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il]N,IMARY

D.rríng the J.ast twenty years ileJ-ta mod.r.l-l-ation has

received. consid erabl-e att,ention as a simple but ineffj,cient
nethod of cod.i.ng analogrre signals into binary signa.1-s.

Compand.ing is used. to inprove the efficiency of the delta

mod.ulation proeess, but it gives ad.d.ed. complercity to the

harcLlirare¡ so that a compromise ís usual1y made betlveen the

performance and. complexity of the delta mod.r-r-l-ator.

1ìecent1y, riuith the ad.vent of integrated circurit (IC)

technology it became apparent that fÍrstly, the hard.ware was

becoming cheaper and. second'l y, the cost of th.e IC l-¡as no r,*

strictJ-y related to the complexity of the IC, bu'c rather to
the number of fCts made

Because the input to the demod.u-Lator is a binary signal,
cleLt:a mod.ula-bion is id.ea]-ly suited. to the use of d.igital
techniclues iir the clemodul.atj-on lrrocess. tr\rrther aclvautages

of digital techniques are; stability, noise iutmunity,

tolerance to porver supply and. temperature varia'bions, a

higher yield during 'cb.e na.nufac'cr:re of the IC and the abiU-ty

to reprod.uce exactly the sa.ne si-¿nal at tvr¡o d-ifferent

l-o ca'uj-ons.

/rn effi.ci.ent a¡rd therefore conrplex delta modulator,

usíng digitai- technic¡ues, r¡l¡j-J-1- thus in the near future be am.

economical. proposition.

liris tlr.esis is mainly coilcerned. r,uith the d evelolrenent

of cLelta mod.ul-ators using the aìrove f eatures. f,\rrthermore
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the d.eltâ modulators are slrecificaffy desig'ned. for speech

transmission in telephone applications.

Tr'¡o d-el-ta mod.ulators are d.escribecl" in the thesis, one

using instairtaneous compand.ing, the other using sylJ.abic

compancling. It uriJ-l be shol''.¡¡r that th.e use of d.igital-

techniclues in instantaneous compand.ing can achieve a better

trarrsmissj-on error performance, ãf irnprovecl stabilj.ty, a

v'¡icler d.¡mamic range and a be-bter matching of the conpanding

1an"¡s at the transni-tter aird. the receiver than can be ohtained.

by using analogue methocì.s.

The use of cligitaÌ techniclues in syllabic comparding

enabl-es tire c1¡mariric range to be chosen a'u tril-l-. The syllabic

compaird-ecl del-ta moclul-a-Lor descri'becL in this thesis has a 60dB

compaird.ing ra-L-io r,¡hich is far more than can be obtainecì. using

analogue me-i;hocls . ftrr-bhermore, cligital- tecluriques enabl-e the

moiLul-ation d.epth to be c'Leternlned. accurately, so that the

compand.ing 'balces place a-b the optirnrul performaïLce of the

r¡od.ul-ator "

Computer sinulatj-on u/as used to optinrize the del-ta

modul-ators r'¡hen speech is used. as iirput.
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CÏTAÌTIilL 1

1 .1 9q4e -¡4oüW"?tjop

Code modul-ation is a group of modu-La'cioiL processes

1",¡here an analogue sj.grr.al. i-s coded ínto a bínary signal.

In orcler for this process to be possible, "clte anai'ogue

lva,veforn must be sam}.].ed. These oa,mples a.Te then

aXlpro:cimatecl -bo the nearest standarcl signaJ-, this process i-s

krror.'¡: as q.uantti-zation. The standard signal j-s then

represented by a certain binary cocled. r¡ord., These code lvord.s

are then tra¿rsraitted and. at ttre receiver they are clecoded.

into stariclard signal.s, giving a demod.ulated. output vulrj.ch is
all alrpro:dmation of the inptrt.

Because the a^iralogue input is sarnicled., the sanpJ-ing

rate mus-b 1ce larger than'che ltrycluis-i: rate, i.e" at leas-b

tr,'¡ice the band.vuith of the input si-gnal..

1"1 "1 lìrlse Cod.e }.rodu-lation

In puJ-se coc'le modula-bion, (Pcll,f) the rorrge of a,rnplitucle

over r,vhich the input signal is to operate is divicled iirto n

regions. In each region a stand.ard. l.evel- is chosen, ivhich is
usualÌy the inj.cldJ-e of the region. These regioris are llumbered.

0 to 11-1 . ¡,t each saropling interval-, 'che regi-on in rzhich -bhe

input signal- fal-ls ís determined., and. the ru.rmber

corresironding to thj-s region j-s tra.nsrnitted. "4,t the receiver

this info:rmation is decoded. into the standard. ]-eve]. for the
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partic'ttlar regioll, I'b is clear that al-l- the input signals in
one region are represented by the standaÎd l.evel- and.

approrjmations of the input are invoJ.ved.

From information tireory it is clear that the most

information alcout the signal vriLl- be transmitted j.f rve choose

the regions such that each of the regions has an equal

probability of containing the input signal.

The most corfiíroll spacings betvreen the standard. levels

are ljlear anrd. logarithnic, neither of v'¡hich necessarily

gives the best performance, depending on the signa-l being

used..

The linear stand.ard l-eve]- division i.s often used. in
compu'cer i-nterfaces, lvhere the pulse code nodulation is
knov,¡n as analogrre to cligita]- conversion and the d.emoclt¡J-atj-on

as dj-gitaI to analogue conversion.

1"1"2 Differentiat Rrlse Cod.e L[od.ulation

In dl.fferential- pulse cod.e nod.ula-bion (APCI'I), the

change of level j-s transnit'r;ed, instead of the absolute level
as in l?Cl,T.

Becan'.se in ¡ PCH 'i;he change of Ínput is 'cransmit-i;ed. it
is more suita'ble to input signals v'¡hj-ch have a spectnr.m that

d ecreases vrrith frequency, so that the ra'üe of change of input

ís consta¡et.

Soth 1.inear and. logarÍthru:lc spacing betu¡een the

stand.ard. Ieve].s canr l¡e used as for iCL[.
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1.1 .7 DeJrta Lio{U-l=q¡biqqr

Delta mod.ulation ís a specíal ixame for lurity bit APCIri.

^t 
each sanpling interval I're urifl thus sencl the information

rtÍncrease output't Ol. rrdecrease outputrt. Beoause So little

lnformation is tra¡rs¡rj-tted. at each sanopling lnterval, it can

be seerx that Ín ord.er to transmi-t sufficÍent information to

reconstruct the input signal accurately the sa.nrpling

frequency rnust be many tínes the l{yquist rate.

rypical v¿r]ues for the sa.iupling T¿,fte are between two

ancl tv,¡elve times the lTyquist rate, depend.ing on the accuracy

require(l.

ltlrthernore because only one bit of inforilation is

transmit'ced at each sa.mpling inte:¡ra}, the basic delta

mod.r.¡l-a'uor j-s very si-mple. The block dia,Sralr for the system

is sholi¡n in fig 1-1 aird the inirut and, r¡¡rfiltered demod.uJ-ated

output lvaveform for the case l',Àrere the d emod'r.úator is simply

an integrator are shor''m in fig 1-2.

The lolu pass filter j:r the dernod.ula'r,or renoves those

frequency components of the unfiltered, d enrodulatecl output

signal that are outside the signal bandvridthr giving art

output signal that closely rese¡nbles the ilput signa-l.

1.2.@
In section 1 .1 it l'ras s'uated that iit cod.e mod.uJ-ation,

the input sig::al ís converted into a stand.ard signal, rvhich

is then cocLed and. transrn:Lt-i;ed.. The distortj-on introcluced by
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convertj'ng the lnput signal into the standard. signal is
lsrovrn as the qurantj,zation noise. The quantiza.-i;ion noise can.

thus be defj"ned as the d.ifference betlueen the input and

quantizecl lvavefonns. tr\¡rthermore, usuarly one is oiìfy
j¡rtjeresteiL in those frequency components of the qwan-bi,zation

noise that -lie insid.e the signal ba.,rd.l''ridth, so that generally

the tem quantization noise on]-y refers 'co those frequency

components " It shou1d be noted. that -r,'he d-efinltion aLlor',¡s

for a delay or a,nirlitud.e change, introd.uced by the

quantizaüion procesÊ, since neither vuiJ.l- affect the l-ua¡reshape.

1 .7 Hlslorica]- Revi_e_.lv

1.7.1

lhe principJ-e of delta nodr,rlation was first described.

ln a 3*rench patent ( f ), j-ssued. in 1 946. The first
d.escription of del-ta modulation in the HrgJ-ish language vüas

given by de Jager Q) in 1952, Ile originatect the follovring
intultive concepts¡ Firstly, d.e Ja6er assuned. that speech

couAd. be represented. by an B00IIz siner¡ave. Second.ly, he

ennpÍrically derived. fo:mulae for the maxjmum SITR for both

sÍng1e integration cle3.ta mod.ulation ( SIDili) arrd double

Í.:ategration d.elta mod.ulatÍon (lfnU) as !

¡3/2
È

1/2
sR tu,* = c1

f.f o

for SfDL{
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f5/2
È

SNR C for DIDII
max -r.f3/22

r,'úrere Ct and C, axe constants, f" is -bhe sam'pling freqt"rency,

f is the aud.io signal frecluency and. fo is the aud.io band.wid.th.

l'he constairts C1 ancl C, v'rere cletermj-ned. experimentally as

Ct = 0.2 ancl CZ = 0.026. The maximum Sl'lRrs obtained. using

these for:irul-ae are j-ud.icatecl in fig 5.5, together r,lj-th a

comparison of the result,s o'btained by others.

Zettei:berg ß) obtained a mathematica1 model for speech

anc]- used- this to ana]-yse the perforuance of SIDI'/i" Syl].abic

variations of pov'rer l:Íere hor,vever not j-ncfuded in the mod.el-

for speech. The resuJts obtainecì agreed. reasonably lve1l lvith.

the results obtained. ìry de Jager, seemi-ngly justifying

cl-e Jagert s assumptions for evaluating the performarrce of

SIDI.I. Zettenberg d.id horvever notice that the pea.; Slil.

occurred. at an input potTer r,'¡hich t'¡as 6dB less than predicted

b¡r d.e Jager't s assu::rption-s.

In 1962 Inosi et.al-. (+) 
1r=o1ro"ed. integra'bing the inirut

sig:ral to obtain a cLel-ta mod-ul-atoz' capable of ltandJ-ing a

rrnifornr spectrum. 3y re-arrarlging the bl-oclc d.iagrarn as is
shol-,¡n in fig 1.7 onl-y one integrator needs to loe used." The

resul-ting systenr 1s lcnovrm as d.elta sigrra modulation. They (4)

found that the maximu¡i Sülì is ind.epend.a¡rt of the aud.io

frequency and. is given by:
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The three systems mentioned. above namely JIDII, DIDIÍ and-

AEM are the lrasic delta, urociuJ-ation systens. The dynamic

range of each of these systens canr l¡e e>c-Lended. by companding

( cornpressing at the modul-ator aird expanding ai the

d er'rodulator) .

The q'u:arrt|zation step sLze, irornally referred to as the

s-bep size, is defined. as tlr.e increurcnt in the rrnfiltered-

democlu-la.ted outpu-r,' cluring one cloclc periocl, as shol-¡n in

fig 1"2.

the compand-ing process varies the step size, to adapt

the nod.em to the input signal.

1 " 3 . 2 þta{ttago-uS--çigpg44-i4ij
Jns'uantaneous companding has the propei:ty that the step

size is varied ra1tid.1Y.

l,üinkler (5) , ín 1965, proposed. a slrsteu lcnov,rn as high

ínforma.tion delta rnocltr.l-a-i;ion, In her System 'rth.e steil si,ze

is doubl-ed lvhen -bhree consecutive oners or zero|S a.re

cletec'ced " The s'üep size is halvecl rvherr a 'i;ransition in the

binary ou'i;1tu'b occur,s. A. vari¡,Jion of thís rule TuaS d.eveloped

by ttontgomery (6) 
a,nct has been used by the t'treapons -l.r-eseâr'ch

Establ.ishment for their stud.ies for project l.lall-ard (7).



7

Itith this varia.-bio:r, lrnot"¡n as bj-nar¡r variable slo1:e delta

(type Â), flre step sLze is þa1ved. o:rly if a tr¿r.nsition has

occurred. and the previous tvuo bi-bs vuere the saJne.

Jn 1967 Abate (8) d-escribed a system r¡here the ste' size

is increasecl if a seqqence of ones Or zerOrS occur an:d.

decreased. if a transition occurs. It rvas hor,vever not stated.

hotv long the sequenge of ones oT zeTos ûlust be before 'che

step size is increascd.. It is presuaied. that at least 3 bits

are usecl since if the step size is increased on the second.

colsecutive l¡it, oscil-la-bions carr talce placer âo is ind.icated'

in section 4"4-.3. Abat-e found- by using cQmpu'r;er sirorrla'tion

and. a bandlimited. Gatrssj-an inpu-i; signal that a linear

increinent in step size gave the best perfornall'ce.

fn 1969 Bosworth ancl Candy (9) produced air instantaneous

compandecL d.elta nrodulation sys'uem. The step size is
increased if the 'uransnittecL bit is the Same as the previous

bit" The step size is varj-ed according -bo the folJ-otiuing

seqrÌence 1,1 ,2r3r5. \Il:en a transifion occrrrs, the s'cep size

j-s reduced. to the smal-lest step.

iJ-l the above systems ca^p be reilresen-bed by 'uhe block

d.iagrarn in fig 1.4. In practice satisfactory resu-lts call

be ob-bained loy us|ng only a. smap number of d.ifferent step

sizes. Bosworth a"rd Cand.y for ercanple use 4 step sizes on1y,

IIowever, the compancling achieved by the last 2 systems is

smal-J. (tZ¿g in the sys-beril proposecl by Abate)

The author cleveloped. an insta.irtaneous compand.ed delta
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¡:aodula-i;i-on sys-bem rrrhich

is described. in chapter

ratio of the largest to
coinpand.ing ratio Ís far
r¡orkers (s-g) 

.

I
has a corrrpandin3 ra-i;io of 4fd.I ancl

3 . ( nne conparrcling ratio is the

tire smalJ-est s'r;ep si-ze) This

rîore therr has been achieved by other

l.)r) l¡ic Comtrand.i-np:

In syllabic cornpand.i::g the step síze is vari_ed. slorufly

and. in general -i;he systern can be rellresenteci b¡. the bl_ock

diagram shor-¡r in fig 1"5 The companding slr.ould ideat-t-y vary
tlre step size in such a w¿-1y that 'uhe mod.ulator a}'rays operates

at the ma:rii:oum slïR" A cletaiLecl -bheory of flre companding is
presented. in the sections 4.2 and- 4.J. [he corirlranrding can

only s-bretch tire horj.zo:ntar ancj.s of the sl:I--il- versus inlrut
por:/er crl-rve, but i-b cannot alter tl:.e uaxj_rnum,Îii'lTì.rs at all.
If one compares the na;cimm ii¡:lts o'l¡taiilecL from the follolving
systenrs one câ,l'l see tha'u the results are sinilar, t'he only
difference being the d¡ma;nic rarrge over r,¡hich -bhe cornpa,rrding

carr be olrtained 
"

Tomozan,¡a ancl Iianelco (10r11) clescribed. a system r,rsing

syllabíc compancling in 1966. lhe novma.rízed" input pol-rer

cletectioir 'blocli in fig 1.5 consj-sts of an iirtegrator foll-owed

by a hal-f rra.ve rectifier. The filtering conslsts of a 1ol.¡

pass lÌc network. Their hard.ware has a companding ratio of
20d8.

jlosokar,va e'r;.ar . (12) devÍsed. a system where the output
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of the l-ocal d.emodul-a-ûo:: is user.l- to control the amplitud.e of

thc input to the ¡rodulator. In prj-nciple this is nearl-y the

sarne as the incomplete corniranding proposed. in -bhe .l-ate

tlrirties (13) . .ir d.escrÍiption of conrple'oe and. incompJ-e'i;e

companding is given in section 4.2"

BroJ-in and. Brol¡n (14) used tl-¡o delta nod.ulators, one

for aud.io sigrral cod.ing, the other to transmi'c information

about the anrplitud.e of the signal. This atror.mts 'i;o trams

transraj-t'i;ing a ,separate pilot signal contai-ning the arn;:lítud.e

of the signal. Thj.s J-s agai.n one of the techniclues used to

obtain cornplete compa^ird.ing in the l-ate tÌrirties (17).

The systerir c'lescribecl lcy Greeflies a;:d. de Jager (15) in
ß6A uses the bandvr¡id.th J:elor,v ZOOLIz to cod.e the anpJ.itud.e

information, bJr adding a DC leveJ, proportio,Lal- to tþe si3:ral

por,rer to the input signal-. In this system the piJ-ot signal-

con'caj-ning the a^mplitud.e information is transmitted in -bhe

bariduridth beLoll ZOOHz. Onay incompJ-ete companding vì¡as

achieved hor,irever and the compand.ing ratio was al¡out 2OclX.

fn 1968 Hosolcawa and. Ya¡rashita (t0¡ 
used. logic círcuitry

for 'uhe normaJ-ised input potver detection bJ.oc.k in fig 1.5.

Hauser ¿-Lnd. Zayd.a ?7) procl-ucecl a simiJ-ar systen, but the

binary sigzral :i:ecluired. to initiate a change of step size i-s
different.

fn 1g7o Shindler (1s) described a sys'r;em r,¡hich uses

logarithmÍc compo"ndi-ng. This system lvj-lJ. lte discussed-

furtirer in section 4. .3.3.
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Iilone of the above systems have been ablb to achieve a

compand.ing ratio of more than 55d8. Ii1 chapter 4 a system

d.eveloped by the author, is d.escribed. r¡¡here the companding

ra"tio can be chosen at vr¡íIl. and resr.r-lts are presented for a

hard.vuare mod.el incorporating a companding ratio of 60d3.
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0]IAPTER 1

OF T}IË

f01T :LirD iìElh

2,1 L4t@f¿9@
irresent ind.icatioll.s are that delta modulation if it is

to be usecl i.n the telephone netv'¡ork will- mainly be usecl. for
speech alrplications. fn ord.er to develop better d.el_ta

¡rod.u-l-ators and. -bo comrlare tire relative performances of
different clelta noclulation systeils, a precise measure of -i;he

performallce rrlust be ob'cained. tr\rrth.eri,tore as shov¡n íir thj.s

chapter, tl:e perforr:ra¡ce of a del-ba r,rocLu-l-a-bor virher: suìrject to
sj-:r.elvaves is not clirectJ-y reJ.atecl to its performance r',¡hen

subject -bo speech as in¡rut, so that -i;he llerformå).nce shoul-d. be

evalua-bed. for slteech inputs, eliminating conventional

measuring techrri-ques " The au.tho:: d.eveloped. a techni_c1ue

enabl.i.n3 the exact performa;:Lce of a d-el-ta rnod_ul-a-i;or to be

d.eteruineil. for any input sigllal-. This techniclue arrd. the

resultj-ng hard.r'rare a^re discussecl i-n this chapter.

The discussion appJ.ies to rel-a'becl systems such. as pulse

cod.e mocluJ.ation (L'Ctr,I) as i'r¡el-J. as d.e1ta mod.ula-i;ion,

2.2 Review

There a^re ma1ly method.s for determining the 1:erfornance

of a d.elta mod.ril-a-bor.

Si-nce some of the inethods mentionecl in this section are
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nCIt commonJ-y used., a1f these methods are d-escribed in
Âppendix 1 

"

The nethods can be grouped. into tr'uo cl-asses namely

subjec'cive method.s a¡rd. nonsubj ective methods.

The subjective methods arez

1) Intelligibility -bests, which evaluate ho'w good. one can

understand speech subjected. to the d.eJ-ta modulation process,

2) Equivalent v¡hj.te n-oise urethocls, lvhích tests for the

quality of the d e¡roclu.lated sigr:al. by comparing i-b lvith the

input sigr:a1 d.egradecl by lûrite noise.

Both these tests are useful- tvhen the del-ta modu-l-ator

h¿¿s an SÌftì. of l-ess than 20dB " Once the liliR becomes better

tlran 20d.! j.t becones difficul-t to distiirguish bettn¡een the

input aniL d.eurod.ul-ated outpu'c so 'cltat the inteJ-1-igibi.lJ.ty

score u¡ou-l-cL be nearly 1Oq;, regardless of v'¡irether the Sriiì is
40dB or 20d8" Secause these tests arre subjective, care

shoui-c1 'be take;r to eJ-iminate or al-l-or,v for the 1earning that

the subjects may d.eveJ-op. \fea1:ons lìesearch Is-i;abl-ishrqent fi)

foi.md. that the subjects cleveloped a s}¡il-l at r¡rd.erstanding

the test rlrord.s and. the intell.igibiJ.ity score irnproved as tj-ne

went on. The Australian Post lJaster General-r s Department

Subjective L'valuatíon Group found- that their test tea¡r

develol:ed. a dis-Lilce to cy*antizatioir clistortion as time lven-b

oll .

The nonsulcjective me-bhods incl-ud.e methocls used for
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d.istortion measurements j-n audio equipment sucl:. as the lïotch

Fil.ter method, the Irequency Äna"lysis method and tire

Cance].].a-bion method.. These methods are clescribed. in
Appendix 1.

Since these me'uhocls measui:e distortion, they are a-lso

capabJ-e of measuring cluantizatíon d.istorti-on in delta

modu].ation,

ft should. be pointàO out that these nethod.s are d.esigned.

for equipment lvhere U-miting d.oes no-i; norrnalJ.y occrrr. It
wilJ- be shovnr d.j-rectly that -bhese methods no longer give an

indication of the performance of the ecluipment rvhen limiting
occurs.

In d.eLta modu-l-ation the d.ynamic rÐ"nge is norma,fly small

and. slope overLoacl occltrs dr,rring a si.gnifícanrt part of the

useful operating range. I'XLten overload occurs the outi:ut

si-gna1 is no longe:e: proportional to the j-nput signal-r âs is
shotu¡r in f1.g 2,1 .

Since the above inethod.s use the output of the del-ta

modu-l-ator to obtain a iûeasrlre of the d.istortion, the

cyuanl;ization d.istortion rvil-l be the same for both input

signals in fig 2.1 . fn one case th'e system is onfy just

J-imiting, r',rhi-1e in the other, severe overl-oad. occurs, anrd.

obviously the performance of the mod.ulator is not the sarne.

\lhen overJ-oacl occr.lrs, tLre above me-bhod.s wiJ-l no longer

indicate a measure of the performance of th.e d.efta modula-i;or.
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¿.) ements of sisrra-l to q:nanti-zation noi-se ratj-o
fo_r fq,4(þn_ i-nput sjÆnaIs

Some of the work d.escril¡ecl in this section is a].so
(rg)

d.escribed. elsei'¡here by the author , i\ copy of this
publication is incl-ud.ed. in the thesis.

¿.)" I Definition of quan'Lization noise

Tlrere are several d.efinitions of quan'cizatíon noise,

each of ruhj-ch have their oi,¡n merits.

The clefinition u,sed. in thi-s thesis is as follov'¡s:

Quantízation noise is 'che flifference betureen the i.:oput and.

clemod.u.}ated output vüaveforms.

The gain and delay of a ctel-ta or puJ-se code nod.ulator is

independ.ant of the a.rnplitud.e and. frequency of the input signal-

under non-overload. conclitions. If the gain arrd delay aTe

assumed to be amplitud.e a1rd frecluency ind.epend.ant und.er

overload cond-itions as we]-]-, one will- obtain a different

measure of the performance for both input signal-s in fig 2.1

as recluÍrecl.

The definition carr thus be noclj-fied. as fo].lolvs:

Quarrtizatj-on noise ís the d.ifferellce Jretlveen the input and

d.enroctulated. ou'oput l'/aveforns, provid.ed the gain aird. d.elay of

the delta or pulse code mod-ulator are assruned to be

independant of the a.mplitude anil frequencJr of the input signal

apd the values of the gain ancl cl-el-ay of the mod.ulator are

those correspond-ing to non-overl-oad. condi-tj-ons.
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ït shoul-d. be noted. that the conventional method-s

mentj-oned. in Append.ix 1 d.o not assume the gain a"rd. d el-ay of,

the d.eLta mod.u]-ator to be constant.

Fig 2.2 ind.icates rvhich areas con'uribute to the

distortion when 'r;he distortion i-s measured accord.ing 'r;o'

( 1 ) the above clefinitj,on
(2) the no'cch fi3.ter me'chod.

It can be seen that by using the above d.efintíon, an

indication of performance carr be obtained. even lvhen the

systei:r is overl-oadj.ng..

2.3 .2 so fo:: mea.srryemerrb s

The d.el-ta mod.ril-a-bors j-nvestiga'ced in titis thesis are

d.esigned for use vuith speech.

,Since there are differenoes in the performance of, a

del-ta noclulator when 1t is subject to an BOOHz sinelvave

input or a speech input, as is shovu:r Ín fig 2.3 for SIDI'[,the

testing should. be d.one !ii"i-th speech as input. The resui-ts in
fig 2.7 are obtained. by computer simul-ation as d.iscussed. in
chapter l.

Furtherrrrore the Sltllì of a nonlj-near system such as a

del--ba or pulse cocle mod-u-l-ator rrrhen suì:ject to sinev¡aves need.

not lce related. to its perfornar'r.ce rivhen it ís subj ecj to
speech, as is illustratecl b;r the follov,ring J exa,nples:

(a) n digital cod.er meaürres -L-he frequency, and. amplitude

of a sineluave input, tra"nsmits this information in binary
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form and. at the receíver thj.s information is usecl 1;o set the

amplitud.e and frequeircy of an oscÍlIator. lhis system will-

have an excel.J-ent signal to cluantization disto::-bion ratio for
sinerraves, but the performance when the system is subject to
speech rv:tl-J- not be good.

The exa,m1:1e given above j-s erctreme, it does horvever

iJ-l-ustrate one of the differences between speecir and.

si-rtelvaves.

(b) A del-ta mod.ulator, employíng syll-abic compand,ing has

attack arr.d d.ecay time constants vr¡hích are far too J-ong so

tha'c vrhen speech is used as input, the compand.ing cannot

follor,v the input po',ver variations and the system is either
overload.ing or operating near threshold. (i.e. at a smal-I

normaJized input potrer) The performance of "clte system, when

subject to si-nevraves, r,.¡il-l- be good. because the compand.ing has

sufficÍent tj-me 
"o 

adjust j-tse1f to the proper level.
Sichind.ler (ts¡ inclicates that the continuous c'le].ta

¡noclui-ation scheme used in -b-rance has this defect of

improperly desÍgned- companding respoir.se times "

(c) ;!s shov¡n in section +.5,2 ancl- fj,g 4.13 the nornùízed,

input poïuer (i¡irich is d.efj.ned in chapter { and. (Zo)) 
a'G

r,vhich the companding should. operate is ctifferent for speech

and. sínelvaves. This mean.s that one can orr-ly obtain the loest

performarrce from a companded d.eIta nod.ulatj-on system to be

used v,¡ith speech, j-f its compand.ing i-s d.esig:red. for speech.

It is impossible to obtain the relevant info::mation required.
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to design the cor,rlland.ing from measurements using sinevuaves.

fhis point is further discrrssed and illus'urated in chapter 4.

lTone of the non-subj ective riethod.s previ-ous1y mentioned.

can be used. v¡hen a random input signal such as speech Ís used..

The subj ective method.s require a tean of listeners and.

norual-J.y the resuf,'bs ca,'rnot be repea.tecl, d.ue to tÌre changing

subjective stand.ard.s of the team. necause of this and. o'cher

practica-1 and financiaL linítations, sulojective method.s have

not been used. j-n this thesis to evaluate the performance of

d.elta mod.ulators.

It is however possilrl-e to obtain a methocl for eva-luation

of the perfoi:¡rance by either usi.ng control theory techniclues

reJ-a'cecl to nonlinear systemsr or using the previous

definition of q'aantj,zation noise.

2 . d, nLegqurquen_t *eqqi-t¿llel:ü d q¡¡ c_qiptjo-n

2.4.1 Theory

The quantizalion noise j's defined. previously as the

clifference betr'¿een the input arrd output v'¡aveforms.

Å frequency lnd.ependant tln¡e delay lui1l not affect the

r'¿aveform" Since the delta mod.u^La'cor may Íntrod.uce a deIay,

this d.elay has to be allovred for.
/\. gain, ind.ependant of frequen-cy and a.ruplitud.e ruiJ-l not

affec'b 'che vuaveform aird. hence atly a"nplification i-:r the d.elta

mod.u-l-a.tor nust thus be aL]-ov¡ed. for also.

The bloc.lc d.ia,gran ín fi,g 2.4 shorvs equipment which vuj-I1
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eval-uate the quantízation noise as d.efined. previously. In
order to obta"in the qu:antl-zation noise, the 6ain ancl d.ela"y

'are ad.justed such that the minjmum clifference si-g:ral is
obtained vuhen the delta mod.u-l-ator is not l-imiting. These then
remain fixed for the rest of the measll-rements.

It shoul-d be real-ized that if sinev'¡aves are used as input

a.nd. no limiting occurs, the results ol¡'cained by thís method.

v'1i11 be exactly 'che same as those obtained. by the ca.ncellatj-on

method-. there are hor'¡ever the following d.ifferextces:

( 1 ) fn the cancellation method, the gain and. d.eJ.ay are

acLjus'ced continuously, while for 'che proposed method. the gai-::

and. d.elay of the cancellation netlvork are kept constantr so

'cLta'|a lvhen the mod.ul-ator is l-imiting, -bhe cliffereilce sigrral in
f:-g 2,4 renrains the quantization noise as lnd.j-cated. in
f:j.g 2.2 (a).

( 2 ) The cancel-J-ati-on netv'¡ork i-s frecluency ind epencla;nt and.

arry i:rput signal., i.ncluding speech, can be used.

A second. approach to the proi:l-em j-s as fol-J.ov,¡s:

In control -bheory, a i:on-Linear element is usually represented.

by a Jinear descril¡ing fwrctior(21 ), pl.us a noise source as

shoi¡r¡n in fig 2.! (a). .4. d-c'tta mod.ul-ator contains

nonlinearities, and. can thus be represented. siuil.arJ-y. ;i

gaj-n and. d.elay which are inclepenclairt of both frequency a"ted

amplitud.e, lvj-l-l- not affect the lvaveshape. Sj-nce the object

of the delta inodul-a'bor is to reprod.uce the input l¡aveforrrt âs
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closeJ.y as possj-'ole, the descriìcing func-i;ion should. not alter

the tvaveshape and. 'che d.eviations from the input v,¡aveshape tvi-ll

r,''riLf be cLue to the noise sou-rce. This noise is the

q.aantization noise, accord.ing to the d.efinition in section

2.3.1 . The delta nodem ca.ir thus be represented. by -bhe bl-ock

cl-íagram in ii-g 2,J (b).

If r,'¡e I'rant to obtain the quantíza.tioir. noise, this canr be

d.one 'l:y using a. c'attcell-ation netv,¡orlc urith a transfer fi.rnction

id.entical to tlle ctescrilcing' fr"rnction of the d.el-ta mod.em,

subj ecting this to the same input signal as the d.clta

modul-a-bor and. subtracting the respective output sig:ralsr âs

is shot'm in fig 2,6.

I'iince the gain and. d elay of the d.el-ta nodula'r;or are not

knou¡n in ad.vance the gain and- d.elay of the test ecluipnrent

nust be made variable.

2.4.2 l.t-e-qsulfemq4t- of lo-rler

The ultimate aím of the test ecluipmen-t ì-s to obtain a

measure of the perforrnan-ce of the delta iriod-ulator wtder test

rvhich is hopefufly indicated lcy the si3naI -bo ctrua"ir.-bization

noise ratio. The SNR is normally expressed as a pol'¡el ra-tio

and- in dB.

In the previor-rs section a method. r'¡as descri'l¡ed tvhJ.ch

enab1es one to ol;tai:r- the quantiza-bion roise. I¡ron this one

ca.n obtain the cluantiza'uion noise po\¡,Ier.

The si3nal pou/er cer"n l¡e obtaineil. from -i;he input si¿rral,
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I.Iolvever since one is interestecl in the sigrral to noise ratio
the gain of tire del-ta ¡rod.ulator has to be alJ-ov¡ed foi'.

The gi gï.aì. to be ursed. for calculating the si-gnal. to

noise y.a.tio is the outpu-b signal from -bhe d.escribing fu¡rction

(i.e. at point (a) j-n fig 2.5 and. 2.6). Unfortunately this
Slgnal is fj-c'uj-cious and. thlrs r.urobtainabl-e. lihen the test

equipmen'c is ad.justed prol:erly hoi¡uever the sj-gnal at poi-nt

(b) in fig 2.6 1s id.entical to the signal at poin'c (a) rvlri-ch

is ti:e d.esired. signal " The outpr"rt of 1;he cancellation

netruorlc can thus be used. to oictain the signal pol,ver.

The signal a,nd. cluantizatioir noise Jror\Iers can be oi¡tained.

by sqtraring and. averaging -bhe signal arr.d. noise voltages. the

squaring ca.n be achieved by using IC muJ--i;J-pJ.iers lvith the

two inputs tied. together. If speech is used as input sigiralt

in ord.er -bo liinj-mise the effect of d.ifÍ'erent porve:rr J.evels d.ue

to each sylla'ble, a long averagi:r-g ti:ne typically betrueen 10

and. 100 seconcls shoul-cl be usecl.

2 . 5 IIg{g!'¿Aqe_ _D_qs_gplïi--o"Æ

The foll-or,ving section describes some aspec'cs of the

practi-caI real'ization of the icleal- concepts elii)ressed- in -bhe

previous section.

Since -bhe cletaii-s of the circuitry r,rill vary depenclittg

on the avail-abilit¡r 91 cer'r;ain f Cts, ho circuit cLetaj.l-s trifl-

be cLiscussed. in 'uhe main -i;erct. They are hovr¡ever presented.

in Äploendix 2.1.
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some of the techníc1ues used- to obtain the recluired-

firnctions ¡re t'¡orth rirentíoning. The block cliagra^rn Of the

equipment is shol-'¡n in fig 2.-l .

2,5.1 Talyped. D

The easiest methocl of oirtaining a varialcle d.elay is by

tlre use of a taplled. delay l-ine. The d.eIay line can either

use:

1 ) analogrre elenents, such as a series of Bessel filters or

a series of al-Ipass netvrorlís. The tirne d.elay obtained' by a

series of iìc netlrorks is discussed J-n JLppend.íic 4.5.
Z) c,t-i8ital elei,rents, such as a series of flipflops. Th'e

cligital el-emen-ts have the aclvantages 'cho.1, the pe:: sta.ge delay

canr easily be controllecL. The c-Lisad.vantage is holvever ,tlta'a

the analogue in;out signal rnust 'oe converted' to binary signal'

The easiest v,ray to conver-b the binary signal into ar:L

analogue sigrral is ìry itel-ta mocl-ulabionr or delta sigma

modul-ati-on 
(4) . T,ris mod.r,l-l-a'cion process procluces

cluantiz;ation distortion lvhiclr. lnts'r; be al-lol¡ecl for. Iig 2.8

shor.rs a bloctrc d.iagra^rl of a systern nihere 2 r''¡avefoflns a^re

prod.rrced , -bhe rela'bive d.e1ay of r.'¡þicþ calr þe variecl.

tr'u::thernrore since botì: the rvaveforils are ol¡tainec1' by the

sa,me process, tlre lvaveforms tvill lle iclentical- if the

d.cirrod.u]-e,.'ûors are matched. proirerly, elirninating the effec'u of

q:oantizatio,r d-istortion " lhe quantLzation dj-s-bortion in

each waveform is minimízed. by a high sarnpling frequency for
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tþe delta moclula-bol in the delay line. The rrndelayed- ou'cput

of the d e1a.y l-ine can be used as input to 'che del-ta modtúator

or prrlse cod.e moclulator i.r-rrder -best and 'che d elayed output can

be used. to corapare t¡uith the dernodrrlated ou-bput.

The resu-Ltant system will thus produce tvuo identical

lvaVeforms, ''uhe time d.elay bettrteeir r'¡hich is variable avrd'

independ.ant of frequencY.

The above me-bhod- r'uas used in the construction of the

test equipment. Ry carefuJ matching of the d.elta

d.emo¿ula'6ors and the fovrrpass fj'l,-bers, -bhe differerÌce l¡etween

the rvaveforns at points (u.) and. (b) in fig 2.8 cari be mad'e

].ess than 5OdB beloi+ the signa]-s at point (a) apd. (b),

enabling Sl\-iìrs of up to 50dB to be measlred'

2-6 -2 Porver i,leasurement

l,Ihen the resea.::ch d.escribed. in this thesis lvas started'

analogue multipliers vlere not readily availal¡ler,;so that the

SlLlì rrvas con:puted. frorn the average ::ec-bified' val-ues ratlret
than the lìl/lfli values. The results presented in (19) 

vüere

oþtaj-ned. this rütay. (Obviously in ord.er to conpare the

calcula-bed. and. measured resu.l-'üs, the Si]L r,,ras evaluatecl by

both method.s during 'che compr.rter simr-rla-i;ion, but the error

uias fouvrd- to be l-ess than 1.5d8)

Recently TC analogrre mr,rltipJ-iers beca¡:,re available ancl

test equipment tuas reconstructed. using these in orc-ter to

xreasuïe the ac'uual signal arrd noise povrers.
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The output of these inuJ-tipJ.iers i-s fiJ.tered. by the use

of air,'.C netvi¡orli l''rith a time eonstant of 25 second.sr giving

the mean square voltage. This J-ong tirne 'constan'c is
necessary in order to el-Ínrinat e variations of polver d.ue to

pauses and sy1Iabíc variations in speech.

2.5.5 Aç-ç:lte id.erations

Jn ord.er to recLuce -bhe effect of the quarrtization noise

due tothe cle1-ta modul-ator in the tapped. delay l-ine, this

d-elta moctu-lator is o1:erated. at nearly constant porlert

corresllond.ing to the op1;imum perf or:¡ance. .Any variatio-¡- of
sigrral. potver recluired for inpu-b to the d.elta rnodu-l-ator under

test j-s obtained. by the use of operational a.rnplifiers after

the d eJ-ay l-ine delta d emocluf-ators. .

The gain of these arnplifiers ca¿r be varied. i-n approxim

approxima'be1y 6dB steps over an BOdB range]

Tire clua:rtiza'uion noise can a^Lso be arnp1.ified., so that

the mul-tipliers can be operated. at a consta;rt povirer level to

obtain the most accurate resuJ-bs aniL to uinimize the effects

of d.rifts. The resu-l-tant bLock d.iagranr is,shor',Jn j-n fig 2.9.

Iûrovrring the nultiplier outputs and the gain of the

amplifiers, the signal and. noise powers and. hence the signal

to cluantization noise ra-i;io can be calculated.

2.5.+ LeqË-g,

['he resuJ-ts obtained. urith the measure¡nent ecluipment are
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cliscussecl- in chapters 3 a¿d 4, r,rhere the delta roodula-bors

cle'reloped. during the research are cliscussed., together vuitir a

comparison r'ri'uh the cal.cul-atecl perf ormarrce.

3ig 2.10 shovus a comparison betlveen -bhe performallce of

ÌìTDDLI lrhich is d.escribed. in 'che next chapter, obtained from'

(a) 'r;he noteh fiJ.ter nre-bhocl and.

(b) 'r;he measuring ecluipment.
The results can be seen to agree closely except for 1ar3'e

input pol¡úer, rvhere the notch fil-ter :irethod. gives olltinistic

restrJ-ts.

The d.ifferellces at small i::Lput lloll¡er are d.ue to the

þackground noise (svuitching s¡;ikes a.¡rrcl therrnat noise)

Causing a reduction in acgtrragy Of -bhe neasurements '

2.6 9oe@,
This chapter has shol',rn 'che d-esirability of testing a

d.el-ta modula-i;or or pulse cod.e modula-i;or, und-er actual

operating condj-tions. If , as is coilmon practice, a d.elta

moclu-l-abor.to be used. r'¡ith speech i-s testec-L loy using
siner,,raves, a urisleading estinate of its perfornaJlce c¿¡l

result.
Jlcluipment has been developed rvhich t'¡il-l- enaJ¡le 'che SI\TR

of a clelta rlodu-l-a'cor to be de-berririned rvhen this d.el-ba

mod.u-l-¿l'r;or is subject to rancLom inputs such as speech. Thls

equipmen-b enabl-es one to assess tir.e performallce of a delta

modulator or pulse cocLe moch.l-l-aüor lutder ac-bual- operatj-ng

cond itions.
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cI{,uTl{ì:
ÎIil DEVNIOP}MITT OT' IIO]TI]1'|EÁII DIGTIA.IJ DD}TA IÍODULITIO.{

3.1 Intræ-4-rfÉLol

In this chap'uer the develolrment, desigir criteria and the

performance of nonfinear cligital- cLeJ.ta modul-ation (ililll.i) are

iLiscussecl.

InstantaneouË conpand.ing is used. in d.ouble integratíon

del-ta mod.ulation (lfU¡) (2) , Hou¡ever this makes the sys'i;em

less s'cabIe, causing a de-berioration of the performance due

to lairge a¡noutr'cs of overshoot. The use of digital techniquest

togethei' r'.rith nonlinear counting proced.ures enal¡Ies

instantarteous companding r,vj-th good. stal¡ility to 'be obtained-.

Seca.qse the stabilit¡r can be increased by the nonfíirear

counting d.evelopecl by the author, the compalLding ratio a¡rd.

thus the d¡manic range of l:DDlrf is lQdB 1.atger tLran those for

the systeins clescribed by Ll¡ate (B) and. Bosvuor'ch and. Cand.y (9).

3.2

3 .2,1

Instantan

Principl es of Instantaneous C

The dynamic range of a clel-ta nodula-i;or can be increased

by altering the gain of the l-ocaJ- demodu-l-ator, tb suit tire

input signal. fhi.s is knol"nl as comparrd.ing.

Depend.ing on the rate of chanSe of gain of the local-

d.emoclulator, the cornpand.ing can 'be d.ividecl i-irto 2 classes,
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namely instanta,.reous compancling and. syllabic compaiLd.ing¿ Ín

instarrtaneous compand.ing, the gain is clle,nged. rapic1ly. For

ITDDN, the gain carr change 4OdB in 5 clockpulses ancl the

d.el-ta uod.ula-bor ca¡1. thus traclc instantaneous variatÍons of

the input signal.

I,/ith sy1laì:ic compand.ing, 'che gain j-s chan3ed nore slol'ily,

so that the d.elta nod.ulator can traclc variations of the

average llolTer r

Lìeferring to fig 1.2 at ca.n be seen that for single

integratiot:. clel-ta mod.uJ-a'cion (SIDI,[) I'r¡hich uses 11o coinpanding,

the chanrge of deinodula"''uect ou-tput per cloclcpttlse is fixed.

This ehairge in d eruocLr.l-l¿Jed outitut is calIed. the step s1ze.

Coinpancling cha.ngec the step size. the step síze is usua.lly

nori:,ralisecl to rnalre the smal-l-est s-bep size un-i'cy.

A silrple forrrr of compand.il:rð- is usecl in DIDi';i Q) , ìry -i;he

use of 21ltegra'uor:'s i:r -bhe feed.back 1oop. Ilol'¡ever because

tlre 2 inte¡¡ra'r,ors procluce a lBOo phase shift and. a further

delay is produced ily tire sa.roplilg process, oscillations can

occur. over a lvid.e raltge of freclue:rcj-es, ofteu jresrrlti¡tg J-n

a.n aud.ible ou'uPut.

T5e sta.bih-ty can be iürproved. by the u-se of l¡h¿'.t is linor'''¡n

as 'tpred.ictiontr, r:,rhere tþe networll in fj.3 j.1 replaCes the

2 integrators i-n the feed-back Jooir. The netvüorlc no longe::

has a phase of lBOo a:lcl'by the proper choice of -iÌ.p, stal:Ie

ope::a-biol cem be obtained.

From the d escription of llIDIri it ca:r thqs be seen that
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the usefulness of instairtanteou-s compand.ing is sometimes

l-ilirited. by a d.ecrease in s'cabiJ-it¡r anct the consequently large

amounts of overshoo-t.

Other systems r,rsing instantaireous compand'ing ¿r"re

clescrij¡ed. in section 1"2.2, b'ur-t since Î[D]lI'i was cleveloped' from

DIDII ín an at'bempt to overconre some of the disaclvantages of

-DIDILT, the principles of opera.tion of itDDl,l llrill be comilared

rritir tlrose of DÏDI.["

3.2.2 lì.a.r¡le Consir.l- era'bions

The step size of DID}I¡T changes J.i.nearly lvitir time as ca{L

l¡e seen by coi',rpari¡g d.ifferen-b stelr sizes in tabl-e 3.1 . (fne

change in step size is rel-atecl to the nagiri-bud.e of the input

voltage of the t-irst inte3rartor, vrhich is 'che nag*-ri-bucte of

the binary transroitted sigiral, l''lhich is consta.nt. the Step

size is normallzecl -bo nialce the smalLest s'Lep sizes plus and

mi-nus olle, the differeïì.ce l¡etvr¡eeil thein is tl't¡o')

Consider a¡r ûOOlIz iirpu'u si3nal to a d-el-ta nod"ulatoiltui'uh

a sanl_r}in3 frequelcy of 561<f'r-2. The::e rujlf be abou'r,- 1íj

c] oclcpu-]-ses j)er rtruatter c.ircle amd. the max:Lmr:n step sÍ ze r''lífl

l¡e i(, (= 2::18). The compandì-ng ratì-o, which is clefined- as

the ratio of ttre largest to-bhe smal-lest s-üep síz;e, is'chus

approxínately ,OdB for an SOOlIz inpu'c si3:ra1. The compancling

ratio is rela.ted. to the d.ynamic range ancl if an ex'uensio:a of

tire cLynaliic ra;.rg'e j-s required. -'uhe coinpa:r.dii1-¡; r&'6iO has to be

i-n creased .
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3.2.3 tfoprrpeart Ji)Þ_tæta+ ç _Cpepg_qæ

The d.¡¡aar:ric rar:ge ca:,r. be inc::easedt by increasin3' the

clr.ange of step size fo:r J-crge sì;ep sizes. Titis can hovvever

not be d.oire b¡r a.clcling a thirc't integra'bor, siirce this would.

give a phase shift of i,rore thair 1B0o and. instabil-ity v¡ou1cl

resuì-t. Thus no¡-l-inearr me-i;hocls r.rus-t be used., âs is indicated.

in fig 3.2.

The recluired nonlineari'r;ies can lce geller'a-bed 'by either

arralogue methods or cligita"J- üre'bhods. ilittr analogue lnethods,

diod.es or o'uLrer nonl-inear devices are usecl -i;o proch-rce voltage

cl-epend.arrt 'bransfer functionsr so tha-i; the cha"nge of step ,size

can be macle clependa:nt on' -bhe s'r;ep size. If -bhe d.enocltrla'r;ed-

output frour the local. d.enodr.rl-ato:: and. 'blr.e receiver deinod.ulato:r

are to l¡e the samte , tLte nonlinearitj-es in the trans¡ai-bter ancl

receiver mus-b l¡e closely matchecl-. '\ny nrismatch l,¡il-l create

d.ístortj-on. iiince cliod.e characte::istics depend. on teinperature

anrcl 'ohe transmit-ber a¡rd. receiver are likely -i;o be at different

temperatlr.res, a misma.tch of ::ro¡rl-ineari1;ies v,rill- normally

occur. trb.rthermore, sr-rpi-,ly voltage vari-ations and a spread. of

coinpollerrt val-ues rvílJ- aggrava'ce 'uhe probl-em.

These problems ca.n be overcoüte by th.e use of digital-

techniqr.res, ivhere d.igital circuitry selects -bhe step sLze to

lre used.. lÏo.:mal-ly the information ind.icating an increase oT

d.ecrea.se i-ir s'ce1r size is obtained- from the ì¡inal'y síg:lal..

lij-nce this binary signal ;is avai-1-abl-e a.t, bo-bh the transmit-te::

and- receiver', -i;he step síze r,'ri-1,1 be iclentical at the
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tran.slli'cte:r a.ncl receiver, proviclecl no trarrsnission errors

have occu:::ied..

Because d-igita.J. circuitry is usecl to sel-ec-b the s'be1r

size, o:r.ly a lirnitecl:.,'.r'ml¡er of step sizes car be used.' Ior
DID}'T at BOOIIz and. maximuÈ a¡npfítude , ott1:y J6 d.ifferent s'cep

sizes are u¡ed, 1E posi'cive s'r;ep sizes ancl 18 iregative c'cep

sizes¡ so that a finite nunber of s-bep sizes can be used. in
p.:actice. The loCal Cenodul-a-bOr call 1'1.01./ þe represented. by

tlre blocic cliagram in fi!' 7.3.

There are marLy prac'cica,l lva,ys lcy lvlr,icþ this l¡1o Cc

cl-iadra^rr Ci,:;l be realizecl , 3 d.ifferent methods a.re shol-'nr in

fig J.4. il.eferrj:rg to fi1 3.4 (b) i'c ca,n be seeiÌ t1;'at the

step size is representecl by a resistor, i,¡Ìrich is stvi-r,"ched. to

eitirer tire positive or iregative rail-. lJince each s'ue1: sLze

is ::epresentecl by a resis-bor tlr.ere a.re ilo l-iilitations on step

size ancl the step sizes canr be optì-i.rizecl for tire irormal-

operating sigzral- of -bhe del-ta ilocLr-rlabor, r,'¡hich is speech in
-bhj-s thesis "

Prediction lvil-l- holrever geirerally :t:to longer ìre

sufficient to niainta.in s-babili-t¡r. 'Ihe stabil-i-bJt of the

dei-ta modula.tor irrust tirus be lnproved if the d-¡ma"tnic rangc is

'co be extencled by tÌtis rnethod..

3.2.4- T 'r,a,bi]-i

I¡. sectio.n. 3.2,1 it v,¡as ¡:-ba'bed. that DIDLI li¡it]rou-b

predicbion ïiras' r.rnstable, A good. -i;est for stabilit¡r is to
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apply a stelr i::pr'.'r; to the d-el-ta mod.ulator and. observe the

resulting d emodula'cecl output. Fig 1.5 ( a) shot¡¡s the si;ep

response of DI-DI,I vu'ithou'c pred.iction. It ca:r be seeil tha-'c the

system is u-nstable. TiS 3.5 (b) sþovys the step respolLse of

DIDL1 rrith precliction. 0scil-J.ations ca,::. hor¡ever s-i;ill- occurt

as is shor.nr in fig J. 5 ( c )

In DIDL{ the stelr size is charrged. by a fixed- a^lnorrn-i;

d.uring each saLrpling interval. The stabili'cy ca.rr be improved.

by cha;nging the step size rùoï@ tira,n the normal 2 rmi-bs rvhen

certain conclitions occlLr.

From ftg 7.5 (a) it c¿rr be seel1 that if the step size ls

red.ucecl loore cluiclci-y after the d.esjred or"rtput voltage is

obtai:red., i,e. after a cha::ge of the binary transni'b-bed' sig:nal

has occurred., the overshoo-i: lvil-l be red-uced-. In otheilmord's

if the step size is changed. by X r¡nlts, ins'r;ead of 2 rrnitst

lvhen a change of binary tra¡smitted signal occurs, the

stabil-i-by of the d.elta mod.rrta-bor ¡rviff l¡e iürproved.'

The idling patte,rn (tOtOtOtO e'tc.) has a change of

binary sj-gnal occuming at every cloclcpulse. In ord.er to

miniroi-ze -bhe c¡r.rantization cr-r-'or, i.'r; is desirallle to uralce this

iclling patte:n coz'respond. -bo the roinj-ìli-ül step size, i.e. i 1'

rf -bhe step size is changecl by ':l r'rnits at every change

Ín 'bj-nai.y 'bransnit-i;ed. signal, the id.ling pattern lvifl

correspond. to the step sizes ! y,/2 vuiril-e the reqr-rired- s'cep

size is I 1.

Ä further coirdition mus-b thus þe satj-sfj-ed na^ne1y: ff
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the change in step size resuJ--bs in a s'ue1r size of opposi-te

si¡;:r. to the previous s-bep stze, -bhe nevr step size is the

siral-lest s-bep size of oirposite sign'bo -bhe i;revious s-bep size.

size.

If for ins'uarrce the s'rJe1l size is + T ulits and. it is
red-uced lry )i u-'rits, lvhere )ÐY, a negative step size resuJ'ts

and the s-Le1r size used j-s ,tot Y-X u.rits bu.t -1 . This rul-e

r,vifl- achieve the recluired. 1dling pat'uern"

Tig J.6 shovus the step response of DIDtrI with conditional

nonl-inearities vuhen the s'uep size i-s chang'ed by 41 6 r O eurrd.

10 units vrhen the previ-ously mentionecl conditions are

satisfiecl. Comparing -iLS 3.6 ruith fi3 7.5 (a) ì-t can lre

seeil 'r;hat the s ta"'bi-J.ity has l¡een increased . The step

respollse in fig i.6 ì-s eval-ua'ced for r-r.onl-j.near counting

rvithout pred.ic-Lion ancl oscill¡i'r;ions carr stilJ occur.

.A,bsol-ute s'cabi-lity wilJ. 'be obtaj-ned- if predic'uion is

incorporated. as v¡el-l, enabling the compa"rrdin6 d-escrlbed- in

sec.'uion 3.2.5 'rio be inplenrei:ted..

3, 2.5 lqrq-Lf-qTf-oJmaoçe

In a prac'uical- d-el-ta ¿iodula,'i;or sys-ben, transtrission

errors vuill- occllr. It is d.esira.ble to mi-nimize t}¿e effect

of tra¡rsinission errors. t\ Comprornise must however alluays be

macle. As the perforiti¿trl.ce of the d.elta modulator is i-nproved.,

the information containecl in the binary sigrral- must increase,

so that the ,redundancy in th,e bina::y sigr:al- wiJ.} d.ecrease



fl0)
(8) l.) (6)

Step response of DIDM w¡th cond¡ti
nonlinearities.The conditiona[ change
indic ated by the numbers

FIG.3.6



32

a.nd. the effect of errors lvill i¡:crease.

I¡or -bhe delta mod.ul-ator -bo be u.seful- holvever, 'bhe effec'r;

of a transnission ercor nrtls'ü d.irninish V\ri-bh tirne, i.e' tl:e

erl'or camsecl l¡y a single 'bra.nsnissio¡: error nrust not persist

ind.efinjtely. Tj'g 3.'l (b) sþor,n¡s -bþe effec-i; of a si¡gle

'orantslrtission error on icleal- Si:Dl,I and DIDÛI Slrste¡irs.

I¡or SIDI,,[ the error causes a DC shift i-n the oi'r-bput signal,

lv¡ich urill not prociuce a fasting ar.rd.ible effec'u since 'r:he eatr

is not sensi'bive -bo aJrsolute presslr-re even if the reproducing

system T'/ere capable of respond.ing to it. Iror DJDI\{ 'ul:-e error

causes a, l¡ias on 'vlte Step size, rririch ca.uses 'bhe ou-bput 'co

increase turtit linriting occurs ín -bhe hard'r''¡are, loalcing the

system L1seless. The firs-b integra-bor in t'he DIDLI sys-bei:r must

be lealcyr so -'chat the effect of errors clirninish l¡i-bh -bj-me.

iJirrce it is intencted to relrlace 'bhe firs-b integrato; I'rlth

d.igital- circuitr¡r, lealiSmess nust al.so be incorporatecl in the

digita-t ci:'cui-bry. leak¡mess ca.uses a grac'lual decrease in

ma¿:ritude of the s-bep size if a 1010 e'üc. bina.r¡r pa'u-Le::n ís

ap1t1iecl, until the s-i;ep size + 1 are olctained.. Tlre recluired-

lealc¡mess car: be acirievecl by cha.r,.ging the step size by )i

irnits onJ-;r l.¡Ìren the rrrarSni'r;Ude of the step size is decrea.sed,

¿rs r,¡eIl- as satisfying the previous rec1u5-rement of a change in
binary signal. This fuLrther reqr.rirement lriLl- not cheurS'e the

step respol:se j-nd.icated. in fig 7.6.

Tig 3,7 (b) shorrs tirat'bhe effect of a transi'ûission er:ror

clecreases lvith timer âS requirecl' The resul'r;al1t DC offset
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cloeS .,'rO-b effec-b the pe::'-lo:ii,1au¡-ce na,:]red.l¡t ,Sii:L.ce firs'b1y, -bhc

ear is inseir.si'r;j-ve to 3.þgoltl-üe ìlre,sËLlre e'urc'l- secorrd'ly, -i;he DC

error luíll iì-eca¡, if a:r.alogue integra'cors are usec-l for the

seconcl inteSrn'cor, Since all analo3r.Le in-be'3ratorS hi-uve a

fin.ite leerJi¡nr.ess a^rrd. thus a fin-iì;e nemory. comparing

fiS j,'( (b) a;rr]. fj-g J.'/ (a) ít ca-n be seent']rlak because each

t-ran:slrl-bted. l¡i-b carries Itoïe ilrforma'bion d.ue to -i;he

coür1ta,nd.ing, 'bhe effec-b Of a trarrsruission error for i"'i)D1ii is

\,iolríle -i;han for SI:DL["

The resu-ltin.g systeil, i:ltco::,poi:a,.bin3 t}r.e fea-br.'¡:es

mentioilecl in sections i.2.5, 7,2.4 end 3'2'5 is caflecl

11onlinear Di¿1i-i;erJ- Del--i;a llloclula1ion (ii:DDIn)'

)r/.Þ of

The recluirements outl-inecl in sections 3,2.4 ævù 3'2,5

cafL also be r¡ritten in -berms of step nrmbers insteacl of

stcp sizes ancl i-b ca,n be see¡. froür -ì;a'þle 3.1 that this has

some acLvan,üaiies 1,¿1en the s-Le1: sizes ¿;,:e varied- as prollosecl

j-n sectiofi 3.2.'i. Changing the step síze by )i Llr^r'its noî"

corresponcls to cllerrgin3 the step nunÌ¡er b¡r 1¡r, t¡:its.

The compernd.ing stra'oegy 'l;l"i}l nolr become as follo'llvs:

( 1 ) The step ru.mber j,s con-broil-ec1 'by the l:inar)' transinitted'

signal.

The step nr.unber j-s increased if 'bhe bina"::y si¡;::al is a

one arrd d.ec::eased if the binary signal is a zevo '

(2) The rnagní-lud.e step nwrrber is increased by one if no

S



74

cha,il8e in binary tra;rsrnit'ced signal occr",¡rs a-b the

c1o ckpu-lse concerned- .

(5) lhe s-bep num'ì>er is charB*ed bY i.T' rxrj--bs if a chartge in

binary sigpal occu-rs and. the nra¿rritud-e of the stelr size

is clecreasecl aÐ e corl.sequer'Lce of -i;his changet provided

't:na'6 if a cha.r:ge in -bhe siå:l of -bire step size occurst

the nei,u s'cep size becomes the smallest step size of the

or.rirosite si-gn to the previous s-bep sj-ze'

0i¡tlrnj.za.-bion

i,5 .1 ir¡-4F-o-€.-.Oi'6,fi¿]-Zi@

In the previolrs section a nel/ type of delta moclulator

clenotecl as iIDDI;I vtag proposec-i., rernovillrú; some of the restrict

resfrictions placecl on. ,i)f-DI.[. Thc:re are + l¡asic varj-alcles

tha-b must be chosen, each. of tlr.ese vrill have a¡r effect on the

performanrce. The fol-fori,lisg clues-bions must be am'slilerecl:

1)3ge*cl¡-cj-g:lspred.ictiontobeused.and.ifsoholvmrch?
2) Stabilization: By hort't lruch d.oes the s-bep -¡'tunller have

to change on a change of ì:inary si3nal -',oo ob-bain the

bes1; performance?

S.be"o sízes: \trlriclr step sizes give the l¡est pe::formarrce?

l-e-a]i,yp-qså-11r. -tlr-e- -f¡ggry1!^o-{: }Ior"¡ much }ealcyner:sa j-s

rec¡.rired. for the best performance?

3)

ar)
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It j-s diffi-cul-t to optinize al-J- of these quantitÍes,

since each one vriJ-l- affect the other. For ercample if a Latge

charige i:r step size occrl.rs, nore sta'ai.1'ízatj-on is recluired.

to keep the sys-bem stable.

The rel-atj.ve ratÍo of the step sizes rril-l- d.epend. on the

specific alri:lication of the del-ta riodulator.

¡, comp::oinise betryeen ili L a¡rd cì.ynainic railge must be mad.e

and the optiiniza-bion mus'b 'uhen be carried. out -bo ma:rirc.ì.¿e the

perfonirairoe accordi-ng to the criteria specifÍecl.

Ior i,iDDlf i'c rvas d.ecidecl to use sjsulated speech and. to

optimize the step ,sizes such that a flat, Sliìlì cr:rve is obtained

over as wic-le a ]:ange as possibl-e. :\lternatively it is
possible 'ço select the step sizes such that' the highest

1:ossible üil-.ì is obtainecL from the d.eJ-ta modul-a'6or.

7.5.2 Sel-ection of Para¡re'bers

1) ITediction

Sj:rce preiliction increases the s'cabi-lity of the del-ta

inodulator, vuÍthout significantly affec'uiirg the performance of

the d.elta mod.u-la-bor, precìictioll rTas usecl. 1n .riDDl'I. A.

Bred.iction of one cl-oclcpul,se uras used., luhich is -bhe saù1e

arnount of pred.iction as i,s usuaJ-ly useil. in -DILJli ar:d. means

that -i;he vol-'cag'e across the predic-i;ion resj-stor corre,rponcls

to the s'uep size, so tha-b 'bhe or.rtput froär the l-oca]

d.emod.ula-i;or is a stepsize ilore -bhan the outpu'c from the

dernodu-lator at the receiver.
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2) ,Stab

Increasing -bhe stal¡il-ization bJt increasing the chartge

i:r step nu.ml¡er when a change in binary síg$af occurs, normally

increases the grarrnula-i;ion noise i.e. the quanti-zatíon noise.

The increase i.n s-balci]-iøation luil-l h.ot¡ever red.uce the

overshoot clue to rapicl cltanges of -bhe slope of th.e in.put

signal a¡rcL vi¡i}l tþu-s reduce the slope Ove::l-oad. noise. Ä

compromise must thus be na-:d e lcetweel slolle over}oad ancl'

granr:rrrl-a-bion noise. For the opti:tnization, a change of 2 S'bells

on a charrge of binary sj.gn i'uas choËen since this gives

suffj,cient stabil-iza-i;j-on r,vithout increasing the gra,mulation

noise 'uoo Dtttclt. Äfter optiinj-za-bion of the s-bep sizes, 'ühe

a.bove a.ssui,rption ca.n be checiiecl to nake stlre -fha-b the l¡est

performalLce has been ol¡-bainecl.

)) lj-beir Size

The s'Lep sj-zes li¡ere obtained. by successivc optimization.

If the rec¡-rircd s-i;ep size,s are t 1, t Â, I 3, I C, I D,

t Iì, e-bc., one must find. -l.rnrCrD, e'tc. such 'cha-b the best

lrer.formance is obtainecl. The constairts Ârnr0rD e'bc. a.te

o¡tainecL by successive op-binrizations. This olrtiinization l'vas

car::.iecl or.rt using coinlru-ber sirortler-biorr.r aS d-escrii:ed. in

chapter!rlrithsiruula-i;ed.speechrtri'ühou'üs)¡lfabicvariations

of por,lei:, âS inpu-b. A ftat Sii.ì. cll?ve over as vuide a d¡rnamic

range as possible i.¡as aiüred- fol:. This op'oiilization r'esul-i;ed

ir:. -i;he step sj-zes indica'¡ed i:: -bajrl-e 3.1. I'rom tire coätpu'ueI'

sinrula'bion it luas fotuicl that each s bep sí:,e affec'ced the
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perfol:mance of -the mocLu-l-a-bor only over a na,rro!ú rarrge of

inLrut polïer and that there is J.ittJ.e irrte,:ac'uj-on bett',¡een the

step sizes ¡ So tha-b the op'cÍmtlm performa¡rce can be obtained'

by successj-ve optimization. IiTo improvemept in performance

coul-cl be obtained. þy using more than the 12 step sizes

ind.icated,. The step sizes ! 32O onty resu.l-ted- in a marSinal

increase Ín dynanic rarrge (ZA¡) ancl t¡e.re not i-ncorporated' in

the hardv'¡are, becamse the e:ltra coml:lexi'bJr was no'r; jr"rs-bified'

ì:y the mai:ginal increase in pe::formÐ.nce.

Äf-ber t¡e step sizeo ai:e obtainerl-, one call check r'¡hether

the cor::ect stalcilizA'oioLr is choseir. Fi5 J.B shol¡s d.iffe::ent

sta'i¡iliza,tion appl-ied. to NDDUI r,vith tlr.e s'üe1c sizes as in tal¡Ie

3.1. It canr 6e seen 'ül'La'ti adeEra.te s-ba.bilit¡r is olltaj-necl if

tlre step size is cþa.n¿;ec-[ by tr,vo s'ueps instead of one for a

cond.j-tional nonli-neari-by, so tha"-b 'bhe initial ¿ì.ssltmp'bion is

cor,]ec'r.;.

4) ess -ì;he Seconc'i Inte,rrraì;or

The oi¡binrul a¡¡ount of leallyÍl.efis in -bþe a"'ralogUe

integrator ïillrst no't¡ be clete:,'mi:red. This again mus-i; l¡e a

conproiaise, :\s lealcSmess is inc,-easeil- the performaiLce lrill

c'Lecrease bu-b the tolerarrce to errors ruil-l inc:;ease. Fig 5 ' 9

shows the effec'r; of r'}te Ìeak¡mess on 'bhe perfolrma'I1ce.

The leal(Jlne'ss is expl'essed' as a larcentÊ€e' i:r'clicating

the percentage cleca¡r d-rriirg one selr'rpling in'cerva]-' A

lealc¡meos of Jo¡) was cþosen Since tirj-s gives a 3ood. S\IIì and

also a rea,sorrabl-e toler'âfrce to evrors t



a)

(c)

b)

c ondit iona[
step size change
(a)-none
(b)- one
(c)-two

a

var rousStep response of NDDM f or
nontinearities FIG.3 .8



3

1.0

10

€zo
.E
É,z
Q

0 20
Retative input

lr0
in dB.

+

:t of
IDM.

eeffet
on Nt

,.3.9 Th
(yness

FIC
Iea

r
/

\

N

\.

\
\o ¡ - r,

,+

-++

5 "/o

9o/o
¡

+t-.. -

0 
o/o

3%

ef=

60



78

3 . 3 . 3 .A.c.qrfLAc-L ^C-o_Êg,r*Lqlq!"Lqqg

The optimization r',¡as car:ried- ou-b ìry means of computer

simul-ation using the ControJ- Da'ca Cor-poration ( CDC ) 6400 at

the University of :\CLelaide. liecause of cost fimi'r;atj-o11s, the

program time was lcept as sh.ort as possi-lt1e, The sinu-La-bion

l:,/as carried oL1'ú in the'biine domain¡ so'çnat on]-y a relatively
sirral-J. ruunlre::' of sar-,rpling i.n'ue;.val-s cor-Ll-d. be s-budied a:r.d- from

tire pe::forrtar'r.ce of tlte cle-ì--ba iLroc'l-ul-a.bor cluring this interval-

a jud-genrent on the overalJ. perfo:'ma-ûce of -ühe delta mocir,.J.a'i;or

coul-d. be ma.d.e.

Ä cornpronise v'ras llecessary betl¡een tire cost of ru-,r¡rin6' a

longer pro3ra^rn and- tirc inaccuracJr of the pei'fornance tha-i; a

shorter program v'¡oul-cl. ¡;ive.
The pro¿;rain time can be silliL u¡-t Írr 2 sections, fi-rst1y,

a peri-od fo;' ini'bialisation, -bo al-l-olr¡ 'r;he stead;r state
perfon:rance -ûo lte obtained. aocl seconclly, -bhe period cì.uring

t¡hich the pe::Í'orirar'r.ce is eval-uatecl. l¡ig 5.10 sholus the effect
of different interval-s d.u.ri-ng whj-ch the performem.ce is
eva.l-riê-l;ec1. It ca¡r- be seen that i000 cl-oclcpr.rlses enabl-e the

performance -bo be evaJ,ua.'uccÌ rrith reasot.lal¡J.e accru:â,c¡rr Siirce

5000 cl ocicpul-ses; a.t 56 'i'JIz sa.rlrp1iirg fr.ecluency corresponc'ls to

approxima'i;ely 0.05 sec., orre can e:rpect variations of the

SI'[ì to occrrr.

!-ig 5.11 sholvs 'uhe vari¿r.-i;ions j-n Si::,I that ca:r be

ol¡tai:rec1 v,¡heir using 1000 clocJrpulses 'rio cal-cu-la-be each poin'c.

I-ii can l¡e seen tha'b for mos t of the d¡n:arnic 1'a"Lrge 'che resu-l-ts
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a"re ririthitt t ldB of the meart Si'lTì. cuuve, vuhile aJ.ì. points are

v¡:Lthin ! 2.5d8 of the nearr SIit" surve.

fboin this vrid.e variati-on in Si:R due to ciifferent signa-l

concLj-tions it is apparent that no exact optimization can be

canied out, since the opti-nrization for one par-i;icuJ-ar tj-me

segment will- be d.ifferent from 1;he optimízatíon for airother

time segment, ft can hov¡ever be seen that -the op-i;imizr.tion

ls sufficiently accu.ra'üe 'co give a good. performa:ßce over a

Lrid e d.¡mamic rallge,

Ti-,S 3"lZ shorvs a comparison be'ulveen SIDl.l ernd. liDDIf,

obtained ìry courpu-ber si-ütrlation, uhen siilula'ced. slteech is
used. as J-npu'b fo:r bo-bh. Jt can lce seen that ìry usi-ng the

inste,.,rtaneous companrding -bhe d.yna.mic ra,Jfge has been j-ncreased.

3.4. llrac'uica-"ì- .ìea]-isa-t

3.4',1 Ilarclware

In the previous section the reqr-rirecj- sv'ri-bching strategy

r¡as sta'ued. as fol-l-olvs:

The step nr::nl¡er is cÌranged. by 2 tutj-'r;s instead. of the normal

one uni--L lvhen a clrange j-i.r. bina:ry sÍgna1 occr"l-rË aird- the

nagnitud.e of s'i;ep sj-ze i.s reclucecL as a consequence of thist
provid.ed no chatrge in sign of the step numl¡er occi"lrs. The

step number v'ril-l be cha.ngecL by one uritr if the aì;ove

conclitions are not fi¡-l-fil]-ed..

The l¡loclc diagra¡n of the d.i3ita]- ci::cuítry is sltor.'nt in
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fLg 3.13" The fo]-].ol-',ring ac'cíon occurs at the sanpli-ng

instant:

l ) The binary transmitted signal is compa::ed r¡uith the

previous binary 'uransmitted. signal ancl a signal is prod'uced'

if a cha::ge has occurred.. The neu¡ binary trai:Smj-t'r;ed' signal

also se'üs the counter tó eith.er fonuarcl or reverse corrnting.

2) Â d.ecision is made r,'.¡hether one or two step changes are

recluired., this information is then stored. in a .flipf]op.

3) Trn¡o prrlses ar.e genera-bed and. d-epend.ing on the cond.itj-on

of the flipflop menti-oned. i.n (2) one or botlr are passed into

the counter, set'uing the ner,r step size.

The cLecod'ers cont::ol- the step sizes 'b¡r ¡4sant of

transis-bor srritches as ind.icatecl in- fig 3,t,(c) " fior proper

ope::a.tion, the tíme -baJcen to clo s-beps ( I ) to (3) above

should l¡e nuch smal-le.,-' 'ch¿ur the sall1lling interva,l.

the coinple-be circuj-t cì.iagrarn is given in ll"ppend.tx 2.i.

¡ig J.14 shorus a photogra¿ilr of the tra::chr/are fo:i: -bhe mod.ula"tor,

The d-e¡nodulator J.s of simj.lar coürpIe:lit¡r.

3.tt .2 .!reFgl&,

TLg 7.15 sholvs the measrrred. performances r.vhen slreech is

used. as input, oìttained r,vith the equipmeirt d¡:scribed. in

chapter 2, together r,¡j-th the results oìltainecL b¡r compu-Ler

sinu-1a'cion. It caur be seerl that the calcu-l-a'r;ed. and' measured-

results agree reilarl;ably rrell. Fig 2.1O ,slr.or¡s the measureil

peiforna..irce of lTDDii for aLr SOOlIz slnertave inpu'r;. These
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Aiagralos shol¡ -bha'c'che Sl.j-ì for speech is clui'oe different from.

-bhe iilllì for an B00I-Iz sinewave.

Iig j.16 shows oscill-oscope traces of the inrrut and.

cleinodulated. outltut lua.veforrûs, rvhen an B75llz siner,,/ave is used-

as inirut. I:t ord.er to ob-bain stationar'y oscill-oscope traces,

the input freque,r.cy lvaõ s¡nrchro::isecl r,¡ith lJre 56IGIz sa.rnpling

frecluency"

i.5 S)cteësa-gi1-g

The tTDDIi sys'uem d.eÊcrj-bed in sec-bio.l J.5 .l¡as optimizecl

to ¡;ive as fl-at a SiîIì over as lvi-cl.e a cl¡ma.ruic ratlEc as ltossibJ-e.

.ii'bh the d.evelopilen'u of Digital liyJ-labic ComPcur.cled .Del_ta

Lioclula-i;ion (DSCD],,{) as descrj-becl iir. the ne¡ct chapter, it is
poss;iÌrle to obtain a ','rj-cì.e d.yna^rnic ra¡l5e. Ins'oantarreous

comparrd.ing caê'uhen Ì:e usedl- to obtain a hi6'h SlijlÌ. Ä ¡:oesible
e:lten.sion of this thesis 5.s -bLrns the optiinization of IlDDl,i 'bo

g'Íve a hi-¿h SiIfì a¿rd cou'oining 'uhis iuith sy1-l-a'ìtic coinira.,rd-ing

to obtaín a rv'icle d-¡ma^rnic r.r;tge a.s lrel-l-. fiucir a cLelta

mod.ula'r;ol riill- ha.vc a better performa.ilce th¿ur any d_elta

moclul-;-Ùor cleve]-oired" previslr-sl¡r, bu-ü it r,-¡i11 horuever a.l-so be

more comp-Le:r.

;! ,second. ex-bension lvhich can loe investi¡'ated. is -bhe

fur'cher íiqrrovenen'u of -i;he sta.bil-ity. DI_DLI has a l_o,r,,¡

qua,i:tiza-bion noise if no overshoot occurs but frorn -bhe s'r;e1r

reslroilses in fi3 J.6 it carr be seetl that a 1ar3e oscilla-i;ion
resu-l-ts fron a s-bep respoiLse. ilhen this overshoot occt-Ëts, a
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large serj-eS of consecutive one,S or zerorS are producecl.

these sequences can loe detected and tþe stability can be

increased by changing the step sLze by more tha.n one step as

indicated. for ]TDDI.[. The al¡ove proposa-1 gives yet another

degree of freedom which can be optimized. to obtain the best

performance from the deJ.ta modul-ator.

).o Concl-usions

The j¡rvestigation in insta.ntaneous compand-i::g of d elta

nodul-ation and the optimization of NDDI'I iras shor,'u:r that by

using a nonlinear cond.itional compand.ing lalv, excel-lent

stabil-ity and a i,¡id.e d.ynamic range can be obtainecl" The use

of cligital techniques to o'btain this conpand.ing J.avr malces the

compand.ing characteristic ind.ependant of tenperature and.

supply voltage variations, enabJ.ing identicaJ- d.emodulated.

l',¡aveforms to be obtained. at the transn-itter and. receiver.
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CI-IAPTIR 4

DIGITI\-T, COHP/}]IDED DnlTÄ IiODUlATIOl;t

4 "1 Introd.uction

This cfrapter d.eals v¡ith the d.evelopment, d.esign criteria
anil the performance of digital syllabic compand.ed. d.elta

mod.uLation.

Äs ind.icated Ín chapter 1 , many systems using syJ.J-abic

compand-ing have been designecì. by other l'¡orkers" lTone of

these have ad.vantages that d.igital technic¡ues can offer" It
v'¡ilJ- be shor,"¡r that the delta tnoclul.ator using tire digital
sytlabic companding d.eveloped. by the author and. described in
this chapter has a companding ratio l¡hich exceecls tirat of

previously lcnol-inr:. systems by about 25ù8.

4. .2 [jyf]-al¡ic Compand ing

À substairtial improvement in peiformarlce of any

modul-ation system can be obtainecl if the nod.r-Ú-a''r;ing sigpal- is

of such a power tevel- that the modula-bor lvorlcs at the optimm

performance. lhis can be obtained. toy trvo cliff erent method.s:

( 1 ) -4. reduction of the dynan'ric range by means of controlling

the gath of the mod.ul-ator and. d.enod.ulator " this is l<not-m as

compand.ing vrith incomplete control-.

(2) Splitting the input sþrra1 into tlvo components, fj-rstly,

a signal with a constant porre:: indicating the I'¡aveforn of the

input sigtral and secondly, a signal cLenoting the avera6e
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po!ïer of the input signal. This is knori-,¡n as compand.ing lvi-th

complete control.

Liactr of these tlvo types lvil-l La.ter 'þe d.escribed in

more d.etail-.

If speech is u.secr., the average pol"'/e:: varies urith each

syllable and the compand.ing must be capable of follo',ving this

variation, hence the name 'rsyllabic compancling".

I.tany of the princì-ples of syllabic companciillg lvere

investJ-gated. during the l-ate thi::ties (5) ruhen the i.tl-antic

telephone cabJ-es r,'Iere instal-l-ed..

4 .2.1 Conp¿md-j-n,q with Incomlrlete Control

The bloclr diagram. of a modulator using compand.ing l-rith

incomplete control- is shovrn in fig 4.1. By meairs of gain

control- circuitry, the gain of the conllressor is varied. such

that the dyna.nic ra"irge of the modulating signal- is reduced..

Ifor iircomplete control an increase in the input po\¡üer v'¡ill

stil-} provide a smal-l increase in the urod.uJ-ating signal power

so that there is a one1;o one rela.tionship betr'veen the

mod.u-l-ating signal power and. the lnput signal po\:/er" Ilig 4.2(a)

sholvs a typical relationslei-p betr,¡een the power level-s of the

input arrd. the mod.ul-ating signals. Since there is 1:1

correspond.ence betr,veen the average i-nput and output poi,ver

l-eve1s at the compres,'ior, the |nverse refationship at the

expand.er rvil-l restore the original- power l-evels. There r¡uil-l

hor',¡ever sti-l-l- lce variations 1n mod.u.l-ation clepth lvhich meaiLs
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'chat the ilodern r,vill not alr,vays oper¿ì.te at its best perfornâlr.cs.

tr'or example from fj.g 2.J and. fig 4.3 it carr be seen that the
pealc performance of an uncompandecl rle].ta mod.lr-lator occurs over

a very narrow range of input signals. If the del-ta mod,ulator

is to work at its peak perforroafi.ce, the input po!?er rnust be

kept l;,ithin lrarrolr J-imi-l;s. Tor this reason co:rnpanding r,ulth

complete control is advantageous for clelta modulation.

4.2.2 e'ü e -t-
t

ïf -bhe gain of the coiilpressoz' is va::'ied. such ,¡;ha-b the
mod.ul-a'bj-ng sigrral porver is lcept constant, compand.j-ng vuith

complete coirtrol is obtained. since holr¡ever 'tltere is no

longer a one -bo one ccrrespond.ence betlyeen flre input povuer

and nod.u-l-¿',tion depth it is no'u possiìrle to use the inverse
charactel'istics to obtain the requirecÌ ou'cpn-b poTüer at the

expander. The information about the inpu-b pov,re:r tevel_ nrust

thus be tra¡rsmi-b-i;ed. separa'uely as shovi¡n in fig 4.4, The

companding charactei:istics of a conrpander wi'ch coinple-be

control is sholvn in fip;. 4. 2 ( 
't: 

) .

Since the rate of chan¡,e of gain is no::ür¡:.]-I¡i s1o*11 tire
'tlandl¡idtÌr. of the channel -bransini-i;ting the ga.in does ir.ot have

to be r'rricle, In soue ca.ses ttre tlvo clr.annels are combineiì. into
one by means of frequency d.ivision iu.rt-biprexing. fn speech

aplrJ.ications 'i;he bandvridth belolr¡ 15O:iiz can easily be usecl. to
tra,rsirrj-t the gai-n irrfornation"
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The system proposed. by G,:eefkes a.::d d.e Jager ( 1 5 ) appJ-j-es

this principle to d.el-ta modul-ation. Some of the other systems

mentioned in chapter 1 ( to ,11,12,16) 'rr"u incomplete control,
so that both complete and. i-ncomplete control of compand.ing

have been usecl in d.elta modulation in an atterapt to restrj-ct
the nod.ulation d.epth to the narrorv range required. to give the

opti-rmm SIIR.

Tig 4,5 shorvs the d.iff erence J-n the performance of a

d.elta modul-ator vuhen complete or incomplete control- of the

compand.ing i-s used. For incomplete control a region of the

Sin curve of the wrcompanded. systeu is expanded., v,rhiJ-e for
complete control a single point of the si-îR curve i.s expancled

horizontaffy. FÌ:om fig 4.1 it can l¡e seen that cornplete

companding wi-11 give a better performance for d.elta

mod.ulation.

4.7 Companding lvith Complete Control, app]-ied to Del-ta

I{odr;-l-atj.on

The fol-l-oling section d.escribes the theoretical-

principles involvecl in the desi-gn of dÍgital syllaJ:ic

companded. delta moclulatj-on (DSCDLI). These pri.:rciples are also

d-escril¡ed j-n the Âustral-ian Patent ITo,Cj49663/71 arid. the U.S.

Patent I:.To. 193,410 (20) ta,lcen out by the author arrd. the

unj-versity of Ad.elaide. l\ copy of this patent is incl-uded j-n

the thesis as Àpirendix l.l
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4.7.1 Detection of l'trorma]-ised. Input ?orver

Tj-g 4.5 ind.icates the performance of SIDI.,[ for a variatj-on

of input povver. I+rom fig 1.2 it can be seen that i.f the step

size j-s increased., the amount of input povler recluired. to

o'btain the optimt¡n iji'IR lvil-I increase as v'¡eJ.L"

Si¡¿j-larly for a given input povÍer, the optimun

performance can be obtained. from the delta modu-l-ator, by

selecting a suitabl-e step size. The ratio of i:rput povrer to

step size is thus air important pararoeter and. is call-ed. the

normal-ised. input porver.

The normallsed. inpu-b pov'ier is siml]ar to the tei:¡r

mod.uLation depth, used. in anplitud.e moclu-l-ation. For delta

nod.ul-ation the term modula-bion depth does not have a strict
meaning, so that the term norna]-isecl Inpqtr porver lrill- l¡e used

in this thesis.

.A- measrrre of the normalised. input pol'úer ca"r be derived.

from the binary (transmitted) signal and. since the binary

signal is present at both the raod.ul-a'bor a¿rd. clemod.uf-ator, the

ssrne measlare of the normaLisecl Í-nput pol:/er can be obtainecL at

both the mod.ul-ator end. d.emod.ulator, provid.ed. no transmission

err:ors have occurred..

ïn ord.er to obtain a measure of the normal-ised. inlrut
polver from the l¡inary transruitted signal, one must sel-ect one

or more ìrinary patterns, or control v¡ords, the rel-ative

occurrence of r¡vhich vary lvith the input pol'¡elr. In order to
prevent anrÌ:iguities in the neasure of the normal-isecì. input
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pot?er, the firnetions of the rel.ative occrerrence of the control
rvords versus normaJ-ised. input polTer uust be monotonic

increasing or clecreasing fi:nctj_ons as shol'nr in fi-g 4.6.
At- each sanrpling interva-I, a test is mad.e to d.etermine

rvhether a control l'¡ord is present or not, from thib.
information the norualised input polver call be determjned and.

the step sLze corrected to give the required. normal-j-sed input
potrYer.

Consid.er the case lvhere the relative occurrençe of control
l'¡ord. decreases r''¡ith normalisecl input povrer as shor'¡n in
f:j'g 4.6(a), and. that the re]-ative occlrrrence at the normalised.

input pou¡er correspond.ing to the peak SitrR is X.

If the relative occurrence of the control- r¡ord. is l_ess

than iI, the noruialised. input polrer is'too high eurd the step

size must thus be lncreased in ord.er to obtain the correct
normalised. input por'./er. Simil-arly if the relative occurrence

is more than x ive want to decrêase the step size to obtain
the correct irormalisecl input porrer. The rnanri.er in lvhich the

step size is changed. uril-l cletermine the type of cor!¡land.j-ng.

[]rree types of compond.ing, namely l-inear, logarithnlc and.

semilogarithmj-c compairdiirg rriJ-J- be deal-t r,vith in this thesis
but the principles can appry to other companding lalvs as lvel1.

4 .3. 2 Lingjlr Com,pand.iilq

For'linear compand.ing the change of step size is
independ.ant of the step'size, although the increase and-
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decrease need. not be equal. consid.er again a contror r.¡ord.

rn¡hose relative occlxrrence decreases rrvith normalised. input
pol:,¡er as ind.icated. above. If the occurrence of a control is
vuord. is usecl to clecrease the step size lcy l((1-x) u¡:its and.

the step size j.s increasecl by ICt u¡rits if no control- v¡ord.

occurs, the average step size rvill remain constant lvhen the

systen is opera.ti-ng at the normal-isecl input povüer correspondi-ng

to the optimlm performatlce. K is a positive constant.

Consid er tlre d eJ-ta mod.ulator to be operating und.er

cond.itions such that the relative occurrelLce of the control
vrord. is Y. the average increase of step size can be seen to

be equal to the increase in step síze d.ue to the control lvord.

not occurring rnultiplied by the rel-ative occurrence of the

control v¡ord not occu-rring, minus the decrease i-n gai-n due to

the control r'rord. occurring mu].tip]ied by the relative
occurrence of the control- r¡uord, i.e. the averag'e increase in
step size per sanpling i-nterval = ICt (1-Y) - K (1-,'i) Y -
ir (x-Y) . i

\,rhen the relative occurrence of the control r'rord., Y, is
equal to X, then X - Y = 0, so that the average step size

remains constant.

l/hen the rel-ative occurrence of the control ivorcl, Y, is
less than or greater than X, then the average step size j.s

increased- or d.ecreaseil as required..

The step size r,vill thus automatically adjust itseJ.f to
yie1d. the normalised input polrer correspond.ing to the optimm



50

performance.

Because the step size j-s increased by ICX units or

d.ecreased by K(1-X) r.L¡:its d.uring each sampJ-ing interval.. The

ratio of the attack to d.ecay time constants l¡il-J- be

K.X
R=

K( 1-x) 1-X

\r
¿-

This ra'r,j.o can thus be chosen by fj-nd.ing suitabJ-e control

lTords.

Ä simiJ-ar argument appl-ies if the relative occurrence of

the control word increases v',rj-th normalised. input polver, e:rcept

that the occurrence of a control i¡orcl i-s used to increase the

step size by Ií(1-il) units and. the step size i.s d.ecreased. by

i(X units íf no control- r-¡ord. occurs.

The ratio of the attaclc to clecay tinre constants wil-l novr

be

1-X
D
IL-

\¡
-¿!

The attaclc tine constant, v.rhich for linear compand.ing is step

siøe d.epenclant, can ì¡e altered lvi-i;hout altering the ratio of

the attack to d.ecay time constants, by changing the value of

K, or by altering the sarnpling frequency"

4,5 "7 loe?f ith.m:¡-c Corûpand ine

Since the ear has a logarithmic ampl.itud.e characteristic,



it is an advantage to use logarithmic companding. The step

size is thus changed by a fixed. percentage" The averag.e step

size shoul-d. stil1 remain constamt, lvhen the relative
occuErirence of the control lvord. is )(. The change of step sj'ze

must nolv be sel-ec-i;ed accorcl-i-ng to

1-i, x
(u+1 ) . (/r+1) = I

À is the percentir.ge change of step sj.ze if a control l-¡ord.

occurs, B is the percentage change of step size if no control
r¡¡ord. occurs. iither Ä or B wj-l-l- be negative, indicating a

decrease in gain, d.epending on r,-¡hether th.e rel-ative occurrence

of the control word. decreases or increases r,vith normalised.

input polver.

The ratio of attaelc to decay times j-s again B to A or

A to B, for a relative occurrence of the control r¡ord. rvhich

is decreasing or increasing rrith nornalisecl. input potrer

respectiveJ-y.

Since the compand.ing produces a1'L e:iponential- rate of
change of step sLze, one can no longer tal.lc about a ti-me

constarr.t associated. r,vith the companding, as is usuaL, but one

nrust refer to a rate of ehairge of step sj-øe of 'rso manry dB

per seconclrr .

fhe ra-be of change of gain is clirec-bty rela.ted to the

values of ÂrB and the sarnpling frequency.

It appears that Íihincll-er (ta¡ has i-nd.ependentJ-y cleveloped

a system l¡Ìrich i,vj-ll- fit the recluirements for logarithmic
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control. Irrom his extremely short description, ít v¡as not
possible to d.etermine rvhether he has de'veloped. the theory of
operation as explained. in this section.

Comparing the 1;erformance of his sys'bem for sineurave

inlrut signals r,vith the resuJ-ts shov'¡n in fig 4"j, fíE 4.11 and.

fi-,g 4.12 it appears that compJ-ete compa.ncling has not been

obtained, since the íjlìrl characteristic is not fJ-at as r,voul-d.

be expected. for complete compcnding. -linally no mention is
macle of using speech to optimise the companding, nhich is
essential if the optinrum performance is to be obta"ined. as is
slror'.¡r1 in section 4.5.2 and fi'g 4..1j.

4.5.4 Seni1osaliiþhmis CoJ4pAnd-ir]Â

Since the complete control j-s ol¡talned Ì:y increasing or

decreasing the step size by a cer'uain arnoixrt, the step sj.ze

nrust be stored." This carl either'be done in a capacitor or a

digital cou-nter" Using the analoglre techniclue restricts the

clynamic ralxge that can be obtaiir.ecl due to the accuracy of the

store" Furthermore, lealcyness of the analogrre store rzil-r-

give rÍse to incomplete compairdir.rg and d.j-fferent anou:rts of
leaJcyness at the trans¡rj-tter and receiver lvj_J-l creq,te a

mismateh l¡etiveen signal.s at the transmitter and- the receiver.
/1. digital. forr,¡ard ancl reversi'l¡l_e couLter has thus

obvious ad.vantages as a storage el-ement in this applicc.tion.

linear control caf,L easily be obtained. by making iC{ and

Ií(1-ja) both integers. Logaritlulic control horzever 1s more
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dj.fficuLt to ol¡'i;1.'.i-r. The corrnter should l¡e increasecl. by A.t'T

or 3*IT, v,¡here À arrd- B are the percentage increments as before,

arrd. l'tr is the contents of the counter" A.ll'and B.IT need. not

be integers but the cou:rter can oirly count in integerÊ, so

that alrproximations must be mad.e "

It is possible to approximate Â.lii and B"I{ -bo the nearest

integer, but this l''rill- lead. to more complex circuitry than is
necessat:y" iìelatively simple circuitry vrill be obtaineci if
the conten-i;s of the counter are incremented by À.1- e B.li

rvhere L( is ÌT truncated to a bi-nary vreighted integer"

For example lvhen iT j-s betl:reen 8192 and 16387

(i.e. betrveen 21f an¿ (214-t) r If is Blgz (i'e ' 213).

this means that linear eounting is used over a nearly

221 range in the contents of the counter'. Ior large charrges

in the contents of the counter, the counting is logarithmict

since Ll j-s related. to 1T"

Since one novu has semilogarithmj-c counting, involving

cond.itional nonl-inearities, it is difficult to prescríbe the

required. increase or clecrease in step siøe at each sa^npling

interval-.and. computer simulation should. i:e used to optimize

the increasê and d.ecreasei in step size. The atove describes

semilogarithnic companding ap1llied. to a ìrinary base. Tt is

hor,vever also possiìrle to use other such as d.ecimal base,':.

For a decinal base, ld is tnrncated to air integer polrver

of 10. Ior example if i;i is lrett'¡een 100 and 999 I't is 100,
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4.4 Discussion of Para.meters

4.+.1 Selectine the Companding Ratio

The compancling ratio is d.efined as the ratio of the

largest to the smallest step size. This ratj-o governs the

d.¡¡namic range of the dLelta mod.ulaÍor. iìeferring to fíg 4.5

it cal þe seen that the dynamic rarlge, t-ihich is the ra"rge of

input power over l¡hich the d.elta mod.ul-ator has arr acceiltable

per"forilance, is slightly 1ar6er than the conpal:d.ing ratio.

The sel-ection of the dynamic ral1ge is gove.,-'ned by tirree

factors:

1) The d¡ma.mic rairge of the inliut signa.l

2) The cor:rplexity of the hardtr:trÐ.re and hence the cost

t) The tol-erance to transmission errors.

The eff ect of transr^ni ssiqn erlrors i''¡i11 be d-iscussed' in

section 4.1.6 , rvhere it lvill- 'be shot-nt that the bigger the

conrpa"rr.d.J-ng ratio, the tr'trorse the tolerance to transmission

errors "

Fo.: tetephone applications, a dynamic range of 40d-3

shoui-d be acJ.equate, pa.rticularly if the del-ta mod-u-l-ator j-s to

be installed in the telephonc harr.d.set so that variations of

attenuation of telephone fines do not have to be al-lot'¡ecL for.

lì. cornpanding ratio of betv'¡een lQd$ and 40dB will- thus be

a reasonabl-e compromise for a practical del-ta rrrodul-a'uor

enpJ.oying digital. syllabic cornpand-ing.

It should- i:e noted. that the theory sets no l-imit on the
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coapa,nding ratio, bu-i; that the upper l-imit of the compaird.ing

ratio is purely dictated'oy the c1-ynarnic range of the a"nalogue

ci-rcuitry in the sumning arnplifier and. the comparato.,: of the

d el-ta modul-a'uor.

,Lt prcsent the cl¡mamic rair$e of ana-1ogr-re circuitry is
cl-ose to BOd.B, so that a. compand.ing ratio of 60d.n is about

the maxinul that carr lce employecl.

fn order to j-l-l-ustrate the versati1ity of the corapanding

technique, a digital sylJ.abic companrd.ed. d.elta modulation

(¡SClt:t) systerrr lrith a 60dB compand.ing ratio l'/as optimizecl,

using compr"rter sirnulation, and. buj-l.t. l\ d.etailed. d.escription

of the optj-mization is given in section 4.5.2 and the

harclv'¡are is cliscusred in section 4.5,3.

4 "4.2 The iffect of Transmission Errors

Transnission errors caJL cause trvo eff ects:

1 ) an error i-n the r,vaveform of the c-Lemodulaterl signal will
resul-t

2) a control ¡,-¡ord. may ìre clestroyed- or created., causing an

error of step sLze as shoi-nr in fig 4.7 .

In oicler fo:: the systeur to be useful-, the effcct of both

these err-'ors nrust diminish trith time.

The error in the r¡aveforur of the cl.eroocluLated signal is
simllar to the effect of a tr¿nrsmission error on SIDLI, whÍch

rvas discussecl in section 3.2.5 and illustratecl in fj.3 7.7 (b).

Provided. tÌre integrators in the local- and. receiver
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demodulators ktave some lealc¡mess, the effect of ü.te

tr¡nsnissj-on erlror r¡il_l d.iminish r,uith time.

Àn error in the step size can, u¡rder certain conditions
create a much more aucli'b].e eff ect " The tolerance to
transmission errors r¡iJ-J- c'Lepend on the control v,¡ord.s used. a

a'rd the l-ilcelyhood. that a transmission error causes ar-r error
in the step size.

Since a corrnter is used to store the step size, the

error in tire step size r¡il-l- persist until- the couirters in
l¡oth the mod.ulator anc]- d emodu-l-ator reach the upper or Lor,,¡er

limit, rvhen the step sizes at the modu-l-a'bor and d.emodril¿tor

v'¡i]-l l¡ecome the same. The step sizes rvj.ll- then remain the

sa¡re until- airother tra.nsnission error occlrrs.

If the srnaJ-lest step size of a cligiteilly syllabic
companded d.erta mod.ulation (DSCDII) system is sel-ected. such

that the i-n1tut noise:, r'ihich includ.es accoustical- baclcground

noise, from the room ir: r'¡hich tire rnicrophone is placed., is
sma]-l enoug'h to cause a 101010 idling pattern to exist rvhen

no lvords are being spolcen, thc step sizes at the transmj-tter
and receiver r¡il-I becone the saüe during the pauses i¡etl:¡een

t'¡ords. Under these cond.itions a transmission error l¡il-J. only

affect the step size during 'one word.

1b1 error in the step size vil.J- inalce the d emocl.ul-ated.

signal loud.er or softer thair the original- signal" Provided

the difference in the louclness is not too great, the effect
rril-l- lre hardl-y noticable. llhen sufficient errors occur
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C:uring eaclt rvoidl -üo cause the clifference in the stel: sizes to
be of the order of 20d-Ð, 'r,he errors become objectionabl-e.

The transrnission elrors i,vill- then cause a ralric-L variation of
pov/er rvhi-ch substantially reduces the j.ntelJ.i3ibÍli-ty of the

c-[enoiluJ.atecl sJ-giraì- 
"

The compandiirg ratÍo wil-l thus effec'r; the erlror

perfo::::narrce j-n trzo va.ys, firstly, a snal-ler conpanding ratio
is normalJ-y coupled. with the sel-ection of a larger uinurnurn

step size, raísing the thresholcL of operation and ci-eating a

hig'her probability of obtaining a 101010 idJ-ing pattern 5-n the

presence of 'baclcgrorrnd. noise, thus eir.suring the s¡rnchronisation

of the step sizes in the pauses betr'¡een the ltorcls. Second-ly,

a smalJ-er compand.ing ra'utio vrill- cl.ecrease the itossibl-e

difference in the step sizes r,vhen many transmission errors
occrtr, thereby making the effect of the transmj-ssion errors
J-ess significa:rt.

Ânother interesting feature is that tra¡.smission errors
tend. to increase the step size, Äs shol-¡n in fíg 4"1O for
clel-ta rnodul-ation at a sainpling frecluency of 4OIGIz, rrith speech

input a"rd operatj-ng at the optiruum SilTì., the probability of a

tra^nsition occurring in the binary transmitted sig.:.a-l is about

66",". .¿l transmi-ssion error is thus more like]y to create a

string of ones or zeror s than a 1010 pattern. lranrsmission

errors l'rill- thus on the average create air. i-mpression of sJ-ope

overl-oad, for which the receiver trj-es to compensate by

j-ncreasiirg the step sj-zc" If suffici-ent transnission errors
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occurr the step size a'Ç, the receiver vriJ.J- j-ncrease imti]. the

maximr:m step size is ol¡tained.

If the step si.ze at the trairsmitter is 20dB a'l¡ove the

minumu¡'r step size and the moclem has a cornpand.ing ratio of
60d8, a 40cl.B difference j-n step size can result, givJ.ng rise
to a very la"rge increase in level-.

The compand.ing rati-o shoul-d thus be chosen suclr. that:
1) the threshol-d. is normally larger than the bacicground

noise and.

2) the resulting clynaili-c ral'lge i-s compartible lvith the

dyna,nic rarrge of the ear, a11or-,ring for accous'b j-car- bacrc-

groung noise in the listenùng environment"

4.4.3 fitability Consiclerati-ons

its descril¡ed. previor-rslyr the step size is changed if a

control- lvorcl occurs. lhis hoi¡ever l-ead to pro'bl-ens. Ior
exalirple, consj-c-ler a system'r,¡here ]inear cornparr.d.ing talces place

and. the step is increased by 2À if a control r,'¡ord occurs and.

is d.ecreased by Â if no control- l¡orcl occurs.

fiec-bion 4.5,1 shol'¡s that the control rroi:ds 11 and 00 are

suitabJ-e but fig 4.4 shor,vs that for these control lvords

oscil-J-atJ.ons carr take place rvhich lviLl- increase the step size

until- the largest step size is obtainecL. Thi-s rrndesirable

feature must be overcome if the system is to give a good.

performailce. There are tlvo method.s r',¡hich ca.rr be used to

ovelrcome this pro'blem:
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1 ) delay the inciease of the step sLze by one sanpJ.i-ng '

period, so that the step size is increased. at the

sampJ-i.ng period. after the o ntrol r',¡oi:cl has occurred.. Iig
+.9 (a) shor'¡s the resul-ting d.euochrl¿tecL v¡a,veforms

2) maJce the analogrre i-ntegrator sufficj-ently lealcy to

prevent the oscil-l-ations occurring. As shov,¡n in fJ.g

4.9 (U), stable operation v,¡iJ.J. resul-t if the J-ntegrator

decays by more than Ig" of the v¡.lue sto::ed. d.uring one

cJ-oclcpu-Ise.

The sccond. app::oach l-ras chosen fo:: the DiiCDL[ hard.ware,

since it is easy to i-rnplement and. as explainecl in chapter 7,

lealc¡mess in the aualog'ure integrator inrproves the toJ-erance

to transmission errors.

4.5 The Ðesi¡,rr of a Di,'2:ital- Syl-l-alôic Comirand ed. DeLta

I.lodul-ation System

4.5.1 iiel-ectioir of Parameters

The princip'ls descril¡ed. in 'che previous section are noul

ap1rlied. to the design of DSCDl,l. Five parameters must be

choseir, each one of these can l¡e chosen independently. Their

choice r:¡il1 aff ect the resultant performalLce of the d elta
mod.u-l-ato::. The five pa.raiueters are:

1) The type of coropanding, i.€. l-inear, LogarLth¡nic or

semilogarithmic compa.rrd-ing. linear companding resul--bs in the

simplest hai'chn¡are r,vhil-e logarithnic compcr^rrcliirg is nore sui-ted.
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to the characteristics of tþe eaT. Sei.rilogarithnic

COrcpanclilg holvever is a good. comp::onise betr'¡een complexity and'

performarrce so that semilogaritlunic corrrpa¡d'ing lvas chos en for

the hardlvare real-isation.

2) The sa.mPJ.ing frequencY.

The sanpfing frequencl/ !,¡as ch.osen to be 401ciz, since

this gives aJI ad.eclua'ce performance for speech transmission

over te]-ePhone Lines.

5) The comtranding ratio "

The coml:and.ing ratio caÐ be chosen at wil-I, rrhich has
( 6-1 B)

not been possiì:J-e ì¡rith sytems proposecì. by other lvorkers '

I'or speech transmission, a compandlng rati'o of 40d'B rvill be

satj-sfactory. Hor,vever in order tO d.emonstrate the versatility

of the digital sytlalric compa.nding, a compand'1ng ratio of 60d3

'ì¡ras chogen. Tþis is al¡out 25dB more tha¡ has been achieved

previouslY.

Ð The ratio of att'ack to clecay times"

This parameter affects the choj-ce of the control word'"

since for slDll there are only a lirnited numirer of control

r-,¡ords, the choice of ratio of attack to cì.ecay times is

].i-roit ecl .

Fig 4.10 shol,,Js the relative occurrellce of several

control words that can be risecl-'

It can be seel1 that the control \n/ord.s 11 and 00 have a

rel-ative occurrence of about 33i; a1:, the optiilura Sl'ilì' This will

nake the attacl< time faste:: than the clecay time, a property
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v¡hj-ch is gene::ally formd. clesirabLe "

5) The 1l,tt¡Lclc Tine

The attack ti-ne must be chosen such tha-b tlre compand.ing

ca.¡: fol-lotrv the syllabJ-c por¡uer vi-.riations of speech"

If the attaclc time is too slot'r, the normalised. input

pov.¡er l¡il-l- s'ciU- vary a¡nd. the optimr-lro performance will not be

obtained.. If the attaclc tine J.s too fast, the variations in
step size at each successive sampling interval lrill- be too

large, giving rise to a coarse qaantization of step size and.

hence a d.egradation of performance"

Flom (4) and (5) it is possible but dj-ffictil-t to
d.irectly noninate the percentage increase in step size r,''¡hen a

control t'¡ord has occurred. and the percentage d.ecrease in step

size r.¡hen no control occ'Llt-s. In practice, the optinization

of these pararneters using computer simul-ation is d.esiralcle.

+.5.2 Comlruter Simulation

The computer siurulation Ì¡tras carried. out in ord-er to:

1) Find. and select suital¡Le control r,,¡ords for tire comltanded

d.elta urod.ulation system. Fig 4.10 shov,is the resuJ-ts of thj-s

investigation, and as a conbec¿uence the control r¡ord.s OO and.

1 1 lvere selected.

Z) Optimi-ze the increase in step size r'¡hen a control rvord.

occurs and the d.ecreaSe in step size r''¡hen no control r-'¡ord

occurs.
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3) Deteruj:re the performance of the proposed' del-ta

mod.ui-ator clue to different inllut signa^Ls, such as sinuLated-

speech and. sinelvaves, before the system lvas buiit and. to

compare the performance lvith that of the uncompaflded. delta

uod.ul-ation system.

Since the del-ta mocluLator t''¡as designecì. for speech

applications, the computer simuLation useil sir:rul-ated. speech as

d-escribecL in section 5.2.2, to opti::rize the lncrease and the

decrease of the step síze"

The optinÍzation rvas a trial- and. error processt

lvhereby the performaïr.ce of the cleLta mod.ulato? t.ri,'.s cv-al-ua'becL

for clifferent increases arrd decreases of step size on the
occurrence of a control- v'Iord.

irig 4 " 1 1 shor'¡s the performance of the resulting

d.igital syllabic compand.ed del-ta modui-ation (DSCDI.I) sys-Lem and.

compares this r'¿ith the perfornance of an uncoiililanded delta

mod.ul-ator. It can be seen that the dynarnic ralr.ge has been

increased by about 60alB.

The best performarrce r/Tas found. to occur lvhen the step

sizc rs increased lcy 2 x 2n r:nits if a control rtord occllrs

¿yrd, is decreased by 2* units if no control v'¡ord occurs, t'',then

the contents of the cou:rte.,:, contalni-ng the stel; sizes, is

Ì¡eti,¡een ,(nt-5) arr¿ ,O.+6) -, uirits. For tlris change in step

size, there is l-ittle d.ifference in the performalrce of DSCDIÍ

lvhen it is sub j ect to simulatecl speech r,rith or luithout

syllaìric va::iatj-ons of porver, ind.icating that the compandÍng
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is fast enough to traclc the syllabic variations of potver.

This change of step size gives all average attack time of

1 6c13/mSec ( 0. +Ag/sarrpl-j-ng j-nterval ) ai:cl an averaSê d ecay

time of Bd.B/mSec (0.Z¿¡/sanipling interval) -

Because the companding can foJ.l-or,v the syJ.labic

vari-ations, the maxlmlm SliR r''¡:L3.L ìoe higher for DSCDI'.{ than for

the r¡ncompand.ed d.eJ.ta mod.ulator .

Tíg 4.12 shol,¡s the performance of DSCDL'I v¡hen subject to

a sinelvave input. The peak performance occurs for input

signal-s r¡vhere the companùing no longer operates.

FiS 4.13 shorn¡s the performarlce vrith a siml"rlated speech

input, of a DSCDI.I system which was optiniized. for (a) speech

operation ancl (b) operation v¡'ith an BOoHz sinelvave.

One caJr clearly see that j-f a del-ta modul-ator is to be

used. rvith speech, the opti-mization should. be carried out using

speech or simutated. speech, otheri¡rise tire optimi.m performance

vuilL not l¡e obtainecl.. Iigs +.12 and. 4.1J also clearly shorrv

that the performance obtainecL using B00Hz sinel'¡aves is not

necessarily an ind.ication of the performance of the delta

mod.ul-ator lvhen subject to speech.

4.5.3 Ilarchvare

The .DSCDLI system d.escril¡ed. in tlie previous sections was

constructed" JC's trrrere used for 't¡oth the analogue circuitry

an¿ the ¿igital circuitry, The bloctri diagra,:n of the circui-try

is shov,¡n in figs 4.14, 4"15 arrd.4.16, and further details of
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the harchTare shoyrn in Appenclix 2.4.

To give some id.ea of the circuit complexity, 131 t-lTl

d.igital ICts, 4 analogUe ICts and. 17 transistor sr,vitches,

incorporating 4 transistors each, l'Iere used in the mocl.ulator

al-one. The democlul-ator was of similar conplexity except t}eat

one ana-l-oglre IC is used n '

The number of cligital- ICrs lvi1J- of course depend. on the

types of IC that are usecl, It is hot¡ever feasible to

manufacture the entire digital circuitry in one chip, using

large scale integration.
The cornplexity is proportional to the compand.ing ratio

ln d3r Stnge each 6d.B iircrease recluires an extra bit to be

aclded. to the forward. and reverse counter containing the s'cep

sLøe "

A companding ra.tio of 60dB l?as required., rvhich accorcling

to section 4.3.4 and 4 .5.2 made the largest step size 215 -1

aird the s¡nal-lest step size 25 . The va-Lues 215 aird 25 -1 t

simplify the logic connections and. t'¡ere thus used, naakj.ng the

"15compancling ratio ¿' i. e, 60.5d3.
t1

In order to ol:tain al-l ihe recluirecl step sizes, the

integrator shol¡n in fig i.4 (b) was usecl. Iìach resistor is

slvitched to the positive rail, the negative rail or to grorxld..

The ratio of the smaLlest to the largest resistor vras 215 to 1

i.e. 3276821. ÎÌre largest resistanrce l'¡as choe en to be 6.5115à

ivlrich made the smal-lest 20On . The ZOOcu resistor, supplies
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acuj]rentofT5mJ\lv]r.ichismorcthantheoutputci.lrrerrt
capability of normal- opeïational- amplifiers, so that a povüer

integrator had. to be usecL.

The comparator must provicÌe re]iable svuitching on the

smallest step sj:ze and yet be abl-e to hair.dle the largest i:rput

sigirals as lvellr so that a clyna^riric rarige of 80dB lras required."

Fig 14.17 shor,:¡s a photograph of the harcli'¡are for the

mod.ulator.

The ha-,:cltrr¡are operated. as predictecÌ by the theory as c¿m

be seell from the pl:otoSraphs in fig 14"18-, rvhich sho\'/

oscill-oscope -braces of the input and. the cLemod.u-l-atect or.rtput

i¡rhen the DíjCDl,t system lvas subject to a 625112 sinei'¡ave of

various ar:rpJ-itucles. The sinci¡ave r'¡as s¡mch.,:onisecl 'r;o the

sa^in1tling frectruency in orcler to obtain stationary traces on the

oscil-J-oscorle.

Fig 4. 1 1 alsc shoi'¡s a conpari-son loetrveen the m'easured'

performa.rlce obtained. r¡ith t he Ì;est equipiaent d'escribecl' in

cþapter 2, and. the results oìrtained. 'by compuie:: sim-t':-1atj-on'

It can þe Íiee1l that tÌ:ere is goocl agreeiner-lt llett¡een the ttr'r¡o

results. The d.ifference fo:: Iarge signals are d-ue 'r;o the

integrator limiting, r,'¡hil-e the clifferel'Lces for small inlrut

signals arc dlre to srvitching spilces and- other noise being

measured. lvith the clenod-ulatecì signal '

-A.ctual speech, a tape rccord.in8 of a nevlscast, tvas used

fo:: the measurements in fig /i,"11"
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+. 6 llxtension to o ther Liod.ul-ators

The pr|nciples d-iscussect in section 4.5 can bê applied' to

PCl.,i aird. i,PcI,,I as well. One nrust find cOntrol word.s, the

relative occurrence of i',lhich vary lvitir signal po\rer. These

control l,uord.s are easy to obtain since for PCl.i the transmitted-

sigpal is made r-rp of binary rvords, I'rhich cli::ectly represent

the a.nrplitud e of the sigrrat. Irron this loinary signal one can'

easily d.etec'c r,¡hether the inpu-t is greater than a certaín

Jevel " I¡or ínstairce cletecting the most significant bit wÍ}I

give a sigrral whenc'r¡er the input is greater than half the

maximum amPlitud.e 
"

conrputer simul-ation lvas carried. out in orcler to apply

the cligital syllabic corapancling to ICI'1. 7 bit PCI'[ t'uas chosen

r,vith a saupling frequency of B:llz,giving a tratrsmission rate

of 56ií bits/sec, Tlr.e control rvord' chosen l'¡as the tr-ro most

sigfrifica¡rt bits not bein {: 'zeTo' giving an output if the

aruplitude is greater tha.n a quartes of the maximum amplitud'e'

The best perfornance in lceeping v,rith hard.ware sirrrplicity vras

fon¡r.d. to occur lvhen tþe step síze is increased' by 5 x 2 n'aird'

d.ecreased by 2 x 2 n rvhen the coirtents of the cou::ter aTe

betr-¡een Z (n+4) 
^rrd 2 (n+5) 

-1 . The performance carulot be

improved nuch by using a fíner step sLze g::acLuati,on, such as

9 or 11 x 2 n--1 a"r.t 3 x ,2 fi-1 respectively, ìrut this r,vill

lead'to uore complex circuitry. The corupandin'g r¿"tio l'¡as

agaln chosen to 'l¡e 60c13 ancl the resul-ting performaflce is

shor,"'¡n in fig 4.19"
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The d.igital syllabic companrd i:rg principles can also be

applied. to PCI.I, /r PCIÍ and A I,t systems using insteu:taneous

compand.ing as !Tel.l-, so that double compancling ca"n lle obtailted-.

4 "7 Conc].usions

The application of digital syllabic companding to cLelta

mod.r¡-l-ation has been shoim to e:ctend the d.ynarnic range to a,rry

required l-iuit t',¡ithout causi-ng a cleg::adation in the maÍimuln

i3l'jrì ol¡tainable. By proper cl.esign of the companding this

maximr.m SIIR ca.n lte obtainecl over a very lnrid.e dynanic range.

Transmission errors have the same effect as for the

uncompanded. moclui-ators, excellt that they cause an error in the

step size. Under normal. circumstances horzever, the step sizes

become the saJne du:ring the pauses lcetl'¡een u¡ords. Proviil.ed. the

clifferences betlveen the step sizes is oirly a fevr d3, the

errors are not oìtjectionabJ-e.

The d.igital syllabic compai1ding has Jreen sllot'r:t to be

applicaìrle to other inoclul-ation systems, such as LlOlJ or Ai)CIf

as lvefl.
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5.1 fntrod.uction

ft is extremely difficuJ-t if not impossible to construct

and analyse a mathematical model for a nonlinear system such

as delta moclulation lrith the required. accu-racy, particularly

if the d elta mod.ulator has concliti.ona]- nonlineari-ties and is

subject to a randon input, âS is t]:.e" case in this thesis.

It is horvever possible to simr-úate the input, the delta

mod.r¡-1ator and the test equipment on a digital computer thus

obtaining arL ind.ication of the performallce of the d-e]ta

moduJ-ator.

the computer sinulation involves usi-ng the input and.

possibly previous val-ues of the input an-d output, to calcu-l-ate

the output that lvor.ü-ct be obtainecl from the equipment to be

simu-l-ated.. These calcr:-lations are repeated. many times,

enabling the performance of the equipment to þe obtaj-ned. The

process cari best be il]ustrated by the use of a simpl-e elcarnple.

If one j-s to simulate an inte¿rator, this ca:r be d.one by the

statement Y = Y + X l'¡here X j-s the input and Y is the output.

The ner,¡ vaJ-ues of the output Ís equal to 'che input ad'cled' to

the old. va-lue of the output. By generating a serj-es of inprrts'

one cam. obtain the output of the integfator d.ue to those

ínputs. At cliscrete instairts of time the input and' output

values carr be used. to rÌLral:¡ the time liaveforms of the inPr-rt and-

output.



69

5.2 Particu-Lar Dxamirles of Sj-muj-ation

5 . 2.'l Sj-mu].atj.og_of Delta l.iod.ul-ation

If the de].ta modu]-ato.r and the associated test equipment

are to be simulated., eacir of the rrnits in the hard.ln¡are nrust

be simu-l-ated by a fet¡ prograrnming statements and. the program

rnust co-ordinate the signal florv io l:e the salne as in the

hard.vrare. The bl-oclc d.iagra:u of the system to be simulated Ís

shol'un in fj.g 5.1.

The d-escription of the resulti-ng prograni cal-l-ed. RÆTDnl

is shorv:: j.n Appendix 7i .

Ät each sarnpling interval the input and- output of each

of the l¡lo.clcs in the btoclc d.iagram rvas d.cternj-ned. and the

signal anil quantLzation noise energy contributions d.uring this

interval vrere aclded. to the respective previous energy totals

to give the total- signal ancl. qua.ntization noise energy

generated..

-After sufficie:rt iterations the process lvas terrninated-

ancl the average signal and noi-se polvers 'lTere cal-culated'. The

number of iterations lvas chosen by a compromlse bett-reen the

computer time ancl the accrl:facy of the result" I.'or most of th.e

programs ,000 iterations tvere used, in addition to 100

iterations lvhich all-olved the system to attain the steady state

respo1Lse, This process '!'/as repeated for clifferent input

levels, enaìrling a pl-ot of SItrR versus input polì/er to be made.

The listings of the progra,ms usecL to sinrul-ate the clelta
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modulators aild. the relevant subroutines are inserted j-n

Äppendix 5. Since about three il¡nclred. d.ifferent comiruter

progralûs l/rere ru$., i-t shoul-cl be real-izecl th.at the l-is-bings

supplied are onl-y a sarnple. l.iost of the programs ru.n, hor,rever

are a slight variation of the olles presented. in the .A.ppend.ix

since by al-tering a fel,¡ statements an entireJ-y nevr c1elta

mod.uJ.ato,: can be investigateil.

5"2.2 Simulation of Speech

Since. the d.elta modulators l,/ere to be d esig::ed. for use

rrith speech, the optimization of the moctulator recluired.

signal-s that lrelre as cl-ose as possible to speech.

There are trvo properties of speech ttrat mr-rst be

consldered-, nainely: (1) the frecluency spectrur:r and. (2) the

variatj-ons of povrer d-uring different .syl1ab1es.

The required frecluency spectrum can be obtained 'by using

a pseud.o ranclom sequellce as input to a d.igita1- filter r,vhich has

the freclrrency response of the speech spectnm . Tig j.2 shovs

the speech slrectruil of a nal.e voice at sea level according to

Be,:anelc 
( 23) ¿urd coupares this v¡ith the frequency respollse of

the cligital speech filter.
The varj.ati-on of poler during d.ifferent syll.abJ-es \?as

obtained. by muJ.tipJ-yj.ng the output of the speech fiLter 'by a

randorr lvaveforn, containing fi:equency conpoir.ents loeJov¡ ZOILz

on1y. The resu.lting bloclc cliagra¡n for the generation of

simul-ated. speech is sholrn in fig 5.3.

i,Iany lvorkers in this fiel-cl lr.ave ignored. the syll.abj-c
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variation of polver in their measurenents, particularly if

they have used B00Ilz siner,'¡aves for testing the delta

mod.r.r-Lators.

Shindler (18) poj-nts out that the controlled.-slope d.eltq

moduJ-ation, usecl in the teleirhone netvuorlc in lrance has a

cornpanding respollse tirne that is too longr so tha"t transient

distortion. occlrrs, Tt is thus obvious that if a d-elta

mod.r.r-l-ator j-s to be d.esigned. for use l'¡ith speech, syllabic

variations of si6na1 power should be consid.ered., so that if

compand.íng is used., it can fol-lor,'¡ the variations of polver

lvitlrout the clel-ta modu-l-ator d.eviating from it s optinu.m

performance.

The simulated specch o'titained. above j-s filtered by a

Ior,v pass filter vrith a cut off frecluency of J.JIGIz to obtain

the required sinu-lated. speech.

5.3 Results

The resul-ts of the computer si-mul-ation of i{DDiI and DSCDII

have been di-scussed. in Chapters 7 and 4 respectively.

The results of the computer sj-rnr,rl-ation for SIDLI and PCi.[

are presented. here, together v,rith a comparisotr of the resu-lts

obtai-ned. by othe:: l'¡orlcers.

Tj,g 5.4 slroi'¡s the performance of SIDI¡'I for d-iff erent

Sarrpling frequencÍes and. vu'j-th simul-ated. speech as input. -An

id.eal- integrator t¡tas used. j-n the feed-baclc loop.

fig 5.5 sholvs the maxirmln SI,TP' obtained. from c'l.e Jagerts
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formula (2) , the resul-ts of other r,vorl¡ers ancl from computer

simuJ.atj-on by the author.

De Jagerrs formula and. the results obtained. by Tomoza'v-ra

(tortt) assune speech can be represented by an BOOIIz sinel-¡ave.

It can be seen that optirnistic results are obtained..
l=\

Zetter-berg \)) d.eveloped. a mathe¡ra.tical model- for speech,

using I',[ar]cov chains, but d-id. not talce syl-J.abíc variations of

por/Ter into consicleration.

Fig 5.6 shor¡s the performance of PCÌ.i obtained by computer

siinulation for an SiGIz sa^nrpling frecluency, a 7.5IJIz audio

band.r,''ridth ancl for different lvord. lengths.

Tj-S 5 "l shoç¡s a comparison between the pealc performarrce

of PCI.Í, obta.ined. by comlruter simulation and resr.ú-ts obtained.

by Zetterberg (3) . It can be seen that ttre computer

sinrul-ation resuJ-ts, obtained. using speech r,rithout sylJ.abic

variations, agree rernarlcably v'reJ-J- lrith those obtained by

Zetterberg.

FiS 5"8 is a comparison betrn¡een the ma:cimum SI"IR's for

PCl.f and SIDL,I as obtaj¡red. from computer sinrul-ation. It can be

seen that SIDi,i has a superior performatlce to PCIJ for
transmission rates belor'¡ 28 IC bits/sec,

/tt transmission rate of 4O IC bits,/sec, the SiTiì of PCti

exceed.s that of SID}I by 40¡ a¡r.d that of DSCDif by 2d.8.

Del-ta modulation does horn¡ever have the fotl-ol''ring

ad.vantages:

1 ) The sampling frequency is higher so that the J-ow pass
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filters required need. not have such a sharp cut-off' ilì.g 5.9

shor'¡s a comparison bctlveen the frequency respollse for the

fi]-ters used in PCIII and SIDI,[.

I¡or PCl,[ a 6th order cauer-chebychev (cco650+6) filter (4)

vüas used. and. for SIDl,l a 4t]a ord.er Butterr'¡orth filter was

suffi-oi-ent. the filters used. for a d.eIta modul-ator l'rill thus

be cheaper than those for a lCI.i system.

2) For d.elta mod.ul-atj-on there j-s one þit transnritted per

s¿mpling intervalr so that no s¡mchronisation bits a'¡e

required, red.ucing the complexity of tininS circrrlts compared.

wj.th PCL'i.

1) Delta ¡oodulation is nore toLerant to transmission errors

than PCI.Í.

The above poipts sholv that for a transmission rate of

40 I( bits/sec aniL speech application, d.e1ta mod'ulation v¡i11

be a more economic systern than PCif.

The performance of del-ta mod.ulation r,'¡ith a sa.rnpling

frequency of 4OIGz is quite acceptable for speech transmission,

particularly if the d.elta mod-ulator uses syllabic compancling.
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clIll.PTnIì 6

corTcrusrN

Because delta modu-l-ation is a form of anaJ-ogue to

fligital conversion and the binary transmittecl signal contains

information from which the mod.u-lation d.epth can be determined-t

d.igital circuitry is id.eally suíted. to the control of

compand.ing for d.el-ta mod.u-l-ation. f'\rrthermore, provid'ed' no

transnission errors occu-r, the amorrnt of compand'ing at the

modul-ator aÐd. d.emodulator r,vil-]- be exactly tlr'e same if d'j.gita]-

compand.ing is used., l'rhile for a¡alogue compand-íng there will

normally be d.ífferences in the compalld.ing at the mod'ul-ator

and. d.emodu.l-ator. Finally, digital companding enabl-es

precisely controlled. cond-itional nonl-inearities to be usecl in

the companding to improve the performance of the d.eIta

mod.ulator "

The lvorlc presented. in this thesis shov'¡s that if a d-elta

moclulatoi: is to be used. lvith speech, the companding nust be

desigrred- slrecifically for speech.if the best performance is to

be obtained.. For DSCDl.'l at a 4)IfrLz sampling frecluency and'

speech input, a system optimi2.ql for speech vras shoi,'nr to give

a SITR of 5d.B more than one optimizecl for sinelvaves ovcr the

entire conpand.ing range "

In ord.er to eval-uate the performance of the delta

mod.r¡J-ators lvj-th speech input, ec¡uipment lvas co-nstrr"tcted. lvhich

alloved. €ìr.ry sig31a1 to be usecL to test the performance of the
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del-ta mod.ul-ator. rlor both the del-ta modulators presented. in
this thesis, there is an excell-ent agreemeirt betrveen the

performance obtained. usj¡og actua-l speech ancl the results
obtained from computer sinrul-ation. It shouJ-d. be realised.

that si-nce the d.elta moduJ-ators use cond.i-tional nonli-nearities

in the companding and. speech is a nonstationary signal, ho

sinplified. mathematical. modeJ. lvas developed to represent the

de1.ta mod.ulators, since a suffj-cj.entJ-y accu:late nrodel. could.

not be obtained." Coml:uter simulation holn¡ever, enabJ-ed. the

performamce of the d.eJ.ta mod.ulator to be eval-uated r'¿i-th

sufficient accuracy.

Tr,vo methocls of cÌigi-tal compaird.ing havc been d.eveloped.

by the auth.or and are presented. in this thesj-s, namely:

nonlinear dlgj-tal. companding and cì.igital syJ-l-abÍc compand-ing.

lilonlinear d.igita.J- companding is a form of j-nstantaneous

companding lvhich adapts the step size to the ins-bantaneous

ini:ut signa,I" It l'¡as ,shol'r¡-r that conditional nonlinearities
i-mprove the stability of the d.eJ-ta mod.ulator, enabling a

large d.¡ma;uic range to be obtained..

For speeeh application ancl 56IAIz sampling frecluency lTDDlf

ÌTas shol'rn to have a good. performarlce over a 50dB dynamic

range. Because lTDDl,,f uses instantaneous compand.ing, it v¡as

shol'n: to have a1'1. excell-ent transient response and thjs type

of conpanding lvi1l thus lce suitable to aplrlications where

rapid changes in signal level are encountered such as j-s the

case for T,V. signa]-s.
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f-i; lvas shol'trÌ1 that the concLitional nonli¡reari-ti-es in

the compand.ing ca^n be clesigtred. such that the system becomes

more tolerant to transmis5ion errors, since the companding is

d.esigned to reset itself to the stilall-est step size if a

101 0101 0 binary transm:ltted. pattern occÌr-rs.

DirJital syl1a'oic comlranding aclapts the step size to the

average input sigrral po\7er, by detennining a measrl-re of the

modr:l-ation d.epth fron the .binary transmit'ced. signal aud. usj-ng

this to control the step sLze. The step sj-ze is stored in a

forv;¡arcl and. reverse counter, artd. by using d.ifferent circuitry

for the control of this counter, lJ-near and. semilogarithmic

companding cau be obtained.. Irogaritltlj-c compeurd.ing cam. be

obtained. but the circuitry controlling the counter r'¡ould. be

urt¡1ecessarily complex. Since the compand.ing ratio is

d.etermined by the nrunber of bi-ts i.n the foriva::d. antc]- reve-,:se

cor.Lrrter, the d.¡mami-c range can be chosen at l¡i1l, provid-ed-

the airaloglre circrritry is capaìrIe of hand.l-ing the recluired.

d.¡mamic rânge.

Ilard.tvare fo:: a DSCDII systern lvith a companding ratio of

6OclB r,¡as Çonstructed.. ¡ This compand.ing ratio is al¡out 25d'R

more than has ,oreviousl¡r been possib].e (t¿'-tg) 
"

If the digital syl]a'bic conpand.i-ng is clesi-gned as

ind.icated. in this thesis, the rna.:;j-inun SIIR can be o'btained.

over the ei1'r;ire rafLge for r',rÌrich conrpand-ing taJ<es place.

r\.rrther¡:rore as sllol'nl in fig +'11, the ma:iiuru¡r SilR i'¡i]-]- 'be



77

higher than for the uncompand.ed system.

The DSCIÍ system proposed. in thils thesis vroul-d. be

extremely suitable for the 'r;ransmission of speech in a future

digita:- teléphone netvrorli.
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i'1.1 Intelligibility Tests

These tests are usual.J.y conducted by recording a large

nr-mber of lvo::d.s or syl1aìr1es and. replaying these through the

delta mod.ul-ator under test. l]. team of ]-isteners then record.

r,vhat they think the trord. is. The coruectness or incorrectness

of the esti-mates of the v¡ords are used to obtain an j-n

inteJ.J.igibilj.ty score" t'he results are ustlalfy normalised.

to mahe the lnte1ligibiì-ity 1OO,/o if no del-ta moclu-l-ator is
used.

There are many d.j-fferent types of tests a fevr of i-lhich

are d.escribed in the report on project i.lal-t.ard. 
(7). Âccord.ing

to this report Egan Q5) shor'¡ecl that the i-ntelJ-igi'bility
scores r.¡ere not affected ìry Sl{Rts greater than 50d8,

ind.icating that these tests are on].y useful j.f a lor:¡ sarnpling

frequency is usecl for the d.elta ¡¡odulator. The delta

mortulators d.escribed in this thesis are of sufficiently high

quality that a nearly 1OO/, intelligibility score r,voul-d' be

ob'tained 
"

A second type of test exj-sts r¡'¡here 'uhe intelligiilil-ity
of tvuo d.ifferent d.el-ta nroduJ-a-bors is comparedr so that one

carr d-ecid.e which is better. This enables one to aTTànge

different d.el-ta modula-bors in order of performallce but an
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alcsolute standard. of perfornarce carrnot l:e obtaj-ned "

A1 "2 Equivalent ilhite ldoise i.lethod s

Record.ed speech is played througlr either a delta

modu-l-ator or a slunmj-ng aaplifier, r-¡here r¡trite noise is addecl

to the speech signal. ltlhe bl-ocl< d.iagra^rn of the system is

shol',rr in fig Ä1 .1. The l-istener cair listen to ej-ther sì-gnaI.

The a¡nount of lvhj-te noise is va.ried- until l¡otir syÊtems have

the same fid-elity. Tire signat ancl noise polrers can be

neasurecl r so that an ec¡uivalent Sil-ì can be obtained-.

There are tl-¡o types of ¡rethods: firstJ.y, lvhere tlr.e noj-se

is independ.ant of the input si-grral and secondly, v'rhere the

noj-se is proportional -bo the iirpu-t signal"

In a normal commrnication system the noise is generally

clue to transmi-ssion over noisy chairnel-s a¡rd the noise is thus

ind epencl-ant of the input signal.

In d-el-ta moclul-atiou system, the quantizatíon noise is

clepend-ant on the inlrut signal. rf no J-npu-b sigrr.al is present,

the binary transmittecl signal lril-t consist of 101010 etc'

pattern and. there r¡il-l be no audio components in the

cyuantization noise, i,rhile an audible q.¿a¡rt1,zation noise "vil1
norrnal-ly exist i-f an lnput signal- is present"

Ior d.elta noclulation it is thns more reasonable to

assune that tþe q¡¿ant3.zation noise is proportional- to the

input amplitucle than to assume tþat tþe quantization noise is

coirstant. So that the second- method is preferable for cl'elta
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nrod.r:-lation.

The British Ìost Office d.eveloped a mod'ul-ated' noise

reference u¡itç l,'¡hich variecl the noise proportional to the

input signal. The Tel-ephone Stanclards Gror.rp at the Research

laboratories of the Australian Post Office built this system

arrd. usecl it for evaluating the performa^r'Lce of DCDI''{ 
(17). By

meaj.rs of sone of their g-npublished. results, a comparison

betv.¡een d-ifferent methods is available for DCDI,T a-b a sampling

frecluency of  OKlz.

The pealc Sl{R that l'¡as obtained. using the moclrrlatecl noise

reference unit v¡as 2OdB lvhile using noise ind.epenctairt of the

input signal ga.ve JQclB. Usi:rg arr BOOIIz sinevave Ilauser and'

zavd.a 
(17) obtainecL a sllR of 37d8.

It can be seen that lvidely different resr.rlts caJl be

obtained., d.elrend.ing on the rnethod used''

l\1 .7 iTot Fil-ter lfethocl

In the notch filter method a pure sinelrave is used- as

input to 'the equipment und.er test aird. a notch filter is used'

to remove the j-nput frequency from the output. The remaining

signal ís then the d.istor'cion introcluced. by the equipment '

A di,sad.vgntage of this method. for delta mod-u-l-ation is

that varj-ations of Sti]ì occlr over a Ilariolï ral'Lge of input

sig:rals, giving rise to the Si;iR. characteristic shol'rn in

fig 2.J, These variations in sriR have not been reported' by

other rvor'lcers.
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It is hol¡ever usu-¿ll to ranrdotnf z,e the input siglral by

ad.dj-ng 'lrand limited r'¡hite noise to it. The notch filter ullrst

then be replaced by a l¡andstop filte::.
Other disaclvantages are cLiscussed' j:r Ck.apt"er 2'

n1.4 Ifrectuency .Ar:aL:rrsis Liethoc'L

This method ag'ain uses a pure sinelvave as input signal.

Ä spectrum analyser is usecl to d eternine the frecluencies

present in the output. 3y summing the lror,rers of the

harmonj-cs of the input frecluency in the output signal, the

cLístortioir c¿nr be calculated.. Tire clisad.vantagee of using

tr1ris methocl for measuring the performa-r.Lce of delta mod'ulation

are the sarne as for the notch filter methocL "

I\1 .5 Cance]-lation l.iethocl

ilith this method the sinerrave j-nput is suitably delayed.

ancl. the gain of the input or outp-ut is char:ged so that the

d.ifference signal, shot'rn in fj.g 2"4 contains no

fund.anental- of the input frecluency. This method. is similar

to the o¡.e gsecl for the measuring ecluipnent d'iscussecl in

chaptcr 2, except for the foll-o1.iirg d.ifferences:

1) The netlvork provid'i'rg the d'elaJr does not have to Sive

a frequency lndependant time delay. Â simple l-ìc netr''¡orl¡ cam'

tirus be usecl insteact of ihe d.elta nocl.eär a'rcl the tapped d.igital-

cì.elay lì-ne usecl j-n the measuring ectruiprnent.

2) For every measurement the gain and. ctelay are acljusted,
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lvhile vuith the measuring ecluipuent the gain *td. .lul-ny ttu

ad.justecl l'¡hen iro limiting occrtrs in the delta nodulator and.

the gain a.¡ad. detay are lcept a'ú this setting for all

measurements.

, Sinelvaves are the only input signais that carr be used'

.A'l .6 fnt u-l¡rtion tortion l.Iethocl

\lith this method., v,rhite noise is passed through a n'arl:ol'u

t¡and, rejection filter, lvhich removes a narrovt region of the

noise spectn::n. This sigrral is then usecl as input to the

equipment r.mcler test " The output is passed' through a

band pass fil-ter lvhiclr. removes aJ-l frequencies, except for a

narrolï band. correspond.ing to the gap in the j-nput spectrum'

The output from this fil-ter tirus only contains signals t'vhich

are d.ue to d.istortion.

By shifting the frea'uencY of the bancl Pass and. band'

stop filters over the lvhol-e spectru:n and- ad-ding the

d.istortion contributi-ons due to each section, the d'istortion

can be calcul-atecl. This rnethod. is hov¡ever time consu-ming'

particuJ-arly if the perÍ'ormallce is to be d'etermined' for

d.ifferent inPut Polvers'
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i\Pi¡ldDIli 2

HARDI''IAI¿Ð

!\2.1 _I-¡ft:pd--tac-b-Lpn

The hardT'rare usecl during the research is presented. here.

The entíre desígn and construc-bion vtras carried. out by the

author. A list of abbreviations and sone graphic sylrìrols

used in the círcui-b diagrams are sholu:r in fig L2.1 .

1v2,2 L[easur

The bJ-oclc diagram of the measuring ecluipment 1s shor'-ør

in fig 2.9. The cj-rcuj.t d.iagraru of the measuring equipment

j-s shol'rnr in fÍ.g Ã2.2. The d.etaiJ.s of the d.elta mocl.rrlator are

shovrrn in fig lt/.J artd, 'chose of the multiplier and. fil-ter in

fi,j I\2.4.

The circuit is self e:cplanatory bu1; a fevr¡ features ca:û.

be mentioned..

The trir'rming capacitor in one of -bhe deiuodu-l-a-bors is to

match both demodulatorsr so that the misura-bch of the

d.emocluJ-ateil signals cam be at l-east 55dB smal ler tha.n the

d.ernod.ul-ated. signal .

The lorr'4pass filter shov¡n in fig L\2,2 is a 4th order

Butterl'¡orth 1ol'rpass filter.
Fi-g Â2.5 shows a photograph of the hard-lvare.

!12.7 l:Ton]- cli¡:ital d e].ta moclu-1atio,: hard.lvare
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/'2.1.1. il¿ird.rr¿rre of the modu]-ator

The bJ.oclc d.i-agra,lr of the hard.vyare ís shor'úr in fig 1 .41

tlre d.emoclu-lator cj-z'cuitry in fig 3.4 (c) arrcl the bl-oclc

d.iagranr of the d.igital. circuitry is presented'in fLg 5.13.
The anal-og1te circu:i-bry consists of the denrod-r.¡-latot,

ad.d.er a-rrd. compa::ator of fig 1.+. The circuit d.iagram of
tlre arral oE.tre cirgt]-ltry is presen-Led in fig A2,6.

The ci.rcuj-t cletermining the number of clocicirutses and

controJ-l-ing the tì-ming is shor-,rn in fig I\2.'l 
"

The fonn¡ard. a.nd- reverse corurter consists of a 4 bit
cor,urter, one bit of vrhictr is shoi¡rr in fig tr\2,8. The iL0

coupl.ing of the gates enables a change to be ma.cLe from

forlvard to reverse countÌ:rg lyithorr'r; upsetting the cou::ter.

10 decod.ers are connected. to the forvrard. a.,:d reverse counter,

each rellresentÍng a step size. The outlrut of this deeocler

controls the trarrsistor si',ritches as shor,¡r in fig I\2.9, Since

4 bj.t forwarcL a¿rd. reverse coull'cers and. BCD decoders r'¡ere not

avail-aì¡Ie in one paclrage a'G the tirne the hard.ware was buiIt,
the cou.nter and d.ecoder li¡ere constructecl- from ind.iviclua].

gates ancl flipflops. Rrl circuitry l¡,¡as usecl for the d.igital

Éee'cj.on of the hard.tr''rare.

"t!2 .3 . 2 Dgnqd.rUl_aLor -hqrd.¡[qrg

The d.emodufa.tor hardr.¿are is id.entical to the hard.v'rare

for the rood.rúator, r,rith the fol-lolvj:rg e,.cceptions:

a) the summer anrd. comparator can be deleted from the
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ana}ogue circui'cry

b) the f1ipflolr shor,¡n in fig 1.+ cail 'be d.ele'becÌ from the

disital. circr-ritrY.

^) ^ mod.r.ùation hard.v'¡are¿ra . Ef

A þrief descril:'oion of the harc'Lliùare reclulrements are

given in section 4.5.5, tire 'l¡J-ock diagram of the harclr'¡are j-s

presentecl in fi3'4.14 and. some of tlre cletaj-l-s of this bloclc

diagrai,r are presen-bed i-n the fi3-s 4.15 and' 4.16.

The d.etails of the circuitry alre discussed befow.

L2.4,1 Circuitr:r o

a) Anal-o.gue circuitrY
TÌre RC Í-:ltegrabor, srri¡¡:rer agd. compatato:¡ shor¡n 1n

fíS 4,i4 are tire analogrre eleuents of the iiod-u-lator ancl their

complete circuj-'bry is sltov¡n in fig -\2.10. TIre circuitry is

self explanatory but a ferv details are i¡¡orth mentioning.

Ope;'ational amitlifier I together r,irÍth the external transistors

forrios a por¡eï operational aroltlifier. The ne-br,uorl¡ fornred- by

the operational amplifiers 2 a.rrcl 7, gi'r-es nega'clve f eed-b¿-'ck

to the DC conditions of the conri:a.ratcf, ensuring a 101010

j-ctling pattern rvhen no input signal. is applied' '

The logic gates are used. to give the co:.nparator a

higher gain.

b) L)ii;ital circuitrY

R[I, integratec-L clrcuits are used. for the harclt¡are
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rea]-isa.tion.

The digital circuitry consis'cs of the flipfloi: and. the

d.igitat sll¡j-tch control shor,'i¡n i-n fig 4.14. The details of the

digital sl',r-i-r,'ch control are shovnr in fi3' 4.15. The circui'cry

d.etecting the control worCls and. thus determining whether the

ste¿r size should. be increasecl is slr.or¡¡n in fig A2.11. The

output of this netrrortc is connectecl to -bhe up/doi''nr cowrting

control h-ne shov,m in fig +.16, lvhich shorvs the circlritry fo::

caJ-culati-ng and. storing the step sLze. the cle'bails of the

second. stage of 1;he s-b,ep size store are shor,'u:: in fi-g A2.1Z-.

The other stages are simiJ-ar.

the circuitry for the detection of the uost significant

bit is sholn¡ir in fig.L2.13, r'¡h.ich consists of tlo parts

narirely a delay store and lOgic gates for d.e'cec'cing the most

sigrrifica,nt bit of the d.elay store. The delay store is

recluirecl so that any charrges in the control srritches of tire

stelr size store occll-r rvhen the cowrting of the step síze

siiore j-s inhi'trited. , to prevent false counting.

the circuitry preventing foru¡ard. connting v¡lten r,*he 16th

bit is the most signi-ficant 'bit and preventing reverse

counting ivhen the 5ttr l¡it Ís 'r;he inost significant bit is
slrornr in fig A2.14.

[he circuitry controlling the tra¡.sj-stor sr,.iritc]res and

the transj-s-bor s-rvitches are shor,n: i-n fig I\2.15 and. À2.9

respec-bively. There are 16 of these s-ba"ges, each controlling

one resistor"
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Tining cj-rcr.l-l'cry nust 1ce includ.ecl. to ensure that:

1 ) one or tlvo clockprrlses are gelleratecl a,i expJ.ained

in section 4

2) cor.rnting of the step stze store j-s inhibited vuhen

changes of the control sr,vitches of the step síze store occllr.

The tirni.ng circui'cry is sirou¡n i-n fig i\2.16 ar:d. the

vuavefor:,os ol¡tained are showrr in fig A2.17 (a) .

i,"2 . 4 . 2 _C_r_q clr+=Ì ry_ _oå l_ÌLe_¿eflo_è!11_?t of

a) Analogue circuítry
The analogue ci::cuitry consj-sts of the pov¡er integrator

shovnr. in fig 42.10.

b) Digital ci-rcuitry
the digital- circuitry eini:odies the d.igitaJ- srvitch

control shornnr in fig 4..1+" This ca¿r be macÌe the same as the

correspondi-ng cireuitry of the ¡nodu-l-ator 'but for the hardware

constructed, -i,he foJ.J-ouuing cLifferences exist.

The inpr.r'os 'Lo the circuitry con-l;rolling 'che transisto::

svrritches are talcen from 'r;he d-elay store insteacl of the stelr

size store. The ad.vantage is that when fonvard counting

talres place, -bhe tratrsistor sr,,¡itches are changeC* once per

sarnpling period. instead, of tvvice, th.ereby red.ucing the

d.issipation in the transistors. -Llurî-bhermore the l-oading on

the fl-ipflops in the step size store is redu.cecl. f¡ina1l-y

the circuitry ca¿r be easiJ.y coirverted. to the alternate method.

of stabilisatÍon cliscussed in section 4.4,3. The delay store
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must novy have 16 bits lns'cead of 12 l¡j.ts.

The tim:ing circuitry nust be nod.ifj-ed 1n ord.er for the

delay of the delay store to be as srnalJ. as possible. lhe

tfuclng circuitry ís thus d.ifferent for the ¡nodulator and.

demodulator. Slnce the differences are trivlali¡ no separate

circuj.try vuiIl be shou¡r:. but the time lvaveforms aTe sholna in
fig Â2.17 (n).



A3.l
iTPPENþ I X 3

COMPUTER PIìOIJRAMS

ALt THE PROGRAMS PRESENTËÞ HERE AHE h/RITTEI\ BY THE AUTHOÍ{
EXCEPT THË SUÊROUTINE NOISE \dHICiI |/JAS hJRITTEN NY
DR, B.R'0AVIS

A3.I MAIi{ PROGRAM

Ç

PROLìRAM RAÍ\DEL ( I NPUT t OIJTPUT )

DIi"IENSTON B (ó) ItsN ( I4) ICON (6)
DI¡.,lENSIoN C(l0r7)
DIi'4ENSI0N IT (19) rT (19¡
INTËGER B IT

TI\ITIA[ISE CONSTANTS
PI=3.I4I592ó535ts979¡
FS=40000.
FC=35 0 0 .
FCC=? 0

PR I NT HEAI] I NGS
pp 1f!T 2A
FORfqAT (IHITI¡ DËLTA MODL'LATION SIMULATIUhI +)
PRIf{T 2I IFS
FORMAT (* SAMPL I N$ FREOUËhICY=* r F I3. I )

PR I itlT ?2
FoRI'1AT ( # INpUT IN DB 0UTPUT IN DB

Çr+Si{R FItT Sh¡R +)
UESTGi! DIGITAL FILTERS

CALL LPDËS ( FCC I FS I CON )

CALL LPDES (FC r FS r tl)
CALL SPDES (FSrÉìN)

RËAD II''IPUT SIGNAL AMPLITUDEIV
REAíJ 24 çY
FORMAT (F8.8)
IF(V) 60rócr25
V=Vtt¡5730
V=VrlFS/I00000.
V=V/1500
IV=V

I I'I I T I AL I SE NO I SE GENERATOR
[=i{0ISET(I)

START üF MAIN IOOP
D0 ?.9 K=Ir3000
ID=K-200

GEÍIERATE A SPEECH SAMP¡-E
¡ y=r\0I SÊ ( I )
y=V+r I y

0

e0

2T

¿¿

c

c
ält
¿4

c

UNF I LT If

25

c

c

76



2e
c
c

E CALL SPKI (YIKIBN)
CALL LPFI (YrKrB)
X=Y

C CALCUTATE TTT DELTA MODULATOR OLJTPUT 5A¡4PUH

CAtL OELTA (XrFBrKt[Ç¡
CALL !{ORD(ICTITTKTID)
E R= X-FËI

C TNCREMENT THE SIGNAL AND NOISE POÌdERS

c

cAIL Porr'ER3 (XrPINr Ip)
CAtL LPF3 (FBIKIB)
CALt P0l{ÊR4 (FBrP0UTr I0)
CALL P0ÌYERI (ERTUMSNT ID)
CALL LPF4(ERrKrþ)
cALL P0bJE R2 ( ER I FMSi..l¡ ¡ I ¡

Et{D 0F t"1AIi{ L0OP
CALCULÁiTE lHE AVËRAGE SIGI\AL AI\iI.)

IF (PII.J.LE.O) GO TU 27
IF (POUT.LE.()) GO TO ?7
[=AL0GI0 (PIN/IÐ)
P0UT=AL0Gl 0 ( PoUTZItI I
LJSITIR=4¡gG I () ( P I I'J/tIMSN )

Fsf.JR=¡¡Oc t 0 ( P I N/FMSN )

Y=1 0*Y
PoUT= I 0 nPoLJT
USNR=l 0#USNR
FSI'iR=I0ltFSNR

PRINT THE RESULTS
ppllrlT 30 r v I P0uT I usliprFsNR
FORMAT (4(5XrFl0r3))

PRTi\¡T THE RELATIVE OCCURRENCË OF

L)0 31 N=lrI9
T(N)=IT(N)
T(l'l)=1 (N)/II)
pRIhlT 32¡ (T (I ) I I=IrlB)
F0Rl,lAT (I9(XrF6.4))
G0 Ï0 73
PRINT 78
FOR14AT ( {I ZËRO POFJER $ )

GO TO ?,3
STOP
END

c

A3 .2

NOI SE POldEIiS

THE Cùr"lTR0L '/.l0RDS

30

3l

3?

27
2r3

6t)



Ç

c
c
c

c
c

A3r3
THE OATA FOR THE MAIN PROËRAM ARE AS FOLLOWS
I ) DATfi F0R THE ûIGITdtl FILTER SUtlR0UTIi"lHSr IF REG¡t-JIRËp

AhI ËXAMPLE OF SUÇH DATA IS ËIVEI{ II! SECTTOI{ A3.3.5
¿ ) DATA FOR THE I NPUT S I ONAL AIVIPL I TUDE .

TidE PHOGRAM IS TËRMINIAlSP BY NENDIIV6 A í.IËGATIVE OR
¿ËRO II{PUT SIGNAL AMPLTTTJDE,V

C lYP I CAL DATA FOR V ARE AS FOLLOIdS
'¿ rQ
4.0
s.0
16.0
32. t)

64,$
I28. ü

¿5b. tJ

512.0
I024.0
äíi+8.0
4096.0
8l g¿.0
I 6344.
3276H.
õ5b36,
I3I07¿.
?,e\?I44.
-100
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43.?.I

IJETTA AND PUISE CODE

SIDM

43.4
MOÞULATION SUBROIJTINES

SUTJROUTINE ÞELTA (YIFtsEXIKI IÇ)
C II{ITIALISE THE DELTA T4ODULATOR

IF (K.GT.I) 60 To ?
FB Þ1= O

C CI\LCULATE THE FINANY TRANSMITTHD SI(if{AL
Z ER=y-FBM

IC=-I
IF (ERo(iT.0) IC=I

C CALCULATE IHE DEMOTJULATED OUTPUT
FBE X=FBM= 0 r 937rsFBt"l+ I C

RETURN
El\tl

43.2 oZ DSCDM

SUBR0UTINE 0ELTA (YTFBEXTKT IC)
ÞIl,lEl',lsI0N IS(I5)

C INITIALISE THE ÞELTA I'ICIDULATOR

IF (K.6T.1) Go To ¿

Ftl=FBM=0
IA=IOO
D0 3 [rl=I¡15

3 IS(íN)=2**N
C CALCIJLATE THE B I NARY TRANSM I TTED S I GNI\L
Z, ER=Y.FBM

I cÉ_l
IF (ER.ËT.0) IC=l

C DETEI{MINE THE CHAN6E OF sTEP SIZE AS f"IltIË
M=l
D0 + N=6r14

4 IF (IA.$E.JS(N) ) M=IS(N-5)
I G=2
IF ( IC+ICD'EO.O) IË=-1

C iNCREIqENT THË STÊP SIZE STORE AND CHÊCK FOR OVERFLOU'

IA=IA+FrllrIG
IF (IA.LT.3I) IA=IA-¡4*16
IF (IArCìI.TS(I5) } IA=TA.M$IG

C CALCTJLATE THE DEMODULATED OUTPUT
FBEX=FBM=0 . 937*F BM+ I A++ I C

ICD=IC
RETURN
ENI]
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82
c

Ç

43. ¿.3 NDDí'4

Ç

SI.]BROUTINE MOD (YI ICTKIPREDTA)
DIT'IENSION A (20 )

IF (K-l ) 8I r8] r8ä
INiTIALIST THH DELTA MODUKATOR

F13=FBM= 0

I=lil
CALCUTATE THÊ tsINARY TRANSMTTTED SIGNAL

ER= Y-FBM
IC=-l
IF (HR.GT.0 ) IC=l

DETËRi"IINE ThE CHANGE OF STEP NUI"1tsËR

IF (IC-ICl) ts3r84r85
IF (I.LT.I2) GO TO 84
G0 T0 86
IF (I.GT.9) ,;O T0 84
T=I+TC
I=T+IC
IF (A(I).80.0) I=I-IC

ÇALCULATË ThE DEI"IODULATED OUTPUT
Fl-i=ü .gTttf9+A ( I ) r$ ( l-FB/1667. )

FHM=FB+A ( I )IIPREI)
ICI=Iç
RE TURN
ENi)

¡Jt

fl3

85
86
8+

c

TYPJCAT t)ATA F0R THH ARRAY A ( I )

0.
0.
0.
0.
0

-65 r
*22.0
-l'-5
-Ccj
-0r5r)
0 .5t)
e.5
7,5
?2,a
65r
0

0t
0.
0,
0.



A3 .6
43,2.4 DIGITALLY SYLLABIC COMPANUËD PCM

SUtsR0UTINE PCM (yrFtsrKrBITr iG)
INTEGER B IT
DII"IËNSION IST (20 )

C INITIALISATION OF PARAMETERS (UP TO STATEMEhIT NO 2I
IF (K,GT.I) GO TO ¿.

L I MsArt{} ( FJ I T-3 )

I L=4
ILI=IL+1
JU=10+IL
D0 4 Ir,4=lrIU

4 IST(IM)=?rt+IM
I yr,1= 0

I S=0
IA=128
UL=2#rt (tsIT-I ) -l
LL=-tJL- 1

2 FB=û
C OETERI'lII,JE .THE SAMPLING INTERVAL' THE SU¡JROUTINË IS
C CALLED FOR EVERY TRANSMISSION tsTT BUT CALCULATIONS
Ç ONLY ÏAKË PLACE AT THE SAMPLII{ü INSTAI.'IT.

TF (IS,LETBIT.?) 60 TO 3
C DETËRMINE THE CHANGE OF STÊ:F SIZE AS f'4fi,I6

M=l
DO 5 IFI=TLIçIU
IF (IA.GE.IST(IM) ) M=IST(IM-IL)

5 CONTINUE
I G=-2
IF ( IYM.GË.LIM) IG=5

C IficÍlEMËNT THE STEP SIZE STORE A¡\Þ CHECK FOR 0VËRFL0yú
IA=IA+t!TSIG
TF (IA.GT.IST(IU) ) IA=IST(IU)
IF (IA.LE'I5T(IL)) ¡N=IST(IL)

C RËSET f HE 5Ai'4PL I NG I IIITE¡1Y4¡ çOUNTER
lS=-l

C I\(JRMALISE TIiE INPIJT
A=IA
y¡= y/A

C Dh"TERI"IINE THE INPUT ROUNDED TO THE NE¡\RËST II.JTEGER
YP=YN+0.5
IF (YP'LTr0) YP=YP-1.0
I YNI=YP

C CHEEK THE UPPER ANÞ LOidER LIMITS
TF ( IYN.GT.UL) IYN=UL
IF
I Yl.ì

c DËh¡0Ri"1

IFB

YN.LT.LL) IYN=LL
AISS(IYN)
ISE THE DEMODULATED OUTPUT
YNltIA+BIT

(I

AL
=[



A3.'7

l
Fhi= I r ËJ

I5=IS+l
it E' Ï Lli"( hr

[þ.il]



A3.3

A3.3rI

l/l

c

c
c
c
c
c
c
Ç

c
c

t
2

c
3

F I ITER TEST I [.IC PROGRAM

PROGRAI"I SRTEST ( INPUTIOI.JTPUT)
PTGITAL FILTER DESIGN TEST PROÙRAM.
THIS PROGRAI'4 CALCULATES THE FREOUENOY
PHASE RESPONSE OF A DIGITAL FILTER.
SPECIFY THE SAMPLING FREOUTUCYIFSI IN
0FF FREAUËNCYTALS0 IN HERTZo
THË RESPONSE IS CALCULATET) AT THE
ARE REAO Ii! AS OATA.THE PROGRAM IdI
FREOUENCY IS READ. THIS CAN HË USEi)
PROGRA¡uI.

DIr'4ËNSI0N nEL (4) rB ( I0 r7)
PR I I'iT L4
FORTJIAT (TH} ¡+I DIGITAL FILTER

c ¡ + PR0çRAM +å )

SHT SAI"IPLING AND CUT OFF FREAUENCY
PI=3. l4I59Aó53589793
F$=40000.
FC=350 0 .

DHSIGï\ FILlER
CAtL FILDES (FSIFCIBI IMAX )

PRINT l'5
FORi{AT ($ ËHËAUENCY $AIi\

C PHASË(2) PHASE(3)
c Nù oF SAMpLËs .l! 

)

READ 2I F.A

FolìivlAT (F16.8)
IF (FA) 60 r60 r3

CALCULATE ¡!ORMALIZED FREOIJËIICY
hJ=F S/ (2ftp I rsFA )

I þ=RUN=.1
Do ¡I K=Irä0000

GHNERATE S II\EldAVE
RK=K
Z=RK/W
Y=Xl=XZ=CtlS(Z)

ÞIÛITAL FTLTERINO SUBROUTINËS
A3. g

VERSUS GAIN AND

HERÏZ AND THE CUT

FREAUENCIËSIFAIWHICH
LL STÜP IF A NËGATIVE
TO TERMINATË THE

FREOUHNCY RESPONSEIT

If! DiJ PIIASE (T )

NO OF CYCLES

INPUT SAMPLE

Ç

15

c

C COMPUTË FILTER ÙUTPUT SAMFLE DUË TO STNE|'rAVE
CAIL FILTER (Xl rKrBr IMAX)

C CALCULI\TE DÊLAY
CALL 0RDEL ( Yr Xt r DELTKT ID)
IF(RUN) 4r5rS

C TEST FÙ¡¡ THE RIOHT STARTING çgI\DITION!S
4 IF (KrLT.800r0R,Y.LTr0.99I ) G0 T0 t0

RUf{=I
G=K- I

S IQ=K-G



c
43.9

TEST FOR TJ-IE RIGHT TERf.IINATTNG COf{DTTICIi'1S
IF (ID.GTrl000.AND.y.GT.0.997) K=200U0

CALCULATE POl'i¡ER
cALL P0FlERl (xl rPLFr ID)
coi{T I NUE

CALÇULATf, AVERAGË POWËN
PLF=2+PLF
PLF=ALOIJI O (PIT /TÞ )

PLF=10*àPLF
CALCULATE AVERAËF- PHASE

D0 ?0 I=1r3
UEL(I)=DEL(I)/þl
DEL ( I ) =IJEL ( I ) /DEL (4)
PHTI{T }ó IFAIPLFIDE¡- (1)IDEL (2)'DEL (3) IDË.L (4) I ID
F0RlvlAT (x¡6 (EIl.+r5X) I I6)
(ì0 to I
STOP
Ël!t)

c
I'l
11

c

7r)

l" É)

óq



A3. l0
A3.3.2 SUISROUTINE TO DESIGN THË 5PËECH FILTER

SUtsFiOUT I NE SPDES ( FS I BN )

C THiS PROGRAM DESIGNS A DIGITAL FILTER ldI'TH A SPEÇTRUM
C SIþIILAR TO MALE SPEECH AT SEALEVET

DIt"lEr\SI0N BN ( t4) rFC (5) rhtc (5)
C TNITIALISE THE CONSTANTS

PI=3. I4l59eó53589793
FC(l)=600
FC (2 ) =400
FC (3) =3000
FC(4)=I0000
FC(5)=4000

C CALCULATE THE DIGITAL CUTOFF FREQUENCIES'
D0 6I I=Ir5
WC (I ) =PIttFC lIl /FS

6I ì¡lC(I)=TAlr(l{C(I) )

C CALÇUL¡\TE THE FTLTERCOEFFICIENTS AS THE ARRNY BN
¡g=rntc(I)$I¡úC(t)
AI=ulC(l)+fI.2
BN(I)=l+AI+A0
BN(¿)=?+140-l)
FN (3) =I-Al+40
FJN(4)=40
ËlN(5)=þJC(2)+t
tsN(6)=!{C(2)-I
8N(7)=rdC(3)+l
tll',1(8)=!{Ç(3)-I
13N(9)=WC(3)/WC(e)
BN(I0)=ilC(4)+l
BN(II)=t¡lÇ(4)-l
BN(12)=u{C(5)+l
BN(13¡=ll/C(5)-l
BN ( l4 ) =r¡tC (5 ) /tdC (4 )

RET I.JRN

ENI)



A3.l I
A3.3.3 SPHECH FTLTER SUÉP691'*'

SUHR0UTIf\Ë SPKI (XrK¡3¡¡¡
DII,lENSION BN(I4)

C THIS PHOGRÉ\M SIf'IUtATES A FTLTËR t¡'|ITH A SPECTRUM
C SIMJIAR T0 MALE SPEECI"I AT SEALEVÊLr tJSIN6 THE FILTER
C COEFFICIEI''ITS IìN.

U=X
Ç INITIALTSE THE IJILTER

IF' (K.LE. I )- Ul=U2=V|=Vl=ldl=XI=0
C IJI(;ITAt FIITËR EQUATIONS

y= (dN (4) tt (U+2*UI+LJ¿) -BN 12¡llVl-BN (3)*Ve) /É]f\ ( I )

id= (iJN ('t)# (BNl(5¡ +r/+i3trl(6) #vI )-Fn (8)+r$ll )/ur\ (7 )

X= ( ijlil ( l4 I * ( BN ( I 0 ) tt'þir+tsN ( t I ) rr'¡¡l ) -BN ( l3 ) *Xl ) /BN ( I 2 )

C PROGIIESS I VË 5H I FT
lJ?=tJ I
tJI=U
V2=VT
VI=V
tiI=tl{
xl=Ä
RET URN

El!l)



X

Y

z
z

CALC
A

c
t)
E
B

B

B

B

I

c

43. l2
A3r3.4 SUERüUTINE T0 DESl6¡ A 4Tt1 oRDER LOu/ pASS
BUTÍERIdORTH FILTER

SUBRgIJI ¡ ¡E LPDES ( FC, FS, B )

DIìVlENSION B(6)
C Ii{ITIALISE THE CONSTAI,ITS

PI=3.14I592ó53589793
C CALCULATE TI-iE Þ T GI TAL CUT OFF FREAUEhICY

2=P I'rtFC/Fs
lJ{c=ïAN ( z )

=t¡lC*SIN(PIlË)
='¡JC*COS (PI/8,
=X+Y
]=vJCttl{C
IJLATE lHE FIITER COEFFICIENTS AS THE ARRAY B

=l+7
=þst7
=[lr7 1

=Ël 
(6 | =ZlnZI(5)=-[+C-lJ+E+l

(4 ) =?+rA-2+D+4+E-4
(3 ) =-l+C +6rîE+ó
(l ) =-l+[ +e+D+d¡*f -4
(I)=A+C+D+E+l

RETURN
ËNL)

43.3T5 4TH OROER LOW PASS BUTTER!'IOR"TH FILTER SUBROUf INE

SUtsROUTIl\E LPFI (XIKIB)
ÞTMEI{SION I] (6)
Y=X

C INITIALISE THE FILTER
IF (K.LE. I ) Yl=Y2=Yl=Y4=XI=XË=X3=X4=0

C DI6ITAL FILTER EOI.JATION
X= ( l-i ( 6 ) {t ( Y+4+Y } +SttYp+4*Y3+Y4 ) -H ( 2 ) t+X I -B ( 3 ) ü'X2-B ( 4 ) {tX3

c-ts(5)sx4)/u(1)
C PROGRES$IVE SHIFT

yr¡=y3
Y3=Ya
Y2=Yl
YI=Y
¡4=X3
X3=X2
X2=Ãl
X 1=Í
p¡E I URN

ENI)



c
c
c
c
c
C

c
c
c
c

A3 .3 .6 6TNERAL F I LTÉ:R DES I GN SUI.JROUT I ilE
43.I3

c

$U13H[)UTIN]E FILDES (FSrFCrCr Ir"lAX)
PIGITAL FILTER DESIGN PROGRAPf
rHIS .SUBROUTINË CALCULATES THI- FILTËR C,JËFËlCIENTSICI
ü1HIC11 SPECIFY THË DIGITAL FILTËRI,
HË I"IAXIIvIUId ORDER oF THË FILTEH IS 2O hjUT THlS CAN FË

Ii\CRËA5ED BY ALTTRING THE DII"IËNSI(,T'I STATFI'IÉNT.
SPEC I FY TI"tË NUMBER OF POLE PA I HS I I P I AI'JI) THE NUMBEFI OF
ZERO PAIRSTIZT THË REAt AND IìfA{3I¡!/\RY PARTS 0F THE
i{ÜRMALTZEU POLE OIì ZERÛ PAIRS ARE RËAÛ iNI AS OATA.
TIiE PROGRAi'l ONLY ALLOlJìlS FOR COI'1LËX COI\JTJUA'ÏE POLE fJR

ZËRO PAIRSTTHf IMAGIi''IAIìY P/\FIT OF' Ù!HICH CAi! FtE ZEËì0.
DIt'4Êi{SI0N C (I0 ç 7 ) rPZ(4Al ;A(è0 ) r[3 (2'ù ) rR (e0 )

REAL hlä(20) rNI (20) rr!0 (20)
COrutP¡E¡ SrCXrfv
PI=3.I4159e6535ð9793

SET TIJL. NilMHER OF POLE AND ZERO-PAiRS
I P=J
I7".=2
IDIF=IP-IZ
I0Rll=IP+IZ
I?p=ZråIpypl=/tt!l
I?L=I2P+l
IZORD=T2P +T2Z
IF (IPIEQ'O) GT) TO 28

RËAD TIlE POLE POSITIOI\¡S
FOR|.4AT (I$ POLES REAL PART Ii'4A$. PART#)
PRII'¡'l IZ
REAÜ L3ç IPZ(I) rI=lr I?P)
PRIt,lT t4 ¡ IPZ(I ) I I=I rI?P)
coi{ Ï I Nr.lË
IF (I2,E0.0) G0 T0 ?7

READ THE ZËRO POSITIOI.JS
PRIi!T I5
FOlli"lAT (rf zEROs rìE,AL FÁtx1 lf'lAG. PART{+)
REAil l3r (PZ ( I ) r I=f'lLrÍ2ORtl)
PRINIT L4ç (PZ ( I) r I=IZLIT?ORD)
COI\JT I I.IUE
F0iìr{AT (FI6.8)
FORivlAT (6XrZ (Fl5,5rZX) )

CALCIJLATH THE I]TGITAL CUT OFF FRE(¡UENICIES
FN=P I,râFC/ FS
FN= TAI! ( FN )

D0 Iil I=1rI20RD
PZ(Il=PZ(I){þFN

ALLOhl FOR IJNEQUAL IILIIVIBER OF FOL.f5 Af!O ZTIì05
IF (IDIFI 20t?2ç21

lz

2tt

C

I5

¿7
}:J
I4
c

I l-l

C

c



43,T4
3û

2L

e3

IMAX=¡7
INDIF=.IDIF
IPDIF=I2MAX=2*IMAX
IU=INDIF
IL=l
GO T0 23
It4AX=¡P
I U= I ZMAX=Z+ I MAX
IPIJIF=I214AX-IDIF
I l,lD I F=0
IL=IPDIF
D0 ?,4 I=ILTIU
l!?(I)=1.0
NI(I)=?.0
N0 ( I ) =l .0
R (I ) =1. g

FILTER COEFFICIENT CALCULATTON
DO ?5 J=I r IORD
I=J+INDIF
[=]*t-¡
l'4=L- I
A(I)=PZ(M)
8(I)=PZ(L)
R ( I ) =A ( I ) tiA ( I ) +B ( I ) +¡l 1 ¡ ¡

Ne(I)=l'-2*4(I)+Ê(I)
Ni(I)=!tt(R(I)-I)
N0(Il=1+enA(I)+R(I)
D0 26 J=I r IMAX
C(Jrl)=N2(J)
C(JrP¡=Nl (J)
C(Jr3)=N0(J)
Ç(Jr4)=N2 (J+IMAX)
c ( J r5 ) =i.lI (.J+ IrqAX )

C(Jr6¡=itl0(J+IMAX)
C (JI7) =R (J) /R (J+IMAX)
RET URN

El'Jt)

3.4
c
23

25

26

C TYPICAL DATA.THESH DATA ARF F'OR A CCO65()46 FILTER(REF 241
-0.0415270
0 ,9934230
-0. I +L727L
0 ,7836824
-0 Ç ¿4L67 ë,U

0.3lrj9tçg
0.0
L.9'¿297?
0.u
L.46¿L78



43.I5
A3.3.1 ËENERAL FILTER SUHRoUTINE

SUBROUTINE FILTER (SIEIKICT IMAX)
C DIGITAL FILTER SUI]ITOUTINE.
C THE ORDER OF THE FITTER TS AUTOMATICALLY AUJUSTED BY
C FILDËS AS IMAX AND NO SPECIFICATIONS HAVE TO BE
Ç INSERTË0.
C THE ÞIAXIMUÍ,4 ORÞËR OF THE FILTER IS äO HUÏ THTS CAN BE
C I NCREASED BY ALTER I NG THE Þ I MENS I OhI STI\TEMENT .

DII'4ËNSI0N C (I0 q7t tY (?l ç3)
C SHT Y=t) Oru FIRST CALCU¡¡11ç¡

IF (K,GT.l) (;0 T0 ?6
IDIMY=IMAX+I
DO ¿5 N=IrIDIMY
D0 25 M=Ir3

3,5 Y(NrM)=0
26 Y(1çI)=SIG

Do ¿7 I=lrIMAX
L=I+I

C DIGTTAL FILfER EQI-JATTON
?? Y (LrI )=(C ( Ir7){t (Y (I¡t )üC (Ir4) +Y (I r2)+Ç ( Ir5)+Y (Ir3)

csc ( I r6) ) -Y (Lr?¡ +6 ( I r¿) -Y (Lr3) *C ( I r3) ) /C ( I r I
Ç Y SHIFÏ

DO 28 I=I I IDIMY
Y(Ir3)=Y(IrZ)

eð Y(IrZ)=Y(Irl)
SIG=Y(IDII{Yrl)
RET URN
ENU



A3.L6
A3 ,4 OTI"IER SIJBROUT I NES

A3I4.I SilBROUTINE TO GENTQ¡1E A PSEIJÞ() IIAIr¡DOIVI SËOUENCE
('iRfTTEN IJY DR. B.R.0AViS)

FUt{CTION NOISH(X)
6=r'l/?
L=t!-e df K

¡4=r(/I6-?+ (K/321
N=K
IF (L,!'{E.M) f,l=ti!+3435973836f1
N0ISfl=fltt¡-1
RETURf'J
EI!TiìY I\OISHT
N=32835 7?5 I 2B
N0 I SË=0
RETURN
Er'.lD

A3r4'2 5UÉROUTINE TO CAICULATE THH ËiMS PO.*1IER

SUßROUTf NE POI¡ìIERI (YqISPTItJ)
C THIS SUBROUTTNE CATCUTATES THE POWHR ÜF
C ID IS POSITIVE,THE ACCUMULA TED POIdER

YO I START ING l'/HEN
IS STOREO AS SP

IF(IDlêIç21ç?2
?I YI=YO

SP=U
[ìE'TURN

C CALCULATE POIdER OF Y IN THE SAI,''4PLINü IN I'ERVAL
eZ P= ( ä+Y0+lY0+Yfi*y Ll / 3

y1=y0
SF=SP + P
RETURN
Ehlu



A3I4.3 SUI]ROUTINË TO CALCULATE Tì"JE AVERA$E
43,I7

S I GNAL

SUtJiI0tJTINE RECTI ( XTR0UT r ID)
C TH I S SLJtsROUT I NE CALCUTATES THË ACCUMULATET) FULL blAVE

Ç RECTIFITD SIGNALT wHICH IS ST0RED AS R0UT'
C TË5T FOR START I N6 CONTJ I T I QNS

IF (ID) 2r3r3
Z R0UT=¡

X0=X
1¡g I rJR N

Ç ÇALCULATH THE AVËRAGE OF X DURTI''I6 THE SAI'4PLING INTËRVAL
3 I SGIIX- T

If (X.LT.{l) ISçNX=-l
IF (ISGNX+ISGt,lXD) 4¡5s4

4 AV= ( X+XDI /Z
(;0 r0 6

5 AV=(X{+X+XD*¡¡¡l/tzn (X-XD) )

f: XD=Ä
I gSrrtle= I SCNX
4¡/=ABS ( AV )

C I¡{CREMäNT THE AVERAGE TO THE PREVIOUS STORËD TOTAL
R0tJÏ=¡11¡gT+AV
¡1¡.tuRN
Elit')



L
c

c
C

c

A3.4.4 SUBROLIT I I!E TO CATCULATË TIlË
ccJf\TR0L idÜRD5

A3,lg
HËLATTVH UCCURRËNCE OF

SUBR0UTINE hl0RD ( ICr ITrKr Iü)
TI"ì¡5 SIJdROUTINE STORES TIlE LAST THr\ BT'TS OË THE
lJIÌ!ARY TRANSMITTED SIGITIAL AS THF: ARRAY IA ANID IT
PROGRESS I VEIY CHECKS 'THË PIìESENÇE OF A SEiIUENCE OF
SIf4ILAIi OR ALTERNATING ËITS' JI'{CREMEI'ITINü THE COUI\TEI{S
II.¡ TI"JI ARRAY IT AS A SEOiJHNCE IS DETECTË0.

I)Ii"4EhIST.JN TA ( I() )' IT ( T9)
ÇLËAI.{ I'Hb. STORËS

lF (K.GT.l) G0 T0 I
LJO ä f'J=lrI0
IA(lrt)=0
ltO 3 t{=lç19
JT(f'l)=0

SI.tIFT THE r]TN/trTìY TRANSMITTHD SIIJNAL S Oh(f, ANiU Af)D A
i\¡Ehl l¡ I Ï.

t)0 5 l'.1=1r9
IA(1I-N)=IA(I0-N)
IA(I)=IC

TË,ST F tl¡1 T"lF FTARTIN0 C0NÞITIor.iS
If' (In) 6;6;T
R[i TURN

CHHCK i/rtHETHFR THE LAS't T|¡0 FìITS ARE THH SA¡vlÊ 0R IIIFFERENT
IF' (IA(t)+IA(2)'NE.0) GO ffJ l0

IrtcREi'.48f\T T¡F. ST0RErC0t\¡TAINIt!G THE f!Ui,48HR 0Ë TIMES THE
CONTRIJL I{ORDS T () OR OI HAVE OCÜiJRREt]

IT(I)=IT(I¡+t
ÙÉ.TEIì[4IhIE THË LEN6TH (JF THE SËQI-IËNCE OT HI"TS OF ALTERzuATE
5i(ÈN

DO H ll1=2r9
IF (IA(¡{)+IA(N+1¡.r,,18.0) G0 TU I

Ii\CRE¡{ENT THË STORËICÜfTITAINITNË THH FII'I'I[JËR OF TIMËS A

SEAUHi.ICE OT ALTHRf!ATE BITS AI!D LEIIGTH N ilAS OCCURREL]
IT (r"l) =IT (N) +l
GoT08
[rl= I rJ

C0i'iT I NtJE
¡lEfiJRi,l

INCREt,tËNT THË ST0RIrCüf\lTAIhlIi!$ tHE l"tUi4EtER ûF TIf4ES THE
CUI.ITROL tdORDS I I OR {) I] HAVE OCCURREI)

IT(lo)=IT(10)+I
IJETEFi14INE THE LENGTH (T THE SE(JiJENCE OF SII"IILAR BITS

Do lI N=2r9
IF (IA(r.J)-IA(N+]¡.NF.0) (;O TO I2

II\CRËIVIF-NT THE STOREICO}.ITAINIhIG TI-tE i!UI'IBER OF, TIMES A

SEAUEI..JCË OF BITS hfTTH THE SA14E SIGí.J Ai!IJ LEi!ËTH N

HA5 OCÇIJRRET)

¿

3

Ç

4
5

c

é
c
7
C

c

c
C

Ç

c

()

I

c
c
Ifj
c

c
c
Ç



A3. 1g

L'¿
lt

IT (9+hl) =IT (9+N) +1
G0 Ï0 1I
lrl= I t)

c0rlT I NUE
RETURN
ËNt)



A3.4.5 SUBROUTINE TO CALCULATË THE GROUP L)ËLAY

SUBROUTINE GR

A3r20

DEI(YrXrÐELTKTID)
ÇALCU[ATES THË NUMBER OF SIIMPIES BETh'EEN
OF Y (FTLTER TNPUT) AND X (FILTER OUTPUT)
PHASË AND HENçE THË 6IìOUP I]ELAY CAN BE

L(4)
s I GNXD=S I GNYD=N= I

DEL ( I ) =Pf¡ (2) =ÞEL (3) =DËL (4 ) =0

C TI"II S SUtsROiJT I NE
C A ZTNO CROSSINC
c r F RoM 'v{H I cH THE
C CALCULATED

n I 
'qENS 

I0N DE
IF (K,LE.I)
IF (ID.LE.0)

C FIND SIGN OF Y

S I Gi'lY=- 1

1F (YOOT.O) SICìNY=I
C PËTHCT ZERO CROSSING OF Y

IF (SIGNY+SIüNYO.NE.O ) ÊO TO }
ry2=iill
¡ ] =lt'l
N=0

I SIGNX=-I
C FTND SI6N OF X

IF (X.GT.0) SIGNX=l
c úËTECT ZERo CRoSSING 0r X

IF (SIGNX+SIËNXD.NE.6) GO TO ?
DEL(l)=N+DEL(I)
DEL(2)=N+Nl+ÐËL(2)
DHL (3 ) =N+Nl +trt?+UEL (3 )

DEL(4)=DEL(4)+I
2 SIGi!YD=SIcNY

S I GílXÞ=5I GNX
I!=N + I
RETURI.I
ENi)
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A-P}TIIÍDIX 4

AS SO CI/rTnD þ\TII]jIIJ\TI ClS

44.1 Dj-gita]- I¡i]--teri-ns TheorY

The mathematics for d.esigïj$g the digital filters used'

iu the computer sj_ruulation is presented. l¡elov'¡.

For conventiona-L fj-Iters the S plane is most useftú- to

d.esign the filter, but for digital fil-ters the Z plane must

be used.. The Z plane is used. in sa"mpled data control systems

arrcl most automatic contro]. texts Qt) r'rri].l- treat this matter'

the theory presentecL here is self containecl- but

ad.clitional d-etails can be found. in cligital filtering

books (26).

The standard. Z transform, used. in sampled. d-ata systems

and. convertj-ng a transfer function in the S plane C'(s) into

one in t:ne Z plane C(z) js in nany cases clulrbersome to

derive a,nd. can present prololems d.ue to aliasing' These

d.isadvantages can be overccü"l€ by the use Of the bil-inear Z

transform

z-1 (1)
TI a+jb

z+1

This transfornration can be sho""¡r 1io have the following

properties:

1 ) The imaginary axis of the \I plane is mapped. into the

u¡nit circl-e in the Z plane. (tfre stand.avd. Z tra¡sforxr maps
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the imaginary axis of the S plane into a r.mit circle in the

Z pJ-ane).

2) The relationship between the 1'/ pla3e ancl the S plane is

approxj.mateJ-y J.inear over the usefr¡l frequency range.

By definition Z = e st noh""u T is the samp1ing period'.

Substituting this equation j.nto ( 1 ) lre obtain

sT
e -1'i7

a+jb

a+jb tanh

j tarr

l
sT T

I

t
(2)

ta¡rh

"tl* 
1

i¡.l r
2

.ELT.
2

2

along the imaginary axis i-n the s plane lve have:

a â,=0
þ=tan

a

UT-2- JL UT i.f j-s smal-]- (3)-2-

The i-magi-nary axis of the s plane r.'¡j-lt thus map into

the imaginary axis of the 1:I plane. trþrtherlnore equat j-on (5)

is J.J-ne¿rr when l',! is smaJ-l- conpared r,vj-th the sampling

frequeucy, as is normalJ-y the case.

The bi].ineav Z transform caxr thus be used- to obtaín

cligital. fi.lters 1cy the following proced.ure:

1) I{ormalise tire S plane transfer function G(s) r..'¡ith respect

to a required frequency, normally the cut off frecluency, Q'c.

It should. be notecl that often the normal-i-sed. transfer
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function is usecl as a starting point, since tiris ontainecl

from filter tables Q+) .

2) Transform the transfer fimction from the S plane into

the i:/ plaire by clirect su'bstitution of 't"¡ for s.

5) Denormalise the tralsfer functj-on v¡ith respect to the

digital cut off frequ"t"u u^ = tanl3l)'c -*-\ 2 I
4) Use the bili:neay Z transform to obtain the tra¡r.sfer

fi,¡rrction j-n the Z pl.ane G(ø) 
"

5) Use G(z) to obtain a d.igita]- filter"

fhe above steps are j-Jlustrated for a general second.

ord.er transfer frrncfion.

(') 2
11.

e(s) (4)
2 2(s + 2 s +¿^rn )

1) this transfer fu:rction is normalisec] ';,Éth resirect to

some cutoff frequency Qe.
2t¿',,

uc
err( s)

w

c

to simpl-ify the ¡rathe¡catj-cs put:

2)
-Q-

1L

(5)

,2 * ?È- * * 1

'¿c \
11

a

2

d and.
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so that
c

crr( s )

cn(w)

(6)
2s -r- d.s {- c

2) Substitute v¡ for s giving:

c

2
!V + d.t't + e

Ð Denormal-ise r¡¡ith respect to the d.J-gital- cutoff

frequencJr ir", givítrg:

c(b )
2

c(w) c

2
W +b dvu + c(b 2

(7)

)c c

It shoril-d. be noted. that the transfer fi-rnctions G(s)

and. G(r¡¡) are exactly tþe salne at DC and at the frec¿uency
ø^T

b" = tan (-yZ-) " Ât other frequencies hot-¡ever il'ifferences

wi]]. occur.

4) Use the bj-]-j:near Z transforn givj.ng:
c(n") 2

G(z) (B)

2bd c(b )c c

2c(b") (z + 1) (e)

(z - 1) + (z + 1)2

2

a.d(22 1) + c(b c )
2 2
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c(bc)2 (ø t 1)2

( 1+b"d. +

c(b

c(r")2 ) u2 * (1-c(bc)2) z + (1-b"ar-c(bc)2)

( 1o)

5) Dcluation (tO¡ can l¡e converted. into a digital'

fil-ter as fo].l-ols:

tu.ri-te G(ø) in terms of z -1 so that

2 -1
2

(t + z )
G(z)=

(1+b"d + "(bc)2) + (t-c(0")' )u-1-r( 1-u"d+c (bc)z)z-z

(11)

if X(z) is the input to the filter and. T,(z) is the

output lve can urrite

T(z) = G(z) x(z) (tz¡

But both X(z) a.nci Y(z) carr. be expressed. as:

x(z) Xn z (17)

r(z) Yzrr (14)

sub,siituting thj-s J.n ecluation (tZ¡ gives:

( (t+t"a+c(r")2) + (1-c{t")2)r-1 + (1-u"d+cla")zu-z)

.c¡'å $l?

å"rrr-tt="(r")2 (t*t1 )z Ë"r.rr-* 
(15)

-d7

f
t1=0

Çer.

f.
fl=O

-n

-11.
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ff we vr¡ant to icnov,¡ the output at the nth sampling

interval, vüe coJ-lect the coefficients of the terms containing

-1¡ìz-" in the above equation, givi-ng:

(r + b"d. + cqu")2) Yr, * (t - cil")2) Yn-l

(1 - b"d + c1r")2) r,'-2 = c(u")' \ *+

z c(u")' 
"r.r-,, 

+ c(bc)2 xn-z (te¡

Ìtroiv Y' is the output of the filter at the nth sarmpling

interval and. Yrr_., is the output at the sampling interval

before.

The output from the fi-lter ca.n thus be calcttlated' fron

both tlre input at the present arrd pr:evious sa.urpling intervals

aircL the output at previous sanpling intervp-Ls.

The digital filterin€;' ecluation is thus I

t( c(b")' (xr, * 2x,'-1 * xrr-e)
1i.b"d + c(b.)

+ a1s + 1 )

1Tn 2

¡ (rT)

]ilor the general filter design proglfalr presented. in

,A,ppenrlix J, the transfer firnction to be simulatecl is split up

into a series of second. order transfer fu¡.ctions

2toÈ

r(s) = (to"'+b.,s+1)
( ta¡
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v'¡here the constants uO, u1, bO and b 1*u cal-crrlated from 'uhe-

d.ata read. j-n. (These constants can be zero). The computer

progran then tlses this transfer fi-mction to calcu.late the

corresponding d.igital. fiJ.ter as outl-ined above. By cascading

the resul.ting d.igi-tal- fil-ters, most trãlnsfer fi;¡n.ctions can be

rea-lised.

I\+,2 lealcy Inteerator Siuu-l-atj-on

The transfer fi.xrcti-on

c(s) = # (rg)

corresponiLs to an rìC type integrator ',vith a time constant å
air.d. a clc gain of å. Using Z transform tables (2t) 

, the above

trarrsfer fünction j-n the Z plane ean be founcl as

bz b ( eo¡ç(z) = 1-e -a'I -1zz-e

lyhere T is the sa^mpling Period..

Using the same techniclue used to obtaiir eqn(17) fron

eqn(10) in section -4.4.1, the integrator output can be expressed

in the form

-q 
rF

Yn-e**Yn-1 = bIì"

i.e. Yr, = bXr, + "-tT Yn-1 Ql)
lvhich can be used. in thecompr"rter sj-mul-ation.

I¡or the integratör used- in the d elta mod.ul-ators bXn is
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the step size a¡d "-tT corresponcls to the leakJmess of the

integrator.

It, shor!-d. ì:e pointed. out that siilce the integrator to

be simulated. has a finite BaLr¡ at half the sa^npJ-lng frequency'

the bil-i:near Z tray:.sf orm d.escribed. in section Jl'4. 1 car¡rot be

used., since it r,''¡ou-l-d resul-t in eu: íniegrator rrith aJ} infinite

attenuation at hatf the sampting frequency"

t\4.3 Delav of an RC lletv¡ork

Consider an RC networkr.col1lected. to give a first ord'er

lor,r pass Bessel filte::. The transfer fru:ction of this

netr,vorlc is as fol-l-olvs:

T(s) = - +=
ìi -r ct,

(22)

l\J-ong the frequency axis this beco¡nes:

a CL L. arctan g (23)r(ja;) = ,ffi
The groulr d eJ.ay can be f ound. as:

a

(,{)

Õ,

d
aa(t¡ )t arctan

.E

Tlre averagc tirne d.elay c air be founcl by sgbstituting Q¡ = O:

gì-ving

t (0)I
L
a (2+)

(the same result can þe obtained. by consu-l-tj-ng group d'elay

characteristics for Bessel- filters as presented. in filter
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hand.books
(24)

)

An l-tC netvuorlc can thus be trsecl to oþtai-n a dela,f of one

sampJ.ing period (T), as reErired. for the measuring

equipment of Clr.apter 2, by naking

â,=f (25)

where f" is the sanpl-ing frequency.

fn ord.er to use an iìC nettuork as a delay l.ine j-n the

measuring ecluilrment d.escribed u-in Chapter 2, the d.ifference

betrveen the output of the RC netr¡rork ancL an id eal- d eJ.ay must

be 1ess tha.n O.J'¡" for al-J- input signal- frequencies, if SiTRrs

of up to 40 dB are to be measurecl.

This d.ifference can: lce found as

D( r^.r ) = "-jtaT 
1

i-+ToT- Qe¡

By evaluating the al¡ove expression at d.ifferent

frequencies ancl calcrrJ-atj.ng lDl, olte find.s tLrat lDf (0.00,
if <¿T (0"08"

rln iìC netlvork can thus act as a d.elay l-ine, introducing

J-ess than a O.\'i change in r,vaveform, if the input frequency

f satis:8ies the cond,ition that:

u ." ./ L99C = o " o3f (2.î)Tl=IS-T--=v.u(c
v'rhere f^ is the cut off frequency of the RC netlork.

c

For del-ta modul¿rtion l-rj-th a sampli-ng frequency of 4OIGIz,

the ¡raximum frecluency lvhj-ch enables a SlilR of 40dB to be

1

TS



measured. can be obtainecl from tire eqns(z5) and. (27) as:

ZO4ÍIz

L4/ 10

( 28)
7

f 0.08x40x10
zTL

From this it ca¡ be seen that a single B-C neti'¡orh ís

not suitabl-e for the d.e1ay line in the measuring equipment

d.escribed. j-n ChaPter 2.

I\4.+ The SIIR tained from the jrToteh. -litter l.Iethod r,vhen

SloPe limiting Occu{s-.

\Ihen slope lir,riting occurs the d.ernod.ul-ated. output becomes

a triangular v¡aveform, as can be seen j-n lig 2,1 .

If the height of this i¡avefor4 is À, the d.emodr.ü-ated-

output can be expressed by the I¡or¡rier series:

ï(t)=.A.cË.|
æ

B

"!z 
( t cos nrl) x cos (nt) )

= lL ( I., cos(t) + o,
5t 9tÇ

cos (Zt¡ *LocosSt
25'jt

)J.¡aaa a a a
(2e)

The d.emodulatecl output pou¡er c¿m be found by evaluating

the nean square of a tria¡gr-ú-ayutrave and. ís ec¡ual to L n'")
The quantization noise as measured by the notch filter

method is the su¡q of the pov'rer of all- the harmoni cs except

the fund.amental. This is also the total pot'rer minus the

po$ieï of the fund.a,uental since all- harnonics are orthogonal.



lhus

Distortiorr =

õI'TIì

L
2

= O. OO4S22 I3

1 2 1 (¡. * 9,)2
7t

19. 1 dB

r\4/ 11

( ro¡

(52',1

/t
3 2

and. 'uhe Si'R is thus
L^2t

SIIR 18 ,4 cl3 (31)

o.oo4B22I\2

The al¡ove is the SiiF. o tained. l-¡hen the quantíøation

noise is not filtered.
lTornally one is only interested. in the noise components

be1ol J.iIlIz. If an BOOHz sinevuave is used., only the third'

harmonic component in equation (29) vri].l remain giving:

L
7

2
i\.

2
( )
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BACKGROUND OF INITENTf ON

Pulse code modulators are lsrown which convert an

analogue waveform into a binary waveform, such as

pulse cocLe nod.ulators or d.elta mod.ulators. It is knoln

that for small inputs the quantization noise is Large

compared. with the si-gnal, for large inputs the system

is limiting. It will be realisecl that increasing the gain

of the 1ocal clemoclr,rlator will increase the input povrrer for
which the optímun Stm (signal to quantization noise

ratio) occurs. fhe normelized. input power, whioh is
d.efined. as the ratio of tÌæ input polr¡er to the gain of
the d.emod.ulator, at rvhich thís optimum SNR occurs rernains

oonstant. It has been founcl. that the cl¡mamic range of the

modulator can be extend.etl by altering the gain of the

clernodulator Ín such a way that the normalízed' input power

remains constant.
A measure of the normalized. input porver ca¡r be

d.erivetl from the binary signal and. si¡ce the same binary
signal is present at both the local d.emoclulator ancl the

d.istant clemoclulator, the sarÞ measure of ttre normaLizecl

input power can be obtained. at both the mod.ul-ator ancl

d.emoclulator.

In ord.er to derive a measÌre of the normal-ized.

input power, one must select one or more binary patterns,
or control- word.s, the relative oocurrence of which varies
with the input power.

The best control can be achlevecL if the function of
relatÍve ocourrence of the binary pattern versus normalized.

5

10.

15"

a

25.

20.

2.
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input power ís a monotonic increasing or decreasixg

function.
Despite the fact that some of the above general

principles are lcrovrn, they have not been applied as in
this invention to obtain complete companclinS, mainly

because previously it vras not lüovm how to keep the

nonnalized- input poner at the velue correspond-ing to

the optirrum perforrnance of the nocl.ulator, over a sufficíent
range of input poüüêrso

SU¡M\.{ARY OF ]NVINTIOI\T

Consid.er the case where the relative occurrence of

the oontrol worcl deoreases with norrE,lized. input power and.

where the relative occurrence at the normalizecl input

power corresponùing to the peak SI{R is X . .

If the relatÍve occurrence of the control worcl ís

less than X/o , the norre'Iized. ínput power is too high and'

the gain of the d.emodulator rnrst thus be increased', to

decrease the normalized. input power. If the relative
occurrence of the control ruord. is more than X , the

norrnallzecL input po$¡er is too Iow and. the gain of the

d.emod.uLator must thus be decreased, to increase the

normalizecL input power.

For linear control, the gain ís changed Iinear1y, the

rate of increase or decrease of 6ain is thus fi:æcl'

Consid.er again a relative occurrence of the oontrol v¡ord.

which d.ecreases with normalizecl ínput poï/ero

If the occurrence of a control wortl is used. to
ilecrease the gain of the democlulator by f (f-x) units of gain

25.

3
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and. the gain is increasecl by IQ( r¡nits if the control
word d.oes not occur, the average gain will remain constant
luhen the system qrerates at the d.esired. optimr:rn normalized.
i-nput power. K ís any positive oonstant.

Increase in average gain ) (increase in gain tlue

to the control word. not ocourring) 
" 

( the relative
occurrence of the control word. not occurring) - (a.ecrease

in gain due to the control lvoril occurring) x (ttre relative
occurrence of the control word.) = rc( (1 - X) - (f - X) X = O.

lVhen the relative occurrerþe is less tIøn X/" ("ry
Y<.X), the gain of the demod.ulator is íncreased., since
the increase in gai:r = ro( (I - r) -r(r - x)y = K(x - v) ; o.

This decreases the normal_ized. input power (ard.

increases the relative occurrence of the control word.)

until the correct norrnaLized. input power is reached., when
the average 6aín remains constant (r rras norry become equal
to x).

sinrilarly, Íf the relatÍve occurrerþe of the ccntrol
word. is greater than x the gain of the d.emod.r.rlator is
decreased., which j_ncreases the nornalized. input power,
until the optimum normalizecl input pov¡er is reached..

ft should be noted. that the attack and. decay time
constants are tlepenclent on the relative occrn'rence of
the oontrol word.s, the amount by which the gain is
changecl and the sampling time (i.e. how often the gain
can be changed.)

The ratio of attaclc to decay tíme constants is X to
1-x. The ratio oan thus be serectecl by selecting control

25.

4.



n¡ords which have the relative occurrence of

ï=

at the optimum normalizecl input poui¡er. R is the ::atio
of attack to d.ecay time constant.

SimíIar reasoning applies if the relative ocourrence
of the control word. increases with normalized. input po.vuer.

The occurrence of a control word. is then used. to increase
the gain of the denrod.ulator and ttre gain is d-ecreased. if no

oontrol lvorcl occurs.
Logarithmic co:trol can be achievetl by using a

percentage change of 6ain insteact of an absolute ohange

in gain. Since the gaÍn of the d.emottulator varies, the
absolute change in gain vrill aLso vary. l¡le sti1l want
the average gain to remain constant, when the relative
occurrence of the control worcL is X . The percentage
change in gain must now be selected. acco¡rling to

(g * r)l-x. (e + r)X = 1.

A is the relative change of gain if a ccmtroL worcl.

occurs, B is the relative change of gaÍn if no oontrol
word occursn Either A or B v¡ilL be negative, inciicating
a d.ecrease i-n gain d.epend.ing on whether the control word.

increases or d.ecreases with nornalized. input power.
the ratio of attack to d.ecay ti¡nes Ís again B to A

or A to B, for a relative occurrence which j-s d.ecreesi_ng

or increasing with norrnalized. input respectively. Since
the companòing can produce an exponential rate of change
of gairr, one can no longer talk about time constants,
but one must refer to a rate of change of gaín of rso rnrny.

5.

Lo.

]l,5.

20.
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tl.B per seconcl.rt The rate of change of gaÍn is again

cLirectly related. to the values of Ae B and, the sampling

time.
This rate can thus be adjusted by altering tJ:e

percentage change of A ancl. B, but keeping their ratio
constant.

Since cLigital circuitry has several advantages

over analogue circuitry, it is d.esirable to apply this
compantling teolurique to ùigital circuitry as we]-1.

Linear counting oa¡r be obtained- very easily, using

a fon¡¡ard ancl reversible counter, which is i¡crenentecl.

by one or more steps, d.epend.íng on whether a control
word. occt¡rs or not. îhe contents of the counter controls

the gain of the d.emod.ulator b¡r means of say a switchecL

resistor network.

For true logarithmic control the contents of the

counter is fncreasetl by A. N. oS B" N" where A and. B are

the percentage increments, as before, and. N is the

contents of the counter. A. No and. D.N. however neêcl

not necessarily be an i-ntegers, so that the approximatj-ons

must be maile.

It ís possible to approxi¡rate A. N. or B. N. to the

nearest inte6er, but this will leacl. to complex circuitry.
Relatively simple circuitry will be obtained. if the

contents of the counter are incremented. by A. I/1. or B" Ivl.

where M is N, tnrnoated to a blnary weíghtecl interger.
For e:cample, when N is betvæen BtgZ and, t639j

(i.". between zr3 arra (rL4 - 1), ili Ís 8192 (i.e, 213).

10.

15

20.

25.

6.
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This means that linear counting is used orer a

nearly 2tI range in the contents of the counterr

However for large changes in the contents cf the counter

the courting is logarithmic, since ivl is d-irectly related-

to N.

The increase in d.ynarric range of ttre pulse rnod-ulator

is d.irectly relatecl to the number of bits of the forwarcl

anil revensi-bl-e counter, sir¡ce it is clirectly relatecl. to

the change Í-n gain of the demodulator.

ADVÆ{TAG8S OF TT\IVfl.üTTOTÍ

1) Compand-ing with complete control ís obtained, enabling

the best possible performance to be achi-eved.

2) The d.¡mamic range over which this optinum performance

is obtained., can be chosen at wi1l.
ù The attack and. rLecay times can be chosen separately

antl at wiLl.
4) Although generaÌIy describecl herein as applied. to delta
mod.ulation, the principles can be appliecl equally to pulse

cod.e mod.u1ati"on, d.elta pulse cod.e mod.ulation and. thejr
variants.

ù Ihe principles can be applied to systems incorporating
an m-ary transmittecl sígnaI.
6) The principles can be appliecl to forms of delta
moclulation, pulse code mod.ulation, deIta pulse cod.e

mod.ulation aniL their variants, lncorporating s ome other

form of companding as we1I, so that clouble ccrnpancling

can be obtained..

7) The compandíng can be designecl to resrft in the

25.
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optimun performance for any specifio ínput sígnal.

BRTEF DTSCRTPTION OF DN.AI¡EI$GS

Fig. 1.A, is a block cliagram showing prior art Del-ta

moclulator pri::ciples, in which an analogue waveform is

converted. to a binary waveform, 14, 1 18 ancL lC showing

various input 1eve1s,

Fig. 2 cLemonstrates the Ínvention show'ing how use of

oontrol worcL,s enables an up a¡rd. a d-own cotmt to be used. to

obtain compand.ing,

Figs. 3A, 5B and- iC show how oontrol can be achievecL

íf the functión of relative occurrenoe of the bjlary pattern

versus nornalized. input po1'¡er is a monotoric increasing or

decreasing function,
Fig. 4 shows a blook d.iagram of a pulse cotle mod.ulator

with companding aocorcLi:rg to this invention,
FÍg. 5 shows a graph of the perforrnanoe of the

oompancling system tif Fig. l¡t

Fig. 6 ís a block d.iagrarn showirlg how the Sain of a

d.elta modulator oan be varietl,
Figs. /, 8 and. ) are an e:çarrd.ed- detail of the system

shovrn in Fig. 6, Fig. 7 showíng the R.C' integrator, Fig. 8

the control word deteotor and, Fig. ! a d-igital control
switch and. memoryr ancL

Figs. 10 ancl LL j-nd.ioate j-n graphioal form the comparison

between oompandecL and unoompancled. d.e]ta modr¡lation ancl. PCM,

as well as the measured. perforrnanoe for the gM embod'iment.

PREFERR3D EI\,{BODÏMMIT

Two preferrecl emboclirnents are given, one for a tLelta

nod.ulation systen and. one for a pulse cocle modulation system.

25.

I



5.

10.

15.

20"

It shoulcl be realized. however that these embotLiments are

specifio e:emples only and. that cLifferent d.esigns must

be obtai¡ed in order to suj.t the compa,nding to the t¡pe
of nodulator, the clock frequenoy and. the Ínput signal
required.

In Fig. 1 as stated. the present state of the art
is shoun, the modulator 1 of Fig. 1 converti¡g an

analogue waveform input at 2 Èo a bluary ouùput al 3.
In the d-emod.ulator the bi-nary input at ! is passecl to
a d.emoclulator and. a low pass filter 7 to prod.uoe the

analogue output at 8.

Figs. 1A ancl 18 shows respectively the binary
sígnaI at Iow modulation and. at high nod.ulation.

Fig. 1C shows normal level mod.uJ-ati-on.

In Fig. 2 is shorn¡n the system of conpantling

aocorcLing to this invention. lhe input si6na1 ancl

the d.emo¿lul-ated. output being shown at rAt and. the bi.:rary

transmítted. signal at rBr.

The control signal at C is d.erivetL from B by

deteotJ-ng the binary patterns Ol or 10 being the
oontrol- worcLs in the biaary transmitted. sígnal. If
a control word. occurs, the gain of the d.emod.ulator,

as shon¡n in rDr, is tlecreased. ancl íf no controL
word. oocurs, the gain is increasecl.

9
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Fig. JA shows a graph of relati-ve SNR j-n cl-ecibels

plotted against relative input in deoibels the region of
oonstant quantization beÍng d.esj-gnated. 10 ar¡cl the

regfon of overloacL l-1.

fn Figs. JB antL 3C are shov¡r relatíve peroentage

occurrenoe of control word against nornaliz.ed. input
power in d.ecibels to show the region of overloatL,

the region of constant quantization noise beiug agaln
d.esignatett by 10 ancL the region of overload. j-n each case

by 11.

fn Fig. l+ is shovrn how the mod.ulator analogue i:rput
at 20 is fed to a gaín control- 21 but the binary
transmitted. signal is fetl to the controf word. d.etector
22 ryhioh feeds the N0 - IES oount to the cor¡nter 2J

which feed.s the converter 24 v'¡hich Ín ttun feed.s baok

to the gain oontrol multiplier 2J.

In Fig. I is plotted- the relati-ve SNR agaÍnst relative
input in d.ecibels, showing the region of compand.ilg

at 33 r¡¡Íth the region of constant quantization noise at
3l+ arLd- the region of overloað, at 35.

One methocL by which the gain of the mod.ulator ca:r

be varied. is shown in Fr€. 6, which applies specifically
to Delta Moclulation, however many methocls oan be usecl i¡r
controlli¡g the 6ain of the d.emotlulator frorn the oounter
oontents.25.
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THEORY

By means of computer simulation the relatj-ve occurrence

of the word.s 10 ancl OI in the binary transmitted- signal

was founcl to vary with the shape similar to Fi6. 3C.

the d.elta mod.ulator cLesigned. is of the singl-e ilte6ration
d-elta noclulatj-on t¡rpe, anil is irrtend.ecl for operation with
speech at a sampling frequency of [OKliz" Untler these

condi-tions the peak SNR was found to occur when the

ccntrol wortls 1O and. 01 have an oocurrence in the bi:lary
transmitted. signal of 6Ço.

Digíta1 oircuitry is used to controL the compancling

of the proposed- ttelta modulator and. for practical reasons,

semi-Iogarithnic compand.ilg is used..

îhe reLative changes of gain, A ancL B, must now be

selected.. It is ad-visable to optÍ^nise these constants by

means of computer simulation. From the computer

simulation, the best performance was found. to occur when

.a-

logarithmic companding it is thus clear that the contents

of the counter is increased. by two or deoreasecl by one if
the contents of the counter are between J2 and,63.

The compancling ratio, being the ratio of the largest
to the smallest Baifir must now be selected.. ïn practice
the compand.ing ratio will be a compromise between

performance ancl circuit oomplerlty" A compand.i::g ratio of

40dB rrill in practice be nore than ad.equate, but in ord.er

to illustrate the versatility of the compandirg technique,
a 6OaB cørpancling ratio was chosen.

-l 1
â,fid- .6 =32 Î6

From the d.escriptÍon of semi-

25.
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Referring ncrìI agâi-n specifically to Fi6. 6 vrhich

v¡iII be expand.ecl into Figs. 7 , 8 and 9 it will be seen

to have three seotions nanely: and R.C. integrator 4O

a clocked. comparator 4L and. a d.igital sv¡itch co:tro1 42.

The ctigital srvitch control 42 controls the charge on

the cond.enser C by bringing in the resistors RI, R2 to Rn as

required. for corpanûing, and. this ccntrols the gain by

selecting the correct feedback. l+J represents a conparator.

the d.igital switch ccntrol serves four purposes as

inclicated. in Fig. 7, namely:

1) It d.etermines whether the gain should- be increased

or ilecreasetl.

2) It d.etermines the amount the gain is changed-.

Ð It stores the gain.

4) It control.s the switch resistor netr'¡ork¡ thereby

oontrolling the gain.
Each of these sections will now be d.ealt lrith.
Tn Fig. 7 , 5L is the circuit whioh d.etermi-nes increase

or d-ecrease of gail. The signal from this is fleð' to 52

which d-etermi¡res the amount of change of gain. 53 is the gain

store, r'rhile 54 i,s the switch ccntrol for the resistor network.

All of this is incorporatecl in the d.igita] switch control l¡2.

Deterrnination of increase or d.ecrease of gail.
This secti-on is very sÍsopIe. The output beoomes a one,

d.enoting a d.ecrease in gain when a control word has been

d.etected.. Fj€. B shows the required. circuitry which cornprises

feeding the binary signal i-nto the clock ccntrof 60, the binary

signal passing to thp NAND Gates 61, 62 anð' 6J and- via the AtüD

l,2.
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gate 6t+ to the output.
DetermÍnatíon of the amor:nt of the ohange of gain.

As mentíoned prevíousIy semilogarithmic compancling

is usecl urith A = 
-1 ancl B = 

2 so that two

;"
olooþulses must be generatetl. if the 6ain is i¡rcreasetl

and- one clock pulse rnrist be generate¿l if the gain is
d.ecreased..

fn orcLer to obtain the correct fractional
increase, the counting must take place 6 bits frorn the

most significant bit of the oouter, as is ind.icated.

in Fig. 9.

This sirnply conprises a d.iscri-nj-nator 70 which

d.etermÍnes the nost sign:ificant bit. Ihe units 71

and. J2 are the stop-cou:nt devices, /1 stoppir6

the up oount anô. 72 the tLovun count when the cor¡nter has

reachetl the upper ancl lower ljmits. The signal is
fecl in at.73 ancl goes to the up-d-orrrn cor:ntilg assembly

7)+. Gates ensuring proper countÍng when the cor¡nt

has reached. the upper or lower limit are d.esignated. 75.

During the counting, as an example, as soon as the
16th bit becomes a 1, forwarcl counti-ng is prevented.

l¡Íhen the 5th bit becomes the most signifioant bítt
d.ownward- oounting is prevented. 

^I5The oompandS-ng ratio is thus 20 Io6 t 
- = 60.5d3.

z5-t
The gain is stored. i¡r a counter. this counter 74

must be oapable of counting forwarcl and- reverse as well as

havÍlg terminals for counting in bi.nary integers up

to 102,1¡.

13
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The bits of the counter oontrol the switches i¡ the

resistor network.

Transistor switches were used in the hardlvare.

the R.C. integrator ancl the clocked. comparator

are commonly used. circuits and. thei¡ d-esign will be

omittecl from this ilisoussion. Sinoe thei-r cønpancling

ratio ís 6Od.B, these circuits should. however be capable

of handling signals with a d.¡mamic range of at least 8OdB.

The performance of the compandecl tlelta motLulator

is shown in Fig. 10, together with computer simulatíon

resuf.ts of the compantlecl and. uncompand.ed. d.e1ta modulators.

fn this the SNR ín decibets is plottecl against

relative input in d-ecibets (base) antl. the conpand-ecl

delta rnodulation is inùicated- by the line 80 while the

uncompancled. signal is designated. 81. Measured poilts
are ind.icated. by X.

PULSE CODD }IiODUI..ATION

TTIEORY

For the pulse c od.e mocLulation embotliment, a 7 bit
PCM system was chosen. The sampling frequency used-

was 8KlIz. The control word. ohoseri was the tvro most

significant d-i-gits in the PCM ootler excluding the

sign bit, being ?.ero. In other words a control word. Ís
d.eteotecl if the anplitud.e of the analogue signal at
the sampling j-nstant is less than a qtnrter of the rp.ximum

amplitud.e. The relati-ve occurrence of the control word.

again varies with a shape similar to Fig. /+. Similarly
to the d.elta mod.ulation d.esign, the constants A and. B

14
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vùere obtainecl. by conputer sj-nulati-on as A = -1 ancl

^tB = 
) . Agairt a 60 clB oonpantling ratio was seleotecl'

t6
The resulting perfornanos, obtained. by corrputer símulatim

is oomparecl with the perforlna,nce of unoonpanclecl PCM

1n Flg. 11.

In this agaln SNR tn clecibels ís plottecL agailst
rel¿tive fnput in tleclbeLs ancl. the conpanttecl PÚTVI is
incl.fcatetl. by the llne 8Z u¡tríLe the unconpanttetl PCM is
l¡ril.ioatetL by 85.
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