dwinvemanant wizsemniimansle

£ Y = Y ad I T =) d =
msMnsHadyaasIyanlsIsezuannaiesiswyea

Wadlnausgatulasldimaiinesldne3atug

SPEECH CODING BY ADAPTIVE DIFFERENTIAL PULSE CODE
MODULATION USING DUAL AUTOCORRELATION TECHNIQUE

Y P
IMT WATEYD

WORAKARN WONGSAICHUA

r

ca
+

gL

'

gy o /187957 3
DU T o O e

sudoud. 13 L0 551 i

.............................

SnenfinusiifudumiisvesmsinnamingasdiygBmnssumaanmiudn
mivimnssulih
UHNAIne 1y
aoumalulatinszoeomndudigammsmanszlia
W.91.2544

ISBN 974-648-118-5




COPYRIGHT 2001
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



SPEECH CODING BY ADAPTIVE DIFFERENTIAL PULSE CODE
MODULATION USING DUAL AUTOCORRELATION TECHNIQUE

WORAKARN WONGSAICHUA

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2001
ISBN 974-648-118-5



o Y o o ¢ 9/ @ @ ) Yy ac g a4 1 o )
MIVOINYIUNUS msmsnﬁﬁtytymmﬁmmmumazuﬂwwﬂﬂﬂtﬂamumua

wad Idausqadulavldinniines 1dnesiatug

Tnfiny Ww73Ms Nfnoide
srayszdna 41061010 ’
Uian INssuMTAsUNI AR
TN Fernsannth

el 2544

swisddpunuinaiinug  weLas.nstu dedann

v v

UNAALID
“ o Jd’. EY o = d a 1a 4 s o
Smertinusiinauemssiadyanendeaanuussuannnaniesiswvanad
Taveqiadu (appcM) Tauldos ldnesiasuglumssznuardgana Tasaludee1d
] ° [ b 4
agssuvesdgonaudvnyafieganiuzlisnnanhdygnundoundslunaed  Aniu
r s L s o A \d [ A J 1
msilssnaswesdyanuiligiulaslddyapudaliniissuasdoundmiism  Saldeh
: i \J o o L] J o L3
Usznaiilndifsiniimsifmmemdyapadeundenaiy  Flmihminaneslanh
wanmsdsznadyanudananlflunsidisda Appem udulivumsulszaninmiu

madsie ADPCM @INIAT§IY



Thesis Title Speech Coding by Adaptive Differential Pulse Code Modulation using

Dual Autocorrelation Technique

Student Mr. Worakam Wongsaichua

Student ID. 41061010

Degree Master of Engineering

Programme Electrical Engineering

Year 2001

Thesis Advisor Assist.Prof.Dr.Kraisin Songwatana
ABSTRACT

This thesis proposes speech coding by Adaptive Differential Pulse Code Modulation
(ADPCM) by using the dual autocorrelation to predict the signal. Generally, the autocorrelation of
adjacent speech sample is greater than the autocorrelation of several order time delayed samples.
So, the prediction of present sample by using the one past and next sample is more effective than
only using the several order time delayed past samples. This prediction method is used in

ADPCM encoding and the result compares with the standard ADPCM encoding.
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ot =LY [stn)-m, ]

n=0
Tao m, fofunfoMean) Srdyanaudvmainundodugud o218
R (0)=0?
unzdmesldneSasuiiuesialad Ao

CR(B)
2 =R, 0

Sy o2 =(1-2ph —2p,h, + B} +2p by + B2 )52

(3.3)

(34)

(3.5)

(3.6)

3.7

(3.8)

(3.9



1 huaz h, ildmaawAavaaidseundelinnlesiiqganildnin

oo’
__ahll =-2p,+2h +2ph =0

h + ph, = p, (3.10)
a 2
T4 = 2p, +2h, +2p,h, =0
oh,
P +h, =p, (3.11)
MINAUMI (3.10) uag (3.11) 3214 [3)
1__ 152
I-p 1-p
v . 1 4
M790 3.1 f1ee IAnosladuvesdygnaudosyausuilte 8 kHz [3]
Speech LPF Source BPF Source LPF Source BPF Source
Source [Noll, 1972] [Noll, 1972] [McDonald, 1966) | [Grizmala, 1972]
Lo 1.00 1.00 1.0000 1.000
2, 0.86 0.79 0.8644 0.825
2, 0.64 0.38 0.5570 0.562
pa 0.40 0.05 0.2274 0.308
£4 0.26 -0.08 -0.0297 0.004
s 0.20 -0.16 -0.1939 -0.243

5 é 1 Q'I @ ~ :
9111 NA 3.1 Fwaasnios IAneTiaduvesdygrandoamausulds 8 kHz den

p, =0.86 p, =0.64 unuaaluaums (3.12) 9z'ld

1

2 =p;(l___€2_)=1_189

1-p;

(3.13)



h=L2"P _ 0383 (3.14)

k24 )
3.3 Mmidszanandaduuuvezudnin
4 ) o -] U d. -y 1
Fuszansvesmlssmnaduduluiade 3.2 fraunnsundoniasnlugie
. . . ! o wa . P )
122713(Long-timed-averaged statistics) 1mﬂq;ty1m1?fum¢1§qmﬁnmuﬂu nonstationary “Nﬁ
1 aa  ja ) Q’I’ o P 4 J o 1
smaoaasumung  aniuddssnafimnzaunssaiduiuvesudniingdesysus
-y ﬂ( J o) [ ] o H 1 3 [ 4 o
dulssdniidiinnuRanaramdsneunioiinnieoiiga lnslddansstuinsidouriuyy

b
Steepest Descent [5] Agtl

h(n+1) = h(n)— -;- umv, [Efd ()] (3.15)
(I
Thuii h(n) =[Z' gg:l 4(n) 918 Step size uaz V, = ag'
2 —_
oh,

1 4
@ o

smsfiastlfudurlsz@n I luiemns st unsfousive E[d’(n)] I™m
&M o

' L4 L] ) < P o w 1 4
sunsiiourives Eld2(n)] sdredwitnilsiedimsiaounivdoufigaieast Mean

Square:LMS) [5] 3308 141 d*(n) unusn E[d’(n)] uafdnsu S den) Sa14 d,(n)

Ny

INANNT (2.2) s,(n)=d (n)+s,(n)
wld d,(n)=s,(n)-s,(n)
uNUAM s, (n) 1INAUNS (3.2)

d,(n)y=s,(n)-hs, (n-1)—-h,s,(n-2) (3.16)
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Fuiusweunsiousiae
v, ld* )= v, [d2(m)=2d,(mv.d, (n) = 24, (m)s, (n) (3.17)

s,(n—l)]

4
¥ s . (n)= [Sr (n-2)

unuaums (3.17) aaluauns (3.15) o2l
h(n+1) =h(n) + u(n)d (n)s,(n) (3.18)

Taoh  u(n) = g 39 ¢ Ao i ldenmsnaans [4
M) = Toors s 8 4

(YR Y - g Qs a b 24
3.4 vourvalumslsumaudsecinsvesmiszinaudaau
vouwalumsdsuar 2 mldnaranouaussduiad(Impulse response) Y8338 UY

G"u91ﬂmiuﬂmu¢m(z-n'ansfonn) aun13 (3.16) vlf’l'lﬂu
D, (2)=8,(2)-hS,(2)z” - h,S,(2)z” (3.19)
ez'l#’n'ﬁeﬁ%’udwhu('rmsfer function) fio

S,(2) _ 1 z? z’

H(Z) - Dq(z) - l—hlz-l '_hzz-2 B 22 _.hlz_hZ ) (z—a)(Z—b)

p = =M EVCR) =40 _ Iy 2B +4h

Taofi a,
2 2

1
T (-azH)a-bz7)

H(z)
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=(ac—zbj(1—clzz")+(bfa)(1—11)z") (3.20)

@ Varum (2o
b)a u(n)+(b_a]b u(n) (3.21)

wld h(n) = (

I, n20

& -
% u(n) 4 unit step sequence 1A0% u(n) =
0, n<0

seuuFaduin hinjasuamuian1(Linear Time Invariant) 323iadosniniile [6]

i]h(n)| < (3.22)

ns-o

ufie o <1 uaz b <1 ssldvenvnl unsdsusidudsedntae [3]
Iy| <1 ,|1y| <1-, (3.23)

4 - 1 a
sufuuTnafiunnlugliize

1 Qs \d ar - AJ ar = @ Qo
UM 3.2 veuwalumsdiumdumlssnivesinlsznadudusuduaes



3.5 flszanouBudumuunnsgIu ITU G.726

12

anlszinm 6.726 (11 dyanudounds 2 Auazraadounds 6 mlumsyszunu

[ =
Yaune

s,,(n)=zz:a,(n—l)s,(n—i)+ib,(n—l)dq(n—i)

=1 i=l

o d
ﬂ'liﬂi'Uﬂ'lﬂlllli"’d'n‘ﬁcl‘lfﬂﬁﬂﬂiﬁnlﬂilﬂtju U

a,(n)= al (n=1) + o sgn[p(n)]sgn[p(n 1)]

127 1
T - 1)+E{sgn[p<n)]sgn[p<n 2)]

— fla,(n-1)]sgn[p(m)]sgnl p(n-1)]}

a,(n)=

F RN vas A AT

i=]

_} 4q ,la,| <0.5
Mal= {2 sgnla,] Jay| > 0.5

b,(m) = j—iéb,m == sgald, ()] sgald, (1)

J or < A’ i . 4
Tavszdfumdudlszing egluvouuadsil

15
|a,|<0.75 ,[a,lsg—az

|6, ()| < 2

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)



UNT 4

Qs Y = Q'J U
filszanaealanastatiug

A o

41 v
1 4 3 ]

Tuunilsznantadilszunes Idnedevuguuuang #ldlumadrsia ppeMm
A - Q.I J o n'l ¥
Falsznouldas dnlszanuseldnelinduguuusssua d@nlszinmes1dneSinduguuy

P} ar 1 U=} o 1 d a o 9

munzaylunangu]]  dlssinues ldnesnduguuuessuanin  tasdnlszunueslane

FRIUPUUVIMINSTUIINATNANB

42 FulsnaeelAnesmiuguuussium

Tauihalufree 1dneSindu(ACE) 110auqm1ﬂ’aﬁtym1mtﬁuamﬂﬁag'ﬁﬂﬁuwﬁﬂ'mm
atusudaivieesnly Tuarsedt 4.1 uansiioelaneiinduiifmin nedsee Idnetiadu
sssumAmEINTs (4.1) 3] Wisuioududios 8neSiadug (Dual ACF) fidmannnauns
4.2) 2] °'i?~1‘1~1’ffi1ucnmﬁai]ﬂqﬁ'mm:fhm%‘tmmwmﬁaﬁ’ﬂ‘lﬂlmzummﬁat’faun'&'a szt
11U Dual ACF 92l nnd iy ACF ﬁ'u';”un'lsﬂszmmfiuwmﬁai‘hqﬁu'fﬂu‘l‘ff' Dual
ACF Sallndifivend acF faudhsiauazoeasifa DreM Ald@asuanues IdnsTiadu

Juerafegln 4.1 uaz 4.2 Muddy

1 N-l-k
ACF (k) = " > s(m)s(n+k) (4.1)
Dual ACF(k)= 7t{-”f"s(n){s("—k);rs(n+k)} (4.2)
nm=k

M31a7 4.1 Aee dnsSadu(ACE) Wivuifisuiunies Idnesiadus(Dual ACF) [2]

Anda il
X ACF Dual ACF ACF Dual ACF
1 0.921 0.969 0.884 0.945
2 0.843 0.906 0.758 0.816
3 0.741 0.840 0.582 0.700
4 0.631 0.749 0.354 0.609
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s+l) sp(n) - d(n) dq(n) to
—{ +} > + i >
1/2 1/ \; Quantizer codeword
+ +
map
12 2
+ -
Sr(n"l) Z_] < Sr(ﬂ) Z_| f;r(n 1)< +'>
 §
2 +
vt
ol +)
T\

d (n) s (n+1) s (n) s (n-1)
- r Z-l v X Z.] r
2
i 2
+
A

N 4.2 daeasd DPcM Rlddidszinues IdnsSnduguuuss sum

Foygnanadn () Wnnmsaudyanalszanas, (n) eenvndyanuadiendy

wilegiiu s, (n)
d(n)=s,(n)-s,(n) (4.3)

H
o b4 @ o =

Fygnudsanunenmisvesdygiudunmiitald s(r+1) sudugnaadenduingn
uda s, (n-1)

5, (n) = —;—{s(n+l) +s5,(n=1)} (4.4)
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Fyaruadundunidada lfe
s, (n+1)=-2d_(n)+2s,(n)-s,(n-1) 4.5)
wlddyanuadrendunilegide

s,(n)=d, (n)+—;-{s, (n+1)+s,(n-1)} (4.6)

43 flsznaesldnedaduguuumanzaslumangu]

@

Nsznmes ldnosduguuusssuanniife 42 Ussinadygiulae]de

4

fgudszansidluy 172 udludnlszuraesIdnsT aduguuummzausiezifonlden

QI

fFudsedanini Wanudanmafdsasuniolinaniooiige  audrsdauazdneasia

DPCM #i1¥d7lszanaes IdnsSiaduguuummsauudasdszui 4.3 uaz 4.4 audiay

s(n+1)  + :-\ s (n) f d(n) d (n)
( )h T{ P X% Quantizer | codtev:ord
! i map
h2 l/hl
S (1'1‘1) l l sr(n+1) ‘5
r AR 7t fe—+
1/hl d
h 2/h| MY
>+

71 4.3 dudhaia bpeM RldAlszanues IdnoSnduguuuminzay

d (n) s (n+1) s (n) s (n-1)
- r Z.] r Z..] r
1/h
! + 1h
+ h/h
e 21
.

311 4.4 daneasia DPCM AlFdN)szinaes IneTsuguuumanzay
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nnglii 4.3 dyanasznuie
s,(n)=hs(n+1)+h,s, (n-1) 4.7)
fyanuadunduudina life
1
s (n+1)= 71—{— d,(n)+5,(n)~hys, (n=1)} 4.8)
1
Rdygraadundumdilepiufe
s, (my=d (n)+hs,(n+1)+hys,(n-1) 4.9)
mamuAaNmIafdITeunoiie
o2 = Eld*(m)= Elfs, (- s, wF]
unuA s, (n) MINAUNS (4.7)
o2 = Elfs, () - (s(n+1) + ys, (n= D) 4.10)

drliRanavesssdainamsmiouing 218 s, (M) ~s(n) was s, (n-D=s(r-1) M
| 4

L4

uu
ci=E [{s(n) —(ms(n+ 1)+ hys(n-D)f ] 4.11)

Tuudufuauns .4) wld
2 _ 2 2 2
o2 =(1-2p,h —2p,h, + B} +2p, by + B2 )0 (4.12)

M huaz A, AhidannuRanaiasidsasundolinniosfiganildein



gulnremyanan nicsounmaanIzls

oo}

G222 =0
b+ phy, = py

0% _ 5y 42k + 2. =0

oh, P y T 20,0

Py +hy = p

9INANNTT (4.13) 1oz (4.14) 921

B p.(l-/;z)
1-p

2

1INAISIA 3.1 Lnue p, =0.86, p, =0.64 avluaums 4.15)

B =h, < -‘3'1—(-11"2’—2) = 0.5244
2

4.4 dnlszanaeeldnesmiuguuuesuaniv

.

Tauh

o o -] ] o o
flszainaes Idnssmsuguuussuaniinldiimssudvaiuiade 3.3 fle

h(n+1) = h(n) - % p(myv, [Ela* )]

0
h - AL
h(n) =[h;((3] p(n) A9 Stepsize Uay V, = fg'_
oh,

RNAUNIT (4.9)
s,(m)y=d, (n)+hs,(n+1)+hys, (n-1)

d,(n) =s,(n) ~ s, (n+1) = hys, (n=1)

17

(4.13)

(4.14)

(4.15)

(4.16)

4.17)

(4.18)
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@ z ' 2 oM
AIUUAIVDAUNTIAUUNAD

Va2~ v, [a2 )= 24, (0,4, () = 2d, (s, (n) (4.19)

39 s (n) = l:s' (n+ I)J

s, (n-1)
UnuTUMs (4.19) adluaunts (4.17) w2'ld
h(n+1)=h(n)+ u(n)d, (n)s, (n) (4.20)

g
100 +s7 (n)s, (n)

14 A N 1
Taoh u(n) = ¥4 g fie A Ide1nmInaane

4.5 vouwalumsdiumdnlszinBvesilszinaeslanesiaiug
wuRenuiate 34 veuwalumsdsuar 2 midvinwarsudusidunaduss

ssuy Suvinmswlasusaduns (4.18) il
D, (2)=8,(2)~hS,(2)z - h,S,(2)z”' 4.21)
w18ieidud e Toude

S.(z) 1 z z

H@z)= D,(2) B l_hlz—hzz"' B z—h,zz —h, ] (z-a)(z-b)

5 —liJl—4(—h,)(—h2)_1i,/l—4h,h2

Tavi ab=
2(=h) 2h,

Z-—l

T d-az ) 1-bz7)

H(z)
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=(a1bj(l—lz")+(b-1-a)(1—;z") (4.22)

wld h(n) =(a1b)a"u(n)+(-b—i—a-)b"u(n) (4.23)

4
-

ssuuvsliadosniwile lo| <1 une lp| <1 vz ldveualunmsySumdullsedns

h >0.5,1-h <h, <h

h <-0.5, h <h, <-1-h, (4.24)
FuhuuSoaiusalugli4s
*
h2
h2= hl
h2= -1- h1
1
0571
| 1 4
05/ 05 1 B,
0.5
..1 7
h2-- 1- hl

H \d o) L) Q.’ o« O'l v
511 45 vouwalumalfumdulsz@nivesinlszanues Idnesindug

flszinaes1dnesnduguuusssumeindade 42 fif A =h, =05 uazda
Uszanmes Idnesmsuguuummnzanlummauinniade 4.3 fim # =h, =0.5244 3
o 1y w a o : ¥ { o a a 4
Huhidulssanfvesdnlsanaisrsunueguenveuwaimh Idifamdosamaugln

8 (dv
4.5 aaTudidoamadulssantnmusausINnNIsNAGee



4.6 fhilszanaeelfne T UGUULININZTNIINNTNADDY

mduseninmnzauiiumidulsz@ninm1y SNR(Signal to Noise Ratio) fisnni
qa Femldnnmadhsia appeM Ididos 5 IWduuy 4 9n 3 in uaz2 Snseusuiila
Teoldrdnlsz@ng Auaz h, meqfudaguil 46 8048 szfudnfnudiia sNr o
donldi k=1 uaz A, =035 Fauium

qeogludmfusiadenvesglf 4.5

i
S o

Fulszanshn

] [] 1 4
117 SNR indefinnniiganaomumyy

R e
& o i { // } (<\\\\Q§55\\
. A/ =i
2 (/ % | \\{5 a
e

3 { A LY o $ ¥ o i
qUf 4.6 SNR ind (dB) Werhaia ADPCM 4 SndsusuitlaTasldiadszanaee Tdneiia-

t'l lé < 13 ar
FURHINAT A, U2 b, ANINU

h1
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| [ 3 y
71N 4.7 SNR wfo (dB) iiedhsve ADPCM 3 Tindeumuilalaslddanlssinase 1dneTia-

t’r l& < i o
YUYIINNT A D A, ANDU

PN A,
R ARE S
\ // f \\ ™ \
4V
L/ L AN

' ] 2 Ll
11 4.8 SNR miu (dB) Weihswa ADPCM 2 Tndsusuilalnvlddnlssunmen Idnesia-

o'l IAA < t 3 ar
FUYFINA A, UDE A, ANINU
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Nanl1ineasy

5.1 a1

ymsnaaeelaoldrenitns Tubo ¢ WowdlulUsunsudnsva ADPCM vunS a4

ABURADS 3UYANQ Pentium IT 300 MHz TavlFesudndialenlmaesivumissnanus

A [ ] LY A Qo oF 3 o y
nilafmuade 2.3.2 Tamdudilssaauuuaie Al

1
2)
3)
4)
5)
6)
7

Fixed LP2 1¥f11ssmauFadududuassnmiade 3.2
Adaptive LP2 1ddlszmnanfududusuasauezuaniivamniade 3.3
Fixed Dual1 19atszanaies IRnesnsuguuusssumanniade 4.2
Fixed Dual 2 1¥dlszminnes ldnesinduguuummezanlummauianuniade 4.3
Fixed Dual3 1§#21/szmnaies Idnedmsuguuummnzanninmsnanssauniade 4.6
Adaptive Dual 19 /szanniee IaneTinsugiuneuinfinmuiade 4.4
G.726 1¥anlszanannasgiu ITU G.726 Amiade 3.5
urazuudeia 4 Gn 3 fin une 2 Indousuile doyapadunmdi iddonny

L d
ana WAV anwen 60 w5 W dluifesdane 3 auuasdndje 2 au uanlaa 8 Kz

k4 '
PCM 8 iingouyuitla 1td23aA1 Signal to Noise Ratio(SNR)  HOASUAUDINTAIINDIAL

o 9/ o & 14 « ] : [V A - -
l’Jﬂ']'n‘l‘muﬂ‘lil‘U'ﬁHﬂlll011111ﬂ')111ﬂﬂﬂﬁ1ﬁ%1ﬂﬂ15ﬂ~3 INUUIANT SNR IIBUATIVHANT IR

101583 1aoh

(%)

(6t -s,(m)) Y

SNR(dB) =10log

a9 () Aosunau

5.2 papsnaasaie lNlANNRANIIADINMSES

5.2.1 SNR
SNR ¥94M15197151a ADPCM tiio liiiniuAanaIaennsaauanedanisan 5.1 89

53 uas SNR IndoUAAANzLN 5.1
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M99 5.1 SNR ¥03m13187597 ADPCM 4 Tndeussuilaiio BifinnuRanainsnmsda
Az
a Fixed Adaptive Fixed Fixed Fixed Adaptive
LP2 LP2 Dual | Dual 2 Dual 3 Dual -
flw 1 24.71 26.98 19.17 22.48 26.19 25.40 23.01
A 2 18.28 19.99 16.10 18.24 23.92 24.96 17.38
dww3 19.91 22.00 17.53 20.05 26.81 26.05 19.37
i 1 2231 23.18 16.96 18.78 24.90 23.80 26.03
24.58 19.96 21.53 27.36 25.26 26.67

" v ¥ :
M319M 5.2 SNR Y09 3913Ha ADPCM 3 inasuyunTadle lulinwAanaianinmsas

—

flszanu
a Fixed Adaptive Fixed Fixed Fixed Adaptive
LP2 LP2 Dual 1 Dual 2 Dual 3 Dual 0726
fww 1 21.45 21.24 14.53 18.72 21.24 2127 20.61
fn 2 16.88 17.05 13.17 16.49 21.24 20.08 16.05
e 3 17.48 18.69 14.11 18.02 22.67 21.00 18.18
i 1 18.46 18.53 13.95 16.57 20.06 18.72 21.13
17.62

] v 3’
M319N 5.3 SNR ¥8IM51915H e ADPCM 2 Tinasusuilatile Witanuranainnnmsaa

anlszanm
na Fixed Adaptive Fixed Fixed Fixed Adaptive
LP2 LP2 Dual 1 Dual 2 Dual 3 Dual 726
Ao 1 16.74 16.63 10.11 12.67 15.07 15.85 17.28
flnn 2 12.44 13.03 9.54 13.55 16.10 14.83 13.86
fo 3 14.07 14.53 10.42 14.75 16.34 15.24 15.95
i 12.83 12.46 8.95 10.41 13.68 12.55 14.87
12.74 13.46
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30 —— Fixed LP2

 —il— Adaptive LP2
; —&— Fixed Dual 1

—>¢— Fixed Dual 2

SNR (dB)

| —=— Fixed Dual 3

Adaptive Dual

3 ' \—+—G.726

uulinsausNa

11 5.1 SNR mAvveansidisia ADPCM 4 1in 3 1in uaz 2 Unasuzuiaiiie hilinaw

AANAIAINNITAY

9131t 5.1 A1 SNR ¥84 Fixed Dual 3 Snminfigaiiloidhsvia 4 Snuaz 3 indeusy
Wa  luvasidedisia 2 Indeusuidn 6726 seiinmniiga 1At Fixed Dual 1 Tfn
SNR Yeviigalitwzdisia 4 in 3 On wio2 Tndpuauila  9z1iu31 SNR 09 Fixed
Dual 2 {if11AA91 Fixed Dual 1 UAYi00A31 Fixed Dual 3 1182 SNR Y94 Adaptive Dual 9¢3if
In&iAvai Fixed Dual 3 @7uda1520781 Adaptive LP2 fif1 SNR 410031 Fixed LP2 iiioidh

» v
sva 4 On usvzlian Indifeetuiiodisia 3 Tnuas 2 inaousuiila

' a o @ o a Q‘ e

5.2.2 manuRanaamalreardnlszansve stz

LY U U = o o a a’ o ' d' 9

A10019AIANUHANMIAMAITe s Tulseansvedddssunanuuaegiien

o a o ' A { v 4
sWa ADPCM 4 finves Ivlaidosdao 1 senmeuannilai 3001 63 4000 uerasfagili 5.2 da
o LR o ' o { o
5.8 WHUNIAT A, 1Az h, ¥9IAIUILUIUIUY Fixed 9zliminen  Tuvnena A uaz h, ¥0362
o : 4 3 & ' i o

Uszanauuy Adaptive azlin/asuntasmunaiondu s ¥eq Adaptive Dual FalAININA

i 5.7



25

10000

5000

T

&(n)

0
3000

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

3

2k

-
=

1F

0
3000
1

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

g
1}

1

-2
3000

3100

3200

3300

3400 3500 3600 3700

samples

3800

3900

4000

3 5.2 manwAsnaaddse ey dulszAntuesdan sy Fixed LP2 oidnsvd

ADPCM 4 iinveslWdiduadao 1 szwhaussuilah 3001 4000

10000

5000

d?(n)

0
3000

0.8

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

£ 06

0.4
3000

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

0.4

S 02t

1

1

0
3000

3100

3200

3300

3400 3500 3600 3700

samples

3800

3900

4000

4 ' a o @ o a o . 4 @
31U 5.3 manuAanmaiidsaewazdullsz@nivesdaszana Adaptive LP2 iiioidswa

¥ l
ADPCM 4 iinvesIWdidosdane 1 senauasudlaii 3001 93 4000



d?(n)

31]"?; 5.4

d?(n)

6000 T T T T T T T T

26

T

4000

2000

'S

A

0!
3000 3100 3200 3300 3400 3500 3600
2 L] T L T ¥ T 1 T

3700 3800 3900

1

T

h1

O

-1 1
3000 3100
2 L] T L] T T T T L

3700 3800 3900

4000

1

T

ok

3400 3500 3600
samples

_1 1 i
3000 3100 3200 3300

a Sy ' a7 <
ADPCM 4 U'Vl‘l.lﬂ\ivlﬂalﬂtl\'lﬁ‘rw 1 53"11\3“‘31]&1?1“ 3001 93 4000

3000

3700 3800 3900

4000

MANURAANAIANIaIaRILas dulse ANSUDeR21)T21 Fixed Dual 1 tiioidnsyia

2000

1000

3800
2 T T T T T T T T

3900 4000

T

h1

3400 3500 3600
2 ] L] L) T T L} L] L

3900 4000

T

ok

3400 3500 3600 3700 3800

samples

<3 1 1 i 8
3000 3100 3200 3300

3900 4000

51l 5.5 manuRanaamdsaeaazduilse@niveadanszan Fixed Dual 2 iodhsva

ADPCM 4 iinvea Ididuadane 1 szviausuilai 3001 1 4000



6000

4000

d?(n)

2000

0
3000 3100

2

h1

2

1

0

3200

3300

3400 3500

3600 3700

3800

3900 4000

T T T

T

T

0 1 K 1
3000 3100 3200 3300

3400

3600 3700

3900 4000

T

T

™ T T

T

T

-

-

-1 L
3000 3100

3200

3300

3400 3500 3600 3700

samples

3800

3900 4000

27

{ ' a o & o a < g . 4 o
71 5.6 ManuAanmamdsrownzduszANTveR 320 Fixed Dual 3 o3

L4 .
ADPCM 4 finvealWdidusdano 1 senirauauiladi 3001 4 4000

10000

5000

d?(n)

0

3000

3

Y -0.01

3100

3200

3300

3400 3500 3600

—

3700

3800

T

3900

4000

T

T T T

3100

3200

3300

3400 3500 3600

3700

3800

3900

4000

-0.02

30

00

3100

3200

3300

3400 3500 3600
samples

3700

3800

3900

4000

31 5.7 AmnuAanmasdsaeaasdulszinuesdanlszunn Adaptive Dual o

v '
ADPCM 4 invesIndidosdans 1 seniauanuilah 3001 G 4000



28

10000 T T T T T T T T T

5000 .

d?(n)

0
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
1‘5 T T ] T T T T ] L

1

-
L

0.5

0 1 1 1 1 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
0.5 T T T T T T T T T

OF -

g
0.5}

_1 1 il 1 L Y 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
samples

] Pl '
U 5.8 AmnnuAanaahdsreazdulszantvesdialsziin G.726 iiehsia ADPCM

4 invea IWaiduedane 1 sendaiiladi 3001 B9 4000

5.2.3 inauvesdyanaduyn Fyanamameuas Fye e 1andun

dyanudunn dygiawaauasdygnuaienduinyewlssnunuuaee e

Y a d ' Y P [ 4
ihsvia ADPCM 4 Dnves Inaidosdsiv 1 szunauanidlad 3001 s 4000 uandazili 5.9
< & 4 1 o F @ = Y 2 v w a " 9o
515 Fazmundygiaaienauniaiwadeatnudygudunn it lde

' 4 o a = =4 v J
Uszmanuula  vnavesd(n) sslinmniedygadunnalasunioauss  uaszlianies

Wedgyanudunmilasunasin



100

0

s(n)

-100

_200 1 1 1 1 1 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100 T T T T T T T T T

d(n)
o

_100 1 1 1 1 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100

0

sr(n)

-100

1L 1 >

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
samples

-200

JUN 5.9 dygraduyn dyganamuos Ty INASNNAUNIVEIAIUsEUIN Fixed LP2

P 9 'y o ¢ a 1 “ - -
o 15We ADPCM 4 Tinves Ididoadso 1 seniausnitlan 3001 61 4000

100

0

s(n)

-100

N

_200 I 1 1 ik 1 1 s
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100 T T T T T T T T T

d(n)
o

_1 00 1 i 1 Il 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100 T T T T T T T T T

0

sr(n)

-100

_200 1 1 1 1 1 I 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

samples

sUf 5.10 dyanuduyn dygrunasuasdynuaiendunivesdiilszuia Adaptive

d.l 9 @ a d A 9 ' % o <
LP2 lusu13vict ADPCM 4 ‘UYI‘UENTV]?M?TUQI:!‘B'IU 1 sz naussntlan 3001 649 4000



s(n)

d(n)

sr(n)

d(n)

30

100
0
-100
_200 I L 1 1 5 1 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
100 T T L] L Ll L] T AJ L]
0
_1 00 1 1 1 1 1 1 1 L 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
100 T T T T T T L] T T
_200 e v . - 1 L Y 1 1 i
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
samples
IudUNN daanuran ey YR INad I INaUNINeIA 520 Fixed Dual
A 9 @ a o = 9 1 - P <
1 Welsvie ADPCM 4 Uﬂﬂﬂﬂﬂﬁlﬁﬂw‘lﬂtj 1 sz Nusulan 3001 D9 4000

3900 4000

T

-

30

3900 4000

T T

3200 3300 3400

o

BUNN dyaIuwanuaz ey

5% ADPCM 4 1invad'ln

3500 3600 3700 3800 3900 4000

samples

TS 19NV IUBIA21)52 118! Fixed Dual

4

£ ’
afeedane 1 senauasudlai 3001 63 4000



s(n)

d(n)

sr(n)

100

31

-100

-200
3000

100

3900 4000

-100
3000

100

3900 4000

0

-100

-200
3000

3100

3200

3300

3400 3500 3600 3700 3800 3900 4000

samples

17 5.13 dyaruduyn dygnamaniunydynuas19ndUaNvesdilszuIn Fixed Dual

s(n)

d(n)

si(n)

’ b4 '
3 iiahsia ADPCM 4 TinvesIvdiduadane 1 szudausnilan 3001 64 4000

100

-100

-200

3000
100

-100
3000

100

3100

3200

3300

3400 3500 3600 3700 3800 3900 4000

0

-100 -

-200
3000

3100

3200

3300

3400 3500 3600 3700 3800 3900 4000

samples

1 5.14 Fyapadunm dyyranasua7zdyaaadianduinvesdilszu Adaptive

. £ v
Dual 1i101913%% ADPCM 4 Tinvea IWdidusdane 1 szniauauiilah 3001 §e 4000



32

100

0

s(n)

-100

_200 A 1 1 L 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100 T T T T T T T T T

d(n)
o

_100 Y 1 1 1 1 1 1
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

100 T T T T L T T T T

0

sr(n)

-100

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
samples

-200

o

JUn 5.15 dyapadunyn dyaunaneuasdgaaadisndurvesdilssuiu G.726 o

v v

9 o a & P ' - @
s ADPCM 4 iimvea Irldidoadany 1 sendnusuiilad 3001 694000

5.2.4 HOABUAUBINIAIING
d' U ) a
NaApUAMBINIIAIMATEIRINITINaLLA1Y  Tdennisileudygnadunmiy
. ' o o o 4 £ d
aaugllanilugrenafidoayaudala SNR senndagdii 5.16 fis 518 Feezrudnd
anvaiziludInsoumur D Aalszainm G.726 I SNR anfiganngaennudiiie
L4 » ¥ v ]
iWhswer 4 Tnuaz 3 Indousudla diodhsvie 2 Inaeuannilann2ud 100 Hz Fixed Dual 1
' o d'

1ae G.726 axiim 1ndfoany  Nina11 400-500 Hz #21/521701 Fixed Dual 2 31 SNR 810

qa dunANuDdY A1szina G.726 §analiA1 SNR NNgALEUIAN



50

SNR (dB)

—4— Fixed LP2
—il— Adaptive LP2

—&— Fixed Dual 1

—> Fixed Dual 2

— Fixed Dual 3

—=— Adaptive Dual

—+—G.726

100

1000 10000

AT (Hz)

33

311 5.16 ranpUAUBIMIANDYEIRIYsTINUULUAY owsHd ADPCM 4 Tndeuasy

v
Wa
54 —4— Fixed LP2
40 3 - —il— Adaptive LP2
a-g 30 3( —&— Fixed Dual 1
2 M —— Fixed Dual 2
- )
5 2 —=— Fixed Dual 3
10 Adaptive Dual
——G.726
0 L i i T T ' ! B Yo i i
100 1000 10000
ANND (Hz)

71 5.17 wampUAUBIMNIANUDVEIRIsTINUUYUAIY) WA ADPCM 3 Tindouas

v
Wa



34

50 INNE P OC%
—<— Fixed LP2

—— Adaptive LP2

—k— Fixed Dual 1

-] ~—¥-— Fixed Dual 2
% — Fixed Dual 3
n
Adaptive Dual
—+—G.726

AT (Hz)

310 5.18 wamevauBINIIANTVEIRITINNIVDAG oI5 A ADPCM 2 Tindsuasn
v
ia

5.2.5 pamlylumsnsde

nawndoi1Flumsithsia ADPCM usazuuuiandInIs1en 5.4 wazgi 5.19

M3 5.4 vauadunlelumsitnsia ADPCM (Gui)

- dnlszanm
UNno
y Fixed Adaptive Fixed Fixed Fixed Adaptive
uzula G.726
LP2 LP2 Dual 1 Dual 2 Dual 3 Dual

4 0.60 0.82 0.71 0.71 0.71 1.10 3.04
3 0.49 0.77 0.64 0.64 0.64 0.88 295
2 0.44 0.66 0.55 0.55 0.55 0.78 2.85




35

4 —4— Fixed LP2
—l— Adaptive LP2
3 e + -
| p—_— ! —— Fixed Dual 1
E
é 2 B ~> Fixed Dual 2
=
g —=— Fixed Dual 3
1 —
@ Adgptive Dusl
0 —+—G.726
T 1
|
| 5 4 3 2 1

3 uuiinseuguilla

31U 519 nawndenldlumathsia AppcM

VNI 5.4 uozgilil 519 mdualszAndveaianlssina Fixed LP2 10z Fixed
Dual euuiiudined Saldnadhsiatos  Taok Fixed LP2 9% 1919010001 Fixed
Dual Yeenuin ~ diedimsisumdutlszant gy 19noniasmnnty fasdi1dnni
Vsguras Adaptive LP2, Adaptive Dual 11ag G.726 33 G.726 1%'nawﬁ'1sﬁamnﬁqmdmmﬂﬁ

Wsumdulszanssudeunga

53 Nﬁﬂ]571ﬂ's\ﬂ@lﬁﬂﬁﬂ?'l“ﬁﬂﬂﬁ]ﬂﬂ'lﬂﬂ'ﬁdq

SNR wean15i{sifer ADPCM 4 iin 3 fin uaz 2 TndeusuidaidefinnuAanma
vNMsdaEasiamsied 5.5 Be 57 iy TaoldmsasindanaaBit Eror
Rate:BER) 11 0 0.0001 0.001 Az 0.01 n3mluesn SNR mfsuanasdieglii 5.20 1 5.22
awddy  dieidhavia 4 Tmuas 3 Sndeusuila Fixed Dual 3 uag Adaptive Dual 3 SNR 17
figauasi BER=0.01 fif1ndifuefy Adaptive LP2  iifeidhsyiar 2 Tindousuidlodt BER d
Fixed Dual 3 iz G.726 1 SNRannfiga  # BER ga suszinamnuuuiie SR Indifivs
1 oni3ud)52301 Fixed Dual 1 102 Fixed Dual 2 398 SNR dnnnidfefianufanainein

: u 4 ’

msdslidwzdhsianinianmsiimngdnlssnaigeuuiisn 4 =h,  Seguen

voulwanh Idifaadosnmaugli 4.5



36
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M135199 5.5 SNR ¥04M31915% e ADPCM 4 insouruitlaiiolinnuRawainninnisds (dB)

Fixed LP2
Indidos
BER
malel malc2 male3 femalel female2
0 2442 16.73 18.63 21.78 24.12
0.0001 23.49 16.60 18.37 20.99 2293
0.001 17.95 16.62 16.60 16.66 17.08
0.01 8.45 10.62 10.46 6.42 7.70
Adaptive LP2
didve
BER
malel male2 male3 femalel female2
0 26.83 18.52 2091 23.05 2461
0.0001 23.97 18.53 20.51 2201 2321
0.001 18.41 17.25 18.21 16.56 17.39
0.01 951 11.87 1124 1.76 833
Fixed Dual 1
didue
BER
malel male2 male3 femalel female2
0 19.15 14.78 1697 16.44 19.84
0.0001 -9.56 =224 -4.88 .99 -6.46
0.001 9.7 427 -6.36 =135 -6.73
0.01 -10.62 637 -6.37 -8.35 <175
Fixed Dual 2
i
BER
malel male2 male3 femalel female2
0 2243 17.69 1971 18.45 21.39
0.0001 -0.73 7.99 127 122 136
0.001 -4.46 241 1.74 -2.76 -1.68
0.01 -6.81 -0.89 -1.56 -6.18 -4.06
Fixed Dual 3
didve
BER
malel male2 male3 femalel female2
0 2623 23.01 26.60 24.60 2739
0.0001 2472 2262 2637 22.67 2472
0.001 18.65 20.13 2082 16.86 17.96
0.01 9.43 1247 1138 738 8.84
Adaptive Dual
Tndidos
BER
malel male2 male3 femalel female2
0 26.49 2375 26.86 2383 26.48
0.0001 23.53 2323 2458 22,67 24.18
0.001 17.54 2047 20.67 17.29 18.62
0.01 8.67 11.93 1110 8.49 939
G.726
R
BER
malel male2 malc3 femalel female2
[ 2275 16.67 18.87 24.67 26.35
0.0001 20.69 16.47 18.31 21.79 23.14
0.001 16.50 1471 16.43 16.58 16.31
0.01 6.35 935 8.26 6.49 6.34
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M15199 5.6 SNR Y04M 319154 ADPCM 3 insausuidlaiiaianuRanainninmsas (dB)

Fixed LP2
Mdidve
BER
malel male2 male3 femalel femalc2 erage
0 21.40 1415 16.06 18.01 19.95
0.0001 2025 14.11 1690 1761 19.45
0.001 16.55 13.65 1487 14.77 1693
001 822 1037 1024 7.1 8.02
Adaptive LP2
TdiFve
BER
malel male2 male3 femalel female2
0 2156 16.56 1768 18.43 19.79
0.0001 21.04 16.50 1748 18.07 1933
0.001 18.11 1492 16.19 1657 16.49
001 972 11.00 1098 8.17 936
Fixed Dual 1
Tdides
BER —
malel male2 male3 femalel female2 B
0 1438 1190 1322 13.03 1440 :
0.0001 953 129 436 687 623
0.001 974 391 623 -1.30 565
001 -10.60 -499 621 -8.30 765
Fixed Dual 2
Tdidvs
BER o
malel malc2 male3 femalel female2 g
0 1895 1681 1757 1480 1700 gt
0.0001 -031 1091 9.74 207 120 g
0.001 432 445 310 ‘192 -1.19
001 680 032 -116 604 -3.66
Fixed Dual 3
Idides
BER :
malel male2 male3 femalel female2
0 21.70 2036 2248 19.50 27 :
0.0001 2120 2014 2192 19.38 2101 .
0.001 1757 18.34 18.98 16.17 17.23 B
001 9.24 11.84 121 8.03 935 ki
Adaptive Dual
didive
BER
malel male2 male3 femalel female2
0 2064 19.97 2080 18.43 1951
0.0001 2021 19.77 20.48 18.00 19.12
0.001 17.03 18.11 18.43 16.80 16.50
001 935 1138 1091 8.63 941
G.726
Tdidue
BER
malel male2 male3 femalel female2
0 2029 14.95 17.19 2063 2251
0.0001 1939 1484 16.93 19.61 2099
0.001 16.18 13.90 1477 1633 1687
0.01 6.50 925 8.17 6.40 7.04
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M13199 5.7 SNR ¥99M 319151 d ADPCM 2 iinasusuilaiiiaiinnuAanainnnsas (dB)

Fixed LP2
didvs
BER
malel male2 male3 femalel female2
0 16.90 1126 1333 12.56 4.1
0.0001 16.32 1121 13.19 12.30 13.75
0.001 1272 10.68 11.98 10.38 11.40
0.01 3.59 147 6.50 338 3719
Adaptive LP2
Mdiftve
BER
malel male2 male3 femalel female2
0 16.88 12.15 13.87 1223 13.27
0.0001 16.43 12.08 13.70 12.04 13.01
0.001 12.58 1144 1241 10.45 11.24
0.01 385 7.83 6.70 3.87 437
Fixed Dual 1
Mdidve
BER
malel male2 male3 femalel female2
0 10.29 8.59 9.71 881 10.40
0.0001 -9.49 <037 -3.50 -6.46 -6.02
0.001 -9.67 -3.50 -4.87 -7.28 -6.72
0.01 -10.48 ~4.65 -6.08 -8.42 -1.67
Fixed Dual 2
Mdidve
BER
malel male2 male3 femalel female2
0 1336 13.13 1457 10.29 12.69
0.0001 -0.40 10.96 10.20 213 245
0.001 -4.16 432 290 -2.76 -1.37
0.01 -6.74 <053 -1 6.72 -447
Fixed Dual 3
Titidive
BER - —
malcl male2 maled femalel female2 : Y
0 1671 16.68 16.18 13.45 14.49 5
0.0001 16.27 16.48 16.90 13.17 14.20 !
0.001 12.32 14.03 13.94 11.48 1218
0.01 3.70 827 7.06 448 496
Adaptive Dual
Mdiios
BER
malel male2 male3 femalel female2
0 14.65 1433 1438 12.00 12.64
0.0001 1429 14.19 14.19 11.86 1243
0.001 11.84 13.00 12.74 10.57 11.04
0.01 379 8.07 6.95 452 496
G.726
v
BER
malel male2 male3 femalel female2
0 17.17 12.53 14.76 1483 16.30
0.0001 16.41 1243 14.48 1444 16.69
0.001 1241 11.53 12.65 11.85 12.60
0.01 353 734 6.29 378 439
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/* ADPCM with Adaptive Dual ACF predictor and Adaptive Quantizer with one-word memory */

/* Input : wav file 8 bits/sample, sampling 8 kHz, mono channel */

#include <stdio.h>
#include <stdlib.h>
#include <conio.h>
#include <process.h>
#include <alloc.h>

#include <math.h>

void Encode(void);

void Decode_at_receiver(void);

void AdaptiveQuantizer4bit(float);

void AdaptiveQuantizer3bit(float);

void AdaptiveQuantizer2bit(float),

void InverseAdaptiveQuantizer2bit(int);
void InverseAdaptiveQuantizer3bit(int);
void InverseAdaptiveQuantizer4bit(int);
void InverseAdaptiveQuantizer2bit_r(int);
void InverseAdaptiveQuantizer3bit_r(int);
void InverseAdaptiveQuantizerdbit_r(int);
void StepsizeAdjustdbit_r(void);

void StepsizeAdjust3bit_r(void);

void StepsizeAdjust2bit_r(void);

void Calculate_SNR_r(void);

void StepsizeAdjust4bit(int);

void StepsizeAdjust3bit(int);

void StepsizeAdjust2bit(int);



void Write_output_header(void);
void Calculate_SNR(void);

int roundoff{double);

FILE *input_wav_file,*output_wav_file;

char input_wav_filename[40],output_wav_filename[40];
float progress_s,sp=0,d,Dn,M,Stepsize=1;

float SNR=0,Signal_variance=0,Noise_variance=0;

int number_of_bits,input_level,output_level,Hn,i,j;

float h1,h2,n=0,dq,progress_sr=0,sr=0,delay_sr=0;

int Labs_ILabs I r;

float d_r,progress_sr_r=0,sr_r=0,dq r,sp_r=0,delay sr r=0;

float Noise_variance_r=0,SNR_r=0,Stepsize r=1;

float Kh1,Kh2,Kh]l r,Kh2 rhl rh2 r;

void main(void)

{
/* initial encoder coefficients */
h1=10;
h2=10;

/* initial decoder coefficients */
hl_r=10;
h2_r=10;

/* get input.wav filename */
printf("\nEnter input wav filename : ");

gets(input_wav_filename);

/* get output.wav filename */
printf("\nEnter output wav filename : ");

gets(output_wav_filename);

45



/* get number of bits to encode */
printf{"\nEnter number of bits to encode : ");

scanf("%d",&number_of bits);

/* open input wav file */

input_wav_file=fopen(input_wav_filename,"rb");

/* open output wav file */

output_wav_file=fopen(output_wav_filename,"wb");

Write_output_header(); /* write header to output wav file */
fseek(input_wav_file,58L,SEEK_SET); /* point to the first input data */
fseek(output_wav_file,58L,SEEK_SET); /* point to the first output data */

input_level=fgetc(input_wav_file); /* get input data */

while ( {feof(input_wav_file) )

{
Encode(); /* encode and decode data at encoder */
Decode_at_receiver(); /* decode data at decoder */

input_level=fgetc(input_wav_file);
fclose(input_wav_file);
felose(output_wav_file);
Calculate_SNR(); /* calculate SNR at encoder */

Calculate_SNR_r(); /* calculate SNR at receiver */

/* function encode and decode data at encoder */

void Encode(void)



progress_s=input_level-128; /* get input data */
Signal_variance += progress_s*progress_s; /* calculate signal variance */
sp = h1*progress_s+h2*delay_sr; /* calculate predicted signal */

d = sr - sp; /* calculate difference signal */

/* quantize and dequantize */
/* quantize : convert difference signal to codeword */
/* dequantize : convert codeword to quantized difference signal */
switch (number_of bits)
{
case 2 : AdaptiveQuantizer2bit(d);
InverseAdaptiveQuantizer2bit(l);
break;
case 3 : AdaptiveQuantizer3bit(d);
InverseAdaptiveQuantizer3bit(I);
break;
case 4 : AdaptiveQuantizer4bit(d);
InverseAdaptiveQuantizer4bit(l);

break;

progress_sr = (-dq+sr-h2*delay_sr)/hl; /* calculate reconstructed signal */

/* limit signal in range -128 to 127 */

if (progress_sr>127)
progress_sr=127,

if (progres.s_sx<-l28)

progress_sr=-128;

/* calculate coefficients by LMS adaptive algorithm */

Kh1=0.001*(progress_sr)/(100+progress_sr*progress_sr);
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Kh2=0.001*(delay_sr)/(100+delay_sr*delay_sr);

h1=(127.0/128.0)*h1+Kh1*(dq);
h2=(127.0/128.0)*h2+Kh2*(dq);

/* limithl */
if (h1<=2.0)
h1=2.0;

/* limit h1,h2 in stability region */
if (h2<=1-hl)
h2=1-h1;

if (h2>=h1)
h2=h1l;

/* delay reconstructed signal */
delay_sr=sr;

ST = progress_sr;

output_level=roundoff(sr)+128; /* calculate output signal */

fputc(char(output_level),output_wav_file); /* write output signal */

/* calculate noise variance */
Noise_variance += (progress_s-progress_sr)*(progress_s-progress_sr);

}

/* function adaptive quantizer 4 bits/sample */
void AdaptiveQuantizer4bit(float d)

{
Dn = (d<0) ? -d:d;



if ((Dn>0)&&(Dn<=Stepsize))
1=0;

if (Dn>Stepsize)&&(Dn<=2*Stepsize))
I=1;

if (Dn>2*Stepsize)&&(Dn<=3*Stepsize))
I=2;

if ((Dn>3*Stepsize)&&(Dn<=4*Stepsize))
I=3;

if (Dn>4*Stepsize)&&(Dn<=5*Stepsize))
I=4;

if (Dn>5*Stepsize)&&(Dn<=6*Stepsize))
I=5;

ifl(Dn>6*Stepsize)& &(Dn<=7*Stepsize))
I=6;

if (Dn>7*Stepsize)
I=7,

if (d<0)
I=1+8;

/* function adaptive quantizer 3 bits/sample */
void AdaptiveQuantizer3bit(float d)

{
Dn = (d<0) ? -d:d;



if (Dn>0)&&(Dn<=Stepsize))
1=0;

if ((Dn>Stepsize)&&(Dn<=2*Stepsize))
I=1;

if (Dn>2*Stepsize)&&(Dn<=3*Stepsize))
I=2;

if (Dn>3*Stepsize)
I=3;

if (d<0)
I=1+4;

/* function adaptive quantizer 2 bits/sample */
void AdaptiveQuantizer2bit(float d)

{
Dn = (d<0) ? -d:d;

if ((Dn>0)&&(Dn<=Stepsize))
1=0;

if (Dn>Stepsize)
I=1;

if (d<0)
I=1+2;

/* function inverse adaptive quantizer 2 bits/sample */



void InverseAdaptiveQuantizer2bit(int I)
{
abs_I=1&I;
switch (abs_I)
{
case 0 : dg=Stepsize/2;break;
case 1 : dg=3*Stepsize/2;break;
}
if (I>1)

dq=-dq;

StepsizeAdjust2bit(abs_I);

/* function inverse adaptive quantizer 3 bits/sample */
void InverseAdaptiveQuantizer3bit(int I)
{
abs_I=3&I;
switch (abs_I)
{
case 0 : dq=Stepsize/2;break;
case 1 : dg=3*Stepsize/2;break;
case 2 : dg=5*Stepsize/2;break;
case 3 : dg=7*Stepsize/2;break;
}

if (I>3)
dg=-dq;

Stepsize Adjust3bit(abs_I);
}
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/* function inverse adaptive quantizer 4 bits/sample */
void InverseAdaptiveQuantizer4bit(int I)
{
abs_I=7&I;
switch (abs_I)
{
case 0 : dq=Stepsize/2;break;
case 1 : dq=3*Stepsize/2;break;
case 2 : dq=5*Stepsize/2;break;
case 3 : dq=7*Stepsize/2;break;
case 4 : dq=9*Stepsize/2;break;
case 5 : dq=11*Stepsize/2;break;
case 6 : dq=13*Stepsize/2;break;
case 7 : dq=15*Stepsize/2;break;

if (I>7)

dq=-dq;

Stepsize Adjust4bit(abs_I);

/* function adjust step size 4 bits/sample */
void StepsizeAdjust4bit(int abs_I)
{
switch (abs_I)
{
case 0:M=0.9;break;
case 1:M=0.9;break;
case 2: =0.9;bré£k;
case 3 :M=0.9;break;
case 4 : M=1.2;break;



case 5:M=1.6;break;

case 6 :M=2.0;break;

case 7 :M=2.4;break;

}
Stepsize=M*pow(Stepsize,63.0/64.0);
if (Stepsize<1)

Stepsize=1;

/* functin adjust step size 3 bits/sample */
void StepsizeAdjust3bit(int abs_I)
{
switch (abs_I)
{
case 0:M=0.9;break;
case 1 :M=0.9;break;
case 2:M=1.25;break;
case 3 : M=1.75;break;
}
Stepsize=M*pow(Stepsize,63.0/64.0);
if (Stepsize<l)

Stepsize=1;

/* function adjust step size 2 bits/sample */

void StepsizeAdjust2bit(int abs_I)
{
switch (abs_I)
{
case Q:M=0.8;break;
case 1:M=].6;break;
}
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Stepsize=M*pow(Stepsize,63.0/64.0);
if (Stepsize<1)

Stepsize=1;

/* Write header to output wav file */

void Write_output_header(void)

{
fseek(input_wav_file,0L,SEEK_SET);
fseek(output_wav_file,0L,SEEK SET);
for (int i=0;i<58;i++)

{
char input=fgetc(input_wav _file);
fputc(input,output_wav_file);
}
}

/* function calculate SNR at encoder */

void Calculate_ SNR(void)

{
SNR = 10*log10(Signal_variance/Noise_variance);
printf{"SNR = %2.2f dB \n",SNR);

/* Function roundoff number */
int roundoff{double number)
{
double integer;
double fraction=modf{number,&integer);
if (fraction<0.5)
return(integer);

else
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return(integer+1);

/* function decode data at decoder */
void Decode_at_receiver(void)
{
switch (number_of _bits)
{
case 2 : InverseAdaptiveQuantizer2bit_r(I);break;
case 3 : InverseAdaptiveQuantizer3bit_r(I);break;
case 4 : InverseAdaptiveQuantizer4bit_r(I);break;

}
progress_sr_r=(-dq_r+sr_r-h2_r*delay_sr r)/hl r;

if (progress_sr_r>127)
progress_sr_r=127,
if (progress_sr_r<-128)

progress_sr_r=-128;
d_r=progress_s-progress_sr_T;

Kh1_r=0.001*(progress_sr_r)/(100+progress_sr_r*progress_sr_r);
Kh2_r=0.001*(delay_sr_r)/(100+delay_sr_r*delay_sr_r);

hl r=(127.0/128.0)*h1_r+Khl r*(dq r);
h2_r=(127.0/128.0)*h2_r+Kh2_r*(dq _r);

if (h1_r<=2.0)
hl_r=2.0;

if (h2_r<=1-hl_r)
h2_r=1-hl r;
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if (h2_r>=hl r)
h2 r=hl _1;

delay sr r=sr r;

SI_I = progress_sr_r;

Noise_variance_r += (progress_s-progress_sr_r)*(progress_s-progress_sr_r);

/* function inverse adaptive quantizer 2 bits/sample at decoder */
void InverseAdaptiveQuantizer2bit_r(int I)
{ (
abs_I r=1&I;
switch (abs_I 1)
{
case 0: dq_FStepsize_r/Z;‘?reak;
case 1 :chr=3*Stepsize_1:/2;break;
}
if (I>1)
dq r=-dq r;

StepsizeAdjust2bit_r();

/* function inverse adaptive quantizer 3 bits/sample at decoder */
void InverseAdaptiveQuantizer3bit_r(int I)

{
abs_I r=3&I;
switch (abs_I_r)

{
case 0 : dq_r=Stepsize_r/2;break;



case 1 : dq_r=3*Stepsize_r/2;break;
case 2 : dq_r=5*Stepsize_r/2;break;
case 3 : dq_r=7*Stepsize_r/2;break;

if 1>3)
dq r=-dq 1;

Stepsize Adjust3bit_r();

/* function ir;verse adaptive quantizer 4 bits/sample */
void InverseAdaptiveQuantizerdbit_r(int I)
{
abs 1 r=7&I;
switch (abs_I 1)
{
case 0 : dq_r=Stepsize_r/2;break;
case 1 : dq_r=3*Stepsize_r/2;break;
case 2 : dq_r=5*Stepsize 1/2;break;
case 3 : dq_r=7*Stepsize_r/2;break;
case 4 : dq_r=9*Stepsize r/2;break;
case 5 : dq_r=11*Stepsize_r/2;break;
case 6 : dq_r=13*Stepsize_r/2;break;
case 7 : dq_r=15*Stepsize_1/2;break;

if (I>7)

dq r=-dq r1;

StepsizeAdjust4bit_r();
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/* function adjust step size 4 bits/sample at decoder */
void StepsizeAdjust4bit_r(void)
{
switch (abs_I 1)
{
case 0:M=0.9;break;
case 1:M=0.9;break;
case 2 :M=0.9;break;
case 3 :M=0.9;break;
case 4 : M=1.2;break;
case 5:M=1.6;break;
case 6:M=2.0;break;
case 7 :M=2.4;break;
}
Stepsize_r=M*pow(Stepsize_r,63.0/64.0);
if (Stepsize_r<1)

Stepsize_r=1;

/* function adjust step size 3 bits/sample at decoder */
void StepsizeAdjust3bit_r(void)
{
switch (abs_I r)
{
case 0:M=0.9;break;
case 1:M=0.9;break;
case 2 : M=1.25;break;
case 3 : M=1.75;break;
}
Stepsize_r=M*pow(Stepsize_r,63.0/64.0);

if (Stepsize_r<1)



Stepsize_r=1;

/* function adjust step size 2 bits/sample at decoder */
void StepsizeAdjust2bit_r(void)
{
switch (abs_I_r)
{
case 0:M=0.8;break;
case 1:M=1.6;break;
}
Stepsize_r=M*pow(Stepsize_r,63.0/64.0);
if (Stepsize_r<1)

Stepsize_r=1;

/* function calculate SNR at decoder */
void Calculate_ SNR_r(void)

{ -
SNR_r = 10*logl0(Signal variance/Noise_variance r);

printf("SNR_r = %2.2f dB\n",SNR_1);
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A Comparison of the Dual Autocorrelation Technique for ADPCM Speech
Coding to that of Standard ADPCM Speech Coding Methods
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Chalongkrung Road, Ladkrabang, Bangkok 10520, Thailand. E-mail: kskraisi@kmitl.ac.th

Abstract - This paper presents speech coding by Adaptive
Differential Pulse Code Modulation (ADPCM) using dual
autocorrelation technique. Generally, the value of autocor-
relation function of adjacent speech samples is greater than
other samples. To predict the present sample by using one
past sample and one next sample is more efficient than only
using past samples. This prediction method is used in
ADPCM voice coding and the result compares with the
standard ones. :

Keywords: ADPCM, Specch coding, Dual autocorrelation.

1. INTRODUCTION

To transmit speech signals over digital communica-
tion network, analog to digital conversion is required.
The conventional conversion method is Pulse Code
Modulation (PCM) [1]. Speech signals are sampled,
quantized, and encoded with 8 bits per sample. Because
the successive speech samples are highly correlated, the
difference of the adjacent speech samples has smaller
variance as compare to the amplitude of one sample.
This property is used in Differential PCM (DPCM) to
reduce number of bits per sample. The main parts of
DPCM are a quantizer and a predictor. If the quantizer is
adaptive or both the quantizer and the predictor are
adaptive, it is referred to Adaptive DPCM (ADPCM) [2].
ADPCM is adopted by ITU as the standard of digital
transmission systems [3]. This paper presents ADPCM
using dual autocorrelation technique to predict the pres-
ent speech sample by using the one past and the one next
sample [4]. Adaptive algorithm has been used to en-
hance the performance.

II. DecM
In the DPCM encoder (Figure 1), a difference signal
d(n) is obtained by subtracting a predicted signal 5,(n)
from an input signal s(n).

d(n) = s(n)—s,(n) M

The difference signal is quantized, d,(n), and
mapped to codeword for transmitting to the decoder. The
predicted signal is added to the quantized difference sig-
nal to produce a reconstructed signal s,(n).

o codeword map

>

s(n) + —~ d{n) d (n)
+ Quanti =

s (n}
Predictor ¢———{ 4 )

Figure 1. DPCM encoder.

dq(n) s (n
> +} I >
+
s (n) l
Predictor

Figure 2. DPCM decoder.

5,(n)=d (n)+s,(n) @

The reconstructed signal is used to produce the pre-
dicted signal. At the receiver, the DPCM decoder is the
feedback part of the encoder as shown in Figure 2.

II.1 Quantizer

In DPCM, the quantizer is used to transform the dif-
ference signal into the quantized difference signal as
shown in Figure 3. The quantized difference signal is

d,(n) = H(m)A(n)/2 3)

tH(n)=135,...,2%8-1;R22

where A(n)is a step size of the n™ sample and R is a
number of bits. In Figure 3, R =4, the possible values of
|H(n) are 1,3,5,7,9, 11, 13 and 15. In DPCM, A(n)

is constant over n.
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Figure 3. 4-bit quantizer.

1.2 Linear Predictor

A linear predictor is used to predict the input signal.
Figure 4 shows the structure of a linear predictor of N*
order in the form

N
sp(n) =Y hys(n- ) @)

J=
which is a weighted sum of N previous samples. The
weighted h;are linear predictor coefficients. The per-

formance of DPCM is evaluated by the prediction gain
G

p*

G, = ©)

NAAE

In speech prediction, the value of G, typically satu-

rates with N =2 [2]. In Figure 1, if N =2 and the quan-
tization noise is small, the predicted signal is

s,(n) = hs(n—-1) + h,s(n-2) (6)

and the mean square error is
o2 = E[D*(n)]= Effs(n) -5, ()} Q)

The values of A and &, which minimize the mean
square error can be obtained by setting

oo}
Oh;

J

=0;/j=12 (8)

If a variance-normalized autocorrelation function is
defined in the form

Ry (k)
Pr =0

" Ry 0) )
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Figure 4. Linear predictor of order N.

Table 1
Step size multipliers of 4-bit adaptive quantizer with a one-word
memory for speech signal

M, M, M; M; M;s Ms My Ms
0.9 0.9 0.9 0.9 1.2 1.6 2.0 2.4

We get
pl-p,) P "Plz
F = e ; e = ]0
hl(aph‘umn) 1- plz hZ(npll ) 1 _ p'z ( )
III. AbDPCM

ADPCM is DPCM with adaptive quantizer only, or
with both adaptive quantizer and adaptive predictor.

1lI.1 Adaptive quantizer with a one-word memory [2]

A step size of the adaptive quantizer is adjusted pro-
portional to the difference signal. The next step size A(n)

is the product of A(n—1) and a multiplier M that is a
function of 2 magnitude index |H(n-1)|.

A(ry= M(H(n=D)A(R-1) (11)

In Figure 3, the eight values of [H(n)] lead to the re-

spective multipliers M, to M; as shown in Table 1. The
step size increases are faster than step size decreases.
This is to match the patterns of speech waveform.

1.2 Adaptive linear predictor

The linear predictor coefficients in subsection I1.2 are
obtained from long-timed-averaged statistics. But the
speech signals are nonstationary and statistics are time-
varying. So, the suitable predictor should be adaptive.
The adaptive algorithm is

h(n+1) =h(n) + u(n)s, (n)d, (n) (12)
which h(n) = [h, (n) hy(n) --- hy (n)]r , Mis a step size
and s, () =[s,(n-1) 5,(n=2) - s,(n-N)J .

1I1.3 ITUG.726 ADPCM

The ITU G.726 ADPCM standard defines the fol-
lowing adaptive quantizer and adaptive predictor.



Table 2
Step size multiplier of 4-bit ITU G.726 adaptive quantizer

M; M; M, M, M;s M, My Mx
0984 | 1006 | 1037 | 1.070 | 1.142 | 1.283 | 1.585 | 4.482

HL3.1 G.726 Adaptive Quantizer

The G.726 adaptive quantizer is a dynamic locking
quantizer which stops adapting in the presence of a sta-
tionary input. The unlocked step size A, (n) is

A, m)=M(Hn-DP -1y ;8 =;’—; (13)

where S is a leakage factor. The eight possible values of

multiplier M are shown in Table 2.
The logarithm of the locked step size A,(n) is

logA,(n)=%logA,(n—-l)+-;—4logAu(n) (14)

. And the logarithm of the final step size is
logA(n) = wlog A, (n) + (1-w)log A, () ;0<w<1 (15)
where w is a weighting parameter.

I113.2 G.726 Adaptive Predictor

The G.726 adaptive predictor uses two poles and six
zeros. The predicted signal is

s, (n) = Za,(n Ds, (n—1)+2b (n=1)d,(n-i) (16)
I=}
The reconstructed signal is
5,(n) = d (n)+s,(n) (17)

Both sets of predictor coefficients are updated using a
simpliﬁcd gradient algorithm.

a,(n 1)+5§gsgn[p(n)]sgn[p(n ] (18)

|(n) =
“2(")=%;‘az (n=1)+— fignl p(r)]sgnl p(n-2)]
- flay(n=Dlsgn[p(m]sgnlp(n-1]}  (19)

p(r)=dy(m)+ 3 b(n=1)d,(n~i) (20)

| 4a lg|<05
flal= {ZSgn[a,] Ja|>0.5 @b
|ay| <0.75 |a| S%—az (22)
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Table 3
Comparison between ACF and Dual ACF

K female male
ACF Dual ACF ACF Dual ACF
1 0.921 0.969 0.884 0.945
2 0.843 0.906 0.758 0.816
3 0.741 0.840 0.582 0.700
4 0.631 0.749 0.354 0.609
b(n)— b(n 1)+—-—sgn[d (m]sgnld,(n-9] (23)
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IV. PREDICTION BY USING DUAL AUTOCORRELATION
TECHNIQUE

V.1 Fixed Dual ACF Predictor

The value of autocorrelation function (ACF) of adja-
cent speech samples is greater than other samples. Table
3 [5] shows that the value of dual autocorrelation func-
tion (Dual ACF) follows (25) is greater than the value of
ACF follows (24). It indicates that to predict the present
sample by using one past sample and one next sample is
more effective than only using past samples.

N-l-k

Zs(n)s(n+k) (24)

n=0

ACF(k) =

DuaIACF(k)=-—]:7N§: (n){fﬁi’-—");("—*")} @5)

n=k

The difference signal is obtained by subtracting the
predicted signal from the present reconstructed signal

5,(n)
d(n) =5,(n)=s,(n) (26)

The predicted signal is an average value of the next
input signal s(n+1) and the past reconstructed signal

s(n=1)
5,(n) =%{s(n+l)+s,(n—l)} @7

The next reconstructed signal s,(n+1) is
s, (n+1)=-2d (n)+2s,(n)~s,(n—1) 28)

The encoder and decoder of ADPCM using Dual
ACF are shown in Figure 5 and 6 respectively.
1V.2 Adaptive Dual ACF Predictor

Equation (27) can be written in general form as
s,(n) = hs(n+1) + ks, (n-1) (29)

where h; and h; are predictor coefficients. Equation (26)
becomes
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Figure 6. Dual ACF decoder.
d(n)=s,(n)—hs(n+1)—h,s,(n-1) (30)

that s, and A, are adapted to minimize the mean square
error by the gradient algorithm

h(n+1) = h(n) - %p(n)Vh [E(a* )] G1)
where h(n) = [:: E:;] and the step size p(n) = l::i:;] (

The simple solution to the gradient of (31) is the least
mean square (LMS) algorithm [6]. This method is based
on using d*(n) instead of EPz(n)]. But at the decoder
d(n)is not available. So, d (n) is used in gradient cal-

culation.
d,(n)=s,(n) - hs,(n+1)=hys,(n=1) (32)
And the gradient is
v, @20~ v, [d2(n)]=24, (1), d, ()

==2d,(n)fs, (n+1)+s,(n=1)} (33)

Equation (31) becomes

hy(n+1)=ah(n)+ u(n)d,(n)s,(n+1) (34a)

hy(n+1)=ah,(n)+ u, (n)d,(n)s,(n-1) (34b)
_ g

MO = T 52 ) (352)

t(n)=—-= (35b)

100+ s (n—-1)

Table 4
SNR for encoding 4 bits/sample (dB)

file el
LP2 Fixed Dual | Adaptive Dual | G.726
malel 24.71 19.17 25.40 24.70
male2 18.28 16.10 24.96 22.08
male3 19.91 17.53 26.05 23.99
femalel 22.31 16.96 23.08 25.46
female2 24.58 19.96 25.26 27.38
Table 5
SNR for encoding 3 bits/sample (dB)
file - Mot -
LP2 Fixed Dual | Adaptive Dual | G.726
malel 21.45 14.53 21.27 20.35
male2 15.88 13.17 20.08 19.55
male3 17.48 14.11 21.00 20.89
femalel 18.46 13.95 18.72 19.90
female2 20.57 15.05 19.96 21.64
- - 6T
Table 6
SNR for encoding 2 bits/sample (dB)
file A method
LP2 Fixed Dual | Adaptive Dual | G.726
malel 16.74 10.11 15.85 14.96
male2 12.44 9.54 14.83 15.14
male3 14.07 1042 15.24 14.93
femalel 12.83 8.95 12.55 13.13
female2 14.54 10.77 13.46 14.72

where a is the damping parameter and g is the adapta-
tion gain [7]. For stability, A, and h; are adjusted in the
boundary

B >05 1=h<h <h, (36)

V. EXPERIMENTAL RESULTS

Four ADPCM algorithms are simulated on Pentium-
11 300-MHz personal computer. They are as follows.
1) Adaptive quantizer and second-order linear predic-
tor (LP2)
2) Adaptive quantizer and fixed Dual ACF predictor

(Fixed Dual)

3) Adaptive quantizer and adaptive Dual ACF predic-
tor (Adaptive Dual)
4) ITU G.726 adaptive quantizer and adaptive predic-

tor (G.726)

Algorithm 1) to 3) use the adaptive quantizer with a
one-word memory. The speech data are 60 second .WAV
files from 3 male and 2 female speakers. They are sam-
pled at 8 kHz and saved in 8 bits/sample PCM format.
This files are encoded to 4, 3 and 2 bits/sample. Signal to



Table 7
Computation time for encoding 4, 3 and 2 bits/sample (seconds)

bits/ method
sample LP2 Fixed Dual | Adaptive Dual | G.726
4 0.60 0.71 1.10 6.68
3 0.49 0.64 0.88 6.13
2 0.44 0.55 0.78 6.76
30.00
2500 N - LP2
. . /
g 20 ~a —=— Fixed Dual
% 1500
z 10.00 ~&— Adaptive Dual
500 -G
0.00 T ;
1 2 3 4 5
bits/sample

Figure 7. SNR for encoding 4, 3 and 2 bits/sample.

noise ratio (SNR) and computation time are measured,
the results are shown in Table 4 to 7 and Figure 7.

For 4-bit encoding, the SNR of the Adaptive Dual
and G.726 are nearly equivalent and higher than any oth-
ers. The result is the same for 3-bit encoder. LP2, Adap-
tive Dual and G.726 are nearly equivalent in SNR for 2-
bit encoding. Fixed Dual has the lowest SNR in all cases,
because it has a good prediction in voiced segment in
which ACF is high but the SNR degraded in unvoiced
segment when ACF is low.

Predictor coefficients of LP2 and Fixed Dual are
constant, so their computation time are low. LP2 has
lower computation time than Fixed Dual because s, (n)
of LP2 is easily calculated from d,(n) and s,(n)as
shown in (2), while s, (n+ 1) of Fixed Dual is calculated
from d,(n),s,(n) and s,(n~1)as shown in (28). When
the predictor coefficients are adapted in Adaptive Dual,
the computation time is higher than LP2 and Fixed Dual.
G.726 has the most complicated algorithm, so its com-
putation time is the highest. G.726 2-bit encoding has the
higher computation time than G.726 4-bit and 3-bit en-
coding because 2-bit encoding in G.726 requires calcu-
lation on d,(n) when the codeword is zero while in 4-bit

and 3-bit case, d,(n) can be set to zero.

VI. CONCLUSION

We have experimented with different methods of
Adaptive Differential Pulse Code Modulation, namely
1y LP2
2) Fixed Dual ACF
3) Adaptive Dual ACF
4) G.726
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The results show that the proposed Fixed Dual ACF
method has low computation time, but has the worst
SNR. Adaptive Dual ACF method has the nearly
equivalent performance to the standard with lower com-
putation time.
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