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An Innovative Architecture of Full-Digital
Microphone Arrays Over A’B Network
for Consumer Electronics

D. Pinardi, N. Rocchi*, A. Toscani

Abstract—Microphone arrays of various sizes and shapes are
currently employed in consumer electronics devices such as
speakerphones, smart TVs, smartphones, and headphones. In
this paper, a full-digital, planar microphone array is presented. It
makes use of digital Micro Electro-Mechanical Systems (MEMS)
microphones, connected through the Automotive Audio Bus
(AZB). A clock propagation model for AZB networks, developed
in a previous work, was employed to estimate the effects of jit-
ter and delay on microphone arrays. It will be shown that A’B
allows for a robust data transmission, while ensuring determin-
istic latency and channels synchronization, thus overcoming the
signal integrity issues which usually affect MEMS capsules. The
microphone positioning is also discussed since it greatly affects
the spatial accuracy of beamforming. Numerical simulations were
performed on four regular geometries to identify the optimal lay-
out in terms of number of capsules and beamforming directivity.
An AZB planar array with equilateral triangle geometry and four
microphones, three in the vertices and one in the center, was built.
Experimental measurements were performed, obtaining an excel-
lent matching with numerical simulations. Finally, the concept of
an array of arrays (meta-array) is presented, designed by com-
bining several triangular units and analyzed through numerical
simulations.

Index Terms—Automotive Audio Bus (A2B), automotive appli-
cations, beamforming, consumer products, digital MEMS micro-
phones, meta-arrays, microphone arrays, planar arrays, spatial
audio, triangular arrays.

I. INTRODUCTION

ICROPHONE arrays are employed in consumer

electronic devices for several applications, such
as teleconferencing, speakerphone units, smartphones,
and smart TVs. They are mainly used for dereverbera-
tion or echo reduction [1]-[4] and speech recognition [5].
Other consumer electronics applications may include
Active Noise Control (ANC) [6], [7], multi-channel audio
recording [8] and beamforming [9]. When designing such
multichannel systems, the type of capsules and data
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transmission architecture are critical aspects, as they have a
significant influence on the audio quality. The geometry of
the array, the number of capsules and their layout, instead,
mostly affect spatial accuracy and working frequency range of
beamforming. As a result, we see a steadily growing demand
for systems capable of supporting more and more channels.
Examples of massive multichannel microphone arrays can be
found in [10]-[12].

Regarding the choice of capsule type, most of today’s
solutions employ analog microphones, which may pro-
vide high-quality audio signals. On the other hand, they
entail bulky wiring and noise immunity problems, partic-
ularly in case of long wires connecting the capsules with
the Analog-to-Digital (A/D) converters. In addition, ana-
log capsules, pre-amplifiers, and A/D converters contribute
to increase the cost of the system and design complexity.
Conversely, low-cost digital MEMS microphones are more
robust to electrical noise, usually at the price of worse
acoustic performances (dynamic range and Signal-to-Noise
Ratio).

In this paper, a full-digital solution for multichannel arrays
is presented, overcoming most of the above-mentioned lim-
itations. Although the usage of MEMS capsules is not
new [13]-[15] the adoption of the A’B bus [16], [17] is sig-
nificantly innovative. In fact, most of the existing solutions
employing digital MEMS capsules make use of the I2S or
TDM interfaces [18], [19], which do not provide robust trans-
mission of digital signals over distance, thus limiting the length
of the cabling to a few centimeters. An A2B network, instead,
can transport up to 32 channels through a series of distributed
nodes connected in daisy chain up to 40 m. The connection
between nodes is made with a single low-cost Unshielded
Twisted Pair (UTP) cable, which can also carry power supply
together with data. Each node can include transducers such
as, but not limited to, microphones and accelerometers. To
manage the data flow, a single low-cost A?B transceiver is
required on each node, reducing dramatically the cost of the
network. At the same time, it offers several advantages for
building microphone arrays such as low deterministic latency
of just two samples (e.g., less than 50 us at 48 kHz) and clock
synchronization. Finally, yet important, the A”B bus is expand-
able: the number of capsules of an array, or in general the
complexity of an A%B network, can be increased just by adding
additional nodes to the daisy chain. This allows to cover large
areas by distributing the nodes, and to build modular arrays,
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or “meta-arrays”, by combining multiple nodes into a single
physical device.

The synchronization of the clock signals is mandatory
for ensuring optimal beamforming of transducer arrays. For
this reason, the effects of the clock propagation in an A’B
network [20] have been studied, evaluating how the latency
and the jitter could affect the beamforming of an A”B
microphone array. The clock propagation was modelled with
uncorrelated normal distributions, whose mean values (u) and
standard deviations (o) represent deterministic latency and
random jitter. The values of © and o were assessed by means
of experimental measurements. By applying the clock model
to numerical simulations of the array, it will be shown that
the A?B bus is optimal for building microphone arrays, since
the effects of clock propagation and clock reconstruction are
negligible in almost every practical application.

The geometry is another critical aspect in the design of a
microphone array. In fact, the position of the capsules greatly
affects the spatial sampling of the sound field. This has an
impact on the robustness and stability of the beamforming
filters and on the performance of the array in terms of spa-
tial accuracy. Many solutions have been already explored,
mostly spherical and cylindrical [21]-[26], and examples of
two-dimensional planar microphone arrays can be found
in [27]-[30] with circular, radial or random distribution of the
capsules.

In this paper, numerical simulations of planar arrays having
regular polygon geometry with different number of vertexes
were carried out, with the aim of optimizing the beamforming
accuracy and the number of microphones.

Capsules have been positioned on the vertices of triangular,
square, pentagonal, and hexagonal geometries, and the the-
ory that a central capsule can improve the spatial accuracy
of the beamforming was exploited, as suggested in [31]. It
will be shown that the equilateral triangular array with four
capsules, three at vertices and one in the center, is the most
efficient solution with respect to square, pentagonal, or hexag-
onal arrays with number of capsules ranging between 4 and 7.
Finally, a prototype of triangular array with four capsules over
A?B bus was designed and built. Measurements were per-
formed, showing an excellent matching between numerical and
experimental results.

Aforementioned geometries were preferred, as they allow
exploiting the AB bus expandability, an innovative feature of
the described solution. In the proposed design, several arrays
can be attached in daisy-chain and combined to form more
complex and more performing structures, the meta-arrays,
which are currently under development by the same authors.
The paper concludes presenting a preliminary study of a pla-
nar meta-array, constituted by seven triangular units, designed
accordingly to the previous results, and positioned side by side.
The beamforming accuracy of the meta-array was analyzed
through numerical simulations also considering the effects of
the clock propagation.

II. BEAMFORMING THEORY

The raw signals captured by the capsules of a microphone
array can be combined to obtain arbitrary directivity beams,
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Fig. 1. Ideal polar pattern of a fourth order cardioid, 2D (left) and 3D (right).

called virtual microphones. This is generally known as encod-
ing or beamforming. In this work, such operation is performed
with a linear processing, which makes use of a matrix of Finite
Impulse Response (FIR) filters, computed with the regularized
Kirkeby [32] inversion:

1 s
Hm.v,k = [C:Fn’d’k . Cm,d,k + ,Bk : Im,m] . I:C:Fn,d,k : Ad,v - e Jﬂk]
(1)

where m = [1,..., M] is the capsule index, v = [1, ..., V]
is the virtual microphone index, k is the frequency index,
d =11, ..., D]is the index of the Directions-of-Arrival (DoA)
of the sound wave; the matrix C is the complex response of
each capsule m for each direction d, the matrix A defines
the frequency independent amplitude of the target directiv-
ity patterns, e /7% introduces a latency that ensures filters
causality, the dot (-) is the scalar product, / is the iden-
tity matrix, []* denotes the conjugate transpose, []~! denotes
the pseudo-inverse, 8 is a frequency-dependent regularization
parameter [33], and it represents the most significant improve-
ment of the Kirkeby method over the traditional Tikhonov
regularization, where instead § is constant.

The grid of DoA employed for simulating and measuring
the array responses is a spherical t-design geometry [34], [35],
of order + = 21, consisting in a total of D = 240 directions
uniformly distributed over a unit-radius sphere.

A unidirectional virtual microphone (V = 1) was encoded,
centered, and pointed outward, perpendicularly to the surface
of the array. The target directivity A is a fourth order cardioid
without any side or rear lobes [36] defined as follow:

A(®) = [0.5 + 0.5 cos()]* )

The virtual microphone is obtained by multiplying, in the
frequency domain, the response of the array C,, 4 with the
beamforming filter H,, , x, as follow:

Vak = Cud k- Hnyvik 3)

Ideally, i.e., in case of perfect reconstruction, it would result
V = A for all k frequencies and d directions. Two-dimensional
and three-dimensional directivity of a fourth-order cardioid
virtual microphone are shown in Fig. 1.

The effective directivity is evaluated by employing two
parameters as a function of frequency, directivity factor Q and
half-power beamwidth BW [37]. The directivity factor Q is
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given by:

“4)

where I is the magnitude of the sound intensity vector in
the direction of maximum emission, I° is the average of the
magnitude of sound intensity over the whole sphere, v is the
virtual microphone, and k is the frequency. The parameter BW
is equal to twice the angle of the beam between the direction
of maximum sensitivity and the direction at —3 dB below the
maximum, hence:

BW, = 2/( S, S =37 5)
where ﬁf"ixis the direction of maximum directivity, S'Ivr_lzx_MB
is the direction where directivity is reduced by 3 dB respect

to the maximum, £ denotes the angle, v is the virtual
microphone, and k is the frequency.

III. ARRAY DESIGN AND SIMULATION

Beamforming is physically constrained by the ratio between
the distances of the capsules within the array and the wave-
length, as:

lc
=17
where ¢ = 343 m/s is the speed of sound and f is frequency.
The minimum distance s between the capsules was designed
considering the typical frequency range of vocal band, which
is usually 300 Hz — 3.4 kHz in telecommunications [38], [39].
Thus, the array would fit voice applications, such as telecon-
ferencing, speech recognition, speakerphone, or ANC systems.
The array was designed with a distance between the capsules
Smin &~ 25 mm, obtained by substituting f;,,x = 3.4 kHz in (6).
In this way, array dimensions fit consumer electronics appli-
cations. By exploiting meta-arrays geometries, it is possible
to increase the dimension of the array and the number of cap-
sules, hence the maximum distance between the capsules sy,4y,
thus improving low frequency performance without affecting
high frequency performance.

To investigate the minimum number of capsules satisfying
the requirements, four arrays were designed, having shape
of equilateral triangle, square, regular pentagon, and regular
hexagon, arranging the capsules in the vertexes along a circle,
and keeping constant the radius r = s,,;, = 25 mm, as shown
in Fig. 2. The analyzed layouts feature a central capsule, as
suggested in [31].

The four geometries were numerically simulated in
frequency domain by employing the Finite Elements
Method (FEM). The material of the domain is air, while
the arrays were modeled as a rigid body. The simulation is
performed considering the near field effect: the system is stim-
ulated by a point source radiating spherical waves of 1 Pa
at 1 m distance. The simulations were calculated for each
direction d of the previously described grid (D = 240).

A 3-dimensional modelling was used, thus discretized with
a tetrahedral mesh, featuring six elements per wavelength [40].
The simulations were solved within the frequency range

(6)

N

Fig. 2. Design of triangular, square, pentagonal, and hexagonal arrays with
capsules arranged with constant radius.
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Fig. 3. Directivity factor Q for triangular (red), square (blue), pentago-

nal (green), and hexagonal (black) arrays, with number of capsules ranging
between M = 4 and M = 7. Higher Q is better.

300 Hz — 3.4 kHz, with a frequency resolution of 5 Hz. For
each direction d, the solution is evaluated at the M points cor-
responding to the position of capsules, considering an ideal
frequency response. This provided the matrix C,, 4 required
to solve (1).

The solutions were processed by combining (2) in (1), for
values of M ranging between 4 and 7. Then, the frequency
dependent parameters Q (Fig. 3) and BW (Fig. 4) were
evaluated for each of the four different cases.

The values of Q are in the range 4.2 — 7.8, while BW values
are comprised between 105° and 69°. It is possible to note that
the parameter BW as a function of M has slight variations in
the frequency range of interest. The same applies to parame-
ter Q in the range 300 Hz — 2 kHz. Instead, the value of QO
increases from 6.7 to 7.8 at 3.4 kHz. This means an incre-
ment of 16.4% of Q when using 7 capsules instead of 4, that
is a 75% increase of M. The ratio O/M, which is the direc-
tivity factor normalized on the number of capsules, represents
the effectiveness of a single capsule and it is maximum when
M = 4, as shown in Table 1.

In conclusion, the triangular array with four capsules allows
maximizing the directivity and minimizing the half-power
beamwidth with the minimum number of capsules.
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Fig. 4. Half-power beamwidth BW for triangular (red), square (blue), pentag-
onal (green), and hexagonal (black) arrays, with number of capsules ranging
between M = 4 and M = 7. Lower BW is better.

TABLE I
RATIO Q/M AT 3.4 KHZFORM =4,5,6,7

M Q/M at 3.4 kHz
4 1.68
5 1.5
6 1.28
7 1.11
A2B main A2B sub A2B sub A2B sub
node P9 node0 9 node1 7% node7
1 il il
5 v v v
oM o o) o
Interface
board
USB AES67 MADI
Fig. 5. Architecture of an A2B network.

IV. AZB ARCHITECTURE AND CLOCK
PROPAGATION MODEL

The block diagram of the architecture of an A2B network
is shown in Fig. 5. The network is composed by a single
main node and multiple subordinate nodes. Each subordinate
node has I/O ports to communicate with local devices, e.g.,
transducers and codecs. The main node provides the clock to
the network, and it is connected to an interface board, which
converts A%B signals into protocols commonly used for digital
audio distribution, such as USB, AES67 or MADI. A2B allows
to transport up to 32 audio channels, as well as control data,
on a single network composed of up to 10 subordinate nodes.
In addition, subordinate nodes can be power supplied through
the same data bus (up to 2.7 W), thus keeping the wiring
as simple as possible. Access to the bus and audio flow are
managed by dedicated A’B transceivers, removing the need
of additional devices that would increase the system cost and
design complexity. A simple microcontroller (e.g., an 8-bit
microcontroller) is required on the main node to configure the

TABLE II
JITTER AND LATENCY FOR EACH CAPSULE OF THE TRIANGULAR ARRAY

Node Mic u [ns] o [ns]

Sub 1 1 0 1.6

Sub 2 2 +10 1.8

Sub 3 3 -10 2.0

Sub 4 4 +5 2.1
ket

Jitter [ns]

Fig. 6. Clock propagation applied to four capsules connected to four different
A“B chips in daisy chain.

network at the start-up, but it is not needed anymore during
normal operation.

Since A?B subordinate nodes reconstruct the clock from the
network, in this chapter, the effects of clock latency and jitter
on the beamforming performance are evaluated by means of
an equivalent additive noise [41]-[43]. Fractional delays were
applied in frequency domain, overcoming the limited resolu-
tion of the discrete time domain, namely +1 sample (e.g.,
20.83 us at 48 kHz). Clock propagation was introduced in the
post-processing of numerical simulations by means of (7):

4 —jot,
mdk = Cm.d - €7 @)

where C is the numerical response of the array and e /@/deiay
accounts for the clock skew contribution. Finally, #geiqy [s] is:

taetay = N (w, 02, d, m, k) ®)

where N is the standard normal distribution, u is the mean
value of A, o2 is the variance of N, d = [1,...,D] is
the DoA index of the sound waves, m = [1,...,M] is the
capsule index, k is the frequency index. Hence, the clock prop-
agation was modelled with uncorrelated normal distributions,
whose mean value (u) represent a deterministic latency and
the standard deviation (o) represent the effect of a random
jitter.

The model was tuned accordingly to experimental measure-
ments specifically performed, whose results are summarized in
Table II and represented in Fig. 6. Each A%B chip reconstructs
the clock on each subordinate node, therefore all the capsules
of an array connected to the same A”B transceiver share the
same clock source and are affected by the same amount of
jitter and latency. Hence, assigning different latency and jitter
values at each capsule of a single node models the worst-case
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Fig. 7. Prototype of the triangular microphone array with four capsules,
three at vertices and one in the center.
MIC 1
Towards A2B MIC 2 Towards
main node Transceiver MIC 3 sub. node
MIC 4
Fig. 8. Block diagram of the designed triangular microphone array.

condition. Such condition reflects what happens when building
meta-arrays, where several A?B transceivers are employed.

The central capsule, assumed as relative reference of the
time scale, has u = 0. The latency of the other capsules is
modelled with the worst possible combination. The standard
deviation values are measured, and they reflect the tendency
of the jitter to increase at each reconstruction of the clock
on subsequent subordinate nodes. By processing numerical
simulations with and without jitter and latency, it was pos-
sible to assess that any effect is completely absent. This result
confirms that A’B technology is optimal for building micro-
phone arrays and particularly advantageous when several A>B
chips are employed at the same time, which is the case of
meta-arrays.

V. EXPERIMENTAL RESULTS

A prototype of the triangular array was built (Fig. 7, micro-
phone capsules are highlighted with red circles). One can note
that capsules face on a perfectly flat and smooth PCB sur-
face to minimize diffractions. Therefore, the electronics was
designed to have all components and connectors on the rear
side. The employed digital MEMS capsule is characterized by
an Acoustic Overload Point (AOP) of 130 dB (SPL), SNR of
69 dB(A), dynamic range of 105 dB and an operating voltage
range 1.62 — 3.6 V [44].

The block diagram of the designed triangular array is shown
in Fig. 8. The triangular array is seen as a single A>B subor-
dinate node. The UTP cable length connecting the main node
with the subordinate node can be up to 15 m. This allows plac-
ing the microphone array in the desired position, keeping the
acquisition interface away. The acquisition board comprises
the A’B main node and the interface board. In this work, it
has been adopted an USB connection between the interface
board and the PC.

S/PDIF

Interface | 2 [A2B main :i'sngl:fr G ((
board | om node : y
Juss
PC
o *
Fig. 9. Experimental measurement setup.

Such design allows connecting in daisy-chain many arrays
to form a larger A”B network, realizing both distributed arrays
or the previously mentioned meta-array, made by positioning
side-by-side, in two or three dimensions, several array boards.

The prototype was measured in an anechoic chamber with
a two-axis turntable [23] and a loudspeaker positioned at 1 m.
The schematic of the experimental setup is shown in Fig. 9.
The turntable is controlled by the PC via ethernet link. The
test signal is sent from the PC to the interface board through
USB. This system allows playing the test signal and syn-
chronously recording all the channels of the Device Under
Test (DUT), in this case the microphone array. The sound
source is a studio monitor, which is connected to the interface
board through S/PDIF. In this way, the whole measurement
system is full-digital.

The test signal is an Exponential Sine Sweep (ESS) [45],
pre-equalized for flattening the spectrum of the sound source
in the range 50 Hz — 18 kHz within +£0.5 dB. The same
test grid employed for simulations was used (D = 240 direc-
tions). After each measurement, the PC sends to the turntable
the new measurement direction and then the ESS is played
and recorded. Impulse Responses (IRs) were calculated by
convolving the recorded signals with the inverse filter associ-
ated to the test signal, namely the inverse sweep [45]. Finally,
the G4 matrix of (1) is obtained by applying a Fast
Fourier Transform (FFT) to the IRs. Subsequent processing
is unchanged with respect to the simulations.

The triangular array was processed and compared to the
simulation, by superimposing the directivity polar patterns
(Fig. 10).

One can note a very good agreement between the two meth-
ods, and particularly at the frequency bands centered at 2 kHz
and 4 kHz. Instead, the numerical solution provided slightly
narrower polar patterns at 500 Hz and 1 kHz. This behavior
is explained by the non-idealities affecting the experimental
approach. These non-idealities are geometrical, related to the
measurement system, and constructive, related to the MEMS
capsules, which are not identical in terms of magnitude and
phase response.

VI. META ARRAY SIMULATION

The planar meta-array of Fig. 11 was designed and analyzed
accordingly to the outcomes and methodology previously
described in Section III. The simulation was performed up
to 3.4 kHz but extended down to 20 Hz, to analyze the
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500 Hz TRIANGLE, M= 4 1 kHz
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Fig. 10. Polar patterns of a triangular microphone array with four capsules,
comparison of numerical (solid line) and experimental (dashed line) solutions.

Fig. 11. Design of a meta-array with seven triangular arrays and 28 capsules.

performance improvement in the low frequency range provided
by the increased value of s,,. Seven triangular arrays were
employed, thus the total number of capsules of the meta-array
is M = 28 (4 capsules for each triangular array).

For exploiting the increased beamforming capabilities of
such meta-array, the target function required in (1) was modi-
fied for producing three virtual microphones of the same type
described by (2), uniformly distributed along the azimuth at
angles 0°, 120°, and —120°, with an elevation of 45°, as shown
in Fig. 12.

Then, the parameters Q (Fig. 13) and BW (Fig. 14) were
calculated for the following three cases: only central triangu-
lar array (M = 4), central triangular plus the three triangular
arrays around it (M = 16), and all the seven triangular arrays
(M = 28). Each parameter was averaged among the three vir-
tual microphones, thus reducing the number of curves, and
improving the reliability of the result.

One can note that the directivity factor Q increases in the
whole frequency range from M = 4 (black line) to M = 16
(red line) and a further increase is observed below 700 Hz with
M = 28 (green line). Conversely, the parameter BW decreases
in the whole frequency range between the cases M = 4 and

Fig. 12. 3-dimensional ideal polar patterns of three cardioids of fourth order.
11 T T
10+ ~Meta-array M = 4
—--Meta-array M = 16
9r Meta-array M = 28 1
8 .
(@] 7 7 ]
_
3] S I S 0 SIS E— i -
5f—— B ]
4 ............ |
3 1 1
20 100 1000 3400
Frequency [Hz]
Fig. 13. Directivity factor Q for meta-arrays with one triangular array (M

= 4, black), four triangular arrays (M = 16, red), and seven triangular arrays
(M = 28, green).
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Fig. 14. Half-power beamwidth BW for meta-arrays with one triangular array
(M = 4, black), four triangular arrays (M = 16, red), and seven triangular
arrays (M = 28, green).

M = 16 and a further decrement below 700 Hz is observed
with M = 28. At high frequency the improvement is provided
by the increased number of capsules, which in turn gives a
better conditioning of the Kirkeby inversion in (1), while at
low frequency by the increment of the maximum distance s,y
between the capsules of the meta-array.

Clock propagation effects were introduced in meta-array
simulations, to consider the non-idealities introduced by the
data acquisition and transmission architecture. Clock prop-
agation measurements obtained in [20] were employed, as
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1" T T

Meta-array M = 28
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Fig. 15. Directivity factor Q for meta-array with 7 triangular arrays, no

jitter (green), jitter measured values (black), and jitter increased by a factor
of 1000 (red).

discussed in Section IV. A latency value u between —10 ns
and 10 ns was randomly assigned to each node, with a uniform
probability distribution. The standard deviation of random jit-
ter o was linearly increased by 0.2 ns for each node, starting
from the minimum measured value of 1.6 ns. Hence, the four
capsules of each node are affected by the same jitter amount,
as it happens effectively. It was concluded that clock propaga-
tion has no effect on both Q and BW even in large meta-arrays.
Fig. 15 shows the results for Q parameter of the meta-array
with 7 triangular boards and M = 28. It can be seen that
the ideal case without jitter (green solid line) is overlapped
with the case considering the measured values of jitter (black
dashed line). The clock non-idealities must be increased by
three orders of magnitude to make deviations observable (red
dashed line).

VII. CONCLUSION

An A?B based, full-digital, and modular microphone array
was proposed. A2B offers optimal characteristics for auto-
motive and consumer electronics applications such as robust
data transmission (up to 40 m), synchronized acquisition,
cheap cabling, and expandability thanks to daisy-chain con-
nections. In addition, the design complexity of the proposed
microphone array is minimal since data acquisition of dig-
ital MEMS microphones and data transmission are carried
out by dedicated A2B transceivers. Hence, neither A/D con-
verters or programmable devices (e.g., microcontroller, DSP,
or FPGA) are required in case of analog or digital capsules
respectively. The system architecture allows creating both dis-
tributed microphone arrays and meta-arrays, by positioning
side-by-side several array boards in two or three dimensions.
In such applications the adoption of A’B, which communi-
cates by means of UTP cables, allows avoiding bulky wiring
between capsules, arrays, and acquisition boards.

The effect of clock propagation in A’B bus was stud-
ied by modelling latency and jitter. The model is imple-
mented with normal distributions, where mean and standard
deviation representing latency and jitter respectively, tuned
against experimental measurements. In conclusion, it was pos-
sible to assess that the effect of clock propagation can be

neglected, confirming that the A’B bus is an optimal solu-
tion for building arrays of transducers, even when capsules
are connected to different A’B nodes, as it happens for
meta-arrays.

Numerical simulations at finite elements were employed
for analyzing several planar geometries, with the aim of
optimizing the design of the array in terms of position
and number of capsules. Only regular polygon geometries
were considered, as they are the most suitable to be com-
bined in two or three dimensions to obtain meta-arrays.
Triangular, square, regular pentagon, and hexagon arrays with
microphones located on the vertices and in the center of
the polygons were studied. Beamforming performance was
analyzed by means of two metrics, Q and BW. The tri-
angular array with three capsules in the vertices and one
in the center allowed optimizing the beamforming with the
minimum number of capsules. As suggested from previous
theoretical results, the presence of a central capsule provided
an improvement in terms of spatial accuracy, allowing to
minimize the deviation between the directivity of the vir-
tual microphone (beam) and the target function 4™ order
cardioid).

A prototype of the triangular array was built and measured,
employing a full-digital test bench. Good match between
numerical and experimental results was obtained, as demon-
strated by the superimposition of the directivity polar patterns.
The proposed architecture is particularly suitable for differ-
ent consumer electronics applications. In hand-free phones for
meeting rooms, depending on room size, delocalized micro-
phones can be easily connected to the main unit thanks
to flexible wiring, thus creating meta-arrays. This can be
exploited also in smart home or voice assistant devices,
where the flexible positioning of the microphones, with
respect to the main unit, can enhance acoustic performance.
The proposed architecture guarantees positioning flexibil-
ity, ease of connection using a simple UTP wiring, and
modularity.

Finally, a concept of planar meta-array was presented,
obtained by positioning side by side seven triangular arrays.
Numerical simulations were performed and processed by
including a growing number of units, and therefore by increas-
ing the number of capsules and the maximum distance between
them. The improvement observed in the metrics adopted for
evaluating the accuracy of beamforming, Q and BW, demon-
strated the potential of meta-arrays, whose implementation
is made particularly advantageous by the adoption of the
A2B architecture. The clock propagation model was applied
to meta-array simulations, showing that jitter effects do not
worsen beamforming performance.

REFERENCES

[1] M. Fukui, K. Kobayashi, S. Shimauchi, Y. Hioka, and H. Ohmuro,
“Hands-free audio conferencing unit with low-complexity dereverber-
ation,” in Proc. IEEE Int. Conf. Consum. Electron. (ICCE), Jan. 2015,
pp. 128-129, doi: 10.1109/ICCE.2015.7066349.

[2] Y. Hioka, M. Okamoto, K. Kobayashi, Y. Haneda, and A. Kataoka,
“A display-mounted high-quality stereo microphone array for high-
definition videophone system,” in Dig. Tech. Papers IEEE Int. Conf.
Consum. Electron., 2008, pp. 67, doi: 10.1109/ICCE.2008.4587858.

Authorized licensed use limited to: Universita degli Studi di Parma. Downloaded on July 26,2022 at 07:19:32 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/ICCE.2015.7066349
http://dx.doi.org/10.1109/ICCE.2008.4587858

PINARDI ez al.: INNOVATIVE ARCHITECTURE OF FULL-DIGITAL MICROPHONE ARRAYS OVER AZB NETWORK

[3]

[4]

[5]

[6]

[7

—

[8]

[9]

[10]

(1]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

J. Hong, “Stereophonic acoustic echo suppression for speech interfaces
for intelligent TV applications,” IEEE Trans. Consum. Electron., vol. 64,
no. 2, pp. 153-161, May 2018, doi: 10.1109/TCE.2018.2843293.

J. Hong, S. Jeong, and M. Hahn, “Wiener filter-based echo sup-
pression and beamforming for intelligent TV interface,” [EEE
Trans. Consum. Electron., vol. 59, no. 4, pp. 825-832, Nov. 2013,
doi: 10.1109/TCE.2013.6689695.

T. Kawase, M. Okamoto, T. Fukutomi, and Y. Takahashi, “Speech
enhancement parameter adjustment to maximize accuracy of automatic
speech recognition,” IEEE Trans. Consum. Electron., vol. 66, no. 2,
pp. 125-133, May 2020, doi: 10.1109/TCE.2020.2986003.

C.-Y. Chang, A. Siswanto, C.-Y. Ho, T.-K. Yeh, Y.-R. Chen, and
S. M. Kuo, “Listening in a noisy environment: Integration of active
noise control in audio products,” IEEE Consum. Electron. Mag., vol. 5,
no. 4, pp. 34-43, Oct. 2016, doi: 10.1109/MCE.2016.2590159.

V. Patel, J. Cheer, and S. Fontana, “Design and implementation of an
active noise control headphone with directional hear-through capability,”
IEEE Trans. Consum. Electron., vol. 66, no. 1, pp. 32-40, Feb. 2020,
doi: 10.1109/TCE.2019.2956634.

S. M. Kim, C. J. Chun, and H. K. Kim, “Multi-channel audio recording
based on superdirective beamforming for portable multimedia recording
devices,” IEEE Trans. Consum. Electron., vol. 60, no. 3, pp. 429435,
Aug. 2014, doi: 10.1109/TCE.2014.6937327.

N. D. Gaubitch, J. Martinez, W. B. Kleijn, and R. Heusdens, “On near-
field beamforming with smartphone-based ad-hoc microphone arrays,”
in Proc. 14th Int. Workshop Acoust. Signal Enhancement (IWAENC),
Sep. 2014, pp. 94-98, doi: 10.1109/IWAENC.2014.6953345.

R. Kerstens, D. Laurijssen, and J. Steckel, “Low-cost one-
bit MEMS microphone arrays for in-air acoustic imaging
using FPGA’s,” in Proc. IEEE SENSORS, Oct. 2017, pp. 1-3,

doi: 10.1109/ICSENS.2017.8234087.

M. Turqueti, J. Saniie, and E. Oruklu, “Scalable acoustic imaging plat-
form using MEMS array,” in Proc. IEEE Int. Conf. Electro Inf. Technol.,
May 2010, pp. 1-4, doi: 10.1109/EIT.2010.5612131.

H. A. Sanchez-Hevia, R. Gil-Pita, and M. Rosa-Zurera, “FPGA-
based real-time acoustic camera using pdm mems microphones with
a custom demodulation filter,” in Proc. IEEE 8th Sens. Array
Multichannel Signal Process. Workshop (SAM), Jun. 2014, pp. 181-184,
doi: 10.1109/SAM.2014.6882370.

A. Farina and S. Fontana, “Microphone assembly having a reconfig-
urable geometry,” U.S. Patent 0379969 Al, 2019.

B. Li and T. Ju, “An improved sound source location method
for MEMS microphone array,” in Proc. IEEE 19th Int.
Conf.  Commun. Technol. (ICCT), Oct. 2019, pp. 469472,
doi: 10.1109/ICCT46805.2019.8947027.

S. Chowdhury, M. Ahmadi, and W. C. Miller, “Design of a MEMS
acoustical beamforming sensor microarray,” IEEE Sensors J., vol. 2,
no. 6, pp. 617-627, Dec. 2002, doi: 10.1109/JSEN.2002.807773.
“A2B® Audio Bus: An Easier, Simpler Solution for Audio
Designs.” AnalogDevices. [Online]. Available: https://www.analog.com/
en/applications/technology/a2b-audio-bus.html (Accessed: Jun. 2022).
M. Kessler, “Introducing the Automotive Audio Bus (A2B),” in Proc.
AES Int. Conf. Autom. Audio, Sep. 2017, pp. 1-5.

L. Li, K. Lian, J. Fu, P. Zhu, Z. Hu, and C. Guo, “Acoustic
enhanced camera tracking system based on small-aperture MEMS
microphone array,” IEEE Access, vol. 8, pp. 215827-215839, 2020,
doi: 10.1109/ACCESS.2020.3041445.

E. Zwyssig, F. Faubel, S. Renals, and M. Lincoln, “Recognition of over-
lapping speech using digital MEMS microphone arrays,” in Proc. [EEE
Int. Conf. Acoust. Speech Signal Process., May 2013, pp. 7068-7072,
doi: 10.1109/ICASSP.2013.6639033.

N. Rocchi, A. Toscani, G. Chiorboli, D. Pinardi, M. Binelli,
and A. Farina, “Transducer Arrays Over A2B  networks in
industrial and automotive applications: Clock propagation mea-

surements,” IEEE Access, vol. 9, 2021,
doi: 10.1109/ACCESS.2021.3106710.

J. S. Abel et al., “A configurable microphone array with acoustically
transparent omnidirectional elements,” in Proc. 127th Audio Eng. Soc.
Conv., 2009, pp. 3-12.

D. Ayll6én, V. Benito-Olivares, C. Llerena-Aguilar, R. Gil-Pita, and
M. Rosa-Zurera, “Three-dimensional microphone array for speech
enhancement in hands-free systems for cars,” in Proc. AES Int. Conf.,
2012, pp. 1-7.

pp. 118232-118241,

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

(39]

[40]
[41]
[42]
[43]

[44]

[45]

207

A. Farina, S. Campanini, L. Chiesi, A. Amendola, and L. Ebri, “Spatial
sound recording with dense microphone arrays,” in Proc. AES 55th Int.
Conf., 2014, pp. 1-8.

R. Gonzdlez, J. Pearce, and T. Lokki, “Modular design for spherical
microphone arrays,” in Proc. AES Int. Conf., 2018, pp. 1-7.

J. Meyer and G. Elko, “A highly scalable spherical microphone array
based on an orthonormal decomposition of the soundfield,” in Proc.
IEEE Int. Conf. Acoust. Speech Signal Process., vol. 2, May 2002,
p- 1781, doi: 10.1109/ICASSP.2002.5744968.

S. Sakamoto, S. Hongo, T. Okamoto, Y. Iwaya, and Y. Suzuki, “Sound-
space recording and binaural presentation system based on a 252-channel
microphone array,” Acoust. Sci. Technol., vol. 36, no. 6, pp. 516-526,
2015, doi: 10.1250/ast.36.516.

R. Schultz-Amling, F. Kuech, M. Kallinger, G. del Galdo, J. Ahonen,
and V. Pulkki, “Planar microphone array processing for the analysis and
reproduction of spatial audio using directional audio coding,” in Proc.
124th Audio Eng. Soc. Conv., 2008, pp. 1-10.

J. Lopez-Ballester, M. Cobos, J. J. Perez-Solano, G. Moreno, and
J. Segura, “General purpose modular microphone array for spatial audio
acquisition,” in Proc. 138th Audio Eng. Soc. Conv., 2015, pp. 1-6.

I. Andréds, P. Dolinsky, L. Michaeli, and J. §aliga, “Beamforming
with small diameter microphone array,” in Proc. 28th Int. Conf.

Radioelektronika (RADIOELEKTRONIKA), Apr. 2018, pp. 1-5,
doi: 10.1109/RADIOELEK.2018.8376368.
Z. 1. Skordilis, A. Tsiami, P. Maragos, G. Potamianos,

L. Spelgatti, and R. Sannino, “Multichannel speech enhancement
using MEMS microphones,” in Proc. IEEE Int. Conf Acoust.
Speech  Signal Process. (ICASSP), Apr. 2015, pp. 2729-2733,
doi: 10.1109/ICASSP.2015.7178467.

B. Rafaely, “The spherical-shell microphone array,” IEEE Trans. Audio,
Speech, Language Process., vol. 16, no. 4, pp. 740-747, May 2008,
doi: 10.1109/TASL.2008.920059.

O. Kirkeby, F. Orduna, P. A. Nelson, and H. Hamada, “Inverse filtering
in sound reproduction,” Meas. Control, vol. 26, no. 9, pp. 261-266,
1993.

H. Tokuno, O. Kirkeby, P. A. Nelson, and H. Hamada, “Inverse
filter of sound reproduction systems using regularization,” IEICE
Trans. Fundam. Electron. Commun. Comput. Sci., vol. E80-A, no. 5,
pp. 809-820, 1997.

R. H. Hardin and N. J. A. Sloane, “McLaren’s improved snub
cube and other new spherical designs in three dimensions,”
Discrete Comput. Geom., vol. 15, no. 4, pp. 429-441, Apr. 1996,
doi: 10.1007/BF02711518.

D. Pinardi, “Spherical t-design for characterizing the spatial response
of microphone arrays,” in Proc. Immersive 3D Audio Archit. Autom.
(I3DA), Sep. 2021, pp. 1-8, doi: 10.1109/13DA48870.2021.9610850.
A. Farina, A. Amendola, L. Chiesi, A. Capra, and S. Campanini, “‘Spatial
PCM sampling: A new method for sound recording and playback,” in
Proc. 52nd Int. Conf. Audio Eng. Soc., 2013, pp. 1-12.

D. Pinardi and A. Farina, “Metrics for evaluating the spatial accuracy
of microphone arrays,” in Proc. Immersive 3D Audio Archit. Autom.
(I3DA), Sep. 2021, pp. 1-9, doi: 10.1109/13DA48870.2021.9610887.

J. Ahonen, V. Pulkki, and T. Lokki, “Teleconference application and
B-format microphone array for directional audio coding,” in Proc. AES
30th Int. Conf., Mar. 2007, pp. 1-10.

Q. Zou, X. Zou, M. Zhang, and Z. Lin, “A robust speech detection
algorithm in a microphone array teleconferencing system,” in Proc. [IEEE
Int. Conf. Acoust. Speech Signal Process., vol. 5, 2001, pp. 3025-3028,
doi: 10.1109/ICASSP.2001.940295.

Acoustics Module User’s Guide, COMSOL, Stockholm, Sweden, 2017.
C. Travis and P. Lesso, “Convention paper 6293 specifying the jitter
performance,” in Proc. 117th AES Conv., 2004, pp. 1-15.

IEEE Standard for Terminology and Test Methods for Analog-to-Digital
Converters, IEEE Standard 1241-2010, Jan. 2011, pp. 1-139. [Online].
Available: http://ieeexplore.ieee.org/servlet/opac?punumber=5692954
IEEE Standard for Terminology and Test Methods of Digital-to-Analog
Converter Devices, IEEE Standard 1658-2021, pp. 1-126, Feb. 2012,
doi: 10.1109/IEEESTD.2012.6152113.

“Im69D130.”  InfineonTechnologies. 2017. [Online].  Available:
https://www.infineon.com/dgdl/Infineon-IM69D130-DS-v01_00-
EN.pdf?fileld=5546d462602a9dc801607a0e46511a2e

A. Farina, “Simultaneous measurement of impulse response and dis-
tortion with a swept-sine technique,” in Proc. 108th Conv., 2000,
pp. 1-24.

Authorized licensed use limited to: Universita degli Studi di Parma. Downloaded on July 26,2022 at 07:19:32 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCE.2018.2843293
http://dx.doi.org/10.1109/TCE.2013.6689695
http://dx.doi.org/10.1109/TCE.2020.2986003
http://dx.doi.org/10.1109/MCE.2016.2590159
http://dx.doi.org/10.1109/TCE.2019.2956634
http://dx.doi.org/10.1109/TCE.2014.6937327
http://dx.doi.org/10.1109/IWAENC.2014.6953345
http://dx.doi.org/10.1109/ICSENS.2017.8234087
http://dx.doi.org/10.1109/EIT.2010.5612131
http://dx.doi.org/10.1109/SAM.2014.6882370
http://dx.doi.org/10.1109/ICCT46805.2019.8947027
http://dx.doi.org/10.1109/JSEN.2002.807773
http://dx.doi.org/10.1109/ACCESS.2020.3041445
http://dx.doi.org/10.1109/ICASSP.2013.6639033
http://dx.doi.org/10.1109/ACCESS.2021.3106710
http://dx.doi.org/10.1109/ICASSP.2002.5744968
http://dx.doi.org/10.1250/ast.36.516
http://dx.doi.org/10.1109/RADIOELEK.2018.8376368
http://dx.doi.org/10.1109/ICASSP.2015.7178467
http://dx.doi.org/10.1109/TASL.2008.920059
http://dx.doi.org/10.1007/BF02711518
http://dx.doi.org/10.1109/I3DA48870.2021.9610850
http://dx.doi.org/10.1109/I3DA48870.2021.9610887
http://dx.doi.org/10.1109/ICASSP.2001.940295
http://dx.doi.org/10.1109/IEEESTD.2012.6152113

208 IEEE TRANSACTIONS ON CONSUMER ELECTRONICS, VOL. 68, NO. 3, AUGUST 2022

D. Pinardi received the M.S. degree (cum laude)
in mechanical engineering from the University of
Parma, Italy, in July 2016, with a thesis on loud-
speaker modeling, and the Ph.D. degree in indus-
trial engineering from the University of Parma in
March 2020, with a thesis on the design of micro-
phone, hydrophone, and camera arrays for spatial
audio recording.

He has been a Research Assistant of Prof. A.
Farina with the University of Parma since 2016,
mainly specialized in spatial audio, design of trans-
ducer arrays, acoustics simulations and 3-D auralization, applied to automotive
field, and underwater acoustics.

Dr. Pinardi has been a member of the Audio Engineering Society
since 2017.

N. Rocchi received the B.S. and M.S. degrees (cum
laude) in electronic engineering from the University
of Parma, Italy, in 2017 and 2019, respectively,
where he is currently pursuing the Ph.D. degree in
information technology.

His research interests include multichannel audio
distribution, acquisition systems, and audio ampli-
fiers.

A. Toscani received the M.S. degree (cum laude)
in electronic engineering and the Ph.D. degree
in information technology from the University of
Parma, Italy, in 2004 and 2008, respectively.

His research activity is mainly focused on power
electronics, high-performance electric drives, diag-
nostic techniques for industrial electric systems,
and power converter for audio application. Since
2004, he has been working with the Department of
Information Engineering (currently, the Department
of Engineering and Architecture), University of
Parma, where he is currently a Research Fellow. He is the author of two
patents.

M. Binelli received the B.S. and M.S. degrees in
electronic engineering from the University of Parma,
Italy, in 2003 and 2006, respectively, and the Ph.D.
degree from the University of Parma, in 2010, with
a thesis on analysis and equalization techniques in
automotive acoustics.

Since 2010, he has been working as a Research
Fellow with the University of Parma. His research
interests include equalization, microphones and
loudspeakers arrays, spatial audio psychoacoustics,
and active noise control.

G. Chiorboli received the M.S. degree (cum laude)
in electronic engineering from the University of
Bologna, Bologna, Italy, in 1987.

He is currently an Associate Professor of
Electronic Measurements with the University of
Parma, Parma, Italy. His current research interests
include electronic instruments and sensors, analog-
to-digital and digital-to-analog modeling and test-
ing, and electrical characterization of semiconductor
devices.

A. Farina received the M.S. degree in civil engi-
neering from the University of Bologna, Italy, in
December 1982, with a thesis on the acoustics and
vibrations inside a tractor cab, and the Ph.D. degree
in technical physics from the University of Bologna,
in 1987, with a thesis on experimental assessment of
concert hall acoustics.

His research activity includes several fields of
applied acoustics, including noise and vibration,
concert hall acoustics, simulation software, and
advanced measurement systems. In the last ten years,
he focused mostly on applications involving massive microphone and loud-
speaker arrays. He has been a full-time Researcher with the University of
Bologna since November 1986 and the University of Parma since March 1992.
In November 1998, he became an Associate Professor with the University of
Parma, where he has been a Full Professor of Environmental Applied Physics
since May 2005. He has the Chair of Applied Acoustics and Technical Physics
with the University of Parma. He is the author of more than 300 scientific arti-
cles and three widely employed software packages: Ramsete, Aurora Plugins,
and DISIA.

Prof. Farina was awarded with the AES Fellowship for his pioneering work
on electroacoustic measurements based on exponential sine sweeps.

L. Cattani received the Ph.D. degree in information
technologies from the University of Parma, Italy, in
2016.

He is currently a Project Leader with the Research
and Development Department, Ask Industries SpA.
His research interests include advanced signal pro-
cessing (audio and radio frequency) for automotive
applications.

Authorized licensed use limited to: Universita degli Studi di Parma. Downloaded on July 26,2022 at 07:19:32 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


