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Sampling and interpolation for the discrete
Hilbert and Kak—Hilbert transforms

Isaac Z. Pesenson

Abstract. The goal of the paper is to obtain analogs of the sampling theorems and of the Riesz-Boas
interpolation formulas which are relevant to the discrete Hilbert and Kak-Hilbert transforms in I2.

1 Introduction

The objective of the paper is to establish some analogs of the classical (Shannon)
sampling theorems and Riesz-Boas interpolation formulas which are associated with
the discrete Hilbert transform and Kak-Hilbert transform in /2. The basic idea is
to utilize their one-parameter uniformly bounded groups of operators in the space
I? to reduce questions about sampling and interpolation to the classical ones. Such
an approach to sampling and interpolation for general one-parameter uniformly
bounded groups of class Cy (i.e., continuous in strong topology) of operators in
Banach spaces was developed in [13, 14]. The main part of the present paper is devoted
to the discrete Hilbert transform. Here, we show in all the details how one can use
one-parameter group of isometries generated by the discrete Hilbert transform in /2
to obtain several relevant sampling and interpolation results.

If H is the discrete Hilbert transform in the space > with the natural inner
product (-, -), (see Section 2 for all the definitions) then the bounded operator H = 7H
generates a one-parameter group e, t ¢ R, of isometries of [2. The fact that e,
t € R, is a group of isometries and the explicit formula for all e’ were given in [7]. In
our first sampling Theorem 3.2, we give an explicit formula for a function (e'"a,a*),
teR, for every a,a” € 12, in terms of equally spaced “samples” (eYkHa,a*), keZ,
for any 0 < y < 1. In two other sampling Theorems 3.5 and 3.7, we express the entire
trajectory e'fa, teR, ae [ in terms of the integer translations e*a, ke Z. In
Section 4, we have an analog of a sampling theorem with irregularly spaced “samples”

In Section 5, we present some analogs of the classical Riesz-Boas interpolation
formulas. Namely, we give explicit formulas for H*"'a, m € N, a € [, in terms of
the vectors e ¥V Hy k¢ 7. and for H*™a, m € N, in terms of e¥Ha, k ¢ Z.

In Section 6, we briefly describe how similar results can be obtained in the case of
the Kak-Hilbert transform.
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396 1. Z. Pesenson

2 Some harmonic analysis associated with the discrete Hilbert
transform

We will be interested in the operator H = 7H where H is the discrete Hilbert
transform operator

H:I*~ 1%, Ha=b, a={a;}e’, b={b,}el?
which is defined by the formula
1 a,

(2.1) b, = — Z , meZ.
T pem, nez M~ 1

Since H is a bounded operator, the following exponential series converges in 1> for
everya € [* and every t € R:
>, H*a

tH, _ o HAa g
(2.2) e a—l;) i .

In fact, H is a generator of a one-parameter group of operators e'f, t ¢ R, which
means that [4, 11]

@

etlH tzH:e(t1+t2)H’ 0 I,

(4 e =

(2)
o tH _ (etH)’l’

(3) foreveryace l?
etHg _

. a—-a
lim ———— = Ha.
t—0 t

It is clear that for a general bounded operator A, the exponent can be extended to
the entire complex plane C, and one has the estimate

> A k|, |k
(2.3) A< 3 % _ ol e,
k=0 :

In the nice paper by De Carli and Samad [7] about the group e, the following results
were obtained (among other interesting results):

(1) The explicit formulas for the operators e’ were given.
(2) It was shown that every operator e’ is an isometry in I2.

The explicit formulas are given in the next statement.

Theorem 2.1  The operator H generates in 1> a one-parameter group of isometries
e'fa=b, a=(a,)el? b= (b,)ecl? which is given by the formulas

sin(7t) an
bm = >
T g m-n+t
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ifte R\Z, and

bm = (_l)tam+ta
ifteZ.

As it was proved by Schur [18], the operator norm of H:I1?>+ % is one and
therefore the operator norm of H is 7. It was shown in [8] that although the norm of
the operator H is 7, only a strong inequality | Ha| < 7||a|| can hold for every nontrivial
ael’

Let us remind that a Bernstein class [1, 12], which is denoted as BL(R), ¢ >0, 1<
P < oo, is alinear space of all functions f : R — C which belong to L? (R) and admit

extension to C as entire functions of exponential type o. A function f belongs to
BJ(R) if and only if the following Bernstein inequality holds:

d k
for all natural k. Using the distributional Fourier transform

G % [ e ®ax ferr®), 1<p< oo,

<" flioqy, x€R,
LP(R)

one can show (Paley-Wiener theorem) that f € BL(R), 1< p < oo, ifand only if f €
LP(R), 1< p < oo, and the support of f (in the sense of distributions) is in [-0, ¢].

In what follows, the notation || - | will always mean | - ||;2. We note that since H is
a bounded operator whose norm is 7, one has, for all a € I2, the following Bernstein-
type inequality:
(2.4) |H*a| < 7*[a .

Pick an a* € I2, and consider a scalar-valued function
O(t) = (e'Ma,a*), teR.

The following lemma and the corollary after it can be considered as analogs of the
Paley-Wiener theorem.

Lemma2.2 Foreveryace I> andeverya* € I?, the function ® belongs to the Bernstein
class B (R).

Proof  We notice that

L

— ) ®|= = (H*a,a*).

(dt) -0 = {H'a, ")
Since the operator norm of H is 7, we obtain that the Taylor series for ® converges
absolutely on C

d\* zF ‘ |z|¥ .

2.5 — | D|,eg—| < H*a,a*)| = = 72|
@5) = (g0) @leoy] < Slorrtaas| B = lalla e
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and represents there a function of the exponential type 7. In addition, the function ®
is bounded on the real line

[@(1)] = [(e"a,2")

< [ala”].
Lemma is proved. ]

This lemma can also be reformulated as follows.

Corollary 2.1  For a fixed a € I?, the vector-valued function
(2.6) e'flg:Rw 2

has extension e*"'a, z € C, to the complex plane as an entire function of the exponential

type m which is bounded on the real line.

We already observed that the function @ for any a, a* € I? belongs to B> (R). Let
us introduce a new function defined by the next formula if £ + 0

(1) -D(0) [eMa-a
- t _< t ’a>’

(2.7) ¥(t)
and in the case ¢ = 0 by the formula

28) W(0) = L O(Olo = (Haa®)

Lemma 2.3 Foreveryacl?, a* € I?, the function ¥ is in the Bernstein class B%(R).

Proof  The function V¥ is an entire function of the exponential type 7. Indeed, the
fact that ®(¢) is in B°(R) means [12] that

[e0)
(eMa,a*) = (a,a%) + D cxt¥,

with limy,_, o, ¥/k!|ck| < 77, and then

(etHa’a*>_

Y(t) = fa.a”) = chtk_l,
k=1

where one obviously has limy_, o ¥/k!|c+1| < 7. In addition, ¥ belongs to L(R) since
according to the Schwartz inequality,

eMa—a
£ 272
t

In other words, ¥ is in the Bernstein class B2(IR). Lemma is proved. ]

1\ 2
s Qlallat )’

¥(t)|? = < , t>
¥ (1)] mE
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The following so-called general Parseval formula can be found in [5]: For f, g €
B2, o >0, one has

— s krm krm
t)g(t)dt=— — — .
w2 g () )
In our situation, the general Parseval formula gives the following result.

Theorem 2.4  For every a, a*,b, b* € 1%, the next equality holds

tH, _ tH}, _
[(e a a’a*><e b b,b*) df -
R t t

kH, kHy,
(Ha,a*)(Hb,b*)+Z<e a a,a*><e b b,b*).
k=0 k

3 Sampling theorems with regularly spaced samples for orbits ¢'a

Below, we are going to use the following known fact (see [6]).

Theorem 3.1 Ifh € B (R), then for any 0 < y < 1, the following formula holds:

(3.1) h(z)=>h (yE) sinc(y_lgz— k), zeC,
keZ g n

where the series converges uniformly on compact subsets of C.
By using Theorem 3.1 and Lemma 2.2, we obtain our First Sampling Theorem.

Theorem 3.2  For every a, a* € [%, every 0 < y <1, and every z € C, one has
(3.2) <eZHa,a*> = Z (e(yk)Ha,a*> sinc (y’lz - k) ,
keZ

where the series converges uniformly on compact subsets of R.

Explicitly, the formula (3.2) means that if z in (3.2) is a real z = t which is not an
integer, then (3.2) takes the form

in 7t b
(3.3) nT AnOm g4 sy,
T el neZ n#mm_n+t
where
sin wyk an,bn, . )
Si= > o> — | sinc(ylt-k)
keZ, ykeR\Z n meZ neZ, nem M =N+ yk
and

S= ), ( > (—l)ykam+ykbm) sinc (y 't - k).

keZ; ykeZ \meZ
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Next, if z = ¢ in (3.2) is an integer, then the formula (3.2) is given by
Z (—1)tam+,bm = S] + Sz.

meZ
We note thatif t = yN, N € Z, then (3.2) is evident since its both sides are (obviously)
identical

(e'Ma,a*) = (e'Ma,a™).

Remark 3.3  The situation with such a kind of “obvious interpolation” is very com-
mon for sampling formulas. Consider, for example, the following classical (Shannon)
formula:

(3.4) f(t)=>" f (k) sinc(t-k),

keZ
for f € B2(IR), where the series converges uniformly on compact subsets of R and also
in L*(R). This formula is informative only when t is not integer. When ¢ = N € Z, it

clearly becomes a tautology f(N) = f(N) because sinc z is zero for every z € Z \ {0}
and sinc 0 = 1.

We are going to use the next known result (see [6]).

Theorem 3.4  If h € B2(R), then the following formula holds for z € C:

(35) h(t):k%h(k:) sinc(%t—k),

where the series converges uniformly on compact subsets of R. The restriction of the series
to the real line also converges in L*(R).

Theorem 3.5 Foreveryace I2,

eflg —q
k

(3.6) efa=a+tsinc(t)Ha+t > sinc (t - k),

keZ~{0}

where the series converges in the norm of 1%,

Proof Since ¥ is in B2(R), one can use Theorem 3.4 to obtain the following
formula for every a, a* € [%, and every t € R:

(37) (etHa—a a*>_z<ekHa—a
. — )= ¢ a-a

,a*) sinc (t—k),
keZ k )

where the series converges uniformly on compact subsets of R. Actually, this formula
means that if t # 0, then

etfla—a

(3.8) < ,a*) = (Ha,a")sinc(t) + >

( eMa—a
kez~{0}

p ,a*> sinc (¢ - k),
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and for t = 0, it becomes just
(Ha,a") = (Ha,a").
The formula (3.8) can be rewritten as

(etHa’a*> _

. . eFHa—a
(39) (a,a*)+t(Ha,a*)sinc(t)+t Y, (————,a") sinc(t-k).
kezZ~{0} k
Next, we notice that the series
kH

> ei;:—a sinc (¢ — k)

keZ~{0}

converges in [? since for every fixed ¢ € R,

kH
- 1
£ 2 8 Ginc(t-k)| <2la] 3 —— < 0.
kezfoy K ko [kl — K|
It allows to rewrite (3.9) as
kH, _
(etHa, a*> = <a+ tHasinc(t)+t ), ¢ a-a sinc (¢t —k),a*).
keZ~{0} k

Since this equality holds for all sequences a* € [?, we obtain (3.6). Theorem is
proved. [ ]

Next, we reformulate (3.6) in its “native” terms.

Proposition 3.6 Ifa = (a,) € 1> and t is not integer, then the left-hand side of (3.6) is
a sequence e'a =b = (b,,) € I? with the entries

sin 7t a
(3.10) by = > —,
T oagm-n+t

and the right-hand side represents a sequence ¢ = (c,, ) € 1> with the entries

Cm = am +tsinc () ). I,
neZ,ntxm m-n
—1)k _
(3.11) t> D s = am sinc (¢ — k).

keZ~{0} k

Iftin (3.6) is an integer t = N, then b,, = (-1)Na,,,n and

cm=am+N Y n sinc (N)+
-n

neZ,n#m

N\ _
N (l)a+kam sinc (N = k) = (-1)Vapen.

k+0
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Thus, in the case when t = N is an integet, we obtain just a tautology
b = ()N apmen = .

The next theorem is a generalization of what is known as the Valiron-Tschakaloff
sampling/interpolation formula [5].

Theorem 3.7  For every a € I%, one has

t
(3.12) e'Ma=sinc(t)a+tsinc(t)Ha+ > —sinc(t-k)e a,
keZ~{0} k

where the series converges in the norm of I%.

Proof IfheB’(R), o> 0, then for all z € C, the following Valiron-Tschakaloff
sampling/interpolation formula holds [5]:

h(t) = sinc(%t)f(o)+

(3.13) tsinc(%)f’(0)+ > Z—;sinc(ﬂ—k)h(kl),

keZ~ {0} T o

the convergence being absolute and uniform on compact subsets of C. If a,a* € I2,
then (e'*a, a*) e B(R) and according to (3.13) with o = 7, we have

(e'a, a*) =sinc (t) (a, a*) +
tsinc(t) (Ha, a*)+ Y. Esinc(t—k)(ekHa, a*).
keZ~{0} k

Because the series

t
> —sinc(t- k)e*Ha
keZ~{0}

converges in [, we obtain the formula (3.12). Theorem is proved. [ ]

The following proposition formulates (3.12) in the specific language of [%.

Proposition 3.8  Ifa = (a,) € I* and t is not an integer, then the left-hand side of (3.12)
is a sequence e'Ma =b = (b,,) € > with entries

in 7t
(3.14) b, = sin 7 an

n o Gm-n+t
and the right-hand side of (3.12) represents a sequence ¢ = (c,,) € I* with entries

Cm = am sinc (1) +

(3.15) tsinc(t) > In 1y > (—1)"@%,%.

neZpem M~ 1 kezZ~{0}
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When ¢ in (3.12) is an integer t = N, then (3.12) is the tautology b,, = (-1)V
Am+N = Cm-

4 An irregular sampling theorem

The following fact was proved in [9].

Theorem 4.1  Let {ty }rez be a sequence of real numbers such that

(4.1) sup |ty — k| < 1/4.
keZ

Define the entire function

(4.2) G(1) = (t—to)H(l—i)(l—é).

keZ tk

Then, for all f € B2(R), we have

- __G6
f(t) - kng(tk)Gl(tk)(t_tk)

uniformly on every compact subset of R.

As it was already noticed, for any a,a* € [, the function ¥(¢) defined for all
t+0as

and for t = 0as ¥(0) = (Ha,a*) belongs to B2(R). Applying Theorem 4.1, we obtain
the following theorem.

Theorem 4.2 Ifa,a* € I and a sequence {1\ } satisfies (4.1), then

_ Gy
YO = LY TG

uniformly on every compact subset of R.

>

5 Riesz-Boas interpolation formulas for the discrete
Hilbert transform

Consider a trigonometric polynomial P(¢) of one variable t. The famous Riesz
interpolation formula [12, 15, 16] can be written in the form

2k -1

d 1 2n . 1
5.1 D ey = SN U P, e, 1, - ’
G (dt) () 471;;( ) sinz% o P(1) k o Vs
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where Uy, P(t) = P(#; + t). This formula was extended by Boas [2, 3], (see also [1, 12,
17]) to functions in BS° (R) in the following form:
(_1)k—1

d n
52) (dt)f(t) -2 5 (k-1/2)?
where Us (x_12) f(t) = (5 (k—1/2) + t). In turn, the formula (5.2) was extended
in [6] to higher powers (d/dt)™. In this section, we present some natural analogs
of such formulas (which we call Riesz-Boas interpolation formulas) associated with
the discrete Hilbert transform. Our objective is to obtain similar formulas where the
operator d/dt is replaced by the discrete Hilbert transform H and the group of regular
translations U, is replaced by the group e'H.

Let us introduce bounded operators

Uz f(1), teR,

(5.3) ngs_l)a = Z(—l)k“As,ke(k_l/z)Ha, ael? seN,
keZ
and
(5.4) fRSS)a = Z(—l)kHBs,kekHa, acl’ seN,
keZ

where A ; and B,y are defined as

1
Agg = (-1)¥sinc(>D (E - k)

(5.5) __@s=Dt S ) (n(k—l))zj, seN,

(k-5 5 (@2)) 2

for k € Z,
25)! & (-1)/ (mk)HH
(5.6) Bqx = (-1)F*1sinc®) (<k) = n(-k25)+1 2 ( ()2]_(+ 1;! , seN,
for k € Z ~ {0}, and
728

(5.7) B = (-1)*" R N.
Both series converge in [? due to the following formulas (see [6]):
(5.8) Z |Ag k| = 771, Z |Bg.x| = 7,5 e N.

keZ keZ
Since | f|| = | f], it implies that
(5.9) IR Val < 7> al, |RGVa <a¥[a), acl seN.

Theorem 5.1 For a € I%, the following Riesz-Boas-type interpolation formulas hold
true for r € N:

(5.10) H'a= ng)a, ael?.
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More explicitly, if r = 2s — 1, s € N, then

(5.11) H* g = Z(—l)"“As,ke("‘l/z)Ha,
keZ

and when r = 2s, s € N, then

(5.12) H*a= Y (-1)""'B, e a.
keZ

Proof  As we know, for any a, a* € 12, the function ®(t) = (e'*a,a*) belongs to
B:°(R). Thus, by [6], we have

dm D (¢) = Z(—l)k+1Am,kq)(t+ (k-1/2)), meN,

keZ
®C™M (1) = 3 (-1)*'B,, @ (t + k), meN.
keZ
Together with
(d)k @(t) = (H*e'Ma,a"),
dt
it shows

(etHHZM—Ia’ ax—> _ Z(_l)k+1Am,k (e(t+(k—1/2))Ha) ax—) . me N,
keZ

and also

(etHHZma’a*> _ Z(_l)kHBm,k (e(t+k)Ha, ax—) . me N.
keZ

Since both series (5.3) and (5.4) converge in /% and the last two equalities hold for any
a* ¢ 2, we obtain the next two formulas

(513) etHHZm—la — Z (_1)k+1Am’ke(t+(k71/2))Ha’ me N,
keZ
(5.14) eHH?ma = Z(—l)k“Bm,ke(”k)Ha, m e N.
keZ
In turn, when f = 0, these formulas become formula (5.10). Theorem is proved. m

Let us introduce the notation
Ry = RY.

One has the following “power” formula, which easily follows from the fact that
operators Ry and H commute.

Corollary 5.1 Foranyr e Nandanyae I?,
(5.15) Ha=R"a=R}a,
where Rija =Ry (... (Rua)).
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Let us express (5.10) in terms of H and e, Our starting sequence isa = (a, ), and
then we use the notation Ha = (a,(,f)) , k € Z. One has
1 a 1
Ha-=— Z —— = (61511)),
T (n, n#ny) m-n

)
1 a 2)
Ha-— ¥ ¥ (o)),
T2 (o, mens) (n, mam) (M2 =) (m = n) ( )

andsoonuptoanreN

1
Ha=—

nr
(nyo1, npmr#En,) (Np—z, Np_a#n,-1)

(5.16)

(r)
”<m,n21m)<n,nz¢m> (nr = ) (ny = 1) . (2 — my) (1 — ) =(a”)

Theorem 5.2 For any a = (a,) € 1%, and r = 2s — 1, we have in (5.11) the equality of
two sequences where on the left-hand side we have a sequence whose general term is

5'12 . 1), and on the right-hand side we have a sequence whose general term is Cp, s
where
e )kHM Ay Yy —
keZ nem M- N+ (k_l/z)
The equality (5.11) tells that a(zs . Com,s-

For the case r = 2s, a sequence on the left-hand side of (5.12) has a general term a$,

and a sequence on the right-hand side has a general term d,, s of the form

s =~ Z Bs kmiks
keZ

and (5.12) means that a(zs) dus-

Let us introduce the following notations:

RSS_I)(N)a _ Z (—l)kﬂAs,ke(k_l/z)Ha,

|k|<N
iRgs)(N)a _ Z (—1)k+lBs,k€kH
|k|<N

One obviously has the following set of approximate Riesz-Boas-type formulas.

Theorem 5.3 Ifacl*>andreN, then
(5.17) Ha=RD(N)a+O(N?).

The next theorem contains another Riesz-Boas-type formula.
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Theorem 5.4 If a€l?, then the following sampling formula holds for a€ R and
neN:

H"e'Ma = (n sinc"™ () + t sinc™ (t)) Ha
KHy _ g

(5.18) +3 (n sinc™™ (£ - k) + t sinc™ (t—k))%,

k+0

where the series converges in the norm of 1. In particular, for n € N, one has
(5.19) H"a = Q}a,
where the bounded operator Qg) is given by the formula

Qg)f = (sinc("_l) (0) + sinc(™ (0))n Ha

elg_ g

(5.20) +ny (sinc(”_l) (k) + sinc™ (—k)) p

k+0

Remark 5.5 We note that (sinc )" (0) = (=1)"/(m +1)! if m is even, and
(sinc £)("™(0) = 0 if m is odd.

Proof For any a, a* € [%, the function ®(t) = (etHa, a*) belongs to By (R). We
consider ¥ which was introduced previously in (2.7) and (2.8). We have

Y(t) =Y ¥ (k) sinc (- k),

keZ

where the series converges in /2. From here, we obtain the next formula

(%)n Y (t) = kZE;I’ (k) sinc™ (¢ - k),
and since
(o 0-a(2) v o
we obtain

(i)n O(t)=n) ¥ (k) sinc" ™ (k) + ¢ Y ¥ (k) sinc™ (t - k).

dt keZ keZ
Since (%)n O(t) = (H"e'Ma,a*), and
kH

‘I’(k)z(e Z_a,a*>,

we obtain that the formulas (5.18)-(5.20) hold. Theorem is proved. [
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6 The case of the Kak-Hilbert transform

We also briefly show how our methods can be applied to the Kak-Hilbert transform
to obtain similar sampling and interpolation formulas. Kak-Hilbert transform also
generates a one-parameter group of operators in /%, but it is not a group of isometries
like in the case of the discrete Hilbert transform. However, this group of operators is
uniformly bounded. This uniform boundness is explored to include the case of Kak-
Hilbert transform into our scheme.

The Kak-Hilbert transform

Ka=b, a=(a,)el? b=(b,)el?
is defined by the formula

if m is odd, and by the formula

2 a,
bmzf >
T yoddM—1n

if m is even.

It is known that K is an isometry in I (see [10]). As a bounded operator, K
generates a one-parameter group e'X of bounded operators in [2. One can verify the
property K? = —I which implies the explicit formula for e'X (see [7]):

e™® = (cost) I+ (sint) K,

which gives the uniform bound |e’¥| < 2.
Pick an a* € 12, and consider a scalar-valued function

E(t) = (e"fa,a*), teR.
Note that since K is an isometry, the analog of the Bernstein inequality takes the form
|K"a] = [af, neN,

(compare to (2.4)). Using this inequality, one can easily prove the following analog of
Lemma 2.2.

Lemma 6.1 Foreverya e [* and every a* € 12, the function F belongs to the Bernstein
class By°(R).

We also have the following corollary similar to (2.1).

Corollary 6.1  For a fixed a € 1%, the vector-valued function
etKa ‘R — l2

has extension e*Xa, z € C, to the complex plain as an entire function of the exponential
type 1 which is bounded on the real line.
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Similarly to the case of the discrete Hilbert transform, one could prove the
following statements.

Theorem 6.2  For every a, a* € I and every 0 < y < 1, the following formula holds
true:

t
(e'*a,a*) = Z(e(}’"”)Ka, a*) sinc ( - n) ,
nez yr
where the series converges uniformly on compact subsets of R.
The following formulas also hold true:

K . e"Ka_a t
e™a=a+tsinc(t/m)Ka+t ) 7smc(f—n ,
neZ~{0} nmn 7

where the series converges in the norm of I, and

t t t t
etKa:sinc(f)athsinc(f)Ka-r Z —sinc(f—n) e""Ka,
T u neZ~{0} nm T

where the series converges in 12,

One could also reformulate for the Kak-Hilbert transform all other results which
were obtained for the discrete Hilbert transform. In particular, one could introduce
bounded operators

71(<2m—1)a _ Z(_l)nJrlAm)ne(nfl/Z)nKa’ ac 12’ meN,
nez

and

‘J'I(<2m)a = > (-1)""'By,ne"™a, ael’, meN,
nez

and to prove relevant Riesz-Boas-type interpolation formulas

Ka=TVa, acl? reN.
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