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Abstract—This paper addresses some selected techniques for
direction of arrival estimation using air-coupled ultrasound and
custom hardware computational solutions. The main issue of the
presented work is to perform a study of some hardware archi-
tectures capable to handle multichannel information processing
in the real-time and its validation using experimental data.
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I. AN INTRODUCTION TO AIR-COUPLED SONAR SYSTEMS

THE ultrasonic technology has been known for over 100
years and it is mainly oriented to underwater sonar

systems, medical ultrasound and non destructive evaluation
and testing, the air-coupled sonar systems are considered to be
out of the ultrasonic mainstream technologies. This situation
is mainly due to the ultrasonic waves characteristics [1] [2]
and the properties of the gaseous medium [3]. Indeed, the
principle problems related to the air-coupled ultrasounds are:
(1) the high attenuation in the ultrasonic range of frequencies
and (2) the impedance mismatch between gas medium and, in
practice, any other kind of medium. However. gases tend to be
linear over the wide range of acoustic pressure values, where
only longitudinal waves can be propagated, what simplifies the
analysis and solution of the wave equation.

Air-coupled sonar systems have a lot of inspirations in
animal echolocation, especially, bats echolocation. Bats have
developed an extraordinary echolocation performance being
able to dynamically navigate in a three dimensional space and
track a moving target incorporating various pursuit strategies
[4], [5]. From the acoustics point-of-view the bats have two
horizontally placed receivers and one central transmitter, what
constitutes a highly reduced system to perform robust and ac-
curate echolocation. Although the complete mechanism of bats
echolocation is not completely understood (at the neurological
level, for example), its general principles are well described.
The main one is the ear shape, which determines directional
characteristics of the receiver and, also, acts as an interferom-
eter [6]. It is a known fact that most of the bats generate
frequency modulated signals as echolocation pulses, what,
together with a sophisticated neuronal mechanism, enables
them to reach a range resolution of 0.2 mm and an angular
resolution of 1.5 degrees and 3.5 degrees in horizontal and
vertical directions, respectively [7]. More information about
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bats sonar signals and their applications in sonar systems can
find found in [8].

Modern air-coupled sonar systems can be divided in two
groups: (1) solutions based on a few receiving transducers
followed by sophisticated signal processing algorithms to eval-
uate phase differences and hence, the angular information, and
(2) solutions based on transducers arrays, where the angular
information is being extracted using beamforming techniques.
The first group of solutions represent the most classical way to
implement air-coupled sonars, while the the second one (more
complex) allows providing more information but requiring
more sophisticated techniques.

The literature presents many examples of both cases. For
the first one, in the paper [9] an echolocation system based
on one transmitter and two receivers, incorporating frequency
modulated signals was described. The presented solution was
applied as a mobility aid for visually impaired people, where
a digitized echo signal was down converted to the audible
spectrum and presented to a subject (person) in order to
perform localization experiments. One decade later, in [10] an
interesting VLSI approach can be found to model bats auditory
system in term of azimuth evaluation.

One of the first example of array based soultion was an
implementation of air-coupled sonar system described in [11],
where delay and sum beamforming method was applied to
study echolocation performance. Other array based studies that
incorporate beamforming can be found in the articles [12],
[13], [14], [15], [16], [17]. In the paper [18] a linear array
of MEMS microphone connected to a spatio-temporal filter
was studied. The authors have realized signal processing using
FPGA, however they focused mainly on array performance
investigation and on proposing a low level, transistor based
model for future studies. In the article [19] a comparison
between two particular systems belonging to the two classes
was made showing an equivalent performance echolocation,
using information criterion as a measurement metric. Since
the MIMO processing paradigm, due to its intrinsic paral-
lelism can be considered to be processed using reconfigurable
computing methods it is justified to incorporate these com-
putational platforms in air-coupled sonars. The origin of this
article has its origin in the lack of studies that performs the
computational complexity and hardware cost of an air coupled
ultrasonic systems dedicated for obstacle avoidance. In the
context of this article it is worth to comment, that apart the
article [18], the FPGA technology was incorporated in the
following studies [20] and [21], however it was used only as
a part of data acquisition module.
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II. SELECTED BEAMFORMING ISSUES OVERVIEW

Since the beamforming is one of the method of a sound
source (an echolocation target) position estimation it will be
short reviewed in this subsection. The most popular beamform-
ing method is so called delay and sum beamforming given by
eq. (2) [22]

Bk(n) =
M−1∑

m=0

wm · xm(n− τm,k). (1)

The same equation can be represented in a graphic form Fig.
(1) showing a difference between weighted and non-weighted
version of data processing. To implement this method a

Fig. 1. Block diagram of delay and sum beamforming: a) without weighting,
b) with weighting.

delay line has to be instantiated to hold the incoming signal
samples history, what can be realized using various hardware
design techniques. The multiplication is addressed only to the
weighted version of the delay and sum beamforming, where
delayed samples are being multiplied by fixed (or adaptive)
weights w1 . . . wM . The weight application to each channel is
a spatial version of windowing in order to perform the optimal
trade off between side lobe width and grating lobes level of
the spatial spectrum function. In the paper [23] a comparison
of analogue and digital techniques for large arrays dedicated to
process electromagnetic waves in RF band was presented. The
authors of the above mentioned article have also performed a
comparative study that favors digital beamforming processing
methods in many aspects such as: implementation and calibra-
tion complexity, bandwidth, facilities for band pass correction.
From the other side the analogue processing seems to be more
energy and cost efficient. In the field of medical ultrasound
systems, where large arrays of piezoelectric transducers are
being incorporated, some current research [24], [25] underline
the importance of the analog based beamforming techniques
in high performance designs and propose new solution based
on mixed signal technologies.

III. RECONFIGURABLE COMPUTING METHODS

The reconfigurable computing methods allow to the pro-
grammer major flexibility in comparison with traditional meth-
ods of computation based on ISA (Instruction Set Architecture)
exposed to the programmer. The programmable cores in the
most cases imply sequentiality, what together with the finite
instruction cycle generates long time periods. In the case
of reconfigurable computing methods a reconfigurable fabric
is being used to provide custom architecture development.
The customized architecture can provide benefits like speedup
(up to 500 times) and improved energy efficiency (up to
70 %) as it is reported in the paper [26]. The application

performance improvements are possible thank to the problem
parallelization (if possible) into separated threads, where each
thread is being processed on a dedicated hardware. One of the
example of problem parallelization is software loop unrolling,
where instead processing the data in a closed N -length loop,
N independent data paths are created together with a state
machine, which controls the data flow. Not all problems can
be parallelized due to its nature and ie. data dependency,
what was the origin of System on Chip SoC fabrics, where
an embedded processor(s), called programmable system (PS)
and programmable logic (PL) share the same fabric. In such
solution the parallelized parts of the problem are being off-
loaded from the PS and calculated on PL, while the rest of
the algorithm is executed on (PS). The intercommunication
between the PL and PS is established on Advanced eXtensible
interface AXI, which is a part of Advanced Micro-controller
Bus Architecture featured by ARM [27].

IV. DELAY AND SUM BEAMFORMING IMPLEMENTATION
ON FPGA

This chapter describes implementation of some beamform-
ing methods utilizing reconfigurable computing. The imple-
mentation was validated using real data captured by 32 ultra-
sonic sensor constituting linear array. All the details related
to the input data capture methods are described in details in
the article [14], where an off line analysis was performed to
process the experimental data. Nevertheless some fundamental
parameters of the experiment are essential to be recalled in
this study. The goal of the experiment was to study horizontal
DOA (Direction of Arrival) estimation performance. The linear
array of 32 sensors was moved horizontally in front of a
signal source capturing the sound pulses emitted by the
source. The source signals were captured by the uniformly
separated microphones followed by signal conditioners and
AD converters using a sample rate of fs = 250 kHz and 12
bit resolution. The sensors separation d was determined by
sensor geometry and equal to 3.7 mm The geometry of the
experimental setup implies the change of the horizontal angle
in a range of < 0− 14.5◦ > withe a 0.32◦ resolution.

The Delay And Sum algorithm is the basic method of beam-
forming described by the eq. (1) where Bk(n) stands for n-th
sample of k-th beam that corresponds to a particular angle.
The parameter M indicates number of sensors, xm(n) referes
to n-th input sample of m-th microphone, τm,k describes a
delay that corresponds to a particular angle at m-th sensor.
The equation (1) can be expanded in to a sum of delayed
samples as it is shown on eq. (2)

B1(n) = x1(n− τ0,1) + ...+ xM−1(n− τM−1,1)
B2(n) = x1(n− τ0,2) + ...+ xM−1(n− τM−1,2)

· · ·
BK(n) = x1(n− τ0,K) + ...+ xM−1(n− τM−1,K)

(2)

At the hardware level the sum expansion can be considered
as a fixed memory unit or a tapped delay line. Since the input
signal is a uniformly sampled time vector it is necessary to
explain the method for estimation of the variable delay τm,k.
The mentioned parameter represents angle dependent delay
of the incoming wave front. For an uniformly spaced, planar
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linear array the value can be estimated as it is shown on eq.
(3)

τm,k =

[
fsd

c
sin(φk)

T ·m
]
, (3)

where c stands for sound velocity, φk is a column vector of
all angles to be scanned (typically k is an odd number since
angular scan is being done preserving symmetry), m is a
row vector < 0 −M − 1 > related to a subsequent sensor
position and [·] symbol represents rounding to the nearest
integer. Assuming that φ ∈< −φ(k−1)/2 ÷ φ(k−1)/2 > the
matrix of delays can be calculated on the fly or pre-calculated
and represented in a form of a ROM look-up table. Since
the sin function is an odd one the delay matrix represents
odd symmetry as well, what can be utilized as a memory
optimization method. A block diagram of a memory based

Fig. 2. Block diagram of time delay beamforming method implemented using
block RAM and address generator.

architecture is shown on the figure (2), where Block RAM
was utilized to hold the signals snapshot. The architecture
was created utilizing Xilinx ISE 14.7 and tested in simulation
mode using Xilinx ISIM tool. The main block of the presented
design is the address generators, which generate an address
that is send to each BRAM block to get the current or delayed
sample.

V. STUDY RESULTS

The simulation results obtained are divided into two parts:
hardware specification and implemented functionalities.

A. Hardware specification

The clock analysis for the synthesized implementation
shows the minimum period for the clock signal of 8.532 ns
what corresponds to maximum operating frequency of 117.212
MHz. Selected macro statistics are presented in the table (I)

B. Validation of the system functionalities

The functionalities of the are presented on the following
figures. The figure (3) shows the timing analysis of the
beamforming module. The clk signal is set to 100 MHz and
the input data fetching signal, which corresponds to the ce
line, is being paced at 250 kHz. The beamforming delay and

TABLE I
HARDWARE STATISTICS FOR THE IMPLEMENTATION DEVELOPED.

Hardware component Qty.
1024x16-bit single-port block Read Only RAM 32
2048x6-bit single-port distributed Read Only RAM 23
11-bit adder 23
11-bit sub-tractor 32
16-bit / 8-inputs adder tree 4
18-bit / 4-inputs adder tree 1
11-bit up counter 1
6-bit up counter 1
9-bit up counter 1
Flip-Flops 199
8-bit 2-to-1 multiplexer 5

clk

ce

syn

n_s n-1 n

ang -30 -29 -28 -27 -26 29 30

out 0 1 2 57 58 59 60

Fig. 3. Timing diagram of the beamformer block.

sum algorithm is being being processed at the sample rate
for all angles from the range −30◦ to 30◦ with a 1◦ step.
The beamformer output is synchronized with sync signal,
which can be interpreted as a data valid signal. Since the
beamforming block calculates the sums at the clock rate the
sync signal is active for 610 ns, what corresponds to 61
operations and is being coherent with the number of angular
positions. Finally the sums for values for each sample and
each steering angle is presented on the figure (4)

Fig. 4. The beamformer output for real signals calculated using the IP module
developed.

VI. CONCLUSION

The presented study shows some partial results of the
implementation of a beamformer applied in to real time air
coupled sonar. Due to the low sound wave velocity the system
frequency can be lowered decreasing the dynamic power
consumption. Moreover the developed IP core is characterized
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by a small hardware footprint and can be easily modified to be
interfaced to an analog to digital converters. In this manner the
presented method can be developed on programmable logic PL
and controlled by programmable system PS thus instantiating
a real time sonar for i.e a robotic platform. The further work
encompasses development of more advanced beamforming
methods and the study on the power characteristics of the IP
cores developed.
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