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ABSTRACT
We proposea sinusoidalsynthesismethodbasedon the

instantaneousfrequency (IF) attractorswhich well corre-
spondto harmonicfrequency trajectories. In this paper,
we demonstratethat IF attractorscanbedirectly appliedto
sinusoidalsynthesis.Sincecontinuity of IF attractorsare
well-definedandsimpleto detect,extractionof IF attractors
can be donewithout any explicit constraintand needsno
complicatedalgorithmsuchaspeak-trackingof short-time
spectra.We alsodescribetheprocedurefor sinusoidalsyn-
thesisandprecisephaseestimationalongwith examples.

1. INTRODUCTION

Sinusoidalsynthesisis widely usedfor synthesisof speech
andmusicfor pitch andtime-scalemodification.Sinusoidal
synthesisbasedon peak-trackingof short-timespectrais a
typical method[4]. However, mostof suchtechniquesneed
complicatedalgorithmsuchaspeak-trackingof short-time
spectraandphasewrappingfor frameintervals.

In this paper, we proposea new sinusoidalsynthesis
methodwith simpledetectionof harmonictrajectoriesand
phaseestimation.It is achievedby adoptingtheIF attractor
analysisthatwehave proposedfor visualizationof harmon-
ics of speech[2].First we review therepresentationof IF[1]
andtheIF attractorswith time-warpinganalysisproposedin
[2]. Thenwe describehow to do sinusoidalsynthesiswith
accuratephaseestimation. We also examinethe effect of
time-warpinganalysison thequalityof synthesis.

2. IF ON THE TIME-FREQUENCY PLANE

We briefly describetherepresentationof instantaneousfre-
quency(IF) which we have formulatedto definethe IF am-
plitudespectrum[1] andtheIF attractors[2].

Thereare many time-frequency representationsfor IF
estimation[5]. For harmonicanalysis,we adoptthe short
time Fourier transform(STFT) which hasequalresolution
over the frequency, sincethe harmonicfrequenciesarelo-
catedat nearlyequalintervals.

TheSTFTof a signal������� is definedby

� ���
	����
� �� �
��������������������� ��������� ��	 (1)

where������� is a window function. A filter-bankexpression ���!	"��� is obtainedby ���
	����#�$� �"�&% � ���!	"���(' (2)

ThentheIF at thepoint ���
	���� is definedby
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Avoiding direct calculationof phase,we adoptthe formula
in [3] which is

) ���!	"�����7698;:8 % �$< 8;=8 %6;>@? < > ' (4)

where
 ���
	����#� 6A?CB < . Here(4) hastimederivativesof the

realandimaginarypartof
 ���!	"��� . They areobtainedfrom* ��������D * � which is the differentialof the analysiswindow������� . By replacing������� with * �������"D * � , weobtain
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Now * 6 D * � and * <MD * � in (4) areobtainedas the real and
imaginarypartof

** �
 ���!	"���#�N� ����% ** �
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	�����' (6)

Thusby usingtheoriginal ������� andits derivative * ��������D * � ,
we candirectly calculatetheIF in (4). We usethis method
for preciseIF calculationfor implementationlaterin exper-
iments.The mainadvantageis that it needsno approxima-
tion in calculatingIF in discrete-time,suchastakingdiffer-
enceof phasein consecutive samples.

3. THE IF ATTRACTORS

WehaveproposedtheIF attractorswhichcorrespondto har-
monic frequency trajectories[2]. The IF attractorsarede-
finedasthepointswhich satisfy

P
���!	"�����$Q ,.R�S * P* �UT Q (7)

whereP
���
	����E� ) ���!	"���I�O� . This is equivalentto

) ���!	����#�V� ,.RWS * )* � TYX ' (8)

The equationin (8) indicatesthat the IF attractorsare the
fixedpointsthroughthemappingof thefrequency � to the
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Fig. 1. Definition of IF attractors.
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. Besides,theinequalitychoosesonly thepointswhere)
varieslessthan� does.

Considerasinusoidof frequency ] . Its spectrumspreads
along frequency � with its band-widthdependingon the
analysiswindow. Therefore� variesaround�U� ] , while
the mappedIF staysinvariantat

) ���C�F� ] , if thereis no
interferencefrom otherfrequency components.ThustheIF
attractorcorrespondsto thefrequency of thesinusoid.Fig.1
describesan exampleof the relationshipwhenmultiple si-
nusoidsexist at the locationspointedto by thearrows. Al-
thoughin this casetherecouldbeaslight interferencefrom
othersinusoids,theIF attractorsmatchalmostexactly to the
frequenciesof thesinusoids.

Harmoniccomponentsof speecharenot exactly sinu-
soidsandtherearemultiple components.Fig.2 (a) and(b)
shows an exampleof an STFT spectrogramof speechand
correspondingIF attractors. We seethat the IF attractors
well correspondto harmonicfrequencieswherefrequencies
arenot rapidly changing.However, theIF attractorsfail to
track the frequencieswhich changerapidly. Time-warping
analysisin thefollowing sectionsolvesthis problem.

4. TIME-WARPING ANALYSIS

In Fig.2 (a), it is seenthat the IF attractorsdo not match
theharmonicfrequenciesaroundupperleft andupperright
wheretheharmonicfrequencieschangerapidly. Suchrapid
changecauseswiderband-widthof thecomponentsandmakes
thecomponentsoverlapeachotherin thefrequency region.
To overcomethis problem,wehave proposedamethodthat
appliestime-warpingto theanalysisframeaccordingto the
frequency change[2].

Here we briefly review the method. Considera har-
moniccomponentwith frequency ] ����� andphasê ����� which
have relationship

^ ������� % ] ���_� � � ? ^a` (9)

where ^0` is theinitial phase.Now we wanta new time axisb on which thefrequency changeis not observed. In other
words,theproblemis to find anappropriate�Ccdb mapping
function be�Vb������ . In orderto makethefrequency constant,
thephasemustbea linearfunctionof b suchas% ] ���_� � � ? ^a` �Vf�b ? f ` (10)
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Fig. 2. STFT spectrogram(a) andcorrespondingIF attrac-
tors of /muroran/without time-warping(b) andwith time-
warping(c).
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wheref is theconstantfrequency andf ` is theinitial phase.
Differentiating(10) twice with respectto b andsubstituting] ������� * ^ D * � gives� > �� b > *

^
* � ?

� �� b > * > ^* � > �$QW' (11)

This canberewritten as� > b� � > �hg.����� � b� � 	 (12)

where

g.������� ] ����� �Ai * ] �����* � ,.RWS ] �����E� * ^ �����* � ' (13)

Thus g.����� is the parameterthat determinesthe condition
which b������ shouldsatisfy, and g.����� is determinedby ] �����
andits derivative.

For IF-basedanalysis,we apply time-warpinglocally
for therangeof eachanalysisframe.We describethewarp-
ing function b7�jb������ by a second-orderpolynomialof �
which appearedto be good approximation. Let � ` denote
thecenterof theanalysisframe.Thewarpedtime-axisb������
is resetfor each� ` by

b %lk ������� Xm 6 %lk �����n� ` � > ? < %lk ���o��� ` � (14)

around� ` with constants6 % k and < % k . Herewe assumethat
the point �F�p� ` correspondsto the origin of the axis b % k .
Thentheconditionin (12) is satisfiedat �@�q� ` by setting

< %4k � � b % k� � %lk�r ` � X ,.RWS 6 %lk � � > b % k� � > %lksr ` �hg.��� ` ��'
(15)

Herewe forced < % k which is thetime-scaleratio to beunity
becausethetime-scalesof � andb %lk shouldbeequivalentto
assurethattheIF at theorigin of b %lk keepsexactly thesame
asbeforetime-warping.

For actual implementation,we first perform IF-based
analysiswithouttime-warpingandestimatereliable] ����� with
its derivative to obtain g.����� usingtheperiodicityfunction[1]
as the reliability score. Preciseestimationof the deriva-
tive is obtainedbasedon the slopeof the IF attractors[2].
Thenwe canperformtime-warpinganalysiswith obtainedg.����� . Thus the whole processhastwo steps,which is the
simplestapproach.Or we canalso performon-line time-
warpinganalysiswith minimumdelay, by iterative estima-
tion of (13).

Fig.2 (c) shows the resultof time-warpinganalysisby
thetwo-stepapproach.WecanseethattheIF attractorswith
time-warpingbettercorrespondto theharmonicfrequencies
comparedto thosewithout time-warping.

5. SINUSOIDAL SYNTHESIS BASED ON IF
ATTRACTORS

SinceIF attractorsareclosedcontoursthat have respective
endpoints,we cannumberthem. Thenthe phaseof theat-
tractornumbert becomes

^Lu ������� %
vLw ) u ���#� � � ?Vx u 	 (16)
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Fig. 3. Block diagramof analysis/synthesissystem.

wherex u is thephaseat �@��� u which is thebeginningpoint
of the attractor. By calculatingthe phaseby (16), we can
synthesizethe correspondingsinusoidalcomponent.Then
the whole synthesizedsignal is obtainedas the sumof all
thesinusoidalcomponentsas

�������o� �
u roi 6 u �����;���.�.� ^ �����"� (17)

where 6 u ����� is the spectralamplitudecorrespondingto the
IF of

) u ����� .
5.1. Implementation in discrete time system
Fig.3shows theframework of thesynthesissystem.Thein-
putsignalis framedat every2msandgoesthroughthewin-
dow function ������� andalsoits derivativedescribedin Sec.1,
using Blackmanwindow of 25.6mslong for ������� . Then
FFT is appliedto the two windowed signalsin parallel. IF
attractorsareextractedfrom zerocrossingsof P
���!	"��� in (7)
usinglinearinterpolation.Continuityof theIF attractorsare
detectedby asimplenearestsearch.Time-warpingof signal
isdoneframeby frameaccordingto g.����� derivedfromtheIF
attractors.Althoughwe alreadyhave amplitudesassociated
with theIF attractors,we calculatethespectralenvelopein
parallelby LPC analysisbecausewe have to maintainthe
envelopeafterpitch-shift is applied.

5.2. IF adjustment for phase estimation
Sincethesignalis discreteandanalysisis doneat every � -
pointinterval, phasecalculationby simplyaccumulatingthe
IF suchas

^ ���
��� � ) ���
� (18)

leadsto estimationerror over the frame,sinceactuallywe
have

) ���
� only at the frame intervals. Though the error
is very small within a frameinterval, it accumulatesover
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consecutive framesandbecomesnot negligible. Thus we
needadjustmentof the estimatedIF for error correctionin
phase.Following is theprocedureof theerrorcorrectionfor
eachattractor.

1. Setthe initial phaseasthephaseof thebeggingtime
of theattractor.

2. Estimatethe phaseas the accumulationof the IF at
thepointsexcepttheendpointsof theattractor.

3. At the beginning point of eachframe, look up the
original phaseand adjustthe IF so that the error is
canceledout linearly over theframe.

Following is thedetailsof theprocedure(3). Let � de-
notethe frameindex. For frame � , we describethe IF as) ���!	 �V� � at ��� �V� alongthe trajectory ���
	���� of the IF
atttractor. Thenwe estimatethe phaseobtainedwithin the
framethatis Q��V� T � by�^ � ��� ? �
��� �^ � ��� � ? � ) ���
	 �V� � (19)

whereweomit theindex t for simplerdescription.Thenthe
estimatederrorbecomes�L�I� ��� ��� ^ � �V� �9� �^ � ��� � (20)

where ^ � �V� � is the original phase.Adjusting the error is
doneby addingsmalloffsetto theestimatedIF suchas�) ���
	 ��� ��� ) ���
	 ��� � ? � � � �V� �(D � ' (21)

Thentheerrorat thecurrentframecancelsout linearly over
theframeinterval. As aresult,theestimatedphasebecomes
almostequivalent to the original phase. Fig.4 shows the
effect of theadjustment.It is seenthatthephaseof synthe-
sizedwaveformwell preservescomparedto theoriginal.

5.3. Sinusoidal synthesis
For synthesis,pitch and/ortime-scalemodificationcanbe
donebymodifyingtheIF. It shouldbe �) u ���!	"�
���h�0� ) u ���!	"�o�
for pitch modificationandshouldbe �) ���
	��
�C� ) u ���!	�� % �
�
for time-scalemodification,where �0� and � % arepitch and
time-scaleratios. Once the modified IF trajectory is ob-
tained,thecorrespondingphasewill be

�^�u ���o��� x u ? � �) u ���
	��
� (22)

where x u is the initial phaseof the attractor. The spectral
envelopeobtainedby LPC-analysisfor correspondingIF is
usedfor the amplitudeof the sinusoidalcomponent.The
sinusoidalcomponentis generatedby� u ���
�#��� u ���
�;���.� �^ u ���
� (23)

where� u is thecorrespondingamplitude.
Discontinuity at the endpointsof the attractorleadsto

buzzynoisebecauseit alsomakesthediscontinuityof wave-
form. In orderto avoid this discontinuity, the Bartlet win-
dow of width

m � which is twice the frameinterval is ap-
plied andthenoverlap-addedfor theframes,by���
���
���V��D � 	 Q��e� T �� � ���
��� m �n��D � 	 � �N� T m � ' (24)

(sec)
0.05 0.1

Fig. 4. Effect of phaseadjustment.Input waveform (top),
synthesiswithout phaseadjustment(middle)andwith phase
adjustment(bottom)of thebeginningof /muroran/.

6. EXPERIMENTS

We have implementedtheproposedmethodat 10kHzsam-
pling rate on a real-timesystem. The synthesizedspeech
with no modification on pitch or time-scaleis perceived
quite close to the original in subjective evaluations. The
effect of time-warpinganalysisis clearly perceived when
pitch and/ortime-scalemodificationis applied. If modifi-
cationis appliedwithout time-warpinganalysis,noisethat
soundslike an artificial echois perceived, which is made
by the IF attractorsthat fail to track the harmonicfrequen-
cies. With time-warping,suchnoiseis not perceived and
thesynthesizedspeechbecomesmuchmorenatural.As far
aswe have confirmed,artificial echoswhich areperceived
on methodssuchas the FFT-basedphasevocoderare al-
mostcompletelysuppressedwhentheIF attractorandtime-
warpinganalysisis applied.

7. CONCLUSION

Weproposedasinusoidalsynthesismethodbasedon theIF
attractorsandtime-warpinganalysis.It is shown thatsinu-
soidalsynthesisis achieveddirectly by sinusoidgeneration
accordingto theIF attractortrajectories.In subjective eval-
uations,the quality of synthesizedspeechis quite closeto
the original. Also, the time-warpingmethodis effective to
avoid noisecausedfrom by rapid frequency change. Our
future work includesobjective evaluationandapplications
of thesinusoidalmodeling.
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