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Abstract

The behavior of eigenvalues of regular matrix pencils under rank one per-
turbations which depend on a scalar parameter is studied. In particular we
address the change of the algebraic multiplicities, the change of the eigen-
values for small parameter variations as well as the asymptotic eigenvalue
behavior as the parameter tends to infinity. Besides that, an interlacing re-
sult for rank one perturbations of matrix pencils is obtained. Finally, we
apply the result to a redesign problem for electrical circuits.
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1. Introduction

In this note, we study the behavior of the eigenvalues of regular matrix
pencils s — A, E, A € C™" under parameter-dependent perturbations of
the form

sF, — G, :=71(as —b)uv*, 7 €C, (1)

where a,b € C and u,v € C" are fixed and only 7 is allowed to vary. This is
expressed by the subscript 7 when we write sF, — G..
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Such variations of a single parameter appear e.g. in the redesign of com-
plex networks consisting of certain dynamic elements when only one of these
elements is changed. For example in electrical circuits, the parameter 7 might
be the capacity of a capacitor or the resistance of a resistor and in the context
of modified nodal analysis [1] both, u and v, are the difference of two unit
vectors e; — e; indicating that the new capacitor is placed between the i-th
and j-th node of the electrical network, cf. Section 7. Moreover, such pertur-
bations appear also in mechanical mass-spring-damper-systems, see [2, 3, 4]
and the references therein.

In each of the following sections, we focus on a certain property of the
eigenvalues subject to perturbations of the form (1):

(i) algebraic multiplicities of the perturbed pencil in dependence of the
parameter 7 (see Theorem 3.2);

(ii) asymptotic behavior for large values of 7 via Rouché’s theorem (see
Proposition 4.1);

(iii) local behavior for small values of 7 via Taylor approximation (see Propo-
sition 5.1);

(iv) interlacing of real eigenvalues (see Proposition 6.3).

For matrices, i.e. E = I,,, a = 0 and b = 1, a detailed study of (i) and
(ii) was conducted in [5, 6, 7]. We extend (some) of the results to matrix
pencils. Similar methods for matrix pencils were applied in [8, 9] to study the
rank-one nearest singular matrix pencils for a given regular matrix pencil.

There are several results on the local behavior as 7 — 0 for analytic
matrix-valued functions, see e.g. [10, 11, 12, 13], which generalize the classical
results for matrices obtained e.g. in [14]. Our contribution regarding (iii)
given in Section 5 is a first order expansion at semi-simple eigenvalues.

Closely related is [15] where a similar expansion for singular pencils and
simple eigenvalues and [16] where an even more general expansion for analytic
matrix-valued functions at semi-simple eigenvalues subject to perturbations
of arbitrary rank was obtained. However since we restrict to rank-one pertur-
bations we are able to obtain an simpler explicit expression for the first-order
coefficient.

Regarding (iv), we consider in Section 6 pencils with £, A € R"*" subject
to real-valued perturbations, i.e. 7,a,b € R and u,v € R™. Then it follows



from the local behavior (iii) that for each eigenvalue of the unperturbed pencil
there is either a real-valued eigenvalue curve emerging from this point, or the
eigenvalue remains stationary for all parameter values.

In the first case, we can give a sign +1 or —1 to the eigenvalues depending
on the direction where the eigenvalue curve moves. Under the additional
assumption that two consecutive signs of eigenvalues are equal, we are able
to show that at least one eigenvalue of the perturbed pencil is contained in
the interval between the two eigenvalues of the unperturbed pencil. In the
case where all eigenvalues have the same sign this allows us to conclude the
interlacing of real eigenvalues without further structural assumptions on the
pencil coefficients.

This extends classical interlacing results for Hermitian matrices under
rank-one perturbations [17, 18], see also [19] for related results on pertur-
bations of singular values of matrices and [20, 21, 22| for related results on
matrix pencils.

Finally, in Section 7 we demonstrate how the results for (i)-(iv) might be
applied to the redesign of electrical circuits. Here we focus on two particular
examples: a low pass filter and a two-stage amplifier. For each circuit, the
task is to insert new capacitors or resistors, in such a way that the eigenvalues
of the modified circuit are located in a prescribed region of the complex plane.
In this setting, a single capacitor or resistor can be modeled as a rank-one
perturbation (1) and one has to determine appropriate values for 7 > 0 to
achieve this goal.

2. Preliminaries

We consider square matrix pencils sE — A with £, A € C"*" and denote
it briefly by sE — A € C"*"[s|, where C"*"[s] is the ring of polynomials with
coefficients in C"*". For obvious reasons we always assume that the natural
number n is larger or equal to one.

We focus on the class of regular pencils and their spectrum [23, 24]. In
the following, the natural numbers N will always include 0. The spectrum or
the set of eigenvalues of the matrix pencil sE& — A € Cls|™*" is the set

o(E,A):={\e€ C | det(A\E — A) =0}, if E is invertible,
and

o(E,A) :={\ e C| det(A\E — A) =0} U {oo}, if F is singular.
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The pencil sE — A is called regular if det(sE — A) is not the zero polynomial.
Otherwise the pencil is called singular.

If sE— A is regular then the algebraic multiplicity of A € C U {oo} is
given by

multiplicity of A as a root of det(sE — A), if A\ # oo,

E A) =
am, (£, A) {n—degdet(sE—A), if A = oc.

The geometric multiplicity of A € CU {oo} is defined as

e, (B, A) = {?mker()\E A), %f A # 00,

imker F, if A = 0.
We say that an eigenvalue A € o(F, A) is simple if amy(E,A) = 1 and
semi-simple if amy(E, A) = gm,(E, A).

Obviously, the spectrum of a regular matrix pencil is a finite subset of
the extended complex plane CU {oco}. If E = [, then o(I,, A) is the set of
eigenvalues of the matrix A and is denoted by o(A).

Let £ € N with £ > 1 and denote by I the k x k identity matrix and
by Jik(A) the k x k Jordan block corresponding to an eigenvalue A € C. The
Weierstrafl form is a canonical form for regular matrix pencils. It consists of
blocks of the following types

s—A —1

sl — Jk(>\) = - € (C[S]ka,

SNk — ]k = c c C[S]ka.

More precisely, let £, € N\ {0} and o = (a1,..., ) € (N\ {0})% be a

multi-index and assume that the entries are non-increasing, i.e. a; > g ... >



ay, > 1. Set

N,

Qg
and |a| == 320 ;. For A € C, £, € N\ {0}, and a multi-index s(\) =
(51(N), ..oy 80,(N) € (N\ {0P)® with s1(A) > ... > s, (\) > 1, we define
Js(n) as a block diagonal matrix of Jordan blocks of sizes s1(A), ..., sq, (A)

Jany(A)
JS()\) =
JSZ)\()\) ()‘)

It is a well-known result, see e.g. [25, Theorem XII.3], that for regular
sE — A € C[s]™" there exist some invertible S,7 € C*™™ and r € N such
that

sl — diag(Jga,yy -« -y Js 0

S(sE - AT — S+ Jur) 2)
0 SNy — I,

for some [ € N, \y,..., N, € C, and a multi-index o«. Here [ = 0 or o = 0

indicates that the corresponding entry is non-existing. The block diagonal
form (2) is called Weierstrafs form. In this situation we have

gm,(E,A) =1, and amy(F,A)= i:sj()\). (3)

and, hence, the rational function
s (sE— A1 seC\o(E,A) (4)

has at s = A; a pole of order s1(\;) for all j = 1,...,[. Note that the size
of the largest entry of the multi-index « in the Weierstra$l form (2) is called
the index of the matrix pencil.

3. Algebraic multiplicities of the perturbed pencil in dependence
of the parameter T

In this section we always assume a,b € C such that (a,b) # (0,0).
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Definition 3.1. Let sE — A € C[s|™*" be a regular matriz pencil, let u,v €
C"™ and consider the rational function

s+ (as —b)v*(sE— A)lu, se€C\o(E,A). (5)

Denote by oy the order of X as a pole of (5). Then for all A € o(E, A)\ {oco}
we consider

S

@ ()) ox, if X is a pole of (5),
CYV10, if A s not a pole of (5).

For \ = oo we define s&°(c0) as the order of the pole of

u,v

s (a —bs)v* (—sA+ E)'u

at s = 0 and we set s%%(c0) := 0 if there is no such pole. Further, we
introduce
MENEA) = S )
peo(E,A)

and we consider the polynomials

COESI | INCEP VA (6)

Aeo(E,A)\{oo}
p(s) :==m&h(s)(as — b)v*(sE — A) 'u. (7)

By the definition of s%% and by (4) it follows for all A € C U {oc} that

5P (\) < s1(N). (8)

We have in view of (2)
v (sE — A)"lu = v*T (S(sE — A)T) ™' Su

. -1
Sl_dlag(Js(Al),---,Js(Al)) 0

=0T Su,
0 SNy, — 1
where [,0, € N, \j,....,\; € C are pairwise distinct, the multi-indices
s(A1),...,8(N) and @ = (aq,...,qq,) are as in (2). In what follows, we

decompose v*T and Su according to the block structure of the matrix in (2).
In order to simplify notation we set

w:= (WT)" and z:= Su 9)



and write

w z
l l
w z
w = woo,l and z = Zoo,l ’ (10)
woo,fa Zooyéa

where w’, 27, for 1 < j < [, are vectors of size |s(\;)| which correspond to
the block in (2) given by Jy,) and w®™, 2°0™, for 1 < m < £,, are vectors
of size a,, which correspond to the block in (2) given by the m-th entry of

a. For w™, 2™ we write
co,m co,m
wy 21
W = and 2™ =
00,m 0o,m
wo! 23

In addition, we also have to label all entries of w’, 27, 1 < j < [, in (10).
Note that s(};) is itself a multi-index, s(A;) = (s1(Aj), ..., s, (), and we
write for ’
17 1

w.j7 Z.]:

w! = : and 2/ = :
w]»e)\j ‘77£)‘j

where w?* and 29% for 1 < k < (5, are vectors of size s();),

gk ] gk
wy <1
wht = : and 29F = : (11)
Ji.k ik
Wer(xy)] Zse(Ag)

In the next theorem we study the algebraic multiplicities in dependence
of the parameter 7. A similar result for generic perturbations of matrices
was obtained in [5, Proposition 2.2].

Theorem 3.2. Let sE — A € C[s]"*" be a regular matriz pencil and let
sF, — G, asin (1). Then for all 7 € C\ {0} and all A € CU {0}

amy(E + Fr, A+ G;) = amy(E,A) — si0(X),  if s&5(X) >0,
amy(F + F,, A+ G,;) > am,(FE, A), if suh(A) =0

(12)
(13)



and we have

> am, (E+ Fr, A+ G,) < MEYE,A).  (14)
neo(E+Fr,A+G)\o(E,A)

a,b

In the case that the function sy, is identically equal to zero we have for

all A € CU {oo}

amy(E + Fr, A+ G,;) =amy(E,A) forall e C. (15)

a,b

In the case that the function s;,

the following characterizations.

15 not identically equal to zero, we obtain

(a) The pencil s(E + F.) — (A+ G,) is regular for all T € C.
(b) Let pe€ C\ o(E,A) then

a,b
p(p) #0 and T:—WI;&—”M()“) < pue€o(E+F.,A+G,).

(c) Let X € o(E, A) be simple and assume s¥5(X) = 1. Then

AN¢o(E+F.,A+G,;) foralTeC\{0}.

(d) Let A € o(E, A) and s35(X) = 0. Then the rational function ¢(s) =
7(as — b)v*(sE — A)~lu has no pole in A and we have

amy(E + Fr, A+ G,) = amy(E, A) + ¢a, (16)

where @y denotes the order of the zero of the function 1+ 7@ in A.

Moreover, there is a full characterization for the function SZ:?J to be iden-

tically equal to zero. It depends on whether a is zero, and whether oo or b/a
1s in the spectrum of the pencil. We collect the different possibilities below.
[ Ifa=0,00¢ 0(E,A) ora#0,bla¢o(E,A), then the function s&°

u,v
is identically equal to zero if and only if (in the notation introduced in



(10)~(11)) for each 1 < j <1, 1 <k <y, and each 1 < m < £, the
following relations are fulfilled

wl L 27, we™ 1 2%™ gnd (17)
Jik Jik gk 7] Jik
wy 22 wi <3
: : : : gk gk _
‘ : J_ : 3 4 : J_ : ,...,wl Zsk()\])— O, (18)
w”F Sk wF Ik
Sk()\j)—l Sk(>‘j Sk()\]‘)—Q_ sk()‘j
co,m co,m 0o,m [ _oo,m
wy ) wy <3
. o0, m oco,m
: 1 . 9 : 1 . ) 7w1 Zam - 0 (19)
0, m ],k oo, m oo, m
wam—l Zam wam—Z _Zam

Moreover, the polynomial p in (7) is identically equal to zero if and
only if the function s is identically equal to zero.

U,

II. Ifa# 0 and b/a € o(E, A). Assume for simplicity that the first eigen-
value A1 equals b/a. Then the function SZ:?) is identically equal to zero

if and only if for each 2 < 5 <1, 1 <k < {y,, 1 <m < {, we have
(17)~(19) and for j = 1 we have (18)—(19) and w™ L z°™.

II. Ifa=0,00 € o(E,A), then the function sgf) 15 1dentically equal to zero
if and only if for each 1 < j <1, 1 <k < /Ly, 1 <m < /{, (18)-(19)
holds and for 1 < j <1 we have w’ L 2.

Proof. The Sylvester’s determinant identity yields for A € C

det(s(E + F.)—(A+ G,)) = det(sE — A)det(I, + (sE — A) " '7(as — b)uv*)

=det(sE — A)(1 + 7(as — b)v*(sE — A) ') (20)
= S k) £ 7o) @

Then for A # oo, (13) and (16) follow from (20). By construction, the
polynomial m&?% is non-zero. The same applies to det(sE — A)/mi?(s), see
(8). Let A € C and assume s3(A) > 0. Then p()) # 0 and

me?(X) + 7p(A) = Tp(A) #0,

follows. This shows (12) and statement (a) for A # oo.
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It is no restriction to assume that the matrix pencil sE — A in (2) is
already in Weierstraf form, i.e.

SInf\a| - diag(l@(h)? R ‘]S(Al)) 0
0 $No = ja|

skl — A =

] o (22)

where [, 4, € N, A\j,..., A\ € C, the multi-indices s()\;),...,s(\) and « are
as in (2). Hence for the dual pencil we have

In_‘a| — S diag(Js(,\l), ceey Js(Al)) 0
0 N, —sla|

—sA+FE =

For 1 < j <[ and the corresponding multi-index s(A;) = (s1(};), ... N (A)))
we have for 1 < k < /),

(I = sJon) ™ =

[(1 - sA )7 s(1—sA)72 e DT =) ) o) .
(1-— S)\j)_l e Ssk()‘j)_2<1 _ S)\j)—sk()\j)-i-l
L (1 — S)\j>_1 ]

and for 1 <m < ¢, and a = (ay,...,ap,) € (N\ {0})% we have

s—l 8_2 s~ am

(N —slo ) =—| ° ] (23)

By the definition of the spectrum, the dual pencil —sA + E has spectrum
o(—A, —F) which coincides with (A, E). Hence, in what follows, we denote
this spectrum by (A, E). Moreover, by am, (A, F) the algebraic multiplicity
of A € CU {oo} of the dual pencil, see Section 2. The above calculations
imply for 0, oo, and A # 0

amy, (A, F) = amg(FE, A), x€eo(AE) < 0€0d(E A),
amo(A, F) = am(E,A), 0€0(A,F) <= ooecoa(EA), (24)
amy(A, E) = amy\(E, A), Me€o(AE) <<= 1eo(EA).
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Replace in (5) the expression (sE—A)~! by the inverse (—sA+FE)~! of the
dual pencil —sA+ E and consider also the dual perturbation —sG,+ F,. The
corresponding pole order function defined as in (5) is denoted by (s&%)* (1)
for € C. It is the order of u as a pole of

s+ (=bs + a)v*(—As + E) tu. (25)
Clearly, this gives

(s502)¥(0) := sy (00). (26)

U, U,V

As (12), (13) and statement (a) are proved for A = 0, we can apply this
to the dual pencil (for A = 0) and the dual perturbation —sG, + F,. With
the above identities and (26) we obtain

ame(E+ Fry A+ Gr) =amg(A+ G-, E+ F,)
= amg(A, E) — (s42)%(0)

= amu(F, A) — si? (c0).

This shows (12), (16) for A = co. For A = oo (13) follows in the same way.
Now (15) follows from (13) and the fact that

Z amy(E, A) = Z amy(E + F,, A+ G,) =n.

Neo(E,A) Aeo(E+F;,A+G7)

We show (a) under the assumption s%% (co) > 0. Hence, by (26), (s45)%(0) >
0. Again, as (a) is proved already for A = 0, we apply it to the dual pencil
and the dual perturbation and obtain that

s(—A—G;)+ E+F;

is regular for all 7 € C. By the above relationship (24) between the spectra
of a pencil and it’s dual, we see that (a) also holds in the case s&%(c0) > 0.
We show (14). From (12) and (13) we conclude

Y amy(E+FL,A+G) > > amy(E,A) — sih () =n — MP(E, A)
Ao (E,A) Ao (E,A)

11



and therefore

Z amy(E+ Fr, A+ G,)=n— Z amy(E + Fr, A+ G,)

Meo(E+Fy,,A+G,)\o(E,A) Mo (E,A)
< MUNE, A).

To prove (b), let u € C\ o(E, A) with p(u) # 0, then 7 = —m;”(“) and

(21) yield that € o(E + F,, A+ G,). Conversely, u € o(E + F,, A+ G,),
together with det(uE — A) # 0 and (21) imply that mw(u) = —7p(p). Since

p ¢ o(E,A), mib(n) # 0 and therefore p(u) # 0 and 7 = m“(“() mus Q) Note,
that (c) follows from (12) and the definition of am,(F, A).

It remains to show I-1II. Assume that SZ:Z vanishes everywhere. By defi-
nition of the quantity s, the function

u,v?

s+ (as — b)v*(sE — A)u is holomorphic in C and (27)
s+ (a — bs)v*(—sA + E) 1w is holomorphic in a neighborhood of 0. (28)

The assumptions in statement I on a and b imply that

s+ v*(sE — A)"'u is holomorphic in C and (29)
s+ v*(—sA + E) ' is holomorphic in a neighborhood of 0. (30)

Again, it is no restriction to assume that the matrix pencil sE — A in (2)
is already in Weierstra} form (22), i.e. the matrices S and T in (2) equal
identity. This implies for (9)

w=v and z=u.

In what follows, we use the notation introduced for w and z in (10)—(11) in
the same way for v and u. We consider the left upper corner of the block
matrix in (22) and choose one block associated to A;, 1 < j <. For this we
consider the multi-index s(\;) = (s1(\)), ..., SgAj()\j)) and, in view of (11),
we obtain for some k with 1 < k </,

v{ ke u]lk
—1
(5T = Jour)) (A7) : (31)
ijk uj»k
sk(Aj) s1(A5)

12



We have
(s=A)7H (s=A) 72 o (s=y) TR

(s=2)) 71 o (s=ay) kG

(5T = Ty (N) " = , . ’

(=)~
which is a meromorphic function in C. In order to have a holomorphic

function in C, see (29), all coefficients of the poles in (31) has to vanish.
Therefore, for all s € C

G (U{’k(s = N) T g (s = A) Tl (s - /\j)_s’“(Aj)>

+oF <u§k(5 )T s =)+ uif()\j)(s - )\j)’s’“(’\j)“)

+o T Ul (s = M) =0
and all coefficients in front of the expressions (s — A\;)7%, ..., (s — A;)*+()
vanish. This show w’ L 27 in (17) (recall that w = v and 2z = u and, hence,
w’ =7 and 2/ = u’) and (18).

In order to show the second half of (17) and (19) we use that the function
in (30) is holomorphic in a neighborhood of zero. Then, by (23) and a similar
argument as above, we see that the coefficients of different powers of s~! have
to vanish and (17)—(19) is proved.

Conversely, if (17)-(19) hold then the above calculations show that s&?
is identically equal to zero.

The statement on the polynomial p is a direct consequence of what we
have proved above and the definition (7) of p.

In order to show statement II we proceed as in the proof of statement I
and therefore (27) and (28) hold. From this follows (30) and instead of (29)

we have
s+ v*(sE — A)~'u is holomorphic in C \ {b/a}
and has a pole of order < 1 in b/a.

Now statement II follows in the same way as in the proof of statement I.

In order to show statement III we proceed as in the proof of statement I.
Therefore (29) holds and instead of (30) we have

s+ v*(—sA + E)~'u is meromorphic and has a pole of order < 1 in 0

and, again, statement III follows in the same way. O
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4. Asymptotic behavior of the eigenvalues of the perturbed pencil

In the next proposition, we study the asymptotic behavior of the eigen-
values as 7 — oo. An analogous result for generic perturbations of matrices
was obtained previously in [5, Proposition 4.1]. The proof presented here is
mainly based on this result.

Proposition 4.1. Let sE— A € C[s|"™™" be a reqular matriz pencil, let sF, —
G, = 7(as — b)uv* as in (1) and 2 ¢ o(E, A), a # 0. Assume that one of
the relations (17)—(19) is not satisfied.

Then degp eigenvalues of s(E + Tauv*) — (A + Tbuv*) converge to the
roots of p and one eigenvalue converges to g as T — Q.

Proof. By Theorem 3.2 1. the polynomial p is non-zero. We rewrite the right
factor in (21) and consider

T_lmZ’f; +p for 7€ C\ {0} (32)

in a neighborhood Dj(e) of the pairwise distinct roots {y;}9_, of p with
d < degp given by Dj(e) :={A € C | |\ —p | < e} with j =1,...,d. Here
e > 0 is chosen such that the discs D;(e) are pairwise disjoint. As 7 — oo
the polynomial in (32) converges on U}_, D;(¢) uniformly to p. Hence there
exists 7(g) > 0 such that for all |7| > 7(¢) we have

Ip(2) = (77 'mi(2) + p(2)| = [T mi(2)] < 1

for all z € 0D;(¢) and all j = 1,...,d. Rouché’s theorem yields that the
number of zeros of p and 77'm%Y + p inside of Dj(e) coincide for |7| >
7(€). Since € > 0 was arbitrary, the roots of T‘lmg’f] -+ p converges to the
roots of p. Further, by (21), the roots of T‘lmgf) + p are eigenvalues of
s(E+ F,) — (A4 G,). Finally, one eigenvalue converges to g which happens
to be a root of p. O

A result similar to Proposition 4.1 holds also in the case where a = 0. Here

we need to assume that co ¢ o(F, A), i.e. E is invertible, and one can show,
e.g. by using the dual pencil, that one eigenvalue converges to oo as 7 — c0.
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5. The local behavior of the eigenvalues for small changes of the
parameter T

In the following, we consider the local behavior of semi-simple eigenvalues
for small changes of the parameter 7. Recall that for a regular matrix pencil
sE — A we always have for A € C U {00}

|gmy (B, A) — gmy (B + Fr, A+ Gr)[ < 1, (33)

see, e.g., [26, 27]. In particular, this implies that if A is not in the spectrum
of the pencil sEF — A, the corresponding kernel of the perturbed pencil is at
most one-dimensional.

This leads to the following situation which is described in Proposition 5.1
below: Given a semi-simple eigenvalue )y of the pencil sE — A. Then

gy, (E7 A) = amly, (E> A) = l)\o

and, hence, sj(Ag) = 1 for all 1 < j < I, cf. (3). By (8) the quantity
s (XNo) equals zero or one. If s40(Xg) = 1 then there is a 7-dependent
smooth eigenvalue curve ¢ defined in a neighborhood of zero starting in A,
that is, ¢(0) = Ao, and each ¢(7) is an eigenvalue of s(E + F;) — (A + G,).
On the other hand, if sg’f;()\) = 0 then the eigenvalue )y remains stationary.

In the case of a semi-simple eigenvalue \g € o(E, A)\{oco}, the Weierstraf3
form (2) can be written as

. (S_/\(J)IZAO 0 . S>\o - ~
S(SE_A)T_ 0 SE—A ) S = Sv ) T_[TAmT] (34)

for some invertible S,T" € C™*" and Sy, Tx, € Cho*™ such that the pencil
sE — A is in WeierstraB form with o(E, A) = o(E, A) \ {\}. For a cor-
responding result in the chordal distance, we refer to [28, Theorem VI.2.2|.
A related result for analytic matrix-valued functions and perturbations of
higher rank is given in [16, Theorem 6].

Proposition 5.1. Let s — A € C[s]™™" be a regular matriz pencil and
sF, — G, = 71(as—b)uv* and let \y € o(E, A)\{oo} be semi-simple. Let S, T
invertible and Sy,, Ty, such that (34) and o(E, A) = o(E, A) \ {\o} hold.

Then s35(Xo) < 1 and we have (aXo — b)v*Ty,Saou # 0 if and only if
s (A) = 1.
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(i) If s%b(Xg) = 1 then there exists € > 0 and a smooth (that is, an in-

ﬁnitély often differentiable) function ¢ : (—e,e) — R with ¢(0) = Ao,
c(r) € o(E+ Fry A+ G,.) and for T € (—¢,¢)

c(7) = Xo + 7(b— aXg)v T, Sx,u + o(T) (35)
such that ¢(1) ¢ o(E, A) for T # 0.

(ii) If 33’72()\0) = 0 then the eigenvalue \g is stationary in the following
sense: There exists a neighborhood U around Ay and € > 0 such that

UNo(E+ F., A+ G;) ={) o}
for T € (—¢,¢).

Proof. In what follows, we set to improve readability & := [,,. We consider
the polynomial ® in the variables 7 and A given by

det(AE — A+ 7(aX — b)uv*)

O\, T) = D= ) )

@()\0, O) =0.

The function ® is a polynomial. Indeed, for 7 = 0 the function A — det(AE —
A) has, by assumption, a zero of order k at A\g. Moreover, for 7 # 0, it follows
from (33) that the function A — det(AE — A + 7(a\ — b)uv*) has a zero of
order at least kK — 1 at Aq.

The determinant can be rewritten with Sylvester’s identity

det(A\E — A+ 7(aX — b)uv*) = det(AE — A)(1 + 7(aX — b)v* (A\E — A)u)

(36)
Furthermore, we rewrite
v*(AE — A)lu =" T(S(\E — A)T) "' Su
= 0Ty, (A — No) LSy u + v T(ANE — A)~LSu. (37)

By assumption A — ()\E — /Al)*l has no pole in A\g. Consequently, A —
(aX — b)v*(AE — A)~'u has either no pole in ), or a pole of order one,
ie. s¥0(Xo) < 1. We inspect the first summand in (37) which leads to
(aXo — D)v*Th,Sx,u = 0 if and only if 535 (Xg) = 0.
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Assume s%%(A\g) = 1. Invoking
det(\E — A) = det(ST) 1A — Ao)* det(A\E — A), (38)

we obtain for the partial derivatives together with (36)

£000,0) = & (BAEA( 4 r(or b (E - A )|

= & (det(ST) " (A = Xo) det\E — A)(1 + r(a = b)v*(AE — 4)~"u) ‘

A=Xo,7=0

In order to shorten the expressions, we introduce

f(\) :==det(A\E — A),
g, T) =\ = o) (1 4+ 7(a\ — b)v*(AE — A) M),
h(\) i=(aX — b)o* (A — Ao)(\E — A) .

Note that by s%5 (o) = 1, the functions f,g and h are polynomials (here g
in the two variables A and 7). Therefore, we continue with g(\,0) = 0 and

5PN, 0) = det(ST)™" (' (Ng(A ) + FN) axg(A 7)) |4y o
= det(ST)™" (f'(Ng(A, 1) + FN + 7R )],y 0o
= det(ST) 'det(\E — A) #0
and with (37) and (38)

2D(Ng,0) = [(a)\ — D) (\E — A)_luw]

(X — Xg)i !

A=A
= {(a)\ — b)’U*T)\O(A — Ao)_lsAoudet()\E _ A):|

+ [(a)\ — D T(A\E — A)léu—ie;(fi;ﬁ f)]

det(A\E — A)
(A= Ao)* }

A=Xo

A=Xo

= {(ax\ — b)v* T\, S),u

A=Xo

= (aXg — b)v* Ty, Sxouu det(ST) det(NE — A).
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Thus, by the implicit function theorem there exists £ > 0 and ¢ : (—£,¢) - R
such that ®(¢(7),7) = 0 for all 7 € (—£, €) meaning that ¢(7) is an eigenvalue
of s — A+ 7(as — b)uv* and the derivative is given by

(N, 0)
Le(0) = — 2 — (h— a\)v* Ty, S
dq—c( ) %@(}\0,0) ( a O)U Ao /\Ou

Since 545 (Xo) = 1 we have Le(0) = (b— aro)v*Th,Syu # 0 and, hence, (35)
holds for some ¢ < é. Since ® is smooth, also ¢ is smooth which proves (i).
In order to prove (ii) observe that by si%(Ag) = 0 the rational function
A = 7(aA—b)v*(AE — A)~'u has no pole in \g. Hence there exists ¢ > 0 with
I7(aX — b)v*(AE — A)~lu| < 1 for 7 € (—¢,¢) and (ii) follows from (36). O

Remark 5.2. The local perturbation behavior at oo can be described by the
dual pencil at \g = 0. For this, let oo € o(E, A) be semi-simple. Then (34)
holds with (s — o)1, replaced by —1;,

-1 0 5« B .
for some invertible S,T € C™" and Sy, T% € C>*" such that o(E, A) =
o(E, A)\ {oo}.
The local eigenvalue curve at oo is by (24) given by the local eigenvalue
curve of the dual pencil —sA + E at A\g = 0. From above, the dual pencil

fulfills

. S[loo 0
S(SA—E)T|: 0 SA—E]'

As consequence of Proposition 5.1 applied to the dual pencil and in view
of (25) and (26) one has av*TaSoctu # 0 if and only if s3%(c0) = 1. In this
case, there exists € > 0 and ¢ : (—¢,0) U (0,e) — R which is for T # 0 given
by

c(1)t = 7av* Too Saott + o(T)

and fulfills (1) € o(E+ F., A+ G,).
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6. Interlacing of real eigenvalues

From Proposition 5.1 we see that the numbers (a\g — b)v*T), S\, u can
be used to characterize the invariance of eigenvalues under perturbations. In
particular, in the case of real matrices and real (semi-simple) eigenvalues, the
sign of this quantity describes whether eigenvalues increase or decrease after
perturbations. In this section we collect various interlacing properties.

To guarantee that (a\g—b)v*T),S),u is a real number, we assume through-
out the section that a,b € R and u,v € R". Furthermore, one can show that
for Ay € R we already have T/\T(; .Sy, € R This follows after a trans-
formation to quasi-Weierstra8 form over R, see [29, Theorem 2.6], and a
subsequent use of the real Jordan form [30, Section 3.4.1].

Definition 6.1. Let sEE — A € R[s]™™™ be a regular matriz pencil, a,b € R,
u,v € R", let A € o(E,A) N (RU {oc}) be a semi-simple eigenvalue and let
S, T € C"" be invertible such that S(sE — A)T is in Weierstraf§ form (34).
Define

g2 (N) :==sgn ((b—aA\v"ThSyw), A # oo,

with sgn 0 := 0 and €4’ (+o0) := sgn(—av’ TosSactt), where So and T were
introduced in Remark 5.2.

Note that for pencils sE — A with £ = E* and A = A* and perturbations
satisfying u = v the above signs are given by the characteristic signs of the
Hermitian pencil, see e.g. [31, 32].

In the case of semi-simple eigenvalues there is a close connection between
5% and 331’;

Lemma 6.2. Let sE — A € R""[s| be a reqular matriz pencil. Let all
eigenvalues in o(E, A)N(RU{oo}) be semi-simple. Then for py € o(E, A)N
(RU {oo})

el (o) =0 = su%(uo) =0,
53’,2(#0) #0 <= SZ:Z(,UO) =1
Proof. We show that
“T'T; S
oT(NE — A)~ Z MONT T Secu + G(N), (39)

=1
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where ¢ is a rational function with poles in a finite subset of o(E, A) \ R,
limy e @(A) = 0 and Ay < Ay < ... < A, denote all real eigenvalues of
sE— A. By assumption, all real eigenvalues A1, ..., \,, are semi-simple, i.e.,
s(A;) = 1 and amy,(F,A) = gm, (E,A) = I, for j = 1,...,m, see (3).
Using the WeierstraB8 form over R, there exists S, T € R™*" such that

S()\E — A)T = dlag(()\ — )\1)Il/\1, ey ()\ - )\m)Il,\m> _[n—m )\Ir’ - J(C\R)~

where Jog € R™*" for some 7' > 1 contains all blocks of the real Jordan
canonical form which correspond to complex conjugate eigenvalues. Hence

v (AE —A)"u = Z ——— =V T Seot + 0" Ter\g (A — Jovr) ™ Se\ru

where Sc\r € R"”*" are the last  rows of S and Tewr € R™" are the last
r" columns of T'. It remains to define ¢ as the last summand. By definition
the inverse exists for all A € R, it is real-valued and has the desired growth
property at co. The statement of Lemma 6.2 follows now from (39) and the
fact that o is semi-simple. O]

If all matrices E, A, F;, G, are real and if the sign %% (\o) is positive for a
real semi-simple eigenvalue \g, then Proposition 5.1 together with Lemma 6.2
show that the perturbed pencil has an eigenvalue to the right of A\g. This
observation will be made more precise in Proposition 6.3 below: Between
two real eigenvalues of the unperturbed pencil with the same sign 1 there is
an eigenvalue of the perturbed pencil for all 7 € R.

In the formulation of the theorem, we consider the total algebraic multi-
plicity of all eigenvalues of a regular matrix pencil sFE — A € R[s]"*" which
are contained in a subset S of the extended complex plane C U {oo} and
denote it by

amg(E, A) := Z amy (£, A).
AeS
By definition, the above sum contains only finitely many non-zero summands.

Proposition 6.3. Let sE — A € R"™"[s| be a reqular matriz pencil and the
pencil sF. — G, is given by (1) with a,b € R, u,v € R™. Furthermore,
let all eigenvalues in o(E,A) N (R U {oo}) be semi-simple. Let i, ps €
o(E,A)N(RU{oco}) with

—00 <y < pp <00 and EQZZ(M) = EZ’,{Z(HQ) =1,

u
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ie. (b—ap)v'T, S u >0 and (b— apz)v'T,,S,,u > 0, if 1y # —oo or
o # 00 or —avl Ty Seou > 0 otherwise. Then the following holds.

(a) Let py and py be finite. If €2t (p) = 0 for all p € (p, p2) No(E, A),
then for 7 € R\ {0}

am(mm)(E + FT, A+ GT) > am(m,m)(E, A) + 1. (40)

If (i) = 0 for all i € ({00} URN\ () N o(E, A), then for
reR\ {0}

am{OO}UR\(#Lm)(E + P, A+ Gr) > am{oo}UR\(M,M)(E, A)+1.

(b) Let 1y = —oco and piy be finite. Then a # 0. If ¥ (u) = 0 for all
p € (—oo, pg) No(E,A), then for T € R\ {0}

am(,oom)(E + I, A+ Gr) > am(*ooyﬂz)(Ev A)+ 1.
If €22 (1) = 0 for all p € (2, 00) No(E, A), then for 7 € R\ {0}

u,v

am(u27oo)(E + F., A+ GT) > am(m,oo)(E, A) + 1.

(c) Let py be finite and piy = oo. Then a # 0. If b (p) = 0 for all
p € (—oo, ) No(E,A), then for T € R\ {0}

am(,oom)(E + A+ GT) > am(,oo,m)(E, A) + 1.
If €%t (1) = 0 for all p € (uy,00) No(E, A), then for T € R\ {0}

u,v

am(mm)(E + FT, A+ GT) > am(m,oo)(E, A) + 1.

(d) Let jy = —oco and py = oo. Then a # 0. If €4b(n) = 0 for all
peRNo(E,A), then for T € R\ {0}

amg(F + Fr, A+ G,;) > amgp(E, A) + 1.

a
u

In the case a = 0 then, by definition, £%%(£00) = 0 and 1, po are finite.
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Proof. Step 1: By Lemma 6.2, £%% (1) = 1 implies s34 (u) = 1 and e3% (u) = 0

)’ Cuv
a,b

is not identically to
and p

implies s%%(;1) = 0. As e2%(u1) = 1, the function s%?
zero. Then p is not identically to zero, see Theorem 3.2, where mu
are given by (6) and (7). We define a rational function w by

v

b(A) =y = (b~ a\) vl (A\E — A)™!

muv(N)
m T
(b—al) (Z it S* © — T Sot + cb(A)) :

where we used the representation from (39). By assumption the function v
has on the real lines only poles in those ; with €%%();) = 1, more precisely,
the behaviour of ¥ close to the simple poles puq, o and at oo is given by
the following. For finite numbers py, o we have

lim 95(A) = oo, lim 95(A) = oo,

M1 H2

lim 45(A) = —o0, and lim 1()) = —oo. (41)
ATu1 ATp2

At infinity we have for the case co ¢ o(FE, A) that T, = Sy = 0 and, hence,

“ UTTMS)WU
Jim (A) = lim (b —a}) <Z o, $(A)
— T ; _

= a; v T, Sy + lim (b — ad)p(N).
As ¢ has finitely many poles in C\ R, the limit limy . (b—aX)p(A) is a finite
complex number ¢, and we set

m

lim ¢< ) ZUTTMSMU + ¢oo = ¢oo

A—00
=1

Note that in the case a = 0 one has 1, = 0. One obtains the same value for
limy_,_ 9¥(A). The behaviour of ¢ at co and at —oo is as follows

oo if e%b(—
lim ¥(\) = 0 if 6‘“’(

A——00

L,
Oorifa=0, (42)
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—o0 if e%f(00) =1,
lim ¢ (\) = 0 ifelb(oo)=0orifa=0, (43)
Ao s if 00 & o(E, A).

Step 2: We show (a). Then, by assumption, y; and i, are finite. If €20 (1) = 0
for all p € (u1, p2)No(E, A), then 1 is locally holomorphic in (py, u2) and (41)
holds. Thus, by the intermediate value theorem for 7 € R\ {0}, we find
Ar € (p1, p2) such that

T =v(N). (44)
If \; € o(E, A) then we have with the function ¢ from (d) in Theorem 3.2
—n(\ )
7—_1 = )\’T = L = - )\’T )
¥(Ar) ) p(Ar)

hence p(A;) # 0. Now (40) follows from (d) and (13) in Theorem 3.2.

If \; ¢ o(E, A) then (b) in Theorem 3.2 implies A\, € o(F + F,, A+ G,)
and, with (13), (40) follows.

In order to prove the second assertion in (a) assume that 2% (u) = 0
for all p € ({co} UR\ (u1,p2)) No(E, A). Then either co € o(F, A) with
el (00) = e4b(—00) = 0 or 0o ¢ o(E, A). Then the limit behaviour of the
function ¥ at py, po and £oo together with the intermediate value theorem
yields the existence of at least one solution (at least two solutions in the case
el (00) = 1) of (44) in {oo} UR\ (i1, p12). Using the same arguments as

above shows (a).

Step 3: Note that by definition %% (c0) = ! (—00), hence £4f(o0) = 1

u,v

implies €%%(—o0) = 1 and vice versa. Therefore, (b) and (c) are equivalent.
Assume py = —oo and pi is finite. Then by (41)—(43)

lim$(A) =co, lme(A)=—co,  lim (})=oo, lim ¢(})=—oo,

and (b) follows from the intermediate value theorem in a similar way as
above. The same applies to (d). O

In Proposition 6.3 we always have two different real numbers or infinity

with signs equal to one. But it may happen that there is only one real number
with this property.
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Corollary 6.4. Let sEE — A € R"*"[s| be a regular matriz pencil and the
pencil sF. — G is given by (1) with a,b € R, u,v € R™. Let all eigenvalues
ino(E,A)N(RU{oo}) be semi-simple. Let uy € o(E, A) N (RU{oo}) with
cot () = 1 and let €55() = 0 for all j € ({00} UR) \ {m}) N o, A).
Then for T € R\ {0}

am({oo}ur)\{ } (B + Fry A+ Gr) = am((eopury (u} (B, 4) + 1.

Proof. If iy is finite we have e4%(00) = el (—00) = 0. Then by (41)-(43)
the limit of ¥ at +o0o exists and is finite and
li A) = li A) = —o0.
lim ¢(}) = 0o, lim $(}) = —co
The assertion follows from the intermediate value theorem in the same way
as in Proposition 6.3.
If 411 is not finite we have e4%(00) = %8 (—o00) = 1. Then the assertion

u,v

follows from (42), (43) and the intermediate value theorem. O

If in Proposition 6.3 we have a # 0, then the function ) has no pole in b/a.
Hence we have ¢)(b/a) = 0 for all X\ € 0(E, A) with the property €% ()) = 0
or with the property A ¢ o(FE, A). The fact that b/a is a zero of the function
1 can be used to find a smaller interval for an eigenvalue of the perturbed
pencil. As the argument is based on the intermediate value theorem in the
same way as in Proposition 6.3, we obtain the following corollary.

Corollary 6.5. Let py be as in Corollary 6.4 and let a # 0.
(1) Ife2b(u) =0 for all p € (u1,b/a] N o(E, A). Then for all T > 0
am(uhb/a)(E + A+ GT) > am(m,b/a)(E, A) + 1.

(2) If eib(p) =0 for all p € [bfa, pa) No(E, A). Then for all 7 <0
am(b/avul)(E +F. ,A+G,)> am(b/am)(E, A)+1.

In the following, we study the case where all signs 6312()\) are non-positive
(analogously for non-negative) and show in the next corollary that the eigen-
values interlace, i.e. roughly speaking that for all parameter values 7 € R
there is only one eigenvalue of s(E + F;) — (A+ G,) between two consecutive
eigenvalues of sFE — A. We will distinguish two cases, depending on the value
of 8 (—00) = £45(00).
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Corollary 6.6. Under the assumptions of Proposition 6.3, assume o(E, A) C
RU{oo} and e (X) >0 for all X € o(E, A). Assume that 2% (—0c0) = 0 or
oo ¢ o(E,A).

Denote by pj, 3 =1,...,m, m < n, those real eigenvalues with positive
sign and assume that there exists at least one eigenvalue with this property,
i.e. m > 1, ordered in the following way
b

—00 < fig < g < .o < flyy <00 and ey () =1, j=1,...,m.

Then o(E + F., A+ G,) € RU{oo} for all T € R. For A € o(E,A)\
{/’Ll""7um}

am,\(E,A)—{—l Z amA(EjLFT,A—I-GT) Z am)\(EvA)v (45>

and for X € {p1, ..., fm}
amy(F + F,, A+ G,) = am,(F, A) — 1. (46)

Forj=1,.... m—1

Ay, 1) (B + Fry A+ Gr) = amygy, 00 (B, A) 4+ 1, (47)

am(_oom)u(um,oo)(E + F. A+ GT) = am(_oom)u(umm)(E, A) +1, (48)

Proof. As m > 1 and €%)(1) > 1, Lemma 6.2 implies that s3% is not
identically zero. Therefore by Theorem 3.2 the pencil s(E + F,) — (A+ G,)
is regular. Thus, the algebraic multiplicities of all eigenvalues add up to n.
Statement (46) follows from Theorem 3.2. Hence, together with (13),

amypA)(E+ F, A+ G.) >n—m. (49)

If m = 1 then by Corollary 6.4 the algebraic multiplicity of s(E + F,) —
(A+ G;) in R\ {p} increases by one which shows together with (49) that
(48) holds and that all eigenvalues of s(E + F;) — (A + G,) are real. If
m > 2 then item (a) in Proposition 6.3 applied to the intervals (p;, t41),
j=1,...,m—1, and to the interval (p1, ftm,) shows (47) and (48). Then (46)-
(48) and (13) imply (45). Together with (49) it follows that all eigenvalues
of s(E + F,) — (A+ G,) are real. O

There is an analogue statement for the case e2f(—o0) = %9 (c0) = 1.
Its proof is similar to Corollary 6.6 and uses items (a), (b) and (d) from

Proposition 6.3.
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Corollary 6.7. Under the assumptions of Proposition 6.3, assume o(E, A) C
R U {oo} and el (X) >0 for all X € o(E, A). Assume that e3)(—oc0) = 1.

Denote by p;, j=1,...,m+1, m+1 < n, those real eigenvalues with
positive sign ordered in the following way

—00 =11 < fg < ... < fpy1 =00 and aﬁ’f;(,uj):l, j=1,....,m+ 1

Then o(E + F., A+ G,) € RU{oo} for all T € R. For A € o(E,A)\
{le"alu’m}

amy(E,A)+1>amy(E+ F.,A+ G,) > am,(E, A), (50)
and for X € {p1, - fim }
amy(E + F,, A+ G,) = amy(F,A) — 1. (51)
Forj=1,....m
am ;) (B 4 Fr A4 Gr) = amyy, 0,0 (B, A) + 1, (52)

Corollary 6.8. Under the assumptions of Proposition 6.3 assume o(E; A) C
R U {oc} and e5(X) = 0 for all X € o(E,A). Then o(E+ F,,A+G,) C
R U {00} for all T € R and the algebraic multiplicities coincides

amy(E + Fr, A+ G;) = amy(E, A) for A € RU {o0}. (53)

Proof. Tt follows from Lemma 6.2 that the function s%% is the zero function.
Then the statement follows from (15). O

7. Application to electrical networks

7.1. Low-pass filter

As a first example, we consider an RC-low-pass filter shown in Figure 1.
This circuit consists of a capacitor with value C' > 0 interconnected in row
to a resistor with value R > 0 and there are voltage in- and outputs u;, and
Uyt Altough this is a very basic example, the conclusions from this example
can be generalized to arbitrary circuits consisting of resistors, capacitors and
current or voltage sources.

26



1 ®2

Win (1) ——C ) uu(t)

@O
L 0p=0

Figure 1: The circuit graph of a low-pass filter with nodes (0), I) and (2) with correspond-
ing node potentials ¢g, ¢1, and ¢o. Here the node (0) is grounded.

Using the modified nodal analysis [1], the underlying differential-algebraic
equation of a low-pass filter with u;, = 0 is given by

(o0 0] [ R R -1 [

Zlocolle)=| &Y - 0] [

0 0 Of \n 1 0 O \%n
=F :‘:,A

where ¢; and ¢, are the node potentials at the nodes (I) and (2), respectively.
The Weierstrafl form is given by

s+(CR)™> 0 0 0C-1/2 —_¢c-1/2p-1
S(SE—A)T:[+(O) —10], 52[1 0 (2R)~1 ],
0 0 —1 0 0 1

0 0 1
T = c-1/2 o 0 .
R-1C-1/2 1 —(2R)~!

The eigenvalues of the low-pass filter o(E, A) = {—(RC)™!, o0} are semi-
simple with

am_(rey-1(E, A) = gm_(gey-1(E, A) = 1 and am(F, A) = gm(E, A) = 2.

The aim of network redesign is to change the network topology in such
a way that the location of the eigenvalues after this change has a positive
influence on the stability of the circuit. Possible modifications of the low pass
filter in Figure 1 can be the insertion of additional resistors or capacitors or
the change of the parameter values R and C.
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All of the above changes can be modeled as rank-one perturbations of
the form sF, — G, as described in (1) and 7 > 0 is either the capacity or
the resistivity of the circuit elements. Hence we can describe the change of
eigenvalues in dependence on 7 using the results from the previous sections.

We investigate the numbers s%%(—(RC)™") and s%%(c0) from Section 3
as well as their signs %% (—(RC)™") and 4% (oc0) from Section 6. Here the
following matrices are essential

0
S_(roy-r = [oc vz 2Rt ], T (roy—1 = [3912121/2] - ST(RC)’1
and 0 .
—_[10@2R)! —
SOO*[OO( 1) }’ TOO7|:,01,(2%)—1:|'

We study now the influence of a new capacitor or a new resistor that is
introduced in the low pass filter. A new capacitor between the nodes (I) and
(0) with capacity 7 can be described by adding to sE — A the pencil

sk, — G, = st [é} [100],

that is, we have in the representation (1)

oo

a=1,b=0, andu=v= [ } = e.
Eele, (—(RC)™Y) = sgn ((b+ a(RC) ey T (rey-15—(roy-1e1)

07 00 Joen et ]
= 0.

We conclude

and
e’ (00) = sgn (—av" T Seour)

’ 0 1 -1 1
_ R
= (Floon[5 b J ey T {3])
=0.
Hence, we obtain by Lemma 6.2
st0 (—=(RC)™) =0 and sL°, (o0) =0,

€1,€1 €1,€1
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hence sife | is identically equal to zero. As a consequence of (15) the eigen-

values —(RC)™! and oo together with their algebraic multiplicites remain
stationary for all 7 > 0. Concerning the geometric multiplicities at oo one
observes rank(F) = 1 and rank(F + F,) = 2 for 7 > 0, hence

amy.(E,A) =2, gm(E,A) =2, (54)
ame(E+ Fr,A+Gr) =2, gm (F+F,A+G,;)=1. (55)
As the eigenvalues remain stationary the choice of a new capacity between
the nodes (I) and (0) is not favorable for redesign.
On the other hand a new resistor with resistance 7 > 0 can be described
by
sF, — G, = —11 [é] [100],

that is, we have in the representation (1)
a=0,b=1 andu=v= [é} =:eq.

The same calculations as above show 32’11761 is identically equal to zero and
the eigenvalues remain stationary for all 7 > 0.

A new capacitor between the nodes (I) and (2) with capacity 7 > 0 can
be modeled by

1
sF, — G, = st [—01} [1-10],
that is, we have in the representation (1)
a=1,b=0, andu=v = [—(1)1}.
Here we obtain
611;2(—(RC)71) = sgn ((b + a(RC)fl)UTT,(RC)—ls,(RC)-1u))
0

= sgn ( RC) '[1-10] [R—Clgﬁ/z] [0 c-1/2 c-1/2p1] [%}1})
= sgn

(RO)'CTY) =1,

hence, by Lemma 6.2, s,/ (—(RC)™") = 1. This means that the eigenvalue
curve starting at —(RC)™! moves towards 0 (see Proposition 5.1) and as
b/a = 0 there is by Corollary 6.5 one eigenvalue in the interval (—(RC)™*,0).
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Furthermore, we have

1,0 _ T _ 0 1 10@r-11[1
Euu(00) = sgn (—av TooSsot = —[1-10] [_0 _(2%)71} [00( 1) ] [_Olb

=0.

Asrank(E+ F;) = 2 for 7 > 0, again (54) and (55) hold. Hence the insertion
of a capacitor between the nodes (I) and (2) does not improve the stability
nor the robustness of the circuit.

7.2. Two-stage CMOS operational amplifier

As a second example we consider a two-stage complementary metal-oxide-
semiconductor (CMOS amplifier) used for certain BluRay applications in [33].
The coefficients of the underlying differential-algebraic equation are given by

—48.8 0 0 4 22.4 22.4 0 0 0 0 0
0 —27.88 2 0 0 4 0 2188 0 0 0
0 2 —31.9 0 4 4 0 21,9 0 0 0
4 0 0 —75.2 0 4 67.2 0 0 0 0
22.4 0 4 0 —26.4 0 0 0 0 0 o0
E=10"%] 224 4 4 4 0 —134.4 0 0 0 0 o0
0 0 0 67.2 0 0 —67.2 0 0 0 0
0 21.88 21.9 0 0 0 0 —43.78 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 o
18.4  —0.080 —0.080 13 —9.03 —9.04 —13.13 0 0 0 0
—9.12  5.47 0 0 0 9.04 0 —539 0 0 0
—9.11  5.31 0.16 0 9.03 0 0 —539 0 0 0
0 0 0 10.79 0 0 —10.79 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1
A=10""| o 0 11.3 13.7 0 0.22 ~13.82 -11.4 0 0 0
—0.13 0 0 —37.49 0 —0.12  37.74 0 1 00
0 —10.70 —11.38 0 0 —0.097 0 2217 0 1 0
0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 1 0 0 0 0 0 o

The model contains eight transistors which are labeled in Figure 2 by the
letter M.

The matrix pencil sE — A € R[s]''*!! associated to the two stage CMOS
amplifier which is shown in Figure 2 has the eigenvalues

Mo~ —4.00-10%, X~ —281-10%, Ny~ —1.29-108
and one pair of complex eigenvalues A4, A5 given by
Ass ~ (0.15 4 1.37i) - 108,

and an eigenvalue at oo with am(E, A) = gm_(F,A) = 6.
From the eigenvalue locations we see that the underlying differential-
algebraic equation is unstable and hence a typical aim of network redesign,
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C

i

Figure 2: The two-stage CMOS OpAmp without precompensation and capacity C, = 1pF
at the voltage output. There is also a closed feedback loop from M; to C7..

also called compensation, would be to insert new capacities in such a way
that the underlying circuit is stable meaning that all eigenvalues of the mod-
ified pencil have negative real part. In industrial circuit design one typically
demands the newly inserted capacities to be as small as possible to have a
low production cost. This leads to a high-dimensional non-convex optimiza-
tion problem for which solution algorithms were proposed in [33] and more
recently in [34].

One of the main approaches for stabilization of the circuit is based on
the Miller effect, where one introduces a new capacitor between the nodes
@) and ). If we choose

sF, — G, = s1(e3 —eg)(e3 — eg)”

where e3, e € R are two canonical unit vectors, that is, we have in the
representation (1)

a=1, b=0, and u =v = e3 — e4.

Then for 7 = 107! the eigenvalue curve of the complex poles moves

towards
Ais(7) = (—0.22 4+ 6.414) - 107
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which stabilizes the circuit. Furthermore, we can compute the signs

g%t () = 53:2()\2) =1, &72’72()\3) =1, £%’(c0)=0.

u,v u,v

Hence by Proposition 6.3 for all 7 > 0 there is one eigenvalue in the interval
(A1, A2). Since the eigenvalues Ay and A3 have a different sign, by Proposi-
tion 5.1 there are two eigenvalues in the interval (Ay, A3) for small values of
7 > 0. For larger values of 7 the eigenvalue curves possibly leave the real
axis. The eigenvalue locations for large values of 7 are by Proposition 4.1
close to the roots of the polynomial p defined in (7) which are for our example
given by

2~ —3.98-10%, 25~ —2.66-10%, 23~ —1.30-10% 2z~ —0.15-105.
(56)

and one eigenvalue converges to 2 = 0. Moreover, since €% (00) = 0 holds,
Lemma 6.2 implies s%%(c0) = 0 and using Theorem 3.2 we conclude that
ameo (E+Fr, A+G;) > amy(E, A) = 6 holds for all 7 > 0. Hence, amq.(E+
F., A+ G,) = 6 holds for 7 > 0 sufficiently large.

In particular, for 7 large enough all eigenvalues are located on the real
axis. We can also exclude a bifurcation of the eigenvalue curves in the interval
(A2, A3). If there would exist a point where the eigenvalue curves starting
at Ay and A3 meet then by Theorem 3.2 for each value the eigenvalue curve
attains in the interval, the corresponding parameter value 7 is unique. Hence
the eigenvalue curves will not enter the interval (A2, A\3) again. However
because of the convergence to the values zy,..., 24 and 0 it can also not enter
each of the intervals (—oo, A1), (A1, A2), (A3,0) and (0, 00). Furthermore, it
can also not remain complex. This is a contradiction and hence there is no
eigenvalue bifurcation in the interval (A2, A3).

An advantage of the Miller compensation between (3) and (6) is that it
stabilizes the circuit already for small capacities. The smallest 7 > 0 which
stabilizes the circuit can be obtained from Theorem 3.2 (b). Let p = ir for
some r > 0, then u ¢ o(F, A) which implies p(u) # 0 and

mav (1) _ 1
p(p) p(es—es)T (uE—A)~1(es—es)

One can verify numerically that in the interval [0, 101°] the only value for
which Im 7 = 0 holds is given approximately by 7 = 7.68 - 107 which results
in7T=6.11-10"13.
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Another approach to compensation is to use a combination of a resistor
and a capacitor which are connected in row between the nodes (3) and (6).
However this results in a rank-two perturbation of the underlying matrix
pencil. In the matrix case this was studied in [35].

A position for a capacitor which is more suitable is between the nodes (I)
and (3), that is in (1)

a=1, b=0, and u =v =e; —e3.

The value 7 for which the modified circuit becomes stable is given as a

solution of ,
mZ‘,v(#) — 1
p(1) n(er—es) (nE—A)~1(e1—es)

for some p = ir, r > 0. The only real solution is given for r = 1.16 - 10® by
7 = 2.54- 10713, The eigenvalue curves are shown in Figure 3. We observe
a pole bifurcation in (Aj, A\y) and the eigenvalue curves enter the interval
(A3, 0).

In this sense, numerical computations show that the most sensitive ca-
pacitor is between the nodes (2) and (3), that is

T=—

a=1, b=0and u=v=ey —e3.
Here the coefficient of the first order term in Proposition 5.1 is given by
—avT Ty, Sy, u = A\g(—2.7173 + 0.03844) - 10"2.

Because of this large value one would expect that already small value of 7
are sufficient for stabilization. We can make use of Theorem 3.2 (b) to find
the smallest value 7 which stabilizes the circuit. Here we consider

man(n) 1
p(u) (n(ez—e3)T (LE—A) (e —e3)

T=—

for = 4r and r € [0,10'%]. In the specified parameter range, the only real
solution 7 is given by for r = 1.93 - 10" by 7 = 1.01 - 107!, which is one
order of magnitude larger then the capacities that were previously used for
stabilization.
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«10% Eigenvalue curves of two-stage CMOS, u =v =e; —e3

1.5

® Eigenvalues for 7 =0
@ Eigenvalues for 7 = 107!

0.5~

om ¢ o

Im z

-4 -3.5 -3 2.5 2 -1.5 -1 -0.5 0 0.5
Re z

Figure 3: The figure shows the eigenvalue curves for the two-stage CMOS after perturba-
tion with sF, — G, = s7(e1 — e3)T (e1 — e3) and 7 varies from 0 to 107 11].
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