

News trends

Time domain measurements for model validation
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Load Pull used for PA Design: LPPD

The needs

Existing architectures
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Load Pull for PA Design

The needs:

From the target definition (Pout, Efficiency, Gain ect.)
Power performances versus Zsource and Z load

ISO-circles plot -> Determination of optimal operat  ing
conditions

Transistor performances evaluation associated to gi  ven
operating conditions for the design of PA.

-)(-; Transistor model validation
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Load Pull for PA Design

LPPD architecture

Power
Microwave Amplifier Input DUT

@_|>'(gf:|—i

Power Meter

Power Meter

The LPPD setups have been developed in order to find the transistor’s optimal
source and load impedances for defined and fixed operating conditions

N
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These LPPDs setups can_be used for:

Transistor performances evaluation for given operat  ing conditions
(transistor + setup combination)

Determination of optimal load impedances : useful f or PA design when
nonlinear models are not available

These LPPDs setups can not be used for:

A determination of the intrinsic transistor charac teristics useful for transistor
model validation.

N
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Can a LPPD setup measure Power Added Efficiency?

The answer is: NO . A passive load pull system measures the source power (available) toward the input of
the DUT and the power delivered by the DUT to the load

If a directional coupler is used to measure the power returned by the DUT to the source, in order to assess the
really absorbed power by the DUT, then the loss of the input tuner and the coupler can only be calculated if
we know the large signal input impedance of the DUT

However : If the DUT is perfectly input matched and only then , the Efficiency measured equals the Power
Added Efficiency defined as:

PAE = (Power delivered to load — Power delivered to DUT ) / (DC power);
and the Gain measured becomes Power Gain

Gp = Pout-del / Pin-del

But one has to be careful: If the DUT is tuned at the input so that the reflected power to the source (measured
via the 4rth port of the input coupler or the third port of a circulator) becomes zero, this does not mean the
DUT is "input matched", it means that the setup is matched at the intersect  ion between tuner and
circulator, not tuner and DUT

N
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lllustration : Measurements on a FET @ f0=4GHz

Power [in-tuner [in-DUT
Microwave Amplifier Input DUT
Source Coupler |'| n
\/\ > Power Meter
O 5—F =
| | Input b
I_I LI Tuner Tuner
[ [ sn S22
Source PULL ezinput || P meter Source PULL Source PULL
X ZIin DUT* © 511 Tuner
0 522 tuner WQ@QQ +Gamma In Tuner i o
oY 000065320g ; & :
+Zin tuner ] %% Lz e 00052000,
Q o 8§11 Tuner

el

Advanced Modefing for Compinter-Aided Design
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lllustration : Measurements on a FET @ f0=4GHz
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Agilent Technologies

b—— Channel Partner Program

Power Zin-tuner Zin-DUT
Microwave Amplifier Input DUT
Source Coupler L ﬂ M I_) |-| M
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1
| | Input R Output
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2 s / —4~RLDUT (dB) { 3§
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lllustration : Measurements on a FET @ f0=4GHz
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Can a PA Load Pull System measure Power Added Effic  iency? : The answeris:
NO.

The assumption that the Efficiency measured equals the Power Added Efficiency only when the “DUT is input
matched” and only then , means that this assumption is valid only when the source pull optimization (iso-Pout
or Gain circles) is done for a constant_ amount of input power injected into the DUT.

As a consequence, because the transistor’s input impedance is related to the amount of power injected in the
DUT, this optimization must be done for each power level.

Transistor input impedance vs Power level Transistor input impedance vs Power Level
0ol . 2404 -34.0
05 |-EI-ZIuad@ﬂ]=11.34B+1?.?9i!
= ] ; 2204 F32.0
® 0.7+ =
5 0.6 = 20.04 F30.0 &
g 0.5- -] >
= = - L =
E 0.4 = 18.0 28.0 E
= & g
= 031 = 16.01 -26.0 E
E 0.2 N z
3 01 - 14.04 L2410 -
0.04
12.01 F22.0
-0.14
R EEEE R R R E 10,04 -20.0
- 5 T o o o o Clh o o o CII Lo} o o o o o i T

Gamma in [Real] @ 10

Input power (dBm) @ 10
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Conclusion :

Each time the power injected in the DUT is varied, the transistor input impedance
Is varied as well, and then the assumption of the perfect matching at the input
could not be done any more.

If the transistor’s intrinsic PAE needs to be measured, then the source impedance
should be optimized for each power step : cumbersome and time consuming

Ordinary load pull architecture are useful for PA designers but raw data such as
gain and Efficiency measurements are not accurate enough to be used for
model validation .

N
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Conclusion :

In addition, measurements made with power meters are mean power
measurements.

When in the bandwidth of the power sensor, the power measured corresponds to
the power generated at the fundamental and harmonic frequencies,.

For model validation, the wanted power (at the fundamental frequency) and the
power generated at harmonic frequencies, should be measured independently.

N
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Some LPPDs setups have been updated in order to measure the tr  ansistor’s input
reflection coefficient:

Zin-tuner Zin-DUT
Power

Microwave Amplifier Input LDUT
Source cowpler Ls[lg Lo [

@ I>-@ i R i 1 I_| — Power Meter

Input R Output
Tuner Tuner

Z_Source

i

J U ——

Power Meter Al Bl B2 A2

VNA

N
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Some LPPDs setups have been updated in order to measure the tr  ansistor’s
input reflection coefficient:

Zin-DUT

Coupler

The lower Zin-DUT

The lower the input
deembedding accuracy

)
‘ The Higher src tuner losses
)
I

Problem : The transistor
power gain is really sensitive
to the I'in meas accuracy.

N
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lllustration : Gin measurements/ LPPD setups

Source pull : for each source impedance, the Gin measurement is de-embedded through

a new input tuner’s set of S2P bloc file.

While the measurement accuracy if data such as Pout or Transducer Power gain versus

Zsource are convenient for PA design ..

34144 pout (dBm) @ 0

2

W | l

£

& 27.872

E Step:0.24

= Min: 27.872
Max: 34144

Gamma Source [Real] @ f0

[Imaginary] @ fO

$~'\\ﬁ
1"-.'1-;9‘7193 21103 Gt (dB) @ f0
) -
A4819.193
& ,,_j':. -
@0 19193 I
| 5/ 14.835
. 1§ 238 Step: 0.239
== Min: 14835
Max: 21.103

Gamma Source [Real] @ f0
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lllustration : Gin measurements/ LPPD setups

Source pull : for each source impedance, the Gin measurement is de-embedded through
a new input tuner’s set of S2P bloc file.

Some of them such as |/in| or power gain are not accurate enough for Model validation

T e TR

o D__;';I 3;2 j f q;"i{ép-;_éz_iaﬁ
= *ﬁr 4 .Ifl D'ﬁﬁ Gamma_in_mag @ = ¢ _?ZD..BEE ':|I|IE$ 22.082 Gp (dB) @ f0
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> | o 40805 > | Juses/ 2R
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Gamma Source [Real] @ f0

Gamma Source [Real] @ f0
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Load Pull used for Model Validation : LPMV

Specific needs
Measurement definition

Specific Architecture
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Load Pull used for Model Validation

Specific needs

Measurement of the transistor input impedance, what  ever
the operating conditions (Zload, Power level ect.)

Narrow band measurements at fO, 2f0, 3f0 ect.
True calculus of [in, PAE, Gain ...

s | ransistor model validation
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Zsource Zin

Load Pull used for model validation

L. Power al ' bl
Measurement definition Microwave Amplifier

O DR =

D . £&— Output

P_in: Power delivered to the DUT by the source Tuner |0 gy Tuner

1 ] 1
Fip — 5 Uull” =817} — S lull” =1 — |Tin|")

P_source: Power delivered by the source

B Hin
soures Zin — Zsourcs |
i Zin + Zzource
P_out: Power delivered to the load impedance

1 } 1 i
Pour = 5 (B2I* —Ja2[) =3 [b2I*+ (1 — | Tlcad )
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Load Pull used for model validation

Measurement definition Used for model validation

Power gain is the ratio of the power delivered to the load (P, ) to the \
power delivered to the transistor by the source (P;,).

Pout  |b2|*(1 — ITload |?) /

Pin  |all®(1 — ITinl2)

Guifipoyer —
Used for PA design

Transducer Power gain is the ratio of the power delivered to the load \
(Pout) to the power available from the source (Psource).

Pout b2|%(1 = ITlead|®) ‘Efﬂ — Zsource =
Psource  lall?(1 — ITinl2) B

Eufﬂfi"ﬂ s —

ain + Zsource

Gaingnger = GQiTerone if Zin = Zsource =

N
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Load Pull used for model validation

Measurement definition Used for model validation

Power added Efficiency is the ratio of the power added by the \
transistor to the power consumed.

(Pout — Fin) /
PAE = %o

P

Used for PA design

Transducer Efficiency is the ratio of the power added by the source + \
transistor to the power consumed.
. (Pout — Psource) o /
7= PDC

PAE = Eff if Zin = Zsource =

N
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Load Pull used for model validation

Measurement definition Used for model validation

Power added Efficiency is the ratio of the power added by the \
transistor to the power consumed.

(Pout — Fin) /
PAE = %o

P

Used for PA design

Transducer Efficiency is the ratio of the power added by the source + \
transistor to the power consumed.
. (Pout — Psource) o /
7= PDC

PAE = Eff if Zin = Zsource =

N
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lllustration : Measurements on a FET @ f0=4GHz

Used for model validation Used for PA design
Power gain Transducer Power gain
Transducer Power gain (dB)

2704 el E }
e 2601 9 22.01 e
-] | h“. g 2154 , L
g 2504 [ % 2104 e 8 'El
= & = 205 B | \
=) 2401 E'x § 200 | . '3.1
g ————— N 2 1osdl | I
2 2304 |-EI— Power Gain | EJ E i) } [ ) mee3 1 ﬁ
E i E sl 913| |- ¥ -5.807, v; 20 658 S\E

2204 : .

1804 | e, 8
. ! | = 1754 1 - ¥ -17.379, ¥: 22.467) s |
\ Pin min (dBm) @ f0 Pin min (dBm) [f0] }

!

Measurements done on the same transistor
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lllustration : Measurements on a FET @ f0=4GHz
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Used for PA design

Transducer Power gain

Transducer Power gain (dB)

&
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lllustration : Measurements on a FET @ f0=4GHz

Used for model validation Used for PA design
PAE Transducer Efficiency
PAE (%) Efficiency (%)
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Load Pull used for model validation

Specific Architecture

/;RFTG Dec 2009 Xy & MSND Engineeting



ARFTG - Microwave Measurement Conference . AgilontTochnalogies

b—— Channel Partner Program

Specific Architecture

DC or pulse DC supplies
+ meas Units

'ﬂmnmnirwmnﬁ“‘mmnnuﬂ

DUT

Low loss directional
¥ couplers
T

Tuner fo Tuner f0, 2f0, 3f0

EREEETAT

CW or pulse RF signal
fO or f1+f2

P
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Specific Architecture

AMCAD Load Pull system used for modellng activities
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Conclusion

Model validation using load pull mea
meters

N
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News trends

Time domain measurements for model validation

Time domain measurements for MMIC validation
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Characteristics of transistor used:

DN NI NI NN

Vg>100V
Rdson~ 2 ohm
Cds=0.9 pF
Cgs= 8 pF
Rg=0.5 ohm
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Device used : 15 W GaN HEMT
from CREE CGH60015D

Device size 2mm
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Pout (dBm)

Test Jig and packaged transistor
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Harmonic tuner
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News trends

Time domain measurements for model validation

Time domain measurements for MMIC validation
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Objective

Time domain measurement system

Time domain
Measurement
Setup

RF sampling scope
‘ Long acquisition time
Time base distorsions

MTA (Microwave Transition Analyser)

‘ Obsolete
2 channels

LSNA (Large Signal Network Analyser)
Advanced technology (calibrated)

4 channels

Commercialy available
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Configuration
HIP calibration assumption

Measurement Setug ........
vl al”'P 1HIP 0 0 ]
i1 VlHIP 51HIP 0 0
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LSNA
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Al TEST-SET A2
o~
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http://www.xlim.fr

AMCAD Engineering
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