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Importance of Correct Derivatives

|.Angelov

For LS & Harmonics modelling we need correct derivatives
Self-Heating, Dispersion, Memory effects, complicate the picture.
DC data for Ids harmonics are often noisy! Solution:

1Power Spectrum evaluation (PS);
2L.oad Pull or LSNA or Combined Load Pull & LSNA Evaluation!!

0.20 25
20—

Example: 05— T —
we change the £8% TE " <
shape of Ids at oos .

plnCh'Oﬂ:, |e 0.00; ; :307 I — I ‘
P3=O.2 to ~1.8 1.8 1.3 \—;)gBS 0.3 0.2
P3=0.5 in Ids °

parameters.
Change <2% for Ids,
4-7 dB in harmonics!

DP3]
DP2
DP
£y
|

-0.008—

-0.010 — o T 22—
18 16 14 12 10 08 06 04 -02 00 0.2 18 16 -1.4 12 -1.0 08 -06 04 -02 00 0.2

Vgs Vgs
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PS Measurements-Harmonics vs. Vgs

|.Angelov
- &P l/’l . Pin,RF freq, Vds Constant.
1 % “ | 1) RF- Low Freq.> current source
/ | 2) RF-High Freq.> capacitances

/ Spectrum analyzer(SA) or
| ? M ScalarNA(SNA) or Power meter

with diplexer filter.

1 Calibrate the input pov(er (Pin=10 dBm for SiC and GaN) at the device terminal for fund. and harmonics.
2 Calibrate losses of output cables,diplexer, SA(orSNA);Keep attenuators directly at the bias tee, close to DUT!!!
3 Measure 1,2,3 harmonics sweeping Vgs(10pts), for several Vds (Vds=0.2; 8V, 16V, 24V for GaN, SiC)

]
]
]

ad[::,3])

[,2])
ad[::,1])
15dBm..Vioad[::,3
15dBm..Vload[::,2

Measured and modeled PS GaN 200 um
f1b(Vgs)=1+Tanh(Sinh(P1.Vgs))

wwwwww

5 15dBm..Vioad[::,1

dBm(HB1PSvsVg
dBm(HB1PSvsVg
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Combined LSNA & Load-Pull Measurements- 39
best approach for Device and LS evaluation!

|.Angelov

Voltages & Harmonics extracted from the waveforms at the device terminal!

LSNA & Load Pull > better understanding of device behavior at high frequency!
(Ref: On the modeling of High Frequency& High Power Limitations of FET, INMMIC, Rome)

30 —GH:z Poutmeas—] 30 MBoutment 12GHz 30 18GHz
25 — = ] 25 indFIn(Pnl tmpac)zﬂ 150 IS r:\?iljat:(]g?\’nmnne\— 0.296
v By Poutmeag=16.476 o 2 pLEapl =
! v Poutmeas wE 20 Poutmea$=14.013
£ £ 20 indep(Poutmeas)=9-942 5= Pou 2E 20
= = o =}
83 Poutmeas=26.598 £L2 15 53 15 Poutme

15
" 10—% 10

5
O T T TT

g5
o

5 ! ! ! ! ! ! ! ! 0 III5IIII1OIIII15IIII20 5 1OI”15””20””25
2 7 12 .
Pinm Pinm
Pinm .
For the same input power 10 dBm:
2GHz >Pout=27 dBm 12GHz>Pout=16.4 dBm 18GHz>Pout=14 dBm
0.25
0.20
12GHZ

020 2GHz 0.15—| e 18GHz

0.15— ]
"D oD 0.10—| 0.10—
BEBE 010 DL a® .
—oNAN D E®E 005 0L o" ]

0.05— R =g S EEEE 0.05— =

0.00— == ]
0.00— ! _ ] 0.05] 0,00%
-0-0: T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T 010 E
0 2 4 6 8 10 12 14 16 : ‘ 0.05
4 5 6 7 8 9 10 11 L TR N RN N T
v2mts 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
v2sts v2sts v2sts
The reason for the power decrease: we do not reach at high frequency the DC (Low Frequency)

Knee: 2GHz Vmin=0.8V(DCKnee GaAs) 12GHz Vmin=4.5V 18GHz Vmin=6.3V

The high fregency IV slump is modeled with the gate control network Rdel,Cdel
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ETB: Modeling Complicated |V & Cap shapes. Empirical model serves as
spline function. Combine the best of Empirical and Table Based Models

Complicated data (parts of the model) loaded using data set.

High accuracy and good description of harmonics and good convergence. Significant reduction of required
measured points(100-200 OK). Easy to extrapolate out of the measured range.

ETB LSM FET
| =lpo-tanh(a gpe) (1HtANK(PL W ) (1+

to model parameters replaced with table data.
2. Good convergence and infinite number of derivatives.

table)

M 3. User access to technologically & mounting dependent
CessComponem parameters: Ipk0, Vpk, P1, Ron, Rtherm, Ctherm etc.

DAC psi DAG lamoda

gzzngl'%;:te' File="lambda1 il

:n:erpgodej_‘l,_in?ar | HZ:&CI,LZII:T_mear 1 ETB FET (MTTS 1999 pp 2350)

Extaphloce=ierpoation ode  Beemiiemenamoniiose 2 ETB HBT (EUMC 2004 pp. 229)

i art =V OE" 3 ETB FET (Wiley Int. J. of RF and Microwave Computer-Aided

varzTVBE" :ngﬂgE" Engineering Vol.14, No. 2, 2004, pp. 122, Johnson et al.)

Complicated Ids(Vgs) Complicated Ids(Vds)
Compact, Equivalent Circuit Models for GaN, SiC,
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It is Time to Integrate Circuit,Physical Models!

Now, we can trust Physical, Circuit models

and we can try to integrate them:

1Circuit designers can create the ideal transistor for their
application

2Using Physical models, we can design the device for the
specific application.

3 Measurements&Circuit models provide feedback to
improve device.

4. Everything made on Si ->GaN,GaAs?

Compact, Equivalent Circuit Models for GaN, SiC,
MOS-AK Baltimore Dec9 GaAs and CMOS FET
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CMQOS Large Signal Model

|.Angelov
U,U4
0,025 ; 1 1 ]
dsvsVgsCMOS | o CmVdOZ GmeMOs  Gmax
‘ 3 § | 0,035 - ==2==GmVd06 |- AT
002 T lgsvaoz 77777777777777 o - A 003 .| ~®—Gmvdos | / "'E---B--E‘,
--=--1dsVdo4 | : Y . . ’ meem-Gmvdoa || 575 -+~
2018 | == iasvdo | P .,;A;’fm IdS, Gm Shape Slmllar fO 025 H L. GmVvdi /,é" ——————————— e
T ==+ --1dsVdos | : Ipk0 7 : .'/u' ;
w0 CMOS, GaAs MESFET, for lL—emegg o
- =—1dsvdi2 | : w3 ’ = E ! ey’ : :
; : o' . 0,015 *4‘/,:' """"""" : ¢ 8
0,005 : : b {1 SCasit P — : ) 3 3
4 CMOS-Ilds exponential for,, 2" i
0 5 | | 47 | |
o "3z "o o6 0 1 gmall currents 0,005 gl At S— -
Vgs(v) . ? ? ?
0 me—tf= » \
Ids vs. Vgs 0 @GmyvstVgss 08
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0.025
— 0.020— s 00011 ML,,,..w“L‘“""'”"" ,,,,,,,,,, i
b ’ ; H |
(8 \ vvvv PP TT ' ’,»M |CMOSf201520! nﬂﬂ,ﬂﬂ.ﬂimﬂmﬂnﬂnﬂm
S< g0l N\ T / | g |
R MMM - S
X Y o TYVYVVVVV VY ' |4, : '
(OR2) R A A o TR OO NSO e
H2 0010 v 5 _ Q0 7 i =
g A% - (\: EEED DEEE\ .
0.005— B v T TI VY Y rTTTTY | i :
vvvv 5 \IZE : : : oo
,,,,,,,,,,,,,,, 10 g 00T
0.000 +¥¥HEEEEEEIIEITeUouuDEEIEUNNNHIIHET I Y B < | BTt e Voo
< ' : | - vg-
1.0 : 2.0 3 I M@e@ : | = vg=03
a T | e veos
r DC_FET2.VDS 0 05 y\gs ! 1,5 2
VDS S

Measured and modeled IV
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EC CMOS-Bulk influence:
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Rd Ld

——AM—tT ()

Drain

=b
—
'D
Source
Re Le
AN
VA==
2
R27 l c
c10
R=Rgdleak =~ c=Cgbulk
844"
c
cé L
L C=Cgdpe R R L1 Po
Port L2 R | f—,R14 R2 L=Ld Drain
Gate L=Lg RT 1€ R=Rgd R=Rd R=0.001 Num=1
Num=2  R=0.001 | R=Rg A
C> O Cc11
C=Cdbulk
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Q
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| I

X
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Simplified EC CMOS
GaAs and CMOS EC similar

Equivalent Circuit including
Self-heating, Bulk &

Bias dependent Dispersion
Rc1= Rcmin+Rc/(1+tanp)

3 el | Different is:Bulk influence:
e A % R RC Branches: Gate-Bulk, Drain-
SN i 5 Bulk, Source-Bulk.

\ ource
R=0.001 & Num=3
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lds Equations CMOS- symmetric
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A symmetric equation for Ids for accurate modeling for positive and negative Vds.
To obtain this: Ids =ldsp-ldsn; VVgs and Vgd control Ids:

vtamh(aVe)) —This term provides
(L= ANy~ 2y XPR(Vs Vi) 1)) exponential

Wy =P (Vg =V + Py (Vo =V )" + P (V= V)

Vo = B (Vo V) + RV, =V, ) + BV =V, ) dependence
V, (V) =V, —AV  +AV tanh(aV, )

P =P-AP tanh(aV, )

Ai = A — AAdtanh(y)

a, =a, +a [1+ tanh(wp)]; a, =a, +ofl1+tanh(y, )]

Compact, Equivalent Circuit Models for GaN, SiC,
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Cap Equations CMOS
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CMOS Cap shape & equations different from GaAs FET!

Defined -+ « : Infinite numbers of derivatives!!!!

c:gs0 (1+v + Plo)

\/Pll s o

Coio (1+v + P40)

(1+tanh( ~P,Vy ) e
\/P41 5
oV av ;
Igsc = Cgs atgs 1 Igdc — ng (31?

Implementation Cap:

1 Calculated the capacitances

2 Calculate DVgs/dt, DVgd/dt

3 Calculate current via Cap.

Forced charge conservation for

Idc=0 via cap ((use DCblock, Dcfeed)!

(1+ tanh ( Py, + P,V ))

2
o 3E13
[$)

6E-13 4E-13
5E13/
- 3E1
4513 /
2 3E13— S 281
] [©]
1E-1

2E-1 37/—/_-
=

Cap parameters:
Cgsp,Cgs0;P10,P11,P20,P21
Cgdp,Cgd0;P40,P41,P30,P31

L LS 66 6592 90 9 90 90 =2 = 2

N o > RO N® O DO NSO D

L L L A L I S |
0 02 04 06 08 10 12 14 16 18 20

L s O L L
4 06 08 10 12 14 16 18 20

CMOS Capacitances implemented in ADS
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FET examples:FIN FET — LS model similar to CMOS

Idsmeas
id.i, A

id.i
Idsmeas
o
=Y
o
|

o

o

mag($(3,3))
mag(S(1,

o

IR L

2.0 %
i 1.5 W

1.0+

10 15 20 25 30 35 40 45 50

3)

phase(S(
phase(S(1,
phase
phaseE

200

| I |
10 15 20 25 30 35 40 45 50

[
10 15 20 25 30 35 40 45 50

|.Angelov

40
d4dl

Ll

Vgsmeas

vgs

Measured and modelled IV (FINFET 36 um tot. gate size) ADS

2.5

mag(
mag(S(2,2))

phase(
phase(

phase(S(4,4))
phase(S(2,2))

[
0 5 10 15 20 25 30 3 40

freq, GHz

Measured and modeled S-parameters, ADS

MOS-AK Baltimore Dec9
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RF & LF CMOS Noise Model 47

LS implementation of Pospiezalski Noise Model
Main Noise CQDLW@ high gate resistance!!! l.Angelov

Original SS Pospiezalski Noise model is accurate,
because it is using directly derivatives Gm,Gds in
the noise calculations and fit for SS equivalent
circuit is usually very good.

Rd Ld Dra

o.

<
o

©

m1

indep(m1)=0.650
m1=4.709 Y
Vds=1.000000, freq=20.000q‘,OGHz’

S P et e
Y T e T a5 » "‘ ERAREES il
= ! viey ¥ STV EadEs 11Nt | )
F bovE YR ':‘“:;E::’.“"j:"lt,‘/—g i
Rs == 1
Ls Source S S SN —
T T T T T T T T T T T T T T T T
0,
ALS SP1.SP.Vgs
vg

4 ‘ ‘ T
freq, GHz

®
;1

<
|

>
|

SP2.SP.NFmin
f2x20HFnoiseExp..nfmin
NFCMOS20GHz..NF
SP1.SP.nf(2)

o =~ N W A O O N
)
|

T T T T LI e T
0.50 0.55 0.60 0.65 0.70 0.75 0.80

. . SP2.SP.freq, GHz M d d
Noise parameters: 4.RF+6 LFN Measured & modelled migzmjj NaFn o0
Td, Tg, Td1, Ildmin minimum NF vs. Freq. GHz

LF noise: KLF1,KLF2,Ffe,fgr,Kf,Af

Idn1=abs(lds)+abs(Igs); Tdi=Td*(1+tanh(abs(Vds-Vkn)))
PPout=Lw*4*Kb*TambK*abs(sqrt((Tdi/Tamb)*ldn1+Td1*(Idn1-ldnmin)*2)*2)*(1+KLFO)
KLFO=KLF1*(1/(1+freq*Ffe)+KLF2/(1+(freq/fgr)*2))

Work n

3 toR? etdq eto Igs_NoiseSqrd=2*qge*lgs*deltaF+Kf*(Igs*Af)/(freq”Ffe*deltaF)
reduce Rg to improve Igd_NoiseSqrd=2*qe*lgd*deltaF+Kf*(IgdAf)/(freq Ffe*deltaF)
the noise. TgRi=Tg*(1+tanp)*tanh(alphap*Vds)*(1+lambda*Vds)
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Conclusions

|.Angelov

A general purpose large-signal modeling approach was proposed, implemented in CAD
tools and experimentally evaluated. Models show good accuracy and stable behavior in
HB simulations.
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Thank you for your attention!

Meyer’s Law, part of Murphy’s LAW:

It is a simple task to make things complex, but a complex
task to make them simple.

Questions?
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Linear Scaling CMOS
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IlpkO=IpkOw*W tot
Cds=Cdsw*(Wtot+0.05)
Cgspi=Cgspiw*(Wtot+0.01)
Cgs0=CgsOw*(Wtot +0.01)
Cgdpi=Cgdpiw*(Wtot+0.01)
Cgd0=CgdOw*(Wtot+0.01)
Cgdpe=Cgdpew*(Wtot+0.01)
Rg=0.01+Rgw/Wtot
Ri=0.01+Riw/Wtot
Rs=0.01+Rsw/Wtot
Rd=0.01+Rdw/Wtot
Rgd=0.01+Rgdw/W tot
Rtherm=0.01+Rthermw/Wtot
Lg=2 pH+ Lgw

Ld=2 pH+Ldw

li=lw*W tot

e

ADS Implmentation

Ls=2 pH+Lsw

Rgbulk=Rgbulkw*Wtot
Rdbulk=Rdbulkw*Wtot
Rsbulk=Rsbulkw*Wtot
Rcmin=Rcminw*Wtot
Wtot=Nfing*Wfing*1000
Wtot1=Nfing*Wfing*Lfing

+,

MOSscaled2x20n1
CMOSH1
ldsmod=1
IpkOw=1.1 A
Vpks=0.955 V
DVpks=0.052 V
P1=2.14
P2=+0.07
P3=0.40

P5=0
alphar=0.40
alphas=2.68
alphaV=2.68
Vk=0.758
lambda=0.051
lambda2=0.0003
Lvg=0.0015

Scaling Parameters:
Nfing,Wfing,Lfing,Gcont.Lgate

Tot. number of model
parameters, including

self-heating, dispersion and
scaling: 70

Lvg2=-0.00015
B1=0.1

B2=3.7
Lsb0=0
Vir=3.0 V
Vsb2=0V
Cdsw=100 fF
Cgspiw=50 fF
CgsOw=500 fF
Cgdpiw=50 fF
CgdOw=500 fF
Cgdpew=50 fF
P10=0.02
P11=1.45
P20=0

P21=0.32
P30=0
P31=0.32
P40=0.02
P41=1.45
P111=0.0001
Vjg=0.90 V
iw=0.5e-8 A
Pg=2

Rgw=0.5 Ohm
Riw=0.1 Ohm
Rsw=0.05 Ohm
Rdw=0.1 Ohm
Rgdw=0.1 Ohm
Lgw=16 pH

Lsw=15 pH
Ldw=28 pH
Rthermw=1.0 Ohm
Ctherm=0.01 F
Tclpk0=0.001
TcP1=-0.001
TcCgs0=0.001
TcCgd0=0.001
TcLsb0=0.001
Tamb=25
Cgbulk=5 fF
Cdbulk=5 fF
Csbulk=15 fF
Rgbulkw=2.3 kOhm
Rdbulkw=1.2 kOhm

Rsbulkw=1.7 kOhm
Rcminw=200 Ohm
Rc=5 kOhm
Nfing=2

Wfing=10 um
Lfing=0.12 um
Gcont=1
taum=0.39 psec
Crf=1 pF
Rcin=300 kOhm
Crfin=15 fF

Compact, Equivalent Circuit Models for GaN, SiC,
GaAs and CMOS FET

MOS-AK Baltimore Dec9
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Circuit <>FET model<>Physical models<>Device Design
= Example: 1mm FET: Pout & Harmonics I Angelov

. . . Triquint HEMT;P1=29dBm P2=10dBm;P3=10 dB
Examples :Application oriented P1=Gm/Ipk: Vde=OV Rffreq=1GHZPIn=12 dBm 1

30

a) High Gm/lpk;P1>4 .hlgh gain, but non- IlnearmA ) mepmw,
b) Low P1<1 Low gain, but Linear Sin o lplqtve(dBmUioadbatllygs)=29.674
ALV

a) High Gain HEMT P1=5 588 o4 A N1
Vpk=0.21; Ipk0=0.3A; Ichan=0.6A; »

for Ids=10mA, gm=50ms!! RN
Very good for Small Signal, Low Noise & High Gain! Vas

P1out= 29 dBm; but strong harmcfnicfs- WIN HEMT.P111=30dBm P21f=-10dBm:P3t=0 dBm
P2h=10 dBm, Very Good for Multipliers! i)

B . LA 7

b) Typical HEMT: P1=2.5 ESZ’EE - o je_p P((1:1)E;1flloa = 1) Wsm

- Vpk=-0.5V; Ipk0=0.24A; Ichan=0.48A; R W

P1out= 30 dBm; P2h=-10 dBm B B e e A A L

> Medium Power &Linear BV o®oribo®o s

Compact, Equivalent Circuit Models for GaN, SiC,
MOS-AK Baltimore Dec9 GaAs and CMOS FET





