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Abstract. We consider a system of partial differential-algebraic equations which model an electric network
containing semiconductor devices. We introduce a topological condition which permits to give a notion of tractability
index for this kind of nonlinear coupled system, and prove an existence result for index-2 systems.
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1. Introduction. Commonly in circuit simulation, network designs are simulated on the basis
of lumped network equations. These equations are usually derived from Modified Nodal Analysis
(MNA). Generally, this modeling yields a system of differential algebraic equations (DAEs). So-
called index concepts [7] are used to classify these equations. The index roughly determines the
number of inherent differentiations, which are needed to derive an ordinary differential equation.

For the classical MNA equations, various index cases can be distinguished solely by structural
means. That is, the network topology determines the index, see e.g. [4, 5, 12]. Using for instance
the tractability index [9], one decomposes the set of variables accordingly and projects parts of the
equations.

Nowadays, downscaling as in semiconductor devices demands to include more and more former
secondary effects in the electric circuit simulation. This leads directly to coupled systems of differ-
ential algebraic equations (DAESs) for the electric network and partial differential equations (PDEs)
for the semiconductor devices. The coupling has two parts. On the one hand, an additional source
term occurs in the current balance of the electric network. On the other hand, the boundary con-
ditions of the device equations depend on the time-dependent node potentials, which are genuine
unknowns of the electric network.

The scope of the work at hand is twofold. In first place, we wish to generalize the index concept
available for DAEs to the setting above described, with coupled DAEs and PDEs. Our approach is
to determine additional topological conditions on the coupling matrices which relate the DAE and
PDE parts, such that the known results keep their validity for the enlarged system. This system
will be viewed as electric network with a nonlinear controlled source (for the semiconductor device).
And we will need to determine conditions under which the additional source terms has no further
structural consequences. The second aim of this paper, is to establish an existence result for an
index-2 system, according to the generalization above described. This is the main result of this
paper, since to our knowledge no existence results are available in literature for index-2 systems in
the class of our study.

The work is organized as follows. Section 2 covers the modeling of the coupled system; both
subsystems are described in details and the coupling terms are defined. In Section 3 we recapitulate
the tractability index concepts. We describe its application to the MNA equations and we give also
a topological interpretation of the index conditions. In Section 4 we state the main result, whose
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proof is presented in the following Section 5. First, we establish necessary a priori estimates for the
network equations, next we define an iteration map for the device equation. It will be used later
to define an iteration map for the coupled problem, which allows to conclude the proof of the main
theorem by applying Schauder’s fixed point theorem.

2. Coupled circuit-device model. We consider electric networks which include some com-
ponents described by distributed equations. The specific application we have in mind is a model for
an integrated circuit with semiconductor devices. Nevertheless, this model is susceptible of different
generalizations and extensions.

In this section we present the general coupled model, while we postpone the clarification of the
needed mathematical assumptions to a later section.

An electric network is described by the electrical potentials at the nodes and by the currents
through the branches. Using the approach of Modified Nodal Analysis (MNA) [6, 11], the electric
network equations can be obtained by the Kirchhoff current law, replacing the constitutive equations
for the currents through branches with capacitors and resistances, and by the constitutive equations
for the remaining components. We consider a linear RLC network, that is, a network which connects
linear capacitors, inductors and resistors, and independent voltage and current sources. We refer
to the respective number of elements as ng, ny, ng, ny, and ny. We assume that the network
additionally connects semiconductor devices. Let the network has m nodes plus the ground node,
where the potential is zero. We denote by e(t) € R™ the node potentials, by iy (t) € R"t the
currents through inductors, by iy (t) € R™ the currents through voltage sources, by vy (t) € R™v
the given input of independent voltage sources, and by i;(¢) € R™ the input of independent current
sources. The resulting MNA equations can be written in the form

(2.1) Ei = Az + o+ b(t).
This is a differential-algebraic equation for the unknown
T T

r = [eTa Z.L7 Za] ERna n=m+ng +ny,

where the matrices E, A € R"*™ and the input data b € R™ are given by

AcCAL O O ARGAL AL Ay Arir(t)
E= O L O|,A=—| -A] O O]|,b(t)=—-| O
O 0O O -4, O O vy (t)

Here, Ac € R"*"c  Agp € R"*"R Ay € R"*"L Ay € R"*™ _ A; € R™*"™ | are incidence matrices,
which describe the topology of the network. Moreover C' € R"*c*"¢ G € R"6*"G and L € R"L*"L
denote the capacitance matrix, the conductance matrix and the inductance matrix, respectively,
which are regular. The term o in (2.1) represents the coupling with the devices which we treat
below.

We need to supplement equation (2.1) with consistent initial data

(2.2) z(to) = o.

The consistency of the initial data will be discussed in the next section.

For a detailed expression of o, we need to introduce the device model. For simplicity we consider
a network containing only one semiconductor device. The case of circuits with many devices can
be dealt using the same arguments, but the notation would be much heavier. We assume that the
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device occupies a bounded domain Q € R%, and has np +1 terminals. In other words, the boundary
00 of Q contains np + 1 open (in R4~1), disjoint, nonempty subsets I';, i = 0,1,...,np, which
represent the terminals of the device, and we can write

00=TUTy, TI'=|JTi, Ty=0Q\T.
=0

We neglect all thermal effects, and assume that two carriers are responsible for the device’s output
current, that is, electrons with negative charge —¢, and holes with positive charge q. The behavior
of the device is described in terms of quasi-Fermi potentials for electron and holes, denoted by
on(x,t) and ¢,(x,t) and electrostatic potential, denoted by ¢(x,t), with (x,t) € Q x [to,t1]. The
unknown u = (¢, ¢, ¢,,) satisfies the drift-diffusion equations [8]:

(23) -V (GV(ZS) =P -V (anv¢n) = H7 -V (apv¢;0) =—-H.

Here €(x) is the dielectric constant, p(x,u) is the total charge density, a,(x,u) and ap(x,u) are
the product of the mobilities times the respective carrier densities, and H(x,u) is the generation-
recombination term. A more detailed description of these functions will be given later. The drift-
diffusion equations are supplemented with Dirichlet boundary conditions on I'; and homogeneous
Neumann conditions on I'y:

(2.48,) Qﬁ*d)bi:gﬁnigﬁpiep,k(t), on FD,Im k:O,...,TLD,
0p _ Odn _ Oy

(2.4b) 5—§—%—0, on Iy,

where ¢pi(x) is the built-in potential [8] (defined by p(x,ubi) = 0, upi = (¢1i,0,0)), ep k(t) is

the applied potential at T'y, k = 0,1,...,np, and 9/0v = v - V is the normal derivative along the

external unit normal to the boundary, v. The time dependence of the device’s unknown is caused

by the time dependence of the external applied potentials, eg =[ep.o, €D1s --+» €Dnp)-

The external potentials ep coincide with the electric potentials at the nodes of the network
which correspond to the terminals. The identification between external potential and node potential
can be accomplished by using a selection matrix Sp = (sp.gn) € R™*™P, where mp = np + 1 is
the total number of device terminals connected to the network, and sp j is equal to 1 if the node
k is connected to the terminal h, and equal to 0 otherwise. We can write

Sp
(2.5) ep=5She=5"x with S=| O | e R™™>,
)

Notice the typographic difference to the space variable x. This coupling relation will be called
network-to-device coupling, since it says how the network variables = affect the device variables u.

On the other hand, once we know a solution u to the drift-diffusion equations we can compute
the currents through the terminals of the device (Ohmic contacts). At the terminal 'y (k =
0,1,...,np), we define (e.g. [2])

ipa(t) = / Vi) dS(x), with j = —an Ve, — ayVe,.
Tk
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For our purpose, this terminal currents can also be computed via space integrals. To this end,
we introduce the auxiliary functions ¥, kK = 0,1,...,np, defined by the unique solution of the
following elliptic boundary value problem:

—V - (eVih) =0, inQ,
oun

(2.6) .
ﬂ}k:(;ik, on Fi, ZZO,I,...,TLD, B :0, on FN,

where d;;, is Kronecker’s delta (d;, = 1if i = k, d; = 0 if ¢ # k). Then, the electric current jp
through T'y is also given by

2.7) Jog=— /Q Vi - (anVn + apVy) dx.

This is indeed compatible with the first definition above: from (2.3) we have V- (a, V¢, +a,V¢,) =
0; using Gauss’ divergence theorem and recalling the boundary values of ¢, we recover the former
definition (if ¢, ¢, are sufficiently regular on the boundary). The device currents jp  (2.7) then
enter the current balances of the network. Thus the term o in (2.1) takes the form

(2.8) o=-Sip, jb=1ip0s iD 1, -+s jDmp) € R™P

This coupling relation will be called device-to-network coupling, since it says how the device variable
u affect the network variable x.

The network-to-device coupling condition and the device-to-network coupling condition can be
relaxed. First, we observe that the current jp is unchanged if the electric potential ¢ is shifted by
a constant in space, possibly depending on time. Thus, we can modify the boundary values for u,

replacing the applied potentials ep j with the applied voltages vp , =epr—ep,o, K =0,1,...,np,
with respect to the ground terminal 0,
(2.9a) ¢ —¢pi = ¢n = ¢p =vpi(t), on TI'pr,k=0,...,np,
dp  O¢n 09
2.9b L=t I'n.
( ) ov ov ov oo N

We have vp g = 0, and we introduce the vector of applied voltages

UD,1 €D,1 — €D,
Uvp = =
vD,nD eD,TLD - 6D,O
In compact form we can write
-1 - =1
- . 1 .. 0
(2.10) vp = Apep, Ap= . . . € RMPX"D,
0o --- 1

The applied voltages vp depend on the node potentials of the network by means of an incidence
matrix Ap, defined by using the selection matrix Sp,

(211) UD :AE €, AD :SDAD.
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We introduce also the matrix

A~ AD
(2.12) A=| O | e R"*™D,
O
Then we can write
(2.13) vp=Ape=A"z

This modified network-to-device coupling relation will be used throughout this paper.
Next, for any electric network element the sum of currents leaving it is zero. Of course this can
also be proven for the considered semiconductor device, that is,

np
Z Jjp,i =0.
i=0

Hence we can express jp, as a linear combination of the current through the other terminals, so
that we can write

(2.14) jp=Apip, ip=[jp, s jpnp] ER™.
Then we can recast (2.8) in the form
(2.15) o= —Aip.

This modified device-to-network coupling relation will be used throughout this paper.
In the following section we investigate the structure of the coupled problem (2.1), (2.2), (2.3),
(2.9), (2.13), (2.15) from the viewpoint of the tractability index.

3. Tractability index. The full coupled problem presented in the previous section has the
following general structure:

(3.1a) { Ei = Az + o + b(t), t € [to, t1],
x(to) = o,

(3.1b) { F(x,u, Vu, V2u) = 0, x € 0 C RY,
B(x,u,0u/dv,n) =0, x € 010,

(3.1c) o =Us(u),

(3.1d) n=V'zx

for the unknown (z,o,u,n). In the following we explain all ingredients and their relation to the
special case of an electric network with a distributed semiconductor device as described in the
previous section.
(a) The first subproblem (3.1a) is a system of differential algebraic equations (DAE) for the
unknown z : [tg,t] — R™, in a functional space W,,, with initial data z:y. The vector function
b(t) € R™ is a given input, while o € R™ expresses the coupling with the remaining part of
the problem. — This system represents the electric network equations.
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(b) The subproblem (3.1b) is a boundary value problem for a system of elliptic partial dif-
ferential equations (PDE), for the unknown u in a functional space W, (see below). The
boundary data in (3.1b) depend on a vector € R¥. — This system gives the relation for
a distributed, static device (semiconductor), where n € R¥ expresses the coupling with the
first part of the problem.

(¢) The condition (3.1c) is the PDE-to-DAE coupling condition, which represents how the PDE
unknown u affects the DAE problem. We assume U € R™*¢ is a fixed matrix and s is a
vector valued function s : W, — R’. — The term ¢ represents the device currents (through
its terminals) padded with zeros.

(d) The condition (3.1d) is the DAE-to-PDE coupling condition, which represents how the
DAE unknown z affects the PDE problem. We assume V' € R™** to be a given matrix. —
The term 7 represents the applied node potential.

In the following, we will use that the matrices £ and A € R™*™ are positive and negative
semidefinite, respectively. Moreover, we assume that the matrix pencil A — AE € R"*"[)] is
regular.

The structure of the coupling term o depends on the solution of the PDE system, in the
following sense. If the system (3.1b) admits a solution uniquely determined from given boundary
data n, then applying the coupling condition (3.1d) we can write

u=1u(V'z),

i.e., u as function of the DAE (3.1a) unknown x. Thus in the perspective of the DAE, the coupling
to the PDE can be written as the following relation:

(3.2) o=o(x), olx):=Ur(V z),

using the coupling condition (3.1c) and r(V "z) := s(@(V "z)). On the other hand, if the solution
u is not uniquely determined by the boundary data 7, then the PDE system (3.1b) defines a
multivalued function u = @(n), which leads to a multivalued version of (3.2). We can give meaning
to this coupled problem also in the case of a multivalued function o(z). We say that (z,u) is
a solution of the PDAE (3.1) if = belongs to W,, u belongs to C([to,?1];Wu) and they satisfy,
respectively, the DAE (3.1a), the PDE (3.1b) and the coupling conditions (3.1c), (3.1d). The PDE
variable u depends parametrically on time through the boundary data 7, that is, through x(¢). The
concept of solution to (3.1) will be clarified in details when we will specialize the generic system for
application to electric networks containing semiconductor devices.

3.1. Tractability index of DAEs with a nonlinear term. In the following we investigate
the index of the coupled problem from the electric network perspective, by using a perturbative
approach. The main idea is that the nonlinearity is confined only to the PDE part of the equations
and, thus, to the PDE-to-DAE coupling term. The impact of the nonlinearity to the DAE is
controlled by the matrix U, so we wish to find additional conditions on this matrix so that the
nonlinearity does not alter the structure of the DAE in terms of differential and algebraic variables
splitting.

From the viewpoint of the tractability index [9] of the PDAE system (3.1) we will concentrate
formally on the DAE system (3.1a), with o given by (3.2). Thus, given a regular matrix pencil
A — AE, we consider the nonlinear system

(3.3) Ei = Az + o(z) +b(t), o(x)=Ur(V'x).
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for the sole unknown x. We will not derive a general theory of tractability index of a nonlinear
system of the form (3.3). Instead we will follow a different approach: we wish to determine addi-
tional structural conditions, depending on the coupling matrices U, V', which allow to extend the
tractability index from the matrix pencil A — AE to the nonlinear problem (3.3) only.

3.1.1. Basics of the tractability index and related projectors. Thus our starting point
is the notion of tractability index of the matrix pencil A — AE. There are several ways of defining
this concept. We follow the approach described in [9], which is based on the construction of an
appropriate sequence of matrices. We proceed by induction. The basis are the initial matrices

EO = E, AO = A.

Assuming that the matrices E;, A; are already defined up to k — 1 > 0, we need to define the
matrices corresponding to k. To this end, we denote by @; a projector onto the ker F;, and by
P; =1 — Q;, its complementary projector for ¢ =0,...,k — 1. Thereby we assume that it holds

which is indeed always feasible. Then the matrices Ey, Ay are defined by
(3.5) Ey=FEr1— Ap1Qr-1, Ar= A 1Pp_1.

This procedure (3.5) can be continued indefinitely, but after a finite number of y iterations,
we will end up with a nonsingular matrix E,, with E} singular for k < p (unless the matrix pencil
A — AE was singular). Then, of course, the sequence will stagnate: E,,; = E, for all i > 0. The
number p is called tractability index of the matrix pencil A — AE.

The sequence of matrices (matrix chain) (3.5) derived for the matrix pencil A — AE has an
immediate application to the system (3.3) of DAEs. Using the matrix chain properties, one can
show that (3.3) is equivalent to

Ek(Pk—l Pyt 4+ Qox + -+ Qk_lx) = Apz + Q(I) + b(t)
for any k. In particular for k = p1, we have E,, is nonsingular and we can write
(3.6) P, 1 P+ Qor+...+Quz= E;I(Aﬂm + o(x) + b(t)).

This equation enables us to decouple the original system into a differential equation for the variable
Py --- P,x, and algebraic equations for the variables [9]

Py P,1Quz, ..., PoQiz,Qox

if o(x) were not present.

Furthermore we introduce Q; as a projector onto ker(E,") and its complementary version P =
I— Qi, for i = 0,1. Next, we wish to find additional conditions, depending on the coupling matrices
U, V, such that this decoupling is preserved also for the nonlinear equation (3.3). A general
discussion can be found in [3]. In the following we derive appropriate additional conditions for
index-1 and index-2 matrix pencils with a nonlinear coupling term.
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3.1.2. Index-1 matrix pencil A — AE. Let us assume that the matrix pencil A — AE has
index 1 (u = 1), that is,

(3.7) Ey is singular, F; is nonsingular.

Then (3.6) reads Poi + Qox = Ey'(A1x + o(x) + b(t)). Applying the projectors Py, Qo, and
observing that A;Qq = O, we get the following projected equations

(3.8a) g = Pyi=PyE; (Ary+ o(z) + b(t)),

(3.8b) 2= Qo= QoEr (A + olx) + b(t))

for the components y = Pyx and z = Qgx. The original unknown can be recovered by the relation
r=y+z.

In absence of the nonlinear term p(2) we could solve the first equation for y and use the solution
to determine z from the second equation. Now, we wish to find a condition which ensures the same
behavior also in the presence of g(x). The unknown z can be expressed in terms of y, b and o(x)
only, by inserting (3.8b):

w=y+z=y+ QB (Aiy +o(x) +b) = (I + QoE A1)y + QoBr b+ QoEy 'o(x)
= M{y+ Mib+ Myo(z),

with My = QoE; ", Mi = I + M, A;. Recalling that o(z) = Ur(V Tz), we have
r(Via)=r (VI Mjy+ VI Mb+ VT MUr(V'z)).

Thus, to avoid recursion in z, it is sufficient to assume the condition

(3.9) VIMU=V"QyE'U = 0.

Under this condition, the system (3.8) becomes

(3.10a) § = PoBE; ! [Avy + o(Miy + Myb) + ],
(3.10D) 2= QoE; ! [Ary + o(Miy + Mib) + 0],

and we find that (3.8) has an index-1 structure.

We notice that (3.9) is implied by either of the following conditions:
(3.11) V'Qo =0,
(3.12) QuE{'U = 0.

PROPOSITION 3.1. Let A—\E € R"*™[\] be an index-1 matriz pencil, and let U € R™**. Then
the condition (3.12) is equivalent to:

(3.13) QiU =0.

for any projector QO onto ker F .

Proof. From (3.12) we have that QuU’ = O with U’ = E'U, that is, there exists a matrix
U’ € R"*¢ such that U = E U’ = E U’. Multiplying from the left-hand side by the transpose of
the projector onto the ker EJ , we obtain immediately (3.13).
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On the other hand, given Q(—)'—U = O, thus POTU = U. Then we have E1Py = Ey = PJEl, with
Ey = Ey+ QJQO. Then Eflﬁ(;r = POEfl. From (3.13) we have EflU = Eflf’JU = POEflU
that, multiplied by Qq, gives (3.12). O

If o is a function, it is possible to apply the notion of tractability index for nonlinear DAEs,
introduced by Mérz [10]. It is possible to prove that the additional condition (3.11), together with
the index-1 conditions for the matrix pencil A—AE, imply that (3.8), with algebraic p, is an index-1
system [3]. Condition (3.12), or equivalently condition (3.13), is in general different from (3.11),
even when U = V, unless we can choose Qo = Qo. This is possible only if ker Ey = ker E .

3.1.3. Index-2 matrix pencil A — AE. Let us assume that the matrix pencil A — AF has
index 2 (u = 2), that is,

(3.14) Ey is singular, F; is singular, Es is nonsingular.
Then equation (3.6) becomes

Using the projectors Py Py, Po@Q1 and QoP; on equation (3.6), we obtain the three projected equa-
tions

(3.15a) j = PoP1E;" (Asy + o(x) + b(t)),
(3.15b) w = PoQ1E; ' (Agy + o(x) +b(t)),
(3.15¢) 2= QoQ1t + QoPLE; " (Agy + o(x) + b(t)) ,

for the components of the unknown y = PyPiz, w = PyQ1x, and z = Qpx. The original unknown
x can be recovered from the relation z =y + w + z.

In absence of the nonlinear term p(z) this is an index-2 system, since we can solve the equation
(3.15a) for y, then compute w by (3.15b), and finally compute z by (3.15¢). We see that in the
solution appears the time derivative of the source term b(t), because of the term w in (3.15¢). To
keep the same structure also when p(x) is present, we proceed as before. We can compute

r=y+w-+z
=y+ PQ1E; " (Asy + o(z) +b) + [QoQ11 + QoPrEy * (Asy + o(x) + b(t))]
= M3y + Msb+ Mso(z) + QoQ1w,

with

(3.16) My = (PoQ1 + QoP)Ey Y, My =1+ MyA,.

To avoid recursion in z and w as in the index-1 case, it is sufficient to have:
(3.17a) V'QoQ1 =0,

(3.17h) VIMU =V (Po@Q1 + QuP1)E; 'U = 0.
Under these conditions, system (3.15) becomes

(3.18a) y = PyPLE; " [Asy + o(M3y + Mab) + ],

(3.18b) w = PoQEy " [Agy + o(M3y + Mab) + b,

(3.18c¢) 2= QoQ1t + QoPLE; " [Agy + o(M3y + Mab) +b].
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We notice that (3.17b) is implied by either of the following conditions:
(3.19) VT(PQ1+ QuPr) =0,
(3.20) (PoQ1 + QoP)Ey'U = 0.
The first condition is equivalent to [3]
(3.21) ViQo=vV'Q,=0.

Thus, (3.19) implies both (3.17a) and (3.17b). Moreover, if g is a nonlinear function and A — A\E
is an index-2 matrix pencil, then the additional condition (3.19) implies that (3.18) is an index-2
system according to the definition given in [10] (see [3]).

The following Proposition 3.4 explores the topological implications of condition (3.20). This
proposition requires as prerequisite the following two lemmas.

LEMMA 3.2. Let A — \E € R"™"[\] be an index-2 matriz pencil, and let U € R"**. Then the
following conditions are equivalent:

(i) There exist a matriz U' € R"** such that

(3.22) (I — PyP)Ey'U = QoQuU".
(i) There exist a matriz U’ € R such that
(3.23) U = EU',

that is, for any projector QO onto ker E(—)'— we have

(3.24) QiU = 0.
(iii) There exist a matriz U’ € R™** such that
(3.25) QuE; 'U = Qo U,
and we have
(3.26) Q1E;'U = 0.

Proof. First we prove that (i) implies (ii). Let (I — PyPy)E;'U = QoQ1U’. Since QoQ1 =
—(I — PoPl)Plpo, we find

(I — PoP)(E;'U + PLRU’) = O,

that is, (I — PyP)U" = O, with U"” = E;'U + P,RU’. Hence, U = Fy(—P,PU’ +U") =
EQ(_Pl.POU/ + P()PlUN). And since (Plpo)(P()Pl) = P()Pl, we get U= E2P1P0(—U/ +POP1U”) =
Eo(~U' + PyP,U"), that is, (3.23). - ) o

To prove that (#4) implies (iii), we note that E; Py Py = Eg = Py Ey, with By = Eg + Q] Qo
and Py = I — Qy. Since Ej is invertible, we get the identity

(3.27) PP ET = E;'R) .
Then we find from (3.23) in (44):
Ey'U = E;'EoU' = By ') EoU' = PPy BT EgU,
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where the last equality follows from (3.27). Multiplying this identity by Qo and Q1, observing that
QOPIPO = _QOQh we find (325) and (326)

Finally, to prove that (ii:) implies (7) it is sufficient to note that I — PyP; = Qo + @1 — Qo Q1.
This concludes the proof of the lemma. O

LEMMA 3.3. Let A — \E € R™ "[)\] be an index-2 matriz pencil, and let U € R"**. Then the
following conditions are equivalent:

(i) It holds

(3.28) Q1E;'U = 0.
(i) It holds

(3.29) U=EFE,'U.
(iii) There exist a matriz U’ € R™* such that

(3.30) U=FEU,

that is, for any projector Ql onto ker B, we have

(3.31) QU =o0.

Proof. If U satisfies (3.28), then F, 'U = PyE; *U. Then, U = E;PyE; U, and (3.29) follows
from E;Py = Ey. Thus, (i) implies (zz) Moreover (i) implies trivially (zzz) It remains to show
that (zu) implies z) For Q1 and P, = I — Ql, we have EgPl E, = P1 F5 with the invertible
matrix By = By + Q] Q1. Then it holds E; ' P = PLE;*. Now using Q] U = O, it follows

E;'U=E'P'U =P E;'U.

Multiplying by @1 we obtain (3.28), which concludes the proof. O

PROPOSITION 3.4. Let A—\E € R"*"[\] be an index-2 matriz pencil, and let U € R™**. Then
the following conditions are equivalent:

(i) The matriz U satisfies the condition (3.20).

(i) It holds

(3.32) QuE;'U =0, QE;'U=0.
(iii) It holds
(3.33) U=E\E,'U=EF;'U.
Proof. First, we prove that (i) is equivalent to (i¢). Given (i) for U, then U satisfies (3.22) with
U = E2_1U, since PyQ1 + QoP1 =1 — PyP; — QoQ1. Hence all statements of Lemma 3.2 hold, in
particular, we have Q1 F, 'U = O. Together with (3.20), this implies Qo E5 'U = O, and thus holds
(3.32). On the other hand, (i) follows immediately from (7).
Next, we prove that (i¢) is equivalent to (m) First, using Lemma 3.3 we observe that the

equality Q1E7 U=0,is equwalent toU = E1E7 U. In a similar way, the equality QoEflU O
is equivalent to U = Exy Py By U = EyE 1U A1 E; lU. It follows that (3.32) is equivalent to

U=FEE,'U U=EFEyE,'U~AQE;'U.
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Using the equivalence of Q1 E5 WW=0and U = E\E5 1U, the above equalities are equivalent to
(3.33). 0

In conclusion, condition (3.19) is equivalent to V' Qo = V' @Q; = O, while condition (3.20) is
equivalent to QJ U= QlTU = 0. Thus, even if U = V, the two conditions are equivalent only if
ker E;r = ker F;, which is not true in general.

In the following we will assume the conditions

(3.34a) VTQoQ:1 =0,
(3.34b) (PoQ1 + QoP)E;'U = 0,

which imply (3.17). By Prop. 3.4, the conditions (3.34b) and (3.32) are equivalent. Thus by (3.34b),
the split equations (3.18) simplify as follows: (since o = Ur)

(3.352) § = PoPLEy " [Agy + o(Msy + Mab) + 1],
(3.35b) w = PyQ1Ey " [Ayy +1],
(3.35¢) 2= QoQui + QoPLE; ' [Agy +1].

3.2. Application to MINA equations and topological interpretation of the index
conditions. Here we go back to problem (3.3) and we discuss the additional conditions and their
topological interpretation for the MNA equations in both index-1 and index-2 case. Thus we
consider matrices F and A as in equation (2.1).

To make explicit the additional condition we also need the coupling matrices U, V. In the
MNA case both U and V coincide with the matrix A, introduced in (2.12),

~ AD
(3.36) U=V=A=|o0 |,
o)

where Ap is defined in (2.11).

3.2.1. Topological interpretation of the index-1 conditions. In our index-1 case, Ey is
singular while £y} = Ey — ApQ is nonsingular and the additional condition (3.12) is satisfied. It
is simple to see that ker By = ker AL, x {0} x R"V = ker E] (since E, is symmetric). Thus it is
possible to choose Qo = Q. Let Q¢ be a projector onto the kernel of Ag and Po =1 — Q¢. Then
we can choose

Qe O O Pc O O
(3.37) Q=|0 0 o|l, B=|0 T O
0O 0 I 0O 0 0

Furthermore the matrix chain is continued by

ACCAE + ARGA;QC O Ay ARGA;;PC A, O
(338)  Ei— “ Al Qe L Ol A=—| —AlP. 0 o0|.
—AlQc O O -AyPc O O

The text proposition, which is derived from [5, 12], characterizes the kernel of Ej.
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PROPOSITION 3.5. Let Eq be the matriz defined in (3.38). Then
ker By = {[eT, iy, iy]T €R™ : Qee € ker(Ac, Ay, AR) T, iy € ker(QLAY),
Poe=—Mg'Aviy, i = LilAIch},

where Mo = PLAcCALPc +QLQc, and
ker By = {[e, ir, iv]" € R" : Qce € ker(Ac, Av, Ag) ", Pece =0,
i =0, iv € ker(QLAv)}.

Using this proposition, we find [12, 5, 1]:
PROPOSITION 3.6. For the nonlinear problem (3.3), the index-1 conditions (3.7) and the addi-
tional condition (3.12) are satisfied if and only if all of the following topological conditions hold:

(3.39) ker(Ac, Ay, Ar)" = {0},  ker(QLAv) = {0}, QLAp =O.

Proof. By Proposition 3.5, the first two conditions are equivalent to ker F; = {0}, i.e., to the
index-1 condition (3.7). Then by Proposition 3.1 and the symmetry of Ey, (3.12) is equivalent to
the last condition. O

REMARK 1. The topological conditions (3.39) have simple physical interpretations [1, 5, 12].
The first condition forbids cutsets composed of independent current sources and inductors. The
second condition states that loops containing at least one voltage source and any number of capacitors
and diodes are forbidden. The third conditionstates that any device terminal is connected to ground
by a path of capacitors.

For an index-1 MNA system, using the projector Qg defined in (3.37), the differential and
algebraic variables are:

Pce Qce
y=PRax=|ir |, z=Qx=| O
O iy

Under the conditions in Proposition 3.6, they satisfy equations (3.10).

3.2.2. Topological interpretation of the index-2 conditions. The pencil A — A\E has
tractability index-2 if and only if E; is singular and Es is nonsingular. Thus, system (3.3) is
index-2 if ker £y # {0}, ker E2 = {0}, and the additional conditions in (3.34) are satisfied. Due to
Lemma 3.2 and Lemma 3.3, the additional conditions are equivalent to (3.34a), (3.24), (3.31).

We render explicit the index-2 conditions for the MNA equations using the following proposition
[12, 5].

LEMMA 3.7. Let Qcy g denote a projector onto the ker(Ac, Ay, Ag) " (with Qcvr = QcQcvr)
and Q% denote a projector onto the ker(QLAy). Then

Qcvr O —PcMi'AvQly
Q1= |LT'AlQcvr O @ ,
0 0 Qtv

with Mo = PgACCA—'C:PC + QEQC, 18 a projector onto ker E1. Moreover,
(3.40) Q1 =-Qi(E1 — 4,Q7) ' 4y,
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is a projector onto ker Ey, which satisfies condition (3.4).

Proof. First we observe that Q*2 = @7, since QovrPc = 0. Moreover, since PocQcvr = O,
we have also E1Q7 = O, thus QF is a projector onto ker F;. Next, using 41Q7 = —(E1 — A1Q7)Q7,
it holds

Q = Q7 (Ey — A1Q7) ' A1 = Q1.

Since E1Q1 = O, Q1 is also a projector onto ker F1, and recalling that A; = AgPy, we immediately
have that it satisfy the condition (3.4). O

It remains to see which are the additional conditions for the MNA equations. By the results
from Section 3.1, the conditions to be satisfied are

ATQuQ1 =0, QjA=0, QlA=0.

As noted above, we can choose Qo = (o, so the first condition is implied by the second one, i.e., we
have the conditions Q] A = O, QT A = O. Using the characterization of ker B in Propos1t10n
3.5, it follows that we can choose

R Qevr O O
0= o0 o0 o
O 0 Qgy

Summing up, we have only to assume the following additional topological conditions:
PROPOSITION 3.8. Given the DAE (3.3), such that E and A are symmetric and condition

QLAp =0
holds. Then this DAE is index-2 if and only if one of the following conditions hold:

ker(Ag, Av, Ap)" #{0},  ker(QLAv) #{0}.

Proof. We notice QEAC = 0 implies QgVRQgAD = 0 and this implies QEVRAD = 0 (since
Qovr = QcQovr)- O

This completes the more abstract index and matrix investigations. We now come to the a priori
estimates for the coupled system.

4. Main result. Next we tackle a core result of this paper, which is an existence result of
the above introduced coupled system of a linear network DAE with a semiconductor (3.1). This
problem is restated with more model details for the semiconductor device in the box below (4.1-4.4)

The main assumptions on the coupled problem are as follows: The MNA equation behind (4.1)
employs positive definite matrices:

(4.5) the matrices C, L and G are symmetric and positive definite.

This assumption implies that E is positive semi-definite and A is negative semi-definite. Moreover,
we assume that our electric networks is connected. Then for ¢ = 0 the pencil A — AE is regular
and the tractability index is at most 2 [5]. Thus we assume the topological conditions (Prop. 3.8):

(4.6) QiAp =0, ker(Ac,Av,Ap)" # {0}, ker(Q-Av) # {0}
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MNA network equations for z(¢):

Fi= Az +o+b(t), in[to,t1],
(41) {l’(to) = xo, ’

Device equations for u(x,t) = (@, dn, ¢p)(x,t):

—V-(e(x)V¢) = p(x, u), in Q,
—V'(Gn(X, U)V(z)n) = H(X, U), in Q,

(4.2) —V-(ay(x,u)Vey) = —H(x,u), inQ,
¢_¢bi:¢n:¢p:eD,k(t)7 onl'y (k=0,1,...,np),
0 _00u o0, o

ov ov ov

Network-to-device coupling conditions:

(4.3) ep=V'z,

Device-to-network coupling conditions:  (k=0,1,...,np)

(4.4) o=-Uip, with ipy= —/ Vi - (an Vo + aqubp) dx.
Q

(i.e., the existence of an LI-cutset or a CV-loop [5]), such that by Prop. 3.8 A — AF has tractability
index 2. As regards the independent voltage source vy (t) and current source i7(t), we assume that

(47) Uv(t) S Clqto,tl];an), i[(t) S Cl([to,tﬂ;RnI),

i.e., the source term b(¢) is continuously differentiable.
For the drift-diffusion problem (4.2) with unknown u = (¢, ¢n, ¢p), The source term p(x,u)
represents the total charge density,

(4.8) p(x,u) = qN(x) — gn(u) + gp(u),

where N (x) is the doping profile and n(u), p(u) are the electron and hole number densities. They
are given by the Maxwell-Boltzmann relations

n(u) = n;exp ((b; ¢n> , p(u) =njexp <¢Z;5_ ¢> ,

th th

with n; intrinsic concentration, and ¢, thermal potential. For the doping profile N(x) in p, and
for the dielectric constant €(x), we assume

(4.9) N,e€ L™(Q), €(x)>e>0 forallxeq,
for a real constant e. The functions a,(x,u) and a,(x, u) are related to the mobilities f,, u, by

(4.10) an (%, u) = qn(u)pn(x,n(w)),  ap(x,u) = gp(u)py (%, p(w)),
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where the mobilities are continuous functions of the space and of the carrier concentration. Com-
monly, the mobilities are assumed to be strictly positive and continuous functions. This leads to
the model assumptions:

(i)  an(x,u), ap(x,u) are continuous functions,
(4.11) (i) for any compact set K C R3 there exist a constant a, such
that an(x,u), ap(x,u) > apr >0 forallxeQ, ue K.

The generation-recombination term H(x,u) is assumed to take the form

(4.12) H(x,u) = H'(x,n(u), p(w)) (n(u)p(u) — nf) =: h(x, u) (n(w)p(u) —nf),

for some regular function H'(x, n,p). This expression covers the most common generation-recombination
mechanisms with the exception of impact ionization. We note that

n(u)p(u) - n? = n? exp (‘ﬂ;"b) 02 = gy - b).

Based on these considerations, we assume that

1) H(X7 u) = h(X7 u)g(¢p - ¢n)a

il)  h(x,u), g(v) are continuous functions,
ili) g(v)v >0 forallveR,

vi) h(x,u) >0 forallxeQ, ueR3.

(
(4.13) E
(

To introduce our existence result for the coupled problem, we need the spaces

W, = {z € C°([to, 1]; R™) : Pox € C*([to, t1]; R"},
Wa = (H'(©) N Loo(9))*,

and we employ in R™ the Euclidean vector norm | - |.
THEOREM 4.1. Under the assumptions (4.5)—(4.13), the index-2 coupled problem (4.1)—(4.4)
admits a solution, (z,u) € W, x C°([to, t1]; Wu). Moreover, any solution satisfies the estimates:

(4.14) |PoPy(t)]? < ey ™10 (|yol + o] + 1Bl 112 (1t0,607)) »
(4.15) |PoQua(t)|* < cwe ) (yo|? + [bol® + 1]l (120,11 ) »
(4.16) QoI < e (Jy(®)] + [5(0] + b(®)] + (1))
(4.17) inf ¢p; + minep ; < ¢ < sup gp; + maxep 4,

I'p [ Tp i
(4.18) minep; < ¢, < maxep ;, minep; < ¢p < maxep ;,

or some positive constants c,, ¢, ¢, and k depending only on Ey, Ag.
Y

5. Proof of the main theorem. The proof of Thm. 4.1 is based on an iteration map argument
and it is an extension of the proof used in [2], where an index-1 coupled network-device systems
is studied. The derivation requires several steps: passivity of the semiconductor device, a priori
estimates and an iteration map. Most preliminary results are common in the index-1 and the index-2
case, thus we report on all needed lemmas and present full details of index-2 specific aspects.
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Passivity. The following a priori estimates rely essentially on the passivity of the semiconduc-
tor model (i.e., the coupling term o):

LEMMA 5.1. Let the assumption (4.13) for the generation-recombination term hold. Given
x € Wy, let u € W, satisfy the boundary value problem (4.2)—(4.3), Then the coupling term o (4.4)
satisfies the passivity condition

(5.1) o <0.

This lemma was proven in [2]. The dissipativity condition (5.1) is equivalent to the usual passivity
condition, since it holds:

eng = xTVjD = xTUiD =—z'o > 0.

A priori estimates for the network equation. Passivity (5.1) allows us to obtain estimates
for the network variables, independently of the device variables.

PROPOSITION 5.2 (A priori estimates for the network). Let the network
assumptions (4.5)—(4.7) be given and let x € W, satisfy the network equation (4.1) with consistent
initial value xo. Let o be given such that the passivity condition (5.1) holds. Then, for allt € [to,t1],
the differential part y = PyP1x, and the algebraic parts w = PyQ1x, z = Qox of the solution, satisfy
the estimates

(5.2) [BOI < et (fyol + ool + [0 o))
(53) WO < cwe ™D (lyol? + ol + 16 o))
(5.4) 2(0)] < . (Iy(®)] + 50)] + 16(8)| + (1))

for some positive constants cy, cy, ¢, and k depending only on E, A.
Proof. Multiplying (4.1) by z ", using the passivity condition (5.1) and the assumption (4.5),
we obtain

z'Ex < z'b(t).
Due to the symmetry of E, we have QJ E = O. Then the inequality becomes
(Poz) " E(Py) < T b(t).

since © = Pyz 4+ Qoz. Integrating this result on [to,t] with ¢ < ¢;, we find

(5.5) %(Pox)TE(POx)S (POxO)TE(Poa:O)—i—/ x ' (T)b(r)dr

to

N | =

(using also ET = E). On the one hand, E is positive definite when restricted to PyR™. Recalling
Poxr = PyPix + PyQ1x, we can find a positive constant cg such that

1
(5.6) §(P0$)TE(P090) > cplPox|® > eu(|yl? + [w]?).
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On the other hand, the hypothesis (4.6) and the decomposition (3.35) imply
z'hb=y"b+w b+2"h
=y b+ [PoQ1Ey "' (A2y + )] b+ [QoQ1t + Qo1 Ey ' (Aoy +b)] Tb
=y M3Th+b "My b—w' (QuQ1) b+ %[WT(Qle)Tb]
with My and M3 defined in (3.16). The last equality contains no quadratic terms in the terms of

x. Then, using the Schwarz inequality, we obtain

/t xT(T)b(T) dr
< C/ Iy + [b()]? + [w()]> + [6(r)[*) dT + w T (QoQ1) Tb — wy (QuQ1) "bo
< C/ (ly(D)? + [w(T)*) AT + ellbl|F1 (1 107y + 51w ()]*+ €(8)[b(1)]* = wg (QoQ1) o,

to
where 0 is a small positive real number which will be chosen later. Using the previous inequality,

(5.5), (5.6) and choosing 6 = £, we get
(Pozo) " E(Powo) — wg (QuQ1) "o

N =

1
Senllyl + ul?) <
t
+ellbl (e, + C/t (ly(m)]? + [w(r)[?) dr.
(0]
From Gronwall’s lemma, we find the inequality

ly()? + |w(t)[* < Coett—'o)

with Co = ¢(Jyo|? + |bo|? + 1]l 2 ((to,4,]))» Which proves both (5.2) and (5.3). Finally, we have

2= QoQ1w + Q0P1E51[A2y + b]QOQlEE1 [AZZJ + b} + Q0P1E51[A2y +9],

which proves (5.4). O
Device iteration map. As known results for the device equations indicate [8], we consider

for the unknown function ® := (¢, ¢,,) the following set:
M(ep) ={¢ € L*() | minep; < < maxep; a.e. inQ}?
= (o3, 05) € M(ep) we partly

given any applied voltage ep € R™?. For any e}, € R™? and ®*
linearize the device equations (4.2) as follows. First the PDE for the electric potential is solved:

{ -V (EV¢*) = p(¢7 ;km ¢;)7 in Qa
¢
onl'p;,
k 191%

5.7
(5 ¢ — dui = €}, 92 _0, onTy.
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It solution is denoted as ¢* = ¢*(ep, ®*). Then the the remaining PDEs for the device equations
are solved:
=V (ayVéy,) = Hi Ha,
(5.8) ~V-(a;Vé,) = —H{Hy, inQ
8¢)n _ 8¢p

=% _0, onT
ov ov ORI

¢n = ¢p = €D, onIl'p;,

where superscript * denotes evaluation at u = u* = (¢*, fl,@i). This gives rise to consider the
map

(5.9) B (eprel) + B > @ = B (ep;eh) (DY) = BF(ep;ely, BF).

The well-posedness of ®¢(ep;e¥,) has been proven in [2]. In summary, it holds:
LEMMA 5.3. Given e}, € R™P and ®* € M(e}).
a) Problem (5.7) has a unique solution ¢* € H'(Q) satisfying

inf ¢ + minep ; < ¢* < sup ¢, + minep;, a.e. nd
I'p i P ' i P

b) For ¢* = ¢*(e},, ®*) solution of (5.7), problem (5.8) has a unique solution ® = (¢p, ¢p) €
(HY(Q)?), which satisfies

minep; < ¢, <maxep;, minep; < ¢, <maxep; a.e. in Q.
7 3 3 (]

Thus given also ep € R™P | the map
¥ (epseh) : M(ep) — MH(ep) := M(ep) N H'(Q),

stated in (5.9), is well-defined. ~ We note this Lemma gives also the estimates for the electric
potential, which appear in Theorem 4.1. — The map ®*(ep;e},) defines also a modified terminal

current ih (ep; el, ®*) € R™P with components
Foslenicp, ) == [ Vo (690, + 4;Va,) dx
Q

for (¢n, ¢p) = ¢*(ep; e}, ®*) and auxiliary function ¥y (2.6), k =0,...,np. In [2], it was proven:
LEMMA 5.4. Given e}, € R™? and ®* € M(e},), the map ep — z'ﬁD(eD;e*D,q)*) (R™> — R"P)
is Lipschitz-continuous with respect to the applied voltage ep and inD satisfies the passivity condition

vgi%(eD;eEJI)*) >0, vp=ATep.

Iteration map for the coupled problem. Due to Lemma 5.4, we can consider a modified
coupled problem with the modified current iﬁD to construct an iteration map for the coupled on
an appropriate subset for e},. Since in the coupled problem the unknown function (ep, ®) is time
dependent, we need to consider

Cop([to, t1]) = CO([to, 12], R™P) x (CO([to, 1], L*(2)))”
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as the function space and we need to extend the set M(ep) to

Mg, (ep) ={v € CO([to, ], L*(Q2)) |

minep; <1 < maxep; a.e. inQ, VtE€ [to, 1]}
K3 1

and consider boundary data e}, € C([to,t1],R™P). In fact, Lemma 5.3 can be extended to this
setting [2].

If x satisfies the a priori estimate (5.2)—(5.4), then the applied potentials ep = ST x are bounded:
(510) |6D(t)| < CD(t(],tl), Vit e [t(],t1]7

where Cp(to,t1) depends on the time interval [to, t1]. Thus we can consider the subset M of
Cep([to, ta]):

M= {(eD,<I>) c C(ij([to,tﬂ) : |6D| < CD(to,tl) Vte [to,tﬂ, [ONS M(GD)}

Given (e}, ®*) € M, we solve the modified coupled problem

(5.11) Ei= Az 40" +b(t), in [to,t1],
(5.12) PoPll‘(to) = Yo,

(5.13) ep=V'z,

(5.14) ot = —Uit (ep;ely, @),

where the current iﬁD(eD; ek, ®*) is defined from the quasi-Fermi potentials ® = ®%(ep; e}, ®*),
which solve the system (5.7)—(5.8).

The modified coupled problem (5.11)—(5.14) admits a unique solution, because of the Lipschitz
continuity of o = —UiﬁD(eD;e*D,CI)*) with respect to ep (Lemma 5.4). Moreover, Lemma 5.3
applies, because passivity is given (Lemma 5.4), and the uniquely defined solution z satisfies the
estimates (5.2)—(5.4), and thus estimate (5.10). Hence, the coupled system (5.11)—(5.14) defines a
map from M to itself,

T (eE’(I)*) = (eD7q)) = (VTJ:’ (Dﬁ(eD;e.B)(I)*))

and it holds:

LEMMA 5.5 (Fixed-point map). The set M is a nonempty, bounded, closed, convex subset of
C%([to, t1], R™"2 1) x C%([to, t1], L*(R)). The map T is a compact automorphism of M.

The proof from [2] applies also to our index-2 case. Hence by Schauder’s fixed point theorem,
T admit a fixed point (z, P, ¢), which solves the original problem (4.1)—(4.4). Thus Theorem 4.1 is
proven.

REMARK 2. Notice, the coupling term o(x) (3.2) does not occur explicitly in the a priori
estimates nor in the discussion of the fixed point map. This is due to the fact of the passivity, which
we maintain also in the modified problem for the fixed point argument. Also the algebraic variables
w and z do not occur in the fixed point argument, since we restrict ourselves to the inherent ODE-
part. And in fact, having found the differential solution y and the device solution ¢, ¢n, ¢p, y is
also differentiable and we obtain bounds for the remaining terms (w and z).
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Conclusions. We have investigated a coupled problem of elliptic partial differential equa-

tions (PDE) and differential algebraic equations (DAE). Such systems occur in circuit simulation,
for example. Due to certain conditions, we are able to give meaning to the tractability index in
this setting. Furthermore, we were able to prove an existence result for the related index-2 coupled
system by using Schauder’s fixed point theorem and using previous results for coupled systems of

index-1

[10] R.

=)
a9 U Qe @

REFERENCES

. ALI, A. BARTEL, M. GUNTHER, C. TISCHENDORF, Elliptic Partial differential-algebraic multiphysics models

in electrical network design. M3AS 13:9 (2003), pp. 1261-1278.

. ALI, N. ROTUNDO, An existence result for elliptic partial differential-algebraic equations arising in semi-

conductor modeling, Nonlinear Anal. 72 (2010), pp. 4666-4681.
ALI, N. ROTUNDO, On the Tractability Index of a Class of Partial Differential-Algebraic Equations, Acta
Appl. Math., 122 (2012), 3-17, DOI: 10.1007/s10440-012-9722-2.

. ESTEVEZ SCHWARZ, Consistent initialization for indez-2 differential algebraic equations and its applications

to circuit simulation. PhD thesis, Humboldt Universitat zu Berlin (2000).

. Estévez Schwarz, C. Tischendorf. Structural analysis of electric circuits and consequences for MNA. Int. J.

Theor. Appl. 28 (2000), pp. 131-162.

. W. Ho, A. E. RuEHLI, P. A.BRENNAN, The modified nodal approach to network analysis, IEEE Trans.

Circuits and Systems, CAS 22 (1975), pp. 505-509.

. HAIRER, AND G. WANNER, Solving ordinary differential equation: II, stiff and differential-algebraic problems,

Springer, 2002, 2nd rev.

. A. MARKOWICH, The Stationary Semiconductor Device Equations, Springer, 1986.
. MARZ, A Matriz Chain for Analysing Differential-Algebraic Equations. Preprint 162, Humboldt-Universitét

zu Berlin, 1987.
MARZ, Characterizing differential algebraic equations without the use of derivative arrays, Comput. Math.
Appl. 50 (2005), pp. 1141-1156.

[11] W. J. McCALLA, Fundamentals of Computer Aided Circuit Simulation, Acad. Publ. Group, Kluwer, Dordrecht,

[12] C.

1988.
TISCHENDORF, Topological index calculation of differential-algebraic equations in circuit simulation, Surv.
Math. Ind., 8 (1999), pp. 187-199.



