Optimal parameter choice for regularized
Shannon sampling formulas

Melanie Kircheis* Daniel Potts$ Manfred Tasche*

The fast reconstruction of a bandlimited function from its sample data is an
essential problem in signal processing. In this paper, we consider the widely
used Gaussian regularized Shannon sampling formula in comparison to regularized
Shannon sampling formulas employing alternative window functions, including the
modified Gaussian function, the sinh-type window function, and the continuous
Kaiser—Bessel window function. It is shown that the approximation errors of
these regularized Shannon sampling formulas possess an exponential decay with
respect to the truncation parameter. The main focus of this paper is to identify
the optimal variance of the (modified) Gaussian function as well as the optimal
shape parameters of the sinh-type window function and the continuous Kaiser—
Bessel window function, with the aim of achieving the fastest exponential decay of
the approximation error. In doing so, we demonstrate that the decay rate of the
sinh-type regularized Shannon sampling formula is considerably superior to that
of the Gaussian regularized Shannon sampling formula. Additionally, numerical
experiments illustrate the theoretical results.
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1 Introduction

In signal processing, the fast reconstruction of a bandlimited function from its sample data
is of fundamental importance. A function f € L2(R) N C(R) is called bandlimited with band-
width § > 0, if its Fourier transform

¢ _L o itw w
(Fw) = flw) = o= /R fHye i dt, weR, (11)
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vanishes for all |w| > §. For such a bandlimited function with ¢ € (0, 7] the famous Shannon
sampling theorem, see [31, 14, 28], states that

Zf )sinc(t — k), teR, (1.2)

kEZ

where

sin(wt) | tcR
sinc(t) = { it e RA{0}, (1.3)
1 :t=0,

denotes the cardinal sine function. It is known that the Shannon sampling series (1.2) con-
verges absolutely and uniformly on whole R. However, the practical use of (1.2) is limited,
since its evaluation requires infinitely many samples and its truncated version is not a good
approximation due to the slow decay of the cardinal sine function, see [11]. In addition to
this rather poor convergence, it is known, see [8, 9, 7], that in the presence of noise in the
samples f(k), k € Z, of a bandlimited function f € L?(R) N C(R) the convergence of Shan-
non sampling series (1.2) may even break down completely. Therefore, it was proposed to
consider the regularization of the Shannon sampling series with a suitable window function.
Note that many authors such as [6, 17, 26, 19, 29] used window functions in the frequency
domain, but the recent study [13] has shown that it is much more beneficial to employ a win-
dow function in the spatial domain, cf. [22, 23, 29, 16, 15, 5, 12]. In the following, a window
function ¢ : R — [0, 1] is an even function in L*(R) N C(R) which decreases on [0, oo) and
fulfills ¢(0) = 1. By 1_, ) we denote the characteristic function of the interval [—m, m]
with m € N\ {1}, i.e., the function

)1 cte[-m,m],
L, m)(t) = {0 :teRN\ [-m, m].

In this paper, we assume that the bandwidth § of f fulfills the so-called oversampling condi-
tion 0 < § < w. Then we recover f by the p-reqularized Shannon sampling formula

( ¢7mf Zf sinc(t — k) p(t — k) L_p m(t — k), tER, (1.4)
keZ

where m € N\ {1} is the so-called truncation parameter. In doing so, we consider the following
window functions ¢ : R — [0, 1].

Example 1.1. The most popular window function, see e.g. [22, 25, 27, 30, 15, 5], is the
Gaussian function

OGauss(t) = e t/(20%) , teR, (1.5)
with variance o > 0. In addition, [25, 24] considered the modified Gaussian function
PmodGauss(t) = ¢ /%7 cos(At), teR, (1.6)

with the parameters 02 >0 and A > 0. Then the corresponding expression (1.4) is named
the (modified) Gaussian regularized Shannon sampling formula. Note that these two window
functions (1.5) and (1.6) are supported on whole R.



Here we prefer window functions which are compactly supported on the interval [—m, m)],
as studied in [12, 13]. The sinh-type window function is defined as

msinh<6 1—%) it € [-m, m],
0 cte R\ [-m, m],

(psinh(t) = (17)

with shape parameter 5 > 0, see [21]. Then the corresponding expression (1.4) is termed
the sinh-type regularized Shannon sampling formula. The continuous Kaiser—Bessel window
function is defined as

T o(By/1—8#/m?) —1) :te[-m, m],

0 cte R\ [-m, m], (18)

YcKB (t) = {
with convenient shape parameter § > 0, see [21]. Then the corresponding expression (1.4) is
called the continuous Kaiser—Bessel reqularized Shannon sampling formula. We remark that

these two window functions (1.7) and (1.8) are well-studied in the context of the nonuniform
fast Fourier transform (NFFT), see e.g. [20, Section 6] and [4, 3]. O

Due to the definition of the cardinal sine function (1.3) we have sinc(n — k) = 6, and
therefore the regularized Shannon sampling formula R, f in (1.4) has the interpolation

property
(Romf)(n) = f(n), nez. (1.9)

Moreover, the use of the characteristic function 1_,, ,, in (1.4) leads to localized sampling
of f, i.e., the computation of (R%mf) (t) for any t € R\ Z requires only 2m samples f(k),
where k € Z fulfills the condition |k — t| < m. Especially, for ¢t € (0, 1) we obtain the finite
sum

m
(Roanf)(t) = > f(k)sinc(t — k) o(t — k).
k=1-m

As in many applications, we use oversampling of the given bandlimited function f with
bandwidth § < =, i.e., the function f is sampled on the integer grid Z.

In this paper, we focus on the ¢-regularized Shannon sampling formulas (1.4) for the
window functions ¢ given in Example 1.1. To compare the corresponding approaches, we
present estimates on the uniform approximation error

If — Rso,meCo(R) = I?éﬁi{ ‘f(t) - (R%mf) (t)

where Cp(R) denotes the Banach space of continuous functions g: R — C vanishing as |t| — oo.
The main focus of this paper is to find the optimal variance o2 of the (modified) Gaussian
window function (1.5) and (1.6), respectively, as well as the optimal shape parameter 3 of
the sinh-type window function (1.7) and the continuous Kaiser-Bessel window function (1.8),
such that the exponential decay of the approximation error (1.10) is the fastest.

For this purpose, we initially study the uniform approximation error of general -regularized
Shannon sampling formulas (1.4) in Section 2. Afterwards, we specify our findings for the
window functions ¢ introduced in Example 1.1. In particular, Section 3 deals with the
(modified) Gaussian window function (1.5) and (1.6), respectively, while Section 4 is concerned
with the sinh-type window function (1.7) and Section 5 with the continuous Kaiser—Bessel
window function (1.8).

: (1.10)




2 Approximation error of regularized Shannon sampling formulas

First we estimate the uniform approximation error of the ¢-regularized Shannon sampling
formula (1.4), analogous to [12, Theorem 3.2] and [13, Theorem 4.1].

Theorem 2.1. Assume that f € L*>(R) N C(R) is bandlimited with bandwidth § € (0, 7). Fur-
ther let ¢ : R — [0, 1] be an even function in L*(R) N C(R) which is decreasing on [0, 00)
with p(0) =1, and let m € N\ {1} be given.

Then the @-regularized Shannon sampling formula (1.4) satisfies the error estimate

1f = Romfllcom) < (Br(m) + Ex(m)) || fll 2wy, meN\ {1},

with the error constants

1 et
Ei(m) = wg[l_ag%] 1-— Nz /w7T o(r)dr |, (2.1)
Ey(m) = ;/EL \/902(771) - /OO ©2(t) dt. (2.2)

Proof. (i) Initially, we consider only the case ¢t € (0, 1), where we split the approximation
error

ft) = (R f)(8) = ex(t) +e20(t), te€(0,1),
into the reqularization error
Zf )sinc(t — k) p(t — k), teR, (2.3)
keZ
and the truncation error

e20(t) =Y f(k)sinc(t — k) p(t — k) — (Rpmf)(2)

keZ

= Z f(k)sinc(t — k) p(t—k), te€(0,1). (2.4)

keZ\{1-m,...,.m}

(ii) To estimate the regularization error (2.3), we start our study by considering the Fourier
transform (1.1) of the function @ sinc, i.e., the term

F(psinc)(w) )sinc(t) et dt.

=7 hot

Using the convolution property of F in L?(R) (see [20, Theorem 2.26]), we have

F(psine)(w) = (¢ * (Fsinc))(w) = /Rgb(w — 1) (Fsinc)(7) dr,

5~
3

and hence by

1

(Fsinc) (1) = E | (1)



we obtain
w—HT
F(psinc)(w) = — / o(7) dr.

Consequently, using the shifting property of F, the Fourier transform (1.1) of the shifted
function ¢(t — k) sinc(t — k) with k € Z reads as

k) sinc(t — k) et dt = e “F F(psinc)(w) = o e Wk / ¢(7) dr.
T

7o et

Therefore, the Fourier transform of the regularization error e; in (2.3) has the form

) = 1) - (35 Trwe ™) [* o ar. 2.5)

keZ w—m

w—T

Note that since the set of shifted cardinal sine functions sinc(- — k) with k € Z forms an
orthonormal system in L?(R), i.e.

/ sinc(t — k) sinc(t — £)dt = 0xy, k, L€ Z,
R

and the given function f can be represented by the Shannon sampling series (1.2), we obtain
that

Z | f(k) Z Z f(k / sinc(t — k) sinc(t — ¢) dt

kEZ k€Z (eZ
- / FO T at = 12 < oo, (2.6)

and thus the series

> fk)e

keZ

converges in L?([—m,7]). Moreover, since f is bandlimited with bandwidth § € (0, 7), we

have f(w) =0 for all w € R\ [—4, 8], and thereby the restricted function f ‘[ belongs
to L2([~m, m]). Hence, this restricted function possesses the 27-periodic Fourier expansmn
f(w) = Z Ck(f) e Wk ; wé€[-m, ],
kEZ

with the Fourier coefficients

alf) =g [ Foemar— oo [ fnetrar———pw). ke,

Nirs

by inverse Fourier transform. In other words, the function f can be represented in the form

—T

F@) = F)1an) = o= (S50 e ™) 15q), weR. @)

kEZ



Introducing the auxiliary function

9l
3
E\E
LT
3
©
Ny
o
\]
&
M
=

Ap(w) =154 (w) —
we see by inserting (2.7) into (2.5) that
el(w) = fw) Ap(w), weR,
and thereby

é1(w)| = |fw)]|Apw)], weR.

Thus, inverse Fourier transform and the definition (2.1) yields

1
'el“)‘gm/ﬂ@
1 s 1 5
SEWIEI&%\AAM)} /é\f(w)|dw:mE1(m) /5|f(w)‘dw'

By the Cauchy-Schwarz inequality and the Parseval equality || f]| 2R = [|fllz2(r) We obtain

, R Y A
el(w)}dw—m/é ‘f(w)HAw(w)’dw

5 R 5 V2o 1/2 X
/6\1-f<w>\dws( / 12dw) ( [ 1) dw) VB | F e < VIl -

-4 =’

Consequently, we receive the estimate

ler()] < Ex(m) || fllLem), t€ER,

and hence

max lex(®)| < Ev(m) [ fll 2w -

(iii) Now we estimate the truncation error eso(t) for t € (0, 1). By (2.4) and ¢(t) > 0, we
obtain

le20(t)] < Yo fW)lsine(t —k)|e(t —k), te(0,1).
keZ\{1—m,...,m}
Fort € (0,1) and k € Z\ {1 —m,...,m}, we estimate

1
sinc(t — k)| < ——— <

L
Twlt—kl T mm’

such that

20l < 3 IfWlelt—k), te©1).

keZ\{1—m,...,m}

Then the Cauchy—Schwarz inequality implies

< oo (% !f(k)!2)1/2< > so%—k))m, te(0.1).

keZ\{1—m,....m} keZ\{1-m,...,m}



From (2.6) it follows that

1/2
< o lfloe (X @a-n) L te©).

k€Z\{1—m,...,m}

Since by assumption the window function ¢ is even and ga‘[o 00) decreases, we can estimate

the series
Yo Q- k)= D QLR+ > Pt—k)
keZ\{1-m,...,m} k=—o00 k=m+1
=Y Ptk + Y k-t
k=m k=m+1
<Y PE A+ D Pk-1)=2> k), te(0,1).
k=m k=m+1 k=m
Applying the integral test for convergence of series, we obtain that
22@ m)+2 > goz(k)<2<p2(m)+2/ () dt.
k=m+1 m

Thus, for each t € (0, 1) we have by definition (2.2) that

0 1/2
eso(t)] < L2 <302(m) + [T dt) Vs = Ealm) [/l < o0

™ m

Furthermore, by the interpolation property (1.9) of Ry ., f we have e30(0) = e20(1) = 0, such
that

max |ezo(t)] < Ea(m) || fll2(r)

t€(0,1]

(iv) By the same technique, the error estimate

max | f(t) = (Rpm ) (t)] < (Er(m) + Ea2(m)) || f]lr2(r)

te[n,n+1]

can be shown for the interval [n, n + 1] with arbitrary n € Z. On the open interval (n, n + 1),
we decompose the approximation error as

ft+n)— (Romf) ()t +n) =er(t+n)+ean(t), te(0,1),
with

ei(t+n)=f(t+n) Zf )sinc(t — (k —n)) p(t — (k —n))

kEZ
= f(t+n) =Y f(£+n)sinc(t — &) p(t — 1),
Lel
ean(t) = Z fl+n)sinc(t —£) p(t — 0) .

LeZ\{1—m,...,m}



As shown in steps (ii) and (iii), we have

ler(- +n)llcom) = llerlleym)
lean(t)] < E2(m) || fllp2my, t€(0,1).

Furthermore, by the interpolation property (1.9) of R, f, we have ez ,,(0) = e2,(1) = 0 for
each n € Z and thus

max ‘ez,n(t)‘ < Es(m) ||f||L2(R) .
te[n,n+1]

Hence, it follows that

tem 1] |F(t) = (Romnf) (®)] < llealleoe) + o le2,n(t)]

< (Bi(m) + Ex(m)) | £l 2my »

which completes the proof. |

3 Optimal regularization with the (modified) Gaussian function

In this section we consider the Gaussian function (1.5) with variance o? > 0, analogous to [12,
Theorem 4.1]. In order to achieve fast convergence of the Gaussian regularized Shannon sam-
pling formula, we put special emphasis on the optimal choice of this variance o, comparable
to [5].

Theorem 3.1. Assume that f € L*(R) N C(R) is bandlimited with bandwidth & € (0, 7). Fur-
ther let Gauss be the Gaussian function (1.5) with variance o = s and let m € N\ {1} be
glven.

Then the Gaussian regularized Shannon sampling formula satisfies the error estimate

2v/2

—m (7—9)/2
e . 3.1
ey E 1 fllz2w) (3.1)

Hf - RGauss,meCO(]R) <

Proof. (i) At first, we estimate the regularization error constant (2.1) for the Gaussian
function (1.5). Since the Fourier transform of pgauss reads as

. 1 s 2.2
@Gauss(w)zm/chcauss(t)e Wit =ge @ /2 weR,

cf. [20, Example 2.6], we have

B = ey

1-—— / g,
21 Jo—n

Substituting s = 7¢/v/2 and using the integral

/Re32 ds = /7, (3.2)



we obtain for w € [—4, 0] with § € (0, ) that

(w+m) U/f o
AGauuss( =1-— / ) /f 5" ds

1 2 (wimo/vV2
—(/es ds—/ e’ ds)
\/7? R (w—T)o /2
(w—m)o/V2 00
= b (/ e ds +/ S ds)
ﬁ —00 (wHm)o/vV2

1 o0 .2 o0 .2
:(/ esds+/ esds>.
VT \ Jn—w)o/v2 (wtm)o /2

Since Aqauss is even, we consider only the case w € [0, d]. Applying the inequality

[o.¢] oo [o.¢] 1
/ e 5 ds = / e () gp < o=@ / e 2l dt=—e" 4>0, (3.3)
a 0 0 2a
we obtain
1 e—(ﬂ'—w)202/2 e—(7T+w)20'2/2 \/56—(7T—w)20'2/2
0 < Acaus(W) < Y 0, 8].
- Gass(w)_\/ﬂ< (m—w)o + (m+w)o >_ T (r—w)o w e o, 9]

Consequently, we have for all w € [—d, ] that

N g \/5 o (T—|w))20?/2
= Gauss(w) > ; W

Ey(m) < \/5 e (O 3.4
1(m) < T (=)o (3.4)

(i) Now we examine the truncation error constant (2.2) for the Gaussian function (1.5).
By SOérauss(nl) = eimQ/UQ and the inequality

o0 2 o0 2 0'2 2 2
[ Ghatidt=o [ e tds< Lo

m m/o m

and hence

we obtain

2 2
< Q \/e—m2/02 + 9 e—m?/o? — Q 1+ o e_mz/(2‘72) . (35)
™m 2m ™m 2m

(iii) Finally, we say that the variance o2 of the Gaussian function (1.5) is optimal, if Fy(m)
and Es(m) possess the same exponential decay with respect to m. From (3.4) and (3.5) it
follows that

o2 = (3.6)



is the optimal variance with

- \F L mean
VT /m(m =)
V2 1
< V2 b maEsye
EQ(m)_Wm 1+2(7r—5)e

Note that since m € N\ {1} and ¢ € (0, 7), we have

(mnf_) s T =

and therefore

\/i e~ (m—0)/2 )

Balm) < m (7 —9)

Thus, the Gaussian regularized Shannon sampling formula with the optimal variance (3.6)
fulfills the error estimate (3.1). This completes the proof. [ |

Note that already in [12, Theorem 4.1] bounds on the approximation error of the Shannon
sampling formula (1.4) were shown for the Gaussian function (1.5) with suitably chosen
variance o2, which is basically the same as the one in Theorem 3.1, only looking slightly
different due to the different setting considered in [12].

Remark 3.2. We remark that in [5] a different optimal variance o = =1 is presented for

the Gaussian regularizer (1.5). However, by Theorem 3.1 we see that the choice (3.6) is
optimal for the Shannon sampling formula (1.4) with the Gaussian function (1.5), while a
slightly different truncation than in (1.4) was considered in [5]. Nevertheless, both results,
Theorem 3.1 and [5, Theorem 1.1], possess the same asymptotic behavior.

Additionally, it should be noted that in [5] the approximation error is estimated only
up to an unknown constant, while our error estimate of the Gaussian regularized Shannon
sampling formula contains relatively small explicit constants, which is more favorable for
practical applications. Moreover, we estimate the approximation error differently by splitting
it into the regularization error (2.3) and the truncation error (2.4), which seems more intuitive
than the rather artificial analysis presented in [5, Theorem 1.1]. O

Example 3.3. Now we visualize the optimality of the variance (3.6) for the Gaussian reg-
ularized Shannon sampling formula shown in Theorem 3.1. For this purpose, for a given
bandlimited function f € L2(R) N C(R) with bandwidth & € (0, 7] we consider the regular-
ized Shannon sampling formula (1.4) with the Gaussian function ¢gauss in (1.5) and compute
the corresponding approximation error

max ’f(t) — (R%mf) (t)| , (3.7)

te[—1,1]
cf. (1.10). The error (3.7) shall here be approximated by evaluating a given function f and
its approximation Ry, f at equidistant points t5 € [-1, 1], s = 1,..., S, with S = 10°. Note
that by the definition of the regularized Shannon sampling formula (1.4) we have

m+1

(an Z f(k)sinc(t — k) p(t — k), tel[-1,1].

k=—m—1

10



Analogous to [18, Section IV, C| we study the bandlimited function

B 20 . (ot 1. [o(t—1)
ft) = NIRRT [smc(ﬂ) t3 smc(ﬂ)] , teR, (3.8)

with || f]| L2(R) = 1, for several bandwidth parameters § € {Z, 3, 3T} i.e., several oversam-
6), we

pling rates & > 1. To compare with the optimal variance oqpt in ( choose the parameter
of the Gaussian function (1.5) as o € {%O'Opt, Oopts 200pt}.

The corresponding results for different truncation parameters m € {2,3,...,10} are dis-
played in Figure 3.1. It can clearly be seen that both an increase and a decrease of the
variance in (3.6) cause worsened error decay rates with respect to m. Thus, the numerical re-
sults confirm that the variance (3.6) of Theorem 3.1 is optimal, and that this fact can already

rv I very sm runcation parameters m .
be observed for very small truncation parameters m € N\ {1 O
T T T
101} A..-.‘_...". 101 ] A-.,."..-.‘ | 10! g A..,..A... £
TR AL, - A, B
ke, A, A
7 T "-A-.,.‘_.." F Aa,
1073 [ B 10—2 E "A-.._!‘ 4
1073 1 F
105 : 1077 1
A o? = ) e o? = prca—) | A 0? = PYc—)
02 —__m 1075 - 02 ) - = (72 __m
an 2 i i 2 i 1074 2 i E
10 1 g :\ m 1 1 1 1 7 :\ —._(S 1 1 1 E 1 7 :\ ”_(s 1 1 1
2 4 6 3 10 2 4 6 8 10 2 4 6 3 10
m m m
_ _ T _ 3z
(a) 6 =17 (b)do=735 (c) 0=+

Figure 3.1: Maximum approximation error (3 7) using the Gaussian function pgauss in (1.5)
with different variances o2 € { ooy Py Tl 5} for the bandlimited function (3.8)

with bandwidths ¢ € {4, 3”} and truncation parameters m € {2,3,...,10}.

s
25

Note that in [25, 24] the modified Gaussian function (1.6) was used for the regularization
of Shannon sampling formulas, using a slightly different notation. By the same techniques as
in Theorem 3.1 one can determine the optimal parameter o2 of (1.6) subject to .

Theorem 3.4. Assume that f € L>(R)NC(R) is bandlimited with bandwidth § € (0, 7).
Further let ¢modGauss be the modified Gaussian function (1.6) with parameter o? = — =5
0<A<7m—4, and let m € N\ {1} be given.

Then the modified Gaussian regularized Shannon sampling formula satisfies the error estimate

2v/2
— —m (m—A—0)/2
| RmodGauss,meCO(R) < ) e £l z2w) - (3.9)

Proof. (i) At first, we estimate the regularization error constant (2.1) for the modified
Gaussian function (1.6). By [18, p. 21, 5.24] the Fourier transform of ¢,04Gauss reads as

PmodGauss (W) = o e 0t (\Hw?)/2 cosh(Ao?w) = g (6702 (@ +A)?/2 4 oo (“*)‘)2/2> , weR.

11



Therefore, we obtain for w € [—4, ¢] with ¢ € (0, 7) that

1 w7
Amod(}auss (w) =1-—= / @modGauss(7_> dr
w—Tr

V2T
1 o wtm 2 2 1 o wtm 2 2
_ L —o2(T4N)2/2 10 / —02(1=\)2/2 .
2( o /w7r e dr | + 5 o ) e dr

Substituting s = o(7 + A)/v/2 in the first term and s = o(7 — \)/v/2 in the second term, as
well as using the integral (3.2), it follows that

(wHm+N)a /2

1 2 2
AmodGauss(W) = 5= /e—s ds _/ e ® ds)
dGauss() 2ﬁ< R (W=t N)o/V2
(wH+T—N)o/V2
+ 1(/6_52 ds—/ e s ds)
2ﬁ R (w—=N)o /2
1 (w=4+N)o /2 00
S
2 —o (TN )0 /V2

(w—m=N)o/V2 oo )
+/ +/ )e_s ds
—0o0 (wHT=N)o/V/2

3

2w o™

= +

2ﬁ< (T=A—w)o/V?2 (m+ w)a /2
+

/ —I-/ ) e ds.
(T —w)a /2 (T=A+w)o/V2

Since ApnodGauss 1S even, we consider only the case w € [0,4]. By (3.3) we obtain

1 ( ( V2 e(m=A-w)?e?/2 | V2 o(THA+w)?a?/2

0< AmodGaLuss(W)

<
T 4/m\(r—A—w)o (mr+A+w)o
+ \/5 e(7‘r+/\7w)20'2/2 + \/5 e(ﬂ'*)\+w)202/2
(mT+ X —w)o (m=A4w)o
1 V2 2 2
<« V2 a(mA-w)ie?)2 )
_ﬁ(ﬂ—)\—w)ae , wel0,d]

Consequently, we have for all w € [—§, ] that

oA ) \F o (T A—|w])202/2
= modGauss(W) — % (7T _ )\ _ |(_/J’) o

\/Ee—(ﬂ—)\—é)202/2
<\ - .
Ei(m) < T (m=A=0)o (3:.10)

(ii) For the truncation error constant (2.2) for the modified Gaussian function (1.6), we observe

and hence

that by the inequalities SD?nodGauss(m) < e /7" and
00 o] 2
/ (pgnodGauss(t) dt <o / 6_82 ds < i e_m2/02
m m/o 2m

we also have (3.5).

12



(iii) Finally, we say that the parameter o2 of the modified Gaussian function (1.6) is optimal,
if Ey(m) and Es(m) possess the same exponential decay with respect to m. From (3.10)
and (3.5) it follows that

L — (3.11)

is the optimal parameter with

—m (m—A—0)/2

2 1
Ei(m) < \/; \/me
Ey(m) < ;Z \/1 4 mem (m—A=0)/2

where we have m — X\ — ¢ > 0 by the assumption A € [0, 7 — J).
Note that since m € N\ {1}, 6 € (0, 7), and A € [0, 7 — ), we have

-1
V2 V2 - 1 :\/2(7T—A—6)+1S 241 _
am (7 — X —0) ™ 2(m—A—9) 2m A

and therefore

\/§ o™ (m=A=0)/2 )
™m (m— X —0)

E2 (m) S

Thus, the modified Gaussian regularized Shannon sampling formula with the optimal param-
eter (3.11) fulfills the error estimate (3.9). This completes the proof. [ |

Thereby, Theorem 3.4 shows that the approximation error of the regularized Shannon
sampling formula with the modified Gaussian function (1.6) has the best exponential decay
in the case A = 0. In other words, the Gaussian function @gauss in (1.5) is much more favorable
than the modified Gaussian function ¢noqGauss in (1.6).

4 Optimal regularization with the sinh-type window function

In this section, we consider the sinh-type window function (1.7) with shape parameter § > 0,
analogous to [12, Theorem 6.1] and [13, Theorem 4.2]. In order to achieve fast convergence
of the sinh-type regularized Shannon sampling formula, we put special emphasis on the opti-
mal choice of this shape parameter 8. Moreover, we demonstrate that the exponential decay
with respect to the truncation parameter m € N\ {1} is much better for the uniform approx-
imation error H f = Rsinhm f H Co(R) than for the approximation error H f — Raauss,m f H Co(R) in
Theorem 3.1.

Theorem 4.1. Assume that f € L*(R) N C(R) is bandlimited with bandwidth § € (0, 7). Fur-
ther let pginn be the sinh-type window function (1.7) with shape parameter f = m (m — ) and
let m € N\ {1} be given.

Then the sinh-type reqularized Shannon sampling formula satisfies the error estimate

Hf - Rsinh,meCO(R) <e ™ (r=2) Hf”L2(]R) : (41)

13



Proof. (i) Since @gnn in (1.7) is compactly supported on [—m, m] and @gnn(m) = 0, we
have Eo(m) = 0. Thus, according to Theorem 2.1, the approximation error can be estimated
by

Hf - Rsinh,meCO(R) < ||f”L2( H[la?(s] ’Asmh( )‘

where
Asinh(("‘)) =1-—= Sasinh(T) dr, we [_57 5] : (42)
Following [18, p. 38, 7.58], the Fourier transform of (1.7) has the form

CmyE A= )TELR(EVI=Y) <1

\fsmhﬁ (V2 —1)"1/2 LBVETT) > 1, (4.3)

@sinh( )

with the scaled frequency v = % 7, where J; denotes the Bessel function and I; the modified

Bessel function of first order. Substituting 7 = % v in the integral in (4.2), the function Agup
reads as

B v (w) R 5
Psinh \ 1y
V2rm Jov (~w) (

with the increasing linear function

Agph(w) =1 — v)dv, wel-4 4], (4.4)

(W) = % (w+7), wel[-3, 4. (4.5)
(ii) Now we choose the shape parameter of (1.7) in the special form 5 = m (7 — ). Thus,
we have

w—i—wgyl(é)zﬂ—i-é

T—90 =30’

1=11(-0) <v(w) =

€ [0, d].

In view of (4.3) we split (4.4) in the form Agnn(w) = Aginh,1 — Asinh,2(w) with

A . 1 Il ,B v1i—v )
sinh,1 — smhﬂ / 1_ V2 )
3 /Vl(—w) /V1 @I\ Ly (5 m)
Ag; = B Ut S
()= 5 ik B ( " a1

Using [10, 6.681-11] and [1, 10.2.13], we get

o TR L ) T T T

and hence

Aginng =1 — (4.7)

14



By [10, 6.645-1] we have
DOV g, (B g (B = L

where I; /5 and K5 are modified Bessel functions of half order (see [1, 10.2.13, 10.2.14, and
10.2.17]. Numerical experiments, cf. [12], have shown that for all W > 1 we have

W T (B2 — (1_675)
0</1 N(Bvr2—1) —— Y dv < =, (4.8)

such that

3(1—e B 3¢
0< Asinh,Z((")) < B ( ° ) = °

~ 2sinh g B T 14eB8 €[4, d]. (4.9)

Thereby, it follows from (4.7) and (4.9) that the expressions in (4.12) have the same expo-
nential decay m (r — ) and that

e_ﬁ

T <e P, wel-4 4.

‘Asmh } - ‘Asmh 1 — Asinh,Z(W)‘ S

Thus, the sinh-type regularized Shannon sampling formula with the chosen shape parame-
ter 8 = m (7w — §) fulfills the error estimate (4.1). This completes the proof. [ |

Now we show that the choice of the shape parameter § =m (m —§) of (1.7) is optimal
in a certain sense. To this end, let the parameters a >0, m € N\ {1}, and 0 € (0,7) be
given, and consider shape parameters of the form 5 = am (7 — §). Then the increasing linear
function (4.5) fulfills

w4+ )

< V1(5) = m,

=v1(—0) <v(w) = ar=0) =

€ [0, d].

Therefore, we split (4.4) as Aginh(w) = Aginh,1 — Asinh2(w), w € [0, §], with

1/a
Asin =1- sin d
b1 m\/ﬂ 1/0180 h ) g
1/a
—1- Ti \‘; Geinn (2 v) dv, (4.10)

and

vi(—w) v (w) 5
= (/ —l—/ > @sinh(a I/) dv. (4.11)
m2m 1/ox 1/a

Di(m) = |Ag

Introducing the terms

(4.12)
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it is known by Theorem 4.1 that for o = 1 both expressions in (4.12) possess the same ex-
ponential decay m (7 — d). In the following, we discuss the other cases 0 < a < 1 and o > 1.
More precisely, we show in Theorem 4.2 that for a # 1 both expressions in (4.12) have the
same exponential decay smaller than m (7 — 0). In this sense, it follows immediately that the
shape parameter § = m (7 — J) of the sinh-type window function (1.7) is optimal, since both
expressions in (4.12) tend to zero as m — oo with the same maximum exponential decay.

Theorem 4.2. Foré € (0, 7), let pginn be the sinh-type window function (1.7) with the shape
parameter f = am (m —§) with a >0, a # 1, and m € N\ {1}.

a) In the case a € (0, 1), both expressions in (4.12) tend to zero as m — oo with the same
exponential decay am (m —0).

b) In the case a > 1, both expressions in (4.12) tend to zero as m — oo with exponential
decay smaller than m (m —J).

Proof. a) First we consider the shape parameter 8 = am (7 — 0) with a € (0, 1). Then we
have by (4.10), (4.3) and (4.6) that

6v2 U
mﬁ 0 @sinh(%y) dv

A(MPETE

Iy VWP CE
smhﬁ V1—12 sinh 3 V2 —1
LAY s ),
sinh 3 sinh 8 J; ViZz -1
2¢7 B Ve [ (BvVv? —1) "
1+e# sinhp J; Viz—1
Hence, by (4.8) this yields

Asinh,l =1-

:1_5

2¢~" B 3(1—eb)  B5ef
| Aginh,1| < e iy R e P (4.13)
For the second term (4.11) we have by (4.3) that
B vi(—w) vi(w)
Asinh,Z(W) = </ +/ )Sosmh( ) dv
mv2m 1/a 1/a
B ( /V1<—w> / () ) Ji(BVvE—1)
- 4 —_— dv
2sinh 8\ Jy/qa 1/a v2—1
3 /Vl(—w) /Vl(w) /1/0‘ J1 (/8 \/ﬁ)
= ) B Gl S _
SEANA —1—1 . —— dv, we[-9,4],
such that (4.8) implies
3(1—e? —p
| Aginn,2(w)| < (1-<) Ge w € -3, d]. (4.14)

sinhf  1te B’
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Figure 4.1: Semilogarithmic plots of the term 1 — 5l T dv for m=1,...,20,
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Thus, by (4.13) and (4.14) the quantities (4.12) tend to zero as m — oo with the same
exponential decay am (m — 0), which is smaller than m (7 — §) as a € (0, 1).

b) Now we investigate the shape parameter f = am (7 — J) with o > 1.
(i) By (4.10) and (4.3) we obtain

2 1/a 1/04[ V1 =12
Aginh,1 =1 — IB\[ @sinh(ﬁy)dyzl_ B Mdy
’ m/m Jo m sinh 5 /g V1—12

Numerical experiments, cf. Figure 4.1, have shown that

/1 Li(m(m—0)V1—1?) »
0 V1— 12

m (7 —9)
sinh (m (7 — §))

Aginhg > 1 —

Hence, by (4.6) we have

2 (sinh (2F=0))?  9emm(r—d)

Aginn1 > 1— = >
ol sinh (m (7 — §)) 1+ e-m(7—9)

0,

i.e., D1(m) = Aginh,1 tends to zero as m — oo with exponential decay smaller than m (7 — ¢).

(ii) On the one hand, we consider the expression (4.11) in the case

1< +0 <a,
T—20
i.e., for (4.5) we have v1(9) = a?:fé) <1, such that

Lt <1, wel-3 4. (4.15)
«

Then by (4.11) and (4.3) we obtain

_B / ne L(pV1-—v?)
2sinh B\ Ji/a

dv, wel-0,4d].

v (w)
+f )
1/a
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Note that by (4.5) and (4.15) we have 2 < 14(0) = y <1,and

PCE
atr—g ) =n0)-Tr—g

Hence, for w € [0, 4] it follows that

Il ,B\/l—V )
smhﬁ 1/a V1i—12

v1(0) m v1(0) /1 —
b (/ B )—/ )II(B ) (4.17)
v v =9

vi(w) = v1(0) + (4.16)

Asmh 2 =

+ a 1 0
2 sinh 1(0) () p—— N

An analogous decomposition of Agnp 2(w) also applies for w € [-d,0]. By the power series
expansion of the modified Bessel function I, the integrand

1 1—12) (1—
1(?/1—7\/7 B Z 22kk' ky+ 1 | ? Ve (_17 1)7 (418)

I (BV1-1?)
V1-v2
n [0,1), the second term in (4.17) is negative for w € (0,d] as we have two integration

intervals of the same length by (4.16), and therefore

is positive for v € (—1,1). Since the integrand is also monotonously decreasing

v1(0) [ V1 — 2
D2(m) = Inax Asmh2 ! IB v

WE[—6,0] smhﬁ V1—12 (4.19)

Numerical experiments, cf. Figure 4.2, have shown that (4.19), tends to zero as m — oo with
exponential decay smaller than m (m — 9).
(iii) On the other hand, we consider the expression (4.11) in the case

T+ 0
T—30

Then by (4.5) we have v (w1) = 1 for wy = a (7 — ) — 7. Without loss of generality, we can
assume that w; > 0. In the case wy > 0, we split the interval [—0d, 0] into the three subinter-
vals [0, —w1], [~w1,w1], and [wi,d]. In the case w; = 0, the interval [—4d, 0] is decomposed
into [—0,0] and [0,d]. In the following, we discuss only the case wy > 0.

l<a<
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(A) Since v1(w) in (4.5) is an increasing linear function, we have for w € [—J, —w;| that

T+ 0

<y(w) <vi(—wi) <1, 1<y (—w)<r((d)= am=0)

QIm

Then from (4.11) and (4.3) it follows that

v1(—w) v1(w) 3
</ / +/ ) Spsmh( )dV
m 271' /a J1

v (w) I ,3‘/1—1/2
281nh6<//a / > V1i-12

) 1 (V)
smh 15} /

v2—1

Asinh,2( -

Since the integrand L(BV1-v?)

Il ,3 vV1-— VQ)
smhﬁ //a dv < Asinh,2 (w)

V1-—12

v, we€[-0,—wi].

i,z Is nonnegative by (4.18), using (4.20) and (4.8) implies

(4.20)

3(1—e")

Il ﬁ\/l—y2)dy+ B
Slnhﬂ /a V1-12 2 sinh 8

L(BV1—1?) o+ 3e P
Slnhﬁ 1/a V1—12 2(14eF)"

Numerical experiments, cf. Figure 4.3, have shown that

Il ﬁ\/l—y)
smhﬂ o VI-1?

dv, a>1,

tends to zero as m — oo with exponential decay smaller than m (7 — ). Therefore, we obtain

that

max  Aginh2(w)
wE[—d,—w1]

tends to zero as m — oo with exponential decay smaller than m (7 — 9).
(B) For w € [—w1,wi] we have

1
— <v(—wi) <vi(fw) <1.
«

Then from (4.11) and (4.3) it follows that

6 v1(—w) v1(w)
Asinh,2(W) e </ +/ > Sosmh( )dV
my/ 2w 1/a 1/a

~ 2sinhf Vo N

v1(—w) v1(w) —
B (/ +/ >Wdy’ w € [~wi,wi].
/

(4.21)
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Note that by (4.5) and (4.21) we have again (4.16) and therefore (4.17) holds for w € [0, w1].
Analogous to (4.19) this implies
Il ﬁ\/ 1-— 1/2)

dv

max Asmh 2
we[-w wi] Slnhﬁ 1/a V=12

Hence, by the numerical experiments in Figure 4.2 we see that

max  Agiph,2(w)
wE[—w1,w1
tends to zero as m — oo with exponential decay smaller than m (m — 9).
(C) For w € [wy,d] we have
T+

s é < 1i(—w) < m(—wr) < 1. (4.22)

1 <1(w) <1n(d) =

Then from (4.11) and (4.3) it follows that

st~ 2 ([
([ /) 2,
J

~ 2sinh 2 sinh 8

251nhﬁ/ 1 .

Since the integrand LBVIZV7) 4 nonnegative by (4.18), using (4.22) and (4.8) implies
V1-v2

drv < Asinh,Q (w)

L(BV1—1?2)
2s1nhﬁ //a V1—12
hﬁ\/m)dwr g 3(1-ef)
smh,B /a V1—12 2 sinh 8 2p3

5 5\/1—71/2) 3¢~

smhﬁ Vo V1—-12 V+2(1+e_6)‘
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Hence, by the numerical experiments in Figure 4.3 we obtain that

max Asmh 2( )
w€[w1,8

tends to zero as m — oo with exponential decay smaller than m (7 — §).
In summary,

Dy(m) = max_Aginh2(w)
we[—0,0]

tends to zero for m — oo with exponential decay smaller than m (7 — 9). |

Remark 4.3. Note that the similarity between Figures 4.1 and 4.2 can be easily explained,
since using (4.6) and (4.7) we have

l/all B\/l—l/z)d Il ,3\/1—1/2)
< smhﬁ V1-12 ) smhﬁ 1/a V1-12
VL(BV1— 1/2) (smhg) 2¢ 5
smhﬁ/

dv

S WEIT IO T ite?
and hence
Ve I (BV1 - 1/2) / L(BV1—1?) dy + 2¢7 7
smhﬁ V1—12 o smhﬁ 1/a V1—12 v 1+e b8’
where the term 12:‘ is very small. d

Example 4.4. Analogous to Example 3.3 we now visualize the optimality of the shape
parameter § = m (7w — §) for the sinh-type regularized Shannon sampling formula shown in
Theorems 4.1 and 4.2. More precisely, for the bandlimited function (3.8) with several band-
width parameters § € {%, 5 ?jf}, i. e, several oversampling rates § > 1, we consider the reg-
ularized Shannon sampling formula (1.4) with the sinh-type window function g, in (1.7).
The corresponding approximation error (3.7) shall again be approximated by evaluating the
given function f and its approximation R, f at equidistant points ¢, € [-1, 1], s =1,...,.5,
with S = 10°. To compare with the optimal parameter, we choose the shape parameter of
the sinh-type window function (1.7) as § = am (7 — §) with « € {%, 1,2}

The results for different truncation parameters m € {2,3,...,10} are depicted in Figure 4.4.
As stated in Theorem 4.2, it can clearly be seen that the choice of a # 1 causes worsened
error decay rates with respect to m. Thus, the numerical results confirm that the shape
parameter 5 = m (m — ) of Theorem 4.1 is optimal, and that this fact can already be observed
for very small truncation parameters m € N\ {1}. O

We further remark that already in [12, Theorem 6.1] and [13, Theorem 4.2] bounds on
the approximation error of the Shannon sampling formula (1.4) were shown for the sinh-type
window function (1.7) with suitably chosen shape parameter 5. However, in these previous
works the optimal parameter was only conjectured by numerical testing, whereas the proof
of the optimality was still an open problem. Note that although the respective parameters
look different than the one in Theorem 4.1, they are basically the same, only adapted to the
slightly different settings considered in [12, 13]. Therefore, the newly proposed Theorem 4.2
provides not only a proof for the optimality of the parameter choice in Theorem 4.1 but also
for the parameter choice of [12, 13].
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Figure 4.4: Maximum approximation error (3.7) using the sinh-type window function gy
in (1.7) with different shape parameters f = am(m —¢), a € {%, 1,2}, for the
bandlimited function (3.8) with bandwidths § € {Z,%, 2%} and truncation pa-

rameters m € {2,3,...,10}.

5 Optimal regularization with the continuous Kaiser—Bessel
window function

In this section, we consider the continuous Kaiser—Bessel window function (1.8) with shape
parameter 3 > 0, analogous to [13, Theorem 4.3]. In order to achieve fast convergence of the
continuous Kaiser—Bessel regularized Shannon sampling formula, we again put special em-
phasis on the optimal choice of this shape parameter 5. Furthermore, we show that the expo-
nential decay with respect to the truncation parameter m € N\ {1} for the uniform approx-
imation error H f — RckBm fHCO ®) is similar to the approximation error H f — Reinhm fHCO ®)
in Theorem 4.1.

Theorem 5.1. Assume that f € L*(R) N C(R) is bandlimited with bandwidth § € (0, ™=Lx].
Further let o .xp be the continuous Kaiser—Bessel window function (1.8) with shape parame-
ter B =m(m —9) and let m € N\ {1} be given.

Then the continuous Kaiser—Bessel reqularized Shannon sampling formula satisfies the error
estimate

7
Hf - RcKB,meCO(R) < <

7 —m (m—
G m=0)+ Ltr =02 )0 | flay . (5)

Proof. (i) Since pckp in (1.8) is compactly supported on [—m, m] and p.xp(m) =0, we
have Fy(m) = 0. Thus, according to Theorem 2.1, the approximation error can be estimated
by

|f - RcKB,meCO(R) < |1 fllr2ry max |Acxs(w)|

we[—0,0]

where

1 w—+m A
ACKB(W) =1- \/72777 /W_Tr SOCKB(T) dT, w € [—(5, (5] . (5.2)
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Following [18, p. 3, 1.1, and p. 95, 18.31], the Fourier transform of (1.8) has the form

(sinh (BM) sin(ﬁ”)) . ’V’ <1,

3 e

C  omvZ 5.3

90 KB( ) (I()(ﬁ) )ﬁ (sin (ﬁ\/ﬁ) . Sin(ﬂl’)) . ’y’ >1 ( )
ﬁ\/VQ_l D] : )

B

with the scaled frequency v = % 7. Substituting 7 = £ v in the integral in (5.2), the func-

tion A.kp reads as

v1(w)
Ac =1- c dv, € [—d, 4], 5.4
kB (w) m\/ﬂ/ SOKB ) v, we] ] (5.4)

_Vl

with the increasing linear function (4.5).
(ii) Now we choose the shape parameter of (1.8) in the special form 5 = m (7 — ). Thus,
we have
w+m T+ 0

L= 0(=8) S m(w) = Z5 <0 () = =55,

w e [0, d].

In view of (5.3) we split (5.4) in the form Ackp(w) = Ackp,1 — AckB,2(w) with

(V) )
St = ) - ) / ( BVI =02 o )
B 8 v (—w) vi(w) sin (5 N - 1) - Sin(ﬁu))
swor) = () v ) 69
Using [10, 3.997-1] we have
Lsinh (B V1 —1?2) 1 [™2
/0 N dv = 3 /0 sinh(S cos s) ds —B Lo(5),
where Lo denotes the modified Struve function (see [1, 12.2.1])
Lo() = S° /2" _2rm 2%

i CE+9)" ™S (kD)

Additionally, by the definition of the sine integral function

Si(x) = SIne dv, zeR,
0 [

we have

L sin(pv) 1.
| v = 5sia).

such that we obtain
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Ap1 =1 __% < "L (B) — = Si(ﬁ))

(LB -1)\28 " 3
ZLM$_1<QW)—LM%—1+ism%>. (5.6)

Note that by [2, Theorem 1] the function Ip(z) — Lo(x) is completely monotonic on [0, co)
and tends to zero as x — co. Moreover, by a numerical test (see [13, Figure 4.2]) we see that
for 5 =m (m —0) > 0 we have

0< To(B) ~ o) 1+ 2Si(F) < 3. (5.7)

Since additionally Ip(/3) > 1 holds for § = m (7 — §) > 0, this yields

1
0 < Ackp, < 5

(lo(8) = 1)

Now we estimateAckp2(w) in (5.5) for w € [—6, §] by the triangle inequality as

B vi(—w) vi(w) > sin (Bv12 —1)  sin(fv)
Ac < —_— — .
| KB,z(w)} < (Io(,B)—l) </1 —1—/1 e B0 dv
By [21, Lemma 4] we have
. \/Tl . 2
e - Y o3
and therefore
44 *1 44
A < — —dv=—.
Aawale)l € iy | = e
Thus, we conclude that
kB (@)] < Acki 1 + [Dexm ()] < 10(51)_1 (; + ff) . wel=3, 9.

Since numerical experiments have shown that Wz)il) is strictly decreasing on [1, 00) and
by the assumption 0 < § < =1 7 we have 8 = m (7 — 6) >« for m € N\ {1}, it follows that

ef e™

BB —1) = 7 (o(m) - 1)

= 1.644967 ... <

SN

(5.9)

Hence, this yields

1 1 4p B (1 4B\ _j 7 (A
— = | <+ — == — . 5.10
]M@—1<2+w> 4<2+w>e st h)e (5.10)
Thus, the continuous Kaiser—Bessel regularized Shannon sampling formula with the chosen

shape parameter f = m (m — §) fulfills the error estimate (5.1). This completes the proof. B

Now we show that the choice of the shape parameter § = m (7 — §) of (1.8) is optimal in
a certain sense. To this end, let the parameters a > 1, m € N\ {1}, and § € (0, Z=1 7) be
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given, and consider shape parameters of the form 5 = am (7 — §). Then the increasing linear
function (4.5) fulfills

=11(-9) <unw) = wim <1(d) = 047(T7T+—55)’

>~ m S [—5, 5] .

Q|

Therefore, we split (5.4) as Ackp(w) = AckB,1 — AckB2(w), w € [=6, §], with
1/a
c dv,
m TW 1/ ¢ KB )

L BVE e
_1_mﬁ/o @exB (£ v) dr, (5.11)

ﬁ < /— 1/a / )
A = + d
CKB,Q (w) m \/ﬂ _Vl(_w) 1/a SOCKB ) v

ﬁ vi(—w) v1(w)
m 2 1/«

Dy(m) = ‘ACKBJ‘ ., Da(m) = wg[la?&] ‘ACKB 2(w )‘ (5.13)

Ak =1—

Introducing the terms

it is known by Theorem 5.1 that for @ = 1 both expressions in (5.13) possess the same ex-
ponential decay m (r — ). In the following, we discuss the other cases 0 < a < 1 and o > 1.
More precisely, we show in Theorem 5.2 that for a # 1 both expressions in (5.13) have the
same exponential decay smaller than m (r — ). In this sense, it follows immediately that
the shape parameter 8 = m (7 — §) of the continuous Kaiser—Bessel window function (1.8) is
optimal, since both expressions in (5.13) tend to zero as m — oo with the same maximum
exponential decay.

Theorem 5.2. For § € (O, mT_l 7T], let pcxB be the continuous Kaiser—Bessel window func-
tion (1.8) with the shape parameter 8 = am (7 — ) witha > X, a # 1, and m € N\ {1}.

a) In the case o € [%, 1), both expressions in (5.13) tend to zero as m — co with the same
exponential decay aom (m — 6).

b) In the case a > 1, both expressions in (5.13) tend to zero as m — oo with exponential
decay smaller than m (1w — §).

Proof. a) First we consider the shape parameter = am (7 — §) with « € [%, 1). Then
we have by (5.11), (5.3) and (5.6) that

va v
Ackp1=1-— :if SOCKB(% v)dv

B[+ Yotz

(- [ (R .

:1_
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28 — /ll/a <sin (Bvr2-1) Sin(BV)> W

" 7 (0(8) BVA=1

1 2 .
= m <IO(B) —Lo(B) -1+ - Sl(ﬂ))

- 23 /1/0‘ <sin (BVr?—1) B sin(ﬁv)) v

T (Io(ﬁ) - 1) 1 Bm BV ‘
Using (5.7), (5.8), and (5.10), it follows that
1 48 77 _
soworl < 5=y *r—y < (4R S oM

For the second term (5.12) have by (5.3) that

6 v (—w) v1 (w) R 5
Ackp2(w) = </ +/ )socKB(m v) dv
m 1 1

27T /a /a
8 </V1(—W) N /m(w) ) (Sin (BVv2—1) Siﬂ(ﬁl/)) d
= ————-- —_ ]/7
T (Io(ﬁ) - 1) 1/a 1/a BVr2—1 B
such that (5.8) in connection with é > 1 and the monotonicity of 712 implies
43 /OO 1 43
A w) < ———— —dv=—=.
[Aercna(w)] m(Io(8) —1) i v? ™ (Io(8) — 1)

Since numerical experiments have shown that Wz)_l) is strictly decreasing on [1, c0) and by

the assumption 0 < ¢ < %w and % <a<1wehave f=am(m—9) >ar > 1, it follows
that

eﬂ (]
5(Io(A) —1) = (1)1

=10.2165674... < 11

and therefore

2
’ACKB,Q(W)| < %efﬂ, w e [—5, 5] . (5.15)

™

Thus, by (5.14) and (5.15) the quantities (5.13) tend to zero as m — oo with the same
exponential decay am (m — &), which is smaller than m (7 — ) as a € [, 1).

b) Now we investigate the shape parameter 8 = am (7 — §) with a > 1.
(i) By (5.11) and (5.3) we obtain

BV2 e
A =1- kB(~v)d
KB,1 mr Jo (PKB(mV) v

1 = / " <Sinh (BV1-0?) sin(ﬁv)> d
=1-— — v.

7 (lo(B) —1) Jo BV1—v? pv
Numerical experiments, cf. Figure 5.1, have shown that

2m (m — 9) /1 <sinh(m(ﬂ—5)m)_sin(m(w—é)y)>dy
7 (Io(m (7 —8)) = 1) Jo m(m —8)V1—12 m(m—0)v '

Ak >1—
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Figure 5.1: Semilogarithmic plots of the term 1 — T — — — Br)) qy
- (10(5)_1) 0 BV1—v By

form=1,...,20, a € {1,12,15,2, 3}, and § € {Z, I, 27},
Hence, by (5.6) we have
1
Io(m (m —§)) — 1

i.e., D1(m) = Ackn,1 tends to zero as m — oo with exponential decay smaller than m (7 — ¢).

Ackp1 >

(Io(m (mr—0)) —Lo(m(mr—=9))—1+ % Si(m (7 — 5))) >0,

(ii) On the one hand, we consider the expression (5.12) in the case

)
<
—
where we have (4.15). Then by (5.12) and (5.3) we obtain for w € [—¢, J] that
vi(—w) v (w) inh 1— 12 ;
Ackpa(w) = B (/ +/ > <sm (Bv 2V ) _ sm(ﬁy)) .
7 (Lo(B) = 1) \Ji/a 1/a BV1—v By
Note that we have again (4.16). Hence, for w € [0, §] it follows that
& / o (Sinh (BV1—v?) sin(3 V)> d
_ — v
7 (Io(B) —1) Ji/a BV1—1v? pv

B nOtze= MmO (sinh (BVT—12)  sin(B V))
7 (I(3) = 1) - - dv.
" 7 (Io(B) — 1) (fvl(o) /ul(o)a(:é) BV1—12 B v

An analogous decomposition of A.kp2(w) also applies for w € [—4, 0]. By Figure 5.2 the even
integrand

1<

Ackpp(w) = (5.16)

sinh (8v1—12)  sin(8v)
BV1—12 a Bv
is positive and monotonously decreasing on [0, 1). Thus, the second term in (5.16) is negative
for w € (0, 6] as we have two integration intervals of the same length by (5.16), and therefore

B B 2/3 1(0) sinh (ﬂ m) sin(ﬁ V)
Do(m) = max  Ackp2(w) = () - 1) /W ( BVI—12  Bu >dy'

Numerical experiments, cf. Figure 5.3, demonstrate that Dy(m) tends to zero as m — oo
with exponential decay smaller than m (7 — §).

ve(-1,1), (5.17)
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(iii) On the other hand, we consider the expression (5.12) in the case

T+

1< <
@ T—30

Then by (4.5) we have v (wy) =1 for wy == a (7 — §) — 7. Without loss of generality, we can
assume that w; > 0. In the case wy > 0, we split the interval [—d, 0] into three subinter-
vals [—0, —wi1], [~wi, wi], and [wy, J]. In the case wy = 0, the interval [—¢, J] is decomposed
into [—¢, 0] and [0, d]. In the following, we discuss only the case w; > 0.

(A) For w € [—0, —w1] we have again (4.20). Then from (5.12) and (5.3) it follows that

v1(—w) v1(w)
A = ¢ d
KB,2(W) - 27T <//a / /la ><P ke (2 v)dv

= b ) (5 )

B vi(-w) s1n(ﬂ\/l/27)_5in(ﬂy) v, wE[=6 —w
" (zow) >/1 <ﬁ¢f Bv >d’ S
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Since the integrand (5.17) is nonnegative by Figure 5.2, using (4.20) and (5.8) implies that

8 /11 <sinh (BVI—17)  sin(g)

> dv < ‘ACKB’Q(UJ)’

m o BV1 =12 Bv
s [ (VI s,
- W(IO(ﬁ)_l) /1/a< BV1—12 Bv >d

N B /Vl(‘“) sin (BV1 — 1?) _ sin(Bv)
7 (Io(B) —1) /1 BV1—v? pv
28 ' (sinh(BV1-1?) _ sin(By) , 25

S7r(10(ﬁ)71) /1/a< BVI—12 Br )d I

We remark that by 5 =am (7 — ) witha >1and 0 < § < mT_l & we have § > 7, and hence
by (5.9) this yields

dv

Y T8
Io(ﬁ)—1<4ﬁe .

Numerical experiments, cf. Figure 5.4, have shown that
23 /1 (sinh (BV1—v?)  sin(Bv)
7 (Lo(B) —1) Jija BV1—v2 pv

tends to zero as m — oo with exponential decay smaller than m (7 — §). Therefore, we obtain
that

>du, a>1,

we[rflgfwﬂ |Ackp2(w)|

tends to zero as m — oo with exponential decay smaller than m (m — 9).

\
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Figure 5.4: Semilogarithmic plots of the term 28 fl/ ( — — [5,8 )) dv
x (Lo(8)-1) /e BV1—v v

3
form=1,...,20, v € {1.1,1.2, 1.5, 2,3}, and 6 € {§, 5, 37 }.

(B) For w € [~w1, wi] we have again (4.21). Then from (5.12) and (5.3) it follows that
for w € [—w1, wi] we have

B Vl(—w) Vl(w) R ﬁ
ACKBQ(w) = m\/ﬂ </1/ +/1/ > @CKB(R V) dv
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“rair (AT ) e

Note that by (4.5) and (4.21) we have again (4.16) and therefore (5.16) holds for w € [0, w1].
Analogous to step (ii) this implies

B8 v1(0) sinh(8v1 — v2) sin(ﬁy)>
we[rilgffwl]ACKBg(CU)_W(Io(ﬁ)—l) /1/a ( SV B dv.

Hence, by the numerical experiments in Figure 5.3 we see that

max  Ackp2(w)
we[—w1,w1]

tends to zero as m — oo with exponential decay smaller than m (7 — §).

(C) For w € w1, 0] we have again (4.22). Then from (5.12) and (5.3) it follows that

v1(—w)
Acpz(w) = Bzw </1/ // /1 )%KB )

oo L) AT )

Since the integrand (5.17) is nonnegative by Figure 5.2, using (4.22), (5.8) and (5.9) for the
shape parameter 5 = am (7 —§) > a7 > 7 implies

B) /1 <sinh (BVI=0?)  sin(Bv)

_l’_

) dv < ‘ACKB,Z(W)‘

™ (10(5) - /e BV1—12 By
28 [t (sinh(BVI-v?) sin(By)
< m (Lo(B) — 1) /1/a< BVI— 12 By )d
LB /m(w) sin (BVPZ—1)  sin(Bv) .
™ (Io(8) —1) Ju BVZ—1 By
28 L /sinh (BV1-1?) _ sin(Bv) 7 -
<7r(10(5)—1) /1/a< BVI— 12 Bu >d + Wﬁ .

Hence, by the numerical experiments in Figure 5.4 we obtain that

Jax, |Ackp2(w)]

tends to zero as m — oo with exponential decay smaller than m (m — 9).
In summary,

DQ(m):wg[la()S( ‘ACKBQ( )‘

tends to zero for m — oo with exponential decay smaller than m (7 — J). [ |
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Example 5.3. Analogous to Example 4.4 we now visualize the optimality of the shape
parameter § = m (m — §) for the continuous Kaiser—Bessel regularized Shannon sampling for-
mula shown in Theorems 5.1 and 5.2. More precisely, for the bandlimited function (3.8)
with several bandwidth parameters § € {%, R ?ﬂf , i.e., several oversampling rates § > 1,
we consider the regularized Shannon sampling formula (1.4) with the continuous Kaiser—
Bessel window function ¢ckp in (1.8). The corresponding approximation error (3.7) shall
again be approximated by evaluating the given function f and its approximation R, f at
equidistant points t; € [-1, 1], s =1,...,S, with S =10°. To compare with the optimal
parameter, we choose the shape parameter of the continuous Kaiser—Bessel window func-
tion (1.8) as 8 = am (7 — ) with a € {3,1,2}.

The results for different truncation parameters m € {2, 3, ..., 10} are depicted in Figure 5.5.
As stated in Theorem 5.2, it can clearly be seen that the choice of o # 1 causes worsened
error decay rates with respect to m. Thus, the numerical results confirm that the shape
parameter 5 = m (7 — 0) of Theorem 5.1 is optimal, and that this fact can already be observed

for very small truncation parameters m € N\ {1}. O
A 1072 A 8 2
_ A _ R
1073} e, : A, 10721 5y .
A AL R LA
ea 1074 ."'"-A. N A 'A,..
10—6 - '~,~‘,_..L._.'A - ""---A.'... 'A“.‘ A
10-6 | 2 10l Tea
1070 :
"‘-'a:% 10-8} ""'(Jz:% il ""'a:%
a=1 a= a=1
12 a=2 i a = _ a=2
10 T T I I I 10710 — T I [ [ 10 ot T T I ! L
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
m m m
_ T _m _ 3m
(a)6=1 (b)s=1 (c) 5= 3

Figure 5.5: Maximum approximation error (3.7) using the continuous Kaiser-Bessel win-
dow function ¢.kp in (1.8) with different shape parameters 8 = am(m — §),
a € {%, 1, 2}, for the bandlimited function (3.8) with bandwidths 6 € {%, 5 ?ﬁf}
and truncation parameters m € {2,3,...,10}.

We further remark that already in [13, Theorem 4.3] bounds on the approximation error of
the Shannon sampling formula (1.4) were shown for the continuous Kaiser-Bessel window
function (1.8) with suitably chosen shape parameter 5. However, in this previous work
the optimal parameter was only conjectured by numerical testing, whereas the proof of the
optimality was still an open problem. Note that although the respective parameter looks
different than the one in Theorem 5.1, it is basically the same, only adapted to the slightly
different setting considered in [13]. Therefore, the newly proposed Theorem 5.2 provides
not only a proof for the optimality of the parameter choice in Theorem 5.1 but also for the
parameter choice of [13].

Remark 5.4. Note that the code files for this and all the other experiments are available on
https://github.com/melaniekircheis/Optimal-parameter-choice-for-regularized-
Shannon-sampling-formulas. U
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6 Conclusion

In this paper, we have studied the regularized Shannon sampling formula (1.4) for the widely
used Gaussian function (1.5), the modified Gaussian function (1.6), the sinh-type window
function (1.7), and the continuous Kaiser—Bessel window function (1.8). More precisely,
for an arbitrary bandlimited function f € L?(R) N C(R) with bandwidth ¢ € (0, ) we have
shown that the uniform approximation error (1.10) of the regularized Shannon sampling
formulas of f possess an exponential decay with respect to the truncation parameter m. In
doing so, we have demonstrated that the decay rate m (m — 0) of the sinh-type regularized
Shannon sampling formula, see Theorem 4.1, and the continuous Kaiser—Bessel regularized
Shannon sampling formula, see Theorem 5.1, is much better than the decay rate m (7 — 4)/2
of the Gaussian regularized Shannon sampling formula, see Theorem 3.1. Note that the
sinh-type regularized Shannon sampling formula is even better than the continuous Kaiser—
Bessel regularized Shannon sampling formula due to the constant factors in (4.1) and (5.1),
see also Figure 6.1.

Moreover, we found that the exponential decay of the approximation error of the regularized
Shannon sampling formula (1.4) strongly depends on the shape parameter of the correspond-
ing window function. Namely, the optimal choice of the variance o2 of the (modified) Gaussian
function and of the shape parameter 8 of the sinh-type window function and the continuous
Kaiser—Bessel function is a crucial ingredient for a fast and accurate reconstruction of f.
Therefore, the main focus of this paper was to determine the optimal variances o2 in Theo-
rems 3.1 and 3.4 as well as the optimal shape parameters 4 in Theorems 4.2 and 5.2, such that
the exponential decay of the approximation error (1.10) is as large as possible. These results
further emphasize the superiority of the sinh-type regularized Shannon sampling formula of f,
since the approximation errors of the regularized Shannon sampling formulas were compared
for the optimal shape parameters each.

10-11 10° 333““.“..- : :Eff_:_:_:_:_:-:::::::u.__"__
T B 107}
10741 Sl | R e T
10-* 1073
1077,
107° -5L
_10||=®= PGauss -~ PGauss 10 —o— PGauss
10 == PmGauss 1078 | == PmGauss == OmGauss
Psinh Psinh s Psinh
ol S ] % Jggof=eas ] RNl gas ]
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
m m m
3
(a) 6 =17% (b)d=7% (c) 6 ==
Figure 6.1: Maximum approximation error (3.7) (solid) and error constants (dashed) using
© € {PGausss PmGausss Psinh, PeKB | see (1.5), (1.6), (1.7), and (1.8), for the band-
limited function (3.8) with § € {%, %, %’r} and m € {2,3,...,10}.
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