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Stereo vs. 3D

30°-45° elevation

Stereo 9-channel 3D (5.0.4)

Interchannel cues are translated 
into interaural cues in the 

summing localisation process. Much more complex interchannel relationship 
influences the ear-input signals.



Research question

How to capture 3D sound in a psychoacoustically valid way?
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Vertical sound localisation

• Vertical localization mainly relies on 
spectral cues (e.g. HRTF). 

• The Pitch-Height Effect
– Higher frequencies tend to be
localised at a higher position,  
regardless of the physical height of the 
source.
- Low frequencies below about 200 Hz 
will be localisation at the ear height or 
below.
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LEE PAPERS

presented the sound. That is, low frequency noise signals
tended to be localized at a height around the listener’s ear
height, whereas high frequency ones or broadband signals
containing high frequency components above 7 kHz were
localized more accurately near the physical loudspeaker
position. It was also shown in [13, 14] that the pitch-height
effect operated for both octave-band noise and musical
signals.

The current paper investigates a novel method for render-
ing vertical image spread (VIS) named “Perceptual Band
Allocation (PBA),” which exploits the pitch-height effect
mentioned above. The PBA aims to control the perceived
spread of a phantom image created between vertically ar-
ranged loudspeakers by flexibly mapping frequency bands
decomposed from an original signal to either the lower or
upper loudspeakers depending on their perceived heights.
With the PBA, the frequency spectrum of the original sig-
nal is reconstructed at the ear without comb-filtering since
no identical frequency is presented from both loudspeak-
ers. This could be an advantage over conventional image
widening methods based on phase alteration, considering
that comb-filtering introduced vertically tends to be per-
ceptually unpleasant [16].

In the author’s previous study [17], simple 2-band PBA
scenarios have been subjectively tested with an Auro-3D
[18] loudspeaker setup in the context of 2D (5-channel)
to 3D (9-channel) ambience upmixing, using multichannel
ambience signals recorded in a reverberant hall for various
musical sources. The results demonstrated that the PBA-
upmixed stimuli could produce a slightly greater or similar
magnitude of 3D listener envelopment (LEV) compared
to original 9-channel 3D recordings as well as original 5-
channel recordings.

In the present study the ability of the PBA to render dif-
ferent degrees of VIS is investigated using octave-band pink
noise stimuli. In contrast with previous localization studies
using loudspeakers vertically arranged in front of the lis-
tener, the current study used a frontal two-dimensional (2D)
stereophonic loudspeaker configuration, thus testing the
vertical localization of “phantom” images rather than “real”
images. This study required two experimental stages. First,
the original signal was decomposed into octave-bands and
the perceived height of each band was measured through
a listening test (Experiment 1). Second, each octave-band
was allocated to either the lower or upper loudspeaker layer
to render different degrees of VIS, based on the results of the
first experiment (Experiment 2). This paper will describe
the experimental procedure and results for each experiment,
followed by discussions and conclusions.

1 EXPERIMENT 1: VERTICAL LOCALIZATION
OF PHANTOM IMAGES

The aim of the first experiment was to measure the per-
ceived vertical location of each octave band signal filtered
from broadband pink noise. The results were to be used for
the rendering of various degrees of vertical image spread
(VIS) in the second experiment.

Fig. 1. Loudspeaker setup used for Experiment 1.

1.1 Experimental Design
1.1.1 Physical Setup

The listening tests were conducted in a dry listening room
at the University of Huddersfield (8.3m × 5.4m × 3.4m;
RT = 0.2s). Fig. 1 shows the loudspeaker setup used for
the tests. Four Genelec 8040A loudspeakers (Frequency re-
sponse: 48 Hz – 20 kHz (±2 dB), Crossover frequency:
3 kHz, Distance between the woofer and tweeter: 14 cm)
were arranged in a frontal two-dimensional (2D) fashion.
Two loudspeakers at the listener’s ear height (main layer),
with 1.78 m spacing between them, were configured with
the standard 60◦ angle from the listening position. The
middle position between the woofer and tweeter of each
loudspeaker was 1.2 m high from the floor, which was also
set as each subject’s ear height in the listening test. Two
height layer loudspeakers were placed directly above the
main loudspeakers so that they were elevated by 30◦ as ref-
erence to the listener’s ear position, which made the vertical
distance from the floor to the middle position of the height
loudspeaker 2.2 m. The height loudspeakers were tilted
towards the listening position in order to ensure the on-
axis frequency response. The main and height loudspeakers
were aligned in terms of time delay and sound pressure level
at the listening position. The frontal 2D stereophonic con-
figuration was chosen in line with some of the current 3D
reproduction formats utilizing a pair of front height chan-
nels, such as “Auro-3D” [18], “2+2+2” [19], and “Dolby
Prologic IIz” [20]. Additionally, the 2D layout is consid-
ered to be also useful for loudspeaker arrangements for
large sized televisions.

The loudspeakers were visually hidden to the listeners
by using an acoustically transparent curtain. Vertically ori-
ented number labels ranging from 0 to 300 with the interval
of 10, representing the height from the floor in cm, were
indicated on the curtain as reference points that the subject
could use in measuring the height of a perceived image.
A too wide gap between each visual label might poten-
tially give rise to a coarse quantization bias in localization
judgment. However, from the author’s preliminary test, the
10 cm interval in the vertical scale, which was also used
in Roffler and Butler [11, 12], was considered to be small
enough to avoid such a bias. Due to a small spacing between
the acoustic curtain and the loudspeakers, the position on

1004 J. Audio Eng. Soc., Vol. 64, No. 12, 2016 December

Vertical sound localisation

• Horizontal phantom centre image localisation (Lee 2016)
• The phantom image elevation effect & the pitch height effect.
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Octave band pink noise

Main layer
Height layer

Lee, H (2016) ‘Perceptual Band Allocation (PBA) for the Rendering of Vertical Image Spread with a Vertical 
2D Loudspeaker Array’ Journal of the Audio Engineering Society , 64 (12), pp. 1003-1013.



Vertical Interchannel Time Difference
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• Interchannel time difference (ICTD) is a very unstable cue for vertical 
localisation (Wallis and Lee 2015).

• The precedence effect does NOT operate vertically.

Height delay 0ms

Wallis, R. and Lee, H. (2015) ‘The Effect of Interchannel Time Difference on Localisation in Vertical 
Stereophony’ Journal of the Audio Engineering Society , 63 (10), pp. 767-776.

Height delay 1ms Height delay 10ms



Vertical Interchannel Time Difference (ICTD)
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• Vertical stereophonic localisation is mainly governed by the Pitch-Height effect 
regardless of the ICTD.

• As the frequency goes up, the perceived elevation also increases. 

Wallis, R. and Lee, H. (2015) ‘The Effect of Interchannel Time Difference on Localisation in Vertical 
Stereophony’ Journal of the Audio Engineering Society , 63 (10), pp. 767-776.

Height delay 0ms Height delay 1ms Height delay 10ms



Vertical Interchannel Level Difference (ICLD)

• Vertical ICLD (amplitude panning) is a little bit more effective than vertical ICTD, 
but has a limited perceptual resolution. 

• High frequencies are panned more effectively than low frequencies. 
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regardless of the azimuth and spectral 
characteristics. Each subject sat in the chair, located 
at the listening position. To precisely position their 
head, laser pointer was used. It was placed 
perpendicularly to the median plane at the 
loudspeaker height. Before proceeding with the test, 
subjects were requested to hold their head still to 
eliminate potential bias. Headrest was used to 
provide a reference position to simplify the task. 
Both vertical pairs were tested together without the 
repetition, resulting in the total of 84 trials (7 x 6 x 
2). As all stimuli were tested only once, the 
consistency of the effect was not investigated. To 
avoid listeners’ fatigue, listening test was divided 
into two subsets. All trials were randomised. 

3 Results and Discussion 
As all subjects were tested against the same 
conditions, the within-subject analysis was chosen. 
Levene’s test of homogeneity variance and Shapiro-
Wilks’ test of normality was performed first. Both 
results were not satisfied (p < 0.001), violating the 

assumptions of the Repeated Measure Analysis (RM 
ANOVA), resulting in the non-parametric analysis. 
The effect of amplitude panning on the perceived 
elevation was examined using Friedman test. For the 
pairwise comparisons, Wilcoxon test with 
Bonferroni correction was used. 

3.1 Phantom source localisation 
Fig. 2 shows the subjects’ responses for each sound 
source. The results are plotted using median with 
notch edges. This method was proposed by McGill 
et al [14], stating that non-overlapping notch edge 
ranges between two test conditions suggest that there 
is a significant difference between them (95% 
confidence).  
 
The plots show that the effect of amplitude panning 
on the perceived elevation is statistically significant 
for at least one pair of stimuli for each source type, 
both on the median and off-centre planes. Further 
analysis was conducted using Friedman test (p = 

Figure 2. Subject responses obtained for each source. The data is represented as a median with notch edges. 
Notches are equivalent to 95% confidence interval. Dashed lines represent amplitude panning target angles used 

in the experiment. 

Mironovs, M. and Lee, H. (2017) ‘The Influence of Source Spectrum and Loudspeaker Azimuth on Vertical 
Amplitude Panning’. In: AES 142nd International Conference, 20th-23rd May 2017, Berlin.

Low-passed noise < 1 kHzHigh-passed noise > 1 kHzBroadband pink noise



Vertical Interchannel Crosstalk

• In a typical acoustic recording scenario, a direct sound picked up by a height 
channel microphone can be regarded as vertical interchannel crosstalk. 

• It can cause the sound source image to be shifted upwards, spread and also 
coloured due to comb-filtering.
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Recording Reproduction

Ambience

Direct sound

Crosstalk



Vertical Localisation Threshold

• In order to locate the source image at the height of the main speaker layer, the 
vertical interchannel crosstalk needs to be suppressed by at least 7 dB for ICTD 
of 1-10ms or -9.5 dB for 0ms ICTD (Wallis and Lee 2017).
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Reproduction

R. Wallis and H. Lee, “The Reduction of Vertical Interchannel Crosstalk: The Analysis of Localisation Thresholds 
for Natural Sound Sources,” Appl. Sci. vol. 7, pp. 278 (2017).



Vertical Localisation Threshold

• In order to locate the source image at the height of the main speaker layer, the 
vertical interchannel crosstalk needs to be suppressed by at least 7 dB for ICTD 
of 1-10ms or -9.5 dB for 0ms ICTD (Wallis and Lee 2017).
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Recording Reproduction

AmbienceCrosstalk

0 dB

< -7 dB

R. Wallis and H. Lee, “The Reduction of Vertical Interchannel Crosstalk: The Analysis of Localisation Thresholds 
for Natural Sound Sources,” Appl. Sci. vol. 7, pp. 278 (2017).



Vertical Decorrelation

• The effect of vertical decorrelation on vertical image spread (VIS) is minimal 
(Gribben and Lee 2018).
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ICCC 0.1 (largely uncorrelated)

ICCC 1.0 (fully correlated)

C. Gribben and H. Lee, “The Frequency and Loudspeaker-Azimuth Dependencies of Vertical Interchannel 
Decorrelation on the Vertical Spread of an Auditory Image,” J. Audio Eng. Soc., vol. 66, no. 7/8, pp. 537–555, (2018)



Vertical Microphone Spacing

• The effect of vertical microphone spacing on spatial impression is not significant 
(Lee and Gribben 2014).

12H. Lee and C. Gribben, “Effect of Vertical Microphone Layer Spacing for a 3D Microphone Array,” 
J. Audio Eng. Soc., vol. 62, pp. 870–884 (2014 Dec.). 

Upward-facing
Cardioids for 
height channels



Vertical Localisation Threshold

• In order to locate the source image at the height of the main speaker layer, the 
vertical interchannel crosstalk needs to be suppressed by at least 7 dB for ICTD 
of 1-10ms or 9.5 dB for 0ms ICTD (Wallis and Lee 2017).
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Recording Reproduction

Ambience

Crosstalk

0 dB
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R. Wallis and H. Lee, “The Reduction of Vertical Interchannel Crosstalk: The Analysis of Localisation Thresholds 
for Natural Sound Sources,” Appl. Sci. vol. 7, pp. 278 (2017).



Maximum vertical mic spacing

• Vertical image spread (VIS) does not benefit from vertical decorrelation of 
signals below 500 Hz.

• This suggests that the maximum spacing needed for a VIS increase (albeit 
slight) is only 0.2m (cardioid pair) to 0.3m (omni pair). 
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Recording Reproduction

Ambience

0 dB

C. Gribben and H. Lee, “The Perception of Band-Limited Decorrelation Between Vertically Oriented Loudspeakers,” 
IEEE/ACM T Audio Speech. vol. 28, pp. 876-888 (2020).

20-30cm



PCMA-3D Design Concept

• Perspective Control Microphone Array 3D
• Developed based on the aforementioned research.
• Horizontally spaced & vertically coincident.

1m 1m

0.25m
C
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SuperCardioid
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C
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30°
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PCMA-3D Design Concept

• Produces sufficient horizontal spaciousness due to the horizontal spacing.
• Provides a natural height impression and depth.
• Offers a good 2D downmix compatibility owing to the vertical coincidence (no 

phase cancellation) 
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PCMA-3D Design Concept

• Works in a similar way to how our ears capture reflections vertically.

Direct sound

∆𝑡
The direct sound and ceiling 
reflections are captured by 
the ear, which is one point.



PCMA-3D Design Concept

• Works in a similar way to how our ears capture reflections horizontally and 
vertically.

Direct sound

∆𝑡
This is similar to how a 
vertically coincident mic pair 
captures the direct sound 
and ceiling reflections.

∆𝑡

In reproduction, the original 
ceiling reflection delay is 
maintained. 



PCMA-3D Design Concept

• Works in a similar way to how our ears capture reflections horizontally and 
vertically.

Direct sound

∆𝑡 − 𝑥
A vertically spaced height 
mic will pick up the 
reflections earlier and 
stronger than the ear. ∆𝑡 − 𝑥

The ceiling reflection delay 
is shorter (the ceiling is 
lowered in effect).



Siglo De Oro at Merton College Chapel, Oxford

• Recorded in 11.0 using the 
PCMA-3D concept.

• Pure Audio Blu-ray
– Auro-3D 9.0 96kHz
– Dolby Atmos 48kHz
– DTS 5.0 192kHz
– LPCM 2.0 192kHz

• Released by Delphian Records 
on 18 May 2018.
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Siglo De Oro at Merton College Chapel, Oxford



ITU-R BS.1116-compliant listening room at the APL

22

Binaural demo – Virtual loudspeaker listening

Binaural 
synthesis of 

11.0 playback



Siglo De Oro at Merton College Chapel, Oxford
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Siglo De Oro at Merton College Chapel, Oxford

• PCMA-3D microphone arrangement for 11.0 (7.0.4)
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• Frontal array: Schoeps CCM4 (main) and CCM41 (height).

Siglo De Oro at Merton College Chapel, Oxford
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Cardioid (CCM4)
towards the choir

Supercardioid 
(CCM41) facing 
towards the ceiling



• Ambience microphones: Schoeps CCM4 and CCM41.

Siglo De Oro at Merton College Chapel, Oxford
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Rear Ambience
Cardioid
(CCM4)

Height Ambience
Supercardioid (CCM41)

Choir
7m



Siglo De Oro at Merton College Chapel, Oxford
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The Ebor Singers at York Minster, York
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York Minster



The Ebor Singers at York Minster, York
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Chapter House



The Ebor Singers at York Minster, York

3.7m
Choir

Height layer

Main layer

53cm

8.0.4
Octagonal 
ESMA-3D



The Ebor Singers at York Minster, York



Schnyder Triple Concerto at Victoria Hall, Geneva

3m



Schnyder Triple Concerto at Victoria Hall, Geneva
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Open Cardioid
(CCM22)

Supercardioid
(CCM41)



Beethoven Triple Concerto at Victoria Hall, Geneva



Schnyder Triple Concerto at Victoria Hall, Geneva
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Organ recording at Huddersfield Town Hall
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ESMA-3D

• Equal Segment Microphone Array 3D (for 360° recording).
• 50cm x 50cm square, for accurate localisation in a quadraphonic reproduction (Lee 2016).
• Vertically coincident (Cardioid main + supercardioid height.)



NYC Soundscape – Grand Central Terminal



NYC Soundscape – 34th St. / 10th Ave.



NYC Soundscape – W 34th St Penn Station
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NYC Soundscape – Manhattan Bridge
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“3D-MARCo” Open-Access Database 

• Various musical ensembles recorded using 71 microphones simultaneously
• Venue: St.Paul’s concert hall in Huddersfield, UK (RT60 = 2.1s)

Sponsored by 



“3D-MARCo” Open-Access Database 

3D Main Microphone Arrays 
(9-channel)
• PCMA-3D
• OCT-3D
• 2L Cube-inspired
• Decca Cuboid

3D Ambience Arrays 
(8-channel)
• Hamasaki Square with 

height at 0m and 1m 
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Ambisonics/Spherical Array
• Eigenmike EM32 (HOA)
• Ambeo FOA
Binaural
• KU100 dummy head
Additional Microphones
• Side/height pairs
• Floor L, C, R
• ”Voice of God”
• ORTF
• Spot mics

• Various 3D microphone configurations + additional microphones. 



“3D-MARCo” Open-Access Database 
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base

• Room impulse responses captured using all 71 microphones. 
• 13 source positions with 15° angular resolution for all mics.
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• Useful for spatial audio research, spatial ear training, 3D audio demo, etc. 
• Available from www.hud.ac.uk/apl/resources

“3D-MARCo” Open-Access Database 

Sponsored by 



Thank you for listening!
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