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Single mtegration and double integntion Delta :

i (-

Hodulation system pe‘rformee are described Overlud character- '

- ) . istics. signlllqnlutiutioa-noise ratio, threshold of coding, - &
‘ _idle noise, effect of transmission ermr and system. s‘tability \ Co ' .
] are cdlculnted. . | B ! SR
, . Theoretical'results have been verified by computer - i
2 C fsim;atioq and also by l“:"““’" measurements of experinental o L
: 9 . 'wodels. L - ' o
% . > T L.
A - Wal{igh Infomtion Delta Modulatina teduiqnu which g
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. v, c . L e )
) ) , . )
v . CHAPTER 1 , ¢
4 . B - % . . ~
A “1.1, Why tﬁ;\itﬂ Commmications?’ / | -
Dnring the last and moxe Analog sipals
have been encoded into digital pulses for sion and proeessiu. ‘_ .

” .;, ' ms is tm for both cc-ercial and military systems. The sl\ift to digital‘
. | ‘co-unicltion system hu bm motivated by ‘the folloving iq»ortant factors'
i) .From infomtim theory, we l:novthat the;'e is sn ;;-ost eq!ato ‘,
. elimination of noise interference, when the pulse signal exceeds
' S the noise level by 20 dB or more, sinco only the pmené or sbsemce
of each pulse is needed.to neonsttnct the original transnitted -

~ signal. . ]
.~ - " i) The transaitted signa) mbereltyodumytshcs as desired \3\ B
" without jintroducing the progmsivo signal distortiou and
‘doterimtim which .are typiul of amalog cosmmication systeas.

111) Digital information can-be easily eac;zpted to provide privacy
L - or secrecy (nilitary spplicstions).’ |
“ e W " iv) The use of time division multiplexed systems : is boeu-in; widespread

- in digital coomunication sysn-s using either radio links or cables.
. Furthermore -ntiplcxing of digitnl signls can be adlievod with
o . o inoxpmivo mogutod logic circuits. ,
. .”, Digital data can be, proeessad by equtersa . ' \

v':l). No crossulk exists.




a

vii) No mechanical switches Jte required uhich results ‘in an incteesed

r

system rel1ability.

[} .

1

.spread use of’ teletypes and computer terninals in it ry. = -

1.2. Pulse Code Modulatiou .& Delta Modulation

. Pulse Code Modulation (PCM) and Del;a Modulation (DM)

are two basic methods for analog to digital conversion. A mnber of
}

‘ papers 1, 2, 31° compare the performance of DM ‘and PM, but this comeri-

Al

© son 1s d1ff1cult because of the different natures of the two systesg. .

rEd

However it can be concluded that Delta Modulation gives.better signal-to-;

noise ritios for sampling frequencies below 40 kllz. (Figure I 1. )
~ Simple Delta Modulatioff is not considered of high

o

enough quality for commercial tele{:hone commmications. The main reasons

are: E ) ' - : ' A

i) High clock, rate.is 'required to achieve 'good ’quallty. “

ii) A serious limitation of the input amplitudes, which can be reproduced
faithfully ‘ ) a ‘ '

q .
. However High Infornation Delta Modulation (HIDM)

techm.ques introduced by Winkler '{4], can overco-e sowe of the deficiency
. s
of ordinary Delta Modulation- systems .and retain most of their advantages.

HIDM systems can be used for voice commication with excellent results

o

at 20 kliz sampling frequency.

Uy

S -
ﬁf‘é}éﬂﬁ*“k ;gé?i“a ;(

cations. Examples could be airline reservation systens and the wide*

_ oviii) There has been a tremendous increese in 'coeiputer.-lto-couputer ewl-

.
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- 1.3 Hi;togy Of Delta Modulation ' o -

“
eg: v? ' R ¢ Delta Modulation was invented in the ITT French . - g f;
"\ P Laboratories by E M. Dﬁoraino, S Va'n Miero ond B. Derjavitch [5] ' ‘ ‘:
uin\1946. More detajiled descx\-iption is given by F de Jager [6]‘

\ ~ (Phillips) 1952 and Libois [7] (CNET) 1952. ' i
‘ . ;“ . | o " Further wg_rk was done by Zetterberg (8] (Erics;on co :
1 0'.: L ‘ Laboratories) 1555* and H. Inose and Y. Yasuda F9] E‘l‘okyo University) .

‘ 1963. "\ '

. <+

High Information Delta Modulation was originelly '

introduced by Winkler [4] (RCA) 1963, : . o
@ . : . » Other HIDM techniques are due to A. ’l'o.omm asid
‘ | H. Kaneko
T11]

ance calculations were pzjesented by J.E. 0'Neal [2] (Bell) 1966 and

] (Nippon Elec\fric) 1968 and S.J. Brolin lnd J.H. Brom .-
11 Telephone Labo‘ratories) 1968. More detailed syste- perforn-

* E.N. Protonota¥ios [12}' (Bell) 1067.: S o © T g

L ) Today a l;roed‘ smount of literature is availhkble on

-~ .

many espects of Delta Modu\lation‘, and several system improvements have

been .achieved. . SR T ] < B

' ’
- 1.4, Scope Of Dissertation ~ . ,
[ T Co : , .. In this dissertation, a si-ple Delta Moduletion System :“
\

will be analyzed in detail using, whenever pos ible, the ulreedy existing

material available in’ the'\ litexature. A syste- esign is also prmnted

SR _ whieh' is experimentally verified. S
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" in the presence of white noise.’

.local decoder. f"- _ ‘ R —

a \ ’ .
. : .. CHAPTER 2- L
. . f A ————

"THE DELTA MODULATION SYSTEM

Ve

; o .

2.1. Imtrodyction

, - 9 Delta Modulation is'a process by which analog signals
L 4 L

- are encoded into a binary cede. The system is basicelly a na‘t-linm
supled data syste- using predictive -coding technique '

.
)

'l‘his lem that the value of the input. signal is pre--
dicted at each se-plinx instant and onlgr the difference between the actual
value of the signal to be transaitted and its predictive value is
encoded. R | |

) ‘For many types of signals, the first order entropy -

‘of the difference signal. is much mH than that of the original

sigml Thus most of the redundancy resent: in the input signal is
<

[\

3 re-oved allowing transaission at lowir channel capacity wifh consequent

higher eoding efﬁeiency. . . N
thenore, the eharacteristics of the Delta llodu-ﬁ,

'letion_ Coder can be choosén to match the power spectrum curve of human

{ speeeh This type of encoding also provides almost c}pti- filterin

-

2.2, Theory o : . J : ‘
aruider the Delta Hodulation system of Figure 2.1.

(3

“The analog input signnl xtt), band-1limited by s filter. is compared
with a reconstructed version of itself, x(t) whic.\ﬁn is generated by the
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1) DELTA MODULATION ENCODER

‘ 1 B

o
- y
i o .

CRXGURE . 2.,
. BASIC DELTA ENCODER - DECODER .




The relative difference“‘e(t) is quantized by a compara-

o : tor whose outimt is period:lcally sampled. The zero order hold circuit holds -,

the samples to previde a non-return to zero (NRZ) single bit binary code !

3

1! C e Q(t) | . . 1

The code controls the local decoder output x(t) forcj.ng

»

L4

it to closely track the input signal. This action is that of a sem-systen
with a negative feedback ldop which maintains. the signal x(t) es close as

possible to the 1nput x(t)

’

| ., P ‘ It the Deltc decoder contains an identical decoding 1
| network, a similar track y(t) of the input analog signsl is recovered.

~»

! . , An output filter with steep cut-off removes all

- out-of-band signals, (i.e. quantizing.noise, u:qlin'g» frequency components
. - . Al -
and idle noise) recreating the iné::g signal. v

b

2;;. Single Integration . ‘ ©

: - The silx;lest bel lation system is obtained by
using an integrator as a decoding network. This network consists of a

’ | 'res_istence and a capacitance with a yery large time constant T} = R)C).
, (Figure 2.2.) ‘
S The network itrmfer Metion,is ' - " 7
| ' . W) = L . @l
ifs) 1+ SC)Ry ’ Lt @.1.)
" The corner frequency is ‘
. ’_ - ’ . fl . 1
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5 .

- xfdcgunxudumd mmininugntingutuork
isroquiredwhichisnshouniu!-‘imzs.

The trms}or function is ' o . -
: : L “H(s) = - K . ' @8
~ ‘ » o ‘ o
vhere 3 i : I -
h' ' - K = % =  Gain at dc ' (2.4.)
".‘ - - RS 1 , M 1
The step Tesponse is given by: .l' T e T )
. . | . p
T, 10 .ff; ]_n(s) um] . -x(x "/“lcl) ©(2.5.)
‘:,}V. , . ‘ “Sin . ° * ‘
C / If-t << R)C), equatiom 2.5. simplifies to o - e
% K o ° : -
X t = t - 2.6. .
‘ : x(®) RGO @.6.)

: “The stq: rupouu u pmtlctuy a rq function. o

2.4. Double Intqgiw ' , A . ‘

W5 D

©
1
w0 w

l

LS T ' lfmintomtmutwﬂsmcucaded the approxi-
utiou %(t) of the imput signal x(t) is smoother,. but the additicedl deley
. Wht&c“ackloopofﬂumtauymmtabiutyor
o i ‘ aslmhhqsmetomwuthsﬁieofmm.
: , A compromise is possible prwiding the eomr freq-
mdnoftbumrkmmlym Atypiulduhlointomt-
fon network gsmnmm 2.4.
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Lo The network transfer function is .

. . - . .

‘ - le SCI . . N
- H(s) 23

: - 1e2aRyCy l’t‘)‘ "5‘:2“2[‘7(1 Rl) R:Cﬂ} : o

- J The corner frequencies are , o .

'4., ﬂl N . : .
.
- -
. 1

3 \‘
‘ ¢ 4 . ¢ - L
T fz = ! - (2'9 ) |

' ‘ 20R 1- ' T
8 12 o~ ﬁ - .
f; oo | . .

Yh ik
. T
<

[ ]

. B

[ 2 Laud

~N
~
~N
]
o
()

2
P
.
~
.
4

Pigu'r'g 2.5, shows the gotwoﬁ Tesponse. o . ‘
- L ' . The double integrating network caii also be @uutod o

’ vith an-active element as shown in Figure 2.6. , . _
. - The transfer function is 1 ‘ . . ,,

* 3 o | ' . “(‘) --‘ le SC:RS . - v, ‘ (2.11.) " ) e
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belta Encoder using single and double integration as msmd in the
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~ . CHAPTER 3 T et PO : e

' | DELTA MODULATION PARMETERS | _c S
c 3.1. Parameters Definition . S L
. The following p ters ‘characterize s Delta _4 :
Modulation system: . . ) '9 . ‘ ‘
'. ' 1) Overload Charactenstic. o o . | ; ‘(
. " ii) Signal to quantization noise ratib ( .5.) - o oo
: ° - L . _'Nq ‘ " o a
-, . v iii)- Dynsmic Range. L - R ‘
” \ : i\[j' Idle code. . " ; ‘ Lo ’ REEDRE . '
’ DA | Thl:eshold of coding ) - - . oo ; >
. w vi) "“1dle noise . ' L ‘ ’ ‘
L o | vii) Effect of transmission errors ‘ ot
b vixi) Sys&en stability. ‘ ' ) . ‘ "
) / . In what follovs. these pu;ueters are diseuuod 1n . ‘ .
some detail. C _ ‘ . )
. 3..'2. Overload: Chancteristic . . | ' .- : o
g“ .. - . ' Overload state is defi’{d as’ the :1mtion where the ' ‘ 4‘;&
2 | slope of the input signal x(t) oxceods the slopc of the predictor o
S output i(t) at a given a-putudo - | e
. In a Delta Modulation system, the anrload eoudi'tion R
' . " (Pmdnces ‘an output code rich in long ch:ins of oither 4I!o or<Eo pnlus. : ‘ L
C .' Y :. Consider the shpl:lficd Dolu Modulation modor of R
L " Figure 3.1. o g
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; . . . An expression relating thé inpu’t s:lgnal x(t) L o

i and t.he quantizer output Eo can be written lé' [10] - - PN

R . ‘ ‘T-\ >j,r“'p ;
- . L , . [} . “ 0 . ¢ 2 ‘ 2 ,v
o B2x2 . f  |rl(H|2 sx(fHaf < -Eo?. o (3.1
3 - o
- AN . ) . RX
' whexe _ . . > ) ) . o
. . * " ° s 1 ‘-

- X2 is the MEAN SQUARE VALUE of the imput x(t) Cwy
L : ‘ . 2 Sx(£) is thé normalized power spectral densify of the imput . B
- ~ . 8 is the input peak factor |8 = —xz-elk- = ’
« ’ " If x(t) is a sinusoidal signal . ! ,:

o ’ P x(t) .= cos wot : . . ‘ (*-2.)

. M > . ,‘ : ’u ’ k .
h its correlation function is '
e / ' ‘ Ryy (1) -fx(i) x(%’sz T) = %cos wt - (3.3.) L
. ' 5 . - -

' Recalling Wienner-Krintchine relation stating that ‘the -power spoecra dmlty :

A & of a function is- the Fourier vmsfo&‘h of its mo-eomh iou Mu,

i o W hlve ‘ ’“ 5 : . - L

' ‘ N ot . hd . R ‘e \Nl

e+ o]+ L7 e
‘ li

e 0 = Meeeesy » s0e

i
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~ - Substituting equation 3.5. into equation 3.1.,"

' . ) . . - N "’E‘

we g‘t - . ! - - _‘3

< \ t :

x? = | 2of Fo [HE£o) |2 (3.6.) :

L B Iu- “-l(f ) | - 2 €fo) . o

Equat:lon 3.6. shows that the overload limit dcpend.s f':

ouly on the qu:ntizer lenl *E, and the tmsfer function of the decoding

\\\K\ utwork For the single integntion syste- of oquation 2.3., slope over- -

RIS

lond point is givm by the expression

8 | B0 K ] :
,’. — (3.7}) ]
- > N7 hiaa SR

For the déuble integration systea of equation 2.11., the slope overload 3;".

)

expression is _ v

. ) . on' ) l’uz’,rsz- 1/2.
- T L w2 (1ew?T2?) |

1. :
T - J . i=1,2,3 . (3.9.)
i = ‘ S

K dc gain ofvtha network

N . l\ '

Bg = quantizer output level . v I
| . .

€y




Typical overload characteristics of a Delta Modu-
N lation System are showm in Figure 3.2. , ' S

!

3.3. Quantizing Noise . “
, »

- 3.3.1. General - .

A
o

Ne define "Quantization Noise" as the error difference

. - between the .filtered output signal snd the input signal, when correlation. PRl
N * > i ’

between error and desired signal is eliminated.

3 ,’L

Thus delay and smplitude equalization of the ingut- - .
output signal is required to compensate for: a .
i) encoding - decoding process dala.y, which is\usuqlly ons clock poriod.
ii) delay due to the sudio filter, which for a steep respomse filter

. , ' is a non-negligible quantity.

iii) delay due to the transmission media which is usually negligible.
iv) amplitude .n:riations due to encdder - decoder mismatch.

-
-

) In a Delta Modulation system, there are two types

.

r; :  of quantization noise [i, 2, 1]], riamely: o
L{:“, . ) \ ' ’ M ~
E ’ - 1) Granular noise is caused by the quantization of the output

samples -in terms of wltipieg of the step size-A. This type '
of noise is uncorrelated vith a random input signal and bu - o
a flat power spectn- over the mdio bmd
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v

1) Slope overload moise, which is present vhem the input signal slope

. _ exceeds the one which the integrator is apablo of toptoql\ci,u
’ ‘ Umny the syste- Operatos bolon the overload poht.

thus only granular noise will be discussed. . v s ]
3-302. M\SI!EIS —~a. o .. l ! ’ "

«” - . T, ’ a

- | | The Quantizing Step Size A is defined to be the pesk-to-
peak response of the decoding netvotk vhen cxcitod by a repotitivo pnlu
of ¢E, nplitude(:.dle code)and frequency fs/2 (naxi- rate of change of

the output code q(t)) (See Figure 3.;.]. ‘ )

Due to the low pass response of the decoding metwork,

\only the fundamental frequency of q(t) is considered; thus the step size
g iis given by [10].

e B SRR § N 1¢ 9751 .
= ‘ "~ %" Because of the r:ndu natu'ro of gramular noise [1s)

(3.10))

. ¥ (dn PQM system callod qmtiut;on noise) and its fundamental pcnodlclty

£s, its spectm distribution ‘ua-od to be of the fm( . )

+

Apnpmyof:hisdnmbutimumtmma

1]

r

- » emergy is equal to the one ofaslgnaluithvhitc spoctmndn
equivalent b-ndufuth £/2. ¢

' . et
. v A

a
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As shown 'by Figure 3.4., the spectrum is almost

.

flat in the audio band, therefore the rms quantizing noise is

. N .. fb '
N ™ . 3.11-
N ad ’m | ( )

7

/ )
where a is a constant which describes the ms error range ¢ in termms %

of &. . | .

The value of a was originally found by de Jager [6].
. £
A bette&approxination to its value is given by Tomozawa-Kaneko [10].
a - .376 for single integration )
{ , (3.12.)
668 for double integration

-

a =

-3 L

! Figures 3.5. apd 3.6&3hou tyPical quantization
error waveforms foi single and double integration systems, as -ouurod

.

in the liborg;ory. .
‘Replacing equa_tion 3.10. into equation 3&11.. ve

 obtain: _ ] o ( | B
. e 8/3 - . [fp C . ' .
Nq =L ak f.;_- !n(f./zyl . . J(""“')

] .. .
, N N N [ N
From Section s.z.K we know that the saximm input signal is given by the

" overload formula: - , . * .
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\

- ) ) If we define the maximum signal-to-noise ntio(_:%)

to be the ratio of tlie maximm mms input level at slope overload point

fo the ms value of the quantizing noise, it follows that

H ~

a ",/fs _HUE 3.15.
cN Téa VT _u(fs-/z)' X (3.15)

In the case of single ~integm_gi.&n for f1 << £ << fg we can write

!

3 o e 'ﬁnirgf?iﬁ]' % RIS

”

™. Using equation 3.16., equation 3.10 simplifies to

L ) ‘
a0 o ‘ Xm . £53/2 '
] “; ',: .261 F—.—f-;_sz- ) (3.17.).
: which is de J‘agex;';f formula [10] for single integration system.
> " Figures 5.7., 3.8., 3.9., 3.10. shiw theoretical
values of maximm signal-to-qmtiutién-noiso versus input frequencies
B m different filter bandwidths and sampling fnquency. .
: 3.4. € Range ‘
; . ; ° The Dynsmic _Rahge is defined as the range of ‘the
«;: o qlitudo of tho :lnput sigml over which the sigml-to‘qmtizing-noise

utio cxeoods a nini- thruhold value.
Figure 3.11. shows the dﬁuic range of a Delta
L Nodulstor. . l '
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s ]
If‘%.. denotes thexéoosen threshold value of
x

signal-to-quantizing-noise ratio, and Dy denotes the dynsmic range of

the input signal, then equatipn 3.18. follovs

Dp~>m= 20 log 1:L- (3;13.)

]
>

For unco-pnndod Delta Modulation system, Nq hu a constant value, .thus

. ,/‘ T .\
O'/ :

20 log -x& = 20 logXy - 20 logXy (3.19.)

»

3.5. Idle Code
o The ldle Codo is defined to be the hiury eode pressnt
at tho output of tlw*eueodor when the input signal is zerc.

Idle code exhibits a --1010-- code which is obviously
the clmst approxiaation to a zero inmput.
Thus the intomting network output is a triangular
wave of frequemcy fs/2 and qlitude A (A is the quantizing step size
doﬁnodinSoctiouSSZ).\

©

t

From Fi
calculsted by evaluating the
E(fvr a length of time 'r,/z.
Co Ais uleulnted for both single and double iutegratica

1
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X ) 'Single‘,lutegrat‘ion Case:
Y -~ ’

---By using equation 2.5., we have:
ts/2
a 2EKk |1 - eR1C
[ -
If tg << RC, equatiom :3.20. simplifies to:

ek gl

1i) Double Integration Case:
Using equation 2.11., it follows that

I

. ' ts/2 ts/2
- Ty 13 _ TaeTy
2EoK Tn " M | __ui..-.T.zT e~ 12

I£ £ »> £5 equation 2.16. simplifies to:

3
it
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°k0pt=nur to zero by a code adopting a --1010-- pattefn.

3.6. Threshold Of Coding (Figure 3.14.)
When the peak-to-peak smplitude of th;

signal x(t) is smaller than 4, the idle code will not be disturbe;d.
Only signsals oxceeding the step size A will be eneoded ’

\ d For a sinusoidal signal, the threshold of coding _
Te is given by

Te = -ﬁ,(volt =s) : . (3.24.)

3.7. Idle Noise T
. ‘ lben the encoder idles, the decoding network output
is.a trisngular wave ot‘ “frequency fg/2 ¥hich may be completely removed

t

by the audic filter. ‘

. However if the idle code is di;tubed a frequency
component falling into the audio band (idle noise) may be generated.

- , ) 'l'hu's the idle u“se is defined as the noise present
at the decoder output when the encoder input is zero. l

The principle csuses for the-idle noise are: ' \

.1) unsymmetrical quantizer output.

-11) .thoml noise pruept in the system. ‘
iii) offset of active compouents. .

J ‘ Condition 1) is the most important souxrce of idle noise..
Therefore .our lu'lysis. will concern Qlc noise due to unsymmetrical quantizer

e}

« =37-
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output only, for a single mtogration Delta Hodulation system,
. Consider the quqntizer output q(t) of Figure 3.15.
& : If an integrator of transfer functiom H(s) = K/S
is driven by the signal of 'Figure 3.15., a composite response i(t) =
. B(t) + s(t) is obtained (Figure 3.16.)
o The idle wavefora s(t) is the integrator response
to the time varying component of the quantizer output, whereas the enve-
lope n(t) is tho response to the quantizer unsy.eiry‘ s.
_ Thus tho intogutor output drifts at a rate dependeat -
upon . § until the decision level A/2 is reached causing a violation (sequence
) of' two pulses with equal pourity) in the idle code.
This violation will force the integrator output back )
to t value -A/2.and the process is periodically repeated. equaticus

'

. describing the phenomena are:

* A . Ts ‘ 3.25,
A |

| . »
A . kT o
| 3 3 (3.26.) %
- Bquating 3.25. end 3.26., . o
T, Fo (3.27.) %
“ fh ) ) {‘

& = Eo % - 5.28) .




Cial
Ry
t,\-»iv

%7
e

v et

b
a
o e
_AJu..u,a
. : TN
v . - . ;TR e
, . Lo . D R
- +
. . - - N » AR <

<

NOISE IN A DELTA MODULATOR

#

—

il

[ty
a—
-

IDLE-CODE VIOLATION
SLOPE K¢

—

~

FYGURE

q(t) p————Fo0+§
— Eo
3.15.
QUANTIZER CHARACTERISTIC

-

IDLE

s4

)

ro-

-A - — v - ——— e T

e i d - . ’ g
< .. . 3 s
™ - PANLIL TPT

] N - *
{ . ST et e BRI T
', . N - M " M S atalt RIS o by
ST N e eige b g ComiatEla g i SRt T et




A

|

a 1 Kiz tone, & value of § = 250 mV is required.

3.8.° Eff:{: Of Transaission Errors :

i

is replaced by its complement.

If Eo is a 5 volt step, fs » 20 kHz, to obtain. -

We have an error when an original bit of the code

That is, a pulse of :+E, samplitude is incorrectly C o

- PRE G -
R Sy AR YR I N L L 0N 0

3

~
Pl

v
AN

»‘»:'.»M‘

-

s.

received by the decoder as a *Ey .uplituda. “Thus transmission errors .

are represented by a series of random pulses with amplitude :ZE;, and

- probability pe.

certain width with random occurrence in time is given by:

R(t) = v[

where v is the mumber of occurrences of errors per second and is equal to n

fs + Pe- (wvhere P, is the probability of an error)
Recalling the identity

The auto-correlation function of a puise of a

u(t)u(t-1dt = u, u

ue u- |U(H]?

ue = I e~ J2ft u(t)de =

I

(3.29.)

. Y
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3

) Theqoisespoctnnf&ntothermdmeﬁorpnlm -
' ‘izs gim by: - . . k
D) = vlu(f)|2|um|2 - 4Eq] ""'“’ Inen |2 ¢.52)
s -3 ¢ -
, ' .2
_The amount of noise falling in the voice band is: o ‘. T -
£ . £24/SinfT " '
N2 = 2 [ 2W(E)de - kov [12H(2 s) IH(f)Izdf G.33.) |
1a fk . o
. o v gi“ﬂ.s - _%
¥We next assume that f, << f;' 30 that the expression — is esseatially £
) . il : 3
. unity throughout the sudio band. / 4 v
e - .
Thus equation (3.33.) simplifies to ¥
] - ' . ;:“;i
", . fza . . . . . ,ﬁ
- Ng2t = agozvf |uce) | 2a€ ' ) . (3.34.) ..
’ fll ) . « . LW "ij
-, f . - = . fe
: Ne(RMS) = Eo 2/Z j v [** |uolzas . (3.35¢
- < - fla ¢ '
; ,' ,Thus, the s noise is proportional to the square“root of the error rate v.
| 3.9. .,Sysu- §tability , ‘ T
’ ‘ - . .If the feedback system of Pigures 18. is opened by 5
bnkiug the loop at the nning point. the ‘transfer ﬁmtiou “of the opan-loqr
B i
systu will be G(s)u(s) . B
. . mutmlfroq‘ueaciuofthcclosodloopsystnm .

tho 2eros oi 1 + G(s)HLs). It is therefore evident tlut thestability of .
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the closed hoop systu can be deter-ined by the characterismcs of its

-

opon loop tmsfer function G(s)H(s) ’
Y. CIf the‘uplitude of G(s) - H(s) islless than unity

A

\lfoi' the frequency range at which argument [G fs)H(s)] » 180}41:«: the

system can be considered stable.

Basically, a Delta Modulation system behaves like a
linear system and the above described stability test could be utilized.
Honever, the contribunon of the delay Ts due the

supling process must be included in the ‘feedback loop as shown in Figure v

-

3.19.

. - t
_ Thus the stability condition for a Delta Modulation system can be summar-

-

- )

ized as: =y | B '
{ vhen ARG [G, (s) + Gp(s) - H(s)l g 180°

then  [G)(s) - Gy(s) - H(s)} <

[~ 24

v ’

1) Gy(s) depends on the qwtiz;r output level E,.

I61(5)] = KE, ,  ARG[G}(s)]

v

]
I3

li) Gy (s) ié the delay introduced by the sampling prgcesi‘.

° © 4 P - .

a

ARG[G; (s)] 1is l}uearly varying with frequency ey

and le(s)l ’
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3

" 1ii) H(s) is the decoding network transfer function.

ﬁnce single integration Delta Modulator are alnys

.

stable (ARG H(s) = 90° maximum), the test is only required for double *

intdgntimsystusvhmthctmlphuomexcudlw‘ushmin 0 .

Fi’h 3.20. : B ' . v

‘ -

The presented method is not believed to be rigomusly

- -

met. but -still offers useful hiforution in_uny cases.

ot

T
‘l‘his method was used for thé stability test of the ,
exporimul Délta Modulator of Clupter 4 anch found satisfactory.

nore rigorous but complex methods are available in the literature {14]. i
& . A . i
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CHAPTER 4 IR S

DELTA MODULATOR DESIGN

'Y , . ‘olo 0331@ Objective ) ° ‘ Q

Our purpose in this Chapter is to describe a

. ’ Delta Modulator system which was constructed to experinentauy verify
luhe theoretical results of Chapter 3. The coder - decoder specifications
are: .
i) Speech signal of 5 volts peak-to-peak must be encoded without
overloading.

~— »

i1) . 'ﬁle system must be capable of working with a variable sampling
| frequency (20 kHz and 40 kHz). N
1ii) A bandwidth of 2.5 kHz is required. - .
iv) Both single integration and double int‘egration techniques 'aze ' used.

4.2. Design Procedure

4.2.1. Single Integration

S N Y N

’ -
| It has been proven (6] that ﬂ&w‘tload' level for
- ’ s voice signal is almost equivalent to that of an 800 Hz sinewave.
‘ © ' Thus the docoding network should not cause slope overload whe‘ \volt
s , ’ pesk-to-peak 800 Hz sinevavo is npplied to the input.
A If we let: S §
J ) ‘ Eoc = S volts . o=
= RiC) = 2 msec
. 20 k ohes

i
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- 20,000 pF . (8.8

" =~ °

- Since K > 1, ilplmtation by active network is aemsary - (Figure 4.1.) .

EYey
"
e

The network respouse is shown in Figure ¢.2. The slope._ "g
overload point (7.068 dBm) is choosen as a system geforence lml (7.068 ddm* /‘

e ) Y~

- 0 dm6v). S | Ty
4.2.2. Double Int_gatim : “ E

.
N MR-

. ‘ To achieve dduble integra on, ead-lag network is

' s

4 _cascaded to the cxrcuit of Rigure 4. l. , o
The stability test described in Section 3.8. will be

—~
)
52

"required.since double iiltegratmg networks may lead to system instlbility. N

For example, the double intcgrating network of tmsfor fmctio-. L Z
, R S
l l + 81- 3) . . ) . s

H(f) 's= n’o mmT o (44

NOTE: = By convention, the sy-bol Bﬁ Implies & power tcfimei tmm ' ]
‘ . 1 m¥.- When dBm is used to define relative voltages, the referesce -
. voltage is .7746 volt which is the woltage uqniud ‘scross a 600 olm h

‘ ) ce to produce 1 m¥ of power. "

Th tmdwisusodtonumpmr(orwltm) back tosn -
arbitrary choosen zera level point¢ , o3 S

'

v . "‘ < »“" . X
i 4 . , ( . “e Co ! S
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1 msec

1 - 1
thi 2w2500"

1 . 1
29f3 2%10000

causes the Delta modulation system to be unstable wheh operated by a 20 kHz
clock (see Figure 4.3.). This was experimentally verified and an oscillatida
of £f5/6 was measured at the decoding network output x(t) as fhown in Figure /’
a4, | . h

It must be noticed that due to the sampling process,
only oscillations of frequency fg/n n=3, 4, --- are po'ssiblo. Oscillation

with n = 2 are referred to as an idle code and they do not constitute a true .
Anstability. o S |

1

@

.ot

A second network characterized by

g

K

LR IPE Y
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did not produce system instability and it was used on the experi-

mental coder-decoder sysfea (Figures 4.S. and 4.6.). )
? - 4.3. The Final Circuit Disgrsm - ‘ S
L * The overall encoder circuit is shown in Figuve 4:-7.\'-&
}\ . The functions of the most iqortax;t cments are: .
X | i) A] = comparator - limiter - o ; '
r | 1) Ay = sampler - zero order hold ‘ o
iif) A = - intograting network active element S .
' T iv) g = qmtizer (*Eo) . ‘ t . .
2 y v) S} = single or double imtegration seloctor switch. o . :

T vi) F; = sudio filter with the following wifimi"" i I
| s) 3 dB frequency Tesponse: 140 Hz to 1640 Hz

: : r " b) Bandwidth: ., . 2.s\k'lu. N

: ) ~‘” © ¢) Insertion Loss:- 9 dB | |

- d) Steep low pass cut-off: - élliptic function Sth. oxder
e) High Pass Sect;on: 3rd. order Bnttemrth k

Tbo filter rosponsc is shown in Figure 4.8, " »
The decoder circuit, which is a dupliatica of the

. "
-feedback path of the encoder is shown in Figure ®.9.

v
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ke Tables 4.1. and 4.2. susmarize the calculated -

o B

s

*
'
B2 e

L gpmgy

A

cirtuit parameters for single and doubls integration systems.

.
>

v .. PARAMETER ) PARAMETER VALUE EQUATION ‘

DESCRIPTION fs '.iﬁ. kHiz | s .- 40 kHz | UNIT | UTILIZED . '

| Overload Point Xm L&?S L 1.75“ VRMs 3.7. ‘ .
(800 Hz) : , : : ‘ ,

.
SR .
Z
J
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Lo

o
.
and L el
54 M LT IAeEL R AT

‘e

/

.
-t
e
i

Quantizing/Noise o .

Tl I o

: [FCoding :Threshold T¢ | 221 110.5 Vs |- 3.24.

Maximum Sig7a1 To 25.32 34.32 dB 3.17. !
g

9 - \

| Quantizing Noise Ny u.6 - 47.3 . vas

« - ' . | Step Size & .625 312 gy ] 73.20. .
v , . ‘-:),. . . - . ’

cL 5 TABLE 4.1.. ‘ S

) SINGLE INTEGRATION SYSTEM PARAMETER LIST . ' .

g ! . . o
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CHAPTER §

EXPERIMENTAL RESULTS |

® =

-

The Delta Modulation encoder snd doﬁda shown in

Figures 4.6. and 4.7. were assembled and tested in the laboratory. .

' Bigure 5.1. shows the response of a Single Integration Delta llodulatioa )
(SIDM) to a sinusoidal input at slope overload level (SV puk-to-poak)

i /) ! . N The output code is lh(g in time. Figure §5.2. |
’ ‘ ° . shows the response of s Dual Integration Delta Modulation (DIDN) system.

” The smoother E‘espons'e typical of doul;lo in’tegﬁtioa systeas is evident.
- ‘ o~ ¢ Figure 5.3. showsaSIulsystuatgmswerlopd
. . point. The output code contains ‘a strong component of the imput signal. | (
' ‘ ‘ F:l.gure 5.4, shors a SIDN system behaviour to low B f
. A ' level inputs. . .
o ' i s-all signal encoding suffars ﬁmztwin qulntizin ol
/ ‘ distortion ‘due to the coarse approximation of the input signal. BEGE ;

Figures 5.5. and 5.6. shovthosnllmtc-

when the snpling frequency is increased from 20 kHz to 40 kﬂx.

. b Y
- The mcreue of the siml to-qmtizing-noiu )

S ‘with the ihcrease of the sampiing frequernicy .is evident (Pigm 5.6. )
Figures 5.7. and 5.8. show the qnaatuhg exTOY o
iptroduced by the smu encoder. If the u-puug froqmcy is :lumuod to . )

I g G
LEE R
~
X
g
o

% v a0 kHz, ihe oi@litude of the ‘error sigmlfis-cmideublyamod (Figure °
ﬁi‘f‘;’ v N o - " . .‘i
%;g:l‘ ’ 508.)0 ' - ) . " . . "‘“ - '1
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‘Figures 5.9., 5.10., 5.11., and 5.12. show the.

wavofor-s of a SIDM and a nmu system at various points in the circuit.

‘l‘ho Decoder output waveform y(t) has.a 1;0 usec dylay with respect to / X

the oncodar input- x(t) “This is mainily due “to the delay introduced -

by the filter and by the encoding-decoding Process. ! ) ;
‘ Figure 5.13. sh&ts the idle wavefor; of both SIDM f

and DIDM systems. A DIDM system produces an idle waveform (4) considerably

mller than that of a sxw systen.

' Figure S 14 shows a Slm systa with some 1dle noise

caused by an 160 mV offset artificially introduced in tho quantizer circuit,
As 8 result, an in-band tone of 600 Hz was measured at the decoder output.

) Figure 5.15. shows the SIDM system frequency‘ response
at differcnt input levels. The slope of 6 dB/octave is due to the inte- .
- grator chamteristics of Figure 4. 2 .

Figures S. .16., 5.17, and 5.18. show ’the measured signal
-to-quantizing n‘ois.c-ra‘tio for the experimental system. It is observed -
that the measured curves show a slightly lower value than th:o’ theoretical
ones (dotted 1ine) specially at the slope overload point. )

The phenomena can be explained considering that when /o
the signal lc\!oi approaches the overload point, the gunu{arj noise isc '

supplemented by further noise, due to the onset of the slope overload

coudgtion as ‘described in Section 3.3.1.
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Figure 5 19.. shows the power spectm of a SIM

syste- output code when an 800 Hz sinewave is applied at the input. It

%

can be observed #hat no dc component is contained in the code spectrun

end hence, this property is useful for cable-transnission in which low

frequency cut-off is ineviteble‘

The absence of a dc component means that the code
is well beltnced That is, the occurrence probability is l's and 0's
:lnﬂthe code and is equal to one-half An 800 Hz component due ‘t_o_l ‘the

€

input eignel is elso observed ' ‘ ' - .

Figure 5.20. shows., the povwer spectrul\ of x(t) when

' the input si {al 1s &n.800 Hz sinewave.

e L

The qnentizing noi-ee is- random with periodicity fs

end 1ts’ power spectral dhtribution has a (.-"_1_’.‘5) shepe witﬁ”the first

an at f5. KO ‘ ' -

. " As assumed .in Section 3. 3 2., the quentiz.ing noise .

_power. spectral :_t'i'fstribution .is almost” flat in. the sudio ran‘ge (Figure 5.21.).
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© COMPANDED DELTA MODULATION < S o

6.1. lntroduction

siguls within a snall range of ‘ampli Large signal encoding

suffers from slope overload distortidn‘ and \s-tu siguai encoding from o
exoessive quantizing noise. This li-itat.ion can be overco-ed by ndapt-
. iu thmlqmti:er output to avoid system overload distortion. .
(Usually ldaptntion is derived dymm.tal ly fro-
hcemin overload criterion of the encoder output tode). th )

3
N ’ . _The first companded Delta’ Modulator uas*udest.ribod
by M:R. Ninkler [4] in 1963, His method consists in doubling the '

’

qmtjzer ut, uhenevexj two identical’ consecutive pulses appear at
. the code ouZ: t. ' '

, S |
The qumtizer output is halved sfter each chango of

o \rllucofthooutputcodo ' . ‘ o "o
A s " : ' {, ‘
e s 6.2.: “-High Infomtion Delta uoduhtion Systen . :

e Companded Delta Nodulators are also called High B

Information Deltl Modulation (Hlm) systus. bocause they contain -ore A ‘.

information per pulso. An HIDN system block diagm is shown in
,'i,umn. , _ ,

- s

) 2 : - Yhe circuit ‘s ossmtiau;y identical to the uno of

PR | silplo Doltl Modulator with tho cxception that an amdnary fecdback
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loop provides \a’_"contindous adaptation of the quantizec\‘output accord-
ing ‘to.the’ mle shown in Table 6.1. o l
-, The algonthn of Table 6.1. takes advantage of

the fact ,that a Delta Modulator tending to be overloaded produces a
«code of consecutive equal digits, while when the input signal is too
~small to be encoded, a code rich in idle sequences (1010) is generated.
As a conseqiaence, ivlnen the systeu tends- to overlead, the quantizer 'output :
,i’ increased and the slope of the step size x(t) is doubleq}, to better

t approxinate the input signal slope. "To the contrary when the output

code hes 01 or 10 transitions, indicating that the mput signal is too

small to be encoded " the quantuer output is halved and the slope of

x(t) is also halved to cldsely match the input signal. _ ~ ' ' ‘
] From Figure 6.1., we noticed that the step doubler is "
’followed by a low pass filter which is an integrator with a cut-off frequency \ i
oflSHz.‘ N B S . ‘hxs i .
¢ Effectively this netvork produces an average slow vary- :
ing OEo output to the decoding network H(s). o y i
- ’ < 'l‘herofore, the coupanded Delta Modulation systel behaviour -
| _ ‘_can be calculated frou the je@‘lation of a SIDM systeg((ts descr:.bed in Section
. - ‘..'s. ‘ : ‘», . S &:@n?
’ 6.3. The Experinental le . . ) ’f'*, T - :' - -z
: SR ST . " A experinental le was devbloped and tested The . . ;
, D 5 v v . N ' : g
L . SR o
%}:;' . X T,

N ¢ N s . N M ‘
ol otcr St g A Lo e S a b W
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block diagrai is shown in Figures 6.2, and 6.3. The ;rmsfer function
of the local decoder is shown in Figure 6.4. | c T )
6.4. HIM Experimental Resilts . N A -

<
f

- i Figure 6.5. shows the sig/al to, tization noise

- of the experimental HIDM . The signal-to-moise ratio is Jeld almost
constant over a range of more than 40 dB by the encogl;:r companding law.
' ’ ™ Figure 6.6. displays the system input -outpuq
characteristics at different input levels. The bandtndth at syste- - o
reference level is approxiutely 2. S kHz.‘oAs shown in Fxgume 6. 6., the |

'input signal level of -50 dBno are sull encoded and decoded with ~.

excellent tracking. ‘ ' R

Figure 6.7. shows ‘the quantizer output “adapts"
e

to- diffennt input levels ‘and frequencies.

¢

'I‘he al-ost linear relatimhgl) betweea mput lml oo

'  and quantizérsButput level, keeps the HIIM systen alwvays nefr to the -
' ot'\.lei'lond point prévidi‘ng the maximum signal-to-noise ratio. A
. ' X Figure 6.8. shows the coq:ressxon characteristics
of the loden The input signal component presented m the output éoda : \/9\“‘“
\a”-’ ¢ / . ‘18 held ‘cons\t.nt over the range of the co-pgndmg_ network which is ) )

. 48.24B. - . ) \93_ s
| Cy L . v,
. ' . Figure 6.9. shows the .performance of & HIIN systel ‘ i
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has.a faster response to the/finput signal but the quarntizing error is

L3
S

incmeeed. : v ) ,~) o
Figure 6. lo. shows the perfomance of a HIDM wy:
- syllabicus co-pmding (Ha(s) low pass filter has a t‘i-eq;&\stent J:{-

10 msec]. The quentizing error is reduced and a better signal-m/

qumtizing-noise ‘ratio is achieved.

a

Figure 6.11, shows the system reiponse to a speech

v

signel (the 'e‘ of bed). ‘ . ) ’

’

Rigures 6. 12. ‘and 6.13. show the syste- perfornence

L]
a

i

thmghout the all .dynamic range. It can be noticed that the step size

3

ﬁwm—mn—meﬂ*trmmmﬁifﬁae. i e

-

— - Eigure 6.12. top weveforn shws the system at gross

overloed whereas Figure 6.13. bottom .waveform shows the ’s’ysten when

1dling. . . S

Figures 6.14., 6.15. and 6.';6. show the power spectrum

. - \ .
_of the output code of the HIDM syste_-. This is essentially the same as the

’

.
@ -

simle Delta syste- ef Section 5. / T

N

3

Figures 6 17. to 6.23. show the power spectrum of the
deeoding uetmk output x(t) “for different input le\gels and frequencies.

'l'he spectm shape does not change eppreciebly because the é@mding circuit
tends to keep the. systa hlweys neu: the’ overload ‘point.
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CHAPTER "7
, =
CONCLUSIONS

i .

T B . . In this dissertation, Single and Double Integration

Delta Mogulation Systems have been analyzed. It was found that a Double

Integration systes gives suporior performance with respect to signul-to-

_ noise ratio and 1dle noise reduction.
{ ) , , Bxpdunonul models of a smu and a DIm system _
. were dosixuod md thoroughly tested in the lnboratory. Good agreuont' ’

[;,. : . between experimental. results snd the predicted theoretical values were

-
N «

o . obtained. . . . AR .

F - L ‘ Mthough bxm is snpo{rior to SIDM in many respects, ;

. it's dyn.ic rdhgo is still not snfficient to reproduce voice sigmls

© © with acceptadble ﬁdemy. “This pmbm is overco-e‘ by using a mm
system, wheredby’ inx eoqumung techniques, a vido dynamic range may be o
hratned. S -

: - A simple form-of a Digitally-controlled H_izh Informa-

tlon Dolta Modulstion snton clunctarizcd by a one-bit memoTy and an .
. . : ozpouwtin adaptation of tho Qutntim outpnt i,s also, presonted. It _1\ ’ ,‘
"7 is showm thlt with the use 6f co-pmding. system operation at s snpnng

'froqmcy of 20 kiz 1s feasible. .ﬁ a ' ‘

-~

. B .« \

. ln lddltion. s Dynuic ngo in excess of 40 dB and
| . & Idlo Noiu of -70 dllﬂ m bm achiend in the hboratory.




It can®o seen that the experimental Hlm system
as designed, using an 8-bit digital mltipliqr as paxt of the companding
| circuit, has many hflvantages over’ other types ‘of Codec. These include,
a nearly perfect tfagking of the cg_‘-pr‘essor-expandqr.‘ low cost, simpli-
‘city, low semsitivity. to transmission error and a practically negligible

. 3

idle noise. - " ) '

& SRR
Instantaneous snd syllabicus companding have been

experimented with and the following conclusions can be made:
i)  Instantaneous companding provides fast rise-time, but,
heavy distortions of the encoded signal are in ’ .
i) Syllabicus companding, to the contrary, providos sn;oil;ér
rise-tine_and better sigml‘-to-noﬁsc ratio. '
A's a consequence, this tyi:c'of companding must be chogsen depending on
the natnire of tixe signal to be eneo'ded. In our case, sylubieus coqnnd-

L]

was choosen because of its bettor porfona'nee in the pmq:u of

it .

sigmls. o .l .
HIDM system bduviour h\@tho‘ pnuaco of transmission

error wvas also tested. !ntoln’giblo speech trminiw with an error

rate of 10~! bit/sec is possible, wheress, emr rate of 103 bit/sec or

«produces negligible signal deterioutim. ST r
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