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Motivation

The direction of arrival (DOA) of an acoustic source is a signal
characteristic used by smart audio devices to enable signal
enhancement algorithms. Though DOA estimations are
traditionally made using a multi-microphone array, we
propose that the resonant modes of a surface excited by
acoustic waves contain sufficient spatial information that
DOA may be estimated using a singular structural vibration
sensor. In this work, sensors are affixed to an acrylic panel and
used to record acoustic noise signals at various angles of
incidence. From these recordings, feature vectors containing
the sums of the energies in the panel's isolated modal
regions are extracted and used to train deep neural networks
to estimate DOA. Experimental results show that when all 13
of the acrylic panel's isolated modal bands are utilized, the
DOA of incident acoustic waves for a broadband noise signal
may be estimated by a single structural sensor to within 5°
with a reliability of 98.4%. The size of the feature set may be
reduced by eliminating the resonant modes that do not have
strong spatial coupling to the incident acoustic wave.
Reducing the feature set to the 7 modal bands that provide
the most spatial information produces a reliability of 89.7%
for DOA estimates within 5° using a single sensor.

Smart acoustic surfaces allow 
for seamless integration of a 

smart speaker into existing 
environments, as any surface 
(such as picture frames and 

artwork) can be used

Mounting sensors internally 
to the display eliminates the 
need for case penetrations, 
improving the device’s water 

resistance and durability

Smart devices with display 
panels can include higher-

fidelity audio without 
changing form factor by 

using their screen’s surface 
for audio reproduction

Extended surfaces allow
for signal processing 

advantages, as sensors can 
be placed further apart than 

the standard 1-4 cm on 
modern smart devices

By coupling to a modal 
surface, direction of arrival 

estimation and beamforming 
can occur with as few as one 

sensor, which can lower 
manufacturing cost
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Direction of Arrival Estimation using Harmonic Properties Experimental Setup

Experimental Results using a Resonance-Informed Feature Set
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The resonance-informed filter bank was employed to train a recurrent 
neural network to estimate the direction of arrival of a broadband noise 
burst. This feature set is more compact than the MFCC vectors, which 
require the application of up to 40 filters. Additionally, the spatial 
information contained in the panel’s isolated resonant bands is directly 
computed. The reliability of the DOA estimates made by the network to 
within a defined angular tolerance are tabulated at right. To further 
abridge the feature set, modal bands are removed from the feature 
vector in the leftmost columns in order by the least excitation variance  
due to the angle of incidence, and removed in order by the most 
angular variance in the italicized rightmost columns.
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Selected mel-frequency cepstral coefficients (MFCCs) extracted from a 
recording of an elastic panel’s vibrational response to acoustic waves 
containing the speech sound “eh” incident at −30°, 0°, and 45°. The 
recording of the panel’s vibrations was made using a single structural 
vibration sensor. This figure demonstrates that the MFCCs are dependent 
on the incident angle of the acoustic wave. A neural network may 
therefore utilize an MFCC vector to create decision boundaries and 
estimate the DOA of the excitation using information from a single 
structural vibration sensor.

CHAPTER 6. RESONANCE-INFORMED FEATURE SET FOR
ESTIMATING DIRECTION OF ARRIVAL 105

Reliability (%) to within:
# Bands ±5� ±10� ±20� ±5� ±10� ±20�

13 98.4 100 100
12 97.8 100 100 98.1 100 100
11 96.2 99.8 100 97.7 99.9 100
10 96.6 99.8 100 96.6 99.9 100
9 94.5 99.3 100 91.7 99.1 99.5
8 92.1 99.3 99.8 0.880 98.4 99.4
7 89.7 98.3 99.8 83.6 95.8 97.4

Table 6.3: Reliability of the DOA estimates made by DNNs trained with
subsets of the resonance-informed filter bank. Bands are removed in the
leftmost columns by least excitation variance when varying ✓i, and removed
by most variance in the italicized rightmost columns

The abbreviated versions of the resonance-informed filter bank can also

be employed without a significant reduction in reliability, particularly when

removing bands that contain the modes with the smallest excitation variance

with respect to ✓i. A DNN trained using as few as 7 modal bands was able

to estimate DOA within ±10� with a reliability of 98%. When removing

bands that contain modes with the largest excitation variance, the relia-

bility appeared to fall off more quickly. This supports the hypothesis that

modes whose amplitudes vary more greatly with the incident angle may be

more effective for DOA estimation. However, the reduction isn’t significant,

particularly when the angular tolerance is greater than ±5�. It may be neces-

sary to amend Algorithm 1 to rank the variance of E(l) in bands directly, as
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1 Introduction

Reliability (%) to within:
Material # Sensors ±5� ±10� ±20�

1 99.8 99.9 99.9
Acrylic 3 100 100 100

5 100 100 100

Table 1

1

Tabulated is the reliability of the DOA estimates 
made by a recurrent neural network trained with 
MFCC feature vectors extracted from recordings of 
a panel’s vibrational response to incident broadband 
noise bursts. The recordings were made using 1, 3, 
and 5 structural vibration sensors. The results 
demonstrate that MFCC feature vectors can be 
employed to estimate DOA using a single structural 
vibration sensor.

The center frequencies 𝑓! , bandwidths ∆𝑓, and the 
excited modes in each of the isolated resonant 
bands shown in the figure on the left. The rank is 
determined by the ability of the incident wave’s 
angle to affect the excitation level of each mode

Results are reproduced from 
our recent publication in the 

Journal of Sound and 
Vibration, linked here  

fc (Hz) �f (Hz) Mode(s) Rank
256.5 60.0 (1,1) 5
454.9 115 (1,2) T6
582.7 88.6 (2,1) 2
784.2 146 (2,2) T6
1168 312 (2,3) 1
1287 210 (3,2) T6
1564 340 (2,4),(3,3) 3
1962 224 Unclear N/A
2233 317 (4,3) 4
2554 666 Unclear N/A
3028 707 Unclear N/A
3430 506 Unclear N/A
3832 900 Unclear N/A

Table 1. Resonant properties of the panel’s modal bands that
are ranked by variance in excitation with respect to ✓i.

a loss function that minimizes the root-mean-square error
between the known incident angle and the estimate returned
by the model using regression. When acting on the testing
set, the reliability of each DNN was determined by its ability
to estimate DOA within an angular tolerance of ±�✓ as the
ratio of the number of correct predictions within ±�✓i to the
total number of bursts in the set whose incident angle was ✓i
[18, 19]. Angular tolerances �✓ of 5�, 10�, and 20� were
used [20].

4. RESULTS AND DISCUSSION

The DNN trained with each of the 13 isolated modal bands
estimated DOA to within ±5� with a reliability of 98.4% as
shown in Table 2. Previously, when MFCC features were uti-
lized, a reliability of 99.8% with an angular tolerance of ±5�

was reported [10]. Therefore, only a 1.4% reduction in re-
liability is observed when a feature vector constructed from
13 resonance-informed filters is utilized in lieu of a more
spectrally-complete feature set utilizing 40 mel filters. In both
cases, the bursts in the testing set were always estimated cor-
rectly within ±10�, an angular tolerance that may be suffi-
cient for many signal enhancement algorithms. It is worth
noting that the reliability values are representative of an ex-
periment that occurred in a well-controlled and semi-anechoic
environment, as the scope of this paper is to suggest the possi-
bility of making DOA estimates from recorded vibration sig-
nals. A more robust DNN and training procedure accounting
for realistic and noisy environments is left to future work.

The abbreviated versions of the resonance-informed filter
bank can be used without significant reduction in reliability,
particularly when removing bands that contain modes with
the smallest excitation variance with respect to ✓i. A DNN
trained using as few as 7 modal bands was able to estimate
DOA to within ±5� with a reliability of 89.7%. When re-
moving bands that contain modes with the largest excitation

Reliability of DOA Estimates to within:
# Bands ±5� ±10� ±20� ±5� ±10� ±20�

13 0.984 1 1
12 0.978 1 1 0.981 1 1
11 0.962 0.998 1 0.977 0.999 1
10 0.966 0.998 1 0.966 0.999 1
9 0.945 0.993 1 0.917 0.991 0.995
8 0.921 0.993 0.998 0.880 0.984 0.994
7 0.897 0.983 0.998 0.836 0.958 0.974

Table 2. Reliability of the DOA estimates made by DNNs
trained with subsets of the resonance-informed filter bank.
Bands are removed in the leftmost columns by least excita-
tion variance when varying ✓i, and removed by most variance
in the italicized rightmost columns.

variance, the reliability fell off more quickly, which supports
the notion that modes whose amplitudes vary significantly
with the incident angle are more effective for DOA estima-
tion. Since several of the reported isolated modal bands con-
tained significant degenerate modes, only 8 of the 13 bands
could be ranked directly with Algorithm 1. In future work,
Algorithm 1 may rank the variance of E(l) directly using em-
pirical data. Additionally, the sensor couples better to certain
modes depending on its location relative to the mode’s nodal
lines. An optimal sensor location based on the panel’s res-
onances should be determined to ensure that the sensor has
strong coupling to all the modes within the isolated bands.

Estimating DOA from harmonic, band-limited speech
signals is a required feature in smart audio devices. MFCC
vectors in prior work showed promise for estimating DOA
from speech-based signals recorded by structural sensors
[10]. While determining DOA from the fricative sounds of
human speech that more closely resemble noise bursts is a di-
rect extension of this work, measuring the effectiveness of the
resonance-informed energy-sum feature vectors proposed in
this work for estimating DOA from harmonic speech sounds
will be a point of emphasis in future work.

5. CONCLUSIONS

The results in this work suggest that compact feature vectors
informed by the resonant properties of a panel surface are suf-
ficient for reliable DOA estimation using a single structural
sensor. DNNs trained utilizing the energy contained in iso-
lated modal bands of a panel’s vibration response were able
to estimate the DOA of broadband noise signals within ±5�

with a reliability of up to 98.4%. The method presented is a
more efficient approach to DOA estimation utilizing surface
vibrations than the previous work, and is an important step in
the design of panel-based smart audio devices.

Bands removed by
least excitation variance

Bands removed by
most excitation variance

The panel’s spatially averaged velocity response measured using a scanning 
laser vibrometer. Peaks in the response occur at frequencies where one or 
more of the panel’s bending modes resonate. The relative amplitudes of these 
peaks are determined by the spatial coupling between the mode shape, and 
the incident angle of the acoustic source signal. Modes whose amplitudes 
have a greater variance with incident angle provide the most information 
about the direction of the source, while modes whose amplitudes remain 
constant with incident angle provide relatively little information about the 
direction of the source. From this, a hierarchy may be determined that ranks 
each panel mode based on its ability to convey directional information.


