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Abstract

Modern techniques for A/D conversion exploit the trade-off between resolutions of
discretization in time and discretization in amplitude for improvements of conversion
accuracy. For implementation reasons. oversampling is used to compensate for the loss
of information induced by quantization. Classical reconstruction reduces variance of
quantization error, usually modeled as a white noise [1]. by a factor which is equal to the
oversampling ratio r. However, it does not fully exploit the information contained in the
digital representation. It was demonstrated in [2-4] that periodic bandlimited signals can
be reconstructed with error whose squared norm decays as O(1/r*) rather than O(1/r).
In this paper, the error in oversampled A/D conversion of bandlimited signals in L*>(R)
is studied using a deterministic approach. The deterministic analysis demonstrates that
under certain reasonable assumptions, the error squared norm behaves as O(1/r?).

Another instance of the redundancy-robustness interplay has been observed with
frame expansions in L2(R). For a given accuracy of reconstruction. frame expansions
allow for a progressively coarser coefficient quantization as the redundancy is increased.
Error analysis, based on the white noise model. indicates that the squared norm of the
quantization error decreases inversely to the frame redundancy factor » [7, 8]. As a gen-
eralization of results on oversampled A/D conversion. this paper gives a deterministic
analysis of quantization error in Weyl-Heisenberg frame expansions. It shows that in
cases when either the frame window functions or input signals have a compact support
in time or frequency, under certain assumptions, the accuracy of the reconstruction af-
ter coefficient quantization can be further improved, giving the error which decays as
o(1/r?).

*This research is supported in part by the NSF Award MIP-93-21302.
'The authors are with Department of Electrical Engineering and Computer Sciences, University of Cali-
fornia, Berkeley, CA 94720, USA.



1 _Introduction

Analog to digital (A/D) conversion involves discretization of an analog signal in time
followed by discretization in amplitude. A block diagram of the converter together with a
classical reconstruction scheme is illustrated in Figure 1. The discretization in time, lmp!e-
mented as sampling with a time interval 7, amounts to signal expansion in terms of a family
of sinc functions,

{sinc (7 (t — n7) /T)}ez - (1)

According to the sampling theorem, this family is complete in any space of o-bandlimited
functions with ¢ < m/7. Hence, o-bandlimited signals sampled at or above the Nyquist
rate. v = m/o, can be reconstructed perfectly after the time discretization. On the other
hand, the discretization of amplitude, that is quantization, induces an irreversible loss of
information.

f@) samgling fln] quant:]zation |_cln] ‘interficr)llcation Jrt)

Figure 1: Block diagram of simple A/D conversion followed by classical reconstruction.
Input o-bandlimited signal f(t) is first sampled at a frequency f, = 1/r. which is above the
Nyquist frequency fx = o/m. Sequence of samples f[n] is then discretized in amplitude with
a quantization step q. Classical reconstruction gives a signal f,(t), which is obtained as a
low-pass filtered version of some signal having the same digital version as the original f(t).

Accuracy of the conversion can be improved by reducing the quantization interval gq.

Statistical analysis [1], which models the quantization error as a zero mean white noise

independent of the input, shows that the quantization error variance. o2. is proportional to

g®. However, circuit complexity and precision of analog components impose limits on the
quantization step rather than on sampling interval refinement. Modern techniques for high
resolution A/D conversion are therefore based on oversampling (in this paper. we concentrate
on simple oversampled A/D conversion as opposed to AT modulation). Sampling a signal at
a rate higher than the Nyquist rate, means expanding in terms of sinc functions (as given in
(1)) which are an overcomplete set for the signal space. Redundancy of the expansion can be
exploited for error reduction. Error analysis, based on the white noise model, indicates that
this method used with classical linear reconstruction (see Figure 1) gives an error with the
variance which decreases proportionally to the sampling interval, 02 = O(7) [1, 2], or inversely
to the oversampling ratio r, 02 = O(1/r). This result is in accordance with measured data (1],
under conditions such as a large number of quantization levels and small quantization step size
compared to the input amplitude range, so that the quantization error can be satisfactorily
approximated by a uniformly distributed white noise. However, it was shown in [2, 3, 4] that
signals in the space of periodic bandlimited functions, i.e. trigonometric polynomials, can
be reconstructed with error which behaves as O(1/r?) rather than O(1/r), provided that the
number of their quantization threshold crossings is greater or equal to the dimension of the
space. The error measure considered in [2, 4, 3] was its squared norm, ||e||?, that is, energy
in an interval equal to the signal perivd. An experimental evidence of the O(1/r?) result
was also reported in [5, 6]. The reason for suboptimality of the classical reconstruction is the
fact that in the presence of oversampling it does not fully exploit the information contained
in the digital signal. Any consistent reconstruction scheme. that is a scheme which yields
a signal which has the same digital version as the original. gives |le||> = O(1/r?) [2). The
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scope of this result is limited to spaces of trigonometric polynomials. and the purpose of this
pap%r is to find an upper bound of the quantization error in the case of bandlimited signals
in L*(R).

In Section 2 we give an analysis of oversampled A/D conversion based on a study of
the structure of reconstruction sets. That analysis provides an intuitive explanation of the
idea that in terms of error reduction oversampling should not be inferior to quantization
refinement. Section 3 gives a proof of the fact that bandlimited signals in Lz(R) can be
reconstructed after A/g conversion with an error which depends on the oversampling ratio

as |le||> = O(1/r?). The proof uses in an essential manner the condition that samples taken
at the points of quantization threshold crossings of a considered signal provide a complete
and stable characterization of a given space of bandlimited signals. This is in analogy to the
requirement for a sufficient number of quantization threshold crossings in the case of periodic
bandlimited signals 3, 4].

A more general form of oversampled A/D conversion would be to use expansions other
than those based on the sinc functions for the discretization in time. In the past decade,
signal expansions in terms of overcomplete families of vectors, in particular wavelet and
Weyl-Heisenberg frames, received considerable attention. Motivation for the study of the
overcomplete expansions stems mainly from the fact that by relaxing the requirement for
orthogonality or linear independence, a certain design freedom can be attained, but it has
also been observed that increased redundancy can be exploited for gaining robustness. It was
first pointed out by Morlet (as reported in [7, pp. 97-99]). that it was possible to reconstruct
signals from their wavelet frame coefficients with a precision much higher than the precision
with which coefficients were known.

An intuitive explanation of this effect has been given by Daubechies [7, pp. 97-99]. The
range of a frame expansion, Vj, is a subspace of some ¢2(J) space. and quantized coefficients,
{cj};ea. are usually not inside this subspace. Starting with the quantized family of coeffi-
cients, another set of coefficients which is closer to the originals is the orthogonal projection
of {c;};e3 onto V4. As the redundancy of the frame is increased. the subspace V,; becomes

more and more constrained (“smaller” in some sense), so that on average, the projection ap-
proaches the original values, giving progressively better reconstruction results. Daubechies
further showed, using a heuristic argument and the white noise model for the quantization er-
ror, that in this way expected value of error energy. E(||e||?). decreases in inverse proportion

to the oversampling ratio, E(||e||®) = O(1/r). for signals which are “essentially localized”
in a bounded region of the time-frequency plane. A rigorous treatment of the frame noise
reduction property was given by Munch [8], for the case of tight Weyl-Heisenberg frames and
integer oversampling ratios. Munch showed that by projecting noisy coefficients onto V, the

average noise power is reduced by the factor 1/r2. The effect on the error energy, which is
considered here, is that it decays as 1/r, on any given region of the phase space. Note that
this is a result on a local error behavior, and that the white noise model generally gives a total
error of infinite norm regardless of the oversampling ratio. Besides, reconstruction precision
reported by Morlet was higher than it could be expected even from the E(|le]|?) = O(1/r)
result, indicating that the error in some cases decays faster.

Analogously to the case of oversampled A/D conversion, one may argue that the linear
reconstruction, which amounts to projecting {c;};e3 onto V; and then finding the inverse of
the frame transform, does not utilize all available information and is therefore suboptimal.
More specifically, the reconstructed signal and the original need not have the same set of
quantized coefficients. It can be expected that a consistent reconstruction, that is a recon-
struction which always restores a signal which has the same set of quantized coefficients as
the original, should give an error with a faster decay. Section 4 of this paper gives a deter-
ministic analysis of the quantizatior: error of Weyl-Heisenberg frame expansions in L?(R),
as a generalization of results on simple oversampled A/D conversion. The cases which are
considered are: 1) frames with bandlimited window functions, 2) timelimited signals, 3)
frames with timelimited window functions, 4) bandlimited signals. The analysis shows that
for instance in the first case, under certain conditions, signals can be reconstructed from the



quantized coefficients with an error |le||> = O(1/r?), if the oversampling ratio is increased
by decreasing the frame time step for a fixed frequency step. Analogous results hold in the
other three cases.

Notations
The convolution of two signals f(t) and g(t) will be denoted as

f(t) = g(t) = /0:0 f(s)g(t - s)ds.

The Fourier transform of a signal f(t), F{f(t)}, will be written as f(w). We say that a signal
f(t) is o-bandlimited if

O

Fw)=0 for |v|>0o, and |If|? = / £ (8)|2dt < oo.

Similarly, a signal f(t) is said to be T-timelimited if

F(t)=0 for |t| > T, and ||If|? = /°° (1) dt < oo.

A sequence of vectors {¢;, ¢2, 3, ...} in an infinite-dimensional Banach space & is said
to be a Schauder basis for ® if to each vector » in the space. there corresponds a unique
sequence of scalars {cy,¢2,c¢3,...} such that ¢ = Y%, ¢;0;. The term basis will here mean
Schauder basis.

A basis for a Hilbert space is a Riesz basis if it is obtained from an orthonormal basis
by means of a bounded invertible operator.

A sequence of real numbers {A,} is separated if there is an ¢ > 0 such that |A, —Ap,| > €
if m # n. It is said to have uniform density d, d > 0, if it is separated and there exists a
constant L such that

|An_%|SL, n=0,+1,42..... (2)

2 Reconstruction Sets of Oversampled A/D Converters

The digital version of an analog signal is traditionally viewed as representation bearing
information on its amplitude, with the uncertainty determined by the quantization step g, at
the sequence of time instants t = ..., —7, 0, 7, 27,.... Oversampléd A/D conversion refers
to the case when the signal is in a space of o-bandlimited functions and is sampled at a rate
higher than the Nyquist rate. The knowledge on the signal, contained in its digital version,
defines a set of signals which can not be distinguished from the original based on the output.
of the A/D converter. This set is called a reconstruction set [2]. ©,. and can be represented
as the intersection of two sets (see Figure 2),

Q. =V, NnC(q), (3)

one of which is the space of g-bandlimited signals, V,, while the other is a convex set, C(g),

consisting of signals in L? SR) which have amplitudes within the same quantization intervals
as the original at all sampling instants.

The size the reconstruction set can be considered as a measure of the uncertainty about
the original analog signal. Hence, one way to obtain more accurate representation, or equiva-
lently to reduce the size of the reconstruction set, is to refine the quantization by decreasing q.
As an illustration, let us assume that the quantization step is decreased by an integral factor,
m. As the result, the reconstruction set becomes smaller, since C(q/m) is a proper subset of
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reconstruction set

Figure 2: Structure of the reconstruction set of simple oversampled A/D conversion and
classical reconstruction scheme. The reconstruction set is the intersection of two sets. One
of them is the set of signals which have the same digital representation as the original,
and is denoted by C, while the other is the space of bandlimited signals V,. The classical
reconstruction scheme gives a signal f, which is the orthogonal projection of some fu € C onto
V. The figure illustrates a case when the reconstructed signal f. is not in the reconstruction
set, i.e. it is not a consistent estimate of the original.

C(q) (see Figure 3). In the limit, when ¢ — 0, there is no uncertainty about the amplitude
values, and the signal can be perfectly reconstructed, which means that the reconstruction
set reduces to a single point.

An alternative interpretation comes into play if the quantization threshold crossings
are separated and sampling is sufficiently fine so that at most one quantization threshold
crossing can occur in each of the sampling intervals. If this is satisfied, quantized samples
of the signal are uniquely determined by the sampling intervals in which its quantization
threshold crossings occur, and vice a versa. So, we can think of the digital representation as
carrying information on the instants, with uncertainty 7 in time, when the signal assumes
values ...,—¢, 0, g, 2q,... . Hence, the reconstruction set can also be viewed as lying in the
intersection,

Q. CV,ND(1), (4)

where D(7) is the set of all signals in L?(R) which have the same quantization threshold
crossing as the original, in all of the sampling intervals where the original goes through a
quantization threshold. If in addition we require that signals in P(7) can not have more than
one quantization threshold crossing per sampling interval, then in (4) equality holds.

This approach indicates that instead of refining the quantization step, a higher accu-
racy of the digital representation can be achieved by decreasing the sampling interval. For
instance, if we reduce the sampling interval by an integral factor, m, the set of signals shar-
ing the sampling intervals of quantization threshold crossings with the original, for this new
sampling interval, is a proper subset of D(r), D(r/m) C D(r). As a result, the size of the
reconstruction set is also reduced, and the situation seems to be analogous to the one with
quantization step refinement. In this perspective the result about O(t) error variance behav-
jor is disappointing, compared to improvements of accuracy achieved through quantization
interval reduction, which gives 02 = O(¢?). However, this lower gain of time-resolution refine-
ment compared to amplitude-resolution refinement has no origin in fundamental phenomena,
but is rather a consequence of inadequate reconstruction.

It has been observed that the classical reconstruction is not consistent in the presence
of oversampling [2-6]. It does not necessarily give a signal in the reconstruction set. Figure
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reconstruction set

Figure 3: The effect of the quantization refinement on the reconstruction set. The set of
signals which share the same digital version with the original. C(q), becomes smaller as the
result of quantization refinement. C(q/m) C C(q). Consequently. the reconstruction set is
also reduced giving a higher accuracy of the representation

2 depicts such a scenario. The reconstructed signal, f.(t), is obtained by low-pass filtering
of an initial estimate, fo(t), which has the same digital representation as the original. This
gives the orthogonal projection of fo(t) onto the space of bandlimited signals, V,. This
projection is closer to the original than fy(t) itself. but need not lie in C(q). even if fy(t)
does. By further alternating projections of the initial estimate onto C(g) and V,, the accuracy
of the reconstruction is improved and the reconstruction set is asymptotically reached [3, 4.
5]. Any such reconstruction algorithm, which gives a signal in the reconstruction set, is
called consistent reconstruction, while the signals in the reconstruction set are denoted as
consistent estimates of the original [2]). It is shown in [3, 4] that consistent reconstruction
of trigonometric polynomials gives an error which decreases as ||e||? = O(7?). In the next
sectign we consider the error of consistent reconstruction in the case of bandlimited signals
in L*(R).

3 Deterministic Analysis of Error in Oversampled A /D Con-
version

3.1 Asymptotic Behavior and Frames of Complex Exponentials in L%[-g, 0]

The representation of the reconstruction set of the oversampled A /D converter in (4) indicates
that its size gets smaller with higher oversampling. Quantization refinement, which also
improves the accuracy of the reconstruction, asymptotically gives the reconstruction set
reduced to a single point, which is the original signal itself. Does this also happen in the
former case, when the sampling interval goes to zero? In other words, is it possible to
reconstruct perfectly an analog o-bandlimited signal after simple A/D conversion in the case
of infinitely high oversampling?

In the limit, when the sampling interval assumes an infinitely small value, the time
instants in which the signal goes through the quantization thresholds are known with infinite
precision. The information on the input analog signal, in this limiting case, is its values at
a sequence of irregularly spaced points {A,}, which are its quantization threshold crossings.
If {e*»“} is complete in L%[—0, 0], then the reconstruction set asymptotically does reduce
to a single point, giving the perfectly restored input analog signal. Completeness of {e/*»~}

in L?[-0,0) means that any o-bandlimited signal f(t) is determined by the sequence of
samples {f(A,)}. However, this does not necessarily mean that f(t) can be reconstructed
in 2 numerically stable way from the samples {f(A,)}, unless another constraint on {},} is
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introduced which would ensure that any two o-bandlimited signals which are close at points
{As} are also close in L? norms. A precise formulation of the stability requirement is that
there exists a constant A > 0 such that for any o-bandlimited signal f(t)

AIA? < S 1f W) (5)

In the subsequent analysis of the quantization error we shall also assume that the quantization
threshold crossings satisfy

21 )? < BIAIZ, (6)

for any o-bandlimited f(t). Note, that (6) is satisfied for any reasonable sequence of quan-
tization threshold crossings. For instance, it holds for any separated sequence {A,} [9, pp.
162-166]. These two conditions together, (5) and (6), mean that {e/**“} is a frame in
L?%[-0,0] [10] (see Appendix A). For such a sequence {\,} we shall say that it is a frame
sequence for the space of o-bandlimited signals, with bounds 4 and B. Problems such as
completeness of complex exponentials {e/**} in L?[—o. 0]. as well as conditions under which
bounds in (5) and (6) are satisfied. are the core issues of nonharmonic Fourier analysis. An
excellent introductory treatment of this subject can be found in [9). Here, only a few illu-

minating results are discussed in order to provide some intuition about frames of complex
exponentials.

An interesting point is to see what are “minimal” frames. The removal of a vector from
a frame leaves either a frame or an incomplete set [10]. A frame which ceases to be a frame
when any of its elements is removed is said to be an exact frame. A remarkable fact is that
a sequence of vectors in a separable Hilbert space is an exact frame if and only if it is a
Riesz basis [9, pp. 184-189]! Supplementing a Riesz basis {e/*»~} by another set of complex
exponentials still gives a frame unless there are too many vectors in excess so that the upper
bound in (6) can not be satisfied for any finite B. Are there any bases {e’*»~} which are not
Riesz bases? This is still an open problem. Every example of a basis of complex exponentials
for L2[—0, 0] so far has been proven to be a Riesz basis [9. pp. 190-197]. For the end of this
subsection we review two results on frame sufficient conditions.

If a sequence of real numbers {),} satisfies

|An—n§|gL<%§, n=0%1,42...., ()

then {e/*»} is a Riesz basis for L?[-0,o]. This condition is known as Kadec’s 1/4 Theorem
[11). How realistic is this condition in the quantization context? For a quantization step
small compared to a signal amplitude, a sufficiently dense sequence of quantization threshold
crossings could be expected, thus satisfying (7), at least on a time interval before the signal
magnitude eventually falls below the lowest nonzero quantization threshold. Suppose that
the analog signal f(t), at the input of an A/D converter satisfies: f(w) is continuous on
L—-a, o] and f(o) # 0. Such a signal f(t), in terms of its zero-crossings, asymptotically

ehaves as sinc(ot). So, if one of the quantization thresholds is set at zero, then for large =,
quantization threshold crossings should be close to points nx/o.

Another criterion was given by Duffin and Schaeffer [10]. It states that if {\,} has a
uniform density d > o /7, then for any o-bandlimited signal f(t)

AlSI? < J21Fa)? < BIAII, (8)

for some positive constants 0 < A < B < oo. Feasibility of a o-bandlimited signal with
a sequence of quantization threshold crossings having uniform density greater than o/x is
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unlikely for a quantization scheme with a fixed quantization step. Amplitude of a bandlimited
signal f(¢) decays at least as fast as 1/t, and outside of some finite time interval, [-T, T},
it is confined in the range between the two lowest nonzero quantization thresholds. Zero-
crossings are the only possible quantization threshold crossings of f(¢) on (—o0, —=T]U[T, 00).
However, it doesn’t seem to be plausible that zero-crossings of a o-bandlimited signal can
have a uniform density greater than the density of zero-crossings of sinc(ot), which is o/x.
Therefore, in order to meet this criterion the quantization step has to change in time following
the decay of the signal. One way to achieve this is a scheme with quantization steps which
are fixed on given time segments but eventually decrease with segment order.

3.2 O(1/r?) Error Bound

Consider a o-bandlimited signal, f(t), at the input of an oversampled A/D converter with
a sampling interval 7. Suppose that its sequence of quantization threshold crossings, {z,},
is a frame sequence for the space of o-bandlimited signals. If g(t) is a consistent estimate
of f(t), there exists a sequence {ynz of quantization threshold crossings of g(t), such that
every I, has a corresponding y, in the same sampling interval. Hence. for each pair (z,,yn).

f(zn) = g(yn) and Izn - ynl <r.

! B il
g(x,)-g(yy) In Yn+1
T Xn Xn+
Xn. Yn+2
Yn- X
n n+2 P3 ®
f(v
>
time
m m+l1 m+2 m+3 m+4
T
-

Figure 4: Quantization threshold crossings of an analog signal f(t) and its consistent estimate
g(t). The sequence of quantization threshold crossings, {z,}, of f(t), uniquely determines
its digital version and vice versa, provided that all the crossings occur in distinct sampling
intervals. If f(t) goes through a certain quantization threshold at the point z,, then g(t) has
to cross the same threshold at a point y, which is in the same sampling interval with z,. At
a point z,, the error amplitude is equal to [g(zn) — f(z,)| = |9(yn) — g(z4)|-

At the points {z,}, the error amplitude is bounded by the variation of g(t) on the interval
[yn, 2n] (without loss of generality we assume that y, < z,). as shown in Figure 4. Since
g(t) is bandlimited, which also means that it has finite energy, it can have only a limited
variation on [y, z,]. This variation is bounded by some value which is proportional to the
sampling interval, so



|9(z2) — g(yn)| S €n -7 (9)

The constant ¢, in this relation can be the maximum slope of g(t) on the interval [y,, z,),
Cn = SUPtg(yn.za) 9 (t)- The error signal, e(t) = g(t) — f(t). is itself a o-bandlimited signal.
At the points {z,} its amplitude is bounded by values which are proportional to 7 (9). If
the sequence {c,} is square summable, it can be expected that the energy of the error signal

is bounded as |le||? < const - 72, or in terms of the oversampling ratio r,

const

" el < —— (10)

This result is the content of the following theorem.

Theorem 1 Let f(t) be a real o-bandlimited signal at the input of an A/D converter with a
sampling interval T < w/o. If the sequence of quantization threshold crossings of f(t), {zn},
forms a frame sequence for the space of o-bandlimited signals. then there ezists a positive
constant § such that if T < 8, for every consistent estimate of f(t), g(t) € C?.

17 (8) = g < kI F)IPr2, (11)

where k is a constant which does not depend on .

Proof Let 4 and B be bounds of the frame {e’***} in L%[-0,0]. so that for any o-
bandlimited s(t)

Alls()I* < 3 1s(za)? < Bljs(t)]|*. (12)

At the points z,, the error amplitude is bounded by the variation of the reconstructed signal
on corresponding sampling intervals, as described by the following relations:

Ie(zn)l If(:cn) - g(zn)l
[f(zn) = g(yn) + g(yn) — g(zx)]
l9(yn) — g(zn)]

79 (€x), mMin(Tn,yn) < €x < MAz(Zn, Yn). (13)

A

Here, €, denotes a point on the interval [y, z,]. The error norm then satisfies

le@IF < 53 le(za)l?
72 ! 2
< Tl (14

If 7 is smaller than & = &,/4 ({zn},0) (see Appendix A, Lemma 3), then |e, — z,| < § and
consequently

Sl < 2l 0. (15)

This gives



9B
lle@* < g le @i’

9B
< 2.2~ 2
< ot llg) (16)
so that energy of the error can be bounded as
20298
le®I? < = lla eI an

It remains to find a bound for the norm of g(t).
According to Lemma 3, since |z, — ya| < T < ;4 ({zn}, 0), the following holds

le@®I? < %Xn:g(yn)"’
= XS
< Lo, (18)
As the consequence of the last inequality and the error bound in (17) we obtain

2
le(®I? < 9% 1 (0) 7. (19)

QED

An extension of the result of Theorem 1 to complex bandlimited signals is straightfor-
ward, provided that the real and imaginary parts are quantized separately.

Corollary 1 Let the real and imaginary parts of a complezr o-bandlimited signal f(t), at the
input of an A/D converter with the sampling interval T < w/o. be quantized separately. If
sequences of quantization threshold crossings of both Ref(t) and Im f(t) form frame sequences
for the space of o-bandlimited signals. then there ezists a positive constant § such that if T < 6

then for every consistent estimate g(t) € C?
1£(8) = g(OII> < kllF ()12, (20) -
for some constant k which does not depend on 7.

Proof Let {z7} and {z}} be the sequences of quantization threshold crossings of the
real and imaginary parts of f(t), respectively, and 0 < A, < B, < 00, 0 < 4; < B; < oo the
corresponding frame bounds. Then the relation (20) holds for

7 < min (8,74 ({z3},0) b1/ ({23},0))

and

B? B?
k=90%, u=max (A—'z, z’-é—) . (21)

QED

In Appendix B we give another, more intuitive error bound for the case when quantization
threshold crossings form a sequence of uniform density greater than o/7.
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4 O(1/r?) Behavior of Error in Quantization of Weyl-Heisenberg
Frame Expansions

An immediate generalization of the results on oversampled A/D conversion is in error
analysis in the case of quantization of coefficients of Weyl-Heisenberg frame expansions (see
Appendix C). The two cases which are considered first are: 1) frames derived from bandlim-
ited window functions without restrictions on input signals, except that they are in L?(R),
2) timelimited input signals, and no restrictions on the window function in addition to the

requirement that it is in L2(R).
CASE 1. ¢-bandlimited window function

Let
{#manlt) : omalt) = o[t - nto)e™t} (22)

be a Weyl-Heisenberg frame in L?(R), with the bounds
AlFIP S Y lpmm N2 < BIFIP (23)

m.neZ?

Frame coefficients {c¢mn : €min = (©min, f)} of a signal f can be expressed in the Fourier
domain as

emn= [ F - muo) (e oda, (24)

The system which for an input signal gives these coefficients can be viewed as a multichannel
system, containing a separate channel for each frequency shift mwp, such that the m-th
channel performs modulation of an input signal with e/™“0!, then linear filtering with o(—t)
and finally sampling at points {nto}. Such a system is shown in Figure 5. For a fixed m,
coefficients ¢y, , are samples of the signal

falt) = (F(E)I™t) x (1), (25)

which will be called m-th subband component of f(t). In the sequel, the m-th subband
component of a signal s(t) will be denoted by s, (¢) and the sequence obtained by sampling
Sm(t) with the interval to will be denoted by Sy;[n], Sm[n] = sm(nto). Using this notation,
frame coefficients of f(t) are given by ¢y n = Fin[n].

Such an interpretation of Weyl-Heisenberg frame coefficients of the signal f(t) means
that their quantization amounts to simple A/D conversion of the subband components of
f(t). Note that these coefficients are in general complex, and it is assumed here that real
and imaginary parts are quantized separately. If the frame window, ¢(t), is a o-bandlimited
function, each of the subband components is also a o-bandlimited signal. In this context, a
signal g(t) is said to be a consistent estimate of f(t) if they have the same quantized values
of the frame coefficients and each subband component of g(t) is continuously differentiable,
gm(t) € C! (note that the subband signals, being bandlimited, are continuously differentiable
a.e.). In the light of the results of the previous section, this indicates that if the frame
redundancy is increased by decreasing the time step g for a fixed wp, the quantization error

of consistent reconstruction should decay as O(t2). This result is established by the following

corollary of Theorem 1, and can be expressed in terms of the oversampling ratio, r = 2%

wolp’
as ]2 = O(1/r?). '
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1 ; e(-1) - E 25(1—”!0) — “m-1,n

S e Y A9 ()
f(0 ¢ (-1) Zs(t—nto) — m, n
exp (jmmot) .
P Em—— (1)
G (-0 [ i Zﬁ(t—nto) — Sm+1,n

Figure 5: Evaluation of Weyl-Heisenberg frame coefficients. For a fixed m. coefficients cm
are obtained as samples, with to sampling interval, of the signal f,(t), which is the result of
modulating the input signal with e?™!, followed by filtering with o(—t).

Corollary 2 Let {¢mn(t)} be a Weyl-Heisenberg frame in L(R), with a time step ty and a
Jrequency step wy, derived from a o-bandlimited window function »(t). Consider quantization
of the frame coefficients of a signal f(t) € L?*(R) and suppose that for a certain wy the
following hold:

i)  quantization threshold crossings of both real and imaginary parts of all the subband
components fm(t) = (f(t)e?™0!) x o(—t) form frame sequences for the space of o-
bandlimited signals, with frame bounds 0 < af, < B, <00 and 0 < &}, < B, < 00;

it)
g ,3'.
SUp,, ez Max (-07'1, ;:l =M < o0.

m m

Then there ezists a constant &, such that if to < 8, for any consistent estimate g(t) of f(t),
the reconstruction error satisfies

1£(£) = &) < kllf(2)II%E5, (26)

where k is a constant which does not depend on to.

Proof Let f(t) be reconstructed from its quantized coefficients as g(t). Suppose that g(t)
is a consistent estimate of f(t), that is, frame coefficients of g(t) are quantized to the same

12



values as those of f(t). Under the bandlimitedness condition on ¢(t), all subband signals
fm %t;. are also o-bandlimited, and each g, (t) is a consistent estimate of the corresponding
fm(t), in the sense discussed in Section 2.

Under assumption i), and as a consequence of Corollary 1, for each m there is a §,;, such
that the m-th subband error component, fn,(t) — gm(t), satisfies

r o\ 2 t 2
| fm (2) - gm(t)"2 < gazﬂm”fm(t)llzttz)v H#m = max ((Eﬂ) ' ('ﬂ_m) ) . (27)

r 3
an, an,

For a sampling interval to < 7 /0, and any s € L?(R) we have that norms of subband signals
8m and their sampled versions satisfy:

lismlI? = tollSml|?. (28)

The frame condition (23) then implies

llslf?

IA

1
Z Z ”Sm”2
1
= 1n > llsmli. (29)
and

1
lsl? 2 5 3 lISml?
m
- 1 2
= Brg & leml (30)

From assumption ii) and Lemma 3 in Appendix A, it follows that § = inf,, ¢z ém is strictly

greater than zero, § > ¢ > 0. For tp < 4, we have the following as a consequence of relations
(27). (29) and (30):

1
1F@&) =g < =D fm(t) = gm(O)?
0 m
1 2 2,2
< 70 T 9l (01
B .
< s, (31)
This finally gives

£(t) = g@®)II* < Kl F()I1%e3, (32)

which for wo = const can be expressed as || f(¢) - g(t)||> = O(1/r?).

QED
CASE 2. T-timelimited signals

Another way to interpret expansion coefficients of f(t) with respect to the frame (22) is to
consider them as samples of signals

13



one) = (e ) o flo), (33

with wp sampling interval. This is illustrated in Figure 6. Suppose that f(t) is a T-timelimited

I oo
__?— floy H Zﬁ(m-mwo)— Cm,n-1

Lexp (=j(n=1)1,0) |

(3(60)——3—-?— f(m) ZS(m—mmo)— Sm,n

...........................

! f(m) Zs(m—m(ﬂa)— Cm,n+1

y e (=itn 11,0 |

Figure 6: Evaluation of Weyl-Heisenberg frame coefficients. For a fixed n, coefficients ¢ n
are obtained as samples, with wo sampling interval, of the signal $n(w). which is itself result
of modulating $(w) by e~ followed by filtering with f(w).

signal. Then F {@n(w)} is also T-timelimited for each n, which makes all subband signals
Pn(w) bandlimited. From an argument completely analogous to the one in the previous case,
it can be concluded that if for some fixed ¢o, sequences of quantization threshold crossings
of subband signals ¢(w) satisfy certain frame properties the quantization error of consistent

reconstruction can be bounded as |le(t)||? < k|| f(¢)||*wd. Since we consider the case when

to = const and wp — 0, this can be also expressed as ||e||? = O(1/r?). The precise formulation
of this result is established as follows.

Corollary 3 Let {¢omn(t)} be a Weyl-Heisenberg frame in L2(R), with a time step tg and
a frequency step wg, derived from a window function ¢(t). Consider quantization of the
frame coefficients of a T-timelimited signal f(t) € L2(R). Suppose that for a certain to the

following hold:
t) quantization threshold crossings of both real and imaginary parts of all the subband
components @p(w) = (P(w)e~I"0%) » f(w) form frames for the space of T-timelimited
signals, with frame bounds 0 < af, < B} < 0o and 0 < a}, < B} < oo;
ii)
SUppez Max (g—:, -gT") =M < oo.

n n
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Then there ezists a constant 8, such that if wg < 8, for any consistent estimate g(t) of f(t),
the reconstruction error satisfies

1£(8) = g(ON® < Kl F ()73, (34)

where k is a constant which does not depend on wyg.
If the Weyl-Heisenberg frame is redefined as

{oma(®) : ¢malt) = gt = nto)eimnti=nia)},

then analogous results hold for the cases when input signals are bandlimited or the window
function has a compact support in time.

The assumptions on bounded support of frame window functions or input signals in
either time or frequency, introduced in the above considerations, are natural assumptions of
time-frequency localized signal analysis. A question which naturally arises is whether in the
case when both the window function is bandlimited and the considered signals have finite
support, we have that the error decays as ||e||? = O(w3t3). Another interesting case is the
one when none of these assumptions is introduced. Is then also possible to exploit frame
redundancy for quantization error reduction so that the error norm tends to zero as the
redundancy is increased, or even more ||¢||> = O(1/r%)? These are still open problems.

5 Conclusion

The error of oversampled A/D conversion was studied here using deterministic analysis.
The analysis showed that for signals with quantization threshold crossings which form frame
sequences of the corresponding space of bandlimited signals, the information contained in
the digital version allows for reconstruction with an error which decreases in inversely to
the square of the oversampling ratio. ||e[|? = O(1/r?). This result was generalized giving a
quantitative characterization of redundancy-robustness interplay in Weyl-Heisenberg frame
expansions. The deterministic analysis showed again that in cases when either the frame
window function or input signals are bandlimited or timelimited, under certain reasonable
assumptions, the quantization error of consistent reconstruction is reduced as [le]|? = O(1/r?)
rather than |le||? = O(1/r) which is expected with the linear reconstruction.
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Appendix A

The results of nonharmonic Fourier analysis, reviewed here, are adapted from (10].

Definition 1 A set of functions {exp(jAnw)} is a frame in L2[—+,] if there ezist positive
c’clmstants A and B which depend ezclusively on v and the set of functions {exp(jAnw)} such
that

2

/_ : (w)e ™ dy

[ g

1
2 £

A<

<B (35)
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for every function g(w) € L?[—7,7]. Constants A and B are called frame bounds of the frame
{exp(jAnw)}.

Lemma 1 A system of complez ezponentials {exp(jAnw)} is a frame in L¥[—7, 7] with frame
bounds 0 < A < B < oo if and only if

Alf@IP < 3 IF )P < Bllf()I1? (36)

for every entire function f(z) of ezponential type v which is square integrable on the real
azis, f(z) € L*(R).

Note that if f(z) is a y-bandlimited function, then f(z) is an entire function of exponential
type 7. Conversely, if f(z) is an entire function of exponential type v, which is square
integrable on the real axis, then f(z) is a y-bandlimited function.

Estimates of bounds on the quantization error (Section 3) are derived based on the next
two lemmas.

Lemma 2 Let {exp(jA,w)} be a frame in L%[—v,7]). If M is any constant and {u,} is a
sequence satisfying |u, — Ap| < M. then there is a number C = C(M,v.{A,}) such that

2o 1f(a)?

—_— < 37
STIFOWR T 47

for every entire function f(z) of of exponential type 7.

Lemma 3 Let {exp(jAnw)} be a frame in L?[—7,v], with bounds 0 < A< B < oo andé a
given positive number. If a sequence {u,} satisfies |\, — un| < & for all n, than for every
entire function f(z) of exponential type v which is square integrable on the real azis

AL = VOPRIISI? < S 1f(ma)l? < B(L+ VO?IIFII2, (38)
where
c= g G (39)
Remark

If 6 in the statement of Lemma 3 is chosen small enough, so that C is less then 1, then
{exp(junw)} is also a frame in L2[~v,v). Moreover, there exists some &;/4 ({An},7), such
that whenever & < 8,74 ({Mn},7), {exp(junw)} is a frame with frame bounds A/4 and 9B/4.
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Appendix B

Recall that in order to have a sequence of quantization threshold crossings of a o-bandlimited
si%na.l f(t), having a uniform density d > o/, the quantization step ¢ must change in time
following the decay of the signal. Since f(t) is square integrable, ¢ = g(t) has to decay at
least as fast as 1/, although it can be fixed on a given set of time segments.

Let A and B denote again the lower and the upper bound, respectively, of the frame
determined by the quantization threshold crossings, {z,.‘}, of f(t), and let g(t) be a consistent
estimate of f(t). Following the discussion in the proof of Theorem 1 (see (14)), the error
norm is bounded as

2
le@I? < = 1o’ (en) % (40)

Since 7 is smaller then the Nyquist sampling interval, |z, — ¢,| < 7 /0 for all n. According
to Lemma 2, there exists a constant C = C ({z,},0) such that for all sampling intervals
T<7fo

Y lgEe)> < C Y lg'(za) (41)
This gives
2 2
el < 22 lg(o) . (42)

Being a consistent estimate of f(t), g(t) can not differ from f(¢) by more than g(nr), at
time instants {n7}. The energy of g(t) can be bounded, by considering its samples at these

points, as
le@®I> = 73 lg(nr) (43)
< Y (If(rr)? + 2l(nr) f(n7)] + lg(nT)?) (44)
= |F )N + Es(r). (45)

Note that

Ey(r) =1 (2la(n7)g(nr)| + lg(nT) )

converges to
tim E(r) = [ (2lgg@)l+ la) a, (46)

which has to be finite since qét) = O(f(t)) and f(t) is square integrable. Therefore, E,(7)
has to be bounded by some E which does not depend on 7. This gives the following error
bound

2
le(@I? < 2= (/@)1 + E) *. (47)
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Appendix C

The notion of frames has been extended by Duffin and Schaeffer beyond the context of
nonharmonic Fourier expansions [10]. It is given by the following definition.

Definition 2 A family of functions {@;}jes in a Hilbert space H is called a frame, if there
ezist two constants 0 < A < B < oo such that for all f in H

ANFI? < Y- Wi NI < BISI. (48)

jed
Constants A and B are called frame bounds. If they are equal,

> Kei A2 = AlfI, (49)

jeJ

and the frame is called tight frame. The frame condition (48) ensures that any f in # can
be reconstructed in a numerically stable way from coefficients {c; : ¢; = (y;, f)i,je.l- We will
refer to these coefficients as coefficients of frame expansion, or frame coefficients.

A frame {¢; ;}(i.j)ez2 in L?(R) is said to be a Weyl-Heisenberg frame if the frame vectors

are obtained by translating a window function ¢(t) in time and frequency with steps to and
wg. The frame vectors then have the form:

Pmn(t) = @(t — nto)el™ot, _ (50)

If a Weyl-Heisenberg frame is tight and its window function is normalized to unit energy,
then the frame bound is equal to 27 /wgto (7, pp. 81-83). A limitation of Weyl-Heisenberg
frames is that no frames exist for woto > 27 [7, pp. 81-83], which actually means that the
frame vectors have to be distributed in the time—fgequency plane with a sufficient density in
order to span the whole space. The critical density is given by woto = 27, which corresponds
to bases. For woty < 27 the frame is redundant, so that the ratio r = 27 /wg,tp can be
interpreted as its redundancy factor, or oversampling ratio.

References

[1] W. R. Bennett, “Spectra of Quantized Signals”, Bell System Technical Journal, Vol.27,
July 1948, pp.446-472.

[2] N. T. Thao and M. Vetterli, “Deterministic Analysis of Oversampled A/D Conversion

and Decoding Improvement Based on Consistent Estimates”, IEEE Trans. on Signal
Processing, Vol.42, No.3, pp.519-531, March 1994.

[3] N. T. Thao and M. Vetterli, “Oversampled A/D conversion using alternate projections”:

Proc. Conference on Information Sciences and Systems, John Hopkins, Baltimore, March
1991, pp. 241-248.

{4] N. T. Thao and M. Vetterli, “Reduction of the MSE in R-times oversampled A/D conver-
ii&;afrom O(1/R) to O(1/R?),” IEEE Trans. on SP, Vol. 42, No. 1, pp. 200-203, January

(5] S. Hein and A. Zakhor, “Reconstruction of Oversampled Band-Limited Signals from A

g{lSCOdEd Binary Sequences”, Proc. 25th Asilomar Conf. Signals Syst., Nov. 1991, pp.241-

(6] S. Hein and A. Zakhor, “Reconstruction of Oversampled Band-Limited Signals from TA

Encoded Binary Sequences”, IEEE Trans. on Signal Processing, Vol.42, No.4, pp.799-811,
April 1994.

18



(7] Ig&aubechles, “Ten Lectures on Wavelets”, CBMS—NSF Series in Appl. Math, SIAM,
1

[8] N.J. Munch,“Noise Reduction in Weyl-Heisenberg Frames”, IEEE Trans. on Information
Theory, Vol.38, No.3,pp.608-615.

9] R. M. Young, “An Introduction t.o Nonharmonic Fourier Series”, Academic Prm, New
York, 1980

[10] R. J. Duffin and A. C. Schaeffer,“A Class of Nonharmonic Fourier Series”, Trans. Amer.
Math. Soc., Vol.72, March 1952, pp.341-366.

[11] L 559-Kgdec,“The Exact Value of the Paley-Wiener Constant”, Sov. Math. Dokl, 1964,
PP

19



	Copyright notice 1995
	ERL-95-48

