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Chapter 1

Discrete-Time System Modelling in L,
with Orthonormal Basis Functions

In this chapter, model sets for linear time—invariant systems spanned by fixed pole orthonormal
bases are investigated. The obtained model sets are shown to be complete in L,(T) (1 < p < o0),
the Lebesque spaces of functions on the unit circle T, and in C(T'), the space of periodic continuous
functions on T. The L, norm error bounds for estimating systems in L,(T) by the partial sums
of the Fourier series formed by the orthonormal functions are computed for the case 1 < p < oc.
Some inequalities on the mean growth of the Fourier series are also derived. These results have
application in estimation and model reduction.

1.1 Introduction

The decomposing description of linear time—invariant infinite—dimensional dynamics in
terms of an orthonormal basis is an important part of modern Systems Theory and has a
long history in modelling and identification of dynamical systems dating back to the clas-
sical work of Lee [19] and Wiener [36]. This approach is greatest utility when accurate
system descriptions are achieved with a small number of basis functions. The develop-
ment of suitable basis functions that reflect the dominant charecteristics of the system has
attracted considerable interest [26, 28, 30, 31, 32, 33, 34, 35, 22, 23, 17, 3,5, 4, 7].

In particular, in the areas of control theory, signal processing and system identification,
there has long been interest in the use of the finite—impulse response, the Laguerre, and
the two—parameter Kautz functions to model stable linear dynamical systems [19, 18, 16].
The Laguerre and the Kautz models are special cases of the general orthonormal basis
functions in [17], where the poles of the system transfer function are restricted to a finite
set. The general orthonormal basis functions are generalized by the rational orthonormal
basis functions with fixed poles considered in detail in [23, 3, 5, 4].

In [3] the rational orthonormal basis functions were shown to be complete in the disk
algebra provided that the chosen basis poles satisy a mild condition and more recently
in [4], it was established that the Fourier series formed by the rational orthonormal basis
functions converges in the Hardy spaces.

In this chapter, a similar completeness result is obtained for the spaces L,(T) (1 <
p < oo) and C(T). As the orthonormal system, we consider a set of complex-valued
rational functions {B,,} defined by a choice of numbers z, € D and z,, € D, as By =
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V1—12/?/ (1 —%z2) andforn=1,2,---

B, = ——— ¢, n = — 11
1-7z,2 ¢ ¢ jl;lol—zjz (L1)
1 —|z,[? no| 7
PR A P | Rt (1.2)
Z— T, il 2T

where ¢, = 1. The orthonormality is with respect to the inner product

1 f2m
= — v i) d6.
(f.0) =5 [ £ ()
We will establish the following completeness result.

Theorem 1.1.1 The linear span of the functions {B, } defined by (1.1)-(1.2) are every-
where dense in L,(T) (1 < p < o) as well as in C'(T) if and only if

S (- =00, 3 (1 |aa]) = oo, (L3)
n=0 n=1

This result has interesting applications on the robust recovery of functions in L, (T') from
noise—corrupted evaluations on the unit circle. An abstract framework that solves this type
of problems is outlined in [24]. In the modelling of physical systems, it is necessary to
ensure that the modelled impulse response is real valued. This issue is addressed in § 1.5.

The next result concerns the Fourier series of integrable functions on T with respect to
the orthonormal system (1.1)—(1.2) whose partial sums are defined by

n

Snf(ew) = Z <fa Bk) Bk(ew)' (14)

k=—n

The L, norm errors of the estimate (1.4) are computed quite accurately for the case 1 <
p < oo. In establishing this, an essential role is played by the Blaschke products in (1.1)-
(1.2). Relations between projection operators, conjugate functions, and the Fourier series
are also displayed. Having computed the error bounds for the partial sums of the Fourier
series (1.4), we provide bounds on the mean growth of the Fourier coefficients {(f, Bx)}
and derive the so-called Hausdorff-Young inequalities.

Finally, a simulation example is given to illustrate the use of the basis functions defined
by (1.1)—(1.2) for modelling.

1.2 Completeness of the orthonormal system

We will represent S,, f in terms of two Cauchy integrals of f when f(e%) is the restriction to
T of a complex function which is analytic on a region that contains T'. This representation
facilitates a simple proof of Theorem 1.1.1. The analysis of the estimate (1.4) will be based
on these formulae. To this end, first we have the following lemma.
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Lemma 1.2.1 (Christoffel-Darboux formulae)

S BB = el 15
k=0
-1 (P A _
Y ROBG) = et g 19)
k=—n
Proof. The proof of (1.5) is by induction. For n = 0,
S Lt S GG

1-Cz (1 =-200-%2)

while forn > 0

¢n+1(<)¢n+1 ¢n—(o¢n(z)
1—¢e ZB’“ A= =D 50 -z

The proof of (1.6) follows from (1.5) by the transformations and back transformations
2= 1/z2,( =1/, xj =%, j=1,2,---,n. [ |

Hence from (1.5)—(1.6), we get for the two components of the sum in (1.4)

SUBYBie) = o [ T ag ) - O 4y

= 270 Jyo ( — 2 2mi — 2)¢n+1(Q)
- 1O e [ fQd
BB = o [ Smed- SR oTel e

where yy(s) = € (0 < s < 2m).

Let A(rq,79) be the annulus {z : 71 < |z| < 7o}, where r; < 1 and r, > 1 are two
given positive numbers. Suppose that f(z) is analytic in a region that contains A (ry, 7).
Then the following Cauchy formula is valid on A (ry, r5)

_ 1 f(©) 1 f(©)
f(Z)—%LIC_ZdC+%/72<_Zd< (1.9)
where
Yi(s) =rie”™,  mls)=re”®  (0<s<2m).

The integrands in (1.7) are meromorphic functions on A(ry,ry) whose singularities are
inside v, and are encircled once by the contours «, and 5. Hence by the residue theorem
[27, Th. 10.42]

kgo<f,Bk>Bk(> o | L ag - e 1 (g—f)(cgzﬂ(o .

and letting z — ¢, we obtain

n o 1 f©)
lg)(f, By) Bi(e”) = = /72 C— it d¢
_ Fun(e) /7 : f(©) . (110)




Since the integrands in (1.8) are analytic on A(ry, r2), their integrals on the cycle vy U v,
must vanish by the Cauchy theorem. Hence

5 B = g [ 2D 0o %L [ SO g

[ 20 Sy (—=z 2

and letting z — €%, we get

S B = o= [ L9

k=—n 2m1 ’YIC
¢ (e”) f(©)

- . dc. 1.11
e N PR

Thus from (1.9) and (1.11)

0\ _ i6 _ ¢n+1 C)
J(e) = Suf(e?) = P / R T
n(e”) f(©)
. dc. 1.12
e [, e (42
The third step is to bound f — S,, f. First we have the following lemma.
Lemmal.2.2
1 To — 1 n
S S P (— o Jgo(l— \ZJD) (1.13)
1 1—7r &

Sgg m < exp ( 5 J; (1- ‘%D) (1.14)

Proof. Letw = z~!. Then

1 ol w =z

— = o, < — 1.15
|¢n+1(z)| |¢ +1(w)‘ <j1:[0 1_ij ( )

Let w = re® and z; = R;e® denote the polar decompositions of w and z;. Then a simple
algebraic manipulation yields

<1-(-n)(1-R)<exp(-(1-r)(1-R))  (L16)

‘w—zj

l—zjw

where the last inequality follows from the fact that e * > 1 — x for all . Consideration
of (1.15) and (1.16) with » = 1/r, completes the proof of (1.13). The proof of (1.14) is
similar. |
Hence from Lemma 1.2.2 and the integral formulation of the approximation error (1.12)

/r. n
If = Suflle < sup |f(2)] —— exp 125])
2€A(r1,r2) re —1 1—0
T n
+ sup |f(2)] —— exp DS 1=z . @)
2€A(r1,72) 1-— r1 j=1



Now we complete the proof of the sufficiency. Let f € L,(T). Recall that the trigono-
metric system {e*%?} is closed in C(T) (Weierstrass’ second theorem) and hence in L,,(T)
since C(T) is a dense subset of L, (T). Thus we may assume without restriction that f(e®)
is a trigononometric polynomial. Since f extends to an analytic function on the punctured
plane A (0, o), it follows from the above inequality with 7, = 1/2 and r, = 2 that

lim sup |f(ew) - Snf(ew)‘ =0
N0 g<g<2om

provided that the conditions in (1.3) are satisfied. This proves the sufficiency.
For the necessity, assume that

o0

Z (1 —zp]) < 0.

n=0

Then the unimodulated finite Blaschke products ¢,,(z) in (1.1) converge uniformly on D to

a Blaschke product
Zn— 2 |2n

9(2) :nl;lol—%z Zn
(with the convention |z,|/z, = 1 when z, = 0) which has zeros precisely at the points
zy. In this case, the linear functional ® defined on L,(T) (1 < p < oo) and C(T) by
®(f) = (f, o) is clearly nontrivial and also bounded. However by Cauchy’s theorem it
also vanishes at every B,, as

(D(Bn) — (_1)n+1 ln—[ @ 1 /yo 7\/1_|Z"|2 IO—O[ Rk — |Zk| dC = 0.

i—o 2k 2Tl 1-2,¢ feni1 L~ sz 2k

With the same reasoning we have ®(B,,) = 0 for all n» < 0. Hence the linear span of the
sets { B,,(¢?)} is not dense in the spaces C'(T) and L,(T) (p > 1). The other case

o0
Z (1 —|z,|) < 00

is similar and it suffices to consider the Blaschke product

o0

¢'(2) =11

n=t In — 2% |$n|

1—-7,2 z,

which is analytic on A (1, co) and has common zeros with the functions B, (z), n < 0 and
the linear functional @’ defined on L,(T) (1 < p < oo) and C(T) by ®'(f) = (f, ¢'/z2).
In Achieser [1], Theorem 1.1.1 is proven for the rational functions in the form

1 o
{ew — Zn }nzl (0= <2m)
where {z,} is a given sequnce of distinct complex numbers satisfying |z,| # 1. These
functions don’t include the exponentials { e’} whereas the orthonormal functions defined
by (1.1)—(1.2) include them in the special case z,, = z,, = 0 for all n.
The proof in Achieser builds on the solution of a certain extremal problem. When suited
for the basis functions in (1.1)-(1.2), this extremal problem directly yields Theorem 1.1.1.
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We omit the details. Our proof on the other hand is based on the integral formulation of the
approximation error.

The completeness conditions (1.3) are very mild. For example removing a finite number
of B,,’s from the span does not destroy the completeness as the same conditions still apply.
This stability property is not seen in the bases spanned by the complex exponentials {e*=?}
where { ), } is a sequence of real or complex numbers. For example if { ), } satisfies

1
Ap —n| < —, n=0,+1,42, .-
2p

then {e*~} is complete in L,(T) (1 < p < oo) (Kadec’s ;—theorem). However, the
constant 1/2p can not be replaced by any larger number.

1.3 Mean convergence of the Fourier series

In this section we show that the Fouries series formed by the orthonormal functions in
(1.1)—(1.2) converges in the spaces L,(T) (1 < p < 00).

Let S, f denote the partial sums of the Fourier series of an integrable function f with
respect to the exponential functions {e=%*?}. It is well-known fact that every f € L,(T)
(p > 1) has a Fourier series converging in L, (T) if and only if the operators S,, are uni-
formly bounded.

Now assume that sup,, ||.S, || < oo and consider the operators P, which maps >-°°_ c,e*? €
X to 7 cpe't®. The identity

Ppuf () = ¢S (e ) (1.18)

shows that sup,, || P,|| < oo. Hence for each f € L,(T), the sequence P, f converges
in the norm and let P, f denote the limit, which is the projection of f as 3% _ cxe™*? —
S cre®. In particular, |Py]] < oo. This implies that the complementary projection
P_: f(e") = Spl_o cket? is also bounded.

Let F' denote the Cauchy integral of f defined as

Py L [ 1©

T 2m 7% G —2

dc, Yo =€ (0 <6 < 2m). (1.19)

On the domains seperated by T, F'(z) is analytic. Observe that the Cauchy integral of P_ f
vanishes on D. (This follows from the boundedness of ||P_|| and the denseness of the
trigonometric polynomials in L,(T) (1 < p < o0)). Thus F' equals to the Cauchy integral
of P, f on D. This implies that F'(z) converges to P, f(e*) for almost every e € T as
z — €% nontangentially in D. Hence in (1.7) letting z — ¢ nontangentially in D, we get
almost everywhere on T

S5 B Ble?) = P () bl P [ L] @) a0
k=0 n+1

Next consider the Cauchy integral (1.19) on A (1, c0), the complement of the closed
unit disk. The conjugation and the change of variables ¢ = e* yield

1 2 f(e')
/0 dt (1.21)

o 1—zet

F(z)
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In (1.21) substituting w = 1/z and changing the variables as e = ¢ we obtain

1 Iy 1 JiG)
@ mlacw® veP

This is recognised as the previously considered situation where f(e%) is replaced by e~ f(ei®).
Consequently for almost every e? € T, as w — €* nontangentially in D

which implies F(z) — —P_f(e?) as z — ¢* nontangentially in A(1,c0). Thus in (1.8)
letting z — € nontangentially in A (1, co) we get almost everywhere on T

-1
3 (1B} Bu(e) =P-1(e) - ) P- [ 2] ) (122
k=—-n n
Hence from (1.20) and (1.22)
f=8uf = bns1 Py (f/bn11) + 6, P- (f/ ) ae. T (1.23)

Let f(e”) denote the conjugate of f(e™). Recall that f and f are recovered almost
everywhere on T by taking nontangential limits of u(z) and 4 (z) defined by

(u+ i) (z) = — /0 AL bty gy (1.24)

2 et — 2

as z — e, Let F denote the map f — f + if. Noting that ¢, = (f, 1), the operators P,
and P_can be written as

Pof = (FI+{A1) (1.25)
Pf o= P —aw=y (FID - (£1).
Thus from (1.23) and the equalities (f/¢x, 1) = (f, ¢x) for all &
r-si =0t () G (L) 4 P - S aron
Hence
1f = Suflly < @+ 1) Il f € Ly(T). (1.26)

We started with the assumption sup,, ||S,|| < oo and concluded via to the boundedness of
P that || F|| < co. The converse is also true by the equalities (1.25) and (1.18).
Let X,, denote the linear space spanned by the sets { Bi(e*)}%_ .. and define

enlfiLp(T) = min [lg = fll,, /€ L,(T). (1.27)
Thus e, (f; L,(T)) is the best approximation error of f € L,(T) by functions in X,,. Since

(1.1)~(1.2) isclosed in L,(T) (1 < p < oo) and C(T), the quantity e, (f; L,(T)) defined
by (1.27) monotonically tends to zero as n — oo.

7



Let f be a given function in L,(T) and let g be the minimizing solution in (1.27). Let
1 = f — g denote the approximation error. Observe that S,,g = g since g € X,,. Due to
the linearity of S,, notice also that S,,y) = S, f — S,.¢. Thus from (1.26)

< (L7 en(f; Lp(T)). (1.28)

The error bound in (1.28) expressed in terms of || F|| is rather tight and without further
assumptions on f and the orthonormal system (1.1)—(1.2) it does not seem possible to
improve upon. In the special case f € H,(T), the Hardy space of functions g which are
analytic on D and such that g(e”) € L,(T), we have instead of (1.28)

1f = Snflly < 5 L+ 1F1) en(f; Hp(T)) (1.29)

(NN

where S,,f = Yp_o(f, Bx) Bk.
We need the following lemma to compute an upper bound for || F||.

Lemmal3.1 Let f = fr +if; where fz and f; are real-valued functions. Then

| frlly + Il frlly < Byl fllp- (1.30)
where "
2777, I1<p<2
B, = { 2-1)/p. p>2. (1.31)

Proof. Note the following inequalities whose proofs can be found for example in Duren [11,
§4.2]
20 HaP +07) < (a+b)P < a + 1P, 0<p<l1
a? + < (a+bP < 2°71(aP + bP), p>1

where a and b are two arbitrary nonnegative numbers. Put a = || fr||, and b = || f1||,, in the
above inequalities. Thenfor1 < p <2

(frllp + 1l < 270 [ (URP2 +1277%) (0> 1)

< 29k [(+ )" <y
il

while for p > 2

(Ually + 1l < 27 [ (L3P +17P%) (2 1)

< 2t [(+ )" w2
2 £l

[ |

When p equals to 1 or 2, the top equality in (1.31) is attained for complex-valued func-

tions in the form f = (1 + ) fz. Observe that when p = oo, the bottom equality is attained
by complex-valued functions with real and imaginary parts disjointly supported on T.
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If 1 <p<ooand f isreal-valued function, it is known [12] that

IFfllp < Cpllf1lp (1.32)
where C,, is the best possible constant given by
[cos(n/2p)] ", 1<p<2
= 1.
Cr { [sin(/2p)] "}, 2<p < oo (133)

Write f as f = fg + if; where fg and f; are real valued. Then from (1.32) and (1.30)
due to the linearity of F

[Ffllp < NFfrlly + 17 fllp
< Gy (I7rllp + [ f1ll5)
<

CoBy 1 £1lp- (1.34)
Using (1.28) and (1.34), the following result can now be established.

Theorem 1.3.2 Consider the partial sums of the Fourier series defined by (1.4). Lete,(f; L,(T)),
B,, and C,, be as in (1.27), (1.31), and (1.33). Thenforall 1 < p < cc and f € L,(T)

If = Snf”p <(1+ chp) en(f; LP(T)) (1.35)

and if the conditions in (1.3) are satisfied
Tim [|f = S.fll, = 0.

From (1.29), (1.34), (1.31), and (1.33), observe that || f — S, fl]2 < (3/2) en(f; H2(T))
while the best value is e, (f; H2(T)).

The inequality (1.35) shows that the approximation error of the Fourier series is in
the order of the best achievable error for every choice of orthonormal system of functions
when the approximated function lies in L,(T) (1 < p < oo). The choice of orthonormal
functions on the other hand depends on the class of functions being approximated. This
subject is not investigated here.

In Theorem 1.3.2, the spaces L;(T) and C('T') can not be included since the projection
operator P, is not bounded on these spaces.

1.4 Mean growth of the Fourier coefficients

In this section we will derive two inequalities which are analogous to the Hausdorff-Young
inequalities for the trigonometric basis {e*™'}.

Theorem 1.4.1 Let 1 < p < 2 and let g be the conjugate exponent, that is, ¢ = p/(p — 1).
Suppose that the basis defined by (1.1)—(1.2) is bounded, i.e.

sup {|znl, |zal} = 7 < 1. (1.36)

If f € L,(T) then

%0 Ya (4-2)/2q
(Z |<f,Bn)|q) <(70) Wl (137)

n=—oo

9



If {a,,} € ¢, then there exists a function f € L,(T) such that a,, = (f, B,,). Moreover,

1+ 7\ (@=2)/20 00 1/p
1fllq < (1_r) ( > mnP> : (1.38)

n=—0oo

Proof. The mapping S : f — {(f, B,)} is a linear transformation of functions on the
measure space (T, dt) into functions on (Z, dn), Z being the group of integers and dn the
so-called counting measure. The norm of the mapping as L (T) — £ is

1+7r
18121000 = sup [I{f, Bn)lloo = 4/ -
17l <1 1=r
The mapping S is an isometry of L,(T) onto 4. Hence ||S]||, ., = 1. Then by the Riesz-
Thorin interpolation theorem [25, Th. 1X.17] the mapping S from L, (T) into £, is bounded
as

B 14\ (@2)/2
ISz, < IS/ NSIE, = (77=) -

This proves (1.37). The proof of (1.38) is again by interpolation. For this consider the
mapping 7 : {a,} — f(t) = X a,Bn(e?). If {a,} € ¢, then f(t) = ¥ a,B,(e") € C(T)
and (f, B,) = a,. Moreover

1+r
1T lleszoe = sUP I flloo =4/ 7
llall1<1 -

The equality ||T||¢,,, = 1 is obvious. Thus (1.38) follows from

(1 + r) (¢—2)/2¢

—2 2
1Tl 2o < NTUE L2 NT NG, = (7=

17L00

[ |
Theorem 1.4.1 can not be extended to the case p > 2. For example with the trigono-
metric basis z, = z,, = 0 for all n, there exist continuous functions f such that

S, e*) P = oo, forall € > 0.

k=—00

The uniformly bounded basis assumption can be relaxed if f(e?) extends to a function that
is analytic on a region which contains T.
In the next result, we restrict the attention to H,(D).

Corollary 1.4.2 Let 1 < p < 2. Suppose that sup,, |z,| = r < 1. Then

0 1/a 1 (a-2)/2q
<Z|(f,Bn>\q> <(20) Wl femD (139
n=0

If ¢ ={co,c1, -} € £, then there exists a function f € H,(D) such that ¢, = (f, B,).
Moreover,

14\ (@2)/2
1< (725) lel

Proof. Let f € H,(D). Then f(e?) € L,(T). Notice that (f, B,) = 0 foralln < 0
since { By, }»>o is a basis for H,(D). Thus (1.39) follows from (1.37) in Theorem 1.4.1.
Conversely, if ¢ € £, (1 < p < 2), thenc € ¢, and Y7 _, ¢, By, converges to some f €
H,(T). The numbers ¢, are the Fourier coefficients of f(e?). The inequality (1.38) in
Theorem 1.4.1 tells us that f(e®) € L,(T), which implies f € H,(D). [

(1.40)
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1.5 Modelling of physical systems

Up to now, we have not imposed any restriction on pole location save for the conditions
in (1.3). However, in any appplication involving the modelling of a physical system, it
IS necessary to ensure that the underlying modelled impulse response is real valued. A
requirement is that the sets {zg, z1, -+, z,} and {1, xo,- - -, z,,} used to define basis via
(1.1)—(1.2) always contain complex conjugates. Then the constraint of realness of impulse
response is easily accommodated by taking suitable linear combinations of the basis func-
tions (1.1)—(1.2). The idea in the following basis construction is taken from [23].

Suppose that zg, - - -, z,_1 are real so that the basis functions By,- - -,B,_1 have real-
valued impulse responses. Now we wish to include a complex pole at 1/zn Then two
new basis functions B, B,; with real impulse responses should be formed as a linear
combination of B,, and B, ; generated by (1.1) with z,,; = Z,. These new functions then
replace B, and B, ;. The suggested linear combination can be expressed as

é’n _ C1 Co Bn
[ En—H ] B l C3 C4 ‘| l B ] ) (1.41)

Considering only B,, for the moment given by

B, (2) = V1= lzal? (B2 + 1) 5(2)

1= (20 + Zn)2 + | 20|22

where ¢,,(z) has real-valued impulse response and the real coefficients 3, i are related to
the choice of ¢y, ¢y by

ptba gt

1—22" 2T -2

to ensure a unit norm for B, 3 and . must be chosen according to the constraint that
le1|?2 + |ea|? = 1 which becomes

C1 =

"Mz =1 - 22| (1.42)

where
1+ |za)> 20+ 7

— T —

Now, suppose we make two pairs of choices: = = (3, )7 giving a basis function B, and
y = (8, )T giving another basis function B,.1. These two choices correspond to two
pairs of complex numbers {cl, c2} and {cs, ¢4 }. The requirement ¢,z + co¢; = 0 ensuring
orthogonality of B, and B, can be expressed as

T My = 0. (1.43)
All solutions to (1.42) are given by

0<0<2m.

. 1 l |1—zn|c059+|1+zn|sin0]

V2 | 11— 2zn|cosf — |1+ z,|sin

Then for a fixed 6, a unique y that satisfies (1.42) and (1.43) is found by substituting 6+ /2

above:
_ 1 1= 2sinf — |1+ 2,[cosf
y= V2 | |1 —2z,|sinf + |1+ z,|cosf

11



Let & = 0. Then the basis functions B,, and B, are found as

. 27 2(1 — | 2,|2)Y2 |1 — 2| (2 + 1

B.(2) = 0=l L(g L6.(2)
1= (20 +2Zn)2 + |20]22

- 22— )P 1+ 2| (2 — 1)

B
n+1(2) 1= (2n 4+ Zn)2 + | 20222

On(2).

These real-valued impulse response basis vectors B,, and B,,,; are then used for modelling
instead of B,, and B,,,;. If we require further basis functions with complex modes then
we repeat the process in (1.41) by forming §n+2 and Bn+3 from linear combinations of
B, .- and B, 3 and so on, and in this way arbitrary complex pole configurations may be
accommodated.

For example, when z, = Z,71 = - - - = Zn19m = Zniomi1, the above basis construction
process yields for j = 0,---,m

~ a(z+1) 2—bz+c)
B, 1o; = 1.44
w+2i(?) 1 —bz + cz? (1—bz+cz2> On(2), (1.44)
~ ai(z—1) [ 2—bz+c)’
B, .o = 1.45
n+2]+1(z) 1_bz+022 (1_bz+cz2 an(z) ( )
where b = 2, +7,, ¢ = |z,|? and
1—¢)(1-— 1—¢)(1
i \/( c)(2 bre) - \/( c)(2+b+c)‘ (1.46)

With n = 0, this is the defining formula for the two-parameter Kautz functions.
The old basis functions B,, and B,,..; can be written in terms of the new basis functions
as

1—2, 1+ 2z,
an]_i_\qu _P+m lﬁn]
B | V2 1—2z, + 2y Boi1 |
11— 2n| |1+ 2l
From this, we derive the following identity
<fa Bn>Bn + <fa Bn+1>Bn+1 = <fa Bn>Bn + <fa Bn—l—l)Bn—l—l- (1.47)

Having shown how to construct new basis functions with real-valued impulse responses
from the basis functions B,,n = 0,1,---, we will next study the same problem for the
basis functions in (1.2). For the new basis functions B_,, and B_,_1, we seek a linear
transformation of the old basis functions B_,, and B_,,_; expressed as

B_,(2) ¢ C B_,(2)
2 = ) 1.48
et P | Pt (149
The substitutions z; — z;_1, Vj and z — 2! transform this problem to the previously
considered case. Thus when z,, = T,;7 = -+ = Tpiom = Tniomii, We have for j =
0’ cee.m
~ d(1+2) (1-bz+c22\
B—n— j = ) )
24(2) 22—=Vbz+d <z2—b’z+c’ %u(2)
_ a (1_2) 1—bz+c22 J
B—n— o — 1 /
%-1(2) 22 —bz+¢ <z2—b’z+c’ %u(2)

12



where b’ = z,, + T, ¢ = |z,|* and ¢, o, are computed from the formulae in (1.46) with &’
and ¢'. Furthermore

1—-7z, B 1+7, N
B J_ L T=ml [t |[ B
B—n—l B \/E 1- Tn T B—n—l
|1 — 24| 11+ x|
which leads to
<fa B—n>B—n + <fa B—n—1>B—n—1 = <fa B—n>§—n + <fa E—n—1>§—n—1- (149)

The unitary equivalance of the bases {B;} and {B,} shows that the latter is complete
in L,(T) (1 < p < o0) and C(T) if the conditions in (1.3) hold. Moreover from (1.47)
and (1.49),

n

Suf = Y (f,By)Br = Snf
k=—n
whenever the sequence {zo, z1, 1, - - -, zn, T } CONtains complex conjugates as well. In this
case, if f has a real-valued impulse response, then both S, f and S, f will have real-valued
impulse responses. This identity shows also that approximation properties of S, f and S, f
are identical.

1.6 Example

In this section, we use a simulation example to illustrate the use of the basis functions
defined by (1.1) for modelling. We consider the identification of a fifth order system with
poles (in the usual stability notion) 0.95 + 0.20¢, 0.85 4+ 0.10¢, 0.55 and zeros 0.96 +
0.28i, 0.96 4+ 0.17:. The transfer function of the system is normalized so that its H,, norm
satisfies |G| = 1. This system was studied in [10] to illustrate the use of the generalized
orthonormal basis functions for the time—domain identification.

We assume N = 500 frequency response measurements

E;, = G(e™*) + ny, k=1,...,N (1.50)

are available where wy, are equally spaced on the interval [0, 3] and the disturbances 7, are
bounded random variables as
Nk = 0.16iak
where o, are independent and uniformly distributed random variables in the interval [0, 27].
Note that by this choice of frequencies, frequency response are not on a uniform grid of
frequencies.
The basis functions in (1.1) were chosen with z; = 0 and

/0.2, k odd
#7109, k even.

This simple choice represents both slow and fast dynamics in the model structure via to the
Laguerre functions. We will estimate G from the data (1.50) by two algorithms.

13



In the first algorithm, a high-order model is computed from the data (1.50) by the simple

least-squares method as
100

Gn(z) = Y_[®'E]xBi(2) (1.51)

k=0

where ®1 is the Moore-Penrose pseudoinverse of ® defined by
ot = (&*®) ' @*

and .
1 --- Bloo (elwl )
Dlw)= |1 - : . (1.52)

1 --- BIOO (ein)

The estimated linear—in parameters model was reduced to a 5th order final model by
using the subspace-based identification algorithm in [21] for model reduction purpose. The
input to the algorithm in [21] were 2048 equally spaced frequency response data on [0, 27].
Note that this amounts to evaluating ® on a uniform grid of 2048 frequencies for which fast
algorithms are known to exist. The size of the Hankel matrix in the subspace algorithm was
chosen 128 by 128. The returned models by this algorithm are almost balanced and they
converge to balanced truncations of the approximated system as the number of the supplied
data tends to infinity. The step prior to forming a Hankel matrix was 2048-point inverse
fast Fourier transform.

In Figure 1.1, the magnitudes of E, Gy (), the final model transfer function denoted
by G (e™), and the measured errors Gy (¢™) — E, Gy (™) — E are plotted. The poles
of G‘N are 0.95 + 0.19¢, 0.85 4 0.114, 0.54 and the four significant zeros are 0.97 £+ 0.17,
0.96 + 0.28:. They all agree well with the system poles and zeros.

Estimation by orthonormal basis

- —- Data
—_— Basis
Error |

=
o
©
T

Magnitude

=
o
S
T

— = Data
—_— Reduced
Error 3

Magnitude

107 107 10 10° 10
Frequency (rad)

Figure 1.1: The magnitude plots of E, Gy (e™), Gy (™) — E (on the top) and E, G (e™),
Gy (e*) — E (on the bottom) using the linear estimate in (1.51).
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Next we will compare this algorithm with the minimax algorithm in [3]. In the minimax
algorithm, the coefficient vector A € R!°! in the linearly parameterized model

101

Gn(2) =3 Ay By(z) (1.53)
k=0

is obtained by solving the following min—-max problem

[6)] E
oL

where Er and E; are respectively the real and imaginary parts of £ in (1.50) and ® z and
®; are the real and imaginary parts of ®.

The min-max solution in (1.54) is obtained from the following linear programming
problem:

A = arg min
AER101

min [0 1] lﬂ

subject to
dp —J Er
o, —J [A < E;
—(I)R —J 1% - —ER
—®; —J -F;

where O € R and J € RMV*! are respectively row and column vectors of zeros and
ones. This program is implemented by the Ip command in the MATLAB’s Optimization
Toolbox.

In Figure 1.2, the simulation results are plotted for the minimax algorithm. We followed
the same model reduction procedure as in the previous algorithm. The poles of the final
model are 0.95 + 0.204, 0.87 4 0.104, 0.54 and the four significant zeros are 0.96 + 0.174,
0.96 + 0.28i. They are in very good agreement with the system poles and zeros. This
increase in accuracy was offset by the fact that computing (1.53) took about two orders of
magnitude more time than needed to compute (1.51).

1.7 Summary

In this chapter completeness and approximation properties of a general class of fixed pole
rational orthonormal basis functions in the L,(T) (1 < p < oo) and C(T') spaces were
studied and a fairly complete analysis of the convergence properties of the Fourier series
formed by the orthonormal basis functions was carried out for the case (1 < p < ).

15



Estimation by orthonormal basis

-

=
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i
(=]
©
T

|
8

Magnitude
=
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T
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10°¢ Basis |3
Error
10’3 Ll Ll I
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10
10° | E
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=
o
T

—_— Reduced |3
- == Error

-3 . M . M . e
10° 107 107 10 10
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Figure 1.2: The magnitude plots of E, Gy (e™), G (™) — E (on the top) and E, G (e™),
Gn(e*) — E (on the bottom) using the min—max estimate in (1.53).
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Chapter 2

On the uniform approximation of
discrete—time systems by generalized
Fourier Series

In this chapter, model sets for linear time-invariant discrete-time systems spanned by fixed orthonor-
mal bases are studied. It is shown that the Fourier series formed by bounded orthonormal basis
functions converges uniformly in the space of Dini-Lipschitz continuous functions.

2.1 Introduction

In this chapter, we will assume that the basis defined by (1.1) and (1.2) is uniformly
bounded, i.e. it satisfies
sup {|znl, |za|} =7 < 1. (2.1)

Since the completeness conditions

g(l_‘zk\)zoo, g:(l—\ka:OO

are obviously satisfied by the basis functions in (1.1) and (1.2) subject to (2.1), they are
complete in L,(T) (1 < p < o0), the Lebesque spaces on T, and C(T) [2]. The partial
sums of the generalized Fourier series of an integrable function f are defined by

Snmf(2) = i (f, Br)Bi(2). (2.2)

k=—m

We will study approximation of functions from a particular subset of C'(T) by the sums
in (2.2) in the supremum norm

[ lloo = sup | £(e%)].
When f is a continuous function on T, we write

wr(d) = sup |f(z) — f(y)]

lz—y|<d
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for the modulus of continuity of f. A function f is said Dini-Lipschitz continuous if
wy(6) In(1/6) — 0 (6 —0).

For the trigonometric basis functions B, = 2%, k = 0,41, 42, -- -, it is well known that
Spmf — f uniformly as n, m — oo if f is Dini-Lipschitz continuous. The main result of
this chapter is to establish an analogous result for the basis functions defined by (1.1) and
(1.2) as follows.

Theorem 2.1.1 Suppose m = O(n?) for some 0 < v. Let S, f be as in (2.2). Assume
that the orthonormal functions in (1.1) and (1.2) are uniformly bounded. If f is Dini-
Lipschitz continuous, then

||Sn,mf_f||oo — 0 (n—)oo)

In the course of proving this theorem, we show that ||S,, || = O (In[n + m]). This
implies that the orthonormal functions in (1.1) and (1.2) can not form a basis for the space
C(T) if they are uniformly bounded. The above results hold also for A(D) with the obvious
modification m = 0.

2.2 Proof of the Theorem

Note that the partial sums in (2.2) can be written as

Sumf (@) = o [ F(€) Lon(y:0)d
nym.J (€ = o o € n,m\Y; Yy
where L,, ., (y; ) is the so-called Dirichlet kernel defined by

n

Lom(y;0) = S By(e®) By (e”).

k=—m

Hence
1Snmll = sup | Znm (-5 0)ll:-

The following lemma will be instrumental in proving the theorem.

Lemma22.1 Lete — z, = r(0) e©®. Then

0—s 1 r¢ 2
ax(0) = a(s) + =+ 5 [ |Bu(e”)| dy.

Proof. Choose [0, 27) branch for the variables 6 and a(#). For the notation, we refer to
Fig. 1. Let 3 denote the unique zero of ax(8) = 0. A variety of situations arises from
different arrangements of the four points s, 0,0, 5 € [0, 27). We will prove only one case
here. The other cases follow from this. For the sake of completeness, they are given in
§2.4.

Case 1.0 ¢ [s,0] and 3 ¢ [s, 0]
Let us first show that if ¢ £ 0 and a,(t) # 0,

2 tim W =8 g ity (2.3)

s—t t— s
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/>

y
X

Figure 2.1: The points A, B, C, O denote respectively e®, e'*, z, 0. The points p, y, and x
lying on the unit circle are obtained by extending the chords OC and AC.

Fig. 1 depicts the case s  t. From elementary geometry notice the similarity of the two

A A
triangles pCA ~ xCy, which is due to the pairwise equality of the six angles

A A AA A A
pAX = pyx, ypA = Axy, pCA =xCy .

Thus
Ox = Y PC _ (1 — lzx]) (1 + [24])

A second fact from elementary geometry provides

AxB = 5 = 5 (2.4)
A third fact from trigonometry yields
A Cx . N (1—|zl?) . (t—s
Bx= — B= : 2.
sin CBx op Sin Cx e e(5) sm( 5 ) (2.5)
Finally
A A A
ar(t) — ax(s) =ACB=AxB + CBx. (2.6)
Hence from (2.4)-(2.6)
oy Q) —ails) L sin (ag(t) — ax(s))

st t—s s sin (t—TS)

A A
. sin AxB +sin CBx
= lim

s/t sin (FTS)
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1— |z

ri(t)
= 1+ |Bk(6Zt)‘2.

When s \ t, reverse the roles of ¢ and s and note the reflexity in (2.3). Hence ay is
differentiable on [s, 6] and integrating (2.3), we obtain the following formula for a(#)

By(e")| dy. 2.7)

f—s 1 r¢
ak(ﬁ):ak(s)+ 9 +§/s

Corollary 2.2.2

D gn—1
On(€”) 6a(e®) = exp <Z'/ Z|Bk|2dy')’
5 k=0

S k=—m

Frn(e”) Pu(e?) = exp (—i /s |Bk|2dy.>.

Proof. Write the numerator and denumerator factors of ¢,,.1(e®) and ¢! (%) in polar
forms as

e — z, = ri,(0) e, e — x), =1t (6) e+,
Since
1 —7Z5 e =r,(0) exp (i [0 — ax(0)]),
we have
n—1 b
bn(€?) = exp (z l—nﬁ +2)  ax(0) )
k=0 J
and -
. -1
# () = exp (z [m@ -2 ) () ) :
k=—m ]
Now the previous lemma completes the proof. | |

A key consequence of this result is that it facilitates a simple formulation of the Dirichlet
kernel.

Lemma2.2.3
Lum(s:0) = ¢4 2 Aols)] (2.8)
sin (%)
where
1 & 2 - 2
A = 5/ SIBP—1- > |B|?| dy,
S \k=0 k=—m
| o .m (2.9)
)\9(8) = 5/ Z ‘Bk|2dy



Proof. This follows from the corollary, (1.5)—(1.6), and e?® — e=% = 2isin 6. [

Now we are ready to prove the main result of this chapter. From Lemma 2.2.3 we derive
bounds for ||S,, .||. Let N = n + m + 1 and a given positive number z, let || denote the
nearest integer rounding = down.

Lemma224 Let S, ,,f be as in (2.2). Suppose that the basis defined by (1.1) and (1.2)
satisfies (2.1). Then

4i 1= ([(1 = )N]) < | Lo (301
- (2.10)

™ 2N
.- <
(500 < g+ |7

-T
Proof. We start with the lower bound. For each fixed 8, Ay(# — x) defined by (2.9) is a
strictly increasing function of z. Let z € [—m, x|, k = —M, - - -, N denote the roots of the
equations A\g(6 — =) = wk/2. Then after a change of variables § — s = x and by the fact
that | sin(x)| < |z| for all z, we have

1 N 1

Tk+1
ZnmC50h 2 52 3 [

NI fom’““ " [sin [Ag (Ck( )l dz

T T max {|zg|, [2r1|}

sin )\9 x)] de

Sln

(2.11)

where ((z) = 0 — x; — x. From the sin expansion sin(a + b) = sinacosb + cos asin b,
the last integrand above can be written as

sin [Ag (G ()] = sin [Ag, (Ce(2))] cos [Ag (Bi)] + cos [Ag, (Ck())]sin [Ag (54)]

:{< 1)5/2sin [\, (Ge(2))], K even
(=1)* D72 cos[Ag, (Ck(z))], k odd

where §y, = 6 — x. Since A\g(6 — x) is increasing on [—m, ], we have |A\g, ((x(x))| < 7/2
forall z € [0, xx+1 — ). Thus from sin(x) > 2z /7 valid for all |z| < 7/2,

: R
sin [Ag, (G(2))] > = Aﬁk (Gl /0 S [Buetc@)’ dy>2a
k=—m
where
Ry = mln Z ‘Bk ’0‘
k=—m

Hence if £ is even integer,

L7 sin Dy (@) do > 32 (o — ). (212

Next from

Ry

T 1 e 2 )
— = — = — Zy >— — .
5 = Ben) = () =5 [ X |Bie [ dy> 2 (@ — ), (213)
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we have

™
Tyl — T < Ry (2.14)
Note also from (2.13) that
™
— T > — 2.15
Tk+1 Ty =~ R1 ( )
where
R1 max Z ‘B 20 ‘
k=—m
Summing (2.14) over k = 0,1,---,p—10or k = —p,---,—1 and noting that z, = 0, we
derive .
lop| < olpl; = 0,E1,42,-. (2.16)
2

The last inequality implies that zy < (7/Re)N and z_,; > —(w/Ry)M. Recall that z
and z,, were chosen so that zy 1 > mand z_(y41) < —7. Thus m < (7/Rg)(INV + 1)
and 7 < (7/Ry)(M + 1). Therefore N +1 > Ry, and M + 1 > R,. It follows that
N, M > | R,].

Considering terms in (2.11) that have even indices, we have from (2.15)-(2.16) and
(2.12)

N-1

Ly [ fin Dy (Gela) @
— Sln T
T maXﬂfEkl |Trq1 |} ok
k: even
R2 L1 M R Rl
> > —. 2.17
~ 27R? Z k| * Z;) k+1)~ 2rR? kgl k (217)

— k
lc even k: even

Now we consider terms in (2.11) that have odd indices. The graph of cos(z) has the
property cos(z) > 1 — (2z/m), z € [0,7/2]. Thus for all z € [0, z541 — 2],

2
cos [Ag, (Ge(2))] 2 1 = — Ag, (Go(2))
iy (G ()0 [ B
=1 /0 _Zm‘Bk(e b y)‘ dy > 1 —a.
Hence if £ is odd integer,

/Ozk+1_zk s o Gu(o)]| o > /OW/RI (1 R x) dee ™ (2.18)

Thus from (2.16) and (2.18)

1 N k+1—Tk A\ d
R  mo o] ek @
O
_1 N—-1 [Ra2]-1
1tz 3y L B P 1 (2.19)
27TR1 e M ‘k“ k=0 k+]. 27TR1 k=1 k
k: 0dd k: 0dd



It follows from (2.11), (2.17), and (2.19)

1 Ry

(-5 0) 11 > o= 2> (1 + _>

2.20
2T R1 ( )

Lower and upper bounds on R, and R, are obtained from

= N A s no1— [y
Bue)[ = 3o Ll oo Tl va ey e
k:zm| k;m 1- ﬁewf k:zm (1 + ‘Zk|)2
and Lt .
n .2 n + |2k 4
B ()] < <N } 2.22

Hence from (2.20)—(2.22), and the following inequality

N+1 dg

N1
o> [ C=m
k:lk 1 T

we obtain the lower bound on || Ly, (- ; 0)||: as follows

b

[ Lnm (-5 )l = % (1=7)*In([(1-7)N]).

The upper bound on || Ly, (- ; 0)]|: is obtained as follows

1 71 |sin A\g(0 — 1 in [Ap(0 —
||Ln,m(';9)\1=—/l w da:—i——/ M de
21 Joy sin (%) 27 Jaglz_1,m1] sin (%)
1 = aR; 1 T
< — —d — —d
T 2m /sm > ¥y egz_1,a1] | 7| !

TR 1
< Z—R; + 3 2In7 — 2In(7/Ry)]

<r(1=r)+I[2N/1—1)]

where in deriving the second inequality from the bottom (2.14)—(2.15) have been used. N
From the lemma, it follows that the orthonormal functions in (1.1) and (1.2) can not
also form a basis for the space L (T) if they are uniformly bounded.
Now we complete the proof of the main result.
Proof. Let X, ,, denote the linear space spanned by the basis functions By, k = —m,---,n
and define

enm(f) = min [If = gl (2.23)

Thus e, ., (f) is the best L, (T)-norm approximation error of f by functions in X,, ,.
Let 7,,,» be the minimizing solution in (2.23). Let E,(f) denote the best L. (T)-norm
approximation error of f by trigonometric polynomials h(z) = zg:_q c2* and let hy be
the unique minimizer. Note that

17glloe < Eq(f) + I flloo < 21| fllco-
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Hence ||c|lc < 2||f|lco- Let A(ry,r2) denote the annulus {z : r; < |z| < re}. Since
h; € A(0,00) C A(1/2,2),

sup |hy(z)] < 2771 |¢/|oo- (2.24)
2€A(1/2,2)

Let 7 = min{m, n}. Fix g as
g = {(1 _r) %J . (2.25)
Then from (1.17) and (2.24)—(2.25), we have for some absolute constant C'; > 0

||h; - Sn,mh;“oo < et3 || f1|oo €xP [—i (1-r)(n+ 1)] 4 94+2 11 £]oo €Xp {_i 1- r)m]
< 2[[flloexp[-C1 (1 —r7)7]. (2.26)

Since Spmhy € Xnm, an application of the triangle inequality yields

The first term on the right hand side of the above inequality is bounded from a theorem of
Jackson [8, p. 144] as

Ey(f) <wy <L> :

qg+1

Hence if m = O(n?), then for some absolute constant C, > 0

7r
E,(f) InN < Cywy (q—i-—l) Ing

and thus
E,(f)InN —0 (n — o0). (2.28)

From (2.26) under the same condition m = O(n?), we also have
Py — Snmhylloc INN — 0 (n — 00). (2.29)
It follows from (2.27)—(2.29)
enm(f) NN — 0 (n — o0).
Write f as f = 7, ,» + x With the approximation error x = f — 7, . Then Sy, 1 7m =

Tn,m SINCE T,y € X,y @and due to the linearity of the Fourier series S, mx = Sp o f — Tnm.-
Hence from Lemma 2.2.4 for some absolute constant C3 > 0

||f_8n,mf||oo ”X_Sn,mX“oo
en,m(f) + ||8n,m|| en,m(f)

Csenm(f) InN —0 (n — 00).

IA A
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2.3 Summary

This chapter has provided a preliminary study of the uniform convergence properties of
certain general classes of rational orthonormal basis functions. The main result was to
establish that the Fourier series formed by uniformly bounded orthonormal basis functions
converged uniformly in the space of Dini-Lipscithz continuous functions.

2.4  Appendix

In this appendix, we study the other cases.
Case 2. 5 ¢ [s,2m) U [0, 0]
Apply Case 1to [s, 27 — €) and (e, ]. Then from (2.7)

2r — e —
ap(2m —€) = ag(s) + ————— 2/ |Bk‘2dya

()| dy. (2.30)

ak(ﬁ) = ak(e) + 5
Since a,(0) # 0, ax(y) is continuous at y = 0. Hence

lim ai (€) = ax(0+) = ax(0) = ax(27—) = lg% ag (2™ — €).

e—0
Thus
0—s 1 ; ;
ak(ﬁ):w—i-ak(s)—i- 9 +§/ Bk y dy——/2 ‘Bk y y
0 — 1 9 2
=27 + ag(s) + 5 i 5/ Bk(e’y)‘ dy (2.31)
where the second equality follows from
y+2m .
/ By(é®)[2dz =27,  forall y. (2.32)
Y

Case3.s>0and 3 ¢ [s, 0]
If s = 0, consider only (2.30) in Case 2 which then yields (2.7) as ¢ — 0.
Case 4. g € [s,0] (s > 0)

1. B € (s,0): then a,(B—) = 27 and ax(6+) = 0. Apply Case 3 and Case 1 to [s, )
and (3, 6] to get from (2.7)

a(8-) = als)+= ()] dy,
ar(0) = ap(B+) + # +%/; Bi(e)[” dy.
Thus 4
ax(0) = =27 + ax(s) + 5 + 5 )] dv. (2.33)
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2. B = s:then ag(s) = ax(B+) = 0. Apply Case 1 to (53, 0] to get from (2.7)

ag(0) = a“ﬂ%—)—#%%—%/ﬂe‘Bk(eiy)r dy

= alo)+ s [
= @+ 3

3. B =0:then ar(f) = 0 and ax(5—) = 2. Apply Case 3 to [s, 5). Hence from (2.7)

()| dy.

B —s

ag(B—) = ax(s) +

which is (2.33).
Case 5. g € [s,2m) U [0, 0]

1. B € (s,2m): then ax(B—) = 27 and ax(6+) = 0. Apply Case 2 and Case 1 to
(8,2m) U [0, 6] and [s, ) to get from (2.31) and (2.7)

ar(0) = 27+ ax(B+) + # + % /; ‘Bk(eiy)r dy,

B—s

ap(B—) = ax(s) +

Hence summing the above equalities we get (2.7).

2. 3 €(0,0): then ax(6—) = 27 and ax(8+) = 0. Consider [s, 27) U [0, 3) and (3, 0].
Thus the following equalities

ar(f) = (ﬂ+)+T+2/ \Bk w\ dy,

—8

a(B-)

21 + ag(s) +

yield again (2.7).
3. #=0:then ax(27r—) = 27 and ax(0+) = 0. Considering [s, 27) and (0, 8], we have

ar(0) = (0+)+9—0+2/ ‘Bk “f‘ dy,

2r — s 2 2
ap(27—) = ax(s) + 5 + 5/ ‘Bk (e”) ‘ dy
S

which yield (2.7).

4. 3 = s: consider (s, 2m) U [0, 68]. Then from (2.31)
w(®) = 27+ ax(B4) + TP 4 / Be(e)[” dy

which is (2.31) since ax(s) = ax(6+) = 0.
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5. B = 6: consider [s,27) U [0,0). Then ax(8) = 0 and ax(5—) = 27 and from (2.31),
we have

2
Bk(e’y)‘ dy

ak(ﬂ—) =27T+6Lk(8)+ B;S +%/sﬂ
which is (2.7).

The following equality defined for s, 0 € [0, 27) unifies (2.7), (2.31), and (2.33)

6 — 1 6 ,
ar(0) = ax(s) + 4+ 5/ Bk(ezy)‘2 dy, mod (27).

2

Due to (2.32) this equalitity is invariant to translations of # and s by multiples of 27. This
completes the proof.
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Chapter 3

Synthesis of Complete Orthonormal
Bases with Prescribed Asymptotic Order

In this chapter, a method to construct complete orthonormal model sets for continuous—time sys-
tems, which have a prescribed asymptotic order, is presented. Two examples that illustrate the
application of the method are provided.

3.1 Introduction

In a sequel of papers [5, 4], the basis functions defined by a choice of numbers «,, in the
open right half-plane as

\/2Re{a,}
Bn(s) = W@bn—l(s)v TL:1,2,'

dals) = 11

Ty

(3.1)

’ n:1727a ¢0(5):1

which are orthonormal with respect to the inner product (f, g) = (1/27) [ f g have been
considered in detail. The well-known Laguerre and Kautz models, and the more recently
introduced general orthonormal basis functions are the special cases of the basis functions
(3.1) where all the basis poles are restricted to a finite set.

In [5, 4], completeness of the basis defined by (3.1) in H,,, the Hardy spaces of functions

g(s) which are analytic on the open right half-plane and such that ||g||,, 2 [(1/2n7) 12 |g(iw)|P dw]/? <
oo, was studied. Completeness means that linear combinations of the basis functions (3.1)
are capable of arbitrarily good approximation in the spaces H,,.

A function f is said to have asymptotic order m if f(s) = O(s™™) as s — oo. The bases
defined by (3.1) have asymptotic order 1. As illustrated in [22, 32], there are significant
advantages in being able to construct bases of asymptotic order greater than one. In [22],
a unified method for the construction of orthonormal sets with arbitrary asymptotic order
was proposed. As pointed out in [32], orthonormal sets constructed by this method are not
necessarily complete in H,. Most recently in [4], a method to construct an infinite set of
orthonormal bases, each of which have arbitrary asymptotic order, and whose linear span
is everywhere dense in H, for all 1 < p < oo was presented.

This chapter is continuation of the work initiated in [4]. First, a different version of the
result in [4] that allows easier implementation of the method is presented. Next, it is shown
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in a special case that this method is equivalent to calculating certain Toeplitz determinants.
The latter problem is reduced to finding solution of a linear finite—difference equation. Two
simple examples illustrating application of the method are given. In the first example,
this method is shown to produce the generalized Laguerre functions [29, 9, 20], which are
known to form a complete set in H, and have asymptotic order two. In the second example,
a restriction in the first example is removed. Extensions to more complicated situations are
straightforward and they are briefly described.

3.2 Bases with Prescribed Asymptotic Order

In this section, we derive model sets that are complete in H, for all 1 < p < oo and for
which the basis functions f(s) defining the sets each have a prescribed asymptotic order.
The following result provides a recipe to construct bases of arbitrary asymptotic order and
with arbitrary pole locations.

Theorem 3.2.1 Let P(s) be an mth order real coefficient polynomial with roots in the

open left half-plane. Consider the basis functions (3.1). Let f4(s) 2 Bi1(s)/P(s), k > 0.
Then { fi} k>0 is complete in Hy, forall 1 < p < oo if 302, (1 — |an|) = oo and fi(s) =
O(s~(mt1)) as s — oo.

Proof. Let f € H, be a given function. Let e > 0 be also a given number. Approximate f
by a function g analytic on the open right half-plane that has the properties || f — g|, < €
and

|l‘im 1s|™2 |g(s)| = 0, Re{s} > 0.

§|—00
This is possible since such functions form a dense subset of H, for all 0 < p < oo (for a
proof, see Corollary 3.3 in Chapter Il of Garnett [13]). Take A(s) = P(s)g(s). Then for all
1 <p< oo,

P(s)

(5 + 1)m—|—2

Since sp{By, B,, - - -} is complete in H, forall 1 < p < oo (see Lemma 4 in [5] and
Theorem 3.1 in [4]), there exists a function F' € sp{ By, Bs, - - -} such that

h(s) = (s + 1) g(s) € H,

[h—Fll, <e
which implies that
H F 12— Fll €
Pll, — miny, |P(iw)| = min, |P(iw)|
Therefore
-0 cer
Pl min,, | P(iw)|
Since f and e are arbitrary, this establishes the claim. |

The proof of Theorem 3.2.1 is adapted from [4]. This new result is stronger than Theo-
rem 4.1 in [4] since the required order for P(s) is one less. The next job is to orthonormalize
the set {fx}. In [4], the Gram-Schmidt orthonormalization procedure was applied to the
set { fx} without obtaining explicit results. As will be shown shortly, in a special case, the
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orthonormalization problem is equivalent to computing certain Toeplitz determinants. This
in turn is equivalent to finding solution of a linear finite—difference equation. An increase
in the order of P(s) by one means an increase in the order of this equation by two.

Examination of the proof of Theorem 3.2.1 raveals that the conclusion of Theorem 3.2.1
is valid for every complete base in H, (1 < p < oo). A set of basis functions with real-
valued impulse responses that is complete in the real Hardy spaces H, (1 < p < oo) can
be extracted from the basis functions in (3.1). This process is described in [5]. Then Theo-
rem 3.2.1 tells us that the basis functions { f; } will have all real-valued impulse responses.
The real-valued impulse response basis functions are used in applications involving the
modelling of physical systems.

Since { By} is linearly independent, { fi} is also linearly independent. Thus the follow-
ing determinants

(fo, fo) (f1, fo) -+ {fn, fo)

(fo, f1) (fr, fr) oo {fns 1)

D, = , n>0 (3.2)

ot Fisda) e (s )

are all positive. It is fairly easy to show that the functions defined by ¢, (s) = Dgl/2f0(s)
and forn > 1,
<fna fO)

n = (Dp-1Dy =172 Doy : 3.3
dn(s) = ( ) T (3.3)

fols) — fals)

are orthonormal. The coefficient of f,(s) in ¢,(s) is (D,_1/D,)2. If this positivity
is enforced in the orthonormalization, then ¢,, k£ > 0 are the unique functions which
orthonormalize the given functions f;, £ > 0. The inner products above are calculated
from (3.1) as follows

(frs 1)

_ 1 [Re{akﬂ}Re{azH}]UQ [k (s)/1i(s)]
o 7{* (8+ak+1)(3_W+1)P(S)P(—s) ds (3.4)

where the closed path I" consists of the imaginary axis and the infinity radius semicircle in
the right half-plane centered at the origin and is traversed counter clockwise.
The equations (3.2)—(3.4) are greatly simplified by enforcing a periodicity condition on
the basis poles
Qi = G, k=1,2,---.M; j=1,2,---, (3.5)

which corresponds to the choice of general orthonormal basis functions, and choosing the
roots of P(s) from a subset of basis poles. The condition (3.5) implies that

(ferinrs frein) = (fro J1), j=0,1,2,-

and thus D,, defined by (3.2) are determinants of Hermitian (block) Toeplitz matrices. Re-
call that elements of a Toeplitz matrix are constant along any stripe parallel to the main di-
agonal. The second assumption that the roots of P(s) lie in the set {—a, } forces these ma-
trices to be band matrices. Indeed, if & is sufficiently larger than I, the term (s—a@;7) P(—s)
is cancelled by the term ¢ (s)/¢y(s) and the integrand in (3.4) becomes analytic on the
open right half-plane; thus by the Cauchy’s formula the right hand side of (3.4) vanishes.
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In § 3.3, in order to simplify the computations and also to gain insight in the orthonor-
malization procedure we will consider the Laguerre functions defined by a fixed real pa-
rameter ¢ > 0 as

V2a [/s—a\k1
B = =1,2,--- )
(s) s+a <s+a) ’ K T (36)

and take P(s) = (2a%)~'/?(s + a). The factor (2a2)~'/2 is for normalization. This choice
of the basis functions and P(s) corresponds to m = M = 1. In § 3.4, we will remove the
restriction on the pole location of P(s). The case M > 1 with no restriction on the poles of
P(s) is not difficult but tedious; it requires some lengthy notation and substantial algebra.

3.3 Construction of Single Pole Orthonormal Bases with
Asymptotic Order 2

When applied to the Laguerre functions (3.6), equation (3.4) with P(s) = (2a%)"'/?(s+a)
plugged in admits the following simple form

28 (s—a)?
i m dS, k Z [.

(frs f1) =

Hence (fi, fi) = 0if |k — 1| > 2. Moreover from the following identity [14, For-
mula 2.148.3]

/ dx . T n 2n—3 dz (37)
(I+22)  (2n—=2)(1+22)!  2n—2J) (1+z2)V '
we have d
2a o w
<f0;f0> ) 7(w2+a2)2 =1

For the term (f1, fo), using (3.7) twice for n = 3 and the following identity [14, For-
mula 2.147.2]

1+a22) (2n—m—1)(1 4 22! 2n— -1/ 1+2?)

/ 2™ dx ™! — ™2 dx
(

we get
2a o g 2 1
——dw = ——.
(s fo) = 7 /oo (w? + a?)? n 2
Let 7, denote the matrix in (3.2) whose determinant is D,,. Then it has the following
form

Chy C1 0O --- 0
Ci Cp C1 - 0
T,=|0 ¢ ¢ =+ 0| n>1 (3.8)
0 0 0 - ¢ |
where ¢o = 1 and ¢; = —1/2. The determinants D,, can be computed recursively from
1
Dn = anl - Z Dn,Q, n= 2, 3, s (39)
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with the initial conditions Dy = 1 and D; = 3/4. If we set D_; = 1, then this recursion is
also valid for n = 1. The equation (3.9) has a multiple root at z = 1/2. Thus its solution is
found as

D, = (1 + g) 2 p >0 (3.10)

Expanding the determinant in (3.3) with respect to the last row and taking into account
the structure in (3.8), we derive the following expression for ¢,,(s)

n n—k
buls) = S (~1)ntk % fi(s) (3.11)

k=0
3 n

a 1/2 ok
= [(n+18)(n+2)] <8+1a)2,§(k+1)<5+a) , n>0

which simplifies to

bos(s) = 1 {@n(s—a)n_ 1 [1_<s—a>”]}, n>1 (312)

VnZ4+n | s+a \s+a V2a s+a
where we used the identity [14, Formula 0.113]
n — (a+nb) z™ bz (1 —z")
k) o = 2= 3.13
2la+bh) I—2 (1—ap (313)

which is valid for all z # 1 and n > 0.

The functions —¢,, 1, n > 1 are the generalized Laguerre functions considered in
[29, 9, 20], which are known to form a complete set in H,. Then Theorem 3.2.1 tells us that
the set of generalized Laguerre functions is complete in the spaces H, forall 1 < p < oo
and each function in this set has an asymptotic order 2.

It should be noted that generating orthonormal sets with prescribed asymptotic order
is not difficult. As a matter of fact, consider the orthonormal basis functions (3.1) and
let ¢,(s) = B™/||B™||l., n > 1 where m is an integer satisfying m > 1. Then by an
application of the residue theorem, observe that {¢,},>1 is orthonormal. However this
set will not be complete. This implies that any finite collection of such sets generated by
different values of m will not be complete. Then it follows that the method proposed by
Mendel [22] does not necessarily produce complete orthonormal sets. On the other hand,
our recipe guarantees completeness. To show incompleteness of the set {¢,},>1 for each
fixed m > 1, first by an application of the residue theorem note that B is orthogonal to the
functions B, n > 2 and (B, B]") # 0. Set

¢ = Bllz Bi — (B1, BY") ¢1.
Then ¢ # 0 and it is orthogonal to the set {¢,, },>1.

3.4 Construction of Double Pole Orthonormal Bases with
Asymptotic Order 2

In this section, we remove the restriction on the pole of P(s) and choose

a

P(s) = [m] - (s +b)
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where the constant factor has been introduced for normalization. Then the basis functions
to be orthonormalized are

(a +b)v/2b (s—a)k,

Te(s) = (s+a)(s+b) \s+a

k> 0.

We start the orthonormalization process by computing inner products in (3.2). We have
for k > I,

B 1 2b(a + b)? (s — a)k~1-1
R e Graf (st b)(s—b)
Y Ul

2b(b + a)k—t+1
k—Il—-1
L b—a
N (b + a) ’
where the closed path T is as defined in (3.4) and the second equality follows from the
residue theorem, and for & = [,

U fo) = b(a + b)? /00 dw

(3.14)

m o (w?+ a?)(w? + b?)
_ a+b (3.15)
= —
Letting
A A a+ b A b—a
- a ’ ,U, - b+ CL’
we obtain from (3.14) and (3.15), the following expression for T}, (n > 1)
i )\ _]_ _/1/ “ e _,ulnfl 1
-1 A -1 T
T,=| —»n -1 A (3.16)
i _Mn—l _Mn—2 _,un—3 . A |

As opposed to (3.8), T, is not a band matrix. However it does not pose much difficulty
for the orthonormalization process. This is due to the special structure in (3.16). We will
show that as in § 3.3, the determinants of 7}, can be calculated by solving a second order
finite—difference equation. Indeed, first substract x times the second row of 7;, from the
first row of 7,,. Then substract x times the second column of the resulting matrix from the
first column of it. These operations leave D,, invariant and the result is

20—1) 1—-X 0 -+ 0

1-X A R

D, — 0 ~1 A — 3
0 _Mn—Z _Mn—3 A

, (3.17)
= 2()\ — ]-)Dn—l - ()\ - 1) Dn_z, n 2 2
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with the initial conditions Dy = X and D, = \? — 1. The solution of this equation is found
as
D, =A+n)(A-1)", n > 0. (3.18)

To construct orthonormal base, we proceed as in § 3.3. Let

[ )\ _]_ _/1/ “ e _'unfl T
-1 A -1 T
Q é _/J/ _]_ )\ PR _un_3
n — . . . . .
_,uan _Iunfii _Mnf4 . -1
L Jo fi fooo o o

Let Qﬁf_)l denote the matrix obtained by striking out the row and column of @,, containing
fr(s). Let Qﬁf_)Q denote the matrix obtained by striking out the first row and the first column
of Qﬁf)l. Then Q;’i)?, is obtained from Qgi)g by striking out its first row and first column
and so on. We define another sequence of matrices starting with Sgi)l, which denotes the
matrix obtained from @,, by striking out the row and column of @,, containing fy(s). The
second matrix S,(L'“_)2 is obtained from Sff_)l by striking out its first row and first column. The
matrices S,S'?;,,, 55@4, - - - are defined similarly.

First, substract  times the second row of Qslk,)l from the first row of Qg“,)l. Then
substract . times the second column of this matrix from the first row of it. The result for
3<k<nis

2(A0—=1) 1-=Xx 0 0
1—-A A -1 2
‘Qgc—)1 = 0 -1
' 5 Qs
0 _IulnfS

= 20— 1)[QM, — (A —1)21QW,.

Hence forn — k+2 < j < nand 3 < k < n, we obtain the following finite—difference
equation

Q1 =200 = DIQFA| = (A = 1)°|Q,.
The solution of this equation is found as

QY| = (Cy + jCo)(A — 1) (3.19)

where the constants C;, C, are to be determined from

Q2] = [Cr+ Caln =R (A= 1), .20
QY| = [Cr+Coln—k+1)](A—1)"F+ |
Thus from (3.19) and (3.20), we getfor3 < k <n
_ (1-k) _ (k)

(A — 1)1+ (A —1)2+

34



Next, assuming 3 < k < n, we find a recursion formula for |[Q'), . |. Letting ¢ =
n — k+ 1, we have

A -1 —p? —ut ]
-1 A —1 —,ut_l
QY= —n -1
: : St—2
2 |

On this matrix, repeating the same row and column operations as before, we arrive

QP

| (k)

n—k+1

2(\ — 1)
1— A
0

1-A
A
-1

_Iu.t—Q

0
—p

—p

St—2

200 — )@ — (A —1)?[S,a].

Note that this equation holds also for £ = 2. Thus we have shown that for all 2 < k£ < n,

=200 -

DI = (A

—1)%|S,_

0

t—1

(3.22)

k-1]-

Now we find a recursion formula for |Q£f)k| Substract . times the second row of fo_)k
from the first row of Q) to obtain for 2 < k < n,

QP

A+ p 0
-1 -1
_/'Lufl _/‘Lqu

(A4 )| Su—1]

0
— i
—1

Iulu.f 3

where v = n — k. This formula holds also for £k = 1. Thus forall 1 < k£ < n,

QW = (A + 11)[Snp_1].

Finally, we obtain a recursion formula for |S,|. Substract x times the second row of S

(3.23)

from the first row of S;. Then S, = —1andfor1 < j < n,
1-x 0 - 0
A -1 —pi
s=1 :
(L= A)[Sj-l
—(1 = \). (3.24)
Hence from (3.23) and (3.24), we have for 1 < k < n,
A + 2 -
\Q o= (1= AR (3.25)
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Using (3.25) and (3.24) in (3.22), we getfor2 < k <n

A+ 4 .
QY | = A=) L (3.26)

Plugging (3.25) and (3.26) in (3.21), we obtainfor3 < k < n

QW =22 Cape -y 327)

This formula contains the cases £ = 1 in (3.25) and £ = 2 in (3.26). For & = 0, we have
QW =[Sna| = —(1 = 2",

which is recovered by the formula (3.27) with £ = 0 plugged in. Thus (3.27) is valid for
all £ < n. Note that

QS| = Dy (3.28)

Expanding the determinant in (3.3) with respect to the last row, we have ¢q(s) =
fo(s)/v/Asince Dy = Aand forn > 1

n

dn(s) = S (=) (D1 D)2 QW) Fi(s). (3.29)

k=0

Thus from (3.18), (3.27), and (3.28), we get

bols) = —Dn rf(xmk) (zlz>k+/\(/\+n— 1) (5‘“)”]

(s+a)(s+0b) |/ s+a
where
N 2@3 1/2
bn = [(A+n)(/\+n-1)] : (3:30)
From (3.13), we can write ¢,,(s) as
n(s) = B A(A+n—1)<s_a>n+(8+a)2 A+(2—A)8_a
"  (s+a)(s+b) s+a 4a? 84_(3931)
s—a\" s —a\"t! '
—(A+2n)(8+—a) +(/\+2n—2)(8+a> H

Although tedious, it is clear how to proceed for higher asymptotic orders. For example,
consider the single—pole case in § 3.3 for degP(s) = m > 1. Then T, in (3.8) will have 2m
nonzero stripes parallel to the main diagonal and the order of the finite—difference equation
in (3.9) will be 2m. Once this equation is solved, ¢,(s) can be calculated in terms of
its solution as in (3.11). When m > 1, the multiple—pole case considered in this section
requires taking more than one row or column at a time for pivoting. In the most general
case, i.e., the basis—pole set is not singleton, pivoting operations are to be performed on
matrices. The details are omitted.
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3.4.1 Asymptotic Toeplitz Results

The examples we have studied in this chapter are essentialy of determining Toeplitz deter-
minants generated by nonnegative rational functions. A lot of results are available in the
literature for Toeplitz determinants. In the rest of the chapter, we will review some of these
results.
The nonnegative function on the unit circle that generates the Toeplitz matrices in (3.16)
IS
F(ew) = \— Z ,u|lc—1\ eike
k£0
2
- a1 e (3.32)
a(zp —1)(z — p)
This rational function has double zeros at z; » = 1 and two poles at p; = p and p, = 1/F.
The symmetry of the poles and zeros with respect to the unit circle is in agreement with
the positivity of F(e®?). When p = 0, we have F(e?) = —(1 — 2)2/z, which is the case
considered in § 3.3 after a rescaling of f’s.
The first Szegd limit theorem [15] tells us that

. Dn _ i i 10 A
lim = exp (27T /77r In F(e )dH) = Mp (3.33)

n—oo [, 4

where the symbol M g stands for the geometric mean of £'. Now consider the case in § 3.3.
Then F(e) = 1 — cos# and

Mp = exp (% /_ﬂ In(1 — cosf) d0> ==

where we used the identity [14, Formula 4.224.9]

T /2 _ b2
/ In(a + bcosz)dzr = mln CH—+ (3.34)
0
valid for all @ > b > 0. Hence
5 D, 1
11m = —.
n—oo )4 2
From (3.10), we have the same result as follows
D, . n+2 1

BRD, . TR Am D) 2

When F is positive and satisfies certain smoothness conditions, the following refined
version of (3.33), known as the strong Szegd limit theorem [15], holds

27
J%MT_W(//

where F(z) is the unique analytic function that satisies ReF (e?) = F(e?) and ImF(0) =
0. Recall that if the Fourier series of F' is

f’
T‘ ew

r d9dr> (3.35)

0 .
Z Cr esz

k=—00
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then its conjugate Fourier series is

o0

=—i Y sgn(k)cye®
k=—o0
where sgn is the signum function defined by

sgn(n) = { _ng]n" Zig’

Thus for the case in § 3.3, we have F(z) = 1 — z. Hence F'(z) = —1 forall |z| < 1 and
the right hand side of (3.35) is

1—2rcos9+r21—r2_ o 1—172

/ /27r (1—r%de  2rdr Uy dr

which equals to the left hand side of (3.35), where we used the fact that the integral of the
Poisson kernel which is the first integrand on the left hand side of the above equation equals
to 2.

More elaborate asymptotic results on Toeplitz determinants can be found in the compre-
hensive book [6]. Notice that the coefficients of fi(s) in (3.10) increase slowly as O(k/n).
This implies that asymptotic analysis does not have much to offer in the problems consid-
ered here. However it is an indispensible technique when exact solutions as in (3.10) or
(3.18) are not possible.

3.5 Summary

This chapter has illustrated application of a method to construct complete orthonormal
model sets which have a prescribed asymptotic order.
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