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Abstract. In this paper, we discuss the numerical solution of two nonlinear approximation

problems. Many applications in electrical engineering, signal processing, and mathematical physics
lead to the following problem: Let h be a linear combination of exponentials with real frequencies.
Determine all frequencies, all coefficients, and the number of summands, if finitely many perturbed,
uniformly sampled data of h are given. We solve this problem by an approximate Prony method
(APM) and prove the stability of the solution in the square and uniform norm. Further, an APM
for nonuniformly sampled data is proposed too.
The second approximation problem is related to the first one and reads as follows: Let ¢ be a
given l-periodic window function as defined in Section 4. Further let f be a linear combination
of translates of ¢. Determine all shift parameters, all coefficients, and the number of translates,
if finitely many perturbed, uniformly sampled data of f are given. Using Fourier technique, this
problem is transferred into the above parameter estimation problem for an exponential sum which
is solved by APM. The stability of the solution is discussed in the square and uniform norm too.
Numerical experiments show the performance of our approximation methods.
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1. Introduction. The recovery of signal parameters from noisy sampled data is
a fundamental problem in signal processing which can be considered as a nonlinear
approximation problem. In this paper, we discuss the numerical solution of two
nonlinear approximation problems. These problems arise for example in electrical
engineering, signal processing, or mathematical physics and read as follows:

1. Recover the pairwise different frequencies f; € (—m, 7), the complex coeffi-
cients ¢; # 0, and the number M € N in the exponential sum

M
h(z) = ch it (z €R), (1.1)

if perturbed sampled data hy, := h(k) +ex (k=0,...,2N) are given, where e are
small error terms.
The second problem is related to the first one:

2. Let ¢ € C(R) be a given 1-periodic window function as defined in Section 4.
Recover the pairwise different shift parameters s; € (—%, %), the complex coefficients
¢; # 0, and the number M € N in the sum of translates

M
f(z):= ch plx+s;) (zeR), (1.2)
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if perturbed sampled data fi := f(k/n)+ex (k = —n/2,...,n/2—1) are given, where
n is a power of 2 and e are small error terms.

The first problem can be solved by an approzimate Prony method (APM). The APM
is based on ideas of G. Beylkin and L. Monzén [3, 4]. Note that the emphasis in [3, 4]
is placed on approximate compressed representation of functions by linear combina-
tions with only few exponentials. See also the impressive results in [5, 6]. Recently,
the two last named authors of this paper have investigated the properties and the
numerical behavior of APM in [26], where only real-valued exponential sums (1.1)
were considered. Further, the APM is generalized to the parameter estimation for a
sum of nonincreasing exponentials in [27].

The first part of APM recovers the frequencies f; of (1.1). Here we solve a singular
value problem of the rectangular Hankel matrix H := (ﬁkJrl)i{;[:_OL’L and find f; via
zeros of a convenient polynomial of degree L, where L denotes an a priori known
upper bound of M. Note that there exists a variety of further algorithms to recover
the exponents f; like ESPRIT or least squares Prony method, see e.g. [15, 23, 24] and
the references therein. The second part uses the obtained frequencies and computes
the coefficients ¢; of (1.1) by solving an overdetermined linear Vandermonde-type
system in a weighted least squares sense. Therefore, the second part of APM is
closely related to the theory of nonequispaced fast Fourier transform (NFFT) (see
[12, 2, 28, 11, 25, 16, 21]).

In contrast to [3, 4], we prefer an approach to the APM by the perturbation theory
for a singular value decomposition of H (see [26]). In this paper, we investigate the
stability of the approximation of (1.1) in the square and uniform norm for the first
time. It is a known fact that clustered frequencies f; make some troubles for the non-
linear approximation. Therefore, the strong relation between the separation distance
of f; and the number 7" = 2 N is very interesting in Section 3. Furthermore we prove
the simultaneous approximation property of the suggested method. More precisely,
under suitable assumptions we show that the derivative of h in (1.1) can be also very
well approximated, see the estimate (3.5) in Theorem 3.4.

The second approximation problem is transferred into the first one with the help of
Fourier technique. We use oversampling and present a new APM-algorithm of a sum
(1.2) of translates. Corresponding error estimates between the original function f
and its reconstruction are given in the square and uniform norm. The critical case
of clustered shift parameters s; is discussed too. We show a relation between the
separation distance of s; and the number n of sampled data.

Further, an APM for nonuniformly sampled data is presented too. We overcome the
uniform sampling in the first problem by using results from the theory of NFFT. Fi-
nally, numerical experiments show the performance of our approximation methods.
This paper is organized as follows. In Section 2, we sketch the classical Prony method
and present the APM. In Section 3, we consider the stability of the exponential sum
and estimate the error between the original exponential sum h and its reconstruction
in the square norm (see Lemma 3.3) and more important in the uniform norm (see
Theorem 3.4). The nonlinear approximation problem for a sum (1.2) of translates is
discussed in Section 4. We present the Algorithm 4.7 in order to compute all shift
parameters and all coefficients of a sum f of translates as given in (1.2). The stability
for sums of translates is handled in Section 5, see Lemma 5.2 for an estimate in the
square norm and Theorem 5.3 for an estimate in the uniform norm. In Section 6,
we generalize the APM to a new parameter estimation for an exponential sum from
nonuniform sampling. Various numerical examples are described in Section 7. Finally,
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conclusions are presented in Section 8.

In the following we use standard notations. By R and C, we denote the set of all real
and complex numbers, respectively. The complex unit circle is denoted by T. Let Z
be the set of all integers and let N be the set of all positive integers. The Kronecker
symbol is d;. The linear space of all column vectors with N complex components is
denoted by CV, where (-,-) is the corresponding scalar product. The linear space of
all complex M x N matrices is denoted by CM*N . For a matrix A € CM*N | its
transpose is denoted by AT and its conjugate-transpose by AH. For the maximum
column sum norm, spectral norm and maximum row sum norm of A € CM*XN  we
write ||All1, ||A]2 and ||A|lo, respectively. Then ker A is the null space of a matrix
A. For the sum norm, Euclidean norm and maximum norm of a vector b € CV, we
use the notation ||bl|1, ||b|l2 and ||b|c, respectively.

For T > 0, the Banach space of all continuous functions f : [—-T,T] — C with the uni-
form norm || f|| is denoted by C[—T,T]. The Hilbert space of all square integrable
functions f : [-T,T] — C with the corresponding square norm || f||2 is denoted by
L?[-T,T). For a 1-periodic, continuous function ¢ : R — C, the jth complex Fourier
coefficient is denoted by c; ().

Computed quantities and approximations wear a tilde. Thus f denotes a computed
approximation to a function f and A a computed approximation to a matrix A.
Definitions are indicated by the symbol :=. Other notations are introduced when
needed.

2. Nonlinear approximation by exponential sums. We consider a linear
combination (1.1) of complex exponentials with complex coefficients ¢; # 0 and pair-
wise different, ordered frequencies f; € (—m, m), i.e.

< fi< ... < fu<m.

Then h is infinitely differentiable, bounded and almost periodic on R (see [10, pp. 9
— 23]). We introduce the separation distance q of these frequencies by
g:= _min_ (Fir— 1)

Hence g (M —1) < 27r. Let N € N with N > 2M +1 be given. Assume that perturbed
sampled data

hi = h(k) +ex, lex] <er (k=0,...,2N)

are known, where the error terms e; € C are bounded by a certain accuracy €; > 0.
Furthermore we suppose that |c;| > ¢e1 (j=1,...,M).

Then we consider the following nonlinear approzimation problem for an exponential
sum (1.1): Recover the pairwise different frequencies f; € (—m, m) and the complex
coefficients c; in such a way that

M
e =S ¢jefif| <e (k=0,...,2N) (2.1)

j=1

for very small accuracy € > 0 and for minimal number M of nontrivial summands.
With other words, we are interested in approzimate representations of hi, € C by
uniformly sampled data h(k) (k = 0,...,2N) of an exponential sum (1.1). Since
Ifil <7 (j =1,...,M), we infer that the Nyquist condition is fulfilled (see [7, p.
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183]).
All reconstructed values of the frequencies f;, the coeflicients ¢;, and the number
M of exponentials depend on ¢, e; and N (see [4]). By the assumption |¢;| > &1
(j=1,..., M), we will be able to recover the original integer M in the case of small
error bounds ¢ and e7. )
The classical Prony method solves this problem for ezact sampled data hy = h(k),
cf. [17, pp. 457 — 462]. This procedure is based on a separate computation of all
frequencies f; and then of all coefficients c¢;. First we form the exact rectangular
Hankel matrix
aN-L,L _

H:= (h(k+1)),,_, " € CONTErx@h, (2.2)
where L € N with M < L < N is an a priori known upper bound of M. If T denotes
the complex unit circle, then we introduce the pairwise different numbers

wj=elieT (j=1,...,M).

Thus we obtain that

M M
H(szj) :Zplzl (z€ Q)

=0

with certain coefficients p; € C (I = 0,..., M) and py; = 1. Using these coefficients,
we construct the vector p := (pg)f_,, where ppy1 = ... = pp := 0. By S :=

(5k7171)£ 1—o We denote the forward shift matrix, where §;, is the Kronecker symbol.

Lemma 2.1 Let L, M, N € N with M < L < N be given. Furthermore let hy =
h(k) € C (k=0,...,2N) be the exact sampled data of (1.1) with ¢; € C\ {0} and
pairwise distinct frequencies f; € (—m, m) (j=1,...,M).

Then the rectangular Hankel matriz (2.2) has the singular value 0, where

ker H = span {p, Sp, ...,S""Mp}

and dim (kerH) = L — M + 1.

For a proof see [27]. The classical Prony method is based on the following result.

Lemma 2.2 Under the assumptions of Lemma 2.1 the following assertions are equiv-
alent:
(i) The polynomial

Zuk & (z€0Q) (2.3)
k=0

with complex coefficients ur (k = 0,...,L) has M different zeros w; = efi €T
(j=1,...,M).

(i) 0 is a singular value of the complex rectangular Hankel matriz (2.2) with a right
singular vector u := (u;)L, € CE+L,

For a proof see [27].
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Algorithm 2.3 (Classical Prony Method)

Input: LN € N (N > 1,3 < L < N, L is upper bound of the number of
exponentials), h(k) e C (k=0,...,2N),0<¢, ¢ < 1.

1. Compute a right singular vector u = (u;)F_, corresponding to the singular value 0
of (2.2).

2. For the polynomial (2.3), evaluate all zeros z; € C with ||Z;| — 1] < & (j =
1,...,M). Note that L > M.

3. For w; := %;/|%;] (j =1,.. ., M), compute ¢ eC(y=1,.. ., M) as least squares
solution of the overdetermined linear Vandermonde—type system

N
> &k =h(k) (k=0,...,2N).
j=1

4. Cancel all that pairs (i, &) (I € {1,...,M}) with |é1] < € and denote the re-
maining set by {(w;, &) : j =1,...,M} with M < M. Form f; := Im (logw;)
(j=1,..., M), where log is the principal value of the complex logarithm.

Output: M € N, fj €(—mm),éeC(=1,...,M).

Note that we consider a rectangular Hankel matrix (2.2) with only L + 1 columns in
order to determine the zeros of a polynomial (2.3) of relatively low degree L (see step
2 of Algorithm 2.3).

Unfortunately, the classical Prony method is notorious for its sensitivity to noise such
that numerous modifications were attempted to improve its numerical behavior. The
main drawback of this Prony method is the fact that 0 has to be a singular value of
(2.2) (see Lemma 2.1 or step 1 of Algorithm 2.3). But in practice, only perturbed
values hy = h(k) +ex € C (k = 0,...,2N) of the exact sampled data h(k) of an
exponential sum (1.1) are known such that 0 is not a singular value of (2.2), in
general. Here we assume that |eg| < e; with certain accuracy £; > 0. Then the error
Hankel matrix

2N—-L,L L L+
E = (ek l)k,l 0 S (C(QN Dx(L+1)
has a small Spectral norm by

I1Ell2 < VIE[1 [[Ello < V(L +1) 2N ~L+1)er < (N +1)er.

Then the perturbed rectangular Hankel matriz can be represented by
H= (hn)s " =H+Ee CON-LHUx+n, (2.4)

By the singular value decomposition of the complex rectangular Hankel matrix H
(see [18, pp. 414 — 415]), there exist two unitary matrices V € CN—L+H)x@N=L+1)
U e CEHDX(LAD and a rectangular diagonal matrix D := (5 5j_k)jfZ;OL’L with
09 > 01> ...>0r > 0 such that

H-VvDO!. (2.5)

By (2.5), the orthonormal columns v;, € C2N=E+1 (k = 0,...,2N — L) of V and
u, € CL*1 (k=0,...,L) of U fulfill the conditions

Hua, =56,v,, HIvp=6ru; (k=0,...,L),
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ie., U is a right singular vector and vy, is a left singular vector of H related to the
singular value 61, > 0 (see [18, p. 415]).

Note that o > 0 is a singular value of the exact rectangular Hankel matrix H if and
only if 02 is an eigenvalue of the Hermitian and positive semidefinite matrix H? H
(see [18, p. 414]). Thus all eigenvalues of H" H are nonnegative. Let o9 > o7 >
... >0y > 0 be the ordered singular values of the exact Hankel matrix H. Note that
ker H = ker H H, since obviously ker H C ker HY H and since from u € ker HT H it
follows that

0=(H"Hu, u) = |Hulf3,

i.e., u € ker H. Then by Lemma 2.1, we know that dim (ker HY H) = L — M + 1, and
hence op;—1 >0 and o =0 (k= M,...,L). Then the basic perturbation bound for
the singular values o) of H reads as follows (see [18, p. 419])

|or — o] <|El2 (k=0,...,L).

Thus at least L — M + 1 singular values of H are contained in [0, |E||2]. We evaluate
the smallest singular value ¢ € (0, [|E||2] and a corresponding right singular vector of
the matrix H.

For noisy data we can not assume that our reconstruction yields roots z; € T. There-
fore we compute all zeros Z; with ||Z;| — 1| < 2, where 0 < e2 < 1. Now we can
formulate the following APM-algorithm.

Algorithm 2.4 (APM)

Input: L, N € N (3 < L < N, L is upper bound of the number of exponentials),
hy =h(k)+ex, €C (k=0,...,2N) with |ex| < €1, accuracy bounds &1, g5 > 0.

1. Compute a right singular vector u = (ﬂk)ﬁzo corresponding to the smallest singular
value & > 0 of the perturbed rectangular Hankel matrix (2.4).

2. For the polynomial Zi:o 2%, evaluate all zeros Z; (j = 1,..., M) with | |Z;|—1| <
€9. Note that L > M. R R

3. For w; := Z;/|Z;| (j =1,...,M), compute ¢; € C (j =1,...,M) as least squares
solution of the overdetermined linear Vandermonde—type system

M ~
d gk =hy (k=0,...,2N).
j=1

4. Delete all the w; (I € {1,..., M}) with |¢;| < €1 and denote the remaining set by
{w;:j=1,...,M} with M < M.
5. Repeat step 3 and solve the overdetermined linear Vandermonde—type system

with respect to the new set {w; : j = 1,...,M} again. Set f; := Im (log;)
(Gj=1,....M).

Output: M €N, f; € (-m, ), & €C (j=1,..., M).
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Remark 2.5 The convergence and stability properties of Algorithm 2.4 are discussed
in [26]. In all numerical tests of Algorithm 2.4 (see Section 7 and [26]), we have
obtained very good reconstruction results. All frequencies and coefficients can be
computed such that

M
jmax 1f; = fil <1, Zl lej — & < 1. (2.6)
j=

We have to assume that the frequencies f; are separated, that |c;| are not too small,
that the number 2N 41 of samples is sufficiently large, that a convenient upper bound
L of the number of exponentials is known, and that the error bound &; of the sampled
data is small. If none such upper bound L is known, one can always set L = N. Up
to now, error estimates of max |f; — f;| and Z]M:1 lc; — ¢;| are unknown.

If noiseless data are given, then the Algorithm 2.4 can be simplified by leaving step
5. But for perturbed data, the step 5 is essentially in general.

The steps 1 and 2 of Algorithm 2.4 can be replaced by the least squares ESPRIT
method [23, p. 493], for corresponding numerical tests see [26]. Furthermore we can
avoid the singular value decomposition by solving an overdetermined Hankel system,
see [27, Algorithm 3.9]. Further we remark that in [3] the quadratic Toeplitz matrix

2N
T := (h(k —1)),,_, € CENFTIXCENTD

was considered instead of the rectangular Hankel matrix (2.2), where all coefficients c;
are positive such that h(—k) = h(k) for negative integers k. In this case one obtains
an algorithm similar to [3, Algorithm 2]. In the step 3 (and analogously in step 5) of
Algorithm 2.4, we use the diagonal preconditioner D = diag(1 — |k|/(N + 1))§:_N.
For very large M and N, we can apply the CGNR method (conjugate gradient on the

normal equations), where the multiplication of the rectangular Vandermonde-type
matrix

5o (=k\2N, Mg fN2N, M

W= (wj)k:(),jzl = (™ )kzo,jzl
is realized in_each iteration step by the NFFT (see [25, 21]). By [1, 26], the condition
number of W is bounded for large N. Thus W is well conditioned, provided the

frequencies f] (j =1,...,M) are not too close to each other or provided N is large
enough, see also [22]. O

3. Stability of exponential sums. In this section, we discuss the stability of
exponential sums. We start with the known Ingham inequality (see [19] or [29, pp. 162
- 164)).

Lemma 3.1 Let M € N and T > 0 be given. If the ordered frequencies f; (j =
1,..., M) fulfill the gap condition

™ .
fj+1*fj2q>f (G=1,...,M —1),

then the exponentials i (j = 1,..., M) are Riesz stable in L*[~T, T}, i.e., for all

complex vectors ¢ = (¢;),

M
oT) llell3 < || Y e; P15 < BT) Jlell3

Jj=1
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with positive constants

2 2 o 42 2
and with the square norm
1 T 1/2
Ifle= (57 [ If@Par) ™ (e 2-r.).

For a proof see [19] or [29, pp. 162 — 164]. The Ingham inequality for exponential
sums can be considered as a far-reaching generalization of the Parseval equation for
Fourier series. The constants «(7T) and (7T') are not optimal in general. Note that
these constants are independently on M. The assumption ¢ > 7 is necessary for the
existence of a positive constant «(T).

Now we show that a Ingham-type inequality is also true in the uniform norm of
C[-T,T].

Corollary 3.2 If the assumptions of Lemma 3.1 are fulfilled, then the exponentials
efi® (j =1,...,M) are Riesz stable in C[-T, T}, i.e., for all complex vectors ¢ =

(Cj)jle
M
Oé(T) ifjx
V ar el < ] chef’ [
Jj=1

with the uniform norm

[flloe := max |f(z)] (f€C[-T,T]).

—T<z<T

Proof. Let h € C[-T,T] be given by (1.1). Then [|h|l2 < ||h]lcc < o0o. Using the
triangle inequality, we obtain that

M
oo <D lel -1 =llc]ls -
j=1

From Lemma 3.1, it follows that

V2D fel < /alTT el < ol

This completes the proof. |

Now we estimate the error ||h — hl|y between the original exponential sum (1.1) and
its reconstruction

M ~
h(z) =Y ¢l (ze[-T,1)). (3.1)
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Lemma 3.3 Let M € N and T > 0 be given. Let ¢ = (cj)jle and ¢ = (6j)jM:1 be
arbitrary complex vectors. If (fj)jj\ip (fj);\il € RM fulfill the conditions

fra=fza>3 (G=1...,M-1),
|/ fJ|_6<E (j=1,....M),
then
19— Blls < VBT [lle = &lls + lell2(1 — cos(T3) + sin(T5)]
in the norm of L?[—T,T). Note that
1_amT®+$mT®:1—v§gmg_T®:15+ow%emJy
Proof. 1. If § = 0, then f; = f; (j =1,..., M) and the assertion

Ih = hllz < VB(T) llc — €|z

follows directly from Lemma 3.1. Therefore we suppose that 0 < § < gz. For
simplicity, we can assume that T' = 7. First we use the ideas of [29, pp. 42 — 44] and
estimate

M
ch (efi™ —&fi®)  (z € [, 7)) (3.2)
j=1

in the norm of L?[—m,7]. Here ¢ = (c; );VI 1 is an arbitrary complex vector. Further

let (f;)_p; and ( fj ) j=1 be real vectors with following properties
fin—fizq>1 (G=1...,M—-1),
|ﬂ—M§5<i(ﬁﬂwwMy
Write
oifiz _ oifjr _ Gifz (1 _ ei(s]-x)

Wlth6J Z:fjffj and |(5]‘§(5<%(j:1,,M)

2. Now we expand the function 1 — e%® (z € [—m,7]) into a Fourier series relative
to the orthonormal basis {1, cos(kz), sin(k — $)z: k=1, 2, ...} in L*[-7,7]. Note
that 6; € [—6, 6] C [+, 1]. Then we obtain for each x € ( ) that

1—e%® = (1 — sinc(wd;) Z 2(=1)"; Sm()ﬂ(s i) os(kx)

o= 2(—1)F d; cos(7r5) 1
+1 2 (kii)
,;1 m((k - 3)? 5) 2

Interchanging the order of summation and then using the triangle inequality, we see
that

M ~
| ch (efi% — ei%) ||y < Sy + S5 + S5
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with
M
Sy = Z (1 — sinc(md;)) c; €772,
Jj=1
. > & M 2(—1)k6j sin(7d;) if;o
2.—;”(:05( x); (%) cjeli®|y,

2 (—1)k6, cos(md;)
w((k - 12— 8)

5 €375

2

Il
]
.
/:i
ol

|

|

T
NE

From Lemma 3.1 and 6; € [—9, ], it follows that

S1 < V/B(m) (Z lc; [ (1 — sinc(r6;)) ) < V/B(m)|e|2(1 — sinc(nd)) .
Now we estimate

(5 sin(md; 20 .
52 < Z || Z ) gelfJ»C”Q < \/7||C||2 Z m Sln(’ﬂ'(s) .

k=1 j=1 ) k=1

Using the known expansion

1 o0
7 cot(mwd) =3 Z: k2 ,
we receive

Sy < /B(7) ||c||2 (sinc(md) — cos(md)) .

Analogously, we estimate

we obtain

Ss < v/ B(m) [[c[l2 sin(wd) .

Hence we conclude that

M i
I ch (efi% — e1i%) ||y < \/B(7) |le||2 (1 — cos(nd) + sin(xd)) . (3.3)
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3. Finally, we estimate the normwise error by the triangle inequality. Then we obtain
by Lemma 3.1 and (3.3) that

1h — h||2<||Z = ¢j)e ‘f’m||2+llzc (e — i) 2

< \/ﬁ(w) [||c — &+ ||c||2(1 — cos(m ) + sin(r 5))] .

This completes the proof in the case T'= 7. If T # 7, then we use the substitution
t=%x¢e[-nmn forxec[-T,T]. [ |

A similar result is true in the uniform norm of C[-T,T].

Theorem 3.4 Let M € N and T > 0 be given. Let c = (cj)jle and ¢ = (@-)éﬁl be
arbitrary complex vectors. If (f])j 15 (fj)]le € (—m, m)M fulfill the conditions

3 .
fj+1_f]2q>ﬁ (]:175M_1)a
~ ™

then both €/i® (j =1,..., M) and eifie (j=1,...,M) are Riesz stable in C[-T, T).
Further

7 ~ . oT
1h = hlloo < lle = &lls +2 €]l sin —-,

- oT
||h’_h’”oo Sﬂ'”C_éHl_'_”C”l (5—|—27T sin 7) (35)

in the norm of C[-T,T].

Proof. 1. By the gap condition we know that

3r
fiv1 — f]_Q>ﬁ>T-
Hence the original exponentials e'/i® (j = 1,..., M) are Riesz stable in C[-T, T] by
Corollary 3.2. Using the assumptions, we conclude that

firnv=1 = (fim - fj) + (fi = fiv) + (F = 1)
T
>g-—2 2 5T
1T
Thus the reconstructed exponentials eifie (j=1,..., M) are Riesz stable in C[-T, T
by Corollary 3.2 too. ~
2. Using (3.2), we estimate the normwise error ||h — h||« by the triangle inequality.
Then we obtain

M

M
1 = hlloe <UD (ej = &) 5% llo + 11D ¢ (9% — i) [lo
j=1

Jj=1

<lle=ell+3 Il puax o™ — e
= —T<z<T
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Since
|elfi® — eif}l" =[1—e%"| = /2 —2 cos(§;x)
iy T
= 2|sinj—x| < 2 sin —
2 2

for all z € [T, T] and for §; = f; — f; € [~6, §] with 6T < T, we receive (3.4).
3. The derivatives i/ and I/ can be explicitly represented by

M M
W) =1 fie;el™, W(z)=1i)_ fjéell"
j=1 j=1

for all z € [T, T]. From the triangle inequality it follows that
G fe)ity — G f5E) L0 < mlle—elli + 6 el -
Further we see immediately that
1Gf5 e 5 h < el

Then by (3.4) we receive the assertion (3.5). Note that similar estimates are also true
for derivatives of higher order. |

Remark 3.5 Assume that perturbed sampled data
hi :=h(k) +en, ler] <er (k=0,...,2N)

of a exponential sum (1.1) are given. Then from [26, Lemma 5.1] it follows that
lc — €|l < V3e; for each N > 72/q. By Lemma 3.3, h is a good approximation of
hin L?[-T,T). Fortunately, by Theorem 3.4, h is also a good approximation of h
in C1[-T,T), if N is large enough. Thus we obtain a uniform approximation of h
from given perturbed values at 2N + 1 equidistant nodes. Since the approximation of
h is again an exponential sum h with computed frequencies and coefficients, we can
use h for an efficient determination of derivatives and integrals. See Example 7.2 for
numerical results. O

Remark 3.6 The conclusions of Section 3 show the stability of exponential sums with
respect to the square and uniform norm. All results are valid without the additional
assumption (2.6). But if f;, & (j = 1,..., M) reconstructed by Algorithm 2.4 fulfill
the condition (2.6), then we obtain small errors ||k — k|2 and ||k — h||os by Lemma 3.3
and Theorem 3.4, respectively. With other words, the reconstruction by the Algorithm
2.4 is stable. O

4. APM for sums of translates. Let N € 2N be fixed. We introduce an
oversampling factor a > 1 such that n := a N is a power of 2. Let ¢ € C(R) be a
1-periodic even, nonnegative function with a uniformly convergent Fourier expansion.
Further we assume that all Fourier coefficients

1/2 1/2
ck(p) == / o(x)e 2™k gy = 2 / p(x) cos(2rkx)dx (k€ Z)
—1/2 0

are nonnegative and that cx(y) > 0 for k =0,..., N/2. Such a function ¢ is called a
window function. We can consider one of the following window functions.
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Example 4.1 A well known window function is the 1-periodization of a Gaussian
function (see [12, 28, 11])

o0

p(z) = Z wo(x+k), @olx):= \/% e~ (n2)*/b (xeR,b>1)

k=—o0

with the Fourier coefficients ci(p) = %e*b(”k/”)z >0(keZ). O

Example 4.2 Another window function is the 1-periodization of a centered cardinal
B-spline (see [2, 28])

o0

p(r) = Z wo(r+ k), @olx):= My (nz) (x€R;meN)

k=—o0

with the Fourier coefficients cx(¢) = 1 (sinc%ﬂ)%n (k € Z). With My, (m € N) we

denote the centered cardinal B—spline of order 2m. U

Example 4.3 Let m € N be fixed. A possible window function is the 1-periodization
of the 2m-th power of a sinc—function (see [21])

oo
NQ2a—-1) . 5,,mNz(2a—1
o) = Z po(z+k), ¢olx):= % sinc? (#)
k=—oc0
with the Fourier coefficients ci(¢) = Mgm(%) (keZ). O

Example 4.4 Let m € N be fixed. As next window function we mention the 1-
periodization of a Kaiser—Bessel function (see [20])

oo

p@) = Y golz+k),

k=—o0
sinh(bv'm? — n2x?)
mvm?2 — n2x?
sin(byv/'n?z? — m?)

TvVn2x2 —m?2

with the Fourier coefficients

Ck(gp):{ L Io(m/02 = (2nk/n)2)  for |k| <n(1- %),

for [z] <2 (b:=7(2-2)),
po(z) =

otherwise

0 otherwise,
where Iy denotes the modified zero—order Bessel function. O

Now we consider a linear combination (1.2) of translates with complex coefficients
c; # 0 and pairwise different shift parameters s;, where

1 1
,§<51<“_<3M<§ (4.1)
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is fulfilled. Then f € C(R) is a complex—valued 1-periodic function. Further let
N > 2M + 1. Assume that perturbed, uniformly sampled data

fi =f(%)+el, led] <er (I=-n/2,...,n/2—-1)

are given, where the error terms e¢; € C are bounded by a certain accuracy €1 (0 <
g1 < 1). Again we suppose that |¢;| >¢e; (j =1,...,M).
Then we consider the following nonlinear approzimation problem for a sum (1.2) of

translates: Determine the pairwise different shift parameters s; € (—3, 3) and the
complex coefficients ¢; in such a way that
|fi— }:cjw +sjy<g (l=-n/2,...,n/2—1) (4.2)

for very small accuracy € > 0 and for minimal number M of translates. Note that all
reconstructed values of the parameters s;, the coeflicients c;, and the number M of
translates depend on ¢, €1, and n. By the assumption |¢;| > ¢e1 (j = 1,...,M), we
will be able to recover the original integer M in the case of small error bounds € and
1.

This nonlinear inverse problem (4.2) can be numerically solved in two steps. First
we convert the given problem (4.2) into a parameter estimation problem (2.1) for an
exponential sum by using Fourier technique. Then the parameters of the transformed
exponential sum are recovered by APM. Thus this procedure is based on a separate
computation of all shift parameters s; and then of all coefficients c;.

For the 1-periodic function (1.2), we compute the corresponding Fourier coefficients.
By (1.2) we obtain for k € Z

1/2 M
alf) = [ f@)e an = (Yo ) al) =hbale)  (@3)
—1/2 i=1
with the exponential sum
M .
h(z) =) ¢; e (z€R). (4.4)
j=1

In applications, the Fourier coefficients c(p) of the window function ¢ are often
explicitly known, where cx(¢) > 0 (k = 0,...,N/2) by assumption. Further the
function f is sampled on a fine grid, i.e., we know noisy sampled data f; = fl/n)+e
(l=-n/2,...,n/2—1) on the fine grid {I/n: = —n/2,...,n/2—1} of [-1/2, 1/2],
where e; are small error terms. Then we can compute ¢, (f) (k= —N/2,..., N/2) by
discrete Fourier transform

n/2 1
Z f —27'rikl/n
l_fn/2
n/2 1
f Z f e—27r1kl/n )

l_fn/2
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For shortness we set
hie = fiofen(e) (k=—N/2,....N/2). (4.5)

Lemma 4.5 Let ¢ be a window function. Further let ¢ = (¢;)}L, € CM and let
fi= f(/n)+e (I=-n/2,...,n/2 = 1) with |e;] < e be given.

Then hy, is an approzimate value of h(k) for each k € {—N/2, ..., N/2}, where the
following error estimate

} €1 > Cj+ln(<p)

i — h(k)| < +|lel|ty  max T

e = b1 < T el 3
10

is fulfilled.

Proof. The function f € C(R) defined by (1.2) is 1-periodic and has a uniformly
convergent Fourier expansion. Let k € {—=N/2, ..., N/2} be an arbitrary fixed index.
By the discrete Poisson summation formula (see [7, pp. 181 — 182])

n/2—1

1 j —2mikj/n .

=3 pEyern () = S sl
j=—n/2 l:l;‘;)o

and by the simple estimate
1 n/2—1 1 n/2—1
- a—2mikj/n - )
’ Z €j¢ |§ Z lej| <ex,

n j:—n/2 " j:_"/2

we conclude that

=Dl <er+ D lerrm(f)]-

l=—0o0

1#£0
From (4.3) and (4.5) it follows that
i — h(k) = Ckio) (fi — cx(£))
and hence
- 1 ©
\hs — h(k)| < e (e1+ l;w ekt ()]) -

1#0

Using (4.3) and
M
|h(k+ )] <D el = el (1€2),
j=1

we obtain for all | € Z

|cktin ()] = [R(k + In)| chtin (@) < llelli chyin(p) -
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Thus we receive the estimate

e — h(R) < ey 3 Srin(®)

Ck (SO) l=—o0 Ck (SO)
1£0
°l - Cjtin(p)
= +llc max Stini¥)
ck() el j=—-N/2,...,N/2 l;o cj(9)

1#0

Since the Fourier coefficients of ¢ are even, we obtain the error estimate of Lemma
4.5. |

Remark 4.6 For a concrete window function ¢ from the Examples 4.1 — 4.4, we can
more precisely estimate the expression

Citin (@)
2 7%(@) . (4.6)

Let n = a N be a power of 2, where o > 1 is the oversampling factor. For the window
function ¢ of Example 4.1,

(67

—br?(1-2) [1 >
¢ T a1

—2bm? /«x o
e (1+ (2a+1)b7r2)}

is an upper bound of (4.6) (see [28]). For ¢ of Example 4.2,

4m ( 1 )Qm
2m—1 2a—1

is an upper bound of (4.6) (see [28]). For ¢ of Examples 4.3 — 4.4, the expression
(4.6) vanishes, since cx(¢) = 0 (|k| > n/2). O

Thus ELk is an approximate value of h(k) for k € {—N/2, ..., N/2}. For the computed
data hy (k = —N/2,...,N/2), we determine a minimal number M of exponential
terms with frequencies 27s; € (—m, m) and complex coefficients ¢; (j =1,...,M) in
such a way that

M
B =D ek < (k= -N/2,...,N/2) (4.7)
j=1

for very small accuracy € > 0. Our nonlinear approximation problem (4.2) is trans-
ferred into a parameter estimation problem (4.7) of an exponential sum. Starting from
the given perturbed sampled data f; (I = —n/2,...,n/2 — 1), we obtain approximate
values hy, (k = —N/2,...,N/2) of the exponential sum (4.4). In the next step we
use the APM-Algorithm 2.4 in order to determine the frequencies 27 s; of h (= shift
parameters s; of f) and the coefficients ¢;. Note that in the case |¢;| < &1 for certain
j€{1,..., M}, we often cannot recover the corresponding shift parameter s; in (4.2).

Algorithm 4.7 (APM for sums of translates)
Input: N € 2N, L € L (3 < L < N/2, L is an upper bound of the number of translated
functions), n = a N power of 2 with o > 1, f; = f(I/n) + e, (I=—-n/2,...,n/2 —1)
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with |e;| <eq, cp(p) >0 (k=0,...,N/2), accuracies €1, €9 > 0.

1. By fast Fourier transform compute

n/2 1
Z fre 2mk/n (k= —N/2,...,N/2),
l——n/2
hi = fe/er(p) (k=-N/2,...,N/2).

2. Compute a right singular vector @ = (@)%, correspondmg to the smallest singular

value 6 > 0 of the perturbed rectangular Hankel matrix H := (hk_H N/Q)kl LOL

3. For the corresponding polynomial Zk:() g, 2%, evaluate all zeros z; (j = 1,... , M)
with | |%;| — 1| < eo. Note that L > M.

4. For w; = 2;/|%| (j =1,...,M), compute & € C (j = 1,..., M) as least squares
solution of the overdetermined linear Vandermonde—type system

Z =he (k=-N/2,...,N/2)

with the diagonal preconditioner D = diag(1 — |k|/(N/2 + 1))N/2 /o For very large

M and N use the CGNR method, where the multiplication of the Vandermonde—type

matrix W := (@f)gz/z_’fyﬂ j—1 is realized in each iteration step by NFFT [21].

5. Delete all the w; (I € {1,. M}) with |¢;] < €1 and denote the remaining set by
{w;:j=1,...,M} with M < M. Form 3j := = Im(logw;) (j =1,...,M).

6. Compute é; € C (j =1,...,M) as least squares solution of the overdetermined
linear system

M I ~
Zejga(ﬁwj) =fi (I=-n/2,....,n/2—-1).

J=1

Output: M €N, 5, € (-1, 4),6€C(j=1,...,M).

For corresponding numerical tests of Algorithm 4.7 see the Examples 7.4 and 7.5.

Remark 4.8 If further we assume that the window function ¢ is well-localized, i.e.,
there exists m € N with 2m < n such that the values ¢(z) are very small for all
x € R\ (I, + Z) with I,, := [-m/n, m/n], then ¢ can be approximated by a 1-
periodic function ¢ supported in I,,, + Z. For the window function ¢ of Example 4.1
— 4.4, we construct its truncated version

oo

D)= Y ol +k)xm(z+k) (z€R), (4.8)

k=—o0

where X, is the characteristic function of [—m/n, m/n]. For the window function ¢
of Example 4.2, we see that ¢ = p. Now we can replace ¢ by its truncated version
¢ in (4.2). For each | € {—5,..., 5 — 1}, we define the index set Jp, »(I) := {j €
{1,...,M}: l—m <ns; <l+m}. In this case, we can replace the window function
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@ in step 6 of Algorithm 4.7 by the function 4. Then the related linear system of
equations

b z
J€Imn ()

is sparse. L

Remark 4.9 In some applications, one is interested in the reconstruction of a non-
negative function (1.2) with positive coefficients ¢;. Then we can use a nonnegative
least squares method in the steps 4 and 6 of Algorithm 4.7. U

5. Stability of sums of translates. In this section, we discuss the stability of
linear combinations of translated window functions.

Lemma 5.1 (cf. [8,pp. 155 — 156]). Let ¢ be a window function. Under the assump-

tion (4.1), the translates p(x + s;) (j =1,..., M) are linearly independent. Further
for all c = (cj)jle ecM

M
1D ciel@+ s, < lellz llel < VM iz llellz-

j=1
Proof. 1. Assume that for some complex coefficients a; (j =1,..., M),
M
9(x) =Y ajp(x+s;) =0 (z€R).
j=1

Then the Fourier coefficients of g read as follows

M
cr(g) = cklp) Y _a; ™k =0 (k€ Z).
J=1

Since by assumption cx(p) > 0 for all k = 0, ..., N/2 and since N > 2M + 1, we
obtain the homogeneous system of linear equations

M

Zajezmsjk =0 (k=0,...,M—1).

j=1

By (4.1), we conclude that for j # [ (j,1 = 1,... M), e*™si £ 275 Thus the
M1, M

)

k=0, j=1 is nonsingular and hencea; =0 (j =1,..., M).
2. Using the uniformly convergent Fourier expansion

Vandermonde matrix (eQ’Tisj k )

oo

p(x)= > alp)e™,

k=—o0

we receive that

o0

M
Soeplats)= Y alo) bk

k=—o00
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with

M

§ 27'r1ks7

=1

We estimate
|h(E)| < el < VM |[cl|z2.

Applying the Parseval equation

oo

lelz = > alp)?,

k=—o0

we obtain that

HZstJ 5= Z ()2 [h(k)? < llel13 llc)3.

k=—oc0
This completes the proof. |

Now we estimate the error ||f — f|l2 between the original function (1.2) and the
reconstructed function

M
ngoersJ (xr €R)
j=1

in the casez “ilej—él<e<land|s; —5;| <o<1(j=1,...,M) with respect

to the norm of LQ[—§7 %]

Lemma 5.2 Let ¢ be a window function. Further let M € N. Let ¢ = (cj)j]\il and

¢ = (¢;)M, be two complex vectors with |lc — €|y < e < 1. Assume that N € 2N is
sufficiently large that

Y e’ <e
|k|>N/2

for given accuracy ey > 0. If (s;)1L,, (5;)3, € [=5, 51 fulfill the conditions

q 3 .
SJ+1—SJZ%>ﬁ (]:1,,M—1)7 (51)

- 0 1 .
5j_5j|§g<ﬁ (j=1,....,M), (5.2)

then

: . 0N
I1f = Fll2 < llell2 (£ + 2 le]1 sin T) + 2l +e)er

in the square norm of L*[—%, 1].
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Proof. 1. Firstly, we compute the Fourier coefficients of f and f. By (4.3) — (4.4) we
obtain that

er(f) = ex(f) = erlp) (h(k) — h(k))  (k € Z)

with the exponential sum

M
o ~ . 2misx
= E cje J
j=1

Using the Parseval equation, we receive for sufficiently large N that

If = Iz = §j|% H-alPlP =3 cl@)? (k) - k)
k=—o00 k=—o0
= 3 @@ k) —hE)P+ S enle)? (k) — h(k)?
|k|<N/2 |k|>N/2
< lell3 ( max_|h(k) —h(k)))* + (lell + Iell)* &3

|k|<N/2

2. By Theorem 3.4 we know that for all z € [-N/2, N/2]

5 ~ . ON
hw) = b(@)] < lle —&ll +2 el sin "

This completes the proof. |

Theorem 5.3 Let ¢ be a window function. Further let M € N. Let ¢ = (cj)jle and

¢ = (6j)jj\i1 be two complex vectors with ||c — ¢|l; < e <« 1. Assume that N € 2N is
sufficiently large that

Z ck(ga) < e

|[k|>N/2

for given accuracy €1 > 0. If further the assumptions (5.1) and (5.2) are fulfilled,
then

F . 0N
15 = Flloe < VN FT oll2 (e + 2 el sin =) + (2 el +2)ex

in the norm of C[—3,1].

Proof. Using first the triangle inequality and then the Cauchy—Schwarz inequality, we
obtain that

Hf—ﬂu__Ejl% — (D= D crl@)|h(k) — (k)|
k=—oc0 k=—oc0
= Y alp) hk) —hE) + Y cxlp) |h(k) — h(k)|
|[k|<N/2 |k|>N/2

< (> a@) (X hk) = h® A + (el + 1€lh) e

Ik|<N/2 k|<N/2
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From the Bessel inequality and Theorem 3.4 it follows that

1 = Fllo < lella (32 1h(k) = R(k)Z)2 + 2l +€) e
|k|<N/2
S VN Tlglla s |b(k) = (k)| + (2 el + <) ex

. 0N
< VN +1glls (e +2llell sin—=) + (2]l + &) e

This completes the proof. |

6. APM for nonuniform sampling. In this section we generalize the APM to
nonuniformly sampled data. More precisely, as in Section 2 we recover all parameters
of a linear combination h of complex exponentials. But now we assume that the
sampled data h(xy) at the nonequispaced, pairwise different nodes z € (1%, 1)

20 2
(k=1,...,K) are given, i.e., Nz € (— We consider the exponential sum

N

20 2 )
M

) — ch emest’ (61)
=1

with complex coeflicients ¢; # 0 and pairwise different parameters

1< < < <1
—_— S S — .
g 7t M= 9

Note that 27 Ns; € (—mN, nN) are the frequencies of h.

We regard the following nonlinear approximation problem for an exponential sum
(6.1): Recover the pairwise different parameters s; € (—%, 1) and the complex coef-
ficients ¢; in such a way that

M
Z 27nszsJ §5 (k:L...,K)

for very small accuracy € > 0 and for minimal number M of nontrivial summands.
Note that all reconstructed values of the shift parameters s;, the coefficients c;, and
the number M of exponentials depend on € and K. By the additional assumption
lejl > e (j=1,..., M), we will be able to recover the original integer M for a small
target accuracy e.

The fast evaluation of the exponential sum (6.1) at the nodes =y (k = 1,...,K) is
known as NFFT of type 3 [16]. A corresponding fast algorithm presented first by B
Elbel and G. Steidl in [13] (see also [21, Section 4.3]) requires only O(N log N+ K+ M)
arithmetic operations. Here N is called the nonharmonic bandwith.

Note that a Prony—like method for nonuniform sampling was already proposed in [9].
There the unknown parameters were estimated by a linear regression equation which
uses filtered signals. We use the approximation schema of the NFFT of type 3 in
order to develop a new algorithm. As proven in [13], the exponential sum (6.1) can
be approximated with the help of a truncated window function v (see (4.8)) in the
form

L
)= - 1), (6:2)
=1

with L > N. From this observation, we immediately obtain the following algorithm:



22 THOMAS PETER, DANIEL POTTS, AND MANFRED TASCHE

Algorithm 6.1 (APM for nonuniform sampling)

Input: K, N, L € N with K > L > N, h(zx) € C with nonequispaced, pairwise
different nodes zj, € (=%, 3) (k =1,...,K), truncated window function .

1. Solve the least squares problem

S btk — %) — b)) (k=1,....K)
=1

to obtain the coefficients hy (I =1,...,L).
2. Compute the values h(n/N) (n = —N/2,...,N/2 —1) of (6.2) and use Algorithm
2.4 in order to compute all parameters s; and all coefficients ¢; (j =1,...,M).

Output: M €N, §;€ (-1, 1), 6, eC(j=1,...,M).
See the Example 7.6 for a numerical test.

7. Numerical experiments. Finally, we apply the suggested algorithms to var-
ious examples. We have implemented our algorithms in MATLAB with IEEE double
precision arithmetic.

Example 7.1 We start with a short comparison between the Algorithm 2.4 and an
algorithm proposed in [6, Appendix A.1]. If noiseless data are given and if L = N,
then the Algorithm 2.4 is very similar to the algorithm in [6]. The advantage of the
Algorithm 2.4 is the fact that it works for perturbed data and that its arithmetic cost
is very low for conveniently chosen L with M < L < N.

We sample the trigonometric sum

h(z) := 14 — 8 cos(0.453 x) + 9sin(0.453 x) + 4 cos(0.979 z) + 8sin(0.979 z) (7.1)
—2c0s(0.981 ) + 2cos(1.847 x) — 3sin(1.847x) + 0.1 cos(2.154 x) — 0.3sin(2.154 z)

with M = 11 at the equidistant nodes = = k (k = 0,...,2N). We set f := (f;)}L,,

c:= (cj)j”il, and h := h(2Nj 10_4);0:40. Further we denote the computed values by
f.= (f])jw:l, ¢:= (¢}, and h. Let & be the smallest singular value of the (quadratic
or rectangular) Hankel matrix (2.2). We emphasize that step 2 of Algorithm 2.4 leads
to a polynomial of low degree L <« N instead of degree N, if one uses the full
(N +1) x (N 4+ 1) Hankel matrix as in the algorithm [6]. In both cases we apply the
singular value decomposition from MATLAB but remark that one can avoid the rather
expensive singular value decomposition for very large N and M by using an iterative
algorithm for the solution of the rectangular Hankel matrix, see [27, Algorithm 3.9].
The linear Vandermonde—type system can be solved by the inverse NFFT, see [21].
We get the following results, see Table 7.1. O

Example 7.2 Next we confirm the uniform approximation property, see Theorem
3.4. We sample the trigonometric sum (7.1) at the equidistant nodes x = k/2
(k=0,...,120), where we add uniformly distributed pseudo-random numbers ej, €
[-2.5, 2.5] to h(k/2). The points (k/2, h(k/2) + e) (k = 0,...,120) are the cen-
ters of the red circles in Figure 7.1. In Figure 7.1 we plot the functions A + 2.5 and
h — 2.5 by blue dashed lines. Finally the function h reconstructed by Algorithm 2.4
is represented as a green line. We observe that ||h — iLHoo < 2.5. Furthermore, we can
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| v [ o] & =] lE—clb|ih-n. |
Alg. 24 50 20 1.2e-13 2.3e-11 2.5e—7 5.3e-7
Alg. [6] 50 50 1.1e-14 4.1e-11 1.3e-7 2.3e-8

Alg. 2.4 | 500 20 | 5.7e-12 || 2.3e-11 6.8e-7 2.1e-7
Alg. 2.4 | 500 100 | 1.6e-12 || 2.2e-12 4.8e-8 3.4e-8
Alg. 2.4 | 500 | 200 | 1.1e-12 || 3.9e-13 6.1e-9 2.2e-8
Alg. [6] | 500 | 500 | 3.4e-15 || 5.8e-13 7.0e-9 9.1e-9
Alg. 2.4 | 1000 | 20 1.0e-11 || 1.5e-11 1.2e-7 3.1e-7
Alg. 2.4 | 1000 | 100 | 5.2e-12 || 1.4e-12 5.3e-8 4.5e-8

Alg. 2.4 | 1000 | 500 | 2.1e-12 6.7¢-14 4.8¢9 7.6e-9
Alg. [6] 1000 | 1000 | 1.5e-15 4.1e-14 2.2e-9 1.8e-9
TABLE 7.1

Errors of Example 7.1.

improve the approximation results, if we choose only uniformly distributed pseudo—
random numbers ey, € 0.5, 0.5] (k= 0,...,120). Then we obtain || — hls < 0.68,
see Figure 7.2 (left). In Figure 7.2 (right), the derivative &’ is shown as a blue dashed
line. The derivative i’ of the reconstructed function is drawn as a green line, cf. The-
orem 3.4. We remark that further examples for the recovery of signal parameters in
(1.1) from noisy sampled data are given in [26], which support also the new stability
results in Section 3. In the Example 7.2 we have recovered the frequency 2.154 with
the corresponding coefficient 0.05+ 0.151 of small absolute value 0.158114. By adding
much more noise, we cannot distinguish between frequencies of the noise and true
frequencies with small coefficients. In that case one can repeat the experiment and
average the results. These methods are behind the scope of this paper, but see [14]
for corresponding results. O

Example 7.3 In the following, we test our Algorithm 2.4 for a relatively large number
M of exponentials. For this we consider the exponential sum (1.1) with M = 150,
fj = mcos(yn/151), ¢; = wsin(jm/151) +imcos(jm/151) (j =1,...,150). We sample
this function at the equidistant nodes z = k (kK =0,...,2N) and apply the Algorithm
2.4. The relative error of the frequencies is computed by

M - 1/2 M 1/
e(t):== (Y1t = B 158 72,
j=1 j=1

where f; are the frequencies computed by our Algorithm 2.4. Analogously, the relative
error of the coefficients is defined by

M 2 M "
e(e) = (D le;=&1*) "~ (D lgl) 77,
j=1 j=1

where ¢; are the coefficients computed by the Algorithm 2.4. Let h be the original
exponential sum (1.1) and let & be the exponential sum (3.1) recovered by Algorithm
2.4. Then we determine the error ||h— h||so = max |h(z)— h(z)|, where the maximum
is built from 10000 equidistant points of [0, 2N].
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Fic. 7.1. The functions h+ 2.5 and h — 2.5 from Example 7.2 are shown as blue dashed lines.
The perturbed sampling points (k/2,h(k/2) + er) with e, € [-2.5,2.5] (k = 0,...,120) are the
centers of the red circles. The reconstructed function h is shown as a green line.
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Fic. 7.2. Left: The functions h + 0.5 and h — 0.5 from Example 7.2 are shown as blue dashed
lines. The perturbed sampling points (k/2, h(k/2) + er) with e, € [-0.5, 0.5] (k = 0,...,120) are
the centers of the red circles. The reconstructed function h is shown as a green line. Right: The
function b’ from Exzample 7.2 is shown as a blue dashed line. The derivative % of the reconstructed
function is shown as a green line.

We present also the results of the modified Algorithm 2.4, if we replace the steps 1
and 2 by the ESPRIT method, see Remark 2.5. Note that ¢ ~ 0.00204. As pointed
out in [26, Lemma 4.1], then the Vandermonde—type matrix W is left invertible for
all N > 2793. However for smaller N € {500, 1000, 1500} we still get good results of
the parameter reconstruction, see Table 7.2. O
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N | L e(f) e(e) | Ih—hls

Algorithm 2.4
500 | 150 || 9.5e-03 | 5.5e-01 1.2e-01
1000 | 150 || 2.5e-08 | 1.2e-04 2.4e-08
1500 | 150 || 6.4e-13 | 3.3e-09 2.2e-09

Algorithm 2.4 based on ESPRIT

500 | 150 || 2.5e-02 | 3.2e-01 2.2e-00
1000 | 150 || 6.8e-10 | 2.1e-06 8.2e-06
1500 | 150 || 1.3e-13 | 8.6e-10 6.8e-09

TABLE 7.2
Errors of Example 7.3.

Example 7.4 Let ¢ be the 1-periodized Gaussian function (4.1) with n = 128 and
b =5. We consider the following sum of translates

fla) =Y el +s,) (72)

with the shift parameters
(sj)jl-il = (—0.44,-0.411,-0.41, —0.4, —0.2, —0.01, 0.01, 0.02, 0.05,0.15,0.2,0.215) L.

Note that all coefficients ¢; (j = 1,...,12) are equal to 1. The separation distance of
the shift parameters is very small with 0.001. We work with exact sampled data fk =
f(ﬁks) (k= —64,...,63). By Algorithm 4.7, we can compute the shift parameters §;
with high accuracy

LS| = . —10
j:I{lfij')fl2|Sj 5| =4.8-10""".

For the coefficients we observe an error of size

max |1 —¢&|=88-107".
j=1,...,12

We determine the error [|f — fllose = 6.19 - 10713 as the discretized uniform norm
max |f(z) — f(z)| on 8192 equidistant points € [-3, 1] with

12
f@):=> ¢ px+35).
j=1
(]

Example 7.5 Now we consider the function (7.2) with the shift parameters s; =
—Sg — 009, 88§ = —S85 = 0117 Sg = —84 = 021, S10 = —S83 = 031, S11 = —S2 = 038,
s12 = —s1 = 0.41. The 1-periodic function f and the 64 sampling points are shown in
Figure 7.3. The separation distance of the shift parameters is now 0.02. Using exact
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0.4

0.35r 1

Fic. 7.3. The function f from Example 7.5 with exact sampled data.

sampled data f = f(%) (k = —64,...,63), we expect a more accurate solution,
see Section 5. By Algorithm 4.7, we can compute the shift parameters 5; with high

accuracy

max_|[s; — §;| = 2.81- 1071,
j=1,...,12

For the coefficients we observe an error of size

max |1 —¢&;|=171-10"".
j=1,...,12

Now we consider the same function f with perturbed sampled data f = f (&) + eg
(k= —64,...,63), where e, € [0, 0.01] are uniformly distributed random error terms.
Then the computed shift parameters 5; have an error of size

— 5| ~4.82-1071.
j:I{l’?L?f12|s] 5] 82-10

For the coefficients we obtain an error

max_ |1 —¢&| ~5.52-1072.
j=1,...,12

If the error ||f — f|loo is defined as in the Example 7.4, then we receive ||f — flloo =
3.19 - 1072 O

Example 7.6 Finally we estimate the parameters of an exponential sum (6.1) from
nonuniform sampling points. We use the function (7.2) with the same shift parameters
sj (j=1,...,12) as in Example 7.5. The coefficients ¢; (j = 1,...,12) are uniformly
distributed pseudo-random numbers in [0,1]. Then we choose 128 uniformly dis-
tributed pseudo—random numbers x, € [—0.5, 0.5] as sampling nodes and set N = 32,
see Figure 7.4. Using Algorithm 6.1, we compute the coefficients h; (I = 1,...,40) in
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(6.2) and then the values h(n/32) at the equidistant points n/32 (n = —16,...,15).
By Algorithm 2.4 we compute the shift parameters 5; with an error of size

P . -3
j:r{{§§12|sj 5| ~824-107".

For the coefficients we obtain an error of size

max_|c; — &| ~ 6.43-1072.
j=1,...,12

If the error ||f — f||s is defined as in the Example 7.4, then we receive ||f — flloo =
1.29 - 1072

o ' < .
(OO} " SR INO)
0]

o ¢ S N0) o)

6.5 ‘ 0 0.5

FiG. 7.4. The function f from Example 7.6 with 128 nonequispaced sampling points X and with
32 equidistant sampling points o computed by Algorithm 6.1.

8. Conclusions. In this paper, we have presented nonlinear approximation tech-
niques in order to recover all significant parameters of a signal from given noisy sam-
pled data. Our first problem was devoted to the parameter reconstruction of a linear
combination h of complex exponentials with real frequencies, where finitely many
noisy uniformly sampled data of h are given. All parameters of i (i.e., all frequencies,
all coefficients, and the number of exponentials) are computed by an approximate
Prony method based on original ideas of G. Beylkin and L. Monzén [3, 4] and de-
veloped further by two of the authors [26, 27]. The emphasis of G. Beylkin and
L. Monzén is placed on an approximate compressed representation of a function, i.e.,
finding a minimal number of exponentials and convenient coeflicients to fit a function
within a given accuracy. Our approach is mainly motivated by methods of signal
recovery. Our question reads as follows: What is the significant part (in the form
(1.1)) of a signal, where only finitely many perturbed sampled data of this signal are
given? In our approach, the perturbation of the signal is bounded by a small constant
and contains both the measurement error and the error of signal terms.

The nonlinear problem of finding all frequencies and coefficients of h was solved in



28 THOMAS PETER, DANIEL POTTS, AND MANFRED TASCHE

two steps. First we have computed the smallest singular value of a rectangular Hankel
matrix formed by the sampled data. Then we have found the frequencies via zeros of
a convenient polynomial. In the second step, we have used the obtained frequencies to
solve an overdetermined linear Vandermonde—type system in a weighted least squares
sense. It is interesting that this second step is closely related to the nonequispaced
fast Fourier transform. In contrast to [3, 4], we have presented a new approach based
on the perturbation theory for the singular value decomposition of a rectangular Han-
kel matrix. Using the Ingham inequalities, we have investigated the stability of the
approximation by exponential sums with respect to the square and uniform norm.
An extension to a parameter reconstruction of an exponential sum from given noisy
nonuniformly sampled data is proposed too.

In a second problem, we have considered the parameter reconstruction of a linear
combination f of shifted versions of a 1-periodic window function. For given noisy
uniformly sampled data of f, we have recovered all parameters of f (i.e., all shift
parameters, all coefficients, and the number of translates). The second problem is
related to the first one by using Fourier technique such that this problem can be also
solved by the approximate Prony method. Several numerical experiments have shown
the performance of the algorithms proposed in this paper.
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