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Qucs-0.0.18: structure and basic modelling features
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GPL software used by Qucs-0.0.18
*  ADMS - Automatic model synthesiser, http://sourceforge.net/projects/mot-adms
**  PS2SP - PSPICE to SPICE preprocessor, http://members.acon.at/fschmid7/
*** ASCO - SPICE circuit optimiser, http://asco.sourceforge.net/

**** OCTAVE — Numerical analysis package, https://www.gnu.org/software/octave/ 5
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Qucs-0.0.19: introducing the next generation Qucs simulation

and modelling tools

Qucs models
and —p
modelling
features

OCTAVE

/V

Numerical
processing o
optimisation
linked to
Qucsator

* Berkeley Model and Algorithm Prototyping
Platform (MAPP)

s

-

Output data
plots and
tables

MAPP*
OCTAVE Simulation
post-simulation MAPP
data processing DC, AC, TRAN

)

MAFPP
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Qucs circuit simulation and device modelling: Simulation

Schematic capture:

Circuit simulation:

Post simulation data H H
generates circuit — DC, AC, TRAN, S-parameter, — processing and CI rcu It
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*Implementation : Qucs built-in; SPICE

via RCL networks 4



Post-simulation data processing : 1. using Qucs

Equation blocks + simulation data sets ——» Data processing —» Tables and plots

Constants: i, j, pi, e, kB, q Number suffixes: E, P, T,G, M, k, m,u, n, p, f, a
Immediate: 2.5, 1.4+j5.1, [1, 3, 4, 5, 7], [11, 12; 21, 22] Matrices: M, M[2,3], M[:,3]
Ranges: Lo:Hi, :Hi, Lo:, : Arithmetic operators: +X, -X, X+y, X-y, x*y, xly, X%y, x\y

Logical operators: Ix, x&&y, X||y, X Ny, x?y:z, x==y, xI=y, X<y, X<z=y,X>y, X>=y

abs adjoint angle arccos arccosec arccot arcosech arcosh arcoth arcsec arcsin arctan arg arsech arsinh artanh
avg besseli0 besselj bessely ceil conj cos cosec cosech cosh cot coth cumavg cumprod cumsum dB dbm dbm2w
deg2rad det dft diff erf erfc erfcinv erfinv exp eye fft fix floor Freq2Time GaCircle GpCircle hypot idft ifft imag
integrate interpolate inverse kbd limexp linspace In l1og10 log2 logspace mag max min Mu Mu2 NoiseCircle horm
phase PlotVs polar prod rad2deg random real rms Rollet round rtoswr rtoy rtoz runavg sec sech sign sin sinc sinh
sqr sqrt srandom StabCircleL StabCircleS StabFactor StabMeasure stddev step stos stoy stoz sum tan tanh
Time2Freq transpose twoport unwrap variance vt w2dbm xvalue ytor ytos ytoz yvalue ztor ztos ztoy

Equation
transient 'hg_sig Fs‘l?;ax(time)-min(time))llength(time)
simulation|| HG1 TRy fs=ifts
R=50 Adft=dft(hg_sig.vt) * MATLAB, Mathworks, http://lwww.mathworks.com/

TR1 LAdft=length(hg_sig.Vt) ok .

Types=lin SUB1 Amp2=2*Adft[1:(LAdfto2)-1] Octave, http:/lwww.gnu.org/software/octave/

Start=0 1=1000 LAdfto2=LAdft/2

Stop=10 ms fi_amp=5.0 - Amp_squared=Adfi[:LAdfto2]*conj(Adft[:LAdfto2])

Points=500 f2_amp=2.0 Amp=sqrt(Amp_squared) o . . )
ph1=0 f_bin=linspace(1, LAdfto2, LAdfto2) Limitations: NO user defined functions
ph2=0 f=(f_bin-1)*fs/LAdft
f3_amp=2 PLAmp=PlotVs(2* Amp/LAdft,f) or control loops
f4_amp=0 PLPower=PlotVs(4*Amp*Amp/(LAdft*LAdft),f)
ph3=0 ~ N
Dh4=90 L <>

E L)

. . - g 5“ ."-2‘ 20,,
Subcircuit 3 8 £
= [0
» 0 3] °
o 2 Q
£ o .4

o 0 .

| 1 | £ I 1 S 0 | |
3-3-D 0 0.005 001 < 0 23 43 2 o 23 4e3 5

time Frequency Hz Frequency Hz
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Post-simulation data processing : 2. using Octave

.|—1 = = == = FL |1 ..........................................................
=1 =100 =500 f=1k f=2k f=3k f=4k f=5k - V'". : Nout| - r— — + x
—aC i _L°1' . |transient | =
?& ?& %& ?v ?& ﬁ\?v ﬁ?‘ , e | snutationll . . . ...
............ .o R._1k. P P P 1.2
........... ™Rt - - - - 1
.................................... Type=tin- - - - . . . . . S og
........ dCSlmUIatl'Dn A _. MR g:z;t:gz TR EOE
. he MY e poitsm20001 . o
............................ FTime=0.2 = = | IntegrationMethod=Gear . . ‘0
Order=4 1000 2000 3000 4000 5000 5000
Frequency (Hz)
i ‘ ‘ | |
| | | | ] | ] ] ] Frequency (Hz)
~ - 0 - 002 - 004 - 006 -008 - 01 - 012 - 014 - -016 - 018 - 02 - - - - - - 2433,84, 0,5251%5
..................... Ume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . . .
| & Edit File Properties - + x
: : % test RC transient simulation plus FFT of output.
Simulation  Grid Frame clear:
Data = "RCFFTStem.dat"; RCFFTStem.m
Data Set: RCFFTStem.dat
ata=e em-aa qdset = loadQucsDataSet(Data);
Data Display: |RCFFTStem.dpl [time] = getQucsVariable(qdset, "time");
- data display after simulai [Vin_Vt] = getQucsVariable(qdset, "Vin.Vt");
e [Vout_Vt] = getQucsVariable(qdset, "Vout.Vt");
Octave Script: RCFFTStem.m [FTime] = getQucsVariable(qdset, "FTime");
_ _ ) showQucsDataSet(qdset);
& run script after simulation [Y1, Y2, freq] = plotFFT2V( "Stem", "Frequency (Hz)",0,6000,
Vin_W, "Vin (V)", "black",
. OK || Apply || Cancel | Vout_Vt,"Vout (V)", "red", 4, FTime);

az@‘ | | 6




Algebraic equation-defined components and embedded design routines

P_vccff c1 R3
RC1 RC2 + Ve C=c R=r3
R=rc1 c1 R=rc2 —— U=wvc
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r1=r3/(2*h0) phase=phase(Vout.v) r3=100e3
c=1/(pi*r3*bw) f0=1e3
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Macromodel design equations Macromodel parameters

M.E. Brinson and H. Nabijou, Adaptive subcircuits and compact Verilog-A macromodels as integrated design and analysis blocks in
Qucs circuit simulation, International Journal of Electronics, Vol. 98, No. 5, June 2011 , 631-645.
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Compact Device Modelling 1: Subcircuits and EDD models

Photodiode subcircuit body Test circuit and simulation data

dc simulation ; . [

P_A P
DC1 . Num=1
X1 v _
M ::1= . - %@ " Uzvnp ) Z=50 Ohm
R=Rseries  N=N Light_Const1 — | =
Cjo=Cija Light_Power=PLS - Pri Equation
SRC1 ne=mt @ PD1 Eqn2
G=Responsw|ty v=Bv Parameter Parameter C|0=60p 0?nega=2*pi*frequency
= R3 sweep sweep ! 1s=0.34p y_stoy(S)
= ” R=Rsh = N=1.35  RD=PlotVs(1/(real(y[1,1])),Vnp)
sw2 swi1 Bv=60 CD=PlotVs(imag(y[1,1])/Omega,Vnp)
| Sim=SW1 Sim=SP1 Tt=10n
O Type=lin Type=lin Responsivity=0.5
P_Vlight Param=PLS Param=Vnp Rseries=1m S parameter
Start=0 Start=-5 Rsh=1M H H
_ Stop=40m Stop=0.8 simulation
. Points=6 Points=200 SP1
Photodiode symbol Type=const
= Values=[100k]
1e-9 1e6 __0.02
PD Ab 1 < |
File=name —~ 3 g )
Cj0=60p L Versus.0002: 0.0131 | | 9 E 0.01 \
|s=0.34p 8 5e-10+ CD: 6.06e-11 | g § \
N=1.35 | 2 3 \
Bv=60 cD | u £ 0 \
Tt=10n 0 10 | | | | | |
Responsivity=0.5 5 4 3 2 4 0 1 5 4 3 2 1 0 1
Esgn«:ﬁsﬂﬂ m Vnp (V) Vnp (V)
= ) SNhN=

Green denotes light source and light bus




Compact Device Modelling 1: EDD specifications

D1 Q=0Q(V,I)
11=0 do
c==2%
O O O O O A dV
~_dQ(V) dO(I)
R

« EDD is a multi-terminal non-linear 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 controlled sources.

« EDD can be combined with conventional circuit components and Qucs 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.

Jahn S., Brinson M. and Margraf M. Interactive compact device modeling using Qucs equation defined
G- 1- @ devices, ESSDERC/ESSCIRC MOS-AK Workshop, Munich 2007




Compact Device Modelling 1: EDD Photo-diode model

D1

M=(V1>-5.0'N*Vt_T2) ? Area*ls_T2*(limexp(V1/(N*Vt_T2))}-1.0}+V1*GMIN : 0

Q1=(V1 < Fc*Vj) ? Tt*1+Area*(Cj0_T2*Vj_T2/(1-M))*(1-(1 V1N|_T2)‘\(1 M)) : 0

12=( (-Bv<V1) && (V1<-5.0*"N*Vt_T2)) ? -Area*ls_T2+V1*GMIN :

Q2=(V1 >= Fc*Vj) ? Ttl1+Area*Cj0_T2*(F1+(1/F2)*(F3*(V1- Fc*V|_T2)+(Ml(2*V|_T2))*(V1*V1 Fc*Fe*Vj_T2*Vj_T2))) : 0
13=(V1==-Bv) ? -lbv : 0

Q3=0
4=(V1<-Bv) ? -Area’ls_T2*(limexp(-(Bv+V1)/Vt_T2)-1.0+Bv/Vt_T2): 0
Q4=0
I15=V5/(Rsh+1e-20})
Q5=0 Equation Equation
I6=-Responsivity*V7 Eqn2 E:ﬁ
iy P_A CJ0_T2=Cj0"(1+M*(400e-6*(T2-TIHVLT2VIVI))  Fa=(Vi/(1-M))*(1-(1-Fo)A(1-M)
- Vt_T2=(kB*T2/q) F2=(1-Fc)M1+M
Q7=0 (1-Fe)*(1+M)
- R1 rs_AREA=Rs/AREA F3=1-Fc*(1+M)
R=Rseries GMIN=1e-12
A=7.02e-4
B=1108
O RS T1=Tnom+273.15
P_Vlight R=rs_AREA Vj_T2=(T2/T1)*Vj-(2*kB*T2/q)*In((T2/T1)A1.5)-((T2/T1)*Eg_T1-Eg_T2)
- Is_T2=Is*(T2/T1)A(Xti/N)*limexp((-(q*Eg_T1)/(kB*T2))*(1-T2/T1))
1 1 Eg_T1=Eg-A*T1*T1/(B+T1)
Eg_T2=Eg-A*T2*T2/(B+T2)
o1 _ L bp DD DL L | T2=Tempe273.15
|Bs-=0._34p ~ [+>] [5)] l-h lr.a [\+] -
e =
J=1.
oF-e
,\ Area=1
B =™ 1e-9 1e6 __0.02 \
© Xti=3.0 «
Trom-sass < \
Egu116 o g S
Responsivity=0.5 - = = 0.01 ‘
Reerioss1m Q 5e-10— ~5e5Q 3
Rs=0.01 o = 8 1
Versus.0002: 0.0131 3 5
CD: 6.04e-11 2 1
: AQ a 0 \
0 I I 0 | | | |

7 X e 5 -4 -3 2 -1 0 1 5 -4 -3 -2 -1 0 1 10




Compact Device Modelling 1: EDD photo-transistor model

Schematic symbol, default parameter list and equivalen circuit of an npn
bipolar photo-transistor

Ptrani

Light bus Bf=100
Br=0.1
Power ls=1e-10
Wavelength ¢ Nf=1
Nr=1
Var=100
Vaf=100
The phototransistor \“fj’;;’f:
consists of an Ebors-Moll V(Light) = f(Power, Wavelength) Cie=1p
bipolar junction transistor - Lo Collector Mjc=0.33
model which has been T e Vie-07S
. C=
extended to include 4 l@ic‘:prc c e
depletion and diffusion Wavelength R L ccae X 1DC2 Tf=0.1n
capacitance, forward and ) 82 g —{ ICTSY oo
1=1 n —
reverse Early effects, e EER . Oy =08
H Base R=Rb/2 R=Rb/2 =
high current forward gnd B IDE2 Rect
reverse beta degradation, i=iRban | i=iRbbn Rb=100
thermal and shot noise, S S El i=iRen E:=11e-;2
. . e=1.
plus a light bus wI_*nch 10
connects external light Emitter Responsivity=1 &
signals to the phototransistor i=ibfn P0=2.6122¢3
P1=-1.4893e1
P2=3.0332e-2

P3=-2.5708e-5
P4=7 R923e-9
G-3-9 11




Compact Device Modelling 1: Photo-transistor specification

Model parameters

Name Symbol
BF Bf
BR pr
Is Is
Nf Nf
Nr Nr
Var Var
Vaf Vaf
Mje Mje
Vje Vje
Cje Cje
Mijc Mjc
Vijc Vjc
Cjc Cjc
Tr Tr
Tf Tf
Ikf Ikf
Ikr lkr
Rc Rc
Re Re
Rb Rb
Kf Kf
Ffe Ffe
Af Af
Responsivity Responsivity
PO PO
P1 P1
P2 P2
P3 P3
P4 P4

Description

Forward beta

Reverse beta

Saturation current

Forward emission coefficient
Reverse emission coefficient
Reverse Early voltage

Forward Early voltage
Base-emitter exponential factor
Base-emitter built-in potential

Base-emitter zero-bias depletion capacitance

Base-collector exponential factor
Base-collector built-in potential

Unit

>

T <<

\

Base-colector zero-bias depletion capacitance F

Ideal reverse transit time

Ideal forward transit time

High current corner for forward beta
High current corner for reverse beta
Collector series resistance

Emitter series resistance

Base series resistance

Flicker noise coefficient

Flicker noise frequency exponent
Flicker noise exponent
Responsivity at peak wavelength

Relative selectivity polynomial coefficient
Relative selectivity polynomial coefficient
Relative selectivity polynomial coefficient
Relative selectivity polynomial coefficient
Relative selectivity polynomial coefficient

S
S

Q
Q
Q

A/W
%
%/nm
%/nm
%/nm
%/nm

Default
100
0.1
1e-10
1

1

100
100
0.33
0.75
1p
0.33
0.75

15
2.6122x103
-1.4893x10"
3.0332x1072
-2.5708x107°
7.6923x107°

12



Compact Device Modelling 1: Photo-transistor model equations

Icc

V(L'CI)))_l IDC Z:HBE—rC+GMIN~V(BI,CI) IDE2:F+GMIN~V(BI,EI)

Nr-vt(300
V(BI,EI [ICC—-IEC] _
_Y\PL,E ICT = 1=1+

Nf.vt(BOO)) 1] (ﬂ I

DC I/V characteristics { S

ICC=1Is-|exp

V(BI,CI)+V(BI,EI)
- Vaf Var
114+V1+4-q2 .
| q2| ,_ICC IEC 1 KT

2

TIkf Ik q

cc=9QBL.CI| _ Cjc dIEC v VIBI,cI) <¥ic
dV|(BI,CI| [1_V(BI,CI) 2

Vjc

2

dIEC

+Tr——
dV|(BI,CI|

Capacitance { :zmcjc[z‘wc-v\g(CBI,CI)+(1_Mjc)

cpe=9QBLEI Cje . dICC v VI(BI,EIl <Y€
dV|(BI,EI| [1_V(BI,EI) 4 dV (BI, EI|

Vje

2-MJe-V(BI,EI) 1 Mje)
Vje

+rr._AICC v (g1 k) >=Vi€
dV |BI, EI|

:ZMjQ-Cje-{

{ Topt =Gpbc-Popt prc:RelSens:tng?ﬁégsponsty

RelSensitivity=P0+P1-A+P2-A?+P3-A3+P4-A*

Photo current

{ iRen2=2KT Ar iRen2=§gK'T'L‘f iICTsn?=2.q-IC- Af
IBY

Rc
inan2:8'§bT-Af inbn2:8'§b'T~Af ibsn?=2-q-IB-Af ibfnZ:Kf'fFfe'Af

Noise

Where K is the Boltzmann constant, T is the temperature in Kelvin, g is the electron charge, GMIN is a small admittance in
parallel with the device junctions, Af is the noise frequency bandwidth in Hz and A is the light wavelength in nm. Other

symbols and node names are defined in the previous slides.

| @-3-%

M.C+Tr~
j dV |BI,CI| v V(BLCI >= Vic
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Compact Device Modelling 1: Basic npn transistor model

Equation defined device Large signal DC model Generated symbol
D1 Collector
Collector® -SEmitter
11=0 6 .
Equation
o — He R=R°ﬂ Eqnt —
cl con1=1/(Nf*vt(300)) Base®
o o con2=1/(Nr*vt(300))
7 R3 R4 NP con7=Rb/2 SUB
B P R=con? R=con7 T e GMIN=1e-12 File=name
w l—L—'—i } - o> [2a
o s e Base BI2 (BI I . QT R=Re Emitter
IcC e
o] s 5= L e o A A Redrawn symbol
- IEC 1=(V5/Br)+GMIN*V1
e El - \
o s lee BI, | [k qt| 12=(V4/Bf)+GMIN*V2 | Collector
D2 el l6e 13=(V4-V5)/(1e-20+(V6/2)*(1+sqrt(1+4*V7))
| _ 11=Is*(limexp(V2*con1)-1) g2, 14=V4 Base
e 12=0 7 15=v5
~ 16=V6 Emitter
o — 8 17=V7 PTran
T o File=name
— mzc . Bf=100
dI — . I B Br=0.1
I:I(V)'g:d_V B, | l2 ‘C' —? qt = E‘E Is=1e-10
_ D3 BI IcC Nf=1
dQ QEQQ(%VLQ(I ) 11=Is*(limexp(V2*con2)-1) S C Nr=1
C=av=av tTd 9 20 s c bl
El IE =
BL — [Ba A Rc=2
D4 D5 = Rb=100
H=1+(V2/Vaf)+(V3/Var) =(V2/Ikf)+(V3/lkr) Re=1
12=0 12=0 kf=0.5

13=0 13=0 lkr=0.5 1 4




Compact Device Modelling 1: DC simulation test

i

11

I
=1b base

dc simulation

DC1

7]
o =V
T- U=Vece
L
Equation

PT1 = Eqnf
Bf=100 Beta=Ic.l/Ibase.l
Br-0.1 PLBeta=PlotVs(Beta, Ic.l)
Is=1e-10
N Parameter Parameter
Nr=1 sweep sweep
Var=1
V:;—133 SWi SW2
Rowp Sim=Sw2 Sim=DC1

- T =| T =|l
Rb=100  'P¢°9 ype=in
Re—1 Param=Ib Param=Vce
e=
ki<0 5 Start=1e-6 Start=0

N Stop=1m Stop=5
Ikr=0.5 , .

Pninte=1A Pninte=K1

0.1+
0.08+
0.06
2004

0.02

120

100

60

Beta

40+

20

o_
o
o
N
o
o+
=
o
o
()]
o
o
(00}

Ic (A) 15



Compact Device Modelling 1: Adding capacitance to the
phototransistor model

Charge equations

V|BI,CI| _
QBI,CI] = [ CBC.dv =Tr-IEC+2"° Cjc{ Mjc-
0

V|BI,CIV
Vjc

VIBI,CI|
Vjc

Vie

+(1-Mjc)-V(BI,CI| Vv V|BI,CI| >

1-Mjc .
v V(BI,CI| <= %

= TrECc+ Qe VICl 1 |1

1-Mjc

V|BI, EI| ' Collector
QBI,EI] = [ CBE-dv =TfICC+2"F.Cje:

0

V|(BI,EIJ
++(
Vje
_VIBI,EI|

Vje

Mje- 1-Mje |V|BI,EI|| V VIBI,EI > Y

i Base
—Mje .
1-11 Vv VIBI, EI <=%

Cje-Vje
=Tf-ICC+=>—<=
! 1-Mje

OEmitter
PTran

EDD blocks File=name
Bf=100
Br=0.1
Is=1e-10
D6
T Nf=1
BI el e !
Q1=(V1 >=Vjc/2) ? Tr*V2+Cjc*con6*(Mjc*V1*V1/Vjc+cond*V1) : Tr*V2+Cjc*((Vjc/cond)*(1-(1-V1/Vjc)*con4), Var=100
L 12=0 Vaf=100
- Rc=2

> Rb=100
Re=1
D7 lkf=0.5
}EI 11=0 Ikr=0.5
Q1=(V1>= Vje/2) ? Tf*V2+Cje*con5*(Mje*V1*V1/Vje+con3*V1) : TH*V2+Cje*((Vje/con3)*(1-(1-V1/Vje)*con3)) Mje=0.33
> .i 12=0 Vje=0.75
— Cje=1p
Mjc=0.33
Vijc=0.75
- e Cjc=2p
Tr=100n
Tf=0.1n
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Compact Device Modelling 1: Simulating capacitance effects

AC gain Cbe and Rbe extraction
@ L1 @ PTrani
e Bf=100
E [ l PTrani 1 Ic J: V1 Br=0.1
- Vi = S U=10 Is=Te-1
. Bf=100 A [ l s=1e-10
11 2 | -u=10v Br=0.1 P ! 1 Nf=1
=1 UA lip 035 ls=1e-10 . Ib Nr=1
2 Num=1 V2
= = = = Ni=1 Z=500hm T U—Vbe dc simulation Var=100
Nr=1 = l = Vaf=100
Parameter dc simulation|| |ac simulation Var=100 = . DC1 Rc=2
sweep Vaf=100 Parameter S parameter|  [Eauation Rb=100
DCA ACAH Rc=2 . . Eqni Re=1
SWi Eauat Type=log Rb=100 sweep simulation yesioy(S) Iki=0.5
. quation _ ~ = 3
Sim=AC1 o ztart :Ok:lz P Re=1 SW1 SP1 PL_y11=PlotVs(y[1,1], Vbe) 'k,r'o's
pets A0, betaclc base. Ptc?pt_ 101 Ib:5e05 o e Sim=SP1 Type=const Che=imag(y[1,1]//Omega \1e=033
Param=Ib e haeel Temes AC_ beta: 110.j3.44 =05 Type=in Values=[100kHz] ~ Rbe=1/real(y[1,1]) Vie=0.75
Values={30u; 200u; 500u] o Me=03¢  param-vbe PL_Cbe=PlotVs(Cbe, Vbe) Cie=1p
g{e=?'75 Start=-1 PL_Rbe=PlotVs(Rbe, Vbe) Mic=0.33
0.06— 100 I\flj'e_ops:i Stop=0.5 Omega=2*pi*frequency VJ,C=0'75
00 jo=" Points=71 Cic=2p
—.0.04 = Vije=0.75 Tr=100n
< 28 Cic=2p Tf=0.1n
s o 507 1ell ¢
0.02 I Tr=100n 1e-9 1610
Tf=0.1n 1e9
0 e e E— S S — i 1e-10 E 1e8
1e3 1e4 1e5 1e6 1e7 1e8 1e91e10 1e3 1e4 1eb 1e6 1e7 1e8 1e91e10 e 1pF QO 1e7|
Frequency (Hz) Frequency(hz) O fe-11| 2 1eb |
\ C 1e5+
1e-12¢ - led
3e-13 = : ‘ ‘
o4 05 0 05 é88_1 5 5 o5
Vbe (V) Vbe (V)
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Compact Device Modelling 1: Adding photo-electric effects

Power

Si photo-transistor relative Measured data Curve fitting program

sensitivity data

Wavelength ©

Wavelength (nm) Relative reponsivity (%) ## Simple phototransistor responsivity fitting

3 500 15 ## program - works with Octave or MATLAE
510077 550 25 data = load('data.dat');
% s 600 40 Ldata = data(:,1); Prant
) 650 58 Sdata = data(:,2); Bf=100
[3]
£ 601 700 77 - ## Fit polynomial Br=0.1
z 750 95 Order = 4: Is=1e-10
@ 40+ * Typical measured data . Nf=1
5 40 ~ Polynomial curve fit 800 100 p = polyfit(Ldata, Sdata, Order); Nro
£ o0l 850 95 ## Evaluate the fitted polynomial Var100
2 | | | | 900 80 x=linspace(min(Ldata), max(Ldata), 101); Vai—100
500 600 700 800 900  fez 950 65 y = polyval(p,x); Mje=0.33
Light wavelength (nm) 1000 35 ## Plot lee=0.75
plot(x.y, ', Ldata, Sdata,'x); fnjji::)pss
legend('Fitted polynomial’, 'Original data'); Vjc=0.75
RelSensitivity =P +P, A+ P, \*+ P\ + P, A" Cic=2p
Where P,=2.6122e3, P,=—1.4893e1, P,=3.0332e-2, P,=—2.5708e-5, P, =7.69e-9 I;j;‘:‘:‘
@I2 Ikf=0.5
S N B T —Ha lkr=0.5
. Cﬂ _TE Rc=2
EDD Ilght Wavelength RelSensitivity Re=1
Rb=100
bus model Power O—=— %l— O %-‘__ Kf=1e-12
- - Ffe=1.0
RelSensitivity s, D9 Af=1.0
T N . . . Responsivity=1.£
— [1=P0+P1*V2+P2*V2"2+P3*V2"3+P4*V2"4 \ PO_2. 612263
12=0 P1=-1.4893e1
D8 P2=3.0332e-2
I1=((Responsivity*V3)/(Bf*100))*V2 P3=-2.5708e-5
’ |2=0 P4=7 AR923,-9
WIE b | 12=V/3 18




Compact Device Modelling 1: Qucs Radio Frequency Defined
Device (RFDD)

Qucs RFEDD is a frequency dependent equation defined device based on two-port
and multi-port electrical network structures.

Two-port RFEDD are similar in structure to the well-known two-port networks commonly
employed in the linear analysis of amplifiers and filters.

Multi-port RFEDD allow, for example, modelling of directional couplers, isolators and other
multi-port high frequency devices.

Admittance (Y), impedance (2), scattering (S), hybrid (H), inverse hybrid (G),
transmission (A) and scattering transmission (T) two-port devices are implemented

In contrast to the two-port device, the multi-port RFEDD can only be defined for Y, Zor S
Networks.

Qucs RFEDD parameters are numerical or algebraic complex numbers. The latter can be
functions of numerical constants, variables from Qucs equation blocks, subcircuit
Parameters, mathematical operators and functions defined in the Verilog-A HDL and the
Qucs function library.

The real and imaginary parts of RFEDD parameters may also be functions of small signal
simulation frequency (F) or operator S(S=j. w =j.2.m. F).
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Compact Device Modelling 1: RFDD high frequency inductance

Equations and model Qucs RFEDD model Simulation results

COIL1
= e . 5 S parameter R1=R1
Rvi=K1-VF, Rv2=K2-F “|  HFCoile  [© il
simulation o sl
COIL1 SP1 3 K2=K2
Lv=[K3—-K4-'In(K5-F)]-1e-6 - Type=log I | K3-Kk3
R1=6200
Start=0.1MHz K4=K4
R2=1.59 Stop=3 GHz | K5=K5 S
Where K1, K2, K3, K4 and K5 are constant: K1=1.49e-5 Pointe=31 oo = Ol=01 e
quation
K2=0.268 154
Eqgn2
K3=1.19 i Freq=logspace(100e3, 3€9,31)
—1e3+ Omega=2*pi*Freq
K4=1.4e-2 E
P1=Omega*C1
o
K5=6.9e-6 — 1007 P2=Omega*Lv
C1=0.139¢-12 N Pa-Rv1+Rv2
’ 107 P4=Rv1*Rv2
1 , RF1 . ‘ ‘ ‘ ‘ P5=R1*Rv1
A P11=1 Yes 1e6 167 1e8 169 3e9 P6=Lv/C1
R=Rv2 L pra—kersnt(F) Gt lic gl
= P8=R1*P3
— P21=0 el [ \ Po=PaiPaiPs
- C=C1 R-R{ Poo_1 B 5 P10=P2-(1/P1)
[©) L. P11=(P2*R1)-(Rvi/P1)
C=C1 R=R1 O_._l:]_.._l I—._l:'—.—.ko 5100 —1e3§ P12=(P9*P9)+(Rv2*P10+P11)*(Rv2*P10+P11)
= ® = ZRcalo=R2+((P7*P9)+ (Rv2"P11)*(Rv2*P10+P11))/P1z
< | | :I ! R=R2 & 10 %—? PLZRcalc=PlotVs(ZRcalc, Freq)
1 21 2 g ‘ ; 10 T Zcale=((P9*Rv2*P11)-P7*(Rv2*P10+P11))/P12
RF2 11(35 16 1e7 1e8 1e9 3e9 PLZIcalc=PlotVs(Zlcalc, Freq)
P11=1 Frequency (Hz) Zcalc=sqrt(ZRcalc*ZRcalc+Zlcalc*Zlcalc)
o - | |_"% | Y Y “_C - PLZcalc=PlotVs(Zcalc, Freq)
P12=K1*sqrt(F) RF3 10 100\ Qcalc=abs(ZIcalc)/ZRealc
- P11=1 2000000 ,3 PLQcalc=PlotVs(Qcalc, Freq)
R=R? R=Rv1 L=Lv P21=0 P12 %0 F(K3-KaIn(K5*F) e € T PHASEcalo-arctan(Zlcalc/ZRcalc)
P22-1 =j*2"pi*F*(K3-K4*In( ) e- S 50 B PLPHASECalc=PlotVs(PHASECalc*180/pi, Freq)
P21=0 c FS . Lv=(K3-K4"In(K5*Freq))*1e-6
¥o o
P22-1 g & C1=0.139e-12
s 3 R1=6200.0
‘ ‘ ‘ ‘ & po_
RF1 0i%e 166 1e7 1e8 169 369 e
K1=1.49e-5

Frequency (Hz) K2=0.268

7—{1 }E — P11 P12\ |1 Z(real)+ j-Z(imag) [Equation Ka=1.19
G S = = ' Ka=1.4e-2
) A - [ A ] - P2 1 P22 - 0 1 Eja:a=stoz (S) K5-6.9¢-6

Z=PlotVs(Zdata[1,1], frequency) 2:;::2;’22:&:3;
ZR=PlotVs(real(Zdata[1,1]), frequency)

Z|=PlotVs(imag(Zdata[1,1]), frequency)
ZPHASE=PlotVs((180/pi)*arctan(ZI/ZR), frequency)

Q=PlotVs(abs(ZI)/ZR, frequency)

I . -~ . ME. Brinsonand S, Jahn, Modelling of high-frequency inductance with Qucs non-linear radio frequency defined devices,
@ 3-¢ International Journal of Electronics, in press, 2009, 96:, 307-321 20




Compact Device Modelling 1: RFDD high frequency skin effect noise

Noise model: standard
plus RFEDD non-linear components

Vi ] S~ 1 RF3
u=FourkT ) SOt [« Jp11-t
620 G=1 - P12=sqrt(K2*sqrt(F))

o1 = 1|T\2 — P21=0
a=0 J J P22=1 RF1
P11=1
p2 R=R2 P12-K2*sqrt(F)
o—{_ P21=0
RF5 P22=1
P11=1
P12=K1*sqrt(F) RF2
P21=0 P11=1
p22-1 G=1 P12=2*pi*F*(K3-K4*In(K5*F))*1 e-€
V2 ~ | RF4 P21=0 | Equation
u=FourkT &) P11=1 paz=1 IEqT
e=0 ~t P12=sar(KISatF) o er—a 0kB Temp
c=1 - = P21=0 Temp=300.0
a0 P22-1
Vnoise COolL1
- R1=6200 | a¢ simulation
— | g | R2=159 |;
DC1 T | Ki=1.49e-5 AC1
© | K2-0.268  Type=log
| Equation 8 | K3=119  Start=0.1MHz
[
T

Eqgn2
Zreal=real(Vnoise.v)

K4=1.4e-2  Stop=3 GHz
K5=6.9e-6  Points=31
C=0.139%e-12 Noise=yes

1e-8

Noise model: Verilog-A block
plus RFEDD non-linear components

R2CR1 RF2
R1=R1 PiT=1
= P12=sqrt(K2*sqrt(F))
RoR2 qri(K2"sart(F))
g i SRCH P21=0
Get - P22=1
L r u=FourKT N
e=0 \\ O
P2 o et » P1
a=0 - 2 -
- A
RF1
va ~ | Equation P11=1
u=FourkT | ) oo P12=K2"sqrt(F)
e=0 o P21=0
L L Temp=300.0
o=1 = = P22-=1
az0 SRC2 FourKT=4.0"kB*Temp
B 1 2 G=1 12
A A
~{+] (]
RF3 RF5 RF4
P11=1 P11=1 P11=1
P12=K1*sqri(F) P12=sqri(K1*sqri(F)) P12=j*2"pi*F*(K3-K4*In(K5°F))* 1e-6
P21=0 P21=0 P21=0
P22=1 P22=1 P22=1
Vnoise COIL1

dc simulation |

DC1

HF Ind Va

Equation

Egni -
Zreal=real(Vnoise.v)

K1=1.49e-5 |ac simulation l

K2=0.268

K3=1.19 AC1
K4=1.4e-2  Type=log
K5=6.9e-6  Start=0.1MHz
R1=6200 Stop=3 GHz
R2=1.59 Points=31

C=0.139e-12 Noise=yes

o 1e-8
g z
73 o
< [ @
< E °
g 5 5
a = H
T1e9 ,_(.E § +1e-9 @
< = 2
o0 T E
_2‘ N a
5 g
; | | ; 10 | | | | 1e-10
11(35 1e6 1e7 1e8 1e9 3e5e10 1e5 1e6 1e7 1e8 1e9  3e9
Frequency (Hz) Freguency (Hz)
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Compact Device Modelling 3: Verilog-A model generation

Model equations
representing
physical operation
of device / circuit

Generate equation

. Interactive
defined r?r%(:sls (EDD) testing

physical equations

A

Add new features
by extending model
equation set

WHEN REQU|RED Further testing to

y

} v

Display

| Modifymodel | | results

Verilog-A
code
—®  generation

OK

confirm model
performance

'

1. Compile Verilog-A
code to C++ and
link model with main

] body of simulator

Code.

2. Draw model symbol.
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Compact Device Modelling 3: Route for generating Verilog-A
compact device models

The following diagram illustrates the initial stage in the construction of a
Qucs Verilog-A compact device model

Qucs subcircuit symbol

Qucs subcircuit structure

Verilog-A code template

P1O— —OPn P1 O

P2 O L P20+

P30 > P3O~
name

W N NN Ww NN =

Current equation blocks

Charge equation blocks

Model initialisation block

Standard and noise free resistors
Parameter blocks

Voltage controlled current blocks
Current to voltage conversion blocks
Shot noise current blocks

Flicker noise current blocks

// Code structure

—OPn ‘include "disciplines.vams”
‘include "constants.vams”

|% module name (P1, P2, P3, ..... Pn);

inout P1, P2, P3, ... Pn:

glectrical P1, P2, P3, .............. Pn ;

. // Definition of local internal nodes

i ——> // Parameter values and descriptions

: // Definition of variables and guantities
analog begin

/{ Model initialisation code

Param1 = Value1
Param2 = Value2
Param3 = value3

// Model quantity equations

// Current contributions
// Noise contributions
end
module end
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Compact Device Modelling 3: Qucs EDD to Verilog-A code

Relationships between Qucs schematic symbols and Verilog-A
code fragments

Fundamental EDD blocks

Qucs symbol Quantity equations Verilog-A code Quantity equations Verlog-A code
__1-. Iname fragment fragment
n —s g . e
e WY (a) Model initialisation block ~ |Equation @(initial. mode)
nﬁ:& Iname =11 =(V2, V3, ...... V8) Iname = f(V2, V3, ....... V8); Eqn1 begin
sl 12,18,...18=0and Q1,Q2,...Q8=0. conl= ... cont =......
Il Where Vm = V(nm, nym) or Vm=V(nm), 0 o V2, V3, ..... V8): con2= ... con2 = ......;
L and2=m=8. con3= ...... con3 = ...... ;
s end
1 (b) Standard resistors ny =L Fony N ny) <+ V(g ny)/R;
__:_7_ A-A I(ny, ny) <+ white_noise((FourKT/R, "thermal");
— Where FourKT = 4.0 - "P_K - $temperature, and
Nxg 1% nyg ‘P.K = 1.3806505e-23 K™, $temperature is the

resistor temperature in Kelvin.

n G Ho N
Xt vi (c) Noise free resistors Ny L7 Ny Ny, ny) <+ V(g no)/R:
o — 2 x> My x» My s
EemB Q1 =f(V1, V2, ... V8, 11, 12, ... 18) I(Ny1, ny1) <+ ddt( Q1); 11 =V1/R = V(ny, ny)/R
S LY
™ Q2.Q8=0. Or
od |4 Where Vm = V(nym, Nym) of VM = V(nym), (g, ny1) = ddt( Q1): (d) Voltage controlled Ny L jJ ny
- and1=m=8. xeoy ’ current block S Iname = X*V(ny, ny);
— — 55y Xo Py /s
[— L Iname
e - G=X
_,:l_ Iname = X - V(ny, ny)
Nxg % nyg (e) current to voltage
| Ny & — Iname = V(ny);
conversion block = ’

Iname =11 = V1

24




Compact Device Modelling 3: The Qucs/“Analog Device Model
Synthesiser” Verilog-A subset

The “Analog Device Model Synthesiser” (ADMS) software is supplied with little
documentation!
These brief notes provide a basic introduction to the Qucs/ADMS Verilog-A subset

* Verilog-Ais a case sensitive language.

 Comments: (1) single line comments start with /I,

(2) block comments begin with I* and end with */

 Identifiers are sequences of letters, digits, dollar signs '$' and the underscore '_";
the first letter of an identifier must not be a digit.

* Qucs/ADMS version 2.34 keywords: parameter, aliasparameter, aliasparam,
module, endmodule, function, endfunction, discipline, potential, flow, domain,
ground, enddiscipline, nature, endnature, input, output, inout, branch, analog,
begin, end, if, while, case, endcase, default, for, else, integer,real, string, from,
exclude, inf, INF.

« Compiler directives: “define, undef, “ifdef, "else, "endif, “include.

« Data types: integers, reals and strings.

* Predefined constants in “constants.vams”: 'M_PIl, M_TWO_PI, M_PI 2, 'M_PI 4,
‘M_1 PlI, M_2 PI, M_2 SQRTPI, M_E, M_LOG2E, 'M_LOGI10E, 'M_LN2,
"M_LN10, 'M_SQRT2, M_SQRT1_2, P_Q, P_C, P_K, P_H,P_EPSO0, P_UO,
"P_CELSIUSO.

» Variables are named objects that contain a value of a particular type. They are
initialised to zero or uknown. They retain their value until changed by an assignment
statement.
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Compact Device Modelling 3: The Qucs/“Analog Device Model
Synthesiser” Verilog-A subset continued

« Parameters are declared with statements of the form:
parameter integer size=16; parameter real period = 1.0 from (0:inf);
parameter integer dir = 1 from [-1:1] exclude 0;
» Verilog-A natures and disciplines ae listed in file “disciplines.vams”
» Port, net and node examples in Verilog-A:
module amp(outl, inl);
input inl;
output outl;
electrical outl, inl;
« Branches are declared with statement branch (n1,n2) b1;
« Signal access function examples: V(n2), I(n), V(b1), I(b1), V(n,m), I(n,m)
« Current contribution examples:
I(diode) <+ Is*(limexp(V(diode)/$vt)-1);
I(diode) <+ ddt(-2*cj0*phi*sqrt(1-V(diode)/phi));
* Qucs/ADMS allows an extensive range of Verilog-AMS operators and
mathematical functions.
« Environmental Functions: $temperature, $vt, $strobe, $finish, $given,
$parameter_given.
» Analogue operators: @(initial_step), @(final_step), @(initial_model),
@(initial_instance).

@-3-9 26



Compact Device Modelling 3: The Qucs/“Analog Device Model
Synthesiser” Verilog-A subset continued

Analogue behavioural statements:
1. Analog process/procedural block;
analog begin
I(diode) <+ Is*(limexp(V(diode)/$vt)-1);

qd = tf*l(diode) -2*cj0*phi*sqrt(1-V(diode)/phi);
I(diode) <+ ddt(qd);
end

2. Assignment statements consist of a variable followed by = and an expression
3. Conditional operator cond ? Vall : Val2, for example

State = (V(d)>0.0)?1:-1; -«
4. if-else statement:

TRUE = non-zero value

If (V(ps,ns) > thresh)
I(p,n) <+ 1;
else
I(p,n) <+ 0; Y
. 6. While statement: 7. For loops:
5. Case statement: test = 4; for (i=(F)); | <10; i=i+1) begin
case (select) While( test) begin
0 : out = I(in0); A= A+1: end
1 : out = I(in1); B = B-1;’
ﬁéfgmt_- Iéluntzl’ o test = test-1; 8. User defined functions
. - end i :
endcase and function calls:

More details of Qucs/ADMS Verilog-A statement covourage is given in:
L G- 3-G http://www.mos-ak.org/london_2014/presentations/09_Mike Brinson_MOS-AK_London_2014.pdf 27
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Compact Device Modelling 3: The Qucs/“Analog Device Model
Synthesiser” Verilog-A subset; special features and problems

Although Verilog-A is standardised, published versions of ADMS implement different

subsets of verilog-A.

« Simulator interface facilities may vary: for example $strobe is replaced/added to by $error and
$warning in QucsStudio.

« The inclusion mechanism for Verilog-A predefined constants, natures and discipines files can
change from simulator to simulator: for example use of “include constants.h and
“include disciplines.h by SymicaDE.

« Parameter statement descriptive elements vary significantly amoung circuit simulator
implementations: for example Qucs and QucsStudio use "attr(info = “description”), or
“attr(desc="description”) and unit="value” other simulators useP(........ ).

» Verilog-A compact modelling extensions: special features taylored to compact device modelling
have been added to the MOT-ADMS 2.30 software, including desc, unit, $parameter_given,
$given, aliasparameter and string type in parameters. In addition the function ddx is now
adopted in the language standard, where ddx takes a variable and a node potential ( for
example gm = ddx(lds,V(g));) and returns the symbolic partial derivative of the variable with
respect to the node potential, holding all other potentials constant. Qucs and QucsStudio
implement these extensions but other circuit simulators may not.

« Each circuit simulator uses one or more backend XML script files for C++ code generation and model
interfacing to the main body of C++ code: as these XML scripts are specific to each simulator
API there are likely to be differences in the C++ model generated. One example being electrical
noise: Verilog-A statements white_noise(pwr, <name>), flicker_noise(pwr, <exp>,<name>)
are implemented in Qucs and QucsStudio but not, for example, in ngspice.

* In addition to the above are the results from new types of circuit simulation, like for example

« Harmonic Balance, correct or not?

4-3-9 28



Compact Device Modelling 3: Building a Qucs EDD/Verilog-A model;

part 1 — DC characteristics

EPFL-EKV v2.6 long channel nMOS equations p  Symbol
Vg=V (gate)-V (bulk), Vs=V (source)—V (bulk), Vd=V (drain)—V (bulk) draing
VGprime=Vg—-VTO +PHI+GAMMA - PHI gate® _i_be“'k
2 source®
VP =VGprime—PHI — GAMMA- \/VGprimeJr( GAJ\;IMA) — GAJ\;MA EKVLC
GAMMA W 1 File=name
=1+=->-——=VP+PHI +4-Vt, BETA=KP-— L=10e-0
. > Y L 1+THETA-VP W-10e-6
_ — VTO=0.5
X1 :V”Vtvs, If =[In(1 +limexp (X1/2))7, XZ:VthVd, Ir=[In(1+limexp(X2/2))[ GAMMAL0.7
Ispecific=2-n-BETA-vt®, Ids=Ispecific-(If —Ir) EE;%:_G
D1 D5 D2 Model - THETA=50e-3
N=(v2-V3)m(T2)  N=(V2-VaM(T2)  |1_v2-vTO+PHI+GAMMA*sqrt(PHI) Temp=26.85
2=0 [ =0 e D3 D6 D7
13=0 _;_—%4* IX1 '3=0_g —r e 11=V2-PHI-GAMMA* (sqrt(V2+(GAMMA/2)"2)- GAMMA/2) [1=2*V3*V2VH(T2) VE(T2) 1 =in(1+limexp(V2/2))"2
- _— o 12=v2 .o 12=V2 12=V2
o VGprime P :; ::/ +2GAM|VIA/(2 sqrt(V2+PHI+4"V(T2))) |3_y3 e J’ﬁ;@e ific :4*
n =L If
IVGprime - =1 _%l—
IBETA - S BN PV TS
SRC3 VE| ad in, | IX1 mul
[0t o6t > 6=t - -
\ . . o .‘ D8 . D9
sou@ bulk Buux drain bulk gata gate Bulk . =KP*(W/L)/(1+THETA*V2) |1=I - A
drain [ |source . = + =In(1+limexp(V2/2))*2
drainOL ol JO cource LEGUAtON 12=0 l2=v2 [ |
Egni —
lspecific ._: Tg=Temp+173.15 —Tt o iTA _TE “r
o D10
| | H=ver(va-va) — 2 IXJ_ - %l—
=5 pova VP = )
— | B=v3
| Iru | |y 14=V4




Compact Device Modelling 3: Building a Qucs EDD/Verilog-A model;

part 2 — intrinsic charge characteristics

EPFL-EKV v2.6 long channel nMOS equations » Symbol
GAMMA
ng=1+
2-VVP+PHI +1e-6 A
Xf=v0.25+If, Xr=0.25+Ir %E
é-(sz—i-Xf-Xr +Xr?%) EKVLCT
ql =—nq- 3 -1 L=10e-6
S g
(B= ~GAMMA-VP+PHI+1e-6-1_|nq-1| . VGprime>0 GAVIMA-0.7
vt nq PHI=0.5
. KP=50e-6
qB= _VGpnme,when VGprime<0 THETA=50e-2
vt Temp=26.85
N _ A7 _ Ut COX=3.45e-3
qG=—ql-qB, Cox=COX-W-L, Q(I,B,D,S,G)=Cox-vt-q(I,B,D,S,G) M!del Xoart=0.6
D11 D12 D13
11=1+GAMMA/(2*sqrt(V2+PHI+1e-6)) [1=sqrt(0.25+V2) 1=sqrt(0.25+V2) ] sation . |drain
12=0 12-0 |2=;q :H“@G [Equation gate| 1 [
= | D14 Eqni E_>2. source
IXf Iqﬂ 11=-(V2+V3 Spart=1-Xpart . L
— = == T w2 Qox=COX*W*L*v(T2) drain | Ibukk
IvP i Ir g [ || V3 Souﬂkj‘}
= 1 — ] N
Equation o T ., |drain D17 e, H:l
Egni 9a= _"[4) |source =0

Spart=1-Xpart

Qox=COX*W*L*v(T2) drain| [

source
—

j_bulk

1B |

19G| .|

1

Q1=Xpart*V6*Qox
Q2=Spart*V6*Qox
Q3=Xpart*V5*Qox
Q4=Spart*V5*Qox
15=0

16=V6

D17

11=0
Q1=Xpart*V6*Qox
Q2=Spart*V6*Qox
Q3=Xpart*V5*Qox
Q4=Spart*V5*Qox
15=0

16=V6

30



Compact Device Modelling 3: Building a Qucs EDD/Verilog-A model;

part 3 — Verilog-A model code

Verilog-A code derived from Qucs EDD model

“include “disciplines.vams”

“include “constants.vams”

module EKVLC(drain, gate, source, bulk);

inout drain, gate, source, bulk;

electrical drain, gate, source, bulk;

“define attr(txt) (*txt*)

parameter real L=1e-6 from [1e-20 :inf] "attr(info="Channel length”);

real VGprime,VP, h, BETA, X1, If, X2, Ir, Ispecific, Ids;
real nq, XF, Xr, qgl, gB,qG;
analog begin
@(initial_model) begin
Spart=1-Xpart; Qox=COX*W*L; T2=Temp+273.15; vt="P_K*T2/'P_Q;

end
Vg=V(gate)-V(bullk); Vs=V(source)-V(bulk); Vd=V(drain)-V(bulk);
VGprime=Vg-VTO+PHI+GAMMA*sqrt(PHI);
VP=VGprime-PHI-GAMMA*(sqrt(VGprime+(GAMMA/2)"2)-GAMMA/2);
n=1+GAMMAI/(2*sqrt(VP+PHI+4*vt);
BETA=KP*(WIL)*1/(1+THETA*VP);
X1=(VP-Vd)/vt; If=In(1+limexp(X1/2))"2;
X2=(VP-Vs)ivt; Ir=In(1+limexp(X2/2))"2;
Ispecific=2*n*BETA*vt*vt;
Ids=lIspecific*(If-Ir);
I(drain,source) <+ Ids;
ng=1+GAMMAI(2*sqrt(VP+PHI+1e-6);
Xf=sqrt(0.25+If); Xr=sqrt(0.25+Ir)
ql=-nq*( (4/3)*(XfA2+Xr*Xf+Xr"2)/(Xf+Xr)A2 -1);
if (VGprime > 0)

gB=-GAMMA*sqrt(VP+PHI+1e-6);
else qB=-VGprimelvt;
qG=-ql-qB;
I(gate, drain)<+ddt(Xpart*qG*Qox;
I(gate, source)<+ddt(Spart*qG*Qox);
I(drain, bulk)<+ddt(Xpart*qB*Qox);
I(source, bulk)<+ddt(Spart*qB*Qox);
end

@3- @ endmodule 31




Compact Device Modelling 3: Building a Qucs EDD/Verilog-A model;

part 4 — model test circuits and typical simulation results

Interactive testing and parameter extraction

[
i i . . A EKVLC1 Equation
dc simulation L V2 dc simulation 10
Ids v L=10e-6 Eqni
" )=Vde
DC‘I . | l U d" DC1 Ids W=10e-6 L=10e-6
i |ﬁ 1 | VTO=0.5 W=10e-6
+ V1 = - + 1 [ =1ve
P1 3,_ _l_ GAMMA=0.7 COX<3.456-3
- U=Vgs = Num=1 PHI=0.5 '
SUB1 e XV == v I =0. Cg_norm=COX*W-*L
= L-100-6 Parameter — Z£=500hM T y-vgs U=vds T KP=50e-6 Omega=2pi*frequency
Parameter || W=10e6 P Temp=26.85 Gy imag(Y[1,1/Omega)
sweep VTo=0.5 sSw2 Parameter Parameter || | S parameter 30X=%‘;5e'3 Cg_2D_plot=PlotVs(Cg/Cg_norm Vgs)
= . . art=0. _ :
S:II\AQMS-\ 0.7 Sim_DGCA sweep sweep simulation P ggjDfplot-Pcl:otVs(Cg/Cgfnorm,Vds, Vgs)
SW1 =0. . g_a=PlotVs(Cg,Vgs)
Sim=SW2 KP=50e-6 Type=lin SW1 SW2 SP1
Type=iin THETA=50e-3 Param=Vds Sim=SP1 Sim=SW1 Type=const
4 Start=0 Type=lin Type=lin Values=[1 MHz]
Param:vgs Temp=2685
COX=3.456-3 Stop=5 Param=Vgs Param=Vds
Start=0 XDart<0.6 Points=51 Start=-1.5 Start=0
Stop=3 part=0. Stop=1.5 Stop=3
Points=7 Points=151 Points=31
1 —
= =
206 =
8 S
0.4
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Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 1

MAPP code in Qucs edit window

dject Tools Simulation View Help
Help P —

. Pk A/ w il LA HREEY R 9 & 1
. '+, View All 0 i -
4 . ;_J B ® | ysrcRCL_transient_demo.m X
.l I‘_'H' Vlew 1'1 1 — %vsroRCL_transient demo
23'*'! Zﬂom In + Additional information about Octave is % To start this transient demo simulation,
C Zﬂﬂm Out . = > ‘.Er'_'fr Oft_avensfrip: name vsrcRLC transient demo
=ty . . . % Qucs Octav 1d wndow.
_ Please contribute if you find this softw [T The ones ferave command wnde
+ Toolbar I > For more information, visit http:/iwww.i )
i clear;
RCLcktnet.cktname = 'RCL transient demeo circuit';
v §tatusbf1r ' Read http://www.octave.org/bugs.html N
v Dock Window : For information about changes from pr CrTneTonessnane e
| . RCLcktnet = add_elemer_-_{RCLccr_e:, resMedSpec{), 'Rl', {'nl",
- Milldve YYinuaoy
o o o o o o o . . RCLcktnet = add_element (RCLcktnet, capModspec(), 'Cl', ['n2",

octave:1> octave:2>

RCLcktnet = add_elemer_-_ {RCLcktnet, indMedSpec({), 'L1', {'n3",

startup_MAPP| I im0 o
QUCS prOJeCt h * '-u-':r-ar. = Ed(:_, args) args.A*sin{2*pi*args.f*t + args.phi);

vVargs.h = 1; vargs.f = 1le5; Vargs.phi = 07
RCLcktnet = add_elemer_-_{RCLccr_e:, vsrcModSpec, 'V1', {'nl',

>> cktnetlist
>>» celldisp{cktnetlist.elements)

MAPPExamples_prj

* This is the Berkeley Model and Algorithm Prototyping Platform (MAPP) DAE = MNA EqnEngine (RCLcktnet);
- git branch 2014-12-10--alpha-release deep = dot_op (DRE) ;

- git version MAPP-alpha-v1.00.01 '

Startup_MAPP.m - installed under: .

~ /home/mike/MAPP-alpha-v1.00.01. xinit = zeros(feval (DAE.nunks, DRE), 1); % zero-state step re¢

VSFCRLC_tranSIGHt_demOm tstart = 0; tstep = le-7; tstop = 1.5e-5;

%TRANobj = do:_:ransier_:{EAE, xinit, tstart, tstep, tstop);
MAPP paths have been set up. %feval (TRANobj .plot, TRANob);

4> %4. Rerun transient simulation with a different input:

feval (decop.print, dcop);

type "help MAPP" (without the quotes) to start.

octave:3>

+ + + +

Output on slide 8 ———»

|vsrcRC L_transient_dem0|

Background to MAPP:

http://www.mos-ak.org/berkeley 2014/presentations/07_Jaijeet Roychowdhury MOS-AK Berkeley 2014.pdf
http://www.mos-ak.org/berkeley 2014/presentations/07_Tianshi_Wang MOS-AK_Berkeley 2014.pdf 33
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Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 2

Qucs circuit schematic and output data

ni n2 n3 p—
........................ = q . 3 Figure 1 -+ x| . . . .
e e (] [ = T —
v e |y MNA DRE for wsroc—R-C-Li transient using GEARZ LMS solver )}
vizov Rl ¢l . $L=teg DCT ~ ———
“u2=1V =1 C=1e-6 =0
T1=D .......... V:D . . L
T UErET ¢ c " c ot e s o= o= s oo o —
Tr=ins: 0 e dlme
Tf=Ans . - - - - e AT N L

IntegrationMethod=Gear
................................ Order=2 ~ =~ & -

From slide 33

Background to MAPP:

http://draco.eecs.berkeley.edu/dracotiki/tiki-index.php?page=MAPPfeatures
Jaijeet Roychowdhury, Numerical simulation and modelling of electronic and biochemical systems,
Foundations and Trends in Electronic Design Automation 3:2-3, NOW, 2009 34
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Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 3

I3

File Edit Positioning Insert Project Tools Simulation View Help
SRREREN N N R

RCL3.m X | & BPFilteri.sch X | BPFilter.dpl

i
%
. %

QucsIMAPP RCL 3 .m test scnpt

This example tests the performance of a passwe band pass fllter

It demonstrates how to.use MAPP for small signal AC.domain simulation

- % of circuits built from-R, C and.L components driven.by.a .

- % independent voltage source with a constant ampliude -and swept frequency -
% input AC signal.

* % This'is free software; you cari redistribute it and/or modify

" % it'under the terms of the GNU Géneral Publi¢ Licerise ‘as published by

" % the Free Software Foundation; either version 2, or {at your option) any later version.
% Copyright (C), Mike Brinson, mbrin72043@yahoo.co.uk, December 2014.

: % To start this smaII 5|gnal AC simulation, enter the Octave script name

. % RCL3 in the Qucs Octave command wndow..
clear;

&

8

&

&

&

8

8

&

&

- BPFnetlist.ckiname = 'RCL BP Filter'; . BPFnetlist.nodenames = {'n1", 'n2’, 'n3', 'n4'};- BPFnetlist. gruundnodename = gnd

I - BPFnetlist = add.element{BPFnetlist, reshodSpec(), 'R2'; {'n1','n21, {{'R";50.0}}); -
- BPFnetlist = add.element{BPFnetlist, capModSpec(), 'C4', {'n2','gnd'}, 3.907e-9); -
BPFnetlist = add element(BPFnetlist, indModSpec(), 'L4', {'n2''gnd’}), 3.241e-6);
' BPFhetlist = add element(BPFnétlist, capModSpec(), 'C5', {'h2''n3"}, "1.381e-9); -
" BPFnetiist = add element(BPFnetlist, indModSpec(), 'L5', ['n3''n4}, 9.172e-6);

) 2 & 6k 68 84 68 H R

Ques Filter Syhnhesisf

HA S F /R

Lo@Y

. o o oo ke
= L5 n_ﬂ_/_

N 1 . | t . .Ch.ebysﬁev.béndfpéss.ﬁlt.er
—= |ac SImUlation | 447 oMMz, pitype, -

AGt - -impedance matching 50 Ohm -
"I'ybe=lin' . S L S .
Start=0.5MHz.

Stop=3MHz
Points=401

" BPFnetlist = add_element(BPFnetlist, capModSpec(), 'C6', {'n4''gnd}, 3.907e-9);
. BPFnetlist = add element(BPFnetlist, indModSpec(), 'L6', {'n4''gnd’}, 3.241e-6);

. BPFnetlist = add element(BPFnetlist, resModSpec(). 'R3', {'n4','gnd’, {{'R',50.0}});.
. VinDC =0.0; Viran =

- sweepltype = 'LIN'; fstart = 0.5e6; fstop = 3e6; nsteps = 401;-
" ACobj = dét.ac(DAE, QSSSOL, UDC, fstart, fstop, hsteps, sweeptype); feval(ACobj.plot, ACobj); -

This is the Berkeley Model and Algorithm Prototyping Platform (MAPP)
- git branch 2014-12-10--alpha-release

la-3-F

@(t, args) args.A"sin(2"pi"args.f’t + args.phi); Vtranargs.A = 1. Vlranargs f = 1e5 Vtranargs phl 0;
BPFnetlist = add.element(BPFnetlist, vsreModSpec, 'V1',.{'n1"'gnd’}, } {{'E'. {DC",-VinDC}, { 'ac', 1}.{'tr', Viran, Viranargs}}}):
UDGC =0; - DAE = MNA_EgnEngine(BPFnetlist); QSS = dot.op(DAE); QSSSOL = feva\(QSS getSolutlon QSB)

R2 . n2| | 5. )
% L=9.1720H
U ! V R=50 C=1.381nF Co in
o . 6. .. R3
- ¢4 L=3.241uH R=50
C=3.907nF - =
L 3. 241UH C=3.907nF
= Figure6 - + x
LTISSS analysis (magnitude): MMA DAE for RCL BP Filter
1
k=it
B
1073 > > =
108 B o e
== B8, .
LTISES analyzis [phaddFAMRIFDNE for RCL BP Filter
— 100 S : ]
o0 =
;6—100 o - - 5
T =200 I
o =300
2 —400 4
] 1
108
Frequency : : UU%
1,20655e+06, -B30,120 e

1e6 1.5e6 2e6 2.5e6 3e6
Freguency (Hz)

[=RES)

no warnings 1177 : 816
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Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 4

Qucs evaluation of tunnel diode
model equations

Equation Equation
Model_parameters Model_equations
Vv=0.4 Idiode=Is*(exp(Vpn/VT)-1.0)
VT=0.025 lexcess=l*exp(K*(Vpn-Vv))
Ip=1e-5 Ipn=Idiode+lexcess+ltunnel
Vp=0.1 ltunnel=lp*(Vpn/Vp)*exp((Vp-Vpn)/Vp)
lv=1e-6
K=5 Parameter
Is=1e-12
sweep
dc simulation SWA
Type=lin
Param=Vpn
Start=-0.05
Stop=0.4
Points=451
1e-5+
- 0__
<
&
[~ le-5+
-2e-5-
0 0.1 0.2 0.3 0.4
Vpn (V)

function plotIV tunnelDlode ModSpec wrapper ()

MOD = tunnelDiode ModSpec wrapper|(); >
vs = =0.05:0.001:0.4;
iz = zeros(size(vs));
S = ee model parmZstruct (MOD);
for idx = l:l:size{is,2)
S.vpn = vs(l,1idx);
is(l,idx) = MOD.fe of 5(5);
end

MAPP tunnel diode test wrapper

figure();

plot([min(vs), max{wvs)], [0, 0], 'Color', 'red',
"LineWidth', 1.25, 'LineStyle', '--");:
hold on;
plot ([0, 0], [min{is), max(is)]*led, 'Color',
"red', 'LineWidth', 1.25, 'LineStyle', '—-=');:
h = plet(vs, is*let, 'Color', 'blue', 'LineWidth'"', 1.75);:
axis tight;
Dox on; >

grid on;

set (geoa, "FontMame', 'Times New Roman', 'FontSize',
15, '"FontWeight ', "bold'") ;

xlabel ("vpn (V)', 'FontMame', 'Times MNew Roman', ...
'"FontSize', 18, '"FontWeight', 'bold");

vlabel ("ipn (uRh)', 'FontMame', 'Times New Roman', ...
'"FontSize', 18, '"FontWeight', 'bold");

title(['I/V curve of a tunnel diode'], "FontMame', ...

'"Times MNew Roman', 'FantSize',18, '"FontWeight', "bhald') j
set (gef, 'color', "white');

lend

| S. Jahn and M.E. Brinson, Interactive compact device modelling using Qucs equation-defined devices,

Int. J. Numer. Model. 2008; 21:335-349. http://onlinelibrary.wiley.com/doi/10.1002/jnm.676/abstract 36
http://www.mos-ak.org/berkeley 2014/presentations/07_Tianshi_Wang MOS-AK_Berkeley 2014.pdf
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Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 5

MAPP tunnel diode compact device model

function MOD = tunnelDiode_ModSpec_wrapper() )
—»| MOD = ee_model(); Tunnel diode I/V curve
MOD = add_to_ee_model(MOD, 'external_nodes', {'p', 'n'});
MOD = add_to_ee_model(MOD, 'explicit_outs', {ipn'}); —_— e ]
MOD = add_to_ee_model(MOD, 'parms/, {Is', 1e-12, 'VT', 0.025}); = Flgure 1 — T
MOD = add_to_ee_model(MOD, 'parms’, {'Ip', 1e-5, 'Vp', 0.1}); j IV curve of a tunnel diode
MOD = add_to_ee_model(MOD, ‘parms’, {'Iv', 1€-6, 'VV', 0.4, 'K', 5}); wlh T
MOD = add_to_ee_model(MOD, 'parms', {'C', 0});
MOD = add_to_ee_model(MOD, ', @f); sl T ]
MOD = add_to_ee_model(MOD, 'q', @Qq);
MOD = finish_ee_model(MOD); ]
end
function out = f(S) E sbo o f ]
vastrucy(S); b L
|_diode = Is*(exp(vpn/VT)-1);
|_excess = v * exp(K * (vpn - W)); bl ]
|_tunnel = (Ip/Vp) * vpn * exp(-1/Vp * (vpn - Vp));
OUt = I—dIOde + I—tunnel + I—exceSS; —on Ho b
end i i L i i i L
-0,05 0 0,059 0,1 0,15 0.2 0,25 0.3 0,35 041 -
funCtion out = q(S) -0,0418840, 11,7351 o L
v2struct(S); D
out=C*vpn;
end A

MAPP post-simulation output

I@=3=<@’WJ 37




Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 6

function out = plotGV_tunnelDiode_ModSpec_wrapper()
MOD = tunnelDiode_ModSpec_wrapper();

vs =-0.05:0.001:0.4,
gs = zeros(size(vs));

for idx = 1:1:size(gs,2)
gs(1,idx) = MOD.dfe_dvecX(vs(idx), [], [I, [, MOD); | - e e e

end R — | Figure 2 -+ x| -
f|gure(), GAY curve of & tunkhel diods
plot([min(vs), max(vs)], [0, 0], 'Color', 'red', 'LineWidth', ... Y | SN S o S SO S L S
1.25, 'LineStyle’, '--"); : : : : : : :
hold on; v I O o o SO U L S L ]
plot([O, O], [min(gs), max(gs)], ‘Color’, 'red’, 'LineWidth', ... -~ ' ' ' ' ' ' '
125, 'Linestyle', '--'); - 00004 oo X ....... ........ ....... ........ ....... ........ ...... 4
h = plot(vs, gs, 'Color’, 'blue’, 'LineWidth', 1.75); ' ' ' ' ' ' '
g 0,0003
axis tight;
box on; £ 0.0002
grid on;
set(gca,'FontName','Times New Roman','FontSize',... I R
15,'"FontWeight','bold"); |
xlabel('vpn (V)','FontName','Times New Roman','FontSize’,... - 0 ;
18,'FontWeight','bold"); 0,05 0 0.05 01 045 02 025 03 0.3 04|
ylabel(‘transconductance G (S)','FontName’, Times New Roman’,... [ I ven ()
'FontSize',18,'FontWeight','bold; | T -
title(['G/V curve of a tunnel diode'],'FontName’,"Times New Roman’, ...
'FontSize',18,'FontWeight','bold"); .
set(gcf,'color','white"); Tunnel diode G/V curve

end

| @-3-% 38




Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 7

S
v js=1e-12
o1 TD_EDD1 o @ i
Q\ YTjO-q225 = |dc simulation|| = 3523;1
|E-:|uaﬁ::|n A N S=l1e- — K=5
DCH C=1e-15
Modal parameatars (—J |p=1e'5 D
_ arameter
Wv=0.4 ) lv=1e-6 sweep
WT=0.025 N1 Vp=0.1
||II='|H-5 V"J=0_4 g?:mlom Equation
- - Type=lin n
“F__{H K=5 Param=Vis gﬂd:ﬁ(l_TD.l,Vs}
et C=0.01p car 00
— > _> Paints=451
Is=18-12 P 1?&:
| Equation 7 1 _ |
= -be6r
Madal_aquations l l l - est
ldioda=Is"[axp VoW T)-1.0) 4_’3?2:
laxcass= v axp (K" [Vpnr-Vv)) lm B l—\ -2.5e-51—
|pn=Idiods + lexcess + [tunnel N1 y
lunnal=lp"(Vpr'Vp)“axp((Vp-Vpn)Vp) Be-4-
D1 so4]
de-4+
11=1s*(exp(V1/VT)-1.0) o sedt
Q1=C*V1 ol
- 1I2=lv*exp(K*(V1-Vv)) I S b e
L 13=Ip*(V1/Vp)*exp((Vp-V1)/Vp) R




Compact device modelling: 3. Expanded compact device modelling
capabilities with the Berkeley Model and Algorithm Prototyping Platform

(MAPP); part 8

I/l Tunnel diode Verilog-A compact device model.

/I Verilog-A code translated, by hand, from
Il MAPP model.

Il

‘include "disciplines.vams"

‘include "constants.vams"

/l

module TD(p,n);

inout p,n;

electrical p,n;

Il

parameter Is=1e-12 from [1e-20 : inf);
parameter Ip=1e-5 from [1e-20 : inf);
parameter lv=1e-6 from [1e-20 : inf);
parameter Vp=0.1 from [1e-20 : inf);
parameter Vv=0.4 from [1e-20 : inf);
parameter KTD =5 from [1e-20 : inf);
parameter VT=0.025 from [1e-20 : inf);
parameter C=1e-15 from [1e-20 : inf);
Il

real Idiode, lexcess, Itunnel;

Il

analog begin

Idiode = Is*(exp(V(p,n)/VT)-1.0);
lexcess = Iv*exp(KTD*(V(p,n)-Vv));
Itunnel = Ip*(V(p,n)/Vp)*exp(Vp-V(p,n)/Vp);
I(p,n) <+ Idiode+lexcess+ltunnel;
I(p,n) <+ ddt(C*V(p,n));

end

endmodule

<]
L V1 I TD1
— u=vys LTD /e ls=1e-12
| |_L Ip=1e-5
1 NG v=1e-6 —
- ] Vp=0.1 £
1 Ww=04 _|
- KTD=5
VT=0.025
C=1e-15
Parameter
swee
P dc simulation || ©
SW1
Sim=DC1 DC1
Type=lin
Param=Vs Equation
Start=-0.05 Eqgn1
Stop=0.4 G=diff(I_TD.l, Vs)
Points=451

1e-5

-1e-5

4e-4

3e4

2e-4

1e-4

0.1 0.2 0.3 0.4
Vs

0.1 0.2 0.3 0.4
Vs

Lo -\
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A unified GPL compact device modelling and simulation platform

MAPP MARE Algebraic
data

. . - .
simulation e T equations

v
Library

Verilog-A )
: ADMS C++ model components
code

EDD > Subcircuit model
model and symbol

Mgspice custom > Qucs circuit
schematic

simulation

KEY
—_ Qucs controlled process

—> |[nitial process

¥ —>  To be automated Qucs plots Octave plots
' and tables and tables




Qucs development: 1. A unified GPL compact device modelling

and simulation platform; SPICE netlist synthesis

IEI |_TD1 D2 *Qucs 0.0.19
VT=0.025 * Qucs 0.0.19 TD.sch
+ W1 le=1e-12 .SUBCKT TD _net0 _netl VT=0.025 Is=1e-12 Ip=1e-5 Iv=1e-6 Vp=0.1 Vv=0.4 K=5 C=0.01p
e BD1I0 _net0 _netl I=Is*(exp((V(_net0)-V(_netl))/VT)-1.0)
- U=01 | S Z | Ip=1e-5 GD1QO0 net0 netl nD1QO netl 1.0
v=1e-6 LD1Q0 nD1QO0 netl 1.0
—_— BD1QO0 nD1QO0 _netl I=-(C*(V(_net0)-V(_netl)))
Vp=0.1 BD1I1 _net0 _netl I=lv*exp(K*((V(_net0)-V(_net1))-Vv))
— Vv=0.4 ?E?\lllézs _net0 _netl I=Ip*((V(_net0)-V(_netl))/Vp)*exp((Vp-(V(_net0)-V(_netl)))/Vp)
2e-5 K=5 XTD2 _net0 0 TD VT=0.025 Is=1E-12 Ip=1E-5 lv=1E-6 Vp=0.1 Vv=0.4 K=5 C=0.01P

—_ C=0.01 VI_TD1 netl net0 DCOACDO

3 =u.uip Vi _neti0DCO0.1

T .control

= 1 set filetype=ascii

= 0 Parameter DC V1 -0.05 0.4 0.000997783

8 write _dc.txt VI_TD1#branch

o sweep destroy all

= reset

'-2e-51 SW1 exit
0 01 02 03 0.4°3m=DC ena
v-sweep Type=lin
Param=V1
. . Start=-0.05
dc simulation Stop=0.4
DCH Points=451

Qucs schematic —P» Synthesis —P» Ngspice/Xyce netlist
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A unified GPL compact device modelling and simulation platform:

ngspice and Xyce component symbols

Start=1 GHz Type=lin Nodeset1 SpicelCH

Stop=10 GHz Start=0 vinodel)=1  v(nodet)=1
Cmelen ] Stop=1 ms
Points=19
BME o Nutmeg
Z

Fourier NutmegEq1
Simulation=ac

QE)n 14 AV o
- Ind1= M_ simulation B
o= im {u [i]m S O y=1
L: H:

Ref _Fo | e Ce—"—o V5 e ki 7§ | PARAM |.OPTIONS | .GLOBAL PARAM | Harmonic balance
_Tiv =] < P SpicePar1 SpiceOptions1SpGlobPar1 simulation
l-_ = T ! y=1 GMIN=1e-12 y=1 ||
Pr PTF HB1 : i
i WL J1 . na |dc simulation
1 = DC1
= m e P o ‘B E2 ] NOISET CUSTOMf Parameter
. V8 _ - _
l/ l{@, @_ GD D— NTE™ E:-&\\/ Output=v(node1) SpiceCode= sweep
I . \,' \f J, | Source=V1 |
== == —c -
SRC4 SRC2  SRC3  SRC1. P transient 2""”
i i im=
o o @-l & 18 \% vg | @c simulation simulation o
W =
& | AC1
|i g Ej |§ % 5 TR NODESET |.Ic
Type=lin |— |—

Ind2= e _ - _
Pl K=0.1 1_ C=o T7 - FOUR1 DISTO_1 |Equat|on
Num=1 - Sim=TR1 Type=lin

20=50 - - numfreq=10 Start=1 Hz Eant
. Td=0.25n - _ -1
Common to Qucs, ngspice and Xyce | FO=1kHz ﬁt‘fpt‘":gg'z y
i U1 _ oints=
KEY  Ngspice and Xyce e Vars=V(1)
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A unified GPL compact device modelling and simulation platform:

Signal generator test examples

12
Na=100m
> N1 NE=1u
Naipha=0 =
Va=1V R Namp=0 g,
Vo=1.6V R=1 Risam=0 z
ME=500 -
Fe=10k _L TR1 RE&M_'O Type=iin §
L -+ u Risemt=0 = : Start=0 F]
Ta=0 'ype=iin Stop=5ms = gg 0
< Stant=0 Points=10001 3
< Stop=5 ms 5 £ S:
3 g =
g 2 H 2 31
£ 8 g 8 0.002 0.004 0.005 0008 0.01
%o ] BOST e
! o =
E: g g i g
g-z E = E o < 10
@
| et 1 | 1 1 | : I 1 i 05 I | I i I i I + I )8 0003 E
i 5e4 0.001 0.0015 0002 00025 0.003 0.0035 0.004 0.0045 0.005 0  5e4 0.001 0.0015 0002 0.0025 0003 00035 0.004 0.0045 0.005 g o
tme time
g
Note: With T tput from V = ranslent F-10
jote: With Td put from -
@ = = simulation z + + + +
ks couid by 2 L 0002 0.004 0.005 0.do8 0.01
= TRS ime
Type=tin
-0.01 Start=0 g
e 0 S5e4 0.001 0.0015 0002 00025 0003 0.0035 0.004 0.0045 0.005 T o Stopaio e £ 10
£ [Elime Test_vTRRANDOM_ngspice dran.vin1) e = piasitM N1
ERR 0.008506 3366 | -0.74924138 = g0 §
& 0.0085190089 | -0.74924128 dc simulation transient g V12 ga P
0.008544 3564 | -0.74924138 simulation = u=1v 1
§ 051 0.0085050495 | -0.74924138 DC1 i, = §=0.5% 2
g 0.0085 0.74924138 RS a = Lo
i ol 0.008600901 [ 0.61702074 Type=iin 3 = = §-10 | | -
= 0.008620703 [ -0.61702074 ] &
8 0.0086603069 | 0.61702074 ks o5 o 0’;“;‘ 00015 0.002
% ol 0.0087 0.61702074 va ! | | " \
é 0.0087079208 | 0.13319885 PWL= 0-15m210m 2 15m 2 20m 4 25m 5 30m 4 35m & 40m 845m 750m 855m 8 G0 6 E5m4 70m3 75m-1 & O 0002 0004 0006 0008 001
E 0-“)3?2376?4 0.13319885 Line_2=+ 80m -4 £5m -4 90m -6 85m -9 100m -0 105m -7 110m -& 115m -9 120m -7 125m -7 130m -8 135m -& 140m -7 time
e 1| | 00087554455 | 0.13319885 Line_2=+ 145m -9 150m -0 155m -8 160m -10 165m -9 170m -2 175m 9 180m 25 185m 44 190m 54 195m 49 200m 24 205m 12
] ! ! ] ] | | 0.0088 0.13319885 Line_d=+ 210m -10 215m -25 220m -30 225m -20 230m -26 235m -20 240m -14 245m -10 250m -5 255m -2 260m -3 265m -3 B3 3
= 0002 0004 0008 0008  0.01 B 9005083906 | -0 97310154 Line_5=+ 270m -1 275m -1 280m -2 285m 0 200m 1 205m 0 300m 1 305m 3 310m 2 315m 2 320m 4 325m 5 330m 3 335m & V=10V(N1)
ime Line_6=+ 340m 7 345m 7 350m 9355m 11 360m 11 365m 12 370m 15375m 18 380m 18 385m 23 300m 25 395m 25 400m 28 TR10 £
Line_7=+ 405m 32 410m 33 415m 35 420m 38 425m 38 430m 37 435m 39 440m 36 445m 34 450m 31 455m 26 460m 22 Type=in =
? ? Line_8=+ 465m 19 470m 14 475m 10 480m 7 485m 5 490m 2495m 1500m 1 Start=0
SFAM IS +]sFM s + Va4 '} Stop=2 ms
0=0A Vo=0V Va=1V Va=1V = g Points=1001
la=1A B va=1V 4 veov T Voov E £
Fe=1k Fe=1k ME=500 ME=500 2 ol g a0
Mai=10 Ma=10 Fo=10k Fo=10k 8 2
Fa=500 Ta=0 Ta=0 W 8
& g A
Lo E1 Tt g o | =
o ve S = 7Yy o g o
b 3 b H a
i 2120 +
g 01 o2z o3 oa o5 & IR P S SRCT poutt
i R=Rmod time G=10hm
Ebo Celour et V7 frees 17 t ve R_Line 2= model Rmod rres= 10k D2
nspoeanaxyon rea | ' Newe T Neme Y e D nevate )
Nalpha=1.1 Nalpha=1.1 Td=0 nlL| L=tum=1 AC1 C 13=0
Ngspice only: Cyan Namp=12p Namp=12p Param1=1 L_Line 2=+ 1£1=0.05 £2=0 001 ic=1m Type=iog i
Rtsam=0 Risam=0 Param2=0 T Start=1Hz
Riscapt=0 Riscapt=0 R7 = Stop=100 kHz | I [ | PYi1
Risemt=0 Risemt=0 FS R=1k EC Points=51
—
[Eftime ExpTestl_ngspice:ranvini) Vo e les
000938 | 0 )u=1v C=capmod R17
00084 |0 o I C_Line 2=.model capmod ¢ cap=1utc1=0.05 R=1
000841 | 0 C_Line
000243 | 0 = i =
000844 | 0
= 0.00846 | 0
000847 | 0
000849 | 0
|{oo0es (o i g
H =
:
= &
o
H g g
: Y’
H % 5
05T S i
2 # 8oL 1 1o 13 1ea 165
o o 10 100 1e3 1ed 185 o 10 100 1e3 1ed 1e5 st a,'_ev
3 B ey B
& o G ] o s i s
0 0002 0004 00068 0008 001 0012 0014

time
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A unified GPL compact device modelling and simulation platform:

Integrating Qucs and ngspice

Compact device model development

Qucs GUI - Schematic

NGSPICE simulation

Verilog-A
code

qucsator

Circuit/System

Components
Subcircuits

Quces
Equations

ngspice
Equations

lcons

Documentation

text

Stage 1 Stage 2 Stage 3 Stage 4
Activate Solve circuit Activate Tabulate and plot
Qucs equations ngspice simulation data
Equations Equations using Qucs
prior to for Visualisation
simulation routines
V(n1)
V(n1,n2)
Calculation of etc. :
Specify
component :
values from algebram
constants, output
device quantities
parameters in terms of
and previously circuit
calculated : ‘
voltages and
values.
currents

I

Ngspice/ngnutmeg
Stores data in the form of vectors:time, voltage etc. Each type of vector can be operated on and combined algebraically.
Expressions are algebraic formula involving vectors and scalars.
Ngnutmeg defines the following functions: mag, ph,cph,j,real,imag,db,log, In, exp,abs,sqrt,sin,cos,tan,atan,sinh,cosh,
tanh,floor,ceil, norm, mean avg,group_delay,vector,unitvector.length,interpoate,deriv,vecd,vecmax.rnd,sgauss,sunif,

poisson,exponential.

Allowed operators: +,-

/1/\’%' ) ’>1 <’ >:l <:’ <>’ &1 |’ !’ =
Constants: pi, e, ¢, |, kelvin, echarge, boltz, plank, yes, no, TRUE, FALSE




A unified GPL compact device modelling and simulation platform:

Typical simulation examples

Z1

Z=mesfet model

Z Line 2= model mesfet model nmf level = 1 vto=-2 beta = 3e-3 alpha =2
Z Line 3=+ lambda = 0.02 cgd = 0 2e-12 cgs = 1e-12

Z Lined4=+ Rd=13R:=13B=03PB=086

Z

de simulation
Ids1 Vi
+ V2 -— =5 DG
I 5
— Parameter Parameter
sweep sweep
Sw2 W
2 0005 T Sim=DC1 Sim=SWe
= Type=lin Type=lin
é Param=¥1 Param=Vv2
o Start=0 Start=-5
= Stop=10 Stop=0
E Paoints=101 Points=12
o
7]
L [}
= . I I I I
W (B 2 4 51 B 10
o

V-EWeep

using nested parameter sweep

(1) MESFET DC characteristic test bench

Full wave ngspicetran.vi(nl)

Full wave ngspice:tran.yinp]

100 7

50

_— D= ——
1 > <|/
R Np D1 PID1 NI
. R=10 E lzs=1e-15 A
Vi N=1 R4 G
6‘ e Cio=10p R-1k IC:ZDDLI
— f=50Hz Tt=1n
Bv=300 L -
N? |EI
== I l—-—D{ —>
— transient
- TRAN1 A3 D2 PiD2 i ;
L1=100mH R=1 le=1e-15 A simulation
L2=20mH N=1
L3=20mH Gio=10p de simulation |
K12=0.999 Tt=1n 1\ TR1
K13=0.9%% By=300 Béy Type=lin
K23=0.999 Start=0
Stop=200 ms

100
200 = T
[ = E
= =
& &
g o =
o ® B
3 g
2 5
@ 2
| = o _ [
200 g *100 g -100
2 — g o
f 1 t 1 = 0 005 01 D015 02 = o 005 01 015 02
o 005 01 015 02 i i
i time time
time
5 F
= &
T 3
£ £47
£ £
§ F
§ 5
892
o [« 8
g g
2@
e o Lidl
ot # @O
T T T T T T t T T F ¥ b - !
0 002 004 006 0.08 01 012 014 016 018 02 == 0.05 01 0.15 0.2
s K
time time
time

(2) Basic full wave rectifier with transformer
modelled by SPICE K type inductive
coupling
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A unified GPL compact device modelling and simulation platform:

Semiconductor diode Cd and Rd extraction using Y parameters

e
4 ac simulation Nutm
ni g ﬁE Pri n3 eqg
5 AC1 NutmegEq1
= =— Type=lin Simulation=ac
v2 + V1 D1 Start=10MHz ol
il “U=03 |g_1e45A  Stop=10.1 MHz (FJFECFWBS i
f=10e6 _ Poinis=1 mega=2"pi*Freq
= 2_01 ’ Yd_imag=imag(VPri#branch/V(n3})
e Cd=Yd_imag/Omega
~0.05 Parameter gl s
Fom) B5 Ky Rd=1/real(VPr1 #branch/V/(n3))
Tt=0.1n sweep
SWi1
Sim=AC1
Type=lin
Param=\V1
Start=0
Stop=0.8
Points=21
=
iy - 110 T
s 1e9 o
R 1e8 o
E 1e7 ©
o 1e6 %
rie-11 < les5 ©
G led -
o 1ie3 ©
= 100 £
g 10§
it 1 87101 i

a7




A unified GPL compact device modelling and simulation platform:

More ngspice simulation types; small signal distortion

R5 Pr1
+ V1
|:| R3 R=4.7k Uzt2 V
R=24 kOhm I
. O2N2222A 1 ('_;2 =
" C=0.1 uF
in C1
C=0.1 uF
H 2 kOhm H 470 Ohm
2 L L H Rload
# ac= DISTOF102DC0 ~ -
Vac_Line 2=+ SIN(0 0.2 4k 0 0) AC 0.2 -
transient dc simulation "
|Equat|'on Nutmeg simulation
' DCA
Eqgn1 NutmegEq1 TR1 DISTO1
Rload=47k  Simulation=disto  Type=lin Type=lin
K=out.w/in.v H2=disto1.v(out) Start=0 Start=1 Hz
H3=disto2.v(out)  Stop=1ms Stop=10 kHz
Points=1000
0.02
= — 2T
29 s $
S o 0.015+ “;7 =
o o g 1+
o @ 0.01+ g §
:I =| % 2 0
[l = s 5
o o | =
£ £ 0.005+ 58
IR L 8-1+
0- oe
0 2e3 4e3 6e3 8e3 1e4 28 244 4a4 664 8a4  1ea
frequency time
frequency time
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A unified GPL compact device modelling and simulation platform:

More ngspice simulation types; Fourier analysis

¥eg
358

| = s 857
Pri A=

na RS out2 £ V1 a2 o2 0
R=4.7k out = Uot2v S s o
_ R=24 kOhm I - 53 3
in | o= 2

J = =5 E0 ]
H Q2N2222A_ 1 C2 2P0 @ 0 24 4e4 6e-4d Be-d 1e-3

C=0.1 uF time

—{—1 1+

C1 Al
. R=2 kOhm time
yz2 C=0.1uF R? time
_ R4 .
- :'141530 mv R=470 Ohm R<Rload frequency: 4.02e+03 fourierfreq: 4e+03
— z BJT-four_ngspice:ac.k: 8.15/-167° % BJT-four_ngspice:magnitude(v{out)
= Phase=0 L L 10 =
- - =
Equation ; : 5 i}
[Equation | d simulation ac simulation " 3 Zsif
Eqgni 1l o =4
- ' = @
Hload_4_?k DC1 % sl £
K=out.vfin.v ACH o g
Kp=(cph(out.v) - cph(in.v))*180/pi Type=log 3 2
o | Sl S LUt
transient Fourier Stop=100 MHz “ 9 EUIUIE AT A 3 U\ a4 doa 6en sea
: . i i Points=601 100 1e3 1e4 1e5 1e6 1e7 1e8 = e e e e
simulation || |Simulation e = fouriert
- quency P ourierfreq
TR FOURT : :
_ Sim=TR1 frequency: 4.02e+03 fourierfreq; 4e+03
gp::gn numfreq=20 BJT-four_ngspice:ac.kp: -167 = BJT-four_ngspice:phase(v(out)): -167
ari= 3
— (=]
Stop=1 ms FO=akHz g 0 g 200
Vars=V(out) V(out2) % % AP A at
a =
- 2
o -200+ g 0;(
= [«
o %]
= 5 T
B & -400 —— S soo A TL | ol
100 1e3 1ed4 1e5 1e6 1e7 1e8 5 0 2ed ded 6ed 8ed
m

frequency fourierfreq
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A unified GPL compact device modelling and simulation platform:

More ngspice simulation types; Noise analysis

Large signal transient noise

V2
Na=100m Ns Ne transient
Ni=1u simulation
Nalpha=0 F. C1
& R1 ot T —
Namp=0 \; R=1k I =t TR1
Rtsam=0 v = Type=lin
Rtscapt=0 ) U—02v Start=0
Rtsemt=0 {-5KHz Stop=5ms
= Points=10001
0_
0 5e-4 1e-3  0.0015 0.002 00025 0003 00035 0.004 0.0045 0.005
time

0 5e-4 1e-3  0.0015 0002 00025 0003 0.0035 0004 0.0045 0.005
time
0.01+
o
£ 0]
=
_0.01__ 1 1 1 1 1 1 1 1 1
0 5e-4 1e-3  0.0015 0.002 0.0025 0003 0.0035 0.004 0.0045 0.005
time
| @-3-@

BJT-noise_ngspice:onoise_total

Small signal AC noise

R3

out -
[:I R=24 kOhm 12y
in
n Q2N2222A 1 Co2 =
" R1 C=0.1 uF
C1 |:| R=2 kOhm R4
+ vz C=0.1uF Ao R=47k
U=1000 mV
© 4 kHz R=470 Chm L
Parameter || noise.R5 | BJT-noise_ngspice:inoise_total | BJT-noise_ngspice:onoise_total
1ed 1.28e-10 4.58e-10
sweep 1.45e3 1.15e-10 8.09e-10
SWi1 NOISE1 ~| 1.9e3 1.08e-10 1.21e-09
Sim=NOISE1 Tvpe=lin 2.35e3 1.04e-10 1.64e-09
S o 28e3 [ 1.01e-10 2.09¢-09
ype= - 3.25¢3 | 9.88¢-11 2.53¢-09
Param=R5 Stop=10 MHz
) 3.7e3 9.72e-11 2.97e-09
Star=Tk Points=100 7 4.15e3 | 9.6e-11 3.48-09
Stop=10k Qutput=v(out) 1" i :
Points=20 Source=V2
m
[
=
3
r1.2e-10 o
(1]
I:i
w
w
o.
[+
@
He10 3
w
I('D
g
D | | | | | | | B
1e3 2e3 3e3 4e3 5e3 6Ge3 7e3 Be3 9ed 1ed
noise.R5
noise.R5
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A unified GPL compact device modelling and simulation platform:

More ngspice simulation types; Custom ngspice simulation

— =]

=

vi 1e1g 8

u=1v Pri e 2

f=10M T2 : -1e g

= D1 = [1e5 &

Is=1e-15 A ried

vz 2201 1 Sl

0 T =P SR

CUSTOM! Rs=0.01 Ohm g1 o

: = Tt=0.1ns >
SpiceCode=

** Extraction of diode Cd and Rd values for 0 <= Vd <=0.9 V DC.

SRR R R Rk Rk
* Initialise data

destroy all

set filetype=ascii

let count =0

let count_Fin = 90

ke ke ke ke ok ke ke ke ke ke ke ke ok ke ok ke ke ke ke ek ke

** Run simulation and extract Cd and Rd values for each value of V2 DC.
while count le count_Fin
alter V2 = count*0.01
aclin1 1ed4 2e4
let Omega = 2"pi*frequency
let Cd = imag(VPri1#branch/V(Nd))/Omega
let Rd = 1.0/(real( VPr1#branch/V(Nd))+1e-15)
write Y11Test_ac.txt Cd Rd VPri#branch V(Nd)
set appendwrite
let count=count+1
end

e e o v e e e o e e e e ok e e o e e o oo e e e o e e e e o ek e e b e e e e ek e e e o ek e

+1e-9

r1e-10

-1e-11

¥ 11ExtractionTest_ngspice:ac.cd
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A unified GPL compact device modelling and simulation platform:

More ngspice simulation types; Monte Carlo analysis

out
1 A |
] 1
A1 L3 ca R2
R=141 Lrt0u C=250p R=141 L
+V CUSTOM1
& ?11MVH2 1000 llfm - g]_mm ::tlii\clject)?s::ascii
P =10U — P let me_runs =5
e | let run=0
- - define unif(nom, rvar) (nom + (nom*rvar) * sunif(0))

define aunifinom, avar) (nom + avar * sunif{0})

define gauss(nom, rvar, sig) (nom + {nom*rvar)/sig * sgauss(0))
define agauss(nom, avar, sig) (nom + avar/sig * sgauss(0))

* define limitinom, avar) (nom + ({(sgauss(0) ge 0) ? avar : -avar))
define limit(nom, avar) (nom + ((sgauss(0) »= 0} ? avar : -avar})

05 T

dowhile run < mc_runs § loop starts here
* alter ¢1 = unif{1e-09, 0.1)

* alter ¢1 = aunif{1e-09, 100e-12)

* alter ¢1 = gauss(1e-09, 0.1, 3)

* alter 1 = agauss(1e-09, 100e-12, 3)

<
B

alter ¢1 = unif{1e-09, 0.1)
alter 11 = unif(10e-06, 0.1)
alter 2 = unif{1e-09, 0.1)
alter 12 = unif(10e-086, 0.1}
alter 13 = unif(40e-06, 0.1)
alter ¢3 = limit(250e-12, 25e-12)

ac oct 100 250K 10Meg

MonteCarlo1_ngspice:ac.v{out)
o
)
.
}

set run ="$&run" § create a variable from the vector

let K = dbiviout))

} } } } write MonteCarlo1_custom.txt viout) K
[} 2eb 4eb Beb 8eb 1e7 set appendwrite

let run=run + 1

end § loop ends here

frequency: 4.76e+06
Number: 5
MonteCarlo1_ngspice:ac.k: -40.2

o
o

i
o

MonteCarlo1_ngspice:ac.k
@
o

0 2e6 4e6 6eb 8e6 1e7 2
frequency 5




Summary

This presentation outlined the compact modelling and simulation features implemented
In the current and next generation versions of the Qucs GPL
circuit simulation tool set.

| Qucs version 0.0.19 will be released on, or before, 1 September 2015.

The latest Qucs development version can be downloaded using git
from https://github.com/Qucs/qucs/

If you wish to follow the development of Qucs see the regularly updated spice4qucs-help
document at http://qucs-help.readthedocs.org/en/spice4qucs/DModel.html

Beyond Qucs-0.0.19

Addition of SPICE .PZ etc to Qucs

Improvements in Qucs/Xyce link

Synthesis of SPICE code for Qucs RFEDD models

Improved RF device modelling and simulation

Synthesis of Verilog-A model code from Qucs EDD compact device models
More work on the Qucs/MAPP link

Acknowledgement: My thanks to all the members of the Qucs Development Team
for their input and support during the recent intense software development phase. 53
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https://github.com/Qucs/qucs/
http://qucs-help.readthedocs.org/en/spice4qucs/DModel.html
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