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ABSTRACT

The room impulse responses at multiple receiver positions can be
measured efficiently with a continuously moving microphone. The
acoustic system is periodically excited by a self-orthogonal signal,
called perfect sequence, and the microphone captures the sound
field on a pre-defined path. As shown in recent studies by the au-
thors, the captured signal constitutes a spatio-temporal sampling of
the sound field, and the impulse responses can be obtained by a
spatial interpolation. So far, a uniformly moving microphone was
mainly considered for the measurement of spatial room impulse
responses. In this paper, the method is applied to non-uniformly
moving microphones thereby addressing more general cases. The
proposed method is evaluated by numerical simulations where the
spatial room impulse responses on a circle are measured using a
microphone with a fluctuating angular speed. The accuracy of the
impulse responses are compared for varying interpolation orders.

1. INTRODUCTION

The spatial structure of a sound field can be captured by measuring
the impulse responses or by recording the acoustic signals at mul-
tiple receiver positions. For instance, the spatial room impulse re-
sponses are measured with a microphone array for sound field anal-
ysis or spatial sound reproduction [1, 2]. Similarly, a large num-
ber of acoustic impulse responses are measured to investigate the
directional properties of sound sources, receivers, or the combina-
tions of these [3, 4, 5]. Since the acquired spatial resolution scales
with the number of receiver points, a large number of measurements
are required, typically ranging from several hundreds to thousands.
During such a measurement, identical processes are repeated many
times, while giving a slight change to the receiver position or the
source/receiver orientation.

Instead of performing the measurement in a static configura-
tion, a dynamic set-up can be considered in order to accelerate the
process. For example, head-related impulse responses are measured
either by continuously rotating the head-and-torso simulator, or by
moving the loudspeaker on a circle [6, 7]. Several approaches for
such a continuous measurement have been introduced and used for
different types of spatial impulse responses [8, 6, 9, 10, 11, 12].
It was pointed out in [13] that the signal captured by the micro-
phone can be interpreted as being spatio-temporally sampled from
the sound field. Therefore, the time-varying system identification
problem can be regarded as a sound field interpolation problem.

Recently, the authors carried out a series of studies on the
continuous measurement of impulse responses on a circle [13, 14,
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15]. Constant angular speed was considered which constitutes an
equiangular sampling on the circle. Based on the spatial bandwidth
of the sound field in the circular harmonics domain, an anti-aliasing
condition for the angular speed was derived [13]. The individual im-
pulse responses were computed using a spatial interpolation, and the
results were compared with static measurements [13] as well as with
other existing approaches for dynamic measurement [14]. It was
shown that higher-order interpolations generally achieve better per-
formance provided that the anti-aliasing condition is fulfilled [15].
If the microphone exceeds the maximum allowable angular speed,
the accuracy of the impulse responses decreases due to spatial alias-
ing.

In this paper, the same approach is applied for non-uniformly
moving microphones. The microphone is still assumed to move
on a pre-defined trajectory but the speed is varied over time. It is
of interest to find out the relation of non-uniform motion and the
resulting distribution of spatial sampling points. The impulse re-
sponses are estimated by using an interpolation of different orders.
The performance of the proposed approach is examined by numeri-
cal simulations.

2. SPATIAL SAMPLING

For a continuous measurement, the system is typically excited by
a periodic perfect sequence ¥(n) = ¥ (n + N) which exhibits a
self-orthogonality [16],

N-1

D w(n+m)p(n) =05, > 5(m+ puN),
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where N denotes the period of ¥(n), ai the energy within one pe-
riod, and §(-) the Dirac delta function. To avoid temporal aliasing,
the period IV has to be longer than the longest impulse response of
the system [7]. For brevity, afp = 1 is assumed in the remainder.

Assuming a finite impulse responses (FIR) model, the time-
domain sound field p(x, n) reads

=z
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where x = [z, v, 2]” denotes the position, n the discrete-time in-
dex, and h(x, k) the impulse response. Note that p(x, n) exhibits
the same periodicity as the excitation signal ¢ (n).

For a noiseless measurement, the impulse response is equal to
the length- NV circular cross-correlation of 1(n) with the signal re-
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which can be proven by inserting (3) into (2) and exploiting (1). The
second equality (4) states that the cross-correlation can be computed
for any N consecutive samples of p(x,n) and ¥ (n).

Assume that an omni-directional microphone moves on a path
defined by x(n). The signal captured by the microphone then reads

&)

which is a slice of the sound field [6]. By exploiting the time-
periodicity of p(x, n), the captured signal s(n) can be decomposed
into N sequences,

s(n) = p(x(n),n),

su(l) = s(v+IN) (6)
=p(v+IN),v+IN) @)

=px(v +IN),v), (8)

forv =0,..., N—1. The v-th sequence thus constitutes a spatial

sampling of the sound field at time n = v. This is shown in Fig. 1
where the microphone moves on a circular trajectory. Note that the
distribution of the sampling positions ® differs for each v. If the
total number of samples is denoted by L, the effective number of
spatial samples is %

3. SPATIAL INTERPOLATION

Since only one sample of p(x, n) is captured at each position X(n),
(3) cannot be directly used for the computation of h(x, n). Instead,
the original sound field has to be interpolated from s(n) [10],

Px,v) = gu(x) p(x(v +IN),v) )
=
= Zgul(x) su(1), (10)
ez
forv = 0,...,N —1, where p(x, ) denotes the estimate of the

sound field and g,;(x) the interpolation coefficients.

The process of computing the impulse responses is depicted in
Fig. 2. A negative delay 2" is applied to s(n) and x(n), followed
by a factor-of- N decimation. In practice, this part can be performed
quite simply by using reshape in Matlab or numpy . reshape
in Python. The sequences s, (I) will be stacked in a matrix (ar-
ray). For a set of target positions X, the sound field is estimated by
interpolating the individual sequences. While one-dimensional in-
terpolation suffices for linear or circular trajectories, two- or three-
dimensional interpolations might be desirable depending on the ge-
ometry of the microphone path. The estimates p(xx,v) obtained
from the v-th sequences then compose /N consecutive samples of
the sound field. Finally, A (xy, n) is obtained by computing the cir-
cular cross-correlation of p(xx,n) and i (n), or equivalently the
circular convolution of p(xx,n) and 1(—n) as indicated by * in
Fig. 2.

It is implicitly assumed in Fig. 2 that s(n) and x(n) have the
same sampling frequency, which is not necessarily the case in prac-
tice. For instance, an optical motion tracking system exhibits a rate
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Figure 1: Spatio-temporal sampling in a continuous measurement.
The microphone O moves on a circle of radius r¢ at a non-uniform
angular speed (top). The gray circles © indicate the locations where
the signal is captured. For a periodic excitation (N = 4), the dec-
imated signal s, (1),v = 0,...,3, indicated by ®, corresponds to
the spatial sampling of the sound field p(X, v) (bottom).

in the order of 100 Hz, while typical audio sampling rate is much
higher, e.g. fs = 44.1 kHz. Though, as far as the microphone posi-
tion is sampled with no spatial aliasing, it can be upsampled to the
same sampling rate.

The trajectory and the speed of the microphone have to be cho-
sen carefully by taking the spatial bandwidth of the sound field
into account. The spatial distribution of each %, (1) must be suf-
ficiently dense so that the interpolation accuracy is not affected by
spatial aliasing. In [13], an anti-aliasing condition was introduced
for the continuous measurement on a circle with a uniformly mov-
ing microphone. Based on the approximated spatial bandwidth of
the sound field in the circular harmonics domain, the maximum al-
lowable speed 2o reads [13, Eq. (14)],

C

Q< Q= ——
> 840 TON’

)
where ¢ denotes the speed of sound and 7 the radius. It was ob-
served in [15] that higher-order interpolation generally improves the
accuracy of the impulse responses, if the anti-aliasing condition is
fulfilled and the noise is not severe. In this particular case, the peri-
odic sinc interpolation is the analytic solution [6, 14].

Although a uniformly moving microphone is of interest from
a theoretical perspective, it is not trivial to perform such a mea-
surement in practice. If either the total duration within a rotation
L= %” X fs or the effective number of sampling points % is not
exactly an integer, the sampled positions exhibit a non-uniform dis-
tribution on the circle. In such cases, the sinc interpolation cannot
be used straightforwardly, and the anti-aliasing condition (11) does
not apply any more. In this paper, the Lagrange interpolation is used
instead, which considers also non-uniform sampling points.

4. EVALUATION

In this section, a continuous measurement of spatial impulse re-
sponses is simulated. The sound field of a Dirac-shaped plane wave
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Figure 2: Block diagram illustrating the time-varying system identification in a continuous measurement. The captured signal s(n) and
position X(n) is decomposed into N sequences, which are obtained by applying a negative delay and a factor-of-N decimation. The time-
domain sound field p(xx, n) is estimated by interpolating the sampled values. The corresponding time-variant impulse response ﬁ(xk, n) is
finally obtained by convolving (denoted by *) p(xx,n) with 1(—n).

is considered that propagates parallel to the xy-plane with an angle
of ¢py = 270°. Assuming a free-field condition, the continuous-
time impulse response on the circle reads

h(¢,7) =8 (T — " cos(¢ — Gp)) ,

where ¢ denotes the polar angle of the microphone. In the sim-
ulation, the sampling frequency is fs = 8 kHz and the speed of
sound is assumed to be ¢ = 343 m/s. Non-integer delays are im-
plemented by sinc functions windowed by a Blackman window of
length 64 [17]. The plane wave is driven by a periodic perfect sweep
with N = 800 (0.1 s) [18]. A microphone moves on a circle with
radius of 79 = 0.5 m. The polar angle of the microphone is

12)

o(t) = Q ¢t + asin 27t (13)

where €2t corresponds to the uniform part and « sin 27t to a pe-
riodic fluctuation determined by the parameter «. In Fig. 3 (left),
the first few seconds of ¢(t) are shown. The straight line (a« = 0
indicated by ) corresponds to a uniform motion. According to
(11), the anti-aliasing angular speed (11) is Q¢ = 49.1° - s~ for
this configuration. Although this only holds for a uniformly moving
microphone, it is considered as a reference. The simulation is per-
formed for a sufficiently lower angular speed Q = 22.5° - s~ . The
total length of the captured signal is L = 3%0 x fs = 128000 for
all conditions. To interpolate the spatial samples, Lagrange polyno-
mials of different orders are used [19, Eq. (25.2.2)],

gul(d)) = H M

b
Gl ¢Vl - (z’l/j

where ¢,; denotes the polar angle in which the (v + N1)-th sample
is captured. The impulse responses are computed for 360 equian-
gular points on the circle, ¢, = 0,1,...,359°. The accuracy of
individual impulse responses is examined by the (normalized) sys-
tem distance defined as
1
2
) (14)

SN [h(ék,n) — h(ew,n)|?
S Rk, n) |2

SD(¢x) = (
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where (¢, n) denotes the estimate of h(¢y,n).

In general, the system distance exhibits angular dependencies
(not shown here). The accuracy increases around ¢ = 90,270°
where the time-of-arrival = cos(4(t) — ¢yv) is piecewise constant
and the system is nearly time invariant. In Fig. 3 (center), the system
distance SD(¢y,) is averaged over ¢y, to compare the overall perfor-
mance between different conditions. For o = 0 (uniform case), the
higher the interpolation order, the more accurate are the impulse re-
sponses. The system distance converges to —67 dB. This is not the
case for @ # 0 where a slight increase in SD(¢y) is observed for
an interpolation order of 32. This suggests that the time-variability
of the system has to be taken into account in choosing the interpo-
lation order. Unnecessarily high interpolation could rather degrade
the performance.

While stronger fluctuations (larger o) generally lead to an in-
creased system distance, an exception is observed for o = 12 ==.
Despite the strongest fluctuation, the performance is significantly
better than @ = 4, 8 and almost comparable to o = 2. This can
be explained by examining the distribution of the spatial sampling
points as follows. For every v, the decimated angles ¢, () are
sorted in ascending order and the difference between consecutive
angles A¢ is computed. The distribution of the angular spacings
A¢ is shown in Fig. 3 (right). The distribution for &« = 0 has a
Dirac shape, since A¢ = 362N — 9 95° js constant. For o = 2, 4,
A¢ exhibits two peaks on each side of the distribution. The spread
increases with o which agrees with the standard deviations indi-
cated by o in Fig 3 (right). The left peak is attributed to the change
of direction where the angular speed (slope of ¢(t)) is close to 0.
Here, the spatial samples are closely distributed and thus resulting
in a small A¢. The peak on the right is related to the maximum
speed where the slope of ¢(t) is steepest, i.e. t = 0,1,2 s in Fig. 3
(left). The large A ¢ causes an increase in interpolation errors. Inter-
estingly, for o = 12, the right peak disappears and the distribution
is more or less uniform in A¢ € [0, 4]. The fluctuation is so strong
such that the sampled angles at the maximum speed coincide with
those at the minimum speed. The dense distribution in the former
compensates the sparse distribution in the latter. This is the ben-
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Figure 3: Continuous measurement on a circle using a non-uniformly moving microphone. Left: The polar angle of the microphone is
() = Qt + asin27t with Q = 22.5° - 57 and o = 0,2,4,8,12. Center: For each c, the impulse responses are estimated by using
the Lagrange polynomials of different orders 2°~°. The system distance SD(¢y,) is averaged over ¢x. Right: Histograms showing the
distribution of the angular spacings A¢ between the spatial samples. The standard deviation of the distribution is denoted by o.

efit of the proposed approach where the spatial distribution of the
captured sound field is explicitly considered.

5. CONCLUSION

The continuous measurement method based on spatial interpolation
was applied to non-uniformly moving microphones. The signal cap-
tured by the microphone was considered as spatio-temporally sam-
pled from the sound field. The original sound field was estimated
by interpolating the non-uniform samples. The proposed approach
was validated by numerical simulations where the spatial room im-
pulse responses were measured on a circle. It was shown that the
continuous measurement technique can be applied in more general
cases, for instance, when the position of the microphone cannot be
controlled perfectly.

The perceptual properties of the impulse responses are still un-
der investigation. Once the associated physical attributes are iden-
tified, it is expected that the measurement speed can be further in-
creased without causing perceivable degradations. The extension to
two- or three-dimensional cases is also left as future work.
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