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ABSTRACT

This report investigates the feasibility of a hardware implementation
of a speech coder based on Residual Excited Linear Production (RELP) at
4.8 kb/s. To this end, the basic RELP algorithm has been restructured and
simplified to be compatible with real-time processing. In addition, the
computations have been implemented with intéger arithmetic using 16 bit
precision, augmented with the judicious use of double precision accumu-
lation. An architecture based on a micropkocessor supplemented with a
peripheral processor built around a high speed mu]fip]ier/accumu]ator
is proposed. This arrangement can be the basis for a simple, cost

effective and flexible implementation of a hardware RELP coder.



SOMMAIRE

Le but de ce rapport est d'étudier la possibilité de réaliser un
codeur de la voix opérant en temps réel a 4.8 kb/s. Le principe de ce
codeur est basé sur la prédiction Tin8aire excitée par un signal résiduel
(PLER). L'algorithme a été simplifié et restructuré pour réduire la com-
plexité de réalisation. De plus, le calcul s'effectue avec 16 bits de
précision sauf dans certains operations d'accumulation, on utilise une
double précision. On propose de réaliser ce codeur avec un micropro-
cesseur central aidé par un processeur périphérique construit autour
d'un multiplicateur/accumulateur a haute vitesse. Cette architecture

permet une réalisation simple, flexible et peu colteux de ce codeur PLER.
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1. Introduction

The recent revolution in integrated circuit technology has spurred
new interest in real-time implementations of speech coders. Prior to
these developments, only the simplest speech coding algorithms could be
realized in hardware. The advent of high speed large and very-large
scale integrated circuits (LSI and VLSI) makes feasible the
implementation of sophisticated algorithms which, apart from having all
the attendant benefits of digital circuitry, utilize channel capacity
more efficiently. In this chapter, we briefly discuss speech coding
algorithms in an attempt to give the reader an understanding of the

origins and objectives of this project.

1.1 Digital Speech Coding

Digital transmission facilities are the option of choice for new
systems since are more reliable, flexible and economical than analog
systems. Digital speech coders serve as the interface between end-users
and digital transmission links. The choice of a coding algorithm is
dependent on many factors. In particular, the tradeoffs available can
be visualized as spanning 3 dimensions: complexity (or cost),
transmission rate and speech quality (see Fig. 1-1). At data rates
above 10 kb/s, bit rate reductions can be achieved by increasing the
complexity of the coding schemes while maintaining relatively good
speech quality. At rates below 10 kb/s, some speech quality degradation
is inevitable. Often the use of low bit rate coders is dictated by the
need for a bit rate compatible with existing analogue transmission
facilities or the need to efficiently use digital facilities. For

instance, low bit rate digital speech is used over analog voice
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circuits for reasons of security or to achieve cost reductions. For the
first purpose, digital encryption is used for secure or private
communication. The second application involves the multiplexing of

several digital streams onto a single analog voice circuit.

Speech coding schemes can be separated into two main classes:
waveform coders and analysis/synthesis coders. Coders in the former
category attempt to replicate the input waveform at the receiving end.
The complexity of waveform coding runs the gamut from pulse code
modulation (PCM) up to sophisticated frequency domain techniques such
as adaptive transform coding (ATC) [1]. High quality speech can be
achieved with transmission rates as low as 10 kb/s using the more

complex types of waveform coders; whereas the simpler schemes require

higher rates.

Analysis/synthesis coders attempt to model the production of
speech. The transmitter analyzes the input speech to produce a set of
parameters each of which is digitized and sent to the receiver. At the
other end the speech signhal is synthesized using the received
parameters. By employing a model appropriate to speech production,
highly intelligible speech can be reproduced from a very compact
parameterization of the input speech. Unfortunately, problems occur
when the input speech deviates from the assumed model. Generally, these
coding schemes are not robust to atypical speakers (e.g., high pitched
individuals) or to speech corrupted by background acoustical noise
(e.g., office noise or background noise in vehicules). Amongst
analysis/synthesis coders, the best known technique is that of linear
predictive coding (LPC) [2]. LPC uses a straightforward algorithm to

produce highly intelligible speech at low transmission rates (2.4 kb/s



and below).

The speech coding technique explored in this report combines
aspects of both waveform and analysis/synthesis coding. Because the
target transmission rate for this project, 4.8 kb/s, does not allow for
successful waveform coding and because the system is to be operated in
potentially noisy environments, it is appropriate to employ some
combination of the two types of coders. One such combination is
residual-excited linear predictive coding (RELP) [3]. As in
conventional LPC, RELP models the spectral envelope of the speech;
however instead of using a two state excitation model, it transmits
additional waveform information. This results in a coder which is more
robust to noise and has a less synthetic quality than LPC, while still

retaining a low transmission rate.

1.2 RELP

In the most basic form of LPC, speech production is modelled by an
excitation source acted upon by a linear filter. The model assumes an
all-pole filter (auto-regressive model) and an excitation signal which
is either a periodic train of pulses or a noise signal. The filter
coefficients are determined by solving a set of simultaneous linear
equations which produce a minimum mean square error fit to the data.
Efficient techniques for performing this analysis are available. To
determine the type of excitation, it is necessary to determine whether
segments of speech are voiced (periodic excitation) or unvoiced (noise
exitation). Associated with voiced speech is a pitch corresponding to
the vibration rate of the vocal folds. The tracking of the pitch

frequency is one of the more difficult aspects of LPC.



Spurious background noise and transmission errors can render LPC
completely incomprehensible. The former plays havoc with most pitch
prediction algorithms by incorrectly determining a voiced/unvoiced
segment of speech or by incorrectly estimating the pitch (e.g. pitch

doubling). RELP avoids the hard decisions implied by the LPC modei.

Instead of transmitting parameters to characterize the excipation
source as in LPC, RELP calculates and transmits a portion of thé
residual signal. The residual signal is the correct excitation signhal
for the synthesizer using the filter coefficients of the model. The
residual is determined by inverse filtering the speech signal, i.e.
filtering using the inverse filter. This strategy results in better
performance quality in non-ideal environments at the expense of an
increased bit rate [3]. At a transmission rate of 4.8 kb/s, the
residual must be characterized very crudely- in fact only the
low-frequency components are sent. The decoder must reconstruct a

suitable full residual using a high frequency regeneration scheme.

The quality of the speech produced by LPC and RELP differ. LPC
produces highly intelligible but synthetic sounding speech (if the
input speech is free of background noise). RELP on the other hand,

produces more natural sounding but slightly more noisy speech.

1.3 Project Background

The overall objective of this project is to develop speech coders
for narrow-band field communications. Since the coder is to be operated
in the field, the system must be robust to transmission bit errors and

noisy environments.



The project has been divided into separate tasks. The first phase,
to determine if the intelligibility and quality criterion can be
obtained at 4.8 kb/s, has been completed and documented by Mermelstein
and Nakatsui [3]. Their results confirm that the RELP algorithm is

significantly more robust to transmission errors and background noise

than LPC.

The second phase of the project is to determine the feasibility of g
implementing the RELP coder in hardware. This report documents this 7
study. The problems considered are means to reduce the complexity of
the algorithm without reducing the overall quality. The effects of
finite precision integer computations as required in a hardware
implementation are also considered. The final aspect of this study is
the recommendation of a signal processing architecture that combines
versatility and ease of implementation with a moderate cost. The
results of these inquiries will be discussed in detail in subsequenf

sections of this report.



2. RELP Algorithm

The basic algorithm for RELP coding will be described in this
chapter. In addition, modifications to achieve a structure conducive to
a real-time implementation are outlined. These modifications are of two
types. First the algorithm has been restructured so that it becomes a
hierarchical system utilizing common computational modules. This in
general does not change the outcome of the calculations but does point
to a hardware configuration which is built around a special purpose
signal processor to implement one or more of the modules. The second

type of modification is intended to reduce the computational complexity

of the algorithm.

The problem of using integer arithmetic for the computations will
be discussed in detail in the next chapter. However, some of the
algorithm modifications suggested here were made with the need for

integer arithmetic in mind.

2.1 Overview

The basic RELP algorithm that forms the basis for the work
reported here is that used by Mermelstein and Nakatsui [3]. Their coder
in turn had its genesis in one described by Un and MaGill [4]. The
functional blocks of the coder and decoder are shown in Fig. 2-1 and
Fig. 2-2 respectively. The coder calculates a set of filter (predictor)
coefficients for each frame of data. The input speech signal is inverse
filtered using a filter based on these coefficients to produce the
residual signal. The residual signal is then low-pass filtered and
digitized using a sub-band coding technique. The parameters that are

transmitted by the coder include both the filter coefficients and the
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coded low-pass residual.

The decoder reconstructs the low-pass residual from the received
data. The missing high frequency components are regenerated and added
to the low-pass residual to form an excitation signal. This excitation
signal drives the synthesis filter defined by the filter coefficients

to form the output speech signal.

2.2 RELP Coder

The steps in the coding of a speech signal will now be described

in more detail.

2.2.1 Pre-Emphasis

Before processing the input signal is pre-emphasized to boost the
high frequency components. This helps compensate for the natural
drop~-off at high frequencies in speech. Pre-emphasis ensures that the
higher formants are adequately represented and avoids ill-conditioning
of the auto-correlation analysis [2]. The pre-emphasized signal is

given by
Sp(n) = s(n) - a s(n-1), (2-1)
where s(n) is the input signal and a is the pre-emphasis factor. The

pre-emphasis factor is near unity, here 0.95. Fig. 2-3 shows the

frequency response of the pre-emphasis operation considered as a

filter.
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2.2.2 Analysis

This stage produces the filter coefficients corresponding to a
frame of data. The analysis frames are overlapped so that the resultant
residual signal will not exhibit sharp discontinuities at the frame
boundaries. In the present case the frames are updated 50 times per
second, corresponding to 160 new samples per frame. However, the full
analysis frame is 204 samples in length, overlapping 22 samples on each

end with adjacent frames.

The analysis consists of five steps.
a) Calculate the auto-correlation coefficients for the analysis
frame (9 values).
b) Lag window the auto-correlation coefficients.
c¢) Solve for the reflection coefficients (8 values) using a
recursive algorithm.
d) Quantize the reflection coefficients.
e) Transform the quantized reflection coefficients to the equivalent

set of filter coefficients.

In a conventional analysis, the data is windowed before
calculating the auto-correlation coefficients. The procedure adopted
here, termed lag windowingi[5,6j, reduces the computational complexity
without altering the speech quality. Instead of 204 multiplications per
frame, lag windowing requires only 8 multiplications for the windowing
operations. The quality of the speech produced using lag windowing is
indistinguishable from the original method if the residual is coded.
With no coding, a slight change in tonality can be noted, but the

quality rating remains the same.

12



The auto-correlation coefficients are calculated as

N-k-1
) sp(n) sp(n+k), (2-2)

n=0

r(k)

]

where k takes on values from 0 to K (here 8) and N (here 204) is the
number of samples in a frame. The calculation of the auto-correlation
for a sequence of data is closely related to convolution. The
correlation of two sequences is equivalent to the convolution of one
sequence with the other sequence time reversed. In this case

N-k-1
r{k) = 3 sp(n) s p(k—n), (2-3)

n=0

where sé(n) is a time reversed sequence,

sé(—n) = sp(n). | (2-4)

This identity between correlation and convolution has been shown to
emphasize that a filtering or convolution module can also be used to

calculate the auto-correlation coefficients in the analysis stage.

The conventional Durbin recursion used to calculate the reflection
coefficients has been replaced by a recently described algorithm [7].
This algorithm uses a new set of interﬁediate variables which have
magnitude less than unity. Since the number of operations is the same
as that for the Durbin recursion, this variation has been adopted to
facilitate conversion to integer based arithmetic. In a floating point

implementation, the results are identical to the Durbin recursion.
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The solution of the auto-correlation equations is obtained in
terms of the reflection coefficients. These have the advantage of lying
in the range -1 to +1 for stable filters. The quantizer can be then
designed such that the quantized reflection coefficients also are

guaranteed to represent a stable configuration.

In order to reduce the computational complexity, the quantizer is
specified in terms of pre-computed quantizer levels. These have been
designed based on log-area ratio quantization. The log-area ratio
transformation produces a set of coefficients that have a uniform
sensitivity over their ranges [2]. In the present implementation,
instead of transforming the reflection coefficients to log-area ratios
and then using a uniformly spaced quantizer, the equivalent non-uniform
quantizer which acts directly on the reflection coefficients has been
used. A binary search procedure is used to efficiently locate the index
of the the quantizer level corresponding to the coefficient value. It
is this index that is sent to the decoder. The coder also uses this
index to form the quantized reflection coefficients. It is the
quantized values that are used to define the inverse filter. The use of
the quantized values ensures that the analysis filter will be a true
inverse to the synthesis filter used in the decoder. The number of
quantizer levels varies according to the coefficient being quantized as
shown in Table 2-1. The range of each quantizer had been previously

been chosen to give good results for a number of speakers.

The quantized reflection coefficients are transformed using a
recursive procedure to the equivalent set of predictor coefficients for

the inverse filter.

14



Coefficient No. Levels Range

Ky 32 (-0.9728,0.7677)
K, 16 (-0.3721,0.8902)
K, 16 (-0.8184,0.5677)
K, 8 (-0.3006,0.7647)
K, 4 (-0.14668,0.3822)
K¢ Y (-0.2022,0.6353)
K, 2 (-0.2586,0.4079)
Ko 2 (-0.1651,0.5806)

Table 2-1 Reflection Coefficient Quantizers

15



2.2.3 Inverse Filtering

The inverse filter is implemented as a finite impulse response
(FIR) filter. An alternative would have been to use a lattice form
which uses the reflection coefficients directly, eliminating the need
to transform them to the set of predictor coefficients. The lattice
filter requires an additional multiplication per coefficient per sample
over that of the FIR implementation [8]. This additional computation
overwhelms the additional computations needed for the coefficient
transformation which is done only once per frame. The use of an FIR
filter also permits the use of a common module which can be used in

subsequent filtering operations. a convolution module can be used here.

2.2.4 Low-pass Residual

An FIR low-pass filter is used to filter the residual. This
operation is combined with a sub-sampling (decimation) of the output
samples (here 5:1) to produce 32 low-pass residual samples per frame.
Appendix A contains tutorial material that elaborates on filtering and
sub-sampling. The choice of an FIR filter allows the reduction by a
factor of five in the number of filtering operations. In fact, the
filter used is a linear phase FIR structure. This implies that the
filter coefficients have an even symmetry with respect to the mid-point
of the filter. This symmetry can reduce the number of multiplications
by an additional factor of two. However, the number of additions
remains the same. It is not anticipated that the extra control

structure needed to take advantage of this symmetry is warranted.

16



2.2.5 Sub-Band Coding

The low-pass residual is sub-band coded. This operation involves
separating the signal into two distinet frequency bands. The sub-bands
are then coded independently. Sub-band coding is advantageous when the
signal is coarsely quantized. While the quantization noise in each
sub-band is correlated with the signal in that sub-band, the overall
quantization noise is perceived to be nearly white. In addition, the
quantizers in each sub-band can be made to adapt to the signal levels
in the respective sub-band. This has the effect of masking the
quantization noise. In the case of RELP coding at 4.8 kb/s, sub-band
coding is a key step in making the quantization noise that is

superimposed on the residual acceptable.

The sub-band filters are implemented using quadrature mirror
filters. These filters are discussed in detail in Appendix A. This
implementation is very computationally efficient since both sub-bands
can be generated essentially with a single filtering operation. An
additional 2 to 1 saving is available since/each sub-band is

sub-sampl:d by a factor of 2.

There are 16 pairs of sub-band samples in each frame. Each
sub--kand stream is coded using a U4 level (2 bit) adaptive quantizer.
The step size of each quantizer is adapted using the step-size
multiplier scheme proposed by Jayant [9]. An additional feature is the
ability to change from a mid-rise characteristic (4 level quantizer) to
a mid-tread quantizer (3 levél quantizer) for small signal levels [10].
This latter form has a zero output level, which reduces the idle

channel quantization noise when the input signhal is very small.

17



2.3 Transmission Format

The transmission format for a block of data is shown in Fig. 2-U4.
The data corresponding to a frame of speech has been kept intact as a
block. The sub-band coded residual contributes 64 bits per frame. The

reflection coefficient quantization requires an additional 20 bits per

frame.

In the original version of RELP, an additional parameter
representing the energy in the untransmitted high frequency components
used up additional transmission capacity. The current version has 12
uncommitted bits out of the frame of 96 bits (corresponding to 4800

b/s). These may be used in a number of different ways.

a) Framing Information.

For synchronization, part or all of the spare 12 bits per
frame can be used to mark the beginning of a frame. However, the
use of all 12 bits for this purpose may be extravagant. LPC
coders have been implemented using robbed frame synchronization.
In this scheme frames corresponding to low levels of speech or
silence are used for synchronization. This strategy can also be

adapted to RELP.

b) Error Protection.

The unallocated bits can be used to provide redundancy for
error protection. Both error correction and detection are
possible. For instance, in an error detection scheme, the
detection of an error condition can be used to signal the fact

that for that frame, data from the previous frame should be used.

18
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A cyeclic code (92,84,4) based on an expurgated Hamming code
(127,119,4) could be used to effect single error correction and
double error detection for the whole block of data [11]. Double
error correction is not possible for the whole block. However a
more reasonable scheme would protect only a subset of the bits to
keep the complexity within bounds. The use of any error
protection may be unwarranted in most transmission environments

since RELP is very robust with respect to transmission errors [3]

c) More Precise Representation of the Coefficients

A more precise representation of of the reflection
coefficients can improve the quality of the reproduced speech.
The energy in the residual would decrease, enabling better
quality reproduction of the speech. However, the best improvement

that can be expected is slight (see Section 2.5.14).

2.4 RELP Decoder

The decoder has available to it the quantized reflection
coefficients and the coded sub-band samples. The processing steps which
use this data to produce the output speech signal are described in more

detail in the following sub-sections.

2.4.1 Sub-Band Reconstruction

The decoder tracks the sub-band quantizer step sizes that are used
by the coder. This step size information is then used along with the
quantizer output level index, which is part of the transmitted data, to

form the sub-band samples. The sub-band samples are combined using

20



quadrature mirror filters to form an approximation to the sub-sampled
low-pass residual signal. By forming sub-filters, consisting of the
odd-numbered and even-numbered coefficients of the quadrature mirror

filter, computational savings are realized (Appendix A).

The 16 pairs of sub-band samples in each frame are combined in

this step to form 32 low-pass residual samples.

2.4.2 Residual Interpolation

A low-pass filter is used to form an interpolated low-pass
residual with 160 samples per frame. The use of an FIR interpolating
filter results in a computationally efficient procedure. As described
‘more fully in Appendix A, sub-filters (5 in this case) are used in a

round-robin fashion in this operation.

2.4.3 High Frequency Regeneration

The missing high-frequency components are generated by passing the
low-pass residual through an absolute value function non-linearity.
Double difference filters are used before and after the non-linearity
to help produce spectrally balanced high frequency components. The
regenerated components are high-pass filtered before they are added to
the low-pass residual. The high-~pass filter is the complementary filter
to the low-pass filter used in the coder (except for a gain factor).
For computational simplicity, the double difference filter and the

high-pass filter are combined into a single filter.
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For voiced speech, whieh is quaéi-pefioéid, the harmonic structure
in the low-pass residual is continued into the regenerated high
frequency components. For unvoiced speech, the noise like

characteristic is likewise continued into the high frequency portion.

2.4.4 Synthesis

The synthesizer is an all-pole filter. Because of the feedback
inherent in such a filter, the numerical stability of the results
depends on the form of the implementation. Lattice forms have a low
sensitivity to parameter quantization but involve a more complicated
structure [8]. A direct form implementation is more sensitive to
parameter changes but involves fewer computations. This form was chosen
because it allows the use of a convolution processor. Since the
coefficients for the direct form are the linear prediction

coefficients, a transformation from the reflection coefficients must be

made once per frame.

The filter is implemented as shown in Fig. 2-5. In this form, an
FIR filter is imbedded in thr feedback path. Even with floating point
computations, a small bu* meaisurable difference was evident between the
output of the lattice fr.m of the synthesizer and the direct form of

the synthesizer. This small difference was inperceptable in the output

speech.

The difference in the outputs ocecurs when the pole positions
approach the unit circle. The pole positions could be scaled radially
inward to avoid this problem. Indeed such a technique has been
suggested for LPC synthesizers to improve the perceived quality of the

speech by reducing the formant peaks. This effect is pronounced in LPC

22
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because of the artificial excitation signal. Due in part to the low
order of the filter, all indications are that the direct form of the

synthesizer without further modification is adequate for RELP.

2.4.5 De-Emphasis

The last step in the production of the output speech waveform is
to de-emphasize the output signal. This operation uses a recursive

filter which is the inverse of the pre-emphasis filter at the coder,

v4m) =y@ +a yd(n—l) . (2-5)

where y(n) is the output of the synthesizer and a is the pre-emphasis

factor.

2.5 Algorithm Design Verification

Within the constraints of the RELP algorithm as described above, a
great deal of latitude is possible. Of concern for this study is the
choice of parameters such as filter lengths, which affect the
computational complexity. In addition, changes that affect speech

quality were also investigated.

2.5.1 Lag Windowing

The use of lag windowing of the auto-correlation coefficients has
already been discussed. As noted earlier this change reduces the

computational load without affecting the quality of the reconstructed

speech.
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2.5.2 Residual Energy Calculation

In an earlier version of the RELP algorithm, the ratio of the
energy in the high frequency components of the residual to the energy
in the low frequency.components of the residual was calculated and
transmitted to the decoder. This information was ﬁsed in the decoder to
scale the reconstucted high frequency components. However, since the
residual has been "whitened" by the inverse filter, this scaling
information produces little benefit. In fact, with quantization of the
residual, there is no difference in the quality of output speech when
the results of using this scaling information and using a fixed ratio
are compared. Removing this calculation also reduces the overall coding
delay since this ratio was averaged over a frame before transmission.
The fixed gain in the high frequency regeneration branch was adjusted
to give'a good spectral balance between high and low frequencies in the

resulting speech.

2.5.3 Coefficient Interpolation

The reflection coefficients calculated for a frame are used for
the duration of that frame. An earlier version of RELP interpolated the
reflection coefficients in an attempt to reduce frame boundary

discontinuities. This effort was not rewarded with any perceptible

difference in the speech quality.
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2.5.4 Coefficient Quantization

Two experiments were conducted with the coefficient quantization.
In the first, the 8 reflection coefficients were quantized with a large
number of quantizer levels. Only a very small improvement in speech
quality was realized. In the second experiment, the order-of the
analysis was increased to 9. Again only a small improvement was noted.
These results were taken to mean that the quantization of the
reflection coefficients is not a limiting factor of the quality of the
output speech. This also indicates that little benefit will accrue from
the allocation of additional transmission capacity to the quantization

of the reflection coefficients.

2.5.5 Low-Pass Filter

The low-pass filter used in the RELP coder is a 31 tap linear
phase FIR filter with a response as shown in Fig 2-6. It was designed
using a design program based on [12]. A very sharp high order filter
results in superior speech quality in the absence of quantization of
the residual. This manifests itself as a fuller sound, since more of
the residual is being transmitted. However, with quantization of the
residual, this more nearly ideal filter produced a rougher quality in

the speech than did the original filter.

Experiments with filters with fewer than 31 coefficients also
produced inferior quality speech. This indicates that the present
filter is well suited for the application. Additionally, the
computational load attributable to this filter is not a large fraction

of the overall computational complexity.
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2.5.6 Sub-Band Coders

The frequency responses of the quadrature-mirror filters are shoun
supefimposed in Fig. 2-7. The quadrature-mirror filters were designed
using an optimization process to maintain a flat frequency response
across the sub-band coder and decoder [13]. The filter order was
selected to give a reasonably sharp cut-off. Since these filters do not
contribute significantly to the overall computation rate, no further

optimization was attempted.

The major source of degradation in the system is due to the coding
of the residual with only 2 bits per sample. The coding algorithm uses
a quantizer step size adaptation scheme in which adaptation occurs
independently for the two sub-bands. The adaptation constants used for
the quantizers tread a fine line between sluggishness in following step
changes and overshooting sudden changes. Considerable effort was put in
to try to obtain a scheme which would allow some sharing of the step
size information between the two quantizers. The modified scheme allows
large step size changes when both sub-bands are changing in the same
direction and smaller ones otherwise. This scheme did improve quality
somewhat. However, most of the gain could also be achieved within the
present scheme by modifying the step size adjustment parameters. The

additional gains do not warrant the change.
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2.5.7 High Frequency Regeneration

A number of experiments were run to determine if some of the steps
in the high frequency regeneration procedure could be simplified. The
results indicated that one of the double difference operations could be
eliminated at only a slight decrease in the quality. However, since the
number of operations that could be saved is small, this change was not
implemented. The frequency response of the double difference filter

preceding the non-linearity is shown in Fig. 2-8.

The high-pass filter in the regeneration branch is matched to the
low-pass filter used to generate the low-pass residual. A complementary
pair of filters results in a reconstructed residual with no spectral
gaps. Experimentation with modifications to the high-pass filter was an
integral part of the experimentation with the low-pass filter in the
decoder as noted above. The response of the high-pass filter (including

the second double difference filter) is shown in Fig. 2-9.

2.6 Coding and Decoding Delay

The coder must buffer the speech samples corresponding to a full
analysis frame of data before processing can begin. The delay inherent
in this step is the duration of a frame plus the overlap into the

subsequent frame (here 160 + 22 samples).

There are additional coding delays attributable to the fact that
the filter memories extend into adjacent frames. In the present
implementation, of the 16 pairs of sub-band samples produced during a
frame interval, 10 pairs correspond to the previous frame and 6

correspond to the present frame. The remaining 10 pairs corresponding
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to the present analysis frame are left in the "pipeline" to be pushed

out during the next frame.

A similar effect occurs in the decoder. Assume the decoder
operates in synchronism with each received block of data. For the first
part of each block, the synthesizer generates samples corresponding to
the previous frame of received data. Part way through the block, the
synthesizer coefficients are updated to begin generating samples

corresponding to the present frame of received data.

The minimum delay from the input of a speech sample to the coder
to the output of a reconstructed speech sample at the decoder is 32 ms.
This minimum delay assumes that the processing can occur in zero time.
A more realisitic estimate must allow additional time for processing
the data. The processing of a frame of data must be completed before a
new frame of data is accepted. The processing delay for each of the
decoder and encoder is less than a frame. If it is assumed that the
processor is matched to the task and not overly powerful, then the
processing time will be most of that frame. In addition, to simplify
the control structure of the decoder, processing does not start until
the whole frame has been received. This implies another frame of delay.
With these assumptions, the overall input to output delay, not

including any additional transmission delays, can be estimated at 92

ms.
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3. Computation Using Integer Arithmetic

The RELP coder described in Chapter 2 was developed using a
simulation which was implemented on a general purpose minicomputer
using floating point arithmetic. The next step towards a real-time
implementation is the use of integer based arithmetic for the
calculations. In hardware configurations, integer arithmetic avoids the
complexity and slow speed associated with floating point

representations.

3.1 Integer Representation

3.1.1 Precision

The choice of precision depends to a large extent on the hardware
implementation chosen. Microprocessor architectures, including bit
slice processors, usually limit the precision to a multiple of 4 bits.
The more conventional architectures offer 8, 16 or 32 bit arithmetic,

with the latter available only in products that have been recently

annhounced.

The precision needed for acceptable results depends on the coding
algorithm used. The precision needed for LPC analysis has been well
studied [3,14]. Based on these studies, 14 bits appears to be at the
low end of the scale of acceptable precision for most of the
computations. Some operations, notably the calculation of the
auto-correlation coefficients, require extended precision to
accommodate a larger dynamic range. The RELP algorithm uses the same
analysis steps as LPC. Thus the choice of 16 arithmetic with double

precision (32 bit) accumulation in certain operations, seems
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appropriate. It remains to be verified that this precision is also

applicable for the filtering operations in the RELP coder.

3.1.2 Fractional Integer Representation

In keeping with the arithmetic used in most microcomputer systems,
twos complement notation is used to represent negative values.
Fractional integer representation is used. In this representation, the
binary point is assumed to lie immediately to the left of the most
significant bit. Thus with twos complement arithmetic, numbers in the
range [-1,+1) can be represented. When two numbers represented as
fractional integers are multiplied, the product will not overflow.

However, addition and subtraction can still lead to overflow.

A conventional multiplier which produces a 2N bit product from two
N bit integers can be used for fractional integers. The two input
numbers are represented as a sign bit and N-1 bits of precision. The
product will have two sign bits and 2N-2 bits of precision. A correctly
scaled result is obtained by using one of the sign bits and as many
bits of precision as desired. The difference between this
representation and the conventional integer representation (binary
point to the right of the bits) manifests itself in the choice of the
product bits which are retained. Conventional integer arithmetic
retains the low order part of the product, while fractional integer

arithmetic retains the high order part of the product.

A twos complement divider takes a double precision dividend and a
single precision divisor to produce a single precision quotient (and
possibly a remainder). Conventional integer arithmetic loads a single

precision dividend into the low order part of the double precision
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dividend, while fractional integer arithmetic loads it into the high

order part.

3.2 Coder

The approach taken has been to integerize the computations in the

coding and decoding algorithms step by step. The effect of integerizing

each step can then be assessed.

3.2.1 Input Precision

The input samples need be digitized to only 12 bits. A 10 bit A/D
converter may be used but with a reduced dynamic range. Automatic gain
control circuitry can compensate for the reduced dynamic range, but

this aspect was not explored further.

3.2.2 Analysis

The analysis stage which produces the quantized reflection
coefficients and tﬁe inverse filter coefficients was converted to.use
integer arithmetic. This stage, though perhaps the most complex to
integerize, produces very little effect on the resultant speech when
compared with the floating point computations. No difference can be
discerned between the two versions. In all except the auto-correlation
computation, which can be likened to a filtering operation, single
precision arithmetic was employed. Thus for multiplication, only a 16
bit result was kept. The individual steps followed are described more

fully in the following subsections.
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3.2.2.1 Auto-correlation Calculation

The auto-correlation coefficients cover a wide dynamic range. The
zero lag coefficient, which has the largest magnitude, represents the
square of the signal energy. These coefficients were calculated using a
double precision accumulator. This accumulator is guaranteed not to
overflow, viz. for a frame of 204 samples, each specified to 12 bits
(11 bits plus sign), the maximum value for r(0) can be represented in

31 bits plus sign.

The analysis poytion of the coding algorithm is insensitive to a
scaling of the auto-correlation coefficients. In view of this, the
double precision coefficients are scaled such that the largest
magnitude coefficient, r(0), has a full 16 bits of precision. Since
r(0) is positive, this is accomplished by searching for the first
occurrence of a one bit in the double precision result. The
coefficients are all shifted to the left by the number of bits required
to bring this one bit in r(0) to the most significant bit position.

Except for zeroc energy frames, the normalized coefficients then have

0.5 ¢ r(0) < 1. (3-1)

3;2.2.2 Reflection Coefficient Solution

The algorithm for the solution of the linear equations which
determine the reflection coefficients, uses a set of intermediate
variables (corresponding to the normalized prediction error), which
have magnitude less than unity. This normalization is fully compatible
with fractional integer notation. The algorithm, as in the original

Durbin recursion, uses a divide at each stage of the recursive solution
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of the equations. All arithmetic for this step uses single precision

arithmetic.

3.2.2.3 Reflection Coefficient Quantization

Since the reflection coefficients are bounded in the range -1 to
+1, no problems occur in representing them. Quantization, implemented
as a table look-up procedure, is also a straightforward conversion from

a floating point implementation.

3.2.2.4 Reflection to Predictor Coefficient Transformation

This operation needs careful attenﬁion to normalization of the
data values. It was found that the predictor coefficients need a
dynamic range from -4 to 4. Thus this step returns the predictor
coefficients scaled by 4. All arithmetic for this step is done in

single precision.

3.2.3 Filtering Operations

The other coder operations involve filtering_usiﬁg FIR filters.
Since these filters are feedforward, they eliminate any worries about
limit cycles such as occur in recursive filters. The dot product
implicit in the calculation of each output value was caléulated using a
double precision accumulator. This was done more to mimic the action of
commercially available multiplier/accumulator devices than for reasons
of accuracy, although in some cases careful scaling of the results is

necessary in order to retain significance.
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The double precision product is reduced to a 16 bit value by
extracting the appropriate 16 bits. For instance, in the inverse
filter, since the coefficients are scaled by a factor of 4,

conceptually the result is shifted by two bits before converting the

double precision result to a 16 bit value.

3.3 Decoder

The operations in the decoder are similar to those carried out for
the coder. waever, more care has to be exercised in scaling of the

data before conversion to integer arithmetic.

3.3.1 Filtering

The filters in the decoder are used to interpolate the received
sub-band samples to form the low-pass residual. These interpolation
filters have gains larger than one (two for the quadrature mirror
filters and five for the low-pass filter). This means that the

coefficients have to undergo additional scaling to prevent overflows.

Additional filtering occurs in the high frequency regeneration
branch. In this process, the low-pass residual is processed to produce
high frequency components. These low-amplitude high frequency
components must be separated from the relatively larger low frequency
components using a high-pass filter. These are then amplified (by a
factor 25) before they are added to the low-pass residual. This gain
factor has been absorbed into the filter coefficients, resulting in a

filter with the largest coefficient value being L40.
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The scaling strategy used for all the filters will be illustrated
with the example of the high-pass filter just described. The
coefficients are scaled by a factor of 6l to reduce their magnitudes to
below unity. The filtered result will also be scaled by a factor of 64.
If the result is only available as a single precision value, scaling
will render 6 bits not significant. With a double precision result
available, the single precision result can have full significance after
scaling. This procedure is implemented as a function which returns a

selected group of 16 bits out of the 32 bit product.

3.3.2 Synthesis

The synthesizer is a direct form recursive filter which uses the
predictor coefficients obtained by transforming the received reflection
coefficients. The transformation procedure is identical to that

employed in the coder.

The synthesis filter itself uses double precision accumulation.
The double precision result is then truncated to a single precision
value to become the output value. The single precision output value is

used to form subsequent output values recursively.

3.4 Performance of the Integerized Algorithm

The analysis stage in the coder performed in integer arithmetic
gives virtually identical results to a floating point implementation.
The filtering operations in the coder and particularly in the decoder
require the scaling described above to avoid additional perceptible
noise. In spite of its recursive structure, the synthesis filter adds

no discernible noise in its integer form. The overall result is such
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that the speech resulting from a fully integerized algorithm cannot be

distinguished from that obtained with floating point computations.
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4, Real-Time Implementation Considerations

Many factors must be considered in choosing the specific hardware
configuration for a real-time coder. The recent single chip central
processing units (CPU’s) are powerful enough to allow a degree of

implementational flexibility and efficiency heretofore not available.

The configuration appropriate to these devices is a programmed
microcomputer augmented with a hardware signal processing peripheral.
The previous generation of low bit rate coders have had to be
customized in hardware for each speech algorithm. The new programmable
units can be made much more flexible. This flexibility is achieved with
a general purpose signal processing capability that can be built around
a single chip CPU. For example, the same configuration that can

implement RELP coding should be able to be reprogrammed to implement an

LPC coder.

The programmed approach also allows for the efficient
implementation of real-time speech coding algorithms. Efficiency is
used here in a global sense. It includes such factors as development
time. The advantages are summarized below.

Flexibility
a) The same hardware configuration can be used to implement a
variety of speech coding algorithms. The switch between
algorithms need only involve changing the control program.
b) Modifications to an algorithm can be readily implemented. As new
concepts in speech coding are developed or as new applications

for a coder arise, modifications can be retrofitted easily into

existing hardware.
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Efficiency

a)

b)

c)

The hardware arrangement can be compact, consisting of powerful
subunits. The use of standard "chips" reduces the equipment
costs.

Hardware development time is reduced. A well structured
architecture allows the use of commercially available single
board computers in the development stage. The amount of special
purpose hardware that must be developed is kept to a minimum. The
final coder can be a pared down version of the development
system, omitting unneeded hardware.

The algorithm development time is reduced because speech
algorithms pre-tested on general purpose computing facilities can
be readily adapted to the single chip CPU. In fact high level
languages such as PASCAL, C and FORTRAN are available for the new
generation of micro-processors. The penalty for using a high
level language such as C has been estimated to be about 30% over
carefully optimized assembly language coding [15]. The judicious
use of assembly language modules for the time consuming
operations can often reduce this execution time penalty. The
remaining penalty is then just in code size expansion. With
reduced memory costs, the trend will be to accept this penalty in

order to obtain the benefits of using a high level language.

The advantages of a high level language are numerous. The
development time for an algorithm in a high level language is
much less than for one coded in assembler. The capability of
using a high level language also allows the easy transcription
from a archetypical coding algorithm developed on a general

purpose computer.
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4,1 Choice of Micro-Processor

The options range from a fully customized "random" logic
arrangement through bit-slice micro-processors to single-chip CPU’s.
The first option will be not be considered further. Bit-slice
micro-processors are a middle ground. They can be somewhat faster than
the present generation of single-chip CPU’s. These devices are
micro-coded with custom instruction sets for each application. This is
both an asset and a 1iability. The custom instructions can be tailored
for the application at hand as was done for a LPC coder developed at
Lincoln Laboratories of MIT [16] in 1973-1977. The custom tailoring
necessitates considerable software development for the micro-code and
the assembler. The use of higher level languages is precluded unless

considerable further software development is undertaken.

Single-chip CPU’s are avallable from several vendors. Only 16 bit
micro-processors were considered.
i) INTEL 8086
ii) Motorola 68000
iii) Fairchild 9445

iv) Zilog 78000

A number of different performance measures may be used for

micro-computers.

i) Speed - Instruction execution time, especially for arithmetic
operations.

ii) Instruction Set - Appropriateness for the task at hand.

iii) Availability - Whether or not the device is readily available,

including from second sources.

iv) Peripheral support - Availability of peripheral devices such as
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I/0 processors, DMA controllers etc.

v) Development System Support

The decision based on these factors is still largely subjective in
that various weightings can be attached to these items. It was felt
that speed was a prime objective with development system support also
being important. Several single chip CPU’s were assessed as signal
processors in [17]. It should be noted that even the fastest of the
single chip CPU’s, the Fairchild 9445, cannot perform RELP coding in
real-time without additional hardware. Based on these factors, the

Motorola 68000 seems to be the best choice.

4.2 Choice of Special Purpose Hardware

The basic single-chip CPU can perform many of the tasks needed but
in the case of the RELP algorithm, falls short in the area of
filtering. This operation is very intense in its use of multiplications
and additions. One option is provide a fast multiplication capability
using unimplemented instruction codes or with a co-processor
arrangement (as for example in the floating point operations of the
Intel 8086/8087 combinations). Neither of these will give the
performance required since the CPU is still decoding the instructions

and fetching operands.

An alternative is the use of one of the new signal processing
peripheral chips. However, these units were not considered to be
adequate at this time. As an example, consider the most powerful of
these devices, the NEC‘PPD7720 [18].

i) Speed. The multiply time is 250 ns without accumulation. Double

precision accumulation would require at least two additional
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cycles.

ii) Input/Output. The data paths in and out of the chip are only 8
bits wide.

iii) Restrictions. The coefficient storage is a Read-Only Memory,
restricting the flexibility for use in certains operations such
as the inverse filter, where the coefficients are dynamically
determined.

iv) Availability. This is a new product, which is at present

available only in a mask programmable version.

The option of choice is to provide a signal processor based on a
fast multiply/accumulator. Such a device is available as a single chip
multiplier that multiplies two 16 bit operands and accumulates the
double precision product in under 150 ns (TRW 1010J). A signal
processor built around this device would provide rudimentary control

functions and fast local memory for the multiply/accumulator.

4,3 Multiplier / Accumulator

The philosophy behind the arrangement selected has been to provide
a processor powerful enough to perform the task at hand but to leave as

much of the control function as possible to the main CPU.

In order to reap the benefits of the fast multiply/accumulate, a
local memory associated with the peripheral serves as a fast cache
memory. The memory can be loaded with enough data to enable the

computation of a number of output values.
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A block diagram of one possible implementation of such a processor
is shown in Fig. 4-1. Two register files are shown. These appear to the
data bus as extensions of the main memory of the CPU. In a typical
filtering application, one register file is loaded with coefficient
values, while the other contains input data. The control registers
contains pointers to the data and coefficients in a register designated
as (PD,PC). Modifying the contents of‘this register can be used to
automatically start the processing. Another register, designated as

(NT) contains the number of terms in the accumulated products,

NT-1

2=

X, v, . (B-1)
i=0 i+PD “i+PC

The result is accessed by reading the double precision output register.
Synchronization between the main CPU and the peripheral processor is

maintained by stretching a read cycle until the computed data is

available.

The unit as described is a very simple but adequate for the RELP
coder/decoder application. A more sophisticated processor could

automatically generate a number of output points in succession.

As an example consider a simple filter such as the high-pass
filter used in the high frequency regeneration process. The register
files would be primed with the coefficients and data. The number of
data values would be equal to the number of samples in a frame (160)
plus the filter memory (number of filter coefficients less one). The
number of filter coefficients is then written into the (NT) register.
The (PD,PC) register is set to (0,0) to initiate the calculation of the

first ouput value. This value is then retrieved from the output
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register. The next invokation is initiated with (PD,PC) set to (0,1).
This computation uses the same set of coefficients, but the data array
used 1s shifted by one point. Subsequent calculations for the data
block proceed by writing a single word to the peripheral control

register and retrieving the output value.

Filtering operations involving sub-sampling would be similar to
that just described, except that the data array would be stepped
through in steps equal to the sub-sampling ratio. For interpolation,
the coefficients are separated into those corresponding to the
sub-filters. The processor is then invoked using the sub-filters in
succession. For the recursive synthesis filter, each output point must
be written back into the register file before restarting the
computation. For the auto-correlation calculation, the register files
are both loaded with the same data. Thus this simple processing
arrangement provides the capability of performing all of the required

"filtering" operations needed in RELP.

4.4 Timing Considerations

With the proposed signal processing architecture, it remains to be
verified that the unit is sufficiently fast to implement the RELP
algorithm in real time. The processing will be split between the main
CPU (a Motorola 68000) and the peripheral multiplier/accumulator. The
operations involving the more intricate parts of the algorithm will be
performed by the main CPU. Estimates of the execution times are shown
in Tables 4-1 and 4-2 for each frame of data. These tables give only
the times attributable to either filtering in the peripheral processing

or the analysis time as explained more fully below.
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Coder Operation No. Transfers Transfer Time Execution Time

ms ms
1. Data from D/A 160 0.16 -
2. Analysis

2.1 Auto-Correlation yuy 0. 44 0.03
2.2 Lag Windowing - - 0.08
2.3 Recursive Solution - - 3.0
2.4 Quantize - - -
2.5 Transform Coefficients - - 1.9
3. Inverse Filter 693 0.69 0.22
I, Low-Pass Filter 317 0.32 0.15
5. Sub-Band Filter 199 0.20 0.09

6. Code Sub-Bands - - -

Table 4-1 Coder - Estimated Processing Time for a Frame of Data
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Decoder Operation No. Transfers Transfer Time Execution Time

ms ms
1. Sub-Band Interpolation 163 0.16 0.09
2. Low-Pass Reconstruction 584 0.58 0.14
3. High-Pass Reconstruction:- 1352 1.35 0.79
4. Synthesis
4,1 Transform Coefficients - - 1.9
L.2 Filter 706 0.71 0.19
5. Data to D/A 160 0.16 -

Table 4-2 Decoder - Estimated Processing Time for a Frame of Data
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4.4,1 Filtering Operations

Considerable overhead is involved in setting up the multiplier/
accumulator. Data must be transferred to and from the peripheral. The
data setup will be assumed to be done using Direct Memory Access (DMA).
The number of data transfers in and out of the peripheral processor
uses up a significant amount of time. It is assumed that DMA operations
proceed at 1)%3 per value. Single transfers (MOVE instructions) proceed
at only a little slower speed. The computation of an output value in
the peripheral processor proceeds at 150 ns per multiply/accumulate. A
certain amount of parallel processing is possible, but because of the
speed of the peripheral processor, there is little opportunity for the

main CPU to do more than increment its loop counters before a filtering

operation is complete.

4, 4,2 Equation Solution / Coefficient Transformation

These operations involve recursive operations which are performed
by the main CPU. Its general purpose structure is well suited for this
purpose. The execution times for these steps were estimated based on
the use of the internal multiply and the internal divide available on
the 68000. The times were estimated as follows. The routines were timed
on a PDP-11/U5 with a hardware multiply and divide option. The multiply
and divide times were subtracted from the total time. This value was
divided by two to reflect the difference in the CPU speeds. (The
Motorola 68000 (8 MHz version) is faster by a factor of about 2 for for
a mixed set of instructions.) To this was added the multiply and divide
times for the 68000. These steps are shown in more detail in Table L4-3.

These estimates lead to estimates that are probably conservative since
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PDP-11/45 MC68000

Recursive Solution 5.3 ms 3.0 ms
(37 Multiplies, 8 Divides)
Coefficient Transformation 2.8 ms 1.9 ms

(28 Multiplies)

Table 4-3 Estimated Execution Times for the Analysis Routines
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the analysis routines were coded in a high level language.

4.4.3 Total Time

The times given in the Tables do not account for all of the
necessary computations. The other computations for which execution
times are hard to estimate account for only a small fraction of the
computations required. Examples of routines not included are that which
quantizes the reflection coefficients and that which codes the sub-band
samples. The time to perform the pre-emphasis and de-emphasis has also
not been included, since these operations can be performed using a
simple analog network if necessary. For the cited operations, the coder
uses 36% of the available time and the decoder uses 30% of the
available time. Thus both the coding and decoding can be performed

simultaneously with the proposed configuration.

Consideration must also be given to coordinating coder and decoder
operations since these steps occur asynchronously. (The coder and
decoder clocks are not in general synchronized.) One possible mechanism
to accomplish this is to divide the processing of each of the coding
and decoding operations into distinect steps (for instance, a filtering
operation using the peripheral processor). When a step is completed,
the processor selects the next step from the stream that is lagging
behind. This simple mechanism will multiplex coder and decoder

operations without incurring significant overhead.
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4.5 Program Size

While it is difficult to estimate the program size reliably
without actually coding some parts of it, estimates from the
corresponding PDP-11/45 code will be used. The instruction sets are
comparable, so that program sizes should be comparable. The sizes of
the different modules is shown in Table Y4-3. The array space has been
used somewhat extravagantly in the implementation on the PDP-11/45.
Considerable reduction in the data storage could be obtained by reusing
the data vectors in succeeding steps of the algorithm. The module sizes
were determined after excising some general purpose features not needed
in the real-time implementation. The modules are still somewhat larger
than necessary. However, additional code would have to be provided in a
real-time coder to provide services normally offered by the executive
or run-time system. Even with these provisions, the full real-time
system should be able to be accommodated in UK words of read/write

memory and 4K words of read-only memory.

4.6 Cost

It is hard to estimate costs in units which use advanced
technology, since the costs will vary rapidly with time. However in
this case, commercial products of nearly the same complexity are
available for comparison. The heart of the coder is a single chip CPU.
Single board computers are available commercially at single quantity
prices of below $2500. Such a board typically consists of a CPU,
memory, bus interface circuitry, and serial or parallel ports. With the
exception of the last item, all these fit in with the unit under

consideration. A signal processing peripheral must be added to this
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Instruction Read/Write Read-Only

Module Space Data Data
Coder 720 730 250
Decoder 650 1100 290
Common Modules 980 200 -

Table 4-4  RELP Program Size (Words)
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complement. With the arrangement proposed above, this unit becomes very
simple, not adding substantially to the cost of the unit. In addition
to the multiplier/accumulator, this unit could be constucted with about
20 medium scale integrated circuits. (A much more complicated signal
processor based on the same multiplier/accumulator, has been was
implemented using 69 MSI chips [19].) This would add about $500 to the
component cost based on single quantity prices ($400 for the
multiplier/accumulator). Additional circuitry to interface with an
analog input signal (filter plus A/D converter) and to generate an
analog output signal (D/A converter plus filter) must be provided.

These last items would add an additional $100 to the component cost.

The above component costs indicate that a RELP coder and decoder
on a single board should be able to be produced for under $3000. The

cost of packaging this board (power supplies, cabinets, etc.) will add

to this basic cost.
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5. Conclusions

The main conclusion of this study is that a RELP coder and decoder
can be built with a simple hardware configuration readily available
VLSI components. This microcomputer based architecture allows for a
rapid progression from the algorithmic description as contained in this
report to the final hardware version. In addition, with only minor
modifications (if any at all), this structure is applicable to variety

of speech coding algorithms.

The specific work performed for this study can be summarized as
follows.

i) The RELP algorithm has been restructured to be compatible with
real-time processing. This involves performing the calculations
on a frame basis.

ii) The components of the coding algorithm have been modified to
achieve a uniformity of structure. Many of the computationally
intensive steps in the algorithm were found to be expressible as
filtering operations. This allows a single filtering module to be
reused in several steps in both the coder and the decoder. In
addition, the complexity of the algorithm was reduced somewhat
without impairing the quality of the resulting speech.

iii) A fully integerized version of the RELP algorithm using 16 bit
integer arithmetic has been developed. With the scaling employed
and the judicious use of double precision accumulation, there is
no discernible difference in speech quality when compared to a
simulation using floating point arithmetic.

iv) An architecture for a real-time implementation based on a single

chip CPU (Motorola 68000) augmented with a fast
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multiplier/accumulator unit (based on the TRW 1010J) has been
proposed. This arrangement utilizes the microprocessor to control
the processing for both itself and the peripheral processor. The
simplicity of this combination requires minimal hardware
development to produce the peripheral processor.

v) Timing studies of the above arrangement suggest that simultaneous
coding and decoding (full duplex operation) is possible in
real-time.

vi) Studies of the hardware complexity indicate that the overall
complexity and organization of the real-time coder is comparable
to that of single-board computers based on 16 bit
microprocessors. These are available at single quantity prices
below $2500. The cost of packaging (power supplies, cabinets,

etc.) will add to this basic cost.

59



Appendix A Sub-sampling / Interpolation

A.1 Introduction

This Appendix develops the z-transform relationships used for the

analysis of multi-rate operations, in particular for the analysis of

quadrature-mirror filters.

A.2 Z-Transform

The z-transform of a sequence {x(n)} where n takes on integer

values is defined as

8

X(z) = z x(n)z (a-1)
n=-w
The unit delay z" corresponds to the spacing between elements of the
sequence when these are considered to be equi-spaced time samples. The

frequency response corresponding to the z-transform X(z) is

8

X(eJZHft) - X" x(n)e—JZanT’

=00

(a-2)

where T is the time interval between time samples.

A.3 Sub-sampling

The operation of sub-sampling a sequence can be interpreted as

re-sampling a sequence. The sub-sampled sequence is

xs(n) = x(nR+r) , (a-3)
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where R is the (integer valued) sub-sampling ratio and r is an offset

taking on values from O to R-1.

The z-transform of the sub-sampled sequence {xs(n)} will be

derived in three steps.
i) Sample the original signal.

Initially the offset r will be taken to be zero. Sampling is
accomplished by multiplying the sequence point-by-point by a

periodic pulse train, namely,

1 n=mR or n mod R=0,
s(n) = {

0 otherwise,

j2mmn/R
e

]
5 [
~1

1 (A”u)

m=0

The geometric series above can be summed to give 0 when n mod R is
non-zero and unity when n mod R is zero. Multiplying the sequence
{x(n)} by the sequence {s(n)} has the effect of zeroing the

undesired samples. The z-transform of the sampled sequence is

=)

R-1 = .
I xs@mz"= 5] 1 xme dmm/R
n=-=x m=0 n=-«
1 -j2mm/R
= R L XETH (A-5)
m=0
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ii) Sub-sample to remove the zero-valued samples. =

Define the z-transform of the sub-sampled sequence using the

new dummy variable w. The w represents the unit delay for the

reduced rate sequence,

R .
X_(w) = % ] ox(e 32m/R L/R)
m

iii) Introduce the offset r.

The effect of the offset can be taken into account by

(A-6)

(A-T7)

sub-sampling the shifted sequence {x(n-r)}. The z-transform of the

shifted sequence is

{x(n-r)} <—> er(z)~

(A-8)

Finally the z-tansform of the sub-usampled sequence taking into

account the offset is

r/R R-1 .
X (W) = S} x(eJ2mm/R _1/R

=0

).

(A-9)

Fig. A-1 shows an example of the sub-sampling procedure for R=3 and

r=1.
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Figure A-1  Sub-Sampling a Sequence
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The frequency domain expression for the sub-sampled sequence is

T ERT j2mr/R R-1 . _
XS(eJ ) = e’ " Z X(eJZn(f m/T)T) ) (A-10)
R m=0 »

The frequency response of the sub-sampled sequence is the sum of
frequeqcy translations of the response of the original sequence. If
these frequéncy translated responses have a non-zero value in regions
of overlap, aliasing results. Fig. A-2 illustrates the frequency

response of a sub-sampled sequence for R=3.

Often a sequence is filtered prior to sub-sampling to eliminate
frequency components which lead to aliasing. Let the input to such a
filter be the sequence {u(n)} with z-transform U(z) (see Fig. A-3). Let

the filter have a z-transform H(z). Then

X(z) = U(z) H(z) , (A-11)

or written as a convolution,

x(n) = 2 h(k)u(n-k)
k= ’

-0

(A=-12)

where {h(n)} is the unit pulse response oi *he filter.

If the filter H(z) is a finite length impulse response (FIR)

filter of length N,

1

N-
x(n) =)  h(k)u(a-k) - (A-13)
k=0

For such a filter, the output is expressed directly in terms of the

input signal. If the output of the filter is to be sub-sampled, the
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Figure A-2 Frequency Response of a Sub-Sampled Sequence

R:1
u(n) h(n) x(n) ~ x  (n)
> H(z) 7 — )
U(z) X(z) XS(Z)
sub-sampler

Figure A-3 Filtering /VSub-Sampling
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intermediate output values need not be calculated,

N-1
x,(m) =]  hk) u(nRtr-k) . (A-14)
k:

0
This arrangement reduces the number of arithmetic operations by a
factor R. For recursive filters, in which the output is expressed as a

function of previous outputs as well as the inputs, this full reduction

is not possible.

A.Y4 Rate Increase / Interpolation

Interpolation involves inserting new samples between existing
samples. This operation can be viewed as occuring in two steps. The
sampling rate is first increased by a factor R by inserting R-1 zero
valued samples between each sample of the original sequence. This new
sequence is processed to modify the values of the R-1 intermediate
sample values. The processing considered here is linear filtering. Many
common techniques usually thought of as belonging to the domain of
numerical analysis can be viewed as linear filtering of the rate
increased sequence. An example is polynomial interpolation, e.g. linear
or quadratic interpolationv[2o]. Fig. A-4 and Fig. A-5 illustrate the

interpolation process.

The rate increased sequence can be expressed as

u(m) n=mR+r or nmod R = r,
ui(n) = { (A-15)
0 otherwise.
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The z-transform of {ui(n)} is
U (2) = 2 TuRy (4-16)

Finally the interpolated sequence is obtained by filtering Ui(z),

X, (2) = U (z) H(z) (A-17)

The frequency response corresponding to Xi(z) is

2nfT

Xi(eJZHfT) _ e—j2ﬂfrT U(e32ﬂfRT) H(ej y, (A-18)

where T is the spacing between samples of the interpolated sequence.

Thsi is illustrated in Fig. A-6.

An FIR filter used to interpolate a sequence can take advantage of
the fact that R-1 out of R samples of the rate increased sequence are
known a priori to be zero. The filter coefficients {h(n)} can be
separated into sub-sequences which are accessed in a round-robin

fashion. More explicitly, let
n = pR+g+r , (A-19)
where 0 { g { R-1. The R sub-filters are

hq(m) = h(mR+q) » (4-20)
each with M coefficients, where

_ N-1- _
L ==, (A-21)
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Figure A¥6 Freduency Response of an Interpolated Sequence
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where [x] dendotes the largest integer contained in x. Then

M

q
Xi(pR+q+r) = z hq(m) u(p-m) - (A-22)
m=0

From the above férmulation, it can be Seeﬁ that intefpolaﬁion
uéing linear filter forms R sub-sequences of {x;(n)} each of which was
generated using a different suB—filter {hq(n)]. In conventional
interpolation, it is usually desirable that the samples of the original
sequence appear unaltered in the interpolated sequence, i.e. only the
R-1 intermediate values are to be modified. This constraint implies

that

1 m=0,
hy(m) = { (A-23)
0 otherwise.

Design procedures for interpolation filters have been described in the

literature [21].

A.5 Sub-Band Analysis

The purpose of sub-band analysis is to split a signal into =
number of different frequency bands. An example is spectral analy. is
achieved with a bank of filters. Consider the configuration shown in
Fig. A;7.‘In many applications, the N filters are narrow band filters
with different centre frequencies} In some applications, the output of
each filter is freqﬁency translated to become a low-pass signal, for

instance in a spectrum analyzer for envelope extraction.
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In the case of signal coding; a sub-band analysis is used to

derive a number of essentially non-overlapping sub-bands that can be

individually coded.

A.5.1 Reversibility

~ One concern is whether the signals at the outputs of the filters
contain all of the information of the input signal. Clearly, if the
filter outputs can be used to reconstruct the input signal, this will
be the case. This will be a major criterion in the design of sub-band

systems. In the simple arrangement of Fig. A-7, the input signal can be

reconstructed if

T
H

2 B (2) Fi(z) = 1. . (A-24)

A.5.2 Information Rate

The sub-band system just described permits a representation of the
input signal as the vector of filter outputs. This vector contains

redundan® irformation since the overall sampling of the system has been

increased by a factor N.

Cdnsider sub-sampling the filter outputs by a factor R for the
n'th filter output. Reconstruction of the signal involves an
interpolation operation in each sub-band. This is illustrated in Fig.
A-8. For generality, a frequency translation operation has been
introduced before sub-sampling. Conceptually, this operation frequency
shifts the band-pass output of the filters to produce a low-pass

signal. The inverse frequency translation is shown in the
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reconstruction side. The overall response of the system may be written

as

-1 Rt

N -
- —.UJ » R
Y(z) = z Fk(e Jmkz) %___ 2 Hk(e 3 keJZT\'m/ kz) X(ernm/sz)
k=0 k m=0
(A-25)
Reversibility requires that
Y(z) = X(z). (A-26)

There are additional terms in (A-25) which represent aliasing terms.

Clearly these must be zero or cancel for reversibility.

A.5.3 Fractional-Band Filters

One case of interest involves a uniform structure with the same

sub-sampling ratio in each sub-band,

Rk = N . (A—27)

This condition results in a system with no increase in the overall
sampling rate. The N element vector of filter outputs is sampled at 1/N

of the original sampling rate.

The translation frequencies will be assumed to be equally spaced,
W, T =, (A-28)
This additional constraint has the effect of making the first frequency

translation unnecessary. The samples selected by the sub-sampler are

always multiplied by unity.
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The reconstuction process involves interpolation and then
frequency translation. The order of these operations can be reversed.
For instance if the interpolation filter is low-pass, an equivalent
system first frequency translates the sub-band signal and then
band-pass filters the signal to interpolate it. This change in opder
again makes the frequency translation step unnecessary since each
non-zero sample is multiplied byiunity. The restructured system is
shown in Fig. A-9. The reconstruction filters are related to those in

Fig. A-8 by
G (2) = F (eIkz) - (A-29)

The output of the fractional-band system is

N-1 -1
l .
Y(z) = N'E X(eJan/N
m=0

2) 6, (2) Hk(ejz“m/Nz> . (A-30)

Ll =

=0

In order for the output to be egual to the input,

N-1 . N m=0,
I o @ u?™N - (4-31)
k=0 & | 0 mo.

This is a set «f simultaneous equations. Given the N filters Hk(z), the

system can be solved for the reconstruction filters Gk(z) for each
value of z. This procedure is analagous to a generalized sampling

expansion described by Papoulis [22].

The simplest case occurs if there is no aliasing due to the
sub-sampling. The filters Hk(z) then are ideal band-pass filters each
covering a non-overlapping portion of the spectrum of bandwidth 2m/N,

The reconstruction filters are also ideal band-pass filters. This
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situation is illustrated in Fig. A-10 for N=z3.

For non-ideal filters, aliasing can occur in the individual
sub-bands but be cancelled in the final result. The reconstruction
filters necessary can be determined by solving the set of simultaneous
equations (A-31). If the set of simultaneoﬁs equations is singdlar, the

sub-sampled signals are not linearly independent.
The reconstruction filters can be written using Cramer’s rule as

Ak(z)

G = —— . -

, k(z) NA(z) (A-32)
The denominator term is the determinant of the set of simultaneous
equations and is common to all terms.

The conditions for reversibility can be relaxed slightly by using

Gk(Z) = Ak(z), (A-33)

which will still cancel aliasing terms but give an overall input/ouput

relationship

Y(z) = NA(z) X(z) - (A-3Y4)

A.5.4 Half-Band Filters

Half-band filters are fractional-band filters for N=2. The
quadrature-mirror filters introduced by Estaban and Galand [23] are a

special case of half-band filters. For N=2, (A-30) becomes
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Y(z) = % X(z) {GO(Z)HO(Z) + Gl(z)Hl(z)}

+ % X(-2){G, (2)H (-2)+ 6 (D, (-2)} . (A-35)

The second term represents aliasing. The conditions for cancellation of

the éliasing terms give

Go(2) = H (-2) ,
Gl(z) =—HO(—'Z) . (A-36)

Then

Y(z) = 3 X(2) {H (2B, (2) - H (-2 (-2)} - (A=37)

Let the half-band filters be linear phase FIR filters,

N
Hy(2) = g hy(m)z " (A-38)

N
Hl(z) = Z hl(n)z”n .

The linear phase constraint requires that

ho(n) hO(NO-n-1) ) (A-39)

hl(n) = hl(Nl-n—1)

It is convenient to express the half-band filters in terms of filters

79



with zero delay,

_ ot
NORE I O (8-40)
Nl—l
=2 2 e
Hl(z)—z 1)

i jm
where Hé(ej ) and Hi(eJ ) are real because of the linear phase

constraint. Then

Ny, _NgHY
JH (DB (4D ° B 2)E (2D . (A1)

Note that if (NO+N1)/2 is odd, there is a spectral null at the half

sampling frequency, i.e.

v(ed™y = 0, for > odd. _ (A-42)

Except for trivial cases, with finite length filters, reversibility

cannot be achieved exactly.

Quadrature mirror filters [23] are half-band filters with

Ho(z)zHl(—z). This limits their application to even length filters.

However, they have some interesting computational advantages. Note

that,
h (n) = (-1)" h(n). (A-43)
1 0
This means that the half-band filters can be implemented as shown in
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Fig. A-11, where the sub-band filters consisting of the even-numbered

and odd-numbered coefficients have been separated.
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Appendix B Program Listings

B.1 Introduction

This Appendix gives the listings for the programs used in the
simulation of the RELP coder. The listings are divided into three
groups. The first group contains the listings for the floating point
simulation of both the coder and decoder. These are presented in order
that the reader can appreciate the program logic of the coder and
decoder, for the integerized versions tend to obfuscate the algorithms
somewhat. The second group contains listings of the algorithms
empioying integer arithmetic. The third group includes common modules
used for the coder and decoder, both for the floating point and integer
versions. These are given in alphabetical order. They include all
modules that are used in the RELP algorithm itself. Modules specific to
the file structure of the general purpose simulation system are not
shown, though comments in the headers of the main programs indicate

their functions.

An additional listing of the relevant program parameters as used
in the simulations is also given. These parameters include the filter
coefficient values and the quantizer table values used for the

simulations.
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B.4 Common Modules for the RELP Coder and Decoder
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B.5 Program Parameters - Simulation using Floating Point Arithmetic

NPOLES:
8

LENFRY:
160
LENWIN:

204
IDECDM:

PRE:
0.9500

wi:
1.000

FLTLP (CODER):
1. 2674E-02
3. 6272E-02
3. 62728-02
1. 2674B-02

0.9995

3.2073E~03
6.8712E-02
8.69598-03

FLTLP (DECODER):

6.3372£-02
0,181
0.181%
6.3372E-02

FLTSS (CODER):
4. 6269E-04
=1.6094E-02
=§.7253E-02
1.511AE202

FLTSB (DBCODER):

9.2538E-04
-3.2188E-02
=0. 1985

3.0229E-02

PLTHP:
-0.3169
=0.3820

0.2156
<0, 1841

1.000

XQR(*,1):
-0.9670
~0.7885
-7.02978-02

0. 1192
0.6997

XQR(*,2):
=0.2706
0. 6942
TOR(®,2):
=0.3223
0.6637

IQR(9,3):
=0.7778
8, 2660802
TOR(®,3):
~0.7990
2. 6715802

XQR(®, N :
RTI
TQR(%,0):
-0.2280

XQR(®,5):
=0.2718
TOR(*,5):
=0.373%

IQR(®,6):
3.37818-02

TOR(®,6):
=8,5%078-02

XQR(*®,7):
8.%0%28-02

oR(°,7):
=8.99408-02

XQR(®,8):
0.2834

TOR(®,0):
4.08508-02

1. 6037802
0.3%9386
A, 3080202

1. 4713202
=3.7699E-02
~5.2157€-02

2.68002-03

2.94262-02
-7.5396e-02
-0, 1043

$.3599E-03

0.8268
0. 8063
0.13M
0.4557

«1.800

~0.9599
-0.7435
2.8227E-02

0.9636

-0.7647

-2. 1086£-02
0.7067

<0.1627
0.7485
«08.2173
0.7225
=0.729%
0. 1927
«0.7546
. 1381
1.92238-02
5. 30028-02

-5. 1623802
~0.1638

0.2661
0.1520
0.2530

0.8267

0.7500
1.900

0.9980

-2.77302-08
0.1016
=1, 1060E-02

=1, 3865E-03
0.5081
-5.5299E-02

-1.29802-03
2.TT158-02
5.51918-02

~1.1001E-02

=2.59608-03
5.5331E-02
0. 1108

«2.2002E-02

6. 7566802

«0.3726
§.39828-02

«0.2028

0.%000

-0.951%
-0.6960
0.1262

-0.9558
«0.7206
T.74028-02

«5.0737TE-02
0.7982

=0.1070
0.7T2%
«0.6728
0.2980
«0.7020
0. 2861
0.1019
0.1012

0.1737
6. 1828802

o0.47T11
0.31T3

0.9956

=6.371928-03
0.1300
-2.18868-02

=3. 18968-02
0. 6500
0. 1098

=1.1001E-02
+51918-02
»T715E-02
=1.29808-03

XXt

-2, 2002E-02
0. 1108
5.54318-02

-2.5960E-03
9.70708-02

-0.2805

=3.43698-02

=0.9%11
<0.6316
0.2218

~0. 9465
-0.669T
0,174

6.2497E-02
0.8325

5. 8987803
0.81%2
0. 5062
0. 3906
«0.6405
0.3483
0.3352
0.2602

0.2813

0.5586

0.9921

-1.3978E-02
0. 1492
=2, WA85E-02

«6.98928-02
0.7861
<0, 1224

2.68002-03
5.215TE-02
~3.7699E-02

1. 4718802

5.35992-03

<0.10483

-7.5398E-02
2.94282-02

9.87328-02
«0.1563
-8.63808-02

<0.9287
«0.5799
0.333

-0.9352
<0.6117
0.2681

0.17%1
0.8642

0. 1187
0.8a9)

0.9877

~2.092TE-02
0. 1560
-2.09278-02

-0.1046
0.7801
0. 1006

1.51148-02
-9.7253E-02
-1.6098E-02

8. 6269E-08

3.02298-02
«0. 1985
-3.2188E-02

9.25388-08

6.61138-02

0. 1060

=0.9138
<0.5107
0.3993

~0.9216
-0.5462
0.3570

0,281%

0.2285
0.8778

0. 8450

=0.488%
0.5285

0.5902
0.53%0

0.982%

-2.W4858-02
0. 1492
-1.39788-02

0.7k61
=6,9892K-02

-5,20858-03
0.1393
2. TA51E-02

=1.0577E-02
0.2786
5.2902E-02

~1.32082-03

<0.3506

~0.3989

0.6873
0.683

0.9761

-2, 1886R-02
0. 1300
~6.37928-03

=0. 1094
0.6500
=3. 1896802

=2.0392E-02
0.84593
9.42558-03

-X.07848-02
0.9185
1.88518-02

=9.7389E-02
16.22
-6, M821B-02

-0.8787
-0.3508
0.5512

-0.86858
=0.3933
0.5159

0.A786

0.8295

-0.2086

~0.3005

0.7283

0.9689

=1.10608-02
0.1016
=2.7730B-04

5.52998-02
0.5081
-1. 3865E-03

9.%255E-03
0.5593
=2.0392R-02

1.88518-02
0.9185
=N, Q784802

-0.2072
0.2720
2. 8579802

<0.8495
0.251%
G. 6161

=0.8626
=0.3068
0.5846

0.5576

0.5173

8.6959-03
6.6712£-02
3.20732-03

4. 3X80E-02
0.38036
1. 6037802

2.7518-02
0.1393
=5.2885E-03

$.N902E-02
0.2786
-1.0577E-02

=0.3096
0.2672
1.0792E-02

-0.8196
<0, 1675
0.6737

-0.835%
=0.2150
0.6458

0.6303

0.5954

=2.93978-02

-3.53258-02



B.6 Program Parameters - Simulation using Integer Arithmetic

NPOLES: .
LENFRM:
160
LENWIN:
200
IDECIM:
H
PRE: .
0.9500
wap:
I.276TR+00  3.27518408
FLTLP (CODER):
MS.3 105.19
1189, 2252,
1189, M9
5.3
FLILP (DECODER):
2077. 525.8
5943, 1. 1258E+08
5983, nes,
2077,
FLTSB (CODER):
15.16 482.2
~527.4 1235,
-3187. -1709.
495.3 87.82
FLTSB (DECODER):
30.32 968.3
~1055. <2871,
-6378, <3818,
990.5 175.6
FLYHP:
-162.2 218.5
-195.6 «207.9
110.4 68.65
-94.28 233.3
H
1.6388B+00  -2.2938E.04
XQR(®,1):
~0.9670 =0.9599
-0.78K5 -0.7435
-7.02976-02  2.B227E-02
0.7240
TYQR(®,1):
=0.9700 «0.9636
«0.8027 -0.7647
«0.1192 =2, 1086€-02
0.6997 0. 7467
XQR(®,2):
=0.2706 -0,1627
0.6942 0.7485
TOR(®,2):
-0.3223 0.2173
0.6637 0.722%
XQR(*,3):
0.7778 -0.7290
8.2660E-02 0. 1927
TQR(®,3):
0.7990 ~0.7546
2.67158-02  0.1381
XQr(®
-0. 1845 1.9223E-02
TOR(®,8):
-0.2240 6. 3042E-02
XQR(9,5):
=0.27t 5. 16238-02
ICR(*,5)
-0.3734 -0.1638
XQR(*,6):
3.37812-02  0.2661
TQR(*,6):
-8.5%078-02  0.1520
XR(®,7):
8.30028-02
TOR(%,7):
~8.99408-02  0.2530
XQR(®,8):
0.243%
0QR(%.8):
¥,08508-02  0.4267
ms:
0.5000
YQs:
0.2500 0.7500
GHLT:
0.8 30 1.900
rsm:
10.00
r:x:
1000.
FSTH:
15.00

3,27028+00

5.087
3330.
=362.2

a5.x3
1.66512408
-1812,

3617,
«721.0

=38.59
«190.8

22.52
-103.8

6558,

~0.951%
~0.6960
0.1262

~0.9558
=0.7206
7.78028-02

~5.07378-02
0. 7982

«0.1070
0.772%
~0.672%
0.2980
<0.7020
0. 2861
0.1819
0. 1012

0.1737
6. 1828202

0.8711
0.3731

3.26228400

«209.0
X260,
-n7.2

-1085,
2. 13018408
~3586.

«360.5
1808.
908.2

-42.5;

«721.0
816,
85,07

49.70
~105.6
-17.60

~0.9811
~0.6816
0.2218

=0.9465
«0.6697
0. 1784

6. 2097802
0.8325

5.89872-03
0.8182
~0.6062
0.13966
-0.6405
0.3083
©.3352
0.2802

0.2813

0.5585

3.25092400  3.2365Re00
-A58.0 -685.7
A890. 5113
-802.3 ~685.7

~2290. -3429

2. 8%49E4ON  2.556, W
-4012. 3429
7.82 495.3
“ng -3187,
-1£35. ~527.4
482.2 15.16
175.6 990.5
3018, 5378,
2471 =~1055.
964.3 30.32
50.5% -B85
-80.00 1. 27908408
-43.23 58,28
~0.9287 =0.9138
~0.5799 <0.5107
0.3133 0.3993
-0.9.352 ~0.9216
~0.6117 0.5%62
0. 2681 0.3570
0.17%1 0.2815
0.8602
0. 1187 0, 2285
0.8491 0.8778
<0.530% =0, 850
0. 4868
=0.5695 ~0.4889
0.8328 0.5205
0.%72% 0.%5902
0.4061 0.5380

120

3, 27508408

=802.3
4890,
«2%0 o

-AQ12.
2. BANGELON
~2290.

-173.3
A56R.
899.5

=3%6.6
9128.
1799.

-0.6783
=2.0817B«ON
-49.09

~0.8960
«0.0302
0.4788

-0.9053
0.4733
0.0399

0.3822

0.3328

-0.3506

=0.3989

0.6873
0.6013

3. 1980E08
-T17.2
4260,
«209.0
«3586.

2.13018408
-1085.

-668.2
1, S0NGE40M
308.9

=1336.
3. 00908408
617.7

~49.86
8306.
~33.19

-0.8707
=0.3508
0.5512

-0.8858
=0.3933
0.5159

0.4746

0.4295

=0.2086

=0.3005

0.7283

-0.8495
0.2615
0.6161

=0.3068
0.5846

0.5576

0.5173

-0.1307

0. 1952

-0.8196
«0.18675
0.6737

~0.2150
0.6458

0.6308

0.5954

~2.93978-02

~8.53258-02
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