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o Qucs-S and QucsStudio compact device modelling and simulation features
o QucsStudio and Qucs-S: a combined modelling and simulation package

o QucsStudio Verilog-A module development: facilities and properties

o Built in Verilog-A modules: CMC and others

o Equation-Defined Device (EDD) modelling: principles and application

o Qucs-S Verilog-A module synthesis: facilities and link to QucsStudio

o The Verilog-A Equation-Defined Device (VAEDD): structure and properties
o Enhanced QucsStudio compact device modelling and simulation

o Enhanced Qucs-S/Xyce behavioural EDD modelling

Onwards to the next generatlon package
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Back porting of Qucs-S code to Qucs is a long term
goal BUT may take time due to the complexity of
the software and investment required!

|

Release 0.0.1 2003 Qucs

Linux and Windows

compact device
modelling and Release 1.0.0 2011
simulation package

Release RC1 2015

Today V

e P R ,
i I NEW : CODE II I Behavioural 1
P iy FORK P and i
i | | QuesStudio | | | | Verilog-A '
] I II I compact ;
b |= v | device i
1 |  modelin :
i | RF H Ques.s | SPICE | g
N I I A d =
o 4
\J ¢

Around 60% of the Qucs and
Qucs-S downloads are for the
Windows operating system.

QucsStudio with Qucs-S provide advanced RF design, compact device
modelling and simulation linked to industrial level Xyce SPICE circuit
simulation "glued" together by behavioural compact device models
and Verilog-A modules.
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QucsStudio

QucsStudio and Qucs-S ESSDERC

Compact Modelling

Equation-Defined Devices (EDD)
Frequency Equation-Defined Devices (FEDD) —

Verilog-A Equation-Defined Devices (VAEDD)
and Verilog-A hand coded modules

v

equation

AAA
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Qucs-S

Verilog-A synthesised modules

CMC Verilog-A modules: BSIM6

and HICUM2, for example .
\I! P XYCE script
XYCESCR1
SpiceCode=

AC LIN 2000 100 10MEG
.PRINT AC format=raw file=ac.txt V(1)

> | GUl [|«—

et — o[ GUI
y=1

QucsStudio SIMULATION

|.INCLUDE SCRIPT

INCLSCR1
SpiceCode=

.PARAM rp = 1k
.FUNC prod(x,y) = {X*y}

Xyce SIMULATION

DC, AC, S-parameter, and NOISE, TRAN
and periodic steady-state,HB with large-signal
AC and NOISE analysis, System simulation,
Parameter sweep, optimization, tolerance
analysis and manual tuning with sliders.

.DC, .AC, .DATA, .DC, .DCVOLT, .EMBEDDEDSAMPLING
.END, .ENDS, .FOUR, .FUNC, .GLOBAL, .HB, .IC,

.INC (or .INCLUDE), .LIB, .LIN, .MEASURE (or .MEAS),
.MODEL, .NODESET, .NOISE, .OP, .OPTIONS, .PARAM,
.PREPROCESS, .PRINT, .RESULT, .SAMPLING, .SAVE,
SENS, .STEP, .SUBCKT .TRAN.

5508

\_EEEEE

EEEEm )/

EEEER

=
LECTRON -
@EVICES

Socerv [

< IEEE

e

Mike Brinson

ESSCIRC/ESSDERC 2020, Grenoble, France 4 of 32



leti

Ceatech

Edit
Verilog-A
module
code

Ly

life.augmented

)/\I)‘ seitec

UGA

Université
Grenoble Alpes

Verilog-A Development

GRENOBLE =200

ESSDERC
ESSCcCIRC

€ QucsStudio 2.5.7 - Project: MOS-AKSpring2020 —

File Edit Positioning Insert Project Tools Simulation View Help

J~a A8 6 &

I
E"d

By @

Thowh FS =%

# x  Transistorva B 2020Fig3.va [
1| Content of 'MOS-AKSpring2020°  Note | 1 // Verilog-A BXuodule code: Template.va |
%‘VSdmmmks 2 “include "discipll
T MOSAKFig3B.sch Z 1include "constants.va £~ Simulation M %
- MOSAKS2020Fig1.sch R U . )
% MOSAKS2020Fig2.sch 5 Module name becomes name ON{he model file 1LIMmmdmm
8 MOSAKS2020Fig3.sch 6mo§ule Transistor (externalBase, llector, Emi Starting on Tue 26. Nov 2010 at 11:31:50 ~
MOSAKS 2020Fig3A.sch 7 inout externalBase, Collector, Em1
% EEJPTCI:JHSCh . 8 electrical Base; crea::: 'Transistfo:.ldll'.f.t. done.
- A N . Finisl successfully after 1.578 sec
§ testB/Tnpn.sch ~ 10 def%ne attr(txt) (*txt*) Ready v
a8 ~ Verilog 11 “define GMIN le-10
MOSAK2020Fig3.va 12 7 ) . ) | IS I, oo
z MOSAK2020FiaH 13parameter real Bf=100 from [l:lgf] attr(%n e T
% Transistor.va l4parameter real Rbase=1 from [0:inf] “attr(in
VHDL 15parameter real Is=le-16 from [0:inf] “attr(in
Octave léparameter real Vearly=100 from [0:inf] “attr(in
C++ Sources 17 parameter real Cj0=0 from [0:inf] “attr(in LE="F");
Data Displays 18 parameter real Vj0=0.75 from [0:inf] “attr(in my;
PCB Layouts 19parameter real Fc=0.5 from [0:inf] “attr(in mit="1");
Datasets 20 parameter real Mj=0.33 from [0:inf] “attr(in Sk result document ., 1"); .
Others 21 parameter real Temp=26.85 from [-273.15:inf] "acce furv wrmurocson comporacurs unse— Ce151Us") ;

22 parameter real Kf=le-9 from [0:inf] flicker noise coefficient™ unit="1");
23parameter real Af=0 from [0:inf]
24parameter real Ffe=1.0 from [0:inf]
25parameter string Type="npn"

26

27real Tj, Vtemp, Vbe, Vbc, Vce, Ibe, TIbc, I
28

29 Model branches

30branch (Base, Emitter) be;
31branch (Base, Collector) bc;

o="flicker noise frequency exponent" unit="1");
fo="transistor type [npn, pnpl"):

Cliclk to display generated C++ code

Synthesize
Verilog-A
Module
Code
[with ADMS]
To form

“Transistor.va.cpp”

and Compile
C++ code
to form
“Transistor.dll”

“Turn-Key"” system

< IEEE
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5 | Content of 'MOS-AKSpring2020°  Note -+ - - . . . : X1 . o ~
£l0 Schematics i Reae | kit Component Propertes 7 X o
. MOSAKFig3B.sch i " 'Rbase=Rbase user compiled model
MOSAKS2020Fig1. —
= !g > - Is=ls C Name; ‘X1| | display in schematic
% MOSAKS2020Fig2.sch . .VearlY:VearIy. .
5] MQOSAKS2020Fig3.sch Ccio=cio © Properties
MOSAKS2020Fig3A.sch o _opc P :
oo - - 4 . externalBasg Gollector - Vjo=vjo - - - - show Name Value Description
2 RCpcb1.sch o .. Q R — 0 Ec=F o
g nBJT.sch 3-po - ... PB : C+ . C: C o L] File  [ransistor.va|name of source file
g testBJTnpn.sch o 0 - Emittqr o ' -_f;_ﬂj—-Mj T o Bf Bf forward current gain
£ o ook 1 ) R o — S
© ¥ Verilog Co ... PE . : KefTPEf emp. Rbase [Rbase base resistance
. MOSAK2020Fig3.va C — :Af=;Af Is Is saturation current
E ﬁiiiﬁtﬁiﬁww/ o S " Ffe=Ffe Vearly |Vearly early voltage
: VHDL . D d d ﬂpﬂ1 . ‘.‘ Cjo Cjo zero-bias depletion capacitance
Octave rag an rop' ' le_'_11 ?)0-26 o vio  |Vjo junction built-in potential
C++ Sources “tra nSlStorva” ngasei1 0 Fc Fc depletion capacitance coefficient
Data Displays C o Ffe=1 :0 R Mj Mj junction exponential factor
PCB Layouts Af:O.d Temp |Temp simulation temperature
Datasets Kf=1e-9 o Kf Kf flicker noise coefficient
Others Temp=26.85 - Af Af flicker noise current exponent
Mj=0.33 Ffe  |Ffe flicker noise frequency exponent
F_C=0-5 [ Type npn ~ transistor type [npn, pnpl
Vjo=0.75 o
o S o C]0=1 Op S o Edit Browse
Add pins PC,PBandPE. -~ o Aoply Cance
Draw'model symbol.- - - SR o
Pass symbol parameter values
to “user compiled model” via
name = name construction.
- EEEEN - .- . .
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The Windows serial (single processor) version of Xyce
Windows “turn key” ADMS Verilog-A s compiled under Cygwin64 using static libraries.
module development system Hence, a “turn key” Verilog-A module development
system is NOT implemented.

Qucs-S/Xyce
Standard SPICE models:
Diode, BJT, MOSFET, JFET and MESFET

QucsStudio

Standard SPICE models:
Diode, BJT, MOSFET, JFET
and MESFET

CMC and other models:
BJT — VBIC 1.3, FBH HBT X, HICUMLO/L?2,
MEXTRAM.
MOSFET - BSIM3, BSIM4, BSIM6, BSIM_SOl,
BSIM_CMG, MVS, PSP

CMC and other models:
BJT — HICUM/L2/LO
MOSFET — EKV2.6

Verilog-A ADMS generated models

CMC = Compact Modelling Coalition

LECTRON
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QucsStudio: 8 two port Qucs-S: 20 two port terminals max.
Terminals max. _ _ _ /
Qucs-S Equation-Defined Device (EDD)

I

9 9 9 9 9 ¢
V"T Il\lll\l\lll\lll\i\l\l\lll\ Il\l\ll Hll\m
I bz s b o & 4 & &SJWA\MMMN&AM&M&A

(=] w s3] =4 i £ L [4+] ‘-'_..

I =1(V), g=dl/dV
Q= Q(V,]), C =dQ/dV =0Q(V)/oV + o Q(l)/al-g, where
the current flowing in branch n'is I, = I(V,) + d/dt(Q,), and 1 <=n <= 20.

« EDD is a multiterminal nonlinear component with branch currents that can be functions of EDD branch
voltage, and stored charge that can be a function of both EDD branch voltages and currents

« EDD is similar, but more advanced to the SPICE 3f5 B type | or V controlled sources

« EDD can be combined with conventional circuit components and Qucs-S equation blocks when constructing
compact device models and subcircuit macromodels

« EDD is an advanced component, allowing users to construct prototype experimental models from a set of
equations derived from physical device properties

« EDD operator d/dt is undertaken internally by Qucs-S

* Qucs-S EDD can have a maximum of 20 two terminal branches
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EDD blocks

X1
[1=_v2-VTO+PHI+GAMMA*sqri(PHI+1e-12)

X5
11=In(1.0+limexp((_v3-_v5)/(2.0°VT))"In(1.0+imexp((_v3-_v5)/(2.0°VT))
12=In(1.0+limexp((_v3-_v4)/(2.0°VT))"In(1.0+imexp((_v3-_v4)/(2.0°VT))

X8
[1=(2.0°VT*VT)*_v5*_vd*(_v3-_v2) + _v1*1e-10

V(nin_static) = X7:.v2

V(nout-static) = X7:11(-v1,-v2) 11=1.0+GAMMAA(2.0*sqri(_v2+PHI+4.0°VT))

X2

1.VG'=VGdash = VG-VTO+®+8 - sqrt(®) |

M=if(v2 > 0.0, _v2-PHI-GAMMA*(sqrt(_v2+(GAMMA/2)*(GAMMA/2) ) -GAMMA/2 ) , -pHﬁq"1

11=(KP*WI/L)/(1.0+4 THETA*_v2)

equation

EMPK=TEMP+273.15

VT=1.3806503e-23*"TEMPK/1.602175462e-19

2. VP=VG-®-y - (sart(VG'+(v/2)*) - vi2)

6. IDS=2.0-N-B- VT?- (IF-IR)
L—— EKV 2.6 long channel static I/V model equations

3. BETA=(KP - W/L)/(1.0 +6 - VP) Evgspgfgm
L=10.0e-6
4. N=1.0 + y/(2.0 - sqrt(VP+6+4.0 - VT)) wo:o?s
GAMMA=0.7
5. IF=In(1.0+limexp(X1/2) - In(1.0+limexp(X1/2) PHI=0.5
IR=In(1.0+limexp(X2/2) - In(1.0+limexp(X2/2) ieliapcecn
X1=(VP-VS)IVT, X2=(VP-VD)NT TNOM=26,58
KP=20e-6

EKV 2.6 intrinsic long channel model symbol

I ] )
| Mike Brinson
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Pri
1e-4
EKV2p6EDD1 |Parameter | |Parameter =
- W=20.0e-6 S
I t00es  lsweep sweep £
= VT0=0.5 SW2 SW1 - 1 E
GAMMA=0.7  Sim=SW1 sm=pC1 L¢3 °
V1 PHI=0.5 Param=Vgs  Param=Vds 3
U=Vds THETA=50e-3  Type=iin Type=lin 2
= = TEMP=2658  Start=1.0 Start=0 2
V2 : : TNOM=26,58  Stop=3.0 Stop=3 o~
UVgs KP=20e6  Points=5 Points=1001 0 05 1 15 2 25 3 ;
DC1 Vds
EKV2p6EDD1  |Parameter 182
W=20.0e-6 e-
L=10.0e-6 Sweep 1e-5
VT0=0.5 SW1 ~
GAMMA=0.7 Sim=DC1 < Te-6y
V2 PHI=0.5 Param=Vg S 1e7
U=Vg I THETA=50e-3  Type=lin 1e-81
v . - TEMP=26.58 Start=-1.5 ) :
= Uig,g 3 TNOM=26,58  Stop=4 1e-91 mso(g)s.té).gtoms
DC1 KP=20e-6 Points=1001 1e10f : 9 Step
= 2 4
Vg (V)
LV10
EKV2p6EDD5 EKV2pGEDDE ~U=3.0
W=20.0e-6 W=20.0e-6 nG
L=10.0e-6 L=10.0e-6 =
VTO=05 VT0=0.5 EKV2p6EDD7
GAMMA=0.7 GAMMA=07 W=20.0e-6
THETA=506-3 THETA=50e-3 VT0=0.5
TEMP=26.58 TEMP=26.58 V1 GAMMA=0.7
TNOM=26 58 TNOM=26,58 =15 T PHI=0.5
KP=20e.6 KP=20e-6 THETA=50e-3
= TEMP=26.58
TNOM=26,58
KP=20e-6
EEEER
Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 10 of 32
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R1 EKV2p6EDD1
R=1e-6 W=W
M | — L=L
' P1 " — ® VTO=0.5
Num=1 X1 GAMMA=0.7
= 2250 Ohm PHI=0.5
= . V1 Q THETA=50e-3
- U=Vgs TEMP=26.58
I TNOM=26,58
= = KP=20e-6
COX=COX
number | C_parallel_plate
1 7e-13
8e-13
@ Be-13
o
4]
© 4e-13
2e-13 } } } } } :
- -1.5 -1 -0.5 0 05 1.5 2
Vgs (V)

UCA EKV 2.6 Example-dynamic charge

Université
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S parameter| |Parameter |equation
simulation sweep Eqn1
=st

SP1 SW1 yoson.

Type=list Sim=SP1 L=10e-6

Points=100e6 Param=Vgs COX=3 5e-3
Typeilln Omega=2*pi*frequency
Start=-2 Cap=imag(y[1,1])/Omega
Stop=2 C_parallel_plate=W*L*COX
Points=81 C_ratio=Cap/C_parallel_plate

1

0.8+

0.6+

0.4+

2 15 4 05 0 05 1 15 2

Vgs (V)

X9->nq(69),  X13-->qD,qS (72,73)
X8 > Xf, Xr (70, 71), X14 > g, B (74, 75)

X10 > 11 = ddt(Qdb), 12 = ddt(Qgb), I3 = ddt(Qsb) (76, 77, 78)
EKV 2.6 model equations in (...), from

Matthias Bucher et al., The EPFL-EKV MOSFET Model Equations for Simulation,
Technical Report, Model Version 2.6, June 1997,

Electronics Laboratories, Swiss Federal Institute of Technology (EPFL),
Lausanne, Switzerland.
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oo e Intrinsic part of EKV 2.6 model o
C=CGB C=CGS 0 e | =8e-6
.|. J_ o c3 o VTO=1.0
. . C=CGD - Cgh0=0.01p
- ! /:( VTO=VTO i Codt=00tp
— T N T I T — _ PHI=PHI Cgs0=0.01p
sourceO—~—1_| ’ : . =0 drain  GAMMA=GAMMA J COX-3450.3
R=RSeff : . C+t . i %Di R=RDeff KP=KP S | < TNOM¥26 53
. L Los| (B THETA=THETA ¢ vy
Typlca: Ny L 0T isstedtsa TEMP=TEMP | [Exv 1&’;’“3%5?-58
SKAMPIE | Jetsa L N leqaton  pear ] THETA=50e-3
diode N= o o0 = E?EE J> PHI=0.5
-1 u M=0.5 gn = HDIF=0.9¢-6
parameters &95150 i Vi=0.7V  RSeff=(HDIF*RSH)/(W+1e-10) SSHLBI0
V0TV Fe=05  RDeff=(HDIF*RSH)/(W+1e-10) GAMMA=0.T
o - =1. CGB=Cgh0*L _ |
Fe=0.5 Extrinsic part of EKV 2.6 model Rs=10 CGS_Cgsoiw AF=1.0
Rs=1.0 -9 KF=1.e-27
CGD=Cgd0*W
..... Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 12 of 32
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Qucs-0.0.22-S includes a GPL Verilog-A synthesis tool for compact device modeling.
« The Verilog-A synthesizer is a fully working version of this open source ECAD tool,

« Verilog-A device/subcircuit models can be synthesized from the following built in components:

A P Y e—l I—@ o< M Inoise
R L c P1 Eqrﬂ —| suB
e o &= o e o &= o
iy + |1 =ﬂ
! ! X
oL, oL, oL, A S P BN I 7 1=0 Subcircuit Parameters
VCCS CCCS VCVS CCVsS

& IEEE i{fi§

\_EEEEE

BE o
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€ Qucs 0.0.21 - Project: EKV2.6Xyce
File Edit Positioning Insert Project Tools Simulation View Help

12 =B 303 4 Ui e en Ctli+l Iy @ »» Q 5 ¢ 7 / R B L o
Main Dock E Filter synthesis Ctrl+2
ain boc Active filter synthesis  Ctrl+3
o Content of EKV2.6Xyce Note Line calculation Ctri+4
S _ L
2 Datasets Component |_|b|'ary Ctri+5 5 R
DE_’ Data Displays Attenuator synthesis Ctrl+7
Ver”og Resistor color codes Ctrl+8 s
= > Verilog-A . _ S S PRI .
& VHDL ompact modelling ’ Build Verilog-A module from subcircuit
S Octave o Build XSPICE IFS file from subcircuit
© v Schematics P
. EKV2P6NO1.SCh 4_p0rt e
= EKV2P6No1A.sch 4-port B B N - o
g test DCEKV2p6N01.SCh S N i B o
2 XSPICE . o VI
g Others L ' 20e6
8 . 0.5
£ = 1 GAMMA=0.7 =~ = = .
,-E ........................ PHI=05 - - - - - - - - .
= THETA=50e-3
________________________ T™MP=27 . . . . .
________________________ KP=20e6 - - - -
. ARAA - LECTRON .- 1 1
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“include "disciplines vams”
“include "constants.vams”
module EDFig20(nG, nB, nD, nS); A .
inout nG, nB, nD, nS: Verilog-A module EDFig20 starts here
electrical nGdash, nG, nB, nBETA, nP, nM, nlF, nIR, nD, nS5;
parameter real W=20e-6;
parameter real L=10e-6;
parameter real VTO=0 5;
parameter real PHI1=0.5;
parameter real GAMMA=0.7;
parameter real KP=20e-6;
parameter real THETA=50e-3; > Model parameters
parameter real TEMP=26.58;
real WV Thermal, TEMPK;
: analog begin
EDD Equation property TEMPK=TEMP+273 15:
number VThermal="P _K*TEMPK/ P _Q;
l{nGGdash) <+ V(nGdash);
X1 1 VGdash [nGdash] =————=» |(nGdash) <+ -(V(nG,nB)-VTO+PHI+GAMMA*sqrt(PHI+1e-12));
I(nP) =+ V(nP);
X2 2 VP [nP] / I(nP) <+ -((V(nGdash)>0.0)?V (nGdash)-PHI-GAMMA*(sgrt(V(nGdash)+
(GAMMA/2Y*(GAMMA/2))-GAMMA/2)-PHI);
I(NN) <+ VWV (nN);
N [nN] = |(nN) <+ ~(1_ 0+GAMMA/(2 0*sqri(V (nP)+PHI+4 0*VThermal))):
I{NBETA) <+ V(nBETA);
———= |(NBETA) <+ -((KP™W/L)/(1.0+THETA®0.5%(V (nP)+sqrt(V (nP )~V (nP )+ ; :
BETA [nBETA] VThermal™vTharmal))). —=> Analog contributions
I(nIF) <+ \{(nlF);
\ I(nIF) <+ -(In(1.0+limexp{(V(nP)-V(nS ,nB))/(2.0*VThermal)))*In(1.0+
limexp((V(nP)-V(nS nB))/(2.0"VThermal))));

X6 lds [nD,nS] I(nIR) <+ V(nIR);
InIR) <+ —(In{1.0+limexp((V(nP)-V{nD nB))/(2 0"V Thermal)))*In(1.0+
\ limexp((V(nP)-V{nD nB))(2.0"VThermal))));
I{nD,nS) <+ (2.0"VThermal™Thermal)*V(nN)*V(nBETA)*(V{nIF -V {(nIR))+
V{nD,nS)*1e-10;

end Verilog-A module EDFig20 finishes here

endmodule

=» Analog equations

X3
X4

X5 IF [nIF] and IR [nIR]

a o W

Internal nodes - two I(xx) <+ ... contributions per EDD equation
External nodes- one I(yy) <+ ... contribution per node pair.
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R1
R=1e-6
nG nB X2 8e-13
L W=20e-6 . )
RV L=10e-6 1
s VTO=0.5 i 6e-137 2
= lU =Vgs = —'= PHI=05 - s
— m
. GA_MMA 0.7 S 4e13t O
KP=20e-6 0.57
Z=50 Ohm |number | C_parallel_plate THETA=50e-3 '
1 7e-13 TEMP=26.58 2e-13 ; I I
COX=3.5e-3 2 - 0 1 2 -2
Vgs (V)

“include "disciplines.vams”

“include "constants . vams”

module EDFig20B(nG, nB, nD, nS);

inout nG, nB, nD, nS;

electrical nG, nB, nD, nS;

parameter real W=20e-6; parameter real L=10e-6; parameter real VTO=0.5; parameter real PHI=0.5; parameter real GAMMA=0.7;

parameter real KP=20e-6; parameter real THETA=50e-3; parameter real TEMP=26.58; parameter real COX=0.7e-3;

real VThermal, TEMPK, TH1, GAMMAO2, YnGdash, VnP, VnN, VnBETA, VnIF, VnIR, VnQ, VXF, VXR, VnQD, VnQs, VnQl, VnQB;

analog begin
@(initial_model)
begin TEMPK=TEMP+273.15;, VThermal="P _K*TEMPK/P_Q; TH1 = 2.0"VThermal, GAMMAO2 = GAMMA/2.0; end
VnGdash = V(nG,nB)-VTO+PHI+GAMMA~*sqrt(PHI+1e-12); —_—
VnP = (VnGdash>0.0) ? VnGdash-PHI-GAMMA*(sgrt(¥'nGdash+GAMMAO2*GAMMAO2)-GAMMAQ2) : -PHI;
VnN = 1 0+GAMMAO2/sgri(VnP+PHI+4 0*VThermal); .
VnBETA = (KP™W/L)Y/(1.0+THETA™0.5"(VnP +sgri(VnP™VnP+VThermal™VThermal})); «<——  Static current [(nD,nS)
VnlIF = In{1.0+imexp((VnP-V(nS,nB))¥TH1))*In{1.0+imexp((VnP-V(nS ,nB))TH1));
VnIR = In(1.0+limexp((V nP-V{(nD,nB ))/TH1))*In(1.0+limexp((VnP-V{(nD ,nB))TH1));
I(nD,nS) <+ (TH1*VThermal)*VnN*VnBETA*(VnIF-VnIR)+V(nD ,nS)*1e-10; _—
VnQ = 1.0 + GAMMA/(2 0*sqrt(VnP+PHI+1e-6)), - Dynamic charge currents
VXF = sgrt(0.25+VnlF); VXR = sgri(0.25+VnIR); ™
VnQD = (-VnQ*( (4.0/15.00°(3.0°VXR*VXR*VXR + 6. 0*'VXR*VXR*VXF + 4 0"V XR*"VXF*VXF + 2 0*"VXF*VXF*VXF +1e-12)/((VXF+VXR)*(VXR+VXF)+1e-12) ) -0.5);
VnQs = (-VnQ*( (4.015.0)°(3.0°VXF*VXF*VXF + 6. 0°VXF*VXF*VXR + 4 0"VXF*VXR*VXR + 2. 0°VXR*VXR*VXR +1e-12)/((VXF+VXR) (VXR+VXF)+1e-12) ) -0.5);
VnQl = VnQD +VnQs;
VnQB = (VnGdash > 0.0) ? (-GAMMA*sgri(VnP+PHI+1e-6)/VThermal) - ( (VnQ - 1. 0)AV/nQ )* VnQl - -VnGdash/VThermal;
1(nS,nB) <+ ddt{COX™VTherma™W*L*VnQS); 1(nD,nB) <+ ddt{COX*VThermal™W*L*™VnQD), 1(nG,nB) <+ ddt{COX*VThermal™W=L*(-VnQI-VnQB));

Only one I(yy) <+ ...
contribution per
external node pair

end
endmodule
- ] )
@IEEE @éﬂ‘;’“ - Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 16 of 32
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e ESSCIRC
— CIRCUIT
%ﬁi-’%EDD SCHEMATIC
Q Simulation of complex EDD Rouee ! A~ R
compact models can be very slow. A2 = |VeriogA | o = | T
Device model i module MAEDHE: ci% -
] . Joa g 7S C2
Q Constructing compl_ex Verllog_-A models | Equations -
often requires considerable time and 2 Parameters <+R|1:H> Synthesize L2
umerica SUBCIRCUIT
effort. data ] Verilog-A nZp|gn
C1 —| module
Y with nip nin
U Introduce a compromise: construct a Route 2 L1 Qucs-S =,
. : | 5
compact device model from a mixture \L
of EDD blocks and very simple Verilog-A 1T \l/
. SUBCIRCUIT| s[5
modules where each Verilog-A module models SCHEMATIC A Qngst» y ch;%s
. = ucsotudio
at most two or three EDD equations. Ik xyce  |o/MULATION o Studio
i nd WRSPICE

These simplified Verilog-A blocks are called Verilog-A Equation-Defined
devices or VAEDD

f EEEEE
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VAEDD3
VAEDD1 VAEDD2 W=20e-6
0 VAEDD block \F/,L?_Zof VTO=0.5 L=10e-6
ne or more OCKS e PHI=0.5 THETA=50.0e-3
. ] GAMMA=0.7 GAMMA=0.7 KP=20.0e-6 Parameter
can be mixed with EDD to - sweep
. > 1.57 >3.9e-57 SW1
construct a compact device g > < Sim=DC1
kel T % 3.8e-57 Param=Vdc
model o 2 Type=in
0.51 ‘ Start=0
0 0.5 1 1 Stop=1
@@dc Points=21
n2p
Lv1 . dc simulation
- U=Vdc
I " ! DCA
/T i %
“include "disciplines.vams” “include "disciplines.vams" “include "disciplines.vams”
‘include "constants.vams” “include "constants.vams” ‘include "constants.vams”
module VAEDDnGdash(n2p,n2n,n1p,n1n); module VAEDDNnP(n2p,n2n,n1p,n1n); module VAEDDnBETA(n1p, nin, n2p, n2n);
EKV2 6 . inout n2p, n2n, n1p, nin; inout n2p, n2n, n1p, nin; inout n2p, n2n, n1p, nin;
. . electrical n2p, n2n, n1n, nin; electrical n2p, n2n, n1n, n1n; electrical n2p, n2n, n1p, nin;
parameter real VTO = 0.5; parameter real VTO = 0.5; parameter real PHI = 0.5; parameter real W = 20e-6;
ngaSh parameter real PHI = 0.5; parameter real GAMMA = 0.7, parameter real L = 10e-6;
parameter real GAMMA = 0.7; real GAMMAOQO?2; parameter real THETA = 50.0e-3;
VP branch (n2p, n2n) B1; branch (n2p, n2n) B1; branch (n1p, n1n) B2; parameter real KP = 20.0e-6;
branch (n1p, n1n) B2; analog begin branch (n1p, n1n) B1;
analog begin GAMMAQ2=GAMMA/2; [(B1) <+ V(B1)*1e-9; branch (n2p, n2n) B2;
BETA I(B1) <+ V(B1)*1e-9; if (V(B1) > 0.0) begin I(B2) <+ V(B1)-PHI+ analog begin
1(B2) <+ V(B1)-VTO+PHI+GAMMA*sgrt(PHI+1e-10); GAMMA*(sqrt(V(B1)+GAMMAO2* 1(B1) <+ V(B1)*1e-9;
end GAMMAO2)-GAMMAO2); end 1(B2) <+ (KP*W/L)/(1.0+THETA*V(B1));
endmodule else begin 1(B2) <+ -PHI; end end
end endmodule
endmodule
.- : .
@IEEE @;@fgggv | Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 18 of 32
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QucsStudio 3.3.2 was released on the 15 July 2020 two years after version 2.5.7.

New features: NOT in any specific order

d EM field simulation using openEMS,

d New diagram: equation,

d HICUM LO model implemented,

d Improved random-number generation,

d Smith chart: enable impedance and admittance circles,

d New document type: PCB layout,

A Differentiate name.i and name.v in simulator equations,

d Complex source and load impedance possible in matching dialogue.

Plus others and many bug fixes

Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 19 of 32
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This package has reached an advanced stage of development in that it
offers an almost complete set of circuit simulation routines covering the d.c.
to transient domains with significant additions beyond SPICE 3f5, like multi-
tone Harmonic Balance analysis, Monte Carlo analysis, parameter sweep,
multi-port S parameter and noise simulation, optimization and system
simulation.

Full "turn-key" Verilog-A compact modelling is also offered via the ADMS
software.

In terms of development QucsStudio is particularly interesting in that it is
the first of the Qucs series of circuit simulators to introduce interactive
animation as a tool for advanced circuit simulation.

QucsStudio allows one or more parameter values to be simultaneously
controlled by sliders.

With the computational power of a modern PC changes in simulation output
data can be observed as movements in plotted curves as the sliders are
moved.

: 2
l td -
vt
1U=Vs_w :

" |dc simulation

" linital:

. /maximum:

| current:

- /minimum:

=

DC1.

SUB1: Ip
0.0022402
0.001

Reset
Adopt
Freeze m

Close

0.0022402
0.001

-~ 0.002¢

5000151

1e-3t

. Bedt - -

- slider position
- ‘movement-

SUB1 ——
Vp=50e-3 - Parameter
Vv=370e-3. . |sweep
Ip=0.0022402  "q\q7
Ilv=370e-6 o
_ Sim=DC1
Vpp=525e-3 o
=105 19" Param=Vsw
Cp=10e-12. . i
= Rs=1.0 Type=lin
' _ Start=0.01
Temp=27 _
' L5=27 : o StOp—0:52
Points=101
- 0.00251 ~ - Curve changes

with the

0 01.02 03 04 05 .

Vsw

~ Move slider up and- down -
with left hand mouse button
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Measured RC data in CSV format

i / } (dB), V! }(dB) ‘“’ Parameter Tunina ><
Frequency (Hz), V(nCH1) (dB), V(nCH2) (dB) ¥ rarameter funing
2,0.002475259479024487 -0.05342483296673209 Rl R Cl C R an d C
. 2 37357585619 -0.08891573443502233 N N
I.\/I eaS u r?‘m en tS ) 5475531557‘53752‘ 0.002482 E’E‘?’g ??;:233:;372;;5; inital: 2261.6 3.912e-06 Param eter
4 178592261708078 ,0.0025311264485312 -0.1518179252403878 4— -
DI g I I ent AnalOg :3::1;52':;;;:;:gg;;j:r:;;;:iizi AT maximum: £784.8 1.1736e-05 tu n | n g
H bR ;:;;daaaa;aiiaaa: 852123 § " 5672637268
Discovery 2 BISHISSAR  0OTUG2ZATORGE § ATt [Rest |
ry L1 6] ?;:g;:‘izjf:;;‘?: g gg;??;ﬂBHEEHBBAB‘ -J.TTEMJEE;UIEJZ-
12.61914688380336, 0.00247347775389358 | -1.067310105412338 AdOpt
Freeze ]
|
¢ Close
current: 1669.06 3.90809e-06
mﬂ | Octave script to convert X)00( CSV data to simulation control lists | | minimum: 226.16 3.912e-07
A simple RC low pass passive ot i i i
_ P pass p e J Synthesized simulation
f| |ter exam p | es h owin g an Points=2:2 40452 8909;3.4756;4.1786;5.0238:6.0309.7 2616:8. 7303;10 496,12 619;15 172;18.24;21.93,26 365;31.698;38 10045 817:55 085 66.226:79.621;95 726;115.09,138.31 t I I d
_ o «— a.c. control Icon an
advanced test bench schematic Fors measured data lcons
: V_nCH1=[0.0024753,0.0027374,0.0026235,0.0024625,0.0025311,0.0025038 0.0026833,0.0027652,0.0026654,0. 0027735 0.0024795,0.0022577,0.0024353,0.0023488,0.00236(
with a computer controlled transfer eq-u"a“m‘
function measurement system Eqn3
h th q ¢ t dat V_NCH2=]-0.053425,-0.066016,-0.085804 -0.11294 -0, 15182, -0.20755 -0.28677 -0, 39858 -0.56554,-0.77214 -1,0673 -1.4611,-1.9741 -2.6216 -3 4144 -4 3522 -5 4268 -6 62127
wnere the measurea outpu ata 0
. nCH1  nCH2
is converted from CSV format to = . x Measured data and
H H _y R1 _ [ERG} +—
ucs simulation control ICONS. UtV s C-308096:05 = ; ;
Q L Rersaas L2 D S simulation output
equation g %% :LE H - H
S visualization
Eqnt B
dBYNCH1=dB(NCH1) sz
doVnCH2=4B(nCH2) 5 3
6
1 10 100 1e3 le4  3ded

Frequency (Hz)

BE o
@;@fgggv — Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 21 of 32

@ I E E E Socery* M%




leti "I el sizitec UGA Enhanced QucsStudio features ESSDERC

ceatech Université
L ) ESSCIRC
= T : . 084
= J <t ls=Is dc simulation 0.08
=% PI’ICLV1 Vaf=Vaf DC‘I \
oo 1 Joovee| eret 0.067 * measured data
|=200u T = T2 Optimization
= I’?I |5=|5 Opt1 % NN
|’X:‘| ‘J Prict Vaf=Vaf  gjpm=sw1 o 0.047 MM PEHIH I *
2 Pripd 'l BE=Bf  Nelder-Mead|1000[1e-5/0.001[1
|=400u = Is=1.1e-16...1.2e-16...1.e-16 linear
Bf=198...199.3...202 linear 0.021
= Bf.opt | Is.opt | Vaf.opt Vaf=17...18.2...23 linear
199 | 1.1e-16|18.2 Is=1.8e-16...5e-17...5e-16 linear
parameter fit=1 MIN equation 0
sweep |equation \ o Eqni ‘ ‘ . . , , ‘
SWi EqnOpt Optlmlzed Va|ueS Is=1.2e-16 0 02 04 06 08 1 12 14
Sim=DC1 fit=max{log10(Prlc.I/PricMY2+log10(Prlc1.I/Prlc1M)*2) Vaf=19.3 Vee (V)
Param=Vce Bf=199.3 J
Type=list /
Points=0.012;0.024;0.03;0.042;0.054;0.066;0.078;0.09;0.102;0.12;0.15;0.24;0.3;0.343;0.396;0.45;0.51;0.6;0.648;0.702;0.75;0.798;0.852;0.9;0.948;1:1.1;1.2;1.3;1.4,1.5
|equati0n
Egn2
PrlcM=[-8.54e-005,9.4e-005,0.00022,0.00057,0.00112,0.00196,0.0032,0.005,0.00761,0.0129,0.0239,0.036,0.0388,0.039,0.0391,0.0392,0.0393,0.0395,0.0396,0.0397 0
|equati0n
Eqn3

Prlc1M=[-0.00017 -1.31e-005,0.00044,0.0011,0.00224,0.00363,0.0064,0.0101,0.0152,0.0258,0.0478,0.0719,0.0776,0.0779,0.0782,0.0783,0.0785,0.0789,0.0791,0.0792

Three parameter optimization (Bf, Is, Vaf ) with parallel IC/Vce BJT test bench using a single Vce parameter
sweep and (1) 1b=200u, PricM measured Ic data and (2) Ib= 400u, PricAM measured Ic data.

( AEEEEN
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-80 } } } } } } } } }

1e9 11e9 129 1.3e9 14e9 1589 16e9 1.7e9 1.8e9 1.9e9 2e8
frequency
frequency

Open EMS simulated response

EM field simulation using openEMS: 1.5 GHz bandpass filter (imported from HyperLynx file by Koen
De Vleeschauwer). Example developed by Dr M. Margraf as part of the Qucs-Studio 3.3.2 release.

@IEEE @l @Eﬁlﬁé’“ = Mike Brinson ESSCIRC/ESSDERC 2020, Grenoble, France 23 of 32
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Xyce 7.1 was released on 8 June 2020.
New features: NOT in any specific order

a Non-linear solution dependent capacitors
Capl 1 2 g= {ca*(c1*v1i*In(cosh((v(1,2)-v0)/v1)+c0*v(1,2))}, or
Capl 1 2 c= {ca*(cO+c1l*tanh((v(1,2)-v0)/v1))}, where both forms are
implemented to ensure charge conservation,

a C-style ternary conditional operator,

a .LIN transfer analysis and extraction of S, Y and Z parameters from a general
multiport network,

a .SAMPLING : calculates a full analysis (.DC, .TRAN, .AC etc.) over a distribution
of parameter values,

a Sweep loops can now use .DATA command
Plus others and many bug fixes
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Adding new Xyce features to Qucs-S. ~—

O These Xyce specific icons allow new features to be placed on a circuit
schematic and interpreted during simulation.

O Qucs-S has in fact a two level GUI system; items common to SPICE 3f5,

and other equivalent simulators, operate via built-in Icons or a XYCE
script, while the less used or recently added features, can only be
accessed via a XYCE script.

O For example, since 2018 approximately 20 important additions to Xyce
functionality have been implemented, including Monte Carlo analysis and

Lattice Hypercube sampling via a new .SAMPLING feature, transient
simulation direct sensitivity analysis that supports .FOUR, .LIN for S
parameter multiport analysis with Y and Z output data in Touchstone
level 1 and level 2 format, and a new charge expression variant for
capacitors that is similar to the EDD branch charge implementation.

XYCE script (a)

XYCESCR1

SpiceCode=

.DC V10.00.550.01

.PRINT DC format=raw file=dc.txt

+ I(VITD)
|.INCLUDE SCRIPT |.FUNC
INCLSCR1 SpiceFunc1
SpiceCode= prod(x,y)={x*y}
.PARAM rp = 1k
.FUNC prod(x,y) = {x*y} (b)
|.spiceinit [.INCLUDE
SPICEINIT1 SplcelnCIUde1

spiceinit contents= File=~/home/user/library.inc

( AEEEEE
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A Xyce SPICE style tunnel diode compact model with a test bench for
investigating the effects of stepped device parameters

| INCLUDE SCRIPT

0.015+

0.01+

Ip (1TMA to 9mA in steps of TmA)

INCLSCR1
SpiceCode=
.PARAM Vp=50e-3

|Eq uation

Eqgn1

TeirkK={Tcir+273}
P_Q=1.692176496e-19

PARAM Vv=370e-3
PARAM Vpp=525e-3
PARAM Iv=370e-6
PARAM Tcir=27
PARAM Ls=1e-9
.PARAM Cp=20.0e-12
PARAM Rs=1.0

a

S 0.005+
3

S 0y
x

.GLOBAL_PARAM |p=4.2e-3

XYCE script

XYCESCR1
SpiceCode=

O 0.05 01

V1 (V)

0.75 02 025 03 035 04 045 05 055

.DC LIN V1 -0.02 0.55 0.001
.STEP Ip 1e-3 9e-3 1e-3

.PRINT DC format=raw file=dc.txt

+ 1(VITD) V(nA) V(ncir1)

P_K=1.3806503e-23
VTH={(P_K*TcirK)/P_Q}
Gp=1e-9

Rgmin={1/Gp}

Cp
nig\ C= Q=Cp*v(ni2)

E L
% QSERgmiﬁr__l_
B2

I={lp*(V(ni2)/Vp)*exp(1.0-(V(ni2)/Vp))}
B3
I={Iv*exp(V(ni2)-Vv)}

f EEEEE
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nGdash N "D | INCLUDE SCRIPT Much improved SPICE style
R18 . . epey
514 0I PG " Sprecode- behavioral modelling facilities
= |np .PARAM W = {W}
— PARAM L = {L}
B15 Oml PARAM VTO = {VTO}

PARAM GAMMA = {GAMMA}
PARAM PHI = {PHI}
PARAM THETA = {THETA} PD¢

PARAM TMP = {TMP} e E
PARAM KP = {KP} —|
PARAM GAMMAO? = {GAMMA/2} oo} EXVv2p6
PARAM VTH = {1.3806503e-23"(TMP+273)/1.602157462e-19} File=name

nBETA

A R 1 PARAM VTHD2 = {1.0/(2.0°VTH)} W= 20e6
B17 () > VTO=0.5
— = = GAMMA=0.7
~ . THETA=50e-3
I={V(nG)-VTO + PHI+GAMMA’sqri(PHI+1e-12)}  |=2.0%v(nN)*V(nBETA)*"VTH*VTH*(V(nIf)-V(nIr)) TMP=27
B15 KP=20e-6
I={V(nGdash)-PHI+GAMMA*(sqrt(V(nGdash)+GAMMAO2*GAMMAO2)-GAMMAO2)}
B16 B17
I={(KP*WI/L)/(1.0+4THETA*"V(nP))}  |={1.0+GAMMA/(2.0*sqrt(V(nP)+PHI+4*VTH))}
B18
I={LN(1.0+EXP( (V(nP)-V(nS))*VTHD2))*LN(1.0+4EXP( (V(nP)-V(nS))*VTHD2))}
B19

I={LN(1.0+EXP( (V(nP)-V(nD))*VTHD2))"LN(1.0+4EXP( (V(nP)-V(nD))*VTHD2))}

< IEEE
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— b —
EKV2p6Xyce2 %— EKV2p6Xyce3
COX=3.5e-3 L COX=3.5¢-3 4e-051
= e =
nVdd V=dc 0.5 nVdd 3e-05+
<
~ 2e-051
S
+ —
X = { = = 1e-05+
/ EKV2p6Xyce6 / EKV2p6Xyce5 - Eg‘f_”fg‘ycﬁ
L COX=3.5e-3 = L COX=3.5e-3 = L LOA=0.08- o
= V7 : : 1 1 ' : 1 1 :
V5 Ve V=de 0.2 0 0z 04 06 08 | T2 14 16 18 2
V=dc 0.4 V=dc 0.3 ’ Vds (V)
nvdd
XYCE script
x
" 1 XYCESCR1
- SpiceCode=
- EKV2pBXyce7  pe LIN V1 020.02

= — COX=3.5e-3  PRINT DC format=raw file=dc.txt im(vPr1) im(vPr2) im(vPr3) im(vPr4) im(vPr5) im(vPré) im(vPr7)

Ids versus Vds output characteristics generated by .DC scan using
parallel test circuits with fixed values of Vgs
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d Xyce 7.0/7.1 and beyond: Improved mixed-signal interface via the Verilog Procedural
Interface (VPI); Increased Verilog-A simulation speeds; bug fixes (.MEASURE, .AC
etc); Improved simulation data output. Current and future Verilog-A developments:
Xyce/ADMS compiler modified to use analytic derivatives, new Xyce XML templates.

Possible future Verilog-A additions - full implementation of ddx function and a new
non-ADMS-based model compiler !.

d Tighter linking between QucsStudio/Qucs-S, Verilog-A/Xyce and device/circuit
parameter measurements via an Octave “Toolkit".

d Introduction of multi-physics modelling via links to OPENMODELLICA: simulation of
real world systems built from non-electrical and electrical components.
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O Low-cost high-performance PC engineering workstations have encouraged the development
of compact device modelling and circuit simulation tools centered on a high-resolution graphics
interface for schematic drawing, simulation control and output data visualization. This
presentation outlined the capabilities of the Qucs/Qucs-S and QucsStudio series of circuit
simulators and modelling tools.

d These tools allow interactive prototyping of compact device models and their testing using
Qucs/QucsStudio and Qucs-S as a central platform in the construction of Verilog-A modules
and Equation-Defined Device models.

O Each of these, when coupled with established, or new compact modeling techniques like
mixed Equation-Defined Device and Verilog-A models (VAEDD), make the current software
a highly flexible and innovative platform for compact modeling and circuit simulation.

O Future improvements to the Qucs software indicate that by merging device parameter
measurements with circuit simulation for device parameter extraction, and the introduction of
EM field simulation with openEMS will significantly extend the scope of traditional circuit
simulation
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d Qucs - Download version (Linux, Windows or Mac) as required from
home page http://qucs.sourceforge.net/ .

d QucsStudio - Download Windows version QucsStudio-3.3.2.zip from
http://www.ddéum.darc.de/QucsStudio/download.html.

d Qucs-S (Qucs with SPICE) - Download - version (Linux or
Windows) as required from home page https://ra3xdh.github.io/ .

d Xyce - Download - version (Linux, Windows) as required from home
page https://xyce.sandia.gov/ .
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