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Summary. Time-marching simulation of electronic circuits using the U.C. Berkeley
program Spice and variants has been a standard practice for electronics engineers
since the mid-1970s. Unfortunately, the development cycle of Spice models may be
lengthy because device model equations and their derivatives must be coded man-
ually. Also, many files in the source tree must be modified to define a new model.
fREEDA®, an object-oriented circuit simulator under development at several univer-
sities, overcomes many limitations of the conventional electronic model development
paradigm. A key to this implementation is the ADOL-C package, which is used to
automatically evaluate the derivatives of the device model equations. As a result
models are more compact and the development time is shorter. The development
history of selected Spice models and their fREEDA®counterparts are presented to
illustrate the advantages of this approach. Further information on fREEDA®can be
found at http://wuw.freeda.org.
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1 Introduction

Computer-aided simulation of electronic circuits has been common since the
mid-1970s when the U.C. Berkeley program Spice [1] was made available to
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an electronics industry that was increasingly engaged in the development and
manufacture of integrated circuits based on semiconductor devices. In prior
decades, most electronics systems were based on collections of discrete semi-
conductor devices or vacuum tubes which were connected by discrete wires
or by printed circuit board wiring. These systems were amenable to relatively
low-cost prototype production and laboratory observation of every intercon-
nection point using measuring equipment familiar to electrical engineers. By
the mid 1970s, however, integrated circuits with hundreds or thousands of in-
terconnection points — most not observable in a laboratory setting — had ren-
dered the existing prototyping paradigm obsolete. Since then, pre-production
validation of integrated circuit designs has relied heavily upon Spice simula-
tion. Spice was not the first simulator produced at U.C. Berkeley, but it did
benefit from research done on earlier generations of simulator engines during
the 1960s. Over the years, Spice has been ported successfully to generations
of less expensive computers. Today it is both economical and common to sim-
ulate even discrete circuits implemented on printed circuit boards prior to
building prototype models.

Time-marching simulation using state variable-based models was also ini-
tially developed in the 1960s [2]. Such simulators formed and solved systems
of differential equations. However, these programs fell out of favor because
Spice’s modelling philosophy led to purely algebraic systems of equations that
were inherently more sparse than the state variable approaches. Interest in
this approach was renewed when researchers in the discipline of microwave
engineering became interested in combining a device’s interactions with elec-
tromagnetic fields [3]. Spice analyses are limited to voltage and currents only,
and so a new simulator environment based on state variable analysis was
created to permit this form of analysis. This initial effort has evolved into
fREEDA® [4]. Presently, fREEDA®is the only netlist-driven circuit simula-
tor available to the public which uses Automatic Differentiation (AD). One
prior effort including AD is disclosed in [5], but this simulator was not netlist-
driven. One other effort [6] reported significant results in modelling Metal
Oxide Semiconductor transistors with several (AD) tools, but the simulator
environment was not made publicly available.

2 Background

2.1 Constitutive Equations and Network Equations

Computer-aided circuit analysis in its most basic form is comprised of two
kinds of equations [7, 8], constitutive and network equations. Constitutive
equations usually express voltage as a function of current (in units of Amperes)
or vice versa for a particular element. Figure 1(a) shows a generic two-terminal
element where the voltage across the element is defined with respect to posi-
tive and negative terminals, and current is defined positively as flowing from
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the positive to the negative terminals. The current has a vector quality in the
sense that the arrow in Fig. 1(a) may be reversed and the magnitude negated.
Figure 1(b) shows a linear resistor, a simple impedance elements described
by Ohm’s law, v(t) = Ri(t) [9] or the admittance form, i(t) = Guv(t), where
G = 1/R. Network equations govern the interconnection of elements, and
there are two forms based on Kirchoft’s Current (KCL) and Voltage (KVL)
Laws. Owing to the simplicity of matrix formulation [10, 11] for circuit sim-
ulation, the KCL equation form is preferred. The KCL equation form of the
matrix is called a Modified Nodal Admittance Matrix (MNAM) [12] because
most entries in the matrix have the physical dimension of an admittance (a
ratio of current to voltage), but provisions are made through a form of domain
decomposition to permit the entry of circuit elements with different physical
units. Figure 1(c) shows a network of three generic two-terminal devices. No-
tice that one node (or terminal) in the circuit is always designated as the
reference node so that the MNAM formulation will be non-singular.

Positive Terminal i(t) = Gv(t) Node 1 ] Node 2
o O (1) y
[
I
. . + Vz(t) -
v(t) [] i(t) v(t) i(t) * +
- - vl(t) il(z) v3(t) i3(t)
o o Al
Negative Terminal Node 0 = (Reference Node)
(a) (b) (c)

Fig. 1. (a) Element constitutive equations; (b) Resistor; (¢) Network equations.

2.2 Forms of Circuit Simulation

The two best-known and longest established forms of circuit simulation are
known as transient analysis and AC (i.e. “alternating current”) analysis. Both
forms were available in the first release of Spice. Transient analysis is time-
domain simulation of the circuit using quadrature integration. Linear and
nonlinear differential circuit equations are discretized using either the back-
ward Euler or trapezoidal interpolating functions, and the integration from
one time step to the next is governed by an iterative procedure using either
Newton’s method or the minimization of some error function. AC analysis
is frequency-domain simulation of the circuit and is supported only for linear
circuit elements in FREEDA®, so it will not be discussed further; the emphasis
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here is on transient analysis. Underlying both analysis forms is a form known
as DC (i.e. “direct current”) analysis, which is used to establish the initial
operating conditions for both transient and AC analysis.

One other popular form of circuit simulation that is not present in Berke-
ley’s Spice but has been implemented in fREEDA® [13] and other simula-
tors [14, 15] is called Harmonic Balance (HB) analysis. HB is an implemen-
tation of Galerkin’s methods [16] for finding the steady-state response of a
nonlinear network. HB will not be discussed in depth, but its method for for-
mulating the MNAM — which differs drastically from that of Spice — has been
applied to fREEDA®transient analysis [17], and this will be discussed in some
detail in Sect. 3.2.

2.3 Constitutive Equations for Elements of Interest

Most transient simulation models are composed of combinations of simpler ele-
ment models. Those models most useful to the present discussion will be briefly
reviewed. Resistors were mentioned in Sec. 2.1. Inductors and capacitors are
linear dynamic elements and are described by differential equations [10]. Re-
sistors, capacitors, and inductors often appear within semiconductors in non-
linear forms and are described by Taylor series expansions in these cases.
Nonlinear elements such as semiconductor diodes and transistors are also
described by a set of constitutive equations [18]. The diode is perhaps the
simplest nonlinear element. Figure 2(a) shows the diode, a device where the
current is an exponential function of voltage. A simplified equation for a dis-
crete diode is i(t) = Is(exp(v(t)/Vr) — 1), where I is known as the reverse
saturation current and Vr, the thermal voltage (Vr ~ 26 mV at 300K), is a
threshold voltage beyond which the exponential behavior becomes apparent.
Figure 2(b) shows the behavior of a typical 1N4153 diode [19]. Figure 3(a)

Fig. 2. (a) Diode element; (b) Current as a function of voltage for a 1N4153 diode.

shows an abstract element form called a 2-port [10], which allows for the arbi-
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trary definition of transfer function relationships between two pairs of conduc-
tors. For example, i1(t) = f(v1(t),v2(t),i2(t)) or ia(t) = f(va(t),v1(t),i1(t)).
A generalization to an N-port allows for the arbitrary definition of transfer
functions from each of N ports to N—1 other ports. Port transfer functions are
usually provided in matrix form. The constitutive equations for multi-terminal
semiconductor devices may be viewed as specific instances of a multi-port.

Finally, circuit simulation often uses two other abstract forms known as
ideal voltage and current sources. These are shown in Fig. 3(b—c). They are
“ideal” in the sense that their voltages and currents are not related by in-
trinsic device behavior, but instead are functions of the circuit connections.
Specifically, an ideal voltage source has zero internal impedance, so its cur-
rent is a function of the rest of the circuit. Also, an ideal current source has
an infinite internal impedance, so its voltage is a function of the rest of the
circuit. These ideal sources are important in equivalent circuit modelling of
real devices.

i(t) # fiv(t)) V(1) # fli(1))
O O
i1 i1
o— | 5 + +
+ + v(t) (D i(t) v(1) CD it
v 1) 1) — _
_ =
i1 i)(1) o o
(a) (b) (©)

Fig. 3. (a) Abstract 2-port element; (b) Ideal voltage source; (c) Ideal current
source.

3 Transient Circuit Simulation Device Modelling

3.1 Spice and Companion Modelling

A 1984 publication reviewing the history of circuit simulation [20] credits
Rohrer and a group of graduate students with finding that nonlinear circuit
elements could be modelled in the time domain by permitting an equivalent
linear circuit of resistors and ideal current sources to have their model values
updated not just at time steps within the simulation, but also at different iter-
ates of a Newton iterative loop at a given time step. (Partial disclosure of this
technique was given in [21].) This equivalent circuit model was first described
as the “Associated Discrete Model” in the literature [7], but more recently it
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has been termed simply a “companion model.” Companion modelling became
the standard method for implementing a nonlinear device model in Spice, and
it remains unchanged to this day.

Companion modelling usually features time discretization of the element’s
equations and incremental linearization of the nonlinear models to permit
Newton iteration. The effect of only time discretization only can be seen in
the companion models for linear capacitors and inductors [7, 22]. Here the
companion model for a nonlinear device — a semiconductor diode — will be
developed. In the equations that follow, time will be discretized assuming the
backward Euler rule and j will indicate the iterate. The companion model
begins with the constitutive equation:

Flo) =it) = I [eXp (”‘Z)) - 1} . (1)

Next, to facilitate Newton iteration, the partial derivative of (1) with respect
to v must be obtained:
of I v(t)
— =—c — ] . 2
ov VT P VT ( )

Now, (1) and (2) are substituted into (3) defining the Newton iteration, with
the result in (4):

of(v’)

F@) = f(07 4 L) m f(07) + 5o o = 3)
it = I {exp <‘12> — 1] + ‘% exp (5;) (v —07) . (4)

From the form of (4), it can be seen that the result is an equivalent circuit
consisting of an ideal current source (with value set during the previous itera-
tion) and a resistor. These terms are identified in (5) and (6). Note that time
is not explicitly discretized in this model, but time discretization is implied
in the iterated voltage values, which are functions of time.

, vl I.v? vl

I}, =1 — ) =1 - == _
o [exp (VT> ] Ve P (VT> ©)
- I vl

Gy = Vi exp (VT) ) (6)

Consider now a simple circuit consisting of an ideal current source, a re-
sistor, and a diode as shown in Fig. 4(a). In this circuit, there is only one
node other than the reference node, and thus the Newton iteration is on only
one equation. It is still illustrative, but bear in mind that circuits with more
than one node will require Newton iteration on vectors, and this will require
Jacobian matrices. For this simple circuit, the analysis task is to determine
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the currents through the resistor and diode at all times. Note that the resis-
tor current is dependent on the diode voltage, so that the solution depends
wholly upon the diode. The Spice transient analysis method substitutes the
companion model for the diode, transforming the circuit into the collection
of resistors and current sources shown in Fig. 4(b). Equations (7-8) show the
results of the companion model substitution. Applying KCL at the top node
(or terminal) of Fig. 4,

I = ij+1 + ij+1 = ij+1 = Igc — ij+1 = ng + ggqvj+1 (7)
_JJ

= It = Lsre I'eq ) (8)
G+ ggq

The Spice transient analysis routine will perform Newton iteration at every
time step, updating the MNAM with new ggq values and the vector of sources
with new I7, values at every iteration until convergence. At each iterate, the
time step is reduced so that the values of v/*! approach v7.

l i(t)
+

(1) 6 Dwy—14 (1) 62 1

lEe
1

(a) (b)

Fig. 4. (a) Simple circuit containing a diode; (b) Equivalent circuit containing
companion model.

The obvious advantage of companion modelling is now apparent. Through
companion model substitution, nonlinear behavior is reduced is reduced to a
simple linear form. In addition, Spice transient analysis is reduced to a simple
extension of Spice DC analysis with Newton iteration. However, the algebraic
model form must be obtained by mathematical analysis and inserted into the
model code, and this form is not always easily obtained. Moreover, an un-
fortunate consequence of updating model values as a simulation progresses
is that the MNAM contents change at every time step and at every Newton
iterate within a time step, and so the computationally expensive LU factoriza-
tion performed on the MNAM gets no reuse. Philosophically, the companion
model is a mathematical abstraction that risks departing from the underlying
physics of the device in order to facilitate a simulation method consisting of
equivalent circuit models with very few elements.
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3.2 fREEDA®and State Variable Based Modelling Using ADOL-C

In FREEDA®, device element models are faithful replicas of the physical equa-
tions describing the device. Consider the currents and voltages at the ports
of a nonlinear device to be expressed as functions of independent parameters
called state variables (x()), i.e.

dx d™x

Vp(t) :V[X<t)’a’.“’dt7m’XD(t)] (9)
(1) = (1), S, X (1) (10)

Here, xp(t) is a time-delayed version of x(t). To avoid charge conservation
problems in transient analysis [23], (9-10) must be reformulated in stages as
follows:

1 (x(1), % (1)) )

(

fr1 (fn*Q(t)a dgn72/dt)
t —1:
Tsen {gnl(fH(t), dg,_o/dt)

: . V(fn_l(t),dgn_l/dt)
stage n : {i(fnl(t)7dgn1/dt) . (14)

An example and advantages of this formulation will be given in Sect. 4.3.
All arguments in (11-14) become ADOL-C active variables [24] so that the
derivatives of functions fy, gi, f2, etc. can be obtained automatically and
used in the model code. Derivatives are calculated in the forward mode in
fREEDA®. Comparison of forward and reverse modes is a matter for future
research. Through the use of object-oriented programming techniques, all de-
vice models are derived C++ classes that inherit the characteristics of a C++
base class [4]. For nonlinear devices in fREEDA®, “AdolcElement” is the base
class, and other nonlinear devices are derived classes as illustrated in the Uni-
fied Modelling Language (UML) diagram in Fig. 5(a). Model developers de-
scribe the number of terminals and state variables required for the element in
the nit() function of the derived class and implement the nonlinear equations
unique to the derived class in the eval() function for the derived class. If more
than one stage is necessary, they are implemented in functions called eval2()
and eval3(). The AdolcElement class contains the interface to ADOL-C for
initializing and manipulating the ADOL-C ‘tapes’ of active variables. Adol-
cElement also encapsulates and hides details of working with ADOL-C. Calls
to the ewval() routine for the derived class are bracketed between ADOL-C
trace statements in the AdolcElement code. The calculation of total deriva-
tives and time delayed variables is performed by the TimeDomainSV or the

(13)
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Element
+init() ——————— 1 1 —— I
+deriv_svTran() v I Non- viiL2)
+svTran()
linear
4% v3 I3 ) I3 vnl(23)
. device
- Linear network
AdolcElement ,«"{M‘
# eval() (abstract] and sources
soaotwe) [
+deriv_svTran()
+svTran() Vi In1
Non-
Vn 'n |linear V(n-1n) ( ) Ini(n)
D(diode) MesfetM v device
+ init() + init()
—eval() —eval()
(a) (b)

Fig. 5. (a) UML diagram; (b) Transient simulation circuit partitioning.

FreqDomainSV classes, depending on the type of analysis being performed.
Thus, the same code can be used in any circuit analysis. This is made possible
by the fact that time is discretized in the fREEDA®transient analysis code
and not in the device model code. ADOL-C is used to calculate the derivatives
of the functions at each stage and thus obtain the Jacobian of the currents and
voltages with respect to the state variables (as shown in [4]). The procedure to
obtain the Jacobian is embedded in AdolcElement so that model developers
need not code that in their derived classes. Absent ADOL-C, a state-variable
approach would require manual coding of the Jacobian matrices. Thus the im-
portance of the ADOL-C package to facilitating this state variable approach
in fREEDA®cannot be understated. The results of evaluating (9-10) for each
port are collected by the fREEDA®state variable transient analysis routine
into a vector of equations describing the nonlinear portion of the circuit:

v ) = Vi), o S () (15)
inp(t) = i[x(t),(il—)t(,u,c(l;—:,xly(t)] . (16)

The formulation of the system of equations for FREEDA®’s transient analysis
may now be described. Figure 5(b) shows the partitioning of the complete
circuit into linear and nonlinear portions, with the port abstractions for each
nonlinear device indicated. At the boundary between the linear and nonlinear
portions, the voltages must be equal. Thus two voltage vectors, one a function
of the linear circuit behavior and the other a function of the nonlinear circuit
behavior, must be equal and can be used to form an error function. Let the
linear portion of the circuit in Fig. 5(b) be described by two MNAMs, G and
C, where G describes the linear static elements (such as resistors) and C de-
scribes the linear dynamic elements (such as linear capacitors and inductors).
Also, let u be the vector of unknown voltages and currents and s be a vector
of sources. Then,
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Gu(t) + Ci—? = s(t) (17)

s(t) = s¢(t) +sv(t) . (18)

In (18), the source vector s is comprised of s¢, a vector of independent forcing
sources, and sy, a vector of currents injected by the nonlinear circuit into the
linear circuit. Now, through the use of an incidence matrix, T, which specifies
connectivity information relating the circuit’s node assignments to its state
variables, the following relationships hold:

vi(t) = Tu(t) (19)
sv(t) = Thine (1) - (20)

In (19), v.(t) is the vector of port voltages from the linear elements at the
linear /nonlinear interface boundary. Substituting (20) into (17-18) and sim-
plifying yields the equation for the state of the system:

Gu(t) + C— =s¢(t) + T inp (1) . (21)

Equation (21) is subject to the equation for the error function:

£(t) = vi.(t) — var(t) = 0 (22)
£(t) = Tu(t) + vaL(t) = 0. (23)

It was noted earlier in this section that time discretization does not occur
within the element class definition in fREEDA®; instead it occurs within the
analysis routine. This has the dual advantages of simplifying the coding of the
element classes and also allowing for different time interpolating functions.
fREEDA®allows a choice of either Backward Euler or Trapezoidal interpolat-
ing functions. After discretizing the vector of unknowns u(t), its derivative
du(t)/dt is defined as

du(t)
dt

=u), =au,+b,_1, (24)

where the scalar a and vector b depend upon the choice of interpolating
function. Substituting the discretized u into (21),

Gu,, + Clau,, + b, 1] =s¢, + T inL(x,) , (25)
and solving for u,,,
u, =[G +aC] '[st,, — Cb,_1 + T inw(x,)] - (26)

3The number of rows of T is equal to the total number of nonlinear ports and
the number of columns is equal to the number of nodes. For each row, a +1 entry
denotes the + terminal of a port, and a —1 denotes the — terminal. All other entries
are 0.
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Discretizing the error function defined in (22-23),
f(x,) = Tu, — vNL(Xn) =0. (27)
Now, define the following quantities comprised of Tu,:

Ssv,n = T[G + aC]il[Sf,n — Cbn—l} (28)
M,, = T[G +aC]'TT . (29)

Substituting (28-29) into (27) leads to
f(xn) = Ssv,n + MsviNL — VNL (Xn) =0. (30)

Note that for a fixed step size — usually the case — My, is a constant and
the matrix [G + aC]~! appearing in (28-29) is LU-factored only once per
simulation.

4 Selected Modelling Examples

4.1 Illustrative Comparison of Diode Models

The development of models for the semiconductor diode makes for an illus-
trative comparison. A full description of aspects of the Spice diode model
development is given in [22]. Details of the fREEDA®diode model are de-
scribed in [25]. The Spice companion model for a simplified diode model was
described in Sect. 3.1, and it was noted there that the process for developing
companion models requires model developers to perform derivatives on the
constitutive equations and manually code the derivative equations to facili-
tate Newton iteration. The fREEDA®code for the init() and eval() functions
for the simplified two parameter diode derived class is shown in Listing 1.
In this case, the eval() function is literally coding the constitutive equations.
These two functions take up only 17 lines of code. The complete C++ code
and header files for the simplified diode are both only 56 lines long.

void DiodeJcn::init () throw(string&) {
// Set the number of terminals
setNumTerms (2);
// Set number of states
setNumberOfStates (1);
// create tape
IntVector var(1,0); // create vector of 1 element set to 0
createTape (var); // creates state wvar z[0]

}

void DiodeJcn:: eval(adoublev& x,
adoublev& vp, adoublev& ip)
{
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// z[0] == input voltage
vp[0] = x[0];
ip[0] = is = ( exp(x[0]/vT) — 1 );

}

Listing 1. Critical model code for simplified diode.

4.2 The Berkeley Short-channel IGFET Model Version 4 (BSIM4)

The Device Group at the University of California at Berkeley has been at the
forefront of specifying semiconductor physics models for field effect transistors
in the most advanced semiconductor process technologies. Figure 6(a) shows
the model for a contemporary Metal Oxide Semiconductor Field Effect Tran-
sistor (MOSFET) device. The first Field Effect Transistor (FET) models were
published in 1968 and had only 41 parameters to fully describe any transis-
tor. In the 1980s, as semiconductor process technologies continued to shrink
the minimum size of their features, other physical phenomena were observed
which necessitated the addition of more parameters to the models, and the
BSIM models were created.

In 2000, a fourth major version of the BSIM models called BSIM4 was re-
leased. Figure 6(a) shows the model for a contemporary short-channel MOS-
FET device consisting of four terminals (gate, drain, source, and bulk). The
BSIM4 device semiconductor physics model has over 200 parameters, and the
current high level of interest in this model makes it a good choice for a case
study comparison of a Spice model with a fREEDA®model. Such a study
was completed by one of the authors, who implemented the BSIM4 model in
fREEDA®as a Master’s Thesis [26] in 2002. Starting with the BSIM4 semi-
conductor physical model documentation, the model consisted of about 1500
lines of C++ code, fitting in two files and on 25 printed pages, and required 7
months to develop. Much of this time was spent implementing code structures
to support particular features of the BSIM models for the first time.

Due to industry involvement with UC-Berkeley in the development of the
BSIM4 model, it is not possible to make precise development cycle compar-
isons with fREEDA®, but from archival materials at UC-Berkeley, it can be
observed [27] that 21 months passed from the final BSIM3 release until the
first BSIM4 release. It is also known that the contemporary BSIM4 models
consist of about 20,000 lines of C code spanning 21 source code files [28]. It
should be noted that Berkeley’s MOSFET models are not the only ones avail-
able, and implementing other models has proven to be less labor-intensive.
For example, ETH-Switzerland’s EPFL-EKV model [29], which has only 44
parameters, was implemented by one student [30] as a semester project for a
circuit simulation class at NC State University. At the time, the student had
limited knowledge of fREEDA®’s internals.
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Fig. 6. Equivalent circuit model schematic diagrams for the (a) MOSFET; (b)
Bipolar Junction Transistor (BJT).

4.3 fREEDA®Universal Modelling Approach

A universal state variable-based modelling approach was proposed in [23]. The
central notion of this approach is to choose as state variables the quantities
most appropriate to accurately model the physical device as illustrated in
Sect. (3.2), and then derive any additional required variables through a set
of hierarchically evaluated functions. To illustrate the approach, consider the
simplified NPN-type Bipolar Junction (BJT) model of Fig. 6(b). By applying
the universal modelling approach, it is possible to create a device model for
the BJT that conserves charge [23]. Charge conservation has been a problem
with some Spice MOSFET models [31, 32], thus rendering the models suspect
to semiconductor physicists. Referring to Fig. 6(b), the voltages across the
base collector capacitor v, and base emitter capacitor vy, are chosen as state
variables (or independent variables). A charge-conserving model of the bipolar
transistor is then described using three ADOL-C tapes. Each tape has two
input and two output variables. In tape 1 the quiescent current components
Iy, and Iy, are computed as

Y

The = ﬁiF + e (31)
Iy,

Ibc = br + Ilc 5 (32)
Br

where [ is a current gain parameter, I,,¢/Or and I, are the components of the
currents through the base-emitter diode, and Iy, /B¢ and I are components of
the the currents through the base-collector diode. The first output vector from
tape 1 stores the charge across the base collector and base emitter capacitors
which can be evaluated as

abe(v) = /O e (vhe)dune (33)
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Qve(v) = /0 ’ Che(Ube)dUbe (34)

where the integrals are evaluated analytically. The second output vector stores
the diode current components and junction voltages. The derivatives of the
charge across the capacitors,

dec
Icpe = 35
Cbc dt ( )
dee
1 be — ) 36
e = 20 (36)

are used as input parameters in tape 2. These derivatives are obtained with
a formula that depends of the type of quadrature integration being used.
The approximation of the time derivatives are used to calculate the charge
across the distributed base collector capacitor Chy in a manner similar to that
done in (33-34). Inputs to tape 3 contain the corresponding charge in Chpy
and the junction voltages. In tape 3 the current across Cpy is computed in a
manner analogous to (35-36), and the final external voltages and currents are
calculated using the intermediate variables generated at the previous tapes.

The ADOL-C tapes are generated once and then used in the main program
every time the bipolar transistor model equations or its derivatives with re-
spect to its input parameters need to be evaluated. The procedure to calculate
the derivatives of the model equations from the set of tapes is the same for all
models [23] and is handled by a base class common to all elements. Therefore
the addition of the bipolar transistor model in fREEDA®is accomplished by
adding a new derived class (one “.cc” file and a header file) with the definition
of the three ADOL-C tapes plus other information such as the number of ter-
minals and model parameter names. A hierarchical state-variable approach
similar to that shown here can be applied to assure charge conservation in
other nonlinear devices, and it is advocated for all nonlinear devices.

5 Conclusion

Through a deft combination of the use of ADOL-C’s automatic differentiation
capabilities, object-oriented programming techniques to encapsulate and hide
much of the ADOL-C interfacing details from the model code, and choosing to
discretize time outside of device model code, fREEDA®has dramatically eased
nonlinear circuit device model development. The guiding philosophy behind
fREEDA®:is to facilitate the implementation of models as close to the physics
of devices as possible, and in most cases it is possible to literally code the
constitutive equations for the device. fREEDA®is freely available under GNU
Public License at http://www.freeda.org.
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