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Abstract

In natural hearing we sense direction, distance and surrounding space of a sound source. In
stereo playback over loudspeakers aB&’/we perceive real and phantom sources. Auditory
cues for source direction, distance and surroundings are present, but are often corrupted by
the loudspeakers themselves, by their placement in the room and by room reflections due to
their radiation pattern_oudspeakers and room can be perceptually hidden from attention.
Reflections must be sufficiently delayed and mimic the direct sound by having the same
spectral content. What remains is -@ifensional phantom auditory scene in front of the
listener, bemd the loudspeakers. Such scene can be studied with confidence to determine
spatial plausibility and believability of a stereophonic recording/mix. Loudspeakers with
constant directivity, such as omni, dipole or cardioid, are necessary to realize tfiis bene

1. Introduction

The recording and reproduction of sound in stereophonic format has been practiced for many
decades. In its simplest implementation two microphones pick up the sound at one location
in a specific environment. Theo electrical signaktreamsare stored on a CD armdayed

back at a later time, in a different environment, over two loudspeakers. A listener perceives
sounds coming from the loudspeakers and from between the loudspeakers. Tlegedem

a stronginfluence upon the clarity and tonal balance that heard More than two
microphones will have been used in most recordings and their electrical output signal
streams will have been mixed down to two channels. The process of placing a muloplicity
microphonesin specific locationsand then combining their outpstgnal streamsas the
programmaterial demands, has become anf@rn. It is guided by the sensibilities and
expectations of producendconsumerRecording écisions are based upon what is heard
from the monitor loudspeakens their acoustic environment.Typically there is little
resemblance between a recording studio and the playback room of any consumer of the
recording Fig. 1

Sound always exists in a spgd¢. We hear both the direct sounarr a source and the
response of the space to that source via multitudes of reflecAsna. species whave
developed the ability to distinguidtirect sound and reflections generated by one source
from those of another sourcerhich may exisin the sameor in a different location.Our
brain continually analyzethe streams of air pressure variations at the eardionpatterns
that match memory, ocould be new and must be responded by motion We have
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memory of thenaturalGestalt of sources areven in different environmers, or when we
receive few cues at the eardrymis we recognize the sourd®] i [5]

Figure 1:My living and listening room.
No special acoustic treatmentispeyd , j ust t hefemor mal st

In the transmission afound froman acoustic event to teicrophonesto loudgpeakes and
listener many natural cues are lost and artificial, misleading cues have been introduced. In
particular, the spatial relationship of sources to each other and their environment is rarely
recorded in a natural wagr believablyreproduced over the typical loudspeaketup in a

typical room. Microphones have been capable for a long time to sample the full spectrum
and dynamicsof audible sound. Loudspeakers can be readilyt ibdt coverthe full
spectrum of sound and with dynamics greater than enough to overload an acoustically small
spaceHow to record and how to reproduce spatial detail in stefttde discussed below

from the perspective of a loudspeaker desighéisten to a widerange of music, though
mostly classical, in my own living roonirig.1 | believe thamanyrecording engineers and
alsomanyloudspeaker designers are not awaréhefwonderful illusion thaive can create

with simple two-channelreproduction when we minimize misleading datatreams at the
earsand cooperate with natural hearing processes in the. [8t@reo in its purest form is
about recording real sources and reproducing them over two loudspeakers in a room as
phantom sources, without hearing ro@nd loudspeakers, while generating a believable
illusion of sound sources in their spatial cont&itnbre, localization and spaciousnexs

the illusionare essential contributors to a satisfying auditory experiefloey should be
preservedrom recordirg to reproduction.

2. A systenmatic approach to stereo

This will be a view of stereo, as if hadthe assignmerib record an acoustic evelike |
heard itandthento reproduce it irmy mind as simply as possibét a later timeThedesign
solution shoulde practical, convenient and cost effective.
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2.1. Binaural recording and playback

2.1.1. Recording soungressure streamat the eardrums

The first decision inmy assignment will béo selectthe location from wherel hear the
acoustic event. If Ilweretorecorcaoncert in a symphony hall
A listener to my recording would haes acousticallyfamiliar experienceassuminghe/she

is used to hear the orchestra from an audience perspdotivause ¢ knows already the
Gestalt of such eants.

| would record the sound pressure variations at my ear drums while facing the orchestra and
holding my head as still as possiblé]. Playback would be over headphones that are
equalizedto recreateat my eardrumghe exactair pressure variationsom the recording
sessionFig. 2 Such equalization is not trivial but can be accomplished with a DSP engine.

(b
Figure 2: (a) Recording the sound pressure streams at the eardrums using a small diameter,
flexible tubewith a small microphone capsule at its remote end. (b) Headphone reproduction
after the signal transmission chain has been equalized using the same tube microphone.

2.1.2. Hearing the reproduced eardrum signals

What will I hearwhen my eardrum signals from thecording session have been epr
ducec® My brain will create from the signal streamsAnditory Scene that has an extremely
high degree of similarity with what | heard originally. When | close my eyes | may think that
| am back in the concert hallhe bnality of theauditory scengs the samelnstrument
sound and noises amoming fromthe directions that | remembdhough may seem to be
closer. But there are significant differences in the behavior of the reproduced Qéwtalt.
auditory scenaloes ot changewhen | move my headt moves,tilts and walkswith me
without changin@duditory Perspective. | cannot turn my head towards the noisy visitor from
the recording session. Nor can | tune him out as | did fhiememinently important ability

to adust my Auditory Horizon has been losthus, | may now become aware oéir
conditioner noise that | did not remember heammgl possibly other intrusions into the
auditory scenel may notice the absence of tacsknsations
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2.1.3. Other individuals hearingny eardrum signals

What are other persons likely hear when they listen to my eardrum equalized reasidgng

the same headphones? First of akytthave not experienced tlaeiditory sceneof the
recording session, though they may be very familiar sitth Gestalt. They are likely to be
impressed by the realism and believability of what they hear. But their brain will also receive
cues that are misleadinig the degree that my head shape, pinna, ear canal and torso differ
from theirs. Thus the tonality dheir auditory scenenay be different at high frequencies
Source directiongould be somewhat changed but, most significantly, source distances will
be foreshortenedut-of-head localization will be difficult in front, though relatively easy to
the sids, rear and top. Even if a corresponding visual scene is presented simultate@ously
theauditory scengthe Auditory Distances seem shorter than the visual distérices

2.1.4. A headtracking demonstration

The reduction of Auditory Distandeetween listenerral sources within thauditory scenés

a normal perceptignwhenever the signals at the eardrums are independent of head
movementlIn the limit, when proper auditory cues are missihg,auditory scenevill be
placed inside the head, between the ddrave experienced a demonstration that illustrated
the importance of head turning to the perception of distd8te[9]: A dual mono
presentation of a jazz quartet over headphones produced a maenalitaty scendetween

my ears. A movement tracking device on top of my head was turndideom Fig. 3 A few
left-to-right turns of my head and suddenly #neditory scendiad moved clear across the
room to the door that | was looking at. It was still of the saize @nd timbre as perceived
initially, but now at a large Auditoristance, floating in the roonm front of the distant

door. | turned a full 360 degrees and the AS was perceived from all angles as being in front
of the door across the room. Now awds looking towards thedistantauditory scendhe

head trackinglevicewas turned off. Nothing happened. Taeditory scenavas still over

there. A leftto-right turn of my head and still nothing happened. Taez quartet continued

to playoverthere. A fav more movements of my head and suddenly | perdeheauditory
scenesliding towards me, accelerating and locking into my head between the ears.

Figure 3: Example of a ration tracker on top ahehead bandSmyth Research)

What had happened heigethatfirst the frequency response of the headphone signals had
been continuously changing according to the directionltixats facing The initial system

4
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calibration was for the door across the rooks. | moved ny brain became trainedy
consistent directional cues for theangingauditory scenewhich it memorized. Thysipon
turning off theheadtracking device nothing happened initially. Only after further ldt
right turns, whichrepeatedlyproduced inconsistent auditory cudg the brain give up and
place theauditory scendetween the ears, because it could no longer Idbatauditory
sceneoutside the head

2.1.5. Head diffractionand directional hearing

The human head diffracts a sowwdve depending upon its frequenepd angle of
incidence At low frequencies and long wavelengthe head is a small obstacle and only the
arrival time and phase difference between the signals at the eardrums is of usefulness for
directional hearing (ITD). At high frequencjeshere thevavelengtls are small compared to

the head sizat can block the soundwaves producing level differences at the eardrums that
vary with the angle of wave inciden@&D). Furthermore the head shape and the particular
details of the pinnghape and the eaanal act as filterswhich shape the spectrum of the
incident wave before it reaches the eardriDirectional hearing ability is weak ime
transitionalrange between 700 Hz and 3 kHWuch of our directional hearingan be
described byhe HeaeRelatedTransferFunction. This function depends varying degree
upon the individual anatomit changegor close source distances and differs to some extent
between fredield and diffusefield sound incidence. The HRTIBehavior is inconsiste

with the observation that thenality of a sound that | heais largely independent dhe

angle of sound incidenc&or example, gerson is talking to mand| turn my head 90
degrees. The ear drum signal spectra change dramatically, yet the pensds assentially

the sam¢10].

The headracking demonstration showed me the importance of head movemend tindi
auditory distance and direction for tladitory scenen my head relative to the outside
world. Headtracking is essentidbr creatng an Artificial Realityand issometimes used in
arcade video gameE.we could add heattacking to the binaural recording and reprodu

tion process, then we would hagesystem that work essentiallyindependent of an

i ndi vi du a ltwosld @ecose easytigr the brain to overcome remaining misleading
cues in order to experience a believahlialitory sceneespecially when combined with
visual cues Only tactile sensations would be lacking, unless they were recorded and
reproduced also.

2.1.6. Tradeoffsin binaural recordingand playback

A binaural system is capable of exceptional tonal and spatial fidélibe system response
is calibrated for a specific individuaHeadtracking islessneededSource distance cues are
usuallypresentn the signalstreamsin their envelope and amplitudEhoughnormally we
turn our head towards new soundo find or confirm the direction and distancigom which

it is coming.

What has been described so far is not a very practical system and must be simplified.
Inevitably this will lead to compromised performance. First of all, the recording can be made
with an artificial head and torso in place of a live person, Fig. 4(a). The shape and
dimensions are the average of a large number of individuals. The mechahiaaiob of the
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construction material for the outer ear matches that of a real ear. Microphones are coupled to
the eardrum locations. Recordings may be played back usingaugalcheadphones, which

are acoustically open and less subject to ear cavityaeses. Their frequency response is
nominally flat, but that varies with individual users. It is relatively easy, though, to equalize
them and to remove the worst resonances. Listening to a recording reveals a highly realistic
auditory scene. Tonality is@rrect if the broad ear canal resonance has been equalized with a
notch filter. Sound sources are perceived in their real angular directions, forwards, to the side
and above. There is a real sense of continuous space in which the sounds occur. But there is
a problem, which to me makes headphbstening an unsatisfactory experience: Distances

to the sources are foreshortened and frontal sources are located inside my head.

(b)

Figure 4: Atrtificial head (a) and sphere microphone (b)

Binaural recording can be simplified while preserving correct tonal and directionabygues
placingthe microphoneat the entrance to the ear canal, which they block. This removes the
ear canal frequency response from the recording but preserves thalspextthat the
pinna imparts at higher frequencies upon sodirais different directions.

2.1.7. The sphere microphone

In a further simplificationthe artificial heads regacedby a sphere of 17.5 cm diameter
with microphones flush mounted where the earanal opening should be or at 186 each
other, Fig. 4(b) Now, without a pinnathere is no differentiation between sounds arriving
from the frontor rear hemisphesgelntensity and particularly timing differences between the
two microphone signalstill carry a strong resemblance to a real hdaxtellent natural
sounding recordings can be made with a sphere microptainest for headphones but also
for loudspeaker reproductioh am always amazed by the amountredlistic information
that the brain is able to extract frasound streamsven when many tonal and directional
cues are missing
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2.2. Loudspeaker presentation of astereorecording

2.2.1. Localizing sound from a single loudspeaker

Stereo recordings are played back over two loudspeakers in rooms of various sizes and
shapesLet us first listen to a single loudspeaker in a room, playing,lfaclexamplethe

samesingle microphone recording ofjazz quartet that had heard in the &éadtracking
demonstrationFig. 5

Front wall

Side wall - left
Side wall - right

Observer

@ (b) ==

Figure 5: Direct sound and reflections from a mono loudspeaker in a (apm
Model of a dipole loudspeaker near a room corner and its reflected images (b).

The sound unmistakably originates from the sidglelspeaker in the room, outside of my
head. Even if | cannot see the loudspeaker | can localize it, especially when it-is free
standing in the room. The distance from me to the jazz quentetdis the same as to the
loudspeakers and possibly more. Asehr the reverberation of the instrument sounds in the
recording venue, | have a sense of space surrounding the instruments and also of depth. If the
group had been recorded in an anechoic chamber, | would hear them as sounding very dry.
The width of thepresentation is too narrow for the quartet, but would be just right if the
loudspeakers were small and reproduced a single voice. The acoustic center of the
| oudspeaker should be at the height of the
from thefront and not from above or beloWe recognize source height and distance by the
floor reflection and other cues.

2.2.2. Frequency response of theonoloudspeaker

What should be the frequency response of the loudspeaker? If | want to accurately reproduce
whatthe microphone picked up, then the frequency response must be flat and cover at least
the samedrequencyrange as the microphordid. Certainly this must be the case for the
signal travelling directlfrom the loudspeaker to my eat$ | do not want the ®und to

change as | sit or stand in different parts of the room, then the loudspeaker must radiate
uniformly, with the same flat frequency responseo all directions. The loudspeaker must

be an acoustically small source to exhibit such behavior. Aamodsspherea monopoleis

fithe mother of all loudspeakérs An omnidirectional loudspeaker is the practical
implementation of such monopole source. Uniform radiation into all directions will cause a
multitude of room reflections and reverberationlod tadiated signaFig. & The response
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to a | oud handcl ap reveal s mArcimpulsebradiatétd t h e
from the monopoles used to describe the roomathematicallyin time and frequency
domains| am convinced that we perform sudom acoustic analysis po®nsciouslyupon

entering a new spacesing whatever sounds are presdints a survival mechanisrhat

allows us to quickly determine direction and distance of surprising sounds ansongst
multitude of reflections and othennds We hear thenonaural loudspeaker source dimdi

that it is located in a reverberant space. We adjust our acoustic horizon to what requires
attention. Thus we can also hear the spatiality in the monaural recording if it contains cues
from its venue For source localization wperceptuallydifferentiate between direct and
reflected sounddepending on their strength and deM#ie mostlyignore the multiplicity of

images of the mono loudspeaker in the room surfaces, and thereby move the room beyond
the auditory horizon. [1] T [14]
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Figure 6:Direct and reflected signalsr a 3 kHz toneburst frortheleft dipoleloudspeaker
in Fig.1and Fig.14 (a) At location A during 50 ms. (b) At location B during 400 m4] [1

2.2.3. Realism ofthecenter phantom source

Now let me adda second loudspeakemd play the jazz quartet in dual mono. The two

loudspeakers and listener are arrangeithénform of an equilateral triangle. The louddpea
ers are seen at-80° from the center axjgrig. 7.

Front wall

- left
- right

Side wall
Side wall

Observer

Figure 7. Monaural phantom source between two loudspeakers



26th TONMEISTERTAGUNG i VDT INTERNATIONAL CONVENTION, November, 2010

| hear the jazz quartet in front of me, though kegsisedthanwhen coming from the single
loudspeaker. Moving my head a small distance to the left readily moves the quartet into the
left loudspeaker. A movement to the right moves the quartet into the right loudspeaker.
Turning my head lefto-right neither affects the positioning of the phantom source nor its
tonality. It is perceived like a real source even though the eardrum signals d@angé dn

the exady same way as those from a real sowmwoelld, like from a center loudspeaken

front of me when | turn my head. The brain is working with a multiplicity of misleading cues
and makes sense of themhus the distance of the phantom seuscbased on distance cues
that the left and right loudspeakers provitiemselves byheir direct signa and room
reflections. Thee cuesplace the phantom source slightly behind a line connecting the
loudspeakersl. have observed occasionally that HigHirectional loudspeakers intaghly
absorptiveenvironment with low reflections can produce a center phantom sa@ufemale
voicethat floats in front of the line between the loudspeakers. In an anechoic room the center
phantom source cavenmanifest inside the headvhich mimics headphone listening

Clearly then, two loudspeakers can produaeperceptuakvent that has no precedenne

nature anaevolution The brainadaps to the situation by comparing tim@velauditory cues

to familiar onesTwo identical signal streams arriving from symmetficalaced sources at

both earscan only mean that there @éssound sourcénalf-way between the loudspeakers

even when we cannot detatitect signalscoming from that directionWe can distinguish,

thowgh, the phantom center source from a real source, a center loudsgdmkphantom

source is less focused and has a different tonality. The reascousstia crossalk between

left and rightloudspeakesignals at the ears ars@condly,spectralcolorationdue toa 30

degree angle of sound incidence ve@ukegree fothe frontal sourceMonaural pink noise

clearly showsa comb filtering effecthat occurss | i ght |y to the | eft a
spot o. | t has b e e nereo,avhidh auld behcerredt @ sag if wefohlya w 0
listened to unnatural test signgli]. Since we know the Gestalt of human voice, violin,

piano, etc. the brain fills in anddtflaw is rarelynoticed.

2.2.4. Crosstalk cancellation

The difference between a phant center and a center loudspeatan be corrected with a
crosstalk cancelling circuit in the electrical signphth The left loudspeaker produces a

desired signal at the left ear and an undesired signal at the right ear. The right loudspeaker
channel $ programmed to produce a desired signal at the right ear and simultaneously a
signal that cancels the undesired signal from the left loudspeaker at the rigdinearthis

combined signal is also transmitted to some degree to the left ear it will belledrby a
corresponding signal from the left loudspeaker, and so on. Due to phase shift errors this
process only works over a smal/l vol ume arc
room receive signals that sound unnatura. 8.

The crosgalk issue can also be resolved mechanically. The two loudspeakers are moved as
close together as possible. A large sheet of plywood is placed between the loudspeakers
extending to the nose of the listener in front of and at some distance from the loudspeakers.
The large panel blocks signals from the left loudspeaker reaching the right ear and vice versa
for the right loudspeaker. This setup behaves essentially like listening to headphones, but
from a distance and without-the-head localization. [16] [17]
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(a (b)

Figure 8: Crosstalk cancellatioNormal stereo setup (d).St e r e osetDpifgso | e 0
crosstalkcancellation an@wide phantom sound stage (Betup with nechanical barrier,
which replaces the electricabmpensation of the loudspeaker drive signals (c)

Electrical or mechanical crosalk cancellatiorschemes have not found wide adoption in the
market.Many audiophiles arquite willing to live with the flaws of stereo, particularly since
the brain can@ommodate therknowing the Gestalt of natural acoustic sources and events.

2.2.5. Frequency respons# the stereo loudspeakers

The sound streams at the eardrums are spectrally colored by the angle of sound incidence
due to diffraction as described by the measured HRTIHe center phantom source
perception is based upon a’3@rizontal HRTF, while a real center source would hat® a

HRTF. Thusit would seem thathe loudspeaker frequency response should be corrected to
emulate a sound incidence.
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Figure 9: Sound pressure at a fixed poant a rigid sphere for different angles of sound
incidence (a). Sound pressure at 325 45 incidence relative to%incidence for a 1.5
cm sphere (b). The dotted curve is timeerse of the loudspeaker equalization.

The HRTF is a complicated function and not easily manipulated, but it contains strong
general trends, which can be studied on a spherical model of the human head. For a 17.5 cm
diameter rigid sphere and comparin@®@ incidence to a Dincidence, we observe that the
sound pressure at high frequencies is 3.3 dB higher than at low frequeneiesint on the

sphere where the ear canal entrance would bei[[&Bl] The Spherd&RTF has a broad and

1C
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irregular transibn region between 400 Hz and 7 kHzg.9 Empirically, a simple3.3 dB

RC shelvinglowpass filter centered at 1.8 kHz provided the right amount of high frequency
attenuation to an otherwise flat and near constant directivity dipolar loudspeakedg

not to sound overly bright and to increase focus and depth of the phantom[2@lirdde
particular filter was found to work optimally for this loudspeaker in several different rooms
and for different listeners. Both commercial recordings and knowmeesrdings confirmed

the desirability of the equalization for greater naturalness of the auditory scene.

2.2.6. Controlling phantom source placement

The monaural phantom source can be panned between left and right loudspeakers by
changing either the relativeolume level of the loudspeakers or by adding delay to one or
the other channgFig. 10. The Duplex Theory of directional hearing, in which iraeral

time differences (ITD) dominate at low frequencies and level differences (ILD) at high
frequencies, paally explainsthe phantom source behavior. Also, level panning affects the
tonality of the phantom source, because the HRTF amplitude changes at the ears. In delay
panning only the phase is shifted at the ears of a centrally positioned liStenere dbcation

panning is the standard method for producing a recording where many microphones have
been used to record individual instruments, voices or groups. This technique captures
acoustic sulspaces around individual sources, which cannot be readily cedluo a

natural and believable sense of space around the performers. Also depth is usually missing as
phantomsources are layered upon each otf&3]. i [25]
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Figure 10. Amplitude or delay panning of a source to any position between
two loudspeakers (a). Amplitude or time differences required
to pan a source to 1@@ and 36 off-center (b).

2.3. The roomand its effects upon the stereo presentation

Stereo loudspeakers are typically listened to in rooms, not outdoors. Loudspeakers ar
usually designed for a flat eaxis frequency responskbut when measured in a room at the
listening position and over a 50 ms time window, they rarely exhibit a flat response. The
reason is, of course, the reverberation of the loudspeaker emissiomsndsis reflected

from surfaces and objects in the room asanodal resonances build uPften it is naively
assumed that the resporst®uldbe simply equalized to flait the listening positionsing a

DSP device, but this ignores the processing cagiabilof our brain. We are very familiar

with detecting and drawing information from sounds in reflective spaces and must therefore
be careful howwe interfere if we want to hear a natural sounding auditory soeitk

11
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minimal brain processing drtifactsand therefore untiringlyReflections can be useful to
stereo sound reproduction, if they has@mmon placecharacteristics. We like neither an
anechoic chamber nor a reverberation chanfidetistening to music or voice. Between
those two extremes and meatowards the live end around RT60 = 500 ms, lies the optimum,
but there is more to reflections théimeir reverberation time, particularly in acoustically
small spacebke most listening roomg26], [27]

2.3.1. Hiding the roonperceptually

A single loudspeaker for monaural reproduction should be-dimectional so that it sounds

the same from every location in the room. Not only the direct signal from the loudspeaker
exhibits aflat frequency response at every locatibat the reflectionsandthe reverberant
soundfield are alsessentially frequency independent, being copies of the direct sound. The
responsan a 50 ms time windowas measured with a microphoata specific point in
space will not be flat due to interference between direeflected and standing sound
waves

If two stereo loudspeakemsith frequency independent radiatigatternare placed in the

room such that they are at least 1 m distant from large adjacent surfaces and objects, then the
reflected soundwill be moret han 6 ms del ayed compared to
spoto for | istening. 't appears that such t
scene stimulated by the direct left and right loudspesiggial streamdrom the streams of

room signals that also impinge upon the ears. The loudspeaker and listener configuration
must be symmetrical with respetct left and right room boundaries. Surfaces behind the
loudspeakers, in front of the listener, should be primarily diffusive. The dpuad the

listener should be primarily absorptive. Side wall reflections should not be absibrthed.

room talks back in the same vojceith similar spectral content tive direct loudspeaker

sound, therthe roomis of background interest and we adjosr acoustic horizoto focus

on theauditory scendormed by the direct sound and its spaimdbrmation contentThus

we hear the recording venue, develop an auditory image of it as individual instruments or
groups illuminatethe venuespaceand it respondsby reverberation.The venuespacecan

sound larger and have more depth thadigeningroom in which we sit.

2.3.2. Hearing the room

An example will illustrate our ability to tune outtherode c or d from t he fAsw
sound of your stereo loggdeakers in your room while listening to a CD trackng
microphones as iRig. 11, [28]. Next play this recording back through the loudspeakers and
compare the reproduction to what you heard before.

You will hear the loudspeakers in your room, simitahearing an orchestra in a concert hall

on a CD. You no longer can remove your room from the presentation as you did when you
listened to the CD track initially. You may also note noises in your room that you were not
aware of, or how spectrally colorede loudspeakers are. You now hear how the anicr
phones have sampled spatial information for two fixed points, which is insufficient for the
brain to fully reconstruct a-8imensional auditory scene. Hetdcking would have been
needed.

12
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1

Figure 11: Recording with microphones on the sides of the head, excluding the pinna.

2.3.3. Hiding the stereo loudspeakegrsrceptually

In order to hide the roorbehind the acoustic horizahe loudspeakers musirst illuminate

the room uniformlyat all frequencies. This naonly be accomplished with an acoustically
small sourcef29] [30] The radiation pattern could be omtirectional(monopolar) dipolar

or cardioid, but there are practical considerations, which favor a dipble The typical
figure-of-eight radiation pattern of a dipole can be maintained down to the lowest
frequencies. The directionality reduces the excitation of room resonance modes. The total
power radiated into the room is 4.8 dB less for a dipole than for apotmat the identical
onraxis sound pressure level. The room is less engaged because the intensity of illumination
is reduced compared to the monopole, yet spectrally nebtgal12. A dipole loudspeaker
employs an open baffle, thus there is no enetgage inside an enclosure aneradiation

of airborne energy through resonant vibrations of the enclosure walls and through the driver
cone. The typical box loudspeaker, which is ontiectional at low frequencies and
increasingly forward radiating asefjuency increases, often suffers from box radiation
issues. Radiation pattern and box radiation are responsible for the generic loudspeaker sound
that most people are familiar with and expéxthear.Box loudspeaker®ften fails to
reproduce the opesowund of natural acoustic sources and events.

Front wall

Side wall - left
- right

Side wall

Observer

Figure 12: A typical box loudspeaker L is omdirectional at low frequencies and becomes
increasingly forward directional at higher frequencfeslipole loudspeaker R can have a
frequency independenadiation pattern.
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For the loudspeaker not to stand out in the experienced auditory scene it must not add sounds
of its own, whether due to energy storage or intermodulation distortion. It must be able to
handle the softest and loudest passages effoytleskile generating near realistic sound
pressure levels.

2.3.4. Phantom source distance $pace

The loudpeakers are hidden when the real signals from left and right loudspeakers have
merged with the phantom sources in a spatial continuum that is nebtwamnded by the
loudspeakers. Spectralyymilar room reflections allow thauditory scen¢o be dominated

by the direct loudspeaker signals, which carry information about the recorded acoustic event
in its spatial context. Theauditory scenebecomes Jlimensional, located behind the
loudspeakers, with depth, width and even some height. In many cases it can only be a
miniaturization of reality, as heard from a distance. Indeed the volume control dbts as
audi t or gize and distaecé contrahd itsprogram specifisetting is criticato obtain

a believableauditory sceneonethat creates full enjoyment

2.4. Recording for stereo

A loudspeakeradiation pattermnd room setup that fully exploits the potential in the stereo
format brings outthe degie to hear recordings, which capture the musical instruments and
voices in their natural setting, and as one might have been experienced when attending the
concert performancdwo signal channels are availalfte transporting the recording from

the venueto the living room. Two microphones should suffice to capture a natural and
spatially believableuditory sceng¢32], but some musical instruments may not be rendered
with sufficient clarity, requiring additional microphonésg. 13. The output from thedded
microphones must be mixed into left and right channels to add phantom sources in phantom
locations between and behind left and right stereo loudspeakers.

1;!__1 1; TR

Figure 13: Recording with two microphones from an audience perspective (a).
Recordingmultiple unfamiliarperspectivesf an orchestravhicharedownmixed to two
channels (h)

Spatial integration of the added sources into the auditory scene that was established by the
two primary microphones is a difficult task, if the recordemgineer works with monitor
loudspeakers and a setup that cannot show him what is happening and what a consumer with
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a stateof-the-art stereo system will hear in his living room. | must assume that monitoring
the recording has its weaknesses; otherwtsghot believe that the spatial incongruity that |
often hear in commercial recordings has been intentional.

2.4.1. Perspectiveand distancef thereproducedAuditory Scene

When loudspeakers are designed properly and set agaom in such a way that both,
loudspeakers and room, are lamger recognized in theuditory scenethen it becomes
possible to make meaningful comparisons betwhemuditory scenexperienced at a live
concert and its reproduction in the living room. Such comparisons are importaetviten

| evaluate loudspeakers, their setup and room influessEnf om t he A&dE et S
my room thetwo loudspeakers subtend a’6éngle Fig. 4. The phantom source will
essentially occupy this angle in front of me @ngill not be closer than the distancethe

real sources of sound, the two loudspeakers. In the concert hall the musicians, the sources of
sound, are seen at a’@hgle from seadXa Let us make a recordirfigpom this locatiorwith

small omnidirectional micrphones placed oeachside ofthe head Fig. 11. Later, left and

right microphone signals are fed to left and right loudspeakers without any further
processingand listened to from location.A'he signal streams from the two loudspeakers
contain ILD and I'D cues for angular positions within tlaeditory sceneas well as some
distance, elevation and HRTF cues.

(a) (b)

Figure 14: The 60 angle of perspective in a concert hall (a) and living room (b).
The distanceto the orchestrareabout 1Qtimeslarger than to theoudspeakers
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