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Outline

• Tool overview

• TRADICA version A5.2

• Statistical modeling 
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Tool overview
Motivation:  importance of geometry scaling for circuit des

• TRADICA is a tool for 
• consistent model parameter generation (across sizes for same m
• device sizing
• automated parameter extraction from device simulation 
• educational purposes 

• Statistical and matching simulation is performed in a consist
• internal model evaluation  =>  used for corner library generation
• control of external simulators => used for simulating circuit yield, 
• integration design system  => seamless link between foundries, m

• Extension towards models for complete device portfolio of h
• correlated statistical simulation
• supports organized modeling effort 

⇒  fast parameter generation  and  sizing 
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Device portfolio
... typical for h.f. circuit design and process technolo

(solid red boxes indicate models already existing in TRADICA, dashed boxes indic
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Design rules
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⇒  transistor sizing
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What does TRADICA do ?
Process specific parameters

sheet resistances, 
 capacitances per area,  

sat. currents per area,
...  

Transistor configurations
E width and length, number 
of E, B, C stripes, location ... TRADICA

model char
(fT, fmax, NFmin ... 

geometry and bias)
as function of model parameters

device libraries
for specified bias points

Process control 
monitor (PCM) 

 data 
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TRADICA version A5.2
summary of new features

• completely re-designed graphical user interface (GUI)  =>  t
• handling of multiple devices 
• link to DEVICE, external simulators 

• modular parameter extraction 
• C-V, I-V, transit time, data conversions -  first version for device si
• modules can be used to build flexible batch-based procedure 

=>  extremely fast re-extraction after process change or new mea

• user-defined geometry scaling
• on top of standard equations
• any specific model parameter as function of any geometry param

• statistical modeling (incl. correlated PCMs via TPs)   →   see
• procedure with TRADICA controlling circuit simulation
• GUI under construction
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Statistical modeling
existing solutions

• Monte-Carlo variation of model parameters
• ignores any (partially strong) correlations between model parame
• completely ignores correlations between closely spaced transisto
• computational effort becomes quickly prohibitive 
• determin. of statistical model parameter distribution is extremely ti
• not predictive 

=>  needs a long time to generate wrong res

• Worst-Case (WC) methods
• eliminates computational efficiency issue of MC methods at the c

but still requires time consuming preparation:
• often used with principle component analysis, completely ignoring

=> not predictive
• originated from digital CMOS with delay time as only FoM   =>  si
• what does WC mean for an LNA, mixer, PA, oscillator ... ?

=>  not (directly) applicable to analog and h.f.

• process and device simulation: extremely time consuming 
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Process Control Monitor (PCM) base
with physics-based compact models ..

• (quickly) measurable electrical basic data as input (sheet 
per area...)

• physics-based compact models naturally capture also geom
=>  enable matching simulation

• built-in accurate correlation between model parameters 

• no need for WC models  =>  applicable to all classes of circu
(but still can be used to create WC models for specific FoMs

.. and in combination with DoE and RSM

• Design of Experiment (DoE) approach with Response Surfa
cally reduce computational effort (as compared to MC metho

but: need modification of simulation flow control in
can be done by adding an additional lay

(cf. Aspire(Mentor), Spayn(Silvaco) ... or TRA
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Existing status

• terminology:  statistical modeling    vs.   statistical  design 

• development of additional equations for SiGe LEC HBTs   =

• definition of technology parameters (TPs) and separation fro

• definition of clear procedure for 
• shifting typical to nominal parameters
• statistical simulation including correlations between different devic

• mapping of PCM variation (standard deviations) to TP variat

• verification: ongoing for 
• 1D device simulation (LEC, conventional profile) 
• measurements (Atmel-SIGE2);  looking also for data for conventio
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Statistical modeling: Process Control M
... for high-frequency applications

• (general) requirements
• satisfy both process control and modeling 
• fast and easily measurable (sheet resistances, bias points) 
• information on high-frequency transistor behavior: at least the dep

(figures of merit, such as fT, are desirable but usually are too tim
production environment)

• test structures and PCM variables

structure measurement condit
(rectangular) transistor tetrode zero-bias

large area high-speed transistor BE zero-bias, BC zero-bi
currents at low forward b

large area high-voltage transistor
(without SIC)

BC zero-bias, BC punch-thr
currents at low forward b

various simple contact chains ... DC I-V (single bias poin
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•
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Statistical modeling: procedu
PCM and compact model based statistical modeling and sim

p

device
charact.

count

FoM

count

p

σp = Apt σt 22

many PCMs are correlated 
⇒  cannot be used for statistical modeling
⇒  express by technology parameters

TP examples:
• doping concentrations 
• vertical widths (e.g., collector, base, emitter)
• lateral dimensions (e.g., emitter width)

p: PCM vector as (relative) standard dev. 
• measured on production wafers

t: technology parameter vector 
• given by process conditions or 
• determined from p via (backward) propaga-

tion of variances

simulation effort reduction:
• Design of Experiment (DoE) method
• Response Surface Method (RSM)

RS fit & random 
generation
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First results: statistical mode
internal base sheet resistance   and   peak transit frequenc

=> accurate model equations

 85

 90

 95

 100

 105

 110

 115

 120

 125

 130

-4 -3 -2 -

 85

 90

 95

 100

 105

 110

 115

 120

 125

 130

 500  1000  1500  2

∆r
rS

B
i

rNBEi

f T
,p

f T
,p

-3σ



13

HICUM Workshop Statistical modeling

t design
as

e figure, delay time...

. process variations

mixer circuit:
 © MS

"Desired" results: statistical circui
• response surfaces of selected figure(s) of merit (FoM) such 

• for a compact model: fT, power gain, noise figure ...
• for a circuit: power gain, conversion gain, distortion (e.g. IP3), nois

• ... as well as probability distribution and yield curve
=> can be used to explore the sensitivity of a circuit w.r.t

• so far: TRADICA/MATLAB environment

required: design system integration 

∆cjCi0
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Integration in design environm
options

• coding of scaling equations in simulator scripts
• limited language capability
• different syntax in different simulators 

=>  least common denominator permits only very simple equatio
• parameter values included in code => one script for each device 
• new copy of script for each process version
• new copy of geometry scaling code also for each model 

=> number of scripts increases rapidly over time  => very high m
• does not solve issue of computational effort (due to MC simulatio

• coding in Verilog-A
• better language capability and better defined across simulators (b
• can read numerical values from file
• but: all other issues mentioned before remain 

additional issue for foundries: IP (equations, data) is ope

• separate special program (like TRADICA)

=>   eliminates all of the above, even adds more 
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Advantages of using TRADICA in desig
as compared to geometry pre-processor in circuit simula

• updates for new device configurations and structures outsid
• far easier and faster testing
• only have to maintain single source of scaling, predictive, statistic
• no limitation of script language constructs (=> higher flexibility and
• runs with any circuit simulator  =>  allows modular integration con
• has been used for model generation and been continuously deve

=>  huge experience and versatility and available now !!

• allows easy integration of sophisticated equations (incl. runn
• semi-numerical solution of heat equation for geometry scaling
• predictive and statistical model equations (incl. correlation betwee
• fast numerical solution for parasitic structures (e.g. h.f. substrate c

⇒  easy generation of a compact model hierarchy (incl. m
satisfying different design needs

• automated generation of other models from reference mode

• allows sophisticated device sizing methodologies aiding circ

• coupling with device simulation aids process development, c
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	• Tool overview
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	Tool overview
	Motivation: importance of geometry scaling for circuit design and optimization
	• TRADICA is a tool for
	• consistent model parameter generation (across sizes for same model and across models!!)
	• device sizing
	• automated parameter extraction from device simulation
	• educational purposes

	• Statistical and matching simulation is performed in a consistent way
	• internal model evaluation => used for corner library generation
	• control of external simulators => used for simulating circuit yield, process variation sensitivity
	• integration design system => seamless link between foundries, modeling and design houses

	• Extension towards models for complete device portfolio of h.f. process technologies
	• correlated statistical simulation
	• supports organized modeling effort


	ﬁ fast parameter generation and sizing criteria

	Device portfolio
	... typical for h.f. circuit design and process technologies employed
	(solid red boxes indicate models already existing in TRADICA, dashed boxes indicate models under ...


	What does TRADICA do ?
	TRADICA version A5.2
	summary of new features
	• completely re-designed graphical user interface (GUI) => targetted towards
	• handling of multiple devices
	• link to DEVICE, external simulators

	• modular parameter extraction
	• C-V, I-V, transit time, data conversions - first version for device simulation
	• modules can be used to build flexible batch-based procedure => extremely fast re-extraction aft...

	• user-defined geometry scaling
	• on top of standard equations
	• any specific model parameter as function of any geometry parameter

	• statistical modeling (incl. correlated PCMs via TPs) Æ see next slide
	• procedure with TRADICA controlling circuit simulation
	• GUI under construction



	Statistical modeling
	existing solutions
	• Monte-Carlo variation of model parameters
	• ignores any (partially strong) correlations between model parameters of single transistor
	• completely ignores correlations between closely spaced transistors (i.e.intra-die correlation)
	• computational effort becomes quickly prohibitive
	• determin. of statistical model parameter distribution is extremely time consuming & erroneous
	• not predictive


	=> needs a long time to generate wrong results !!!
	• Worst-Case (WC) methods
	• eliminates computational efficiency issue of MC methods at the circuit design level .... but st...
	• often used with principle component analysis, completely ignoring device physics => not predictive
	• originated from digital CMOS with delay time as only FoM => single circuit class
	• what does WC mean for an LNA, mixer, PA, oscillator ... ?


	=> not (directly) applicable to analog and h.f. circuits
	• process and device simulation: extremely time consuming


	Process Control Monitor (PCM) based methods
	with physics-based compact models ...
	• (quickly) measurable electrical basic data as input (sheet resistance, capacitance per area...)
	• physics-based compact models naturally capture also geometry scaling effects => enable matching...
	• built-in accurate correlation between model parameters
	• no need for WC models => applicable to all classes of circuits (but still can be used to create...

	.. and in combination with DoE and RSM:
	• Design of Experiment (DoE) approach with Response Surface Method (RSM) drastically reduce compu...

	but: need modification of simulation flow control in design system
	can be done by adding an additional layer (cf. Aspire(Mentor), Spayn(Silvaco) ... or TRADICA)

	Existing status
	• terminology: statistical modeling vs. statistical design
	• development of additional equations for SiGe LEC HBTs => predictive capability
	• definition of technology parameters (TPs) and separation from PCMs
	• definition of clear procedure for
	• shifting typical to nominal parameters
	• statistical simulation including correlations between different device types

	• mapping of PCM variation (standard deviations) to TP variation using BPV
	• verification: ongoing for
	• 1D device simulation (LEC, conventional profile)
	• measurements (Atmel-SIGE2); looking also for data for conventional HBT profile


	Statistical modeling: Process Control Monitors (PCM)
	... for high-frequency applications
	• (general) requirements
	• satisfy both process control and modeling
	• fast and easily measurable (sheet resistances, bias points)
	• information on high-frequency transistor behavior: at least the depletion capacitances ! (figur...

	• test structures and PCM variables

	structure
	measurement condition
	PCM

	Statistical modeling: procedure
	PCM and compact model based statistical modeling and simulation flow (schematic)
	• many PCMs are correlated ﬁ cannot be used for statistical modeling ﬁ express by technology para...
	• TP examples:
	• doping concentrations
	• vertical widths (e.g., collector, base, emitter)
	• lateral dimensions (e.g., emitter width)

	• p: PCM vector as (relative) standard dev.
	• measured on production wafers

	• t: technology parameter vector
	• given by process conditions or
	• determined from p via (backward) propagation of variances

	• simulation effort reduction:
	• Design of Experiment (DoE) method
	• Response Surface Method (RSM)



	First results: statistical modeling
	internal base sheet resistance and peak transit frequency vs base doping (TP)

	"Desired" results: statistical circuit design
	• response surfaces of selected figure(s) of merit (FoM) such as
	• for a compact model: fT, power gain, noise figure ...
	• for a circuit: power gain, conversion gain, distortion (e.g. IP3), noise figure, delay time...

	• ... as well as probability distribution and yield curve
	=> can be used to explore the sensitivity of a circuit w.r.t. process variations
	• so far: TRADICA/MATLAB environment

	required: design system integration

	Integration in design environment
	options
	• coding of scaling equations in simulator scripts
	• limited language capability
	• different syntax in different simulators => least common denominator permits only very simple e...
	• parameter values included in code => one script for each device flavor (high-speed, ...)
	• new copy of script for each process version
	• new copy of geometry scaling code also for each model => number of scripts increases rapidly ov...
	• does not solve issue of computational effort (due to MC simulation)

	• coding in Verilog-A
	• better language capability and better defined across simulators (but still not identical)
	• can read numerical values from file
	• but: all other issues mentioned before remain


	additional issue for foundries: IP (equations, data) is open to external users
	• separate special program (like TRADICA)

	=> eliminates all of the above, even adds more advantages

	Advantages of using TRADICA in design framework
	as compared to geometry pre-processor in circuit simulator or in subcircuit
	• updates for new device configurations and structures outside of simulator
	• far easier and faster testing
	• only have to maintain single source of scaling, predictive, statistical code
	• no limitation of script language constructs (=> higher flexibility and functionality)
	• runs with any circuit simulator => allows modular integration concept
	• has been used for model generation and been continuously developed for >20 years => huge experi...

	• allows easy integration of sophisticated equations (incl. running external simulators)
	• semi-numerical solution of heat equation for geometry scaling
	• predictive and statistical model equations (incl. correlation between devices)
	• fast numerical solution for parasitic structures (e.g. h.f. substrate coupl.) for geometry scaling


	ﬁ easy generation of a compact model hierarchy (incl. model compaction), satisfying different des...
	• automated generation of other models from reference model
	• allows sophisticated device sizing methodologies aiding circuit synthesis
	• coupling with device simulation aids process development, concurrent engineering




