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ABSTRACT

The Stored-Product Qigital Filter with internal logarithmic signal

h:d

quantization was shown to have the highest speed—to:power‘ratio of all

-

major, digital filter implementations using conventional multi-

pliens.3 THe de51gn details for a fully functional 1mplementat10n of

thc fi

er were worked out in order to determine its LST implementa-
tion potential Thc effect of the logarithmic signal quantizer on
limit cycles and output noisq were derived and shown to be within the
design™ llmltS of useful appl}catlons.w TQ\/Process of-stored product
rounding in Iieu of/’igbarate coefficient and product rounding was
t
shown to have accuracy advantages for.some design methods. Suff1c1ent
simglqtion and measurément data\j;re obtained to conclude that the

filter can meet PCM voice cﬁannel specifications with potential

24-channel multiplexing capability.



. ACKNOWLEDGEMENTS

The author wishes to thank Dr. Willem Steenaart, research director of

this project, forggmpe technical guidance and years of encouragement.
The author also wishes to thank his advisory committeey Dr. S.S.

Stuchly and Dr. M, Goldberg.

. - L]
The author gratefully acknowledges the financial assistance of “the
National Sciences and Engineering Council under the Grant No. A8572

and the Federal Department of Communications educational program which

made the completion of this project possible,

—ii-




ABSTRACT

¢

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF FIGURES.

LIST OF TABLES _ !

CHAPTER 1

\-

- CHAPTER 2

CHAPTER 3

' \
CHAPTER 4

INTRODUCTIOCN

1.01 Genergal
1.02 Speed-Power Requirements

"1.03 Store-Product Digital Filter

1.04 Further Contributions
1.05 summary of Conclusions

DIGITAL MULTIPLIERS IN
DIGITAL FILTERS *

2.01 General <

2.02 Clocked Multipliers

2.93 Array Multipliers

2.04 Peled-Liu Method

2,05 Multipliers in Digital Filters
2.06 Specd/Power Ratioc

STORED-PRODUCT DIGITAL ‘
FILTERS

3.01 General
3.02 SPDF Architecture

3.03 Main SPDF Characteristics
3.04 Speed/Power Ratio

QUANTIZED SIGNAL
REPRESENTATION !

4.01 General -

4,02 Quantizer Charaterisitc
4.03 The Quantization Algorthm

-iii-

Page

ii

iii

viii

[

DLW N

10
13

15°

16
20

S 27,

27

28,

31
33

36

36
37

SETTIR

B IR



AN

 CHAPTER 5

CHAPTER 6

‘":).

-

LIMIT CYCLES IN SPDF

5.01 General

5.02 Basic Stajgility Considerations

5.03 First-ordWr Limit Cycles
with Logarithmic Signal
Quantization ‘

5.04 Second-order Limit Cycles
with Logarithmic Signal
Quantization -~ Real Poles

5.05 Second-order Limit Cycles
with Logarithmic Signal
Quantization - Complex Poles

5.06 Conclusions : ,

NOISE DUE TO FINITE

ARITHMETIC )

6.01 General

6.02 Rounding of Stored Products

6.03 The Effect of Product Rounding
on Coefficients

6.04 Probability Distribution of
Quantized Samples

6.05 Average Coeffieient Error

6.06 Filter Sensitivity to
Product Roundoff

v6.07 Loss Distortion due to

CHAPTER 7

CHAPTER 8
‘REFERENCES
APPENDIX 6A

APPENDIX 7A

‘ Coefficient Error
EXPLORATORY DEVELOPMENT OF SPDF

7.01 General )
.02 An Overview of PCM Requirements
.03 SPDF for PCM

.04 SPDF Implementation
.05 Hardware Simulation

.7.06 Transmission Measurements

7.07 Summary.

CONCLUSIONS AND RECOMMENDATIONS

APPENDIX 7B

APPENDIX 7C

APPENDIX 7D

_iv_

Page
47
47
48
54

60

65
74
76

76
78

g2

.97
92

oo 95
103
108
108
109

111

116
117

125
129
131
136

6A-1



FIGURE £ : . : PAGE
2.01,Multiplier based on Booth's algorithm. 12
2.02 A network of cells in an array multiplier. . 14
v .

2.03 The Peled-Liu method for a second-order .

system. v 17
2.04 The direct form implementation of a second— -

_ order sectign. . ' 18 i

2.05 The canonic form implementation of a . .

second-order section. 19
3.01 Stored-product Digital Filter implementa-

tion with internal logarithmic signal 3

quantization, 29
4.01 Segment and quantum parameters for s=3. 40 ’
5.0l First-order system parameters and response. 49
5,02 Second-ofder system éaraTeters and reéponée. Sf
5.03 Triangle of coefficient pairs corresponding

to stable pole positions for :

D(z) = z2 + byz + bp. 52
5.04 A first-order recursive section with non-

linearly quantized output and product ,

rounding. ‘ 55
5705 A second-order recursive filter with non- *

linear qguantization of output. 62
5.06 Complex-conjugate poles and filter coef- .

EicientsCiﬁ the z-plane. 67
5.07 Signals at the input and the output of the )

adder of the second-order recursive filter. 71
5.08 Bounds on coefficients for which limit

LIST OF FIGURES

cycles, as the result of A-law qguantization
of the recursive signal, are possible. 75

‘9.



FIGURE

6.01

7.03

samples,

Multiplication procedure used for pProgram-
ming ROM. »

Technique for measuring the efror due to
rounding. '

Error, E2, on the impulse. response as a
function of L.

Amplitude probability density function for
speech, '

Probability density function for quantized

Coefficient sensitivities as functions of
frequency.

Average loss errcr due tO'coefficient
round-off (third-order).

PCM channel filter lozf specificationé,‘

. Stopband loss charactéristic for a

sixth-order digital filter.

Passband loss characteristic for a
sixth-order digital filter.

Quantization noise due to the 128-level
A~law.

A segment of filter description code for
F/LOGIC. o

ROM contents for the coefficient
A0=0.272623.

A sequence of PCM sémples representing
a sinewave of 50% peak ampl tude.

. F/LOGIC simulation of the adder .output.

Laboratory instrumentation for
filter measurements.

PAGE

79
79
"80
88
88
102

106

112
114
114
115
118
119

121

122

123

TP

e T A o



FIGURE

"7.10 Measured 12-bit signal at the adder

outpqt. .

' The putput of the filter as a func-
tion of time. ‘

Control pulses reghired to operate
the filter. )

Insertion loss reSponse of the filter.

Computed loss response of the filter.

»

-vii-

3

PAGE

“124

126

127
128

\?
l{3 0

. UL S
[V



6.03

6.04
'6.05

LIST OF TABLES

Device delay and power dissipation. for
main.digital filter sub—circudts.

/
Speed/Power ratio for several second-

order filters.

Partitioning of integers x according to
segments,

Quantlzatlon levels for 1ntegers between
0 and 2048.

Deadbands and limit-cycle amplitudes.

The effect of roundlng b2 on the output
signal.

Insertion loss as a function of coef-
ficient wordlength L {Lg= 12).

Positive ROM contents corresponding to
Ap=0.272623.

Perturbed values of 90=0.272623
resulting from product rounding.

Maximum and RMS sample amplitudes.
S
Average cogfficient error.

Sensitivity to coefficients as a func-
tion of frequency.

Average loss deviation from de51gned
value (3rd-order filter).

Comparison of measured and computed

results, S~

~-yiii-

PAGE
22
25
32

41

"6l

69
8l
85

86
91
94

101
105

130~




CHAPTER 1

INTRODUCTION \

1.01 General

In the early sixties it bétame practical to represent .analog
signals in terms of aigital codes and to perform spectrum filter-
ing by arithmetic manipulation of thése codes using the "already
well estabfished techniques of digital computers. Unlike analog
and sampled data filters, filters implemented in digital.hardware
have very few pegéormance limitations; however, typical signal
proceqsing‘rgquirements can only be achieved at the céét of con-
siderablé'cbmputing time. For many applications, suph as téne
separation and speech analysis, characterized by either simple
‘requirements or non-real time processing; the long computation
time \is‘ not a serioﬁs limitafion. A far greater potential for
digitél filters lies in the coﬁmunic&tions industry where cur-
\rently thousands of analog filters are being used as part of

real-time voipe signal processing apparatus {12).



Filters of voice. channel - gquality are characterized by

high-order transfer func%ﬁons which require hardware comp-

e /7 . ' .
lexities of the order of 'several thousand logic gates to. im-

plement. .This high comélexity results from the need to cdfy-

éﬁpute the filter transfer function to a high arithmetic ac-

l1.02

cunaéy.during each sampling interval and the need to accomo-

date high sampling rates associated with good quality chan-
nels. Hardware duplicaflpn and the associated power dis-
sipation are usually tolerated in order to échieve the de-
sired prdcessing speeds. There Iis én obvious advantagé in
finding a filter -implementation which for a given accuracy
offers a large speed improvement over the conventional
methods while reducing the overall power dissipatidﬁ. This
work describes such a filter implementation and demonstrates
that its siqgal processing qualities are as good as and in

some aspects superior to those of conventional structures,”

S—

a | ¢
Speed-Power Requirements

A}

Every digital filter implementation is designed to perform a

sequence of binary multiplications and additions conforming

to well defined accuracy considera{ions. By definition,

multiplication is repeated addition and therefore is the

slower of the two operations. The overall speed-power per-

formance of a digital filter is, therefore, dgﬁgfmined by

the choice of the multiplication algorithm and the nature

of its implementation. A currently available 12-bit by

12-bit multiplier on a chip performs a full multiplication
Y

&

J
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according to the  Booth algorithm in 6€75ns and dissipates ;gz/f_
nWwatts. A l2-bit addition, however; takes on the average

42ns with power dissipation of about 224 mWatts.

Using the above figures ‘it is possible tc form a reasonable
estimate of the total power dissipation and hardware comp-

lexity needed to satisfy voice channel requirements,

‘Typical voice quality filtering can be achieved with a

fifth-order transfer function which,)qgwgeneral, can be rep-

resented by eleven multiplications and eleven additions com-

puted to a 1l2-bit accuracy. To compute such a function

using conventional methods would require 8.44us ané a power
dissipation of 3.6 Watts. Even at a minimuh sampling rate of
24KHz, five such filters would be required in a 24-channel
system, resulting in the unacceptably high pdwer dissipation

of over 18 Watts,.

Although there exists a certain amount of freedom in trading
off power against speed, the speed/power ratio remains sub-

stantially c¢onstant for all conventional implementations.

Stored-Product Digital Filter

The alternatige proposed by the abthor is the Stored-Product

Digiti;_ﬁilter { SPDF) . SPD%\is the author's invention and



is described in the Canadian Patent No. 1;0503619 issued on
March 13. 1979, The .principle of SPDF is'based on storing
of products in'Re;d_Only Memory (ROM) and accessing the re-
quired product by using its multiplicand as the address.
This approach is made practical by recogniziqg that in most
digital systems not all of the possible products are needed:
to maiqtain a specified performance. For example, in PGM:
only 256 distinct multiélicands are present. Thus, for a
given multiplier in a 12-bit system, all products can be
‘stored in a 3072-bit ROM. Such ROM is'currently available
in low-power CMOS with access time of ungder 150ns and power

dissipation of about 0.180 Watts.

The requirements of a 24-channel PCM system can be satisfied
by a tendem connectioﬁ 6f two identical third-order filter
sections, only one of which must be implemented in hard-
ware. Such a sixth-order transfek function can be implem§n—
ted with only five distinct coeéficieﬁts'and can be computed
in about 1.26us with a total polér dissipation of.about 0.20
Watts, This results in a speed/power ratio of 3.87x106
sec/sample/Watt. The corrérponding speed/power ratio for
the conventional implementation is 0.068x106 sec/sample/
Watt. The SPDF, therefore, represents a speed/power. ratio
improvement of nearly 57 times.

The SPDF .architecture ieading to the improved speed/power
- ratio and its importance in communication are presented in

" detail in Chapter 3.



l.ﬂz—gurther Contributions . '

e

In addition to the speed/power ratio improvement, the
authoris‘pontribution; lie in the areas of digital filter
architectuye, the use of logarithmic gquantization of signals
in digital filters, the study of .limit cycles.due to loga-

rithmic sigral quantization in the recursive loop, analysis

‘of error effects due to rounding of store andproducts, im-

plementation of a time-shared digital filter for PCM appli-
cation and improvements in digital filters leading to easier

LSI implementation.

The use of Read Only Memory for the replacement of multi-
pliers introduces important architectural flexibilities into
digital filter implementation.” A very %mportant class of
transfef functions derived by means of the bilinear
z-transform are characterized by seveqal non-distinct coef-
ficients. Products_corresponding to all equal coefficients
may be stored in a single ROM table allowing furthér savings

in hardware and power dissipation.
PN

In SPDF filters the products corresponding to all coeffi-
cients may be accessed simultaﬁeous Y. This means that
further speed improvements are possible by introducing more
adders ihto Ehe filter archiﬁecture to process the available
éroducts. .Conventional multiplier filters, owever, must

introduce additional,multipliers as well as additional ad-

ders in order to increase the processing speed.

.
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These architectural aspects have been published in refer-

ences (1) and (21) and are presented' in Chapter 2 and.

. 3
Chapter 3.

The use of special signal gquantization techniques, such as
the segmented A-law, was introduced by the author in order

tgkreduce the total ROM capacity of the filter. 1In Chapter
4

- the digital implementation of the adapted A-law -character-

istic is analysed and completely described in terms of math-

ematical. expressibns suitable for digital implementation.

The related work was published in references (17) and (18).

For certain ranges of coefficients, quéntization of the
signal in the recursive loop results in the effect known as
"deadband effect"\ This effect leads to limit cycle
oscillations. In many-~"communications applications limit
cycles are undesirable because they result in a signal
odtput after the input signal 1is removed.  Chapter 5
presents the investigation intoc 'the nature of limit cycles
in the presence of the logarithmic gquantizer in the
‘recursive loop of the filter. It shows that large amplitude
limit cycies are restricted to a very small range of

coefficient values and that high quality filters can be

designed with coefficients outside this range. The contents

of Chapter 5 were published in reference {22).

In digital filter implementations using conventional multi-



Rliers,  the coeffipient rounaing and product rounding are
performed as separate operations, governed by different
criteria and -contribute to réundoff noise as two independent
effects. ‘In-SPDF filter implemehtation the coefficient ac-
curacy remains arbitfarily high when the products are compu-
ted. Product rounding prior to ROM programming remains as
the only source of roundoff noise, This represents a
definite noise advantage. For example, the average roundoff
noise for a system in which the product and signal accuracy
are 12 bits while the coefficient accuracy is 20. bits is
lower.tﬁan for the same system in which the coefficient ac-
cumacy 1is also lz'Hits. The de;ails of thiskresult were pub-
lished in reference -(24) and are presented in Chapter 6.
Although a great deal of theéretical and experimental work
has been done to date in digital filters, most of the impie~
mentations have been restricted to the .laboratory studies.
With only a few minor exceptions the digital filters do not
exist as products in-industrial communications systems. This
is primarily due to the hardware complexity and high power
'ssipatibn associated with such devices and not due to any
Jsignél pProcessing limitations. The author's contribution in
this area has been the adaptation of the proposed SPDF filter
to the PCM application. Chapter 7 ‘presents the practical re-
Qlts associated with building and testing of the PCM
filter. Some of the results of Chapter 7 were puglished in

(18) and (21).

S~
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Chapter 7 also discusses the LSI implementation of the fil-

ter reported in references (2),'L19)_and (20).

Summary .0of Conclusions ’ ©

The proposed SPDF filtér implementation offers the highest
speed/power ratio of all known conventional implementations
using multipliers. - At the same time, SPDF signal précessing
characteristics Femain compatiblé Qith the high'quality re-l
quirements of the voice channel filters. Specifically, SPDF
is capable of satisfying the PCM filtering requirements for
a 24-channel system at a cost lower than that of the cur-

rently used technologies.



CHAPTER 2

‘ 1
DIGITAL MULTIPLIERS IN DIGITAL WILTERS

2.01 General

The architecture of the conventional multipliers has been
evolving with the progress in digital computers and is well
documented by G.A. Blaauw (4). The multipliers are divided
inte two major categoriés, clocked multipliers and array
multipliers. The clocked Tultipliers operate on the
add-shift principle and usually make use of the Booth's
alyorithm for negative numbers (14). The fastest
multipliers consist "of a two-dimensional array of cne-bit
adders and are refered to as the array multipliers. The
speed of the multipliers in both categories is increased by
adding look-ahead logic in the adders and in effect doubling
the complexity. The main drawback of the conventional
multipliers is that they are structured to generate all
possible products within the accuracy range of the operands
whether or not all such products actually occur in a
specific application. A second disadvantage is tﬁat

separate
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arithmetigf%ounding algorithms cannot be applied to the in-

dividuarfbroducts generated by the same multiplier. T -

This chapter presgnts several important multiplication algo-
rithmé used 1in digital multiplier implementations énd des-
cribes how they are used in digital filter architectures. A
speed/power ratio is defined to provide a basis for comp-
aring the various implementations. Although the processing
speed and power dissipation of a given implementation can be
traded off one against the other, the speed/power ratio re-

»

mains essentially unchanged unless innovative improvements

are introduces.

Clocked Multipliers

In the majoritykgi/g;dminent multiplication algorithms the

operands are treated as integers represented in two's comp-
lement notation. Given a binary integer, X, and its two's
complement, X, the defining property of two's complement

arithmetic can be stated as

X+ §.= 0 + overflow ' 2.01

Formally, two's complement representation of a binary
Y p

integer, X, is expressed as



/. B - - .

=1l-
where xi‘e {o,1}

Béothfé algqrithm for multiplication makes use of the two's
complemeﬁt notation to eliminate the extra complementing
cycles required for sign conversions. In this way it in-
creases multiplication speed and reduées multiplier hardware
complexity. If one operand, Y, initially in the form of

Equation 2.02, is rearranged into the form

= 2" et 2.03
Y“E(Ym-l'ym) + ZQ(yJ_l-yJ)
J=0 .
then the product XY can be represented by
Xy = 2%(y -y )X + 2m—1( - VY o+ -
m-1""m Ymeo"¥nmo1 coet 2lygeyy)x o 2,04

The "shift-and-add" alygorithm can now be recognized in
Equation 2,04. Each term in parentheses can assume the
value of 0,1, or -1; the power of 2, associated with each
term, shifts the term by the number of bits equal to the
value of the exponent. The product XY 1is, therefore,
obtained by repeatedly shifting and adding the operand X.
'The sign of the product is implicitly calculated in the pro-

cess.

A simplified schematic for hardware implementation of

. ) . .
Equation 2.04, to process 5-bit operands, 1is shown in

Fig.2.01. Either the positive or the negative value of the

-3



-12-

swy3taobTe s,yjoodg uo paseq ITTATITNW T0°Z b4

&
HOLVINKHNDOV

O %0010

|><G
—

1% O
o

|>¢G_

|><nb—
=

¢ O

L ]




ll -13- .
k 1 .
e g °
operand X is selected by the multiple OR gates according to
the next (ypm-1-ym) term. The XOR gate operating on the same
. ——
term sets X=0 when yp.j-yn. Each 5-bit value of X is then

added cumulatively to the contents of the output register

and the sum shifted one bit. . —

Array Multipliers

A mulﬁiplier that is constructed to a large extent from a

network of identical cells is called an array multiplier. A
cellular construction of full adders can be used to imple-

ment the so called "pencil-and-paper" multiplication algo-

rithm. Each bit of each intermediate product is generated

by a separate full adder in the array. The adders are

interconnected to add the intermediate products in a pattern
that resembles the manual -multiplication procedure. The

implementation is illustrated schematically in Fig,2.02.

-

-
In contrast to the' clocked multipliers in which intermediate

events are initiated by a clock pulse, array multipliers
allow the operand bits té propagate through thé cells at ;he
speed governed by the propagation delay time of each gate.
The high speed is possible because of the high degree of

hardware duplication permitting parallel processing.

.~
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2.04 Peled-Liu Method

This method .uses the shift-and-add principle but computes the
entire second-order dJdifference equation rather than ‘Tigi
individual products (23). The usual form of the second~order

difference equation is

. L.

y(nT)=an(nT)+alx(nT—T)+a2x(nT—2T)—bly(nT—T)—bey(nT-ET) 2.05

If, however, the signal sampes, x and Yy, are available in
S : ‘ .
binary form then intermediate products between each

4 r

coefficient and the j>th bit of every signal sample can be
formed. Gathering the j-th bit tfrms we obtain -
) N—-l‘J
y(nT) = Z 2" [a
J=0

x,(nT)+e_x

0% T (nT=-T)+a,_x (nT-2T) 2.06

J 27

~b (nT—T):bEyJ(nT—QTH

1Y
where N is the number of bits in the signal sample

representation. Since x and y can only)be 0 or 1, Eguation

2.06 may be rewritten as

where the particular a or b is eithef the value of the

corresponding filter coefficient or z:fo, depending on the

j-th bit. There can be 32 possible sumé of the form




—'16—-..

~ A

The 32 sums are stored in ROM to any desired precision and
- N ', .

asccessed using the j-th bit from ch of the five signal

»
samples stored in the filter. The M address_would have
the form

] W
AJ = xj(nT)xJ(nT—T)xJ(nT-2T)yJ(nT:-T)yJ(,nT-2T) 2.09

o

The implementation block diagram for this method is given in

Fig.2.03.

Multipliers in Digital Filters,

There are two basic farms of.structural units for implement-
ing difference equations of the tfpe given by Eguation 2.05:
the direct form, shown in Fig.2.05, and the cannonic form,
shown in Fig.2.06. Sensitivity considerations often lead to
.
cascade or parallel interconnections of low-order sections
of either form to make up higher order filters. Another -
class of low-sensitivity structures known as wavé digital
filters can be obtained by ﬁsing special synthesis proced-
ures resembling the classical filter synthesis methods (1).
These structures, however, dé not rely heavily on conven-
tional digital multipliers for high bit-accuracy operands

and will not be considered here. ) :



-17-

’ cwa3sAs I9pIO-pUODSIS B I0] poylaw nil-parsd SUL £€0°¢ *bT14

LJATHS

HD0TID

\
(Lu) L
.~\\l,|../. S
: \\\\\ Vo N LV T 00,0, _
- . T0,T, 0,1,
. ) 1od
3 ‘
20, TO, 20, TO, 00,
A A A A b |
(TITTI T I ~{TITTTIT I T 7T ReTIIIl = {illi
96 - e 21 =f 9¢ ¢ 21 =C 9 . ¢ €2 T =C 9 ¢ €e T =F¢ ¢ £ 2 1
(12-gu)k (I-3u)£ ) (1z-1u)% (I-Tu)x (1u)x



x(nT)

=18—-

ey v (0T )

“

Y

Fig.

2.05 The direct form implementation of a second-order
section.
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All digital filter structures, therefore, are made up of
three basic circuit elements: the adder, the multiplier and
the delay element, These occur in approximately the same
ratios as those of the basic units shown in Fig.2.05 and
Fig.2.06. The delay eledént is a register of length équal
to at most the bit—lengfh Of the signal sample representa-
tion. The adder complexity may vary from a few gates for
serial operation to nearly two hundred gates for a l6-bit
parallel operation. By definition mulgiplication is repeat-
ed addition and, therefore, represents the lérgest portiqn
of filter complexity. This consideration forces many de-
signs to implement only one multiplier ahd use it sequen-
tially with each of the éilter coefficients.

)

Speed/Power Ratio
High speed and low power consumption in digital - circuits

have a reciprocal relation: a circuit can be made to

Operate faster by designing it to perform several tasks sim-

ultaneously in repeated hardware or equivalently, by apply-
ing more power. The ratio of processing speed to the power

|
consumption is an important figure of merit for & digital

1
circuit. The performance of the digital filter which is
capable of computing output signal samples at some maximum

rate while +lissipating a known amount of “Q:wer can be

quantified by defining a speed/power ratio as
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SPR = time required to process one sample
power dissipation

“

SPR represents‘the energy required to compute one sample of
output to‘ a specified accuracy. The remainder of the
chapter will be devotea to assigning a numerical value of
the ratio to the secoﬁd—order filters based on each of the
@ﬁltiplier implementations presented.

TABLE 2.0l summarizes the speed and power parameters‘for the
various circuits from which digital filters can be built,
There are a dozen or so new logic famffies with overlapping
specifications now available making it difficult to decide
which family comes closest to satisfying a given set of
requirements. TTL and CMOS appear to offer the desired
variety of speed and power trade-offs to satisfy the
majority of digital filter implementations (13), (14), (15)

and (25).

Using these two logic families the implementatians of the
main digital filter functions were grouped into secpnd—order
direct form filters, In each case, the sbeed/power ratio
was calculated in order to obtain a first-order comparison
between the filters based on the multiplication schemes

detailed in this chapter. The comp?%ition of each filter

was as follows: i
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Device delay and power dissipation for main digital filter
sub-circuits

)

DELAY
DEVICE (nanoseconds)
(LS)TTL CMOS
GATE 10 20
1-BIT SHIFT
REGISTER 20 40
12-BIT SHIFT .
REGISTER 240 480
1-BIT PARALLEL
ACCESS REGISTER 20 40
12-BIT PARALLEL
ACCESS REGISTER 20 40
1-BIT FULL
ADDER 12 140
12-BIT PARALLEL _
ADDER 42 140
CONTROL .
CIRCUIT 20 40
Am25LS14 BOOTH
‘MULTIPLIER 675 -
MPY-12HJ ARRAY
MULTIPLIER 80 -
. TBP18S030 256-BIT

ROM 25 -
IDT6116 16,3B4-BIT
ROM - 150

POWER
{mWatts)
{LS)TTL CMOS

2 .3
8 .6
96 7.2
14 2.1
168 25.2
22 3.3
288 43.2
224 33.6
564 -
2000 -
400 -
- 180
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BOOTH (with one multipl%er)

five  12-bit Registers

one Full Adder

cne l2-bit Accumulator Register
one Booth's Multiplier

one Contrel Circuit

BOOTH (with two multipliers)

- ARRAY

five 12-bit Registers

three Full Adders

one l2-bit Accumulator Register
two Booth's Multipliers

one Control Circuit

five 12-bit Parallel Access Registers
one 12-bit Parallel Adder

one 12-bit Accumulator Register

one 12-bit Array Multiplier

one Control Circuit

PELED-LIU

five 12-bit Registers

one 256-bit ROM

five Full adders

one 1l2-bit Parallel Access Register

one Conktrol Circuit

J
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A simple method was used for estimating the speed/power
ratio for each of the above cases, The time required to
;ompute one cutput sample .was taken as the time required to
compute all five products of the second-order transfer
function., Implementing all five multipliers to generate all
pfoducts simul£a6eously is not advantageous for any of the
filters considered. The dissipated power was taken as the
total power dissipated by all sub-circuits making up the

filter.

TABLE 2.02 summarizes the speed and power parameters ‘fgr
each of the filters. 1In filters using array multipliers it
was assuned that only one multiplier per second-order
section would be implemented in hardware. The multiplier in
this case represents most of the hardware in the section,
therefore, introducing a second multiplier to double the
speed would also double the hardware, leaving the

speed/power ratio unchanged.

In the next_ chapter it will be shown that by storing
selected products in Read Only Memory (ROM) high speed with
low powerldissipation can be obtained. Using logarithmic
quantization of the signal the total number of products that
need to be sto;ed in a 12-bit system can be reduced from
4096 to 256 per multiplier. A second-order section based on

this principle would be possible to implement on one LSI
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TABLE 2.02

Speed/Power ratio for several second-order filters

FILTER

DIRECT FORM
WITH ONE
BOOTH
MULTIPLIER

é%RECT FORM
WITH TWO
BOOTH
MULTIPLIERS,

DIRECT FORM
WITH ONE
ARRAY
MULTIPLIER

PELED-LIU
2ND-ORDER
MULTIPLIERS

SPDF WITH
LOGARITHMIC
SIGNAL
QUANTIZATION

TIME REQUIRED POWER
TO COMPUTE DISSIPATION

ONE SAMPLE :
{nanoseconds) (Watts)
3375 * 1.450
1688 2.066

400 3.520

1482 1.140

420 0.205

SPEED/POWER
RATIO

(sec/sample/Watt)

0.203x)06

0.287x106

0.710x106

0.592x100

11.60x10°
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chip using one of several present-day technologies.

12x106 sec/sample/Watt.

The
. . » .
corresponding speed/ power ratio would be improved to nearly
&

e
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CHAPTER 3

STORED-PRODUCT DIGITAL FILTERS

General

Stored-Product Digital Filter (SPDF) architecture with
internal logarithmic signal quantizaéion is proposed as a
technique for achieving the highest possible processing
speed per unit of dissipated power. The architecture makes
use of Read Only Memory (ROM) to store a reduced number of
signal—coefficient products. The ROM is organized into
independenfly addreésable sections, ome for each distinct

coefficient.

In some applications many of the signal-coefficient products
which fall within the bit length of the processor can be
omitted without significant effect on the performance
quality of the processor. In such cases only those éroducts
which are essential to the desired performance need to be
stored in ROM. Therefore, a prodﬁct selection rule in the

Ve

form of a signal quantizer is defined and im%iemented as

H

\
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LY
part of the processor. Specifically, for the PCM applica~

tion, a product selection rule sed on the segmented A-law

compression characteristic is used as a practical example.

A filter implemented using these principles is shown to have

the highest speed/power ratio of all leading conventional

methods.

SPDF Architecture

The main hardware features of the proposed SPDF implementa-
tion are illustrated in-Fig.3.0l. The discussion of the
proposed filter archiﬁectuFe and the associated quantitative
analysis will largely deal with the second-order section.
This will be done in part, to make the treatment more
manageable as well as to provide a common basis for compar-
ison wiFh other current implementations. It is well known

-

that stable high-order filter confiqurations are possible

using a cascade of second-order sections.

In the proposed structuré, the multipliers are replaced by'
blocks of independently addressable éOMs whose ogfbuts are
connected to‘a'parallel adder, Quantizers, Ql Jand Q2, in
the form of digital coder logic are introduced to limit the

number of possible sample amplitudes by quantization.

-
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The products are stored as N—bit‘ linear binary .words in
order to -make the subsequent addition of the .products
possible, All bits of a product are accessed in parallel
using the cémpréssed—code form of phe product's multiplicand
as the address. As the pFoducts éqrresponding to each
coefficient become available %hey‘are added sequentially by
an N;bit parallel adder to produce the next output sampie.

In general, a gquantizer 1is required follo;ing each adder
whose output must be used as a‘ ROM address. Q2 in the

recursive section, in Fig.3.01 is an exampole. The input

quantizer, Ql, is wsed to bring the available system code

into alignment with the nonlinear code used internally in
the filter. In many systems, such as the PCM sytems, in
which the signal code is identical to the internal filter
code, the input gquantizer, Ql, is not required.

4

T . . ~

Although. the _ introduction of the quantizers| does not
restrict the number of possible filter structlires, it is
desirable to minimize the number of guantizefs in order to

keep the quantization noise as low as possible. -The direct
2o
form structure accomplishes this and was selected foggkhat

reason.

-

The entire é%ructure‘of Fig.3.01l can be implemented on a
single custom LSI chip. The ROM multipliers shown as

. . -
separate blocks of memory simply represent a particular ROM
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organization. Likewise,  the quantizer is not a separate
entity; it is specified as part of the usual ROM address
decode logic., The five signal registers, one parallel adder

and the control logic are easily included on the same.chip.

Main SPDF Characteristics

Regardless of the technologica'l developments the basic unit
of memory, the ROM -cell, will require fewer components to
implement than the NAND gate, the basic unit of random
logic. On this basis the SPDF architecture attempts to
minimize the amount of random logic in favour of arrayed
logic of read—énly memory. This permits the hardware
implementation of all multipliers in the filter without an

excessive penalty of high power dissipation.

= 8

Several advantages of the implementatién follow, =~ With all
multipliers in the circuit, the products corresponding to
the various coefficie‘can be made avéilable at very short
intervals of time. The intervals would be determined by the
number of adders implemented in order to add the products
and on the. speed of thf adderg. Although initially one ROM
access period is reqﬁired to initiate the process, in the
steady~state tHe ROM access times would be overlapped to

éccommodate the speed of addition. This can be done until
\ '

the upper bound on the processing speed, equal to one ROM



-32-

access time, 1is reached. Therefore, SPDF can compute one

output sample in time T, given by

lT = nta 3.01
where ty is the addition time for two N-bit products and n
is the ﬁumber of levels of addition required to compute the
output sample. The value of n can be reduced by intreducing
concurrent addition operations. - For the direct-form,
second-order section, the minimum value of n is 3 and the

maximum value is 5.7 The maximum pracessing speed per wample

that can be achieved by a second—order,SPDF is given by

T = 3tg T 3.02
N

However, the basic condition

tp < nta 3.03

where tp is the ROM access time, must also be satisfied,

The second important feature that can only be achieved with
the SPDF architecture is the ability to perturb or change
entirely any one of the products on individual basis. This

introduces a new degree of freedom into the design of

digital filters not available with any other structure.
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The total ROM ?torage capacity required to implement the
secend-order section is determined by the number of products
. stored and the accuracy of their representation. The number
of products is contrglled directly by the guantization
élgorithm. For the remainder of this work the segmented
A-law characteristic will be assumed for the gquantizers Q1
and Q2. Also, a 12-bit signal. dynamic range will be used to

-

match the PCM application requirements. T,
. N
ﬁithout quantization, in a l2-bit system, 4096 products must
bé stored for each coefficien£ of the transfer function.
For the 12-bit product accuracy thé ROM capacity works out
to be 49,152 Dbits per céefficient. The complete
second-order filter with five coefficients would require a
total ROM capacity of 245,760 bits. 1Itlis not likely that a
Eilter with thisvstorage requirement can be implemented on
one chip in the near future,. - By introducing A-law
compression the number of products is reduced to 256 per
coefficient and the ROM capacity to 3072 bits per
coefficient. The entire ROM capacity of the second-order
filter is reduced to 15,360 bits, This is well within the

capabilities of several LSI technologies available today.

3.04 Speed/Power Ratio

The Speed of the SPDF ig determined by. the Equétion 3.01,

with the upper bound given by 3.03. Power dissipation will
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be determined By the particular choice of technology. or a
vcombination of technologies. Currently several proprietary
versions of advanced CMOS, using multi—level processes, have
achieved densities of l;l square mils per memory cell.
Using such a technology Integrated Device Technology
designed 16,384-bit RAMs wiéh maximum access times of 70, 90
ané 120I nanoseconds and powerl dissipétion of 180 mWatts.
The total chip area used for the memory'iS'34,200 square
mils. This technology, as well as several others offer a
power consumption of abgut 6 microwatts per memory. cell. A
two-input NAND gate requires approximately four t;mes as
much area to imﬁlement compgred to a memory cell. A NAND
gate would, .therefore, occupy an area of 4.4 square mils and
dissipate about 24 microwatts of power, If five registers,
a 'control circuit and four 12-bit parallel adders aré
included the equivaleht gate'cognt would be approximately
1200 gates.' Allowing 20% area loss to interconnection of
‘gates the additioﬁal chip area require; to accommedate the
random logic would be 6336&gquare mils. With 6 microwatts
of power dissipation per 1.1 sguare mils, the additional
logic‘would represent a power dissipation of 35 mWatts. Thé
total: chip area required for the entire second-order SPDF
would be 40,500 square mils, well within the limits of
manufacturing econcmics. The power dissipation would be

about 205 mWatts (9),(13),(29).
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S

architecture the maximum signal processing speed of Equation
3.02 can be achieved:?J Using the add-time of 140 nahoseconds

given in TABLE 2.01, the time needed to compute dgne output

sample becomes 420 nanoseconds. The speed/power Yatie is
then 11.6x106 sec/sample/Watt. This value is more tkan 16

times better -than the best value listed in TABLE 2.02.
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CHAPTER 4

QUANTIZED SIGNAL REPRESENTATION

4,01 General

The main purpose for introducing signal compression into the
digital f\Nlter structure is to provide a functional control
of tggrﬁﬁﬁger of possible signal values and hence, the total
-
product storage capacity required. 1In order to ensure com-
patibility with current digital communications systems and
to simplify hardware impiementation, the compression
characteristic was chosen to correspond closely to the
segmented form of the A-law logarithmic compression curve.
Thus, the additive effects of the resulting quantization on
the processed signal will correspond to the well established
signal-to-quantization noise properties. Other algorithms
which will reduce the number of stored products are also
possible, however, the A-law will be uged throughout to un-
derline a practical communications application and to

provide a known basis for comparison.
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This chapter presents the definition of the guantization
algorithm and the derivation of working algebraic ex-
pressions required for the signal processing calculations

and implementation (22).

Quantizer Characteristgc

The high speed operation of the SPDF is achieved, in part,
by the use of fixed-point arithmetic. In the fixed-point
binary form each signal sample value may be thought of as an
integer represented in two's complement. 1In practical voice
communications systems the acceptable signal dynamic range
is 72dB which can be achieved by a 12-bit system, The
sample value, ¥, processed.lby the quantizer appears,
therefore, as a 12-bit binary integer at the output of the
adder and is converted to an 8-bit nonlinear code by the

dguantizer (1l6).

In order to formulate the quantization algorithm the entire
range of integers, -2048<x<2048, is partitionedrinto sub-
ranges to correspond to the segments and quanta of the A-law
compression characteristic (22). It is sufficient to deal
with the positive range only and make the necessary sign
adjustment after the qu;;tization process 1is complete,
Thus, the first 16 of 2048 positive integers are fdentified
with the lowest segment designatéd by 8S=0. The next 16
integers are identified with the next higher segment, s=1;

however, the value of x falling within these two segments

remains unaltered by the quantizer. The next 32 integers

L-v3
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correspond to s$=2 and are subdivided into 16 groups of 2
integers; the next 64 infegers correspond to s=3 and are
subdivid;d into 16 groups of 4 ‘integers. The doubling
process continues until the last 1024 integers corresponding
to s=7 are subdivided into 16 groups of 64 integers. In all
there are 8 segments, s=0,1,2...,7; the 16 groups within
each segment are refered to as quanta and are numbered
g=0,1,2...,15. The - numerical values of the break-points

separating the various segments are given in TABLE 4.01.

TABLE 4.01

Partitioning of integers x according to segments

Segment Number Range of Integers
s =0 0 < x < 15.5
s =1 15.5 < x < 31.5
s =2 31.5 < x < 63.5
s =3 63.5 < x < 127.5
s = 4 127.5 < x < 255,5
s =95 255,5 < x < 511.5
s =6 511.5 < x < 1023.5.
s =7 1023.5 < x < 2047.5

Signal compression results when the magnitude of a sample,
expressed as an integer x(s,9,)=(x;s=p,g=k) in a given
quantum, is represented by the average R%(s,q) of the

integers
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in that quantum. For s=0 and s=1 the quanta contain only
one integer and so x=%{s,g). For higher values of s, ®{(s,q) can
be obtained from the lower breag—point, B(s), and the number of

integers, n(s,q), in the gquantum:

#(s,q) = B(s) + agn(s,q) + EL%*QL 4.01.

Figure 4.01 shows the segment and quantum parameters for
s=3. The validity of Eguation 4.01 can be established by
inspection of the interrelationship of these parameters. It

can be seen that the lower break-point B{s) is given by

and the number of integers in a quantum by

n{s,q) = 2571 4.03

Substituting Equationa 4.02 and 4.03 into Equation 4.01 we

obtain the expression for the quantized value of x,

2{s,q) = ES_l(q + 16.5) -~ 0.5 4.04
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Segment and guantum parameters for s=3.



R(s,q) is referred to as quantization level for the range of
integers defined by the particular values of s and q.
entire set of positive quantization levels can be generated
using the various combinations of s and g in Equation 4.04.
The numerical values for the levels are tabulated in TABLE

4,02. The same values with a negative ‘sign complete the
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full dynamic range of the quantizer.

TABLE 4.02

qm»

"Quantizaticon levels for integers between 0 and 2048

Fal
wn
H
<
n
It
—

16
17
18
19
20
21

22

23
24
29
26

a7

28
29
30
31

— = = DN D N =

P} — O
-t = = = 0 DN DW= O

—_
B
LT b WA =D

4]
—

n
Hn
rd

T32.5

34.5
36.5
38.5
40.5
42.5
44.5
46.5
4B.5
90.5

[~
2.0

54.5

96.5
5B.35
60.5

62.5

5=3

-

?7.5
101.5
105.5
109.5
113.95
117.5
t21.5
125.9

131.3
139.5
147 .3
133.5

S 1463.5

121.5
179.5
187.5
195.%5
203.5
211.5
219.5

227.5

235.5
243,95

231.5

5=

263.5
279.5
295.5
311.5
327,95
343.5
359.5
375.5
391.5
407 .5
423.5
439.9

455.5

471.5
487,59
G903.5

783.9
g15.5
847.5
gr79.%
211.5
?43.5
273.9

1007.5

=7

1055.9
11192.5
1183.5
1247.5
1311 .5
1375.5
1439.5
tH03.5
1567.5
14631.5
1695.5
1759.5
1823.5
1887.5
1931.5
2015.59

The
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4.03 Quantization Algofithm

In order to implement the operation of the gquantizer, it is
necessary to specify its algorithm such that %(s,q) is

uniquely determined from an arbitrary value of x. This can

be done by first determining s and q from x and then using

Equa;ion 4.04 to find R(s,q). For x<15.5 we have simply s=0

and g=x; simi'larly, for 15.5<x<31.5, s=1 and g=x. In fact,
for s=0 and s=1 R®(s,g)=x. - For x>31.5 we refer to Figure~
4.01. Here it can be seen that any x falling within a given
segment s excéeds the value of the segment's lower

break-point B(s),
B{s) < x

4.05

Substituting Equation 4.02 into 4,05 and rearranging, we

obtain .

or
s < 1Og2[x_t8L'2]

The correct value of s corresponds to the highest integer

value obtained in the expression 4.07. That is, +

s = T[log, (2203 +-08
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P
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A

K4

which retains the ineger value of

This definition of s provides the proper bounds for the .

integers. falling within the segment's range. Considet‘the

integer x=B(sg)-0.5, in the segment sj, and imﬁediately

outside the lower bound of the segment Sp«
obtajin |

Using 4.08 we

T8
- 0 1
8, = I[logz(e - Ig—)]

N 4,09
but

8
log2(2 0 1

716

) < SO‘ F\\
and so s)] < sg. Similarly, consider the'integef x=2B(sqg)+l,

in segment sj;, and immediately outside the upper bound of
the segment sg. Using 4.08 we then obtain
a i ‘

e »
C
s +1 .
o} 1
= ' +  — .
S, I[1032(2 1 )] 4.11
but - . E
o
s +1 '
. .. 0 1 4,12
41082(2 + __16) > 5, + 1
therefore, s; , sg
Having found s in  terms of x it

remains to find
corresponding to that value of x.

q

i e
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To determine g we observe in Pigure 4.01 that ”E;K. an

arbitrary value of x

As for s, we chose the value of q which corresponds to the

highest integer allowed by the expression 4.,14. That is,

2x + 1

25

where 1 is the same operator as that defined in Equation

4.08. . . ‘_'

r

S

The' same method as that used for the segments can be used to

show that Equation 4.:15 satisfies the requirement that the
integers falling within the respective quanta form disjoint

sets,

Thep expressions derived in this chapte define the

quéntizatiod algorithm for;integeré. The gquantities X(s,q)

k%)

are essential in generating the signal-coefficient

a

preoducts. . SPDF'imp&emeﬁtéted in hardware does not compute

the values
-
s
P

*:
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of R®(s,q) directly; 1instead the products of the form
- - ’ o
ax(s,q), where a is a coefficient of the transfer function,

are stored in ROM and are accessed during the operation of

the filter.

In order to locate the correct signal-coefficient product

ak({s,q) in ROM the hardyare implemented quantizer

Pl

. synthesizes the corresponding (8-bit memory address code

A(s,q). A(s,q) consists of a sign bit (the most significant
bit); the line segment number s (3 nE§t most significant
adjacent bits) and the qﬁantum number g kthe last 4 adjacent
Bits).- The a&dress code« establishes a one-to-one

correspondence with the products having the same s and g

. parameter -values. “

n

L

-

Example

Given that the output of the adder is equal to 492, -what is

the quantized output of the filter, expressed in the form of

the 8-bit address code?

Soclution:

x = Lg»

vl
1

. §
I[10g,(+2240:5)
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s = I[5.943965431] \

:-5

= I[14.78125] i
= 14 \ '

2(5,14) = 22" {1k + 16.5) - 0.5

= L87.5

’
7

To fiiggﬂ(s,q) we expreii/;/and q in binary as follows,

s = 101
q = 1110
sign = 0 *
A(s,q) = 01011110
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CHAPTER 5

LIMIT CYCLES IN SPDF

5.01 General

The natural modes of the filter transfer function are real-
. ized by the recursive architectural ucture utilizing one
or more feedback loops. Tranéfer function coefficients for
such structgres are éalculated-under the constraints of the
usual stability criteria. For example; when transformed to
the z~plane; the natural modes must fali inside the unit
/
circle for the exact values of the coefficients. I*vthe
second-order case this condition restricts the recursiveyzé—
efficient pairs, (by,b2}), to a triangular region in the
bixbs plane, However, even those coefficiept pairs which
initially fall inside the stability triangle can lead to

censtant amplitdde oscillations and DC outputs due toc the

effects of finite arithmetic of *the digital implementation.

L.B, Jackson (10) and others have partitioned the area in-
‘ v
side the stability triangle into regions according to order,

“ny
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amplitude and frequency of the limit cycles resulting from
the usual arithmetic rounding of the coefficients, Intro-

IS

duction of the logarithmic quantization of the recursive
signal indirectly contributes to the corresponding quantiza-
tion effects of the coefficients. This leads to a special

limit cycle behaviour.

A detailed examination of the nature of tne_limit bycies
resulting from the logarithmic guantization of the recursive
signal is presented in this chapter. It is shown that such
limit cycles are oﬁly possible for coefficients that fall
inside narrow strips along the boundaries of the stability
trianéle in the coefficient plane, The -limit cycle
behavoiur for coefficients outside these strips is
identiacal to that originally described by Jackson,
Furthermore, it is shown that high quality digital filters
can be designed with- coefficients falling outside these

strips. . . kﬁg_
. | ] q_

3

Basic Stability Considerations \\\\

A digital filter is said to be stable when its natural modes
are si&yated inside the unit circle, |z|= 1, .of the

z—plane."%he basic parameters of a first-order system are

» ’ “ /
illustrated in Fig. 5.01. Under zert~input condition the

output of the filter is calculated according to the equation

y = —bynn

n 1 ‘ ) 5.01

-

RS
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z-plane

Fig. 5.01 First-order sys@m parameters and response.

]
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POor a stable system, b is a fraction (-1<b<l), so that each
time the signal circulates through the feedback 'loop its
magnitude 1is reduced by‘ the multiplying factor, b, and

eventually becomes arbitrarily small.

In a system using finite arithmetic, however, if b falls
within a certain‘range of values, the effect of rounding the
product may counteract this reduction. In the critical case
in which the possible reduction is less than or equal to the
incremental chanée due to rounding, the output signal will
remain unchanged. The filter is then critically stable with
b effectively equal to 1; the ouéput is then said to have
entered a limit cycle, and the corresponding coefficient

values are said to fall inside a deadband.

The basic parameters of a second-order system are illus-
trated in Fig.. 5.02. the coefficient pairs, (bl,b2),’
cor;es— ponding to every stable pole position can be
conveniently represented in the blxb? parameter space as the
area within thg\gfianéle shown in Fig. 5.03. The boundaries

defining the triangle follow from the stability condition

lz| <1 ‘ : 5.02

.

evident from inspection of the unit circle. 1In the z-plane
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In T %y T

- b

b1yn—1 Zyn—2 hz) = 2

Fig,

I s g
/S —__— '-._..\\ _
. ’I ’-—’- \\\
< 1 . b 1
b2 ke

5.02 Second-order system parameters and response,
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g..

-1.0

Fig. 5.03 Triangle of coefficient pPairs corresponding to
stable pole positions D(z)=z2 + byz+bs.
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the transfer function poles are given by the complex-valuesgt;

of z

For the real-valued poles, the stability condition 5.02.

assumes the extreme wvalues, z=+1. -When this bound is
applied to 5.03 the right and left sides of the stability

tqiangle are obtained as

A

Iz‘ =V b, 5.05

Applying the bound of 5.02 the third side of the triangle is

determined as ;

The area within the triangle encloses all those coefficient
pairs which for exact signal representations yield stable
filters. Arithmetic rounding of the output signal, however,
introduces coefficient perturbations which can le‘ad tg‘poles
on or outside thé unit circle. This regdlts in limit cycles

whaose amplitudes are determined by the particular

r

e

e ———— e -

e

——
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coefficient pairs. L.B. Jackson and others have partitioned
the area inside the stability triangle into regions
according to limit cycle amplitudes, Fig. 5.03 illustrates
éuch partitioning for the normal arithmetic rounding to the
nearest wunity, Logﬁrithmic quantization of the output !
signal introduces additiOnai \regions inside the triangle.
The derivation of these regions will be the main subject of

the next two sections (22).

First-Order Limit Cycles * with Logarithmic Signal
Quantization

In SPDF implementation the products are stored as integers

computed accerding to

R(biyn_i) = sgn(bi?h:i)I[[biyn_il + 0.5] 5.07

where I, as before, performs decimal truncation on the
quantity in brackets. The founaing process, R, applied to
tHe'individual products in a first-order system produces the
same effect as the rounding of the output signal discussed

whe previcus section. Therefore, -when the quantlzat
- algorithm of Chapter 4 is introduced as shown in
the limit cycle behaviour of the system remairnys
for s=0 and s=1., The logarlthmlc quantizer only contributes
to the generation of -new lihit cycles when the initial
signal amplitude falls within the range of the upper

segments (s>1).
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Fig. 5.04 A first-order recursive section with nonlinearly

quantized output and product rounding.
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the first-order arithmetic process of Fig. 5.04 can be

expressed .as

~

§ (sysay) = -Q{R{®F _,(s,,a,)]} 5.08

where Q represents the. quantization éperation[‘ Only real
'poles can be realized with this equation and, therefo:e,
marginal stability corresponds to the z-plane pole positionsg
of z=%l1. In oréer. to produge a .limit cycle, the
quantization operation must effectively force bl = 1.
Therefore, for the stable values bf b, -1<b<l, the limit
cycle condition is

159 i (ss)] < |F, _ (s,a)|" - 5.09
As the signal, yp-1(s,q), passes through the -multiplier it
is reduced by the multiplying factor, b. IIf this reduction

is smaller than one half of the corresponding guantum, as in

I?n 10sa)] - |b?n_-l'(s,q)| < 2872 - 5.10
or
5-2 )
vl : s
|§'n_1(3,q)| . *

£hen no reduction of the signal will take place and the
filter will enter a limit cycle of amplitude 1§n_1(5,q)|.

Otherwise, . the signal will reduce to a value of the next

T e T

e
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) lower gquantum. To ensure this reduction the recursive

coefficient, b, must be calculated according to i

’ - | __\J

5-2
. 2 L 5.12
q + 16.5) + 0.5 )
* This equation follow§ from 5.11 and 4.04. . §$i \\\
] . .

P Once the signal amplitude is reduced ‘to within, the range of

the two lower linear segments (s=0 and s=1), the limft cycle
» ‘1 behaviour will be as though no quantizer were present, ?hg
lower bound for the value of b, below which the logarithmie
quantizeg héé no contribution to the limittcycleé, can be

obtained using s=2 and §=0 in Equation 5.12, - The result is

<rl'—‘32.5 | ., '&?13

k// Suppese that in g;first—order system fhe signal in;regis er
'jﬁfl 'T, of-Fig. 5.04; is ?(4,45=i63.5 at the  instant. when ‘the
a ipput signal ié turﬁed off;ktﬂhat i; the largest value of b

for  which a qdangym redugtion in the signal, to §(4,3)=155.5

will take Place?




T

ution

-

a ]

Accordiné to 5,12, the required value of b’ is the largest

value satisfying -

s5-2
|b] <1 - .

LJ 25'l(q + 16.5) + 0.5~

)
For s=4 and g=4 !

b'l_.—h.__

» 163.5
e
b < 0.9755352
Therefore, assuming 7-figure accuracy, the largest value of

b for which \EEE quantum transition will take place is

0.9755351. b 3

As a check we perform the ﬁollowi&% operations

J::f ' ) -
d ~y
‘R[bin(h;h)] =€(0.9755351 x 163.5]
= R[159.4999...]
= 159
. 3 . _Q
Q[159] = 155.5 ‘ :

= §_(4,3)

U

o

7N
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r*‘J. ’ : : . /—ﬁ\\\\J

" yp (s,9)

-

For b©

0.9755352

R{bY, (4,1)]

R[159.50001] ,

= 160 _
{‘.x

Q1601 163.5 v

§_(L,4)
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TABLE 5.01 lists all positive values of the quantized signal
according to the various segment and gquantum nuﬁbers; In
each ‘casé the lowest value of b (designated by B2), for
which no reduction in signal amplitude will take place, is
given. The ranges of b falling between any two tabulated

va are referred to as deadbands.

If the initial s =2015.5 and b=0.969683, the output

‘Wwill reduce until \i eaches the value §=1055.5. However,

if b=0.96968 N1 reduce\to’y=527.5. Ultimately, when

b=0.96923l, the output will reduce all the way to ¥=32.5.

For smaller values of‘g\fﬁéanantizer has no contribution to

the limit cycles.

Second-Order Limit Cycles with Logarlthmlc Slgnal
Quantization - Real Poles

The second-order recursive SPDF section is shown in Fig.
5.05; its arithmetic process is completely specified by the
expression

¥ (sra)=~a{R[v. § (s JI+R[b,§ ,(s,.a,)]) 5.14

179
where 0, .as in the previous section, is the quantization

operation described in,Chapter 4. With -a proper choice of

.

N
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TABLE 5.0i ’

Deadbands and limit cycle amplitudes.

Y=2015.5 B2=.984123 S=4 Q=15 Y=251.5 B2=.984095
Y=1951.5 B2=,983402 =4 Q=14 Y=243.5 BE2=,983573
Y=18B7.5 B2=.983044 S=4 Q=13 vY=23%5.5 E2=,983015
Y=1823.5 B2=.982451 S=4 0=12 VY=227.5 B2=,982418
Y=1759.5 B2=_.981813 S=4 Q=11 vY=219.5 B2=,9817727
Y=1495.5 B2=.981127 S=4 Q=10 Y=211.5 B2=.981087
Y=1631.5 B2=.98038¢ S=4 Q=9 Y=203.5 B2=.980344
Y=1567.5 B2=.979585 5=4 Q=8 YM95.5 B2=.97954
Y=1503.5 B2=.978714 S=4 Qg=7 Y=187.5 B2=.978647
Y=1439.5  HB2=_97777 S=4 Q=4 Y=179.5 B2=.977714
¥Y=1375.5 B2=,974736 8=4 Q=5 Y=1721.5 H2= 97864676
Y=1311.9 R2=.9754 S5=4 Q=4 Y=163.5 B2=,97553%
Y=1247.5 B32=.974349 =4 (=3 ¥Y=1385.5 BA=,974277
Y=1183.5 B2=,972947 S=4 Q=2 Y=147.5 B2=.972881
Y=1119.5 B2=.971414 "8=4 Q=1 Y=139.5 B2=.971324%
Y=1055.5 = R2=,94694813 S=4 Q=9 Y=131.5 B2=.949582
Y=1007.5 B2=.984119 §=3 A=15 y=125.5 B2=.984064
Y=975.5 RB2=_983598 5=3 Q=14 Y=121.%5 H2=,983%39
Y=943.5 B2=,9830472 §=3 Q=13 ¥y=117.5 2= ,982979
Y=911.5 B2=.980447 S=3 =12 Y=113.5 Bi=,982379
Y=879.5 R2=.981808 S$=3 Q=11 Y=109.5 R2=,981735
Y=847.95 B2=.981121 §5=3 G=10 Y=105.%5 B2=.981043
Y=815.5 E2=.,98038 §=3 Q=9 ¥Y=101.5 B2=.980294
Y= 3.§‘\5§3?79?§gzg 5=3 Q=8 ' Y=97.Y B2=.979487
Y#751.5 E2=,978709 . 5=3 Q=7 ¥Y=93.5 B2=.97841
=719.5 BE=.977762% S=3 Q=6 Y=89.5 - B2=_9774%54
Y=687.5 B2=,9747227 S=3 A=5 ¥Y=85.5 B2=,9746608
¥Y=455.5 B2=,975591 §=3 (=4 Y=81.5 H2=_,97544
Y=423.5 E2=.974338 §=3 Q=3 Y=77.5 B2=.974194
Y=591.9 R2= 97295 §=3 @=2 Y=73.5 B2=.9722789,
Y=359.%5 B2=.971403 5=3 O=1 . Y=49.5 B2=_,971223
Y=527.5 H2=.9469468 5=3 Q=0 Y=465.5 B2=,96944¢4
Y=0503.5 B2w.9841L1 S=2 Q=15 Y=42.5 R2=.984
Y=487.5 B2=,98359 §=2 Q=14 vY=40.5 B2=,.98347"
Y=471.5 B2=.983033 §=2 A=13 Y=58.%5 B2=.982904
Y=45%5_.5 B2=.982437 S=2 Q=12 ¥=54.,5 BA=.982301
Y=439_5 B2=.981797 §=2 Q=11 y=54"% B2:=,981651
Y=423.5 B2=.98111 5=2 Q=10 y=52.,5% B2:=,980952
Y=407.% H2=,980348 5=2 0=9 ¥Y=50.5 B2:=.980198
Y=391.%5 B2=.979544 ° 8§=2 Q=8 Y=48,5 BZm,???SBT
Y=375.5 H2=,978495 §=2 Q=7 Y=448,5 B2=.978495
Y=359.95 B2=.9727747 =2 0=4 Y=44,5 R2=.977528
Y=343.5 B2=.97471 5=2 Q=% ¥Y=42,5 B2=.974471
Y=327.5  B2=.975573 $=2 0=4 ¥=40.5 TEHIY, 975309
Y=311.5 B2=_974318 8=2 @=3 Y=38.5 B2=1974024
¥=295.5 B2=.2?292? §=2 Q=2 Y=346.5 H2=.972603
Y=279.5 B2=,9713277 S=2 Q=1 Y=34.5 EB2=.971014
Y=263.9 Bl=,969439 §=2 050 Y=32.5 B2=.949231



Fiqg.

n=1

3]

-2~
e
y
n T
I ABS
0.5
b sgn 4 I
0.5
5.05 A second-order recursive

quantization of output.

filter

M yn_z

_®_ABS _®—

with

nonlinear



-63-

. coefficients b; and by, it is possible to realize both real

and complex-conjugate poles. For some choices of (bj,bp)
A .

the éuantization operation, OQ,

forces the poles to change pos}ézons and even move out of

the unit circle.

coefficient pairs, however,

Cbmplex—conjugate poles which fall on the

unit circle r sué%<f%}sinu 5idal limit cycles with constant
peak amplitude

ReAl poles on the unit circle produce DC
limit cycles,

Refering to Fig. 5.01 it can be seen that the' real pole

locations for the marginally stable case lie at z=%l. The

resulting DC,limite cycles represent the signal condition

~ _ 1= I I 5.15
1ynl/"L(1yn,_l| - lyn_el
\\
Applying this to Equation 5.14 we obtain

-~

15,1 = -el+r[v, |F |1 + R[v

Vd

v

Y]

p
where the + is asociated with b

~

2lyn\]} 5.].6.~

in order to account for

both positive and negative pole locations. For the signal

to undergo a downward quantum transition, it is necessary to
satisfy

~
17 1 - EFN\iR[bllinH - Rl |7 |] 5.17
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where 2 is a half-quantum step. 5.17 can be rearranged to

form
RIb,I7, 1] RIb {7 |] 25-2 J
~ < * 1‘ -1+ N 5.18
|7 | 7l 151
This equation can be simplified if we assume
| RIB[F_ 11 = |7 | | 5.19
where b represents either by of bjp. The largest possible

error, this assumption would introduce into the two terms in

/j/as is .5/32.5; it is shown in Chapten 6 (TABLE 6.02) that

R

on the average this error would bé an order of magnitude
smallél than that. In the worst case the assumption could
lead to a sample amplitude difference of at most one“ﬁuantum.
step. A compensation for the err0r<§;n easily be made since-

<2e seek a bound 'rather than an exact . expression. Therefore,

ubstititing 5.19 into 5.18 we get a bounding equation

For a specified pair of parameters, s and q, Equatidn 5,20

-~

represents two straight lines with slopes of +1 and -1, and

a common negative bp-axis intercept given by

. . /"
s-2 \ J/\
. = -1 + e 5.21

17 _(s,q)]

e A
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These lines are parallel to two of the sideé of the
sfability triangle and fall inside the .area of stable
coefficients. 1In fact, Egquation 5,20 represents a family of
straight lines with runniné parameters s and g. The two

innermost lines corresponding to s=2 and g=0 are given by

and form a bound on the cggfficient pairs for which limit

cycles due to logari tizer are possible. These are

shown in Fig.5.08 as ips along the sloped sides of

\\‘/’5’.“ .
the triangle and éﬁclose a very small portion of useful

coefficients.

A similar bound can be derived fé: the complex—-conjugate

poles.

Second-order Limite Cycles with Logarithmic Signal
Quantization - Complex-conjugate Poles

« ' » / » . .
When the input SLgna}qto the filter of Fig.5.05 is suddenly

removed, the compléx—ébnjggate #oles located on the unit

¢ircle may sustain a sinusoi ly varying output signal of
constasg amplitude and frequency. The amplitude of the
signal would be determined by the amplitude of the preced- '

ing signal and the filter coefficients. The frequencylwould
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be ‘determined by the frequency .of the poles. In ‘order to
derive the desired bounds on the amplitudes of such output

signals several related parameters will first have to be

defined.

Fig.5.06 shows the relationship of the essential parameters
to the unit circle and the filter coefficients b; and b,.
The points on the unit circle correspond to the points on
the jw-axis of the s-plane. If Fg is used to represent the

“ signal sampling frequency,“in Hz, then the singal frequency

F, also in Hz, can be expressed as

where T is the time interval between samples, in seconds.

The number of samples per cycle, N, defined Py

FS
= .24
N 7 5
can then Be expressed as
- _2m (h
& b= T 5.25
However, \\
wlT = tan_l—%— 5.26
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Fig. 5.06 Complex—conjugate poles and filter coefficients in the

z-plane.
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which leads to

As before, effective coefficient rounding may force the

- poles to migrate to the unit circle. If this happens the

resulting limit cycle will have the obvious propefty that
every N-th sample of the output will be equal. Conversely,
if not limit cycle occurs and the output decays to zero then

for every successive output cycle, k, we will have

|§(nT)| < [F(nT+xT) | 5.28

¢
where k=1,2,3,... . This prpperty is iNustrated in

TABLE 5.02.

In the polar‘ co-ordinate form the position of a complex-

T e C
\ . ¥
N

conjugate pole is given by

2= /5, |27 _ 5.29 .

.By rounding bj, a pole initially inside the unit circle can
. . . .

\ . L .
,e‘@_ﬁect;ely be placed on the unit circle. In TABLE 5.02 the

P coefficient bj was fixed at the value - 1.359570771 " while

R e

the coefficient by assumed two values, 0.974 and 0.980.
Fer by=0.974 the output samples spaced by‘ N=8 were
progreésively smaller in amplitude. For b©5=0,980, the

samples spaced by ' -

P X



The effect of rounding bs on the output signal.-

[
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Table 5.02

by=-1.39570771

Outputhsignal

for boy>=0.974

211.5
503.5
503.5°
211.5
-195.5
~471.5
-471.5
-195.5"
187.5
455.5
455.5
195.5
-171.5
~423.5
-423.5
~179.5
163.5
. 407.5
407.5
171.5
-155.5
-391.5
'-391.5
-163.5

Output Signal
for Q2=0 .980

o
243.5

591.5
243.5
~243.5
-591.5

3 —=591.5
©—-243.5
7 243.5
591.5
591.5
243.5
~-243.5
-591.5
-591.5
-243.5
243.5

591.5

591.5
243.5
-243.5
-591.5
-591.5
-243.5

+  591.5°

q

. e
) e

Tl e e
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N=8 remained unchanged. 1In general, limit cycles due to the
quantization algorithm described iﬁ Chapter 4, will occur
with varying amplitudes . as b2 varies - over the range
0.974<b2<0.985. Above this range no reductlon of output
amplitude is 90551ble. Below this range the amplitude of

the output will reduce until the effect of rounding of the

produc;s-to the nearest unity becomes dominant.

B

o

Although Equation 5.27 indicates that N is (a function of by, ’

over the range 0.969<b2<0.985 the value of N remaing.

’. essentially unchanged for a fixed valuq of bj. However, by

»

varies over the range —Z;E}<2 and determines N and,

2

according to 5.24, the frequency F,

]

e .
To get an intuitive insight into the second-order process we

rewrite Bquation 5,14 as ' ;

-y = B[blyn_l] + R[Db yn 2] | 5.30

L}
where the quantzation process is témporafily ignored.
Keeping in mind that for a lowpass filter with passband

below Fs/4 the coefficient b} is negative, the Equation 5.30

" *¢an. be represented for one frequency cycle as shown in

Fig.5.07. Each output sample at instant nT is computed from‘

- ~

the two preceding products at 1nstants nT-T and nT—2T. The

critical calculation ocurs When the output sample at nT+N

4

[APWTRPREIpey P
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is computed. If the condition

|y (nT+N) | = TY(nT)I

where

~

y(nT){ = Pl(nT—T) + P, (nT-2T) 5.32

\

is satisfied then a limit cycle has occured. However, if

|y (aT+8) | < ly(nT)| 5.33

then a reduction in the limit cycle amplitude has taken

ﬁfﬁbe. By a proper choice of b the amplitudes of P} and Pj

‘durves of Fig.5.07 can be reduced so that Equation 5.33 is

satisfied. However, the quantization.process may reverse

the reduction énd'the equality condition of 5.31 will again

hold. It is bropogad that if every poih£ on the P, curve is

reduced in amplitude by the amount equal to oge half the

quantum step /N2 or more, the quantization process will not

\ .
be able to coﬂnteract the effect of by Aithough this is
not proved analytically, the validity of the statemént has
been supported by extensive éompufer'simulation. The result
is pantiéularly.valid in‘eStablishing a lower bound for by

below which n&@&imit éycles resulting from the effects of

¢ -
the logarithmic signal guantization are possible,
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To ensure that the output signal amplitude undergoes a
quantum Jjump to the next lower gquantum level it is,
therefore, necessary to satisfy
: 19, (ss)] = 2,03, ,(s,a)| > 2°7° 5.34
-p 7 2!Vn-2°7? STt

n

from which we obtain the condition which by must satisfy

25—2 .
b, <1 - ———— . - 5,35
2 (q + 16.5) - 0.5

If by is chosen according to Equation 5.35 and Equation 5.14

. B
is expressed as -

¥ (s,a)=-Q{R[v,¥ (s ,q;)] +

~ . - -2
senl§__,(s,,a,) 015, ,(s550,)[-2°71) 3+36

J

then the amplitude o©of each output sample will reduce every
N-th sample until al succeeding sample amplitudes e’fall
below the quantum defied by the s and q in Equation 5.35.

The -lower bound we seek for b, corresponds to s=2 and g=0,
q. B

N

-

N
L

N » - <
For 'thlris value of by the output samples will continue to
reduce every N-th samp%e until all succeeding samples fall

within the ranéé of the two. lower segmehts, s=0 and s=1. 1In

these two segments the li?;t cycles are dependent only. on

b

e b ———— e e e
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the effects of rounding the products to the nearest unity.

The results in this range have been studied by Jackson and

others. -

The bound corresponding to the Equation 5.37 is reprez@ﬁmﬁb‘-

in Fig.5.08 by a horizonthY line just inside the stability
trianglé: This\hgmpletes the set of coefficient bounds re-
sulting from the effects of logarithmic signal quantizatien.

To illustrate the relative magnitude of the bounds, coef-
ficient pairs for two second-order filter sections satis-
fying PCM filtering requirements are plotted inside the sta-

bility triangle. The exactgcoefﬁidients appear as co—ordi-

. nates alongside each of the :30 points, These points fall

well outside’ the specified bdunds.

R

Conclusions

Limit cycles resulting from the use of the seé ented A-law
quantization of the recursive signal in f£irst and secon or-

‘der filters do not represent a problem. Such limit cycles

-

~are only possible .for coefficients falling inside narrow

strips along the boundaries of the stability triangle in the
coefficient plane. Useful filters can be designed for which

the coef%icients fall outside these boundaries.
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CHAPTER 6

General \

+

The entire function of a-digital filter is to compute the
] ; J @ .

Lt 13
numerical value of the next ,cutput sample b performing

binary arithqific calculations involving transfer)\ function

’

coefficients and other 'signal samples. The finite/nature of
digital implementations imposes rpound-off and Yruncation er-

rors on the numerical quantities /involved, leading to output

signal distortion. Although the accuracy. of the .input sig-

@sarily finite, the resulti’pg
: . X

~X

nal representation is

: ' . B . [} . N . “—
filter design technjques. Coefficient rounding and%product
ﬁﬁznding remain "as
sggner's- b1,
n s-control w .

) ") .
off errors introduce a determimist -

turbation in the trensfer fun idﬁ; resulting in a predic- .

Coefficient round

Y . 4 .
table error in the frequency esponse. Product rounding |

i

ko |

Lcoma

-

.q

e corrected by any improvements in the -

he sources of error under .the ﬁi}EEﬁydE:{\

NS ‘ : e
S - v

et e
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errors lead to random output noise characterized by the

signal sample probability distribution function.

In SPDF the coefficients do AOE éppear explicity but are
contained within the products as'multipliers of the indivi-
dual signal samples. The.procedure'for perforﬁing a multi-
plication in‘SPD?\{i, therefore, different. At the désiép
stage., of the f;lter, all possible products of an input
signal and a ﬁighly accuia;e coefficient are evaluated using

a general purbose comp #£ach rounded or truncated value

.of the product is stored as a word " in ROM to be addressed by

. >
the corresponding quantized value of the signal. Since the

2

products. are stored in fixed point "form the product.

“

round-off error depends on the magnitude.of the product and
. b

therefore on the probability distribution of the signal sam-

ples. The SPDF is characterized by accurate coefficient

values and average round-off errorsédetermined by the signal

probability distribution:function.

v

N

Product rounding is the only mechanism by which SPDF intro-

duces signal distortion as the result of finite arithmetic,

'Thisrjyapter ifesents a'detaiiég study of the nof;e intro-

duced by the }oduct roupding précess. The effect of! noise

on ‘the re¥ponse characteristic is pxamlned in the llght of
A

filter first-order sen51t1v1t1es and the Laplac1an speech

probability density functlon. It is shown that\ with the

- noise distortion of the‘resp6ﬁ§e, the filter mee ﬁhe spe-

¥
cifications of the current PCM systems.

o~ R )
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. 6.02 Rounding of Stored Products

_78_
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T

The procedure used for the computation of SPDF pr

shown in- Fig.6.01, (24) The coeff1c1ent round g:f

may e/thought ‘of as belng arbltrar;ly small by ttributing

the round~off noise effects to product rounding only, with
statlstlcal dependence on the 51gnal The noise effects due
to'the product round-off can be evaluated in the followi
way. We define the error, EZ2, in the energy of the sign

at the output of a filter as

where y{n) ‘and ywA(n) are thg.rounded and the ideal output

'signals of the filter:\\zgﬁspectively; A computational
technigue based"on. the above definition can- then be
represented as in Fig:6.02, (11}. 1In this figure, Ha (2) is
the ideal transfer function of the filt?r while HR(z) is the
séme transfer function with the coefficients ropnded A0 Le

bits and the ~products rounded to Lsg bits. . The SPDF
. -

behaviour-ﬁill be approached>when Lc approaches the X6-bit
wordlength. . ' : .

<

L] { . s
This method was - applied to " the secondf%rder transfer

function with coeffici%ﬁt values; i N e
ag .~ ap = 0.86597443274 j«
a] = =1.2246727875
by = -1.70822940427
& by = 0.89710660898
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The e-10 logarithm of theé resulting E2 error, 20Log (E). i
® ' . . |
for seweDal values of Lg and Lg is plotted in Fig.6.03. \\
’ !
Four cases of filter insertion loss regponse corresponding i
L’*\ : hl
to the 8-bit, 12-bit, ' 16-bit and 20-bit coeff,i‘cignt X
wordlength and 12-bit product wordlengi were also computed
. 4 -
for comparison. *® The loss ‘deyiations from the ideal S
insertion loss response over the filter passband frequencies Yy
are given in TABLE 6.01. The RMS deviations for each of the
four cases were complited and plotted as squares on the Lg=12
curve of Fig.6.03. It can be seen that the vertical
separations between thesk points are close to the expected |
values of 26dB, 8dB and 0dB (which correspond to the ratios
: 4
0.169/0.00794, 0.00794/0.00308 and 0.00308/0.00306).
- ' I
P 4
TABLE 6.01 . ) ' -
Inserion loss as af function o\f coefficient wordlength Le . e
' {1dcal) Doviatiop in dB from the idgal S
%nm:rr.ion loss duc' to cocx’“clunt.__r_o_\ﬁlng
- FRED. Loss ® bhilts 12 hirs 16 birs 20 blts '
400 s.sf-  .n -03  -lE-03 0 cot o,
600 B.985 J16 JE-03 0 0 :
{300 9,312 J1n L-03  -1E-03  -1E-03 -
Meoo 9.78 .13 1E-0)  -25-0)  -2E-03 ", Co .
1200 10.411 L1420 4E-03 p1E-03 LF-04
- 1400 11.243 .158  4g-03 f-1E-03  1E-03 .
1600 12,421 J76 25-03 lE-03 ¢ -2E-03 . -
1800  14.047 L2164 3E-03  -2E-03  -1E-03
2000 15.999 216 - 2E-03  -2E-0) 0
2200 " 17.408 047 =53E-0) 0 1£-03
2400 . 16,312  -.251 -.0l6  -1E-03  -BE-03 -
. 2500  14.156  -.293 -.018  -2n-03  -2E-03 .
2600  11.911  -.257 -.013  -2E-03  2E-0) . L
N~ 2700 9.676 -3E-03 0 ot :
2800 7.441 -3E-03 -4E-03— - R .
2900 5.529 -1E-03 0 \ﬁ . T
3000 3.639 © ZBE-03  -7L-03 . ‘
3100 1.621 S 1} ¥ 5E-03 i )
3200 - .J479, -3 73-03 : .
- 3300 -2.255 ©-SE-03  ~9E-0) :
) 3400 -4.417 -1E~03  -1E-03
. T RMS of total : _ Cod,. . ,
N dev’ation: 0.169 7.94L-03 3.08£-03 3.06E-03 .

‘ 0
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In Fig.6.03 each curve is dominated by two asymplotes. In
.Region.1l, where Le is less than Lg: the error is mainly due

to the goefficient guantization, The mean slope of the

curves in this region is 6dB per bit. In Region 2, where L¢

is greater than Lg, the errgor is mainly due to the signal

quantization and product round-off. One-bit increase in \Io

. . b

in this region will increase E2 by 6dB, the distance between
two horizontal curves. Digital filtergk employing . short
wQsdlengths‘ (L less than Lg) are operated in Region 15

while SPEEEF\are operated in Region 2. In Region 2 the

choice of Lg for the product wordlength determines the

minimum error E2. In Region 1. changes in product
wordlength for constant coeffiéient accuracy do not result
in error reduction. In Regioﬁ 2, the overall error ocan be
meaningfully reduced lby .an increase of " the pfoduct
wordléngﬁh. . Thig property is unique to sfored—product
digftal filters., It allows to disregard the deterministic

change idﬁthe pole locations and the loss characdgristic and

consider only the efféﬁts of product rounding. .

¢

6.03 &be Effect of Product Rounding on the LOSS Characteristic

.
—

-

In the present?applicatioqé proauct rounding to the accuracy
. . ) J :
of the signal will be used. _The filter will, ‘therefore,

opérate'on or to 'the right of the 6d4B line_sepgrating.Region

1 ,and Region- 2. .The effect of product rounding on the

filter loss characteristic can be.éstah;iﬁhed by way of an
. " _ .
aﬁsumed-cogﬁficiénﬁ roundoff, i.e. if the coefficients had

. o 7 ’.r’-

- . . } . -
s : . B

Q

ph

:‘ ..,»..u-""' -

~e



Tl .
to be re-established form the stored pr%ducts, the. effective
coefficient errorl could be deierhined. The averaée
coeffic&scj error. magnitude can be used to comput® the
average insertion‘loss'deviaiiation of .the filter from the
ideal 1loss characteristic. In this- way' a probabilistic
bound on the loss characteristic can be establ;shed. The
computational operations.of the SPDF are usually done in
fixed-point arithmetic; the products-aee stored as binary
integegrs xpreseed in two's complement form. Thus, in an
N-bit system the maximum product magnitutde is 2N, where N
'<:_ ' is typically'l? Bits. Given a signal sample value, x, and a

coefficient, a, the exact product. is computed  as

‘'When rounded to the ne?fest unity the product can be

expressed as .

- E ] -N\el

P = R(a%) ¥ 6.03

This can be interpreted 'as rounding the coefficient to the

new value given by ' )

-. - 6.04
1 - S

(Assuming that the accuracy of the coefficient has not been

r&strlcted in any way other than by the prodqpt @g%}ster

&

length, it can be shwon_that the resultlng fractlonal egror

N\

A



in the coefficient’ is equal to the fractional error in the
corresponding rounded p;odgct. "If AP represents the product

round-off error, then

AP _  aX - R{aX)
P = - ‘ 6.05
. 1 aX
e
R{aX
. a&a- X . 6.06
; a

Using equation l6,03 the frectional product error can be

A<y L3
expressed as : Cox B
; i . .
8P _ & -_a' 6.07
P 8
or (\
d‘t/’ -
AP Aa ¢
ar _ 28 - 6.08
P a P .
- * "b' s

it

where Aa 1s the effective coefficient rohnafoff error re-

sulting from product rounding. This effeetive coefficient

rounding appears as a probabilistic effect which differs
. -t

from the deterministic effect of- coefficient rounding of

conventional multiplier digital filters. @he‘magniﬁude of a

nonzero stored '‘product in a 1l2-bit system will vary between.

. W
the minimum value of 000000000001 {unity{, and tne max imum

of 011Y11111111 (2047). ‘These values correspond to R(ax).
Given- that both proQubEs are generated by thewsame coef-
'fiéient it can'be;seeﬁ that the effective'coeffiéiént ¢

.

—

1/);.

e L B B
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will be represented to a different degree of accﬂiécgﬁpver

the signal dynamic range.
L Y

)

Consider the positive signal sample values of .Table 4.02.
Using dthe coeffibieht ab=0.272623' as an example, the

corresponding ROM coqtedts are given in Table 6.02 below.
s v
TABLE 6.02

Positive ROM contents corresponding to a0=0.272623

g .s=0 s=1 852 s=3  2=4 s=5  s=6  s=7
0 ™ 4 9 18 36 72 144 288
1 0 5 9 19 38 76 15% 305
2 1 5 10 -~ 20 40 81 161 323
3 1 5 10 21 42 85 170 340
4 1 5 11 22 45 89 179 358
5. 1 6 12 23 ° 47 . 94 187 375
6 2 6 12 24 49 .98 " 196 392
7 2 6 13 25 51 102 205 410
8 2 7 13 27 53 107 214 427 ‘-
9 2 7 14 28 55 - 111 , 222 445
1 3 7 14 .. 29 58 115 - 231 462
11 3 7 15 30 . 60 - 120 240 480
12 3 8 5. 31 62 124 248 497
13 .4 8 16 . 32 64 129 257 515
14 4 8. 16 33 66 133 266 532
15 4 8

17 34 69 137 275 549

.

A similar table of negative.vglues would complete the set of
products - for the .coefficient ag . The complete bingry
representation of théée products is given in Aépendix 7C of
page 7C-2. When each product of Table 6.02 is divided by

the corresponding sample value of Table 4.02 we obtain a set

of ag values perturbed by product rbunding. These are given

in Table 6.03

L

e

e
Ll et R e TR
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"will lead to the average magnitude of the coeﬁficien-
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Perturbed valies of ap=0. 272623 resulting from .’
product rounding

s=0 s=1 g=2 s=3 s=4" s=5  s=6 s=7
.00000, .25000 .27692 .27481 .27376 .27324 .27299 .27286

.00000" .29412 .26087 © .27338 ,27240 .27191 .27346 27244
.50000 .27778 .27400 .2721des .27119 £7411  .27219 .27292

+33333  .26316 125974 ,27097 ,.27010 .2%287 .27265 ,.27255

.25000 .25000 ..27160 .26994 .27523 .27176 .27307 .-.27287
.20000 .28571 ,28235 ,26901 .27405 .27365 .27200 .27263
.33333  .27273 .26966 .26816 .27298 ,27260 .27241 .27232
.28571 ,26087 .27957 .,26738 .27200 .27164 .27279 .27270 .
.25000 .29167 .26804 .27692 ,27110 .27331 .27313 .27241
.22222 .28000 ~.27723 .27586 .,27027 .2723% .27223 ,27276
-30000 .26923 .26667 .27488 ,27423 .27155 .27257 .27249
27273 .425926 .27523 ,27397 .27335 .27304 .27288 .27280
.25000 .28571 .26549 ,27313 .27253 .27222 .27208 .27255
.30769 .27586 .27350 .27234 ,27176 .27359 ,27239 ,27285
.28571  .26667 .26446 .27160 ,27105 .27282 .27268: .27261 .
-26667 ,25806 .27200 .27092 .27435 .27210 .27295 .27239 -

1

»

It can be seen that the average COef£1c1e;§-magnltude and the

average error magnltude can be computed for a given statlstlcal

h‘glstrlbutlon of the sample amplltudes.

' The total errbr in the filter loss.characteristic is determined

-

not only by the rounding errors but also by the senéitivity of
the characteristic to those errors. In the next section ,the
" . *

probability of occurrence of each sample'will Féﬁfou d which

error.

In the following section the filter sensitivity  to each

/
coefficient error will be derived. This will complete the
o

tools necessary for arriving at the‘ayerage deviatﬁon of th!r

filter characteristic from the ideal. - >

[}

N

N

- TABLE 6.03 ' \ -

L e T

e U
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Probabi{ity Distribution of Quantized Samplés
In this section the probability of occurrence of each

S ) _ , . - ,
quantized’gample of the signal. will be  computed in ordet to
determine the average coefficient error. To be consistent
with the main application example of PCM, the probability
density function corresponding to the speech signal will be,
assumed. In such applications industrial desigrners ususally

\

»

. -
assume the Laﬁiacian amplitude probabiliy density function

»

of the form (26) . N o e

a

where o 1is the RMS5 speech volt :\,The‘continuous form of
the function is shown in Figure 6.04. Tc compute the
aGerage céefficient errdf, however, discrete values of
probab{lity, p(g(s,q)), corresponding to each sample
amplitude ﬁ(s,q) must be found. For this purpose only the

positive values listed in TABLE 4.02 need to pe‘considered.

’ N
Figure 6.05 illustrates the x-axis subdivision 1into
’
segments, quanta and integers according to the Hjuantization
characteristic discussed in Chapter 4, p(%(s,q)) is simply

the area strip subtended by the particular gquantum defined

by s and g. Thus,

pi%(s,a)} = =— [ e ax 6.10
. 29

\
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Fig.6.05 Probability density function for quantized samples.
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where Ll and L2 :eﬁresent the bounds defining the

correspondﬁfgqﬁantum. For s=0 and s=1 these bounds are
[ ' !
given by
) L, = %{s,qa) - 0.5. 6.11
and v g
# .
- 'P) ' B f
- . L, = &(s,q) + 0.5 { 6.12
For s>1 the bounds are
Ll = X(s,q) - p5-2 6.13
and . . ¥
— -~ - 5—2_..‘
Ly = %(s,a) + 2 6.14

o
[}

Consider the _geQEFal property = of probability density
funétions,- ' &\

~ I \

Approximately 98% of the area ~under the Laplacian
probability density function is included between the 3o
points, For the quantized signals, 3o will“pe set at 2048

yith o=683 and

2048 .
fo P(x)dx = O.ll9 ‘6-16‘

e



o0 M

" Using integrai - tables we can - perform thé following

substitution

The required working equations are then obtained from 6.10

and 6.1l6 as {
VZ A ;
- ULQ. - 0L2]

T N

p{x(s,q)} = %[e

and '
. - -‘/—EL l. -“—/EL
7 p{&(s,q)} ="3[e” o1 -'e o0.2] 6.19
s.q . . )
Example N

Compute the probability of occurrence of the signal sample

defined by s=5 and q=14, assuming o0=1439.5,

Solution:

-

A representation of the integers belonging to the quantum

“corresponding to s=5 and g=14 is shown below. L1 and L2

define the boundaries of the quantum,
N

L1=479.5 -

!

| \ L2=4?5.5
| wrs : |
meHde‘u‘l\Dh o —
5512 2283 8523188838383 81858¢838
® ol® o @ o & 0 ¢ of0o 0 0 o o o ole o o o . 0@
) 2 |
|

3
~
"

1

1

o ok S s e
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T
£(5,14) = 487.5 :
- L, = 487.5 - 2°7% = L79.5
L2 = L487.5 + 29—2 = hogs.5

’ V2 /5
- TL39.5 479 -
p{k8T.5) = 3[e P393 7 ,3 _ o a9 900

0.00L4B685

¢ -
’ ) ) '
The values of o which satisfy 6.19 for several values of the

signal dynamic range,are given in TABLE 6.04.

¥

TABLE 6.04
Maximum and RMS sample amplitudes
\j
X(max) O( RMS)
8063.5 2731
4031.5 1365
2015.5 683
1007.5 341

503.5 171
/ 251.5 B :E
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Each doubling of the dynamic range‘aflows'the addition of
one bit to the product word length and requires the
corresponding doubling' of the total RGM Capacity. ~ Bxgension
of the product word length by one bit simply extends the

accuracy of°' the coefficient bQ one bit as supported by

Equatiop 6.08.

The individual probabilities . for eah of the sample

amplitudes can now be computed using Eqdation 6.18. The

case corresponding to ¥{max)=2015.5 of the 12-bit system is

of interest in the -PCM application. The probabilities for
O .

this ase have been computed for all 128 sample Vvalues and

\

aré given in the Appendix 6A.
;-' * a ) .

~

Average Coefficient Error

A given coefficient, a; when stored as part of a product

R(aﬁ(s,q)) undergoes a rounding process which results. in the

coefficient error e(s,q). The probability p(e(s,q)) depends

on ' tHe product  involved which in turn depends on the

. . 1
probabity p(X(s,q)),

ple(s,q)} = p{&(s,q)}  6.20
The averagé“coefficient reund-off error can then : be

calculated from the usual averaging formula

]
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B = I ple(s,a)ix|els,d)]
5,9

6.21

Substituting 6.20 and 6.06 into 6.21 we obiain the complete

eXxpression

_ RlaX(s,q)]
_ le - TGy |
. Pal = ] plx(s,q)}x{ r } 6.22
s,q

Given the numerical Gaug for a coefficient and the set of

- sample probabilities, the - average coefficient round-off

- s error can be computed directly from 6.22,

The coefficients of interest are those of the third-order -

transfer function,

H(z) = 0.2726230+0,08082082"1+0.08082082"%+0.27262302™3
’ 1-0.9877751271+0. 778739627 2-0.084076282" 3

6.23

This transfer function is designéd to satisfy the PCM
requirements and will be further discussed in Chapter 7.

With the aid of a simple computer program the ‘average

coefficient error was  computed for each of the

coefficients. The results are given in TABLE 6.05 below.

~

"
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TABLE 6.05 v

Average coefficient error.

7] ! x

Coef. Value Average Error
ap *0.27262300 0.00164795085
aj . 0.08082080 0.00148833027
an 0.08082080 .00148833027
' aj 0.27262300 00164795085
bl 0.98777510 - 0.00178338404 ~
by 0.77873960 0.00166771600
b3 0.09407628 0.00149247878

»

To achieve the deciminal resolution of 0.0016, at_least

\

0000000001 in binary is requiréd. If the sign bit Eés

included then at least 1ll-bit coefficient representation is

required in order not to exceed the typical coefficient

error of TABLE 6.05. In a system with 12-bit signal
représentation a filter using conventional multipliers would
hqve to perform an 1llxl2-bit multiplication before product
rounding.is carried out. |

~
}ﬁ should be noted thatl the number of bits required to
represent the coefficients i5 dependent on the speecg
probability density function parameters. For example, with
0=2048 the same probability function approximates the
equiprobable case for which the average coefficient error is
approximatély 0.0006332. The corresponding coefficient

accuracy can be achieved with a 12-bit representation.

s
- et
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6.05 Filter Sensitivity to Roundoff Error

o

In the previOUS'section-the/avérage coeff{cient error, Aa,
due to arithmetic rounding was determined;‘ Iﬁ is now pos-
sible, as the next step, to examine the effect of this roun-
ding on the filter trahsfer function as a whole. Once the

resulting perturbation in the transfer‘fuqction is known as

a function of frequency it will be possible to predict the

corresponding deviation of the filter loss characteristic

from its designed value.

The transfer function of interest is that given by 6.23; in

.

its general form it can be expressed as ¢

e +a z T+a_z %+a zZ}
= —0 1 2 3 = 6.24
H(z) = 1. -2 =3 .
l+blz +b2z +b32 .

.

The aim is to determine a general expression for the frac-
tional transfer function perturbation, AH{z)/H(z), in-terms
.of the coefficient perturbations A4ai/ai and A4bi/bi. If
there are N coefficients in H(z) and AHi(2) is the perturba-
tion in H(z) due to the perturbation in the i-th coeffi-
cient, then the toal fractiqnal perturbation in H(z) is

given by (5)

‘/\ H(:) —i
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L]

»

(//ﬂIf the 'sensitivity_ function, S(H,aj), is defined as -the

Y
ratio of the fractional’ change in H(z) to “the fractjonal
' clHange in the coéfficient aj, then
' - BN
o AH (z)
’ H!z)
S(H,a )} = —¢=

. - 6.26
: >
i g .

Equation 6.25 may noWw be rewritten to nclude 6.26,

Mo )
. - AHi(z)
b)) ¥ EGYT ) tey
H(z) 2, lag 8, 6.27 —
- i= i i
ai Rl
. »
or ‘
N Aa
AH(z) Y i
. H(z) E S{H,a;) — 1 6.28
i=1 : i
\Et can be seen from TABLE 6.03 that the coefficient
perturbations of-

interest are well below 1%; *it will be
shown later that

4H(z) is also correspondingly -small.

This
permits the use of the approximation s
:‘lHJ.U= BHi 6.29
ba, da,
i i
where the argument, z, .J»as been dropped to simplify the
notation. Applying the approximation of g.29 to 6.26 we
obtain
f ™
. .51:.L BHi
S(H,ai) =T EE; 6.30

S N

-
-

e
£ i ] A A ~



‘Tk}is equation leads to the dér:ivatfi‘ori of a closed-form
expression for the "sens itivity function. If the transfer
function is expressed as ‘ A ) \-J

_ B (a,)

H(a.,b.) = = , 6.31
i*hi Hp bi) )

: I'e
then by applying the r&s of partial differentiation of

ratibnal expressions we obtain \
a. oH
i N .
. S(H,a;) = 3= 377 6.32
D i .
and
'bi BHD
S(H,&i) = - i 0. . 6.33
D i '

We observe that the partial derivative of a polynomial with

respect to the i-th coefficient involves oy the i-th ‘term,

' Theref}e,'
. Sy _ ,-i
: s, . ' 6.34
and . / .
Y -
BHD i ‘
35, - % 6.35

Finally, the sensitivity functions may be expressed as

-

L
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. 8,z *
S(H,a.) = :
' HN(ai) . ¥6.36
and ' R ' : - -
\/——/\- ~b.z " ' -
S{H,b,) = ——%——7 :
) i Hyld, o 6.37

\

These expressions are. functions of frequency and can be
. i T

expressed in terms o% jw by making the substitution

- . l;

.

JuT

whére j= /-1. Substituting and dividing by e ;, we get

a8, ) :
S(H,a_ ) = - ' - = - _ 6.39
i o eduwiT eJm(l—l)T+& eJm(1-2)T+a eju(l-s)T
e} 2 3
and
|. ) ) //
- ' —bi
S(H,b,) = - — - - 6.40
i ejw1T+blejm(1-1)T+b2ejm(1—2)T+b3eJm(1—3)T k

In each case the denominator can be expressed in terms of

real'and imaginary parts

a, ' 6.41
’ S(H,e ) = o

A S 642



specified by the absolute value, IH(err )|

and

Ry * JI, - 6.42

The loss-frequency characteristic we are seeking is

r of the transfer
. A s e JuT
function H(z),. Therefore, it is the‘ﬁen31t1v1ty of IH(er )|

to the various coefficients that must}bé found.

P L
S(|H(eJmT)”|,ai) = Re{S(lH(e‘jmT)I,ai)} 6.43
Using 6.43 we obtain f
a aiRa
A . . }
. i - i . .
RE{R + 3T } = P “—‘/2 6.44
8. a. R, *+ Ia
1 e 3 i Y
Hence, 6.41 and 6.42 become
a. R hatl
[ I ) 1 E.i
S(|H|,a,) = ——L 6.45
i R2 + I2
a, a
1 2
and
Y
Stlafe) = ——10- |
. B 6046
B, " Ty, )
1 1

A

It remains only to find the expressions for Raj, Iaj, Rbjy,

and’ Ibj for i=0,1,2 and 3.



Applying the identity

eij = cos(wT) + Jsin(wT) ’ . 6.47

to the denominators of 6.39 and 6.40 and grouping the terms

)
R. = a.cos(i)uT + &, cos(i-1)wT + a,cos(i-2)uwT + 33005(1‘3)“T 6.48
Ta, o 1 2~
1 h
Ia = aosin(i)mT + alsin(i-l)mT + aesin(i—E)wT + aBSin(i—S)wT 6.49
i
¥
R, = cos{i)al + b cos(i-1)uT + b,cos(i-2)ul + b3c_os(i—-3)m'l‘ 6.50
i \ ' .
Ibi = sin(i)wT + bysin(i-1)wT + b sin(i-2)uT + b3sin(i—-3)wT 6.51

q
Using the above four expressions in 6.45 and 6.46 it is a

straightforward matter to compute the sensitivities of the
filter frequency response, IH(ej”T)l, to each of the seven
coefficients. = Note that bg=1 and, therefore, can be

implemented without error; coﬁsequently it is not included

in the calculations that follow.
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Next, the sensitivities are calculated for the transfer

function specified in 6.23 The

implementation of this

transfer @giction is the 'subject of Chapter 7. Using the

sampling frequency Fs=24000Hz and

S
T o=
5

6.52

-

we arrive at the results of TABLE 6.06, which . are also

F(Hz)

200

400

600

800 .
1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000

plotted in Fig.6.06.

TABLE 6.06

Sensitivity to coefficients as a function

ag aj ajz a3 bj

.3854 .1146 .1146 .3854 1.4001
.3847 .1153 .1153 .3847 . 1.4084
.3834  .1166 1166 .3834 1.4224
.3817 .1183 .1183 .3817 1.4424
.3793 .1207 .1207 .3793 1.4687
.3763 .1237 .1237 .3763 1.5018
3726,  .1274 .1274 .3726° 1.5423
.3681 .1319 .1319 .3681 1.5907
.3626 1374 .1374 .3626 1.6477
+3559 .1441 L1441 .3559 1.7133
.3478 w1522 .1522 .3478 1.7873
.3379 1621 .1621 «3379 1.8673
.3258 1742 .1742 .3258 1.9476
.3106 .1894 .1894 .3106 1.0147
.2914 .2086 .2086 .2914 2.0397
.2665 .2335 .2335 .2665 1.9657
.2330 <2670 .2670 .2330 1.6959
.1960 .3140 .3140 .1860 1.1165
.1157 .3843 .3843 .1157 0.2173
.0000 .5000 .5000 .0000

-0.7617

'

of freguency

bo

~1.1006
-1.0975
-1.0922
-1.0842
-1.0732
-1.0583
-1.0384
-1.0118
-0.9760
-0.9272
~0.8594
-0.7637
-0.6257
~0.4235
-0.1240
-0.3155

0.9300

1.6852

2.3876

2.7398

b3

.1182:
.-1158
.1118
.1062
.0988
.0895
.0780
0642
.0475

0275
.0035

-0.0255
-0.0608
-0.1035
-0.1547
-0.2129
-0.2707
-0.3089
-0.2993
-0.2310

. PR Erea—
LnFeA T
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The sensitivities to the recursive coefficients b1, by and
b3 are particularly important because of-their relationi?}p
to éhe natural modes which controll the inband riﬁple and
filter stability; The- sensitivities to the numerator coef-
ficients influence primarily‘ the stopband of the filter.

Usually, however, the design margins in this area are less

stringent and the stability of the filter is not affected.
4

)

-

6.07 Loss Distortion aue'to Roundoff Error

Filter\designer's objectives center aroynd e' requirement
to maintain the frequency-loss behaviour of the filter with-
in tight 1limits set by ‘the overall system considerations.
In analog systémg variation in the syste®m loss performance
come about as the result of many diverse effects such as
manufacturing tolerancsgi temperature-humidity changes and
.Short and long term aging. An e%fective systems design pro-
cecedure ‘can’ only be implemented if loss variations due to

all factors can be predicted in, mathematical and statistical

. terms.

SPDF has- two sources which contribute to the loss distor-
tion. The effect of logarithmic signal ‘quantization on the
loss characteristic was discussed in Chapter 4. Loss dist-

ortion due to product rounding will be discussed in this

section.

SO
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In Section 6.05 the average coefficient error due to round-
ing of stored products was determined; in Section 6.06 the
filter frequency response sensitivity to coefficient pertur-~
bations was derived. These results can now e combined to

express the average changé in the frequency response due to

product rounding,
— N ba, N Ab,
AlH| _ 1 1
—\—#- .{ 5( H ,e,) = ¢t Z SCH ,b,) 5 6.53
i=0 1 i=1 1

where the horizontal bar indicates an'average guantity, and
N the order of the filter. The averadge loss distortion, in

7 daB, 'is then simply

E=201oglo(1+AH) 6.54

a ? -lotted in Fig. 6.07,. In the PCM applica;ion two such
filter sections would be used in'tandem. The loss distor-
tion given in the table must, therefore, ~be doubled.
However, refering' to the loss specifications for the PCM

filter (Chapter 7), it can be seen that the loss distbrtion

is well within the. required limits.

A:)'or the transfer function of 6.23 is given in TABLE 6.07

-
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.

TABLE 6.07

Average ioss deviation from designed value
{3rd-order filter)

Freq.(Hz) Loss Error (dB) -
200 .016 v My ‘o
400 _ 017 '

600 .018
800 .019
1000 .020
1200 | .022 ;
{1400 .024
1600 .027 -
1800 .031
2000 .035
2200 .041
k2400 .048
© 2600 .057
2800 .069
3000 .086
3200 .110
3400 141
3690 | /;;ag,ﬁ‘\\_ax -
e \é :

The dependence of the.céﬁputed average loss deviations on
the frequency reflects the freguenéy dependent nature of the
Vfilter sensitivity functionL Althoﬁgh, the average coef-
ficient error in TABLE 6.05 is relatively uniform, th; re-

sulting error in the loss characteristic exhibits a signifi-

cant roll-off at the passband edge.

In Fig. 6.07 the values from TABLE 6.07 -are plotted and
joined by a solid line. For comparison, the measured values
.of loss deviations are also plotted. An estiﬁate of the
measured average is shown as a dotted line. The measured

curve shows a roll-off property similar to that of the theo-

retically derived result,

"

[
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Fig. 6.07 Average loss due to product round-off (third-order).

e

Two major Ffactord contributing-to the differences between
the two c s can be 1identified. To accommodate the
available automatéd ROM burn-in facility the products stored
in the test filter were truncated rather than rounded. The
greater error resulting from truncation would be expected to
increase the steepness of the roli—off at the pasé%and
edge. . This effect 1is observed in Fig. 6.07{ Furthermore,

the measurements were done using analog test eguipment with

A/D and D/A circuits included as part of the test filter.
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Although attempts were made to.'calibrate out the effects' of
A/D and D/A conversion, some loss mismatch is suspected.

This could gccount for the vertical translation of the

measured curve.

It might be noted that the loss specification contours of

F;g. 7.01 are bbmputed using an averaging formula. The
~ ‘

average loss deviation of TABLE 6.07 can, therefore, be
]
directly compared to the ‘loss specifications.

A

N

N
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“¢
CHAPTER 7

EXPLORAT?RY DEVELOPMENT OF SPDF

)

The §PDF concept was further developed in the laboratory
with the aim of demonstrating technical and " economic.
feasibility of using SPDF in such industrial.applications as
PCM channel banks and remote concentrator systems. To make
SPDF attractive to industrial applications, the work was
focused on solving the problems of size, cost and ,power
dissiptation. .The problem of size was solved by ,hoosing
filter architecture compatible with custom LSI methods. The

problem of cost was solved by utilizing the speed advantage

. of SPDF to multiplex the filter hardware over twenty-four

channels. Finally, the powef dissiptation was solved by
implementing a major part of- the filter in low power CMDS

technology.

This chapter presents the results obtained on a~laboratory

model of SPDF PCM filter built to operate directly on the

e
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8-bit PCM code with a channeY sample rate of 24KHz. The

sSingle channel operation of the filter was verified using

linear 12-bit A]D and D/A converters. The filter's analog

'input-output characteristic was recorded using a spectrum

analyser. The filter operation was extended to 12
channels, All reh‘vant control waveforms were recorded to
demdbnst e the feaSibility of extending the processing

2r

speed to the full 24-channel operation.

The overall outcome of the study identified the digftal fil-
ter hardware for custom LSI specification and evaluated the

filter in the DE-3 PCM system environment,

An Overview of PCM Requirements

Pulse Code Modulation (PCM) systems are widely used in tele-
phone communications where channel filters represent a major
factor' in the systems cost. The terminal eqguipment in a PCM
system 1is usually oFg;nized into groups of 24 voice channels

multiplexed for transmission into a single digital bit

stream of 1.544Mb/s. At the transmit channel bank each

e

voite signal is band limited bf a lowpass filter, then sam-

pled, quantized and coded. At the receive channel bank the

» signals are decoded into Pulse Amplitude Modulation (PAM)

pulses which are passed through a lowpass filter to recon-

struct the analog voice signal. Given that a digital

-



filter with sufficiently high speed capability can. be de-

signed "to process 24 voice ¢ annelgi a reduction in

per-channel filtering cost should.be possible. To ensure a -

cost advantage it is essential that the increased power dis-
siptation of the digital filter over the passive filters is

-

kept to a minimum,

The voice band Bf inéerest extends from 300 to 3400Hz and is
band-limited by a fifth-order elliptic filter function. It
was shown by the author in):is previous work (16), that fil-
ter loss specifications cannot be met with samﬁTing rates
below 24KHz. But, in order to filter 24 voice‘signals, each
sampled at 24KH;, the digital_filter would be reqpired tb
process one sample eVery 1.736x10-6 seconds. In Chapter 3
it was shown that a second—order-SPDF section is'capable of
processing one signal sample every 0.420x10~% seconds and,
therefore, a siﬁth-order filter satisfying PCM specifica-
tions, could process one sample in i.26xl“6 seconds., By re-
peatedly passing the signal through the same second-order
hardware the power dissiptation may be kept to as low as 205
mWatfs or abou£ 8.5 mWatts per channel. Active filters used
ié‘newer channel panks dissipate approximately 67 mWatts per

‘channel. Clearly, 8.5 mWatts is well within the accepted

limits,

Within these economic constraints the PCM channel filter

must perform its main function as a frequency selective
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device whose loss characteristic must fall within tightly

specified limits. The insertion loss contours defining

th limits are shown in Fig. 7.01. The insertion loss

characteristic of a fifth-ozger elliptic transfer function
which meets the specifications is also shown. The insertion
loss deviation dué to all sources must remain small enough
so that the loss characteristic remains inside the specified

contours under all operating conditions. ~

SPDF for PCM ™

The insertion loss requirements of Fig. 7.01 can also be

satisfied by the product of two identical third-order

transfer functichs. The comb{ned sixth-order transfer func-
tioh can then be realized by implementing one third-order
section in hardware and processing each signal sample twice
using the same seqtidn. This apprqach accomplishés two
desired results: it reduces the total hardware and power

dissiptation and uses only two stages of

tization. ///’/_\\

The desired third-order transfer function is given by

internal gquan-

[N

H(2) 0.2726230+0.08082082  +0.08082082"°+0.2726230z >
z =

7.01
1-0.987?75lz_l+0.TTBT3962-2~0.08h076282_3

The numerical values for the coefficients were determined by

-
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(J applying the bilinear: z-transform to the appropriétely pre-
) ' ! Al . N .

distorted s-plane ‘transfer function. The details of the
- ‘ »
derivation for Equation 7.01 ar§ givén in the aughor's pre-

" vious work (16).

R K o 5

v "

The sixth-order stopband insertion loss characteristic cor-

responding to the product of two identical transfer func-

tions of Equation 7.01 is shown in Fig. 7.02. The insertion

loss characteristics for the second and third-order But-
'terworﬁh and Chebyshev;transfef ﬁunctiogagare also given. A
pre-filter of th}s type_will be reqﬁired in order to supxw
press ‘the multiple passbands resdlting’ from the sampliﬁg
proceés. The chaicé:of the pre-filter will be. determined by
the amount of suppression available from £he effect of
sin{(x)/x function and the attenuation foll-off of such
system components as microphone transducers and system
amplifiers. For the BNR DE-3 PCM system environment, the

’
response (2C) in Fig. 7.02 was chosen and implemented as an

active device,

The passband response éf the sixth—oréer digital filter wés
measured and simulated and the results are shown in
Fig. 7.03. These responses correspond to the complete
sixth- order filter and include the effects of  product

rounding and logarithmic signal quantization. . !
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digital filter.
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Fig. 7.04 Quantiiation noise due to the 128-level A-law.

The effects of product rounding on insertion loss have been
discussed in detail, Next, the effect of the logarithmic
signal quantization on insertion loss will be examined
briefly. For this purpose simulation will be used.’® A
sampled sinewave with 12-bit sample accuracy is applied to
the input of the logarithmic quantization process. The
corresponding quantized samples are then observed at the

output. For each frequency of the signal, the RMS value,
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Vi, and the RMS value, Vor correspohding to the input and

output samples, respectively, were computed and averégea
over several signal periods. The.‘quantizafion noise-to-
signal level was then computed using the equation “;/f

Vo = V4

Vi

ANOISE = 20lo4q

QNOISE over the passband frequency range is plotted in
Fig. 7.04. There existsg 5 certain amount of correlation
between the spread of the simulated data points of Fig.-7.03
and those of Fig. 7.04, The quantization noise appears to

be independent of frequency as would be expected.

7.04 SPbF Implementation
!
The laboratory model of the third-order SPDF was built on
twelve printed circuit boards mounted on BNR's VF-300
shelf. This was done to facilitate experimentation and
interchange of filter sections. The multipliers were
implemented in 1702AL2 PROMs whose contents could easily be
.altered usiﬁg burn-in equipment. The remainder of the
hardware was implemented in. LS TTL. Certain amount of
redundancy was built in for iaboratory work; the redundant
hardware would not appear as part of the gate count for LSI
iﬁplementation. The full set of schemeatics for the

laboratory model .is given in Appendix 7A.

'

PPN St
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7.05 Hardware Simulation

A powerful interactive digital logic simulation program,

F/LOGIC, was used to simulate and analyze the SPDF hardware

rhﬁsyementatioe. Tpe program was designed for use as a
design and analysis aid capable of eliminating the need for
bread-boarding. The\iesults of the simulation and the as~
jr| sociated circuit codlng 1nformat10n were used as part of the

input to the LSI specialist group to obtain chip design

estimates,

A small segment of the circuit descypiptien is shown in Fiqg.
7.05. The coding for the entire filler is given in Appendix

7B. The circuit descriptio d in the program as

-

. tables which 'defiée each/ gate or memory cell and its

\ii;) ' interconnections accordin
b

- tions. When a gate 1is switcﬁed, the changing signal is

traced through the fanout list of the gate; A time base is
provided which allows a eal{stic time scale on which all
timing is controlled by the /time deleys, including rise and

v

fall times, of the individual gates.

ROM elements are also defined in_  terms of iQ?ut/output
. ' connectlons and- access time. The ROM ‘contents are specified

as blnary words in an associated data file using any desired

addressing,scheme. The ROM contents corresponding to the

coefficient ag=0.272623 are shown in Fig. 7.06; the complete

set of ROM files are attached in Appee?ix 7C.

to manufacturer's specifica-
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FILE: FILTER LOGIC

MﬂCRO=QP'TvToT!TQT!TOFOFOKOIlluanx°30X04|X05'x°6|/
KUToXOBe INCKST h
ﬂGIROM-?SUQ'AQCLK'12!!05!!07‘x06gx05'xoﬂoxo3I1029x01
HACQO=R12UA°'I'AO‘?!AO‘3!A0'“0A0350A0l60503TOAO'BI/
AOlQQAOGIOOAOSIIvAOI120AO100AOZO-AO3QoAD#QOA05”0A060v’
AU70-A080!A°90'AOIOQlAOllnoAOIEQoAUCKllOCL

ADCL +H1)F + 1 4 AQCLR

®

MRATAvADYAD !
*

%
MACRO:RF-KO]-xOEoKOJoKOAoXOS.XOboXOT.KOBlelelE.Xl3ox14.X15v116o/
ALTaX1R«INCKaT ) }
'f\Al'“OM-?&UO!A]CLKolEinHvK]71!]69!150*14(Rl3pxl?o!l]
'HACHO=R12¢Alt]vAl!ZvAllJnA}]hoAllSoA]lb-All?oAllB'/
5]39vAISIOoAltII-Alll?uAlIO'AlEHoAl30-&140;A1500A160-/
nl?Q.Al#Q;AIQn-A]lOO-AlllQoAllEOoAlCKvAlCL
AJCLWHUF el vAICLR
-

MDATAVAL AN
*

+
MACRO:DQ-X]]oXlZ'KlalxlQquszlval70!la;xs¥{X22p123'X24.X250X?6l/
K2TaX2Re INCKST
A?-Hon.?soc.APCLx.12.x2&.x21.xeﬁ.xzs.xza.xzsuxEE.le
MACRO:P]&»AE%loAE:?.AZtJ'N?ia.AE:S.A?:éonatT-Aasa./
A?‘Qoﬂ?lIﬂvﬁ?tll'A?llZoﬁ?lQoA?EOcA230'A240'AZSUIA26001
A??QoA?RO-AEQO:AEIOO|A21lO-A?lZU-AECKoA?CL
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This simdlation teéhnique was used to complement the testing
work dong in the labbratory. To verify the proper operation
of the Tilter,.binary-coded sinusoidal éignals were appliedr
to thF inputs of‘ﬁhe simulation  and iaboratory models and
the respective outputs were compareé. The 8-bit PCM code
corresponding. to the 1500-Hz sinewave, sampled at 24KHz, and
peak ampiitude of 1007.5 (see TABLE 4.62) is given ih
Fig. 7.07. the bits of each sample were applied to the in-
put terminals X08,X07,X06,X05,X04,X03,X02,X01 of the simula-
tion model (see Appendix 7B), where 08 represents the most
significant bit and 01 the'least significant bit.' The re-
sulting 12-bit signal appearing at the ouzbut terminals
£212,211,210,%..,22,21 of the adder was printed out as shown
in Fig. 7.08 (and Appendix 7D). It can be seen that stabi-
lized output bits become available every 19.6 micro-
seconds. This value Qas used to accommodate the conversion
equipment available in the laboratory. 1In the intervals be-
tween stable outputs the output levels are indeterminéte due

to rise and fall times of the circuit elements.

The procedure was duplicated using the laboratory test setup
of Fig. 7.09. The adder output was displayed on the HP1600A
Logic State.Analyzer and recorded as shown in Fig. 7.10.
The small differences between the measured and the simulated
results are e;plained by the slightly different ROM contents

in the two cases. The simulation model was based on rounded



‘"Fig. 7.07
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A sequence of PCM samples repfesenting a
sinewave of 50% peak amplitude.
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10 Measured L2~bit signal at the adder. output.



-125-

s ‘\.\
::\‘i

Broducts while the hardware model used truncated products.

The signal of Fig. 7.10 was thén displayed as a function of
time using the TEK7704A oscilloscope. With the time scale
set to 20 microseconds per division to correspond tb the
simulation scale of 19.6 microsecondi between samples, the
signal was recorded in Fig. 7.11. The logarithmic spéciﬁg
of the sample amplitudes, resulting from the quantization

process, can also be observed.

Transmission Measurements

Analog-to-analog operation of the digital filter -was a-
chieved using INTECH A-856-16 A/D converter and two MOTOROLA
MCl406L six-bit D/A convertérs in each channel, Fig. 7.12
shows some- of the control .pulées required to operate the
filter. The wide pulses represeht tﬁe memory read inEervals.
for three of the seven ROﬂs, during which ROM outputs are
available. The seven narrow pulses initiate the se;en addi-

tions required to complete the calculation of ‘the output.

The insertion loss response of the filter was dij@layed us-
ing HP3571A Tracking Spectrum Analyzer and the AP333OB
Automatic Synthesizer, The response is shown in Fig. 7.13.
The notch that extends below -50dB corresponds( to phe

half-sampling point which in this case is 12KHz.  The

e did o AT it b



Fig. 7.11 The

ir

» .
< -

o

it



-127-

)

Fig. ?.12- Control. pulses. required tb operaﬁe the filter,

~

SCALE
Vertical 5V/Div .
Horizontal * lus/Div. .

%]



-128-

Fig. 7.13

Insertion loss response of the £ilter.
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.smaller notch, located at 4.62KHz represents the-finite at-
tenuation pole of the third-order transfer function, The
computed'amplftude response over the same frequency band is
p}otted in Fig. 7.14. There exists'ﬁn excellent correlation

between the paper design and measured results. TABLE 7.01

'shows several insertion loss measurements taken at specific

freéuency points and compared to the computed values: The
tomputed values were based on_ impulse sampling and do not
take into account. the sin(x})/x roll-off in the frequency
domain.

Also, product rounding was used in computed| data

while product truncation was used in measurements.,.

[

Summary -

Sufficient data was obtained in the exploratory development
stage to establish technical feasibility of SPDF and to de-

termine the circuit complexity and interconnection data for

LSI study.

e
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Comparison of measured and computed results.

24—1(]{2__ SAMPLING RATE |
FF; FREQUENCY LOSS IN dB
RATIO IN HZ MEASURED COMPUTED
0.0625 1500 0 0.093
0.125 3000 0.28 0.057
0.1875 4500 21.8 22.5
0.25 6000 11.97 10.7
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

1.01 Summéry and Conclusions.

The results of this work indicate that the proposed SPDF °

H

filter implementation offers the highest speed/power ratio

of the major conventional implementations using

multipliers., At the same time, SPDF signal processing char-

acteristics remain ‘compatible with the high quality require-
ments of .the voice channel filters. Specifically, SPDF is
capable of satisfying the PCM filtersing requirements for a

24-channel system at a gpst lower than that of the currently

used methods.

‘In Chapter.z, three main conventional multipliers were exa-
m%ned and speed/power ratios for second-order filter sec-
.tions based- on each of the;e multipliers were estimated. 1In
addition, a second-order sectién based on the special tech-

nigque due to Peled and Liu, was also examined. It turned

o ! \ et e
<t
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out that the filteszased on the array multiplier ({parallel

arithmetic) had the highest speed/power ratio (0.710x106

sec[sample/Wati) of the four cases.

In Chapter 3 the structure and main character@ tics of the
stored-product technique with interna} logarithmic quanti-
zation werg¢ . presented. VIt was shown that a second-order
SPDF sec£i6n can be integrated onto a single LSI chip cap-
able of .operating with a speed/power ratio of 11x106
sec/sample/Watt yﬁich corresponds to an improvement by a

factor of 16 to 54 times over conventional implementations.

In Chapter 4; A-law quantization algorithm, defined for use
as part of the SPDF a}chitecture, was described. This algo-
rithm can be replaced by any suitable compression technique
making SPDF widely agplicable.. Computational expressions

relévant to the SPDF operation and ROM programming were de-

rived,. : - !

In'Chapter 5 the important question of stability and limit
cycles, resulting from the introduction of the logarithmic
signal quantization, was considered. ‘It was shown that
limit cycles, resulting from using the guantizer as part of
SPDF architecture; are only possible for cbefficieﬁtg fal-
ling insidé very narrow strips along the boundaries of the
stability triangle in the coefficient plane, fﬁ‘was also
shown that useful filters caA be designed for which the co-

efficients fall outside these strips.
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Chapter 6 was devoted ﬁo the study of signal noise contribu-
tions, dwe to interﬁal'processes of the SPDF. It was shown
that product rounding is the only noise source in SPDF in
addition ‘to the logarithmic gquantizer. By aséﬁring suffi-
ciently accurate coefficieﬁt representation, an'équivalence
between product rounding and coefficient rounding can be es-
tablished. Such equivalence was used to compute the average
insertion 1oss' deviation due to product rounding in a
third-order section. The_éffects of noise on the loss char-

acteristic were within the design limits of PCM system re-

quirements.

In Chapter 7 the results of computer simulation of Bardware
and the results of laboratory measurements were presented.
The work was -aimed at identifying the PCM filter hardware
for LSI implementation. Although ‘the full sixth-order,
24-channel operation was not achieved due to budgetary cons-,
traints, sufficient éonfideﬁce was established that such op-
eration is:achievable without st;uctural changes. Further-
more, sufficient design detail was made available for im-

mediate LSI implementation of the PCM filter.

Topics for Further Study

On the topic of limit cycles there are two potential areas

for further study. One area deals with the important topic

PO ¥
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of limit cycle suppression, Suppression of limit_cycles in
conventional filters relies‘o? algorithms which treat.all
products equally over the entire signai dynamic range.
Random rounding and truncation are often used. This'reduces
the signal processing speed of the digital filter by some
finite amoun;, I% SPDF implementations, arbitrary algo-
rithms may be applied independently to the individual prod-
ucts priéf to storing them in ROM. No!real time.signal pro-
cessing speed or power are sacrificed in this operation.
Research may be done to develop and test alogorithms to per-
turb signal-coefficient products for tﬁe purpose of suppres-

sion of limit cycles. There have been no publications on

such an approach by current investigators. .

Recursive coefficients are often chosen in order to produce

limit cycles intentionally. Such techniques are used in di-

gital oscillators to generate new waveforms. SPDF architec—
ture with ditital logarithmic quantization in the recursive
loop generétes limit cycles which are not possible with the
ususal arithmetic rounding of coefficients an&'signals. A
research activity may be carried out to investigate the

nature of the waveforms that can be generated by this mthod.

A-law signal compressioﬁ'technique was found to be particu-
larly useful for voice communications and PCM-application.
There exist other signal compression techniques that may be

useful in other signal processing applications’ such as

¥
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radar or digital waveform generation.

may lead to some useful results.

\
Research in this area

R
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APPENDTX 6A

This appendix lists the individual probabilities for~each of the
‘quantized sample amplitudes corresponding to a sampled voice sig-
nal., The probabilities were computed using. the Laplacian proba-

bility ﬂensityéfunction.

.“




SIGMA=%83

SAMPLE PROBABILITY

WA BWN O

1.03539553E-03
1.03315412E-03
1.03101724E-03
1.02888446E-03
1.02675634E-03
1.0246325E-03

1.02251315E-03
.1.02039819E-03

1.01828744E~03
1.01618125E-03
1.01407933E-03

L.01198171E-03

1.00988852E-03
1.00779961E-03
1.00571495E~03
1.00363468E~03
1.00155878E-03
9.99487208E~04
9.97419661E~04
9.9535654E-04

9.93297687E-04
9.9124317E-04

9.89192893E-04
9.8714675E-04

9.85104861E-04
9.83067258E-04

. 9.81033848E-04

9.79004606E-04

9.76979503E-04

9.74958729E-04
9.72942039E-04
9.70929649E-04
1.93583848E-03
1.9278383E-03

1.91987134E-03"

1.91193721E-03
1.9040359E-03

1.89616721E-03
1.88833112E-03
1.88052738E-03
1.87275585E-03
1.86501655E-03
1.85730906E-03
%.84963353E—03

1.84198974E-03

1.83437746E~03
1.82679675E-03
1.81924713E-03

SAMPLE
65.5
69.5
73.5
77.5
81l.5
85.5

"89.%

93.5%

97.5

101.5
105.5
109.5
113.5
117.5
121.5
125.5
131.5
139.5
147.5
155.,5
163.5
171.5
179.5
187.5
195.5
203.5
211.5
219.5
227.5
235.5
243.5
251.5
263.5
279.5

'295.5

311.5
327.5
343.5
359.5
375.5
391.5

407.5

423.5
439.%
455.5:
471.5
487.5
503.5

_ PROBABILITY
3.61597072E~03
3.58614563E-03
3.55656658E-03
3.52723137E-03
3.49813821E-03
3.46928509E-03
3.44066982E-03
3.4122906E-03

3.38414552E-03
3.35623244E-03

*3.32854982E-03

3.30109543E-03
3.27386741E-03
3.24686405E-03
3.22008333E-03
3.1952367E-03

6.30824253E-03
6.20460884E~03
6.10267773E-03
6:00242119E-03
5.90381176E-03
5.80682222E-03
5.71142608E~03
5.61759717E-03
5.52530966E-03
5.43453823E-03
5.3452581E-03

5.25744473E-03
5.17107395E~03
5.08612199%-03
5.00256575E~03
4,92038212E-03
9.59959188E=03
9.28677309E-03
8.98414796E~03
8.569138435E-03
8.40816095E~03

8.13416687E-03

7.86910131E-03
7.61267341E-03
7.36460166E-03
7.12461367E-03
6.89244612E-03

6.66784415E-03

6.4505613E~03

6.24035886503
6.03700624%-03
5.84028026E-Q3

R91.5

~1631,5
" 1695.,5

" PROBABILITY

SAMPLE
527.5 .0111158161.
559+.5 .0104031647

9.73620249E-03
623.5--9.11200019E~03

655.5 8.52781643E-03
687.5 7.9810855E-03

719.5 7.46940632E-03
751.5 6.99053167E-03
783.5 6.54235837E-03
815.5". 6.12291813E-03
847.5 5.73036879E-0

879.5 5.36298638E-03
911.5 5.01915743E-03
943.5 4.69737184E-03
975.5 4.,3962164E-03

1007.5 4,11436848E-03
1055.5 7.45431346E-03
1119.5 6.5291387E-03
1183.5 5.71878987E-03
1247.5 5,00901559E-03
1311.5 4.38733329E-03
1375.5 3,84280964E-03
1439.5 3.36586826E-03
1503.5 2.94812137E-03
1567.5 2.58222215E-03
2.26173567E-03
1.98102562E-03
1759.5 1,73515523E-03
1823.5 1.51980049E-03
1887.5 1.33117399E-03
1951.5 1.16595843E-03

'2015.5 1.02124821E-03

.-,

N
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APPENDIX 7A

This appendix includes the complete set of schematic diagrams

-~

describing the hardware implementation of the third-order SPDF
_section. '
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This appendix lists- the

third-order SPDF section.
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APPENDIX 7B

complete E‘/f..OGIC code describing

—

the
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MACH0=PP'T!ToT!ToTOT!FiFOXOl9XU?0X030X069X059K069/
XUT s XDRe INCKoT -

AYsROM 2500 A0CLK 9124 X089 X0T+ X060 X05:X049X039X02,x01
MACRO=R12+A0T19A032+4A0330A0340A085+AN36+A037+A058,7
AD39.A0310+A03114A0312+A010+A020+A0300A0409A05WsADOA,
AUTQ«ADBRYAD9N1AD10Q+A0110,A012Q5A0CK yAOCL

ADCL+BIF ¢ 10 AGCLR :

-2

MDATAYADSAD . - -

d =)

%

MACRO=RE«X01s X029 X039 X0 s X054 X069 X079 X089 X11eX124X13,s
X1T7aX1A«INCKaT )
A]vHDMv?SODOAICLKol21X189X17vX16’X15.X14|Xl31X12,Xll
MACRO=RIZOAIS10A1i20A183!AI349A135vAl$6vAl‘79A1385/
AlS99A13lOvAl!ll-Alll?;AlleAlEUvAl30'A1Q0oAlSUoA16Qo
A1TQ.AIRQ+ALI9NIATI0QYAT110.A11205A1CKALCL
A1CL+HUFs1vAICLR

e -

MDATAsALl9AL
o

% . :
MACRO=PF-X]lleasXlJoXlQinvalbo&l?ollasle9X229X23;
X2T+X28« INCKoT
AEvROM.?SOGoA?CLK.12.x28oK27.x26,x25.x24.x23ox22,x21
MACRO=RIZ-A2;|vA2$2.A2t31A?84|A235.A2t6oA287oA2!80/
ARSQoA?zln»A2=11.A2¥lZ.AZlO-A?ZO-A23QoA2«Q,A250oA260c
- A2T04A2R0+A2909A2100+1A2110+1A21204A2CK s A2CL
A2CL-BUF s 1+A2CLK

-

MUATAWAZWA2 ' *
+

$ LN
MACPO:PR.XBIOX22v123!x24oK250X26vx279X23|X31'K321133’
X3TeX3BeINCKWT

A3sROMy 2500+ A3CLK 129 X389X374X369X35.X36X339X32,x31]
MACRO=R124A33]19A3329A3339A384+A3355A3369A337+A318,7

/

X149 X1S9X16s/

/

K24y X250 X264/

/

X344X35+X364/

A3¥9'A33109A38110A3¥12!A310!A320yﬁ3300A3QQ’A35”!Aj609/

A3VUwA3SOGA39OOA3IOQOA3l109A31201A3CK0A3CL
A3CL+BUF+1+A3CLR '
@

MDATA+A3:+A3 |
-] .

$ 2 T . . .
MAC‘isRoORA-ORﬁ9ORC|ORD,0RE-ORF00RG90RH’Yll071217130Y14|Y15!Y16'/

Y17¢Y18¢ INCKsT
H]OROMOPSOOQH]CLKo12!YlBoYl7|Y160Y150Y14!Yl3'Y120Y1l
MACQO=R]209131031‘20Bl¥3oﬂl‘Q'BI‘SQRlival‘Toﬁliﬁo/

H|t9.nleo.81:11.81&12.5110.9120.9130531«0-8150.3160,/

R170,R1A0RLI90B1100+81110+481120.P1CKsB1CL
B1CL+BlIFe 1 +BICLR )
[ ] .

MDATA!H]jBl
Py
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MACRO=RRAY119Y129Y130Y149Y154Y169Y1ToY18sY21eY224Y239Y244Y251Y262/
Y2TeY2R« INCK,T R '

HZ2ROMe P500+B2CLK 9 120 Y2R2Y2T4Y264Y254Y249Y230Y224Y21
MACRO=R]2¢H231982312+4B2134R2349B215+KP3164B21 798218,/
HP310,82:10«B82311482312+82109R220+4R23N4B2640»B25WsH26Q,/
H2TRB2RU+R290+H2100+8211Q+821204yR2CK»B2CL

#
MDATAR2.82

o
$ . :
MhCQO=PR|Y21!YZEQY?JoY?Q!Y?SnY261Y27oY28'Y3lvY320Y330Y34!Y359Y36'/
Y37+ Y3IRWINCKT .
B3sQOM-PSGOvB3CLKo120Y381Y37-Y3Q3Y35|Y34yY33’Y329Y31 S
MACRO=R12+B331933:2+8313+R334+B31548336+R337+8358,/
B339,83110+83111,83312+8310+R320.8330+B34Q+8350+B361,/
B370¢H3FQ¢R390183100983110183120133CKOB3CL

H3CL+BUF s 1eBICLR i

o

MDATA.R3+B3
@

'5 .
% OR GATES

%
OR1+0R,H0/150/60/150+A010,A110,A21Q+A310,B811048210983104L.0=20/50720/60
OR240R,80/150/60/1509A020+4A12Q09A72Q44320+8120+8220+8320+.0=20/50/20/60
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LD=20/50720/60
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130+ 140015Q+ 1AW [ TOe 180190
#4aCLIR«NT7400 '
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$A1/0.81604A1S0+A140+A1304,A12Q+A110
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FNISP 200045 DsS0«INCKIAICLK o X1IAIKLTo X169 X159 A144X139X12eX11
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PNISP AN 0. 79000450, ADUCKOAUIU'A020|A1lQOAIZQ'Azlu'AZEQ'A3100A3200/
%HllQ-H]?OQHEIQ!H??QQB3IQQB3P0 -

$DISP«0e41N00«1U0»CLOCKYSET s TNCKsCLASAOCLK9ALCLK s A2CLK s A3CLK|BICLK!/
$RECLK+HICLK+AOCLR«AICLR9A2CLRsAICLR .
DISP-O-QlOQDOlOOvCLOCKvBlrLR B?CLRvB?CLR;AOCKuAlCK'AZCKiA3CK9/
BI1CK +B2CKsR3CK s INCK s SETH

CLOCK*SFTsCLAWAOCLKYALCLKeA2CLK s AICLK sBICLKyB2CLK »B3ICLK 0/ 3
AUCLR+AICLR+APCLRsA3CLR BICLR-BZCLR.HJCLR-AOCKoAlCKoAZCK A3CK+/
HICK«HB2CKsH3CK s INCKsSETH . . u
StTH.INV-BD/??O/SO/ISOvSET

MACRU= C7471vCLOCK.§ETH»IQQB'V'CLOCK’SETBgADCLKo?UB-AlCLK,lQBv/
GeADCLK1QH INCK .

MACRO=C7473+C1L OCKSETB2QB4V, CLOCK-SFTB-AZCLKo“QBoA3CLKoBQBo/ -
(e APCLKH s 33B»A1CLK -

MACRO=CT7473+CLOCKsSETBy4QR, YV, CLOCK.sera.aICLK.bon.BZCLK.SQH./
GeBICLK +SURsAICLK -
MACRQ= C747?-CLOCK.SETBv6QBoV.CLOCK-SFTB-BBCLK-UQB.A3CLR¢708-/
GeBICLK+TQBB2CLK

MACRO=C7473yCLOCK+SETB+BQR, Ve CLOCK-SETBoBlCLR-1008-82CLR;9QB-/
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APCK-HHF.BQIZBOISDIISO:lOOoB?CLK

A3CKBUF W BN/2R0/50/15031004ACLR
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H3CK.JUF.80/2RO/50/150;100.83CLR

AUCLRWRIF 91 9RICLK

AICLRBIIF e 1982CLK

APCLRALIF 91 +B3ICLK

CLA+INVeB0/220/50/150+A3CLK !



3

. - -
. - -
-
. .
~

$SOUANTIZER S o
Zl122023»24025’lﬁcZTqZBoZQleOQZl192]2'
. NGAUoANDoBO/?PO/SOIISOGZIEOZ]]9210929vz

PﬁAOsANDoHQ/B?O/SO/lSDo-ZIE!-Zlloern'-Z9v-289'27"Z6|LD=30/75/30/90
_NGBO.AND-HO/Q?O/SO/I&O-NGAO.?59LD=30/75/30/90

PGBO-AMDv80/970/501150|PGA00-25vLD=30/75/30/90 ﬂ-”“4“fﬂ
ORLO-OP-80/220/50/lSO’NGBOoPGHOvLD=30/75/30/90 ) : . .
NGAIohNDvBQ/??0/50/1509212oZT]OZIOv29928027:Z6OLD=30/75/30/90 K

onniona'oncéono.oné.onr.ons;onﬂ.
BeZ79269.D=30/75/30/90

ePGAl\ANDoRO/??O/SOIISOo-Zl20-2]lv-Zlnv~290-28n'l?o*lvaD=30/7S/30£90

NGBLeANN+80/220/50/1500NGAL+-Z5eL D=3/ 75

GBleANNBO/220/50/1504PGAL 75,
RL]qOQ-HO/Z?O/SO/lSO-NGBI-PﬁB]p

/730790 -

:D=30/75/30790
D=30/75/30/90

GAE.AMD-BD/EPO/SO/ISOvZl?lelLZl0'ZQyZBu?70L0=30/75/30/§§éﬂ <é\\}
GAE;ANDv80/270/50/1500-212v-21lo-z101-293'29"27oL0=30/7 730/90 *
NGB24ANDB0/220/50/1504NGAR»-265LD=30/75/30/990 . '
PGB AND80/220/50/1504P6GA2s764LD=30/75/30/90 :
unLa'on.301226/50/lso.Nﬁﬁ?.PGH£.LD=30/75730/9o ;-
NGA3.AND»80/2P0/50/150iZIEle1'ZIO|ZQoZByLDE30/75/3D/90'
Pﬁna.annw80/?90/501150.-212.-211-;z1n'-ZQ'-ZB.LD=30/75/30190
NGB39ANDoBG/2?O/50/l50sNGABv-ZT-LD=30/75/30/90

. PGBJOANDO80/??0/50/150996A3!Z7|LD=30£75/30/90
OPL3.0Q.80/220/50/150oNGBR,PGBByLD=3n/75/30/90

,Nnnq.nnn;an/990/501150.21?.211,210,29.LD=30175/30/90
'PGAQ.ANn'80/2?0/50/1503-212v-21lo—Zlno-Z9vLD=30/7S/30/90
NGBQ.AND.90/2?0/50/l50,NGAao-ZBsLD=30/75/30/90
PﬁBq;hun-ao/?=0/50/150.96&4-28-LD=30775/30/90

» URL«.OP.80/220/50/lSDvNGHécPGBQoLD=30/75/30(90_.
NGASoANDi80/2?0/507T5Ql£%?s2[1leOoLn=30/75/30/90
PGAS+ANDBQ/220/50/150%= 129=711e=210+1.0=30/75/30/90

NGBS-AND-ﬁ0/950/50/lﬁOoNGASv—Z9vLD=30/75/30/9Q
PGBOANDBN/220/50/1504PGASs 79+ LD=30/75/30/90
+80/220/50/1504NGBSsPGRS+LD=30/75/307/90 -
NGAG, A 0+89/270/50/1504212+2115L.0=30/75/30/90
DyB0/220/50/1509-212+=Z114L.D=30/75/30/90
1480/220/50/150/NGAGs=Z104L.D=30/75/30/90 "
PlBoR ANDI e REX220/5G/1500PGA6+97104( D=30/75/30/90 o
L6yOR+BO/2 0/50/ 150 +NGBAsPGR6,LD=30/75/30/90 -
NGBT7h AMDL 8O/ 2 /50/150.312.-21({:0=36135/30/90

ORLSW0

PGH sy AND < HN/200

ORLTNOR«B0/220/50/ ’NGB?)PGB79
LOAsA 080/220/50/1501\'
y BcAND'80/220/50/150903

-

LaooAND.Hofzeo/SO/ISQsORLn'ZA-LD=30/75/30/90
LOE+ANDVR0/220/50/15040RLO+F.LDS30/75730,90
LOFsAND+B0/220/50/15090RL0+F 4LD=30475/30/90
. LCG+AND,B0/220/50/15050RL0VF4LD=3/75/30/90
'LUH.Awn.aoxaaoxso/150.8§Lo.212.&53§0(75/3oz9o
)

L1AsANNLB0/220/50/150
L1BsANNWB0/220750/150

L1CzA /220/50/15090RL Y 9Z39LD=30A75/

L10s MD+8N/220/50/15040RL1924+LD=30/7 730/90 R
NeB0/220/50/15090RL1+T4L.D=30/75/ 0/90 N

LIEy

L1F+ANDyB0O/220/50/15050RL 1 +F o LD=30/75/3
L1G+AND180/220/50/15090RL1+F+LD=30/75/3

L

/1509=212+711 L9=30/7S/30/90‘
sN=30/T7S/730/790
Z1+LD=30/75/30/90
0922+0.D=30/75730/90
uC-AND;80/220/50/ISO;ORLoyZa.LD=30/7S/30/90

L1+Z214LD=30/75/30/90
L1+224LD=30/75/30/90

e ; i -
/90 - " \
g X

.-

I
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. ,
LK AND+80/220/50/150+0M 1+7125LD=30,75/30/90 | -
L2A+ANDB0/220/50/15040RL2+22+1.D=30/75/30/90 ‘ y ot
L28+AND+80/7220/50/15090RL2+Z3¢L0D=30/75/30/90
L2CsAND+BCG/220/50/15040RL2+Z4+LD=30/75/30/90 °
‘e L20sAND+RE/220/50/15090RL 225,LD=30/75/30/90 r 4 ]
L2EsANN+BO/220/50/15090RL24FoLLD=30/75/30/90
L2F s AND«BC/220/50/150+0RL29TLD=201/75/30/90 - -
L2GrANDRD/220/50/15090RL2+F.LD=30/75/30/50
L2Hs AND+80/220/50415090RL2+212+LD=30/75/30/90
L3A«ANDsB0/220/50/150+0RL3+23sLD=30/75/30/90
L3BsANDsB0/220/50/15090RL39Z4+LD=30/75/30/90
L3CsAND+R0/220/50/150%0RL3+25yLD=30/75/30/90
L3D+AND«RQO/220/50/150%0RL3y26+LD=30/75/30/90 _
L3E+AND+BO/220/50/15090RL3sT4LD=30/75/30/90 e
L3F+ANDB0/220/50/150+0RL 34T 4L.D=30/75/30/90
L 36+ AND»8€/220/50/15050RL3+F«LD=30/75/30/90
L3HsAND+B0/220/50/150+0RL3+212+LD=30/75/30/90
L4ACANNBU/220/50/15090RL49Z4+LD=30/75/30/90
L4BeAND+80/220/50/150+0KL4+25+LD=30/75/30/90
L4CvaAND+B0/220/50/15040KL4+264LD=30/75/30/90
L4DsAND+8B0/220/50/15090RL69274LD=30/75/30/90
L4EsANDB0/220/50/15090RL4G+F oLD=30/75/30/90 &
LaF ¢+ AND+80/220/50/)150+0RL4+F4LD=30/75/30/90 '
L4GvANNSR0/220/50/15090RL4+ToLD=30/75/30/90 .
L4He ANDB0/220/50/150+0RL4+Z12+LD=30/75/30/50
T L5AsANDBG/220/50/15090RLS+ZSsLD=30 0/90
L5BnANDo80/220/50/lSOoURLSoZﬁaLD=305§§?§)/90
T LSCeANDBO/220/50/15000RLS+27+LD=30/75730/90 -
LS50+ AND+80/220/50/15090RLSsZR+LD=30/75/30/90 -
LSEsAND+B0/220/50/15090RLSeT4LD=30/75/30/90
) . LSF 9 AN B0/220/50/15090RLSF4LLD=30/75/30/90
v LSGeANNRO/220/50/15090RLSToLD=30/75/30/90 .
. AOHeAND«80/220/50/15090RLS+Z12+LD=30/75/30/90
L6AsANNB0/220/50/15090RL6+26+L.D0=30/75/30/90 )
'LaB.Aun.aofzaoxsoz150.0RL6.27.LD=30/75/30/99 -
L6C+ANDR0/220/50/15090RLAYZR9LD=30/75/30/90 5’
LAD«AND80/220/26/15090RL6+Z9+LD=30/75/30/90
LAE+ANDYBU/220/50/15090RLGF 4 LD=30/75/30/90
LEF e ANDB0/220/50/15090RU6+To=0=30/75/30/90
Laﬁ.ANn.901?20/50/150‘pRH9.T.LD=30/75/30/90
LAHYAND 4 80/220/50/1500RLh9Z12+L0=30/75/30/90
L7AsANDSB0/220/50/15090RLT+Z7+LD=30/75/30/90
L7BOAND!80/220/50/150UORL79290L0=30/75/30/90 ’
L7CeANDB0/220/50/15090RLT7+29+L.0=30/75/30/90
L70+AND«B0/220/50/150+0RL7+210sLD=30,75/30/90". ;3
LTEvAhno80/220/50/15090RL7;ToLD=30/75/30/90
L?F.ANn.an/22O/sox150.09L7.T.L0=3o/7q/30/9o_
L7G+AND«BO/220/50/150+0RL7+T4LD=30/75/30/90
L7HsAND+B0/220/50/15090RL7+212+L.D0=30/75/30/90 -
| ORAsOR 42 0/220/50/ 1505 LOAYLIACL2AsL3AL4AsLSAILOAL TA,LD=30/75/30/90
ORBcORaRc/?20/50/l50cLOBvLIHJUEBoLBBoLQBsLSBvLGHvL7HuLD=30AiS/30/90
ORC+0OR48N/220/50/1509L0CsL1ICIL2CsLICLACILECILOCILTC,L0=30/75/30/9
ORD«ORWB0/220/50/1509L00sL10,L2D+L3DsL4DsLSDsLODL70,LD=30/75/30/90
UREsOR+R0/220/50/1509LNEsLIEGL2EyL3E2L4E2LSEvLOEsL TESLD=30/75/30/90.
ORF4OR,£0/220/50/150¢L0F s L1F 4L2F sL3F o L4F o LSF s L6F oL 7F L D=30/75/30/90
OHG-OR.Hol??O/SD/150oLOGvLlGqLZGoLBG'L#G’LSGsLbGoL7GoLD=30/75/30/90
ORHoOH.80/220/50/150vLOH'LchL2HaL3HcL4HoL5HvL6H'L7HoLD=30/75/30/90

. et e
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' FILE: R12  ° MACRO

: JlvJ20J3vJ49J§!J6vJ7'J89J90J10iJllch?le0Q2v03'04!05006g071/

WBeGYeQ1000114Q129CKsCL

MACRO= X?QO#QJI'KIvJaiKZOJ39K1|GyK4oJﬁvKSQJSOK60J6o
MACRO=XT4040JT9KT1JB8sKB9J9+sK99GeK109.J109K11sJ1)eK1290120V
MACRO=XT473¢CKICL«K1aVeCRCLoJ2+20RsN29K2eGeR191QBrJ]
MACHO=XT4T39CKoCL oK3oVeCKyCLyJUsG4QABe04sK4yG90Q393QRII —
MACRO=XT4T73¢CKCLeKSsVeCKeCLeJ626NRIN6eKE69G Q525089 JS
MACRO=XT74T73eCK1CLIKToVeCKsCLJB2RABsNBeKBsGrQT27QRYJT7
MACRO=XT4T73+CKsCLIKF9VeCKeCLJ109100R+Q10+sK109GyQ999QRs JO
MACRO=XT4T3sCKCLoK119VeCKoCLPJ12+120B2Q12+K129G4sQ11,110QRsI11

DUMMY s AND» 1+ 1QB+20B+ 30834089508 +608+ 7B 80B»SQB» 1 0WH, 1108+ 1208

FILE: RA MACRO

J10J29U30J69JSeJ69dTeJBe01e02¢03+049059Q69Q79Q8sCKeCL .
MACRO=X7QOQOJ]QKlQJZQK29J3vK3060K“0J“0K5vJ5’K69J§0V

MACROZXTo049 JT o KT 9 JBeKB s TeKFeGoK1 00T oK1 1aToK129TeV .
MAQRO=XT473eCKsCL oK1 s VICKoCL 4 J2+20B+A2+K2+¢G+Q1r1QB»J]
MACRO=XT4T73+CKoCL K39 VeCKaCL 4 J494QB+04sK4sG1Q3930BvJ3
MACHO=X74730CKOCQ K sCKsCLAJ6r6NBIN6HIKAIGRSSQAYJS
MACRO=XT74T73+CoCL N VCKWCLs JBIBOBsNBeKBsG1Q T TQBJ7 fk@
'DUMMY.ANDGIOLQE%EQ v4QB»SQBA0Be TUB»ARBYKIIK109K] 19K

FILE: CT7473

ICKs ICL e 1KaVe2CKo2CL+2J+20B92Qs2K+Ge10¢1Q0Bs1J
QlleUXs100e1CKel s lKyFelCLE=]
1GsBUF+17100/1/150,011

1QB+ INV.17100/1/7150+Q11 :
QI2+vJKs100+2CK12Je2KsF92CLE~-1]

20sBUF 1/100/17150+Q12 ‘

208y INV+17100/1/150+Q12

FILE: X7406  MACRO

I1901eF2+021 139030169049 1649054T5906s 160V (ﬂ
919 INV.B0/150/507150011+L0D=30/75/30/30 )
v2+ INV,80/150/50/150, 12+LD=30/75730/90

v3+ INV.RO/250/50/1505 13+LD=30/75/30/90

vas INV+80/150/50/1500 149LD=30775/30/90

w59 INVyR0/150/50/1500 15+ LD=30/75/30/90

v6+ INVs80/150/50/150 16+LD=30/75/30790



FILE: X7476 MACRO

FK»]S.lR-lJvVdeKoZS|2R.?J!20892092K06!lQB!lQ'lK
QIlsUKe 1000 1CKe1lJe1Ke1SE=141RE~1]
10+BUF+17100/1/1503200+011
luBy INVe1/100/1/1505200+Q11
UIZ!JKolOOOZCK!ZJ'EKoZSS-l;ERl 1

20vBUF+1/71n0n/1/1503200+012
© 2QBYINVs1/100/171504200+Q12

-

R o e
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APPENDIX 7C - :

{
‘'This appendix lists the contents of the ROM multipliers for

of the seven coefficients:

each’

-
ag = a3 = 0,2726230  7C-2
al = ap = 0,0808208  7C-3 <
by = -0.9877751  7C-4
‘ by = 0.7787396  7C-5
by = 0.084076B  7C-
4
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APPENDIX 7D

This appendix lists the F/LOGIC simulation of the response of the

third-order SPDF section to the sampled' sinewave input of

Fig.7.08, :
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