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ABSTRACT

Room transfer function (RTF) is the room response observed at a
particular listening point due to an impulse generated from an om-
nidirectional point source. Typically, measured RTFs in practice
are often erroneous due to the directivity of the measurement loud-
speaker. This paper formulates a spherical harmonic based param-
eterization of the room response for a directional loudspeaker, and
provides a direct approach to derive the point to point RTF using
measurements from a directional loudspeaker. Simulation results
are presented for 2 directional loudspeakers with an active frequency
bandwidth of 200 — 4000 Hz.

Index Terms— Room Transfer Function, Room Impulse Re-
sponse, Directional Loudspeaker, Higher-order Loudspeaker

1. INTRODUCTION

The room transfer function (RTF) is an important measure that char-
acterizes the room response between an omnidirectional loudspeaker
and an omnidirectional microphone. Accurate measurement of the
RTF is useful in many applications such as sound reproduction,
soundfield equalization, echo cancellation, speech dereverberation
etc. These applications use appropriate RTF deconvolution methods
to cancel the effects of room reflections (reverberation), and there-
fore, are highly dependent on the accuracy of the RTF measurement.

In practice, any given loudspeaker radiates a unique frequency-
dependent radiation pattern referred to as the directivity caused by its
physical structure and manufacturing material. Therefore, the RTF
measured by any loudspeaker will be contaminated by introducing
undesirable uncertainties [1]. The directivity of most single driver
loudspeaker largely differ from the omnidirectional pattern, hence
the ISO 3382 standard [2] for RTF measurement specifies the mea-
surement source to be composed of multiple oscillatory membranes
mounted on the surface of a dodecahedron cabinet. As shown in
[3, 4], even these multi-driver speaker arrangements produce omni-
directional responses only in the low frequencies, and with increas-
ing frequency, they tend to become directional. In order to improve
the accuracy of the RTF measurement, Klein et. al recently proposed
an optimized measurement source composed of multiple transducers
placed over a spherical surface. A practical experiment based on the
above work was carried out in [5] where a spherical measurement
source with 28 surface mounted transducers was used. While the
optimized measurement system yields improved results, it has strict
design constraints.

In this paper, we propose a novel method to derive the RTF from
directional measurement sources with known directivity. To assist
the formulation of this method, we first derive a spherical harmonic

based parameterization of the room response for any arbitrary di-
rectional source, and later propose a practical approach to calculate
the coefficients of the above parameterization, which finally leads
to the estimated RTF. The derivation of the aforementioned param-
eterization was influenced by the work in [6, 7], where the authors
introduced an efficient parameterization for the RTF between two ar-
bitrary points from a pre-defined source region and a receiver region.
Based on simulation results, the proposed method delivers signifi-
cantly improved RTF estimates for variable directivity measurement
sources.

2. PARAMETERIZATION OF THE ROOM RESPONSE
FOR A DIRECTIONAL LOUDSPEAKER

In this section, we formulate the room response observed at the re-
ceiver location O, due to a directional loudspeaker at O in terms
of a spherical harmonic based parameterization. A directional loud-
speaker can be generalized by a higher-order loudspeaker [8], which
radiates multiple modes of sound at a given frequency. Based on
the spherical harmonic decomposition of the wave equation [9], the
soundfield due to an N order loudspeaker at O can be represented
in terms of

N n
Sou(@® k) =" D" B ha (k') Yo (0, 617) (1)
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where () = (2(*),0(9), ¢(*)) is an arbitrary observation location
with respect to the source location O, k = 27f/c is the wave num-
ber, f is the frequency, c is the speed of sound propagation, ﬁﬁf,zl (k)
denotes the coefficients of the outgoing soundfield caused by the di-
rectional source, Yy, (6, ¢) denotes the spherical harmonic of order
n and degree m, and h, (-) represents the n'™ order spherical Hankel
function of the first kind. Note that the loudspeaker order N and the
radiation pattern ﬂff;ﬂl (k) may be variable depending on the physical
characteristics of the speaker. Typical loudspeakers have variable
directivity patterns as shown in Fig. 1. and they can be measured
inside an anechoic chamber [10]. For commercial loudspeakers, the
directional response over the active bandwidth is often provided by
the manufacturer.

As mentioned earlier, in [6], the authors presented a parameteri-
zation of the RTF between any 2 arbitrary points from a pre-defined
source region and a receiver region. The source and receiver regions
were two spatial regions within which the source and receiver may be
arbitrarily positioned. Following a similar derivation, we aim to pa-
rameterize the room response at O, due to an N order loudspeaker
at O;. The main concept behind this derivation is as follows. If the
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Fig. 1. Horizontal directivity pattern of a commercial loudspeaker
(Visaton WB 10) [11].

room response at O, due to each unit-amplitude outgoing spherical
harmonic mode from the source location O can be formalized, then
the room response at O, due to any arbitrary directional/HO speaker
can be represented in terms of the above formalization. To demon-
strate the above statement, let us consider a unit amplitude outgoing
wave of order n” and mode m’

<) (k) = 1, n=n"andm=m' )
"m0, otherwise,

producing

Sou(2D k) = By (k2 Y1 (08, 68). 3)

For this particular outgoing source field, there will be a result-
ing room response present at the receiver location O,. Utilizing
the spherical harmonic decomposition of a homogeneous incident
soundfield [9], the room response observed at the omnidirectional
receiver location O, with respect to its local origin can represented
in terms of

Rt (a2, k) = o™ () jo (k0) Yoo 0, 0) “

’ ’
where o™ (k) denotes the zero™ order, zero™ mode soundfield

coefficient of the room response incident at O,. caused by an unit
amplitude n'" order and ™ mode outgoing soundfield at O and
Jo(k0) = 1 represents the spherical Bessel function of order 0. Note
that (4) only considers the 00—coefficient because the receiver sig-
nal is only observed over an omnidirectional receiver rather than a
directional/HO receiver. If the room response was observed through
a directional microphone over a spatial region, the incident sound-
field will require a multiple modes of the form a{};m/ (k) where v
and p denote the order and mode of the incident spatial soundfield
centered at O,

From (4), it is evident that, if a&;m/ (k) of (4) can be recorded for
each unit amplitude outgoing mode from O, the room response at
O, due to any arbitrary directional loudspeaker at O can be derived
using (1), (3) and (4) as

Ng n
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The above result gives a spherical harmonic based parameterization
for the room response at O, due to a directional/HO loudspeaker at
O; with a directional response of the form (1). The terms agg” (k)
forn = {0,---, N} fully characterize the room response between
the source location O and receiver location O, up to a source order
of N. Therefore, if agg" (k) are known for a particular pair of O
and O,., the room response for any N order source with arbitrary

158 (k), can be derived using (5).

3. DERIVATION OF THE RTF USING MEASUREMENTS
FROM A DIRECTIONAL LOUDSPEAKER

In this section, we propose a practical approach to derive the ideal
point-point RTF between O, and O, based on room measurements
from a directional/non-ideal omnidirectional loudspeaker. The ideal
RTF is defined as the room response at O, due to an omnidirectional
speaker at O. Since the directionality of a unit amplitude omnidi-
rectional loudspeaker is given by

(S>(k)— 1, n=0andm=0 ©)
M 10, otherwise,

the ideal RTF can be parameterized by simplifying (5) into

H(Os,0,,k) = o (k) Yo0(0,0). ()

In practice, the challenge is to derive the ideal RTF H(Oys, O, k)
of (7) from a directional loudspeaker measurement P(O;., k) of (5).
This requires an accurate measurement of a9 (k) throughout the fre-
quency bandwidth of interest.

The proposed approach is to take multiple room response mea-
surements at O, while rotating the look-direction of the loudspeaker.
This would produce a set of linear equations of the form
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where P, for {¢ = 1,2,---,Q} are the room response measure-

ment for the qlh loudspeaker rotation and ,6’,(1% is the loudspeaker

response at the ¢ rotation. Given the loudspeaker directionality
Brm 18 known, the rotated responses B,(Lq% can be derived using the

following theorem [12, 13].

Theorem 1 Let X nm denote the spherical harmonic coefficients in
a coordinate system E and let p.,,, denote the spherical harmonic
coefficients in a new coordinate system F which is a rotated version
of E with the same origin. Assume (9,1, ~) are the standard Euler
angles [13] that define the rotation from E to F using the z —y — z
convention in a right-handed frame. That is, the rotation is first done
by an angle ) about the z-axis, then by an angle v about the new
y-axis, and finally by an angle v about the new z-axis. Then, the
relationship between pym and Xynm is given by

N
prm (k) = D ™ ™ (@)™ X (K) ©
n=0



with

d?/mw) = [(n+m)(n—m)(n+m)(n—m)/?. ..
(=)™
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where 1 is the radius determining the order of the spherical har-
monic decomposition and the range of s is determined by the condi-
tion that all factorials are non-negative.

In the current application, for each rotational instance ¢, Xnm (k) is
the known loudspeaker directionality S, (k) with respect to the ro-
tated Cartesian coordinate system, and pn, is the new loudspeaker
directionality 555721(1«) with respect to the conventional Cartesian co-
ordinate system with axes x, y, 2.

Once P and 3 of (8) are obtained, the matrix equation can be
solved to calculate the desired room response coefficients ac. If (8)
is overdetermined, that is Q@ > (N 4+ 1)?, and 3 is well condi-
tioned, the system of equations can be solved using the method of
least squares. Once o is calculated, the room response coefficient

a9 can be extracted to formulate the desired point-point RTF (7).

4. SIMULATIONS

To demonstrate the applicability of the theory developed, simulation
results were generated utilizing MATLAB. The objective was to uti-
lize room response recordings from a directional loudspeaker to de-
rive the ideal point-point RTF. A 6 x 5 x 2.5 m rectangular room was
considered as the reverberant environment with its center defined as
the origin O. The RTF was measured between the receiver location
O, = O, and the source location O, = [1,1,0.5] m in Cartesian
coordinates. Simulation examples are given for two directional loud-
speakers, both operating over the frequency bandwidth 200 — 4000
Hz.

The simulation of room reflections for rectangular rooms is well
defined by the image-source method [14], which calculates the ideal
point-point RTF based on the principal of image sources caused by
each wall. This method was utilized to simulate desired ideal RTF
as well as the room response due to a directional loudspeaker. In this
paper, a directional loudspeaker was modeled as an array of point
sources. Note that when a directional loudspeaker is modeled in
terms of an array of L point sources, its directional response is given
by [9]

L
(k) =" we(k)ikn (ki)Y " (n,m, 007, 68)  (10)

/=1

where (¢ = 1,-- - , L) denotes the /™ point source at (TES),

Gﬁ , ES)) with respect to O, and w¢ (k) represents the driving signal
at the £ point source. The order N of the loudspeaker will vary
with frequency, and this variation is based on the relationship N =
[ker,(fz&ﬂ [15], where ) is the largest TES)I.

In the first example, a directional loudspeaker was modeled in
terms of 3 unit-amplitude point sources distributed over a spherical

I'This truncation is based on the inherent properties of Bessel functions
which tend to be negligible at orders after N = [ker,ﬁ{i& / 2-‘ .
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Fig. 2. Directional source 1: A comparison between the measured
room response, calculated RTF and the idea RTF between the source
and receiver locations O, and O,
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Fig. 3. Directional source 1: Absolute squared error between (i) the
measured room response and the ideal RTF, (ii) the calculated RTF
and the ideal RTF over the frequency bandwidth of interest.

surface of radius 0.03 m with (r{® = 0.03,6{ = 7/4,¢!" =
7/3), (r$ = 0.03,05" = 21/3,¢%) = —7/3) and (r§” =
0.03, 9&5) =, qﬁgs) = 0). The order of this loudspeaker progres-
sively varied from N = 1 — 3 with increasing frequency. The di-
rectional response of this loudspeaker was derived using (10) and
the resulting room response at O, was simulated using the image
source method. In order to derive the ideal RTF using the above
loudspeaker, multiple room response measurements P were simu-
lated by considering a total of (N + 1)? rotations. The resulting
measurements were substituted in (8) along with the rotated loud-
speaker responses 3, to derive the room response coefficients cx,
and finally the desired RTF (7) between O, and O;. Figure 2 shows
a comparison between the initial room response recording from the
directional loudspeaker, the calculated point-point RTF and the ideal
RTF based on the image-source method over the entire frequency
bandwidth of interest. It is observed that the calculated RTF closely
follows the desired ideal RTF.

For a better representation of the proposed method’s broadband per-
formance, we show the absolute squared error between the measured
room response (for a directional loudspeaker) and the ideal RTF,
and the absolute squared error between the calculated RTF and the
ideal RTF. As shown in Fig. 3, the error from the measured room
response is significantly larger compared to that from the calculated
RTF. This result clearly represents the disadvantage of measuring the
RTF from non-ideal point sources/directional sources, and such ef-
fects will largely impact the performance of applications involving
room equalization, active noise cancellation, speech dereverberation
etc.
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Fig. 4. Directional source 2: A comparison between the measured
room response, calculated RTF and the idea RTF between the source
and receiver locations O, and O
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Fig. 5. Directional source 3: Absolute squared error between (i) the
measured room response and the ideal RTF, (ii) the calculated RTF
and the idea RTF over the frequency bandwidth of interest.

In the second example, a directional loudspeaker was modeled in
terms of 3 unit-amplitude point sources distributed over a spherical
surface of radius 0.05 m with (r{* = 0.05,6\" = 7/3,4\" =
7/3), (rS) = 005,65 = 7/2,¢{) = —x/3) and (r{” =
0.05,05) = m ¢\ = 0). The order of this loudspeaker was
higher than the previous example with a variation of N = 1 — 5
over the frequency bandwidth 200 — 4000 Hz. Figure 4 shows the
measured, calculated and ideal RTF for this loudspeaker, and Fig. 5
shows the corresponding error. As observed in both of the above fig-
ures, the error with respect to the ideal RTF is significantly high for
the measured RTF, compared to that of the calculated RTF. However,
compared to the previous example, there appears a slight increase of
error for the calculated RTF at high frequencies. This is mainly due
to the increased order of the loudspeaker and the reasoning is as fol-
lows. Calculation of the desired RTF requires the zero™ order room
response mode o) (k), which is due to the omnidirectional compo-
nent of the directional speaker. The extraction of the effects due to
this component from a directional speaker become difficult at higher
frequencies because, with increasing order, the shape of the direc-
tional response become narrower. Therefore, the proposed method
of RTF extraction based on room response measurements from ro-
tated speaker positions is best effective for lower order loudspeakers.
Since the order of practical non-ideal speakers is typically low, the
above effect can be considered to be minimal.

In addition to the desired room response coefficients adg (k), the
solution to (8) also gives higher order coefficients agg” (k) up to or-
der N. The accuracy of these modes are however, largely affected
by the aforementioned limitation with increasing order.

5. CONCLUSION

In this paper, we proposed a practical approach to measure the RTF
from directional loudspeakers. Based on simulation examples, the
proposed method yields largely improved estimates of the RTF com-
pared to that obtained by the raw directional source. The main ad-
vantage of this approach is its applicability to any arbitrary measure-
ment source. Practical implementation and performance analysis of
the proposed method are topics of future research.

6. REFERENCES

[1] 1. B. Witew, M. Mueller-Giebeler, and M. Vorlaender, “Evalu-
ation and improvement of a model to predict the measurement
uncertainty due to the directivity of room acoustical sound
sources,” The Journal of the Acoustical Society of America,
vol. 135, no. 4, pp. 2236-2236, 2014.

[2] Acoustics ISO, “Measurement of room acoustic parameters—
part 1,” ISO Std, 2009.

[3] 1. Witew, T. Kniittel, and M. Vorldnder, “Theoretic consid-
erations on how the directivity of a sound source influences
the measured impulse response,” in Proceedings of Meetings
on Acoustics. Acoustical Society of America, 2013, vol. 19, p.
015017.

[4] T. Kaniittel, I. B Witew, and M. Vorldnder, “Influence of omni-
directional loudspeaker directivity on measured room impulse

responses,” The Journal of the Acoustical Society of America,
vol. 134, no. 5, pp. 3654-3662, 2013.

[5] A. G. Perez Palacios, M. Pollow, and J. Klein, “Measurement
and evaluation of room impulse response measurements per-
formed with a flexible highly directive source,” 2014.

[6] P. Samarasinghe, T.D. Abhayapala, M. Poletti, and T. Betle-
hem, “An efficient parameterization of the room transfer func-
tion,” Audio, Speech, and Language Processing, IEEE/ACM
Transactions on, vol. 23, no. 12, pp. 2217-2227, 2015.

[7] PN. Samarasinghe, T. D. Abhayapala, M.A. Polettfi, and
T. Betlehem, “On room impulse response between arbitrary
points: An efficient parameterization,” in Communications,
Control and Signal Processing (ISCCSP), 2014 6th Interna-
tional Symposium on. IEEE, 2014, pp. 153-156.

[8] M. A. Poletti, T. Betlehem, and T. D. Abhayapala, “Compari-
son of sound reproduction using higher order loudspeakers and
equivalent line arrays in free-field conditions,” The Journal of
the Acoustical Society of America, vol. 136, no. 1, pp. 192-200,
2014.

[9]1 E.G. Williams, Fourier Acoustics: Sound Radiation and
Nearfield Acoustic Holography, pp. 115-125, Academic Press,
London, UK, 1999.

[10] F. Seidel and H. Staffeldt, “Frequency and angular resolution
for measuring, presenting, and predicting loudspeaker polar

data,” Journal of the Audio Engineering Society, vol. 44, no.
7/8, pp. 555-568, 1996.

[11] VISATON GmbH & Co. KG, “Wb 10 — 100v/8ohm,” 2012.

[12] Z. Gimbutas and L. Greengard, “A fast and stable method for
rotating spherical harmonic expansions,” Journal of Computa-
tional Physics, vol. 228, no. 16, pp. 5621-5627, 2009.

[13] A. R. Edmonds, Angular momentum in quantum mechanics,
Princeton University Press, 1996.



[14]

(15]

J. B. Allen and D. A. Berkley, “Image method for efficiently
simulating small-room acoustics,” The Journal of the Acousti-
cal Society of America, vol. 65, no. 4, pp. 943-950, 1979.

R.A. Kennedy, P. Sadeghi, T.D. Abhayapala, and H.M. Jones,
“Intrinsic limits of dimensionality and richness in random mul-
tipath fields,” Signal Processing, IEEE Transactions on, vol.
55, no. 6, pp. 25422556, 2007.



