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ABSTRACT

Subband coding (SBC) is a wdl*nown mahod for
digitsl spcech coding 8t mcdium ratcs (e.g. 16 kbit/s). In
the basic nrb$snd coding ptocGerc, the spemh is firrt
split into fi'eElacy bandr using a bank of bandpasr
filt€rB. The individual bandpass signlb are th€n decisuted
and cncodcd br tranrmission. At tbc rccivcr, thc
chaunol rignds arc dccodc4 intcrpolslod aud rooombinod
to form the receivcd igtd, A $bbstrd ooder ry*em can
be divided into two distind s$Elst€oL which includcs al
ofthe opcrdiono irvolvcd in the enooding and dccodi4g
of the srbband gigulE; and the anrlyri/rynthcsis filtr
banks dmg wift thc down+ampling and upmrpling
qpqations. In this psper, r ryccch amlytds/cytrthesis
syst m has dctigld bald on e S-bead SBC sydeln using
two diffcrent filt€ffi . A 32-W Johnrton ud a 32-tap
Bamwdl filtcr sfuchre havc bcco ud. Thc ryocch
bEndwidttr allowed in this five bmd syct€m includ€s 4 ldz
range (Itis is arnrmcd for tdcphono cpch). Finally'
both filt€rs hsve compu€d according to thcir
pcrfonnuccs and mcan squcs crrort (lvtSE) only fi'ort
analysir/syuthoris syst€drs of two 6ltpr stntcauw arp
comprtcd and plottcd.

l.INIRODUCTION

SBC ig a popular tcchniErc for compncosing ryccd,
inagps and video dgnals. With thig tehnique, tho input
dgn8l is fint rylit into se\tcral b€trdp688 components
using severEl filt€rs Galld aa oulyis fiItt ffi. TItc'
enrtyss fitter bsnk typtcdly contsiru a lowpars fil&r,
bandpsss filt€r, and a highpast filt€r tht collcctivdy
covcr the frcErcncy sPcctrun wiftout any ryectrat gpp&
The ortprts of thc flterr are doumsaurpled to th€ir
respactive Nyquiet ret6 md tho dovmsarpld dgsls'
lnown as wbM4 are then coded for transrrission or
stonge. Th€ r€corilruclion proccertc, u,hich is c8[cd
synttre*, consifis of uprampling the $bbandq filtering
them with an oppropriue filta, and sltnf,ting thc reqrlts
togcher. Ttis part of the stbbend coding syst€m is cslled
frla +,rilrpisrtfu ffi.12,31

The rnrmbcr of bits utcd to codc cach srbband is rnricd
bascd on a perccptral importaace of tha rubband (For a
spccch dgn4 inthe lows frequencyband+ utbce Pitch
Ed formsd smcarc nu$ bo aselrddy Pr€t€ffie4 I
largcr runrbcr of bitdurryle can bc urcd; whmas in

upcr ftequertc]'bands wtrcrc fticuiw rnd troislikc
souds ocqr in spccch ftnrcr bidraqle m bc uscd),
Furthernrore" tlrc ovsrill rcconstnrc-tion crror sp€drun
can bc codtrollcd ar a finction of f,tqucosy wittl
diffcrent qusntizstion leyds. It hal bm rlrown frr ardio
and vinrat dgnds tbst oodirg s$bmds gcoffElly rc$lts
in b€tr€r performaace than coding thc inFrt tigpd
dirstly.

InEvitably, ftGquasy cofiponcntr in ors rrffitrd wil
l€* into otler ctb-bmds rincs the 6lten cannot bavo
sharp atoft at thc cdg;6 of thc por$and. Tbh grncrelly
introduccs ano$g €troct t3-51 thd gEdE thc
rccon$ructcd dgnd cvta in tbe abrcocc of quaotizatioc
h putieilrr, thc andysis.rccon*ructioa erbryltcm csn
irrodrcc thrc sap€rdc t'pce of didortiotrs: rliening,
short-timc phase distortioo, rnd short-tinc ntqucns',
dicortion Tiuo connon typce of filtc bsnkr arc :

t) tffiftrnDFffrhertuthd

b)neqlnu*

Thc Discrctc Fouicr Tran6rm (DFT) batrk [3,4] ca bo
iqlcmcntd cfficicatly u!i!8 HR ftftrl and thc
Wdghd or/q{sp Add merhod (WOLA) tcbclnc, in
which caso it ic of much lower complerity thrn thc QMF
bsnh for dmilar band lcpcratiotr. Hswcvcr, bccanrc
knovm dccign teclniquq aim c nirimizfury the ovcrrll
rcsponsc crror ofthc filtcr baak, "riag ofhcr dctcrainidio
or *rti*ical Grror motanra, tho pcrfornrnco of thc DFT-
b€scd SBC (in tcrns of otfcctirc qutity) war finmd to
be mrch lower.

firo quadranre mirror filter b*k (Ql$ tl{ i3
dc4gnd to complctdy cancd thc dipng &rG to the
decinstion of the bnnd dgttsh Cm the abscncc of
quantization), and it is widdy used in SBC. The usc of
QMF brnl$ allowr flc diatting to be rcmoved ia ths
rccondruction sbgo by achicwing nGsdy Pqfcct
Reanlurtruaiotr (PR) [45,6]. Thc QMF bsEd SBC
obtains good qudity d mcdiun tit rstcs. IB draufraclq
howcver, ir its rclcivdy high implemcotuion cmplexity.

2. IX)WNSAMPLING & T'PSAMPLING

Tho ida Hrind tho filtrr balk thory is to seporuc tho
inmming eignel (x) imo fi'qrrcosy brtrds. O'ftco it is urcd
I benk of two filtcn. A lormssr filtcr C aad a highpst

.filtcr D will oplit the dgnlt itrlo two psrts. Thocc psrts
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ssn bG conprcssed sad oodod c€p€ratdy (ed ctrciently).
They con be traormittcd ard thc rignql can be nco\fcocd.
When the Ernthesir bank reoovers tle inprf sigrsl oractly
(spart fron a dday) it is a PR filtcr bsnk.

me ortputs of Cx and IX are dowrrupbd [3,61
removing every other component. This operatior fu cslld
doctndiq._Dovrnrampling is represeoted by thc s!,Ebol
( +). If y dovmrarryld with 2, thir opcrrtion ig not
imrcrotlo. I\ilod vGcton y cannot bc reaonmd frmr
(Izb. Thc odd.nrmbcred compon€nts art tost.
Rocovcry of x fton (+2ts is posdble if the trandorm
X(w) is zero over a hrlf band of frequencies. Such a
rignal is'brd-limitcd". lt may bo linit€d to thc uppcr
hslf bsnd or tbc lows half band :

Xw) =0 fd 0Slwj s!. cl|-Xw)=g fo,r I sH sr
2 -  2 "

Downsampling in the time domain is y : (JZ)x merno
y(k) - {2k). The fourietrursf,orm of y is,

Y(w) = ! x(2kp-r- = 
l[-t;l. .(t. 'l]

For band limitcd eignal wc crn rooovcr the odd-numbcrod
componcfits from the errcn-rurrfiered oompotrcots:

Upcenpli4 places zeros irto the odd-nurnbcred
compon€ffis. fts sl,mbot is (t). After downunpling
aliasing cur be ocolcd. If {w) is budtmited to IwI <
nt2, aliunng is pr€\M.d and odginal {n) can bo
rccsrrcred fiom (+2)x. Up$mpling in the timc domain is:

u = (f zru = I(2k) 
= v(k)

[u(2k +t1-g
Thc fourier trandorm of u = $Zy is U(w) = y(2w)
qw) = fr{2kF-4 = ly{tp-P*= y(2rv)

whe,re Y(w) hss p€riod 24 the new firnction Y(2w) hrs
penod r. Upsampling cr€aies ur huging €ftct! [3-51
ffig imeging ir tftc oppoda of aliaohg. In diufory; two
itrput fi.Equencies w and ur+n girc thc ranrc orgut.
Upsa$pling profuccs imsging where downsrnpling
produccs aliasing. fltc randorrr o4

u : (t2)y = (J2) Oz)x is
U(w) = (llz).[x(w) + x(rl*Fzr)I.

The aliasing X(w+t) conres fiom (-t)Xn). When n is
od4 this cancels dn). In the toquency domain the proof
has two steps:

dovm : V1w; = (l/2).[X(w/2)+{wl2tz)l
then up : U(w) = V(2w) = (12) [X(w)t(vrrr)l

Conctrusion : 1021 (t21 prduccs aliar'"g and also
imaging. Figure I rhorvrc thqn both: the imagc of the alias
ovcdaps the originsl. Wc can't dacnrfup tlrc origind
x(w)from U(w).

3. QMF BANK (Perfoct Rcconrtruction for
sBc)

In a two clrrnnd fift€r banlq tbc amlyris filtcrs arc
normally lonrpas urd highp$ [l{. Thore rc filters HO
andHl * thc dsrt of Fig.2.

Bccaurc H0 md Hl arc mt idcat filtcrr, tlrcre is etiuing
in eactr chamrd. There is atso arryliurde and phrse
distortion. Thc gyntheais filtus FO and Fl nnr* Ue
opecially dsptd to the aaalysia fltds HO and Hl, in
order to cancd tho crroru in thir ana$lrie bank.

For thc PR, filtlr bank m$t be biorfingaal [3,6]. The
s',Eth€sis filt€r bank, ftom F0 and Fl arrd 02), is the
inverse of the rnalyslr bank. Inverse mrnices
afomatically involvt bitrtogonality. The transform of
(J2XT2)H0.X snd llzytz)nr.x are:

Firs (J2) producor
YO(z) = (tn) flo(z]J x@*) + Ho{fzt5.rr(-zl2],l
Y I (z) = (t t\.fnt @ta).x(z\ + Hr (-zvr.x(-ztd,)l

*- Oz) pro&ocs:
x(") = (t/2).ttt(z). Fo(z) + Ht(z). Fl(z)J.x(z)

+ (l/2).[H0(-z).F0(z) + Hl(-z).Fl(z) .X(-z)

The alaring term H0(-z)X(-z) is nrltipticd by F0(z) at thc
synthesis step. This dits hls ro caacel the alias Fl(z[Il(-
z)X(-z) from the othcr cfisond. So thc ir ar atiar
cancdation condition in addition to a rcconstnrction
condition ud dias tcmr nrust bc zcro :

Alias Canelation : F0(z[Io(-z) + Fl(z).Hl(-{ = a (1y

InadditiortforPRwithl ti cddaya *(zl mrcbc
;tX"). So the "distortion term' rntrst b€ at :

No di*ortion : FO(z)HO(z) + Fl(zFIt(z) - Uo (Z>

Finally, A 2-chaurel filter bsnk givec pR wtren, in mafix
notdioq

[ro1,y ,,@tli,ff] Xit:]l=tz,- ol
Ihe ure of FIR filt€rs for QMF baok decig4 har the
ad\rartagc of lincar-pharc c,haractcri*ics ffifr ciminrtc
the problernr ofgroup delay dirtortionr. Tbir foe0rrc also

lewl of the QMF tree are 4 ms each, assnnins I kIIz
futprt samplfurg; and nrbroquart lsvds of tt" qm
prrtlion introdrce corespoading additional delays.
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3.1. Line*r -Phrre ['IR QMF Bulr

One way of obtaining diae end imsdry oanoeldion
prpp€rty in thc QMF bank ir to us. filtcr lfl(n) d
hl(n), wfudr are rclp€ctivdy qrmetricat asd snti-
syrilnetricsl FtR d€dgns wittt crrcn rurmberg of tepq ic,
hO[nl : hl[nl=Q for 0 >n > N;
hO[nJ = lo(N-l'nl' n= Q1,...,]'{2-l;
hl[nl =-hl[N-l-nl ' n=0,1,...,N/2-1; (3)

In ordc to orapdletioo ef eliarirrg dcct, E*eben-Gland
pl chose attcrnattng rigns Hl(z) = HO(-z) .Ths rEf,{ting
filter bsnk was called 'qurdranrc mirror filtcr' (QMF):
hO(n):h(a), hl[nl = (-tf.hO[nl n=O,1,...J.1-l (4)
=> Hl(w)=Ho(w-il) => Hl(z)=1191-t1

The high pass rpsponse Int1et11 is a mirror image of
the lorvpass ma8nihrde ltlqu,*tl wilr r6p€ct to the
middlo ftoqwnq, cl2 - thcquadrArc fi,oqucncy.

Further, if the filtcr buk outprt y[n] ir dcsircd to bc
deleyd replica ofinput dn) (in the abs€nce ofchrnnel
crrors), ttre filtcrs hu[n] and hllnl rust also sati$ thc
condition:

lHo(fl)| '?+ lnl(d); '?= I (5)

Thic is simply thc condition for n allprrs [34
c,haractcristic. If tln dlpas condition is inchdcq thc
poim of imcrrcction of thc tuo filtcr firnctions will be the
-3dB point for each trursftr futction.

Thc filtcr requirecrcnt in (5) cannot bc m* cxartly S thc
mirror image filtcrs of (4) o(c€pt when N-2 and when N
approacher infinity. tlowwer, it can be vcry closdy

for modert vduos of N. Filtcr dcigns
whicn sdi$ (3) end (4) and app,roximdc thc condition
of (5) can be obtained with the aid of optinizcion
algotithmr.

For a Johndon QMF bsrk [5,11], filtss arc gdc'tcd for
alias cancelluion in (l) as bdow:

For dias cancellnrion choose : H0(z) = t{z)
Hl(z): H0(-z)
F(z) = HI(-z), and
Fl(z) = -Hq(z)

Ddnc tho product filtcr by P0(z): F0(z),H0(z)
md thcrl
F0(-z) = F0(-z).H0(-z) =>

Fo(z).H0(z) + Fl(z).Hl(z) = 2z-t rimplifiec to,
F0(z),H0(z) -F0(-z).Io(-z) = P(z') - Po(-z\ = 2n'

Ttrc nomalizod product filtcr b @(z) mret bc a
'hdftand filter") :
P(z) = /.Po(z)

This means thst dl a/cn pow€rs in P(z) are zero, errccpt
the constant tcrm (whictr is l). The odd powers curcds
when P(r) cornbincg with PG4. Thencforc tho

coetrcicntr of odd powerr in P(z) arc de.'gn vrriablc in
2{hgl|!dPn flFbstrk&

Iohuton QMFo wtrc cedid populrr filtds urd in
lit rstuG. Thc rpmcbical filur on*fure o non-PR-
QMF batrk Thir non-PR duractcrirticq partiilhrly br
longcr duration filt€rB, do not prcrrot pndficd
significanoe for e$bnd inage oodirg.

Jobnston dcai8pd rcwrEl s.t! of QMFr bacod oa fil&r
l€oglbq ransition bandc 8trd stopbaad wdglrting
parSnct€r8.

3.2. COf' (Conjugrtc Quedrrture Filter)
belk @ellbend QnmBlnk)

Smith rnd Brmwell [6,12] have rhown thrt dhs-frEo
rcconstruction ughg rarriw rnd norcorrdvc filtcn
unr porcible wlure .orlydt / rccmrtnrctim tlrbq/nal

had no ftcqucacy dicmtion or ro phrr ditortioa ht
not both.&r the dcvdopmcng tbe ooofrsi€nt rFmc,try
oondition on the andfrs flteo ig |iftc4 alrd mct
reconstructiqr fr€c of rtinsiq& phrse diilortion, and
ftcquency di*ortion ir Sowtr to bc pocstlc udng FIR
filtcrs. Thcce filters arc callcd 'conjugae qusdreur
filtcffi" or COF'o [3,4,5].

Smith and Barrwdl chooc dtcrcing f,ip (N is odd):
HI(z) - -z-ltto(-;)'

firis l*dr to orthogoml flt€( bankE, wtrcn H0 is
corr€stly choscn.(Ihc Daubcciics filt r! will fit thit
pattcrn.). For thc alies caacdlation ;

Ttreuralysirfltarare: It(z)= I(z)
Hr(z) = -;\fo(-at)

Tbo cynthcrirfilterr arc :
F0(z) - Hl(-z) - z'\fql't; co'nres ftour,

-. (h(l.t), (l.Ll), ...,h(0))
Fl(z) = -H0(-z) = z''III(f') comcs ft,orn,

(-(o),h(l), -h(2), .,. Jg.[))

Thc sytheais rnticcs er€ the tsanrposo of thc orlyrir
rntices. A shn by N ddll'! .6;[e 1fua crrs'I. Slbcn we
flip to gA F0 and thm dtcmdc sfufts to gct Hl, wc hevs
thc rhcmating flip fiom trI0 to Hl.

The altemating flip gives doubletrift ortttogonslity
bdtvccilr highpsrs ard lowpaos. As a rcnrll wtcn tho
dccigr of H0 lcad to PR in thc Eltrrnrdng fil&r butlg it
drc leadr to orthogonelity.

Wrth dirE"g canccllcq we nwy looh u thc PR
con&lio'n,
r(z)H(4 + F r(zlrr(z\ = 2z'l

The bcficr choicc is sltcflrsdng flip. ,PR is dcfnitdy
poscible. Pro&ra fil&m Ii0F0 and HlFl beconc,

Po(z) = z'"no(;t)no(") and pt(z)-ztr0(-tr)Ho(-z).

382 rs
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rnrltipty W H to oeutcr thegc filEs. The norrnalized
product filter is P(z) and tlre reconstnrction condition is :
P(z)*(-z) : 2 with P(z) = H0(it)Hg(z)

This ryccfal ftc{orization of a hrl6and fiftcn. A half-
band fihcr is dcftr€d as a zero.plrase FIR filt€r whos€
imnrlge responrc (n) (of lcogth 2I{+1) satisfies the
condition,

. (cotul-nt, n =0
p(2n\=1o 

n*oL-t

Ou tlre rmit circle rd, thc product H(efn(d) is
I msgnibde squarcd:

r  l N  1 2
P(en) =l  o@)e-r-  = lE h@)e-t* l

rl,o hrftJ:o.fficiqrts are *"] = **, forlodd n aod
p(np tur wu n (ccept p(OFl) Where N is odd. We
dcdgn p(z) and &ctor to fnd II0(z). This cyrnmetric
factorizcion coincides with the Snith-Barnwell alter-
nrting flip. It yidds orthogonal banks with PR [3,4,6].

4. SBC OF SPEECE IN 5 BANI'S

Thc cfficiency of digitEl ancoding of spcech and audio
tt-lzl dcpcods gtnoflgly on thc dcgrce to vbich thc bit
rde can be reducod (corprcsscd) without impairfug the
qrulity of the doooded signsl. Coding the signal in
narrower s$bads offers one poastnUty for controlling
thc digtribution of quartizing noirc acrosg tlrc dglrsl
sp€ctrum and h€oce, for rcalizing an improvcnrant in
Bigrd quality. The quelity of the codcd ripel ir inprovcd
over that obtain€d from a singlc ftlt-bsnd coding of the
totat spoctrum.

In this paper, gpeech signd is regrided * 4 kID and
dividd into 5 bands. Cflrese bands can be quantized and
codcd d4cnding on sbband Gocrgy. In this rUrdy, in
order to drow the erro'r rcsrlts only ftom drsly$y
qrudresis syst€o, of qp€ccfi di&r1 used.) For
sampling st 8 ldl4 the ftequency bands of the trree are
takcn as [0-500, 500-1000, 1000-2000, 2000-3q)0,
30004000 llz]. nS. 3 showr frequency rcsponse
charastcridics for an N=32 tap (l) Johnson (2)
Barnwell filt€r d€sign used for s-bsnd SBC ofspeech in
thie papcr.

Sampled sp€coh signsl ig nomelizcd and divided into
slnrt segrnents (For this wort, one spcech scgmcnt is
takca as L=128 vcice samplcs). Thco, cech s€fn€nt ig
appliod to andyd/rynthcris qmc,ar as clrown in Fig.4.e
and Fig.4.b, respcclivcly. First specch signal ig
snslyz€d/ sFthesizd with Johnson QMF bank and MSE
resulb arc plonod for 200 epcoch ocgmcat as shown in
Fig.S.a Then, the samc prlocodure reped€d for Bamrvell
QMF bank and rcqrlts are ploted as shown in Fig. 5.b.
ft crn be shoqm ftom fgwes th4 speech is
rocorstrustd with Barnwell QMF bark bdtcr than
JohnCon QI\lF'r.

s. coNcLUsroNS
In this papor, wo comparod two differant filt€r beoks in
an analyaidsynthcris SBC sld€ln. To conrpare the
performancec, a S-band SBC speech analyri/qffiesis
syst€rn iB implanatod, Sanrpled ryecch dgnab arG
appli€d to malpiCqrnthcsis systqn and MSE regrlts are
caleilatd. Tlft t€s is rcpcatcd for diffcr,cnt apccch
dgnals. Findly, it is shorvn Barnydl QIttr banlcs givc
bcttcr r€$lts than Johnston QMF banks when applied to
speech anelpie/sytfrcsis.
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F gur6 1. Filtar cbrrastrdrricr fu SBC FigE 2. X-bEd rorfrialq2dhrir fitlibdrt

Figwe 3.a- Fraqucaryrarpanar fa3il-tap FIR
(1) Iobrdm
@ Belnwol QMF tbtito
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