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... and if the dream became reality?

What is a dream?

» A dream is a succession of images, ideas, emotions, and sensations that usually
occur involuntarily in the mind during certain stages of sleep

What is our dream?

o

@)===F
 To have a user-friendly GUI allowing to easy define generic extraction FDD?E\. independent of the model

os N
» Without to know what is behind the GUI (when we drive a car, we do not have to know how the engine works)

» Without to be sIaveQ/pof the tool: no language to learn, no line of code to write...

* In order to devote all our efforts to the extraction methodology alone and not waste time learning new software and
languages.

Using QucsStudio we will see if the dream § sl can become reality
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About QucsStudio |

What is QucsStudio?

* Is a free and powerful circuit simulator [1], [2]

# QucsStudio A

QucsStudio is mainly a circuit simulator that has evolved out of the project
Ques, but isn't compatible with it. The simulation engine is even a complete

QUCS stands for Quite Universal Circuit Simulator new creation. It's meant to be a test project to create a complete development
environment for electrical engineers. (graphical user interface, circuit
simulator, PCB layouting, numerical data processing etc.) The application uses
Qt4® by the Qt Company® as graphical user interface.

By the way: The correct pronunciation of Qucs is [kju:ks].

* Warning do not confuse QucsStudio with QUCS [3], even if the GUI
are similar, the simulation engine is completely different, input and

output files are not compatible. Q Q/
UcCsS / 4

Quite universal circuit simulator

Where to find QucsStudio?
* http://dd6um.darc.de/QucsStudio/download.html

All the following results are based on version 3.3.2.
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What do we need (1/10)?

What is mandatory to develop a model parameter extraction tool?

A fast and reliable circuit simulator without convergence issue
* All kinds of characteristics necessary for model parameter extractions can be simulated with QucsStudio

» Examples of simulation setup
BC and CS depletion capacitance

Forward Gummel-plot
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What do we need (2/10)?

» Example of bipolar output characteristics showing the snapback points (HICUM/L2 with self-heating)
* Note the robust convergence of QucsStudio at forced I

IC Swept at constant VBE A& Simulation Messages et
Information:
HICU M_LE_S_U_O_f Starting "BV.sch”™ on lun. 18, oct. 2021 at 03:32:06

IC creating netlist... done.

| | analysing dircuit... done.
VBC @ solving drcuit... done.
-

saving result... done.
Finished fllly after| 15,42
RI;I:EI: SUCCEsS ¥ a F
VCE
I
55
—T
51 | == 1B
+ie4
— 5T
4-_
T1e-5
parameter ast
sweep = & B
E Tle-6 m
SWi1 o .| =
Sim=DC1 s
Param=Ic o H
T1e-7
Type=Ilog
Start=1e-12 151
Stop=5e-3
| Points=100000 | i 11es
05T
0 T t t t } t 1 t t } } 1e-0
0 1 2 3 4 5 & 7 8 g 10 11 12
‘Yl YeE
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What do we need (3/10)7

A “turn-key” Verilog-A compiler [2]

* QucsStudio uses ADMS (Analogue Device Model Synthesizer) as Verilog-a compiler.

* Only a few - none model related - lines have do be modified in HICUM VA-code to be compiled with ADMS.
» The most crucial is that the temperature has to be added as a model parameter Tgyp.

* For more details see [4] and [5].

How to compile a Verilog-A (VA) code with QucsStudio?

Create a new project

Project  Tools  Simulation  View  Help

.;.\_ .
Mew Project... Ctrl+5hift+M » A& Create new project X
Open Project... Ctrl+Shift+0 Project name: | VA_Colnpilation
Add Files to Project... Ctrl+5Shift+A open new project
Close Project Ctrl+Shift+W I Create Cancel
Delete Project... Ctrl+Shift+D
Create Package... Ctrl+Shift+Z
Extract Package... Ctrl+Shift+X
Create User Library... Ctrl+5Shift+L
Create Binary Library... Ctrl+5hift+B

Manage User Libraries... Ctrl+Shift+L

Import Data... Ctrl+Shift+1
Export to CSV... Ctrl+Shift+C
Graph to Clipboard Ctrl+K
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What do we need (4/10)?

Put the VA file in the project folder and double click it to open the file

@ X 3 hicuml2v3p0p00_QucsStudio.va (£

2 Content of 'VA_Compilation’ Mote 1 |
% Schematics 2
= | v Yerilog 3
hicumL2V3p0p00_CucsStudio.va 4
S| vHDL 5
E Octave 6
C++ Sources 7
n PCE Layouts g
@ Data Displays 9
% iiﬁ“ 10 "ifdef insideADMS
= 11 ‘define INSTANCE @(initial model)
12 *define NOISE @ (noiss)
5 13 ‘define ATTR (txt) (*txt*)
= 14 ‘define Gmin le-12
15 "else
1l ‘“define INSTANCE
17 ‘*define NOISE
18 ‘*define ATTE(tx=t)
19 *define Gmin Ssimparam("gmin™, le-12)
20 “endif
21

7
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What do we need (5/10)7

Press F2 or click the gear wheel to compile the VA model

A Simulation Messages ot
Information:

——
* 6 € [ [&] — —
Starting “hicumL2V3p0p00_QucsStudio.va®™ on mer, 27, oct. 2021 at 08:51:06

creating ‘hicuml 2V 3p0p00_QucsStudio.dll', .. done,

Finished successfully after| 3.039 sec
Ready.

roess:. | -

Errors and Warnings:

Show result document Close window

7
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What do we need (6/10)? |

Create a new Schematics. Click on the *.cpp file in C++ Sources menu and move the cursor on the
working window (no drag-and-drop!). Click to place the model in the schematic. Press Esc not to

place further copies. Right on the C++ symbol to have access to the Edit Component Properties.

£ QuesStudio 3.3.2 - Project: VA_Compilation - O X
File Edit Positioning Insert Project Tocls  Simulation  View  Help
: » N . = . 7 o~ oo o ; M 2
-z mEAROS o T A LUAARAL R XORISTF LY Lo ROMALKR
& x| 3 untitled £
2 Content of "'VA_Compilation’ Mo | ~
Rl . 3 . .
g| Schematies ] A& Edit Component Properties
& Verilog
VHEL [N
t Odave b C++ model: VerilogAMS model of hicuml 2va
S|V CesSources Mame: [¥1 | display in schematic
c.on?talnts.h ..... o T
P disciplinebh R < Properties
@ hicumL2V3p0p00_CucsStudio.va.cpp
g ;CB |Ejﬂl}f°;-'t5 ''''' 2 . show Mame  Value Description Cx
=] ata Dusplays T -y P
| petses - ST [ ] File hicumlL2V3p0p00_| name of source file
g|? Others - ] <0 2.0E-30 GICCR constant
- -4 .
- R [ gpl 2.0E-14 Zero-bias hole charge
----- - X1 [] hf0 1.0 Weight factor for the low current minority charge
""""" [] hfe 1.0 Emitter minarity charge weighting factor in HETs
.......... [ hfc 1.0 Collector minarity charge weighting factor in HETs
---------- [ ] hjeil 1.0 B-E depletion charge weighting factor in HETs at VBE
""""" ] hjei 1.0 B-E depletion charge weighting factor in HET= W
.......... = =
---------- Edit Browse
o OK Apply Cancel
.............................................. y
< >
Show the whele document no warnings 0:0
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What do we need (7/10)?

Correspondence between C++ symbol pin numbers and terminal name of the device

1] 1 C b
e =~ =
_____ | 0 1 2 3 4
N C B E S Thermal node
-C;C++ B o (% R
64— tnode
o e oo s e s s e
File=hicumL0_v2plpl: QucsStudiova.cpp
l AKB 2021- dm041.21 10/41
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How to create a binary library (.d11)?

What do we need (8/10)7

* Once the VA code is compiled it is also possible to create a binary library which can be remotely called.

¢

7
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Project  Tools  Simulation

Mew Project..

Open Project...

Add Files to Project...
Close Project

Delete Project...

Create Package...
Extract Package...

Create User Library...
Create Binary Library...

Manage User Libraries...

Import Data...
Export to C5V...
Graph to Clipboard

WView Help

Ctrl+Shift+M
Ctrl+Shift+ 0
Ctrl+Shift+ 4
Ctrl+ Shift+W
Ctrl+5hift+D

Ctrl+5Shift+Z
Ctrl+5Shift+X

Ctrl+5hift+L
Ctrl+5hift+B
Ctrl+5hift+ U

Ctrl+5Shift+|
Ctrl+5Shift+C
Ctrl+ K

A Create DLL Library x

Library Mame: |HL2

Choose C++ files:

[] constants.h
[ ] discipline.h
hicumL 2V 3p0p00_QucsStudio.va.cpp

Cancel I Create | _

Il
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What do we need (9/10)?

* QucsStudio generates a library * .d11 from the selected * . cpp file.

* The new library can be found in the Components window and can be used in QucsStudio Schematics.

?‘ Create DLL Library & QucsStudio 3.3.2 - Project: VA_Compilation

File Edit Positioning Insert

R SRE s N RS

Library Mame: |HL2 Project

VA _Compilation_prifhicuml 2v3p0p00_QucsStudio,va.cppi920: a
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va,cppi92 1
VA_Compilation_prjfhicumL 2¥3p0p00_QucsStudio. va.cpp:922:
VA _Compilation_prifhicuml 2v3p0p00_QucsStudio. va, cppi923:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va, cppi924:

=
=
=]

Tools

6
L
&

-

X

WA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va, cppi925:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va, cppi926:
VA_Compilation_prjfhicumL 2¥3p0p00_QucsStudio. va.cpp:927:
VA _Compilation_prifhicuml 2v3p0p00_QucsStudio, va, cppi923:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va, cppi929:
VA_Compilation_prj/fhicumL 2v3p0p00_QucsStudio. va.cpp:930:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va,cppi931:
Va_Compilation_prjfhicumL 2¥ 3p0p00_QucsStudio. va.cppi932:
VA_Compilation_prifhicuml 2v3p0p00_QucsStudio. va, cppi933:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio. va, cppi934:
VA_Compilation_prjfhicuml 2¥3p0p00_QucsStudio. va.cpp:935:
VA _Compilation_prifhicuml 2v3p0p00_QucsStudio. va, cppi936:
VA _Compilation_prifhicuml 2¥3p0p00_QucsStudio, va, cppi946:
VA_Compilation_prj/fhicumL 2¥3p0p00_QucsStudio. va.cpp:947:

hicumlL2va

Projects

Conkent

Components

Library

Library created successfully.
It's available right now.|

b4 >

Close Create

— O >
Simulation  View Help
DA ey AARSKRIX »
A untitled ]
Fs
C 4 teB-
E «4pe S
T o4
X1
W
< >
no warnings 0:0

* |t is possible to associate a symbol to the DLL, it is quite complex, but well described in [6].
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What do we need (10/10)?

Robust optimizers [7]

» Despite QucsStudio optimizers were built only for circuits optimization, they can be also used for model parameter extractions.

» Grid search
» This method creates a mesh from the parameter space that consists of a user-defined number of test points. The function

value of every point is calculated and the best one is taken as a result. Of course, this is a dumb algorithm that will suc-
ceed only if the number of test points is large and the number of parameters is small.

» Steepest descent
» The classical steepest descent method is one of the oldest methods for the minimization of a general nonlinear function.

The steepest descent method, also known as the gradient descent method, was first proposed by Cauchy in1847.

* Nelder-Mead
» The Nelder-Mead method or downhill simplex method is a good choice for large optimization problems. It is capable of fin-

ding the global minimum even for non-smooth functions containing noise.
» From our experience, for model parameter optimization, Nelder-Mead algorithm is certainly the best (fast and reliable)

* 4 optimizers based on Differential Evolution (DE)
* DE is known as one of the most powerful optimization algorithms for large and complex problems.

« Differential Evolution with Global and Local differential evolution (DEGL)
* Much work has be spent on improving the differential evolution. The most powerful attempt created an algorithm called
Differential Evolution with Global and Local neighborhood-based mutations and Self Adaptive Weight factors (SAW)

7
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First parameter extraction trials with QucsStudio I

We have all ingredients in QucsStudio to start to build procedures for optimizing model parameters...

Some trials have been already done and shown in the last AKB or HICUM workshops [8], [9], [10],
[11]...

But to develop and to automatize extraction steps to be included in a complete extraction flow, more
features are necessary, like

» Data import
» Choice of parameters to be optimized
* Possibility to automatically store and load extracted parameters

Therefore Octave routines (which can be directly called from the QucsStudio GUI) have been written
(Z. Huszka) for developing a prototype allowing to extract all HICUM/L2 parameters on a single tran-
sistor
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Parameter extraction principle [11] I

A full extraction flow (more than 100 parameters to be extracted for
HICUM model) is a succession of individual extraction steps

] o ( Begin )
At each extraction step, a limited set of model parameters are extracted [ ect extraction |

on a part of electrical characteristics where these parameters are the e ——
sy e <
most sensitive ) "
Optimization | ./ A
L ) ) ) . ) Step2 |«
When it is necessary and possible, an extraction step is divided in two .
parts :
Step i
* The first one consists in a direct extraction (no optimization, no iteration) using linear or multi- B :
linear regression in order to have initial parameters, for the global optimization, close tothe  {------ >
final solution Stepn ¢ - -
* The second one is a global optimization, using optimizers as those proposed in QucsStudo  —71 5
End

Possible loops between the extraction steps

7
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What is needed in a step of parameter extraction (1/8) ?

One extraction step can be divided into 10 elementary tasks

1 Importation of measured data in the schematics

* Not possible natively with QucsStudio
» But now possible thanks to external Octave routines that can be
launched directly from the QucsStudio GUI with the gear wheel

@ or F2 key.

* The measurement can be selected via a browser —)

» Supported formats
« ST format (tabular ASCII file)

« CSV format with the following header (the right column must
the temperature at which the measurements have been per-
formed)
data namel data name2 ... TEMP

7
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Browse to and doble click on the requested *.csv or 5T data file!

Show: | *-Files (**) | Favorites v | &

A
BIP_DC/
BIP_SPARAM/
PASSIVE_SPARAM/

XBPHF16.dat
XBPHF16_A_IN1_1~XBPHF16_A_IN1~1~1.apm
XBPHF16_A_IN2_1~XBPHF16_A_IN2~1~1.apm
XBPHF16_A_IN3_1~XBPHF16_A_IN3~1~1.apm

[™ Preview
L | | |
Filename: |-/Bd/B55)/Q014039_Barrow/B55X_555SA_BARROW_

oK Cancel
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What is needed in a step of parameter extraction (2/8)7?

2 Building of the schematic

» The schematic corresponding to the measurement setup must be hand-drawn in the GUI

* Now thanks to external Octave routines, the primary and the secondary sweeps can be filled in more or less automatically
» The measured data are automatically stored into an equation box
* Then it is possible using a simple copy/paste to copy the primary and secondary sweep into the SWEEP boxes in the sche-

matic
S £ Edit Component Properties X
0 o variable dedaration by user equation
| had LALLU R Name: |sweeps_Gummel_PLot | I display in schematic
. sweeps_Gummel PLot . Properties
show Mame Value Description
] [funvee 3:0.74:0.75,0.76,0.77:0.78;0.73,0.8:0.81:0.82;0.83:0.84:0.85;0.86;0.87:0.82;0.89:0.3,0.910.92:0.93;0.94,0.95;0.96;0.97:0.98:0.95;1]|
I ' (] |fulvec [0.6:0:-0.5] |
] Export yes ¥ | put result into dataset [yes, no, GUlonly]
Add Remove &4 &
I OK Apply Cancel
=
|parameterff - - - - - - - | parameter f
Bl b S EEESE o : P
= §) lleak T EYRebe W - SW2 -
d l=ILC L G SWi1 .
+ - Sim=DCt1 - - - - - - - - - 5im=5WH1
U=Vbe N - Param=Vbc-
T‘ - Param=Vbe- Tvnezlist
- Type=list - - - - - ype=

Points=0.8-079,078,077,076.07¢ " oms=0.60:05
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What is needed in a step of parameter extraction (3/8)7?

3 Loading parameters extracted from the previous step

» Possible with external Octave routines

4 Possibility to see the impact of the model parameters on the electrical characteristics

* For that we can use the QucsStudio Parameter Tuning, very powerful and useful

A Parameter Tuning =
hicumL 2V 3p0p0a: qpd hicumL 2V 3p0p0a: hiei hicuml 2V 3p0p0a: hjei hicumL 2V 3p0poa: ahijei hicuml 2V3p0p0a: rhjei

inital: | 7e-015 || hiein IE IE 2 |
maximum: |2, 1e-14 It E E I |

Adopt [ | e

Freeze ] ]

[

Close
current: | 7e-15 I IE || 1.028 || 194 |
minmum: | 7e-16 IE 0.1 ||0.1 0.2 |

’l AKB 2021- dm041.21 18/41
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What is needed in a step of parameter extraction (4/8)7?

9 Choice of the parameters to be extracted

* Done thanks to external Octave routines

1 Ifuncticn [simvec, selpars,allpars,defaults, model , module]=simsel () ;

WOOOO =] @ LN L B

10 simind=7;
11 model="hicumL2V3p .
12 module="'"hicumL2V3p0pl"

13

14

155imsel=[' 'r' ';' 'r' 'r' 'r' !r! ';'Cf;i' '
16 ' !!! !!! !!! !’! !!! !!! ','C_.'Z:-i:l '
17 ' !'! !!!_!!! !’! !!! !!! ','hfi' '
18 ' r'! r!r;!!r r’! r!r r!r ','hfe L
19 ' 'r' !!!;!r! 'r' 'r' !r! ';'thf L
20 ' !'! !!! !!! !’! !!! !!! ','hje_l L
21 ' !'! !!! !!! !’! !!! !!! ','hje_ '
22 ' r'! r!r r!r r’! r!r r!r r’rahj.:.__ L

* The selected model parameters are then automatically passed to the optimization box

£ Edit Optimization Properties >
Properties Variables Goals
. . " [ shaw variables on schematic
- |Opt|m|zat|0n- S —T—
. ! Mame active min initial max Type
Opt‘] s fawl yes 1 27540 275400 linear

Sim=SW2 qavl yes 2.12e-015 2.12e-014 2.12e-013 linear
_ i 2 2 2 '
Nelder-Mead|10000[1e-50.11 - . . . . . » . e nesr

favi=1...27540...275400 linear .

gavi=2.12e-015..2.12e-014._2.12e-013 linear. Name: | |FA active

kavi=0._0_0lpear . . = . . . . . . min: initial: max:

em_opt=tMIN | I I |
Type: |linear « Add Delete 4 | &

r Apply Cancel
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What is needed in a step of parameter extraction (5/8)7?

6 Selection a part of the characteristics where the model parameters will be extracted

« Done using the QucsStudio range (£,x1,x2) function and equation box |equation
« Warning, if the sweep is performed from Xmax to Xmin, the range (£, x1,x2) function does not work

1e-7 D
oo
O O Measurement
O O Selected Measurement
|equation
Conditioning
U=1+Vbc-Vbec
|equation Usel=1+Vbcsel-Vbcsel
.. Ibm=U*IBm g
— 1e-8
o lcm=U*ICm < >3%000q,
vb c:hi=-0. 4 Vbesel=range(Vbc,vbc_lo,vbec_hi) m oo

7
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Ibmsel=range(lbm,vbc_lo,vbc_hi)

Ibsel=range(lb.l,vbc_lo,vbc_hi) 2
Icmsel=range(lcm,vbc_lo,vbc_hi) 5
Icsel=range(lc.l,vbc_lo,vbc_hi)
Export=yes
1e-97 o
o
5e-10 i i : :
0 0.2 0.4 0.6 0.8 1.2
VCB [V]

AKB 2021- dm041.21
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What is needed in a step of parameter extraction (6/8)7?

7 Explicit extraction by linear regressions g
variable dedaration by user equation
« Linear regression (2-variable linear regression) e i
y = a - X + b show MName Value Description
. . . | b1 w*al
y and x are known, determination of a (slope) and b (y intercept) O [w w2
1 b3 w*a3
« Multi-linear regression (multi-variable regression) S T
y = Co-fo(x)+cy-fi(x)+...+¢-fi(x)+...+¢c,-f,(x) g e e
. . ] dol sum(b1*b)
y and fy(x), f1(x), ..., f4(x) are known, determination of cg, ¢4, ..., Cp O [on o
] 022 sum(b2*b2)
] <023 sumib2*b3)
. . . . . | sum(b2*
« Neither is implemented in QucsStudio e
. . . . |02 023
A 3-variables regression has been implemented in Octave [9] 0 [wn cum(5703]
1 |do3 sum(b3*h)
* For solving the 3-variable task the regression equation boxes can be g = e
pasted to the schematic as O [0z 02321013
O d12 d02-m21*d01
|:| m31 c031/c0M
O c132 c032-m31*c012
. i . i i i i i i i . . . . . i . | c133 c033-m31*c013
. _ _ E d03-m31%d01
-lEﬂUEﬂtlDﬂ - -lE‘qUEltIDI"I - |E{1UEUDI"I O |m if{(sum(abs(a2))=0),c132/c122,0)
. . . . 1 €233 c133-m32*c123
- Regression_in - - Regression_out - 3varRegression I d13-mizdiz
I I R D e Ta i e
caz=n - - - - =2 - - de}t=at}5{t}5|rn~t}}- 0 [« ((dm-xz~co1a-xa*c[;13).a'co111 .
. 33=f2 . - - - - - {:2::':3 . . . . . EFF_FEQFSUH’IIEGEH*GEH} . asim x1*al+x2*a2+x3*a3
. a:y’ . . . . . . . . . . . . . . . . . . . bsim x1*b1+x2*b2+x3b3
_ delt abs(bsim-h)
. w_1w . delt100 100*(abs(explasim)-expla))/explal)
err_opt sumidelt*delt)
ExpD:: yes * | put result into dataset [yes, no, GUlenly]
Add Remove &4 | 3
m oK Apply Cancel
AKB 2021- dm041.21 21/41
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What is needed in a step of parameter extraction (7/8)7?

A Edit Optimization Properties >

8 Global optimization

Properties Variables Goals

« Using the QucsStudio Optimization box |Optimization| Name:  [opts |E4] show on schematic
. L . Simulation: | w | show on schematic
+ Eight optimizers are available as detailed on slide 13 [] save course of optimization in dataset
Algorithm
Method: Melder-Mead -
grid search

Maximum number of iterations:
steepest descent

Termination tolerance:

| DEGL/SAW

Relative initial step: DE fcurrent-to-pbest/1/bin
Mumber of restarts: DE/best-ofrand/2/bin
DE/bestf1,/bin

[ show algorithm on schemati DE frand;/1/bin

ey Corcel

* Table automatically filled (variable to be optimized, min and max values) thanks to Octave routines

A& Edit Optimization Properties x
Properties Variables Goals
) show variables on schematic
| Op“mlzanon J Marme active min initial max Type
Opt1 cjeil yes 3.606e-015 3.606e-014 3.606e-013 linear
Sim=SW1 wdci yes 0.05223 0.5223 5.223 linear
i 0.03548  0.3548 3.548 li
Nelder-Mead|2000[1e-5|0.1|1 » zci yes inear
cjci0=3.606e-015...3.606e-014...3.606e-013 linear
vdci=0.05223...0.5223...5.223 linear Name: | o | active
2¢i=0.03548...0.3548...3.548 linear i — p—
err_opt=1 MIN [3.606e-015 |[3.506e-014 ||3.606e-013 |
Type: linear « Add Delete a4 || &
| oK | Apply Cancel

7
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What is needed in a step of parameter extraction (8/8) I

9 Theory/experiment comparison with relative error in %

* Done using the Cartesian diagram

—— Simulation TS
60—+ @ 0 © Selected Measurement o
diagrams - ( Absolute Relative Errorin % b+ 4.5

Cartesian Polar Tabular Smith Chart 50T

@ @

Admittance Smith Polar-Smith Combi

Smith-Polar Combi 3D-Cartesian »

==

Locus Curve Timing Diagram Truth Table

#lifu | iy
1{|2 | -4
h @ 2ale @ /| ? o T4
[ I', s

CiBC [fF]
o
i

W
=3
}
na
&l
Fo Ul JOLIT aMIE| S S4nj0sqy

Eye Diagrarn Equaticn

0.5
104 T0
-25 23 21 -1=9 -1=? -1:5 -1’3 11 9 ? 5 3 -=1 7702
VBC [V]
10 Storage of extracted parameters for the next extraction step
* Done using Octave routines
’l AKB 2021- dm041.21 23/41
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Additional features I

Strobe transistors

From Verilog-A code we can have access to internal variables of the model which are often very use-
ful for parameter extraction and optimization

Then it is possible to define a dedicated device - strobe transistor - with additional nodes correspon-
ding to the internal variables to which we want to have access.

Example of some strobe transistors defined for HICUM/L2

H
hicumL2V/3p0p0a « early = —EL. Qe
‘g_ady Hieio Cueo
|EJ@ . cc = Cycio
T Ea\d Cyel
M * GanL
* Qe
hicumL2V/3p0p0c * 9m
|—%@) .« Taue = CJEI; Ciep
ue m
G-T '
* Tro
hicuml2V/3p0pQ0d
Sk * ek
_ 1
= fri = 2-n-Tg
=1 Ve

7
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Example (1/6)

Application to the extraction of the BE depletion capacitance model parameters of HICUM/L2

« Common model to all semiconductor devices
» Single transistor parameter extraction approach (no internal and external components separation)

Model equation and extraction principle

Cieno (1)
V ZEl
v
Ve
 3(Yq2 T Y4e)

Direct determination of C gg from cold S-parameter measurements C g = —

« HICUM/LZ, internal BE depletion capacitance C g =

\Y
» Linearization (methodology known since 1976 [12]) of equation |In(C zg) = IN(Cyg10) — Zg - In{1 — V—BE}
DEI

_ 2
Vpg = Maxr

« Iteration on Vg in order to maximize the correlation coefficient r? | Zg, = —slope

__inter
Cieo = €

Then possible optimization of C g9, Vpg, £Zg UsSing the previous extracted parameters as initial

guess

How this extraction principle can be implemented in QucsStudio?

AKB 2021- dm041.21
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Example (2/6)

1 The first step is to define the schematic corresponding to the measurement setup

~ freq=fspot

HICUM_L2

~1D0
. .II. .
=15
J:I:

V. .
N
1]

freq=fspot

s-parameter
simulation .

SP1
Type=list
Points=fspot
output=dc =

| |'equation'

fspot . :
fspot=1e6 .

2 Importation of the measured data and affection of the parameter sweep (Vgg)

:|ei:1ué.tidn

- filt_R7 .

7
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A Edit Component Properties *

variable dedaration by user equation

Name: |ﬁ|t_R71 | display in schematic
Properties
show Mame Value Descriptio
] Y 4,0.42,0.44,0.46,0.48,0.5]
[] TAMBEm ,25,25,25,25,25,25,25,25]
] Cm . 7447e-013,1.7788e-013]
] W 1,1,1,1,1,1,,1,1,1,1,1,10
] Export yes ¥ | put resulti
< >
Add Remave 4| | B
Apply Cancel

Sweep

£ Edit Component Properties

Properties

. - - - - - parameter sweep
pa ramete r' Simulation: ~ | display in schematic
Sweep Parameter: |h' | display in schematic
’ Swe ep ) Type: - display in schematic
: i - : : Values: 2;0.34,0.35;0.38;0.4;0.42;0.44;0.46;0.48;0.5;| [ display in schematic
mmp SV . P
Sim=5P1 . P
Param=V
Type=list display in schema
I CK Apply Cancel
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Example (3/6)

3 Visualization of measurements and selection of the range where the parameters will be extracted

:180—; 0 O Measurement
0 O Selected Measurement
|lequation ~ |equation - 16807
cLimits . . . . Data_selection . _
o vbe lo=16 .  U=1+V-v o o o _
‘vbe_hi=04  Usel=1+VbeselVbesel 1407
Cbem=UCm my
Cbeopt=exp(asim) "
Vbesel=range(Vvbe_lovbe_hi) @ 120
Cbemsel=range(Cbem yvbe lovbe hi) o
CBEsel=range(CBE vbe lovbe hi) =
Expotyes " 4001 -
o oo
QC'*:'DD
B I e T L L
00090
- B0 | | } |
.2 .. .45 . .1 .. .05 . 0. 05
VBE [V]
’l AKB 2021- dm041.21 27/41
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Example (4/6)

4 Selection of the parameters to be optimized and computation of the capacitance from the simulated
[Y] parameters
10 simind=1;

1l model="hicumLZ2V3plpl.va';
12 module=""hicumLZV3plpl"';

13
15 simsel=[" ', " ', v r, v or o n ot el ' |equati::|n
16 | D R D R R D D R R | L | L e 11 ' ’ . ’ ’

r r r r r r r 4P r _Gaﬂ_aCltaﬂCE_
17 N R e L L e I I R B0 ' ~

LI I R D I N R R R R A R - ' fSﬂGt—‘IEE s o o
18 r roL o r r r  'hte r =% *fi
LIRS R D B D R R N R I R R . ' . omega= _F]l_SEIUt_

19 r roLor r r r r 'hic i Y=sto ‘:}
20 I I L R R ';'hjE'_i:l i . 11—\?1‘1
21 N L e ','hjei ' 1_'|Ir - [,]
29 v, o T T ','ahjei i "_l||r12:\f'r[2,1]
23 AR L e ','rhjei ' 1_'{21:‘[{[1,2]
24 N L L I ','hjc:i ' }’22:‘([2,2] . o
25 L L L e e I e L ','ibeig ' CBE:|mag{y12+y11}fﬂmega
59 L e e e e e s ' CBC:'lmaQ{y12}fﬂmeQa -
&0 ' !I ' !I ' !I ' !I ' !I ' !I ' !I ' e ' : . CCS:IFHEQ{}‘E‘IﬂfEE}meega ’
61 LR N LI T I R R D B R T3t s 'E'KF:'UTT:FES' o
62 v, o T T ','c:je‘.il - e
E3ﬁ L TP R R B I L I B B B 7 e (%1 ';
G4 L L L e e ','zei ';
65 R I L D R B ','aje_ ';
66 N L L I ','ije‘_.ll -
67 L L e L ',"J-I-le‘_._ -

7
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5 Parameter extraction

Example (5/6)

» Mixed-mode parameter extraction: single parameter optimization + linear regression in the same loop

* For any starting value of Vpg| > Vgemax (t0 avoid negative In), the linear regression returns the values of C g|g and Zg,

* Only Vpg is optimized in order to minimize the error between measurement and simulation

» This method is not sensitive to the initial value of Vpg, contrary to a full 3 variables optimization where the solution is often not
unique depending on the initial estimates of C g9, Vpgj and Zg

:|e.guz.|ti|:;n

" Regressidn_in

~al=in{1 "u"beseli“vdm}'

~az=lsal -
“ai=l -

" a=In{Chemsel)-
“w=1fa-

" Export=yes -

{ Optimization [l

S Opt1 ..
- Sim=sSWt .

- MNelder-Mead|2000[1e- EIIIJ 1l1 o
- wdei=0.09778...0.9778...9.778 linear .
. zel_regr=inactive . . |
. cjeil_regr=inactive

- erm_opt=1.MIM .

: |;ag|;|ati|:|n:

JvarHegression -
asim=xT"al+x2"a2+x3%a3 -
bsim=x1*b14+x2*b24x3*b3 -
delt=abs(bsim-b]

delt100=100"{abs(exp({asim]- exp( }}-’EXPI:H}} :

arr_opt= sum[delt*delt}
Expurt yea T

A& Edit Optimization Properties =
Properties Variables Goals
show variables on schematic
Mame active min initial EH Type
vilei yes 0.09778 09778 0.778 linear
ZEi_regr no D477 04747 4.747 linear
cjeil_regr no 1.261e-014 1.267e-013 1.261e-012 linear
Mame: | | active
o min: initial: max:
: |eguatmn- S | ” ” |
" Regréssion_odt = - :
zel regr=-x1 - Type: linear - Add Delete & || B
cjeil regr=exp(x2) -
EKPD”:YES | oK | Apply Cancel
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Example (6/6

6 Final result

£ Simulation Messages > T A AR AR LH ]
q 1.261e-13| 0.9786] 0.475
Information:
A80 |~ Simulation —t——t————— 1.
Starting "1_CBE_ext_NT111A134.s5ch” onjeu. 21, oct. 2021 at 17:33:28 ) .| © O Selected Measurement
| —— Absolute Relative Error in %
creating netlist,.. done, - 1601
analysing drcuit. ., done, |
solving drcuit.., after 18 runs dane. S =
: 1404 T
saving result... done. 180T o
[T =
=" z
o @
Finished successfully after| 2,668 sec w. .| T
Ready, &.1201 3.
W =,
o 5
1007 -
rogress, | -
. . 80+
A& Edit Diagram Properties X SR (1
Data Properties Limits Legend C 60_2
Graph Properties
|CBE=1e15| |
[ Color: - Style: | solid line - Thickness: 2| c:nn | o o Measurement .
-29 41 (] 0 0 Selected Measurement
y-Axis: | left Axis - C - 9g | —— Simulation ’
Dataset Graph
1_CEE_ext_NT111A134 - CBE*1e15
- ~ plot(V,Cbem*1e15)
Name Size plot(Vbesel, Chemsel*1e15)
vdei.opt 1 plot{Vbesel, Usel*delt100)
v 90 plot{Vbesel, Usel*delt100)
frequency 1
s,11 v
511,21 v
S[2.1] v Mew Graph LS
5[2,2] v o Delete Graph &
: } : | : : : . :
| oK Apply Cancel 06 . 04  02. 0 . 02 04 06 08
o In(1-VBEVDEI) .

7
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QucsStudio worksheet for C g parameter extraction

HICUM/L2 v3.0.0 - QuesStudio 3.3.2 s-parameter Sarameter e Tube TaE
Mixed-mode CBE parameter extraction simulation sweep 1261613 10,9786 | 0.475
SP1 SWi1
Type=list Sim=SP1 - -
Points=fspot Param=V 1801 | —— Simulation o1
hicumL2V3p0p01 output=dc Type=list O O Selected Measurement
cjei0=cjei0_regr — Absolute Relative Error in %
vdg:vgiel 1607
zei=zei_regr
flsh=2 — Optimization|
temp=temp Lﬂ — 3
| Optt 1407 o
L . Sim=SW1 my 2
. 1 yoo Nelder-Mead|2000|1e-5/0.1|1 : o
- vdei=0.09778...0.9778...9.778 linear @ 1201 o
= zei_regr=inactive (&) Q
- U=V cjei0_regr=inactive 5
err_opt=1 MIN 1004 X
) -
equation equation equation
Boltzmann track_card Capacitances 80;
temp=TAMBmM[1] fspot=1e6
Tk=temp-TOK equation omega=2*pi*fspot
VT=kB*Tk/qelectron filt R7 Y=stoy() 60 1 ; ; ;
Rmin=1e-4 - y11=Y[1,1] -2 -1.5 -1 -0.5 0 0.5
y12=Y[2,1] VBE [V]
y21=Y[1,2]
y22=Y[2,2]
; ; CBE=imag(y12+y11)/omega
t t
|99U? on |equa lon . CBC=-imag(y12)/omega o0 O O Measurement
Limits Data_selection CCS=imag(y21+y22)/omega -29.41 9o O O Selected Measurement
vbe_lo=-1.6  U=1+V-V Export=yes ° —— Simulation
vbe_hi=0.4 Usel=1+Vbesel-Vbesel
Cbem=U*Cm
Cbeopt=exp(asim) 2964
Vbesel=range(V,vbe_lo,vbe_hi) ’
Cbemsel=range(Cbem,vbe_lo,vbe_hi)
CBEsel=range(CBE,vbe_lo,vbe_hi) o
_ [}
Export=yes G -29.87
IS
equation equation equation
Regression_in 3varRegression Regression_out 30+
al=In(1-Vbesel/vdei) asim=x1*al+x2*a2+x3*a3 zei_regr=-x1
a2=Usel bsim=x1*b1+x2*b2+x3*b3 cjei0_regr=exp(x2)
a3=0 delt=abs(bsim-b) Export=yes
a=In(Cbemsel) delt100=100*(abs(exp(asim)-exp(a))/exp(a)) -30.21
w=1/a err_opt=sum(delt*delt)
Export=yes Export=yes | | | | | | | | |
06 04 02 0 02 04 06 08 1
In(1-VBE/VDEi)
AKB 2021- dm041.21 31/41
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What about scalable parameter extraction (1/2)? I

Parameter extraction using QucsStudio is possible only on single device

But with some assumptions, HICUM/L2 internal (area component) and external (perimeter compo-
nent ) model parameter can still be extracted

It is assumed that the electrical characteristics of the transistor are a linear function of the area and of
the perimeter of the device.

Therefore the area (X,) and perimeter (Xp) components of a variable X can be easily extracted using
the well known technique

X P
Z\ = XA+XP'Z\

This can be done with an external program

Once the area and perimeter characteristics are determined, they can be pasted to QucsStudio, and
the model parameter of the area and perimeter components can be extracted as it was a single
device

7
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What about scalable parameter extraction (2/2)?

Example of HICUM/L2 parameter extraction of the internal and external BE depletion capacitance

7
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u=v
hicumL2V3p0poe T—] ¥
vdei=vdei
zei=zei . Vv
vdep=vdep T

e
— U=V cjei
rpmor UV |

e

CiCi
cjcx

I
=

temp=temp

equation

track_card

equation

filt_R7_NS122A082

|equation |equation
LimitsA LimitsP
V_loA=-2 V_loP=-2
V_hiA=0.2 V_hiP=0.5

50

dc simulation parameter

DCA sweep
output=none SW1
Sim=DCH1
equation _?afamlf\t/
Boltzmann ype=is
temp=TAMBm[1]
Tk=temp-TOK
VT=kB*Tk/qgelectron
Rmin=1e-4
equation
DataP

VselP=range(V,V_loP,V_hiP)
VmPsel=range(U*Vm,V_loP,V_hiP)
CmP=CPm
CmPsel=range(U*CmP,V_loP,V_hiP)
cjepsel=range(cjep.V,V_loP,V_hiP)
cjepO=average(CmPsel/cjepsel)
cjepsim=cjep0*cjepsel
deltP=abs((CmPsel-cjepsim)/CmPsel)
err_optP=sum(deltP*deltP)
Export=yes

0.75
O O Cjei_meas
—— Cjei_opt &
458 | error .“,
0 ¢ T0.6
() "}\'
40T o) /:: /
o T0.45
m 4
o
O
r0.3
r0.15
0

Vbe [V]

[%)] 10110

Optimization

Opt1

Sim=SW1
Nelder-Mead|10000|1e-5|0.1|1
vdei=0.07...0.6...7 linear
z€i=0.01...0.5...0.9999 linear
vdep=0.07...0.6...7 linear
zep=0.01...0.5...0.9999 linear
err_optA=1 MIN

err_optP=1 MIN

DataA

HICUM/L2 v3.0.0 - QucsStudio 3.3.2
equation Cjei, Cjep parameter extraction

U=1+V-V
VselA=range(V,V_loA,V_hiA)
VmAsel=range(U*Vm,V_IoA,V_hiA)
CmA=CAm
CmAsel=range(U*CmA,V_loA,V_hiA)
cjeisel=range(cjei.V,V_loA,V_hiA)
cjei0=average(CmAsel/cjeisel)
cjeisim=cjei0*cjeisel
deltA=abs((CmAsel-cjeisim)/CmAsel)
err_optA=sum(deltA*deltA)

Export=yes
oo Cjepfmeas
603 | — Ciep_opt
—— error

Cjep [fF]

AKB 2021- dm041.21
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Final results (1/3)

Similar worksheets can be defined for the extraction the other HICUM/L2 model parameters

The determination of all HHCUM/L2 parameters can be done with less than 20 worksheets

* Very good results for both DC, fy and f,5x characteristics
* All plots done with QucsStudio (circles correspond to measurements and lines to simulations)

1+

=
=]

Fmax/ max fmax
=
[=1]

=
Y

02T

| | Ty
07 0.75 0.8 0.85 09

140+ |—— VCE=0.
— VCE=0.
— VCE=0.3
| |—— VCE=0.
120 VCE=0.
o —— VCE=-1.
£ 100t
< =]
E g
2 E a0+
@
£2
E a0

0.7 0.75 0.8 0.85 0.9
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Output characteristics at constant Ig

Final results (2/3

14T [=—1B- 021 —— B =021 yAl
— IB- 043 pA . a0 — B-0434A
— B-110pA - — B-1.10pA
12 — [B=21i0pA . o g e = B - 2.10 pA|
IE - 430 pA . — B-a30pA
IE - 11.0 pA IB - 11.0 pA
10T (= IB= 2104 —— B -21.0uA
204
&
o 15t
z o :
T a
2] Er
"
R T
o o
.2— _5-- a
.
L
-4 t t t t t t t t t t -10 + t t t u t + + t t t
0.4 02 Q 02 0.4 06 08 i 12 14 16 18 0.4 a2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1B
VCE[V] Vee [V]
1 — — B - 021 A
IB- 021 pA —— IB-0.43 A
—— B- 043 A 204
— IB- 1.10pA = B - 1.10 pA|
121 (—— IB=z10pA —— B-210pA
IB- 430 pA . — IB - 430 uA
IB=11.0pA a7 IB - 10.0 A
10— |=— |B= 21.0pA — B- 210 uA
204
&
—_ = 15T
7 o z
= & 1ot
4 [ e o
2 ]
oy e T e N e e e
o 5t n
.
-4 t + u + t + + t + -0 } } } } } I } } |
0z 01 o o1 0z 0.3 04 05 06 07 0.8 ] 01 0 0.1 02 0.3 04 0E 06 07 0E

VCE[V]
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Final results (3/3)

Despite the results on output characteristics are very good, looking in more detail at the characteris-
tics in the saturation region (low Vg and high I¢) and also looking at the output conductance (g,),

bumps are visible

These bumps are due to the Ick parameter (which is bias dependent), and we have still the same
questions

* Is this issue due to an extraction problem (wrong combination of model parameters)?

* These bumps are mainly due to the Vsgg parameter [13] which cannot be the same to accurately fit both ft and output
characteristics

* Is this issue due to an inaccuracy of the |cx model formulation?

Where is the truth?

Hoping to have an answer for a future AKB or HICUM work-
shops

* All volunteers who want to work on this subject are welcome

[HE TRUTH 1o OUT THERE

7
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Strengths,

QucsStudio parameter extraction SWOT

“Turn-key” VA compiler
Various robust optimizers
Parameter tunning

Very good circuit simulator
High quality graphical output
User-friendly GUI

A unique tool for people who want to develop and test

new extraction routines in few minutes

Extension to other models

Possible to use for MHC, model validation,
training and teaching

S
OT

eaknesses, Opportunities and Threats of QucsStudio for parameter extraction

» As for all free software can disappear if the

developers stop to support the program

* Free software don’t mean free development. No
funding to ensure the life time and the evolution of

the product

P pPayPal
Donate

5€ K

AKB 2021- dm041.21
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Summary I

Don't make us say what we didn't say

The goal of this presentation is not to said that QucsStudio can replace commercial tools like ICCAP
or UTMOST

But only to demonstrate that, with the development of external Octave routines, it is possible and very
easy to use QucsStudio for the development and validation of new extraction routines without to have
to spend many hours to write hundreds of lines of code

Prototype available for HICUM/L2
Possibilities and limits shown in the SWOT analysis

Perspective?

» Extension to other compact models, but for that resources, competences, time and motivation are needed...

life.augmented AKB 2021- dm041.21 38/41



Conclusion I

# QucsStudio + ) = QUEST

Octave
A Quasi Universal EStraction Tool

(sorry for the typo!...)

For any questions or additional information, don’t hesitate /)
o/

« didier.celi@st.com
» zoltan.huszka@t-online.hu
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