Downloaded 03/31/21 to 143.89.105.150. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

SIAM J. CONTROL OPTIM. (© 2005 Society for Industrial and Applied Mathematics
Vol. 43, No. 6, pp. 1972-1986

MULTIRATE PERIODIC SYSTEMS AND CONSTRAINED
ANALYTIC FUNCTION INTERPOLATION PROBLEMS*

LI CHAI" AND LI QIU?

Abstract. Multirate periodic systems and some related constrained analytic function interpo-
lation problems are studied in this paper. After showing how to convert a general multirate periodic
system to an equivalent linear time invariant (LTI) system with a structural constraint, we for-
mulate some analytic function interpolation problems with such a constraint that can find various
applications in the study of multirate and periodic systems. Both the solvability conditions and
characterization of all solutions are presented to these constrained interpolation problems.
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1. Introduction. Periodic and multirate systems are finding more and more ap-
plications in control, signal processing, communication, econometrics, and numerical
mathematics. There are several reasons for this.

e In signal processing, the use of periodic and multirate systems can often lead
to the reduction of the required transmission rate, storage space, or computational
complexity for a given task, depending on the application [24].

e In large-scale multivariable digital systems, often it is unrealistic, or sometimes
impossible, to sample all physical signals uniformly at one single rate. In such situa-
tions, one is forced to use multirate sampling.

e Periodic and multirate systems can often achieve objectives that cannot be
achieved by single rate systems. Examples include gain margin improvement and
simultaneous stabilization [14].

The study of periodic systems can be traced back to [10]. Examples of more
recent studies are [2, 15]. The study of multirate systems goes back to the late
1950s. A renewal of research on multirate systems has occurred since 1980 within
the signal processing, communication, and control communities. The driving force for
studying multirate systems in signal processing comes from the need for sampling rate
conversion, subband coding, and their ability to generate wavelets. Multirate signal
processing is now one of the most vibrant areas of research within the signal processing
community; see the recent book [24] and references therein. In the communication
community, blind identification and equalization call for the use of multirate sampling
[23]. In the control community, two groups of research stand out: (i) using multirate
control to achieve something that otherwise cannot be achieved by single rate control
(see, for example, [14]) and (ii) optimal design of multirate controllers [7, 18].
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A standard technique for treating periodic and multirate systems is called lifting
in control theory [7, 14] and blocking in signal processing [15, 24]. First, we establish
a setup of multirate periodic (MP) systems, which cover many familiar systems as
special cases. Using the technique of lifting, an MP system can be converted to an
equivalent linear time invariant (LTI) system satisfying a causality constraint that
requires the feedthrough term to be block lower triangular. Motivated by this fact
we propose and then study the problem of analytic function interpolation with an
additional constraint that requires the value of the interpolating function at the origin
to be block lower triangular [4, 5]. These constrained analytic function interpolation
problems play the same role for multirate systems as their unconstrained counterparts
do for single rate systems.

Analytic function interpolation problems have a very rich history in mathematics,
and there has been a large volume of literature on this subject; see the recent books
[1, 11, 13]. Many successful approaches have been proposed to solve the analytic
function interpolation problems since the theory was first proposed at the beginning
of the last century. In particular, Sarason [21] encompassed different classical inter-
polation problems in a representation theorem of operators commuting with special
contractions, which was later developed to a general framework on commutant lifting
theorem [11, 22]. On the other hand, using the realization method from the sys-
tem theory, Ball, Gohberg, and Rodman [1] present another systematic way to deal
with the interpolation of rational matrix functions. Recently, Foias et al. [12] com-
bined the commutant lifting theorem from operator theory and state-space method
from system theory to provide a unified approach for a more general setup of the
problems, where they used the concept of operator-valued functions with operator
arguments.

The increasing research interest on analytic function interpolation theory is also
partly due to its wide applications in a variety of engineering problems such as those
in control, circuit theory, and digital filter design [4, 8, 13]. The Nevanlinna—Pick
(NP) interpolation theory was first brought into system theory by Youla and Saito,
who gave a circuit theoretical proof of the Pick criterion [28]. In the early stage of the
development of H, control theory, the analytic function interpolation theory played
a fundamental role [25]. A detailed review of this connection can be found in [13]. Re-
cently, some new methods in high-resolution spectral estimation have been presented
based on the NP interpolation with degree constraints [3]. The NP interpolation and
Carathéodory—Fejér (CF) interpolation problems are also used extensively in robust
model validation and identification [5, 6, 16].

In this paper, we propose a general model of multirate and periodic systems which
covers single rate periodic systems and many other multirate systems in the litera-
ture as special cases. We also propose and solve some constrained analytic function
interpolation problems that play the same role in multirate and periodic systems as
the unconstrained counterparts do in single rate systems. That is, our results can
be applied directly to multirate and periodic systems for H, control, robust model
validation and identification, etc. We present the necessary and sufficient solvability
conditions and the parametrization of all solutions explicitly. The interpolation and
distance problems involving analytic function with such structural constraints were
first discussed in [13], but explicit solutions to the problem considered in this paper
were not given there.

The notation used in this paper is standard. The real and complex numbers are
denoted by R and C, respectively. The open unit disc of the complex plane is denoted
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by D. Let
(1.1) p=[p - m]ad g=[a - aq]
be two vectors, where p; and ¢;, ¢ = 1,...,[, are nonnegative integers. Denote

l 1
(1.2) pl=> pi and g =) a
i=1 i=1
For £k =0,...,l, define

(1.3) i (p) = diag(0p, -+ 0pys Ly -5 Iy ),
(1.4) Iy (q) = diag(0g, s - -+ 0gp s Lgpns -5 gy )s

where 0,, denote the n X n zero matrix and I,, the n x n unit matrix. Note that
o(p) = Ijp), i(p) = Oy, Io(q) = I}4), and II;(q) = 0}4. The set of |g| x |p| matrices
is denoted by Cl4/*I?l and every such matrix is assumed to have an underlining
partition so that its ¢jth block is ¢; by p;. Hence we have

My -+ My
clalxlpl .— : .. : M € Q% %P;
My -+ My

Note that the entry M;; is “empty” if ¢; = 0 or p; = 0. The block lower triangular
subset of Cl4*IPl denoted by 7 (g,p), consists of all matrices with M;; = 0,i < j,
and the strictly block lower triangular subset, 75(q,p), consists of all matrices with
M;; = 0,1 < j. Let 'HL%'X'p " denote the Hardy class of all uniformly bounded analytic
functions on D with values in Cl4/* /P, For any G(\) € Hlalx ‘p‘, there exist Go, G1,... €
ClalxIpl such that G(A) = 300  A™ G, for A € D.

2. Multirate periodic systems. To introduce the general setup of multirate
periodic systems, we need the concept of signals with time-varying dimensions. A
signal with time-varying dimensions is defined as

x={...,2(=2),2(-1),|z(0),z(1),2(2),... },

where z(k) € RP() and p(k) is a nonnegative integer for any k. Here the vertical line
indicates the position of time zero. Note that when p(k) = 0, z(k) € RP*) means
that z(k) is always equal to 0. If p(k) is periodic with period I, i.e., p(k + 1) = p(k)
for any k, we call x a signal with [-periodically time-varying dimensions. Define the
I-step shift operator S as

Sl{...,x(—l), |2(0), z(1),...}
(2.1) ={ ., z(-l=1),|z(=0),z(=1+1),... }.
Denote Py as the truncation operator, i.e.,
(2.2) PA...,x(k—1),z(k),z(k+1),...} ={...,2(k—1),z(k),0,... }.

Consider the system G,,p, shown in Figure 2.1, where the input u with u(k) €
RP(%) and output y with y(k) € RI*) are signals with I-periodically time-varying
dimensions; that is, p(k) and g(k) are periodic with period {. Assume that G, satisfy
the following properties:
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u
4>Gmp4y>

Fic. 2.1. The multirate periodic system.

(1) Linearity. The system G, is a linear operator.

(2) Periodicity. Gy, satisfies Gy S' = S'G,y,p, where S is given by (2.1).

(3) Causality. G, satisfies PyGpp(I — Py) = 0, where Py is given by (2.2).

In this paper, we focus on the systems that satisfy linear, periodic, and causal
properties defined above. We call them multirate periodic (MP) systems. The general
class of MP systems defined here covers many familiar classes of systems as special
cases.

If p(k) = p1 and q(k) = ¢1 for all k € Z, then an MP system is a usual [-periodic
system, for which there is a vast literature [2]. The multirate feature arises when p(k)
and ¢(k) are truly time-varying. Let [ be a multiple of m and n. If

RPrif mlk R%  if n|k
u(k) 6{ {0} otherwise and y(k) 6{ {0} otherwise ’

then such an MP system is a dual rate system considered in [17]. Let [ be a multiple

of integers m;,i =1,...,s,and n;,j =1,...,¢t. If
uy (k) y1(k)
wky=| ¢ | and y)=| @ |,
us (k) ye (k)
where

‘ RP:if mylk ‘ R%  if njlk
ui(k) E{ {0} otherwise and y; (k) G{ {0} otherwise ’

then such an MP system becomes a general multirate system with uniform synchro-
nized but different sampling in each input or output channel [7, 18, 20, 26]. The study
of periodic and multirate systems in such a generality as indicated above, however,
has never been done before.

Remark 1. One advantage of modelling a multirate system as a periodic system
with periodically time-varying input-output spaces is that it better relates the present
study to the rich theory on the usual periodic systems, as surveyed in [2]. Other
advantages are its generality (it allows for nonuniform and asynchronous sampling)
and its convenience (the treatments using this model take similar forms to those using
other models, such as the one discussed in [7, 18]).

A standard method for the analysis of MP systems is to use lifting or blocking.
For the MP system shown in Figure 2.1, define a lifting operator L; on @,._ RP(F)
by

u(0) u(l)
u(1) u(l+1)

u(l — 1) u(2l:— 1)
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L; on @z’;_w R%(%) is defined similarly. Then the lifted system G = Llele_1 is an
LTI system in the sense that GS* = S'G, where S! is the unit shift. Hence it has

transfer function in the A-transform (A = 1)
Gu(A) -+ Gu(N)
=] i o
Gnu(A) -+ Gu(N)

The LTI system G is not an arbitrary LTI system. Instead, its direct feedthrough
term G(0) is subject to a constraint that results from the causality of Gy, :

Gi;(0) = Oq(i)xp(j) for1 <i<j <l

i.e.,, G(0) is a block lower triangular matrix. Therefore the causality constraint can
be represented by

G(0) € T(q,p);

wherep=1[ p(1) --- p(l) Jandg=1] q(1) --- q(!) ]. Notice that the form of the
causality here is simpler than that in [7, 18] due to the new form of the model.

3. Constrained analytic interpolation problems. In this section, we will
present some constrained analytic function interpolation problems, which can be
viewed as a multirate version of the standard interpolation problems. These con-
strained interpolation problems have various applications in MP systems as do their
unconstrained counterparts in single rate systems. We first present a general case: a
constrained tangential NP interpolation problem. Some more useful special cases are
then formulated for convenience. In the following sections, we always assume that p,
q, |p|, and |q| are defined by (1.1)—(1.2).

Problem 1 (constrained tangential NP interpolation). Given U € ClPI*" v ¢
Cldxn and Z € C™™ with spectral radius p(Z) < 1, find (if possible) a function
GA\) =2 GuA™ € H Pl such that

(i) Gl < 1,

(i) Yoo GnUZ™ =Y,

(i) G(0) € T(q,p)-

Roughly speaking, the integer n in the problem determines the number of inter-
polation conditions.

We can also formulate the following interpolation problems with block lower tri-
angular constraints, which are special cases of Problem 1.

Problem 2 (constrained classical NP interpolation). Given a set of complex num-
bers Ao € D along with matrices U, € CIPI*" and Y, € Cl4*" for a = 1,...,s, find
(if possible) a function G € HL*I*! such that

(i) Gl < 1,

(il) GA)Uqg =Y, fora=1,...,s,

(it}) G(0) € T(q.p).

Problem 3 (constrained CF interpolation). Given Ug € CIPIX™ and Yj € Clalxn,
B =0,...,r—1, find (if possible) a function G(A) = >~ (G, A™ € HIZ*PL such
that

(1) Gl <1,
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Yo Gy 0 - 0 Uop
Y: G1 Go s 0 Uy
Y'r‘fl Grfl Gr72 o GO Urfl

(ili) G(0) € T (g, p).

Problem 4 (constrained simultaneous NP and CF interpolation). Given Uy g €
Crlxn Y, 5 € Clal*n for j = 0,...,r— 1, and Uy € CPIX", ¥, € CIX, and Ao € D
for = 2,...,s, find (if possible) a function G(A) = Y °_ G, A" € HI P guch
that

(1) 1G]l <1,
Yi0 Go 0 o 0 Ui
Yia G, Go . Ui

G| | =

. . . .. 0 .
Yira Gry Gy - Go Urr1

(iil) GAQ)Uq =Yy for a=2,..., s,

(iv) G(0) € T(q, p).

Before giving the necessary and sufficient conditions of the above constrained ana-
lytic function interpolation problems, we need a result on matrix positive completion.

The matrix positive completion problem is as follows [9]: For a block matrix
B = [Bij]?,j:l’ given Byj,|j —i| < m, satisfying B;; = BJ;, find the remaining
matrices Bjj,|j —i| > m, such that the block matrix B is positive definite. The
matrix positive completion problem was first proposed by Dym and Gohberg [9], who
gave the following result.

LEMMA 3.1. The matriz positive completion problem has a solution if and only
if

Bi; e Bi(itm)

(3.1) : >0, i=1,....,n—m.

Bitmyi B(igm)(i+m)

Reference [27] gave a detailed discussion of this problem and presented an explicit
description of the set of all solutions via a linear fractional map whose coefficients are
given in terms of the original data. However, Lemma 3.1 is sufficient for our purpose.
We are now in a position to give the main result of this section.

THEOREM 3.2. There exists a solution to Problem 1 if and only if

(3.2) Q- Q+Y k()Y — UT(p)U >0

forallk =1,... 1, where @ and Q are, respectively, the unique solutions of Lyapunov
equations

(3.3) Q=2"QZ+U"U,

(3.4) Q=2"'QZ+Y"Y.

Here i (p) and g (q) are defined in (1.3)—(1.4).
Proof. The structural constraint on the interpolation function G can be viewed
as an additional interpolation condition,

GO)I=T,
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for some T € T(q,p). Set \g = 0, Uy = I, and Yy = T. By the solvability condition
of the standard NP interpolation problem [12], the constrained interpolation problem
has a solution if and only if there exists T' € 7 (q, p) such that

(35) Qa - Qa Z Oa

where Q, and Q, satisfy

(3.6) Qaz[/\gl grQa{AgI 2]+|:UI*][I U,
(3.7) Qaz[Agjg}*Qa{’\gl E]ﬂiﬂw Y ].

It is easy to see from (3.6)—(3.7) that

I U ~ ™T TY
Qa:|:U* Q:|anan:|:Y*T Q :|

Substituting @, and Q, into the inequality (3.5), we have

(3.8) [ I1-TT U-T'Y

U-v'T  Q-Q ]ZO'

The left-hand side of (3.8) can be rewritten as

Lo qarry o [F T v

By the Schur complement, (3.8) is equivalent to

I U T*
(3.9) U* Q-Q+Y*Y Y* | >0
T Y I

Therefore, the constrained NP interpolation problem has a solution if and only if (3.9)
holds for a block lower triangular matrix 7. This is a matrix positive completion
problem. By Lemma 3.1, there is a block lower triangular T such that (3.9) holds if
and only if

I (p) 1 (p)U 0
(3.10) Uli(p) Q-Q+Y*Y Y*[I,—I(g)] | =0
0 [ly — 1 (q)]Y I, —Tlk(q)
for k=0,...,l. Using the Schur complement twice, we can easily show that (3.10) is
equivalent to
(3.11) Q- Q+Y'Ii(q)Y — U'llk(p)U >0

for k = 0,...,1. We claim that inequality (3.11) when k = [ implies the case when
k = 0. In fact, when k = 0, inequality (3.11) gives

(3.12) Q-Q+Y*'Y -UU>0.
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Note that inequality (3.12) is equivalent to
Z*(Q—-Q)Z >0.

When k = [, inequality (3.11) gives

(3.13) Q-Q>0.

It is obvious that inequality (3.13) implies (3.12). O

Remark 2. If there is no constraint, then we have [ = 1. In this case, the condition
in Theorem 3.2 becomes Q — Q > 0, which is a well-known result in the literature
[1, 11, 12].

Remark 3. To verify the condition in Theorem 3.2, two Lyapunov equations, (3.3)
and (3.4), can be combined into one:

Q-0=2Q-0Q)Z+U*U —-Y*Y.

However, @) and Q will be used in the next section.
Q and Q can be given directly from the original data in some special cases. We
end this section by providing the explicit formula for these special cases.
COROLLARY 3.3. There exists a solution to Problem 2 if and only if

+ Y 1 (q)Ys — Upllk(p)Up >0
a,B=1

UaUs — Yo Y5

.14
(3 ) 1— )\z)\g

fork=1,...,1
Proof. Note that Problem 2 can be viewed as a special case of Problem 1 with

7 =diag(A1 1L, ..., AsIy),
U=[Us - Us],
Y=[Y1 - Ys]

Then it is easy to check that

* S ~ Y*Y S
Q _ Ua7U5 and Q — a B
1- )‘@)\5 a,B=1 1- Aa/\ﬁ a,B=1

are the solution of the Lyapunov equations (3.3) and (3.4), respectively. The result
then follows from Theorem 3.2 directly. 0

For V=V - V,_1], weuse Ty to denote a corresponding lower Toeplitz
matrix
Vo o - 0
(3.15) = | 1 W
: : 0
Vit Viea -0 W

COROLLARY 3.4. For the data of Problem 3, denote

U=[Uy - U],
Y=[Y - Yl
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Then there exists a solution to Problem 3 if and only if

I 0 I
3.16 T | “er=1) }T — T { q(r—1)
GBI T o om0 1, -

forallk=1,... 1L
Proof. Note that Problem 3 can be viewed as a special case of Problem 1 with U,
Y, and

0 I, 0
7 0
L,
0
rnXrn
Hence @ can be computed by
o) r—1
Q _ Z VAL I A Z VAL DA O AL
m=0 m=0
; U
= O [0 0 Up |+ + : [Uo -+ Uy ]
US( r—1
0 0 Us 0o .- 0 Uy
: . 0 - Uy U,
oow S
vy Uy ol Uo Ur—o U,_1
Similarly, we have
0 0 - Y5 o --- 0 Y,
} : : . : 0o - Y Yy
Q= : : . : .
0 Yy - YI, : . : :
Yo V¢ Yr Yo -+ Yo Y,
Condition (3.2) then becomes
(3.17) Q- Q+ Y Q)Y — Ul (p)U > 0.

By pre- and postmultiplying inequality (3.17) by
0 --- I,

I, - 0

™mXxXrn
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we obtain another equivalent condition

Yr*—l
LTy -TyTy + | & M) [ Yo - Yo |
}/E)*
r—1
- : i(p) [ Upmx -+ Uy | >0,
Ug
This is exactly (3.16) after some simple algebraic manipulations. 0

COROLLARY 3.5. For the data of Problem 4, denote

Ur=[Uw - Uyp-y J,
Yi=[Yo - Yip_y |

Then there exists a solution to Problem 4 if and only if

[ Ank Agyy,

3.18
(3.18) Az Agop

E

forallk=1,...1, where

Ly— 0 I,n— 0
_ p(r—1) ok q(r—1)
Ak =T, [ 0 I, - I(p) } o=t [ 0 I, —I(g) } o
NTRUs - XU Ul
A . . Ip(rfl) 0
21k — : e : : 0 I — Hk(p) TU1
NWUE o ANUF U S
5\571}/2* . 5\2}/2* YQ*
. ) . Toer- 0
_ q(r—1) T
: Ce : : 0 I, — 1l (q) Y15
5\;71}/3* . 5\5}/;* Ys* g
UiUs — Y25 . )
Aggp = # — ULk (p)Us + Yy, Hk(‘])yﬁ}
- Aap a,3=2

Proof. Note that Problem 4 can be viewed as a special case of Problem 1 with U,
Y, and Z, where

U=[Uw Uy -+ U],
Y=Y Y - Y.,
Z = diag(21>>\21n7~-~>>\s—[n)7

0 I, 0
0
L,

rmxrn
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Some simple algebraic manipulations show that

Qu Qsl} . [Qn Qsl]
= and =] Z b4
@ {Qm Q22 @ Q21 Q22
satisfy the Lyapunov equations (3.3) and (3.4), respectively, where
o ... 0 Uz, 0o ... 0 Uso
0 - U Uty 0 - U Ui
Qu = ; ; : : : :
L Ulo - Uf(r—z) Ul*(r—l) U -+ Uig-2) Uiy
[ AU e NUs Us 0o - 0 Uro
Nty - NUF Uj 0 - Uy Un
Qa1 = : : : : : :
L AU - NUP U Uw - Uip—2)y Uip-y
UsUs 1°
Q= | —~— ;
L1 —Xag =2
0 - 0 Yy, 0 - 0 Yio
_ 0 - Y Y 0o - Yy Y11
Qu = : : : : : :
L Yo o Yo Yiion Yio -+ Yig-2) Yip-
i %\gfly'; %\2}/2* Yy 0o --- 0 Yio
_ PV DV A U 0 --- Yo Y11
Q21 = : : : : : :
LAY e NYS Y Yio -+ Yip—2 Yip-1
~ [ Y*Y, 8
Q= |75 5]
L+ = NaAg a,B=2

Condition (3.2) then becomes
(3.19) Q—Q+Y*I(q)Y — U (p)U > 0.
By pre- and postmultiplying inequality (3.19) by
0 - I,
I .. 0
0 Is—1yn

we obtain condition (3.18) after some direct operator manipulations.

Remark 4. Corollaries 3.3 and 3.4 can be directly used for robust model validation
of multirate systems following the method for LTI systems studied in [6, 16].

4. Parametrization of all solutions. In this section, we characterize all so-
lutions G' to Problem 1 when the solvability condition is satisfied. We will consider
only the generic case when Q — @ > 0. The unlikely case when Q) — @ is singular is

technically more involved.
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Since the characterization for the unconstrained case has been given in [12], our
strategy in solving the constrained problem is then to choose, if possible, from this
characterization all those solutions that satisfy the structural constraint. The same
notation is used as in previous sections and more notation is needed. Given an oper-
ator A and two operator matrices

A11 A12 I Tie
A= d I= 7
|: A21 A22 an 1—‘21 F22

the linear fractional transformation associated with A and A is denoted by
F(AA) = Arq + A AT — A A)H Ay,
and the star product of A and I is defined as

A1+ A1aT11 (1 — Agal11) 7t Agy A12(I = T11A00) o

AxT = .
* o1 (I - A22F11)71A21 o (I — A22F11)71A22F12 + T

Here we assume that the operator manipulations are all compatible. With these
definitions, we have

F(A,FT,A) = F(A«T,A).

The following lemma from [19] will be used later.
LEMMA 4.1. For M € ClaIxIPl the following statements are equivalent:
(1) There exists T € T (q,p) such that |M + T < 1.
(2) There exists

Py Pro
P:
{ Por Po ]

with P11 € T(q,p), Pia € T(q,q) invertible, Pyy € T (p,p) invertible, and Poy €
7s(p,q) such that

M+ Py Pro
Py Py

18 unitary.

A way to find P from M was given in [19]. Recall that an operator valued
function © is said to be two-sided inner if © is an inner function and ©(e’%) is almost
everywhere unitary. For U, Y, and Z in Problem 1, assume that Q) — Q > 0, where Q)
and Q are defined by (3.3) and (3.4), respectively. By [12, Theorem IIT 7.2], there exist
matrices C € C"*IPl and E e CIPI*IPl such that the state space model {Z,C,U,E} is
controllable and observable and the transfer function

(4.1) O\ :=E+\XU(I - )\Z)"'C

is two-sided inner in HPI*IPI Tt follows from QR factorization that there is a special
O(A) such that E* € 7 (p,p) and (4.1) holds. By Cholesky factorization, there exist
N €7(q,q) and S € T(p,p) such that

(4.2) N*N=[I+Y(Q—-Q) 'v* !,
(4.3) S*S =[I+C*Q(Q - Q)~*C) .
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Let Ao = (Q — Z*QZ)~'Z*(Q — Q). It is shown in [12, Proposition V 1.7] that Ag is
stable. Define

d11(\) Pra(N)
e(A) = Bo1(A) Da(N) |7

where

(N) =Y (I -2A) 1@ —-2"Q2)"'U",

(N) = N"" =AY Ag(I = 2o) 1 (Q - Q) YN,

D91 (A) = 507 (A) = ST'C*Q(I - AA0> HQ-Q)'QCer (),
(A) = =ASTIC"Q(I — M) 1@ )1Y*N‘

The set of all G(\) solving the unconstrained interpolation problem is then given by

where V(\) is a contractive analytic function in H@X‘p . Obviously, the set of all
solutions to the constrained interpolation problem is

(4.4) {G(A) = F(2(A), V(X)) : G(0) € T(q,p)}-
It is easy to check that

o,(0)=Y(Q - Z*Qz)"'U~,

P15(0) = N1,

®91(0) = SE* = 57'C*"Q(Q — Q) 'QCE"
=S[I-C"Q(Q-Q)'QCIE
— S—lE*7

P45(0) = 0.

Now assume condition (3.2) in Theorem 3.2 is satisfied. Then there is a contractive
analytic function V(A) in H4 Pl guch that

G(0) = ®1,(0) + N7V (0)STLE* € T(q,p).
That is,
| = N®u(0)(S™E*) ™ + NGO)(S'E") Y| < L.

By Lemma 4.1, there exists

P Pro
P=
{ Py Poo ]

with P;; € T(q,p), P12 € T(q,q) invertible, Po; € T (p,p) invertible, and Py €
7s(p, q) such that

B .= { —N® (0)(ST'E*)" + Piy Pro }
' Py, Py
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is unitary. Define ¥ = ® x B. It is easy to check that 1 € T(q,p), V12 € T(q,q),
Vo1 € T(p,p), Yoo € T4(p,q), and both 1o and Wy are invertible. By setting a
bijective map R = F(B,V), we have

G(\) =F(®,V)=F(®,F(B,R)) =F(®*B,R)=F(¥,R).

Note that G(0) € 7(q,p) if and only if R(0) € T(q,p). Hence the set (4.4) can be

rewritten as
{G(\) = F(U,R) : R e HY>IPl with R(0) € T(¢,p) and ||R|| < 1}.

This gives us the main result of this section, the followingNtheorem.
THEOREM 4.2. For Problem 1, assume that Q — @ > 0 and the solvability
condition (3.2) holds. Then the set of all interpolants G(\) is given by

where R is a contractive analytic function with R(0) € T (q,p).

5. Conclusion. In this paper, we study the MP systems and some related ana-
lytic function interpolation problems. We show that each MP system has an equiv-
alent LTI system with a causality constraint which can be represented by a set of
block lower triangular matrices. We then study some analytic function interpolation
problems with such a constraint. The necessary and sufficient solvability conditions
are given using the result of the positive matrix completion problem. Finally, all the
solutions are presented in terms of linear fractional transformation.
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