@ Available online at www.sciencedirect.com Transactions of

: : A. Razmadze
CrossMark SClenceDlreCf Mathematical

Institute

Transactions of A. Razmadze Mathematical Institute 171 (2017) 16-23

www.elsevier.com/locate/trmi

Original article

On Robinson’s Energy Delay Theorem

L. Ephremidze®**, W.H. Gerstacker®, I. Spitkovsky®

4 New York University Abu Dhabi, United Arab Emirates
b A. Razmadze Mathematical Institute, Georgia
€ Friedrich-Alexander University Erlangen-Niirnberg, Institute for Digital Communications, Germany

Received 30 November 2016; accepted 25 December 2016
Auvailable online 30 January 2017

Abstract

An elementary proof of Robinson’s Energy Delay Theorem on minimum-phase functions is provided. The situation in which
the energy conservation property holds for an infinite number of lags is fully described.
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NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Let D be the unit disk in the complex plane and T = {z € C: |z| = 1} be its boundary. The set of all analytic in
D functions is denoted by A(ID). The Hardy space H> = H?(DD) consists of all the functions f € A(D) the Taylor
series

f@ =) a"
n=0

of which satisfy the condition

o
Z Ianl2 < 00.
n=0

In engineering, these functions are known as z-transforms (resp. transfer functions) of discrete-time causal signals
(resp. filter impulse responses) with a finite energy. It is well known that the boundary values of f € H? exist a.e.,

fi(e?) = rgnll f@rety foraa. 6 e[0,2n), (1)
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and fi € L*(T), the Lebesgue space of square integrable functions on T. Furthermore, f1 € L%_(']I‘) = {f €
LX) : en(f) = 2 02 T f(e%)e™ " d9 = 0 for n < 0}. Actually, there is a one-to-one correspondence between H?>
and Li(T), and therefore we may naturally identify these two classes.

For any function f € H?, the inequality

1 2 .
|£(0)] < exp <§ /0 log |f+(e'9>|d9> )

holds (see, e.g., [1, Th. 17.17]). The extreme functions for which (2) turns into an equality are called outer. In
engineering they are also known as minimum-phase, or optimal, functions. According to the original definition of
outer functions by Beurling [2], they admit the representation

1 2w ,i6 .
f(z)=c-exp <E/(; - +Z10g|f+(€’6)|d9)a ®)

et@_z

where c is a unimodular constant. This representation easily implies that the equality holds in (2) for outer functions
and it can be proved that the converse is also true. In particular, boundary values of the modulus of an outer function
uniquely determine the function itself up to a constant multiple with absolute value 1.

The following property of minimum-phase functions, first observed by Robinson [3], plays an important role in
several signal processing applications.

Theorem 1. Let f(z) = Y o0 anz" and g(z) = > o2y byz" be H?-functions satisfying

el =g+ ()] for ae. . @
If f is of minimum-phase, then for each N,

N

N
> anl? = > Ibal® )
=0 n=0

n

Robinson gave a physical interpretation to inequality (5) “that among all filters with the same gain, the outer
filter makes the energy built-up as large as possible, and it does so for every positive time” [4] and found geological
applications of minimum-phase waveforms. Consequently, the term minimum-delay [5, p. 211] functions is being
used to describe optimal functions, and Theorem 1 is known as the Energy Delay Theorem within the geological
community [6, p. 52].

Theorem 1 was further extended to the matrix polynomial case and used in MIMO communications in [7]. In [8],
the theorem is formulated and proved for general operator valued functions in abstract Hilbert spaces.

In this paper, we provide a very short and simple proof of Theorem | based on classical facts from the theory of
Hardy spaces. This is done in Section 3, while the modification of this proof fitting the matrix case is discussed in
Section 4. In final Section 5, we treat the situation in which (5) turns into an equality for infinitely many values of N.
The preliminary Section 2 contains some notation and known results, included for convenience of reference.

2. Notation

Let L? = LP(T), 0 < p < oo, be the Lebesgue space of p-integrable complex functions f with the norm

. 1
N fllLr = (% 02” | f(e!?)|P d@)l’ for p > 1 (with the standard modification for p = o0), and let H? = H? (D),
0 < p < o0, be the Hardy space

2
{f e AD) : sup/ | f(re'®)|P do < oo
r<1J0

with the norm || f|lgr = sup,_; | f (re'")||Lr for p > 1 (H™ is the space of bounded analytic functions with the
supremum norm). It is well known that boundary value function f (see (1)) exists for every f € HP, p > 0, and
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belongs to L?. Furthermore,

I f e =N f+lze (6)

for every p > 1, and it follows from the standard Fourier series theory that

0o 00 1/2
Yoad| = (Z |an|2> : (7)
n=0 H2 n=0

Condition

2
/ log | f(€?)|d6 > —o0 ®)
0

holds for every f € H?, and the function f is called outer if the representation (3) is valid. We have the equality (the
optimality condition) in (2) if and only if f is outer (see [1, Th. 17.17]). One can check, using the Holder inequality,
that if f and g are outer functions from H” and HY, respectively, then the product fg is the outer function from
HPa/(p+q)

A function u € A(D) is called inner if u € H* and
lup () =1 foraa. 6 €[0,27). ©))
If in addition u(z) # O for z € D, then it is called a singular inner function. Every i € HP can be factorized as
h(z) = B(2)1(2) f(2), (10)

where B(z) =z [],_; % % is a Blaschke product, 7 is a singular inner function and f is an outer function from
HP?. (Observe that |h4| = | f4] a.e.) In these terms, a function is outer if and only if the inner factor in factorization
(10) is constant, i.e., without loss of generality, B =7 = 1.

These definitions and factorization (10) are classical in mathematical theory of Hardy spaces. However, engineers

frequently discard the middle term in the factorization (10): a singular inner factor, having the form

1 (276 42
I(Z) = eXp (_Z,/O el _ Z d“s(e) s

where 4 is a singular measure on [0, 277), is trivial in case of rational f and thus not encountered in practice. So, they
sometimes define a minimum-phase function f € H (D) by the condition 1/f € A(D) (i.e. f(z) # 0 for z € D). This
definition can be used for rational functions, however, not for arbitrary analytic functions. As an example of a singular
inner function Z shows, the inequality in (2) might be strict in this case (|Z(0)| < 1, while fozn log |Z4(¢'?)| d6 = 0).
So, the equality may not hold in (2) even if f~! € A(D), as it was incorrectly claimed in [9, p. 574].

We will make use of the following standard result from the theory of Hardy spaces (see [10, p. 109]).

Smirnov’s Generalized Theorem: if f = g/h, where g € H”, p > 0, h is an outer function from H?, g > 0,
and fr € L",r > 0,then f € H".

For a positive integer N, let Py be the projection operator on H? defined by

00 N
Py: Z an?' — Z an?’.
n=0 n=0

For h(z) = Y. ya2" € A(D), let supp(h) = {n € Ny : y, # 0}.
Now we turn to matrices and matrix functions. For a given set X of scalars or scalar valued functions, let X, xn
stand for the set of m x n matrices with the entries from X. The elements of LS «a (Tesp. H 5>< 4) are assumed to be

matrix functions with domain T (resp. D) and range C;x4, and of course F € LSX qgfor FeH 5X 4
For M € C,;x4, we consider the Frobenius norm of M:

d d 1/2 i
1M, = (ZDmiﬂz) = (Trmm™))'2,

i=1 j=1
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—T
where M* = M, and for F € HY ,, we define
d 12
2
IF 2 (Z > |ﬁ,-|Hz) :
i=1 j=1
Similarly, we define || F+ ”Ltzixd for Fy € L3, ;- By virtue of (6), we have
F = ||F 11
IF N2 = Fslls (1

and, as in (7),

n<

o 1/2
" = (Z ||An||%> (12)
H n=0

2
dxd

for any sequence of matrix coefficients Ag, Ay, ... from Cyyxy.

A matrix function F € H 3X 4 18 called outer if det F' is an outer function from H 2/d This definition is equivalent
to number of other definitions of outer matrix functions (see, e.g., [11]). On the other hand, a matrix function
U € A(D)gxq is called inner if U € HF; ; and U, is unitary a.e.:

Up(eHU% (%) =1, foraa.d € [0,2n). (13)

3. Proof of Theorem 1

According to (7), the statement of Theorem 1 is equivalent to

1PN (Plgz = 1PNl g2, N € No. (14)
For any bounded analytic function u € H*, we have
Py(uf) = Py(u- Pn(f)) (15)

since PN(u . PN(f)) = PN(u(f —(f — PN(f)))) = Py(uf) — PN(u(f - PN(f))) = Py (uf). Here we utilized
the fact that the kernel of Py is the set of functions in H? having zero as its root of multiplicity at least N, and thus
invariant under multiplication by u.

Since (4) holds, by virtue of Beurling factorization (10), there exists an inner function u such that g = uf.
Therefore, taking into account (6), (9), and (15), we get
1PN (Nl gz = luPy (Ol gz = 11PN (PN () gz = 1Py @)l g2 = 1| Py ()]l - (16)

Thus (14) follows, and Theorem 1 is proved.
4. The matrix case

In this section we prove the following matrix version of Theorem 1.

Theorem 2. Let F(z) = Y o g Anz", Ap € Caxa, and G(z) = Y v BaZ", By € Cuxa, be matrix functions from
Hd2X 4 satisfying

Fr @) (Fr () = G4 (G4(?))" foraa. 0 €[0,2n). (17)

If F is optimal, then for each N € Ny,

N N
D 1Az = D 11Ball3- (18)
n=0 n=0
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Proof. Let Py be the projection operator on ng 4 defined by

00 N
Py : ZAnz" — ZA,,z”.
n=0 n=0

By virtue of (12), we have to prove that
1PN (P2, = IPN (O 2 (19)
Let
U(z) = F ' (2)G(). (20)

It follows from (17) that (13) holds. Therefore, Uy € L. Since, in addition, F~'(z) = FIF(Z)Cof(F(z)),
where det F'(z) is an outer function, by the generalized Smirnov’s theorem (see Section 2), we have U € H ;f( d
Consequently, (20) is an inner matrix function.

Exactly in the same manner as (15) was proved, we can show that

Py(FU) =Py (Py(F)U). ey

Since unitary transformations preserve standard Euclidian norm on the space C¢, it follows from (13) that, for any
Ve (Clxd ,

[Via=1V - U+(ei9)||2 fora.a. 0 € [0, 2m). (22)
Therefore, by virtue of (11) and (22),
1XUg2 = I1X+l2 = 1X+Usllyz = IXUllgs (23)

for any X € Hjxd. It follows now from (23), (21), and (20) that
1PNl g2 = IPNCF) - Ullge = [Py (Py(F) - U)IIH(;M
= IPNFU)l 2 = IPN (@l 2.
Thus (19) is true, and Theorem 2 is proved. O

5. An energy conservation property

As was mentioned in the Introduction, in the setting of Theorem 1 it can happen that the equality is attained in (5)
for some values of N even when g is not a constant multiple of f. The next proposition describes exactly when it
is possible. Though not very explicit, it will become instrumental when characterizing the case of (5) turning into an
equality for infinitely many values of N.

Proposition 1. Let f, g € H? satisfy (4), with f being an outer function. Then

N N
> lanl> =" 1bal 24)
n=0 n=0
holds for some N € N if and only if
g =uf, (25)
where u is a finite Blaschke product,
mi 77—
u@ =c™ [[—=L. lel=1. mo.mi eNo, 0<laj| <1forj=12_...m, (26)
i 1 -ajz

the polynomial Py (f) has the degree
deg(Pn(f)) =N —my (27
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and vanishes at wj = 1/aj, j =1,2,...,my:
Pn(Hw)j) =0, j=12,....m. (28)
Proof. It follows from (4) that (25) holds for some inner function u.
The chain of relations in (16) reveals that the equality
1PN (PO, = 1PN (&) I, (29)
holds if and only if
luPn (Ol = 1 Px (e Py (),
Therefore (24), which is equivalent to (29), holds if and only if
uPy(f) isapolynomial with deg(uPy(f)) < N. (30)
Under the conditions (26), (27), and (28) the relation (30) holds since

mi

l_[ IZ _ij Pn(f) is a polynomial of the same degree as Py (f) 31
" — iz
j=1 J
and
deg(uPy (f)) = mo + deg(Pn(f)). (32)

Thus sufficiency is proved.
If now (30) holds, then u = u Py (f)/Pn(f) is a rational function and, being inner, it has to be of the form (26).
Furthermore, the polynomial Py (f) should be divisible by ]_[;":'1 (1 —@;z). Therefore (28) holds and (31) follows.
This implies that (32) holds and (27) follows by virtue of (30), thus proving the necessity. U

Note that conditions (27), (28) imply the inequality N > mg+m| =: m. In particular, N = O only it mo = m; =0,
that is, g is a scalar multiple of f. This is of course in agreement with the extremal property of outer functions, and
guarantees (in a trivial way) that (24) holds for all N € N, and thus infinitely many times. The next theorem describes
all the cases in which the latter phenomenon occurs.

Theorem 3. Let f(z) = Y o anz" and g(z) = Y = baz" be functions from H 2 satisfying (4), with f being outer.
The set N of those positive integers N for which (24) holds is infinite if and only if (25), (26) hold and
S =qh, (33)
where
mi
9@ =[[G@-w) withw; =1/, j=1,2,....my, (34)
Jj=1

and h is an outer “lacunary” analytic function with infinitely many gaps in its Fourier spectrum supp(ﬁ) of length at
least m = mq + my. Moreover, N € N if and only if

N—-m+1,...,N &supp(h). (35)

Proof. Sufficiency. Let g be defined by (25) and (26), and let (33) hold for the polynomial (34) of degree m and an
outer analytic function £ satisfying (35) for some N. Then we have

N—m

Py(f) = Py(gh) = Pn(qPy(h)) =q ) yaZ"
n=0

due to (33), (15), and (35). Therefore,
deg(Pn(f)) <mi+N —m=N —m.

Hence N € N\ by virtue of Proposition 1.
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Necessity. By Proposition 1, g is given by (25), where the inner multiple (26), is such that (27), (28) hold for all
N e N.

Labeling elements of N as an increasing sequence N, we thus have

Py (f) = qhk, (36)
where polynomials /y, satisfy
deg(hy) < Ny —m. 37N

The function ¢ is the same for all k as it is uniquely determined by (26).

Since Py, (f) — f in Hy as k — oo, we have ghy — f. Therefore (hy)4 converges to f1/qy in Lo(T) (since
1/q+ is bounded on T), and consequently /. is convergent in H,. Let & be the limit. Letting k — oo in (36), we arrive
at (33). Since f is outer, the function £ is such as well.

Let now N = N; be an arbitrary element of A. Because of (33) and (36), we have

f=Pn(f)=qh = hp).

Since f — Py (f) is divisible by zV*! and 0 is not the root of ¢, we have h — by = zV +17 for some analytic function
hk € HZ. Therefore h = hy, + zN“hk with deg(hy) < N — m (see (37)) and this implies that the coefficients with
indices from {N —m + 1, N —m + 2, ..., N} are omitted in the power expansion of 4. Thus (35) holds and the
theorem is proved. [

Corollary 1. Let {N1, N2, ...} C N be any infinite set. Then there exist functions f, g € Hy where f is an outer
function such that

N N
D lanl* =D Ibal? (38)
n=0 n=0

if and only if N € {N1, N2, ...}.

Proof. Let g(z) = z — w with |[w| > 1, and let h(z) = Y, ¥»2" be an outer function from H, such that y,, = 0 if
and only if n € {N1, N, ...} (the outerness of /& can be achieved, for example, by making sure that |yy| > Z;’;l [Vnl)-
Define f = gh and g(z) = (1 — wz)h(z). Then it follows from the proof of the theorem that (38) holds if and only if
N e {N|,Np,...}. O
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