2014 IEEE International Conference on Acoustic, Speech and Signal Processing (ICASSP)

THE NATURAL SCALE OF SIGNALS: PULSE DURATION AND SUPEROSCILLATIONS

Paulo J. S. G. Ferreira, Armando J. Pinho

Dept. Electronica, Telecom. e Informatica / IEETA
Universidade de Aveiro, Portugal
pijf@ua.pt/aplua.pt

ABSTRACT

Superoscillations are oscillations at frequencies above the
maximum frequency in the signal spectrum. Signals of very
small bandwidth can indeed oscillate at arbitrarily high fre-
quencies, over arbitrarily long intervals. This work addresses
the matter from a different angle, emphasizing scale and
discussing the following question: can an arbitrarily narrow
pulse be constructed by linearly combining arbitrarily wider
pulses? The connection with superoscillations and approxi-
mation theory is also discussed.

Index Terms— Pulse width, scale, superoscillations, ap-
proximation theory, linear combinations, bandwidth

1. INTRODUCTION

Some of the heuristic arguments that are often given to ex-
plain sampling theorems, or at least to render them intuitively
acceptable, are open to criticism. Consider, for example: “A
bandlimited signal contains no frequencies above a certain
limit, hence it cannot change to substantially new values in
a time less than one half-cycle of its highest frequency” — or
the following one: “a bandlimited signal has a maximum fre-
quency component, hence it cannot oscillate faster than that”.

Both statements are false. There are finite-energy sig-
nals of any given bandwidth that show arbitrarily high slew
rates, or that oscillate arbitrarily fast over arbitrarily long in-
tervals. The cost of these superoscillations in terms of signal
energy and some other consequences are treated in detail in
[1]. Yield-optimization is the subject of [2].

Berry [3] attributes the idea of superoscillations to Aharonov,

who had told him how he had constructed (using quantum-
mechanical arguments) signals that could “oscillate faster
than any of their Fourier components™ [4].

Despite its relatively recent history, superoscillations have
already found several applications. Kempf [5] discussed them

Work partially supported by the European Fund for Regional Develop-
ment (FEDER) through the Operational Program Competitiveness Factors
(COMPETE) and by the Portuguese Foundation for Science and Technology
(FCT), in the context of projects FCOMP-01-0124-FEDER-022682 (FCT
reference PEst-C/EEI/UI0127/2011) and Incentivo/EEI/UI0127/2013.

978-1-4799-2893-4/14/$31.00 ©2014 |[EEE

in reference to transplanckian frequencies in black hole ra-
diation and Berry [6] in the context of a quantum billiards
problem. The article [7] considers superoscillations in quan-
tum mechanical wave functions and some unusual associated
phenomena. Applications to superresolution and subwave-
length imaging have been given [8, 9, 10, 11]. The connection
between superdirectivity and superoscillations are explored
in [12, 13] to obtain subwavelength focusing schemes capa-
ble of focusing down to 0.6 times the diffraction limit, five
wavelengths away from the source. The work [14] claims
the formation of a focus at 75% the spatial width of the
diffraction limited sinc pulse, 4.8 wavelengths away from the
source distributions. The arbitrary compression of a temporal
pulse is studied in [15], which reports the design of a class
of superoscillatory electromagnetic waveforms and claims a
pulse compression improvement of 47% beyond the Fourier
transform limit. The article [16] shows that superpositions of
plane waves with random complex amplitudes and directions
show naturally superoscillatory behavior. The connections
between information theory and spectral geometry are ex-
plored in [17]. The article [18] deals with superoscillations
in monochromatic waves in several dimensions. Other ap-
plications to physics include [19, 20] and [21], the latter on
backflow, a phenomenon related to superoscillation.

Given the interest and range of the applications, it is
worthwhile to look at superoscillations in depth and from
more than one point of view. The goal of this paper is to
discuss constructions similar to superoscillations but related
to scale rather than frequency. Obviously, if f(z) oscillates at
a certain rate, f(ax) will oscillate at a different rate or scale,
determined by a. Superoscillations show that it is possible to
locally approximate the behavior of f(ax) but using frequen-
cies 1/a smaller, in a linear way. We consider the following
question: can a pulse f(ax) be built by linearly combining
pulses of widths at least 1/a greater?

2. PULSE APPROXIMATION

Superoscillations are oscillations at a rate that seems to be
ruled out by the bandwidth of the signal (which imposes only
an average rate, by a classical result of Tichmarsh). The av-
erage scale or frequency is determined by the bandwidth. Lo-
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cally, however, over finite but arbitrarily large intervals, the
signal may behave very differently. In a superoscillating sig-
nal, the bandwidth imposes an average behavior (zero density,
for example) on f(x), but locally the signal may behave like
f(az), with @ much greather than unity. Are there ways of
synthesizing pulses that behave like f(ax) by linearly com-
bining pulses like f(xz)?

To pose a well defined question, let f(x) be a Gaussian
function. Is it possible to approximate f(ax) by linear combi-
nations of shifted, wider Gaussians? The equivalent question
for superoscillations would be the following: is it possible to
approximate a sinusoid f(ax) based on linear combinations
of sinusoids of frequencies smaller at least by 1/a, and possi-
bly phase shifted?

The question about pulses suggests the consideration of
linear combinations of the translates of a single function ¢:

N
D aip(t—ty).
i=1

A theorem of Norbert Wiener asserts that any function f € L*
can be arbitrarily well approximated in the L' norm by such
expressions if and only if the Fourier transform of ¢, given by
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has no zeros. Wiener also showed that a similar result holds

in L? if and only if the set of zeros of the Fourier transform

of ¢ has zero measure. Proofs of these results can be found in

[22, 23], for example.

The Gaussian function g(x) = e %" satisfies the hy-
potheses of Wiener’s theorems. Therefore (picking for exam-
ple the L? case), given any f € L? and € > 0, there exists an
integer N and constants (¢;)1<;<n and (%;)1<i<n such that

+oo
/—oo

The following is therefore true:
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Theorem 1 Any function f belonging to L' (or L?) can be
approximated arbitrarily well in the L' (or L?) norm by lin-
ear combinations of translates of a Gaussian function:

N
[~ Zaig(t —ti).
i=1

This approximation property, already noted in [24], is inde-
pendent of the value of the parameters of the approximating
Gaussian (thus independent of a in g(z) = e~o*). This is
somewhat surprising, given the possible extreme situations:
very rapidly varying functions being approximated by very
wide Gaussian functions (with a close to zero), or extremely
slowly varying functions, being approximated by very narrow
Gaussians (with a very large).

Corollary 1 Any scaled version of a Gaussian function
g(ax) can be arbitrarily well approximated in the L' (or
L2) norms by linear combinations of translates of the origi-
nal Gaussian g(z).

The methods used by Wiener are not constructive, and do not
offer any hints on how to pick N, (ai)lgigjv and (ti)lgigNa
in order to approximate a given function. We take a more
constructive approach to Wiener’s theorem for Gaussian func-
tions, in the L2 case. Our method also shows that it is enough
to consider uniformly spaced (t;)1<i<n-

Given f(t) = =", we consider approximations of the

fOl’m
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where ¢(t) = e’ a > band A is a positive real num-

ber. This corresponds to one of the two situations mentioned
above (one can be reduced to the other by taking Fourier
transforms).

The square of the L? norm of the difference is
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Because a’ < b/, we may seta’ = b’ — ¢, with ¢/ > 0. Thus,

e ]
2
= (/1-1-/[) e 2 \/jec/‘*’2 — \/zPN(w) dw,
2

where I = [—A/2, A/2]. We now take Py (w) to be the par-
tial sum of the Fourier series of

e(w) = \/Eeclw2

in the interval I = [—A/2, A/2]:

N
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2
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Fig. 1. The desired pulse et (a) and its approximation (b),
which looks almost identical at the scale of the figure (the ap-
proximation error is shown in Fig. 2). The approximation was
built using linear combinations of translates of a template, the
wider pulse (c), given by e~0-1t".
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Fig. 2. The approximation error corresponding to the example
given in Fig. 1.

This determines the value of the coefficients c;:

1 b CIUJ2 i27r kUJ
c,=—1\—1[¢e€ e A dw.
k A\fa/j

Returning to (2), we see that for fixed A the integral over [
can be made small by selecting a sufficiently large V. This is
possible because the partial sums Py (w) converge to e(w) in
the L? norm on the interval [ = [—A/2, A/2]. The integral
over I can also be made small due to the presence of the factor
e_Qb/“z, which outweights the remaining terms.

Figures 1 and 2 show the result of approximating et
using translates of the template e~%-1*" and the corresponding
error. The number of translates used was 50 and A = 1.3.

3. DISCUSSION AND CONSEQUENCES

No linear combination of translates of a bandlimited function
can result in a wider spectrum. Thus, the approximation of

a narrow pulse by translates of a wider pulse seems impossi-
ble. Gaussians have the approximation properties discussed
because they are not bandlimited'. Their Fourier transform is
nonzero for any frequency, no matter how high. This is crit-
ical. Without it, it would have been impossible to construct
the example in Figs. 1-2.

The spectrum of a linear combination of the translates of
a Gaussian is given by a product, as seen in equation (1). One
of the factors is the Fourier transform of the original Gaus-
sian, which is simply another Gaussian. The other factor is
a function resembling a trigonometric polynomial, which is
completely determined by the coefficients of the linear com-
bination and the positions of the translates. Since the first
term of the product is never zero, it is theoretically possible
to shape the product as desired, using the trigonometric poly-
nomial as a shaping function.

Numerical problems are to be expected in extreme sit-
uations, due to the size of the Fourier coefficients and the
magnitude of the signals involved. The construction depends
on cancellation, which is fragile. Exactly the same can be
said about superoscillations. Outside the superoscillatory seg-
ment, the amplitude of the signal increases rapidly [1]. Yield-
optimization can be considered [2], but as the frequency and
number of superoscillations increase the numerical problems
will undoubtedly be felt.

Superoscillations seem to allow the encoding of arbitrary
amounts of information into an arbitrarily short segment of a
low-bandwidth signal, but there is no contradiction with in-
formation theory. The amplitude of the superoscillations de-
creases exponentially with the length of the superoscillating
segment, and the L? norm of a maximally superoscillatory
wave function grows exponentially with the number of su-
peroscillations. This is consistent with Shannon’s capacity
formula Blog,(1 + S/N), where S/N is the signal-to-noise
ratio. The formula demands that the power must grow expo-
nentially with the amount of compressed information [1].

Similarly, the synthesis of a narrow Gaussian using much
wider Gaussians, which seem to require much less bandwidth,
cannot be used to beat Shannon’s capacity formula. Gaus-
sians are not bandlimited, and the slight distortion imposed
by a bandlimited channel would distort the construction.

Note that there is no need to restrict the templates to the
Gaussian shape. We have based our discussion on Gaussians
simply as a matter of convenience. Other functions (with non-
vanishing Fourier transforms) would work.

The procedure described has interest even if the Fourier
transform of the pulse vanishes on sets of finite or even infinite
measure. In these cases, Wiener’s non-constructive theorems
no longer apply, and the closure of the translates cannot be
all of L? or L'. However, it can be a subspace (the subspace
of functions with Fourier transforms vanishing on those sets).

I'They are essentially bandlimited, though. One reviewer pointed out [25],
which describes an approach to sampling that considers “soft” prefilters and
includes functions such as Gaussians.
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For example, the closure of the translates of the sinc function
is a subspace of L? containing bandlimited functions.
Finally, note that the construction given above also im-
plies that linear combinations of arbitrarily wide Gaussian
functions can approximate any function in L2, and not just

other Gaussians.

This is because convolution with a suffi-

ciently narrow Gaussian produces an arbitrarily good approxi-
mation to the original function. The discretization of that con-
volution and the expression of the narrow Gaussian in terms
of wider ones would lead to the result.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

(10]

(11]

(12]

4. REFERENCES

P. J. S. G. Ferreira and A. Kempf, “Superoscillations:
Faster than the Nyquist rate,” IEEE Trans. Signal Pro-
cessing, vol. 54, no. 10, pp. 3732-3740, Oct. 2006.

Eytan Katzav and Moshe Schwartz, “Yield—optimized
superoscillations,” IEEE Trans. Signal Processing, vol.
61, no. 12, pp. 3113-3118, 2013.

Michael Berry, “Faster than Fourier,” in Quantum Co-
herence and Reality; in celebration of the 60th Birthday
of Yakir Aharonov, J. S. Anandan and J. L. Safko, Eds.,
pp. 55-65. World Scientific, Singapore, 1994.

Yakir Aharonov, J. Anandan, Sandu Popescu, and Lev
Vaidman, “Superpositions of time evolutions of a quan-
tum system and a quantum time-translation machine,”
Phys. Rev. Lett., vol. 64, pp. 2965-2968, June 1990.

A. Kempf, “Black holes, bandwidths and Beethoven,”
J. Math. Physics, vol. 41, pp. 2360-2374, Apr. 2000.

M. V. Berry, “Evanescent and real waves in quantum
billiards and Gaussian beams,” J. Phys. A: Math. Gen.,
vol. 27, no. 11, pp. L391-1.398, 1994.

A. Kempf and P. J. S. G. Ferreira, “Unusual properties
of superoscillating particles,” J. Phys. A: Math. Gen.,
vol. 37, pp. 12067-12076, 2004.

M. V. Berry and S. Popescu, “Evolution of quan-
tum superoscillations and optical superresolution with-
out evanescent waves,” J. Phys. A: Math. Gen., vol. 39,
pp. 6965-6977, 2006.

Fu Min Huang, Yifang Chen, F. Javier Garcia de Abajo,
and Nikolay I. Zheludev, “Optical super-resolution
through super-oscillations,” J. Opt. A: Pure Appl. Opt.,
vol. 9, pp. S285-S288, 2007.

Nikolay I. Zheludev, “What diffraction limit?,” Nature
Mater., vol. 7, pp. 420-422, June 2008.

Fu Min Huang and Nikolay I. Zheludev,
resolution without evanescent waves,”
vol. 9, no. 3, pp. 1249-1254, 2009.

A. M. H. Wong and G. V. Eleftheriades, “Adaptation of
Schelkunoft’s superdirective antenna theory for the real-

“Super-
Nano Letters,

[13]

[14]

[15]

[16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

4212

ization of superoscilattory antenna arrays,” IEEFE Anten-
nas Wireless Propag. Letters, vol. 9, pp. 315-318, 2010.

A. M. H. Wong and G. V. Eleftheriades, “Superoscil-
latory antenna arrays for sub-diffraction focusing at the
multi-wavelength range in a waveguide environment,”
in 2010 IEEE Antennas and Propagation Society Inter-
national Workshop (APSURSI), Toronto, Canada, July
2010, pp. 1-4.

A. M. H. Wong and G. V. Eleftheriades, “Sub-
wavelength focusing at the multi-wavelength range us-
ing superoscillations: An experimental demonstration,”
IEEE Trans. Antennas Propag., vol. 59, no. 12, pp.
4766-4776, Dec. 2011.

A. M. H. Wong and G. V. Eleftheriades, “Temporal
pulse compression beyond the Fourier transform limit,”
IEEE Trans. Microwave Theory Tech., vol. 59, no. 9, pp.
2173-2179, Sept. 2011.

M. R. Dennis and J. Lindberg, “Natural superoscillation
of random functions in one and more dimensions,” in
Proceedings of SPIE — The International Society for
Optical Engineering, 2009, vol. 7394, p. 73940A (9pp).

Achim Kempf and Robert Martin, “Information the-
ory, spectral geometry, and quantum gravity,” Phys. Rev.
Lett., vol. 100, pp. 021304, Jan. 2008.

M. V. Berry and M. R. Dennis, ‘“Natural superoscil-
lations in monochromatic waves in d dimensions,” J.
Phys. A: Math. Theor., vol. 42, pp. 022003 (8pp), 2009.

D. Sokolovski and R. Sala Mayato, ‘“‘Superluminal
transmission via entanglement, superoscillations, and
quasi-Dirac distributions,” Phys. Rev. A, vol. 81, no.
022105, 2010.

Viktor Eisler and Ingo Peschel, “Free-fermion entangle-
ment and spheroidal functions,” Journal of Statistical
Mechanics: Theory and Experiment, vol. 2013, no. 4,
pp. P04028, Apr. 2013.

M. V. Berry, “Quantum backflow, negative kinetic en-
ergy, and optical retro-propagation,” J. Phys. A: Math.
Theor., vol. 43, pp. 415302 (15pp), 2010.

N. Wiener, The Fourier Integral and Certain of Its Ap-
plications, Cambridge University Press, Cambridge,
1933, reprinted by Dover Publications, 1958.

K. Chandrasekharan,
Springer, Berlin, 1989.

Classical Fourier Transforms,

P. J. S. G. Ferreira, “A comment on the approximation
of signals by Gaussian functions,” IEEE Trans. Circuits
Syst. — II, vol. 45, no. 2, pp. 250-251, Feb. 1998.

E. Hammerich. “A Generalized Sampling Theorem for
Frequency Localized Signals,” Sampl. Theory Signal
Image Process., vol. 8, no. 2, pp. 127-146, May 2009.



