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I\ oo besan. Introduction

* GaN has many design wins in high power
applications and also useful for LNAs

 Reduced gate length processes, such as 0.15um,

have emerged to address higher frequencies (e.g. >
10 GHz)

* This talk will focus on advanced models developed
for a family of 0.15 um GaN die addressing both low
noise and high power applications

' +—Modelithics® ; QoONrvo
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GaN Library for Die & Packaged Devices

V1.8 Library Now Available via Modelithics Website Request High quality

model library software w/ version control and frequent updates.
— 17 Die and 43 Packaged Devices

. —Modelithics®
- QUICk access to mOdeI dataSheetS The World's Best RF & Microwave Simulation Models

— Many example & reference projects Gorvo GaN Library v1.7

:
]
)
§.
8@.

<SIIYM1OP O

— Easy click thru installer
— Supports Keysight ADS or NI/ AWR DE

= Features: Free for Qorvo customers

— Scaling of operating voltage
— Ambient temperature and self heating affects

— Intrinsic voltage/current node access for waveform optimization
— Switch to turn on/off bond wires for die models as applicable

— Noise and small-signal models

— Advanced thermal sensing } For some devices

=Modelithicse : Qorvo
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* Qorvo’s production released QGaN15 process utilizes
AlGaN/GaN epitaxial layers grown on high thermal
conductivity SiC substrate.

 DCIld-maxis 1.15 A/mm, DC gm-max = 425 mS/mm
and pinch-off voltage is -3.1V at Vds of 10V.

e Gate-to-drain device breakdown voltages exceeds
75V, measured at Id = 1ImA/mm and Vgs = - 6.0V,
with ft of >32 GHz and F,_, of 160 GHz.

=Modelithicse s Qorvo
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Parameter Unit
Idss (Vgs=0,Vds=5V) mA/
/ mm
‘ l,..x (V8s=1, Vds=5) mA/
/ mm
GM_ ., mS/
mm

Vp Vv

BVGD®@ ld=1mA/mm, Vgs= -6V Vv
< Ft@20V, 100 mA/mm GHz
F ox@ 20V, 100 mA/mm GHz

s~Modelithics®

QGaN15

Nominal

800
1150
425
-3.1
75

32.5
160

gm (MS/mm)

Vg=10V

Key performance parameters of
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[1]  S. Nayak, M-Y. Kao, H-T Chen, T. Smith, P. Goeller, W. Gao, J. Jimenez, S. Chen, C. Campbell, G. Drandova, R.
Kraft, “0.15um GaN MMIC manufacturing technology for 2-50 GHz power applications,” 2015 International
conference on compound semiconductor manufacturing technology, Scottsdale, Arizona

lg (A/mm)
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Small-Signal /Noise and Non-Linear Models
were Developed for 6 Discrete Die Transistors
(2to 15W)

TGF2942 (2W)

TGF2935 (4W) TGF2936 (8W)

Reference Planes Reference Planes
i Reference Planes -

Model and Measurement Reference

Planes (BWremoval=0) Model Sggﬁ;@ﬁﬁiﬁ;iﬂ;}mme Model Fa’llna(:\ (l:le(astL\x/rriTn%r\xlta llizz%f)erence
TGF2941 (4W) TGF2933 (8W) TGF2934 (15W)

Reference Planes Reference Planes

» o .

Reference Planes

-
'« ﬂl
Model }glnd MeaBSVl:/remem Iﬁ—%ference m';;:: r&mﬁvﬂaﬁ%‘f;mwe Model and Measurement Reference
anes (BWremoval=0) Planes (BWremoval=0)
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0.15 um GaN Die Model Overview

Small-Signal /Noise and Non-Linear Models as Setup in ADS
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BiasCondition=1 - 12V, 80mA
BWremoval=1 - Bond wire effect removed

2y

HMT_QOR_TGF2942_SS_001_MDLXQorvoGaN

X4
BiasCondition=2 - 12V, 40mA

BWremoval=0 - Bond wire effect in model

glﬁ:i

HMT_QOR_TGF2936_001_MDLXQorvoGaN

X1

VDSQ=28
self_heat_factor=1
Temperature=25

BWremoval=1 - Bond wire effect removed

4

@‘

HMT_QOR_TGF2936_SS_001_MDLXQorvoGaN HMT_QOR_TGF2933_SS_001_MDLXQorvoGaN

BiasCondition=1 - 12V, 80mA
BWremoval=1 - Bond wire effect removed

2y

HMT_QOR_TGF2935_SS_001_MDLXQorvoGaN
X6

BiasCondition=1 - 12V, 40mA

BWremoval=1 - Bond wire effect removed

2y

HMT_QOR_TGF2941_SS_001_MDLXQorvoGaN ~ HMT_QOR_TGF2934_SS_001_MDLXQorvoGaN

X7
BiasCondition=1 - 12V, 40mA
BWremoval=1 - Bond wire effect removed

23

X3

VDSQ=28
self_heat_factor=1
Temperature=25

BWremoval=1 - Bond wire effect removed

23

HMT_QOR_TGF2942_001_MDLXQorvoGaN

X12

VDSQ=28
self_heat_factor=1
Temperature=25

X8
BiasCondition=1 - 12V, 160mA
BWremoval=1 - Bond wire effect removed

o

glﬁ:i

HMT_QOR_TGF2933_001_MDLXQorvoGaN HMT_QOR_TGF2935_001_MDLXQorvoGaN

X10

VDSQ=28

self_heat_factor=1

Temperature=25

BWremoval=1 - Bond wire effect removed

4

HMT_QOR_TGF2941_001_MDLXQorvoGaN HMT_QOR_TGF2934_001_MDLXQorvoGaN

X13
VDSQ=28
self_heat_factor=1

X9
VDSQ=28
self_heat_factor=1

Modelithics:

BWremoval=1 - Bond wire effect removed

Temperature=25
BWremoval=1 - Bond wire effect removed

Temperature=25
BWremoval=1 - Bond wire effect removed

QoMrvo
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Standard Test Configurations for NL Transistor Model Developmen

and LS Validations

Auriga 4750
| Pulsed IV Analyzer |
PC controller
B _GPIB corEection - :‘;‘ﬂiﬁf
Agilent4142 |
s T T T T T T T DC parameter Bias fi 1
| Bastoree ] Analyzer | _las_ofl [ —
| I sense sense . .
L | L Optional: Pulsed RF/Bias
I
I : Keysight PNAX | |
: ! | |
: ! l |
: | | |
Bias tee | DUT | Bias tee
i |
T I l
! RF Wafer Probe L ——
Station
GPIB connection
— - - - - — — - - 1| MauryATS
DC power source/ system
| measurement - -_— -
I e |
| |
| I Tuner controller I | |
| e
| _— Maury | ;
| I | l |
I | I
I I l I
RF source Bias tee Tuner DUT Tuner Bias tee Power meter
— — Maury [ — Maury —

w=Modelithicse 9 QoNrvo



li2016

Electronic Design

ED
CO

Innovation Conference

Noise Testing Bench. =

-

Keysight PNAX/ Maury Microwave ATS Based Noise Parameter System

KEYSIGHT

TECHNOLOGIES L4

y

ouRDED
T pow,
fectttes

o
B

Keysight Technologies’ PNA-X o
Series Nonlinear Vector Network
Analyzer (NVNA) (]

@ MauryMicrowave

PNA-X with 50 GHz
low noise receivers
(OPT. 29)

Maury NP kit
(noise receiver

Noise Parameter Benchmark using golden
standard device in 2-50 GHz band before
GaN15 noise measurements

Gamma Optimum
Minimum Noise Figure

module, switch 2.0
*tﬂ‘%;&‘m \ 1.8
6* wnt
bOX) /%’ "11.47 ***;,.ﬂ
£ 1.2 S
Maury tuners " l E 1.0] et
8- : E 0.8*7 ****
Maury ATS Noise * / PRy
0.2 #w**”
software 0.0 e
. 0 5 10 15 20 25 30 35 40 45 50
50 GHz noise L freq, GHz
source freq (2.000GHz to 50.00GHz)
Associated Gain Equivalent Noise Resistance
s 307 e 507
244 40+
187 %, 30-
© 1 ¥ c ]
&) ] * oc 1
12 i, 20
x’*f!g* g E "*tiﬁ; LT TR s
64 ¥ LA T ST rr——— 10*: L e Ll B IS M *'¥¥‘**g
O e e O e e
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

freq, GHz freq, GHz

Test Setup Block Diagram

hicse 10 QoONrvVvo
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//R% “ Gate Drain

Cos= 2 Cud \dq" -
\J L\\g

Rs Ri\y
o jﬂé’@—q Rd C ds R ds

— (Q\jl S

A1 ro c’“\!s"' T

1 ﬂc T = T d

0
Vgne

From P.H. Ladbrooke, MMIC
Design: ..., Artech House, 1989 -

Source
Gate :_______________________j Drain
Rg : (idlg i Rd
YY) | ANN—YY
lg MV~ | c, J—fv /1 : Ld
= Cpg : Cus : - Cpd
M. Pospieszalski, “Modeling of i w O T ;Td l
. ” ds '
Noise Parameters ...,” 1989 IEEE | R / " :
. |
Trans.on Microwave Theory and | vgeel®® INTRINSIC |
Tech. T =<
Tg, Td noise fitting parameters
L
EXTRINSIC
I .
Source

w=Modelithicse 1 Qorvo
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We use a modified Angelov model implemented with Verilog-A Code for NL
GaN Modeling

V kv »li ADS Angelov
/ N Angelov ; Model

§
‘[f‘ Angelov_FET
Rgd Rd Ld ANGELOV1
=ANGELO
Ry Lg M Ve:dc T A0 Model-ANGELOVI1 Template and
/ Angelov_Model Trise=
Crt ANGELOVM1 M Od e |
B ]

Cgd Idsmod= B1= P30= Ld= Tere= Tmn=
Igs Ids Igmod= B2= P31= Ls= Teerf= Kif=
G) s Capmod= Lsb0=  P40= Tau= Tnom= Fgr= Pa ra m ete r
J— Ipk0= Vir= P41= Rcmin= Selft= Np=
Ri Vpks= Vsb2=  P111= Rc= Noimod=Lw= { d Vi
gsc Dvpks= Cds= lj= Crf= NoiseR= AllParams= Ca r
P1= Cgspi= Pg= Rcin= NoiseP=

Rc P2= Cgs0=  Ne= Crfin= NoiseC=
P3= Cgdpi= Vjg= Rth= Fnc=

/ Cgs Alphar= Cgd0= Rg= Cth= Kf=
Alphas= Cgdpe= Rd= Tcipk0O= Af=

1 W Vkn= P10=  Rs= Tcpl=  Ffe=

Lambda= P11= Ri= Teegs0= Tg=

Crfin Rein

Lambdal= P20= Rgd= Tccgd0= Td=
Rs Lvg= P21=  Lg=  Tclsb0= Td1=

s Modelithics
= "*l: Symbol
, + electro-thermal For Specific
(Rth-Cth) circuit gjﬁ GaN Device

HMT_TQT_T2G4005528 FS 001_MDLXTQTGaN

X4 Model
self_heat_factor=1

Temperature=25

w=Modelithicse 12 Qorvo



2016

Electronic Design
Innovation Conference

Example Model Features

Model Features

O~ Broadband (DC to 40GHz)
O~ Small-signal model
0= Bias selectable: VDS=12V, 20V and 28V
O~ Measurement Validations:
- Multi-biased S-parameters (25C)

- Multi-biased Noise Parameters (2 to EEEHE]

Small-Signal

Recently extended to 35 GHz

Technical Notes

Model is optimized for 12V, 20V and 28V

operation.

Model Parameters:

o Bias: for setting the operating bias point of
the model. List of Biases:

Model Features  Large-Signal

O~ Broadband (DC to 40GHz)
O~ Large-signal model (Angelov-based)
O~ Bias scalable: VD5Q (12V to 28Y)
O~ Temperature scalable: (25C to 85C)
O~ Advanced model feature: enabling intrinsic IV sensing
©O= Measurement Validations:
- Pulsed IV {25C to 85C)
- Multi-bias S-parameters (25C to 85C)
- Multi-bias MNoise Parameters (2 to 26GHz)
- Single Tone Power and Load Pull (10GHz)

Bias | VDsQ (V) | IDSQ (mA) | Moise Validation Wl
1 12 20 v = gﬁ ®
2 12 40 ¥ °°
3 HMT_QOR_TGF2933_001_MDLXQorvoGaN
3 20 20 i) X3
4 20 40 ¥ HMT_QOR_TGF2942_SS_001_MDLXQorvoGaN VDSQ=28
5 28 20 X4 3 self_heat_factor=1
g{;avsCond|tlltzr(1)=2B- 12dV, 4_10m¢f\ . sl Temperature=25
B 28 40 removai=t - Bond wire efiect in mode BWremoval=1 - Bond wire effect removed

s—=Modelithicse

13 QoMrvo
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S-Parameters Model vs. Measured: Bias 2, VDS = 12V, IDS = 40mA, 25C

40
o
E 30
'% ] Max Gain (dB)
O 20
x T Model:
:|| = 10_'
n '8 ] H MT'QO R'
S ]
R TGF29425-SS-001
0 ]
] S21 (dB)
-10IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 50 60
Frequency (GHz)
0
-104
- ]
o)
(‘:{ N Model and Measurement Reference
(99} % Planes (BWremoval=0)
b
-50 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 5 10 15 20 25 30 35 40 .
Frequency (GHz) % {
M
Legend: Red Solid lines - Model data, O Symbols - Measured data HMT_QOR_TGF2942_SS_001_MDLXQorvoGaN
Simulated at 25C with the frequency range from 0.2 - 40GHz. 50Q Smith Charts BibsConition=2 - 12V, 40mA

BWremoval=0 - Bond wire effect in model

-Modelithics® 14 QoNrvo
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Noise Model vs. Measured: Bias 2, VDS = 12V, IDS = 40mA, 25C

Model:
HMT-QOR-
TGF2942-SS-001

Gamma Opt
[

"0 5 10 15 20 25 30 35

freq, GHz

. 100 = m 254 Model and Measurement Reference

1 © Planes (BWremoval=0)

80- = 20+

2 ool 5
£ 60 O 15- ?
c 3
= 40 = 102 o
“ 20 8 5

. 2 > st ¢

< o+t HMT_QOR_TGF2942_SS_001_MDLXQorvoGaN

L L 1 R L A B
10 15 20 25 30 35 0 5 10 15 20 25 30 35 X _ .

D-
o
freq, G HZ freq, G HZ BWremoval=0 - Bond wire effect in model
Legend: Red Solid lines — small-signal model, O symbols — measured data
Simulated at 25C with frequency range from 2 — 35 GHz. 50-Ohm Smith Charts

w=Modelithicse 15 Qorvo
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DC |-V Characteristics: VDSQ = 20V, 25C

po
o

-
n

......
P
oy i

—
(=]

IDS (A)

AT 000D @

=
n

=T Thubagtonl
0.0 TP T TRV T T PP epipippippe
0 5 10 15 20 25 30 35 40
VDS (V)

Legend: Red Solid lines - Model data, O Symbols - Measured data
Simulated at 26C with VGS varying from -4 to 1V in steps of 0.5V,
i i Model self_heat factor=0 and YDZQ =20V,

DC |-V Characteristics: VDSQ = 28V, 25C

ra
=1

-
n

10

IDS (A)

035

(7] ALOan Ao 0 G

=
—
Lk aeia i A hch aie aten i e d i dd tie & i S Ll e
0 5 10 15 20 25 30 35 40
VDS (V)
Legend: Red Solid lines - Model data, © Symbols - Measured data
Simulated at 25C with WGS varying from -4 to 1V in steps of 0.5V,
VDS yaring frem.D.te 40V in steps of 1Y, Model 5elf_heal fagtor=0and VDSQ =28V,
[ [ 4 ®
| Modelithics 16

=1
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Example LS/Non-Linear Model
Performance — Pulsed IV Curves

Model:
HMT-QOR-
TGF2933-001

Model and Measurement Reference
Planes (BWremoval=0)

8{%$

HMT_QOR_TGF2933 001_MDLXQorvoGaN
X3

VDSQ=28

self_heat_factor=0

Temperature=25

BWremoval=0 - Bond wire effect in model

QoMrvo
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Load Pull Validation: Frequency = 10GHz
VDS =20V, IDS = 80mA,
Input Power = 27dBm, Z0 = 5002 Center, 25C
Power Tuning (1dB contour step)

I

)

P3dB ~8W

Pout{ dBm)

@

Mo:lelana Measurement Reference
Flanes (BMremeval=0)

_ . TestBench Refledti
Efficiency Juning (10% contour step) -Gisefﬁ;g?m =een

GammaS=0.771=-177"
Gammas2=0.708=<137"
GammaS3=0.428<03"

Gammal2*=0753=82"

Gammal3*=0.434=0°
@ *Fundamental tuning anly.
=

Harmonic impedances are
not tuned

PAE (%)

Legend: Red Solid lines — Model, Blue Solid lines — Measured.
Pulsed Biased conditions for measurements: duty cycle = 10% with pulse length = 100us.

s—=Modelithicse .

Model:
HMT-QOR-
TGF2933-001

HMT_QOR_TGF2933_001_MDLXQorvoGaN
X3

VDSQ=20

self_heat_factor=0.10

Temperature=25

BWremoval=0 - Bond wire effect in model

QoMrvo
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Sggon Contorsaco Performance — 18 GHz Load-Pull
Load Pull Validation: Frequency = 18GHz
VDS =28V, IDS = 20mA, Model:
- Input Power = 25dBm, Z0 = 50Q) Center, 25C '
) Power Tuning (0.5dB contour step) HMT-QOR-
Q TGF2942-001
N
o -
i
o P3dB ~2W _ @
(@) S el o
g s
5 g
- Modell‘;:d MeaswememR:a”enee
Planes (BWremoval=0)

Efficiency Tuning (10% contour step)

Test Bench Reflection
Coefficient:

@ GammaS=0.572<-166"
GammaS2=0.402<115"

= GammaS3=0

3 L% Gammal 2*=0.233<110"

*Fundamental tuning only.
Harmonic impedances are
not tuned

Legend: Red Solid lines — Model, Blue Solid lines — Measured.

-Modelithicse 18 Qorvo
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Example LS/Non-Linear Model

6-8 Watt die

Performance — 10 GHz Power Sweep

Single Tone Power Sweep: Frequency = 10GHz

Measured Data Simula

VDS = 20V, IDS = 80mA, 26C
Load Condition: Power Tuned

Maodel Simulated to 31dBm Input Power

to 28dBm Input Power
Transducer Gain and Power Added Efficiency (PAE)

}
Load Condion. Powar I 20 70 h
Tun=d i L
Tasl Sanch Radackan 4 60
Coafdant - L
k 50
GAMNES-0.T71<-177 T 154 L 0
GAMMAS2={ 7053137 = 1 .. - 40 E
FAMMAEI=0.25-33 = ] ToFA 0.a.a noag - L
FAMaL=074=17T L& ] E Y 30 34
GAMIMaL 2 ={ 753 82" T 10 o) 3 =Y
GAMMaLT -{.£34<3° i o g 120
“Fundamantsl fing oy, ] [ 10
Hammeanic Impa:lawes ang 5- -|:|
I"IZH‘LI'BJ. T T T T | T | T | T T T
22 24 25 285 30 32 34 36 33 40
Output Power (dBm})
o - = &
Legand: Rad Sod Bnas - Modd data, O Symbos - Masswred data
Load Condition: PAE Tuned
Model Simulated to 31dBm Input Power
Measured Data Simulated to 27dBm Input Power
Transducer Gain and Power Added Efficiency (PAE)
20 70
Laad Condian PAS ] L0
Tunzd 1 F
Tasl Banch Radackan 15 S0
Coafcant o F o
——— 0 40 ﬁ
GATMAE=0TT1=-177" c ] [
GIMMa5I=] 705177 g | -30 3
GAMIMES = £35:33° 2 104 F =
FammaL=0732<157 ] 20
GAMIMEL 2 =0 77 4<81° [ 10
GaMMALT =0 48240 L
] Lo
“Fundamantal funing  anly. T T T 1T L T T
e 2 24 26 25 30 32 34 36 35 40

Harmanic impadances ara
Nt funad.

l

O utput Power (dBm)

Lagend: Red Salld Bnas - Madal data, O Symibals - Messurad data

Puksad Biasad condions T MaIswamanms: duty cyda= 10% with puisa langt = 100us.

s—=Modelithicse
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Model:
HMT-QOR-
TGF2933-001

8@@$

HMT_QOR_TGF2933 001_MDLXQorvoGaN
X3

VDSQ=20

self_heat_factor=0.10

Temperature=25

BWremoval=0 - Bond wire effect in model

QoMrvo
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e Adyanced Model Feature

Access to intrinsic |-V planes enables waveform engineering

Advanced Model Features: ]
For advanced modes of operation (eg. Class F, J)

Intrinsic Voltage/Current Sensing
Get Vds and Ids model data near current generator intrinsic planes while tuning.

Intrinsic sensing — red;

© External Model Planes external sensing -- blue
@® Intemal Model Planes for I/V 50
waveform analysis e
1.5
B Parasitic networks available < ]
separately from intrinsic I’V == 107
model 50 E
CID. .EI 0.57 e~
Example Plot of internal node Ids and Vds §§ 'c'_% 0.07
60 350 “ g “ -o.5§
EISO_ —300’&: EI —1_0: \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
s | ji. O 10 20 30 40 50 60 70 80
S 404 250 a S
>' | 200 g ts(Vdrain_int)
£ 30- | .
£ ) 150 3 The dynamic
® 20- = i
§ 100 3 Ioac.ilm.e stays
2 10 TSO > within the
0 | L) L] ! 1 I ] ] ) L\l I Ll L L L) I Ll L\ 1 1 0 boundary Of the
0 50 100 150 200

time, psec

B +Modelithics- . QONrVo.
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* A set of state-of-the-art non-linear and noise models have
been advanced for a family of 0.15 um GaN die devices.

* The models are validated for S-parameter performance
through 40 GHz, noise parameter prediction through 35 GHz
and large-signal power performance at 10 and 18 GHz.

* Advanced LS models provide confidence for first-time-right
design

 The models demonstrated are part of the Modelithics Qorvo
GaN Library available for free use by Qorvo approved
customers by request at:

http://www.modelithics.com/mvp/Qorvo

' +—Modelithics® 21 QoONrvVvo
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EODI :ge?ti,?c besign How To Get GaN Library Support

. = Contact Modelithics for GaN model support

V/

— Download support
/ —License support o o
# ®
— Installation support MOdel’th’CS
— How to use specific features, etc.
— support@modelithics.com

_‘ = For product application specific support Qor\\lo

- —Email Qorvo applications engineering
— info-products@gorvo.com

THANK YOU!
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