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'I'lrc. st.al)ility and pc.rlorr~~anct* of pit.ch fi1t.c.r~ in spc-c-ch coding arcs st.lrdicd. A nvw al~orit .hnr that 
t.st.irrratc.s th pi11 11 ~wriod is couplcd with the covariance forrr~ulatiorr of d(.tc.rn~inirrg lhc. prediclor 
coc~liicic.nt.~ Sinc cs lhih approach does not. g~rarant.cv thc. slnhilit,y of t hc. pit.ch synthvsis lilt.tsr, an 
c~llicicwh stnl~ility lest is forrr~ulated. h o r n  t.his, a stahilizat.icm tc~chniquc~ that  ensurt8s a stable 
pit,ch liltw is introc111c.crd. The o H ( ~ 1  of the presence of ~mstahlt* pit( h fillers on dt~c ode4 spcwh is 
invcsstigatrd. 'I'hc* uscs of stable pitch filters in speech coding gctnc.rates dccodcd speech of higher 
pt~rc!l)t,ual c~rralily. 

1. Introduction 
In ( h d c - 1 ~ ; x c i t d  Linear Prediction (CEI,I') 11 i ,  two  nonrt.cursivr predirlion filters are  used tm 

process t,hv incori~ing sprcch signal.  O n e  is t hc. formant prrclict,or t.hat rrrrroves new-sampled based 
redundancies. It, is fo1lowc.d by t h e  pit.ch predict,or t,hat rcrrrovvs distant-sarnplrd based redundancies. 
At, t h e  rtxceiver, t h e  corresponding irlversr filt,rrs, t,he pitch synthesis and forrna.rrt, synthesis filters 
reproduce t h e  decoded speech. 'I'hests filt,ers arc. recursivr antl may INS  uns ta t~ le .  T h e  aut,ororrelation 
121 and modified covariance I::] mot.hods calcola.tr t,ht. cocfiicit.nts of a st.al)le formant synthrsis filter. 
l h i s  paper  addrrsses  t h r  st,ability a n d  perforrnancc. issurs of t hc. pit,ch fi1t.c-r and  cxarninrs thc. rffrct 
of inst,abilit,y on d r c o d r d  s p c ~ c h .  

2. CELP Coder 
In a (XI,I' c o d w  t h r  rwidrral is grncwitt.tl af ter  pa\\lng the. sprcctr s ~ g n a l  throrrgh a formant 

predictor ( b ' ( 2 ) )  and p ~ t c h  prcvl~ctor ( I ' ( z ) ) .  'l'hc prcvlrctors h a w  t ran4c.r funct ions 

k - l  

P 1  = M 1 t a p  
t l j22  (Mil) z t a p  ( 2 )  

~ j ~ z  ( M  I )  t b22 t p3z  ( M  + ' 1  3 t a p  
, . I he ordcr  p is typica.lly t~c-t.wrrn 8 and  18 and  M is t h e  est,irrrat,cd pit.ch period in samples. At 
t.hr recr ivrr ,  a pit,ch syn t l l t4s  filt,cr 11p(.z) :- 1 / (1  -- P ( z ) )  a n d  formant  synthrsis  filter H F ( ~ )  - 
I / ( I  F ( 2 ) )  a r r  used. 

r .  1 hc. r rs idual  (aft,rr gain rrc~r~rralisat.ion) is compared t o  a set, of wa.veforms in a codebook con- 
s t r u c t r d  of Gaussian rar~dorrl numt)ws wit,tr unit, variance. To prrform t h e  cornparison. each entry in 
the* codrbook is first filt.crrd t)y I l p ( z )  and H F ( r )  antl subt . ractrd from t.hc original speech t o  form 

a tiiffcrrncc signal. T h i s  signal is passed through a, weighting filtcr W(z) - ( 1  f ' ( z ) ) / ( I  - &/a)) 
w h c w  0 . tr . I .  T h v  ( w ~ ) r  is formrd by squaring and  avr.raging t.he filt.cwd diffrrenrr signal. T h e  
entry in (,he cc~dct)ook t ha.t g i w s  t tic* sn~a l les t  error  rcprcschrrt.s t.hc, res id l~a l  and  its index is transrnit- 
fed.  T h i s  is rquivalent l o  a v w t o r  quanriza.t,ion schernc. T h c  codeword rrprrsc~ntirrg t h ~  residual is 
scaled by t,he gain fact.or and filt,ered by H p ( z )  and  H c . ( t )  1.0 generate t h e  d w o d e d  speech. 

3. Covariance Formulation 
In determrning t h e  coefficients of / ' ( z ) .  t h e  mean-sqlrarc. valrrr of thc- residual is minimized over 

a f rame size of IV samples. T h i s  l rads  t o  a llnear system of w4uations. In matmx form. this system 
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Before solving t h e  ~ q u a t ~ i o n s ,  t h e  pitch period M rnust b r  de t r r rn i r~ed .  Since t h e  speech is sampled 
at. 8 kl lz ,  rninimurrl and r r l a x i m u ~ l ~  values of M cyual  to 20 and 120 a r c  used t o  cover t h e  range of 
pitch periods for male and  Fernale speakers. Alal Y /  estrmales  by first calculating a rorrelaticm 
array r ( M )  wherc*: 

~. 

T h e  c o r r e l a t h  array is searched for  local m a x i m a  and parabolic interpolat ion is used on tr iplets  
of correlat.ion valuvs c e n ~ e r c d  a t  t h e  local maxirna.  Local peaks (not. necessarily integer values) a re  
located a t  poin1.s at which (.he intm-polated funct ions a re  a maximurn. T h e  pilch period M is t h e  
nrarctst, integer value of 1hc3 largest local peak. 

Now, a new algorit ,h~ri l h a t  c!stirrlat,es M by mininiixirlg an approximation to t h e  mean-square 
va.lue of t h e  residual is forrr~ulat~ed.  In a 3 t a p  filler, /.9 -- 43 'a a n d  t h e  resulting mean-square error  

7' is E" # ( 0 . 0 )  - p T a .  T h e  valuv of M is chosen so a s  t ,o  n~axirrlixe p a .  Since a great deal of 
T conl j~~~t ,a . t . ion  is r q u  ired t.o rr~axirnizr /9 a ,  an approxima.t,ion is r r~ade .  After formant  prediction 

ha.s l)een accornplishc~d, t.h(l near-sample b a w d  redundancies  have been removed t o  a large extent .  
' rhcwforr ,  t h e  off-diagona.1 t e r n ~ s  in t h e  rna.trix @ are  neglect,ed. T h e n ,  pTa = +(O,  o ) ( T ~ ( M  - I )  i 

r 2 ( M )  t r 2 ( M  I I ) ) .  'l'hc, value of M t,ha.t rnaxir~iixes T ~ ( M  1 )  i r 2 ( M )  i r P ( M  : 1 )  is chosen. 
For  1 and 2 ta.p filt.rrs: t ht. value of M that,  rrlaxirr~ixes r P ( M )  and r Z ( M )  i T " ( M  1 I )  respectively 
is chosen. No pa.ra.bolic i r~t . r rpolat ion is requirrd and a c o ~ ~ s i s t e n t l y  higher overall prediction gain 
t h a n  At,a.l's mc-thod is achieved. 

4. Stability of Pitch Filters 
If H p ( z )  is a s tab le  Function, i ts  d e n o n ~ i n a t ~ o r  polynomial D ( r )  must, have all i ts zeros within 

t h e  un i t  circle. T h i s  is not, guaranteed by t,hr covariance forn~ula t ion .  A general D ( z )  for a pitxh 
synthesis filter is of t h e  forrn D ( z )  - -  z" U ( z )  w h c w  R ( z )  xy(: 6 , ~ ' .  Although a set of necessary 
and  sufficient c o n d i h n s  c a n  be used 1 4 .  a cornputationally sirnple tarst based on a sufficient condition 
is formulated. T h e  polynomial z" 11i.z) :- z"(1 z  " I j ( z ) )  # 0 o r  2 " H ( z )  # 1 on a n d  outside 
t h e  unit, circle z  - e3'. Hy t h e  n ~ a x i n i u m  modulus  theorem i5j. z " U ( z )  has  i ts  rrlaximum modulus  
on t h e  con tour  surroundirlg a.ny region in which i t  is analyt.ic. Since n B ( z )  is a polynomial in 
z -  I ,  i t  is analyt ic  or1 a.nd outside t h e  uni t  circle. Therefore, a suflicier~t condition for st8ability is 
t h a t  12 - " B ( z ) /  -: 1 on a.nd outside t.he uni t  circle. l ly sut~st.it.utirrg z  - e je ,  t h e  sufficient condition 
bcamres I H ( d n )  1 -* I .  

In t h r  par t icular  casr  of a t ,ap filter, I ) ( ; )  PI z" i lj2z t P3 a.nd ll(e3') : ej"'(e3') where: 

Thc* expression ZI'(cJB) dt4irles a n  ellipse wit.h crnt,er lj2 and rnajor axis  / d l  -I A x /  if ljl and  /?z havr  
f.ht1 s a m e  signs or jiill i if 19, and  I?:: havr different signs. T h e  ~ . w o  ca.scbs a re  illustIrat,c4 in Fig. I .  
I<'c,r now, t .h (~  case /i2 . 0 is c c ~ n s i d e r d .  Later ,  t h e  ana.lysis is rxt.endeti 1.0 [i2 0. 

T h e  ellipsr rrlust lie c~nt irtaly wit hi11 t h e  circle tjo rnsurc3 stability. If /jl a.nd Ps have t h e  s a m e  signs. 
I '  t,his happens  if a.ll points  on t.hr major  a.xis a re  within t h e  circlv o r  rquiva.lcntly /& ( t lB3 - i i j g ~  c- 1 .  

If [jl and  pJ have oppo5it.c signs. t h e  ~ u b s t ~ i t u t i o n s  u - (8, i /j3i and b l j j ,  /&Oc?,i are used t o  ob ta in  
tahe conditions o i Hz . - 1 and  h' f /.I; , 1 that,  ensure tha.t all point,s on t h e  major  and  minor  axes 
a.re within t,hr circlr.  T h e  ellipse may  still  touch t h e  circle a.1, a point of tangency X. Let b,,, denote 
t.hr value of h for which t.allgency is achieved. Hy deriving expressions for t h e  slopes of line OX and  
t h e  t,a.rigvtit, line t>o t h e  c,llipse a t  X and  s;ttting t h e  ,length of O X  equal  t o  unity, i t  can be shown t h a i  
b,,, c a n  be obtairred by solving j(b'f, , , ,)  - 0 where: 



( a )  Hor!zontal Arts Is the flajor AxlS (b ) VKttcal Axls 1s the flajw AxtS 

Fig. 1 Illustration of Stability Test. Ellipses for 2 'Taps 

Equat ion ti is a quadrat ic  in b2 whose roots  a r e  real and  p o s i t ~ v r  T h e  d ( , s ~ r r d  solution is t h e  
largc'r of Lhe roots. To check t h a t  b . I,,, (ellipse is within t h e  c ~ r c l c ) .  it suflicm t o  check that  
h" aa" i UP:! or  f ( h 2 )  .- 0. f+;quation 6 need not  be solved for I,,,,,. If /j2 ., 0, t h(. a n a l y s ~ s  IS s ~ m i l a r  
and  t h e  c o n d ~ t  Ions rr~cwly involve rc>plac~ng [j2 by IPz/.  T h e  i rnp lemer~ta~ron  of t h e  st a b i l ~ t y  test for 
3 t a p  filters is glvrn below. 

Stability Test 
I .  If a > b ,  then.  

( a )  IPl j I Ihl i lPsl ,- 1 
2. If n r h, then.  

( a )  0 + / / $ I ,  1 
(b)  h" tj.; 1 
( c )  ( i )  hL u2 t a lpZ I or  

( 1 )  ( 0 )  b4 i h"[II: (r2 I )  i a 2  0' 

T h e  test for 2 t a p  filters so bsumes t h e  test. for  1 a n d  2 t a p  filters. In t h e  2 t a p  case, t h e  condition 

i[jl i t / / j2/  -: 1 is s u f f i c i ~ n t  for stability. For  a 1 t a p  filter, t h e  condition \PI / .- I is necessary and  
sufficient,. Also, t h e  t,est, for 2 and  B t a p  filters is necessary and  sufficient in t.he limit of large n. 

5.  Stabilization Procedure 
In w c h  f rame of spoech (length is 80 samples) ,  t h e  predictor coefficients a re  calculated (see 

1Sq. 3) and t,hc ~t~ahi1it.y t.est. appl ied.  If t h e  filter is found t.o be unst,a.hle, each coefficient is scaled 
hy a corrlnlorr fact,or c. 'This results in a sub-optirr~urn prvdictm with coefficients B' : - cB - B 6. 
T h e  energy of t h e  l ~ r c d i c t , i o ~ ~  residual is E' E:,,,, i ~ 5 ~ 4 4  whcw F:,,,, is t h e  energy a.chicved w h w  

7' 
I I O  scal i r~g is a . l~pl i td .  In order t,o sirrrult.aneo~lsly r r~ i r~ i r r~ i sc~  6 @6 ( r  I ) " ~ @ B  and  ii.ssur(b a s t , a t > l ~  
l i p ( z ) .  a bound o n  c. narnc>ly. 0 , c - 1 is imposed. ?'h(. \slur of M is assumed to be u n a l ~ t ~ r e d .  

In a 1 t a p  filt.cr, any value of R I is rcsct t o  1 a.rrcI any value of /? 1 is reset 1.0 1 .  In a 
2 t a p  filter, c l / ( i / j l  1 i /Bzl).  In a 2 t.ap filt,crr if o . b .  t hen c l / ( i / j l  !- / [ $ I  t 1/j31). If (1 , t) 
and  b2 '- u2 -1 ujp:!j. condit,ion 2 . (c )  is a.lrc.ady satisfic~d. Scaling thc. coeflicicnts doc~s not c l ~ a n g e  this  
relationship. 'rhr value. of r is chosen to forcc. t h e  Iengt t r  of t , h ~  rr~innr axis of thcb scaled csllipsc. to 

I)c equal  t o  I .  'l'hen. c I / (a  i IPzl). l indcr  t.hesc conditions. i t  can be shown t.hat, all points a.long 
t h e  rr~ajor  axis lie insidr t h e  circle (contfit,ion 2.(L)  is satisfied). If b", u2 + al/j2j, t,hv value of c is 

rhosen t o  set I ( b 2 )  0. Then ,  t h e  sca.lwI ellipse is tangent t c ,  the  c i r c l ~ ~ .  T h e  value of c is: 

H i th  th i s  va lur  of c, it can be shown t.ha.t, all points along t hc minor and major axes a re  within t h e  
c ~ r r l c  (conditions 2 . ( a )  and  ( b )  a r e  satisfied). 

Thcorctically. marginal stabilit,y has  b w n  assured. Scaling t.he value c~f  l? t o  0.99 or  -- 0.99 in a I 
tap filter assures complete  stabi1it.y. For 2 and :: t a p  filt,ers, calculating c a s  required and  sub t rac t ing  

0 . I K ) I  from it assures complete  stability l ~ y  avoiding a r~oinr of tangency. Exl~erirnental  results 



show that  tht. average loss in predict.ion gain associat.c-d wit 11 st.at,ilization is only 0.0:;. 0.2ti a ~ r d  
0.21 dH for 1, 2 and  3 t a p  filbers resiwct,ivc4y. These  resu1t.s wort. coi~rpilcd by using diffc.rent s p e w h  
waveforrrrs. 

6. Effect of Instability on Decoded Speech 
?i~ exarnrne Lhe effect of unstabl(> p t c h  filters on decwdvd spcech. a CELP coder  was simulated 

using a 10th order  formant  predictor (modified covariance method)  a n d  a Z t a p  prtch predictor 
Forty sarriple blocks of the  residual were compared t o  a codet)ook of 2'" 1024 waveforms T h e  
pararrrcter o 0.8  was w e d  in implerrreriling W ( Z )  I leroded wavefornrs a re  shown below when t h e  
scantrnc e "cats  and  dogs each h a t e  t h r  other" was processed. E'rarnrs having unstable  pitch filters 
a r e  marked hy a non-zero i r rd~ca tor  furrction. 

- - -  
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Fig. 2 Orrginal and L ) t ~ o d c d  Srgnals ( I )  S p c w h  D a t a ,  (2 )  1)ecoded Signal for 
(:oviir~ance Formulation, ( 3 )  1)ecodrd Signal for S tab i l i za t~on  T e c h n ~ q ~ ~ e  a n d  (4 )  
t"rarrres Ilaving (inst at)lcb Frlters 

If a, scqucncc of consecutive frarrres of high input  energy have unst.able filters or if thr value 
of iptj is high. d rgrada t ions  in t he ou tpu t  s p w c h  a r e  perceptible. Frames 77 t o  88 consist of 
high-e~rergy voiced speech a ~ r d  have ur~st.able fi1t.c.r~. T h c  quarrt.ization noise continues to build rrp. 
t h e  ~ n e r g y  of t h e  out put  signal keeps rising and  th i s  noise is perceptible. Even if a n  unst a tde filtrr 
having a high valuc of 2, ),4, i occurs  in a. frarrrc, of low input  energy. a n  impulse-type dis tor t ion tha t  
is hca.rd a s  a pop or  click is prcsent.  T h i s  phenomenon occurs  dur ing  frames 149  a n d  I50  a n d  f rames  
196 t,o 198. In frames 196 to 198, xi  I/?, / t.quals 2.77, 4.02 and  2.2:: respectively. H'hen t h e  filters 
a r c  stabilized, t h e  undesirable pops,  clicks and  enhanced h - k g r o u n d  noise a r e  absent .  Listenrng 
t.rsts show tha.t  wa.vrfornl (3 )  sounds be t te r  t h a n  (2 ) .  

7. Conclusion 
h c o d e d  speech generated by a CELP coder  Improves in qual i ty  when s tab le  p i ~ c h  fi1t.ers a re  

u s ~ d  T h i s  is arrorr~plished by a computat ional ly s lmple s t a b i l i z a t ~ o n  terhnrque d e r r v ~ d  from a n  
efiiric-nt stabilltq test 

References 

I .  M.H . Schrocder and H.S. At.al. "Code-k:xcited Linear Prdirtim (CELP): Nigh-qualit,y s pecch 
a.t vcry low bit rates". I'roc. Inr. C h f .  A r o u s ~ . .  Speech. S igna l  I'roccssing. T a m p a ,  Florida,  pp.  
25.1.1 25.1.4. March 1985. 

2. L. R..  I ta  biner a.nd R. U'. S c h a f ~ r .  Iligit a1 I'rocrssing of Spwch S i ~ n a l s ,  I'rent ice-liall. 1978. 

::. B.S. Ata.1 and  M.K. Schroc.der. "l'redictivc. coding of s p w c h  and  su t~ jec t ive  error  criteria". lEEE 
7iarrs. Acousl. .  Speech. Signal  I ' rocrss i~~g .  vol. ASS1'-27, pp. 247 254. J u n e  1979. 

4.  15.1. Jury.  7'1rr.ory a n d  Applicat.ion of LJW z-'liiinsforrrr Mr~rhotl.  .lohrr Wiley and Sons,  1964. 

5. 1t.A. Si lverman,  Introductory Conrplcx Anal-vsis. 1)ovt.r I'n t ) l i ~ a . ~ i o n s .  1%:. 


