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ABSTRACT 

 
Ambisonics is a series of flexible spatial sound systems 
based on spatial harmonics decomposition and each order 
approximation of sound field. Accuracy and complexity of 
system increase with order. Considering that the horizontal 
localization resolution of human hearing is higher than 
vertical resolution, mixed-order Ambisonics (MOA) 
reconstructs horizontal sound field with higher order spatial 
harmonics, while reconstructs vertical sound field with lower 
order spatial harmonics, and thereby reaches a compromise 
between the perceptual performance and the complexity of 
system. For a given order MOA, the number of horizontal 
loudspeakers is flexible, providing that it exceeds some low 
limit. By using Moore’s revised loudness model, the present 
work analyzes the influence of the number of horizontal 
loudspeakers on timbre in MOA reproduction. The results 
indicate that below the Shannon-Nyquist limit of spatial 
sampling, increasing the number of horizontal loudspeakers 
influence little on binaural loudness level spectra (BLLS) 
then timber. Above the limit, increasing the number of 
horizontal loudspeakers may increase the change of BLLS in 
some case, but reduce the change in some other case. The 
influence of the number of horizontal loudspeakers on BLLS 
and timbre reduces when virtual source departs from 
horizontal plane to the high or low elevation. 
 

Index Terms— mixed-order Ambisonics, timbre, 
binaural loudness level spectra, the number of loudspeakers  
 

1. INTRODUCTION 
 
Ambisonics is a series of spatial sound systems based on 
spatial harmonics decomposition and each order 
approximation of sound field [1]. The region size and high-
frequency limit of accurate sound field reconstruction 
increases with increasing order of Ambisonics, while the 
complexity of system also increases with order. According 
to Shannon-Nyquist spatial sampling theorem, an L2D-order 

horizontal Ambisonics reproduction requires K = (2L2D+1) 
independent signals and M ≥ K loudspeakers. For L3D-order 
spatial Ambisonics reproduction, K is equal to (L3D+1)2. 
Considering that the horizontal localization resolution of 
human hearing is higher than vertical resolution [2], mixed-
order Ambisonics (MOA) reconstructs horizontal sound 
field with higher order spatial harmonics, while reconstructs 
vertical sound field with lower order spatial harmonics [3], 
and thereby reaches a compromise between the perceptual 
performance and the complexity of system. 

The high-frequency limit and size of region for accurate 
reconstructing sound field in Ambisonics are determined by 
the order of Ambisonics. This is the consequence of 
Shannon-Nyquist spatial sampling theorem. Beyond the 
condition of spatial sampling theorem, spatial aliasing error 
occurs in the reproduction sound field, resulting in various 
audible artifacts, including timbre change. On the other hand, 
for a given order MOA, the number of horizontal 
loudspeakers is flexible, providing that it exceeds some low 
limit. Therefore, it is necessary to evaluate the influence of 
number of horizontal loudspeakers on the perceptual quality 
in MOA reproduction, especially beyond the condition of 
spatial sampling theorem. 

Timbre is an important perceptual quality which 
contributes more to the overall perceptual quality than the 
spatial attributes [4]. Although there have been some 
researches of timbre change on spatial sound reproduction 
[5-6], these researches are mainly based on psychoacoustics 
experiments which are time-consuming. For convenience 
and efficiency, timbre change in spatial sound reproduction 
can be analyzed by using Moore’s revised loudness model. 
Liu Yang et al. analyzed the timbre change in conventional 
Ambisonics reproduction by calculating binaural loudness 
level spectra (BLLS) [7], and indicated that timbre change 
reduces with the increasing order of Ambisonics. In our 
previous work, the BLLS and binaural pressures error were 
used to analyze the influence of the number of loudspeakers 
on horizontal and spatial Ambisonics reproduction, 
respectively [8-9]. 
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For the flexibility of MOA, the various mixed-order 
combination reproductions can be implemented by 
separately changing the number of horizontal loudspeakers. 
By using the Moore’s revised loudness model, the present 
work further analyzes the influence of the number of 
loudspeakers on the timbre in MOA reproduction. An MOA 
reproduction with layer-wise layout of loudspeakers is taken 
as an example. The BLLS and then timbre for various 
number of horizontal loudspeakers are analyzed. 

 
2. MIXED-ORDER AMBISONICS 

 
A clockwise spherical coordinate system is used in analysis.  
The origin of coordinate is located at the center of head. The 
spatial position is specified by distance 0 ≤ r < +∞, elevation 
-90° ≤ ϕ ≤ 90° and azimuth 0° ≤ θ ≤ 360°. ϕ = 0° and 90° 
denote horizontal and above direction, respectively. In 
horizontal plane, θ = 0° and 90° denote the front and right 
direction, respectively. 

Suppose that M loudspeakers are arranged on a 
spherical surface with far-field radius r around head center 
and thus the incident wave cause by each loudspeaker can be 
approximated as plane wave. Let ΩS = (θS, ϕS) and Ωi = (θi, 
ϕi) denote the target direction of incident sound and the 
direction of i th loudspeaker, respectively. For MOA 
reproduction, the signal of the i th loudspeaker is a linear 
combination of spatial harmonics of various orders, with the 
horizontal harmonics being truncated to a higher order L2D 
and vertical harmonics being truncated to a lower order L3D 
[3,10]. 
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Where 0( ) ( )lm S lm SS Ω S Y Ω   is a set of spatial harmonics or 
independent signals with various orders. S0 is a constant 
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( )lm iD Ω  is the decoding coefficient which depends on 
loudspeaker direction, and it can be solved from spherical 
harmonics function matrix of loudspeaker position by using 
pseudo-inverse method [11-12]. 

In addition, according to spatial sampling theorem, the 
high-frequency limit fmax,H of accurate sound field 
reconstruction within a spherical region with radius a in L-
order Ambisonics reproduction is evaluated by: 

, 2max H
Lcf

a
  (4) 

Where c is the speed of sound. When Eq.(4) is satisfied, the 
average reconstructed sound pressure error is less than -10 
dB [10]. 

 
3. ANALYSIS ON TIMBRE BY USING MOORE’S 

REVISED LOUDNESS MODEL 
 
Moore’s revised loudness model can be used to predict the 
perceived loudness of sound field in various frequency 
bands, which is an index for timbre change in spatial sound 
reproduction. Through Moore’s revised loudness model, 
BLLS can be obtained. Fig.1 shows the block diagram of 
Moore’s revised loudness model. BLLS represent the 
perceived loudness in various frequency band of equivalent 
rectangular bandwidth (ERB). The ERB approximates 
frequency resolution of human hearing. The relationship 
between the ERB (in Hz) and the center frequency of 
auditory filter (in kHz) is [13]: 

=24.7(4.37 1)ERB f   (5) 
And a new scale of frequency is used in BLLS calculation—
the number of equivalent rectangular bandwidth (ERBN): 

10=21.4log (4.37 1)ERBN f   (6) 
The detail of Moore’s loudness model is referred to [14]. 

 
Fig.1. The block diagram of BLLS calculation by Moore’s revised 

loudness model 
 

The procedures for analyzing the timbre change in 
MOA reproduction are: 
I. Scale the magnitude of input stimuli to a value 

corresponding predetermined free-field pressure level. 
II. The binaural pressures of target sound field, Pα(ΩS, f) 

are calculated by filtering the scaled stimuli S0(f) with a 
pair of HRTFs (head-related transfer functions) at 
direction ΩS: 

0( , ) ( , ) ( )S SP Ω f H Ω f S f   (7) 
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Where α = L and R denotes left and right ear, 
respectively. Then the BLLS for target sound field is 
calculated from binaural pressures by using Moore’s 
revised loudness model. 

III. Similar to step II, the reconstructed binaural pressures 
in MOA, P′α(ΩS, f) are calculated by filtering each 
loudspeaker signal with corresponding pair of HRTFs 
and then summing: 

1
( , ) ( , ) ( , )

M

S i i S
i

P Ω f H Ω f E Ω f 


   (8) 

Then the BLLS for MOA reproduction is calculated 
from binaural pressures by using Moore’s revised 
loudness model. 

IV. The BLLS for MOA reproduction and target sound 
field are compared. If they match well, no perceived 
timbre change occurs in MOA reproduction. Otherwise, 
if the deviation between them (denoted by BLLSD) 
exceeds 1 Phon/ERB, which is just noticeable 
difference (JND) of BLLS, perceivable timbre change 
occurs in MOA reproduction. The larger is the 
difference, the more timbre change occurs. 
By using the above procedures, timbre change in certain 

order MOA with various number of horizontal loudspeakers 
is analyzed in the following section. 
 

4. RESULTS AND DISSCUSSION 
 
Ambisonics reproduction with 28+1 layer-wise loudspeaker 
layout is taken as a reference. 28 loudspeakers are arranged 
in three elevation layers on a spherical surface with far-field 
radius. There are 8, 12 and 8 loudspeakers in the -45°, 0° 
and 45° elevation layers, with a uniform azimuthal interval 
of 45°, 30° and 45°, respectively. An additional loudspeaker 
is arranged on the top with (θ, ϕ) = (0°, 90°). MOA 
reproduction with the increase number of horizontal 
loudspeakers are evaluated and compared with the reference. 

According to Ref.[12], the reference loudspeaker layout 
is able to reproduce conventional Ambisonics up to L = 3 
order, and MOA up to L3D = 3 and L2D = 5 order (denoted by 
3/5 order). For comparison, when the number of horizontal 

loudspeakers increases to 24, 36 and 72 respectively while 
the number of loudspeakers in other elevation layers are 
intact (corresponding, the total number of loudspeakers are 
41, 53 and 89, respectively), it is still able to reproduce 
conventional Ambisonics up to 3 order but stability of 
reproduction deteriorates; on the other hand, it is able to 
reproduce MOA up to 3/11, 3/17 and 3/35 order, 
respectively. 
   Table.1. The condition number of loudspeaker position matrix 
         M 
L3D/L2D 

29 
(Hor-12) 

41 
(Hor-24) 

53 
(Hor-36) 

89 
(Hor-72) 

3/3 2.51 3.24 3.92 5.50 
3/5 2.51 3.24 3.92 5.50 

3/11 1016 3.77 4.58 6.44 
3/17 1016 1016 5.08 7.13 
3/35 1016 1016 1015 8.50 

 
In following analysis, the input stimuli is pink noise, 

which is scaled to a value corresponding pre-determined 
free-field pressure level of 70 dB. The KEMAR-HRTFs 
obtained from optical scanning and BEM-based calculation 
are used in the analysis. The directional resolution of HRTFs 
is 1°. 

The BLLS in horizontal target directions is first 
analyzed. Fig.2 shows the results for 3/5 order MOA for 
target incident direction (θS, ϕS) = (15°, 0°) with M = 29, 41 
and 53 loudspeakers, respectively. The corresponding 
horizontal loudspeaker number is 12, 24 and 36, respectively.  
Fig.2(a) plots the BLLS and Fig.2(b) plots the BLLSD. It is 
observed that below the frequency of 25 ERBN, the BLLS 
for MOA reproduction with various number of loudspeakers 
match well with that of target plane wave and no perceivable 
timbre change occurs. However, above this frequency, the 
BLLSD increases and is larger than the JND of 1 Phon/ERB, 
resulting in perceivable timbre change. In this case, 
increasing number of loudspeakers results in more timbre 
change. It should be noticed that the frequency of 25 ERBN 
approximately corresponds to that fmax,H evaluated from 
Eq.(4) for L = 5 order Ambisonics reproduction and with 
average radius a = 0.0875 m of human head. Fig.3 shows the  
results for target incident direction (θS, ϕS) = (75°, 0°), other 

                         
(a) The binaural loudness level spectra                               (b) The deviation between the BLLS of reproduction and target 

Fig.2. 3/5 order MOA reproduction, (θS, ϕS) = (15°, 0°) 
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(a) The binaural loudness level spectra                               (b) The deviation between the BLLS of reproduction and target 

Fig.3. 3/5 order MOA reproduction, (θS, ϕS) = (75°, 0°)  

                         
(a) Target direction (θS, ϕS) = (15°, 45°)                                                    (b) Target direction (θS, ϕS) = (75°, 45°) 

Fig.4. 3/5 order MOA reproduction, BLLSD  
 
conditions are identical to those in Fig.2. The results are 
similar to those of Fig.2 below the frequency of 25 ERB. 
However, above that frequency, the BLLSD reduces with 
the increase of number of loudspeakers. 

Fig.4(a) and (b) show the results for target incident 
direction (θS, ϕS) = (15°, 45°) and (θS, ϕS) = (75°, 45°) 
respectively, other conditions are identical to those in Fig.2. 
It is observed that the BLLSD is small below 20 ERBN 
which corresponds to fmax,H for L = 3 order Ambisonics 
reproduction evaluated from Eq.(4). Above that frequency, 
the influence of number of loudspeakers is similar to that in 
horizontal plane but with smaller BLLSD. 

Similar analysis can be applied to MOA reproduction 
with various mixed-orders, number of loudspeakers and 
target incident directions. The results are similar to the cases 
mentioned above. Overall, below the high-frequency limit 
fmax,H, the BLLSD is less than JND of 1 Phon/ERB in all the 
cases, then no perceivable timbre change occurs. Above that 
frequency, the BLLSD depends on both target directions and 
the number of loudspeakers. The BLLSD reduces with 
increasing the number of loudspeakers at lateral directions 
with θS from 70° to 110°, but increases at other frontal and 
back directions. The influence of the number of horizontal 
loudspeakers on BLLS reduces when the target direction 
departs from horizontal plane to high or low elevation. 

5. CONCLUSIONS 
 
Increasing the horizontal order L2D in MOA increases the 
high-frequency limit for horizontal virtual source. Below this 
limit, no perceivable timbre change occurs. This limit is 
consistent with the result of Shannon-Nyquist spatial 
sampling theorem. For each given order MOA, increasing 
the number of horizontal loudspeakers to more than the 
minimal requirement influences little on the BLLS and then 
timbre below the high-frequency limit. Above the high-
frequency limit, however, the change of BLLS and then 
timbre depends on both the target virtual source direction 
and the number of loudspeakers. Increasing the number of 
horizontal loudspeakers in MOA reproduction increases the 
change of BLLS at frontal and back directions, but reduces 
the change of BLLS at other directions. The influence of the 
number of horizontal loudspeakers on BLLS and timbre 
reduces when the target direction departs from horizontal 
plane to high or low elevation. 
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