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“PABSTRACT. - &

A stored—prodh&t technique is proposed as a design method
for a dfgita] PCMvchannellfi];er. ‘In:p1acé of mthjpliers the

filter uses ROM blecks to store %he cbefficientfsjgnal Eroducfé.

et

‘A flexible quantiration a]gor{thm is inttpduéed into the proceésor‘.

to keep'fhe number of. stored prodqqtg'at an acceptable Ieveld
. Fs . ot

Details of .the PCM filter design are worked out to meet the d

performance ‘and cost requirements for a 24-ghannel system. Results
' "" ’ : s ' -" . > l ) .
of computer Simq1dtion'anﬁ error analysis, based on a sinusoidal

input with varying amplitudes are given. Hardware implementation
compatible with the low-speed MOS ‘technalogy is described.
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| < OCHAPTER T
Sy ... INTRODUCTION . | S
1.1- Geperal .. - - ' : o

In g nera], every dlg?taF f11ter implementation 15 des1gned

0 "t

to perform some sequerice of b1nary mu1t1p11cat1ons and add1t10ns
conform1nq to well deaned accuracy.cons1derat1ons The arithmetic
accuracy bf a- part1cu]ar f1]ter 15 character1zed by the b1nary
reg1ster ]engths in wh1ch the f1na1 arid ‘the 1ntermed1ate resu]ts of

‘the operat1ons are. stored Wwithin the f11ter A]though it is poss1bTe

/
to trade off cost and process1ng speed for increase® accuracy, the

number of . poss1b1e numer1cal values resu1t1ng from the bqnary operat1ons «

w;th1n the f11ter must necessar1]y*rema1n f1n1te

M

The sums and prodicts are generated by hardware mechan1zat1ons
wh1ch w1th1n the designed accuracy, are capable of add1ng or mu1t1p1y1ng /
l any twonumbers of spec1f1ed b1t 1ength In"a given filter deswgn

many sums and products wh1ch fa]] w1th1n the bit ]ength of the proceSsor
- either never occur or have ]1tt1e*effect on the response In this sense

most d1g1ta1 processors are too genera] and 1nherent1y s]ow .
The fol]ow1ng quest1on ar1ses Is 1t poss1b1e to store all or a part

A\
of~ the a$1thmet1c resu1ts, whwch are certa1n to occur in a g1vf"f11ter,

-

and access them in some des1red sequence7 In most app11cat1ons this would

reduee the process1ng t1me by a factor greater than 10. ¢ /*% | j
The mu]t1p11er 15 by far\the\sﬂowest component in any dTg1taT fl]ter

_mechan1zat1on In order ta mu1t1p]y an n- bﬂt ndmber by an m- b1t number

'(m<n) using. a convent1ona1 mu1t1p11catlon stheme, 1t is necessary to

)

f . ' . - ‘('1. ]
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perform m sh1fts and m paral]e] add1t1ons requ1r1ng not fewer than
2m clock 1nterva]s In add1t1on, some round off algor1thm Tust be
1mp1emented before the product is comp]eted Such .an a]gorlthm
performs the same’ round off operation on a]] products In contrast
on]y one c]ock per1od 15 requ1red to retr1eve a prodUtt from storage
and separate round off proéedures can be app11ed to each\product

The effect1veness of a @roduct stor1ng scheme depends on the
amouht of storage required to perform the f11ter1ng'funct1on In the .
maJor1ty of app]1cat1ons the b1nary word ]engths vary from e1ght to
e1ghteen binary digits. Thus the number of poss1b1e products wh1ch may
resu1t from the mu]t1p11cat1on operat1on may vary from 256 to 262 144.

actua] number‘of b1ts of storage requ1res is then 1 6 K-bits: to some 5

¢

"In some app]wcat1ons it fis not necessary to store all 2 products

-,d_

”1n a bas1ca11y n- -bit processgh For example, in"a typ1ca1 PCM system
t the 1nput signal- to the filter can assume at most 256 d1st1nct va]ues,

. [
_normaﬁ]y represented in an 8=bit non]1near code., The typ1cal dynamlc

—

range and reso]ut1on, however requ1re a 13-bit 11near code representat

N

A]] arithmetic operat1ons must be done of course 1n the linear. code,

_however there w111 be onJy 256 13-bit products genetaﬁ;d amount1ng

to 3328 bwts of storage per mu]t1p11er\

When two such products are added the result may-not beiohg to a

small set of 256 va]ues Thus if. further mu1t1p11cat1on5‘are to be

- ~

’ performed, as 1n recurs1ve filters, some form of quant1zat1on must be

1ntroduced beforehand The choice of the type of quant1zat1on wou]d
depend on the errox sensitivity of the f1]ter and 'the amount of storage

that can. be to]erated o U L;
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+ 1.2 Summary o | . g
Thisiwork deals with three main aspects: 1) the use of Read
Only Memory (ROM) to replace al mu1t1p11ers in a filter mechan1fat1o

~2) the des1gn of a. f]ex1b]e and fdst quantTZat1on algorithm for use
as a part of the d1g1ta] proqessor 3) the app11cat1on of these
'itechn1ﬁues ta the pract1a1 probiem of PCM channe]l f11ters

Chapter IT outlines the essent1a] features of a uTse Code

Modu]at1on system relat1ng to channel f11ter1ng of vﬁ1ce frequency

_ s1gnaTs A method of 1ntroduc1ng a d1g1ta1 f]]ter to perform the

main f11ter1ng fUnct1on 1s described. A number of de51gn featurEs are

" proposed as possible so]ut1ons to the prob]em of speed and accuracy

One of these features is the use of ROM in conJunct1on with a quant1za

a]gor1thm to rep]ace the conventional mu]t1p11ers

1

In Chapter [1I 2 d1scus510n of the specific quant1zat1on needs

/
is followed by a formu1at1on of a quant1zat1on algorithm su1tab1e for

the proposed app?1cat1on Some relations on worst -case error and most

likely error are derived for the a]gor1thm FinaT]y, a hardware |

impTementation of the quantTZatlon algorithm is descr1bed

Chapter IV is devoted to the detailed design and anaTys1s of the

digital PCM channe] filter. AT design aspects such as prototype

transformat1on, stability, response realization and ‘hardware -

‘implementation are considered. The des1gn;1s examined in. the ]ightzat

- Performance and cost of the existing analog filters.

The performance of the digital filter is §g;;4ated by a computer

program which includes the effects of a11 error sources due to quantiza

truncat1on and roundoff. 4 f1na1 comb1nat10n of d191ta1 f1]ter and rec
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1

orde? analog filter is shown to satisfy the insertion Toss

2

requ1rements over approx1mate1y 92? of the dynamic range. .
oy 7
Chapter V descr1bes the method of. 51muTat1on and analysis

‘used in the preceding chapters The_l$5t1ngs and descr1pt10n of

' | the software deve]oped fér this purpose are included.
F
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words are decoded into Pu1se Amp11tude Modu]at1on (PAM) pu]ses

ChAPTER I1 - 2 .

o FUNDAMENTALS OF PROPOSED DESIGN
221 Genera] . ‘-~;j

The f1rst part of the chapter g1ves a br1ef description of the -

| ﬁ?]se Code Modulation system funct1ons re]evant to the proposed -

.d1g1ta1 filtering problem. The nature of the fw]ter1ng function
required the system and the extent to wh;ch it can be done by a
d1g1ta1 filter are d1scussed in broad terms ' | /
B The rema1nder of the chapter descr1bes the proposed method of
1ntroduc,ng a d]gltaT f11ter into the system and the assoc1ated

prob1ems relating to process1ng speed and cost. Finally, the so1utions

to each of the des1gn problems to be presented in detail in the ]ater

chapters are sta%@d and explained.
2.2 Some System Cons1derat1ons
A Pu]se Code Modu]at1on (PCM) system is a d1g1ta1 voice commun1cat1on

system cons1st1ng ‘of a transmit channe] bank and a rece1ve channel bank.

At the ‘transmit channel Bank each v01ce signal 1s.band limited by-a Tow

Kk,

. )

pass filter, sampled, “Quantized and coded the coded words are then

transmitted as”a d1q1ta1 bit stream. At the-rece1ve channe1 bank_the code

ich are

: i
“fed to a low pass f1]ter to reconstruct the vo1ce 519naﬂ F1g 2.1 shows

[ IR

a s1mp11f1ed block dTagram of-a BCM system
PCM channel banks usually consist of 24 voice channels which are sampled
at thelrate of .8 KHz. In order to ach1eve 1ow‘redundancy,the quntfied

values of PAM pulses. are coded according to a Hontjoear scé{e. " This-
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. n\\11near ‘scale is usua]Ty a, p1ecew1se 11near approx1mat1on of 2

| L T ]Ogar1thi///zarVe A practical approx1mat1on is the S0 ca]]ed o ‘

u-1 hith. cons1sts of a total of 15 11near seqments each subd1v1ded

. 2).
nto 1 qua] quantization anterva]s Th1s reguires 3 code bits to

spec1fy he posxt1ve segment number and 4 code b1ts ‘to spec1fy the
t

_té quant1zat1on level w1th1n the segment. Together with the s1gn b1t

.each code word of the nonlinear or compressed code 1s thus made up
of 8 bits. - © _" C -7

N -, ! 4 .
An 8-bit code can rbpreSent at most_28 ‘or 256 d1fferent va]ues,

although the dynamic range of these vaTues on the 11near sca]e can be

g -l S N T T v T o VE R S X RS T
o s Pt Ll B AR TN et e St
s .

made arbﬁtrar1]y ]arge In order to ach1eve good reso]ut1on over the

. des1red dynam1c range a 13 bit equivalent linear. code is ‘used. The =

ke

13- bit ilnear code however does not ex1st anywhere in the system; the

283 L

encader codes éhe quant1z d PAM srgna]s d1rect1y into the 8-bit compressed
¥

SR

code. TransmisSIOn of the 8 -bit] per samole code for 24 channe]s sampled -

“at 8 KHz determines the 1. 544 Mb/s rate of _ the 24-channel PCM system. (3)'

& EEL K i B e B

Before a voice frequency s1gna1 is samp]ed it is band 11m1ted to
\
o 3800 Hz by a low pass, filter. The voice band of 1ntere§t extehds from °

~ _' 300 to,3400 Hz. A given system, therefore, uses 48 Tow pass ana]og f11ters,

; 24 on the.transmwt side and 24.on the receive’ side. 1In a typical case the
. :lchannel f11ter1ng requ;rements can be met by a f1fth order e111pt1c f11ter
It is proposed that.the funct1on of these f11ters he performed at least
for the larger. part, by a digital f11ter ‘ T -
To make‘use of theoAﬁD and D/A converélon a]ready available in the

system the dlg1ta] f1]ter1ng on the transm1t s1de must be done after. the

.’-,

- '
. - Lt N N . N .. r
) : . . .
[ $ . . ot
. ) m . 1
v o . .
. . -
- oy .

Gy sl N e e St et 1
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encoding operation. Similarly, on the receive side, the digital

_ fijtering must/pe done prigr to ‘decoding.. -This arrangemeht is
| shov'}n in"?ig. 2.2. %h . o ;_5'-

Some degree of ana’g Tow pass fﬂtermg must rerha1n m each
channe1 to counter the periodicity of the d]g1tal f11ter pass -band at

frequenc1es beyond ‘the ha]f sampllng frequency

2.3 Pract1ca1 Design Cons1derat1ons‘ . o

e

In deve]op1ng the proposed d1g1ta] f11ter1ng techn1que most

J-/

of the thinking was guided by the' filter performance requ1rements

. R PR a3 o iim Ty d
5 ok Dl AR 3 L Y e N ST G S s e

1n the frequency domain and the cost in relation to the existing: ana]og
method. : ' ' R . | ‘.

o W

The fifth order eTllptlc LC f1]ter that sat1sf1es the1system

SO ST

requirements consists of two 1nductors and five capac1tors which together

with the cost of assanéi;\and tuning estab11sh the. tota] cost of the f1]ter

Only about one half of this cost can be considered. towards the cost of

< .

WX NI PR L WO A AT STl LI
Wi 3

"the digital filter since eome analog filtering must remain in the szstem.
The hardwarg complexity of a digital filter is far greater than”tha of an .
anaJog filter of equal order and the correspond1ng cost is therefore much .

h1§her; It is therefore necessary to mu1t1p]ex the digital f11ter W1th

-

al] twenty four channels. : : SR
As a passive dEVTCe the ana1og filter draws no power. A fifth or
sixth order d1tha1 f1]ter on the other hand, built wzth high speed
logic can_draw several watts of power, A potentia? digital filter design

must therefore be capab]e of being rea11zed entirely in the- -relatively

™~

Tow speed and low power MOS’tephnoTogy (4) '

o
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; .
Some d1ff1cu1t1es due to low c]ock rates can be eas11y observed

Cons1der the b1nary multiplication of two eight- b1t numbers b -z

. convent1ona1 muTtipf)er must perform eight one-bit shifts an fe1ght

add1t1oﬁs Even w1th s1mu1taneous sh1ft1ng and pa

. N
requiring- cons1derab1e hardware comp]ex1

el add1t1on, o

the operat1on requires
ght c]ock periods to comp]e/e//’QTth MOS clock rates of 5 MHz the—"-
'%operat1on requ1res ;,5/ﬁ§€E/ A fifth-order filter has a m1n1mum ' i‘ 5
of 10 such mu1t1p11cat1ons to perform D1sregard1ng all other |
operat1ons the filter process1ng time becomes 16 usec per channe]
If the filter.is to be multiplexed w1€h 24 channels using 8 KHz
samp]1ng rate the ava11ab1e process1ng t1me 1sohﬁy 5.2 psec. per | /
channel. It will be’ shown in Chapter IV howéver, that a samp]1ng
rate of 24 KHz must be used in order to achieve the required stop band
character1st1c, the time available for process1ng then- réduces to
rough]y 1.7 ‘usec. .per channe1 ‘

| In addition to the usual operat1ons of mu1t1p11cat1on and

add1t‘on w:th1T the digital f11ter a& code conversion operat1on must be

1ntroduced The A/D convers1on of the analog- s1gna1 in the system

converts the coded s1gna1 into the 8-bit non]1qgar code. Before ar1thmet1c ’ T
{ '

L)

operat1ons on the code words can be carried out-(he 8-btt code must be

lTinearized to the 13- b1t code. At the output of the/dlglta] filter the- / _—

\ .
13-bit code must be reconverted to the original 8 b1t o pressed code. g

" The conven§1ona1 d1g1ta1 methods ava11ab1e to perform this conversion

™

requ1re\adQTt1ona1 hardware and” 1ncrease the total process1ng time of the

filter, (5) ) h
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classified as four distinct: problems: N

) 2;4‘ Proposed\Design Method

. Reajizing

. Providing

/\. '._, . i F \ ‘

LY
The design aspects qresented in the preceding section can be

(\

-twenty-fg afnels. , s .

gital filter with M0 technology and,

[

hardware or processing time.

Chapter IV is devoted entirely to the problem of meetjng'the

- : J
ode compressions and expansion, without additional . .

frequency domain performance requirements. An approach to solving

, o . _
the other three problems will be stated in general terms “in this .

section and ‘the details will be worked out in the fo110wing”cﬁaptecs.

To reduce the filter process¥ng time the conventional multipliers
~are rep1aced by Read 0n1y~Memory'(ROM) units storing the products

“of al poss1b1e signal values and the mu1t1p11er coeff1t1ents -

pte)

With 256 poss1b1e signal values and 13-bit pc;?ucts a 3328 bit ROM

15 requ1red for each mu1t1p11er Since any ope of the 256 product

5 .

can be un1que1y addressed by an 8 bit code word no exp11c1t code -

convers1on from the 8-bit non11near code is necessary..

<

a serie§ of multin]ietg,correspond?hg to the coefficients RO, AT,

A3 and unit de]ay reg1sters RT R2 R3 and R4. In each case the

1nput is the 8 bit compressed code representation of the input sampIe

»

wh11e the output is the 13- b1t linear- code representation of the

corresponding product.

F1g. 2.3 shows

A2,

11.

-,
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F .
This approach to generat1ng produc 5 1ntroduces a problem

ﬁowever FoIIow1ng the add1t1on of the products the resJIt1ngﬁ

sum can take on a Iarge number of va]ues mak1ng it necessary to

increase the ROM storage in the ‘recursive SECtIOﬂ to an 1mpract1ca1
Ieve] To reduce the number of possible outputs from the adder i

< a quant1zat1on stape is 1ntroduced as shown in Fig. 2.4..
24

The ‘next step is to.arrive at a dng:tal quantié/t1on technlque

which would add very I1tt1e to the processing t1me of the filter and at

Ed

the same time offer some chpice in the seIection of  the number and

distribution‘ot the quentized sums. The sqution'to this problem -

Kt "
is presented in detail in Chapter III 1nc1ud1ng the mechanizatipn

&

»of the quant1zat1on algorithm. =_ ' .
5

To illustrate the length of the DFOCESSIng period for a given 1nput
O .
sample cons1der a th1rd order f1Iter The total process1ng time tT
 can be subdivided 1nto;a number of major operation intervals as shown

in Fig. 2.5. Define the foIIowing quantities. - - __E

TN R &4&1’:!:-:34}{!::&_" - o’é':iw it Zé AT £ B A R s i

tr - t6ta1 time required to process one sample o S l
tA - time required to add one product to the accumuIator** .
. ty - time requiredFtO‘access a product in ROM ;

to v time required to convert the output to the 8 bit compressed code .

With a SIngIe adder the addition intervals must be added serIaIIy
without overIapp1ng With 1nd1v1dua1 ROMs for each coeff1c1ent the . -
accessing of the products may be overIapped The final quan1ti§d sum

can be converted from the 13 b1t linear code to the 8-bit compressed

AR RN A S R e R e

code by a table Iook up method dor1ng the - 1nterva1 t of 'the next

2Ty, e

'process1ng cycle. It follows then that the total processing time can be

c
. 5

- expressed as
’ ) t-.- = ntn + t
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'TIME AVAILABLE.TO THE DIGITAL FILTER TO PROCESS ONE-SAMPLE"

\\//
8 Kz samp]ihg Tate

. 13' .57 nsehf - ) ) ;fé
(8 x 107) (24) '+ ~ o R

o

A : . ' S B
24 KHz sampling rate ' o

y 1

(24 x 10°%) (24)

-1 uSec

ey
3

TIME REQUIRED TO PERFORM A MULTIPLICATION BY CONVENTIONQE MEA

N 13-bit word x 13-bit word
16 MHz clock rate " o
,A13'sﬁifts - 143 usec.
13 additions 1.3 usec.

B 2 6 usec.

FIG., 2.6 - Process1ng T1me per Samp]e and Lhe-Speed of
oo Convent1ona1 Multiplication
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where n is the number of add1t1ggggﬁu¢4ng the cycle. Using some
typicatl vq]ues "

(

tA = 50 nsec.
tM = 150~nsec.

the tota] process1ng time works out to be 500 nsec and ] usec for

a 6th order f1]ter The total processing time is therefore ‘within’

the required 11m1t,of 1700 nsec. The time'avai1ab1e to the digit§1

wf]]ter to process one samp]e is computed in Fig. f2 6 for the 8 KHz

and the 24 KHz samp11ng ratesﬁ— Within this process1ng t1me a sixth
order digital f11ter must perform fourteen mu1t1p11cat1ons If
convent1ona1 mu1t1p]1cat1on by means of success1ve sh1ft1ng and
adding is used the tlme requ1red to comp?ete one mu]t1p11cat1on
works out to 2.6 usec for 10 Mz ctock rate. . v

) F1na]1y, a multiplexing arrangement must be worked out. A
var:Ety of well established techn1ques is ava11ab1e Fig. -2 6 is

one poss1b]e ‘method of mu]f1p1ex1ng an N th order f1]ter w1th 24

channels.
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CHAPTER I11
> . QUANTIZATION

3.1 General

In the context of digital f11ter1ng, quant1zat1on refers to
the 1nev1tab1e process of roundlng or truncatLon due to the®
f1n1te reg1ster ]engths encountered in a]] digital arithmetic
processors Such truncation and rounding resu]ts in un1fonn
quantization with the guantization interval determ1ned by the
ualue of the least signifieant bit in a'given'register(s)Pre1iminary
investigabion indicates tnab no,specific effort has been mdde.to--
introduce some of the quantization.principles used in PCM. In )
th1s chapter some of these basic pr1n61ples w1]1 be used t6 arrlvg at a
usefu1 quant1zat1on method which offers the fTeX1b111ty of a tradeoff
between the quantization error and the number of products stored | q

- If quant1zat1on is to be used as a funct1ona1 operat1on in a

digital processor, 1t is essentla] that its” execut1on time be kept to a
/

= minimum. It W1I]_be:shown that in this sense the quantization écheme

¢

associated w1th/the well known segmented u -law is not the best

/

su1ted On ‘the other hand, the proposed quant1zat10n method

is bas1ca11y a s1ngle step operat1on "That 1s, us1ng Read Only
Membry and a m1n1mum number of address b1ts, any arb1trary number
inside ‘the prescribed dynam1c range can” be ess1gned ]ts proper
quantization Tevel value within one-eiock interval,

4?. . .
The method makes use of a piece wise linear approximation

L - - : s L
of the continuous A-law companding characteristic and thus has a ...

. &
s1m11ar 51gna1 to quant1zat10n noise ratio over the dynam1c nange

of the - 1nput s1gna1s.(7) S .
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3.2 Necessary Properties for the Quant12at1&hcA1gor1thm

The quant1zat1on afgor1thm will be app11ed exc]us1ve]y to

»

5 numbers in binary form and the mechanwzat1on of the a1gor1thn

will be a digith logic circuit. Since proc\s51ng speed s of. |

[~ e "pr1me 1mp0rtance the algorlthm must be capable of reCogn1z1ng

an n-bit number as belonging o a pantlcu1ar-quant1zat1on intervaT

in a minimum number of-logical steps. This will be referred to

as the first property of the a]gorithm

A second property of the aTgothhm must be that wh1ch

perm1ts the d951gner to choose between ‘the varuous degrees of

quantizatfon accuracy and the correspond1ng hardware complexity.

y
o o The a]gor1thm must also sat1sfy some established s1gna1 to
quantization noise criteria or fol]ow some proven companding

character1st1c such as the A-Taw or the T law, -

This wWill be‘referr
© )
to as the thTPd prope?ty of the a1qor1thm

An a]gorlthm W11T now be formulated and will ‘be rhowc to posse
all three of the ~above properties.
— A s1gna1 voltage can assume both positive and negacive values
with respecc to some refecence vo1tage. e will first deal with_tm
T positive values 47 ;hen.genera]{ze to inc]ude-the negative values.
| Every sjstem 's‘designed to some‘dynamic'range so that no'vcltage't
aﬁplitude-exceeds‘soﬁe upper value of V vo]ts' On the other hand _
ﬁhe dynam1c range of | a dlg1ta1 system is determined by the d1g1ta1
. registers of some specified bit Tength N. ‘Thus the largest nUmber

—— that can be,represented by_e sequence of N bits is ZN and -corresponc

. . /
toV volts. ATl other signal voltages can then be represented by

4
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" where ai~; 0, 1}, r=2

AndU__niN

.

¢

nwnbers'between 0 and ZN in steps/of 1 assuming that such volta1es

)

have prevwous]y been quantized to the nearest unity 1n accor

dance
With some a&eroxlmat1;n cr1ter10n _ ' L
It is well known in PCM work that it js not necessarj to
enant1ze atll amp11tudes to the’ same quantization interbal. The

/ﬂarger amplitudes canlﬂe rounded off more coarsely than the

sma]]er amplitudes aé; at the same time preserve the sane,percentaqe

error. Thus the various signal amplitudes are classified into

several ranges and within each range a proqress1ve1y 1arger

quant1zat10n 1nterval Jedﬁssumed It is therefpre worthwhtle to

exemﬁne jn detail the various wWays in which the 2;'J 1ﬂteqers'can'be
subd1v1ded into .ranges and subranges ‘that wou]d satisfy. the quantlzatu

ne/ds and at the same time’ Satlsfy the three proposed Pruoert1es

Any one of the 1ntegeﬁs between 0 and rl can be representee-

'by the polynomial -

Alr) = r"” 1“+ an_2r~”'2 o M )

) 1. 0
Where v is the radix . Sl N

. )
O by the seguence

Al

L) an—lan—Zan-'3"'alaO R ' \ ) (?)

a ‘ . N

Thus Tet S = (A(r){degA(r) H-1)

y One simple classification of the polynomials A{r)

< &

Lo the deqree.” Thus for A(r)

is that accord1n
of degree k the corresponding sequence .

would be

R SL a8 0 T ’ (3)
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, The detection of such a class wou]d be s1mp1e to 1mp1ement Since

e

the sequence can be recogn1zed by 1ts\1ead1ng coeff1c1ent 1

B oy \-

So we partition S 1nt0 N e?u1va1ence classes

S = {Sos Sls 52: coey N_l} oL '_‘.}_ .(4)

'whe}«e S, = [A(r)es,|degA(r) = Kk} . - o
Furthermore, Si(\.Sj =¢ for i.#j .

and Sou‘Sf,Szu L~SN 1°
This part1t1on induces an equ1va1ence relationon § def1ned by

-

(F) ROA(r) « A alr)s b(r‘) € same S,

Any element of Sk 1s then represented by
N k-1 k 2 . .
(P) ro+ ak 1 r k 2 ve. t alr + aO (5)_
or equivalently by the sequence . o

1 ak 1 k-? - al aoﬂ 0 ) . (6) -

The integers correspondihg to the same equivalence class Sk are now

4

‘as§0c1ated with a d1st1nct companding segment k. That is the 519na1

Tevels which fall within the range of the integers of the class
Sk w111 be uniformly quant1zed

The next step is to subd1v1de all integers corresponding to Sk
intg quantization intervals ca]Ted quanta. Hith.each quantUm we
can then .associate-a distinct quantization 1eve1 numerica]]y equal
to the mid value of the quantum. When a- signal assumes the va]ue,of
-one of the 1ntegers in the quantum the signal is assigned the, value
of the.quanpizat1on level associated with that quantum. 3%

- Consider the sequence

o
: . ) \

Doy 18083 0 3353 . (7)
corresponding to the class Sk' There are a total of 2 such'seqUences;¢

/‘-D ; ' ; -
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y <
k 1nto 2k quanta each containing one 1nteger

If we ignore ag then for every such sequente we will have two '

equal sequences of the form ¢ -
. :1 3 _18kp < ezel | - (8)

one for a;=0 gnd one for'a0=1. There are 2571 such pairs;

~each pair €dn be considered as a class or a quantum. If both a

0
and a, are ignored then S 1s subdivided into ok-2 groups of '

sequences, each containing four equiva1ent sequences

V
Va3, o 33200 | e;? .

S ‘ la qa 5 ... a3a201' . (9
- ’ ’ - l
}-ak_]ak_2 s 233,10
. 1 2Bg - agay)] :

all representable by the:pharcteeistic sequence ay 43 ', ... a42,.

The four sequences can be considgred.as a quantum with ‘the quantum

level corresponding to the m1d value of 1 312 k s ..a3a201A1

If a signal amp11tude assumes a valye of one of the four 1ntegers

represented by one of - the four sequences the sigftal. is assigned the

amp11tude value of = | f 1};
T ' 10
r 5 Lay 3. 2 -+ 833,014 - . (10)
Inagenera] Sk can be part1t1oned into 2k o equivalence classgs

_ each of order 2™ Ofmjk by defining a relation - on Sk by

A (r}- A {x) ++A (r) Am(r Aj(r) - %n(r) ) ] &;a
whe?e»A-4+dﬂ A {r) Q;Sk and i, j and m ;ﬂ4§ the degrees pf ‘the
respective pp]ynom1a1s. - is an eqy1va1ence relation because from

the definition of -: Ai(r) . Ai(r), Ai(r) -~ Aj(r) + Aj(r) - Ai(r)

v
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and A, (r) - Aj(r) , Aj(r) - A (r) » Ai(r).~ Alr). Hence, -
/,/fpartitibns Sk into disjoint equivalence classes whose union
' is all of ?k u |

] Sk : {Qoa QLS QZ: .”,'(}]m"l} ' (.H)
where Q N0 'ﬂ for i # j '
and 2y LQZ .c-q;n'_‘l_ =S, N

- The preted1ng partitioning of integers in the range 0 to 2N-

_is compatible with the first and second properties of the Sought

' quant1zat10n a1g0r1thm The f1rst _property is sat1sf1ed because

the character1st1c seqUence assoc1ated with each quantum is the
minimum number of\cbnsecut1ve bits required to. spec1fy all sequences
w1th1n the quantum, The consecutive natune of the.characteristic .

-.'

sequence is part1cu]ar]y importént if the sequence is to be used as

"an address. to access the quant1zat12%§5eveﬂ value in ROM. The (

.A-'/

3.3

&

second property is satisfied because the quant1zat1on step can be
selected to be any size in steps 2, Th1s p rm1ts a trade off

between the quant1zat10n accuracy and the size of address sequence e
wh1ch determ1nes !he number of quanta and the number of Jevels to be
stored. | ?; ' f ' ' ]

L (8) C _ o T
Quantization for PCM S l~ _ _

Cons1der two quanta Q and Qb be]ong1ng to two succ9551ve ‘segménts
$, and Sk+1’ that is, Q, €ZS and.. Qb €:Sk+1' Let o(Qa) and o(Qb) represent
the orders of Q and Qb respect1ve1y From the preced1ng section 1t
is clear that (Q =-2' Which = 0, 1 2, ... Thus the Guanta - '

of the success1ve]y h}gher segments can be made success1ve]& larger

et T ( w . . { : : )
. o , .
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by a proper choice of . In PCM it s customary to double the

“size of the quanta beTong1ng to the successive segments and to
’

choose the number of ohanta per segment to be 16. Thus consider

o(Q . . o
b _ . Lo :
3(5—7 2 and m=4. The dynam1c ranne is usuaIIy chbsen to

d
correspond toa 13- b1t 11near code in wh1ch the 13th b1q is used

as the sign bit. Th1s def1nes the 1nput 1nteger range of -4096

P . . . i !
to +4906 with N=12.. S\ .

The sequences corresponding to each'segmeng can be written as
k=0 0 (
k=0 1

k=1 1 a0
{

F=2~ 1 alao. ' s -
poa ' _ .
k=3 1 3,3y . . . j ‘
= ' ' i > o . 2) .
k=4 i a3a2a1n0 N ; ,
. g, ‘
' Q ' ! Y L]
keﬁ 1 53)84925318g RN N
- : < -
k=7 1 a6o5a433a2a1a0
k=8. 1 a7qéa5a4a3a2a1ao y
k=9 . 1 agaydgasagazaza ag
k=10 1a aq 8a7a6a5a4a3a2 120 - '« .
- If we combine the k< 0 «=1, k=2 and k=3 into one segment
with- a1] other cases represent1ng d1st1nct segments we will iﬂ
%

.obtain what is known as.the A- 1aw segment compand1ng character1st1c
Figure 3.1 shows the f1rst six p051t1ve segments of the

resultung compand}ng law. Each division shown on the X and Y
3
axes corresponds to the part1t1on1ng of integers according to segments.

~
-~ ~
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‘ThereAare‘eight such segments in PCM. Each such division is '"(//

-,equa1 to that integer.

so that q= 0, 1,2, ... 15 for each segment It is clear that a

again subdivided into 16 equal quanta. For. L>1"any quantization-
lTevel is def1ned as be1ng numer1ca11y equa] to the mid va]uer/%\\.
of Tts quantum. .For L 0 and L=1. each quantum contains one -

1nteger hence each quantization 1eve1 is defined as numer1ca1?y
5

Q! 4

Let g des1gnate the number of a quantum w1th1n a segment

-

quebtfiatﬁon Tevel is given by

QL) = q for L=q | ' . (13)
“and . o Q(L) = q+ 16 for L?lw~ = ' (14)
Let §(L) represent the number of‘integers—iﬁ:a given quantum
then by the assumption that g%%;ll-= 2 we!haueuﬁ _ _ .
| s(L) = 1 for=0 O  (15)
and ' o §(L) = éi"l for t?l | ' . (16)

6(L} also represents the spacing between quant1zat10n 1eve]s within
2 segment except at the segment edges where the spac1ng is given by -

’ s(L) .. 8(L+1)
2

, 2 N L
S0 QLY = gL o v e@) o
where Q. (L) =0 . (1)s(L) + §i%l-+ L) o5
= 6(L) |16+0.5] - 0.5 .

"

=221 16.5) - 0.5
QL)
Q(L)

[H

! (16.5) - 0.5 + q2b-1-
bl (qr16.8) <05

1]

ey

(7))

-\‘.' - '
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Using the;e_re?ations all quantization Tevel values v

_can be §ener&ted§ -Table 3.1 gives the tabulation for eight |

positive segments. . : . o v
’ ‘TABLE -3.1 T
] T -, : ‘ L . ' -
.9 0 1 c 2 . 3 4 s : b -7
S0 0 16 32.5 65.5  131.5 263:5 527.5-  1055.5
w1 1 17 34.5 69.5 139.5 . 279.5 559.5 1119:5
a 2 2 . 18 36.5 73.5 147.5 295.5 . 591,5  1183.5
3 3 19 38.5 . 77,5 1855 311.5 .~ 623.5 1247.5 |
4 4 20 40.5 81.5 163.5 = 327.5 655.5 1311,5 ..
5 5 21 42.5 83.5 -171.5 343,5 687.5 1375.5
6 6 22 44.5 . 89.5 179.5 - 359.5 .719.5 1439,5
7 7 23  46.5 93.5 187.5 . 375.5 ;51.5 - 1503.5
8- 8 24 48,5 97,5 955 | 391.5 3.5 1567.5'
-9 9 25 50.5 101.5 203.5 : 407.5 815.5 1631.5
10 .10 26 52,5 105.5 - 211.5 ° .423,5-  847.5 1695.5
11 .11 27 54.5 .109.5 © 219.% "439.5 ~879.5 1759,5
12 12 28 56.5 | 113.5 227.5 455.5 9115 1823.5, -
1313 29 58.5 117.5 = 23575 471.5+ 943.,5 1887.5 -
14 14 + 30 60.5 121.5 243.5 - 487.5 975.5 1951.5
1515 31 -~ 62.5° "125.5 251.5 - 503.5 1007.5 201%.5
- : - . - > . /
. 8(L) 1 1 2. .48 .8 6 32 64
T;f‘. 3.4 Quantization Error Bounds . e ‘ S - e
| Figuré 3.2 shows the quahtiéation operation as it can bé
| implemented in the préposed digital filter. Without quantization
W yn-is given byl -.;’*””_ )
7 Yp = Blyn—l * BZyn-Z Tt Bmyn—m‘ ‘ ‘ - {18)
‘- With quantization’ :
‘ : ' . ] -
C ynl‘= Blyﬁ-l ¥ Bzy;l-Z Tt Bmyrll-;n1 . : . (19)
‘ | _ o . . - ) .
where yﬁjl, %n-Z’ s Yoim are the quantized versions.of yn=1{
Ypops %3 Yop- The fradtional error is then given by _
N .."":i-——"ﬁ. ; . : ‘ - o

[
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> It follows then that

Il
W

, . I . L o - ‘ . - . ] K .
Yoo -y, 2 ) ‘
n=n

In-1Yn1 Yo o=y oy eyt
= =A=:.n1 n1.+.A n-2 n—24.'.+A n—myn-m_
yn . -1 . .yn_l ? yn_a' - m; yﬁ—]‘] L

In Figure 3.3 L, and L/

L, and Lb respect1ve]y

Teye] is

.

L q, -
e = _k9k-1

S = k-1 : .n",'i-,
Tl ,‘ ‘ . 2qk ( : .‘.\‘

S1nce Q-1 is constant for all k withi

can Wr1te [ Py
: L . o o :' "qk_qk—l
v (max)a ' 2y, . .

é . ) = -————-——qk-qk_l
(mln,a 29153

- and { . . . E}
K e ) o %1
Lo S ,(avg a 29g,

/““‘\._

Furthermore, allzmax1mum errors aré equaT

Yka 9(k-1)a _ qkb'q(k¥1)b =-?kc'q(k~1)c )
2%a S 2qob oo 2qoc '

o

The same halds for the minimum and the average ewtors

Y
If y - falls W1th1n the kth quantum and _ﬂ_l_ll;L

Y
n-i
assumed to be maximum for a17] i then o0
S 7
R 1 . R - 4
?n-1 yn 1 yn-2'yn—2 . In-m ynﬂm _ WG .
N T T e s —e -
Yn- 1- yn—Z l-{fn-m. 290

- "
I

p are two adJacent segments and -

_qka and, G are tn? correspond1ng quant1zat10n 1eve1s in segment

in -the same segment we

30. .

The fractional error et_a given quantization

(2])

+
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~

v

Y-y, N g-q ' |
n“n - k. "k-1
- = (By+By+,..+B ) S Kol - (28)
( In ) avg 172 " Zag | -
and »
YLy, L ©g,.-q '
(_I;_IL) = (Bl+82+...+B ). k_"k-1 a (29)
Jn / win - s \ - |

Specifically for the A-law level assfgnment the maximim "
fractional error can be found as: follows

- B

% 0s
2 TS 8-0.5 '
T 2 - 0-0246 (30)
Uy -y, — | L
. ; n-n
non = 0.0246 (B,+B,+.,.+B ) - (31)
( Yn )%3x T2 o -

3.5 Further Quantization Error Considerations
: ‘.A1T positive signa1 amplitudes between 0 and 2N canabe
_// ~represented by a éontinﬁqu; variable x. If x is the analog
vaiue of the speechiamplitude then the probability density

. function of x is given by .
- R I S (32)
= 1 e o )

p(x)

Ta
whéremh-}s Fhe RMS speech vé?tage.(g):
| If a fin{te number of binary digits are used'to répresent
the values of x the;\onTy a.jiﬁiteJnumbef of values of x spaced
by somela‘can be represented. Let X; be any one of these values of X
then the probability that the voice signal ampiitude x Will fall
in the interval X{-6/2x<x3+8/2 is given by |

-



e |

+

33..

o oL

x;+6/2. ° L \
Topl) = [ e ax - (33)
. .- —
i .t
.—6/2 ° .
£

‘Here' s is theqnax1mum value representable- by §he 1east _ i
s1gn1f1cant d1g1t in the finite-Tength register anq 15 equal
to 2a where a" s the pos1t1on of the Teast s1gn1f1cant digit
re]at1ve to the’ b1nary point, : ’ ey

If 6§ is small relat1ve to ZN-theLE(x) can be as§umed\to be constant

over the range x1-5/2 to x1+5/2. Iﬁiyemlet p(x);pi in thét range. then

5

. xi+5/2 |

p(xi) = fcv P; dx = pi6 - :_ N , (34)
xifG/Z

IT e, is the instantaneous error X=X, then the mean squared error

w

can be written as (2)

s P ¢
xi+5/2
;T?t = (x-x; )° p. dx S
i i i - ;
xi—6/2
# & . J
= -i-- p_i : . ' . (35)

If we assume 6=1 then [ % x;1 = 1 and the entire positive

i+1”

signal amp]1tude range can be expressed in terms of integersl

.There are 2t*3 integers in eéeﬁ segment 6f Fig. 3.1. Hence

-

each quantum contains

L3 LE3 . . ] -
.2 =(-2—4——— = b integers. , _ (36)

’)m 2

’,



The smallest integer ‘in the Jth quantum is

m. = 2L+3+ 2L"1.q
J )
.The largest integer in the same quantum is

M. =m. +

oLl
i00 -

1

. g S
If'xi~3§ any integer befwégn‘o and 2V then
) L+2 . v
2"‘{..3<)<‘<2L.I‘3 + z 2J )
A -
J=O s
for L=1,"2, 3, ..., 7
-and; . ) ‘
' L+2 . . R
Oox; 2> ] 2 o
150 [ .
. .
for L=0.
| The probability of the s{gnaI falling within"any,pne
quantum is then | x1+ /2 .
2L"'1 2L-1 ~ . ! J\‘.}
2oplx) = ] / p(x) dx .~ AN
=0 ! =0 o Y
'} Xy- :/2
2L"1t_ , ;
" 'zo %P5 Th
\ {}
2 .
= § ¥ P & = %\for all i
i=0 T
N . pb-l
= § P, = .
J PJ 1‘20 p]

34,

(37)



3.6

Hardware Rea]1zat10n of ‘the Quantization A]gor]thm

. 35.
\
If x1 falls inside the Jth quantum then the error due to
quant12at1on is g1ven by ' .
= (1) - (44)
. t .
~and-the mean squared error is L a
_ - VT ragy
el 125 IQj(L) X, | Ps o . : (4§)

F1gure 3.4 shows the hardware mechan1zat10n of the quant1zat1on

~

a]gor1thm The number to be quantized is depos1ted in its b1nary

form into the register desi nated AC. Gates G4 and G5 detect the

number of leading zeros and the p051t10n of the most s1gn1f1cant
hon-zero b1nary digit. The outputs of these gates enable the inputs .
to the ROM which stores,ihe quant1zed vdlue of the number be1ng

processed. The inputs to the remaining ROMs are s1mu1taneous]y

“d1sab1ed by the same gates G4.and G5. The arrival of a clock

pulse at the ROM input produces the 13—b1t quantizea resu]f,
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4.1 General

; 37,
~ N
- ) . ‘ J
s CHAPTER 1V | s
A DIGITKprCM CHANNEL FILTER DESIGN*
In this chapter the technfques of the preceding two chapters
will be applied to the design of a digital pH channel filter.
The design will center én the'tfansﬁit Fi1tér which will 1éter |
-be extended. to the réceive fi1ter._,The main objective will be to
achieve the insestion {655 performance of the existing analog
filters at a competitive cost per channel,
Fifth and sixth order q1gfta1 filters are exémihed in S "

combination with various designs of sepand\and‘mhird'ordeé anaiog
fiTters. The effect of u;ing £he sampling rates of 16 KHz,
24«KH? and 32 KHz is also considered, .

Thé evaluation of each Case is perfdrmea on the basis of
ar1thmet1c simulation of the processors with all sources of error due
to quant1zat10n truncation and, roundoff properTy accounted for. -
* . The dependence on s1gna1 amplitude is also examined. A1l analyses
are based on the sampled siftusoidal signal {%buf. - A numbgr of design,
.analysis and simulation programs are wrift@h in Fprt;an IV for this
.purpose. .

0f the cases considered, the most efféctife désign combination
is the. third order analog" po]ynom1a1 filter with a third order
recurs1ve digital” f1]ter In this arrangement each'samp1e is made to
pass through the digital filter twice, making.the fiiter éf%ectively

a sixth order filter.

J -
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4.2 Existing Ana]og PCM Transmit Filter ' e : '\:?

* Figure 4.1a-shows the schematic diagram of the f1fth order
ana]og filter wh1ch satisfies the requ1remenfs of a channel filter
(10)
in a t\cha1 PCM system. Figure 4 1b shows the insertion 1oss

' charaster1st1c of the filter and the correSpond1ng spec1f1cat1on

P

contours set by the system. requ1renents

The p-plane transfer function of this filter is given by
. \ . N \

I . N
-k O U G P R P LGN I C s |

il

(1)

H(p)

B

wheré @ and w, are the attenuation pole frequencies in radians/sec., P
is the real attenuation zero on the negat1ve real ax1s, Py and P3
are comp]ex attenuat1on zeros and p2 and—pjﬁuare—t eir complex

conjugates all expressed Jn radians per second. For\ the pQrtwcu1ar

’
[

dESTgn of F1gure 4.1a we. have

wy = 1.6169977 ,
wy = 2:4377100 :
- py = -1.095684287 | _
Py = —0.1608781196_i J 1.196356047 - .
o* = -0.1608781146 + j 1.146356047 _
3 = -0.6399974725 - j 0.96338%57457 -, )

TP -0.639974725 - § 0.9(53257457

‘These are pormalized Fespect to the pass band edge at 2960 Hz. *

The insertion loss of the filter ig given by

| | IL(dB) = 20 1ogio')HT%T’ ” . (2
” - A L . n=juw .

A
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4.3 The B111near Transfarm |

~
H

I

a constant and 7 a comp]ex var1able then after some man1pulat1on

“we can get

1 :. I \\\§Ke~;

The constant K can be determined from the relation

[H(pl p=0 =1
Y

A1l designs considered in this chapter are based on the
bilinear transform. method, This’ makes 1t possible to make use

of the weT] estab11shed p- p]ane approxamat1on and realization

(11)

.routines already available... -

If in the eXpressiOn fer H(p) we et p = 5.%+§’ where T is

Kezo4k 7%k 23+K 724k z+Kd’ BN
Hz) = =4 T
L2 +L42 QAP LTI

H(Z) is then the Z-domain transfer function pf the corresponding

digital filter. If we def1ne T as the spaC1q9 between sampTes,

“in seconds, and let'Z = jaT

then the insertion loss of the d1g1ta1

40,

(4)

filter will be equal to that of the prototype analog filter except for

- a warping 1n the frequency sca]e For the ana]og filter

ILA 20 ]0910 ‘TT!

The warping of the frequency scale can be described as follows.

If at some frequency wy ILg = 2@ dB then ‘there exists a frequency

fﬁ-at whichelLD = a dB. Ty and Q] are re1atednby

o, T
2 1 :
Ty tan 55—
or’ , .
0 2 -1

f

(5)

(7)



The frequency sca]e of the ana]og transfer function H(p)

can be prewarped so that ILA = ILD at some des1red freguency

wy - That is, if we -want ILD = a dB to occur at'nl =y,

we can modify the freguency scale of H(p) by repiacing p by
| st
tan f%- N (8)

Wy T

—ro

. Tﬁj§ will shift wy o wy' = %—tan —%—-.' Then, when the biﬁjnear

transform is applied to H(ﬁ___"g"“T“) : ,f%he ILy-= a dB point-
L £ tan ¥ : :
will fall at Ten S
- - T o7
2., -1% 2. 17 3 1 \
Thn T Tt T (zx g tan ) 9) \
QT Q. T ‘ S
_ 2 1 Ny 2. %t
= _’—_ tan (tan ; = :I-.'X "'-2—— 91 : (]0)

Computation of Ehe Ideal Inserthh Loss

For a transfer function of t#guéomp1ex frequency/p

: 2
K(p2+w12)(p2+ wy”)

") = G THR, T T 5T an
e - _ o
. We can write gf
oy e K p2+,_u12 | ?P2+m22 . -
H p)’ = X X X, 12
PPy p242a1p+612+b1? 2—2a2p+a 2+b;2
A . A |
p:}‘HO X Hl X Hz X oo : ' [ i .. (]3) _.

where p1 is rea1 .and p2 61+Jb1, p2 ~a1-Jbl, P3= 2+Jb2, P3 —az-Jbz-

. "The 1nsert1on’1oss is given by

_" "(1

20 Tog HlpY

= 20 1og
P Jw

+ 20 1og + 20 log

'P =Jw

‘P =jw



prewarping trans?dnnatipn Q.%w.=1. Let g = *Eﬁff??, then p = g L

*.

If we apply the prewarping transformation

"

p -+ ’ l (]5)
‘to H{p) followed by the b111near transfonn p = %—%—% the result
“will be equivalent to the combined transformat1on of : \\\
' o= 1- - Z-1 -. . . .
. ' \ 'ténhg%l- z+l . ) {T8)

In all desigﬁg.that follow wy Will be made equal ¢o0 the cut off

fréquency of the analog filter. Thus ;= =, —1 and f0110w1ng the ~

Z+1
= . KZ+K T o | H
Ho(Z) = —y ﬁvpl =N W)
S+g Z+l - pl 2 : ‘k : U
. 2 - 1)2 “12- o ‘ |
Hy(Z) = : (Z 1? ) . :2 . I
2 Z-l) 7-1 ‘ - )
SRTIRTrA L ¢ A .
';‘—‘ (9‘3{‘“’12)22 + (".2924"2&012)2 + 92. + o0y L
= (gZ;Za g+a 2+b 2)22 + (-2 92+2a 2+2b )Z + (92+2a g*a Z;b 2)
171 71 1 19 )
| . : L
R, 22 + R.Z 4 RS _ ) B T “
= 2 l & 7 | 1\-}; = ) (]9)
- QZZ + le i Q
'LEtt1nq”Z MT and using the relation e‘]n‘*’T = cosnuT + JSTnan
we get for the magn1tudesquared of the first arder factor ’ﬁ
IH'(ein)IZ - (KCOSmT + k)2 4 (Ks1an)2 _ Lol (20
0

7,
| (g- pl)COSwT -9 - p112 + [(g-py)sineT}®

and for the magnitudé squared of the second order factor . 7z

[+



"7 K is obtained:from l__ " hence’
- H(p}|p=0 -

o)

B ‘ | IR T A
: })[2 . (REﬁO;ZwT f RICOSwﬁ +.R0) + (3231n2mT +{R151nmI) -

[Hl(ejw. — — 5 — _ 5 (21)
.”}“““ e (QéQQSQQT”+l01COSwT 1 Qo) + (QZ$iHQMT’+’QISﬁan) ' v
The correSpdﬁdingVinsertion loss egpreséions afe gﬁven by
“‘\\\ ) - -‘ . ' % : s .- — ‘ 1 . ) ) .
. r ;ILO, 10 ]09.10 m dg - - (22) kK
SO - “ets ) R
\\\\- >
[+ "
. B
ANE
\ L)
“.\\ 2 :
4 ° ! ) = 1 ) !
_-IL1\ 10 logy, eenz® (23)
.‘, L 1 -
The total insertion loss~\js then

[V

o

_" ' . L ‘: AN k . " - ) . f
¢ ! : ’

DIl ILHIL R L S (28

w0 ’ L=

L .o v . . i ‘

S 2. 2y, 2. 2 . U - S
. ) '

. :Dl(a1n+b1~ a2:¢b2') e o : T (o)
N TR - I . ) .
0.\1 U.J2 ..E‘ - .

-

These steps are genera111zed and given in the form of a ;_"

FORTRAN IV program in APPENDIX, o R ,;\ 3 S

\\.’ o

the Fifth order analog F11ter of F1q 4. 1 Us1ng the sampling rates

of £ = 3= 16 Kiz and 32 Kiz vie ‘obta

character1st1cs of Fiq 4 2 and Fig. 4.

the 1nsert1on loss vs. frequency
; respect1ve1y

"Three genera] features of -the 1nser ion loss characterwst1c should

°  be obsérved . ' j'\';;

. . A " L \\ . 1
1) The stoprbandg_gre symmetric about (2n+l)fs/2 n=0, 1, 2,
2) The paes bahdé'rebeat pefiodica]]yrand re centered at nf. '
- . . - - - “‘ - b . ‘ , ‘ )
- 3) “’The 1qse£tion loss for frequencies fifs/a is the same as that of the
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analog prototype transfer function H(p) within theﬁw;rpihg
factor tan fgz-.‘ In addition it may be notee'that the

! frequency f /2 corresponds to the angqlog frequency of

infinity.

F1g “4.4 ‘and F1g 4.5 show the pass band p]otted on an expanded

loss sca?e for the sampling rates of 16 kH and 3?2 KHz respect1ve1y ~

The contours shown in these f1gures represent the PCM'system require-
nmeuts in the pass‘band It can be seen that H(Z}, derived from
H(D?h\? the actua] analog PgM channe] f11ter through b1]1near
transformat1on eas11y meets the 1nsert1on 1oss requwrements of the
system.- -
-4.5 Some?Genera1 Desiqn Considerations

»~

The 1nsert1on 1055 behav1our shown in Fig, 2 through Fig. 5 1nc]u51ve
s 1deaT Jin thet the effects of quant1zat1on, truncat10n and *
roundoff have not been introduced into the computation. Onee the
errors due to the finite arithmetic are intredueed the pass band.
ripple Becomes cbnsiderab1y Targer The eFfeets of finite arithnetie
on the 1nsert10n Toss character1st1c will be the SUbJECt of a 1arge
part of th]S chapter. | .
In addition to the effects.of the. f1n1te arithmetic there is
the problem of the per10d1ca11y repeat1ng pass bands " The system-
requ1rements Spec1fy that the average StOp pand attenuation of 33.2 dB”
be maintained at ail frequenc1es above 5500 Hz. It is therefore
necessary to introduce a low order ana]og f11ter to supp]y the ”“
" attenuatien at the frequencies at wh1chwthe repeated pass bands

L}

. occur. Such a filter must satiéfy,three requirements.
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1) >Its insertion loss must rise fast enough to supply the requ1red

attenuation im the second pass band of the d1g1taT‘f11ter

-

2) It must not contr1bute s1gn1f1cant1y to the overa11 ripple .

in the pass -band.

.3 It must be realizable in an RC form.

4.6

" connection of direct forms will be considered here.

Fig. 4.2 and Fig. 4.3 shéw that for higher sampling rates the

diry

?neqfest unwanted pass band ‘occurs at prd@?essive]y higher frequencies.

o

Eor sufficiently high sampling‘rates a relatively slow risihg

insertion loss. characteristic and a corresponding low order analog

filter can be used. Increasing the sampling réte, however', increases

the sensitivity of the digital processor-to the arithmetic roundoff

«

errors. ‘The high sampling rates also require"higher processing speeds.

' The processing speed in turn determines the number of channels that

can be multiplexed as discussed in Section 2.4.
Realization of H(Z)

A var1ety of forms ‘of ?eag1zatlon of H(Z) in terms of unit delays,
12 '
multipliers and adders ex1st Only the direct form and ‘the cascade

a

Z-1 of Section 4 4 to .

Applying the bilinear transformation p = g 577
the analog transfer function'H(p) we obtain the digital filter transfer

function H(Z}. For a filter of order N H{ZF+can be expressed agl
. T i

A - -1 \ -2 R
OB AT R A - :
Hz) = T ) N L (26)
L+ BZ70 + BZEo+ L.+ ByZ ” -
N,
120 Al o o _ L
S TN : _ \ | (27)
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py 2
If X(Z) and Y(Z) are the Z-transforms of the input and output
“sequences respectively, then

- Y(Z) = H(Z) X(2)

. : {28)-
and “the correSppnding*difference gquation is |
o h v)ﬁ‘ ‘ '
L N N
y(nT) = T Ay x(nT-iT) - T B, y(nT-iT}. (29)
izo - i=1 o ‘ o

w%ere'Ai and B argiréal coefficients.computed in‘Section 4.4 and
is tne.sample spacing in seconds. x(nTS is the input.seqﬁence

“of the signal samp]és to the filter and y(nTj is the oufput ’
séquehce o% thé processed signal sampfes. The_arithmetifroperations‘
corresponding to the difference eqﬁdfidnlare shown 1in Fig.;4.6.lﬁ\
This realization of the q1fferenbe quation is known as the difecf
form”realizatjdn-of'H(Z). . - :

For higH order'fifters H(Z)'can;%]ways be gxprgssed as a product

of some convenient nuT?}r of ]ower'order factors

S . T
s T 1l Joet o 1y
T HE) s R 0 18 X
- R R
1+ ] 677 1% § d 147 nz
1=] i=1 1=1

. o | | (30)

wherg k+i-+h+ =N -

Eaéhg;éqfor can then be realized in fhe dinéct form as a 1ower_order.
5ection‘anH.H&ZJ can be realized as é tahdem connection of the setfions.
Fig. 4.7 shows a th-ordér fi1ter rea]igationrmade up of a 3rd‘énd 2nd

order sections connected in tandem.

The direct form has a higher sénsitivity to- the coefficient
accuracy than the cascade form for the same order of the filter,
l (]3) * ’ '

but requires only one adder.
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In the proposed PCM channeT f11ter app11cat1on using the ‘

stored -product method, a quantization. operat1on 1s _berformed .

on the output of the adder to Timit the number Af stored

‘products. A rea11zat1on with many adders woufld requ1re equa]]y

many stages of quantization resu1t1ng in a 1arge cumulative quant1zat1on
error\” A-careful examwnat1on must therefore be .given to thé balance
between the quant1zat1oh error and coefficient accuracy.
Some Stability Considerations ' |

- The system equat1on relatwnq the filter H(Z) to the 1nput X(Z)
and the output Y(Z) is. ) _
| ) Y(Z) ="H(z) Xz)y . | - (31)

The signal quantization operation will affect the accuracy of

X{Z) and Y(Z)‘only, and thus_wilT contribute to the distértion of

\the output without affect1ng the stability of the filter. The

coeff1c1ent roundoff, however, will affect H(Z) and therefore contr1bute

: to the fT]ter 1nstab111ty and output error. Of the two error sources

the quamt1zat1on noise constitutes the larger contribution to the
output ekror. ) )
The errors affecting H(Z) will be cons1dered fwrst H{Z) was

obta1ned us1ng the bilinear Z transform wh1ch maps the imaginary axis

'of the p- p1ane onto the unit c1rc1e in the Z -plane with the left half
-of,the‘p-plane mapping into the interibr of the unit tirc]e. The bilinear

| Z transform preserves the order d\uLstab111ty of H(p). The’ resulting

H(Z) can be expressed as

I L

M N a

I a2k a Z
. _ k2o — - ,_k=0~ : - (32)
- RB(Z) = = . -
: g Nk NN ek

1+.7 bz Ny T b2 .
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/’.
The critical values.of P corresponding to the roots of the denom{hhtor

of H(p) are mapped into the unit circle in the Z-plane. The unit
)

c1rc]e is therefore a boundary of stability enc1os1ng the s1ngu1ar1t1es

of the polynomial N Z kaN -k
k=0

“out the bounds on the accuracy of the coefficients bk to ensure that

(14
= D(Z). J.F. Kaiser %as worked

the zeros of the denominator po]ynom1a1 of H(Z all lie within the
' un1t circle. He has shown that if any of the bk are changed by the

N
amount ‘1 + ¥ b, then D(Z) will have a zero at Z=1. Any further

change in tﬁelmagn1tudes of any comb1nat10n of the bk in such a manner
as to cause D{Z) to change s1gn w111 resu]t in an unstable d1g1ta1
'f1]ter | _

- \Q/tm's 1ight we examine the stability of the fifth order digital
filter obtained tn Section 4.4 when realized in the direct form.

For comparison‘we also introduce a third order digita]-fi]ter'dhjch‘
satisties the same pass band requiremeots In each case three}
different sampling rates are considered 16 th, 24 KHz and 321KH2
Table 4.1 ]1sts the bk coeff1c1ents for the various cases fo]]owed by
the va]ue of 1+ E bk' Tab]e 4.2 and Table 4.3 give the Z- p1ane
-roots and p-plane roots of the denominator polynomials of-H(Z) and H(p)
respectively. Fig. 4.8 and ;ig. 4.9 show the Z-plane pole positions
in relation to the unit circle. , )

In this app]ication each mu]tip]ier wi]T he replaced by 2

4096- b1t ‘Read Only Memory (ROM)-. The s1gna1 ~coefficient products
will be stored _as. fwxed point numbers in f1xed length ROM registers
with ali binary p01nFs aligned. Once the reg1ster 1ength is spec1f1ed

the degree of the coefficient roundoff w111 be determined by the largest

- product that must be stored. The prodUcts will be stored in 13-bit



ey

w o
) TABLE 4.1 .
5Tl ORDER i 3R0_ORDER
£ 5, 4. 73 : Y
i e L e bol tby & +hyZ by
b, 1.000000 b, 1.000000 |
b, _*-0.9162497 b, -0.06027823
16 - ; s
: b, 1.338713 by 0.6093505
KHz = . ' '
by -0.5904635 by 0.06739420
by 0.2985120
be ~0.03823003
1 #Jb, = 1.002282 - 1 +:7b, "= 1.6164665
b, . *1.000000 by g/ 1.0000000 <
b, ©-2.37517 by ~0.987775)
C 24 | ; - e
b " 2.953626 b, 0.7787396
KHz 2 ‘ 2 :
by - . -2.000437 by ~0.09407682
by 0.7689281 ,
Cbs . -0.1240281 | !
Y 1+Jb = 0.222006 1+ b, = 0.7068877
1 - s i - '_ :
by *1.000000 . by, ~1.000000 -
b ' -3.096391 by -1.487611
32 . S e
b, 4.300952 ey | 051294
- 2 < ' . <
¥Hz Lo . : R
: b, .2.200336 g -0.1965227
) IJ4 1.26598 -
be ~0.2093802 —
1+ b = 0.066821 1+ Vh - 0.367300



TABLE 4.2

5TH ORDER

Z-PLANE ROQTS

. \ 3RO ORDER
5. & 3., 2 3. 2 T
S. bOZ +b12.+b22 +b z +b42+b5 boz +b1; +b22+b3 .
0.1629735 + j. 0.0 # . 071074281 + j 0.0 + -
16 0.1748777 + j 0.5234066 0.08385116 + j 0.7876133
iy 0-1748777 - 0.5234066 0.08385116 - j 0.7876133
0.2017604 + j 0.8541495 T e———
0.2017604 - j 0.8541495 . T
‘ L . ) -~
0.3820344"+ j 0.0 0.1253721 + j 0 0 &
24 0.4453800 + j 0.4505452 0.4312015 + j 0.6961922
KHz ~ 0.4453800 - j 0.4505452 | 054312015 j 6.6961922
0.5511913 + j 0.7106704
, 0.5511913 - j 0.7106704
. : "_:: ~ .
| ©0.5063910 + j 07b: 0.2730670 +-3 0.0"
3§ 0.5859537 + j 0.3835051 . 0.6071720 + j O. 5024769
iz  0.5859537 - j 0.3835051 ©,  0.6071720 - j O. 5924759
0.7090462 + j 0.5834051 g
0.7090462 - § 0.5834051
TABLE 4.3
T P-PLANE ROOTS -
STH ORDER B 3RD ORDER .
-1.095684 + ; 0.0 - -2.024649 + ; 0.0 -
. -0.160878 + j 1.196356 "20.338753 + j 1.432000
-0.160878 - j 1.196356 20.338753 - j 1.432000
0.639997 + j 0.963326 S e
§0,6399977— 3=0.963326 -
!
N -

Pyt

—

o~
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-, S |
regvstersvinc1uding’a sign bit and one fraction bit. This . ety
means that in the worst case each product will be founded to
the nearest 0.5 décimal accuracy we now cons1der if the 5tab1]1ty

;:requiréments can be met. Here the third order case w1th 24 KHz

~— sampling rate-will be sing]eqhqut as an important example.

4

LTS

g
{

) " .+ For large- signals the stability criterion is easily met..
,«/ Con;idér the largest signal yajue 2015:5 and the coefficient .
{ —0.084U?B§§;which is most secsitfve to rodndoff. The product B *
0.08407682 x 2015.5— 169.45683 after round1ng becomes 169.5. |
If we now recompute the coefficient as \

_169,5 5 _ . . ~.
SOTE Tt 5 = 0.08409823

we see that _the effect1ve change in the coeff1c1ent is 0.00002141.
\\;;\\\ The sma11est non zero signal corresponds to 1.0 and represents the -

—E;ggrst case in which the coefficients themselves must be rounded
~ , . .

« -to the ﬁeareétro.S.L'The following changes.in the,c0eff1c1enfs wj]]
~. .~ take place,

\}\ 'j Oridinal Coefficientr - Bounded Coefficient - ———~Lhange

{0y ~0.9877751 © 71000000 . T “o.0122249
CN 0.7787396 , - 1.000000 0.2212604.

Y 0.08407682 il . o.qsoooo . - 0.08407682

‘0.31756é1

il

A ' o : - _SUMi
. . (__, . - . ' B . -t ‘ ! ‘.
A - THE sum is less thanﬁ 7068877 obtained for 1 + ¢ b . In this case ‘

hY
it is clear that the stab111ty cond1t1ons can be met with 4096-bit. \\\\‘

memory per mu1t1p11er

e d
-



W

0f the thhee sets of fifth order filter coefficients
-given in Table 4.T only the set correspohding to the 16 KHz

-sampling rate satisfies the stab1T1ty requ1rement with the-

.

13- b1t product representat1on

; It can be seen that the value of 1 + E_bk‘decreasee for

‘the h1gher samp11ng_rates The abso1ute va1ue of'the Bk coeff1c1ents,
however, 1ncreases Since the dynamic. ‘range of the s1gnal -coefficient
jproducts is restr1cted toa 13- b1t fixed point representation the
roundoff error must also increase. As an example consider ]b | = 2. 375177
For the 1argest signal the product to be stored is 2015 5 X 2 375J77
".4787 0691435 wiich rounded to oneé b1nary fract10na] d1g1t is
'1001010110100 0. For the smallest signal- the-product is 1 x 2.375177‘=
2.375177 which after similar rouhding becomes 10 1. If these are then
stored in a 13- b1t f1e]d with the binary po1nts a11gned then w1th
‘allowance for the sign bit we get

. 13-bit reg1ster . .
X1001010110100.0

X000000000%0TI{0.0

. él

212

SIGN,BIT

':‘;,In this case the effective coefficient roundoff4s 0.375177 which
'1§'greater‘than the 0.222916 vaIue.for 1+ E bk.

T -
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(A

The roundoff error becomes worse for the h1gher sampling
rates while the sens1t1v1ty increases. Th1s eliminates the use
of the &4 KHz and 32 KHz samp11ng\rates in conjunction with the
fifth order d1rect fOrm reaTT%atlon The stability cr1ter1a

r

can always be met, however, by extending the: product accuracy

~

‘and memory stonage.- .

The Effect of Coefficient Accuracy.on.the-InSertion Loss
The direct form realization cons1sts of a recursive. part

: character1zed by the coefficients bk and a nonrecursive part .

characterized by the coeff1c1ents ak The accuracy used to represent

~ the bk coeff1C1ents was shown to affect the stab111ty of the f1Tter

The dev1at1on of the actual insertion loss resppnse of the filter .

from the ideal is .on the other ‘hand affected by both a) and bk

coefficieﬁts: Tabie 4. 4 summar1zes the: coeff1c1ent values for the

L

nonrecursive sect1ons.

In the precedihg sectioh it was su to examine the

worst case to determine Tf‘the stabilj y,criteria are satisfied.

In this section, the best rat1o of the number of fractional b1ts-

to the product register length. w1TT be_detern1ned in order to maximize'

the dynam1c ranqe and minimjze the 1nsert1on loss ripple in the pass band
Two f11ter realizations will be considered. The f1rst witl be

- e f1fth order d1rect form rea11zat1on of Fig. 4.6 Jwith the coeff1c1ents

correspond1ng to the 16 KHz samp11ng rate The second w111 be a-

»

s1xth order filter consisting of two’identiea] third arder sections

connected in tandem as shown in F1g 4 10 with coefficients corresponding

- to the 24 KHz samp11ng rate.



v L
. TABLE 4.4
o 5TH ORDER . . 3RD ORDER
a, 0.08950067 a, 0.35732§
. A, 0.1788376 a, ¢ 0.2408383
T 16 a,.  0.2778023 a,  0.4408383
Kz,  a, 0.2778023 a;  0.3673986
2 0.1788376 |
ag - 0.08950067." -
ay,  0.04616759 ay . 0.2726230
B 0.00937235 © a;  0.0808208
24 a, 0.05591779. a, 00808208
Kz a, . 0.05591779 - a5 0.2726230
a;'“? 0.009372354 |
ésf 0.04616759
. 36 - 0.03?3§654 ay 0.2233105
\gﬂ; a;  -0.02710262 a;  -0.3963513
32 a,  0.02876602 a, -0,3963513
iz a;  0.02876602 a,  0.2233105
) g, -0.0710262 : - ¢
’ ag - 0103174654 ' T
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The”effect of coefficient roundqff on}the 1hsertion loss
| will be studied by simulating the arithmetic‘process of the 7+ N -
) }*espective digital filters. A -s.imulation p'rogram:which computes N
1n$€h§ioh loss for various conditions of_arithhetic~accuracy will
be described in Chapter V. o
In the proposed- Fixed po1nt, stored- product proceesor the
degree of coeff1c1eht roundoff vdries w1£h the magnitude of the
prodUCt storeé]6 The exact degree of coefficient roundoff can only
be computed for a specific cgg;f7c1ent and a given sxgna] amplitude.
-For a given set of coefficients and some signal amplitude an-average
" roundoff erhor can be computed. A sample computation to determine
* the avéerage coefficient roundoff error fs illustrated in Table 4.5, N
- This case corresponds to the fifth, order fl]ter and a signal amp11tude
of about 3% of the maximum. Fig. 4.11 shows the dependencg of the
coeff1c1ent roundoff on the amplisude of the s gna] for the foth
» and, 51xth order filters. . The 51xth order f11ter represented by curve (1)
‘ suffers ]ower coeff1c1ent roundoff errors for the same values of signal -
amplitude. | | )
Next the pass, band rlpp]e is obta1ned for several va]ues of
coeff1c1ent roundoff error: ~ The 1nsert1on loss r1pp1e 15 plotted as a
funct10n of the roundoff error in Fig. 4. 12 The ]ower s]ope of the
curve correspondTng to the $1xth order f11ter indicates a lower \
sens1t1v1ty to the coefficient error- in compar1son to the fifth
order case. The s1xth order f11ter was des1gned to have a h1gher g

pass band r1pp1e in 1ts 1dea1 response and so 1n1t1a11y curve (1)

fa]]s above curve (2). Fig. 4.13 and Fig. 4.14 are sample plots of the

.- ) )
M » o=
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P
~are used then a greater number. of products can be stored mak1ng/T1ner

pass band 1nsert1on loss character1st1c for the f1fth and s1xth

" order Fiiters respectively. i : ?-

The maih feature brought out 1n F1g 4.11 is that for s1gnaTs

with amplitudes below 3% of the max1mum the coeff1c1ent rotndoff : Pk

" ”e.
error becomes greater than 2%. F1g, 4, 12 shows that“coeff1c1ent

-

roundoff error of more than 2% corresponds to pass band r1pp]e of

more than 0.2 dB.- Since the contr1but10n to the r1pp1e due to

_quantization noise and the’ ana]og filter have not been included so

far the coeff1c1ent roundoff error of 2% or more can be cons1dered <

unsat1sfactory : ' s ! S
Pl . . . . 1 -0 ‘]
Since the products corresponding. to the different cbefficients o
o
are stored in different ROM\b1ocks the 1ocatﬁon of the anary po1nt

¢~
o can be establlshed 1ndependent1y for each block. Thus for Tow

coeff1c1ent va1ues more fractional b1ts can be used. Tab]e 4, 6
summartzes the binary po1nt 1ocat1ons for each of the five distinct
ROM b1ocks for the s1xth order filter. The 1ead1ng b1t pos1t1on

representéd by X 1s reserved for the s1gn b1t The table shows the

“-fract1onai\b1ts for 13 bit and 16 bit register 1engths Since there

are 256 products to be stored 1n each-4096 bit ROM each product can '
be stored as 4096/256 bit or 16~ b1t number Héwever, 1f-13-b1t Iengths

-
-~

step quant1zat10n poss1b1e The latter case w111 be shown to have the _

greater advantage In e1ther case, however fo]]ow1ng the summat1on
‘ ’

of the pﬂoducts at the adder the resu]t1ng sum must be roGnded to o

the nearest unity before quant1zat1on is performed "3'; _ o

.

\.

i
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&y P The Effect of Quant1zat1on : 7“ﬁ

~

Table 4.7 5ummar12es the results plotted in F1g 4. 15
F1g 4.18 inclusive. These results correspond to the s1gna1
amplitude of 10% of the maximum value. For s1gna1 amp11tudes ‘beTow
3n of the maximum the r1pp1e becOmes greater than 0 2 dB due tolthe
coeff1c1ent roundoff« As the 51gna1 amp]1tude is 1ncreased up to 1ts
maximum value the ripple -in the pass band approaches the'des1gn
valye of 0, 04 dB however the quant1zat1on n01se become& ‘the’

ma1n contr1but1on to the r1pp]e and w1]T be d1scussed next.

I th1s ‘section the efFEct of quent1zat1on on thepass band |
rlpp]e of the sixth order F11ter will be cons1dered A compar1son o

-
w1th the, quant12at1on 1eve1 ass1gnment of Tab]e 3 1 and "the 13 bit

product representat1on Tn conJunct;oh w1th an- en]arged quant1zat1on§ZL
1eve1 ass1gnment of Table 4. 8 S1nce the outputﬂpf ‘the f11ter must
be in the form oF the standard A-Taw the quant1zat1on accord1ng to
Tab]e 4 .8 will onTy be performed between the two third-order secttons

Douleng .the number of. quant12%£1on 1eve?s in the upper three segments

;
of the compand1ng curve is aimed at improving the’ pass band r1pp1e

X for the high amp11tud s1gna1s

ow

/

'

———

In order to observ% the effect of the sma1}er quant1zataon

1nterva]s correspond1ng to L= 5 6 and 7 g stgnaT amp11tude of 90% ‘ \; :,

2, "q

Fig 4 ‘19 shows the resu1t1ng pass band response when the 16 b1t ¢
product representat1on 1s used w1th tbe 1e1e1 ass1gnment of Tab]e 3 1.
For compar1son Flg 4 20 shOWSfthe pass band respbnse correspond1ng
to the 13 bit product representat1on and the 1eve1 ass1gnment of

)

Tab1e48 . .‘-";'e@ SN

will be made between the 16-bit product representat1on in conJunctTOn .

e
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! 1
TABLE 4.8 . ; <\
- b > - i . o
27 3 4 5 6 . 7 4
32.6 - 65.5  131.5° 2595  519.5 °1039.5 ¢
34.5  69.5  139.5 T267.5  535.5  1071.5 © 1
36.5  73.5 .'147.5, 275.5  551.5  1103.5 2
38.5  77.5  155.5  283.5  567.5  1135.5 3 |
40.5  81.5  163.5 291.5 583.5 - 1167.5 4 \
~42.5 855 171.5  299.5 . 599.5 -1199.5 &
44.5  89.5  179.5  307.5 ‘615.5 1231.5, 6 -
46,5 © . 93.5- 1875 - 315.5  631.5  1263.5, .7
48.5  97.5- 19575 323.5  §47.5 . 1295.5' g
50.5° 101.5 - 203.5 33 5 1327.5' 9 -
52.5 105.5 . 211.5- ;3%.5 679.5 - 1359.5 10 g
°4.5 "109.5  219.5 3475 695.5° 1391:5 - 11
56.5 113.5 . 227.5  355,5.- 711.5  1423.5 12 °
8.5 117.5 2355 . 363.5 - 727.5  1455.5 13
+60.5 "121.5 © 243.5 = 371.5  743.5 '1487.5, . 14" -
, ©62.5 125.5- 251.5  379.5  759.5  '1519.5%f 15
. - PO v . 387:5  775.5  1551.5 16
S ‘\, , ' - 395.5  791.5 . -1583.5.  I7-
. . . - ' ’ 4035 '807.5  1615.5 I
i \ ey 411.5  823.5- 1647.5 * 19 |
\ . 1 419.5 - 839.5 5020,
A . 427,5  855.5 521 "L
N . - .435.5 - 871.5 . 5 22 ;
Y : - . 443,5 . g87.5 .5 23
~ . " . 451,5  .903.5. .. 5. (Pl
| . ©AT 4595 919.5. 5 425
-~ B61.5 9355 © 26
. _' . " 475.5 . 951.5 27
C K 1483.5  967.5 28 \
b - '891.5 9835 29 7
Voo 49975 9995 230
, c N 507.5  1015.5 © 31
sty r 1 .2 ..M . g. ¢ 8-% ‘16 32
S — — — )
LI . . ' - \/ :
! ‘ ) \'\ A . - § ‘
- .\\ . ‘ ' - ’ 1
| _ _ :
iy ;7‘ D R i ~. 4 y
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4.10

".the 24 channe1s TQgﬂ manner in th%h the ex1st1ng 5th order.

©at about 19 KHz The ana]og f11ter nust make up. the loss -

3 f11ter as advantageous as ?oss1b19 hefoider of the=ana1og fT]ter -
al

.
\

The final ‘design cons1st1ng of two 1dent1ca1 third

The Ana]og Filter . . ¢

| gs was stated ear11er the purpose of the ana]og fl]ter is to ‘
complement the digital filter insertion loss response in ‘the stop
band The second pass band of the d1g1ta] f11ter beg1ns at’

20 6 KHz but the stap band ]oss drops . be]ow the 33.4 dB ]eve1

d1fference at that point and ma1nta1n the 33/4 dB Toss through
out the second pass band At the same” “time the f:]ter must not

contr1bute s1gn1r1cant1y to the r1pp1e of the f]rst pass band

.(‘—""‘\___

. order/stages will 1mpTenent the 13-bit product representation'wa ;é:-l:" _
with the quant1zat1on at the output of the f1rst stage '_ ,

. accord1ng to Tab1e 4.8 and the quant1zat1on at .the output E . ?i/
‘of the second stage accordinq to Table 3. L., i (.ft ; -

An analog f11ter of th1s k1nd'must be 1nc1uded 1n each of g

ana]og f11ters are USEd at present l ‘To make the use of a d1g1ta1
must be kept to a minimum. - The d1glt ilter then serves to

reduce the order of the analog f1Tters present]y used in the PCH
i

' system If an: ana]og filter of order h1gher thanathree must be

‘ tota]]y analog method T B

used the use of: a d1g1ta1 f11ter cannot be’ Just1f1ed over. the exﬂst1ng

B

F1g 4 21'shows the Toss characteristics of everal 10w Order
B .

.analog f17ters p1otted over the insertion loss of the s1xth order

J

Qéigatal filter for compar1son 28 and 38 represent the second*and ;
e : . . : . ..
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4.11

th1rd order Butterworth filters wh11e 2C and 3C des1gnate the -

‘temperature and aging on’ the analog f11te{

3 X ‘ : ' l /
i . - .

L7 N~

second and th1rd prder %hebyshev fTTters respect1ve]y The th1rd

order Chebyshev response 1s chosen as a sat1sfactory-case A1]~ +

'other cases -fail to prov1de suff1c1ent ]oss in the 5 to 10 KHz

range

[}
“

In all four caies the ana]og f11ter was des1gned to y1e1d al
m1n1mum d1stort1onA0F the pr1mary pass band ‘A second order
E1]ter might be made sufficient by 1ntroducfn: a, substant1h1v

s]ope in the first pasg. band of the d191ta1 f11ter An attempt

. can then be made to equa11ze out the slope by adJusth?g the d1g1taT

: f11ter coeff1c1ents Th1s approach Was not/attenpted within the

time available. O B

The Comp051te Responsf ' ' - : -
S SRR .

In this section“the total 1nsert1on Toss response of the f1nal

-

f11ter zs examined and compared to the system requ1rements All .

.

‘sources of error are- 1nc1uded with the except1on of the effects of .

3

-

Fig.” 4, 22 and Fig. 4. 23 11]ustrate the stop band performance

ffor Tow ahd high amp11tude s1gna]s respec§1ve1y The spec1f1cat1on -~

-

_ ontper bfyond the 5 5. th po1nt represents an average 1355 requ1remgnt

”assu ng an even Toss in the stop band, “In marglna] cases. a more ,

precise method of comput1ng the requ1rement can be used If this’ \
method Qs used the 1nsert1on 1oss may be a11owed to fa]1 be]ow the
average of 33.4 dB over"some 1requency bands if over ?tﬁer bands

here ex1sts a proper excess 1oss Because of 1ts con x1ty

. such a camputét1on was not done 1n th1s case but 1t s est1mated

o

that thé dip in 1nsert10n 1oss in the. reg10n of - 6 KHz is acceptab]e.
iy . -
_ -

- B .
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1

Fig. 4.24 and ‘Fig. 4. 25 show the pass band r1pp1e correSpond1ng

EE to the h1gh and the Tow signal amp1ftudes respect1ve1y In both

i

cases the ]argest contribution to tﬁe pass band r1pp]e appears '

in the form of ro]]off at 3000 Hz. Th1s rolToff can be reduced

\\\and a lower stop band ]oss Although an attempt was-made-to - . .

.

obtain. a-reasonable trade off between these variables. the-final

-

desigh‘discusSeduhere\was not optimized ip the strict sense.

.

'when-the input sigﬁaThamp]itude is*1ess than 5% or. greater
than 957 of the maximum va1ue the pass band r1pp]e exceeds the g

spec1f1ed 1imit. The degradat7on of the pass band for the upper

4

5% of the s1gna1 amp11tudes is, due to the part1cu1ar a]gor1thm
4 . J >

1

used to prevent overf]ow in the adder aCCUmulator and may be ent1re1y

renoved by 1mprov1ng the method of treating the overf1ow, The g:;

-

performance for the 1ower 5% of the signal amplitudes can only

d1g}ta1'f11ter.

4-12 Hechanuzatfbn ) ' T \:sm,ﬁm
\ & -
. _ Sincé the- proposed s1xth order d1g1ta] f11ter C0ns1st5 of

two 1dent1ca1 th1rd order sect1ons only’ one th1rd order section
need be rea11zed in hardware 1f the 1nput signal is made ko pass
e through the sect1on tw1ce The schemat1c ‘diagram of Fig. 4.26

shows the 1mp1ementat1on-of°one such fﬁj{d order section.

-fé’f’be_lmptgyed by 1ntroduc1nq f1ner quant1z§t1on steps within the S
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~ and Ad. S1m11ar1y the products of the output signal and the

' three recurs1ve coeff1c1ents are{Stored in the ROM b]ocrs

" Blocks LO to L4 1nc1us1ve each have 416-bit capacwty wh11e b]ocPs

reg1sters w1th para]]e] transfer capab111tj AC and FA are - the

ladder The binary po1nt 5eparat1ng the fract1ona1 bits is
'represented by the symbo] e The 13-bit: outputs from each of the .

seven mu1t1p11ers are. connected to the OR gates 6l such that

'quanttzat1on network whose gperation was descr1bed 1n Chapter 11I.

The, products of'the 1nput squa1 .and the fo r‘nonrecurs1ve
!
coefficients are stored in the ROM blocks des1gnated AD, Al A2

des1gnated B1, ‘B2-and B3. Each of the seven ROMs are of

4096-bit capecity. B]ocks des1gnated LO through L7 inclusive’

are ROM's storing quant1zat1on Tevel Na&ues of Table 3 1 arid Table 4

L4 to L7 each have 1248 bit capac1ty Block D represents a
3328 bnt ROM whmch s1mp1j converts the 13=bit linear code to
the 8 bit compressed code.- *_ - 5 -

R1 through R4 and R6*through R8 are 13-bit storaqe
adder. accumulatOr and a set of fu11 adders re5pect1ve1y, together ;

w1th ‘the incident reg1ster RS tth make-up a 16 bit para11e1

the binary po1nts Q are proper]y a11gned A other gates, GZ G3
G4 and G5 together w1th the e1ght ROMs LO through L7 make up the

'

The operat1on of the th1rd order: :ect1on when it is used

v

as the f1rst stage of the s1xth order -I]Ei? dtffers sl1ght1y -
from 1ts operat1on as the secong.stage

njng the f1r5t stage |

operat1on the quant12at1on 1eve1 assignment of Table 4 8 is used\\

3
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~In this mode of operat1on each of the ROHs L5 L6 and L7 are

prov1ded with one add1t1ona1 1nput carry1ng the next least
-

significant bit. For example for L7 the 7th b1t_ofothe

"\

.aCCUmu1ator AC 1s used as the’ extra 1nput " This extra

-
[N

input is gated- through_ an: AND gate which 1s enab]ed dur1ng the y
.3 f" - ’ .
f1rst stage-operat1on and d1sab1ed dur1ng the second- stage g

| ]
L4

operat1on._ FQT simplicity Fig. 4.26.shows]the second stage operet%on;-

The séqhehce-of'events during the compotation-of‘one output . W

. samp1e -can be described as,fo]lows “The contents of the

accumu]ator AC are cleared at the end of the sequence so that
we start3the next cycle with all bits iﬁ the accumulator set to gero exéep
'Lfon'bit 13 which is set to'l to prdduc§ foonding Simu]taneous1y

w1th the c]ear1ng of the accuﬁ%lator the contents of the unit

A

delay reg1sters are advanced: R1+R2 R2¢R3 R3-+R4, R6+R7 R7+R8
.

'This is done in the time slot of 150 nsec. while the 13-bit _ -

I

11near code is being converted_to the 8-bit compressed code at the-

: ‘ o L _ 5 o -
output. The sequence begins with the new input sample entered \
in the register R1." The products of - the signa] Va]ues‘stored in.

- Rl R2 R3, R4, RB R7 and R8 and the corresponﬁ1ng coeff1c1ents

A0, AL, A2, A3, B1, B2 and B3 are retrieved from the ROMs'1n_the ) D
above order at interva1s of 50 nset. There will be a period of l’ 3
150 nsec before the‘?itst product is'eVai1ab]e but'the remaining

products will. follow 50 nsec apart - The interval of 50 nsec is .

estab115hed by the speed of the para1}e1 adder, Thus the'T?na]

&
sum will be‘available 500 nseconds from the.arrival of the 1nput

»samp]e. If bit #1 of the accumu]ator.1s zero the quant1zatjon

-t

<



SN
S R
] RN . .
1 .
"| . R

- T \
step is carried out next. .If bit #1 j,yone-&he'contents of

tﬁE_EEcumu]ator bits #2 through #12 is negated in accordance ' 5 
w1th two s compTement ‘ T . ‘\-r . : : -

~ The process_ef negati;n and quantization takee 215 nsec.
Gates G3, G4 and éS determine the QUahtizatian'seQment while
the correct quant1zat1on level value is retr1eved from the
apprOpr}ate ROM des1gnated LO through L7. Together w1th the
13- b1t to 8- b1t ‘code convers1on which fo]]ows the total cycle

" time is 865 nsec. The entire 6th order f11ter process is comp]eted _

in,1730 nsec.. This-corresponds to the t1me available to process

\

”

24 channe1s at the sampling rate of 24 KHz

Ny
I3




-5.1' General

. -

basic method used in the‘sin,

_\. " rs ‘ .
|  CHAPYERV .
.+ SIMULATION AND ANALYSIS

.
.
) -
H h "
. L . . N
: A

of .this chapter deals with the ol

v

‘The first esseptial par
“on and analysis of the d1gwta1

filter. The ana]ys1s extends to 1nc]ude the effects of quant1zat1on,

truncation and roundoff - T L~

]

The Tatter part of the chapter lists and des¢ribes the ma1n )

o
k]

programs and subroutlnes deve]oped for this purpose _—
- N\ . r‘\
5.2° &1mu1at1on : _
Simulation here refers to the simalation. of all ar1thmet1c PR i

operations performed by the d1g1ta1 f11ter in the exact sequénce

<of occurance in an- actua] phys1ca1 un1t The 1nput samples and

the resuTts of each arlth&et1c operat1on are quant1zed rounded

or truncated as required by the register Tengths and arithmetic
accuracy. o . - - 1::\‘\

The ooerations neoessary‘for'the third.order section are '

shown ir Fig. 5.1. The operations of addition, muTtiplication

I'\

‘and unit de;ay are ideal and.introduce nolerror.= Ih‘eddjtion

fhe foTTow ing operat1ons -are performed

(1) Quant1zat1on of the 1nput samples X o o
(2) Roundoff of the products o : _ )

‘(3) Roundoff of the sum. - .

Jie v , ]

'(4) Quant1zat1on of the output samples Y

- .
P w {

The 0perat10n de51gnated by C in the d1agram is, the code compress1on

. operat1on from the 13- bit to the 8- bit code and 1ntroduces no-additional

‘ Qr .
error. : N
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"tc'the Tevel ass1gnme

N If F1 1sgthe/flgna4 frequency and F is the smn511ng frequency then *

| ) ' “\ ' ' - ’ L ’ \"

" The ftTter is spec1f1ed in the data file in terms of 1ts

'exact coeff1c1ents A d1screte s1nuso1da1 1nput signal is 1ntroduced

k]

by spec1fy1ng the frequency, amp11tude and the samp11ng rate The

input samp1es can be quantized or ]eft 1n the continuously var1abTeq,

h

B amp11tude form, If q:Zntqzat1on 15 requ1red it can be done accord1ng

f Tab1e 3. 1 or Tab]e 4.8,
The degree of truncat1on or.roundoff 1s-spec1f1ed in terms of
thp\humber of.. b1nary fractional digits. The actual arithmetic is

-+
done in the dec1ma1 system but the round1ng and truncat1on are carr1ed

~N . t

'»out to the deC1ma1 equ1valent of the binary d1g1t specified., .'.
L3 Y .
5.3 Ana]ysts ' I A , Cii\;_\\

3
The main property of the digital filter considered 1n the
ana1ysxs is its insertion lToss . beﬁa;:;qr w1th frequency To obta1n

“the 1nsert1on loss of the f11ter the RMS va]ues of the samples of

¥

the 1nput and output 51nuso1ds are computed The jnsertion loss is

then g1ven by

RMS . R (])
1 L. (aa’) 20 log 9 o ‘
10 IN)RMS o SR -
In comput1ng the 1nsert1on Toss by th1s method care must’be taken to , -
.

include all poss1b1e sample va]ues Th1s can be doke by averag1ng

dlctated by thdirat1o .of the/sTﬁn/] frequenc \to the samp11ng frequency

egral mu]tlp]e of F/Fl cyc]es can be used



‘not used in the eva1uat1on of the filter.

‘at the end of this section in the fo]]owing order: N

o

]

" To f,jab115h thﬁ steady state cond1twon several cycles of

1nput are processed but not 1nclgded in the computat1on of the

—

1nsert1on loss. For the third order sect10n 300 samples were
found sufficient to reach the steady state at all’ frequenc1es of
;;/gj_'ﬂnterest Table 5.1 gives the’ comparwson between the 1nsert1on
L loss responses computed by two methods LOSSI is: computed d1rect1y
"from the transfer funct1on H{Z)y Z= eJmT and LOSS2 is computed by

process1ng the sampled s1nuso1da1 input fo]]owed by the conversion

4
of the 1nput and output signals to their RMS values, o
TABLE 5.1 '
\ .
FREQ. - LOSS1  LOSS?2 v
Hz dB : dB. .
_ " 500 . - .003 - .003 ¢
2 1000 - - ,006 - .006, :
< 2500 .003 .003 ‘
3000 - -.013 . 013 ’ S
3500 4,897 4:896 L
40007 28,755 28,755 ‘ '
4500 33.959  33.960 - : ~
5000 44,853 44.853 . L
6000 34.572 34,572 ¢ _
=~ 7000 36.048. - 36.047. . - T

8000 150 957 150 956
Samp11ng Frequency F = 16 KHz

~Phase and deTay -as well as the trans1ent response are a150

ayailable from the s1mu1at1on and analysis program but wer

'5 4'{The Programs o : ) . o

The listings of the ma1n programs and subroutlnes are glven

V.



T

sk

SIGNAL |

T

| QUANTL - | | B

c. T T ROUND™ | '

- \.ﬁ'_BNRNP_ o | |

K S, TcHEBY - R
.__'-, . “DIGITAL.:

ke

SIM4 §s the ma1n s1mu]at1on program wh11e the remaining programs
h]

w1th the- EXCept]OH of DIGITAL are subrout1nes cal]ed by SIM&. The

SIGNAL subrout1ne generates a samp]ed sine waye of spec1f1ed fggquency,

-

. {
amp11tude and samp]1ng rate. Subroutines QUANT ‘and QUANTI quantize

a number of a\y va]ue accord1ng to the 1evel ass1gnment of Table 3.1 °

and Table 4.8 respectlvely. ROUND and BNRND prov1de dectmal and b1nary
_ B 7
roundoff to a specified number of fractional\digits :"CHEB1. computes

i the 1nsert1on loss respense of a th1rd order Chebyshev 1ow pass f11ter

for a gtven pass band r1pp1e _ This su out7ne is called-by SIM4

‘when the insertion loss of the d1g1ta] and the ana]og f11ters is to be

]
-

- addéd for a comb1ned response output S -E

‘- -

The program DIGITAL computes and pr1nts out~the.1dea1 coeff1c1ents

'and 1nsert1on 1oss response of a direct form d1gqta1 filter designed

~

~

on the basis of the biljnear transform. The 1nput to the program.
1ncludes the order of the ana1og pretotype f11ter, 1ts critical

frequenc1es and the sampliing rate;

'l.. g C ,

e St

it

-

4
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OO0 00

11

12

7

T7

FJLE:

INPUT=RCYY . - v ) T -
~1PROD=& (2} . - " S . .:-‘C:\
BPRIZAC) . kb ow : | - f

TIsSUmM=A(S)

99,

SIM&4 . .  FORTRAN A HBELL~MUKTHERN KESESHCRH

TWO THIRD ORDER FIt TERS IN TANDEW. P
THIS. PROGKAM PRINTS OUT THEt INSERTION LUSS as . FUNCTION uF
. FREQUENCY. IT DOts mOT PRINT Qul THE SAMPLES IN AND SAHPLtb
QUT FOR A PARTICULAH FRHEGJENCY F 1. I nE INPUT Lala

MUST SPECIFY THE, EwtwUENCY [NCHEMENTS: pMINsFDEL yFMAX.
THIS 'PROGRAM ADNS_ THk KESPUNSE UF A 3RU UKD Chtb FILTEW.
DIMENSION . n(lu).xu (B0)sS {20} - ‘
. NINP=] : _ . .

NOUT=H ' o a - o
NDATA=7. * ' . R o .
cALL.FRF&btA IUPqN]IPoNUATA) T o co

o
ARER

-7

BPRZ=A(4)

RP=Ate) 7 - E : | 1 o

F)

CALL FREES LA 4 lonPlNHoNUATA)

‘BS5=A (5}

IOUT=a(7) o B s

JWHITE(NOUE-II) IVPUTOIPHUUvﬁ“WIOHPHdslbUM'UPQIUUT
.FUHMAT(dIZvdFB UolH¢FJ U l2)

NDATA= 4 /

caLl FHtEb(nlePsmj FatuATA). ) ) .
AMPL=A(1} - " : S
F=A(2} ) . v e g -
M=A(3) - cff‘b;’ N
WRITE{NOUT» 1) 2arEL vFaM Ve \‘ . »

FORMAT (Fl4 87 FlUJU-Ib) :
NDATA=3 o i -

FMINSA(L) % e, O

CFDEL=a(P) 0 W ; “ . ‘ /

FMAX=A(3) <’ N
WRITE(NOUT12) FelkusbFDELYFMAX
FORMAT (3F10.0) - R N '

. NDATA=z=6 - w !

CALL - FHFEb(A!IUPvNIHP-NUATA)_
AD=AC]) . . : ~

CAl=A(2) o . . <

AZ=A(3) S S
A3=Al4) . Y

AG=A(D) A o ' T :
AS=A(b) . : ' : ' &
NDATA=6 ra - r o

CALL FR!‘.E‘,b(AOlUPONINPvNUATA) \'
Bl=A(]l). i o . ‘
R2=A(2) ﬁ - 9
B3=A(X) SN o o
B4z=A(4) N ) (
WRITE(NOUT+2) AUsA | «AZsA3sAG 45 : _
FORMAT(REL14.T) - L R
WRITE (NOUTG3) H1eB s ddonbans, 4 .. ,
‘FORMAT{5E14.7) - : -~

F1=FMIN. - -

XT=0, - S .



-~ O

. Y7=0. -

'Y4=0: . .'>: ’ o ' : ¢

=0,

FILE: SIM4, FORTRAN 4. BELL-NORTHERN KESEAKCH, |
‘ . . K

£

X6=0, . . ' ’ -

X5=@,. . . Lo . ¢ o
X6=0. . R D
X3=0. ‘ \ . T vehy
X2=_0. ) ) ' %
X1=0.

X0=0.

Y6=0.' °
¥Y5=0., -

Y3z0% 7 o)
Y2z0e |

ENT=0. ' . . s
V1=.0- ‘ ’ . ‘ T b

" v2=0,.

M=0 4

SuM=0, . - - L -

SUMZ=0. ' . - : ) !

En=N .

IF (INPUTLEULL0) Gy JO 6 =

caLL HIGNAL(AMPLQNqFlngKA) . N
X0=XX , X ) /

- 60 10 7

XD=AMPLECOS (64 ?adlhijblﬂtN/k)
S(1)=A0#X0

S(2hEALeX] -

S(3)=A2%x2.

$(4)=A3eXTF

S(5)==B1#Y1.

S(6)=-BEeYe e :

S(Ty=-H3wYy
IF{IPROL.NES]L) GU 10 &
DO 8 I=1+7 ' '
X=S(I) . -
BPR1 IS THE NUMHER OF BINMARYT FrACTIVNAL DLILITS TU wHICH
EACH PRADUCT [S ROUNDED UHF TU otFuURE ALULITIUN. : -
BPH=KFR| .

CALL ﬁNHND(uPH.X)

Stli=n

¢

DO 10 I=1+7 -

IF(ISUM NESLY QU T 10
X=5UMy i -

. BP IS THE NUMKE~R DF BlNAHY ancrluuAL ulblls\ﬂu w
AUODED

EACH PARTIAL SUM IS TRUNCLATED AFTE~ £ACH FRODUCT
TO THE CUMULATIVE UM IN THE ADDER ACCUAGLATOR,

- CALL BNTRNC(BPax) . E
' SUM=X ! ‘ X i . . F]

SUM=SUM+S ()

IF(ISUMNESL) GUL T 4

APRZ 1S THE NUMPER OF HINMARY FHALTIUNAL DIGITS Tu WHI‘H
THE FINAL SumM IS5 HOUNDEU u&{ TO AFTER "ALL ELBEVEN



- : ' ¢ 101.
FILE: SIM&  FORTRAN A BELL~NORTHERN KESEARCH
. A 2 .~ . . ) . -
C PRODUCTS AHE AHDEU.
.~ BPR=BPR? . e
- X=SUM B . o
CaLL BNQND(&PH;KJ k .
. - SUM=X &, ]
14 IF (10UT, Ew.0) 6L T 15 S :
~YSSUM L _ : e
CALL WUANT(Y) _ 4 - -
.. Sum=y s . o
15 . YU=Sum
: © X3=x2 - : - .
x2=X1 , - . ‘
X1=X0 ' T v .
Y3=Y2 . - ' ' W
- ¥2=Y] : :
Yi=YO0 : . . - .
C - THE SECOND FILTtH ' : -
. x4zyo . ; o .
f S(8)=anwX4 T '
S(9)r=alexs - A
Stlo)=paeexe . ) ) . o
S(11)=A3%x7 : S
S(12)=-H]#YS ) " o
S{13)z=p2uve L
- S{14)==33%Y7 ' o
] IF(IPRODGNESL) GO TO. 10y - _ ‘
DO 108 I=dsla ‘ " ‘ ¢ g
Xx=S(I) | - o '
BPR=HPK]
‘ - CALL bNHNU(BHRsA) _ B
los S(I)=xX : : -
109 DO 110 I=8el4 .
IFLISUMGNE L)Y GO Ty 110 - -
X=SUM2 '
CALL BNTHNC (HP XY . : -
SUMZ=X : - . T, -
110 - SuUM2=SumMe+s (1) : :
IF(ISUM NEW1) GO Ti- 114
BPR=BPKZ"
X=SUMg
calL BNRNU(HPHoX) . PR
SUM2=X A
114 IF(IOUTEdeU) GO T 115
‘ Y=SuUM2 oo
CALL UQUBNT(Y)
- .SuMeg=sy
115 YOUT=5uUm2 . :
Y7=Y6 . : .
Y&E=Y5 a . ' . ' : .
Y&=YLUT . T : o
X7=Xx6 . o . - : ' ‘
X6=Xb . : o AN
X5=X4 '
N=N+1 S ' B .
'ENT ZENT+] o /F , . : ; _ '

i



OO0 nN

FILE?

25

.er

26

2R

30

40

%

FORMAT(FIU UlFlU 3

BRI - 102

1

SIM4 FORTRAN & BELL=NORTHERN HESEARCH 2
IF(NJLELS500} GO TO 5 St
.G=G+1. - R ' -“ ’ R

FORMAT (3E14.7) C

NEXT TWO IF STATEMENTS utrtumlmt WHE TRER TO NORMALIZE X0 AND.
YOUT WITh RESPECT Tu A FROUM SUBROUTINE sIonAL TO IMPROVE
THE ACCURACY UF (U~PUTING WMS valUeS OF XU ARU YouT.

AA=AMEL #2015, 5/5.:

CIFCINPUTWNEGL) 6O 10 25

X00=X0/44
Vi=VisXhgiuap

60 TQ 27 ' ‘

Vl#%l+x0#¥2 ’ ) o t . : -
IFLIOUT NE L) GUIT e
YOO=YouT/aa

VPEV2+YQOwe?

GO TO 2.

N22V2eYyuTeeg .
CIF G LT aMEF/F L)) T v~

RMSV1=S0RT(V1/6)
RMSV2=SURT (V2/6) .
FORMAT{2t14.7) /
DB=20.%AL0GLO (KMHV ]/ (RMSV2)) '
CALL CHEHI(FleDh1) &

DH=DB+DR1 ! '

WHITE (NOUTS4U) F1g8

F1=F1+FDEL .
TF(F1.LT FMAX+FOEL) GU TG 77
STup. Y .
CENU | u
) o
=
7
L] .K--_‘. ,
s
) Fal
)
L



b . T S - R (i
FILE: SIGNAL ' FORTKAN A  HELL=NORTHERN KESEAKCH
/\\ B . - ) v . '

TH

.

ITINE COMPUTES. THE N'TH wuant1z£p SAMPLE OF A .. N
INE OF SPECIFIEND AMPLITUDESAMPL AMY FREWUENCY Fi |

"FOR A SPECIFIED SA“PLING FREWUENCY UF F HZ4> = . |
QUANTIZATION 1S ACCORDING TU A-LAW AND A MAAIMUM SIGNAL UF. 4
VOLTS PEAK=TC=PEAK = ' ’ | '

NnASo00. ..

SUHROUTINE SIONAL (amPLaNsFleFexa) o %
A=ZAMPL®2015.5/2.5 e . - :
TR1=6.2831853 - : T ol
T=1./F : o C o ST )
EN=N ' N
XXSARCOS(TPI#FIY9EN®T). SR o

\ X=xx .t . -

5 CCALL WUANT (X} . . - L
- XX=X - B

RETURN . e/ ‘ ' ' :

ExD

~
5
-
) ‘ £
3 ~

v L

. ®

, .
‘ N
‘ A ~ ]
Al
' -
1 b
hal
b -
' i -
i -
"
\ e ‘
- -



5 Y SR [\

FILE: GQUANT. FORTRAK - a . BEUL-NORTHEKN KESEARCH
. _SUBHOUTINt QUANT (¥) ‘ c SN
- IE(Y GF o041 GO Td
’ K=-1 -
' Yzwy
5 IF(YYeGE 100040, 6O ru 11
. IF(YJGEL1004) GO TN o oy
IF(Y.GE.10.) 6O Tu 13, ) SRR -
IF(YsGELeS) GU T s - : T .
) I/etYL T, b) =0, - _ IR : '
Al s?g«». . =~ : . . v
. GO T0-.30 N SRR ’
12 N\ _§F=3 : o
30 TO 360 o o T
13 \ . SF=2, Yoo T - - .
_ GO TO 3u T - ,
14  “SF=l. o " . e ’
30 X=Y., - ) ‘
: CALL HOunu(bF.x) . '
Y=g _ ' S L )
L=0 . - L : c . 2 -

- IF(Y.GE. 15.31 L+t ' |
IF(Y bEW31a5) L=+ | R

W IF(Ye6F.63.5) L=L¥r - L "
COIFUY.GE,12T.%) L) ‘ : ' )

“ IF{YeOL 25345} L=zL4] v L c
TF(YeGEa51145) Lted &« o
IF(YLGE.10234) L=+l 0 o0 T S
[F(Y.LT.2067.59) GO Tu 35 . o te

ﬁ[-_ IF(YebBE 2047497 Y=20l545 « = . Vo
9. G0 TO 88 o A o U
35  IF{L.GT.0) .60 Tu 43 : L o
IF GLatide0) v=Y N\ o . ) -
(JU T0 44 ‘ ' . . A /
43 -(Y+.b)/(2 Mr(L lri=-lb. 5. Seo. . ,
46 o IF(ViGELY4D) GU 10U 45 ‘ AT
te IF(ViGEL]a) LU TO ah ) . . )
K . IF(V (3&..‘3) (JO [ «f : .
. IF(VGU" U-) (JU TU &R . . ) -
45 ° SF=g. ' -~ . e . RSN
GO TO 50 . :
'045 - SF‘=10 ’

TG0 TO 59 t L . .

47 v=]l, h . : Al v . o
- GO TO 50 . - S P T

"‘B u 0- ' .. ‘e ) / .

50 Xxzv ¢ - o L e

o TALL HOUNU(:FoM L ¢ N

Tv=x - - . oo :
IF(LeGTa0) GO Ty =94 ¢ . C ,
IF(La;u 0) YsVv. ., \\_‘\ .

, Gu TO 5 ' ' : ' - -

53 Y= (2 AR (L-1)) P (velnab)-s o T ‘
54 IFIKEW.0) GO TU “u. - Bl
- _K=0 ) } h



! FILE: QUANT  FORTRAN &  BELL-NORTHERN HESEARCH .
o §S RETURN . -/ S ' )
END . . %“ T e
‘- . .r "L . ., . ‘. L E’-
" " ] . . . . .
. ./ - h - i o
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FILE: QUANTL  FORTHAN &

11
12
13
14
30

—~

35°

43
44

45
46
47

48
50

53
54

S ¥Z (2480 (L=1))®(Velr D) =ub -
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BELL=-NORTHERN HESEARCH

SUBROUTTNE WUANTL(Y) R ) L
K=0 S o S
IF{YsGEL0.) GO 10 = ‘ :

K=-l . . " ®

Yy==Y '

IF(YeGEL1000.) GU v 11 -
TIF(Y.6EL1U0.) 60 Tt 12
CIFAYeGEL10L) Gh T0 13

IF{YeBGF 45} GU TUu 14

IF(YaLT29) Y=u. _ ' N
SFZ4, - ' : -

60 TO 3= -

5F=.3- ‘
GO T 3n
SF=2- . ’ ' W\\- [

Gu. TO 30 “ ' .

SF=1. . ) : ¢

,:Y . . . - _. . - -_ . . )
CALL . =UNLIND {(SF X&) )

¥=X

L=0

IF(YuGE o15e5) L=L+] f

IF(Y GE.31e9) L=+l o .

IF(Y.‘JFan-b) L=L+]. :

IF(Y.GRel27.5) L=L+1 . ' .
IF(Y.6E.255,5) L=l+l ' | I

TUIFUYeGEeblle5) L=l

IF(YeEal023a9) L=L#+]

IF(YWGE a204Te59) L= +1
IF(YelLT.409045) LU TU 35

IF (Y GE 40995} ¥Y=a03led™ :
GO TO 5= :

T IF(LeGTL0) GO .TU &%

IF(LLER,Q) V=Y

GO TO 44

V::(Y*-"D)/(?o“*(t._l,)"'.I.h.ub

IF(VeGEL9a5) LU TU &5

IF(VeGEala) GU TO wb . _

IF(VebiE aeS) GU Tu 27 . - . ; -
TF(V.6E.0.) GO TU {4 | e
SF=2 ‘ . . i . .
GO TO 5¢ , ’
SF=l. - .

Go T0 54 . 3 .

5

a V=1. ‘e

GO TO 60
V=0.

o X=y

CALL HOUND (SFX) : ‘ . |
Ve ¢ D ~
IF (LeGT.U) GO TU < . . . o
IF(L.FQ,0) Y=V

GO TO Ha :

IF(KEQ,0) 6O TOQ b= -
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: fILE: QUANTL  ~FORTRAN &
. . . o ¢

i
]

. | K=0 L '
i A SY==Y ’
. TNss RE TURN

' v L END l 5
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) L )//%f :'. LT e | 7 i x ) , , ‘
o FILE: ROUND . FORTRAN & A BELL=NORTHERN HthAHCH_

» o

4 en

;(//,fﬁ , N -

11,
12
13

14

100

Rk TURN
£l

SUBROUTINE ROUND (Sr « X)
A XeGEL100004) GU TG 11

e DFUX0GE 100040 6O Ty 12

CIF(XeGRo1UG) GO 10 16

IFP_XOGEQI'.) GU T 15

"IF(XeGFEeel) Gu 10

IF(A«GELeGl) GO Tu 17
IF_(X-U{'.-UOI) GU‘.]‘- N}
IF{XalToaU0L) G Tv 100
XX=10 .80 (5=-5F)

GO To 2

XX=10. %5 (4=5tH)

GO T0 ¢ 5
XX=10480 (3=5F)

- 60O TO 2

Xx=10 o (2=SF)
GL TO 2

FXX=10 00 (1 =SF)

GO'TO 2 B
Xp=10,49(0=5F)

R0 TO 2

XX=L0at8 {=1=5f)
GO TU ¢ .

XX=10.8e (=2=SF)

TX=X/XX+aY
X=XX#]1x "

- 108.
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FIFE}

BNRND

e

FORTRA

-

SUBROUTINE HBNRND (<P k)

R=2,#28PHR

CIX=X#R .S

X=IX/K
RETURN -

- END
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FILE:

OOD

- - - | | ' - . 1o,

CHEB1  FOKTRAN 4 BELL-NUKTHERN RESEAKCH

¢

'THqs SURRUUTINE €O HUTtb THE INSERTIUN LUSS UF A THIKD URUER

CHEBYSHEV PODYNOMIAL FILTER FOR mIPL=.U%0b AN CuTORF
FREWUENCY FU=290u =2 AT AuY SPECTIFIEU FREWUENCY OF LF1 HZ.
SUBROUTINE ChtHl(Fl-D@l) . O S o
RIPL=.M5 . . . )

F0=2900. - : " ‘ noE

F=F1/F0 -

REPSZ2= (104} 9 (rirL /10,01, : :

CNS4 % (Fau3) =4, 0f b

CNEe=Creeg
He=le/ (la+REPSZH#( ¢) L , . . - ‘
DBl= lu.ﬂm,,oblful 7he) . o, .
HETURN T . o o
EnND ) .
oy '
s " A
. &
f,%.‘i‘ . _
L4 i )
~.
A ’ 1 . s ' ~ o |
! . - “\\'l
S S
- ’ \
~
v a2
[
s ,{' ?
-
‘



FILE:

./-h‘

3

2

4

102

- 104

’10
é

FORMAT(F10, u-rlo.ja, *

IF(FaLT.FMAX) GU Ti b -

» T ‘ B . '

DIGITAL FORTHAN A HELL-NUKTREKN KESEARCH

— . L . .

- 4

DIMENSTON K(lU) y 10 {B0)

NINP = } v, : )
NOUT = & o « S : o < :
NDATA = 3 . . L
CallL FREES (X, Iuw,urwvkun1n) -t

FMIN = x(1) o

FOEL = £(2) o

FMAX = X{4d) A

CWRITE(NOUT 1Y FHIne FOELY FMaa

FORMAT (3F10.1) ‘ ] - YT
NDATA=? ’ : :
JCALL FwEtb«thup,wrne.wugrA;

Fo=x(ly =~ - » -

FS=X(-) ot . ’

WHRITE (NOUT 9} Fuek

FORMAT (FlOs1leF 1010

NDATA=T ‘ ' o T

CALL FHtEb(KoLUP-NIhP.NduTA) ‘ ) g . L\\/
IokD=X(]) }

WHITE(MOUT 3 tURD

FORAAT(11) -

NDATAE =1 *

CALL FREES (A IUPQN'IIHQNJHIA)

wl = Xt . ‘ ,

WHITE (NGUT ) w] _ . ) &

FORMAT(F10.0) : .

NOATA = | . o

CaLL FHFED(X1IUH|NINP0NHA[A) '

Pl = x(1) - -

CWRITE(nOUTe2) #)

MOATA = ¢ . E . _ R
CalLL PVPEb(XvIUPoNlNPvNuhTA)
Al = Xx(1) ,

RIE X (2) . o
CWRITE (NOUTes) alin] ‘ ¥

FORMAT (£F10.6)
IF(IORDLEQ3) G T 10
NOATA=] -
CALL FHEEb(x'luv.vaP'NuhTA) . s -
wasx(l) ; o

whITE (MDUT102) wd ) . s

FOKMAT (FlUJb) - N
NDATA=Z

caLL FHbES(K'IUPONTNP!NUAIAJ
ARSK (1)

Ber(d)

WRITE (NOUTs104) a2.H2 L

FQRMAT(2F10.6)
F 1"'1“ LI

CalL DHES(\’Ilcr’lvﬁlo"lvl'Ud'S F o UU~CK!HU’H11HF0HJ7\¢UO\JI’U69UJ
By W2 s A2 HesHHO I RR ]y JUE’vUIJUmulsuuc11UHU) .

WRITE(NAUT 7)) Foiin . . \ ' . ‘ 5

F = F + FUEL
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. *é-\/-\_ .- i ) . , l ) )

FILE: DIGITAL FORTRAN 4 BELL-NORTHERN KESEARCH
SN | . .

IF(IORDLERLS)Y GO Too T6. < o
AO=CK*#R3I/W3 ‘ . o oo
b AL=CKRR2/G3 ' : S R
A2=CK#R1/u3. ~ G } ‘e
A3= CK*RH/UB oo R . -
HU 1. + )
B1=02/03 .
RZ2=Q1/u3
A3=Q0/03 , ‘
WRHITE(NOUTs77) AUsALlvAZIAd S -
NHITE(NUUI”?T) HU!H]ng,Hj ! 1 S
77  FORMAT(4EL14.7) . _ . .
78 TPI=6.24318%3 - .
WO=TRI®FQ - - . P
Fl=wowpPl - g ] ‘ . . r
Sy Wl=W0Ewl - : .
We=w(lPwe
Al NUQAA- »
A2=WO®A2 o . ~—
Hl=w0®B1 . ' ' . :
‘B2=wWouR2 - ~ ' - ‘ ‘
CK=w0¥CK ) o _ -
T=TPI/(FS/F0) -
G=WO/(TaN{(T/Ze)) .
BR1=G-P1 . _ ‘
HRO— G=rl
Ge= gie _
‘AHBl=AleuZspluny
‘ABZ=AZnuZeRgway : _ :
o R2=G2+wleug : : ' )
RI®~2.6(2+2,%wlsng2 - . oo
N RD':GE‘__"'WI‘”"‘:“ B .. - . - ¢
RRZ=G2+u2aHp . A
PRI==Z.%GE+2 Hnldaay
L RRO=GZewz®e2 |
W2=G2=2,9A1%Gvan]
Ol==2.2G2+2.4AH) ¢
 Q0=62+2. ﬁAl*u+AHl
S NQ2=62=2.HR2RLRARD o _ :
QUI==2. #6242 "AB2 . e , -
QUO=G2+2(wA2RE+AHL o : - 3
R4=R2eRVZ , — . -
RI=H28RK ] +R 1 ¥RKZ - 25
R2ZR2PRRU+RIMRR L+ R KR . -
R1=R1®RRO+RO#RRL . .~ ' _ o
RO=RO#R~0, : R S |
We=Q2¥Q0e - _ _ J
° Q3=wZeNQleul vyl ' R Y
' hes Q2¥QUU+Rl#uulrdornge
) L PRI TR L IUITY
“NO=R0eR00 - e -
‘RS5=CK®Rae = .- e .
. R&=CK® (R3eR4) - ' . _ S _ ‘
RI=CK® (RZ+R3) P SR ;o :
R2=CK# (R1+RZ) - . e o

1 S - N o o
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RILE:

T7
78

Q

O

"

- (-\\../.\:- ’ -, . ' . )
DIGITAL FORFRAN 4 BELL-NORTHERN KESEARCH
R ‘ T . -

IF(IORDLEQ.S) GO T 76,
AO=CK®R3/W3

CAL=CK®#R2/G3 "

A2=CK¥R1/u3. - K

A3= CKGRH/UB oo B :

A0= 1. ’

B1=02/03 .

B2=Ql/u3

H3=a0/03 , :
WHRITE (NOUT+77) AUsalvAZsAd °
WRITE (NOUT 1)?7) HU’HIH‘JCvHJ

FORMAT (4E14.7) . ' -
TPI=6.2831853" -
WO=TPI%#F(Q - :
Fi=wo#pPy - -

S Wl=wW0ww]

wes uoﬂw?
Al=wisag . .
A2=wW0EA oo ‘ TN
Hl=a0®81 . ' -t '

"B2=W0vH?

CK=w0¥CK
T=TRI/(FS/F0) -
G=w0/(TaN(T/2e))
RB1=G-P1
RROﬁ;u—Hl

G2=6%6
AB1=Alws2+Blesy
‘AB2zAZ2 w2 +H20ey
R2=G2+wlae2, :
RIB=2,%.2+2.,8Wlses - : oS
RO=G2+wlewse ~ . = o )
RN2=G2+uge®? . .
PRI=Z=Z . #G2+2JFndaey.

.  RRO=GRnZ#2,

B2=62=2.%Al%G+an]
01==2.9G2+2.#AH1" ¢
NN=62+2. *Al*b*AHl -
QN? Ge- 2.*#2*b+nﬁf'

e *G&*Z-“Ab?

QUOZG2+2 #2245+ A7
R4=R2CRRZ . -

R3= HZ“HHI*RI*HH& L o
Re= R2¢RQU+H1*RH1+H'*HH3 - '

R1=R1®RAO+ROSKRL . | . . '_ Tl

RO=RO®RR0 ,

Qe=R2%¥Q0e
© Q3=u2eNal+ulvuue

[N
f

R2=Q24QuU+Q ]l Fuulsdienne
“Q1=QI%Q0+u0*ULEE -
“RO=G02uN0 - ' - .
RS=CK#Ra ' .o o 1
Ré4gs= CK® {H3oR&) n o . . . : -
RA=CK® (Rz+R3} -

R2=CK#({R]1+R2} - : L o
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