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BasicBasic sound sound propagationpropagation schemescheme

Omnidirectional receiver 

Direct Sound 

Reflected Sound 

Point Source 

Direct Sound

Reverberant tail
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Measurement process

The desidered result is the linear impulse response of
the acoustic propagation h(t). It can be recovered by
knowing the test signal x(t) and the measured system 
output y(t). 
It is necessary to exclude the effect of the not-linear
part K and of the background noise n(t).

 

Not-linear, 
time variant 

system 
K[x(t)] 

Noise  n(t) 

input x(t) 
+ 

output y(t)linear system 
w(t)⊗h(t)

distorted signal 
w(t) 
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Exponential Sine Sweep method

x(t) is a sine signal, which frequency is varied
exponentially with time, starting at f1 and ending at f2.
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Test Signal – x(t)
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Measured signal - y(t)

NotNot--linearlinear behaviourbehaviour ofof the the loudspeakerloudspeaker causescauses manymany harmonicsharmonics toto appearappear
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Inverse Filter – z(t)

The The deconvolutiondeconvolution ofof the IR the IR isis obtainedobtained convolvingconvolving the the measuredmeasured signalsignal
y(t) y(t) withwith the inverse the inverse filterfilter z(t) [z(t) [equalizedequalized, , timetime--reversedreversed x(t)]x(t)]
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Deconvolution of Log Sine Sweep

The “time reversal mirror” technique is employed: the system’s 
impulse response is obtained by convolving the measured signal
y(t) with the time-reversal of the test signal x(-t). As the log sine
sweep does not have a “white” spectrum, proper equalization is
required

Test Signal x(t) Inverse Filter z(t)
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Result of the deconvolution

The last impulse response is the linear one, the preceding
are the harmonics distortion products of various orders

1°
2°

3°5°
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IR IR SelectionSelection
AfterAfter the the sequencesequence ofof impulseimpulse responsesresponses hashas beenbeen obtainedobtained, , itit isis possiblepossible
toto selectselect and and extractextract just just oneone ofof themthem::
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Post processing of impulse responses

A A specialspecial pluginplugin hashas beenbeen developeddeveloped forfor the the computationcomputation ofof STI STI accordingaccording
toto IECIEC--EN 60268EN 60268--16:200316:2003
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Post processing of impulse responses

A A specialspecial pluginplugin hashas beenbeen developeddeveloped forfor performingperforming analysisanalysis ofof acousticalacoustical
parametersparameters accordingaccording toto ISOISO--33823382
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The new AQT plugin for Audition

The The newnew modulemodule isis stillstill under under developmentdevelopment and and willwill allowallow forfor veryvery fast fast 
computationcomputation ofof the AQT (the AQT (DynamicDynamic FrequencyFrequency ResponseResponse) curve ) curve fromfrom withinwithin
Adobe Adobe AuditionAudition
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Pre-ringing at high and low frequency

PrePre--ringingringing at high at high frequencyfrequency due due toto improperimproper fadefade--outout

ThisThis picturepicture showsshows the the preringingpreringing obtainedobtained deconvolvingdeconvolving directlydirectly the test the test 
signalsignal, , withoutwithout passingpassing throughthrough the system under testthe system under test
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Pre-ringing at high and low frequency

PerfectPerfect DiracDirac’’s delta s delta afterafter removingremoving the the fadefade--outout

ThisThis picturepicture showsshows the the resultresult obtainedobtained deconvolvingdeconvolving directlydirectly the test the test signalsignal, , 
withoutwithout passingpassing throughthrough the system under test, and the system under test, and employingemploying a a sinesine

sweepsweep goinggoing up up toto the the NyquistNyquist frequencyfrequency
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Pre-ringing at high and low frequency

PrePre--ringingringing at low at low frequencyfrequency due due toto a bad sound card a bad sound card featuringfeaturing frequencyfrequency--
dependentdependent latencylatency

ThisThis artifactartifact can can bebe correctedcorrected ifif the the frequencyfrequency--dependentdependent latencylatency remainsremains
the the samesame, , byby creatingcreating a a suitablesuitable inverse inverse filterfilter withwith the the KirkebyKirkeby methodmethod
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KirkebyKirkeby inverse inverse filterfilter
The The KirkebyKirkeby inverse inverse filterfilter isis computedcomputed invertinginverting the the measuredmeasured IRIR

( ) ( )[ ]
( )[ ] ( ) ( )ffHfHConj

fHConjfC
ε+⋅

=

1) The IR to be inverted is FFT 
transformed to frequency domain:

H(f) = FFT [h(f)]

2) The computation of the inverse filter is 
done in frequency domain:

Where ε(f) is a small, 
frequency-dependent 
regularization parameter

3) Finally, an IFFT brings back the 
inverse filter to time domain:

c(t) = IFFT [C(f)]

εest

εint

flow fhigh

Δf Δf

Inverse Inverse filterfilter

FrequencyFrequency--dependentdependent regularizationregularization parameterparameter
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Pre-ringing at high and low frequency

ConvolvingConvolving the the timetime--smearedsmeared IR IR withwith the the KirkebyKirkeby compactingcompacting filterfilter, a , a veryvery
sharpsharp IR IR isis obtainedobtained

The The samesame methodmethod can can alsoalso bebe appliedapplied forfor correctingcorrecting the the responseresponse ofof the the 
loudspeakerloudspeaker//microphonemicrophone system, system, ifif anan anechoicanechoic preliminarypreliminary test test isis donedone
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EqualizationEqualization ofof the the wholewhole systemsystem
An An anechoicanechoic measurementmeasurement isis first first performedperformed
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EqualizationEqualization ofof the the wholewhole systemsystem
A A suitablesuitable inverse inverse filterfilter isis generatedgenerated withwith the the KirkebyKirkeby methodmethod byby invertinginverting
the the anechoicanechoic measurementmeasurement



|| Page Page 242418.05.200618.05.2006 Angelo FarinaAngelo Farina UNIPR / ASK IndustriesUNIPR / ASK Industries || AAll Rights Reservedll Rights Reserved || ConfidentialConfidential

EqualizationEqualization ofof the the wholewhole systemsystem
The inverse The inverse filterfilter can can bebe eithereither prepre--convolvedconvolved withwith the test the test signalsignal or or postpost--
convolvedconvolved withwith the the resultresult ofof the the measurementmeasurement
PrePre--convolutionconvolution usuallyusually reducesreduces the SPL the SPL beingbeing generatedgenerated byby the the 
loudspeakerloudspeaker, , resultingresulting in in worstworst S/N S/N ratioratio
On the On the otherother handhand, , postpost--convolutionconvolution can can makemake the background the background noisenoise toto
becomebecome ““colouredcoloured””, and , and hencehence more more perciptibleperciptible
The The resultingresulting anechoicanechoic IR IR becomesbecomes almostalmost perfectlyperfectly a a DiracDirac’’s Delta s Delta 
functionfunction::
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Sensitivity to abrupt pulsive noises

OftenOften a a pulsivepulsive noisenoise occursoccurs duringduring a a sinesine sweepsweep measurementmeasurement
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Sensitivity to abrupt pulsive noises

AfterAfter deconvolutiondeconvolution, the , the pulsivepulsive sound sound causescauses untolerableuntolerable artifactsartifacts in the in the 
impulseimpulse responseresponse

The The artifactartifact appearsappears asas a a downdown--slopingsloping sweepsweep on the on the impulseimpulse responseresponse. . 
At the 2 kHz At the 2 kHz octaveoctave band the band the decaydecay isis distorteddistorted, and the , and the reverbreverb. . timetime

isis artificiallyartificially increasedincreased fromfrom 2.13 2.13 toto 2.48 s2.48 s
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Sensitivity to abrupt pulsive noises
SeveralSeveral denoisingdenoising techniquestechniques can can bebe employedemployed::

► Brutely silencing the transient noise
► Employing the specific “click-pop eliminator” plugin of Adobe Audition
► Applying a narrow-passband filter around the frequency which was being generated in 

the moment in which the pulsive noise occurred
The The thirdthird approachapproach providesprovides the the betterbetter resultsresults::



|| Page Page 292918.05.200618.05.2006 Angelo FarinaAngelo Farina UNIPR / ASK IndustriesUNIPR / ASK Industries || AAll Rights Reservedll Rights Reserved || ConfidentialConfidential

Basics of Exponential Sine Sweep (ESS) method
Pre-ringing at high and low frequency before the arrival 
of the direct sound pulse
Pre/post equalization of the test signal performed in a 
way which avoids time-smearing of the impulse 
response 
Sensitivity to abrupt pulsive noises during the 
measurement
Skewing of the measured impulse response when the 
playback and recording digital clocks are mismatched
Cancellation of high frequencies in the late part of the 
tail when performing synchronous averaging
Directivity of transducers (loudspeakers and 
microphones)

Topics



|| Page Page 303018.05.200618.05.2006 Angelo FarinaAngelo Farina UNIPR / ASK IndustriesUNIPR / ASK Industries || AAll Rights Reservedll Rights Reserved || ConfidentialConfidential

Clock mismatch
WhenWhen the the measurementmeasurement isis performedperformed employingemploying devicesdevices whichwhich exhibitexhibit
signifcantsignifcant clock clock mismatchmismatch betweenbetween playback and playback and recordingrecording, the , the resultingresulting
impulseimpulse responseresponse isis ““skewedskewed”” ((stretchedstretched in in timetime):):

The The picturespictures show the show the resultsresults ofof anan electricalelectrical measuremntmeasuremnt performedperformed
connectingconnecting directlydirectly a CDa CD--player player withwith a DAT a DAT recorderrecorder
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Clock Clock mismatchmismatch
ItIt isis possiblepossible toto rere--pack the pack the impulseimpulse responseresponse employingemploying the the alreadyalready--
describeddescribed approachapproach basedbased on the on the usageusage ofof a a KirkebyKirkeby inverse inverse filterfilter::

HoweverHowever, , thisthis isis possiblepossible onlyonly ifif a a ““referencereference”” electricalelectrical (or (or anechoicanechoic) ) 
measurementmeasurement hashas beenbeen performedperformed. . ButBut, in , in manymany casescases, , oneone onlyonly getsgets

the the rere--recordedrecorded signalssignals, and no , and no referencereference measurementmeasurement isis availableavailable, so , so 
the the KirkebyKirkeby inverse inverse filterfilter cannotcannot bebe computedcomputed..
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Clock Clock mismatchmismatch
HoweverHowever, , itit isis alwaysalways possiblepossible toto generate a generate a prepre--stretchedstretched inverse inverse filterfilter, , 
whichwhich isis longerlonger or or shortershorter thanthan the the ““theoreticaltheoretical”” oneone -- byby properproper selectionselection
ofof the the lenghtlenght ofof the inverse the inverse filterfilter, , itit isis possiblepossible toto deconvolvedeconvolve impulseimpulse
responsesresponses whichwhich are are almostalmost perfectlyperfectly ““unskewedunskewed””::

The The picturespictures show the show the resultresult ofof the the deconvolvutiondeconvolvution ofof a a clockclock--
mismatchedmismatched measurementmeasurement, in , in whichwhich a a prepre--strecthedstrecthed inverse inverse filterfilter isis

employedemployed, 8.5 ms , 8.5 ms longerlonger thanthan the the theoreticaltheoretical oneone..
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HighHigh--frequencyfrequency cancellationcancellation due due toto averagingaveraging

WhenWhen severalseveral impulseimpulse responseresponse measurementsmeasurements are are synchronouslysynchronously--
averagedaveraged forfor improvingimproving the S/N the S/N ratioratio, the late part , the late part ofof the the tailtail cancelscancels out, out, 
particularlyparticularly at high at high frequencyfrequency, due , due toto slightslight timetime variancevariance ofof the systemthe system

ComparisonComparison ofof a single a single sweepsweep 50 s long 50 s long withwith the the synchronoussynchronous averageaverage ofof
50 50 sweepssweeps, 1 s long , 1 s long eacheach..

Spectrum of a single sweep of 50s (above) 
versus 50 sweeps of 1s (below)

short-FFT spectrum at 200 ms after direct sound

4 kHz4 kHz

4 kHz4 kHz
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HighHigh--frequencyfrequency cancellationcancellation due due toto averagingaveraging

HoweverHowever, , ifif averagaingaveragaing isis performedperformed properlyproperly in in spectralspectral domain, and a domain, and a 
single single conversionconversion toto timetime domain domain isis performedperformed afterafter averagingaveraging, , thisthis artifactartifact
isis significantlysignificantly reducedreduced
The The newnew ““cross cross FunctionsFunctions”” pluginplugin can can bebe usedused forfor computingcomputing H1:H1:

ResultResult ofof transfer transfer functionfunction H1, processing a H1, processing a 
sequencesequence ofof 50 50 sinesine sweepssweeps ((aboveabove))

4 kHz4 kHz

( )
LL

LR
1 G

GfH =
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DirectivityDirectivity ofof transducerstransducers

AnalysisAnalysis ofof performancesperformances ofof binauralbinaural
dummydummy headsheads

AnalysisAnalysis ofof performancesperformances ofof omniomni / / 
figurefigure--ofof--8 8 microphonemicrophone assembliesassemblies

PolarPolar patternspatterns ofof dodechaedrondodechaedron
loudspeakersloudspeakers
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SpatialSpatial analysisanalysis byby directivedirective microphonesmicrophones

The The initialinitial approachapproach waswas toto useuse directivedirective microphonesmicrophones forfor gatheringgathering some some 
information information aboutabout the the spatialspatial propertiesproperties ofof the sound the sound fieldfield ““asas perceivedperceived byby
the the listenerlistener””
TwoTwo apparentlyapparently differentdifferent approachesapproaches emergedemerged: : binauralbinaural dummydummy headsheads and and 
pressurepressure--velocityvelocity microphonesmicrophones::

BinauralBinaural
microphonemicrophone ((leftleft))

and and 

variablevariable--directivitydirectivity
microphonemicrophone (right)(right)
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““objectiveobjective”” spatialspatial parametersparameters
ItIt waswas attemptedattempted toto ““quantifyquantify”” the the ““spatialityspatiality”” ofof a a roomroom byby meansmeans ofof
““objectiveobjective”” parametersparameters, , basedbased on 2on 2--channels channels impulseimpulse responsesresponses measuredmeasured
withwith directivedirective microphonesmicrophones
The The mostmost famousfamous ““spatialspatial”” parameterparameter isis IACC (Inter IACC (Inter AuralAural Cross Cross 
CorrelationCorrelation), ), basedbased on on binauralbinaural IR IR measurementsmeasurements

LeftLeft

RightRight

80 ms80 ms

( )
( ) ( )

( ) ( )
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““objectiveobjective”” spatialspatial parametersparameters
OtherOther ““spatialspatial”” parametersparameters are the are the LateralLateral Energy Energy ratiosratios: LE, LF, LFC: LE, LF, LFC
TheseThese are are defineddefined fromfrom a 2a 2--channels channels impulseimpulse responseresponse, the first , the first channelchannel isis a a 
standard standard omniomni microphonemicrophone, the , the secondsecond channelchannel isis a a ““figurefigure--ofof--eighteight””
microphonemicrophone::
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RobustnessRobustness ofof spatialspatial parametersparameters
BothBoth IACC and LF IACC and LF dependdepend stronglystrongly on the on the orientationorientation ofof the the microphonesmicrophones
BinauralBinaural and and pressurepressure--velocityvelocity measurementsmeasurements werewere performedperformed in 2 in 2 
theatrestheatres employingemploying a a rotatingrotating tabletable forfor turningturning the the microphonesmicrophones
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Theatre       1-LF IACC

Parma         0.725     0.266

Roma 0.676      0.344
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Are Are binauralbinaural measurentsmeasurents reproduciblereproducible??
ExperimentExperiment performedperformed in in anechoicanechoic roomroom -- samesame loudspeakerloudspeaker, , samesame source source 
and and receiverreceiver positionspositions, 5 , 5 binauralbinaural dummydummy headsheads
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Are Are binauralbinaural measurentsmeasurents reproduciblereproducible??
9090°° incidenceincidence -- at low at low frequencyfrequency IACC IACC isis almostalmost 1, at high 1, at high frequencyfrequency the the 
differencedifference betweenbetween the the headsheads becomesbecomes evidentevident

IACCe - 90° incidence
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Are Are binauralbinaural measurentsmeasurents reproduciblereproducible??
Diffuse Diffuse fieldfield -- the the differencedifference betweenbetween the the headsheads isis nownow dramaticdramatic

IACCe - random incidence

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

31.5 63 125 250 500 1000 2000 4000 8000 16000

Frequency (Hz)

IA
C

C
e

B&K4100
Cortex
Head
Neumann



|| Page Page 454518.05.200618.05.2006 Angelo FarinaAngelo Farina UNIPR / ASK IndustriesUNIPR / ASK Industries || AAll Rights Reservedll Rights Reserved || ConfidentialConfidential

Are LF Are LF measurentsmeasurents reproduciblereproducible??
ExperimentExperiment performedperformed in the Auditorium in the Auditorium ofof Parma Parma -- samesame loudspeakerloudspeaker, , 
samesame source and source and receiverreceiver positionspositions, 5 , 5 pressurepressure--velocityvelocity microphonesmicrophones
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Are LF Are LF measurentsmeasurents reproduciblereproducible??
At 7.5 m At 7.5 m distancedistance, the , the resultsresults alreadyalready exhibitexhibit significantsignificant scatterscatter

Comparison LF - measure 1 - 7.5m distance
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Are LF Are LF measurentsmeasurents reproduciblereproducible??
At 25 m At 25 m distancedistance, the , the scatterscatter isis eveneven largerlarger........

Comparison LF - measure 2 - 25m distance
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DirectivityDirectivity ofof transducerstransducers
SoundfieldSoundfield STST--250 250 microphonemicrophone

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

125 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

250 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

500 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

1000 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

2000 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

4000 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

8000 Hz

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

30

60

90

120

150

180

210

240

270

300

330

16000 Hz



|| Page Page 494918.05.200618.05.2006 Angelo FarinaAngelo Farina UNIPR / ASK IndustriesUNIPR / ASK Industries || AAll Rights Reservedll Rights Reserved || ConfidentialConfidential

DirectivityDirectivity ofof transducerstransducers
LookLineLookLine DD--300 300 dodechaedrondodechaedron
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DirectivityDirectivity ofof transducerstransducers
LookLineLookLine DD--200 200 dodechaedrondodechaedron
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DirectivityDirectivity ofof transducerstransducers
OmnisonicOmnisonic 1000 1000 dodechaedrondodechaedron
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ConclusionsConclusions
ESS ESS isis nownow employedemployed in in toptop--gradegrade measurementmeasurement systemssystems, , includingincluding
Audio Audio PrecisionPrecision (TM), (TM), RhodeRhode--SchwartzSchwartz and and BruelBruel & & KjaerKjaer’’s DIRAC s DIRAC 
softwaresoftware
HoweverHowever, , thesethese completelycompletely--packagedpackaged measurementmeasurement systemssystems oftenoften do do 
notnot allowallow toto play play ““trickstricks”” and and toto adjustadjust the the signalssignals forfor solvingsolving
problemsproblems, , whichwhich havehave beenbeen shownshown herehere
WorkaroundsWorkarounds havehave beenbeen foundfound forfor almostalmost allall the the problemsproblems occurringoccurring
whenwhen performingperforming ESS ESS measurementsmeasurements
TheseThese workaroundsworkarounds are are easilyeasily appliedapplied byby workingworking withwith a a generalgeneral
purposepurpose sound sound editoreditor (Adobe (Adobe AuditionAudition))
A A numbernumber ofof additionaladditional pluginsplugins havehave beenbeen developeddeveloped, , makingmaking easyeasy
toto generate the test generate the test signalsignal, , toto deconvolvedeconvolve and and processprocess impulseimpulse
responsesresponses, , toto computecompute inverse inverse filtersfilters and and toto performperform advancedadvanced
processing (STI, AQT, etc.)processing (STI, AQT, etc.)
TheseThese pluginsplugins are are freelyfreely downlodabledownlodable at the AURORA web site:at the AURORA web site:

www.aurora-plugins.com
The The onlyonly remainingremaining problemsproblems are are relatedrelated toto existingexisting transducerstransducers
((microphonesmicrophones and and loudspeakersloudspeakers), ), asas theirtheir directivitydirectivity isis far far fromfrom the the 
theoreticaltheoretical oneone
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