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The spectral factorization problem is a cornerstone of many areas of systems,
control and prediction theory. Starting from the seminal studies of Kolmogorov
and Wiener, much work has been done on the subject and many approaches have
been proposed to solve this classical problem. More recently, a natural extension
of the spectral factorization problem, the so-called J-spectral factorization prob-
lem, has been investigated in several papers. Interestingly, the latter problem plays
a crucial role in 77, control and estimation theory.

In this thesis, we address the two aforementioned problems. We first review
the multivariate spectral factorization method devised by Youla in his celebrated
paper Youla [1961] focusing, in particular, on some of its remarkable features.
Then, in the spirit of Youla’s work, we present a technique which provide a solu-
tion to the multivariate spectral factorization problem in discrete-time. Finally, a
J-spectral extension of the proposed factorization approach is discussed.
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0. GENERAL NOTATION

We fix here some general terminology and notation which will be used through-
out the thesis. Additional nomenclature, when needed, will be introduced at the
beginning or within the following Chapters.

1%} empty set

N set of natural numbers {0,1,2,3,...}

7 ring of integers {...,—2,—1,0,1,2,...}

Q field of rational numbers

R field of real numbers

C field of complex numbers

R>m set of real n x m matrices

R[z] ring of real polynomials

Rlz,z7 1] ring of real Laurent polynomials (L-polynomials, for
short)

R(z) field of real rational functions

R[z]™m set of real polynomial n x m matrices

Riz,z1]m set of real L-polynomial n X m matrices

R(z)™™ set of real rational n X m matrices

Re a real part of a € C

Sma imaginary part of a € C

a complex conjugate of a € C

0, 1 X m zero matrix

0, n X n zero matrix




diag[ay,...

[Alij
[Ali:j keh

n X n identity matrix
kernel of matrix A
determinant of matrix A
rank of matrix A

inertia of A, i.e., triple (vp7 Vo, V) denoting the num-
ber of positive, zero, negative eigenvalues of A, in the
order shown

diagonal matrix with diagonal elements a1, ...,a,
entry at (i, j) of matrix A

sub-matrix of A obtained by extracting the rows from
index i to index j (i < j) of A and the columns from
index k to index h (k < h) of A

complex conjugate of matrix A
transpose of matrix A

inverse of matrix A

right inverse of matrix A

left inverse of matrix A

normal rank of polynomial/rational matrix A (see also
p.14)

As a final remark, we recall that a minor of a matrix A is the determinant of
some smaller square matrix, cut down from A by removing one or more of its
rows, indexed by tuple i, or columns, indexed by tuple j. If, furthermore, i = j the
minor is called a principal minor of A.



The purpose of this Chapter is to provide a brief introduction to the two major
topics we address in this work, namely the spectral and J-spectral factorization
problem. We will briefly review the historical developments, some applications
and the current state-of-the-art of these problems. In the final section, we will
present the contributions and the organization of the work.

1.1 | Spectral factorization

Spectral factorization is a classical and extensively studied topic in control and
systems theory. The origins of this mathematical tool can be traced back in the
forties, when Kolmogorov and Wiener, independently each other, introduced it
in order to obtain a frequency domain solution of optimal filtering problems for
both the discrete-time scalar case Kolmogorov [1939] and continuous-time scalar
case (the well-known Wiener-Hopf technique) Wiener [1949]. Since that time,
spectral factorization has turned to be a crucial problem in many other areas be-
yond optimal filtering and prediction theory, such as circuit and network theory
Oono [1956], Anderson and Vongpanitlerd [1973], Fornasini [1977], and linear-
quadratic optimization Willems [1971].

Although extensions to the non-rational case have been handled in scientific
literature, e.g., Ferrante [1997b], in its most common continuous-time form, the
multivariate spectral factorization problem can be stated as follows.

Problem 1.1 (Spectral factorization — continuous-time)
Consider a square real rational matrix ®(s) € R(s)"" of normal rank
tk(®) = r < n, satisfying:

o« O(s) =D (—s),

o ®(jw) >0, Vo €R, s = jo not a pole of P(s).



Find a spectral factor W (s) € R(s)"™", i.e., a real rational matrix such that
O(s) =W (—s)W(s), (1.1)
with the following properties:
(i) W(s) is analytic in a right half-plane {Re s > 1, 11 <0, s € C},

(ii) its (right) inverse W R(s) is analytic in a right half-plane {Re s >
T, Tp <0, SE(C}.

The discrete-time version of Problem 1.1 is reported below.

Problem 1.2 (Spectral factorization — discrete-time)
Consider a square real rational matrix ®(z) € R(z)"" of normal rank
tk(®) = r < n, satisfying:

o O(z) =@ (1/2),
o ®(e/?) >0, Vo € [0,27), z = €/® not a pole of D(z).
Find a spectral factor W(z) € R(z)"™", i.e., a real rational matrix such that
P(z) =W ' (1/2)W(2), (1.2)
with the following properties:

(i) W(z) is analytic in a region {|z| > 71, 71 < 1, z € C} without any pole
at infinity,

(ii) its (right) inverse W R(z) is analytic in a region {|z| > 1, T2 < 1, z €
C} without any pole at infinity.

It is worth noticing that, in the context of filtering and estimation theory, ®(s)
denotes the spectral density (or spectrum) of a multivariate continuous-time sta-
tionary stochastic process, while ®(z) denotes its discrete-time counterpart.

The existence of a solution of Problem 1.1 was firstly proved by Youla in his
celebrated work Youla [1961]. In this paper, Youla presents an ingenious tech-
nique, which exploits the Smith-McMillan canonical form of rational matrices,



to compute a spectral factor that satisfies properties (i)-(ii) of Problem 1.1 (the
so-called minimum-phase stable spectral factor). Subsequent to this fundamental
work, many other algorithms have been proposed in order to solve the multivariate
spectral factorization problem. By following the description given in Picci [2007,
Ch.4], we can distinguish two general sets of techniques:

1. The first one uses the Matrix Fraction Description (MFD) theory in order to
simplify the problem to that of a polynomial matrix factorization. Indeed,
there exist efficient algorithms which are able to compute the minimum-
phase polynomial factor, viz.

(a) algorithms based on Cholesky factorization of the covariance matrix of
the process Rissanen [1973] or on analogous techniques for equivalent
state-space representations Anderson et al. [1974],

(b) Newton-like iterative algorithms JeZek and Kucera [1985], Tunnicliffe-
Wilson [1972].

2. The second set of techniques is closely related to the Kalman filtering the-
ory. It provides a solution of the spectral factorization problem in terms of
a solution of a suitable Algebraic Riccati Equation (ARE), cf. Picci [2007,
Ch.10]. This kind of techniques has gathered momentum in the last decades
and it has been used to provide complete parametrization and interesting
characterization of (stochastically) minimal spectral factors Ferrante et al.
[1993], Ferrante [1997a].

Far from being only of historical interest, the approach presented in Youla’s
paper can be regarded an interesting and useful tool when applied in other areas
of control and systems theory. An example can be found in Ferrante and Pan-
dolfi [2002]. In this paper, the method devised by Youla is used to compute a
Y-spectral factor in order to weaken the standard assumption for the solvability
of the classical Positive Real Lemma equations. Notably, unlike the other algo-
rithms mentioned above, Youla’s approach allows to easily modify the region of
analyticity of both the obtained spectral factor and its (right) inverse. This can be
considered one of the peculiar and relevant feature of Youla’s method. Another
relevant aspect of Youla’s factorization approach is that it always leads to the com-
putation of a (stochastically) minimal spectral factor, i.e., a factor with the least
possible McMillan degreel , that is, in turn, the dimension of a minimal state-space
realization of the spectral factor.

'Such McMillan degree is equal to one-half of the McMillan degree of the spectrum.



1.2 | J-spectral factorization

The J-spectral factorization problem can be considered a natural extension of
the standard spectral factorization problem discussed above. In fact, the former
problem encompasses the latter. More specifically, in the standard spectral factor-
ization the rational spectrum & is required to be positive semi-definite on certain
contours of the complex plane (namely, the imaginary axis in the continuous-time
case, the unit circle in the discrete-time case). Instead, in the J-spectral factor-
ization it is required that & has constant inertia (i.e., constant number of positive,
zero and negative eigenvalues) on certain contours of the complex plane.

The J-spectral factorization problem naturally arises in different areas of sys-
tems and control theory and it plays a prominent role in 7% estimation and control
theory. A general survey on the subject can be found, for instance, in Stoorvogel
[1992], while references based on the J-spectral factorization approach are, e.g.,
Green et al. [1990], Colaneri and Ferrante [2002], Colaneri and Ferrante [2006].

In the continuous-time case the multivariate J-spectral factorization problem
can be formulated as follows.

Problem 1.3 (/-spectral factorization — continuous-time)

Consider a square real rational matrix ®(s) € R(s)"*" of normal rank
tk(®P) = r < n, satisfying:

o O(s) =D (—s),
o in(®(jw)) = (vp, Vo, Vu), VO € R, s = jw not a zero/pole of P(s).

Find a J-spectral factor W (s) € R(s)"™", i.e., a real rational matrix such that

W(s), (1.3)

with the following properties:
(i) W(s) is analytic in a right half-plane {Re s > 7, 11 <0, s € C},

(ii) its (right) inverse W—R(s) is analytic in a right half-plane {Re s >
T, T» <0, s € C}.



In this work we will study the discrete-time version of the aforementioned
problem, which is stated below.

Problem 1.4 (/-spectral factorization — discrete-time)
Consider a square real rational matrix ®(z) € R(z)"" of normal rank
tk(®) = r < n, satisfying:

« O(z)=2'(1/2),
o in(P(e/?)) = (Vp, Vo, Vu), YO € [0,27), 2= €/® not a zero/pole of P(z).

Find a J-spectral factor W(z) € R(z)"*", i.e., a real rational matrix such that

I 0
VP ‘ vl’avn W(Z), (14)

0vn,v,,

D(z) =W '(1/z2)

with the following properties:

(i) W(z) is analytic in a region {|z| > 71, 71 < 1, z € C} without any pole
at infinity,

(ii) its (right) inverse W R (z) is analytic in a region {|z| > 1, 2 < 1, z €
C} without any pole at infinity.

In analogy to standard spectral factorization, the rational matrix & is usually
termed J-spectrum.

The J-spectral factorization problem is quite recent in literature. The most
common approach for solving this problem hinges on the solution of suitable
AREs (see, for instance, Colaneri and Ferrante [2006] and references therein).
Other types of methods have been investigated, e.g., in Kwakernaak and Sebek
[1994] and in Trentelman and Rapisarda [1999], but the majority of them work
only for the polynomial matrix case.

Moreover, conversely to the standard spectral factorization, a (stochastically)
minimal J-spectral factor, i.e., a J-spectral factor having the least possible McMil-
lan degree, does not always exist, as shown in Colaneri and Ferrante [2006]. How-
ever, this rather counterintuitive fact has not been fully understood yet.



1.3 | Contributions and outline of the thesis

The contribution of this work is threefold.

1. We give a detailed, and, in the author’s opinion, simplified with reference
to certain steps, description of the Youla’s factorization method. We focus
on some peculiar features of the method, namely, on the minimality and on
some properties of analyticity of the computed spectral factor, which are
neither explicitly discussed in the original paper Youla [1961] nor in more
recent works.

2. We present a discrete-time version of the Youla’s factorization method.
In particular, we draw the attention on the main differences between the
continuous- and discrete-time case and on some special properties of the
factorization.

3. We extend, under mild assumptions, the previous approach to the J-spectral
factorization problem in discrete-time and we discuss certain issues which
arise in this more general case.

The thesis is organized as follows. In Chapter 2, we review some mathemat-
ical notions and results on polynomial and rational matrices. In Chapter 3, we
analyze in detail the factorization method proposed by Youla in his paper Youla
[1961]. In particular, in section §3.3, we focus on some interesting by-products
of this approach. By following the lines of Youla’s approach, in Chapter 4, we
present a method for solving the discrete-time spectral factorization problem. In
Chapter 5, a “J-spectral” generalization of the previous method is proposed. Fi-
nally, in Chapter 6, we draw some final considerations and we describe a number
of possible future developments.



2. MATHEMATICAL PRELIMINARIES

In this Chapter, we review the main mathematical notions and tools used in
the development of Youla’s approach and in its extensions. More specifically, we
give a very short introduction to some abstract algebraic structures, polynomials,
polynomial matrices and rational matrices. We will stress on those aspects which
we consider more relevant in order to fully understand the rest of the work. We
refer the interested reader to Jacobson [1985], Mac Lane and Birkhoff [1999],
Fornasini [2011, Ch.1,3,4] and Kailath [1998, Ch.6] for an exhaustive and more
rigorous dissertation on these subjects.

2.1 | Basic facts of algebra

This section is devoted to provide to the reader some background material on
polynomial algebra over fields.

2.1.1 | Rings and fields

Throughout this Chapter a ring is intended to be a commutative ring with iden-
tity, unless otherwise indicated. We refer to Jacobson [1985, Vol.I, Ch.2, §1 and
§17] for more general definitions of ring.

Definition 2.1.1 (Ring) A ring (commutative, with identity) is a set R
equipped with two operations, addition “4” and multiplication “-”, and with
a zero element 0 and an identity element 1, which obey the following axiom:s,
for all a,b,c € R:

Al) (a+b)+c=a+(b+c)
A2) a+b=b+a

A3) a+0=0+4+a=a



A4) for each a there is an inverse —a such thata+ (—a) = 0= —a+a

M1) (a-b)-c=a-(b-c)
M2) a-b=b-a
M3) a-1=1-a=a

Dl) a-(b+c¢)=a-b+a-c

Definition 2.1.2 (Subring) A subring of a ring R is a subset of R that is it-
self a ring when binary operations of addition and multiplication on R are
restricted to the subset, and which contains the multiplicative identity of R.

If a is any element of a ring R such that a-b = 1 for some element b of R, then
a is said to be a unir of R.

If a and b are elements of a ring R, then we say a divides b, a | b, if there exists
an element g of R such that b = a- q. In this case a is called a divisor (or factor) of
b and b is called a multiple of a. If an element d of R divides both a and b, then d
i1s a common divisor of a and b; if, furthermore, d is a multiple of every common
divisor of a and b, then d is a greatest common divisor (g.c.d.) of a and b. If an
element m of R is a multiple of both a and b, then it is called a common multiple
of a and b; if, furthermore, m is a divisor of every common multiple of a and b,
then m is a least common multiple (1.c.m.) of a and b.

We say that elements a and b are coprime or relatively prime in R if their great-
est common divisor is a unit of R.

Definition 2.1.3 (Field) A (commutative) ring R in which every non-zero el-
ement is a unit is called a field.

Thus, in a field. the set of axioms M1)-M3) can be completed by:
M4) a-a'=1,a#0, a€R.

Two rings, or fields, are isomorphic if there is a one-to-one correspondence
between their elements which preserves the operations of addition and multipli-
cation.

To conclude this subsection, we observe that a well-known example of a ring is
the set of integers Z with usual +, -, 0, 1, while examples of a field are the rationals



Q, the reals R, and the complex numbers C.

2.1.2 | Polynomials

A polynomial p(z) over a field F is an expression

p(2) :==pnd"+ -+ pi1z+po .1

in which pg, p1,---, p, belong to [F. In the sequel, for our purposes, we set ' = R.
If p, # 0, the non-negative integer n is the degree of p(z), written deg p(z). If
p(z) is the zero polynomial, we use the convention deg p(z) = —o0. If p, = 1, the

polynomial is said to be monic.
We define the addition of two polynomials p(z) =¥, piz’ and ¢(z) = ¥, ¢iz" as
p(2)+q(2) =Y (pi+4a1)7, (2.2)

1

and the multiplication of the two polynomial as

p(2)-q@) =YY (pi-n-an)?" (2.3)
i h

With these two operations, the set of polynomials over R is a (commutative) ring,
denoted by R|z]. The units of R[z] are polynomials of zero degree.

At least one greatest common divisor and one least common multiple exist for
any pair of polynomials in R[z]. Moreover, any greatest common divisor, d(z), of
two polynomials a(z) and b(z) can be expressed in the form

d(z) =a(z) - p(z) +b(z) - q(2), (2.4)

for some (relatively prime) polynomials p(z) and ¢(z) of R[z] and any least com-
mon multiple, m(z), of a(z) and b(z) is given by

m(z) = a(z) -r(z) = —b(z) - s(2), (2.5)
where r(z) and s(z) are relatively prime polynomials in R|[z] that satisfy
a(z)-r(z) +b(z)-s(z) =0. (2.6)

Hence, a(z) and b(z) are relatively prime in R|z] if and only if there exist polyno-
mials p(z) and ¢g(z) in R[z] such that

a(z)-p(z) +b(z)-q(z) = 1. (2.7)



This relationship is known as the Bézout identity. We notice also that g.c.d. and
l.c.m. are unique up to multiplication by units.

We point out that a polynomial p(z) may be viewed in two different ways.
Either it is considered to be an element of R|[z], in which case z is an indeterminate
over R and no question arises of giving it a value in R, or it is considered to be a
function that associates to each element z of R, another element p(z), i.e.,

p:R—=R
z — p(2)

Since different elements of R[z] identify different polynomial functions, no dis-
tinction need to be made between these two points of view. In general, if we deal
with the ring F[z], IF being an arbitrary field, this fact is not always true (see For-
nasini [2011, Ch.1, §5] for further details).

The values of z for which a polynomial p(z) takes the value zero in R are
called the roots or zeros of p(z). They reside in an algebraic closure of R, which
is the field of complex number C. We say that a polynomial p(z) is Hurwitz if it
has no root z such that Re z > 0 and it is strictly Hurwitz if it has no root z such
that Re z > 0. Furthermore, we say that a polynomial p(z) is Schur if it has no
root z such that |z| > 1 and it is strictly Schur if it has no root z such that |z| > 1.

2.1.3 | Laurent polynomials

A Laurent polynomial, or briefly L-polynomial, p(z) over a field F is an ex-
pression

p(2) i =pomz " paz  Fpotprzd e+ pad” (2.8)

in which p_,,,...,p—1,po,P1,---,Pn belong to F. The set of L-polynomials over
R equipped with operations defined in (2.2) and (2.3) is a (commutative) ring, de-
noted by R|[z,z~!]. In this case, the units of R[z,z~!] are the monomials az*, a €
R, x#0, k € Z.

We define the maximum-degree of p(z), denoted by maxdeg p, as the largest
integer n such that p, # 0, the minimum-degree of p(z), denoted by mindeg p, as
the smallest integer m such that p,, # 0 and the fotal degree, or simply degree,



of p(z) as degp := n+m. If p(z) is the zero L-polynomial, we set by conven-
tion maxdegp = degp = —oo and mindegp = +oo. Similarly to polynomials,
we can define the greatest common divisor and the least common multiple for
L-polynomials.

2.1.4 | Rational functions

In this subsection, we will construct the field of rational functions starting from
the polynomial ring R|[z] and we will study some of its elementary properties.

Let us consider the set R[z] x (R[z]\ {0}), which consists of the ordered pairs
(p(2),4(2)), q(z) # 0. We introduce in this set the equivalence relation ~, requir-
ing that

(p(2),q(2)) ~ (n(z),d(z)) & n(z)q(z) = p(2)d(z). (2.9)

We denote the equivalence class identified by the pair (p(z),q(z)) as p(z)/q(z).
In the equivalence class set R[z] x (R[z] \ {0})/ ~, the addition and multiplication
operations are defined as follows

4L = A 2.10
) ) . (2.10)

(2.11)

The set equipped with these operations takes the form of a field, the field of real
rational functions. We denote it by symbol R(z), as stated in Chapter 0.

Let f(z) = p(z)/q(z) € R(z) be a non-zero rational function. We can always
write f(z) in the form

f(z):@(z—a)v, Va e C, (2.12)

d(z)
where Vv is a integer and n(z), d(z) € R[z] are non-zero polynomials such that
n(a) # 0 and d(o) # 0. The integer v is called valutation of f(z) at a, we de-
note it by symbol vy (f). The valutation of f(z) at infinity is defined as ve(f) :=
degq(z) —degp(z). If f(z) is the null function, by definition, vy (f) = +eo for



every @ € C. If vy (f) <0, then a € C is called a pole of f(z) of multiplicity
—va(f). Ifva(f) >0, then a € C is called a zero of f(z) of multiplicity v (f).
We can define the pole and zero at infinity in a similar way. A rational function
f(z) is said to be proper if v (f) > 0, strictly proper if veo(f) > 0.

A real rational function f(z) € R(z) is called weakly Hurwitz stable if it does
not possess any pole in the open right half-plane {Re z > 0, z € C} and weakly
Schur stable if it does not possess any pole in the region {|z| > 1, z € C}. Fur-
thermore, f(z) € R(z) is called strictly Hurwitz stable if it does not possess any
pole in the closed right half-plane {Re z > 0, z € C} and strictly Schur stable if
it does not possess any pole in the region {|z| > 1, z € C}.

As a final remark, we notice that the ring of Laurent polynomials is a subring
of the rational functions.

2.2 | Polynomial matrices

We recall, from Chapter 0, that R[z]?*™ denotes the set of p X m matrices with
entries in R[z] and R[z,z~!]7*™ denotes the set of p x m matrices with entries in
Rlz,z"1].

2.2.1 | Elementary matrices and canonical forms

We start by reviewing some basic definitions.

Definition 2.2.1 (Singular polynomial matrix) A matrix M(z) € R[z]™*" is
said to be singular if its determinant is the zero polynomial, i.e., detM(z) = 0.
Otherwise, M(z) is said to be non-singular.

Definition 2.2.2 (Normal rank) A matrix M(z) € R[z]?*™ has normal rank
r, written tk(M) = r, if allits (r+ 1) X (r+ 1) minors are zero polynomials and
there exists at least one non-zero r x r minor. Clearly, tk(M) < min{p,m}. If
tk(M) = min{p, m}, then M(z) is said to be of full normal rank.

It is worthwhile noticing that the normal rank of G(z) coincides with the rank
of G(z) almost everywhere (i.e., for all but finitely many points) in z € C.



A particularly relevant class of polynomial matrices is the class of elementary
matrices. These are square matrices which can assume one of the following three

structures:

1
0

0

0
, aeR\ {0},
0
1
;
0
1_
.
, p(z) € R[z].
0
1

An elementary matrix £;(z) € R[z]™*™, i = 1,2,3, can be viewed as a linear
operator acting on the columns of an arbitrary p X m polynomial matrix M(z), i.e.,

E;: R[z]P*™ — R[z)P*™,

M(z) = M(z2)E;(z),



More specifically, £} (z) corresponds to multiply a column of M(z) by a non-zero
real constant o, £ (z) to swap two columns of M(z) and £3(z) to sum a column of
M (z) multiplied by p(z) € R[z] to another column of M(z). Clearly, if we consider
the linear operator

Ei: R[]P*™ — R[Z)P*™, M(z) — Ei(z)M(z),

then we have analogous elementary operations acting on the rows of M(z).

We also notice that the determinant of an elementary matrix is a non-zero
constant. Hence, an elementary matrix is invertible and its inverse also is an ele-
mentary matrix.

Definition 2.2.3 Let M(z), N(z) € R[z]P*™. We say that M(z) is equiv-
alent to N(z), written M(z) ~ N(z), if there exist elementary matrices
Ei(2),Ex(z2),...,Ex(z) € R[¢]P*P and E|(z),E}(2),. .., E}(z) € R[z]™™ such
that

Ep(z)--- E2(2)E1(2)N(2)E1 (2)Ey(2) - - - Ep(z) = M(2). (2.13)

The relation ~ in R[z]”*™ is an equivalence relation and, therefore, the set
R[z]P*™ can be partitioned in disjoint equivalence classes. The following Theo-
rem states that every polynomial matrix is equivalent to a polynomial matrix with
a peculiar structure, the Smith canonical form of M(z).

Theorem 2.2.1 (Smith canonical form) Let M(z) € R[z]?*"™. There exists a
finite sequence of elementary matrices which reduces M(z) to the form

[(z) := Ex(2) - E1(2)M(2)E} 2) - ER(2)

%(2)

0r,mfr

- (2.14)
Yr(Z)

Opfr,r 0pfr,mfr i

where r = k(M) and Y(2),%(2),-..,¥%(z) € R[z] are monic polynomials
which satisfy ¥(2) | %i+1(2), for i = 1,2,...,r — 1. These polynomials are



uniquely determined by the previous conditions and they are termed invariant
polynomials of M(z).

A proof of Theorem 2.2.1 can be found in Fornasini [2011, Ch.3, §1, Thm.
3.1.4]. We underline the fact that, although the Smith canonical form is unique,
the sequence of elementary matrices used to obtain it is not so.

By using elementary operations acting only on the rows, we can convert a
polynomial matrix to another well-known “‘standard” form, the column Hermite
form.! In what follows, we restrict the analysis only to polynomial matrices whose
normal rank is equal to the number of columns. For a complete discussion on the
topic, as well as for a proof of the Theorem below, we refer to [Kailath, 1998,
Ch.6, §3].

Theorem 2.2.2 (Column Hermite form) Let M(z) € R[z]?*™ be a polyno-
mial matrix of normal rank tk(M) = m. There exists a family of elementary

matrices E|(z), Ex(2),..., Ex(z) € R[z]P*P such that
[ hi1(z) hia(z) - him(z) |
0  ha(z) -+ hom(z)
H(z):=Ex(z)---E1(2)M(2) = : : (2.15)
0 o0 (2
L 0p—mm i

with hjj(z) € Rz] monic satisfying degh;; > degh;j for j=1,2,...,m and
i<j.

By interchanging the roles of rows and columns, one can obtain a similar row
Hermite form, the details of which we shall not spell out.

't is worthwhile noticing that this form is obtained by using elementary operations acting only
on the rows of the matrix and, therefore, does not represent a canonical form for the equivalence
relation ~ introduced before.



2.2.2 | Unimodular matrices and coprime matrices

Unimodular matrices are the units (i.e., the invertible elements) of the (non-
commutative) ring of square polynomial matrices R[z]”*™. Obviously, the ele-
mentary matrices introduced in the previous subsection are also unimodular ma-
trices. Actually, they are the building blocks of unimodular matrices, since any
unimodular matrix can be written as a product of suitable elementary matrices.

Definition 2.2.4 (Unimodular matrix) A matrix U(z) € R[z]"*"™ is unimod-
ular if it is invertible in R[z]"*™.

The following Proposition provides various characterizations of unimodular
matrices. The proof can be found in Fornasini [2011, Ch.3, §2, Prop.3.2.2].

Proposition 2.2.1 Let U(z) € R[z]™*™. The following statements are equiv-
alent:

1. U(z) is a unimodular matrix;
2. detU(z) is a non-zero real constant;

3. the Smith canonical form of U(z) is the identity matrix I,;
4. the (column and row) Hermite form of U(z) is the identity matrix I,

5. U(z) can be written as a product of elementary matrices.

A direct consequence of Proposition 2.2.1 is that two polynomial matrices
N(z) and M(z) are equivalent if and only if N(z) = U(z)M(z)V(z), where U(z)
and V(z) are suitable unimodular matrices. In particular, Theorem 2.2.1 can be
reformulated as follows: let M(z) € R[z]”*™ be a polynomial matrix of normal
rank rk(M) = r, there exist a pair of unimodular matrices U(z) € R[z]?*? and
V(z) € R[z]™™ such that

1(2)

0r,m—r

T(2) = UMV (2) = " : (2.16)

0pfr,r 0pfr,mfr i



where r =rk(M) and ¥ (z),12(2), ..., %(z) € R[z] are uniquely determined monic
polynomials which satisfy %(z) | %+1(z), fori=1,2,...,r—1.

A similar result holds for Theorem 2.2.2. Let M(z) € R[z]”*™ be a polynomial
matrix of normal rank rk(M) = m. Then, there exists an unimodular matrix U(z) €
R[z]”*P such that

[ hi(2) ha(2) - ()
0 hp(z) - how(z)
H(z) :=U(z)M(z) = : : (2.17)
0 0 hym(z)
i 0p—m.m |

with /1;(z) € R[z] monic satisfying degh;; > degh;; for j=1,2,...,mandi < j.

It is useful to extend the notion of unimodular matrices to the non-square case.
In this case, a unimodular matrix U(z) € R[z]"*? is intended to be a polynomial
matrix possessing either a right or left polynomial inverse. By using the latter
definition of unimodular matrices, the Smith decomposition (2.16) can be equiva-
lently rewritten as

7(2)

I'(2) = U (MEV'(2) = ne L @8

%(2)

where the only difference is that I"(z) € R[z]"*" is non-singular and U’'(z) €
R[z]P*", V/(z) € R[z]"™*™ are non-square unimodular matrices, which are related
to U(z) and V(z) in (2.16) by

U'(z) = U(2) . ,Vﬁﬁ{b
pfr,r

Orm_r ] V(z). (2.19)

With a partial abuse of notation, in the following, when we will refer to the Smith
decomposition of M(z) we intend a decomposition of the form (2.18). In particu-
lar, by using this convention, we have that also in the non-square case the Smith



canonical form of a unimodular matrix is the identity matrix of suitable dimension.

The notion of divisor of a polynomial can be extended to the matrix case as
described in the following Definition.

Definition 2.2.5 (Right and left matrix divisors) Let M(z) € R[z]”*™". A
square matrix A € R[z]"™*" is said to be a right divisor of M(z) if there exists
a matrix M(z) € R[z]?*™ such that

M(z) = M(2)A(z). (2.20)

Moreover, a square matrix V € R[z]P*? is said to be a left divisor of M(z) if
there exists a matrix M(z) € R[z]?*™ such that

M(z) = V(2)M(z). (2.21)

In particular, we have that if in every factorization (2.20) A(z) is unimodular,
then M(z) is said to be right coprime. Similiarly, if in every factorization (2.21)
V(z) is unimodular, then M(z) is said to be left coprime.

2.2.3 | Column-reduced and row-reduced matrices

Definition 2.2.6 (Degree of a polynomial vector) The degree of a non-zero
polynomial column (or row) vector v(z) € R[z|? is defined as the highest de-
gree of its polynomial entries.

Definition 2.2.7 (External and internal degree) Let M(z) € R[z]’*™ be a
polynomial matrix of normal rank rk(M) = m. Let k;, i = 1,...,m, be the
degree of the i-th column of M(z). The external (column) degree of M(z) is
defined as

exte deg M := ) k;. (2.22)
i=1

The internal degree of M(z), int deg M, is defined as the highest degree be-
tween all the m X m minors of M(z).



It can be shown (see Fornasini [2011, Ch.3, §5]) that the external degree of
M(z) provides an upper bound on the internal degree of M(z), i.e.,

int deg M < ext. deg M. (2.23)

Inequality may hold because of possible cancellations. However, if M(z) is such
that equality holds in the above, we shall say that M(z) is column reduced.

Definition 2.2.8 (Column-reduced matrix) A polynomial matrix M(z) €
R[z]P*™ of normal rank rk(M) = m is said to be column-reduced if

int deg M = ext, deg M. (2.24)

In particular, a square column-reduced polynomial matrix M(z) € R[z]™*"
satisfies

m
deg det M = exte deg M =) _k;. (2.25)
i=1

Let M(z) € R[z]”*™ and let tk(M) = m. We denote by M™ € RP*™ the highest-
column-degree coefficient matrix of M(z), i.e., the matrix whose i-th column con-
sists of the coefficients of the monomials z%’s of the same column of M(z). Then,
we can write M(z) in the form

ky

ko
M(z) = M . + Meem(2), (2.26)

- ka_
where the column degrees of the “remainder matrix” Mem(z) are strictly lower
than the corresponding column degrees of M(z). The next Proposition provides a
simple test to verify if M(z) is column-reduced. For a proof of the latter we refer
to Fornasini [2011, Ch.3, §5, Prop.3.5.3].



Proposition 2.2.2 A matrix M(z) € R[z]P*™ of normal rank tk(M) = m is
column-reduced if and only if its highest-column-degree coefficient matrix
M has rank m.

Let M(z) € R[z]”*™ be a polynomial matrix of normal rank rk(M) = p and let
hi, i=1,...,p, be the degree of the i-th row of M(z). We can define the external
(row) degree of M(z) as ext; deg := Zle h;. The Definition of row-reduced matrix
is similar to Definition 2.2.8 of column-reduced matrix.

Definition 2.2.9 (Row-reduced matrix) A polynomial matrix M(z) €
R[z]?*™ of normal rank rk(M) = p is said to be row-reduced if

int deg M = ext, deg M. (2.27)
In particular, a square row-reduced polynomial matrix M(z) € R[z]”*? satisfies
P
deg det M = ext; deg M = ) _ h;. (2.28)
i=1

At this point, if we denote by M™ € RP*™ the highest-row-degree coefficient ma-
trix of M(z) € R[z]P*"™, i.e., the matrix whose i-th row consists of the coefficients
of the monomials z%’s of the same row of M(z), we have a “row-reduced” coun-
terpart of Proposition 2.2.2.

Proposition 2.2.3 A matrix M(z) € R[z]P*™ of normal rank tk(M) = p is
row-reduced if and only if its highest-row-degree coefficient matrix M™ has
rank p.

2.2.4 | Laurent polynomial matrices

The results on polynomial matrices contained in the previous sections can be
adapted to Laurent polynomial matrices, or more briefly, L-polynomial matrices.
The main difference lies in the fact that the units of the ring R[z,z~!] are the mono-
mials azf, @ € R, a # 0, k € Z, as noticed before in §2.1.3.

The class of Laurent elementary matrices, or simply L-elementary matrices, is
wider than that of elementary polynomial matrices introduced in §2.2.1. In fact, in
this case, matrices of the form £ can have non-zero monomials on their diagonal



elements and in matrices of the form 3 the polynomial p(z) is an element of the
ring R[z,z7!]. In analogy to Definition 2.2.4, we define the Laurent unimodular
matrices as the units of the (non-commutative) ring of square L-polynomial ma-
trices R[z,z~ 1™,

Definition 2.2.10 (L-unimodular matrix) A matrix U(z) € R[z,z~!]™"
is Laurent unimodular, or simply L-unimodular, if it is invertible in
R[Z,Z_l]mxm-

A matrix U(z) € R[z,z~!]™™ is L-unimodular if and only if its determinant
is a non-zero monomial. Moreover, any L-unimodular matrix U(z) possesses a
factorization in terms of L-elementary matrices. The notion of L-unimodular
matrices can be extended to the non-square case as follows: the non-square L-
polynomial matrix U(z) € R[z,z~!]P*™ is L-unimodular if it has either a right or
left L-polynomial inverse.

Let M(z) € R[z,z~!']7*™ be a L-polynomial matrix of normal rank k(M) = r.
By applying suitable L-unimodular transformations to M(z), we can reduce M(z)
to its Smith canonical form

n(2)

(z):= % (2) ) , (2.29)

% (2)

where the L-polynomials %;(z)’s are uniquely determined by the following condi-
tions: (i) they are monic polynomials which belong to R[z], (ii) they have non-zero
constant term and (iii) they satisfy ¥;(z) | ¥i+1(z), fori=1,2,...,r—1. It can be
verified that the Smith canonical form of a L-unimodular matrices is the identity
matrix of suitable dimension.

Moreover, by pre-multiplying M(z) by a suitable square L-unimodular matrix,
we can convert it to the column Hermite form. In particular, if rk(M) = m, the



latter is given by

[ hi(2) hio(2) - (2
0 hxn(z) - how()
H(z):= : : (2.30)
0 o 0 hym(2)
i 0p—m.m i}
where h;(z), j=1,2,...,m, satisfies the conditions: (i) it is a monic polynomial

which belong to R[z], (ii) it has non-zero constant term and (iii) degh;; > degh;;
for i < j. For a generic L-unimodular matrix U(z) € R[z,z7']P*™, p > m, the
column Hermite form is

H(z)=|—2—|. (2.31)

We can also adapt the results about column-reduced and row-reduced poly-
nomial matrices described in §2.2.3 to L-polynomial matrices. For the sake of
brevity, we will restrict the analysis only to the column-reduced L-polynomial
case. For details and proofs we refer to Fornasini [2011, Ch.3, §7].

Definition 2.2.11 (Degrees of a L-polynomial vector) Let v(z) € R[z,z!]?
be a non-zero L-polynomial column (or row) vector. We define the maximum-
degree of v(z) as the highest maximum-degree of its L-polynomial entries
and the minimum-degree of v(z) as the lowest minimum-degree of its L-
polynomial entries.

Let M(z) € R[z,z~']7*™ and let tk(M) = m. We denote by K,...,K,, and
by ki,...,k, the maximum-degrees and the minimum-degrees of the columns
of M(z), respectively. Moreover, we define M" € RP*™ as the highest-column-
degree coefficient matrix of M(z), i.e., the matrix whose i-th column consists of the
coefficients of the monomials zXi’s of the same column of M(z), and M'® € RP*™
as the lowest-column-degree coefficient matrix of M(z), i.e., the matrix whose i-th
column consists of the coefficients of the monomials z&’s of the same column of



M(z). We can now introduce the Definition of external (column) degree and inter-
nal degree of a L-polynomial matrix.

Definition 2.2.12 (External and internal degree) Let M(z) € R[z,z!]P*™
and let tk(M) = m. The external (column) degree of M(z) is defined as

exte deg M := Y K;— ) k. (2.32)
i=1 i=1
The internal degree of M(z), int deg M, is defined as
int deg M := max{max deg(detM®)} — min{min deg(detM)},  (2.33)
1 1

where MW denotes the sub-matrix obtained by selecting the rows of M(z)
contained in the ordered m-tuple i = (iy,...,ip), | <ij < - <in < p.

The following Definition and the subsequent Proposition are the L-polynomial
counterparts of Definition 2.2.8 and Proposition 2.2.2, respectively.

Definition 2.2.13 (Column-reduced matrix) A L-polynomial matrix M(z)
€ Rlz,z!]P*™ of normal rank rk(M) = m is said to be column-reduced if

int deg M = ext. deg M. (2.34)
Notably, a square column-reduced L-polynomial matrix M(z) € R[z,z~!]"*™
satisfies
m m
maxdeg (det M) —mindeg (det M) = ZKi — Zk,-. (2.35)

1 i=1

~

Actually, it can be verified by using the Leibniz formula for determinants (see
Fornasini [2011, Ch.3, §7]), that equality

m
max{maxdeg(detMV)} = Y K (2.36)
! i=1
holds if and only if M" has rank m. Similarly,
m

min{mindeg(detM?)} = }" k; (2.37)
1 f



holds if and only if M has rank m. These considerations lead to the following
Proposition.

Proposition 2.2.4 A matrix M(z) € Rz,z~']P*™ of normal rank tk(M) = m
is column-reduced if and only if both M" and M' have rank m.

As a final remark, we notice that similar definitions and results can be derived
if we consider, instead of columns, the rows of a L-polynomial matrix.

2.3 | Rational matrices

We recall, from Chapter 0, that R(z)?*"" denotes the set of p x m matrices with
real rational entries. Moreover, as in the polynomial case, we define the normal
rank of a rational matrix G(z) € R(z)?*"™ as the rank of G(z) almost everywhere
inzeC.

2.3.1 | Matrix fraction descriptions

Consider a pair of polynomial matrices (N(z),D(z)) € R[z]?*™ x R[z]™*™,
where D(z) is non-singular. We can associate to the pair (N(z),D(z)) the right ma-
trix fraction N(z)D~'(z). In a similar way, we can associate to a pair (Q(z),P(z)) €
R[z]7*™ x R[z]™™, Q(z) being non-singular, the left matrix fraction Q' (z)P(z).
Since D~!(z) and Q~!(z) are rational matrices, both the right matrix fraction and
the left matrix fraction obtained above belong to R(z)?*™. Vice versa, let us con-
sider an arbitrary rational matrix G(z) € R(z)?*"™, then there exist two pairs of
matrices (N(z),D(z)) and (Q(z),P(z)) such that

G(z) =N(z2)D"'(2) = Q"' (2)P(2). (2.38)

In fact, if d(z) € R[z] is the l.c.m. of all the denominators appearing in G(z), we
can write

G(z) = M()d()1) ™" = [d()],)"'M(2), (2.39)

for a suitable polynomial matrix M(z) € R[z]P*™.
We will refer to N(z)D~'(z) and Q~!(z)P(z) as the right and left, respectively,
matrix fraction description (MFD) of G(z). Furthermore, in analogy to the scalar



case, N(z) and P(z) will be called numerator matrices, while D(z) and Q(z) de-
nominator matrices.

Given a rational matrix G(z) € R(z)?*™ there exist an infinite number of left
an right MFDs of G(z). A particular class of (right) MFDs is described in the
following Definition.

Definition 2.3.1 Let G(z) € R(z)?*™. The (right) MFD Ng(z)Dg ' (z) is said
to be an irreducible (right) matrix fraction description of G(z) if

G(z) = Nr(z)Dg ' (z) (2.40)

and Ng(z) € R[z]?*™ and Dg(z) € R[z]™*"™ are right coprime polynomial ma-
trices.

2.3.2 | Smith-McMillan canonical form

Similarly to the Smith canonical form of polynomial matrices discussed in
§2.2.1, we can also introduce a canonical form for rational matrices, the so-called
Smith-McMillan canonical form.

Theorem 2.3.1 (Smith-McMillan canonical form) Ler G(z) € R(z)?*™ be
a rational matrix of normal rank tk(G) = r. There exist unimodular matrices
U(z) € R[z]P*" and V (z) € R[z]™™ such that

: (2.41)

where €(z),€(2),...,&(2), ¥1(2), ¥2(2),..., ¥ (2) € R[z] are monic polyno-
mials satisfying the condltlons (i) 8,( )’s and y;(z)’s are relatively prime,
i=1,2,...,r, (ii) &(z) | €+1(z) and Wiy1(2) | ¥i(z), i=1,2,...,r—1. The ra-
tional functions €(z)/y;(z), i = 1,...,r, are termed invariant factors of G(z).

A proof of the previous Theorem and further properties of the Smith-McMillan
canonical form may be found in Fornasini [2011, Ch.4, §3] and in Kailath [1998,
Ch.6, §5]. We just mention an important Definition and a useful Lemma (we refer
to Fornasini [2011, Ch.4, §4, Lemma 4.4.3] for a proof of the latter).



Definition 2.3.2 (McMillan degree) Let G(z) € R(z)?*" be a proper ratio-
nal matrix, i.e., a rational matrix whose entries are proper rational functions,
and let (2.41) be its Smith-McMillan canonical form. Then, we define the
McMillan degree of G(z), oy (G), as follows

ou(G) =) degy;i(z). (2.42)
i=1

The Definition above has an alternative and interesting system theoretic inter-
pretation (for a comprehensive treatment on systems theory one may refer to the
book Fornasini and Marchesini [2011]). In fact, let £ = (A,B,C,D) be a state-
space realization of the proper transfer matrix G(z), i.e., a quadruple of matrices
AeRY BeR™™" CeRP D e RP¥™ such that

G(z) =C(zl,—A)"'B+D, (2.43)

then the McMillan degree of G(z) coincides with the minimum state-space di-
mension (i.e., the smallest dimension n of matrix A) of any realization of G(z).
Any such a realization is termed a minimal realization of G(z).

Lemma 2.3.1 Let (2.41) be the Smith-McMillan canonical form of G(z) €
R(z)P*™ and denote by gi(jé) and si(jg) the £ x € minor (1 < { <1k(G)) of the ra-
tional matrices G(z) and D(z), respectively, obtained by selecting those rows

and columns whose indices appear in the ordered (-tuples i and j, respec-
tively. Then, for every a € C

()

N . l .
Py 1= mana(Si(j)) = m}nva(gij ) =:vy, (2.44)
ij 1

where vy (-) denotes the valuation at o of a rational function (see §2.1.4).

A noteworthy Corollary of the previous Lemma is reported below together
with a proof.

Corollary 2.3.1 Ler G(z) € R(z)"*" and let T be a region of the complex
plane such that

x' G(A)x >0, (2.45)



for all x € R" and for all values A € T for which G(A) has finite entries. (Let
us denote this subset of T by T). Then, for every @ € T equation (2.44) can
be equivalently replaced by

ol = minva(sy') = minva(gy) = vel (2.46)

PROOF. Since G(z) is non-negative Hermitian in the region T, it admits a de-

composition of the form G(A) = W(A)W*() for all A € T. By applying the
Binet-Cauchy Theorem (see Gantmacher [1959, Vol.I, Ch.1, §2]), we have?

g,J Zwlh (1), (2.47)

g 11 Z Wlh Z

h

‘ (2.48)

where gi(jé) (A) and wi(jg) (A) denote the ¢ x ¢ minor of matrices G(A) and W (),

respectively, obtained by selecting those rows and columns whose indices appear

in the ordered /-tuples i := (iy,...,ip), | <ij <---<iy<m,andj:= (ji,...,Js),

1 < j1 < -+ < jp < n, respectively. Moreover, in both the summations (2.47) and

(248),h:=(hy,...,hy), 1 <hy <---<hy<n,runs through all such multi-indices.
By using Cauchy-Schwarz inequality and equation (2.48), we have

g ()| = wa?ww}.‘?w'
h
O a2y L@ 1
<\/;(Wih IS
= /st (Mg (R,
gmax{gi(ig)(l),ggf)(/l)}, VA eT. (2.49)

The latter inequality implies that for every zero o € T of multiplicity k of a minor
of G, there exists at least one principal minor of G which has the same « either as
a zero of multiplicity less than or equal to k or a pole of multiplicity greater than

%In deriving expressions (2.47) and (2.48), we implicitly use the fact that the determinant of

the complex conjugate of a square matrix A is the complex conjugate of the determinant, i.e.,
det(A) = det(A).




or equal to 0. Similarly, inequality (2.49) implies also that for every pole o« € T of
multiplicity k of a minor of G, there exists at least one principal minor of G which
has the same pole of multiplicity greater than or equal to k.

Therefore,
. { . l
n$wagy):n?wagyx VaeT. (2.50)
Since min;jvq (si(jg)) = min; v (sl(f )), Va € T, we finished. [ |

2.3.3 | Poles and zeros of a rational matrix

The Smith-McMillan canonical form introduced in Theorem 2.3.1 is espe-
cially useful to define poles and zeros for rational matrices.

Definition 2.3.3 (Zeros and poles of a rational matrix) Consider a rational
matrix G(z) € R(z)?*™ of normal rank r = rk(G) and let

£1(z) &lz) & (2)
vi(2) va(z)’  wi(2)

be its Smith-McMillan canonical form. The complex number « is a (finite)
zero of G(z) if it is a zero of at least one of the polynomials &(z), i=1,...,r.
The complex number « is a (finite) pole of G(z) if it is a zero of at least one
of the polynomials y;(z), i=1,...,r.

S(z) = diag , (2.51)

From the conditions on &;(z) and y;(z),i=1,...,r, imposed in Theorem 2.3.1,
it follows that the (finite) zeros of G(z) coincides with the zeros of €.(z) and the
(finite) poles of G(z) with the zeros of y(z). Moreover, it is worthwhile noticing
that, unlike what happens in the scalar case, the set of zeros and poles of a rational
matrix may not be disjoint.

Let @, 00,...,0 be the (finite) zeros and (finite) poles of G(z) € R(z)"*™,
r =1k(G), and let

(1) (1) (r)

. (r)
S(z) = diag | (z— )" - (z=04)" . (z—an)" e (z—00)" |, (252)
be the Smith-McMillan canonical form of G(z). Then the integer exponents

vi(l) < v@ <o < v(”)’ (2.53)

i i



are called the structural indices of G(z) at oy, i =1,...,t.

We introduce now the notion of degree of a pole for rational matrices, which
will be useful in the following.

Definition 2.3.4 (Degree of a pole) Let G(z) € R(z)”*™ be a rational matrix
of normal rank rk(G) = r and let py be a pole (not necessarily finite) of G(z).
We define the degree of z = py as a pole of G(z) as follows

0(G;po) :=— mginv%), (2.54)

where vg,? denotes the minimum valuation at pg between all the £ x £ (1 </ <

r) minors of G(z) (¢f. equation (2.44)).

In other words, the degree 8(G;po) of z = pp as a pole of G(z) equals the
largest multiplicity it possesses as a pole of any minor of G(z). Moreover, if S(z)
is the Smith-McMillan form of G(z), by Lemma 2.3.1, the degree of a finite pole
po € C of G(z) is equal to the degree of pg as a pole of S(z) which, in turn, coin-
cides with the sum, changed in sign, of all the negative structural indices of G(z)
at po. However, the latter result does not apply, in general, for the pole at infinity.
Lastly, if pg € CU {0} is a pole of G(z) of degree n, then we will also say that
G(z) has n poles at py.

The following Propositions (see Fornasini [2011, Ch.4, §4] for the proofs)
provide some additional characterization of the structure of the (finite) poles and
(finite) zeros of a rational matrix.

Proposition 2.3.1 Let Nr(z)D ' (z) be a irreducible right MFD of the ratio-
nal matrix G(z) € R(z)P*™ and let a be a complex number. The following
facts are equivalent:

1. o is a pole of G(z);
2. ais azero of detDg(z);

3. ot is a pole of some entry [G(z)];; of G(z).



Proposition 2.3.2 Let Ng(z)Dy ' (z) be a irreducible right MFD of the ratio-
nal matrix G(z) € R(z)?*™ of normal rank tk(G) = r and let & be a complex
number. The following facts are equivalent:

1. o is azero of G(z);

2. the rank of Nr(@.) is lower than r, i.e., rank(Ng(@)) < r;
(r)

3. the smallest valuation at o, vy’, of the r X r minors of G(z) is strictly

greater than the smallest valuation at Q, vg_l), ofthe (r—1) x (r—1)

() o 1)

minors of G(z), i.e., vy’ > vy

It is important to remark that Definition 2.3.3, Proposition 2.3.1 and Proposi-
tion 2.3.2 apply only to poles and zeros at finite points in the complex plane, be-
cause the (highly non-unique) unimodular matrices used to get the unique Smith-
McMillan form destroy information about the behaviour at infinity. In fact, uni-
modular matrices can have both poles and zeros at infinity. To obtain the zero-pole
structure® at infinity of a rational matrix G(z) € R(z)?*™, we can proceed as de-
scribed in Kailath [1998, Ch.6]. We make a change of variable, z — A1 and
compute the Smith-McMillan form of G(A~!), then the zero-pole structure of
G(A~1) at A = 0 will give the zero-pole structure of G(z) at z = oo.

Finally, we notice that we can extend the definition of the McMillan degree
of a rational matrix by taking into account its behaviour at infinity. In fact, we
previously defined the McMillan degree of a proper rational matrix as the sum
of the degrees of the denominator polynomials in its Smith-McMillan form, cf.
equation (2.42). For a general rational matrix G(z) € R(z)?*™, we can decompose
1t as

G(z) = Gsp(z) +P(2), (2.55)

where Ggp(z) is strictly proper and P(z) is polynomial, and define its McMillan
degree as

81(G(2)) = Su(Gsp(2)) + Su(P(A™1)). (2.56)

3The zero-pole structure at & € C of a rational matrix G(z) € R(z)”*™ of normal rank k(G) = r
is given by the set of structural indices {v((xl), e vg)}.



Moreover, by exploiting the Definition 2.3.4 of polar degree, we can restate in
a equivalent and particularly simple way the Definition of McMillan degree given
above. In fact, the McMillan degree of a (either proper or non-proper) rational
matrix G(z) equals the sum of the degrees of all its distinct poles, the pole at
infinity included (see Kailath [1998, Ch.6]). Thus, if pq,...,p, are the distinct
poles of G(z) with associated degrees 6(G; p;), i =1,...,h, then

Su(G) =) 8(G:pi). (2.57)
=1

2.3.4 | Some special classes of rational matrices

We collect here a set of definitions involving some classes of rational ma-
trices which share a particular structure. For each definition we distinguish the
“continuous-time” case and the “discrete-time” case by using the variable s and z,
respectively, as indeterminate of rational matrices.

Definition 2.3.5 (Para-Hermitian matrix) A rational matrix G(s) €
R(s)™" is said to be continuous-time (CT) para-Hermitian if
G'(—s) = G(s). Similarly, a rational matrix G(z) € R(z)"™" is said to
be discrete-time (DT) para-Hermitian if G' (1/z) = G(z).

We notice that, a CT para-Hermitian matrix G(s) is Hermitian in the ordi-
nary sense on the imaginary axis, i.e., G*(j®w) = G(jw). Similarly, a DT para-
Hermitian matrix G(z) is Hermitian in the ordinary sense on the unit circle, ie.,
G*(e/?) = G(e/?).

When there is no risk of confusion, we will use a common notation for both
the continuous-time and discrete-time para-Hermitianity operator, namely

G*(s) =G (—s), (2.58)
G*(z):=G'(1/2). (2.59)
Moreover, for convenience, we define
G (s)=[G"]"", @) =[G (2.60)
G R (s): =[G ()] F, G ™(2):=[G"() 7K, (2.61)
L

. G M) =[G (2.62)



Let A(z),B(z) € R(z)™*™, we observe that the relations

A™(2) = A(2), (2.63)
[AB]"(z) = B*(2)A™(2) (2.64)

hold in both the continuous-time and discrete-time case.

Definition 2.3.6 (Para-unitary matrix) A rational matrix G(s) € R(s)"*" is
said to be continuous-time (CT) para-unitary if

G*(s)G(s) = G(s)G*(s) = I,. (2.65)

Similarly, a rational matrix G(z) € R(z)"*" is said to be discrete-time (DT)
para-unitary if

G*(2)G(z) = G(2)G*(z) = I- (2.66)

We notice that, a CT para-unitary matrix G(s) is unitary in the ordinary sense
on the imaginary axis, i.e., G*(jo)G(jo) = G(jo)G*(jw) = I,. Similarly, a DT
para-Hermitian matrix G(z) is unitary in the ordinary sense on the unit circle, i.e.,
G*(e/?)G(e/?) = G(e/2)G* (e/?) = I,.

Definition 2.3.7 (J,, ,-para-unitary matrix) Let us define

, pt+qg=:n. (2.67)

A rational matrix G(s) € R(s)"*" is said to be continuous-time (CT) J, 4-
para-unitary if

G*(5)J4G(s) = G(5)Jp 4G (s) = T . (2.68)

Similarly, a rational matrix G(z) € R(z)"*" is said to be discrete-time (DT)
Jp g-para-unitary if

G (2)Jp,qG(2) = G(2)Jp,¢G (2) = Jpq- (2.69)

A J), 4-para-unitary matrix is para-unitary if ¢ = 0. J, ,-para-unitary matrices



play an important role in the J-spectral factorization problem.

Definition 2.3.8 (Regular matrix) A rational matrix G(s) € R(s)"*" is said
to be continuous-time (CT) regular if it is analytic in the open right half-plane
{Re s >0, s € C}. Similarly, a rational matrix G(z) € R(z)"*" is said to be
discrete-time (DT) regular if it is analytic outside the closed unit disk, i.e., in
{lz| > 1, ze C}.

Definition 2.3.9 (Anti-regular matrix) A rational matrix G(s) € R(s)"™*" is
said to be continuous-time (CT) anti-regular if it is analytic in the open left
half-plane {Re s < 0, s € C}. Similarly, a rational matrix G(z) € R(z)"™*" is
said to be discrete-time (DT) anti-regular if it is analytic in the open unit disk
(|2 <1, z€ C).

For the sake of brevity, we will often drop the prefix “continuous-time” and
“discrete-time” in the following, since the meaning will be clear from the context.



CHAPTER 2. MATHEMATICAL PRELIMINARIES

36



3. CONTINUOUS-TIME

SPECTRAL FACTORIZATION

In this Chapter, we will describe and study in detail the rational matrix factor-
ization method proposed by Youla in his classical paper Youla [1961]. In particu-
lar, this ingenious technique can be used to solve the multivariate continuous-time
spectral factorization problem, presented as Problem 1.1 in Chapter 1. Unlike
Youla’s paper, in the sequel, we will deal with real coefficients rational matrices.

A remark on notation. A rational matrix A(s) is said to be analytic in a region
of the complex plane if all its entries are analytic in this region. Moreover, as in
Youla [1961], with a slight abuse of notation, when we say that a rational function
f(s) is analytic in a closed region T of the complex plane we mean that f(s) is
analytic in an open region T D T which is “larger” than T of an arbitrarily small
quantity. For example, if f(s) is rational and has all its poles in the open left
half complex plane, we say that f(s) is analytic in the closed right half complex
plane to mean that there exists € > 0 s.t. f(s) is analytic in {Re s > —¢, s €
C}. Similarly, we say that f(s) is analytic on the imaginary axis in place of f(s)
is analytic on an open strip containing the imaginary axis. When dealing with
rational functions that feature a finite number of poles, this abuse of notation does
not cause any problem. Finally, we say that a rational matrix is canonic if it
satisfies the properties of the Smith-McMillan Theorem 2.3.1. For other standard
notation we refer to Chapter 0 and Chapter 2.

3.1 | Preliminary results

The auxiliary results reported in this section will be used to prove the main
factorization Theorem of the next section.

Lemma 3.1.1 A matrix G(s) € R(s)™*" is analytic in the entire complex
plane together with its inverse (either right, left or both) if and only if it is
a unimodular polynomial matrix.



PROOF. If G(s) is a unimodular polynomial matrix, then, from §2.2.2, we know
that G(s) has an inverse (either right, left or both) which is also polynomial. With-
out loss of generality, we can suppose that G(s) has a left polynomial inverse.
Then rk(G) = n and the Smith-McMillan canonical form of G(s), denoted by
D(s), is the identity matrix of dimension n, i.e., D(s) = I,. This implies that G(s)
does not have any finite pole and zero. Hence, G(s) must be analytic together with
its left inverse in C.

Vice versa, suppose that G(s) is analytic with its inverse (either right, left or
both) in C. First, we notice that the existence of a left or right inverse for G(s)
implies that the normal rank of G(s) is either r = n or r = m, respectively. Without
loss of generality, we can suppose that » = n. By the Smith-McMillan Theorem
2.3.1, we can write G(s) = C(s)D(s)F(s), where C(s) € R[s]"™*", F(s) € R[s]"*"
are unimodular polynomial matrices and D(s) € R(s)"*" is diagonal, canonic of
the form

D(s) = diag [el—(s)gz—@ gn(s)}, 3.1)
wi(s) wals)™  Yals)
where &(z), Wi(z), k=1,...,n, are relatively prime monic polynomials such that

&(8) | &+1(5)s Wir1(s) | wi(s), k =1,...,n— 1. The analyticity of G(s) in C
implies that all y’s are non-zero real constants. Moreover, the Smith-McMillan
canonical form of the left inverse of G(s), G~%(s), is given by

. Tw(s) w1(s) vi(s)
diag [en<s> e i(s) sl<s>} ’

3.2)

and so the analyticity of G~L(s) in C implies that all €’s are non-zero real con-
stants. Hence, D(s) in (3.1) is a diagonal constant matrix. Since G(s) is the
product of three unimodular polynomial matrices, G(s) must also be a unimodu-
lar polynomial matrix. ]

Lemma 3.1.2 The only CT regular para-unitary matrices with regular in-
verse are constant orthogonal matrices.

PROOF. From Definition 2.3.6, we recall that a CT para-unitary matrix G(s) €
R(s)™" satisfies

G*(5)G(s) = G(s)G*(s) = 1I. (3.3)

The analyticity of the inverse of G(s) in {Re s > 0, s € C} implies that of G(—s)
in the same region, and therefore that of G(s) in {Re s < 0, s € C}. We also



notice that in the imaginary axis {jo, ® € R} we have G*(jo)G(jw) = I, and
we can write out the diagonal element of G(j®) in expanded form as

n
Y [G(j@)ul* =1, Yk=1,....n, Vo €R. (3.4)
i=1

The latter equation implies that
[GU@)al <1, Vik=1,...n, Vo R, (3.5)

which, in turn, implies that G(s) is bounded at infinity and analytic in the entire
imaginary axis. Thus, G(s) is analytic (together with its inverse G~ (s) = G*(s))
in the entire complex plane and bounded at infinity. We are in position to apply
Liouville’s Theorem (see Lang [1985, Ch.V, §1, Thm.1.4]) and conclude that G(s)
must be a constant orthogonal matrix. |

Definition 3.1.1 (CT left-standard factorization) Let G(s) € R(s)"*" and
let rk(G) = r < min{m,n}. A decomposition of the form

G(s) = A(s)A(s)B(s) (3.6)
is called a continuous-time (CT) left-standard factorization if

1. A(s) € R(s)"™" is diagonal and analytic together with its inverse in the
entire complex plane with the possible exception of a finite number of
points on the imaginary axis {Re s =0, s € C};

2. A(s) € R(s)™" is analytic together with its left inverse in {Re s <
0, s € C};

3. B(s) € R(s)™" is analytic together with its right inverse in {Re s >
0, s € C}.

By interchanging A(s) and B(s) in Definition 3.1.1, we obtain a CT right-
standard factorization. Any CT left-standard factorization of G(s) gives rise to a
CT right-standard factorization of G' (s), G~ (s) (if G(s) is non-singular), G(—s),
e.g., in the first case we have

G'(s)=B"(s)A(s)A" (s). (3.7)



A CT left-standard factorization of a rational matrix G(s) always exists, as
stated in the following Lemma.

Lemma 3.1.3 Any rational matrix G(s) € R(s)™*" of normal rank tk(G) =
r <min{m,n} has a CT left-standard factorization.

PROOF. By the Smith-McMillan Theorem 2.3.1, we can write G(s) = C(s)D(s)F (s),
where C(s) € R[s|"™*", F(s) € R[s]"*" are unimodular polynomial matrices and
D(s) € R(s)"™" is diagonal and canonic of the form

es) als) &

D(s) = diag ) V)

; (3.8)

where &(s), Wi(s), k =1,...,r, are relatively prime monic polynomials such that
&(8) | €r1(s), Wir1(s) | wi(s), k=1,...,r—1. We can factor &(s) and y;(s),
i=1,...,r, in D(s) into the product of three polynomials: the first without zeros
in {Re s <0, s € C}, the second without zeros in {Re s # 0, s € C} and the third
without zeros in {Re s > 0, s € C}. Thus, it is possible to write

D(s) = D_(s)A(s)D(s), (3.9)
where D_(s) and its inverse are analytic in {Re s <0, s € C}, A(s) and its inverse
in {Re s #0, s € C} and D4 (s) and its inverse in {Re s > 0, s € C}. Finally, by
defining A(s) := C(s)D_(s) and B(s) := D (s)F(s), we have that

G(s) =A(s)A(s)B(s) (3.10)

is a CT left-standard factorization of G(s). [ |

Now, consider two left-standard factorizations of G(s), the following Theorem
gives a characterization of the two decompositions.

Theorem 3.1.1 Let G(s) € R(s)™*" be a rational matrix of normal rank
tk(G) = r < min{m,n} and let A(s)A(s)B(s), A1(s)A;(s)B1(s) be two CT
left-standard factorizations of G(s). Then,

Ai(s) =A(s)M~'(s), Bi(s) = N(s)B(s) (3.11)



where M(s) € R[s|"" and N(s) € R[s]"" are two unimodular polynomial
matrices such that

M(s)A(s)N~L(s) = Ay (s). (3.12)
PROOF. By assumption,
G(s) = A(s)A(s)B(s) = A1(s)A1 (s)B1(s), (3.13)
and, therefore,
AT ()ATH(5)A(s)A(s) = Bi(s)B~R(s). (3.14)

By Definition 3.1.1 of CT left-standard factorization, the right-hand side of (3.14)
is analytic in {Re s > 0, s € C}, while the left-hand side in {Re s <0, s € C}.
Hence, B;(s)B~R(s) is analytic in the entire complex plane. Moreover,

[B1(s)B~(s)] " = A7 (s)[AT () A(s)) A () (3.15)

is also analytic in the entire complex plane. Thus, for Lemma 3.1.1, N(s) :=
Bi(s)B~R(s) must be a r x r unimodular polynomial matrix. Similarly, M(s) :=
A7%(5)A(s) must be a r x r unimodular polynomial matrix. Finally, from (3.13)
we have

M(s)A(s)N~(s) = Ay (s). (3.16)
and we finished. [ |

It is not difficult to derive a CT right-standard counterpart of Lemma 3.1.3 and
Theorem 3.1.1.

Let ®(s) € R(s)"*" be a para-Hermitian matrix of normal rank rk(®) =r <n
and let d(s) = A(s)A(s)B(s) be a CT left-standard factorization of ®(s). We have
that

D(s) = D" (s) = B*(s)A"(s)A™(s) (3.17)

is also a CT left-standard factorization of ®(s). In particular, A*(s) is equal to
A(s), except, perhaps, for the signs of its diagonal elements, i.e.,

A*(s) = ZA(s), (3.18)



where

Y =diagley,en,...,e] (3.19)
ande; = =+1,i=1,...,r. By invoking Theorem 3.1.1, we can write

A*(s) =N(s)B(s), (3.20)

B*(s) = A(s)M~1(s), (3.21)

where N(s), M(s) € R(s)"*" are unimodular polynomial matrices.

If a para-Hermitian matrix is positive semi-definite on the imaginary axis then
the result reported below holds.

Lemma 3.1.4 Let ®(s) € R(s)"" be a CT para-Hermitian matrix of normal
rank tk(®) = r < n which is positive semi-definite on the imaginary axis, i.e.,
x'®(jo)x >0, Vx € R" and Yo € R such that s = j® is not a pole of ®(s).
Let

®(s) =C(s)D(s)F(s) (3.22)

with D(s) € R(s)"™" be the Smith-McMillan canonical form of ®(s). Then,
the zeros and poles on the imaginary axis of the diagonal elements of D(s)
must be of even multiplicity.

PROOF. First of all, we can suppose that the numerators and denominators of all
entries in ®(s) are coprime polynomials. Let

o = jor, O = jan,..., 0 = ja, (3.23)

be the finite zeros/poles on the imaginary axis of ®(s) and let
viDv@ vy <@ <<y (3.24)
be the structural indices of ®(s) at o, i = 1,...,1, i.e., the valuations at o; of the

diagonal terms of D(s) (see §2.3.3). Since P(s) is non-negative on the imaginary
axis, it is easy to verify that the zeros and poles on the imaginary axis of the
principal minors of ®(s) are of even multiplicity. Furthermore, by choosing T =
{Re s =0, s € C}, we are in position of applying Corollary 2.3.1. Thus, by
considering the minors of order ¢ = 1, it follows that

v iseven, i=1,2,... 1. (3.25)

1



Similarly, by considering the minors of order ¢ = 2 in Corollary 2.3.1, it follows
that

vV v® iseven, i=1,2,... 1. (3.26)

Since vi(l) is even, then also vl.(z) must be even foralli=1,2,...,¢. By iterating the

argument, we conclude that every zero/pole on the imaginary axis of the diagonal
elements of D(s) must be of even multiplicity. [

Let ®(s) € R(s)"*" be a para-Hermitian matrix of normal rank rk(®) =r <n
and let D(s) € R(s)"*" be its Smith-McMillan canonical form. We have

D(s) = C(s)D(s)F (s) = F"(s)D"(s)C"(s) = ®*(s), (3.27)
and, by a previous argument,
D*(s) =X'D(s), (3.28)

where Y/ has the form (3.19). By (3.28), every zero/pole at o of the diagonal
elements of D(s) is accompanied by a zero/pole at —o and we can always write
D(s) in the form

D(s) =Z1A"(5)A(s)A(s), (3.29)
where A(s) € R(s)"" is diagonal, canonic and analytic with its inverse in {Re s >
0, s € C} and £;A*(s) € R(s)"™" is diagonal and analytic with its inverse in
{Re s <0, s € C}. The diagonal matrix A(s) € R(s)"" is canonic and ana-

lytic with its inverse in {Re s # 0, s € C} and, by exploiting Lemma 3.1.4, can
be written as

A(s) = @%(s) = £,0%(s)0O(s), (3.30)

with @(s) € R(s)"*" diagonal and canonic. In conclusion, we can rearrange D(s)
in the form

D(s) = Z3A™(5)O*(5)O(s)A(s), (3.31)

where X1, X, and X3 := XX, are of the form (3.19).



3.2 | The main theorem

We present here the main result of the Chapter due to Youla, Youla [1961,
Thm. 2].

Theorem 3.2.1 Let ®(s) = ®*(s) € R(s)"*" be a CT para-Hermitian matrix
of normal rank tk(®) = r < n which is positive semi-definite on the imaginary
axis {jo, ® € R}. Then, there exists a rational matrix W (s) € R(s)"™*" such
that

(i) D(s) =W*(s)W(s).

(ii) W(s) and its (right) inverse W R (s) are both analytic in {Re s > 0, s €
C}.

(iii) W(s) is unique up to within a constant, orthogonal r X r matrix mul-
tiplier on the left, i.e., if Wi (s) also satisfies points (i) and (ii), then
Wi(s) = TW(s) where T € R™" is a constant orthogonal matrix.

(iv) Any factorization of the form ®(s) = L*(s)L(s) in which L(s) € R(s)"™*"
is analytic in {Re s > 0, s € C}, is given by L(s) =V (s)W(s), V(s) €
R(s)"™" being an arbitrary, CT regular para-unitary matrix.

(v) If ®(s) is analytic on the imaginary axis, then W(s) is analytic in a
region {Re s > 1, 1<0, s € C}.

(vi) If ®(s) is analytic on the imaginary axis and the rank of ®(s) is constant
on the imaginary axis, then W (s) and its (right) inverse W R (s) are both
analytic in a region {Re s > 11, 71 <0, s € C}.

PROOF. We first consider statement (iii). Let W (s) and W;(s) be two matrices
satisfying (i) and (ii). Then,

W*(s)W (s) = Wi (s)Wy(s). (3.32)
The latter equation implies

Vi(s)V(s) = I, (3.33)



where we have defined V (s) := Wy (s)W R (s) which is analytic in {RRe s > 0, s €
C}. Hence, V(s) € R(s)"*" is a regular para-unitary matrix. But, from (3.32), we
also have

V(s) =W B (s)W*(s) (3.34)

and so V*(s) = V=1 (s) = W(s)W; ®(s) which is also regular. By applying Lemma
3.1.2, we conclude that V(s) must be a constant orthogonal matrix 7 € R"™*",
T'T=TT"=1I,.

Consider now statement (iv). Let ®(s) = L*(s)L(s) where L(s) € R(s)"*" is
analytic in {Re s > 0, s € C}. Notice that in this case we do not suppose that
LR(s) is analytic in {Re s > 0, s € C}. We can write

L*(s)L(s) = W*(s)W (s). (3.35)
The latter equation implies
V¥(s)V(s) =1, (3.36)

where V(s) := L(s)WR(s) and W(s) € R(s)"*" is a rational matrix satisfying (i)
and (ii). Since L(s) and WR(s) are both analytic in {Re s > 0, s € C}, then
V(s) € R(s)"™" is a regular para-unitary matrix and we finished.

In order to prove the existence of a matrix W (s) with the properties (i) and (ii)
we use a constructive procedure which consists of the following four steps.

Step 1. Reduce ®(s) to the Smith-McMillan canonical form. One possible
technique to perform this reduction is described below.

o Assuming that all entries of ®(s) are relatively prime, we write
D(s) = —P(s), (3.37)
where ¢(s) is the normalized l.c.m. of all denominators appearing in ®(s)
and ®(s) is a polynomial matrix.

o The polynomial matrix ®(s) can be reduced to its Smith canonical form
by the standard technique described in Fornasini [2011, Ch.3] or in Kailath
[1998, Ch.6]:

O(s) = C(s)E(s)F (s), (3.38)



where C(s) € R[s]"" and F (s) € R[s]"*" are square unimodular polynomial
matrices and

E(s) = diag[&,(s),&(s),...,&(s),0,0,...,0]. (3.39)

The &(s), i =1,...,r, appearing in (3.39) are monic polynomials arranged
so that &(s) | &41(s),i=1,2,...,r— 1.

Let

I,

e R™. (3.40)

0n7r7r

Then C(s) := C(s)J € R(s)™" and F(s) :=J ' F(s) € R(s)"™" are unimod-
ular polynomial matrices. Moreover, we have

D(s) = C(s)E(s)F (s), (3.41)
where
E(s) = diag[&,(s),&2(s), ... &:(s)]. (3.42)
Finally, if we define
D(s) = diag | 2118 80)  E&(s) (3.43)

o(s)” @(s)” " o(s)

each element being normalized in lowest terms, then the Smith-McMillan
decomposition for ®(s) is given by P(s) = C(s)D(s)F(s).

Step 2. According to (3.31), we can write D(s) in the form

D(s) = ZA*(s)A(s)A(s), (3.44)

where:

1. A(s) € R(s)™" is diagonal, canonic and analytic together with A~!(s) in

{Res >0, s C};

2. A(s) := @*(s5)O(s) = A*(s), where O(s) € R(s)"™" is diagonal, canonic and

analytic together with ® ! (s) in {Re s #0, s € C};



3. £ € R™ is diagonal with diagonal elements +1.

Let
A(s) :=C(s)ZA*(s), (3.45)
B(s) :=A(s)F (s) (3.46)
Then
D(s) = A(s)A(s)B(s) (3.47)

is a CT left-standard factorization of ®(s).

Step 3. Let
I(s) := B R(s)@71(s). (3.48)

Recall that, by equation (3.20), we have A*(s) = N(s)B(s) and so, by direct com-
putation,

I (s)®(s)I(s) =I"(s)P*(s)I(s)
= O *(s)B ®*(5)B*(s)A* (s)N(s)B(s)B R (s)@ ! (s)
=0 *(5)®*(5)O(s)N(s)® 1 (s)
= O(s)N(s)@ 1 (s), (3.49)

where N(s) = A*(s)B~R(s) € R[s]"" is a unimodular polynomial matrix. Let us
define

W(s):=0O(s)N(s)® ! (s). (3.50)

By (3.49), ¥(s) is r X r, para-Hermitian and non-negative on the imaginary axis.
Actually, we notice that A(s)A(s)B(s) and B*(s)A(s)A*(s) are two CT left-standard
factorizations of ®(s). Hence, by replacing A (s) with A(s) = A*(s) in (3.12), we

can write
A(s)N(s)A~1(s) = M(s), (3.51)

where M(s) € R[s]"™ " is unimodular. Since A(s) = ®*(s)®(s) is diagonal and
O(s) := diag[6;(s),..., 6,(s)] canonic, (3.51) implies that [N(s)];; is divisible by



the polynomial [A(s)];;/[A(s)]ii, j > i. But

[A(s)]ii = 67 (5)61(s)
= 6i(—=5)6i(s)

= +62(s), (3.52)

fori=1,...,r. So, [N(s)];; must be divisible by the polynomial

6;(s) . _ .
fis) = eg(s), j>i, (3.53)
and, a fortiori, by
o Bils) L.
fij(s) = o) ! > . (3.54)

This suffices to establish that ¥(s) is polynomial. Finally, since by (3.49) det¥(s)
is a non-zero positive constant, ¥(s) must be a para-Hermitian unimodular poly-
nomial matrix which is positive definite on the imaginary axis. The problem is
now reduced to that of finding a factorization of ¥(s) of the form

W(s) = P*(s)P(s), (3.55)

where P(s) € R[s]"”*" is a unimodular polynomial matrix. After this is achieved,
the desired factorization for ®(s) is obtained as ®(s) = W*(s)W (s) with

= P(s)D+ (s )F (S), (3.56)

where we have defined D (s) := ©(s)A(s). In fact, by straightforward algebra,

(5). (3.57)



Step 4. An algorithm which provides a factorization of a unimodular polyno-
mial matrix W(s) € R[s]"*" positive definite on the imaginary axis into the product
P*(s)P(s), where P(s) is a unimodular polynomial matrix, is due to Oono and Ya-
suura and first appeared in the paper Oono and Yasuura [1954]. This algorithm
is the one adopted in the approach devised by Youla in his paper Youla [1961].
In what follows, we present a revised version of the latter algorithm which makes
use of the mathematical machinery introduced in Chapter 2.

The proposed procedure is based on two steps. First, let us define Wi (s) :=
Y(s) and denote by & € N the loop counter of the algorithm, which is initially set
toh:=1.

I. By the positive nature of Wy (s), it follows that the degrees of the diagonal
elements of W, (s) are even non-negative integers. Let k;, i = 1,...,r, be
the half diagonal degrees (that is, half the degrees of the diagonal entries) of
W), (s). Since W),(s) is positive definite on the imaginary axis, no element in
W), (s) has degree exceeding 2kmax, With

kmax := max{ky,... . k.}. (3.58)

If W, (s) is a constant positive definite matrix, we skip to step II. Otherwise,
we construct a polynomial matrix Q;l (s) such that, by operating the trans-
formation

Wi1(s) 1= Q7 (5)W(s)Q,,  (s), (3.59)

we obtain a new positive matrix ¥ | (s) with the same determinant of ¥,(s)
but a lower diagonal degree. More specifically, the matrix Q;l(s) can be
viewed as the product of three matrices, namely

Q1 (s) :== On(s)ThQ;, ' (s), (3.60)
where:
e the polynomial matrix
On(s) := diag[skmax ki ghmax—kr] (3.61)
is such that

W), (s) == O} (s)¥n(5)On(s) (3.62)



has all the diagonal elements of the same degree 2km,x. This is always
possible since, by the positive nature of W), (s), k; >0 foralli=1,...,r.
Hence, any diagonal element of ¥ (s) cannot be identically zero.

e T}, is a constant matrix constructed in order to reduce the degree of a
diagonal element of W) (s). The construction of this matrix requires
a further explanation. First, we notice that the highest-column-degree
coefficient matrix (recall the definitions given in §2.2.3) of ¥} (s), de-
noted by ‘P;lhc, is symmetric and equal to the highest-row-degree coef-
ficient matrix, of ‘I’;l (s), denoted by ‘P;lhr, since all the diagonal entries
of W), (s) have the same maximum degree 2kmax and ¥} (s) = ¥/ (s).
Moreover, the external (column) degree! of W), (s) satisfies

ext. deg ¥}, (s) = 2rkmax- (3.63)
At this point, we note that, by (3.62),
degdetW),(s) = 2degdet Qy(s) < 2rkmax, (3.64)

so, degdetW) (s) < ext.deg'P) and, in view of Proposition 2.2.2, we
have that ‘P}lhc is singular. Thus, we can compute a non-zero vector
Vi = [v1,v2,...,v]T €R" such that ¥)*°v;, = 0. Let us define the active
index set

S :={i : vi#0} (3.65)
and the highest degree active index set, # C .7,
Mo={ic I  k>kjVje I} (3.66)

We choose an index p € .#. Then, T}, is constructed by replacing the
p-th column of the r X r identity matrix with the vector

.
vo= | Tl g Yot (3.67)

and it is such that
Wl/(s) =T, ¥}, (s)Tj, (3.68)

Ithat is, the sum of all the column degrees of W), (s) (Definition 2.2.7 of §2.2.3).



has the diagonal entry at (p, p) of degree at least two less than 2kp;x.
In fact, since \P;thV;l =0, we have

lP;lthh = [ [\chc]lzr,l:pfl ‘ Ol,r

[\P;lhc]l:r.,erl:r . (369)
Analogously, since W/ is symmetric, v, ¥/** = 0" and
’ h b h h

/h /h
[‘Phc]lzpfl,lzpfl 0pfl,l [lPhC]l:pfl,erl:r
Thy/he _
T, W, "Th = 01,1 0 01, pi1

[‘P;,hc]p+1:r71:pfl Orprrl,l [qlzhc]p+1:r,p+1:r
(3.70)

By the positive nature of ¥}/ (s), the degrees of its diagonal entries of
must be even non-negative integers, therefore, by (3.70), the diagonal
element (p, p) of ¥} (s) must have degree at least two less than 2kmax.

. Q;] (s) is such that W, (s) :== Q, " (s)‘PZ(s)Q;I (s) possesses the orig-
inal diagonal degrees except for the degree of the reduced diagonal en-
try at (p, p), which is at least two less than 2k,.

To sum up, Q;l (s) takes the form

column p
1 -~ 0 :_;Skl;—k1 O --- 0
0 0
1 p—1 skpfkp_]
Vp
Q- l(s)i= | I B BGRA)
Vp+1 Skp*karl 1
Vp
: 0
0 :_;skp_kr 0 1

and it is polynomial since k, > k;, for all i = 1,...,r such that v; # 0. Actu-
ally, Q,:l (s) is a polynomial unimodular matrix, since, from (3.71), we find
that detQ, ' (s) = 1.

Eventually, we update the index 4 by setting 4 := h+ 1 and return to step 1.



II. Since W), € R™" is positive definite, we can always factorize it into the
product W), = C'C where C € R™, by using, for instance, the Cholesky
decomposition (see Golub and Van Loan [1996, Ch.4]). Finally, we have
constructed the desired polynomial unimodular matrix

P(s) = CQp1(5)Qp2(s) - Qi (s). (3.72)
such that W(s) = P*(s)P(s).

It is worthwhile noticing that the procedure at step I is always brought to an
end (after a maximum of kj + --- + k), iterations) since at the A-th iteration the
degree of a diagonal element of W), (s) is reduced, while the degree of all the other
diagonal elements is not affected.

Finally, we notice that W (s) in (3.56) is analytic with its (right) inverse in
{Re s >0, s € C} by construction, since D (s) is so and F(s), P(s) are unimod-
ular polynomial matrices. Hence, the proof of points (i)-(ii) is concluded.

Now consider statement (v). If ®(s) is analytic on the imaginary axis, then
O(s) does not have any finite pole. This, in turn, implies that D (s) = O(s)A(s) is
analytic in a region {Re s > 7, 7 <0, s € C}. Thus, W(s), as defined in (3.56), is
also analytic in the same region. It is worth noticing that this region is completely
determined by the poles of A(s).

The additional assumption that the rank of ®(s) is constant on the imaginary
axis implies that @(s) does not have any finite zero. Thus, ®(s) = I, and, by
(3.56),

W R(s) = FR(s)A(s)P7(s) (3.73)

is analytic in a region {Re s > 7, T <0, s € C}. Hence, W(s) is analytic
together with its (right) inverse in a half-plane on the right of a vertical line
{Re s > 1, 71 <0, s € C} where 71 := max{r,7} is completely determined
by the zeros and poles of A(s). The proof of point (vi) along with that of the
Theorem is concluded. |



For the sake of completeness, we present below two simple Corollaries of
Theorem 3.2.1.

Corollary 3.2.1 Let L(s) € R(s)™*", then ®(s) = L*(s)L(s) if and only if

I,

W(s), (3.74)

Om—nr

where V(s) € R(s)™*™ is an arbitrary CT para-unitary matrix and r =
k(P) <m.

PROOF. By repeating an argument used to prove statements (ii1) and (iv) of The-
orem 3.2.1, we have that L(s) = U (s)W (s), with U (s) € R(s)™*" a rational matrix
satisfying U*(s)U (s) = I,. If we choose V(s) € R(s)"*™ to be any para-unitary
matrix with U (s) incorporated into its first  columns, i.e.,

U(s)=V(s) : (3.75)

we finished. |
Corollary 3.2.2 [If O(s) is polynomial, then W (s) is polynomial.

PROOF. If ®(s) is polynomial, then it does not have finite poles. By (3.56), also
W (s) does not have finite poles, therefore W (s) is polynomial. |

In Fig.3.1 is shown a scheme of the Youla’s algorithm used in the constructive
proof of Theorem 3.2.1.
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Figure 3.1: Schematic representation of Youla’s algorithm

the factorization ®(s) = W*(s)W (s)



3.3 | Some additional remarks

In this section, we want to point out two important facts regarding some prop-
erties of the factorization approach discussed before.

The first consideration regards the stochastic minimality of the factor W (s)
and it is stated in the Theorem below. (We refer to Lindquist and Picci [1991] for
a detailed discussion on the minimality of spectral factors).

Theorem 3.3.1 Let ®(s) € R(s)"*" be a CT para-Hermitian matrix non-
negative on the imaginary axis and let r = tk(®). Consider the factoriza-
tion ®(s) = W*(s)W (s), where W (s) € R(s)"™*" is computed by following the
procedure described in Theorem 3.2.1. Then, the McMillan degree of W (s)
satisfies

1
8 (W) = 5 8u(®). (3.76)

PROOF. First, we recall that, by equation (3.56), we have
W (s) = P(s)D+(s)F (s), (3.77)

where P(s) € R[s]"™", F(s) € R[s]"*" are unimodular polynomial matrices and
D. (s) € R(s)™" is diagonal, canonic and regular together with its inverse. More-
over, D (s) satisfies

D(s) =ED’ (s)D(s), (3.78)

where D(s) € R(s)™" is the Smith-McMillan canonical form of ®(s) and £ €
R"™" is a constant diagonal matrix with elements +1 on its diagonal. Let py,..., p,
be the finite poles of ®(s). By (3.77) and (3.78), it follows that?

6(W;pi)  if Re p; <O,
6(P;pi) = 20(W;p;) if Re p; =0, (3.79)
Oo(W;—p;) if Re p; > 0.

ZFor the definition of degree of a pole of a rational matrix we refer to §2.3.3, Definition 2.3.4.



Moreover, if p; is a pole of @(s) then also —p; is a pole of ®(s) and if p; is not a
pole of ®(s) then neither p; nor —p; are poles of W (s). Thus, we have

h
Ys@ip)= Y sWip)+ Y SWi-p)+ Y 28(W:p)

i=1 i:Re p;i<0 i:Re pi>0 i:Re pi=0

=2 )Y sW:p) (3.80)

i:Re p;i<0

By equation (2.57) of section §2.3.3, the McMillan degree of a rational matrix
equals the sum of the degrees of all its poles, the pole at infinity included. Hence,
it remains to prove that

8 (d;00) = 28(W;00). (3.81)

The degree of the pole at s = oo of ®(s) is equal to the degree of the pole at A =0 of
®(A~1). The rational matrix ®(A 1) is para-Hermitian and positive semi-definite
on the imaginary axis, so we can apply Theorem 3.2.1 and obtain

DA = W)W (A), (3.82)

Since ®(A 1) = W*(A~")W(A~!) is also a factorization satisfying the properties
of Theorem 3.2.1, by statement (iii) of the same Theorem, we have

WA hH=TWw(), (3.83)

T € R™" being a constant orthogonal matrix. Therefore, by a previous argument,

S(W(A™1:0) =28(W(s);00). (3.84)

=2 ) 8(Wipi)+28(W;e0) =28y (W), (3.85)

and, hence, the thesis. [ ]



Another interesting by-product of Youla’s method is that the procedure can
be easily modified in order to change the region of analyticity of W(s) and of
its (right) inverse. First of all, let us introduce some nomenclature. We say that
a region of the complex plane <7 is continuous-time skew-symmetric (for short,
skew-symmetric), if it satisfies

U =C\{Res=0,5€C} and 4/ NAF* =0, (3.86)

where &% :={se€ C : —se€ &}.

Now, suppose that we want to compute a factor Wq, o(s) analytic in a skew-
symmetric region Q (see Fig.3.2) and with (right) inverse ng 1;2, (s) analytic in a
skew-symmetric region ©'.3 To obtain such a factor, we only need to write the
diagonal matrix D(s) in (3.44) in a different form, namely

D(s) =XAq o/ (5)0" (5)O(s) Aq,cr (5), (3.87)

where Aq o/ (s) is diagonal, canonic and analytic in  with inverse Aélg,(s) ana-
lytic in €/, and apply Youla’s factorization algorithm.

A

Sm s Sms

Re s Re s

Y
Y

Figure 3.2: Example of an admissible choice of the region Q (filled in gray, on the left)
and a not admissible choice of Q (filled in gray, on the right). Here, dashed gray lines
denote open boundaries, while solid gray lines denote closed boundaries.

3In the following, we use the notation A ¢y to emphasize the dependence of matrix A on the
choice of the regions Q and Q'. If Q = Q’, we write, for short, Ag = Ag o



To prove this fact, it is sufficient to show that the r x r matrix

Yoo (s) = O(s)No.a/(s)0~ ' (s)
O(5)A5 o (5)Bo ey (5)07 ()
= 0(s)Aq.0 (5)ZC*(s)F R (5)Ag oy (507 (s), (3.88)

defined in (3.50), still remains a polynomial unimodular matrices for any choice
of Q and . This is provided by the following Lemma.

Lemma 3.3.1 Consider the r x r matrix Wq (s) described by equation
(3.88). For any choice of the skew-symmetric regions Q and &', W o/(s)
is a unimodular polynomial matrix.

PROOF. We can rewrite equation (3.88) in a more compact form as
Wo.o(s) = Ta.o (s)R(5)Tg o (5), (3.89)

where I'g o/ (s) 1= ©(s)Ag.or (s) € R(s)™" and R(s) := EC*(s)F R (s) € R[s]"".
We notice that R(s) unimodular, since C(s), F(s) are so and X is constant, and
does not depend on the choice of Q and Q'. Moreover, I'q or(s) is diagonal and
canonic for any choice of Q and &'

Consider first the standard choice Q = Q' = C" := {Re s > 0, s € C}. By
Theorem 3.1.1 and Theorem 3.2.1 (step 3), W~ () is unimodular. Since I'c+(s) €
R(s)™" is diagonal and canonic, by (3.89), it follows that [R(s)];; must be divisible
by the polynomial

pl]( ) [F(C'*(S)]ii, ]2 . (390)

On the other hand, consider the opposite choice Q = Q' =C~ := {Re s <
0, s € C}. By using the right-standard counterpart of Theorem 3.1.1 and following
the same argument used in the step 3 of Theorem 3.2.1, it can be proved that
Wc-(s) is unimodular. Hence, by (3.89), [R(s)];; must be also divisible by the
polynomial p;;(—s), j > i.

Therefore, [R(s)];; must be divisible by every factor which appears in the poly-
nomial

qij(s) == pij(s)pij(—s), J=>i. (3.91)



Since, for any choice of © and &/, the factors of [I'q or(s)]j;/[Fa.q ()] are con-
tained in the ones of g;;(s), then [R(s)];; must be divisible by the polynomial
Lao/(s)]ji/[TCaq(s)) j > i, and so Wq o/(s) must be a polynomial matrix for
any choice of Q and Q. Finally, by (3.89), detWg, o (s) = constant, for any choice
of Q and &', therefore we conclude that Wg, () is unimodular. [ |

In particular, we can use Youla’s method in order to compute some interesting
“extremal” factors:

o the regular factor with regular (right) inverse, called the minimum-phase
regular factor, W _ (whose existence was proved in Theorem 3.2.1);

o the anti-regular factor with regular (right) inverse, called the minimum-
phase anti-regular factor, W _;

o the regular factor with anti-regular (right) inverse, called the maximum-
phase regular factor, W  ;

o the anti-regular factor with anti-regular (right) inverse, called the maximum-
phase anti-regular factor, W ...

These four “extremal” factors are unique (modulo orthogonal transformations)
and are related each other as shown in the commutative diagram of Fig.3.3.

Z/ K//
w_ W —— W,
AN
K”T K’ KZT
VI V/l
W_ > W > Wi
A
K'T K’ K;T
5/ /!
W_ > W > W+

Figure 3.3: Relations between the “extremal” factors. Here arrows indicate pre-
multiplication, V’s and K’s are para-unitary matrices. In particular, the meaning of
symbols is as follows: underbar stands for regular, overbar for anti-regular, subscript
— for minimum-phase and subscript + for maximum-phase.



3.4 | Anillustrative example

In this final section, we present an illustrative example of application of the
Youla’s method described in the constructive proof of Theorem 3.2.1.

Let us consider the following 2 x 2 rational matrix

ST (3.92)
T s(1=s2)  $2(1—=s2)

It may be verified that ®(s) is para-Hermitian and positive definite on the imagi-
nary axis.

Step 1. The Smith-McMillan canonical form of ®(s) is given by

2; 0
D(s)= | ¥(-D . (3.93)
0o 1

The rational matrix ®(s) is related to its Smith-McMillan canonical form by

®(s) = C(s)D(s)F(s), (3.94)
where C(s) and F (s) are (non-unique) unimodular polynomial matrices, e.g.,
1 2
s 1 s(sc+1) 2
C(s) 2 , F(s) ( ) : (3.95)
1-1s% s % 0

Step 2. With reference to the notation introduced in the corresponding step of
Theorem 3.2.1, the regular rational matrix A(s) is given by

B )
A(s) st (3.96)
0 1
while the diagonal matrix ©(s) by

O(s) =

S wl—
—

(3.97)



The matrices A(s) and B(s), defined in (3.45) and (3.46), respectively, take the
form

s 1
A= | (3.98)
| s—1 §
i s(s2+1) 2
B(s)=| stb stb 1, (3.99)
1 0
2

Step 3. We have that ¥(s) = ©(s)N(s)®~!(s) has the form
W(s) = O(s)A*(s)B 1 ()@ L(s)

12,1 12
—15°+5 557 (s—1)
= 5 2T : (3.100)
—5857(s+1) s*4s7+2

It may be checked directly that W(s) is a para-Hermitian, unimodular polynomial
matrix which is positive definite on the imaginary axis.

Step 4. We make all diagonal entries in W (s) = W(s) equidegree by operating
the transformation

Ist—1s2 =1 —1)

Wi(s) = Q1(s)¥1(s)Qi(s) = —%S?’(S-l-l) st

, (3.101)

where Q(s) = diag[s,1]. The highest-column-degree coefficient matrix P/ is
given by

1
whe— | 421 (3.102)

Since W is singular, we calculate a vector v; € R?\ {0} such that ¥}**v; = 0.
In our case such a vector is given, for example, by v; = [2, 1]. In order to reduce
the degree of a diagonal element of W/ (s), we construct the matrix 7;

1 2
T = . (3.103)
01



By applying to ¥/ (s) the transformation induced by 7j, we reduce the diagonal
degree of the entry (2,2),

%s“ — %sz %sz(s -2)

Wi (s) =T ¥i(s)Th =
—1s%(s+2) —s*+2

(3.104)

Finally, by operating the inverse transformation Q7' (s) to ¥/ (s), the first reduc-
tion cycle is concluded

121 oo
Wo(s) = 0 (¥l (90 ()= | " 2S(2S Y aaos)
—>58(s+2)  —s7+2

The overall transformation of the first reduction cycle is given by

12
Q7 l(s) = Q1 ()1 07\ (s) = . 1S . (3.106)

Since W, (s) is polynomial, we repeat the reduction procedure. The diagonal en-
tries in W1 (s) are equidegree, thus Q»(s) = I, and W, (s) = W»(s). The highest-
column-degree coefficient matrix ‘I”2h° is given by

1
= (3.107)
2

and is singular. Hence, we compute a vector vy € R?\ {0} such that ¥1v, = 0.
In our case such a vector is given, for example, by v, = [~2, 1]T. In order to
reduce the degree of a diagonal element of W/ (s), we construct the matrix 75

I = . (3.108)

By applying to ¥} (s) the transformation induced by 75, we reduce the diagonal
degree of the entry (2,2),

1.2 1

124l o

Wi(s) =T W)= | + 12 S4 . (3.109)
_s_



The second reduction cycle is concluded and we can define the overall transfor-
mation of this reduction cycle as Q5 ' (s) = T».

An additional reduction cycle is needed, since W3 (s) is polynomial. We make
all diagonal entries in W3(s) equidegree by operating the transformation

—1s2+ 5 s(s—1)

: (3.110)
s(s+1) —4s?

W3 (s) = Q3(5)¥3(5)Q3(s) =

where Qs(s) = diag[1, s]. The highest-column-degree coefficient matrix W1 is
given by

1
e — 4 . (3.111)

Since ‘Pghc is singular, we calculate a vector v3 € R?\ {0} such that ‘P’3h°V3 =0.In
our case, such a vector is given, for example, by v3 = [4, 1]". In order to reduce
the degree of a diagonal element of W (s), we construct the matrix

Ty =

0
(3.112)
1

Bl— -

By applying to W(s) the transformation induced by 73, we reduce the diagonal
degree of the entry (1,1),

)

W (s) = Ty W) ()75 = :
—4s

(3.113)

v =

Finally, by operating the transformation Q3 ' (s) to W/ (s), the third reduction cycle
is concluded

1
W= 05" (5)¥5()05 ()= | 2 : (3.114)
The overall transformation of the third reduction cycle is given by

Q7 '(5) = 03(5) 1305 ' (s5) = O (3.115)



Since W, is a constant positive definite matrix, we can decompose it as ¥4 =
C'C by using the Cholesky factorization

2 V2

c=| 2 (3.116)
0 V2

In this way, we have found a factorization W(s) = P*(s)P(s), where P(s) is
unimodular of the form

P(s) = CQ3(5)Q(5)Q (s) = V2 (3.117)

At the end, the desired factorization of ®(s) is given by ®(s) = W*(s)W (s), where

1 s+2
W (s) = P(s)O(s)B(s) = V2 | 2FI 2050 (3.118)

2(s+1)  2(s+1)

The factor W (s) is analytic together with its inverse in the open right half-plane
{Re s >0, s € C}, as required.



4. DISCRETE-TIME

SPECTRAL FACTORIZATION

In this Chapter, we will present a modification of Youla’s method, reviewed in
Chapter 3, which can be applied to provide a solution to the multivariate discrete-
time spectral factorization problem (cf. Problem 1.2 of Chapter 1). Even if some
results follow almost verbatim from that of the continuous-time case, there are
some aspects which are peculiar of the discrete-time case and significantly differ
from the analysis carried out in Youla [1961]. Our attention will be focused on
these aspects, in particular.

A remark on notation. A rational matrix A(z) is said to be analytic in a region
of the complex plane if all its entries are analytic in this region. Moreover, as in
Chapter 3, with a slight abuse of notation, when we say that a rational function
f(z) is analytic in a closed region T of the complex plane we mean that f(z) is
analytic in an open region T D T which is “larger” than T of an arbitrarily small
quantity. For example, if f(z) is rational and has all its poles inside the open unit
circle, we say that f(z) is analytic outside the closed unit circle to mean that there
exists € > 0 s.t. f(z) is analytic in {|z] > 1 — ¢, z € C}. Similarly, we say that
f(z) is analytic on the unit circle in place of f(z) is analytic on an open annulus
containing the unit circle. When dealing with rational functions that feature a
finite number of poles, this abuse of notation does not cause any problem. Finally,
we say that a rational matrix is canonic if it satisfies the properties of the Smith-
McMillan Theorem 2.3.1. For other standard notation refer to Chapter 0 and 2.

4.1 | Preliminary results

As in Chapter 3, §3.1, we collect in this section some auxiliary results that we
will exploit in the proof of the main Theorem, reported in the next section.

Lemma 4.1.1 A matrix G(z) € R(z)™*" is analytic in C\ {0} together with
its inverse (either right, left or both) if and only if it is a L-unimodular poly-
nomial matrix.



PROOF. If G(z) is a L-unimodular polynomial matrix, then, from §2.2.4, we know
that G(z) has an inverse (either right, left or both) which is also L-polynomial.
Hence, the only possible finite zeros/poles of G(z) are located at z = 0. This, in
turn, implies that G(z) must be analytic together with its inverse in C \ {0}.

Vice versa, suppose that G(z) is analytic with its inverse in C\ {0}. First, we
notice that the existence of a left or right inverse for G(z) implies that the normal
rank of G(z) is either r = n or r = m, respectively. Without loss of generality,
we can suppose that r = n. By the Smith-McMillan Theorem 2.3.1, we can write
G(z) =C(z)D(z)F (z), where C(z) € R[z]"™*", F(z) € R[z]"*" are unimodular (and,
a fortiori, L-unimodular) polynomial matrices, respectively, and D(z) € R(z)"*"
is diagonal, canonic of the form

Do) =i | L5
where €.(z), Wx(z), k=1,...,r, are relatively prime monic polynomials such that
() | &+1(2)s Wir1(2) | Wi(z), k=1,...,r— 1. The analyticity of G(z) in C\ {0}
implies that all y’s are non-zero monomials. The Smith-McMillan canonical form
of the left inverse of G(z), G~(z), is given by

dia |:V/n(z) Vi—1(2) llfl(Z)}
&(z) €1(z)” Taz) ]

So, the analyticity of G~£(z) in C\ {0} implies that all €’s are non-zero monomi-
als. Hence, D(z) is a L-unimodular polynomial matrix. Since G(z) =C(z)D(z)F (z)
is the product of three L-unimodular polynomial matrices, G(z) must be a L-
unimodular polynomial matrix. ]

€1(z) &lz) gn(z)} : 4.1

4.2)

Lemma 4.1.2 The only DT regular para-unitary matrices with regular in-
verse are DT para-unitary matrices analytic together with their inverse in

C\ {0}.

PROOF. From Definition 2.3.6, we recall that a DT para-unitary matrix G(z) €
R(z)"*" satisfies

G*(2)G(z) =G(2)G*(z) = I. 4.3)

The analyticity of the inverse of G(z) in {|z| > 1, z € C} implies that of G(1/z)
in the same region, and therefore that of G(z) in {|z] < 1, z€ C\ {0}}.! We also

INotice that, unlike the continuous-time case, here G(z) can be, in general, not bounded at
infinity.



notice that in the unit circle {e/?, ® € [0,27)} we have G*(e/?)G(e/?) = I, and
we can write out the diagonal element in expanded form as

G(e)a> =1, Vk=1,...,n, Vo €[0,27). (4.4)
1

n

1

The latter equation implies that
[G(e/)]u| <1, Vi,k=1,...,n, Vo € [0,27), (4.5)

and, therefore, we proved the analyticity of G(z) on the unit circle. We conclude
that G(z) is analytic together with its inverse G~!(z) = G*(z) in C\ {0}. |

Corollary 4.1.1 Let G(z) € R(z)"*" be a DT regular para-unitary matrix
without poles at infinity. Let the inverse of G(z) be also regular without poles
at infinity. Then G(z) is a constant orthogonal matrix.

PROOF. In this case, the additional assumption that G(z) and its inverse do not
possess poles at infinity, implies that G(z) is bounded at infinity and analytic on
the entire complex plane. Hence, we can apply Liouville’s Theorem Lang [1985,
Ch.V, §1, Thm.1.4] and conclude that G(z) must be a constant orthogonal ma-
trix. |

The following Definition is specular to Definition 3.1.1, given in the continuous-
time case.

Definition 4.1.1 (DT left-standard factorization) Let G(z) € R(z)"™*" and
let rk(G) = r < min{m,n}. A decomposition of the form

G(z) = A(z)A(2)B(z) (4.6)
is called a discrete-time (DT) left-standard factorization if

1. A(z) € R(z)™" is diagonal and analytic together with its inverse in C '\
{0} with the possible exception of a finite number of points on the unit
circle {|z] =1, z € C};

2. A(z) € R(z)™*" is analytic together with its left inverse in {|z| < 1, z €

C\ {03}



3. B(z) € R(z)"" and analytic together with its right inverse in {|z|] >
1, ze C}.

If A(z) and B(z) are interchanged, we have a DT right-standard factorization.
Hence, any DT left-standard factorization of G(z) generates a DT right-standard
factorization of G (z), G~!(z) (if G(z) is non-singular), G(1/z), e.g., in the first
case we have

G'(z) =B'(z)A(z)A" (). 4.7)

The following Lemma ensures that a DT left-standard factorization of a ratio-
nal matrix G(z) always exists.

Lemma 4.1.3 Any rational matrix G(z) € R(z)"™*" of normal rank 1k(G) =
r <min{m,n} admits a DT left-standard factorization.

PROOF. By the Smith-McMillan Theorem 2.3.1, we can write G(z) = C(z)D(z)F (z),
where C(z) € R[z]™", F(z) € R[z]”" are unimodular polynomial matrices and
D(z) € R(z)"™" is diagonal and canonic of the form

€1(z) &(2) &-(2)
vi(2) @) ()]
where &(z), Wi(z), k=1,...,r, are relatively prime monic polynomials such that
Sk(Z) | 8k+1(Z>, l//k_H(Z) | l[/k(Z), k=1,....,r—1. We factor Si(Z) and l[/i(z), i=
1,...,r, in D(z) into the product of three polynomials: the first without zeros in
{|z] <1, z € C}, the second without zeros in {|z| # 1, z € C} and the third without
zeros in {|z| > 1, z € C}. Thus, it is possible to write

D(z) = D_(2)A(z)D+(2), 4.9)

D(z) = (4.8)

where D_(z) and its inverse are analytic in {|z] < 1, z € C}, A(z) and its inverse
in {|z] # 1, z€ C} and D, (z) and its inverse in {|z] > 1, z € C}. Finally, by
choosing A(z) := C(z)D—_(z) and B(z) := D+ (z)F(z), we have that

G(z) =A(2)A(2)B(2) (4.10)
is a DT left-standard factorization of G(z). [ |

Left-standard factorizations are not unique. Indeed, any two decompositions
are connected as follows.



Theorem 4.1.1 Let G(z) € R(z)™*" be a rational matrix of normal rank
tk(G) = r < min{m,n} and let A(z)A(z)B(z), A1(z)A1(z)B1(z) be two DT
left-standard factorizations of G(z). Then,

A1(z) =AM '(z), Bi(z) =N(z2)B(z), 4.11)

where M(z) € Rlz,z7']”" and N(z) € R[z,z7 """ are two L-unimodular
polynomial matrices such that

M(2)ARN™'(2) = i (). (4.12)
PROOF. By assumption,
G(z) = A(2)A(z)B(z) = A1(2)A1(2)B1(2), (4.13)
which, in turn, implies
AT (DATHR)AR)AR) = Bi(2)B R (2). (4.14)

By Definition 4.1.1 of DT left-standard factorization, the right-hand side of (4.14)
is analytic in {|z| > 1, z € C}, while the left-hand side in {|z] < 1, z € C\ {0} }.
Therefore By (z)B®(z) is analytic in C\ {0}. The inverse of B1(z)B~%(z) satisfies

[B1(2)B(2)] ' = A7 (2)[ATH(2)A ()] A (2) (4.15)

and is also analytic in C\ {0}. Thus, N(z) := B1(z)B ®(z) must be a r x r L-
unimodular polynomial matrix (see Lemma 4.1.1). Similarly, M(z) := A %(2)A(z)
is a r X r L-unimodular polynomial matrix. Finally, from (4.13), we have

M(2)A(Z)N ' (z) = A (2). (4.16)
and the proof is concluded. |

We notice also that it is straightforward to derive a DT right-standard counter-
part of Lemma 4.1.3 and Theorem 4.1.1.

Let ®(z) € R(z)"*" be a para-Hermitian matrix of normal rank rk(®) =r <n
and let ®(z) = A(z)A(z)B(z) be a DT left-standard factorization of ®(z). We have
that

d(z) = P*(z) = B*(2)A" (2)A*(2) (4.17)



is also a DT left-standard factorization of ®(z). In particular, A*(z) is equal to
A(z), except for multiplication of suitable monomials of the form £z* in its diag-
onal elements, i.e.,

A (z) =2(2)A(2), (4.18)
where
Y(z) = diaglei(z),e2(2),...,er(2)] (4.19)

and ¢;(z) = +7, k; € Z, i = 1,...,r. By invoking Theorem 4.1.1, we can write

A*(2)
B(z)

N(z)B(z), (4.20)
AR)M ™ (2), 4.21)

where N(z), M(z) € R[z,z~!]"*" are L-unimodular polynomial matrices.

The following Lemma provides a further characterization of a para-Hermitian
matrix when it is non-negative definite on the unit circle.

Lemma 4.1.4 Let ®(z) € R(2)"*" be a DT para-Hermitian matrix of normal
rank tk(®) = r < n which is positive semi-definite on the unit circle, i.e.,
x' ®(e/?)x >0, Vx € R" and Y € [0,27) such that 7 = e/? is not a pole of
D(z). Let

®(z) =C(2)D(2)F (2) (4.22)

with D(z) € R(z)™" be the Smith-McMillan canonical form of ®(z). Then,
the zeros and poles on the unit circle of the diagonal elements of D(z) are of
even multiplicity.

PROOF. We can assume that the numerators and denominators of all entries in
®(z) are relatively prime polynomials. Let

o =e o =el .. =6, (4.23)
the zeros/poles on the unit circle of ®(z) and let

v.(l),v.(z) ...,Vi(r)a (Vi(l) < Vi(Z) << V'(r))a (4.24)

= = Vi



the structural indices of ®(z) at a;, i = 1,...,t, i.e., the valuations at ¢; of the
diagonal terms of D(z) (see §2.3.3). Since ®(z) is non-negative on the unit circle,
it is easy to verify that the zeros and poles on the unit circle of the principal minors
of ®(z) must be of even multiplicity. Now, by setting T = {|z| = 1, z € C}, we
are in position of applying Corollary 2.3.1. By considering the minors of order
¢ =1, it follows that

(1)

Vi

iseven Vi=1,2,....t. (4.25)
Now, by considering the minors of order £ = 2 in Corollary 2.3.1, it follows that
vV +v@ iseven Vi=1,2,....1. (4.26)

Since vl-(l) is even, then also vl-(z) must be even for all i = 1,2,...,7. By iterating

the argument, we conclude that every zero/pole on the unit circle of the diagonal
elements of D(z) is of even multiplicity. |

Let ®(z) € R(z)"*" be a para-Hermitian matrix of normal rank rk(®) =r <n
and let D(z) € R(z)"*" be its Smith-McMillan canonical form. We have

®(z) =C(z)D(2)F (z) = F*(2)D*(2)C*(z) = ®*(2), (4.27)

and, similarly to a previous argument,
D*(z) =X'(z)D(z), (4.28)

where, in this case, ¥'(z) has the form
¥'(z) = diag [€}(2),5(2), ..., €}.(2)] (4.29)
with €}(z) = 03z, oy € R\ {0}, k; € Z, i=1,...,r. Moreover, since by (4.28) any
zero/pole at o # 0 in the diagonal terms of D(z) is accompanied by a zero/pole at

1 /o, we can always write D(z) in the form

D(z) = X1 (2)A*(2)A(2)A(z), (4.30)
where A(z) € R(z)"*" is diagonal, canonic and analytic with its inverse in {|z| >

1, ze C}, X1 (2)A*(z) € R(z)"™" is diagonal and analytic with its inverse in {|z| <
1, z€ C} and A(z) € R(z)"*" is diagonal, canonic and analytic with its inverse



in {|z] # 1, z € C}. Consequently, A(z) possesses the same structural indices at
z=0of D(z). By exploiting Lemma 4.1.4, A(z) can be written as

Alz) = O%(z) = 2,(2)®* (2)O(z), (4.31)

with O(z) € R(z)"*" diagonal, canonic and analytic together with its inverse in
{|z| # 1, z € C}. Finally, we can rearrange D(z) in the form

D(z) = X3(2)A*(2)®*(2)O(2)A(z), (4.32)

where X, (z) has the form (4.19), while £ (z) and 3(z) := X1 (z)X,(z) possess the
form (4.29).

We report below another result which will be useful in the proof of the main
Theorem of the next section.

Lemma 4.1.5 Let W¥(z) = W*(z) € R[z,z7'|"*" be a DT para-Hermitian L-
unimodular matrix which is positive definite on the unit circle. Let ¥"¢ € R"™"
denote the highest-column-degree coefficient matrix of W(z). Then, phe g
non-singular if and only if W(z) is a constant matrix.

PROOF. If ¥(z) is a constant matrix then ¥ = W(z) is non-singular, by defini-
tion of L-unimodular matrix.

Conversely, assume that W' is non-singular. Let us denote by K; € Z, i =
1,...,r, the maximum-degree of the i-th column of ¥(z) and by k; € Z,i=1,...,r,
the minimum-degree of the i-th row of ¥(z).> Since ¥(z) = W*(z), we have that
detW(z) is a non-zero real constant and

Ki=—k, i=1,...,r (4.33)

Moreover, since W(z) is positive definite on the unit circle, the diagonal elements
of ¥(z) cannot be equal to zero and, therefore, K; > 0, i = 1,...,r. Actually, the
non-singularity of ¥ implies that

Ki=0, i=1,...,r (4.34)

otherwise the maximum-degree of det ¥/(z) would be strictly positive (cf: equation
(2.36) of §2.2.4). By (4.34), all the entries of W¥(z) must have maximum-degree

Recall the Definition 2.2.11 of maximum- and minimum-degree of a L-polynomial vector.



less than or equal to zero. But, by (4.33), k; = —K; forall i =1,...,r, and so
(4.34) also implies that all the entries of ¥(z) must have minimum-degree greater
than or equal to zero. We conclude that

maxdeg [¥(z)];; = mindeg [¥(z)];j=0, i,j=1,...,n (4.35)

and, therefore, ¥(z) must be a constant matrix. [ ]

4.2 | The main theorem

In this section, we present the main result of the Chapter: the discrete-time
counterpart of Youla’s Theorem 3.2.1.

Theorem 4.2.1 Let ®(z) = ®*(z) € R(z)"*" be a DT para-Hermitian matrix
of normal rank tk(®) = r < n which is positive semi-definite on the unit circle
{e/?, @ € [0,27)}. Then, there exists a matrix W (z) € R(z)"*" such that

Q) ®(z) = W* (D)W (2).

(ii) W(z) and its (right) inverse W R (z) are both analytic in {|z| > 1, z€ C}
without poles at infinity.

(iii) W(z) is unique up to within a constant, orthogonal r X r matrix mul-
tiplier on the left, i.e., if Wi(z) also satisfies points (i) and (ii), then
Wi(z) = TW(z) where T € R™" is a constant orthogonal matrix.

(iv) Any factorization of the form ®(z) = L*(z)L(z) in which L(z) € R(z)"*"
is analytic in {|z| > 1, z € C} without poles at infinity, is given by L(z) =
V()W (z), V(z) € R(z)"™*" being an arbitrary, DT regular para-unitary
matrix without poles at infinity.

(V) If ®(z) is analytic on the unit circle, then W(z) is analytic in a region
{lz| > 7, © < 1, z € C} without poles at infinity.

(vi) If ®(z) is analytic on the unit circle and the rank of ®(z) is constant
on the unit circle, then W(z) and its (right) inverse W—X(z) are both
analytic in a region {|z| > 11, 71 < 1, z € C} without poles at infinity.



PROOF. We first prove statement (iii). Let W(z) and W) (z) be two matrices satis-
fying (i) and (i1). Then,

W*(2)W(z) = Wi (2)W1(2). (4.36)
The latter equation implies
Vi(@V(z) =17, 4.37)

where V (z) := W; (z)WR(z) is analytic in {|z| > 1, z € C} without poles at infin-
ity. Thus, V(z) € R(z)"*" is a regular para-unitary matrix without poles at infinity.
Moreover, from (4.36), we also have

V(z) = W, R ()W*(2) (4.38)

and so V*(z) = V~1(z) = W(z)W, ®(z) is regular without poles at infinity. In
view of Corollary 4.1.1, we conclude that V(z) is a constant orthogonal matrix
TER™,T'T=TT" =1,.

Consider now statement (iv) and let ®(z) = L*(z)L(z) where L(z) € R(z)"*"
is analytic in {|z| > 1, z € C} without poles at infinity. We underline the fact that
we do not suppose that L=%(z) is analytic in {|z| > 1, z € C} and/or L %(z) does
not have poles at infinity. In this case, we can write

L*(2)L(z) = W*(z)W(z). (4.39)
The latter equation implies
Vi (2)V(z) =1, (4.40)

where V(z) := L(z)W R(z) and W(z) € R(z)"" is a rational matrix satisfying (i)
and (ii). Since L(z) and W (z) ~® are both analytic in {|z| > 1, z € C} without poles
at infinity, then V(z) € R(z)"*" is a regular para-unitary matrix without poles at
infinity and we finished.

Now, we provide a constructive proof of statements (i) and (ii), which repre-
sent the core of the Theorem. The procedure is divided in four steps.

Step 1. Reduce ®(z) to the Smith-McMillan canonical form. By using the
same standard procedure described in Theorem 3.2.1, we arrive at

®(z) =C(z)D(2)F(2), (4.41)



where C(z) € R[z]™", F(z) € R[z]”" are unimodular polynomial matrices and
D(z) € R(z)"™" is diagonal and canonic.

Step 2. According to (4.32), we can write D(z) in the form
D(z) = Z(2) A*(2)A(2)A(z), (4.42)
where:

1. A(z) € R(z)™" is diagonal, canonic and analytic together with A='(z) in
{|z] > 1, z € C} and possesses the same structural indices at z = 0 of D(z);

2. A(z) := ©*(2)®(z) = A*(z), where ©(z) € R(z)"™" is diagonal, canonic and
analytic together with ® ! (z) in {|z| # 1, z€ C};

3. X(z) € R(z)"™*" is diagonal of the form
X(z) = diaglei(z),e(2),. ., er(2)], (4.43)

where ¢;(z) = 025, oy € R\ {0}, ;€ Z, i=1,...,r.

Let
A(z) ==C(2)Z(2)A*(2), (4.44)
B(z) :==A(2)F (2). (4.45)
We have that
P(z) = A(2)A(2)B(2) (4.46)

is a DT left-standard factorization of ®(z).

Step 3. Let
1(z) =B R(z)071(2). 4.47)
By equation (4.20), we have A*(z) = N(z)B(z) and, therefore,
I*(2)®(2)I(z) = I" (2) @ (2)1 ()
=0 *(2)B ®*(2)B*(z)A*(2)N(z)B(z)B R (2)®@ ! (2)
=0 (2)0"(2)0(z)N(2)0 ™ ()
= 0(z2)N(z)0 (), (4.48)



where N(z) = A*(z)B~R(z) € R[z,z7']™" is a L-unimodular polynomial matrix.
Let us define

¥(z) :=0O(z)N(2)0 ' (2). (4.49)

By (4.48), ¥(z) is a para-Hermitian matrix non-negative definite on the unit circle.
Actually a good deal more is true. We notice that A(z)A(z)B(z) and B*(z)A(z)A*(z)
are two DT left-standard factorizations of ®(z). Hence, by replacing A;(z) with
A(z) = A*(z) in (4.12), we obtain

A(Z)N()A ' (z) = M(2), (4.50)
where M(z) € R[z,z7!] is L-unimodular. Since A(z) = ©*(z)0(z) is diagonal

and ©(z) := diag[6)(2), ..., 6-(z)] canonic, equation (4.50) implies that [N(z)];; is
divisible by the L-polynomial [A(z)];;/[A(z)]i, j > i. But

[A(2)]ii = 6/ (2)0i(2)

= 6i(1/2)6i(z)
=+7462(2), 4.51)
where k; € Z, i=1,...,r. So, [N(z)];; must be divisible by the polynomial
0%(z)
2 J S
ij\&) = s J20, 4.52
and, a fortiori, by
0;(z) . _.
(z) = , > 1. 4.53
.fl]( ) 91'(Z> J ( )

This suffices to establish that W(z) is L-polynomial. Finally, since by (4.48)
det¥P(z) is a non-zero positive constant, ¥(z) is a para-Hermitian L-unimodular
polynomial matrix which is positive definite on the unit circle. The problem is
now reduced to that of finding a factorization of ¥(z) of the form

¥(z) = P*(z2)P(2), (4.54)

where P(z) € R[z]"*" is a unimodular polynomial matrix. After this is achieved,
the desired factorization for ®(z) is obtained as ®(z) = W*(z)W (z) with

W(z) := P(z)®(2)B(z)
= P(2)0O(z)A(2)F(2)
= P(z)D4 (2)F (2), (359



where we have defined D (z) := ©(z)A(z). Indeed, by straightforward algebra,
Wi (W (z) )0 (2)P" (2)P(2)©(2)B(2)

B*(z
B*(z
B*(z
P (2)

= @(2). (4.56)

)A(2)
)A(2)

(z

N(z)B(z)
A*(z)

Step 4. We illustrate an algorithm which provides a factorization of a para-
Hermitian L-unimodular polynomial matrix ¥(z) = ¥*(z) € R[z,z~!]"™" positive
definite on the unit circle into the product P*(z)P(z), where P(z) is a unimodular
polynomial matrix. This algorithm can be regarded as the discrete-time counter-
part of the technique described in the step 4 of Theorem 3.2.1.

The algorithm consists of the following two steps. First of all, we define
¥ (z) := ¥(z) and denote by h € N the loop counter of the algorithm, which
is initially set to 4 := 1.

I. LetK; €Z, i=1,...,r, be the maximum-degree of the i-th column of ¥ (z)
and k; € Z, i = 1,...,r, be the minimum-degree of the i-th row of W¥j(z).
Consider the highest-column-degree coefficient matrix of ¥, (z), denoted by
whe and the lowest-row-degree coefficient matrix of ¥(z), denoted by ¥
(recall the definitions given in §2.2.4). As noticed in the proof of Lemma
4.1.5, the positive nature of ¥, (z) implies that K; > 0 for all i = 1,...,r
Moreover, the para-Hermitianity of Wj(z) implies that

whe — (gin T (4.57)

and, therefore, K; = —k; foralli=1,...,r

By Lemma 4.1.5, it follows that ‘PEC is non-singular if and only if ¥,(z) is
a constant matrix. If W (z) is a constant matrix, we skip to step IL. If this is
not the case, we calculate a non-zero vector v, = [v] v ... vr]T € R” such
that ‘chvh = 0. Let us define the active index set

S ={i : vi#0} (4.58)
and the highest maximum-degree active index set, # C .7,

M={icd : K;>K; Vje .7} (4.59)



We pick an index p € .# . Then, we define the matrix

column p
[ 1 - 0 :_;ZKp*Kl O --- 0 ]
0 : 0
1 el Kp—Kp
Vp
Q)= : 1 ©o |- (4.60)
vaz_:lZK,,—K,,H 1
0 : .0
] o --- 0 “:_;ZKP_KV o ... 1 |

Notice that the entry at (i, p) of Q, ! (z) has the form

Vi K,—K; 5,

Z =z i=1,...,r, 4.61)

Vp
with a; :=v;/v, € Rand 6; := K, — K; > 0. In fact, if K; > K),, then v; =0
and so o; = 0. By (4.60),
detQ; '(z) =1 (4.62)

and, therefore, Q;l(z) € R[z)"™" is a unimodular polynomial matrix. By
operating the transformation

Wi (2) = Q, ()W), (2), (4.63)

we obtain a new positive matrix ¥, | (z) with the same determinant of W,(z).
Furthermore, the maximum-degree of the p-th column of ¥, (z) is lower
than K),, while the maximum-degree of the i-th column, i # p, is not greater
than K;.

This fact needs a detailed explanation. If we post-multiply ¥ (z) by ;, '(2),
we obtain a matrix of the form

W, (2) = ¥n(2), ' (2)
- [lPh(Z)]ltr,l:p—l ‘ Wh(Z) ‘ [lPh(Z)]lznp—Q—l:r ] ) (4.64)



II.

where all the L-polynomials in the p-th column vector

Yp (Z) = [\Ph (Z)]lzr,p:p + Z aiZSi [\Ph (Z)]lzr,i:i (4.65)
i#p

have maximum-degree lower than K),, since v;, € ker(¥}), and minimum-
degree which satisfies

mindeg [l[/h(z)], >ki=—-K;, i=1,...,r (4.66)

since in (4.65) &; > 0, for all i such that o; # 0 (c¢f. equation (4.61)).

Now, by pre-multiplying W), (z) by ©, *(z), the resulting matrix ¥, (z) can
be written in the form

Phi1(2) = Q" (2)¥(2)Q, ' ()

(D)) 1:p—11:p—1 | Vas1(2) | [Fr(@)]1p—1,p+1:r
= W (1/2) Vi1(2) WA’HTU/Z) , (4.67)

(¥ (Z)]p+l rlip—1 W}/z/—o—l (2) | [¥n (Z)]p—H rp+1lir

where the p-th column vector [y, 1(2) W, (2) W), (z)] " differs from y(z)
only for the value of the p-th entry y; 41 (z). Moreover, the maximum-degree
of v, +1(2) cannot increase after the operation is performed, since

W1 (2) = [wi(2)]p + ; iz Ty (2)], (4.68)
i#p

and, by (4.61), §; > 0, for all i such that o; # 0.

We conclude that all the L-polynomials in the p-th column of ¥, (z) have
maximum-degree lower than K, while, by (4.66), the maximum-degree of
all the other columns does not increase. We notice also that, since ¥ 1(z) =
W} ., (z), all the L-polynomials in the p-th row of ¥, {(z) have minimum-
degree greater than k, = —K,, while the minimum-degree of the all other
rows does not decrease.

Eventually, we update the value of the loop counter 4 by setting h :=h+ 1
and return to step I.

Since W), € R"™™" is positive definite, we can always factorize it into the prod-
uct ¥, = C'C where C € R™, by using standard techniques such as the



Cholesky decomposition (see Golub and Van Loan [1996, Ch.4]). Finally,
we have constructed a polynomial unimodular matrix

P(z) = CQp_1(2)Qp-2(z) - - Q1 (). (4.69)

such that W(z) = P*(z)P(z), with P(z) € R[z]"" unimodular.

It is worthwhile noticing that the iterative procedure of step I is always brought
to an end (after a maximum of K + - -- + K, iterations) since at the h-th iteration
the maximum-degree of a column of ¥;(z) is reduced at least by one, while the
maximum-degree of all the other columns does not increase.

To complete the proof of points (i) and (ii), we notice that, by construction,
the rational matrix W (z), as defined in (4.55), and its (right) inverse are analytic
in {|z] > 1, z € C}. Moreover, we recall that D (z) and D(z) have the same zero-
pole structure at z = 0 (i.e., they have the same structural indices at z = 0). Now,
suppose, by contradiction, that W(z) has a pole at z = co. Then W*(z) has a pole
at z = 0. But, since ®(z) = W*(z)W(z), it follows that

W (z)

|
S

(W (z)
C(2)D(x)F (2)F *(2)D7' (z)P~'(2)

C(2)D(2)Dy ()P~ (2)

C(z)D_(2)P" (), (4.70)

<

where D_(z) := D(z)D; ! (z) has no pole at z = 0. Since P~!(z) and C(z) are poly-
nomial unimodular matrices, in view of (4.70), also W*(z) has no pole at z = 0.
Hence the contradiction. We conclude that W(z) has no pole at infinity. Finally,
by following a similar argument, it can be verified that also W *(z) has no pole
at infinity.

Now consider statement (v). If ®(z) is analytic on the unit circle, then O(z)
does not possess any finite pole. This, in turn, implies that D (z) = ©(z)A(z)
is analytic in {|z| > 7, T < 1, z € C}. Thus, W(z), as defined in (4.55), is also
analytic in the same region and, by a previous argument, it does not possess any
pole at infinity (and the latter fact is also true for W% (z)). It is worth noticing
that the above defined region is completely determined by the poles of A(z).



The additional assumption that the rank of ®(z) is constant on the unit circle
implies that ®(z) does not possess any finite zero. Thus, ®(z) = I and, by (4.55),

W R =FRA ()P (2) (4.71)

is analytic in a region {|z| > T, T < 1, z € C}. Hence, W(z) and its (right) inverse
W—R(z) are both analytic in a region {|z| > 71, 7| < 1, z € C} without poles at
infinity. Here, 7; := max{t,7} is completely determined by the zeros and poles
of A(z). This concludes the proof of point (vi), and, in turn, the proof of the entire
Theorem. |

As in Chapter 3, to conclude this section, we present two straightforward
Corollaries of Theorem 4.2.1.

Corollary 4.2.1 Let L(z) € R(z)"™*", then ®(z) = L*(z)L(z) if and only if

I,

W (z), (4.72)

Om—r,r

where V(z) € R(z)™™ is an arbitrary DT para-unitary matrix and r =
tk(®) < m.

PROOF. By repeating an argument used in points (iii) and (iv) of Theorem 4.2.1,
we have that L(z) = U(z)W(z), with U(z) € R(z)"™*" a rational matrix satisfying
U*(z)U(z) = I,. If we choose V (z) € R(z)"™ ™ to be any para-unitary matrix with
U(z) incorporated into its first r columns, i.e.,

U(z) =V(z) , (4.73)

we finished. [ ]

1

Corollary 4.2.2 [f O(z) is L-polynomial then W (z) is polynomial in 7~ and

W*(2) is polynomial (in z).

PROOEF. If ®(z) is L-polynomial, then the only finite poles it may possess are
located at z = 0. Since W(z) does not have poles at infinity, W (z) must be poly-
nomial in z~!. The latter fact, in turn, implies that W*(z) must be a polynomial
matrix. |



In Fig.4.1 is shown a schematic representation of the procedure used in the

constructive proof of Theorem 4.2.1.

(h:i=h+1)

Compute the
Smith-McMillan

decomposition !

| @) =C(2)D()F(2) ] !

II

1

1
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standard factorization
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J

(S
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Compute the
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¥(z) = P*(2)P(2),
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CQy-1(2) - Q1(2)

T
1
[
Y

of the procedure used for the construction of the

Figure 4.1: Schematic representation
factorization ®(z) = W*(2)W (z).



4.3 | Some additional remarks

As in section §3.3 of the previous Chapter, here, we want to underline two
important facts regarding the properties of the factorization approach discussed
before.

The first remark concerns the stochastic minimality of the factor W(z). More
precisely, the McMillan degree of W(z) satisfies Sy (W) = 58y (®) (recall the
definition given in §2.3.2 and its extension of §2.3.3) which is the minimum at-
tainable value. This fact can be formally stated as follows.

Theorem 4.3.1 Ler ®(z) € R(z)"*" be a DT para-Hermitian matrix non-
negative on the unit circle and let r = tk(®). Consider the factorization
D(z) = W*(2)W (z) where W (z) € R(z)"™" is computed by following the pro-
cedure described in the previous section. Then, the McMillan degree of W (z)
satisfies

Sy (W) = %3M(c1>). 4.74)

PROOF. We notice that, by equation (4.55), we have
W(z) = P(z)D+(2)F (2), (4.75)

where P(z) € R[z]™", F(z) € R[z]"*" are unimodular polynomial matrices and
D. (z) € R(z)™" is diagonal, canonic, regular and satisfies

D(z) = X(z)D% (2)D+(2), (4.76)

where D(z) € R(z)"*" is the Smith-McMillan canonical form of ®(z) and X(z) €
R(z)"™" is a diagonal matrix with elements o7k, o #0, k; € Z, on its diagonal.
Moreover, we recall that W (z) and ®(z) have the same structural indices at z = 0.
Let p1,..., pj be the non-zero finite poles of ®(z). By (4.75) and (4.76), it follows
that?

S(Wipi)  if [pif <1,
O(P;pi) =q26(W:p;) if |pi| =1, (4.77)
o(W;1/p;) if |pi| > 1.

3For the definition of degree of a pole of a rational matrix we refer to §2.3.3, Definition 2.3.4.



Moreover, if p; # 0 is a pole of ®(z) then also 1/p; is a pole of ®(z) and if p; # 0
is not a pole of ®(z) then neither p; nor 1/p; are poles of W(z). Thus, we have

h
Y 8(@ip)= Y SWip)+ Y, SWil/p)+ ), 28(W;p)
i=1 i |pil<1 i |pi|>1 i:|pil=1
=2 Z 5(W; p;) (4.78)
i |pil<1

By equation (2.57) of section §2.3.3, the McMillan degree of a rational matrix
equals the sum of the degrees of all its poles, the pole at infinity included. Since
®(z) = P*(z), if P(z) has a pole at z = oo, then P(z) has also a pole at z=0. In
particular, from the Definition 2.3.4 of polar degree, we have

8(d;00) = §(P;0). (4.79)

Now, since W (z) and ®(z) have the same structural indices at z = 0 and W (z) has
no pole at z = oo, it follows that

0(P;0) =06(W;0) and &(W;e)=0. (4.80)
Therefore, by equations (4.78) and (4.80),

h
=) 8(®;pi) +28(P;0)

i=1

=2 Y S(Wipi)+28(W;0) =28y (W), (4.81)
i |pil<1

and we finished. |

The second remarkable feature of the proposed factorization method is that it
can be easily modified in order to change the region of analyticity of W(z) and of
its (right) inverse. First of all, let us introduce some nomenclature. We say that
a region of the extended complex plane o7 is discrete-time skew-symmetric (for
short, skew-symmetric), if it satisfies

dUd*=C\{l7l=1,z€C} and INF* =0, (4.82)

where @* :={z€C : 1/z€ o/} and C:= CU{eo} denotes the extended complex
plane.



Suppose that we want to compute a factor W, o(z) analytic in a skew-sym-
metric region Q of the extended complex plane (see Fig.4.2) and with (right)
inverse Wy, g,(z) analytic in another skew-symmetric region Q' of the extended

complex plane.* To obtain such a factor, we only need to rearrange the diagonal
matrix D(z) of equation (4.42) in a different form, namely,

D(z) = E(2)Ag o/(2)07(2)O(2) A 0 (2), (4.83)

where Aq o/(z) is diagonal analytic in Q (with the possible exception of the point
at infinity) and its inverse As_z,]Q’ (z) is analytic in Q' (with the possible exception
of the point at infinity) and apply the same procedure described in the previous
section. The proof of this fact follows, mutata mutandis, from that one adopted in
§3.3 for the continuous-time case.

Figure 4.2: Example of an admissible choice of the region Q (filled in gray, on the left)
and a not admissible choice of Q (filled in gray, on the right). Here, dashed gray lines
denote open boundaries, while solid gray lines denote closed boundaries.

Similarly to what done in Chapter 3, also in this case we can compute some
“extremal” factors of particular relevance:

“In the following, we use the notation Ag o to emphasize the dependence of matrix A on the
choice of the regions Q and €.



o the regular factor having no poles at infinity with regular (right) inverse
having no poles at infinity, called the minimum-phase regular factor, W _
(whose existence was proved in Theorem 3.2.1);

e the anti-regular factor with regular (right) inverse having no poles at infinity,
called the minimum-phase anti-regular factor, W _;

o the regular factor having no poles at infinity with anti-regular (right) inverse,
called the maximum-phase regular factor, W , ;

o the anti-regular factor with anti-regular (right) inverse, called the maximum-
phase anti-regular factor, W ...

The four “extremal” factors are essentially unique (i.e., unique up to pre-
multiplication by orthogonal matrices) and are related each other in a manner
similar to that shown in Fig.3.3.

4.4 | An illustrative example

In this final section, we present a simple example of application of the method
described in Theorem 4.2.1.

Let us consider the following 2 x 2 rational spectrum

7 + 1 #1_1
d(z) = (z=1/2)(z 2*1/2) (2*1/21)(2 -1/2) ' (4.84)

(z—1/2)(z71-1/2) (z—1/2)(z71-1/2) +1

It may be easily verified that ®(z) is para-Hermitian and positive definite on the
unit circle.

Step 1. The Smith-McMillan canonical form of ®(z) is given by

1
S 0
_ | =
DE=1 " caeyaepe-p | (4.85)
(z—1/2)(z—-2)

where o = 355 ~ 0.3820 and f§ = a2 = 7=3Y5 ~ 0.1459. The Smith-McMillan
decomposition of the spectrum ®(z) is given by

®(z) = C(z)D(2)F (2), (4.86)



where C(z) and F(z) are (non-unique) unimodular polynomial matrices, e.g.,

) 0 12,5 1
C(z) = Ll F@=| 222 (4.87)
2-5z+1 3 1 0
Step 2. In this case, the regular rational matrix A(z) is given by
1
=0
A(z) = 0 G |- (4.88)
Lz )izp)
)

Since ®(z) does not possess any zero and pole on the unit circle, ®(z) = I, and,
therefore, D4 (z) := A(z)®(z) = A(z). The matrices A(z) and B(z), defined in
(4.44) and (5.25), respectively, take the form

2
) 0
— z—2
Az) = 25241 (=1/a)z—1/B) |’ (4.89)
[ 2 2(z—2)
— Z—l Z—l
BO= camen | (4.90)
T
L Z*j

Step 3. We have that ¥(z) = ©(z)N(z)® ! (z) = N(z) has the form

(4.91)

The L-polynomial matrix ¥(z) is para-Hermitian, L-unimodular with determinant

a positive constant, viz. det¥(z) = ﬁ = % ~ 4.486.

Step 4. The highest-column-degree coefficient matrix of ¥(z) = W¥;(z) is

(4.92)



Since PI¢ is singular, we calculate a vector v; € R?\ {0} such that ¥i°v; = 0. In
our case such a vector is given, for example, by vi = [1, —2]". In order to reduce
the maximum-degree of the second column of W(z), we construct the matrix
Qfl (z) whose structure is described in (4.60)

1 1

Q'(2) = 2. (4.93)
0 1

By applying to ¥ (z) the transformation induced by Q;'(z), we obtain a new
para-Hermitian L-unimodular matrix ¥,(z) with lower maximum-degree in the
second column (and higher minimum-degree in the second row),

Wa(2) = Q1" (2)¥1(2)Q ' (2)

1 1 S5e2—a—1 _ 1-a® —1
_ Z+ o a4og 4oco§ 2
_5a2 1_1 o3 50341 1o+l
| 4a3 4oc3 < 8 o’ 4 a?
log3 11 5 _(24/5)
= 2 (4.94)
B2+ f 5)z 5+42v5
The highest-column-degree coefficient matrix of ¥,(z
_1 V5
whe — 2 2 : (4.95)

—(2+V5) 5+2V5

Since WA is singular, there exists a vector v, € R?\ {0} such that ¥°v, = 0. In
our case such a vector is given, for example, by v, = [1, \/§]T As before, we
construct a suitable unimodular matrix Q, ! (z) in order to reduce the maximum-
degree of the first column,

I O

Q)= | . (4.96)

NVl

Eventually, by applying to ¥, (z) the transformation induced by Q, ! (z), we obtain



a positive definite constant matrix V3,

W5 = Q" (2)¥2(2)Q, ' (2)

_ (4.97)
B 54205

The problem is now reduced to that of finding a matrix C such that ¥3 = C'C.
This may be accomplished by using the Cholesky decomposition of W3,

T. |a 0
¥Y;=C C= ) 0 , (4.98)
c c

witha:= /3 — 245 ~0.7782,b:= /B + 195 ~ 1.4367 and ¢ := 1/ 363 4 Y5 ~
2.7216. To sum up, we have found a factorization ®(z) = P*(z)P(z), where P( )
is unimodular of the form

b b
a— =7 sa+b— "=z
P(z) = CQy(2)Q (2) = vsto2 ST (4.99)
—%Z c— mZ
The desired factorization of ®(z) is given by ®(z) = W*(z)W (z), where

i (Mb+ﬁa)z+(4—2\/§)a+(9—4ﬁ)b a—-Loz
1 1
— — i—7 I—7~
W(z) = P(2)0(2)B(2) = L?ﬁ cz+2(9—4\/§)c \;z
Z*% — j
1.2851z—0.2874  —0.6425z+0.7782
~ z—0.5 z—0.5 (4 100)
| —0.8620z+0.1517 —1.2171z ) ’
z—0.5 z—0.5

Finally, one may check that W(z) is analytic together with its inverse in {|z| >
1, z € C} without any zero/pole at infinity.
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5. DISCRETE-TIME

J-SPECTRAL FACTORIZATION

In this Chapter, we will present a J-spectral generalization (see Problem 1.4 of
Chapter 1) of the factorization Theorem 4.2.1 of Chapter 4. Notably, in this gen-
eral case, there are some critical issues which are characteristic of the J-spectral
factorization and do not occur in the standard (positive semi-definite) spectral fac-
torization. These issues concern, in particular, the existence of a J-spectral factor
and its (stochastic) minimality. As in Chapter 4, in what follows, we will deal
with the real rational case.

A remark on notation. We let J, , denote a constant block matrix of the form

G.D

Moreover, in order to lighten the notation, we set Cop := C\ {0}. Other conven-
tions/notations remain unchanged from Chapters 0, 2 and 4.

5.1 | Preliminary results

The first result concerns the structure of a special class of J), ,-para-unitary-
matrices, i.e., the class of matrices G(z) € R(z)"*" satisfying

G (Z)Jp,qG(Z) = G(Z)Jp,qG* (z) = Jpgr PHq=n. (5.2)

Lemma 5.1.1 The only DT regular J, ,-para-unitary matrices with regular
inverse are DT J), 4-para-unitary matrices analytic together with their inverse
in Co\ {e/?, o €[0,27m)}.

PROOF. Let G(z) € R(z)"*" be a DT regular J,, ,-para-unitary matrix. Since J, 4
is a constant matrix, the analyticity of the inverse of G(z),

G (2) = 1pgG* (2)pg» (5.3)



in {|z| > 1, z € C} implies that of G(1/z) in the same region, and therefore that of
G(z) in {|z] <1, z € Co}. Thus, G(z) is analytic together with its inverse G (2
in the region Cp \ {¢/“, @ € [0,27)}. [ ]

From the previous Lemma, it follows that a DT regular J,, ,-para-unitary ma-
trix with regular inverse may possess poles on the unit circle. In fact, for instance,

2 Lz
G)=|,F 'F (5.4)
T Tz

is Ji 1-para-unitary and has a pole and a zero at z = 1. It is worthwhile noticing
that the latter fact cannot happen if J, ; = I, i.e., if G(z) is simply a DT para-
unitary matrix. Indeed, in this case, G(z) is analytic together with its inverse in
Cyp, as stated in Lemma 4.1.2.

Consider a para-Hermitian rational matrix ®(z) € R(z)"*" of normal rank
tk(®) = r < n and let D(z) € R(z)™" be its Smith-McMillan canonical form.
In Chapter 4, we have seen that, if ®(z) is positive semi-definite on the unit cir-
cle, then all the zeros/poles on the unit circle of the diagonal terms of D(z) are
of even multiplicity (Lemma 4.1.4). This fact, in general, does not hold if ®(z)
has constant inertia upon the unit circle, i.e., if in(@(e/®)) = (v,, vo, V) for all
® € [0,27) (z = ¢/ not a zero/pole of ®(z)).

Indeed, consider the following trivial counterexample

0 z—1
SN (5.5)

The eigenvalues of ®cx (e/?) are given by

sin @ 0]
M) ;= —— =tan— 5.6
sin @ 0]
Mo):=————=—tan—. 5.7
2< ) 1+cosw an2 S

Hence, in(@ex(e/?)) = (1,0,1) for all @ € [0,27), ® # kx, k = 0,1. However,
the Smith-McMillan canonical form of ®ex(z) is

= 0

z—1
Dex(2) = Zgl (5.8)



and its diagonal terms have a zero at z =1 and a pole at z = —1 of odd multiplicity.

In general, this pathological behaviour occurs when some of the eigenvalues
of ®(e/?) flip their sign (from positive to negative or vice versa) while in(®(e/?))
remains constant. For the J-spectrum (5.5) of the previous example, the latter fact
is graphically shown in Fig.5.1.

\ - ll (w)
' - - A(o)

Figure 5.1: Eigenvalues of ®ex(¢/?), @ € [-7, ), in (5.5).

For the sake of simplicity, in what follows, we make the additional hypothesis
that the zeros and poles on the unit circle of the diagonal elements of the Smith-
McMillan form of ®(z) have even multiplicity. The latter is a sufficient, but not
necessary, condition for the existence of a J-spectral factor. In fact, with reference
to the previous example, we find that a J-spectral factorization actually exists, e.g.,

Doy (5) = Wer (8)J1,1Wex (5),  Wex(s) := 7 _Z;; . (5.9)
z+1

The following two Lemmata will be useful in the proof of the main Theorem
of the next section.

Lemma 5.1.2 Let ¥(z) = W*(z) € Rlz,z '|"*" be a non-constant L-
unimodular matrix of normal rank tk(¥) = r. Let W' € R™" denote the
highest-column-degree coefficient matrix of ¥(z). If ¥ is non-singular, then
W(z) has at least a zero entry on its diagonal.

PROOF. First of all, since ¥(z) is L-unimodular and para-Hermitian we have that
det¥(z) = det¥*(z) is a non-zero real constant. Let us denote by K; € Z, i =



1,...,r, the maximum-degree of the i-th column of ¥(z).! Now, suppose that

Y(z) has no diagonal element equal to zero. Therefore, it follows that
K>0, i=1,...,r. (5.10)

Moreover, by assumption, F(z) is non-constant, thus there exists at least one index
j€{1,...,r} such that K; > 0. But then Wwhe is singular, because otherwise, by
equation (2.36) of §2.2.4, it would be maxdeg(det¥(z)) > 0. [ |

Lemma 5.1.3 Consider a para-Hermitian L-unimodular block matrix of the
form

(5.11)

There exists a factorization
E(z) =U*(2)CU(2), (5.12)

with U (z) € Rz,z7'?P*?P L-unimodular and C € R*’*?P constant symmet-
ric.

PROOF. The proof is constructive. By direct computation, we have

- 0, Iy
E@)= |—
Ip | Ex(z)
[ L= . 1=
| |2 | 0] | | |32 (5.13)
i 0, Iy Iy ‘ 0, 0, ‘ Iy
Hence, by defining
U(z):= , (5.14)
we have constructed a factorization of the form (5.12). |

IRecall the Definition 2.2.11 of maximum-degree of a L-polynomial vector.



5.2 | The main theorem

The following Theorem may be considered the “J-spectral” generalization of
Theorem 4.2.1 and is the main result of this Chapter.

Theorem 5.2.1 Let ®(z) = ®*(z) € R(z)"*" be a DT para-Hermitian matrix
of normal rank tk(®) = r < n which has constant inertia on the unit circle,
ie., in(®(e/?)) = (Vp, Vo, Vu) for all @ € [0,27) such that z = e/ is not a
zero/pole of ®(z). Furthermore, assume that the zeros and poles on the unit
circle of the diagonal entries of the Smith-McMillan canonical form of ®(z)
have even multiplicity. Then, there exists a rational matrix W(z) € R(z)"™"
such that

(i) @(z) =W*(2)Jv, v, W (2).

(i) W(z) and its (right) inverse W —R(z) are both analytic in {|z| > 1, z €
C}.

(iii) If Wi(z) € R(z)™" also satisfies points (i) and (ii), then W(z) =
T(z)W(z), with T(z) € R(z)"™" being a DT Jy, v,-para-unitary matri-
ces analytic together with its inverse in Cy \ {e/®, ® € [0,27)}.

(iv) Any factorization of the form ®(z) = L*(z)Jy, v,L(z) in which L(z) €
R(z)™" is analytic in {|z| > 1, z € C}, is given by L(z) =V (2)W(z),
V(z) € R(2)"™" being an arbitrary, DT regular Jy, v,-para-unitary ma-
ITix.

(v) If ®(z) is analytic on the unit circle, then W (z) is analytic in a region
{lz2] >7, t<1, zeC}.

(vi) If ®(z) is analytic on the unit circle and the rank of ®(z) is constant
on the unit circle, then W (z) and its (right) inverse WK (z) are both
analytic in a region {|z| > 71, 71 <1, z€ C}.

PROOF. We address first statement (iii). Let W(z) and W;(z) be two matrices
satisfying (i) and (ii). Then,

W*(2)dv, W (2) = Wi (2)Jy, v, Wi (2). (5.15)



By defining T'(z) := W; (z)W ®(z), in view of the previous identity, we have
T*(Z)JVP,VHT(Z) :va’vn. (516)

By points (i) and (ii), we observe that 7'(z) must be analytic in {|z| > 1, z € C}.
Hence, T(z) € R(z)"™" is a regular Jy, y,-para-unitary matrix. Equation (5.15)
also yields

T(z) = JVP,VHW;R* @QW* (2) v, v, (5.17)

so that T~!(z) = v, T*(2) v, v, = W (z)W, ®(s) is also regular. By applying
Lemma 5.1.1, we conclude that 7'(z) must be a Jy, y,-para-unitary matrix analytic
together with its inverse in Cy \ {e/?, @ € [0,27)}.

Consider now assertion (iv). Let ®(z) = L*(z)Jv, v,L(z) where L(z) € R(z)"*"
is analytic in {|z| > 1, z € C}. (In this case we do not suppose that L™R(z) is
analytic in {|z] > 1, z € C}). We have

L*(2)Jv, v, L(z) = W (2)Jv, v, W (2). (5.18)
The latter equation implies
V(@) v,V (2) =1L, (5.19)

where V(z) := L(z)W R(z) and W(z) € R(z)™" is a rational matrix satisfying
points (i) and (ii). Since L(z) and W~%(z) are both analytic in {|z| > 1, z € C},
then, by (5.19), V(z) € R(z)"™" is a regular Jy, y,-para-unitary matrix and we are
done.

The proof of statement (i) and (ii) is constructive and is split in four steps,
as in the standard (positive semi-definite) case of Theorem 4.2.1. Steps 1-3 are
essentially the same of the corresponding steps of Theorem 4.2.1. Thus, we will
very briefly review these steps and we refer the reader to Theorem 4.2.1 for de-
tails. A more in-depth analysis will be devoted to step 4, which represents the
main difference between the present Theorem and the aforementioned one.

Step 1. Reduce ®(z) to the Smith-McMillan form

®(z) = C(z)D(2)F (2), (5.20)



C(z) e R[z]™", F(z) € R[z]”" being unimodular and D(z) € R(z)"*" of the form

&) el &(2)
D(z) = diag , ey , (5.21)
viz) va(z) (2
where €(z), Wx(z), k =1,...,r, are relatively prime monic polynomials such that

&(2) | &+1(2), Wir1(2) | Wi(2), k=1,...,r—1.

Step 2. Since, by assumption, the zeros and poles of the diagonal elements of
D(z) are of even multiplicity, we can rearrange D(z) in the form

D(z) = X(2)A*(2)A(2)A(z), (5.22)
where:

1. A(z) € R(z)™" is diagonal, canonic and analytic together with A~!(z) in
{|z] > 1, z € C} and possesses the same structural indices at z = 0 of D(z);

2. A(z) :== ©*(2)0(z) = A*(z), where ®(z) € R(z)"™" is diagonal, canonic and
analytic together with ® ! (z) in {|z| # 1, z€ C};

3. £(z) € R(z)"™" is diagonal of the form
X(z) = diagei1(z), e2(z),- .-, er(2)], (5.23)

where ¢;(z) = 025, oy € R\ {0}, k€ Z, i=1,...,r.

Let
A(z) :=C(2)X()A"(2), (5.24)
B(z) :=A(2)F (2). (5.25)

The decomposition
®(z) = A(2)A(2)B(2) (5.26)

is a DT left-standard factorization of ®(z).

Step 3. Let us define

1(z) =B R(z)@71(z). (5.27)



We have
I'(2)®(2)I(z) = ©(z2)N(2)® ' (z), (5.28)
where N(z) := A*(z)B %(z) € R[z,z"!]”*" is a L-unimodular matrix. Let
¥(z) :=0O(z)N(2)® ' (2). (5.29)

By following the same argument used in the step 3 of Theorem 4.2.1, we find that
Y(z) is a para-Hermitian L-unimodular matrix which has constant inertia upon the
unit circle, viz. in(¥(e/?)) = (v,,0,v,) for all ® € [0,27). Hence, the problem
is reduced to that of factorizing ¥(z) in the form

¥(z) = P*(2)Jv, v, P(2), (5.30)

where P(z) € R[z,z7']”" is a L-unimodular matrix. After this is achieved, the
desired factorization for ®(z) is obtained as ®(z) = W*(z)Jy, v,W (z) with

W(z) := P(2)®(2)B(z)
= P(2)®(2)A(2)F (2)
= P(z)D4(2)F(2), (5.31)
with D (z) := ©(z)A(z). Indeed,
W*(2)Jv, v, W (z) = B*(2)®"(2)P*(2)Jv,.v,P(2)®(2)B(z)

= B*(2)A(z)N(2)B(2)

= B*(2)A(z)A*(2)

= ®*(2)

= d(2). (5.32)

Step 4. In what follows, we will describe an algorithm which provides a factor-
ization of a L-unimodular matrix ¥(z) € R[z,z~!]"" with constant inertia on the
unit circle into the product P*(z)Jy, v, P(z), where P(z) is a L-unimodular poly-
nomial matrix. This algorithm can be viewed as an extension of the procedure
described in the step 4 of Theorem 4.2.1. Notice that in this case P(z) is required
to be L-unimodular rather than unimodular.

The proposed algorithm consists of the successive application of three types
of steps. We define W (z) := ¥(z) and denote by i € N the loop counter of the
algorithm, which is initially set to 4 := 1.



I. LetK;€Z,i=1,...,r, be the maximum-degree of the i-th column of W¥j,(z).
Consider the highest-column-degree coefficient matrix of ¥, (z), denoted by
‘PEC (recall the definition given in §2.2.4).

At this point, if W(z) is a constant matrix, we skip to step II; else if ‘PEC
is non-singular, we go to step III. Otherwise, we proceed as in step 4-1 of
Theorem 4.2.1. We compute a non-zero vector v, = [v{ vy ... v,]T € R
such that ‘I’Ecvh = 0. We define the active index set

7 =1i: v £0} (5.33)
and the highest maximum-degree active index set, # C ¥,
%Z:{iej : K,'ZK]', VJEf} (5.34)

We choose an index p € .# . Hence, we calculate the unimodular matrix

column p
1 -~ 0 X_; Kr—Ki o --- 0
0 0
A
Q)= : 1 D] (5.35)
LK
0 : .0
o - 0 VV—;’ Ko=Kr o - 1
By operating the transformation

Phi1(2) = Q" () ¥(2)2, ' (2), (5.36)

we obtain a new matrix Wy, (z) with the same inertia on the unit circle of
¥, (z). Moreover, the maximum-degree of the p-th column of W, (z) is
lower than K),, while the maximum-degree of the i-th column, i # p, is not
greater than K;. One can verify the latter assertion by following the same
lines of step 4-1 of Theorem 4.2.1.

Then, we set h := h+ 1 and return to step L.



IL.

I1I.

Since W), € R™" is symmetric and in(¥j) = (v,,0, v,), we can always fac-
torize it into the product W), = CTJVPMIC where C € R™", e.g., by means of
a Schur decomposition (see Golub and Van Loan [1996, Ch.7]).

In this case, by Lemma 5.1.2, ¥;,(z) has at least one diagonal entry equal to
zero. Hence, by suitable symmetric row and column permutations, we can
bring ¥;,(z) into the block matrix form

0 | ¥
) (3) | ¥ (o)

Notice that lP;z,21 (z) is tall (i.e., has at least as many rows as columns), oth-
erwise W} (z) would be singular. By pre-multiplying ‘1’2721 (z) by a suitable

W (2) =T "W,(2)T = (5.37)

L-unimodular matrix V (z) € R[z,z~!|"=P)*("=P)_ we can bring ¥} ,, (z) into
its column Hermite form (see §2.2.4),

H (7
ot () = V¥ = |2 | (o) e RI e, (538)
r—2p,p
Let us define
I 0,,_
V'(z) := P ‘ ”:” € R[z,z '™ (5.39)
0r—p.p ‘ V(z)
Hence, we have
P (2) = V" (), (V' (2)
I 0,, I 0,
_ p ‘ p.r—p ‘Pﬁ,(z) p ‘ p:p
i 0—pp ‘ V(z) 0 —pp ‘ V*(2)
0, ‘ H;3, (z)

| H1(2) | V(@)W (0V* ()

0[’ Héﬂi (Z) 0p,r—2p
= | H(2) | ¥y n(2) | ¥hn(@) |- (5.40)

L 02 lPZ,*B(Z) \PZ,33(Z)




where we have defined

lPZ,zz (2) ‘ \PZ,zs (2)

V(@) ¥ 0()V"(2) = (5.41)
lPZ,*zs () ‘ \PZ,33 ()
By equation (5.40), we find that?
detW),(z) = (—1)" det Hy; (z) det' W}, 55(z) det Hy} (z). (5.42)

Since W}/(z) is L-unimodular, the latter equation implies that Hj,(z) and
W) 13(z) are also L-unimodular. Hence H3, (z) = I,.

By operating another symmetric L-unimodular transformation, we can re-
move the off-diagonal blocks ¥} ,4(z) and ¥}%;(z) from (5.40). Thus, we

obtain
) (z) = 0" (2) ¥} (2)Q(2)
0, Iy 0, 2p
=1 L | Yin@]| Opr—2p | (5.43)
0r2pp | Or—2pp | W)33(2)
with
Iy 0, _lPZ,zs(Z)
0(z) == 0, I, 0,, 2, | ERzz (5.44)
0 2pp | Or—2pp | 1Ir—2p

Now the block square upper-left corner (¥} (z)]1:2p,1:2p in (5.43) can be fac-
torized as shown in Lemma 5.1.3, while, the factorization of the L-unimodular
para-Hermitian matrix W) 4(z) follows recursively from step L.

At the end of the recursion, we find a L-unimodular U~!(z) € R[z,z~!]"™"
such that

Wit = U (@)U (2), (5.45)

is a constant symmetric matrix. Eventually, we update the value of & by
setting & := h+ 1 and go to step II.

2This fact may be seen by bringing W (z) in (5.40) to triangular block form by suitable row-
column permutations. Then, the determinant is given by the product of the determinants of the
blocks on the diagonal (up to a plus-minus sign).



To sum up, we have constructed a L-unimodular matrix
P(2) = CU(2)Qp-1(2)Qp-2(2) - Qi1 (2) (5.46)
such that
¥(z) = P*(2)Jv, v, P(2)- (5.47)

It is worthwhile noticing that, if it is not required to perform step I11, then U (z) = I,
and P(z) is unimodular, since Q;,_1(z),...,Q(z) are so.

By introducing P(z) in equation (5.31), we obtain the desired factor W(z) =
P(z)D4(z)F(z). Since F(z) is unimodular and P(z) is, in general, L-unimodular,
we conclude that W (z) is analytic together with its (right) inverse in {|z| > 1, z €
(C}.3 Hence, the proof of points (i)-(ii) is concluded.

The proof of assertions (v)-(vi) is similar to that of Theorem 4.2.1. Consider,
first, statement (v). If ®(z) is analytic on the unit circle, then ®(z) does not pos-
sess any finite pole. This, in turn, implies that D (z) = ®(z)A(z) is analytic in
{|z] > 7, T < 1, z€ C}. Thus, W(z), as defined in (5.31), is also analytic in the
same region.

The additional assumption that the rank of ®(z) is constant on the unit circle
implies that ©(z) does not possess any finite zero. Thus, ®(z) = I, and, by (5.31),
WR(z) is analytic in a region {|z| > %, T < 1, z € C}. Therefore, W(z) is analytic
together with its (right) inverse in a region {|z| > 7, 7] < 1, z € C}, where 1 :=
max{7,7} is completely determined by the zeros and poles of A(z). Hence the
last statement (vi) is proved and the proof concluded. |

A Corollary of the previous Theorem is presented below.

Corollary 5.2.1 If ®(z) is L-polynomial then W (z) is L-polynomial.

PROOF. If ®(z) is L-polynomial, then also D, (z) is L-polynomial. Hence, ac-
cording to (5.31), W(z) must be a L-polynomial matrix. [ |

In Fig.5.2 is shown a diagram of the algorithmic procedure used in the proof
of points (i)-(ii) of Theorem 4.2.1.

*Notice that W(z) (and/or W~R(z)) may have a pole at z = oo. In the next section, we will
address this problem in more detail.
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Figure 5.2: Schematic representation of the procedure used for the construction of the

factorization ®(z) = W*(z)Jy, v, W(2)



5.3 | Some additional remarks

The factor W(z) computed by using the procedure described in the previ-
ous section and its (right) inverse W %(z) may possess poles at infinity. More-
over, W(z) is not, in general, (stochastically) minimal, since it may happen that
Su(W) > 18)/(®) for some particular J-spectra ®(z) (see the example of the
next section). However, as stated in the Theorem below, there exists a simple
condition that ensures that both W(z) and W—%(z) have no poles at infinity and
Su(W) = 378u(®).

Theorem 5.3.1 Let ®(z) = ®*(z) € R(z)"*" be a DT para-Hermitian matrix
of normal rank tk(®) = r < n which satisfies the conditions of Theorem 5.2.1.
Consider the factorization ®(z) = W*(z)Jy, v,W (z) where W(z) € R(z)"™" is
computed by following the procedure described in the proof of Theorem 5.2.1.
If it is not necessary to perform step 4-111 of the procedure, then

(i) W(z) and its (right) inverse W =R (z) are both analytic in {|z| > 1, z € C}
without poles at infinity.

(ii) W (z) is (stochastically) minimal, i.e.,

ou(W) = ESM(q))' (5.48)
PROOF. First of all, we recall that
®(z) =C(2)D(2)F (2) (5.49)

is the Smith-McMillan decomposition of ®(z). Moreover, by equation (5.31), we
have

W(z) = P(z2)D4+(2)F(2), (5.50)

where D (z) € R(z)™" is diagonal, canonic, regular and possesses the same struc-
tural indices at z = 0 of D(z) and F(z) € R[z]"™" is unimodular. If it is not nec-
essary to perform step 4-III of the constructive procedure of Theorem 5.2.1, by
equation (5.46), P(z) € R[z]"*" is also unimodular (rather than L-unimodular).



Since ®(z) = W*(z)Jy,.v,W (z), by direct calculation, we have

W*(z) = @)W (2)dy, v,

(R)F QF (2D (2P (2) v, v,
(Z>D11(Z)P71(Z)va,vn
D_(2)P~'(2)Iv, vy (5.51)

where D_(z) := D(z)DZ'(z) has no pole at z = 0. Since P~!(z), C(z) are uni-
modular and va,vn is constant, in view of the previous equation, W*(z) has no
pole at z = 0. The latter fact, in turn, implies that W(z) has no pole at z = . A
similar argument can be used to prove that also W ~%(z) has no pole at z = co. This
concludes the proof of point (i).

The proof of statement (ii) is essentially the same of that of Theorem 4.3.1 of
Chapter 4. ]

To conclude this section, we notice that is always possible to find, under the
hypotheses of Theorem 5.2.1, a J-spectral factor which is analytic together with
its (right) inverse in {|z| > 1, z € C} and, in addition, has no pole at infinity.
In fact, let W(z) be a J-spectral factor of ®(z) computed by using the procedure
described in Theorem 5.2.1. Let us define

0= —rrilijn veo (W (2)]ij) » (5.52)

where vo.(-) denotes the valuation at infinity of a rational function (see §2.1.4).
Then, we have that

W (z):= (5.53)

satisfies points (i) and (i) of Theorem 5.2.1 and has no pole at infinity.

5.4 | An illustrative example

In this section, we present a worked example of the factorization algorithm
described in Theorem 5.2.1.



Let us consider the following J-spectrum

%‘f‘g 471
b= |EVE T I eeR\{0). (554
D2 GoeT-y ¢

One can verify that in(®(e/®?)) = (1,0,1) for all @ € [0,27).
Step 1. The Smith-McMillan decomposition of ®(z) is given by
®(z) =C(z)D(2)F(z), (5.55)

with D(z) canonical of the form

1
D(Z) — (z—2)(z—1/2) O ’ (556)
0 (z—2)(z—1/2)

while the (highly non-unique) unimodular matrices C(z) and F(z) may be taken
to be

2 1+5¢ 2
ez —GH=z+¢ 1 1 2ez7+4(1—-5¢)z+2¢
C(z) = . , F(z) = ( 2) . (5.57)
! 0 0 —2¢

Step 2. With reference to the notation introduced in the corresponding step of
Theorem 5.2.1, we have

Alz) = |¥2 , X(z) = 02 , O(z) =1, (5.58)

AR =CREQA Q=] 2 ° ol (5.59)
T 2(z-2)
1 2e+(1-58)z+2€
B(z) =A(R)F(z) = | 72 =3 , (5.60)

0 —262(z—1)



we find that ®(z) = A(z)A(z)B(z), with A(z) = @*(2)®(z) = b, is a DT left-
standard factorization of ®(z).

Step 3. Since O(z) = I, we have
¥(z) =0(z)N(z)® () = N(z) = A*(z)B ' (2). (5.61)

Hence, by direct computation, we obtain

1 14-5¢ lao,—1 -1 1
—5€7+ —5€Z =27 +2+5z2
Yi)=| ? v s s A | g€R\{0}. (5.62)
—2z+2—3577" -1 -2

Step 4. Let ¥ (z) := W¥(z). The highest-column-degree coefficient matrix of
W (z) is given by

whe _ (5.63)

and is singular for all € € R\ {0}. Thus, we compute a non-zero vector v such
that lP}l“’vl =0,eg,v =1, —S]T. Then, we construct the unimodular matrix

Q'(x) = , (5.64)

and we conclude the first reduction cycle by computing

¥(z) = Q" (2129 (2)

—349¢ 3 1-5¢
=30 s
= |, T s, | eeR{0) (569
5242 2 1pE 2.1

The highest-column-degree coefficient matrix of ¥, (z) has the form

—3+9¢
wr=1 % 7 (5.66)
e €




and is singular for all € € R\ {0} except for € = 1/3. In fact, in the latter case,
the first diagonal entry of W;(z) is equal to zero and by (5.65)

3
2

phe _ (5.67)

W O

—6

which is clearly non-singular. Consider first the case € # 1/3. As before, we
calculate a non-zero vector v, such that ¥5°v, =0, e.g., vo = [2/(1 —3¢), 1]7.
Finally, we compute the unimodular matrix

Ql(z2) = =3¢ (5.68)

and obtain the constant symmetric matrix

Wi = Q5" (1) P2 (2)Q5 ' (2)

73198 1-3¢

_ €

T 1-38 —1262+48e—1 |’ e cR\{0,1/3}. (5.69)
€ €2(1-3¢)

Since in(¥3) = (1,0,1) for all € € R\ {0,1/3}, there exists a factorization of the
form W3 = C"J; 1C for all € € R\ {0,1/3} with

3g_ 1 —bex2
1 1 2 0 2 318 ife> %7
el 1
C= ’ 0 3¢ | (5.70)
1 3¢ . 1
| 5 65| ife<g, e#0.
VoEts [T28t 2 T
Eventually, we compute the J-spectral factor
W(z) = P(2)O(z)B(z)
( ez—3e+i 3z
1 1
1 ) =7 i 1
e 1 3 J1—€2+3€ ife> 3,
Lo =1 5.71
= T el (5.71)
1 1
1 =3 3 i 1
_e+1 —SZ—F%S—% —_%Z 1f8<3,87£0
-3 -3




where P(z) = CQ(z2)Q(z). It may be verified that W(z) has no zero/pole at in-
finity and it is (stochastically) minimal, i.e., Sy (W) = 18u/(®).

Now consider the particular case € = 1/3. By plugging this value into equation
(5.65), we obtain

0 3
B)=|, A (5.72)
527 —6z+6—6z"

As shown before, ‘ch is non-singular, so we have to apply step 4-11I of Theorem
5.2.1. By using the same nomenclature introduced in Theorem 5.2.1, we have
T =1, and so W)(z) = ¥»(z). Hence, we compute the matrix

1 0
V'(z) = . (5.73)
0 §Z_
such that
V/* )
(5.74)
3z+ 373 -1

Then, as shown in Lemma 5.1.3, we reduce W} (z) to a constant symmetric matrix

*

1 —4p(z 1 —1p(z 0 1
P = 2P2) ¥ (2) PR _ (5.75)
0 0 1 1 0
with p(z) := z —|— 3 §z ~1. To sum up, we find that the overall L-unimodular

transformation of thlS cycle is given by

- 1 —3p(2) 1 3z—3+3%"
U lz)=V(z) 2 = 3 23 13 . (5.76)
0 1 0 gZi
To conclude, we factorize W3 as W3 = CTJMC, with
1 (1 1
C=— . (5.77)



Finally, we find that the factor W(z) has the form

W(z) = P(2)0(z)B(z)

22,17 1 1.2_ 1 1
—3Z +6Z+§ 3% _ﬁZ‘i‘j
1 1

1 — —
— 2
= 22, 1 1 12 7 ,11|- (5.78)
V2 | 38 Feets 381ty
_1 _1
=5 =5

where P(z) = CU(z)Q(z). Notably, in this case W(z) has a pole at infinity and
it is not (stochastically) minimal, since one may check that oy (W) = S(P). By
multiplying all the entries of W(z) by 1/z, we obtain the factor

W' (z) i = —= (5.79)

which has no pole at infinity, but the same McMillan degree of W (z).



In this thesis, we dealt with two crucial problems in systems and control the-
ory, namely, the spectral and the J-spectral factorization problem.

The continuous-time spectral factorization problem was solved by using a
well-known factorization algorithm due to Youla. In Chapter 3, we described
in detail this approach. In order to explain more clearly certain critical points and
make the discussion more self-contained, we introduced some minor modifica-
tions of the original method (cf. the proof of Lemma 3.1.4 and the step 4 of the
proof of Theorem 3.2.1). Moreover, in section §3.3, we pointed out two impor-
tant features of the method. The first one concerns the (stochastic) minimality of
the Youla’s spectral factor, while the second one the possibility of modifying the
region of analyticity of the spectral factor and that of its (right) inverse without
significantly affecting the algorithm’s structure.

In Chapter 4, we presented a discrete-time version of Youla’s algorithm. In
particular, the main difference between the continuous- and the discrete-time ap-
proach may be found in the step 4 of the constructive proof of Theorem 4.2.1.
Here, we discussed in detail an ad hoc procedure to unimodularly factorize a para-
Hermitian L-unimodular matrix. Furthermore, in analogy to the continuous-time
case, we listed, in section §4.3, some remarkable properties of the factorization
approach.

Finally, in Chapter 5, we proposed a “J-spectral” generalization of the factor-
ization algorithm analyzed in Chapter 4. This method works under mild assump-
tions on the Smith-McMillan canonical form of the J-spectrum. Moreover, in sec-
tion §5.3, we established a simple condition to ensure the (stochastic) minimality
of the J-spectral factor. Unlike the most common approaches studied in literature
which are based on state-space methods and on the solution of suitable AREs,
the proposed J-spectral factorization approach allows, in the author’s opinion, to
investigate in more detail the internal matrix structure of the J-spectral factor.



There are a number of interesting directions in which our work could be ex-
tended; in particular, with reference to the J-spectral factorization method de-
scribed in Chapter 5. Firstly, one may study a continuous-time counterpart of
the latter approach. Secondly, the initial assumptions on the Smith-McMillan
canonical form of the J-spectrum may be removed or replaced by weaker ones.
Eventually, it would be interesting to exploit this method in order to derive some
conditions on the (stochastic) minimality of J-spectral factor which rely on some
“structural properties” of the J-spectrum.
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