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Abstract: On going improvements in semiconductor device technologies have highlighted

the importance and the need for Free and Open Source Software (FOSS) that supports both
compact modelling and IC circuit design based on "manufacturers open-source Process
Design Kits" (PDK). This presentation outlines the evolution of the Quite Universal Circuit
simulator (Qucs-S) as an integrated IC design tool with compact modelling capabilities and
simulation features that support analogue, RF and mixed analogue/digital signal IC Design
using the IHP 130nm BiCMOS Open Source PDK. A series of example models and simulation
test benches are included. These demonstrate new Qucs-S features and their application.

All the software introduced is freely available from the internet under GPL or equivalent license.
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Qucs-S 24.2.1 with version Qucs-S 24.3.0

expected in September 2024.
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/home/name/.qucs/

IHP-Open-PDK-dev | | _
| XXXX_Pj use-lr_lib pspngs103va.osdi

ihp-sg13g2 I I |

Iibsl-tech Qucs_Xspice Qucs_basic.components Qucs_nonlinear.components Qucs_stdcells
|
ngﬁpice
moldels
I I
capacitors.mod ......... sgl3g2-moslv.stat
* Qucs-S/Ngspice global initialization file. Copy this file to home directory. File .spiceinit

* It is read after Ngspice spinit file and prior to passing Ngspice netlist.

setcs sourcepath = ( $sourcepath /home/name/.qucs/IHP-Open-PDK-dev/ihp-sg13g2/libs.tech/ngspice/models )
setcs sourcepath = ( $sourcepath /home/name/.qucs/IHP-Open-PDK-dev/ihp-sg13g2/libs.ref/sg13g2_stdcell/spice )
*load pspngs103va.osdi as a global item so that it becomes available to Ngspice netlists.

osdi /home/name/.qucs/pspngs103va.osdi




Components Content Projects

Libraries

Search Lib Compon...

Clear

Libraries

sg13g2_mux2_1
s913g2_mux2_2
sg13g2_mux4_1
sg13g2_nand2_1
sg13g2_nand2_2
sg13g2_nand2b_1
sg13g2_nand2b_2
sg13g2_nand3_1
s913g2_nand3b_1
sg13g2_nand4_1
sg13g2_nor2_1
sg13g2_nor2_2
sg13g2_nor2b_1
sg13g2_nor2b_2
sg913g2_nor3_1
sg13g2_nor3_2
sg13g2_nor4_1
sg913g2_nord_2

Show model

Name: sg13g2_mux4_1

Library: C:JUsers!mbrin!.qu:ﬂl/

user_lib/Qucs_stdcells

Copyright 2024 IHP PDK

Authors
Symbol: r]a VDD
Al
MUX
5]
&
= =3
50
= 500M
—

J} VSS

Qucs_Xspice ————p =21

Qucs_basic_components ).
Qucs_nonlinear components

—

User libraries

KEY
BLACK Ssymbols: XSPICE digital models

RED symbols: IHP PDK transistor
level medels

ot | i o —
BRIDGE1 PROBE1 BRIDGE2 PROBEZ2
in_low=0.0 in_low=0.0 out_high=1.2 out_low=0.2
in_high=1.2 in_high=1.2 out_low=0.2 out_high=1.2 INV_1_1
N N - MAND2_1_1 NOR2_1_1
tize_delay-60p tize_delay=1p 1 fall-60p Lrise=1p rise. delay=0.325e—'3 rise_delay=.325¢-9 rise. dt_?lay=ﬂ_ .325e-9 rise. {_!e_lay=0.az.5e-9 rise_delay=0.325e-9
fall_delay=50 fall_delay=1| t_rise=50 t_fall=1 lay=0.329e- - - -
all_delay-50p all_delay-1p -rse=>lp —ta=te fall_delay=0.320e.9 AI-9¢ 9 fall_delay=0.329e-9 fall_delay=0.329¢-9 fall_delay=0.329e-9
i = a?.
T S% % = - ] = a 2, .
cap_cmim1 cap_rfcmim1
ntapt  Ptapt rNight rppdt rsilt  rsil2 dantennatdpantennat
w=0.78u w=0.78u
& VDD VDD VDD VDD EVDD I=0.78u  =0.78u sgi3_lv_nmosq S913_MW_nmos1  sg13_lv_pmos1 sg13_hv_pmosi NPN13GT  npn13G21  npni3Gavi
_T_ l _L ry v wW=0.350 w=1.0u w=0.35u w=1.0u Nx=1 Nx=1 Nx=1
& & % & X 1=0.34u 1=0.45u =0.34u 1=0.45u El=1
ke X & ke g'i ng=1 ng=1
vss Tuss Tiss Tuss Uss Tves oo
AND2_1_2 AND2_2 1 AND3_1_1 AND3_2_1 AND4 1 1 ANTENNANP_1 T
A0
VDD fuep 70D fuep 7 V0D puoD i MUK
1 1 1 MUK A0 U ;’E
BN I vay-X ) B 1 i &
S0
501 Lo EXV s 00
XVSS IVSS I\I’SS AVSS J)VSS “ bvss
BUF_4_1 BUF_6_1 INV_1_2 INV_2_1 INV_4_1 INV_B_1 INV_16_1 MUX2_1_1 MUX2_2_1 VS  NawD2_12

NAND2_2_1
VDD

NAND2b_2_1

NAND3_1_1  NAND3B_1_1  NAND4_1_1 NORZ_1_2 NOR2_2_1

NOR2B_2_1

§ VDD

2YSS

KNORZ_1_1

NOR3_1_1




AC voltage (V)

rsil1

n2 . .INCLUDE SCRIPT
— INCLUDE SCRIPT rsill INCLSCR4
L _L+ cap_cmim1 INCLSCR4 3 -1 n2 . _ _
I - SpiceCode= - ca p rfcm im 1 S pl CeCOde -
J ; " gg[:z:gﬁﬁ'l'i‘l':;s—‘&" 1:1: - lib cornerRES.lib res_typ
L repdt n3 ' e vi = rppdl | s Jlib cornerCAP.lib cap_typ
3:dc()ac1 - I]T cap_cmim2 ac simulation V=dc 0 ac 1] EﬁI cap_rfcmim2 ac simulation
AC1 — =
rhight = Jna e rhight iy
Start=1e6 g n4 Type=Ilog
Stop=1e12 —
+ cap_cmim3 Poi:ts=601 bulk cap_rfcmim3 Start=1e6
T T- Stop=1el2
= == Points=601
1 S 1
n4 p n4
3 = + U0 n3 <=
0 < 0 1 | | 1 |
M 10m 100M 16 106 100G T iM 10M 100M 1G 10G 100G iT
Frequency (Hz)

Frequency (Hz)



]| Pr2
<] 1— - dantennai
- = ¢ _i_ :.E;(]?.;I;Su
Pr1 = =0.rou
vi L 1
V=dc 0™ - [y P4
+ -
@ » l_L dpantenna1
— w=0.78u
Pr3 1=0.78u
4u+
= Diode dantenna1
§2u——
0 ] Il ] ] ]
0 200m 04 0.6 0.8 1 1.2
vd (V)

Id (A)

Parameter dc simulation
sweep >

SW1

Sim=DC1

Type=lin | INCLUDE SCRIPT
Param=V1 INCLSCR1

Start=0 SpiceCode=
Stop=1.2 INCLUDE diodes.lib
Points=2001

2uT

Diode dpantenna1

200m

-

0.4 0.6 0.8 1.2

vd (V)



dc simulation Parameter|| |Parameter 13 )
sg13_lv_pmos
DC1 sweep sweep w=10u Parameter| |Parameter |
Vi SW2 SWi1 1=4u sweep sweep —_—
V=dc 0.1 V2 Sim=DC1  Sim=SW2 =) Sw2 bC1
2 V=dc 1 Type=lin Type=lin Vin Sim=DC1 Sim=SW1
* - Param=V2 Param=V1 V=dc -0.1 Type=lin Type=lin |INCLUDE SCRIPT
J Prl Start=0 Start=0 - Param=Vin Param=V2 ‘ISNCLSE:CES
.INCLUDE SCRIPT - _ = Start=0 Start=0 piceCode=
= = Stop=1.2 Stop=1.2 sg13_Iv_nmosl _ — LIB MOSIv.lib tt
sg13_Iv_nmos2 NCLSCRI Points=1201 Points=13 w=10u Stop=1.2 ~ Stop=1.2  .LIB COMEMTLSIVID MOs—
“ac,, SpiceCode= _ Points=241 Points=7
W=0.35u LIB MOSIv.lib tt I=10u
1=0.34u . corner v.lib mos_ ng=1
ng=1 1‘ 154
100u+ -~ =
Z <104
80ut 30.50 ~
< 60ut = ‘ > 5u
= OL o
2 40w 0 02 04 06 08 1 1.2 A —..-_.t)®])
' : e ' ' 0 200m 0.4 0.6 0.8 1 1.2
20ut Vin (v) Vin (V)
0
0 200m 0.4 0.6 0.8 1 1.2
vds (V)



P t Fast n, fast P 1.v( ): 0.8380000000
arame er - - X sw1l.v(v-sweep): 0. L
dc simulation 60u 60u 100.00 swi.v(nratioerror): -0.01899857996
sweep oq - 50u 50u = g 1000-
sSW1 E 40u— T40ug 5
s £ =1 = 1.00-
Sim=DC1 INCLUDE SCRIPT S 300+ 13w Y4 mos ff
Type=lin = ':3 2
Param=V2 INCLSCR1 20u - Loou™ o 100.00m7
Start=0.1 SpiceCode: 10 ) . | | I 10
Stop=1.2 -LIB cornerMOSlv.lib mos_ff “"200m 04 06 08 1 12" 10.00m= om 04 06 08 1 1.2
Points=1101 V2 (V) V2 (V)
| .
I=50u Typical n and p
swil.v(v p): 0.9160 )0
. 60u 60u 100.00 sw1.v(nratioerror): 0.01634554828
Pout + V2 —_
"E V=dc 0 2 e 8 1000)
- =40ut T40uZ 5
L £ S 5 100 MOS.tt
= £ 30ut +30uc g
= ’S = |
sg13_Iv_nmos1 | sg13_Iv_nmos2 20u- Lo0uZ & 100.00m
w=0.35u M= w=035u ‘ ‘ | ‘ |
1=0.35u - 1=0.35u 10U 200m 04 o6 08 1 12" 10.00m
ng=1 ng=1 V2 (V)
= = Slow n, slow p
60u 60u 100.00
E:_5011 50u§_ s 10.00-
V=100.0%( 1.0 - (i(vpout)/( i(vpin}+1e-12))) T TN B
=100. .0 - (i(vpout)/( i{vpin)+1e- £ g = 1.00
53("1" T30 o sw1.v(v-sweep): 1.0070000000 mos.ss
20u- --20u2 £ 100.00m-+ |swi.v(nratioerror): 0.0236349498
Equation-Defined Device (EDD) probe 1oul— } : } } 10u 10.00m } } : } !
200m 04 06 08 1 12 200m 0.4 0.6 0.8 1 1.2 1 O
V2 (V) V2 (V)



e Monte Carlo analysis is not implemented by SPICE 3,
e Ngspice uses SPICE .control ... .ENDC scripts to implement and run Monte Carlo analysis,
e Qucs-S introduces a new combined circuit schematic/script technique for Monte Carlo analysis

 Edit File Properties

Simulation | Grid | Frame

Data Set: |MCCAF_(mim_AC2.dat ‘ ‘ Browse ‘

Data Display: |MCCAP,cmim,AC2.de H Browse ‘

open data display after simulation

Octave Script: |EX1pIotHistogram1V.m‘ ‘ Browse ‘

v run script after simulation

OK H Apply H Cancel

Qucs-S
plotting >
routines

INCLUDE SCRIPT

INCLSCR1

SpiceCode= Circuit . .

S ANTREL Simulation

* Monte Carlo simulation under output

* control script, including =

* 1. component or parameter changes test data

* 2. data collection, processing and

* . output to-afile

* 3. Plotting-of simulation data-by-Qucs-S

* . .and/or Octave

* Termination of simulation Octave

ENDE plotting
routines

%

% Example 1 variable Histogram plot.

%

DataSetFile = "MCCAP_cmim_AC2.dat.ngspice"

Y1name ="ac.vpn2"

Y1label = "Sample count” —p

X1label = "iabs( v(pn2) - 0.4)"
nbins =7

plotHistogram1V(DataSetFile, Y1name, Y1label, X1label, nbins)

Typical Qucs-S plot

80u

' 70uT

60uT

i(vpin) (A)
wu
g

30u ;:._:__,

" 200

w
o
[
(v) Gnoda)

200m

File Edit

Typical Octave histogram| —»




g
1

= el
rppd2 -
cap_cmim7 ‘=

n3
D g [
rsil1 L
Cap_Cmim Sem=

rhigh -

4
cap_cmim9 I-

ni

dll

V=dcOac1

|.INCLUDE SCRIPT

INCLSCR8

SpiceCode=

.param mc_ok= 1.0

dib cornerRES.lib res_typ_stat
lib cornerCAP.lib cap_wcs_stat

JINCLUDE SCRIPT

INCLSCR9
SpiceCode=
.control
let number_R2=10
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reset
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ac dec 20 1eb6 1e12
write spice4qucs.acl._swp.plot v(n2) v(n3) v(n4)
set appendwrite
echo "$&number_R2 " >> spicedqucs.acl.cirres
let number_R2 =number_R2 + 1

RC voltage gain characteristic

ac simulation ~

R1 nd101e9
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end Vi
unset appendwrite
destroy all Parameter
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exit sl
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Jlib__cornerCAP,lib cap_wes stat R gnd C libraries
R1 nd1 0 1e9

X1 P1 P2 rppd Jdib__cornerRES.lib res_typ stat  Select |HP PDK

{ENDS

*

X1 P1 P2 rsu """"" R2 n1 nd1 1
.ENDS Vin1 O0OdcOac1
* Xrppd2 0_n1 n2 Qucs_basic_components_rppd
SUBCKT Qucs basic_components rhigh gnd P1 P2 i i i .
vz e Cll WP PDK Ngspice
.ENDS < gnt o smes basie_comp gt . subcircuits passing
* Xcap cmim7 0_n2 0 Qucs_basic_components_cap_cmim .
N N . connection node names
SUBCKT Qucs_basic_components_cap_cmim gnd P1 P2 Xcap cmim8 0_n3 0 Qucs_basic_components cap_cmim
X1 P1 P2 cap_cmim Xcap_cmim9 0_n4 0 Qucs_basic_components_cap_cmim
{ENDS .END

*

*

control
let number R2=0

dewhile $&nambor R2 lo $&nmns .control ..... .endc Ngspice block _ _
reset < Implement and run Monte Carlo simulation,
’“Z’gg"zz: f:':':'::':'—"z using dummy components R1 and R2 as a link
ite spicedques.act. swp.plot v(n2) v(n3) v(nd) between Qucs-S schematic graphics, the Monte
set appendwrite Carlo routine and Ngspice netlist. R1 and R2 do

echo "$&number_R2 " >> spicedqucs.ac1.cir.res
let number_ R2 =number_R2 + 1

end

unset appendwrite

destroy all

reset

exit

endc 1 3

not affect simulation results
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I |.INCLUDE SCRIPT
ni @
- S . INCLSCR6
cap_cmim?7 = SpiceCode=
- *
= S o g“S R1nd10 19
Vi - + R2n1nd11
V=dc 0 ac 1 ) i -control
cap_cmim8 = let number_r2=0
: let nruns = 1000
rhigh1 .. " ; ;
n4 echo "STEP sw1.r2" > spiced4qucs.acl.cirres
dowhile $&number_r2 le $&nruns

alter R2 = $&number_r2
aclin11e1010.1e10

| INCLUDE SCRIPT write spiced4qucs.acl._swp.plot v(n1) v(n2) v(n3) abs(v(n4))

set appendwrite

£,
cap_cmim9 I_ reset

IN(;LSCRS echo "$&number_r2 " >> spicedqucs.acl.cirres
SpiceCode= let number_r2 = number_r2 + 1
.param mc_ok= 1.0 end
lib  cornerRES.lib res_typ_stat unset appendwrite
lib cornerCAP.lib cap_wcs_stat destroy all
reset
exit
.endc
.END

Parameter
sweep

SWi1

Sim=AC1
Param=R2

ac simulation

Note selection of res_typ_stat,
and worst case cap_wcs_stat

AC1
Type=const
Values=[10g]

350 T T T T T

0
0.045 0.05 0.055 0.06 0.085 0.07 0.075 0.08
abs( v(nd) )
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INCLUDE SCRIPT
INCLSCR1
SpiceCode=
.control INCLUDE SCRIPT
let number_v3=0 P t Parameter INCLSCR2
let nruns =10 arameter sweep SpiceCode=
echo "STEP sw1.v3" > spicedqucs.swi.cirres sweep P?B:;il\fcl’ o= k=10
dowhile $&number_v3 le $&nruns == / sSwi1 . mc_ok =1.
reset SW2 Sim=DC1 ;LIB cornerMO Slv.lib mos_tt_stat
alter v3 = $&number_v3 Sim=8W1 — Param=V2
dcv20.11.2001 Param=V3
let RatioError =100.07( 1.0 - (i(vpout)/( i(vpin)+1e-12)))
write spicedqucs.swi._swp.plot i(VPin) i(VPout) v(n1) RatioError n1 \
set appendwrite + V3 R R
echo "$&number_v3 " >> spicedqucs.swi.cir.res V=dc 0 | dc simulation
let number_v3 =number_v3 +1 - =
end 1 DC1
unset appendwrite =
destroy all
reset
exit
.endc
.end \
80u 80u 100
+ V2 70u-+ I[vpin} 570U
V=dc 1.2
- 60u— r60u . —
= < 1§ £
= -
£ 50u 50ug £
sg13_lv_nmos5 I_ | sg13_Iv_nmosé oy U § u
w=0.35u — — w=0.35u = 1 4 B
1=0.35u 1=0.35u 40u 40u &
ng=1 =
g ng=1 30ut +30u
201 } } } } } 01
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INCLUDE SCRIPT CAtsiEteE Parameter
INCLSCRS sl sweep
SpiceCode= o= —/
.control >
let number_v3 =0 Sim=sw1 :;J:-,‘I:Dm
let nruns = 100 Param=v3 Param=v2
echo "STEP sw1.v3" > spiced4qucs.swi.cirres n it
dowhile $&number_v3 le $&nruns tv3 I=dc 50u

reset v=dc 0

alter v3 = $&number_v3 3

dcv21.01.11.0 - Pout
let RatioError = 100.0*( 1.0 - (i(vpout)/( ifvpin)+1e-12)))

write spiced4qucs.sw1._swp.plot i{vPin) i(vPout) v(n1) RatioError
set appendwrite
echo "$&number_v3 " >> spice4qucs.swi.cirres
let number_v3 =number_v3 + 1

end

unset appendwrite

destroy all

reset

exit

.endc

.end

sg13_lv_nmos8
w=0.35u =

1=0.34u
ng=1

dc simulation

DC1

INCLUDE SCRIPT

INCLSCRG
SpiceCode=
.PARAM mc_ok =1

.LIB cornerMOSlv.

5g13_lv_nmos7
w=0.35u
1=0.34u

ng=1

.0
lib mos_tt_stat

% Octave histogram plot.

DataSetFile = "CM_MC_S2_2A.dat.ngspice"
'Y1name = "sw1.i(vpout)"

Y1label = "Sample count”

X1label = "i(vpout)"

[Y2name = "sw1.ratioerror”

Y2label = "Sample count”

X2label = "RatioError (%)"

nbins =7

plotHistogram2V(DataSetFile, Y1name, Y1label, X1label, Y2name, Y2label, X2label, nbins)|
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PROBE1 PROBE2 PROBE3
out low=0.2 out_low=0.2 out_low=0.2
out_high=1.2 out_high=1.2 out_high=1.2
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for a IPH PDK ring oscillator 1 - 3 3
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X i simulation
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u = 0.6v n0 Time (s) TR :
A —1 B Type=lin
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< U2: 12V in_low=0.0 NAND2_1_2 INV_1_5 INV_1_6 initialDC=no
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RESET E|
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Stop=100n

transient INCLUDE SCRIPT
i i INCLSCR1
simulation Shieecete=
TR1 .LIB cornerMOSIv.lib mns_tt_
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1. Qucs-Rflayout installation:

e Qucs-RFLayout installs and runs under Linux;

e Packages Qucs-RFLayout and openEMS should be downloaded
from the internet. These install in /usr/bin:
see https://github.com/thomaslepoix/Qucs-Rflayout for
background and details.

e The Qucs-Rflayout tool is launched from the Qucs-S Tools menu:
for example from /usr/bin/qucsrflayout;

2. Introduction to features and operation: /
e Enter a Qucs-S schematic for a microstrip design;
e Simulate the design to ensure correct function;
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@7 g,
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0.5

S[1.1]

\ 4

e Set the QucsRFlayout path to /usr/bin/qucsrflayout;

e Launch the Qucs-Rflayout tool from the Qucs-S Tool menu;

e Fill in the Qucs-Rflayout Tool information boxes ;

e Write the generated layout data to file xxxx.m; see the next
two slides

e Simulate xxxx.m with Octave.
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https://github.com/thomaslepoix/Qucs-Rflayout

KiCad or
Octave/openEMS
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» The fast pace of semiconductor and device technology change has placed open source software
tools under pressure to keep in step with user needs, particularly in areas driven by the recent
release of Open Source PDKs.

* This presentation reports on recent developments in open source tools for analogue, RF and
mixed analogue/digital 1C design using the IHP 130 nm BiCMOS Open Source PDK (sg13g2).

* A series of Qucs-S/Ngspice/I[HP Open Source PDK simulation test benches outline the application
of Free Open Source (FOSS) tools, or equivalent licence software, for IC design.

» All the software tools outlined in this presentation are freely available from the web sites listed on
slide 24.

 Future work in this area will concentrate on developing a series of analogue/RF test structures for
production by IHP and subsequent performance measurement. This will allow the accuracy of the
Qucs-S/Ngspice simulation output data to checked.
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The IHP (Leibniz-Institut fur innovative Mikroelektronik) Open PDK

Development Team (project leader Rene Scholtz) : https://github.com/IHP-
GmbH/IHP-Open-PDK

The Qucs-S Development Team: Qucs-S with SPICE https://ra3xdh.github.io/

The Ngspice Development Team: the next generation open source SPICE simulator
https:/Ingspice.sourceforge.io/

op@ The openEMS Development Team: open electromagnetic field solver
EM https://github.com/thliebig/openEMS-Project

OpenV AF The openVAF Development Team: Next-Generation Verilog-A compiler
https://openvaf.semimod.de/
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