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by Ton Wempe

SI]MMARY

Cornrnonly used d isplays of  s ignat  segment  spect . ra l ike '1 ine

spec t ra r  mos t l y  o f f e r  poo r  readab i l i t y  o f  va r i ous  speech  s igna l

pa rameEers .

Some ideas for  obta in ing spectra wi th great ly  improved readabi-

l i t y  a re  desc r i bed .

Exper iments us ing hardr^rare were carr ied out  for  implementat ion

o f  t hese  me thods .  Fo r  es t ima t i on  o f  i naccu racy  i n  p rac t i ce ,

a r t i f i c i a l  f speech  s igna l s '  w i t h  known  pa rame te rs  we re  used .

Some of  thei r  spectra are shor^m as examples.  Addi t ional l l r ,  spectra

of  some natura l  speech segments are d isplayed which resul ted f rom

the  me thods  as  desc r i bed .

The construct ion of  a segment  spectrograph based on one of  the

methods was f in ished in 1976 and has been in regular  use s ince.

I .  INTRODUCTION

In general ,  the analvs is  of  segments of  speech sound is  not  funda-

men ta l l v  d i f f e ren t  f r om a  desc r i p t i on  us  i ng  a  se t  o f  un i ve rsa l
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paramete rs .  Howeve r ,  pa rame te rs  su i t ab le  f o r  t he  i nves t i ga t i on

of  cer ta in segments of  speech (which is  non-stat ionary)  maybe

unsu i t ab le  f o r  o the r  segmen ts ,  depend ing  on  the  l oca t i on  and

du ra t i on  o f  t he  se lec ted  segmen t .  Bes ides ,  t he  cho i ce  o f  pa ra -

me te rs  depends  on  the  a im  o f  t he  ana l ys i s .  A  pa r t i cu la r  se t  o f

parameters may resul t  in  an analys is  which could be complete ly

sa t i s f y i ng  f o r  a  ma themat i c i an  bu t  no t  necessa r i l y  f o r  a

p h y s i c i s t .

To  mee t  t he  acous t i c  phone t i c i an ' s  requ i remen ts  f o r  an  ana l ys i s

we have to answer the quest ion:  what  do we want  Lo measure? Or

in other  words:  when select ing a speech segment ,  what  are \^ /e

look ing  fo r?

When speaking of  f requency analys is  we natura l ly  concentrate on

the more stat ionary speech sect ions in  order  to g ive the term
t f requency r  some  phys i ca l  r e l evance .

So  we  a re  pa r t i cu la r l y  conce rned  w i th  t he  vo i ced  segmen ts .

The  de te rm ina t i on  o f  f o rman t  f r equenc ies  i n  t he  desc r i p t i on  o f

t h i s  c l ass  o f  speech  sound  s t i l l  p l ays  an  impor tan t  pa r t .

Def in ing formants as the maxima in the system funct ion of  the

voca l  t r ac t  con f ron ts  us  a t  once  w i th  t he  p rob lem o f  ex t rac t i ng

fo rman ts  f r om the  speech  s igna l .

I n  t he  speech  p roduc t i on  mode l  t he  exc i t a t i on  sou rce  (g1o t ta1

pu l se )  d r i ves  t he  l i nea r  f i l t e r  sys tem cons i s t i ng  o f  t he  voca l

t r a c t  f i l t e r  a n d  t h e  r a d i a t i o n  f i l t e r .

The  fo rman ts  as  de f i ned  above ,  a re  sys tem pa rame te rs ,  whe reas ,

f rom the  ou tpu t ,  on l y  s i gna l  pa rame te rs  can  be  ex t rac ted .  Th i s

wou ld  no t  be  a  p rob lem i f  t he  exc i t a t i on  sou rce  cou ld  be  con -

s i d e r e d  t o  d e l i v e r  a  s u i t a b l e  t e s t  s i g n a l  o r ,  a t  I e a s t , 3  s i g n a l

wi th knovrn parameters.  The fact  that  th is  is  not  the case is  the

ma in  reason  fo r  t he  d i f f i cu l t i es  i n  f o rman t  ex t rac t i ng .

F rom a  s igna l  ana l ys i s  po in t  o f  v i ew  the  p rob lem doesn f t  ex i s t :

i f  a  formant  is  undetectable owing to the propert ies of  the ex-
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c i t a t i on  sou rce ,  t he  s i gna l  p resen t  con ta ins  i nsu f f i c i en t  i n -

format ion for  ext . ract ing that  formant .

The re fo re  we  con tend  ou rse l ves  w i th  f r equency  d i s t r i bu t i on

d iag rams  wh ich  a re  va l i d  f o r  t he  se lec ted  speech  segmen ts .

L i ke  many  o the rs ,  we  w i l l  ca l l  t he  peaks  o f  t hese  d iag rams
r fo rman ts t  f o r  t he  sake  o f  conven ience . . .

A l t hough  theo re t i ca l l y  f r equency  ana l ys i s  i s  app l i cab le  t o  any

leng th  o f  t he  s i gna l  segmen t ,  i t  i s  mos t l y  sho r t  segmen ts  we

a re  dea l i ng  w i t h  i n  o rde r  t o  be  ab le  t o  make  a  more  de ta i l ed

analys is  by means of  many cont iguous shor t  t ime f requency spec-

t ra a long the t ime axis  rather  than a long t ime average spectrum

o f  a  l a rge  s igna l  po r t i on .

A rapid ly  vary ing formant  could change wi th a veloc i ty  of

30  Hz /msec  (acco rd ing  to  an  examp le  f r om Marke l ,  1972 ) ,  wh i ch

means that  the f requency shi f t  between two sequent ia l  per iods of

the fundamental  f requency of  a male voice could be about  300 Hzl

I n  ou r  e f f o rL  i n  mak ing  the  ana l ys i s  more  de ta i l ed ,  we  wou ld  l i ke

lo shor ten the segments to be analysed.  However,  i f  we cont inue

to  sho r ten  the  s igna l  t ime  i n te rva l s ,  t he  t e rm  t f r equency t  becomes

gradua l l y  more  mean ing less .  Acco rd ing  to  t he  unce r ta in t y  p r i nc ip le

the inaccurac.y of  the determinat ion of  a f requency component  is

about  1 / t  "  
t l ,  where T"  represents the length of  the segment

ana l ysed .

In  cases  o f  r a the r  s teady  pa r t s  o f  vowe l  sounds ,  i t  seems  the re -

fo re  adv i sab le  t o  t ake  segmen ts  o f  l onge r  du ra t i on  i n  o rde r  t o  be

able to measure f requency peaks wi th greater  accuracy.  Because

o f  t he  pe r i od i c i t y  o f  t he  s i gna l  w i t h i n  t he  s teady  segmen t ,  we

rn igh t  j us t  as  we l l  s to re  one  F ' -pe r i od  i n  a  s i gna l  memory ,  wh i ch

is  af terwards scanned repet ive ly  so that  a cont inuous per iodic

s igna l  a r i ses  o f  any  des i red  du ra t i on .

The  f requency  doma in  rep resen ta t i ons  o f  pe r i od i c  s i gna l s  howeve r ,

a r e  t l i n e  s p e c t r a t  w i t h  c o n s t a n t  l i n e  d i s t a n c e s  e q u a l  t o  F O  H z .
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A spec t rum o f  t h i s  k i nd  i s  t o  be  cons ide red  as  a  samp led  ve rs ion

o f  a  con t i nuous  spec t rum o f  one  F ' -pe r i od .  I t  w i l l  be  c l ea r  t ha t

as far  as the accuracy of  formant  ext ract ing goes,  there is  no

point .  in  tak ing segments of  longer durat ion than one F ' -per iod.

The f requency components in  the f requency domain representat ion

of  s ignals are of  in f  in i te  durat ion rnrhereas the s ignal  segments

a r e  d e f i n i t e l v  n o t  s o .

I f  we th ink of  a s ignal  segment  as being the resul t  o f  a mul t i -

p l i ca t i on  o f  a  con t i nuous  t ime  func t i on  w i th  a  rec tangu la r

'windowt funct ion of  uni t  ampl i tude and of  the same durat ion as

the s ignal  segment ,  the spectrum of  the segment  is  found by con-

vo l v i ng  the  i nd i v i dua l  spec t ra  o f  t he  mu l t i p l i ed  f unc t i ons .  The

spec t rum o f  a  rec tangu la r  tw indow '  f unc t i on  i s  a  ( s i nn fT ' / n fT ' )

f unc t i on  and  has  ze ro  componen ts  a t  mu l t i p l es  o f  |  /TO.  The  resu l t

af ter  the convolut ion is  a spectrum wi th addi t ional  maxima and

m i n i m a  ( ' 1 o b e s ' )  .

Because the readabi l i ty  of  formants can be poor owing to the oc-

currence of  these t  lobes t  
,  a  number of  d i f ferent  twindows t  have

been appl ied (Gauss,  Hanning,  Hanrning)  in  order  to e l iminate these

' l obes '  o r  r educe  the i r  amp l i t udes .  I n  add i t i on  va r i ous  ( com-

puter ized)  smoothing techniques have been developed to smoothe

t h i s ' F ^ - r i p p l e ' o r  t o  c o n v e r t  t h e  f s p e c t r a l  l i n e ' o u t p u t  o f  t h eu "
FFT-program into a cont inuous graph.

From a physical  point  of  v iew we should prefer  oerhaps the use of

t ime- l imi ted s inusoidal  components,  each wi th a length equal  to

the speech segment ,  rather  than cont inuous ones.  Apart  f rom the

ac,curacv of  f requency determinat ion,  the d i f ferent  lengths of  the

segments then have no fur ther  consequences as regards the shape

o f  t he i r  spec t ra .

Anyway, our aim was to try to develop relat ively simple hardware

which should:

l .  approximate the ampl i tude spectrum of one F.-period with op-
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t imum readabi l i ty  of  the formants and wi th known inaccuracy.

Informat ion about  the formant  ampl i tudes and bandwidths are

thus inc luded;

hand le  segmen ts  o f  va r i ous  l eng ths  ( i . e .  d i f f e ren t  F^ -

pe r i ods )  a t  op t imum reso lu t i on ;

be  easy  to  ope ra te .

2. FIRST APPROXIMATION

The  i nse r t i on  o f  t ime  (T " )  i n to  each  pe r i od  (TO)  o f  t he  f unda -

men ta l  f r equency  o f  a  pe r i od i c  vowe l  sound  was  the  f i r s t  i dea  i n

approximat ing the cont inuous spectrum.

The  e f f ec t  o f  t h i s  i s  t ha t  t he  d i s tances  be tween  the  spec t ra l

l i nes  i s  dec reased  because  the  mod i f i ed  f undamen ta l  ( tO t )  equa l s

l / ( T ^ + T ^ ) .  T h e  m o r e  T -  i s  i n c r e a s e d ,  t h e  b e t t e r  t h e  c o n t i n u o u su a a
spectrum approximat ion becomes.

To get  some ins ight  in  the shape of  the cont inuous spectrum of  one

F^ -pe r i od  o f  a  vowe l  sound ,  we  de f i ne  a  s imp l i f i ed  speech  segmen t
U '

as  a  damped  s inuso id ,  wh i ch  i s  s ta r ted  a t  t =0  and  t runca ted  a t

t = T ^ :
U

3.

( l )

- A f

g ( t ) = e  s i n o l l t

Us ing  Eu le r  I  s r e l a t i o n  g ( t )  c h a n g e s  t o :

(c r - jo r  )  t - (cr+ jur r )

c ( r ) =

I t s  Four ie r  t rans form is :

0 < t < T

0 < r < T

.f

r l
I

J+[.

+v" ,1.

o
;  ( -o - j u r r - j o )  t
I- l e
I

J
o

G(tr l)  =
( -c r ,+ jo1- jo )  t

d t



Eva lua t i ng  l eads

, I(2 )  c (u r )=  7J l
L

t o :

1 - e

- l , o -

- [o+5 (uro1)J ro - [o+ j  (o+or  ) ]
l - e

To

o+j (o-urr ) 61+ j  (o+o1)

This  can be  wr i t ten as  the  sub t rac t i on  o f  two  func t i ons ;

( 3 ) c(trl) =ce (ur)

G" (o) = I
,T

-  c*(o) ,  where:

[ r - r - l
Lo*j 

(r-rr ) o+ j (ur+o1) 
J

- (o+ irrl) T- o
g

c*(o) = 2 j

in  t r igonometr ic  form:

(i)1

c  t ' r , r \=  -\ 'g \uJ,/

- t 'cr+ i  r ,r \  T

G (trl) = e
m '

_ jo r ro  
I

_ e l
6x+j (ur+o1) 

,l

I  
j o r r o

l e
l_o+j 

(ur-or )

0 r ,

( 4 )

( 5 )
(c l+ jo)  s in t r l rTo+tr t r  cos t r t rTo

(cr+ jt l) 2+ur!

The  l a t t e r  f unc t i on  becomes  ze ro  i f  Tn  tends  to  i n f i n i t y ,  so  t ha t

G^ ( to)  represents the Four ier  t ransform of  an untruncated damped
e ^

s  i nuso id  .

F rom the  supe rpos i t i on  p rope r t y  o f  t he  Fou r i e r  t r ans fo rm i t

f o l l ows  tha t :

g ( t ) = g e ( t )  -  C m ( t )

wh i ch  causes  S  ( t )  t o  be :-m

- n f

8* ( t )  =e

( S e e  f i g .  1 )

T  < t < o o
o

s inol  t
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ge(r )

g ( t ) = e " ( t ) - S r ( t )

F i g . 1
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gn(t )  can be thought  of  as

an in i t ia l  ampl i tude of  e

a  t i m e - s h i f t e d  v e r s i o n
-ClTo* - "  

a n d  a  p h a s e - s h i f t e d

The funct ion

o f  g " ( t )  w i t h

o r i g i n .

The ampl i tude spectrum of  G"( t r l )  is  determined by:

(r)t
( 6 ) l c^  (ur )  l=

E

V(o '* r?-  u2)2+4u2u2

This  func t ion exposes maxlma at

( 7 ) = +

( B ) of  these maxima

3 dB bandwidth of

(l)=u)
m

The magni tudes

To der ive the

equa t i on :

a r e  1 / 2 a .

the peaks we solve the

oJl

@

which  de l i vers :

_ l
* l - -

2a\12

n

'"1

As long as 2q,2<<oL - Z*r, we may  wr i t e :

n
= + (or +o)

=  +( t r r r -o )

u?-a2

ul?-cl2+2ourr

6f +6x2+2orrli
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which means that uJh-uJI= 2A

( 9 )  o r :  B =  9  H z

The inaccuracy of the approximation in cases of

of t r t r  and o, is rather sma1l:  for example in the

i f  f l=300 Hz and c= I00  n ,  the  dev ia t ion  amounts

T h e  s h a p e  o f  l c . ( o ) |  i s  o u t l i n e d  i n  f i g .  2 .

The shape of the funct ion I  C*(o) |  depends on the

I f  o rTO =  nn(where  n  i s  an  in teger ) :

-CIT

prac t i ca l  va lues

unfavourable case

t o  l e s s  t h a n  3 2 .

p h a s e  a n q l e  L o r T ^ .- U

specrrum I c ' . ,  ( r)  |  compared to
m l -

i nc reas ing  uJ ,  acco rd ing  to

- d 2

0,  we may neglect  the term 4clq in

lc,n, {o) l= .
" ;  c"  t , )  |

i n  th is  case lc r (u l )  |  i s  s i rnp ly  an  a t tenuated  vers ion  o f  lC . to l  l .

t f  0 r T O  =  n ( n + ! ) :

(u) lc,r(ur)l = qf lc"', (o)

l c* r (o)  |  on ly  equals  lcr ,  (ur )  |  i . r  o2 -  o l  o .2,  v iz  at  the maxi -

ma of lc*, (ur) |  .

For values of  o where u)2>>a.2 the

l  c* ,  (o)  |  increases l inear ly  wi th

6  dB /  oc tave .

Maxima occur  at

( 1  2 )
max

o r :  u 2
max

For  p rac t i ca

(u?+za2)2

1
I values of  t i r  and
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r e s p e c r o f  (u?+2a2)2  so that

( 1 3 )

' . , 2w
max

max

tl?+cl2 and

The height  of  the max j -ma rs:

I

I c*, {r) l,n"*

to the maxima

I= -
2a

equa t  l on :

a" ' * tJ '

(c l2*o?-t .r2 )2+4a2u2

which  de l i vers :

'lr= zP'-'?-o'* of +3p 4-4u-rf p 2

^1= 2P'- '?-a2- t  l f+ :p4  -4 '?1  2

4 t r r I - . 2 1-uJl  I

o!+o2

, ^  . . ,  - ,  f  I
I Gm2 (tr') l*"*= \ / ^

V zutr t !r'r*ao'-r, J

Again we may  wr r te :

I c*, {,^,) lfiu"

2@?+2a"2)-zui 4a2

(  1 4 ) Hence :

Which is

The 3 dB

equal

bandwidth can be found

o f  l c " (u r )  l .

by solv ing the

I

6l+4a2

ul+4a2(  I  5)  where
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Let be ofr= *+y and ul l= x-y,  then:

- ,-------'r
0 " -0 ,= \ / * * y  - \ / " - y

N I V ' V

r
(u1-trr) z= zx-\ *2-y2

so that (0trl.-ul, )2= 4l�2-2u?-26y2-2\. * h  * 1 ,  ' Y  - w I  -  
v  

t  - t

Subs t i t u t i ng  o f  ( 15 )  and  some m ino r  man ipu la t i ons  y i e ld :

(t \r-01 )'= +r,\f',*?- zu?-zaz

For pract ica l  va lues of  t l . l r and  0 ,  app l i es :

4a2ul( I -\fi*4$ << (ur?*a') '

This  a l1ows the  s imo l i f i ca t ion :

(orn-ot )'= +r r! r', *F - 4w2r- 4a2

Aga in  we  wr i t e :

(t1-or)'= o$l*oofu', *oo* 4a4 -4wl-4a2

and neglecr -4o,4: (rr ln-rr lr)2= +fui*zu2)-qu?-+a2= 4u2

( 1 6 )  H e n c e ,  0 h - 0 1 =  2 a  o r  B  =  9 H z

So,  in  p rac t ice  the  bandwid th  o f  the  peak  is

c a s e  o f  l c ^ C r l l .  ( S e e  f i g .  3  f o r  o u r l i n e s  o f'  g '  ' |

Othe r  va lues  o f  t he  phase  ang le  t r l rT '  r esu l t

somewhere between these extreme curves.

the same as

lc,n, (o) |  and

in amplitude

in  the

I c*, (o)

spec t ra

l r .
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t a - -

F l e . 2

r t 6 . 3

F i6 .  q

tt\. 
t'

t'-l'

F io .  s

- . / /4:

_.I
-tr- l6mr(ar)l

/- ' - ' - '

Ia,",t ]i'-'.-

lc(ar)l = t

\ le c(c.r) -G

lc(r^r)l- t
lG3(o) -6r0.

\  - - - -
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To f ind the arnpl i tude spectrum of  g( t ) ,  each f requency component

of  Gr( t r l )  has to be subtracted f rom the corresponding component  of

C" (o )  wh i l e  accoun t i ng  f o r  t he  re la t i ve  phase  sh i f t s .

According to the t ime shi f t  property  of  the Four ier  t ransform a

t ime  sh i f t  o f  TO seconds  co r responds  to  a  phase  sh i f t  o f  - oTO

rad ians  (hence  the  fac to .  " - j oTo  i n  equa t i on  5 ) .

Thus when subtract ing Gr(u l )  f rom G"(o) ,  rnaximum deviat ions f rom

lc " (u r ) l  occu r  when  co r respond ing  componen ts  have  equa l  o r  oppos i t e

phase .  Th i s  accoun ts  f o r  t he  tF . - r i pp le t  i n  t he  spec t rum o f  g ( t ) .

( S e e  f i g s  4  a n d  5 ) .  T h e  r p e r i o d r  o f  t h i s  r i p p l e  i s  2 r / t O  r a d / s e c .

The  l ower  t he  f ac to r  e -oTo ,  t he  l ower  t he  r r i pp le  amp l i t ude t .

The method used here may appear rather  unsophist icated,  but  i t

has probably the advantage that  i t  o f fers a deta i led ins ight

v i s u a l l y .

To  tes t  t h i s  t ime  i nse r t i on  i n  p rac t i ce  and  expe r i ence  the  e f f ec t

o f  t h e ' F ^ - r i p p l e t  o n  t h e  r e a d a b i l i t y  o f  f o r m a n t s ,  a  s i m p l e  a r t i -
u  - -

f ic ia l  vowel  generator  was made which produced two damped s inus-

o ida l  vo l t ages  as  f o rman ts  and  was  f i t t ed  w i t h  ad jus tab le  TO and

T- .  The  resonance  f requenc ies  as  we l l  as  t he  bandw id ths  we re  made
a

p r e s e t t a b l e .

The output  \^ /as connected wi th a swept  s ignal  narrow band spectrum

analyzer  (General  Radio wave analyzer  Lype 1900A).

B r i e f  d e s c r i p t i o n  o f  t h e  a r t i f i c i a l  v o w e l  g e n e r a t o r  ( s e e  f i g .  6 ) .

A pulse generator  is  made by means of  two coupled monostable mu1-

t i v i b ra to rs  OSI  and  OS2 ,  each  one  t r i gge red  a t  t he  end  o f  i t s

opponen t ' s  cyc le .  Co inc id ing  w i th  t he  beg inn ing  o f  t he  T ' - cyc le  a

ve ry  sho r t  pu l se  i s  gene ra ted  by  OS3  (T6=  l 25psec ) .  Th i s  pu l se  ex -

c i t es  two  resonance  c i r cu i t s  s imu l taneous l y ,  GCI  and  GC2 ,  wh i ch

s ta r t  p roduc ing  the i r  damped  s inuso ids .  The  resonance  c i r cu i t s  each

cons i s t s  o f  a  gy ra to r ,  i t s  two  ga tes  connec ted  w i th  capac i t o r s .

These  c i r cu i t s  a re  equ i va len t  t o  an  LCR-c i r cu i t .  A  gy ra to r  used  as

a  resonance  c i r cu i t  has  t he  advan tages  o f  be ing  s tab le ,  be ing  easy
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to  construct  and has i ts  resonance energy conta ined in only  two

capac i t o r s .  (See  chap te r  4  f o r  a  desc r i p t i on  o f  t he  gy ra to r

p r i nc ip le )  .

At  the end of  a T.-cyc le,  a T.-cyc le is  s tar ted dur ing which the

capac i t o r s  o f  t he  gy ra to r  dev i ces  a re  sho r t - c i r cu i t ed ,  caus ing

the  ou tpu ts  o f  t hese  dev i ces  t o  become ze ro .  The  resu l t  i s  a

wave-form sorner , ihat  l ike f  ig .  7.  The ef fect  of  the exci tat ion

pu l se  on  the  pu r i t y  o f  t he  damped  s inuso ids  i s  neg l i g i b l e :  t he

amp l i t ude  spec t rum o f  t h i s  pu l se  be ing  p ropo r t i ona l  w i t h  s i n

l oT6 / i oT6  has  i t s  f i r s t  ze ro  a t  u l=  2n l r6  o r  a t  f =  l /T6=  106 /125

Hz  =  8000  Hz :  so  t ha t  i n  t he  v i c i n i t y  o f  t he  f o rman t  f r equenc ies

the  r sou rce  spec t rumr  i s  a lmos t  f 1a t .

The  co r respond ing  spec t ra  o f  some  o f  t he  va r i ous  s igna l s  w i t h

di f ferent  parameters we measured in th is  way are shor^m in the

f i gs  8  t h rough l4 .  The  ou tpu ts  we re  p roduced  by  a  cha r t  r eco rde r

(Genera l  Rad io  t ype  l 52 lBQ l )  wh i ch  i s  mechan i ca l l y  coup led  w i th

the narrow band sDectrum anaT.vzer alreadv mentioned.

The  t ime- inse r t i on  p rocess  causes  the  ave rage  vo l t age  o f  a  s i gna l

t o  dec rease  w i th  a  f ac to r  equa l  t o  T6 /T0 .  I n  o rde r  t o  ach ieve  con -

ven ien t  d i sp lays ,  t he  ou tpu t  vo l t age  o f  t he  spec t rum ana l yze r  was

inc reased  acco rd ing l y  i n  cases  o f  s i gna l s  w i t h  t ime - i nse r t i on .

Na tu ra l l y ,  t he  s i gna l  t o  no i se  ra t i o  o f  t he  measu r i ng  sys tem

dec reases  w i th  t he  same amoun t ;  i n  p rac t i ce  t he  S /N  ra t i o  o f

select ive measurements however,  is  very h igh (here B0 dB) compared

to  t he  S /N  ra t i o  o f  t aped  s igna l s .  I f  one  bea rs  i n  m ind  tha t  du r i ng

the t ime T the noise level  at  the input  of  the sDectrum analyzer
d

can be kept  very low,  eventual -  components due to noise in  the spec-

t rum can be considered as being ent i re ly  caused by the or ig inal

s i g n a l  i t s e l f .

From the f igs 8 through 14 the conclus ion can be drawn that  the

t ime- inser t ion process is  a valuable method for  accurate measur ing

of  formants f rom s ignal  segments wi th re lat ive ly  1ow f inal  ampl i tudes

( i . e .  F^ -pe r i ods  o f  ma le  vowe ls ) .  Fo r  t h i s  l as t  c l ass  o f  s i gna l s  t he
U '

forms 7 and 9 are quite appl icable.
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The F ' - r ipp le of  spectra f rom s ignal  segments wi th considerable

f inal  ampl i tude ( f igs lOa and l4a)  could occur  to such an extent

that  the readabi l i ty  of  the formants rnrould be rather  Door,

especia l ly  when more than two s igni f icant  formants are present .

Fur thermore,  the l imi tat ions of  the method for  formant  ext ract ing

from l ine spectra us ing fhe pr inc. ip le of  a weighted average of

maxima and thei r  neighbour ing components (Pot ter  and Ste inberg,

1950 )  a re  c l ea r l y  d i sp layed  pa r t i cu la r l y  i n  t he  f i gs  l 3  and  l 3a .

The h igh- f requency behaviour  of  spectra of  the type as shovrn in

the  f i gs  I  l a  and  l 2a  i s  caused  by  t he  f i na l  amp l i t ude  s tep

p resen t  i n  t he  co r respond ing  s igna l s .  I n  p rac t i ce ,  when  ga t i ng  a

s ignal  segment ,  ampl i tude steps can easi ly  be avoided b1r  tak ing

care that  the segment  s tar ts  and ends a l  zero-crossings,  so that

the  spec t ra  o f  f i gs  l l a  and  l 2a  a re  i n  f ac t  academic  ones  (and

w i th  t hem the  func t i on  Gr r (u r ) ) .

3. SECOND APPROXIMATION

The connnonly used method for  e l iminat ing or  at tenuat ing the

r i n te rva l  r i pp le '  i n  spec t ra  o f  t ime - l im i ted  s igna l s  i s  mu l t i p l i -

cat ion of  the in terval  wi th some rro indow funct ionr  pr ior  to  the

transformat ion in to the f requency domain.  However,  i f  th is  is

app l i ed  t o  t he  sho r t  i n te rva l s  o f  t he  F . -pe r i ods ,  l a rge  s igna l

po r t i ons  o f  t hese  a re  g rea t l y  a t t enua ted ,  espec ia l l v  i n  t he

in i t i a l  pa r t s ,  whe re  the  s igna l s  have  the i r  ma jo r  amp l i t udes .

From chapter  2 we knor , , r  that  the r r ipp le ampl i tudet  is  proport ional

t o  t he  i n i t i a l  amp l i t ude  o f  t he  mod i f i ca r i on  f unc t i on  g * ( t ) .

The  obv ious  way  to  a t t enua te  t he  rF ' - r i pp le '  i s  dec reas ing  th i s

-0Tn

in i t ia l  arnpl i tude (which equals e 
"  

t imes the in i t ia l  ampl i -

tude of  g( t ) )  by mul t ip ly ing the s ignal  wi th an exponent ia l

func t ion:

( 1 7 )  s ,  ( r )  =  " - o " '- n [ O < t ]
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Now, o could be thought  of  as the sum of  the natura l  and ar t i -

f i c i a l  damp ing :

- (crrr+c") TO
g( t )  =  e  s ] .n  ( r ) ,  t

t

The  amp l i t ude  o f  t he  mod i f i ca t i on  f unc t i on  a l t e r s  t o :

- ( c l  + a  ) T'  n  a '  O r ^  ,  .  I
e  l G ^ ( u r )  I

I f  o"  could be g iven an indiv idual  va lue for  each segment  to be

measu red ,  i t  wou ld  be  poss ib le  t o  keep  the  fac to r

- ( a  + a  ) t' n a ' o
e  cons tan t  f o r  a l l  d i f f e ren t  segmen ts .

- ( c l  +a  )T- n  a  o
I f  e  

-  = k ,  then the spectrum occurs between

( l+k )  l c . ( r r r )  |  and  ( l - k )  l c . ( o )  l .  e  t og " r i t hm ic  amp l i t ude  sca le  causes

a  cons tan t  rpeak - to -peak  r i pp le  va lue ' :

( r8) uroo = 20 Iog j*  uu

Choosing k  = I  /20 y ie lds the r ipp le to  be wi th in  I  dB.

- ( d  + c [ ) r
( 1 9 )  T h e r e f o r e  "  

t  a '  "  = *

I f  f o r  mos t  vowe ls  c t '  i s  va lued  a t  250  and  fo r  TO i s  w r i t t en  l /F ' ,

then f rorn (19)  the ru le-of - thumb can be obta ined:

( 2 0 )  6 x  = 3 F ^ - 2 5 0
 U

Of course the accuracy of  the d ispl -ayed formant  decreases wi th in-

creasing c l .  anci  formula (20)  therefore of fers a compromise between

r ipple smoothing and acc.uracy of  the f requency measurement .

Fo r  a  two rse  case t  examp le ,  assume!  F^  =  240  l t z ,  t hen :

Ct  = 0 +d = 3F^ = 720
n a u
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Subs t i t u t i on  o f  t h i s  i n to  (7 )  t oge the r  w i t h  t he  'wo rse '  va lue

f l  =  3 0 0  H z  a s  u s e d  b e f o r e  g i v e s :
l

u r - - - = f f i = f i 4 2
max I

o r :  f  =  2 7 7  . 2 5  H z .
max

The error  is  abouL 7.52,  which is  low compared to the fami l iar

f o rman t  ex t rac . t i on  e r ro rs  o f  t h i s  t ype  o f  s i gna l .  Bes ides ,  because

the  dev ia t i on  f r om f ,  i s  known ,  a  co r rec t i on  i s  poss ib le  i f

des  i r ed  .

Of  course the 3 dB bandwidth is  considerably increased.

In th is  example i t  amounts to about  230 Hz (B = 9) .
Tr' 

'

Ev iden t l y ,  t o  check  th i s  me thod  i n  p rac t i ce ,  t he  same tes t  se t -up

as  desc r i bed  above  i s  app l i cab le ,  i f  t he  damp ing  o f  t he  s i nuso ids

i s  ad jus ted  acco rd ing  to :

cr = 3FO

Some spectra obta ined f rom measurements as carr ied out  in  th is

manner  a re  d i sp layed  i n  t he  f i gs  15 ,  16  and  17  ,  whe reas  the

spec t ra  o f  t he  co r respond ing  s igna l s  w i t h  ' no rma l t  va lues  fo r  s .

( i . e .  w i t hou t  add i t i ona l  damp ing )  a re  dep i c ted  i n  t he  f i gs  1 / s ,

l 3a  and  l 4a .  As  a  resu l t  o f  app l y i ng  th i s  f exponen t i a l  w indow ' ,

t he  readab i l i t y  o f  t he  f f o rman ts t  i s  imp roved  cons ide rab l y .

Us ing  the  convo lu t i on  t heo rem i t  can  be  s ta ted  tha t  mu l t i p l i -

ca t i on  o f  t he  t ime  func t i ons  resu l t s  i n  t he  convo lu t i on  o f  t he i r

ind iv idual  spectra.  Though th is  is  not  exact ly  Lrue for  ampl i tude

spec t ra ,  t he  e r ro r  cou ld  be  s ign i f i can t  on l y  i n  t he  v i c i n i t y  o f

ze ro  f r equency  (Randa11 ,  1977 ) ,

The  p rocess  o f  a  measu r i ng  f i l t e r  scann ing  the  en t i r e  f r equency

range  can  be  cons ide red  as  t he  p rac t i ca l  ana logy  o f  t he  p rocess  o f

convolv ing the input  spectrum wi th the measur ing f i l ter

cha rac te r i s t i c .  Then  i f  t he  f i l t e r  pass  band  cu rve  cou ld  be  made

equal  to  the spectrum of  the exponent ia l  window, th is  method would

give resul ts  very s imi lar  to  the exponent ia l  window method.

J= -
.F

o



- . . ' " * -  B A N D W I D T H

n 3  [ 1 0

L r  50

- 7 3 -

Spec t rum o f  t he  s i gna l  f r om f i g .

inser t ion and exoonent ia l  window

Spec t rum o f  t he  s i gna l  f r o rn  f i g .

inser t ion and exponent ia l  window

12 (s ignal  2M) r^r i th  t ime-

mu l t i p l i ca t i on ,  c r "=  200

l 3  ( s i g n a l  7 F )  w i t h  t i m e -

rnu l t i p l i ca t i on ,  cx , "=  )50

t-

i

R E C O R D E R

C H A R T  S P E E D

I N / M I N
i.." "_".,* '*_-t --...,*...

R E C O R D E R

W R I T I N G  S P E E D

@
o

=
ul
U>
v

0-
o)
ul
tr

_ - , r ,
n 3

i l  1 0

! 2 0
t t t  / c t r ^

--t

. A I \ A L  
T  4 t r N

* . * . * * ;  B A N D W I D T H

t r 3  n 1 0
Tl 50

I
: : i i
: i

"- .t- --... ...i -.".. ,. -"
R E C O R D E H

C H A R T  S P E E D

l N r M l N

.----.'- ;- . i.. ..-. ,. - .

R E C O R D E R

W R I T I N G  S P E E D

tl r i-l 10

! 3  L l z o
I N , ' S E C

: :

c0
o

=
ul
a
7-(-')

uJ(r

F i g .  I  5

F i g .  I  6



-  7 4  -

I
( ) 0 J ^
Y q O

z . l J \ ((
- d

v  . r t

z B a
IJJ d
- o
d F l

llj d
t

r.r- cd .'r

h n ^

! -

( / ) { J

v r__l
t

\ t F
. B

.d  " ( ,

q { t
' r i

d E
^
H r'-r

q.r (d
"l

r--r P
A /

t r o )
t

a Q '
X

AJ CJ
d.

d.

(f.t $^
d.

F q
- . d

lr .,J
+J tf
o c )
0 J ( n
^ 4

(.1) ' Fl

:
b0

. r l
r r ,

t-



-  7 5  -

- o t

The ampl i tude spec t rum o f  the  func t ion  e  
"  

tO <  t l  i s  equa l  to :

A s imple second order  resonance c i rcu i t  wi th a bandr,q idth of

matches th is  funct ion apart  f rom the asynnnetry when p lot ted

l i nea r  f r equency  sca le .

A l t hough  th i s  me thod  seems  qu i t e  rea l i sab le ,  we  though t  i t  eas ie r

at  the t ime to apply the exponent ia l  window method s ince in  that

case we could use the narrow band spectrum analyzer  again whereas

we otherwise had to construct  a spectrum analyzer  wi th a con-

t i nuous  ad jus tab le  bandw id th .

The t ime inser t ion process and the exponent ia l  window method were

a l so  app l i ed  t o  na tu ra l  vowe l  s i gna l s .  Fo r  t h i s  pu rpose  the

f o l l o w i n g  m e a s u r i n g  s e t - u p  w a s  m a d e  ( s e e  f i g . l 8  ) :

From the vowel  s ignal  to  be measured one per iod of  the fundamental

f r equency  was  i so la ted  w i th  t he  a id  o f  t he  tP rec i s i on  Ga te t  (Wempe ,

1976 )  and  s to red  i n  a  d ig i t a l  s i gna l  memory  (1000  x  B  b i t ) .  The

memory length was made 20 msec which is  suf f ic ient  to  s tore any

F^ -pe r i od  o f  vowe l  s i gna l s .  Thus  a f t e r  t he  s i gna l  pe r i od  ze roes
U '

were  s to red .

The contents of  Ehe memory were repet i t ive ly  scanned at  the same

ra te  as  du r i ng  the  reco rd ing ,  con t ro l l ed  by  an  ex te rna l  t im ing

c i r c u i  t .

The b inary equivalents of  the sequent ia l  samples were converted

in to  t he i r  o r i g i na l  va lues  by  a  mu l t i p l y i ng  d ig i t a l - t o -ana log  con -

ve r to r .  The  DACrs  re fe rence  i npu t  was  con t ro l l ed  by  a  dev i ce  wh i ch
-cr t

p roduced  the  func t i on  e  I t s
-cl^ t

c i r cu i t  caused  the  func t i on  e  
4

at  the beginning of  each memory scanning cyc le.  Besides,  th is

c i r cu i t  a l so  ac t i va ted  an  ana log  sw i t ch  i n  such  a  way  tha t  t he

analog output of the DAC was connected to the spectrum anaLyzer

only dur ing one out  of  three scanning cyc les,  which caused an

add i t i ona l  t ime  i nse r t i on .

CI
- n z
1T
o n a

o,a was made adjustable.  The t iming

to  s ta r t  f r om i t s  o r i g i n  ( t  =  0 )
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(The  resu l t i ng  f undamen ta l  pe r i od  T '  was  s l i gh t l y  more  than  th ree

scanning cyc les owing to a t ime delay between consecut ive scanning

c y c l e s .  T h e  f i n a l  F f  t h e r e f o r e  w a s  e q u a l  t o  1 4 . 7  H z ) .

The  e f f ec t  o f  t he  ad jus tab le  f ac to r  Oa  on  the  t ime  func t i on  o f  t he

speech  i n te rva l  was  made  v i s i b l e  on  an  osc i l l oscope .  Cance l l i ng  o f

t he  mu l t i p l i ca t i on  f unc t i on  was  poss ib le  w i t h  t he  sw i t ch  S .

From the s ignals v /e measured in th is  manner a few are d isplayed in

t h e  f i g s  1 9  t h r o u g h  2 l  .  T h e  f i g s  1 9  , 2 0  a n d  2 l  w e r e  m a d e  w i t h o u t

the use of  the exponent ia l  window, whereas the ef fect  of  the ex-

ponen t i a l  w indow i s  sho r ,an  i n  t he  f  i gs  l 9a ,2Oa  and2 la  respec t i ve l y .

4. THIRD APPROXIMATION

The considerable amount  of  t ime necessary for  p lot t ing a complete

spectrum and the opt imum adjustment  of  cx,"  somet imes being d i f f  icu l t

were the major  d isadvantages of  the previous method.  Al though both

p rob lems  can  be  p rac t i ca l l y  e l im ina ted  by  respec t i ve l y  adap t i ng

high speed analys is  and determin i tB o"  automat ica l ly  f rom the

length of  the segment ,  at  th is  s tage an exper i .ment  of  a d i f ferent

method for  f requency analys is  r ,cas star ted.

The fo l lowing rnay expla in the pr inc ip le of  th is  method.

Cons ide r  t he  p rac t i ca l  case  o f  a  measu r i ng  f i l t e r  r espond ing  to

a t ime- l imi ted s ignal  por t ion.

From a t ime domain point  of  v iew the j -nf luence of  the s ignal  length

on  the  response  o f  t he  f i l t e r  on l y  s ta r t s  a f t e r  t he  momen t  t he

signal  segment  ceases.  In  fact  the sudden change at  the end of  the

segment contr ibutes to the f i l ter  response only f rom that  moment on.

The ' f o rman t  mask ing t  s i de  l obes  i n  t he  con t i nuous  spec t rum (o r  i n

i t s  p rac t i ca l  app rox ima t i on )  a re  t he re fo re  so le l y  caused  by  t h i s

sudden change at  the segment  end.  Now the idea was to modi fy  the

t ime inser t ing method f rom chapter  2 by 'enabl ing '  the measur ing

f i l ter  only  dur ing the occurrence of  the s ignal  segment  wi th in each

p e r i o d  o f  t h e  f i l t e r  i n p u t  s i g n a l .  ' D i s a b l i n g ' o f  t h e  f i l t e r  w a s

intended to be achieved by wi thdrawing the energy f rom i t  so that
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t he  f i l t e r  r esponse  shou ld  s ta r t  f r om ze ro  a t  t he  beg inn i . ng  o f

each  s igna l  pe r i od .

Using narrow band f i l ter ing impl ies that  in  th is  way the f i l ter

ou tpu t  vo l t age  i s  kep t  cons ide rab l y  be low  i t s  s teady  s ta te  va lue .

The spectra l  in format ion however,  can be extracted f rom the

va r i ous  peak  vo l t ages  o f  t he  f i l t e r  ou tpu t  a t  d i f f e ren t  cen te r

f requenc ies .

Rea l  i za t i on .

For  the pract ica l  implementat ion of  th is  idea the construct ion of

a specia l  purpose spectrum aaalyzer  was necessary owing to the

unusual  requi rements.  The measur ing procedure could be roughly

desc r i bed  as  f o l l ows :

From a s ignal ,  an in terval  wi th 20 msec length is  recorded into

the signal memory in such a way that the fundamental period or

other  segment  to be analysed forms par t  of  the memory contents.

Dur ing repet i t ive replay of  the memory contents,  the wanted

segment can be selected by means of  contro ls  which cause the

pass ing  o f  t he  s i gna l  v i a  an  e lec t ron i c  sw i t ch  on l y  du r i ng  t he

occu r rence  o f  t he  segmen t  i nvo l ved .  (en  osc i l l oscope  se rves  as  a

mon i to r  necessa ry  f o r  ad jus tmen t  o f  t he  con t ro l s ) .

The  s igna l  pass ing  th rough  the  e lec t ron i c  sw i t ch  i s  f ed  t o  t he

input  of  the measur ing f i l ter  of  the analyzer .  Af ter  each replay

cycle of  the memory,  the centra l  f requency of  the measur ing f i l ter

i s  i nc reased  one  s tep .  The  con t ro l  vo l t age  fo r  t he  e lec t ron i c

s w i t c h  s e r v e s  a l s o  a s  a  c o n t r o l  s i g n a l  f o r  t h e ' e n a b l i n g ' a n d  t h e

fd i sab l i ng '  o f  t he  measu r i ng  f i l t e r .  ( l i sab l i ng  occu rs  by  sho r t -

c i rcu i t ing the vol tages of  the tmemory components I  wi th in the

f i l t e r  v i a  e l e c t r o n i c  s w i t c h e s ) .

The  f i l t e r  ou tpu t  i s  connec ted  to  a  f u l l -wave  peak  rec t i f i e r  wh i ch

i s  rese t  be fo re  each  new rep lay  cyc le  i s  s ta r ted .  The  ou tpu t

vo l t age  f rom the  peak  rec t i f i e r  i s  f ed  t o  a  s t r i p  cha r t  r eco rde r

through a logar i thmic convertor .  Af ter  a number of  replay cyc les

of  the memory,  the f i l ter  has swept  over  the f requency range of

i n te res t  and  the  p lo t t i ng  i s  comp le ted .
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Bandwidth.

In order  to at ta in an output  vo l tage of  some importance f rom the

in te r rup ted  f i l t e r ,  i t s  r esponse  t ime  shou ld  no t  be  too  l ong

compared  w i th  t he  segmen t  du ra t i on  (To ) ,  i . e .  na r row  band

ana l ys i s  canno t  be  app l i ed .  Howeve r ,  t h i s  doesn t t  imp l y  a  l oss

o f  reso lu t i on :  t he  h ighes t  poss ib le  reso lu t i on  i s  l im i t ed  by  t he

i n h e r e n t  ' p u 1 s e  b a n d w i d t h '  o f  1 / T o H z .

Obviously  dur ing one spectrum plot t ing a constant  bandwidth is

requ i red .  A l t hough  the  cho i ce  o f  t he  bandw id th  i sn ' t  c r i t i ca l  he re ,

i t  shou ld  p re fe rab l y  be  made  p ropo r t i ona l  t o  I  /To  i n  o rde r  t o  avo id

the spectra l  ampl i tudes being dependent  on the segment  length.

As  the  band r^ r i d th  i s  cons tan t ,  a  l i nea r  f r equency  sca le  i s  j us t i f i ed .

(The possib le reasons for  apply ing a logar i thmic f requency sweep

are complete ly  gone when analys ing shor t  s ignal  segments) .

Tuning could be done by scanning the memory contents at  d i f ferent

speeds  and  l eav ing  the  f i l t e r  una l t e red .  A l t hough  th i s  cou ld  be

reaLized very easi ly  and cancels the problem of  making a tunable

f i l t e r ,  i t  imp l i es  a  measu remen t  w i t h  a  resu l t i ng  cons tan t  pe rcen t -

age bandwidth instead of  a constanL bandwidth.  The problem of  s tep-

wise correct ing the bandwidth being comparable wi th the problem of

rnak ing  a  t unab le  f i l t e r ,  we  dec ided  to  so l ve  t he  l a t t e r ,  pa r t i cu -

lar ly  on account  of  the tay lor-made propert ies of  the gyrator  band

p a s s  p r i n c i p l e .

This may be expla ined by the fo l lowing descr ipt ion of  the gyrator

band  pass  f i l t e r  p r i nc ip le :

A  gy ra to r  (Te l l egen ,  l 94B)  bas i ca l l y  cons i s t s  o f  two  mu tua l l y

coup led  ' t r ansconduc tance  amp l i f i e r s '  ( see  f i g ,  22  ) .  The  ou tpu t

cu r ren t  o f  an  i dea l  amp l i f i e r  o f  t h i s  so r t  i s  p ropo r t i ona l  t o  t he

inpu t  vo l t age ,  whe reas  the  i npu t  impedance  i s  i n f i n i t e .

One of  the ampl i f iers is  an inver t ing type which thus causes a

negat ive feedback.  Each ampl i f ier  output  forms a terminal  (gate)

wi th regard to the conrnon connect ion.

Let  both ampl i f iers have equal  t ransconductances (g) .  I f  one

ga te  i s  l oaded  w i th  an  impedance  2 , ,  t he  e f f ec ted  impedance  (Za )
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at  the other  gate can be computated as fo l lows:

A current  i  f lowing through the ef fected impedance Za causes a

v o l t a g e  v  o c c u r r i n g  a c r o s s  i t :  Z ,  =  v / i .

The  uppe r  amp l i f i e r  ou tpu ts  a  cu r ren t  i ,  =  g . v ,  wh i ch  i s  f l ow ing

e n t i r e l y  t h r o u g h  2 , .  H e n c e  v ,  =  g . v . Z l .

The lower ampl i f ier  outputs a current

i ^ = - g . v ,  = - g 2 . v . 2 , .
z - l - l

As  the  amp l i f i e r  i npu t  cu r ren t  i s  ze ro  i t  can  be  s ta ted  tha t

i 2 = - i . H e n c e :

-  g ' . v . Z ,  =  -  i  a n d  a s  Z .  =  v / L :" l E

t
( 2 1 \  Z  =  l / p ' 7\ - . /  " t  . ,  o  u l

I f  f o r  Z ,  a  s i n g l e  c a p a c i t a n c e  ( C )  i s  u s e d ,  ( 2 1 )  c h a n g e s  t o :

C
/  =  1 l t \  -

J w
t g '

w h i c h  b e h a v e s  l i k e  a  s e l f - i n d u c t a n c e :

a
(22) | = -"-

g 2

I t  w i l l  be  c l ea r  t ha t  a  s imp le  resonan t  c i r cu i t  can  be  made  by

connec t i ng  t he  l e f t  ga te  w i t h  a  capac i t ance  as  we l l .

I t s  resonance  f requency  resu l t s  f r om:

(23)  , .=G=f l$=t

assuming that  the two capaci tances have equal  va lues.

Th i s  resonance  f requency  can  eas i l y  be  ad jus ted  by  va ry ing  g ,

which could be accompl ished by means of  a var iable at tenuator

at  each ampl i f ier  input .  In  th is  way,  l inear  tuning is  very

s i m p l e  t o  r e a l i z e .

I f  Z l  cons i s t s  o f  a  capac i t ance  and  a  res i s tance  (R )  i n

paralLeL,  Z,  changes to:

2 _ Rot - 
Fl,r,cR
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I I + itrlCR
6 i r r . l !  L -  =  -  =  - .

,  g r z r  g r R

Now Z* can be considered as consist ing of  two components
t

connec ted  i n  se r i es ,  name ly :  a  res i s tance  r  =  +  and  a
g,R

sel f - inductance according to (22)  .

The appl icat ion of  th is  means that  the f i l ter  bandwidth can be

determined by rat ing the res is tors connected across the capa-

c i t ances .

A schemat ic  set-up of  th is  is  shown in f ig  .  23.

The fo l lowing equat ions are val id :

i ,  =  8 ' v ,

i 2 =  E ( v .  -  v r )

v  ,  
=  i r ' Z ,

v ,  =  i f z ,

Some subst i tu t ions resul t  in to:

v  g ' 2 2
( 2 4 )  2 =  |

t i  t + g 2 z l

v  g z
a n d  1 =  I

t i  t + g 2 z l

R
I^7nere ,l = 

I;JA,CR

. 2 1
Wri t ing , ,  = 

E 
and o,  for  

15 
changes th is  to:

I(25) Zr = 
c1o;1;;

S u b s t i t u t i n g  ( 2 5 )  i n t o  ( 2 4 )  y i e l d s :
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uJ2
r

62+  (a+ jo )  2

o r ,  s l i gh t l y  mod i f i ed :

(26)
62+ (c l+ jo)  2

In a s imi lar  wav can be found:

(27 ) o.+ju)

u . r2+(o+ io)  2
r

Apart  f rom the t " r*  
f ;  

these resul ts  are equal  to  the complex

spectra of  damped s inusoids wi th in i t ia l  phases of  O and {  radians

respec t i ve l y ,  as  ca l cu la ted  i n  chap te r  2 .

I f  t he  i npu t  vo l t age  o f  t he  gy ra to r  f i l t e r  i s  d i v i ded  by  g ,  i t s

ampl i tude response is  proport ional  wi th the ampl i tude spectra of

the damped s inusoids.  Therefore what  is  found in chapter  2 con-

cern ing the maxima and bandwidth is  complete ly  val id  for  the f i l ter

response .

Moreove r ,  i f  t h i s  t l zpe  o f  band  pass  f i l t e r  i s  used ,  t he  ' i naccu racy '

o f  t he  spec t ra l  peak  l oca t i ons  as  ca l cu la ted  i n  t ha t  chap te r  i s

decreased and even complete lv  corrected when the f i l ter  bandwidth

equal s 2cl .

I f  the s ignal  gat ing is  carr ied out  according to the f ina l  remark

in chapter  2,  opt imum correct ion occurs when v,  is  considered as

the  f i l t e r  ou tpu t  vo l t age .

With reference to the funct ional diagram (t ig.2a) the working

principle of the segment spectrograph can now be described in some

d e t a i l .

After the recording of a part  of  a signal into the signal memory

( ' t rans ien t  recorder f )  as  a l ready  descr ibed,  the  s igna l  i s  rep layed

repet i t i ve ly  a t  a  cons tan t  ra te .  The ana log  ou tpu t  (Y)  o f  the

1

v
2  = g

v .  C
1

v
l  = g

V ,  C
]-
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t rans ien t  reco rde r  i s  a t t enua ted  by  a  d ig i t a l l y  con t ro l l ab le

div ider  (us ing a mul t ip ly ing d ig i ta l - to-analog convertor)  and then

led to the input  of  the gyrator  band pass f i l ter .

Two  mu l t i p l y i ng  d ig i t a l - t o -ana log  conve r ro rs  se rve  as  d ig i t a l l y

contro l lab le at tenuators,  making the centra l  f requency of  the

f i l ter  proport ional  to  the same dig i ta l  number (A)  as used for  the

input  d iv ider .

The output  vo l tage of  the gyrator  is  taken f rom v,  v ia a buf fer

arnpl i f  ier .

Th i s  resu l t s  i n  f i l t e r i ng  o f  t he  ou tpu t  f r om the  t rans ien t  reco rde r

w i th  a  f i l t e r  r esponse  wh ich  i s  p ropo r t i ona l  t o  equa t i on  (6 )  whe re

0l  is  proport ional  to  A and cx,  is  
I

cons tan t  (  =  
*T ) .

Dur ing one complete scanning of  the t ransient  recorder  the number

A remains constant .

The replayed samples in  the t ransient  recorder  are counted by a

sample counter .  The count ing resul t  is  compared wi th a number (Nl)

which is  preset  wi th the a id of  f thumb wheel t  swi tches.  When both

numbers are equal ,  a  f l ip- f1op is  set ,  carrs ing an analog swi tch to

connect  the output  of  the t ransient  recorder  wi th the osci l loscope

input .  In  addi t ion the f l ip- f1op enables a prograrunable counter

which a lso counts the output  samples.  Af ter  a preset  number (NZ)

o f  samp les ,  t h i s  coun te r  gene ra tes  a  pu l se  wh i ch  c lea rs  t he  f l i p -

f l op  caus ing  the  osc i l l oscope  i npu t  vo l t age  to  become ze ro .

The desi red fundamental  per iod,  or  other  segment ,  can be selected

visual ly  therefore by adjust ing N,  and Nr.  As any sample number

be low  1000  can  be  p rese t ,  t he  ad jus tmen t  reso lu t i on  i s  20  psec

( the complete contents of  the memory being 1000 samples of  a

20  msec  s igna l  i n te rva l ) .

The inver ted output  of  the f l ip- f lop contro ls  two analog swi tches

simul taneously which keep the two capaci tances of  the gyrator

f i l t e r  sho r t - c i r cu i t ed  excep t  du r i ng  t he  rep lay  o f  t he  se lec ted

segmen t .

The number (A)  which determines the tuning of  the f i l ter  is  formed

by a b inary counter  (9 b i t )  and is  incremented by one at  each pulse

from a t iming c i rcu i t .  The same pulse serves to restar t  the t ran-

s ient  recorder  scanning cyc le and the sample counter .  The peak
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vol tage of  the gyrator  f i l ter  output  is  obta ined by a fu l l -wave

peak  rec t i f i e r  wh i ch  i s  rese t  be fo re  t he  nex t  t un ing  s tep .  A

sample-and-hold c i rcu i t  changes the vol tage d i rect ly  f rom one

measured value in to the next  one,  thus prevent ing unnecessary

large excurs ions of  the wr i t ing pen of  the char t  recorder ,  which

i s  connec ted  v ia  a  l oga r i t hm ic  amp l i f i e r .  The  peak  rec t i f i e r  r ese t

command and the sample-and-ho1d control are generated by the tirning

c i r c u i t .

This  c i rcu i t  ensures a t ime lapse between consecut ive tuning steps

wh ich  i s  su f f i c i en t  f o r  p l o t t i ng  t he  spec t rum accu ra te l y  i n  sp i t e

of  the re lat ive ly  low wr i t ing speed of  the char t  recorder .

The t iming c i rcu i t  is  dr iven by the same c lock f requency as the one

which contro ls  the output  rate of  the t ransient  recorder .  Dur ing

the t ime 1apse,  the f l ip- f lop is  inh ib i ted in  order  to prevent  the

gyrator  f i l ter  f rom responding to improper input  s ignals.

The replay veloc i ty  of  the t ransient  recorder  is  made proport ional

wi th the length of  the selected segment  by making the output  c lock

frequency equal  to  the product  of  a reference f requency and the

number  N ,  (ach ieved  by  us ing  the  ' phase - l ocked - l oop '  p r i nc ip le ) .

The reason of  th is  may be expla ined by the fo l lowing:  Reducing the

rep lay  ve loc i t y  by  a  f ac to r  k  causes  a  dec rease  o f  t he  s i gna l

f requency components by the same factor .  As the tuning steps and

the bandwidth of  the gyrator  f i l ter  remain the same, the resul t

is  equivalent  to  f i l ter ing wi th increased bandwidth and tuning

steps both by the factor  k .  Hence the f i l ter  response t ime and

frequency resolut ion is  matched wi th the selected segment  length.

The peak vol tages f rom the f i l ter  output  therefore are independent

of  the segment  length.

Because the t i rn ing c i rcu i t  is  s lowed down at  the same t ime,  the

tuning t ime is  ra ised by the same factor .  The resul t  is  that  the

sweep speed remains constant .  As the char t  speed of  the recorder

remains unal tered as we1l ,  the f requency scale of  the obta ined

spectra is  independent  of  the segment  length.

Fur thermore the f requeney range increases wi th the same factor  in

consequence.
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In  order  to avoid any problems caused by spur ious capaci tances,

the f requency sweep of  the gyrator  f i l ter  has been shi f ted to a

lower area together  wi th the output  c lock f requency.  Owing to the

l imi ted wr i t ing speed of  the char t  recorder  the t ime inser t ion

between consecut ive tuning steps is  large enough to a11ow for

replay ing at  s lower rates wi thout  the consequence of  increasing

the  ana l ys i s  t ime .

The actual  va lue of  k  is  chosen to be 5 when a l0  msec s ignal

segmen t  i s  se lec ted  ( i . " .  N2  =  500 ) .  I n  t ha t  case  the  ou tpu t  c l ock

frequency equals l0  kHz (which accounts for  scanning the complete

memory in  100 msec) .  Therefore the reference f requency equals

l0 k [z /500 = 20 Hz.  The resolut ion bandwidth and tuning step width

a t  a  l 0  msec  segmen t  we re  made  50  Hz  and  162 / "  Hz  respec t i ve l y
J

( the number of  tuning steps wi th in one bandwidth was chosen to be

3) .  That  causes a lO Hz bandwidth and a 31 /  "  t t ,  tun ing step width
5

fo r  the  gyra tor  f i l te r  as  in  th is  case k  =  5 .  The char t  speed be ing

2 nm/sec and a frequency scale of 200 Hz/ cm cause the required

t u n i n g  s p e e d  t o  b e  4 0  H z / s e c .  I f  t h e  t u n i n g  s t e p  w i d t h  i s  1 6 2 1 r H " ,
J

t h e  t u n i n g  s p e e d  r e q u i r e s  4 0 / 1 6 2 / 3  =  2 . 4  s t e p s / s e c .

Thus  the  ou tpu t  c lock  f requency  (10  kHz)  must  be  d iv ided by  4167

to obt.ain the required step frequency.

Computat ion of some propert ies of the responses of the interrupted

f i l te r  sys tem to  the  s imp l i f ied  ar t i f i c ia l  vowel  sounds as  used

before  d idn ' t  seem a  verv  s imp le  mat te r  and there fore  we dec ided

to check whether or not this system would at al l  funct ion sat is-

fac to r i l y  in  p rac t ice .  A t  a  la te r  s tage the  theore t ica l  behav iour

could be worked out.

The f igs 25 through 29 show some outputs obtained from this inter-

rup ted  f i l te r  sys tem a t  d i f fe ren t  inpu t  tes t  s igna ls .

The outputs from a few natural  vowel per iods are represented by

the f igs 30 through 32.

I t  can  be  conc luded tha t  the  ' s ide  lobes t  have comple te lv  d is -

appeared and the formants are displaved convenient lv.
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Fig.  25

A: Spectrum of 2O periods of l000Hz sinusoid (To=20msec)

B: Spectrum of 2 periods of l000Hz sinusoid (To=2msec)
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Spectrum of the sun of

Fr=1450H2, To=lTmsec

Spectrum of the sum of

F 
,=40OHz , 

To= I Oms ec

2 danped sinusoids, Fl=l2OOHz,

2 danped sinusoids , E 
r=250H2,

,|
r _ i
l i
t i

Fig.27

Fig .  28
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Even at a segment length of one or two

f r e q u e n c y t ,  i t s  d e t e c t i o n  i s  p o s s i b l e ,

peak shi f ts  somewhat  to a lower value.

of  the segment  length,  the measure of  a

i n to  aceounL .

per iods of  the t formant

a l t hough  i t s  spec t ra l

As  th i s  sh i f t  i s  a  f unc t i on

correct ion might  be taken

5.  CONCLUSION

The exponent ia l  window analys is  and the in terrupted f i l ter

analys is  as descr ibed prove to be valuable methods for  the

ana l vs i s  o f  vo i ced  speech  s igna l  segmen ts .

The lat ter  method complete ly  cancels the in f luence of  the funda-

mental  f requency on the spectrum ( the wel l -knornm ts ide lobes ' )

i f  one per iod of  the fundamental  f requency of  the s ignal  is

s e l e c t e d .

Addi t ional lv  the f requency resolut ion is  l in i ted by e i ther  the

segment length or  the in t r ins ic  formant  bandwidth and not  by the

analys is  method.

The segment  spectrograph device based on the in terrupted f i l ter

method therefore can be considered as a usefu l  tool  for  formant

ex t rac t i on  o f  speech  s igna l s  pe r  pe r i od ,  h igh -p i t ched  s igna l s

inc luded.  Thus for  example re l iab le formant  t ra jectorv measure-

ments could be carr ied out .

The requi rements as ment ioned at  the end of  the Int roduct ion

the re fo re  can  be  cons ide red  as  f u1 f i 1 l ed .

Natura l ly ,  the appl icat ion of  the device could be extended to

other  speech sounds such as f r icat ives and fur thermore to s ignals

ou ts ide  the  speech  f i e1d .
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