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Traditional time-domain measurements with pulsive sounds
and omnidirectional transducers
MLS and TDS methods for electroacoustical masurements

The The PastPast

The The PresentPresent

Time Line

Electroacoustical measurements employing the Exponential
Sine Sweep method (ESS)
Capturing spatial information with multichannel microphones
Post processing of measured IRs for computing acoustical
parameters and for auralization
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The The PastPast
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StartingStarting pointpoint: : roomroom impulseimpulse responseresponse

Omnidirectional receiver 

Direct Sound 

Reflected Sound 

Point Source 

Direct Sound

Reverberant tail
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TraditionalTraditional measurementmeasurement methodsmethods

PulsivePulsive sourcessources: : ballonsballons, , blankblank pistolpistol
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ExampleExample ofof a a pulsivepulsive impulseimpulse responseresponse
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LoudspeakerLoudspeaker asas sound sourcesound source

A A loudspeakerloudspeaker isis fedfed withwith a a specialspecial test test signalsignal x(t), x(t), 
whilewhile a a microphonemicrophone recordsrecords the the roomroom responseresponse
A A properproper deconvolutiondeconvolution techniquetechnique isis requiredrequired forfor
retrievingretrieving the the impulseimpulse responseresponse h(t) h(t) fromfrom the the 
recordedrecorded signalsignal y(t)y(t)

Portable PC with 4-
channels sound board

Original Room

SoundField Microphone

B- format 4-
channels signal 

(WXYZ)

Measurement of B- format 
Impulse Responses

MLS excitation signal

Portable PC with
additional sound card

Room

Microphone

Output signal y 

Measurement of Room
Impulse Response

MLS test signal x

Loudspeaker
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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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ElectroacousticalElectroacoustical methodsmethods

DifferentDifferent typestypes ofof test test signalssignals havehave beenbeen developeddeveloped, , 
providingproviding goodgood immunityimmunity toto background background noisenoise and easy and easy 
deconvolutiondeconvolution ofof the the impulseimpulse responseresponse::

►MLS (Maximum Lenght Sequence, pseudo-random white noise)
►TDS (Time Delay Spectrometry, which basically is simply a linear

sine sweep, also known in Japan as “stretched pulse” and in 
Europe as “chirp”)

►ESS (Exponential Sine Sweep)
EachEach ofof thesethese test test signalssignals can can bebe employedemployed withwith differentdifferent
deconvolutiondeconvolution techniquestechniques, , resultingresulting in a in a numbernumber ofof
““differentdifferent”” measurementmeasurement methodsmethods
Due Due toto theoreticaltheoretical and and practicalpractical considerationsconsiderations, the , the 
preferencepreference isis nowadaysnowadays generallygenerally orientedoriented forfor the the usageusage ofof
ESS ESS withwith notnot--circularcircular deconvolutiondeconvolution
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The first MLS The first MLS apparatusapparatus -- MLSSAMLSSA

MLSSA MLSSA waswas the first the first apparatusapparatus forfor measuringmeasuring impulseimpulse responsesresponses withwith MLSMLS



|| Page Page 111122.09.200822.09.2008 Angelo FarinaAngelo Farina

More More recentlyrecently -- the CLIO systemthe CLIO system

The The ItalianItalian--mademade CLIO system CLIO system hashas supersededsuperseded MLSSA MLSSA forfor mostmost lowlow--costcost
electroacousticselectroacoustics applicationsapplications ((measurementmeasurement ofof loudspeakersloudspeakers, , qualityquality controlcontrol))
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The first TDS The first TDS apparatusapparatus -- TEFTEF

TechronTechron TEF 10 TEF 10 waswas the first the first apparatusapparatus forfor measuringmeasuring impulseimpulse responsesresponses
withwith TDSTDS
SubsequentSubsequent versionsversions (TEF 20, TEF 25) (TEF 20, TEF 25) alsoalso supportsupport MLSMLS
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TheoryTheory ofof MLS MLS methodmethod

X(t) X(t) isis a a periodicperiodic binarybinary
signalsignal obtainedobtained withwith a a 
suitablesuitable shiftshift--registerregister, , 
configuredconfigured forfor
maximummaximum lenghtlenght ofof the the 
periodperiod..

N stages

XOR

k stages

x’(n)

12L N −=
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MLS MLS deconvolutiondeconvolution

The The rere--recordedrecorded signalsignal y(i) y(i) isis crosscross--correlatedcorrelated withwith the the 
excitationexcitation signalsignal thanksthanks toto a fast a fast HadamardHadamard transformtransform. The . The 
resultresult isis the the requiredrequired impulseimpulse responseresponse h(i), h(i), ifif the system the system 
waswas linearlinear and and timetime--invariantinvariant

yM
1L

1h
~
⋅⋅

+
=

Where M is the Hadamard matrix, obtained by
permutation of the original MLS sequence m(i)

( )[ ] 1Lmod2jim)j,i(M~ −−+=



|| Page Page 151522.09.200822.09.2008 Angelo FarinaAngelo Farina

MLS MLS exampleexample
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channels sound board

Original Room

SoundField Microphone
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Measurement of B-format 
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additional sound card

Room
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MLS MLS exampleexample
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ExampleExample ofof a MLS a MLS impulseimpulse responseresponse
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The The PresentPresent
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Edirol FA-101
Firewire sound 

card:
10 in / 10 out

24 bit, 192 kHz
ASIO and WDM

Today’s Hardware: PC and audio interface
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Hardware: Hardware: loudspeakerloudspeaker & & microphonemicrophone

Dodechaedron
loudspeaker

Soundfield
microphone
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Aurora Plugins
Generate MLSGenerate MLS

DeconvolveDeconvolve MLSMLS

Generate SweepGenerate Sweep

DeconvolveDeconvolve SweepSweep

ConvolutionConvolution

KirkebyKirkeby Inverse FilterInverse Filter

Speech Speech TransmTransm. Index. Index

The first ESS system - AURORA

Aurora Aurora waswas the first the first measurementmeasurement system system basedbased on standard sound on standard sound cardscards
and and employingemploying the the ExponentialExponential SineSine SweepSweep methodmethod
ItIt alsoalso worksworks withwith traditionaltraditional TDS and MLS TDS and MLS methodsmethods, so the , so the comparisoncomparison
can can bebe mademade employingemploying exactlyexactly the the samesame hardwarehardware
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Exponential Sine Sweep method

x(t) is a band-limited sinusoidal sweep signal, 
which frequency is varied exponentially with time, 
starting at f1 and ending at f2.
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Test Signal – x(t)

StopStop



|| Page Page 242422.09.200822.09.2008 Angelo FarinaAngelo Farina

Measured signal - y(t)

The The notnot--linearlinear behaviourbehaviour ofof the the loudspeakerloudspeaker causescauses manymany harmonicsharmonics toto appearappear

StopStop
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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)]

StopStop
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Deconvolution of Exponential 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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DeconvolutionDeconvolution = rotation of the = rotation of the sonographsonograph

Convolving with the inverse filter rotates the timeConvolving with the inverse filter rotates the time--log(flog(f) plane counter clockwise) plane counter clockwise

LinearLinear

22ndnd orderorder



|| Page Page 282822.09.200822.09.2008 Angelo FarinaAngelo Farina

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 insulateinsulate just just oneone ofof themthem::
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Maximum Length Sequence vs. Exp. Sine Sweep
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ExampleExample ofof anan ESS ESS impulseimpulse responseresponse
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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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The STI The STI MethodMethod

The STI method is based on the MTF concept: a carrier
signal (one-octave-band-filtered noise) is amplitude
modulated at a given modulation frequency with 100% 
modulation depth. At the receiver, the modulation depth
is reduced, due to noise, reverb, echoes, etc.
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MTF from Impulse ResponseMTF from Impulse Response

ItIt isis possiblepossible toto derive the MTF derive the MTF valuesvalues fromfrom a a 
single single impulseimpulse responseresponse measurementmeasurement::

( ) ( )
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∫
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To compute each value of m(F) from the impulse response 
h(t), an octave-band filter is first applied to the impulse 
response, in order to select the carrier’s frequency band f. 
Then m(F) is obtained with the formula
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Background Background noisenoise

IfIf the background the background noisenoise isis superposedsuperposed toto the the impulseimpulse
responseresponse, the , the previousprevious methodmethod alreadyalready takestakes care care ofof itit, and , and 
the MTF the MTF valuesvalues are are measuredmeasured correctlycorrectly
HoweverHowever, in some , in some casescases, , itit isis advisableadvisable toto performperform a a noisenoise--
freefree measurementmeasurement ofof the IR, and the IR, and thenthen insertinsert the the effecteffect ofof the the 
noisenoise withwith the the followingfollowing expressionexpression::
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+

⋅=
10101
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signalnoise LLFmFm

ThisThis makesmakes itit possiblepossible toto measuremeasure a a ““cleanclean”” impulseimpulse
responseresponse, and , and thenthen toto performperform separatelyseparately the the signlsignl anan noisenoise
recordigsrecordigs
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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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Distortion measurementsDistortion measurements

A headphone was driven A headphone was driven 
with a 1 V RMS signal, with a 1 V RMS signal, 
causing severe causing severe 
distortion in the small distortion in the small 
loudspeaker. loudspeaker. 

The measurement was The measurement was 
made placing the made placing the 
headphone on a dummy headphone on a dummy 
head.head.

Measurements: ESS and Measurements: ESS and 
traditional sine at 1 kHztraditional sine at 1 kHz
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Distortion measurementsDistortion measurements

Comparison between:Comparison between:
traditional distortion measurement with fixedtraditional distortion measurement with fixed--frequency sine (the black frequency sine (the black 

histogram) histogram) 
the new exponential sweep (the 4 narrow, coloured lines)the new exponential sweep (the 4 narrow, coloured lines)
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SpatialSpatial analysisanalysis byby directivedirective impulseimpulse responsesresponses

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 

PressurePressure--velocityvelocity
microphonemicrophone (right)(right)
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IACC IACC ““objectiveobjective”” spatialspatial parameterparameter
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
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RightRight
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LateralLateral FractionFraction (LF) (LF) spatialspatial parameterparameter
AnotherAnother ““spatialspatial”” parameterparameter isis the the LateralLateral FractionFraction LFLF
ThisThis isis 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::

Figure Figure 
ofof 88

OmniOmni
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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 IACC Are IACC measurentsmeasurents reproduciblereproducible??

Diffuse Diffuse fieldfield -- hugehuge differencedifference amongamong the 4 the 4 dummydummy headsheads

IACCe - random incidence
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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, 4 , 4 pressurepressure--velocityvelocity microphonesmicrophones
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Are LF Are LF measurentsmeasurents reproduciblereproducible??

At 25 m At 25 m distancedistance, the , the scatterscatter isis reallyreally bigbig

Comparison LF - measure 2 - 25m distance
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3D 3D ImpulseImpulse ResponseResponse ((GerzonGerzon, 1975), 1975)

Portable PC with 4-
channels sound board

Original Room

Sound Source

SoundField
Microphone

B-format 4-channels 
signal (WXYZ)

Measurement of B-format 
Impulse Responses

MLS or sweep excitation signal

Convolution of dry signals 
with the B-format Impulse 

Responses

Sound Source

Mono Mic.

B-format Imp. Resp.
of the original room

B-format 4-channels 
signal (WXYZ)

Convolver

Ambisonics decoder

Speaker array in the 
reproduction room
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3D 3D extensionextension ofof the the pressurepressure--velocityvelocity measurementsmeasurements

The The SoundfieldSoundfield microphonemicrophone allowsallows forfor simultaneoussimultaneous measurementsmeasurements ofof the the 
omnidirectionalomnidirectional pressurepressure and and ofof the the threethree cartesiancartesian componentscomponents ofof particleparticle
velocityvelocity (figure(figure--ofof--8 8 patternspatterns))
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DirectivityDirectivity ofof transducerstransducers
SoundfieldSoundfield STST--250 250 microphonemicrophone
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AA--formatformat microphonemicrophone arraysarrays
TodayToday severalseveral alternativesalternatives toto SoundfieldSoundfield microphonesmicrophones do do existsexists. . AllAll ofof themthem
are are providingproviding ““rawraw”” signalssignals fromfrom the 4 the 4 capsulescapsules, and the , and the conversionconversion fromfrom
thesethese signalssignals ((AA--formatformat) ) toto the standard the standard AmbisonicAmbisonic signalssignals ((BB--formatformat) ) isis
performedperformed digitallydigitally byby meansmeans ofof software software runningrunning on the computeron the computer
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The The WavesWaves project (2003)project (2003)
The The originaloriginal idea idea ofof Michael Michael GerzonGerzon waswas finallyfinally put in put in practicepractice in 2003, in 2003, 
thanksthanks toto the the IsraeliIsraeli--basedbased company WAVEScompany WAVES
More More thanthan 50 50 theatrestheatres allall aroundaround the world the world werewere measuredmeasured, , capturingcapturing 3D 3D 
IRsIRs (4(4--channels channels BB--formatformat withwith a a SoundfieldSoundfield microphonemicrophone))
The The measurmentsmeasurments diddid alsoalso include include binauralbinaural impulseimpulse responsesresponses, and a , and a 
circularcircular--arrayarray ofof microphonemicrophone positionspositions
More More detailsdetails on on WWW.ACOUSTICS.NETWWW.ACOUSTICS.NET
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The The CiresaCiresa project (2005)project (2005)
MeasurementsMeasurements ofof the the vibrationsvibrations and and radiatedradiated sound sound fromfrom woodwood panelspanels
MappingMapping ofof harmonicharmonic tablestables byby meansmeans on on anan XY scannerXY scanner
PressurePressure measuredmeasured byby meansmeans ofof a a linearlinear microphonemicrophone arrayarray
VelocityVelocity measuredmeasured byby meansmeans ofof a laser a laser vibrometervibrometer
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ConclusionsConclusions

The The sinesine sweepsweep methodmethod revealedrevealed toto bebe systematicallysystematically
superiorsuperior toto the MLS & TDS the MLS & TDS methodsmethods forfor measuringmeasuring
electroacousticalelectroacoustical impulseimpulse responsesresponses
The ESS The ESS methodmethod alsoalso allowsallows forfor measurementmeasurement ofof notnot--
linearlinear devicesdevices and and toto assessassess harmonicharmonic distortiondistortion
CurrentCurrent limitationlimitation forfor spatialspatial analysisanalysis in in roomroom acoustisacoustis
isis due due toto transducerstransducers ((loudspeakersloudspeakers and and 
microphonesmicrophones))
A A newnew generation generation ofof loudspeakersloudspeakers and and microphonesmicrophones, , 
mademade ofof massive massive arraysarrays, , isis under under developmentdevelopment..
The The ““harmonicharmonic ordersorders”” impulseimpulse responsesresponses obtainedobtained
byby the the exponentialexponential sinesine sweepsweep methodmethod can can bebe usedused forfor
notnot--linearlinear convolutionconvolution, , whichwhich yieldsyields more more realisticrealistic
auralizationauralization
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