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The invention relates in general to digital encoding and decoding of information. More
particularly, the invention relates to efficient ixﬁplemenlation of digital analysis and synthesis filter
banks used in digital encoding and decoding. In a preferred embodiment of the invention, the length
of the filter bank used to implement critically-sampled analysis and synthési filter banks may be
adaptively selected. - ‘ .

Throughout the followihg discussion and especially in the background discussion, more particnlai
mention will be made of audio applications; however, it should be understood that the present
invention is applicable to a range of applications wider than just that of audio encoding and decoding.

Background Art
Introduction
There is considerable interest among those in the field of signal processing to develop efficient
means to transmit or store information. Improving coding efficiency includes (1) reducing

informational requirements, that is, reducing the amount of information required to adequately

| represent a signal during transmission or storage, and (2) reducing processing requirements, that is,

reducing the amount of processing required to implement the encoding and decoding proosesses.

In high-quality audio coding applications, informational requirements can sometimes be reduced
without loss of perceptible audio quality by exploiting various psychoacoustic effects. Signal
recording, transmitting, or reproducing techniques which divide the useful signal bandwidth into
narrow bands with bandwidths approximating the human ear’s critical bands can exploit _
psychoacoustic masking effects. Such techniques divide the signal bandwidth with an analysis filter
bank, process the signal passed by each filter band, and reconstruct a replica of the original signal
with a synthesis filter bank. -

Two common coding techniques are subband coding and transform coding. Subband coders and
transform oodefs can reduce the informational requirements in particular frequency bands where the
noise caused by the resulting coding inaccuracy is psychoacoustically masked. Subband coders may
be implemented by a bank of digital bandpass filters defining subbands of varying bandwidth.
Transform coders may be implemented by any of several time-domain to frequency-domain
transforms. One or more adjacent transform coefficients are grouped together to define "subbands”
having. effective bandwidths which are sums of individual transform coefficient bandwidths.

The mathematical basis for digital subband filter banks and digital block transforms is essentially
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‘the same. See Tribolet and Crochiere, "Fre(iuency Domain Coding of Speech,” IEEE Trans.
Acoust., Speech, and Signal Proc., ASSP-27, October, 1979, pp. 512-30. Therefore, throughout the
following discussion the concepts associated with terms such as “"subband coder” and "transform
coder” gencrally apply to both a true subband coder and a transform coder. The term "subband”

5 refers to portions of the useful signal bandwidth whether implemented by a true subband coder or a
transform coder. The terms "transform” and “transforming” include digital filters and digital
filtering, respectively.

In most digital coding applications, processing requirements can be reduced by increasing the
efficiency of subband filtering. Improved processing efficiency permits implementation of encoders

10 and decoders which are less expensive to build, or which impose lower signal propagation delays
through an encoder/decoder system.

In many transform coder systems, the analysis and synthesis filter banks are implemented by
discrete time-domain to frequency-domain transforms such as the Discrete Fourier Transform (DFT),
the Discrete Cosine Transform (DCT), and the Discrete Sine Transform (DST). The number of time-

15 domain signal samples, referred to ﬁemin as the time-domain signal sample block length, processed
by such transforms is sometimes called the transform length, and the amount of processing required to
perform these transforms is generally proportional to the square of tlie time-domain signal sample
block length. '

The number of frequency-domain transform coefficients generated by a transform is also

20 sometimes called the transform length. It is common for the number of frequency-domain transform
coefficients generated by the transform to be equal to the time-domain signal sample block length, but
this equality is not necessary. For example, one transform referred to herein as the E-TDAC
transform is sometimes described in the art as a transform of length N that transforms signal sample
blocks with a length of 2N samples. It is possible, however, to also describe the transform as one of

25 length N which generates only %N unique ffequency-domain transform coefficients. Thus, in this
discussion the time-domain signal sample block length and the discrete transform length are generally
assumed to be synonyms. .

Various techniques have been utilized to reduce the amount of time required to perform a
transform, or to reduce the processing power required to perform a transform in given amount of

30 time, or both. One technique is taught in Narasimha and Peterson, "On the, Cdmputation of the
Discrete Cosine Transform,” IEEE Trans. on Communications, COM-26, June, 1978, Pp- 934-36.
Briefly, this technique evaluates an N-point DCT by rearranging or "shuffling” the samples
representing the input signal, performing an N-point DFT on the shuffled samples, and multiplying
the result with a complex function. It is approximately twice as efficient as other techniques using a

35 2N-point FFT; however, Narasimha and Peterson only teach how to improve the efficiency of filter
banks implemented by one particular DCT.

Another technique which yields approximately a two-fold increase in processing efficiency
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- concurreatly performs two real-valued discrete transforms of length N with a single complex-valued
FFT of length N. A transform coder utilizing this technique to concurrently perform a modified DCT
with a modified DST is described in lnternétional Patent Application PCT/US 91/02512, Publication
No. WO 91/16769 (published October 31, 1991). The significance of these particular modified DCT

5 and modified DST is discussed in Princen and Bradley, "Analysis/Synthesis Filter Bank Design Based
on Time Domain Aliasing Cancellation,"” Emw_us_t.épm‘ﬂm, ASSP-34,
1986, pp. 1153-1161. The authors describe a specific application of these transforms as the time-
domain equivalent of an evenly-stacked critically-sampled single-sideband analysis-synthesis system.
They are referred to collectively herein as the Evenly-stacked Time-Domain Aliasing Cancellation

10 (E-TDAC) transform.

Another technique to reduce processing reqpinements is taught by Malvar, "Lapped Transforms for
Efficient Transform/Subband Coding,” IEEE :I:rags, Acoust., Speech, Signal Proc., ASSP-38, June,
1980, pp. 969-78. This technique implements an N-point modified DCT by performing a “2N-point
DST after combining pairs of the samples representing the input signal, or "folding” the N input

15 signal samples into a smaller set of 'AN points. It is approximately twice as efficient as performing
the modified DCT in a straight-forward manner; however, Malvar only teaches how to fold input
samples for a filter bank implemented by one specific modified DCT whose input samples have been
weighted By a specific sine-tapered analysis window.

The specific modified DCT implemented by Malvar is discussed in greater detail by Princen,

20 Johnson, and Bradley, "Subband/Transform Coding Using Filter Bank Designs Based on Time
Domain Aliasing Cancellation,” ICASSP 1987 Conf. Proc., May 1987, pp. 2161-64. The authors
describe this transform as the time-domain equivalent of an oddly-stacked critically sampled single-
sideband analysis-synthesis system. It is referred to herein as the Oddly-stacked Time-Domain
Aliasing Cancellation (O-TDAC) transform.

25 It is desirable to implement encoders and decoders with the ability to use different time-domain
signal sample block lengths in order to optimize coder performance. It is well known in the art that
longer time-domain signal sample block lengths improve the selectivity or frequency-resolving power
of transform coders, and better filter selectivity generally improves the ability of a transform coder to
exploit psychoacoustic masking effects.

30  But longer time-domain signal sample block lengths degrade the time-resolution of a subband filter
bank. Inadequate time-resolution can produce audible distortion artifacts when quantizing errors of
signal events, such as transients, producing pre-transient and post-transient ringing which exceed the
ear’s temporal psychoacoustic masking interval. Hence, it is desirable that techniques which improve

. subband filter bank processing efficiency should also permit adaptive selection of the time-domain

35 signal sample block length.

The importance of time-domain signal sample block length and its effect upon filter bank

frequency-domain resolution and time-domain resolution is discussed in more detail in International
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: Fatent Applwauon PCT/US 91/02512, Publication No. WO 91/16769, cited above, which is hereby
meorponled by reference in its entirety.

5 Disclosure of Invention

It is an object of the present invention to provide for a subband/transform encoder and a
subband/transform decoder of digital information by means of analysis filtering and synthesis filtering
requiring lower processing requirements, or imposing lower processing delays, or both.

Itis aﬁolher object of the present invention to provide for a subband/transform encoder and a

10 subband/transform decoder of digital information requiring lower processing requirements, or
imposing lower processing delays, or both, by means of analysis filtering and synthesis filtering
permitting adaptive selection of the filter-bank length.

- Further details of the above objects and still other objects of the invention are set forth throughout
this document, particularly in the Modes for Carrying Out the Invention, below. Although the

15 invention is more particularly describ.ed for audio encoding and decoding applications, it should be
appreciated that the invention is much broader and may be applied to other applications. Throughout
this Descﬂption, discussion of encoders incorporating the present invention also pertains more
generally to signal-analysis filtering applications, and discussion of decoders incorporating the present
invention pertains more generally to signal-synthesis filtering applications.

20 In accordance with the teachings of the present invention in one embodiment, an enéoder provides
for the encoding of input signal samples representing a time-domain signal. The input samples which
are weighted by an analysis-window function are buffered into time-domain signal sample blocks.
Pairs of signal samples in the time-domain signal sample blocks are combined by a forward pre-
transform function to generate modified samples. Frequency-domain transform coefficients are

25 generated by applying a discrete digital transform to the modified samples. Spectral information is
gencrated by applying a forward post-transform function to the frequency-domain transform
coefficients.

Also in accordance with the teachings of the present invention in one embodiment, a decoder
provides for the decoding of digitally encoded spectral information. Frequency-domain transform

30 coefficients are generated by applying an inirerse pre-transform function to the spectral information.
Time-domain transform coefficients are generated by applying an inverse discrete digital transform to
the frequency-domain transform coefficients. Time-domain signal sample blocks are generated by
applying an inverse post-transform function to the time-domain transform coefficients, and output
samples which correspond to the input samples to a companion encoder are generated by overlapping

35 and adding samples in adjacent time-domain signal sample blocks.

The various features of the present invention and its preferred embydiments are set forth in greater

Mﬁxg Modes for Carrying Out the Invention and in the accompanying drawings.
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Figure 1 is a functional block diagram illustrating the basic functional structure of an encoder
incorporating a preferred embodiment of the present invention. _

5 Figﬁre 2 is a functional block diagram illustrating the basic functional structure of a decoder
incorporating a preferred embodiment of the present invention.

Figure 3 is a flowgraph illustrating the forward pre-transform function applied to a 16-sample
time-domain signal sample block to form an 8-sample modified sample block for a basic embodiment
of the présent invention permitting implementation of an E-TDAC transform analysis filter bank by a

10 DCT and DST.

Figure 4 is a flowgraph illustrating the forward pre-transform function applied to a 16-sample
time-domain signal sample block to form an 8-sample modified sample block for an alternative
embodiment of the present invention permitting implementation of an E-TDAC transform analysls
filter bank by a DFT.

15 Figure 5 is a hypothetical graphical representation illustrating the time-reversal regions of the
time-domain aliasing component creatéd by the E-TDAC transform using the conveational TDAC
phase term. '

Figure 6 is a hypothetical graphical representation illustrating the time-reversal regions of the
time-domain aliasing component created by the E-TDAC transform using the TDAC phase term

20 required to cancel time-domain aliasing in an N-smple length block overlapped with a subsequent
VaN-sample length block.

Figure 7 is a hypothetical graphical representation illustrating the boundary between time-reversal
regions of the time-domain aliasing component in a 4 N-sample length block.

Figure 8 is a hypothetical graphical representation of a bridge transform illustrating the time-

25 reversal regions of the time-domain aliasing component.

Figure 9 is a flowgraph illustrating the forward pre-transform function applied to a 16-sample
time-domain signal sample block to form an 8-sample modified sample block permitting
implementation of an adaptive-length E-TDAC transform analysis filter bank by a DCT and DST..

Figure 10 is a flowgraph illustrating the forward pre-transform function applied to a 16-sample

30 time-domain signal sample block to form an 8-sample modified sample block permitting
implementation of an adaptive-length O-TDAC transform analysis filter bank by a DST.

odes for in the Invention
35 I. Overview of Functional Structure
Figure 1 illustrates the basic functional structure of a transform-based encoder incorporating an

embodiment of the present invention. According to this structure, an encoder comprises buffer 102
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. which buffers input samples received from input path 100 into time-domain signal sample blocks,
forward pre-transform 106 which generates modified samples by combining pairs of signal samples
received from buffer 102 and in response to information received from path 104 establishing the
number of signal samples constituting a time-domain signal sample block, forward transform 108

5 which transforms the modified samples into frequency-domain transform coefficients by applying a
transform whose length is adapted in response to information received from path 104, forward post-
transform 110 which generates spectral information from the frequency-domain transform coefficients
and in response to the information received from path 104, and formatter 112 which assembles digital
information including the spectral information into a form suitable for transmission or storage along

10 path 114. The functions performed by buffer 102 and formatter 112 are not discussed in detail
herein. _

Figure 2 illustrates the basic functional structure of a transform-based decoder incorporating an
embodiment of the present invention. According to this structure, a decoder comprises deformatter
202 which extracts spectral information and information establishing the inverse transform length

15 from the encoded digital signal received from path 200, inverse pre-transform 206 which generates
frequency-domain transform coefficients from the extracted spectral informaiion and in response to
the information establishing the inverse transform length received along path 204, inverse transform
208 which transforms the frequency-domain transform coefficients into time-domain transform
coefficients by applying a transform whose length is adapted in response to information received from

20 path 204, inverse post-transform 210 which géneratcs signal samples from the time-domain transform
coefficients and in response to information received from path 204, and output processor 212 which
generates along path 214 output samples corresponding to the inpui samples to a companion encoder
in response to the signal samples. The functions performed by deformatter 202 and output processor
212 are not discussed in detail herein.

25 It should be appreciated from a study of the following disclosure and the accompanying claims that
some clements shown in Figures 1 and 2 are not required to practice various embodiments of the
present invention. | |

A basic embodiment of the preseat invenation is introduced in some detail before alternative
embodiments are discussed. This basic embodiment uses fixed-length E-TDAC transforms to

30 implement the analysis and synthesis filter banks. Preferred embodiments of various features are

described throughout the discussion.

IL Basic Embodiment of Invention
A. Input Sample Buffering
35 A buffer, represented by box 102 in Figure 1, receives signal samples and groups them into a
- sequence of time-domain signal sample blocks. Each block comprises N signal samples. The signal

samples may be received from the sampling of an analog signal, from the generation of samples
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xepresentmg or simulating an analog signal, or from any other source of discrete-valued samples
which correspond to a time-domain signal.
It is well known in the art that the frequency-resolving power or selectivity of a filter bank
implemented by a discrete transform improves as the transform length iﬁcreases. It is also well
'S known that filter selectivity may be affected significantly by weighting the time-domain signal samples
by a weighting function commonly called a window. See generally, Harris, "On the Use of Windows
for Harmonic Analysis with the Discrete Fourier Transform,” Proc. IEEE, vol. 66, January, 1978,
pp. 51-83.
The E-TDAC transform used in the basic embodiment of the present invention requires window
10 weighting, both weighting of the time-domain signal samplés in an encoder prior to forward transform
filtering, referred to as analysis windowing, and weighting of the recovered time-domain signal
samples in a decoder after inverse transform filtering, referred to as synthesis windowing. Analysis-
and synthesis-window weighting are discussed below only briefly. It is assumed herein that the
buffered signal samples are weighted by an analysis window as may be required or desired. Input
15 signal samples may be weighted by an analysis window prior to or subsequent to their receipt by the
buffer without departing from the scope of the present invention.

B. Analysis Filter Bank - Forward Transform
Although the forward pre-transform function discussed below is applied to time-domain signal
20 sample blocks prior to application of the foM transform, it is necessary to introduce the forward
transform before the forward pre-transform function can be fully described. The forward transform is
represented by box 108 in Figure 1. |
The E-TDAC transform used in the basic embodiment of the present invention is equivalent to the
alternate application of a Modified Discrete Cosine Transform (MDCT) with a Modified Discrete Sine
25 Traasform (MDST). The MDCT and the MDST, shown in equations 1 and 2 respectively, are

k) = %x(n)cosaﬂcn;,m) for0 < k<N (1)
N0
S(k) = Ex(n)sm(zxk"*'") for0 < k<N @

where k = frequency-domain transform coefficient number,
n = time-domain signal sample number,
30 N = time-domain signal sample block length,
m = phase term required for TDAC (see equation 6),
x(n) = time-domain signal sample n,
C(k) = MDCT frequency-domain transform coefficient k, and
S(k) = MDST frequency-domain transform coefficient k.
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« * The E-TDAC transform produces one of two alternating sets of frequency-domain transform

coefficients in response to each time-domain signal sample block. These sets of frequency-domain
transform coefficients are of the form

k) for0 < k < .’%’
{cay, = N ®
0 fork = _
T3
. N |
0 fork=0

where i = time-domain signal sample block number. Each set of coefficients generated by the
MDCT and the MDST are referred to herein as MDCT coefficient sets and MDST coefficient sets,
respectively.

Princen and Bradiey showed that with the proper phase term m and a suitable pair of analysis-
synthesis windows, the E-TDAC technique can accurately recover an input signal from an alternating
sequence of overlapped fixed-length MDCT coefficient sets and MDST coefficient sets of the form

{C®)o, (SO}, {CB}, (SE®)s, - - . . &)

Uéing only the alternate MDCT coefficient sets and MDST coefficient sets produces a time-
domain aliasing component, but the aliasing component may be cancelled by choosing the appropriate
phase term m for equations 1 and 2, applying the forward transform to overlapped analysis-window
weighted time-domain signal sample blocks, and by synthesis-window weighting and adding adjacent
overlapped time-domain signal samplie blocks recovered by the inverse transform.

The phase term m in equations 1 and 2 controls the phase shift of the time-domain aliasing
distortion. To cancel this alias distortion and accurately recover the original time-domain sighal,
E-TDAC requires the aliasing to be as follows: for the MDCT, the time-domain alias component
consists of the first half of the sampled and windowed signal reversed in time about the one-quarter
point of the sample block and the second half of the sampled and windowed signal reversed in time
about the three-quarter point of the sample block; for the MDST, the alias component is similar to
that for the MDCT except its amplitude is inverted in sign. These relationships are illustrated in
Figure 5 in which the time-domain aliasing compﬁnent, shown by a broken line, and the desired
signal, shown by a solid line, have been weighted by a synthesis window.

The phase term required to produce the appropriate aliasing components for alias cancellation is
N
=+1

2 +

2 ©)

- N,
3

N

-
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- g C. Forward Pre-Transform Function
 The processing requirements of the technique used to evaluate the MDCT and the MDST may be
reduced by applying a forward pre-transform function to the time-domain signal sample blocks to
| produce blocks of modified samples, and applying a %2N-point DCT and a % N-point DST to the
5 modified sample blocks for the N-point MDCT and MDST, respectively. The forward pre-transform
function is represented by box 106 in Figure 1. For E-TDAC, the pre-transform function combines
pairs of signal samples in each time-domain signal sample block of length N to produce a block of
inodiﬁed samples of length AN.
The mathematical basis for using a Y2N-point DCT applied to modified samples to perform the
10 N-point MDCT may be seen by first substituting eqﬁation 6 for the phase term m into equation 1.
The MDCT in equation 1 may be expressed as

Ny .
T
: - 2xk, N 1 --
c®) gx(n)oos(TIMfin + | . (72)
$ |
2xk, N 1. .
Ex(n)eos(__N [n+7+§ D * | (o)
T
N_,
< 27k, N1 :
'§ x(mcos(—=[nto+=D) + | (7c)
b4
- 2%k, N 1 :
15 Y x(mycos(==[n+—+=]) for0 < k < N. (7d)
Sn N 42
w

By setting d = n+%’ and substituting it into expression 7a, by setting d = 3_:., -1-n and substituting

it into expressions 7b and 7c, and by setting d = n-.ig and substituting it into expression 7d, it may
be seen that equation 1 can be rewritten as

L
T
c® = Y xCNrd) +x3V-1-0)) cos(Z (a4 Ly + | (8a)
2, 3 N2
."I'-l
20 xd-Y) + x3N-1-0)} cos(2®* a4 1y for0 < k < N. (8b)
P A S VAL

Finally, by defining a new sequence
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<

y@) = %{x([sTNm] mod N) + x([lig-l-n] mod N)} for0 < n < N, ©)

where [i{] mod M represents the value of i modulo M, the expressions 8a and 8b may be combined

and written as
N

LA
cw = Ey(u)cos(z_"";[m_]) for0 s k < N | (10)

which is a Y2N-point DCT for y(n).
From a similar derivation, it can be shown that the MDST of length N can be implemented by a
DST of length AN;

N
’-I
S0 = Ez(n)sm(ﬁ’_‘ [n+...]) for0 S k<N an
a=0
where z(n) = .%{x((.g%.vm] mod N) - x([%l!-l-n] mod N)} for0 < n < WUN, (12)

It should be appreciated that the forward pre-transform function for this basic embodiment, as well
as for alternative embodiments discussed below, can be performed by any of several implementations
including software-controlled processors and circuits capable of combining pairs of time-domain
signal samples to form modified samples. One flowgraph for a 16-sample block is shown in Figure 3
which illustrates the forward pre-transform functions of equations 9 and 12 for a basic embodiment of
the present invention. The minus signs shown within parenthesis denote terms which are
subtractively combined with an associated sample for the function shown above in equation 12. This
subtractive combination may be accomplished in circuitry, for example; by negating the value of the
signal sample representations corresponding to the nodes in Figure 3 with minus signs in parenthesis
and additively combining the resultant representations.

D. Forward Post-Transform Function

In principle, the forward transform in the basic embodiment of the present generates frequency-
domain transform coefficients in response to an input signal which are equivalent to the coefficients
generated by an E-TDAC transform applied to the same input signal. Some alternative embodiments
of the present invention described below require application of a forward post-transform function to
the coefficients generated by the forward transform in order to obtain spectral information equivalent
to transform coefficients generated by a corresponding TDAC transform.

If an application does not require spectral information, then an encoder incorporating any

embodiment of the present invention need not apply a forward post-transform function to the

30 frequency-domain transform coefficients generated by the forward transform. For example, the

This Sheet Has Been Reﬂ

Wl




WO 92/22137 | PCT/US92/04767

10

15

20

35

-11 -

frequency-domain transform coefficients themselves may be directly transmitted or stored and
subsequently transmitted to a corresponding receiver for decoding.

For many applications, however, spectral information is required. For example, encoder/decoder
systems which exploit psychoacoustic principles to reduce coded signal information requirements
usually require spectral information in order to estimate psychoacoustic masking effects of a signal’s
spectral components.

Frequency-domain transform coefficients generated by the forward transform and spectral
information generated by the various forward post-transform functions described below are generally
not suitable for low bit-rate transmission or efficient storage. Various quantization techniques may be
used to reduce informational requirements .by taking advantage of a signal’s irrelevancy.

In a practical implementation of an encoder incorporating a basic embodiment of the present
invention, the forward post-transform function represented by box 110 in Figure 1 may comprise
quantizing the frequency-domain transform coefficients generated by the forward transform; however,
quantizing is not required to practice the present invention.

E. Output Formatting

Output formatting represented by box 112 in Figuie 1 is not required to practice the present
inveation but is often used in signal encoding applications. Generally, output formatting assembles
the spectral information and other information required for transmission or storage. Any additional
side-information needed by a decoder is also assembled into the formatted signal. Frame
synchronization bits and error detection/correction codes may be used as needed for transmission.
Database pointers or keys may be added as needed for storage. The formatted data is ready for
transmission or for storage along path 114 shown in Figure 1.

F. Input Deformatting
Input deformatting represented by box 202 in Figure 2 is not required to practice the present
invention but is often used in signal decoding applications. Deformatting extracts spectral information
and any side information from a formatted signal received from path 200 either by receipt of a
transmitted signal or retrieved from storage.

G. Inverse Pre-Transform Function
The inverse pre-transform function, reprwenléd by box 206 in Figure 2, obtains frequency-domain
transform coefficients from the spectral information in the received signal. If the spectral information
in the received signal substantially corresponds to the frequency-domain transform coefficients
generated by an E-TDAC transform, then the inverse pre-transform function in a basic embodiment of

the present function may be a trivial or essentially null function such as, for example, grouping

spectral information into blocks.

This Sheet Has Been RTilaced

W




WO 92/22137 PCT/US92/04767
-12-

In a practical implementation of a decoder incorporating a basic embodiment of the present
invention, the inverse pre-transform function may comprise dequantizing the encoded digital
information into a form suitable for input to the inverse transform filter bank; however, dequantizing

is not required to practice the present invention.

H. Synthesis Filter Bank - Inverse Transform
Box 208 in Figure 2 represents a bank of synthesis filters which transforms each set of frequency-
domain transform coefficients into time-domain transform coefficients. A transform inverse to that
used in analysis filter bank 108 in Figure 1 implements synthesis filter bank 208. The inverse
10 discrete transforms for E-TDAC used in the basic embodiment of the present invention is an
alternating application of an Inverse Modified Discrete Cosine Transform (IMDCT) and an Inverse .
Modified Discrete Sine Transform (IMDST) shown in equations 13 and 14, respectively;

2(n) = Eéik)oos(zxk”"'") for0<n<N | (3)
N-1
£n) = ES(k)sm(Zrk—_) for0<n <N (14)

15 where C(k) = recovered MDCT frequency-domain transform coefficient k,
S(k) = recovered MDST frequency-domain transform coefficient k, and

X(n) = recovered time-domain signal sample n.

1. Inverse Post-Transform Function

20  The processing requirements of the technique used to evaluate the IMDCT and the IMDST may be
reduced by instead evaluating an Inverse DCT (IDCT) and an Inverse DST (IDST) and applying an
inverse post-transform function after application of the inverse transforms. This inverse post-
transform function is represented by box 210 in Figure 2.

For E-TDAC, the inverse post-transform function splits time-domain transform coefficients into

25 signal samples. Using a derivation similar to that discussed above for the forward transform, it can
be shown that, with an appropriate inverse post-transform function discussed below, the IMDCT of
length N can be implemented by an IDCT of length %N,

N,
Zz

9y = 2 Y- at CycosZEin+ 1] for0 < n < UN (15)
k=0

where $(n) = recovered time-domain transform coefficient #, and

N
0 .|l frE=0Z —_—

2 otherwise. : This Sheet
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. Recovered time-domain signal samples x(n) may be obtained from the time-domain transform

coefficients $(n) according to
2(n) = y([n-.34l’1 mod N) forO<n< %N, XN < n <N, | (16)
£(n) = 9([:"1’1’-1-@ mod N)  for YN < n < %N. - an

With an appropriate inverse post-transform function, the IMDST of length N can be implemented
by an IDST of length ':N;
N

4(n) = Ea(k)S(k)sm(?_’.’f[m_l) for0<n<WN - (18)

where z(n) = recovered time-domain transform coefficient 7.
Recovered time-domain signal samples may be obtained from the time-domain transform
coefficients 2(n) according to

2(n) = 2([n~.321!] mod N) for0<n< %N, %N < n < N, (19)
2(n) = -2([__—1-n] mod N) for 'AN < n < %N. (20)

J. Output Sample Processing

An overlap-add process is required by the TDAC transforms to generate samplés corresponding to
signal samples encoded by a companion encoder. This process, represented by box 212 in Figure 2,
overlaps adjacent blocks of recovered time-domain samples and adds the samples in one block to
samples in the adjacent overlapped block.

The E-TDAC transform used in the basic embodiment of the present invention also requires prior
to overlap-add the application of a synthesis window to the recovered time-domain sample blocks.
The constraints the E-TDAC transform places upon the design of the synthesis window, the analysis
window, and the overlap-add process is discussed fully in the paper by Princen and Bradley referred
to above.

1IL. Alternative Fixed-Length Embodiments
Alternative embodiments of the present invention may achieve greater reductions in processing
requirements. The following description discusses the differences between these alternative
embodiments and the basic embodiment described above.

\\
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v g A. E-TDAC Implemented by DFT
- In one alternative embodiment of the present invention for an encoder, the forward E-TDAC
transform is implemented by a Discrete Fourier Transform (DFT).
A forward pre-transform function generates an alternating sequence of two types of blocks
5 comprising modified samples; one block type comprising modified samples p(n) and a second block
type comprising modified samples r(n). Each modified sample is formed from the combination of
one pair of signal samples x(n) according to

pin) = .;.{x([-_ﬂn] mod N) +x([__-l-2n] modN)} for0 < n < KN, 1)
rin)= {x([_._+2n] mod N) -—x([-si_v -1-2n] modN)} for0 < n < WN. (22)

10 A flowgraph for a 16-sample block lllustratmg this forward pre-transform function is shown in
Figure 4.
The forward E-TDAC transform is implemented by a DFT which generates alternating sets of
complex-valued frequency-domain transform coefficients P(k) of the form Ttk)+j-U(k) and R(k) of the
form V(k)+j-W(k) in response to the alternating sequence of modified sample blocks;

2 na
15 Pk =Y pme” 7 for0 < k < %N, ' (23)
] ;
. -]211" .
R®) = Y rime” 7 for0 < k < WN | 29
»v0
where j = /-1.

Spectral information corresponding to E-TDAC transform coefficients C(k) and S(k) is obtained by -
applying a forward post-transform function according to;

20 Ck) = 005(—-—) Tk) + sm(._.) Uk), ' (25)
S(k) = sm(__) Vil - cos(%‘)-wac). ©6)

In one alternative embodiment of the present invention for a decoder, the inverse E-TDAC
transform is implemented by an Inverse DFT (IDFT).

An inverse pre-transform function recovers spectral information (k) and $(k) corresponding to
25 E-TDAC transform coefficients C(k) and S(%), respectively, from the encoded signal and generates in
response to the recovered spectral information an alternating sequence of two types of blocks
comprising recovered frequency-domain transform coefficients; one block type comprises recovered

complex-valued coefficients A(k) of the form T(k)+j -U(k) and a second block type comprises
-
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recovered complex-valued coefficients R(k) of the form V(k)+j-ﬁ’(k) . The renl and imaginary parts
of the frequency-domain transform coefficients are obtained according to

1) = oos(3y- 6 + sin5H- & -b), | @
O@k) = sin( )cac) cos(-) é(--k). (28)
5 V@ =cos( )S’c- ~k) + sin(Z2 )S(k). (29)
W) = sin(T )S(- -k) - eos(—) -Sk). (30)

An inverse transform generates an alternating sequence of two types of blocks comprising
recovered time-domain transform coefficients by applying an IDFT to the alternating sequence of
frequency-domain transform coefficient blocks; one block type comprises recovered time-domain

10 transform coefficients p(k) and a second block type comprises recovered time-domain transform
coefficients r(k). The IDFT used to recover the time-domain transform coefficients is shown in

equations 31 and 32;

N
k4 2 .
py = 2 TP T for0 < n < WN, 31)
k=0 . .
N .
fn) = ER(I:) PUF for0 S < WN. | ¢2)

15 Recovered time-domain signal samples £(n) are obtained by applying an inverse post-transform
function to the alternating sequence of blocks comprising recovered time-domain transform

coefficients. Signal samples are obtained from blocks comprising the p(k) coefficients according to
3N

iy 4n- 3N

20) = pl—st] mod[--]) = p(

] mod[%]) for0 < n < N, n even, (33)

3N-l-n
2(n) = ﬁ([ 3N—4-4n

] mod[%’]) pNAn, od[%]) for0 < n < N, n odd. (4)

20 Signal samples are obtained from blocks comprising the r(k) coefficients according to

n-3N
4,4 modl-gn - r([“" 3N

X(n) = £([ ] mo d[—]) forO < n < N, n even, (35)

[ —
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- 3N
—-1-n )
) = P2 ) mod[g]) - -r([i.”_‘;;.ﬂl mod[.g.’j) for0 < n < N, n odd. (36)

B. E-TDAC Implemented by Concurrent DFT
In another embodiment of the present invention for an encoder, the MDCT and the MDST of one
5 or more forward E-TDAC transforms are implemented concurrently by one or more DFTs. In single
channel encoder applications, two adjacent frequency-domain coefficient sets as illustrated in
expression 5 above may be generated concurrently by a single DFT. In two channel applications, a
MDCT coefficient set for channel one may be generated concurrently with a MDST coefficient set for
channel two, immediately followed by a MDST coefficient set for channel one generated concurrently
10 with a MDCT coefficient set for channel two. Other combinations of coefficient sets for concurrent
processing are possible. For additional detail on concurrent transforms, see generally, Brigham, The
Fast Fourier Transform, Englewood Cliffs, NJ: Prentice-Hall, Inc., 1974, pp. 166-67.
A forward pre-transform function. generites a sequence of blocks comprising complex-valued
- modified samples g(n) of the form p(n)+j-r(n) where p(n) and r(n) are formed from the application of
15 the forward pre-transform function described above and shown in equations 21 and 22.

The MDCT and the MDST constituting the forward E-TDAC transform are concurrently
implemented by a DFT which generates complex-valued frequency-domain transform coefficients Q(k)
of the form G(k)+j H(k) according to

3

@t
Q(k) = ):q(n)e T fr0<ks< YAN. ' 37

20 Spectral information corresponding to E-TDAC transform coefficients C(k) and S(k) is obtained by
applying the forward post-transform functions according to

c®) = {cos(—) (6 + G&-0) + sinZ)- 1) - HS-1)) } 38)

S = {cos(—) [60) - GCY-8)) + sin( %) [HGH) + HG-0)] } 39)

In another embodiment of the present invention for a decoder, the IMDCT and the IMDST of one
25 or more inverse E-TDAC transforms are implemented concurrently by one or more IDFTs.
An inverse pre-transform function recovers spectral information C(k) and $(k) corresponding to
E-TDAC transform coefficients C(k) and S(k), respectively, from the encoded signal and generates in
response to the recovered spectral information a sequence of blocks comprising recovered complex-

valued frequency-domain transform coefficients .Q(k) of the form G(k) +j'H(k) where G(k) and ﬂ(k)

T
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G = cos(™ ) 1w + S@)) + sm(-) {C(--k) - 3(%-!:)1. (40)
Ag) = sin(X ) [C® + @) - cos(—) [C(- k) - .s‘(—-k)l 1)

The IMDCT and the IMDST constituting the inverse E-TDAC transform are concurrently
implemented by an IDFT which generates complex-valued time-domain transform coefficients (n) of
the form p(n)+j-P(n) according to

¥

T 2%
o = 2 30w T for0 s n < WM. 2
k=0

Time-domain signal samples x(n) are recovered from the application of the inverse post-transform
function described above and shown in equations 33 through 36.

IV. Adaptive-Length Embodiments
" A. Bridge Transform

As mentioned above, it is desirable that the technique which improves transform processing
efficiency should also permit adaptive selection of the transform length. The means and
considerations required to implement an adapiive—tmnsform-length coder are not discussed here, but
are discussed in International Patent Application PCT/US 91/02512, Publication No. WO 91/16769
(published October 31, 1991).

Changes in the Jength of either the E-TDAC transform or the O-TDAC transform may require
changes in the phase term m in order to realize time-domain aliasing cancellation. Figure § is a
hypothetical graphical representation of two adjacent overlapped N-sample length time-domain signal
sample blocks recovered by an inverse E-TDAC transform, one block recovered from the IMDCT
and the second block recovered from the IMDST after synthesis windowing but before overlap-add of
the adjacent blocks has cancelled time-domain aliasing. The representation in this and other figures
does not show individual signal samples, but rather illustrates only the envelope of the amplitude of
samples within the windowed signal sample blocks.

Each recovered signal sample block comprises two components: one component represented in the
figures by a solid line sui:stantially corresponds to the analysis- and synthesis-window weighted input
signal samples, and the second component represented in the figures by a broken line corresponds to
the analysis- and synthesis-window weighted time-domain aliasing distortion. As discussed above, the
aiiasing component is a time-reversed replica of the windowed input signal samples which occurs in
two separate regions. The phase term m for the E-TDAC and the O-TDAC transforms controls the

location of the boundary between these two regions. For fixed-length E-TDAC and O-TDAC
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'.ie'x_ansforms, the boundary is located at the mid-point of the signal sample block.. The phase term

10
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20

30

‘required for time-domain aliasing cancellation under this condition is shown in equation 6.

Figure 6 is a hypothetical graphical representation of three time-domain signal sample blocks
recovered from an inverse E-TDAC transform prior to overlap-add. The first block is an N-sample
length block which has been recovered from the IMDCT. The second and third blocks are
4N-sample length blocks which have been recovered from the IMDST. The aliasing component in
the N-sample length MDCT block comprises a replica of the first half of the signal sample block
reversed in time about the one-quarter point of the sample block, and a replica of the second half of
the sampled signal reversed in time about the three-quarter point of the sample block. If overlap-add
of the second half of the MDCT block and the first MDST %N-sample length block shown in
Figure 6 is to cancel time-domain aliasing, the time-domain aliasing component in the first MDST .
Y2 N-sample length block must be a replica of the entire %2N-sample length block inverted in sign and
time-reversed end-for-end. The phase term m required by the MDST and IMDST transforms to
produce a time-domain aliasing component with these characteristics is m = %,

It can be shown that the phase term may be written generally as

ms"’;l @3)

where ¢ is the location of the boundary between time-reversal regions, expressed as the number of
time-domain signal samples from the right-hand or trailing edge of the time-domain signal sample
block.

For example, Figure 7 illustrates two window-weighted time-domain signal sample blocks. The
right-hand block is 4N samples in length. Within this block, the boundary between time-reversal
regions is at a point N/8 samples from the right-hand or trailing edge of the block. Thus, the phase
term m required to cause time-reversal of the aliasing component within each region of the

% N-sample block is
N

—+]

m=
2

With this background established, it is now possible to introduce the “bridge transform." A bridge
transform is a transform which bridges a shift from one transform length to another. For example, as
shown in Figure 8, suppose the present invention is called hpon to process one block of 2N samples
followed by another block of 4N samples. It is possible to perform a separate transform for each
block. For reasons whose explanation exceed the scope of this discussion, a bridge transform
improves coder performance by instead transforming a single block of %N samples.

The bridge transform required to process the % N-sample block shown in Figure 8 may be
implemented by an FFT to compute the transform for three %N blocks followed by a recombination
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' operation: This technique is known in the art and is discussed in Oppenheim and Schafer, Digital

Signal Processing, Englewood Cliffs, N.J.: Prentice-Hall, Inc., 1975, pp. 307-14. The FFT with this
recombination operation can also be used to concurrently process two E-TDAC bridge transforms in
the same manner as that briefly discussed above for fixed-length transforms. It is important to note,
however, that concurrent processing in E-TDAC is possible only for a MDCT and MDST which have
the same length and TDAC phase term.

For the decoder, the length of the inverse transform may be established by side-information passed
by the encoder in the encoded signal. The same considerations for adéptive-length transforms and
bridge transforms that were discussed above for the forward transform, including the phase term
required for time-domain aliasing cancellation, also apply to the inverse transform.

The following describes differences between adaptive-length embodiments of the present invention
and the fixed-length embodiments discussed above. The structure of e_ach adaptive-length
embodiment is substantially the same as that for a corresponding fixed-length embodiment. The most
significant differences pertain to the pre- and post-transform functions and to the length and phase
terms of the transform functions. -

In the following discussions, each time-domain signal sample block is defined to be a+b samples
in length, overlapping the immediately prior block by a samples and overlapping the immediately
subsequent block by b samples. It is assumed that the number of samples in the two overlap intervals
may vary from block to block. According to the conventions established in the previous discussion,
the bridge transform applied to each time-domain signal sample block is an adaptive-length
(a+b)-point transform.

B. E-TDAC Implemented by DCT/DST
One adaptive-length embodiment corresponds to the fixed-length basic embodiment discussed
above. The forward pre-transform, corresponding to the functions shown in equations 9 and 12 of

the fixed-length embodiment, generates an alternating sequence of modified sample blocks according

to
2a+b a+b
yn) = {3([ +n] mod{a+b}) +x([__2__-l-n] mod[a+b])} for0<n< —- (44)
Z(n) == {x([2‘”b +n}) modfa+b]) —x([2a+b -1-n) mod[a+b])} for0sn< f_;_b. 45)

A flowgraph illustrating this forward pre-transform function for a 16-sample block with a=4 and
b=12 is shown in Figure 9.
The forward transform comprises a DCT and a DST according to

aed_,

: 2xk, 1 - - '
Ck) = 2 y(n)cos(——[n+-]) for0 < k < a+b, (46)
avd a+b 2 . ;

This Sheet Has Been R

[T



WU v/ 22131 . | PCT/US92/04767

-20 -
- : avd_,
< 2xk
Sk =Y, z(n)sm(___[n+_]) for0 < k < a+b. 4N
a0

The inverse transform comprises an IDCT and an IDST according to

lfb‘

-
=23 a(k)C(k)cos(ﬂ[m_n for0 < n < 22, @8)
atb =0 2
-ob
) = _..E a(k)S(k)sm(_zl'f [u+_]) for0 < n < “_;'2. 49)

5 The inverse post-transform function, corresponding to the functions shown in equations 16, 17,
19, and 20 for the fixed-length embodiment, recovers time-domain signal samples from time-domain

transform coefficients according to

£(n) = 9([n- 2“"”] modjasd]) . for0 < n < 2, 2“2"” < n < ash, (50)
£() = y([z""”-l-n] mod{a+5}) .for.;. < n< 2“2"". 1)
0 20 - 2(1n-22°) modiasél) forosn<g 2% <ncan, 52)
2(n) = £([2a+b—l—n] modjasb]) for 2 < n < 2a+h, 3)

C. E-TDAC Implemented by DFT
Another adaptive-length embodiment corresponds to the fixed-length embodiment of the E-TDAC
15 transform implemented by a DFT, discussed above. The forward pre-transform, corresponding to the
functions shown in equations 21 and 22 for the fixed-length embodiment, generates an alternating
sequence of modified sample blocks according to

p(n) = {x([ b \2n} mod[a+b]) +x((2‘”"-1-2n1 mod[a+b])} for0<n< “_;.’i, (54)
r(n) = {x([za*" +2n) mod[a+b]) -x([’“z“” ~1-2n) mod[a+b])} for0<n< .‘f%? (55)

20 The forward E-TDAC transform is iniplemented by a DFT which generates alternating sets of
complex-valued frequency-domain transform coefficients P(k) of the form T7k)+j-U(k) and R(k) of the

form V(k)+j W(k) in response to the alternating sequence of modified sample blocks according to
-—_
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'~' : '1'!-! o .
PR = Y pme”™S for0 <k s .‘f.;iﬁ, (56)
0
-Ob -1 .
s a+b '
R(k)sEr() " rosks 2. 57

The forward post-transform, corresponding to the functions shown in equations 25 and 26 for the
fixed-length embodiment, generates alternating sets of spectral information according to

5 Cck) = 008(———) Tk + sm(——-) U(k). : (58)

Sk = sm(——) VR - cos(--) w(k). | (59)

The inverse pre-transform function, corresponding to the functions shown in equations 27 through
30 for the fixed-length embodiment, generates an alternating sequence of blocks comprising recovered
' frequency-domain transform coefficients; one block type comprises recovered complex-valued
10 coefficients P(k) of the form T(k)+j -U(-k) and a second block type comprises recovered complex-

valued coefficients R(k) of the form V(k)+j-W(k). Each frequency-domain transform coefficient is
obtained according to

1) = cos( Ly &) + sin( %) cci’iﬁ -5, (60)
0G) = sin( %)+ Exk) - cos( 2y &2, ©h
15 9) = cos( ) S E2 k) + sin( o) S0, )
Wee) = sin( ) S22 -k) - con(Z0)-S00. | (63)

The inverse transform generates an alternating sequence of two types of blocks comprising
recovered time-domain transform coefficients by applying an IDFT to the alternating sequence of
frequency-domain transform coefficient blocks; one block type comprises recovered time-domain

20 transform coefficients p(k) and a seoqnd block type comprises recovered time-domain transform

coefficients r(k). The IDFT used to obtain the recovered time-domain transform coefficients is shown

in equations 64 and 65;

"l
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X a+b
f(n)=_—ER(k) " forOSn<.—i— (65)

The inverse post-transform function, corresponding to the functions shown in equations 33 through
36 for the fixed-length embodiment, obtains recovered time-domain signal samples from recovered
time-domain transform coefficients according to '

2a+b
- |
5 2 =p 1 modf2:2) = p(l’f“i“"’ ] modl“;”n for n even, (66)
2a+h_, - |
20 = p—25—1 mod(22]) = p( 22222 moat 22 formodd, @)
n_2a+b
2 = Al ] mod[f.i’.]) ([2“'2“”’ ] mod[a;b]) for n even, (68)
2a+b_l_n ,
£n) = ~P([—2 ] mod[3:8)) = -p([28+072-2n, mod[f_;_l.’.]) for n odd, (69)

2 2 4

where 0 < n < a+b.
10 :
D. O-TDAC Implemented by DST
The O-TDAC transform utilizes a MDCT of the form

awb-)
Ek = Y x(n)oos(21[k+l] n+m) for0 < k < a+b (70)

n=0

where E(k) = frequency-domain transform coefficient k.

15 The processing requirements needed to implement this transform can be reduced by applying a
forward pre-transform function to the time-domain signal samples to generate modified samples efn),
then applying a DST to the modified samples to generate frequency-domain transform coefficients
X(k). The forward pre-transform function is

e(n) =x([;+n] mod [a+b}) - x([:;.-l-nl mod [a+b]) for0 < n < ; )

20 e(n) = x([%m] mod [a+b]) + x([;.—l-n] mod [a+b]) for .2. <=£n< ﬁ%’f’“ (72) .

A flowgraph illustrating this forward pre-transform function for a 16-sample block with a=4 and

b=12 is shown in Figure 10. The minus signs denote terms which are subtractively combined with

i
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an associdted sample for the function shown above in equation 71.
The forward transform comprises a DST according to

T 2, 1 1 -
E®) = ); e(n)sm(-m[k-r.i][m'.z.]) for0 < k < a+b.
The inverse transform comprises an IDST according to

o T 2%y 1y . 1
. 2%
5 é(n) - — ,2_; E(k)sm(m.[khi][n«ri]) for0 < n < a+b
where 2(k) = recovered time-domain transform coefficient, and
E(k) = recovered frequency-domain transform coefficient k.
- The inverse post-transform function obtains recovered time-domain signal samples x(n) from
recovered time-domain transform coefficients according to

10 2n) = -é([.;.—l -n]modia+b]) ° for0<n< ;,

£(n) = &(In-% ] mod[a+b]) for £ << 2“2*”,
£(n) = &(15-1-n] mod{a+5]) for 28*% < n < asb.

(73)

(74)

(75)

(76)
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1. A signal-analysis system for the filtering of input samples representing one or more signals

comprising

input buffer means (102) for grouping said input samples into time-domain signal sample
blocks. of length N wherein said input samples are analysis-window weighted samples, and
analysis means for'generating spectral information in response to said time-domain signal

sample blocks, said spectral information comprising spectral coefficients C(k) and S(k)

_ substantially corresponding to the frequency-domain transform coefficients of an Evenly-Stacked

Time-Domain Aliasing Cancellation transform applied to said time-domain signal sample blocks,
wherein said spectral coefficients C(k) and S(X) substantially correspond to Modified Discrete

Cosine Transform coefficients and Modified Discrete Sine Transform coefficients, respectively,

characterized in that said analysis means comprises

forward pre-transform means (106) for generating modified-sample blocks comprising %N
modified samples by combining one or more pairs of analysis-window weighted samples to
form said modified samples, and

forward transform means (108) for generating frequency-domain transform coefficients by

applying one or more discrete transform functions to said modified-sample blocks.

2. A signal-analysis system according to claim 1 wherein

said forward pre-transform means (106) generates _ﬁrst modified-sample blocks comprising
modified samples y(n) formed from the additive combination of a pair of analysis-window
weighted samples x(n) from a respective one of said time-domain signal sample blocks according
to y(n) = %{x([%i!m] mod N) + x([gg-l—n] mod N)} for0 €< n < %, and said forward
pre-transform means (106) generates second modified-sample blocks comprising modified samples

z(n) formed from the subtractive combination of a pair of analysis-window weighted samples x(n)
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from another respective one of said time-domain signal sample blocks according to
z(n) = %{x([%vm] mod N) - x([3_i.v-l-n] mod N)} for0 < n < g and

said forward transform means (108) generates spectral coefficients C(k) by applying a discrete
transform function substantially correspon(iing to a Discrete Cosine Transform function to said
first modified-sample blocks and generat&s. spectral coefficients S(k) by applying a discrete

transform function substantially corresponding to a Discrete Sine Transform function to said

second modified-sample blocks.

3. A signal-analysis system according to claim 1 wherein

said forward pre-transform means (106) generates first modified-sample blocks comprising
modified samples p(n) formed from the additive combination of a pair of analysis-window
weighted samples x(n) from a respective one of said time-domain signal sample blocks according
o p(n) = %{x([%’!ﬂn] mod N) + x([é‘f_’—l-zn] mod N)} for0 < n < %’ and said
forward pre-transform means (106) generaies second modified-sample blocks comprising modified
samples r(n) formed from the subtractive combination of a pair of analysis-window weighted
samples x(ﬁ) from another te;pective one of said time-domain signal sample blocks according to
) = %{x([iil'»fzn] mod N) - x([3_i.v-l—2n] mod N)} for0 < n < %’

said forward transform means (108) generétes a first set of complex-valued frequency-domain
transform coefficients P(k) of the form T(k)+j-U(k) by applying a discrete transform function
substantially corresponding to a Discrete Fourier Transform to said first modified-sample blocks
and generates a second set of complex-valued frequency-domain transform coefficients R(k) of the

form V(k)+j:W(k) by applying a discrete transform function substantially corresponding to a

Discrete Fourier Transform to said second modified-sample blocks, and

wherein said analysis means further comprises forward post-transform means (110) for generating said

spectral coefficients C(k) by applying a forward post-transform function to said first set of complex-

LI

valued frequency-domain transform coefficients according to C(k) = cos(!]vk) TR + sin(.ﬁk) < U(k)

and for generating said spectral coefficients S(k) by applying a forward post-transform function to said

-
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second set of complex-valued frequency-domam transform coefficients according to

S® = sm(-—) V&) - 00'(—) W).

4. A signal-analysis system according to claim 1 wherein
said forward pre-transform means (106.) generates said modified-sample blocks comprising
complex-valued modified samples g(n) of the form p(n)+j'r(n) wherein each p(n) is formed from
the additive combination of a pair of analysis-window weighted samples x(n) from a respective one
of said time-domain signal sample blocks according to |
) = .;.{x([:iTNﬂn] mod N) + x([?z"_’-l-zn] mod N)} for0 < n < .g_’ and each 7(n) is
formed from the subtractive combination of a pair of analysis-window weighted samples x(n) from
another respective one of said ﬁm;a-domain signal sample blocks according to
rn) = %{x([égﬂn] mod N) - x([%IY—I-Zn] mod N)} for 0 < n < %’
said forward transform means (108) generates a set of complex-valued frequency-domain
transform coefficients Q(k) of the form G(k)+j-H(k) by applying a discrete transform substantially
corresponding to a Discrete Fourier Transform to said modified-sample blocks, and
wherein said analysis means further comprises forward post-transform means (110) for generating said
spectral coefficients C(k) by applying a forward post-transform function to said set of complex-valued
frequency-domain transform coefficients amﬁing to |
c® - %{cos(%")-[a(k) v G301 + sin Sy -(ai) - HE0] } and for generating said
spectral coefficients S(k) by applying a forward post-transform function to said set of complex-valued

frequency-domain transform coefficients according to

S = {cos(—-) (GO - G301 + sin -89 + H(—-k)l}

5. A signal-analysis system for the filtering of input samples representing one or more signals
comprising
input buffer means (102) for grouping said input samples into time-domain signal sample

blocks, wherein said input samples are analysis-window weighted samples, and

Y
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sample blocks, said spectral information comprising spectral coefficients substantially
corresponding to the frequency-domain transform coefficients of either an Evenly-Sﬁcked Time
Domain Aliasing Cancellation transform or an Oddly-Stacked Time Domain Aliasing Cancellation
5 transform, |
characterized in that said signal sample blocks are of length a+b wherein said length varies from
block to block one or more times, and that said analysis means comprises
forward pre-transform means (106) for generating modified-sample blocks comprising
e , Y. (a+b) modified samples by combining pairs of analysis-window weighted samples to form
10 said modified samples, and -
forward transform means .(108) for generating frequency-domain transform coefficients by

applying one or more discrete transform functions to said modified-sample blocks.

6. A signal-analysis system according to claim 5 wherein
said forward pre-transform means (106) generates first modified-sample blocks comprising
15 modified samples y(n) formed from the additive combination. of a pair of analysis-window
weighted samples x(nn) from a respective one of said time-domaih signal saniple blocks according

2a+b a+b

+n) mod(a+b])+x([2“2*"—1-n] mod[a+b])} for 0 < n < £22, and said

— o y(n) = {x([
forward pre-transform means (106) generates second modified-sample blocks comprising modified
samples z(n) formed from the subtractive combination of a pair of analysis-window weighted

20 samples x(n) from another respective one of said time-domain signal sample blocks according to

b ) mod[a-+b]) - x([z‘"b—l—n] mod[a-l-b])} for0 < n < .“T’I, and

209=1 {x([
said forward transform means (108) generates spectral coefficients C(k) by applying a discrete
transform function sui:stantially corresponding to a Discrete Cosine Transform function to said
first modified-sample blocks and generates spectral coefficients S(k) by appiying a discrete
25 transform function substantially corresponding to a Discrete Sine Transform function to said

second modified-sample blocks.

R .
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7.A signal-analyis system aceordmg to claim 5 wherein
said forward pwhmfom means (106) generates first modified-sample blocks comprising
modified samples p(n) formed from tﬁe additive combination of a pair of analysis-window
. weighted samples x(n) from a respective one of said time-domain signal sample blocks according

5 to p(n) =5 {x(lz‘”b +2n) mod[a+b]) +x([2“*”—1-zn1 mod[a+b])} for 0 < n < 232, and

said forward pre-transform means (106) generates second modified-sample blocks comprising

modified samples r(n) formed from the subtractive combination of a pair of analysis-window

weighted samples x(n) from another respective one of said time-domain signal sample blocks
. according to

10 ram=1 {x([2a+b+2n] mod{a+b]) - x([z‘""-l—zn] mod[a-l-b])}foro <n< i;.b.

said forward transform means (108) generates a first set of complex-valued frequency-domain
transform coefficients P(k) of the form T(k)+j- U(k) by applying a discrete transform function
substantially corresponding to a Discrete Fourier Transform to said first modified-sample blocks
and generates a second set of complex-valued frequency-domain transform coefficients R(k) of the
15 form V(k)+j-W(k) by applying a discrete transform function substantially corresponding to a
Discrete Fourier Transform to said second modified-sample blocks, and
wherein said signal-analysis system further comprises forward post-transform means (110) for
e generating spectral coefficients C(k) by applying a forward post-transform function to sgid first set of
complex-valued frequency-domain transform coefficients according to
20 Ck) = cos(_...) Tk + sm(_) U(k) and for generating spectral coefficients S(k) by applying a
forward post-transform function to said second set of complex-valued frequency-domain transform

coefficients accordmg to Sk) = sm(.._.) Vb - oos(z%)-W(k).

8. A signal-analysis system according to claim 5 wherein
said forward pre-transform means (106) generates said modified-sample blocks comprising
25 modified samples e(n) formed from the combination of a pair of analysis-window weighted

samples x(n) from a respective one of said time-domain signal sample blocks according to

A
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’ e(n) =‘x([.‘zfm] mod [a+b]) - x([;.—l-n] mod [a+b]) for 0 €< n < .;.and

e(n) = x([.‘zim] mod [a+b]) + x([.;.—l—n] mod (a+b]) for 5 <n< .“_;'_”, and
said forward transform means (108) generates said spectral information by applying a discrete
transform function substantially corresponding to a Discrete Sine Transform function to said-

modified-sample blocks.

9. A signal-synthesis system for the inverse filtering of spectral information representing one or
more digital signals comprising
syhthesis means for generating signal samples in.response to said spectral information, said
signal samples substantially corresponding to the time-domain transform coefficients of an Evenly-
Stacked Time-Domain Aliasing Cancellation transform applied to said spectral information, and
output means (212) for generating output samples by overlapping pairs of said time-domain
signal sample blocks and additively combining signal samples from each of said overlapped
blocks,
characterized in that said synthesis means comprises
inverse pre-transform means (206) for generating sets of frequency-domain transform
coefficients in response to said spectral information,
inverse transform means (208) for generating transform .blocks comprising time-domain
transform coefficients by applying an inverse discrete transform function to said sets of
frequency-domain transform coefficients, and
inverse post-transform means (210) for generating time-domain signal sample blocks
comprising N signal samples, wherein one or more pairs of signal samples are generated from

a respective one of said time-domain transform coefficients.

10. A signal-synthesis system according to claim 9 wherein
said inverse transform means (208) generates transform blocks comprising time-domain

transform coefficients §(n) by applying an inverse discrete transform function substantially

* c L M s *
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'-*oorres;;onding to an Inverse Discrete Cosine Transform function to a respective one of said sets of
frequency-domain transform coefficients, and generates transform blocks comprising time-domain
transform coefficients z(n) by applying an inverse discrete transform function substantially
corresponding to an Inverse Discrete Sine Transform function to another respective one of said
sets of frequency-domain transform coefﬁéients, and

said inverse post-transform means (210) generates time-domain signal sample blocks
' comprising signal sampleé X(n) by applying an inverse post-transform function to time-domain

transform coefficients §(n) according to
£(n) =y([n—ii!] mod N) for0 € n < g, %1! €£n< Nand

£(n) = f([gg-l-n] mod N) for ..2_, < n< STN’ and by applying an inverse post-transform

function to time-domain transform coefficients Z(n) according to

£(n) =£([n-3£.'1 mod N) for0 < n < _4".’, %" <n< Nand

2(n) = -2([%1!-1-111 mod N) for% € n< .3;_!

11. A signal-synthesis system according to claim 9 wherein said spectral information comprises

15 blocks of spectral coefficients C(k) and blocks of spectral coefficients $(k), wherein said spectral

coefficients (k) and S(%) substantially correspond to Modified Discrete Cosine Transform coefficients

— and Modified Discrete Sine Transform coefficients of an Evenly-Stacked Time-Domain Aliasing

Cancellation transform, r&pectively, and wherein

said inverse pre-transform means (206) generates first sets of ftequency—domgin transform
coefficients Bk) of the form 7(k)+j-0(k) according to 7(6) = cos(.’l.;.,lf)-é'(k) N sin(forC'(g -k)
and Ok = sin(-’I_:,’f.) -O) - cos(_”N’;‘)- ag ~k), and generates second sets of frequency-domain
transform coefficients R(X) of the form V(k)+j-W(k) according to |
06 = cos(%5y -85 -k) + sin(Zk)-5c) and Wty = sin(ZK)-$(T k) - cos( 3D -S00,

said inverse transform means (208) generates transform blocks comprising time-domain
transform coefficients p(n) by applying an inverse discrete transform function substantially

corresponding to an Inverse Discrete Fourier Transform function to said first sets of frequency-

-
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domam transform coefficients, and generates transform blocks comprising time-domain transform
coefficients i‘(n)- by applying an inverse discrete transform function substantially corresponding to
an Inverse Discrete Fourier Transform function to said second sets of frequency—donﬁain transform
coefficients, and

said inverse post-transform means (216) genérates time-domain signal sample blocks
comprising signal samples x(n) by applying an inverse post-transform function to time-domain

transform coefficients f(n) according to £(n) = p( [4" 3N] mod[_g.!]) for0 £ n < N, neven

and £(n) = p([:‘W 4- 4"] mod[il) for 0 < n < N, n odd, and by applying an inverse post- .

transform function to time-domain transform coefficients 7(n) according to

20) = f([4" 3N, mod[g]) for0 < n < N, n even and £(n) = r([3N ~4-4n, mod[%’]) for

0 < n <N, nodd.

12. A signal-synthesis system according to claim 9 wherein said spectral information comprises
blocks of spectral coefficients C(k) and blocks of spectral coefficients $(k), wherein said spectral
coefficients C(k) and Stk) substantially correspond to Modified Discrete Cosine Transform coefficients
and Modified Discrete Sine Transform coefficients of an Evenly-Stacked Time-Domain Aliasing
Cancellation transform, respectively, and wherein

said inverse pre-transform means (206) generates sets of frequency-domain transform
coefficients O(k) of the form G(k)+j-A(k) according to

69 = cos(E 160 + S@n] + sin 3D 16 - 8501 and

B@ = sin(3H - [6® + S®)] - cos(T)- [é(” B - §T-H1,

said inverse transform means (208) generates transform blocks comprising complex-valued
time-domain transform coefficients §(n) of the form D(n)+j-F(n) by applying an inverse discrete
transform substantially corresponding to an Inverse Discrete Fourier Transform, and

said inverse post-transform means (210) generates time-domain signal sample blocks

comprising signal samples x(n) by applying an inverse post-transform function to p(n) according to

) = ﬁ([4" 3N] mod[_g]) for0 < n < N, neven and £(n) = p([i&:ﬂ] mod[g]) for




\

T

0 < n < N, n odd, and by applying an inverse post-transform function to 7(n) according to

3N-4-4n
8

20) = f([4”;3N ] mod[.%’]) for0 < n < N, neven and £(n) = —F([ ] mod[%’]) for

OSn<N,nodd.

13. A signal-synthesis system for the inver.se filtering of spectral information representing one or
5 more digital signals comprising
synthesis means for generating time-domain signal sample blocks in response to said spectral
information, and |
output means (212) for generating output samples by overlapping pairs of said time-domain
signal sample blocks and additively combining signal samples from each of said overlapped
10 _ blocks,
characterized in that said synthesis means comprises
inverse pre-tran;form means (206) for generating s§ts of frequency-domain transform
coefficients in response to said spectral information, said sets comprising Y4(a+b) coefficients
wherein the number of coefficients varies from set to set one or more times,
15 inverse transform means (208) for generating transform blocks comprising time-domain
transform coefficients by applying one or more inverse discrete transform functions to said sets of
. | frequency-domain transform coefficients,
inverse post-transform means (210) for generating time-domain signal sample blocks
comprising a+b signal samples, wherein a p@ir of signal samples is generated from a respective

20 . one of said time-domain transform coefficients.

14. A signal-synthesis system according to claim 13 wherein

said inverse transform means (208) generates transform blocks comprising time-domain
transform coefficients $(n) by applying an inverse discrete transform function substantially
corresponding to an Inverse Discrete Cosine Transform function to a respective one of said sets of

25 ' frequency-domain transform coefficients, and generates transform blocks comprising time-domain
- T
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transform coefficients z(n) by applying an inverse discrete transform function substantially
corresponding td an Inverse Discrete Sine Transform function to anothgr respective one of said
sets of frequency-domain transform coefficients, and
said inverse post-transform means (210) generates time-domain signal sample blocks
5 comprising signal samples X(n) by applying an inverse post-transform function to time-domain

transform coefficients §(n) according to

2(n) = f([n- ] mod[a+b]) for0 < n < f, 2a+b € n < a+band
2 2
(@) = j’([z‘"b -1-n] mod[a+b]) for 5 £ n< _ZaTb’ and by applying an inverse post-
.  transform function to time-domain transform coefficients Z(n) according to
10 2(n) = 2([n-22 ]mod[a+b]) fro<n<s, 2“2*" < n < a+band
£(n) = -2([2a+b-l-n] modja+b]) for 5 < n < 2"2“”.

15. A signal-synthesis system according to claim 13 wherein said spectral information comprises
blocks of spectral coefficients C(k) and blocks of spectral coefficients $(k), wherein said spectral
coefficients (k) and ‘S(k) substantially correspond to Modified Discrete Cosine Transform coefficients

15 and Modified Discrete Sine Transform coefficients of an Evenly-Stacked Time-Domain Aliasing
Cancellation transform, respectively, and wherein
— said inverse pre-transform means (206) generates first sets of frequency-domain transform
coefficients P(k) of the form T(k)+j-0(k) according to
7) = cos( 2% ) &) + sm(_..) C(“_*b -k) and
20 0k) = snn(_) &k - oos(—) C’(a+b -k), and generates second sets of frequency-domain
transform coefficients B(k) of the form V(k)+-W&) accﬁrding to
V&) = oos(_.) S(fi'i k) + sm(_._.) -8k) and
W) = sin 7%y S(ﬂ’l ) - cos( %y 840,
said inverse transform_ means (208) generates transform blocks comprising time-domain

25 transform coefficients p(n) by applying an inverse discrete transform function substantially

corresponding to an Inverse Discrete Fourier Transform function to said first sets of frequency-

i
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domain transform coefficients, and generates transform blocks comprising time-domain transform
 coefficients i'(n). by applying an inverse discrete transform function substantially corresponding to.
an Inverse Discrete Fourier Transform function to said second sets of frequency-domain transform
coefficients, and

5 said inverse post-transform means (210) generates time-domain signal sample blocks

comprising signal samples x(n) by applying an inverse post-transform function to time-domain
2n-2a-b

transform coefficients f(n) according to £(n) = p([ ] mod[a_+b.]) forO < n<a+b,n

2a+b-2-2n a+b

even and £(n) = p({ 1 mod[_]) for0 < n < a+b, n odd, and by applying an

7
T inverse post-transform function to time-domain transform coefficients () according to
10 20) = i‘([2" “2ab, ., d[_]) for0 < n < a+b, n even and |
£(n) = f([2a+_b2..2.".] mod[_z.b.]) for0 < n < a+b, n odd.

16. A signal-synthesis system according to claim 13 wherein
said inverse transform means (208) generates transform blocks comprising time-domain transform
coefficients (n) by applying an inverse discrete transform function substantially corresponding to an
15 Inverse Discrete Sine Transform to said sets of frequency-domain transform coefficients, and
wherein said inverse post-transform means (210) generates time-domain signal sample blocks
— comprising signal samples x(n) by applying an inverse post-transform function to time-domain
transform coefficients &(n) according to £(n) = —é([;—l-—n] mod[a+b]) for 0 < n < 52'.,
£(n) = 2(In-5 ] modla+b]) for £ < n < 2a+b

2 2
2";b < n < a+th.

, and

20 £(n) =a([%-1-n] mod[a+b]) for

17. A signal-synthesis system according to claim 9, wherein said inverse transform means
generates transform blocks comprising 4N time-domain transform coefficients.

1t
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DESCRIPTION
™3 OF RECEIPT.. 2%, .
LOW COMPUTATIONAL-COMPLEXITY DIGITAL FILTER BANK

_ .:!:echnical Field

The invention relates in general to digital encoding and decoding of information. More
. particularly, the invention relates to efficient implementation of digital analysis and synthesis filter

banks used in digital encoding and decoding. In a preferred embodiment of the invention, the iength
of the filter bank used to implement critically-sampled analysis and synthesis filter banks may be
adaptively selected.

Throughout the following discussion and especially in the background discussion, more pacticular
mention will be made of audio applications; however, it should be understood that the present

invention is applicable to a range of applications widel:' than just that of audio encoding and decoding.

Background Art
Introduction

There is considerable interest among those in the field of signal. pfocessing to develop efﬁdient
means fo transmit or siore informhtién. Improving coding efficiency includes (1) reducing
informational requirements, that is, reducing the amount of information required to adequately
represeat a signal during’ transmission or storage, and (2) reducing processing requirements, that is,

reducing the amount of processing required to implement the encoding and decoding processes.

' In high-quality audio coding applications, informational requirements can sometimes be reduced
without loss of perceptible audio quality by exploiting various psychoacoustic effects. Signal
recording, transmitting, or reproducing techniques which divide the useful signal bandwidth into
narrow bands with bandwidths approximating the human ear’s critical bands can exploit
psychoacoustic masking effects. Such léehniques divide the signal bandwidth with an analysis filter
: bank, process the signal passed by each filter band, and reconstruct a replica of the original signal

with a synthesis filter bank. |

Two common coding techniques are subband coding and transform coding. Subband coders and
transform coders Ean reduce the informational requirements in particular frequency bands where the
noise caused by the resulting coding inaccuracy is psychoacoustically masked. Subband coders may
be implemeated by a bank of digital bandpass filters defining subbands of varying bandwidth.
Transform coders may be implemented by any of several time-domatin (o frequency-domain
transforms. One or more adjacent transform coefficients are grouped together to define “subbands*™
having effective bandwidths which Qre 'sums of individual transform coefficient bandwidths.

The mathmatidl basis for digital subband filter banks and. digital block transforms is essentially
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the same. See Tribolet and Crochicre, "Frequency bomain Coding of Speech,” IEEE Trans.
Acoust., Speech, and Signal Proc., ASSP-27, October, 1979, pp. 512-30. Therefore, throughout the
following discussion the concepts associated with terms such as "subband coder® and “transform
coder” generally apply to both a true subband coder and a transform coder. The term “"subband™
refers to portions of the useful signal bandwidth whether implemented by a true subband t-aoder ora
transform coder. The terms “transform® and *transforming® include digital filters and digital
filtering, respectively. . .

In most digital coding applications, processing requirements can be reduced by increasing the
efficiency of subband filtering. Improved processing efficiency permits implementation of encoders
and decoders which are less expensiv;-,'t'o build, or which impose lower signal propagation delays
through an encoder/decoder system. | _

In many transform coder systems, the analysis and synthesis filter banks are-implemented by
discrete time-domain to frequency-domain transforms such as the Discrete Fourier Tra:_\sform (DFT),
the Discrete Cosine Transform (DCT), and the Discrete Sine Transform (DST). The number of time-
domain signal samples, referred to herein as the time-domain signal sample block length, processed
by such transforms is sometimes called the transform length, and the amount of processing required to

perform these transforms is generally proportional to the square of the time-domain signal sample
block length.

The number of frequency—doinain. transform coefficients generated by a transform is also
sometimes called the transform length. It is common for the number of frequency-domain transform
coefficients generated by the transform to be equal to the time-domain signal sample block !eng(ﬁ. but
~ this equality is not necessary. For example, one transform referred to herein as the E-TDAC
transform is sometimes described in the act as a transform of length N that transforms signal sample
blocks with a length of 2N samples. It is possible, however, to also describe the transform as one of
length N which generates only ¥2N unique frequency-domain transform coefficients. Thus, in this

discussion the time-domain signal sample block leagth and the discrete transform length are generally
assumed to be synonyms.

- Various techniques have been utilized to reduce the amount of time required to perform a
transform, or. to reduce the processing power required to perform a transform in given amount of
time, or both. One technique is taught in Narasimha and Peterson, “On the Computation of the
Disc_rete Cosine Transform,* JEEE Trans. on Communications, COM-26, June, 1978, pp. 934-36.
Briefly, this technique evaluates an N-point DCT by rearranging or "shuffling” the samples
representing the input signal, performing an N-point DFT on the shuffled samples, and multiplying
the result with a complex function. It is approximately twice as efficient as other techniques using a .

2N-point FFT; however, Narasimha and Peterson orily teach how to improve the efficiency of filter
banks implemented by one pacticular DCT.

Another technique which yiclds approximately a two-fold increase in processing efficiency
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concurrently performs two real-valued discrete lnnsforms.of length N with a single complex-valued
FFT of length N. A transform coder utilizing this technique to concurrently perform a modified DCT
with a modified DST is described in International Patent Application PCT/US 91/02512, Publication
No. WO 91/16769 (published October 31, 1991). The sig'niﬁcanoc of thiese particular modified DCT
and modified DST is discussed in Princen and Bradley, "Analysis/Synthesis Filter Bank Design Based
on Time Domain Aliasing Cancellation,” JREE s. on Acoust,, S Signal Proc., ASSP-34,
1986, pp. 1153-1161. The authors describe a specific application of these transforms as the time-
domain equivalent of an evenly-stacked cdtieally-sampied siugle—sidebahd analysis-synthesis system

‘They are referred to collectively herein as the Bvenly-stacked Time-Domain Aliasing Cancellation
(E-TDAC) transform. .

Another technique to reduee processing requiremeants is taught by Malvar, “Lapped Transforms for
Efficient Transform/Subband Coding,” I[EEE Trans. Acoust., Speech, Signal Proc ASSP-38 June,
1980, pp. 969-78. This technique implements an N-point modified DCT by performing a YaN-point
DST after 6on{bimng pairs of the samples representing the input signal, or "folding® the N input
signal samples into a smaller set of %N points. It is approximately twice as efficient as performing
the modified DCT in a straight-fonv_ard manner; however, Malvar only teaches how to fold input
samples for a filter bank implemented by one specific modified DCT whose input samples have been
weighted by a specific sine-tapered analysis window.

The specific modified DCT implemented by Malvar is discussed in greater detail by Princen,

Johuson, and Bradley, “Subband/Transform Coding Using Filter Bank Designs Based on Time
Domain Aliasing Cancellation,” JCASSP 1987 Conf, Proc., May 1987, pp. 2161-64. The authors
describe this transform as the time-domain cquivalent of an oddly-stacked critically sampled single-

‘sideband saslysis-synthcsis system. It Is roferred fo hereln a5 tho Oddly-stacked Tims-Domala
Aliasing Cancellation (O-TDAC) transform.

" Xtis desirable to implement encoders and decoders with the ability to use different time-domain
siéual sample block.leuglhs in order to optimize coder performance. It is well known in the act that
longer time-domain signal sample block lengths impeove the selectivity or frequency-resolving power
of transform coders, and better filtee sclectivity generally improves the ability of a transform coder to
exploit psychoacoustic masking effects. '

But longer time-domain signal sample block lengths degrade the time-resolution of a subband ﬁltet
bank. Inadequate time-resolution can produce audible distortion actifacts when quantizing errors of
signal events, such as transieénts, producing pre-lmnsient and post-transient ringing which exceed the
car's temporal psychoacoustic masking interval. Hence, it is desirable that techniques which improve
subband filter bank processing efficiency should also permit adaptlvc selection of the time-domaln

. signal sample block length.

The importance of time-domaln signal sample block length and its effect upon filter bank
frequency-domain resolution and time-domain resolution is discussed in more detall in International
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Patent Application PCT/US 91/02512, Publication No. WO 91/16769, cited above, which is hereby
~ incorporated by reference in its entirety.

Disclosure of Invention

It is an object of the present invention to provide for a subband/transform encoder and a
subband/transform decoder of digital information by means of analysis filtering and synthesis filtering
requiring lower processing requirements, or imposing lower processing delays, or both

It is another object of the preseat invention to provide for a subband/transform encoder and a
subband/transform decoder of digital information reqﬁiring lower processing requirements, or
imposing lower pmcssmg delays, or both, by means of analysis ﬁltering and synthesis fiftering
permitting adaptive selection of the filter-bank length. _ .

Further deta_tls of the above objects and still other objects of the invention are set forth throughout
this document, pacticulacly in the Modes for Cacrying Out the Invention, below. Although the
invention is more particularly described for audio encoding and decoding applications, it should be
appreciated that the invention is much broader and may be applied to other applications. Throughout
this Description, discussion of encoders incorporating the present invention also periains more
genecally to signal-analysis filtering appﬁea(ions, and discussion of decoders incorporafing the present
invention pertains more generally to signal-synthesis filtering applications.

In accordance with the teachings of the present invention in one embodiment, an encoder provides
for the encoding of input signal samples representing a time-domaia signal. The input samples which
are weighted by an analysis-window function are buffered iato time-domain signal sample blocks.
Pairs of signal samples in the time-domain signal sample i)loclgs are combined by a forward pre-
transform function to generate modified samples. Frequency-domain transform coefficients are
genccated by applying a discrete digital transform to the modified samples. Specteal information. is
generated by applying a forward post-transform function to the frequeacy-domaln teansform
coefficients. '

Also in accordance with the teachings of tlie present inveation in one embodiment, a decoder
provides for the decoding of digitally encoded spectral information. Frequency-domain transform
coefficients are generated by applying an iaverse pre-transform function to the spectral information
Time-domain transform cocfficients are génerawd by applying an inverse discrete digital transform to
the frequenc._'[-domain transform coefﬁcients. Time-domain signal sample blocks are generated by
applying an inverse post-transform function to the time-domain transform coefficients, and output

samples which correspond to the input samples to a companion encoder are gencrated by overlapping
and adding samples in adjacent time-domain signal sample blocks.

The varlous features of the present invention and its preferred embodiments are set forth in greater
detail in the following Modes for Carrying Out the Iavention and in the accompanying drawings.
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Figure 1 is a functional block diagram illusttat_ihg the basic functional structure of an encoder

incorporating a preferred embodiment of the present invention.

Figure 2 is a functional block diagram illustrating the basic functional structure of a decoder
incorporating a preferred embodiment of the present invention.

Figure 3 is a flowgraph illustrating the; forward pre-transform function applied'to a 16-sample
time-domain signal sample block to form an 8-sample modified sample block for a basic embodiment
of the present invention permitting implementation of an E-TDAC transform analysis filter bank by a
DCT and DST. - |

Figure 4 is a flowgraph illustcating the forward pre-transform function applied to a 16-sample

time-domain signal sample block to form an 8-sample modified sample block for an alternative
gmbodiment of the present invention permitting implementation of an E-TDAC transform analysis
filter bank by a DFT. '

Figure § is a hypothetical graphical representation illustrating the time-reversal regions of the
time-domain aliasing component created by the E-TDAC transform using the conventional TDAC

. phasé term. _ .

Figure 6 is a hypothetical graphical representation illustrating the (ime-revecsal regions of the
time-domain aliasing component created by the E-TDAC transform dsing the TDAC phase term
required to cancel time-domain aliasing in an N-sample leagth block overlapped with a subsequent
VaN-sample length block. . .

Figure 7 is a hypothetical graphical represeatation illustrating the boundary between time-reversal

" regions of the time-domain aliasing component in a %N-sample length: block;-
Figure 8 is a hypothetical graphical representation of a bridge transform illustrating the time-
" reversal regions of the time-domain aliasing component.

Figure 9 is a flowgraph illusteating the forward pre-transform function applied to a 16-sample
time-domain sigilal sample'block to form an- 8-sample modified sample block permitting
implementation of an adaptive-length E-TDAC transform analysis filter bank by a DCT and DST.

Figure 10 is a flowgraph illustrating the forward pre-transform function applied to a 16-sample
time-domaia signal sample block to form an 8-sample modified sample block permitting
implementation of an adaptive-length O-TDAC transform analysis filter bank by a DST.

des for Carrying Out th enfion
I. Overview of Functional Structure
Figure [ illustrates the basic functional structure of a transform-based encoder incorporating an

embodiment of the present invention. Accordfng to this structure, an encoder comprises buffer 102
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which buffers input samples received from input path 100 into time-domain signal sample blocks,
forward pre-transform 106 which generates modified samples by combining pairs of signal samples
received from buffer 102 and in response to information received from path 104 establishing the
number of signal samples constituting 2 time-domain signal sample block, fomﬁ transform 108
which transforms the t-nodiﬁed samples into frequency-domain transform coefficients by applying a
transform whose length is adapted in response to information received from path 104, forward post-
transform 110 which generates spectral information from the frequency-domain transform coefficients
and in response to the information received from path 104, and formatter 112 which assembles digital
information including the spectral information into a form suitable for transmission or storage along
.path 114. The functions performed by buffer 102 and formatter 112 are not discussed in detail
herein. -

Figure 2 illustrates the basic functional s(mcldrc of a transform-based decoder incorporating an
embodiment of the present invention. According to this structure, a decoder comprises deformatter
202 which extracts spectral information and information establishing the inverse transform length
from the encoded digital signal received from pélh 200, inverse pre-transform 206 which genecates
frequency-domain. transform coefficients from the extracted spectral information and in response to
the information establishing the inverse transform length received along path 204, inverse transform
208 which transforms the frequency-domain transform coefficients into time-domain transform
coefficients by applying a transform whose length is adapted in response to information received from
path 204, inverse post-transform 210 which geneqates' signal samples from the time-domain transform .
coefficients and in response to information reéei_ved from path 204, and output processor 212 which
generates along path 214 output samples corresponding to the input samples to a companion encoder
in response to the s:gnal samples. The functions performed by deformatter 202 and output processot
212 are not discussed in detanl herein. _

- It should be appreciated from a study of the following disclosure and the accompanying claims that
some elements shown in Figures 1 and 2 are not required to practice various embodiments of the
present invention. |

A basic embodiment of the present inveation is introduced in some detail before alternative
embodiments are discussed. This basic embodiment uses fixed-length E-TDAC transforms to

implement the analysis and synthesis filter banks. Preferred embodiments of vatious features are
described throughout the discussion.

IL. Basic Embodiment of Invention
A. Input Sample Buffering
A buffer, represented by box 102 in Figure 1, receives signal samples and groups them into &
sequence of time-domaia signal sample blocks. Each block comprises N signal samples. The signal
samples may be received from the sampling of an analog signal, from the generation of samples
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representing or simulating an anaiog signal, or from any other source of discrete-valued samples
which correspond to a time-domain signal.
It is well known in the act that the freqhency-resolving power or selectivity of a filter bank
implemented by a discrete transform improves as the transform length increases. It is also well
- known that filter selectivity may be affected significantly by weighting the time-domain signal samples
by a weighting function commonly called a window. See generally, Harris, "On thc.Use of Windows

for Harmonic Analysis with the Discrete Fourier Transform," Proc. IEEE, vol. 66, January, 1978,
pp. 51-83,

The E-TDAC transform used in the basic embodiment of the present inveation requires window
weighting, both weighting of the time-domain signal samples in an encoder prior to forward transform
filtering, referred to as analysis windowing, and weighiing of the recovered time-domain signal
samples in a decoder after inverse transform filtering, referred to as synthesis windowing. Analysis-
and synthesis-window weighting are discussed below only briefly. It is assumed herein that the

buffered signal samples are weighted by an anklysis window as may be required or desired. Input

signal samples may be weighted by an analysis window prior to or subsequent to their receipt by the
buffer without departing from the scope of the present invention.

B. Analysis Filter Bank - Forward Transform
Allhough the forward pre-transform function discussed below is applied to time-domain signal
sample blocks prior to application of the forward transform, it is necessary to introduce the forward
transform before the forward pre-transform function can be fully described. The forward transform is
represented by box 108 in Figure 1. .
. The E-TDAC transform used in the basic emb_odimeht of the present invention is equivalent to the

alternate application of a Modified Discrete Cosine Transform (MDCT) with a Modified Discrete Sine
" Transform (MDST). The MDCT and the MDST, shown in equations 1 and 2 respectively, are

N-t

k) = Ex(n)cosaxkl"uﬂ) for0 <k <N )
a0 ’ .
X . : .

5 = ’i:x(n)sinark”;m) for0 <k <N @
n=g

where k = frequency-domain transform coefficient number,
n = time-domain signal sample number,
N = time-domain signal sample block length,

m = phase term required for TDAC (see equation 6),
x(n) = time-domain signal sample n,

C(k) = MDCT frequency-domain transform cocfficient &, and
S(k) = MDST frequency-domain transform coefficient k.

This is the replacement. sheet

Date; 2_ 3 SEP m



-8 -

The E-TDAC transform produces one of two alternating sets of frequency-domain transform

cocfficients in response to each time-domain signal sample block. These sets of frequency-domain
~ transform coefficients are of the form '
k) for0 <k < _l!

2
K}, = 3)
{o(5} Lo for k = _g

N .
(5®), = Sk)y forO0< k< 3 | . 4)

0 fork=0

where { = time-domain signal sample block number. Each set of coefficients generated by the

MDCT and the MDST are referred to herein as MDCT coefficient sets and MDST coefficient sets,
r&cpectwely

Princen and Bradley showed that with the proper phase term m and a suitable pair of analysis-
synthesis windows, the E-TDAC technique can accurately recover an input signal from an alternating
sequence of overlapped fixedolength MDCT cocfﬁcxent sets and MDST ooefﬁclent sets of the form-

(C®}e, {SB}, (CPY,, (@}, . . . - &)

Using only the alternate MDCT coefficient sets and MDST coefficient sets produces a time-
domain aliasing component, but the 'alias‘mg component may be cancelled by choosing the appropriate
phase term m for equations 1 and 2, applying the forward transform to overlapped analysis-window
weighted time-domain signal sample blocks, and by synlhesis-'window weighting and adding adjacent
overlapped time-domain signal sample blocks recovered by the inverse transform.

The phase term m in equations 1 and 2 controls the phase shift of the time-domain aliasing
distortion. To cancel this alias distortion and accurately recover the original time-domsin signal,
E-TDAC requires the aliasing to be as follows: for the MDCT, the time-domain alias component
consists of the first half of the sampled and windowed signal reversed in time about the one-quarter
point of the sample block and the second half of the sampled and windowed signal reversed in time
about the three-quarier point of the sample block; for the MDST, the alias component is similar to
that for the MDCT except its amplitude is inverted in sign. These relationships are illustrated in
Figure 5 in which the time-domain aliasing componeat, sliown by a broken line, and the desired
. signal, shown by a solid line, have been weighted by a synthesis window.

The phase term required to produce the appropriate aliasing components for alias cancellation is

m = 2 =

+

Al

4
5 ()
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C. Forward Pre-Transform Function

The processing requirements of the technique used to evaluate the MDCT and the MDST may be
reduced by applying & forward pre-transform function to the time-domain signal sample blocks to
produce blocks of modiﬁed samples, and applying a %N-point DCT and a %2 N-point DST to the
modified sample blocks for the N-point MDCT and MDST, respectively. The forward pre-transform
function is represented by box 106 in Figure 1. For E-TDAC, the pre-transform function combines
pairs of signal saﬁplu in each time-dbmain signal sample block of length N to produce a block of
modified samples of leagth %N. S _

The mathematical basis for using a 2N-point DCT applied to modified samples to pecform the
. :N-point MDCT may be seen by first substituting equation 6 for the phase term m into equation 1.

The MDCT in equation 1 may be expressed as - '

. N,
I

o® = };x(n)oos&;’iw%% D+ ')
;’-l
z;lx(n)cos(.z%r{.c [n+%+%]) + ' )
"z
- _
* 2xk, N1
2;’ x(”)oos(—N—{n"'T*‘-iD + . (7c)
a-’. : ' -
N=1
Z::Nx(n)cos(z_;}!‘.[n-c-%«ﬁ%]) for0 < k < N. ' (7d)
oy

By sefting d = n+.2.{ and substituting it into' expression 7a, by sctting d = 3TN-l-n and substituting

it into expressions 7b and 7c, and by setting d = n-.ag and substituting it into expression 7d, it may
be seen that equation 1 can be rewritten as :

N

T |
c® = ¥ &Ny + 3N -1-a)} cosZEpaelyp + ()
> 4 4 N 2
3! | -
cd-y + x(3N -1 -} cos(Z®E 12+l for0 < k < N. (8b)
AR )

Finally, by defining a new sequence
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() = %{x((%"ml mod N) + x([.:i:_’-l—'nl mod N)} for0 < n < N,

)
where [i] mod M represeats the value of { modulo M, the expressions 8a and 8b may be combined
and ‘written as . '
8 2k, 1
Ck) = g y(n)eos(T [n+.i]) forO < k<N (10)

which is a aN-point DCT for y(n).

From a similar derivation, it can be shown that the MDST of length N can be implemented by a
DST of length ¥4N; '

N

’-l

s® = 3 2wsinZ X ne k) foro <k <N a1
x=Q N 2
where z(n) ='.%{x([§21!+n] mod N) - x([ég—l-—n] mod N)} for0 < n < WN. (12)

It should be appreciated that the forward pre-transform function for this basic embodiment, as well
es for alternative embodiments discussed below, can be performed by any of several implementations
including software-controlled processors and circuits capable of combining pairs of time-domain
signal samples to form modified samples. One ﬂongph for a 16-sample block is shown in Figure 3
which illustrates the forward pre-transform functions of cquafions 9 and 12 for a basic embodiment of
the present invention. The minus signs shown within parenthesis denote tecms which ace
subtractively combined with an associated sample for the function shown above in equation 12. This
subtractive combination may be accomplished in circuitry, for example, by negating the value of the
signal sample rq)méntations corresponding to the nodes in Figure 3 with minus sigas in pa:entﬁsis
and additively combining the resultant representations.

D. Forward Post-Transform Function

In principle, the forward transform in the basic embodiment of the present generates frequency-
domain transform coefficients in response to an input signal which are equivalent to the coefficients
generated by an B-TDAC transform applied to the same input signal. Some alternative embodiments
of the present invention described below require application of a forward post-transform function to
the coefficients generated by the forward transform in order to obtain spectral information equivalent
to transform coefficients generated by a corresponding TDAC transform.

If an application does not require spectral information, then an encoder incorporating any
embodiment of the preseat invention need not apply a forward mﬂ-tﬁufom function to the
frequency-domain transform coefficients generated by the forward transform. For example, the
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frequency-domain transform coefficients themselves may be directly transmitted or stored and

subsequently transmitted to a cocresponding receiver for decoding.

For many applications, however, spectral information is required. For example, encoder/decoder
systems which exploit psychoacoustic principles to reduce coded signal information requirements
" usually require spectral information in order to estimate psychoacoustic masking t-;ffects of a signal’s
spectral components. .

Frequency-domain transform coefficients generated by the forward transform and spectral
information generated by the various forward post-transt.'orm functions described below are generally
not suitable for low bit-rate transmission or efficieat storage. Various quantization techniques may bc .
used to reduce informational requirémen(s by taking advantage of a signal's irrelevancy.

'In a practical implementation of an encoder incorporating a basic embodiment of the present
invention, the forward post-transform function represented by box 110 in Figure 1 may comprise

quantizing the frequency-domain transform coefficients generated by the forward transform; however,

quantizing is not required to practice the present invention.

E. Oiltput Formatting
Output formatting represented by box 112 in Figure 1 is not required to practice the present

inventic.m but is often used in signal encoding applications. Generally, output .formatting assembles
the spectral information and other information requlred for transmission or storage. Any additional
side-information needed by a decoder is also assembled into the formatted signal. E;rame
synchronization bits and error detection/correction codes may be used as needed for transmission.

- Database pointers or keys may be added as needed for storage. The formatted data is ready for
transmission or for storage along path ll;t showa in Figure 1. -

F. Input Deformatting
Input deformatting represented by box 202 in Figure 2 is not required to practice the preseat
~ invention but is often used in signal decoding applications. Deformatting extracts spectral information

and dny side information from a formatted signal received from path 200 either by receipt of a
transmitted signal or retrieved from storage.

G. Inverse Pre-Transform Function
The inverse pre-transform function, represented by box 206 in Figure 2, obtains frequency-domain
transform coefficients from the spectral information in the received signal. If the spectral information
in the received signal substantially corresponds (o the frequency-domain transform coefficients
generated by an E-TDAC transform, then the inverse pre-transform function in a basic embodiment of

the present function may be a trivial or essentially null function such as, for example, grouping
spectral information into blocks.
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In a practical implementatioa of a decoder inoorpou.uing a basic embodiment of the presént
invention, the inverse pre-transform function may comprise dequantizing the eacoded digital

information into a form suitable for input to the inveise transform filter bank; however, dequﬁntizing
is not required to practice the present invention.

H. Synthesis Filter Bank - Invetse Transform

Box 208 in Figure 2 represents a bank of synthesis filters which transforms each set of frequency-
domain transform cocfficients into time-domain transform coefficients. A transform inverse to that
used in analysis filter bank 108 in Figure 1 implements synthesis filter bank 208. The inverse
discrete transforms for E-TDAC used in the basic embodiment of the present .invcntion is an
alternating applicalion of an Inverse Modified Discrete Cosine Transform (IMDCT) and an Inverse
Modified Discrete Sine Transform (IMDST) s!gown in equations 13 and 14, respectively;

N-1

20 = L Y Ewcos@ak™m™y for0 <n <N (13)
N = N

2(n) = ES(k)sm(:lrk ny for0 <n<N (14)'_

where C(k) =

recovered MDCT frequency-domain transform coefficient k,
$(k) = recovered MDST frequency—domai_n transform coefficient &, and
X(n) = recovered time-domain signal sample n.

- L. Inverse Post-Transform Function
The proecssing requirements of the technique used to evaluate the IMDCT and the IMDST may be

reduced by instead evaluating an Inverse DCT (IDCT) and an Inverse DST (IDST) and applying an
inverse post-transform function after application of the inverse transforms. This inverse post-
transform function is represented by box 210 in Figure 2.

For E-TDAC, the iaverse post-transform function splits time-domain transform coefficients iato
signal samples. Using a derivation similar to that discussed above for the forward transform, it can

be shown that, with an appropriate inverse post-transform function discussed below, the IMDCT of
length N can be implemented by an IDCT of length 14N;

”—l

=2 Ea(k)é(k)cos(z“"[n»‘«%]) for0 < n < WN (15)

where $(n) = recovered time-domain transforni coefficlent n, and

N
=0, —
1 fork '

2 otherwise.

olk) =
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Recovered time-domain signal samples X(r) may be obtained from the time-domain transform .
. "coefficients §(n) according to

2 = 9(in-2) mod N)  for0<n< UN,¥N<n <N, . (16)

£(n) = 9({3-—4-N-l-n] mod N) for UN < n < ¥%N. (17
With an appropriate inverse post-transform function, the IMDST of length N can be implemented
by an IDST of length ¥2N;

N

2 < . 2xk, 1
in) = N Y a(®) SK)sin( ['”5]) for0 < n < YN

—— 18 .
where z(n) = recovered time-domain transform coefficient n. )
Recovered time-domain signal samples may be obtained from the time-domain transform
coefficients Z(n) according to
2(n) = zu:.-%l mod N)  forO < n.< %N, ¥N < n < N, (19)
3N
2 = -2([T-l-n] mod N) for YN < n < ¥%N. (20)

J. Output Sample Processing
An overlap-add process is required by the TDAC transforms to generate samples corresponding to
signal samples encoded by a companion encoder. This préce_ss. represented by box 212 in Figure 2,
overlaps adjacent blocks of recovered time-domain samples and adds the samples in _oné block to
samples in the adjacent overlapped block. '
. The E-TDAC transform used in the basic embodiment of the p:éeent iavention also requires prior
" to overlap-add the application of a s.ynthwis window to the recovered time-domain sample blocks.
The constraints the E-TDAC transform places upon the design of the synthesis window, the analysis

window, and the overlap-add process is discussed fully in the paper by Princen and Bradley referred
to above.

IIL. Alternaive Fixed-Length Embodiments
Alternative embodiments of the 'presenl inveation may achicve greater reductions in processing

requirements. The following description discusses the differences between these alternative
embodiments and the basic embodiment described above.
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A. E-TDAC Implcmented by DFT
In one salternative embodiment of the preseat invention for an encoder, the fomatd E-TDAC
transform is implemented by a Discrete Fourier Transform (DFT).
A forward pre-transform function generates an alternating sequence of two types of blocks
. comprising modified samples; one block type comprising modified samples p(n) and a second block

type comprising modified samples r(n). Each modified sample is formed from the combination of
one pair of signal samples x(n) according to

py=1 {x([_+2n]modN)+x([.._-—l-2n]modN)} for0 < n < %N, Q1)

) =~ {x([__+2u]modN) x([__-l-Zn]modN)} for0 < n < N. 2

A flowgraph for a 16-sample block illustrating this forward pre-transform function is.shown o
Figure 4. .
The forward E-TDAC transform is implemented by a DFT which generates alternating sets of

complex-valued frequency-domain transform coefficients P(k) of the form T{k)+j-U(k) and R(k) of the
form V(&)+j W(k) in response to the alternating sequence of modified sample Blocks;

¥y

42t 2"
PRy = Y, p(me” ¥ for0 < k < %N,
v :

(23)
N
T :
R®) =Y r(ime” ¥ for0 < k < N 4
a0 ;

where j = /-1.

Spectral information corresponding to B-TDAC transform coefficieats C(k) and S(k) is obtained by
applying a forward post-transform function according to;

C#) = cos(Z= ) T®) + sin(TS ) U@, (25)

Sy = sin(3> ) V() - cos(XZ ) W(K). (26)

In one alternative embodiment of the present invention for a decoder, the inverse B-TDAC
transform is implemented by an Inverse DFT (lDFT). .

An inverse pre-transform function recovers spectral information ¢(k) and S(k) corrcspondihg to
E-TDAC transform coeflicients C(k} and S(kJ, respectively, from the encoded signal and generates in -
response to the recovered speci’nl information an altematiné sequence of two types of blocks
comprising recovered frequency-domain transform coefficients; one block type comprises recovered
complex-valued coefficients P(k) of the form T(k)+j-O(k) and a second block type comprises
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recovered complex-valued coefficients R(%) of the form P(k)+j-W(k). The real and imaginary parts
of the frequency-domain transform coefficients are obtained according to

T = cos(Z: ) Ck) + sin(S ) C(_ -k,

a@n.
0@ = sin(3: ) -Ck) - cos(-) ét— -k), 28)
Pk = cos(X> )3(— ~k) + sin(Z2 )éck). (29)
W) = sin(3: )S(- -k) - cos(%> )S(k) (30)

An inverse transform generates an alternating sequence of two types of blocks coinprising
recovered time-domain transform coefficients by applying an IDFT fo the alternating sequence of
frequency-domain transform coefficient blocks; one block type comprises recovered time-domain
transform coefficients p(k) and a second block type oompﬁses recovered time-domain transform

coefficients 7(k). The IDFT used to recover the time-domain transform coefficients is shown in.
equations 31 and 32;

2 7! 2
pn) = 5 gﬁ(k)e w for0 < n < N, &3]
" .
#y = 2 RO for0 < n < BN,

&2)

Recovered time-domain signal samples £(n) are obtained by applying an inverse post-transform
function to the alternating sequence of blocks comprising recovered time-domain transform
coefficients. Signal samples are obtained from blocks éomprising the ﬁ(k)_ coefficients acedrding to

n- 3N

) = p(

4, mod[-]) p([“""” 1 mod[....]) for0 < n < N, n even, (33)

A = pUE——1 mod[....]) pam“"“”] mod[%’]) for0 < n < N, n odd. 34)

* Signal samples are obtained from blocks comprising the r(%) ebefﬂcients according to
3N
2An) =

- r([""‘”’] mod[....]) for0 < n < N, n even, 65)
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N,

) = A2 mod(%'l) - ([:W'4 ~4n

> ] mod[%’n for0 < n < N, n odd. 36)

B. E-TDAC Implemented by Concurreat DFT :

In another embodiment of the present invention for an encoder, the MDCT and the MDST of one
or more forward E-TDAC transforms are implemeated concurrently by one or more DFTs. In single
channel encoder applications, two adjacent frequency-domain coefficient sets as illustrated in
expression 5 above may be generated concurrently by a single DFT. In two channel applications,
MDCT coefficient set for channel one may be generale;l concucrently with a MDST coefficient set for
channel two, immediately followed by a MDST coefficient sct. for channel one generated concurrently
with a MDCT coefficicint set for.channel two. .Other combinations of coefficient sets for concurrent
processing are possible. For addiﬁonﬁl detail on.concurrent transforms, see generally, Brigham, The
Fast Fourier Transform, Englewood Cliffs, NJ: Prentice-Hall, Inc., 1974, pp. 166-67

A forward pre-transform function generates a sequence of blocks comprising complex-valued
modified samples g{n) of the form p(n) +j;r(n) where p(n) and r{n) are formed from the application of
. the forward pre-transform function described above and shown in equations 21 and 22.

The MDCT and the MDST constituting the forward E-TDAC transform ace concurrently

implemented by a DFT which generates complex-valued frequency-domain transform coefficients O(k)
of the form G(k)+j-H(k) according to

N
3

o = Z'q(n)e”’"’z; for 0 < k < VN. 6D
=

Spectral information corresponding to E-TDAC tcansform cocfficicats C(k) and S(k) is abtained by
applying the forward post-transform functions according to

oW = .1_{ cos(2>, ) (G + G(."_’-k)] + sin(l’f) {HE - H(...-k)l} 33)

S® = '-‘-{ cos(Z2 )[G(k) ST -Hy] + sin(SE )m(k) +H(—-k>l} 39

In another embodiment of the present lnirention for a decoder, the IMDCT and the IMDST of one
. or more inverse E-TDAC trﬁnsfénns are implemented concurrently by one or more IDFTs

An inverse pre-transform function recovers spéctral information C(k) and S(k) corresponding to
E-TDAC transform coefficients C(k) and S(K), respectively, from the encoded signal and generates in
response to the recovered spectral Information a seque;loe of blocks comprising recovered complex-

valued frequency-domain transform coefficients (k) of the form O(k)+j-A(k) wheee G(k) and A(K)
are oblained from recovered spectiral information according to
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Gk = cos(=X ) L& + SEN + sin¢ZE ) 1ef-» - s, (40)

A = sin(xX )lc(k) + 3091 - cos(=X )la- k) - s(%’--m. @1)

The IMDCT and the IMDST constituting the inverse E-TDAC transform are concurrently

implemented by an IDFT which gencrates complex-valued time-domain transform cocfficients §(n) of
the form p(n)+j-f(n) according to

o
4ln) = % E Q(k)end?'; for0 < n-< %N. 42)
I

Time-domain signal samples x(n) ace tocovered from the application of the inverse post-transform
function described above and shown in equations 33 through 36.

IV. Adaptive-Length Embodiments
A. Bridge Transform _

As mentioned above, it is desirable that the technique which improves transform processing
efficiency should also permit adaptive selection of the transform fength. The means and
considerations required to implement an adaptive-transform-length coder ace not discussed here, but
are discussed in Intecnational Patent Application PCT/US 91/02512, Publication No. WO 91/16769
(published October 31, 1991). '

Changes in the length of either the B-TDAC tra.nsform or the O-TDAC transft?rm may require
changes in the phase term m in order to realize time-domain sliasing cancellation. Figure 5 is a
hypothetical gtabhleal‘ represeatation of two adjaceat overlapped N-sample length time-domain signal
sample blocks recovered by an inverse E-TDAC transform, one block recovered from the IMDCT .
and the second block recovered from the IMDST afier synthesis windowing but before overlap-add of
the adjacent blocks has cancelled time-domain aliasing. The representation in this and other figures
does not show individual signal samples, but rather illustrates only the envelope of the amplitude of
samples within the windowed signal sample blocks. _

Bach. recovered signal sample block comprises two components: one component represeated in the
figures by a solid line substantially corresponds to the analysis- and synthesis-window weighted input
signal samples, and ti\e second component represented. in the figures by a broken line corresponds to
the analysis- and synthesis-window weighted time-domain aliasing distortion. As discussed above, the
sliasing component is & time-reversed replica of the windowed tnput signal samples which ocours in
two separate regions, The phase tecm m for the E-TDAC and the O-TDAC transforms controls the
location of the boundary between these two regions. For fixed-length B-TDAC and O-TDAC
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transforms, the boundary is located at the mid-point of the signal sample block. The phase term
required for time-domain aliasing cancellation under this condition is shown in equation 6.

Figure 6 is a hypothetical graphical represeatation of three time-domain signal sample blocks
recovered from an inverse E-TDAC transform prior to overlap-add. The first block is an N-sample
length block which has been recovered from the IMDCT. The second and third blocks are
14N-sample length blocks which have been recovered from the IMDST. The aliasing component in
the N-sample length MDCT block comprises a replica of the first half of the signal sample block

“reversed in time about the one-quarter point of the sample block, and a replica of the second half of
the sampled signal reversed in time about the three-quarter point of the sample block. If overlap-add
of the second half of the MDCT block and the first MDST %N-sample length block shown in
Figure 6 is to cancel time-domain aliasing, the time-domain aliasing component in the first MDST
V2N-sample length block must be a replica of the ealire Y N-sample length block inverted in sign and
time-reversed end-for-end. The phase term m r;eduired by the MDST and IMDST transforms to
produce a time-domain aliasing component with these characteristics is m = %.

It can be shown that the phase term may be written generally as

m=221

“43)

where ¢ is the location of the boundary between time—rcversai regions, exprcssed as the nuniber of
time-domain signal samples from the right-hand or trailing edge of the time-domain signal sample
block. ' | |
For exathple, Figure 7 illusteates two window-weighted time-domain signal sample blocks. The
right-hand block is %N samples in length. Within this block, the boundary between time-reversal-
‘regions is at a point N/8 samples from the right-hand 'or trailing edge of the block. Thus, the phase

term m required to cause time-reversal of the aliasing component within each region of the
% N-sample block is

With this background established, it is now possible to introduce- thé “bridge transform.* A bridge
transform is a transform which bridges a shift from one transform length to another. For example, as
shown in Figure 8, suppose the present invention is called upon to process one block of %N samples
followed by another block of YN samples. It is possible to perform a separate transform for each.

- block. For reasons whose explanation exceed the scope of this discussion, a bridge transform
improves coder performance by instead transforming a single block of %N samples.

The bridge trx;nsform required to process the % N-sample block shown in Figure 8 may be
implemented by an FFT to compute the transform for three %N blocks followed by & recombination
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operation. This technique is known in the art and is discussed in Oppenheim and Schafer, Digital

Signal Processing, Englewood Cliffs, N.J.: Prentice-Hall, Inc., 1975, pp. 307-14. The FFT with this

recombination operation can also be used to concurrently process two E-TDAC bridge transforms in

the same manner as that briefly discussed above for fixed-length transforms. It is important to note,

however, that concurrent processing in E-TDAC is possible only for a MDCT and MDST which have
the same length and TDAC phase term.

For the-decoder, the length of the inverse transform may be estabhshed hy side-information passed
by the encoder in the encoded signal. The same considerations for _adaptwe—length transforms and
bridge transforms that were discussed above for the forward transfo;'m. including the phase term
. requi;'ed for time-domain aliasing cancellation, also apply to the inverse transform.

The following describes differences between adaptive-length embodiments of the present invention
and the fixed-length embodiments discussed above. The structure of each adaptive-length
embodiment is substantially the same as that for a corresponding fixed-length embodiment. The most
significant differences pertain to the pre- and post-transform functions and to the length and phase
"-terms of the transform functions.

In the following discussions, each time-domain signal sample block is defined to be a-+b sambles
in length, overlapping the immediately prior block by a samples and 'overlapping the immediately
subsequeat block by.b samples. It is assumed that the number of samples in the two overlap intervals
may vary from block to block. According to the oonven(‘u';ns established in the previous discussion,

- the bridge transform applied to cach time-domain signal sample block is an adaptive-length
(a+b)-point transform. |

B. E-TDAC Implemented by DCT/DST
. One 'e_tdaptive-lengﬂl embodiment corresponds to the fixed-length basic embodiment discussed
. above. The forward pre-transform, corresponding to the functions shown in equations 9 and 12 of

the fixed-length embodiment, generates an alternating sequence of modified sample blocks according
to '

yy =1 {x([2a+b +n] mod[a+5]) +x([2"2* b 1-n) mod[a+b])} for 0 < n < “;” Py
2a+bh . | a+b '
z(n) = {x([ +n] modfa+b]) - x({ ~1-=n} mod[a+b])} for0sn< __— ~— (45)

A flowgraph illustrating this forward pre-transform function for a 16-sample block with a=4 and
"b=12 is shown in Pigure 9.

The forward transform comprises a DCT and a DST according to
¢0b -1

c®) = 2 y(n)eos(z"‘ [m-..]) for0 < k < a+b, (46)
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b _,
BN

sk =Y z(n)sin(l".’i'ilm_]) for0 < k < a+b. ‘ @
a0 . .

The inve:se lnmsform comprises an IDCT and an IDST according to

ub_l )

2 ¢ 2xk a+h

) = = Y ok é(k)eos(.__ [n+-]) for0 < n < &2, , (48)
: a+_b - 2 )

cob .
) = __): a(k)&(k)sm(z"" [n+_]) for0 < n < %2 | (49)
The inverse post-transform function, corresponding to the functions shown in equations 16, 17

19, and 20 for the fixed-length embodiment, recovers time-domain signal samples from time-domain ‘
transform coefficients according to '

R(n) = 9([n—2a+b] mod[a+b]) for0 < n < ﬁ,- 2atb

3 <n .< a+b, . ('50)
2 = 9025211 modlawb])  foc S5 n < a2, G
2(n) = z([n-'z-"z*"l modfa+b]) ~ for0 < n < % 2“2*" < n < a+b, 62

2 = 2([2‘“”-1-::1 modias]) for & < n-< 22, 53)

C. E-TDAC Implemented by DFT
Another adaptive-length embodiment corresponds to the fixed-length embodiment of the E-TDAC
transform implemented ,By a DFT, discussed above. The forward pre-transform, corresponding to the

functions shown in equations 21 and 22 for the ﬁxe&-length.erpbodiment. generates an alternating
sequence of modified sample blocks-awording to

py=1 {x([z""” 2] mod[a+b]) +x([2a+b-l—2n] mod[a+b])} for 0 <n < “_;!’.. (54)
roy =1 {x([’“*” +21] mod{a+b}) - x((z‘”” ~1-2n] mod[a+b])} for0 < n < .‘i;_”.. (55)

The forward B-TDAC tranél'orm ls implemented by a DFT which generates altemaﬁng_ sets of
complex-valued frequency-domain transform coefficients P(k) of the form T(k)+J-U(k) and R(%) of the
form V(k)+j - W(k) in response to the alternating sequence of modified sample blocks according to
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".I

e _
P = }_j pe T for0 <k < 5.;2, (56)
nb_l
T LT ath -
R=(k) = 2; rine * for0 <k < - 5.

The forward post-transform, corresponding to the functions shown in equations 25 and 26 for the
fixed-length embodiment, generates alternating sets of spectral information according to

Ck) = OOS(——) k) + sllfl( ) U, 8)

S®) = sin(.‘%kl_,)- V) - ms(%)-W(k). (59)

The inverse pre-transform function, corresponding to the functions shown in equations 27 through
30 for the fixed-length embodiment, generates aﬁ alternating sequence of blocks comprising recovered
frequency-domain transform coefficients; one block type comprises recovered complex-valued
coefficients P(k) of the form T(k) +j-0(k) and a second block type comprises recovered complex-
valued coefficients R(k) of the form P(%)+j-W(k). Each frequency-domain transform coefficient is
obtained according to

1) = cos(Zoy- Etk) + sin( )é("*" —K), (60)

0G) = sin().- ctk) cos(X2)- 624, )
0 = cos( ) S(‘”" &) + sm( ) $6), ©2)
W) = sin - f(‘”" K y-800. ©3)

The inverse transform generates an altemalmg sequence of two types of blocks comprising
recovered time-domain transform coefficients by applying an IDFT to the.altemating sequence of
frequency-domain transform coefficient blocks; one block type oompri;ses recovered time-domain
transform coefficients p(k) and a second block type comprises recovered time-domain transform

coefficients r(k). The IDFT used to obtain the recovered time-domain transform coefficients is shown
in equations 64 and 65;

ub -t

= 2 ): PR fx0 < n < “_;” | (64)
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asd

- :. :

. 2 Nk a+b
foy = ?_:, Rk e for0 < n < ~— (65)
The inverse post-transform function, corresponding to the functions shown in equations 33 through

36 for the fixed-length embodiment, obtains recovered time-domain signal samples from recovered
time-domain transform coefficients according to

2a+b
. n‘———
20 = p(l—so modiZ321) = P22} modtZPY)  for m oven, ©6)
2a+b_l_n _
2(n) = pU—2 1 mod[“*” D= p(["‘*” 2720 mod[‘""]) for n odd, 67
n- 2a+b
20 = £(1 1 mod( &0y = p 22 "1 modt"*”n for n even, (68)
© 2atb “1-n :
2(n) = -_r([_Z_.z__] mod{E;_b]) - —f([l“i’%%ﬂi‘.] d[“*”]) for  0dd, (69)
where 0 < 1 < a+b.
D. O-TDAC Implemented by DST
"The O-TDAC transform utilizes a MDCT of the form
ath=1 ) ’ . .
E®) = Y x(n)eos(zx[m_]“*"‘) for0 < k < a+b | Qo)
o

where E(k) = fmquency—domaln transform eoefﬁcicnt k.

The processing requirements needed to lmplement this transform can be reduced by applymg a
forward pre-transform function to the time-domain signal samples to generate modified samples e(n),

then applying a DST to the modified samples to generate frequency-domain trensform coefficients
X(k). The forward pre-transt‘orm function is

for0 < n < &, 1)

e(n) =.x([-%+n] mod fa+b]) - x([.‘_;.—l—n] mod {a+b]) 5
e(n) = x([.‘%ﬁ] mod [a+D]) + x((%-[-,;] mod [a+b]) for '5. <n< g_;ll | 2

A flowgraph illustrating this forward pre-transform fuaction for & l'ﬁ-nmple block with a=4 and
b=12 is shown in Figure 10. The minus signs denote terms which are sublractively combined with
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an associated sample for the function shown above in equation 7.

The forward transform comprises a DST according to

T 2% L1
E) = .z-o: e(n)Sin(a—:E[k+'i][n+'i]) _forO s k < a+b. ) . (73)

The inverse transform.comprises an IDST according to
a nb_l .

o) = _‘L-!)-: E@sin(2E ke MinelD for0 <n < atb 74)
a+b =0 a+b 2 2 .

where 2fk) = recovered time-domain transform coefficient, and
E(k) = recovered frequency-domain transform coefficient k.
The inverse post-transform funclion obtains recovered time-domain signal samples X(n) from

recovered time-domain transform. coefficients according to

20 = ~2(15-1-n] modla+h])  for0<n < % : - (75)
£(n) = &({n-31 mod(a+b]) for £<n < 2“;” , | (76)
.tin) = é([;.—l-n] mod[a+b]) for 2a;b <n<a+b. - . an
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1. A signal-analysis sttem for the filtering of input samples representing oné or more signals
comprising |
input buffer means for grouping said input samples into time-domain signal sample blocks of
length N wherein said signal samples are analysis-winidow weighted samples, and
analysis means for generating spectral information in response to said time-domain signal
sample blocks, said stl information comprising spectral coefficients C(k) and S(k)
substantially corresponding to the frequency-domain transform coefficients of an Evenly-Stacked
“Time-Domain Aliasing Canceilation transfo:.'m applied to said time-domain §signal sample .blocl;s,
wherein said spectral coefficients C(k) and S(k) substantially correspond to Modified Discrete
Cosine Transform coefficients gnd Modified Discrete Sine Transform coefficients, respectively,
eompri'_sing |
forward pre-tran's-‘t'onn means for generéting mociiﬁed—sample blécks comprising 2N
modified samples by combining one or more pairs of anal.ysis-window weighted samples to
form said modified samples, and
fofwatd transform means for gener.ating frequency-domain transform coefficients by

applying one or more discrete transform functions to said modified-sample blocks.

2. A signal-analysis system according to claim 1 wherein

- said forward pre-transform means generates ﬁ‘rst modified-sample blocks comprising modified
samples y(n). formed from the additive _combination of a pair of analysis-window weighted samples
x(n) from a respective one of said time-domain signal sample blocks according to
y@ = %{x([z‘a’!m] mod N) + x([gi_v-l ~-n] mod N)} for0 < n < .l_:, and_ said forwardl
pre-tmnsf;)rm means generates second modified-sample blocks eomprising modified samples z(n)

formed from the subtractive combination of a péir of analysis-window weighted samples x(n) from

another respective one of said ti’me-doﬁxain signal sample blocks according to o .
' This is the replacement sheet’

2 3 SEP 199

Date:



L4

Il
A 0 AR T |
-25-
i(n) = %{x([.s.‘_i!+n] mod N) - x([gi_v—l-n] mod N)} for0 < n < %,’ and
said forward transform means generates spectral coefficients C(k) by applying a discrete
transform function substantially corresponding to a Discréte Cosine Transform function to said
first modified-sample blocks and .generalw spectral coefficients S(k) by applying a discrete

transform function substantially corresponding to a Discrete Sine Transform function to said

second modified-sample blocks.

3. A signal-analysis system according to claim 1 wherein
~ said forward pre-transform means generates first mo&iﬁed—sample blqcks comprising modified
saxt_nples p(n) formed from the additive combination of a pair of analysis-window weighted sampies
x(n) from a respective one of said time-domain signal sample blocks according to
p) = %{x([.?%!+2n] mod N) + x([gg-l—hl mod N)} for0 < n < _’; and said forward
pre-transform means geﬁerates second modified-sample blocks comprising modified samples r(n)
formed from the subtractive combination of a pair of analysis-window Weighted samples x(n) from
another respective one of said time-domair_l signal sample blocks according to
rn) = %{x([}i_v+2n] mod N) - x([%I!-l-Zn]_ mod N)} for0 < n < g
said forward transform means generates a first set of complex-valued frequency-domain
transform coefficients P(k) of the form Tik)+j-U(k) by applying a discrete transform fnnction
substantially corresponding to a Discrete Fourier Transform to said first modified-sample blocks
and generates a second set of complex-valued frequeacy-domain transform coefficients R(k) of the
form V(%) +j- W(k) by applying a discrete transform function substantially corresponding to a
* Discrete Fourier Transform to said second modified-sample blocks, and
wherein said analysis means further comprises forward post-transform means for gcnemting.said
spectral coefficients C(k) by applying a fomaﬂ post-tmnéform function to said ﬂt;st set of complex-
valued fréquency-domain transform coefficients according to C(lf) = cos('_:) k) + sin(%‘)- U
and for generating said spectral coefficients S(k) by applying a forward'ﬁost-transfonn function to said

second set of complex-valued frequency-domain transform coefficients according to
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o cinf Ky, _ =k, .
S sm(...ﬁ.) vik) cos(..l.v..) W(k).

4. A signal-analysis system according to claim 1 wherein

said forward pre-transform means generates said modified-sample blocks comprising complex-
valu'ed mﬁdiﬁed sampl_es g(n) of the form p(n)+j-r(n) wherein each p(n) is formed from the
gdditive combination of a pair of analysis-window weighted samples x(n) from a respective one of
said time-domain signal sample blocks according to

P = %{x([?’%’nn] mod N) + x'((.?g-l-Zn] mod N)} for 0 < n < % and each r(n) is
formeci from the subtractive combination of a pair of analysis-window weighted samples x(i) from
another res;pective one of said timc-domaiq sigﬁal sample blocks according to
) = %{x((ﬁi_‘!an] mod N) - x(tfi_"-.l—znl mod N)} foro<n<X,

said forward t-ransform means géne_rates-a set of complex-valued frequency-domain transform
coefficients Q%) of the form G(k)+j-H(k) by applying a discrete transform substantially
corresponding to a Discrete Fourier Transform to said lﬁodiﬁed-sample blocks, and

wherein said analysis means further comprises forward post-transform means for generating said

spectral cbefﬁcients ka) by applying a forward post-transform function to said set of complex-valued

frequency-domain transform coefficients according to

) = lz{eos(.’fNE)-[c(k) . G(.I.zv.-k)] + sin(%)'[ﬂ(k) --H(%—k)] } and for goncrating said

spectral coeﬁiéien(s S(k) by applying a forward post-transform function to said set of complex-valued

frequelicy—domain transform coefficients according to

S = -;-{as@‘,-v'f)ata(k) - (%101 + sn(TH -(HE) + HE-0)] }

5. A signal-analysis system for the filtering of input samples representing one or more signals
comprising | |
- input buffer means for grouping said input samples into time-domain signal sample blocks of
length a+b wherein said length may varies from blocic to block one or more times, and wherein

‘said signal sainples are analysis-window weighted samples,_
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forward pre-teansform means for generating modified-sample blocks comprising Y (a+b)

modificd samples by combining pairs of alial.ysi's-window weighted samples to form said modified
samples, and

forward transform means for generating frequency-domain transform cocfficients by applying

onc or more. discrete teansform fuactions to said modificd-sample blocks.

6. A signal-analysis system according to claim § wherein

said forward pre-transform means generates first modified-sample blocks compeising mo;iiﬁed
samples y(n) formed from the additive combination of a paic of analysis-window weighted samples

x(n) from a respective one of said time-domain signal sample blocks according to

y{m) = % {x([ 21!;5 +n} .mod[a+b])_ +x([2¢;+b ~1-n] mod[ai.rb])} for 0 < n' < .‘%2. and said

forward pre-transform means generates second modified-sample blocks comprising modified

samples z(n) formed from the subtractive combination of a pair of analysis-window weighted

samples x(n) from another tesi)ecﬁve one of said fime-domain signal sample blocks .aooording to

e = 3 x5 e modtassp -5 252

~1-n] mod[a*b])} for 0 < n < ,‘%’i and
said forward transform means generates spectral information compeising spec{ral coefficients

C(k) and S(k) substantially corresponding to the _t'requcmy-doma‘m tcansform cocfficicnts of an
Even\y-suqked.nme-noﬁain Aliasing Cancellation transform applied 10 said time-domain signal
sample blocks, wheeeln sald spectaal ooefficionts Ck) sod S(k) substantilly corcespond fo
Modified Discrete Cosine Transform coefficleats and Modified Discrete Slne Teansform
coefficients, respectively, and whereln éaid forward transform means gencrates sald spectral
coefficients C(k) by applying a discrete transfom; function substantially corresponding to &

Discrete Cosine Transform function to sald first modified-sample blocks and generates said

spectral coefficients S(k) by applying a discrete transform function substantially corresponding to &

Discrele Sine 'l‘yanst‘orm function to sald second modified-sample blocks.

7. A signal-analysis system according to claim S wherein
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said forward pre-transform means generates ficst modified-sample blocks comprising modified
samples p(n)-formed from the additive combination of & paic of analysis-window weighted samples

x(n) from & respective one of said time-domalin signal sample blocks aceording to

pmy =1 {x(("“” +2n) mod(a+bn+x<[2‘""-1-zn1 mod[a+b])} for0 < n < S

5 and said

forward pre-transform means generates second modified-sample blocks comprising modified

samples r(n) formed from the subtraclive combination of & pair of analysis-window weighted

samples x(it) from another respective one of said time-domain signal sample blocks according to

r(n) = - {x([2a+b #2n] mod{a+b}) -x([,z__“_fkq-z“] mod[aﬂ:])} for0 = n < 3

2
said _fonvard ttansform means generates a first set of complex-valued frequency-domaia

transform coefficients P(k) of the formt' 7T{k)+j-U(k) by applying a discrete transfonﬁ function _
substanuallf corresponding 1o 2 Disércte Fourier Transform to said first modified-sample blocks
and genecates a second set of complex-valucd. frequ-ency-doﬁ\ain transform coefficients R(k) of the
form V(k)+j- W) by applying a discrete transform function sub_s(antially cocresponding to a
Discrete Fourier Transform to said second modiﬁed-samplo blocks, and
wherein said aﬁalysis means further comprises forward post-transform means for generating spocteal
information comprising speciral coefficients C(k)aud S subst#ntiaﬂy‘ eomponding to the
frequency-domain transform coefficients of an Evealy-Stacked 'ﬁme:Domat;t Aliasing Cancellation
transform applied fo said time-domain signal sample blockcs,.whetdu said spectral eoefﬁdcnts C(k)
and S(%) substantially cocrespond to Modiﬁed Disetete Cosine Transform coefficlents and Modified
Diserde Sine Transform coefﬁdeu!s. mpeeﬁvdy. and whereln sald forward lm:sfom means

generates sald spectral coefficlents C(k) by applylag & foma:d post-transform function to said ficst set

of complex-vaiued frequency-domain transform coefficients according to
) = eds(%)-ﬂk) + sin(-72) - U(R) arid generates sald spectral cocfficlents S(k) by applying 2
forward poﬁt-lmnsform function to sald second set of.eom'plex-va(ued frequency-domain transform

cocfficients according to SK) = sln(—-s) v - cos(.—T) W),

8. A signal-snalysis system according o claim § wherein .
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said forward pre-transform means penerates said modified-sample blocks comprising modificd
samples ¢(nt) formed (rom the combination of & pair of malysis:window weighted samples x(n)
from a respective one of said (ime-domain signal sample blocks according to |
() = x(15 +n] mod fatd]) - x(I5-1-n] mod [asb]) for0 < n < 2 and

e(n) = x([.‘;-m] mod [a+b]) + x(l.;.-l-n] mod [a+b]) for.;. <n< %’-’. and
sald forward transform means generates sald spectral Information by applying a disétetc

transform function substantially cocresponding to a Discrete Sine Transform (DST) function to said
modified-sample blocks.

9. A ;;lgnal-synthais :ysten; for the inverse filtering of specteal ‘information representing one or
more digital signals eompﬁsing_ ’
synthesis means for generating signal samples n response to said specteal lﬁfomaﬁon, said
signal s;\mpl& substantially corresponding to the time~domain transform coéfﬁcicuts of an Bvenly-
Stacked Time-Domain Aliasing Cancellation transform applicd to said spectral information,

comprising

inverse pre-transform means for generatuxg sets of f@quency-doma‘m transform

cgefficlents in response to said spectral information,

inverse transform means for genecating teansform blocks compeising tinte-domain

teansform cocfficients by applying an Inverse discrete transform function to sald sets of
frequency-domain teansform cocfficients, and .

inverse post-tnnsfom means for generating time-domalin signal sample blocks comprising

N signat umgiles, whereln one o mdre p_a!.rs of siznal samples are generated from a respective
one of said time-domain transform coefficieats, and

output means for generaling output samples by overdapping palés of s3id time-domain signal

sample blocks and additively combining signal samples from each of sald overlapped blocks.

10. A signal-synthesis system according to claim 9 whereln
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said inverse transform means generales teansform blocks comprising time-domain uiusfom
cacflicients f(n) by applying an inverse discrele transform function substantially corresponding to
an Inverse Disceete Cosine 'l‘unsfo'm function to a respective one of sald sets of frequency-

domain transform coefficicnts, and generates teansform blocks comprising time-domain transform
cocfficients #(n) by applying an lnverse discrete transform function substantiaity corresponding to

an Inverse Discrete Sine Transform function to another respective one of said sets of frequency-
domain trausform coefficients, and

sald inverse post-transfocm means genemé time-domain signal sampie blocks comprising

signal samples X(n) by applying an tnvecse post-lransform function {o time-domatn irausfatm

- cocfficients §(n) sccording to £(n) = y([u- 1mod N} for0 < n < %’. %". < n < Nand
2n) = y([__.-l-nl mod N) for ﬁ L n< 3:’ and by applying an inverse post-transform
function to time-domain transform coefficients z{a) according to
2(i) = (-2 mod N) for 0 < < %. N sn<Nod

2 = ~2(1 3 -1-n] mod M) for ﬂ < n< ?a"_’.

11. A signal-synth&is system acoordmg to claim 9 whicceln said spectral informaﬁon comprises’

blocks of spectral cocfficicats &k} and blocks ofspeouﬂ eoel’ﬁcieals $(x), whesein said speciral

cocfficients &(k) and S(k) subslanlhlly correspond- to Modiﬁed Dmue Cosine Transform coefficlents

and Modlﬁed Dwere!e Sine Traasform cocfficients of an Bvenlyosmhad 'l‘ime-Domaln Aliasing

Cancelfation teansform, respectively, and wheceiu
sald Inverse pro-transform means gencrates first seis of frequency-domain tansform
coefficlents B(K) of the form 1) +J0(K) sccording to 1) = eos(.'.’i)-o(k) . in(*") q" )

and OR) = sin(Z ) «&k) - cos(XE ) C(y.-k). and geueuws second sets of frequency-domain
transform coefficieats £(X) of the form P+ WER sccording to

’® = maﬁ) -1y + nTEy80k) and W) = a3 S8y - cosT- S,
said inverse transform means generales transform blocks eompdslug time-domain transform

cocfficients fi(n) by applying an inverse discrete teansform function substantially corresponding to
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an Inverse Discrete Fourier Transform function to sald first sets of frequenci-do'ma!n teensform
ooefﬁéients. and generates lunsi'orm blocks eom.p;ising time-domain transform coctficicnts f(n) by . .
applylng an inverse dlscte(e u'ans't:o_t'm function substantially corresponding to an' Inverse Diﬁcrete .
Fourier Transform function to said soeona sets of frequency-domaia transform coefficients, and

sald inverse post-transform means- generates time-domain signat sa:_nple blqeks comprising

signal samples X(n) by applying an inverse i:ost-lunst‘om function to time-domaln transform

coellicients f() sccoiding to 2(r) = A( _"‘;3" 1 'md[.“zfn forG < 1 < N, n cven and
(@) = p([w_

. 1 mod(%]) for0-< a < N, n 0dd, and by applying an inverse post-

transform function to time-domain teansform coefficicats #(n) aceor.éiing to

260 = P33 ) woat X)) foc0 < n.< N, meven and 20 = -A(2N44n )

N )
5 | mgd[.z.]) for .
0 < n <N, nodd.

12. A signal-syn(hwis system according to claim 9 wherein sald spectral information comprises

blocks of specteal cocfficients &(k) and blocks of specteal cocfficients S(k), whecein said spectral

coefficients (o3 and S(k) substantially correspond to Modified Discrete Cosine Transform cocfficlents
and Modified Disorets Sine Transform cocfficients of an Bvenly-Stacked Time-Domsia Allaslag
Cancellation transform, respectively, and wheceln | . |
said laverse pre-transform means gencrates sets of froquency-domaln transform cosfficicats
- 0® ‘of the form Gﬂd-i-j-ﬂaq) sccording w0 |
6 = cos(T)-16® + 80001 + sia(%) (& -k - S -by1ana
0w = saSy- 160 + SE0) - costSy-rel-p - s
sald inverse tratisform seans gencrates transform blocks comprising complex-valued time-~
domain transform coefficients 3(n) of the form Pp(n)-+j-#(n) by applying an fnverse discrete
transform :u-bsta:.:lially corresponding 1o an Inverse Disceete Fourier Transform, and
said Inverse post-teansform means generates time-domain signal sample blocks comprising

signal samples &) by applying an inverse post-transform function to Mu)' according o
£(n) = p(l

4-";3” i mod(.gn for0 < n < N, n even and £(n) = p((if".:.:.'_“ﬂl mod(%fl) for
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0 < & < N, r odd, and by spplying an inverse post-transform function to (rt) according to

2 = ru‘";"" ) mod[%l) for0 < n < N, n oven and 2(n) = ~p(3N-4-4n

8
0 € n < N, nodd,

1 mod(.'zin for

13. A slgnal-sjnlhsls system for the invecse filtering of spectral information representing one or

more digital signals comprising

inverse pre-transform means for generating sets of frequency-domain transform coefficieats in
response to said spectral information, said sets comprising-Y2(a+b) ooél't_icients wherein the
numbee of coeflicients may vacics from set to set one or more (imes,

itverse transform means for generating teansform blocics cd_mpd'sing time-domain transform
coefficients by applying one or' more inverse discrete transform functions to said sets of frequt;.ncy-
domain transform coefficients,
- inverse post-transform means for generaiiﬁg time-domain signal sample blocks comprising
a+b signal Samplw. wherein a péir of signal sa:_npies is generated from a respective one of said

{ime-domain transform coefficients, and -

- output means for generating output samples by overlapping palrs of sald time-domain signal

sample blocks and additively combining signal samples from each of said overlapped blocks.

14. A signal-synthesis system sccording to claim 13 wheeein
said Inverse transform means generates transform blocks _ebu\pdsing. ume-domain transform
. coefficients §(n) by applying an inverse disetete transform function substantiaily corresponding to
an Inverse Discrete Cosine Transform function to a respective one of sald sets of frequency-
domaln transform cocfficients, and transform blocks comprising time»domgin transform
coefficients Z(n) by applying an Inverse ;:liscrde teansform function substantially corresponding to

an Inverse Discrete Sine Transform fﬁdcﬁon to another respective onc of sald sets of frequency-
- domaln transform coefficients, and

sald fnverse post-transform means generates time-domain signal sample blocks eompdsinz
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signal samples X(n) by applylag an inverse post-tr,ansi‘om function to time-domain transform
coefficlents $(n) according to

' R(n) =y([n-2‘"b] mod[a+b]) foro L£a< ; 2“;" Ssn<atband °
.e(u) "-9([2“" ~1-1] mod{a+b]) for & 3 £ a< 2a+b

5 and by applylng an inverse post-.
transform function to time-domata transform cocfficients £(n) sccording to

2(n) = t((n-"“”\ modla+b]) for 0 < n < &, 280

S n < atdband
2 = —t(l"‘-';”-t-m modat]) for & £ n < 280

15. A signal-syathesis sysiem according to claim 13 whereln sald specteal information comprises

blocks of spectral cocflicients &(k) and blocks of specteal coefficieats S(kJ, whereln sald specteal

cocfficients Ek) and S(K) substantially cocrespond t6 Modified Discrete Cosine Transform.coefficients

and Modified Discrete Sine Transform coefficients of an Evealy-Stacked Time-Domain Aliasing
Cancellation transform, twpee{iycly. and whereln

sald inverse pref-uanst‘om means geaccales ficst sels of frequency-domain uanst'om
coefficients £E) of the form F(K)+J-0(%) sccording to

1) = cos(Ee )ty « + sin( XK. )é(“*"-k)ayd

06 stn(;f‘b) &) - e?s(m) 6(.‘.'.;'!’.-_-&), and_generates second sels of frequency-domain
traaisform cocfficients RE) of the form P)+JWK) sccording to

ﬁk) = cos( L) B(E ) + ein(. Iy 50) and

) = cing *") s("—*-”-—k) - cos(: 2 )-8,

sald faverse transform means genecates teansform bloclu_-eompﬁsing time-domain tmn;fonn
cocfficlents fi(i) by mplﬁng an laverse discrete transform function substantially corresponding to
an Inverse Discrete Fourler Transform function to sald first sels of frequency-domain teansform
ooeﬁ'c.!enls. and génecates taansform blocks comprising time-domain transform cocfficicats () by
applylng an lnverse c_ﬂsc::e(e lu_nsfocm function substantially corresponding (o an Iﬁvmo Discrete
Pourier Transform function to s;l;l second sets of frequency-domain transform coefficients, and

said Inverse post-teansform means generates time-domaln signal sample blocks comprising
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signal samples %(n) by applying an inverse post-transform function to time—domaii transform

coefficients f(n) according to £(n) = p'([wl mod [ﬂ

) 1) for0 < n < atb, n even and
2 = ﬁ(lwl modlf—*—b-]) for0-< n < a+b, n 0dd, and by applying an inverse post-
transform function to time-domain transform cocfficlents #(n) according to

20 = P22 mod[“""

]) for0 € n < a+b, n even and

[a*b]) for0 < n < a+b, n odd.

16'. A signal-synthesis system according to claim 13 whecein

sald inverse transform means gencrates time-domain tcansform coefficicnts (r) by -applying an

inverse discrete transform function substautially corresponding to an Inverse Discrete Sine Transform

to said sets of frequency-domain transform coefficients, and

wherein said inverse post-icansform means generates time-domain signal sample bl.ocks compsising
signal samples X(n) by applying an. {nverse post-transform function to time-domain transform
coefficieats é(n) aooo:_'dit;g to £(n) = —é([%-I-—nlmod[ubl) for0<sn< 3
2(n) =a([n-£'2.j modfa+8]) for £ < n < 2a+b :

, and
)
20 = 8(15-1-n) modfa+b]) for 2‘_’; b <n<asb.
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LOW COMPUTATIONAL-COMPLEXITY DIGITAL FILTER BANK

ABSTRACT

The invention relates in general to digital encoding and decoding
of information.‘ More particularly, the invention relates to
efficient implementation of digital analysis and synthesis filter
banks used in digital encoding and decoding. In a preferred
embodiment of the invention, the' length of the filter bank used
to implement critically-sampled analysis and synthesis filter
banks may be adaptively selected. | '

FIGURE 1
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