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Abstract:
In the paper, an idea of a method of signal arrival di-
recƟon esƟmaƟon is presented. The influence of Ɵme er-
ror measurements on the usage of the method is descri-
bed. An approach to the problem of an increase in the
robustness of the method is proposed. The results of ex-
periments are presented and discussed.
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1. IntroducƟon
Commercial ultrasonic range ϐinders, which are

used as equipment for mobile robots, deliver very un-
reliable information. Their measurements are accu-
rate in distance but their angular resolution is very
poor. In order for this to improve, it is necessary to de-
termine the direction of echo arrival (DOA). Conside-
ring the localizationof anobject bymeasuring the time
of ϐlight (TOF) of an echo signal and by determining its
DOA, it is possible to distinguish two cases of this pro-
blemnamely, 2-D and 3-D. In the 2-D case, only the azi-
muth angle is determined. To estimate the DOA in the
3-D case, the elevation angle needs to be computed. In
this paper the 2-D case is considered. There are a lot of
approaches to this task. Their important disadvantage
is that they do not make it possible to create methods
which, on the one hand, are not computationally ex-
pensive, andon theother hand, allowa compact device
to be constructed by using popular ultrasonic transdu-
cers. To reduce this disadvantage, this paper proposes
and analyzes a new approach to estimate the azimuth
angle of a signal arrival direction. Themain idea of the
approach is based on exploiting a phase shift of a sig-
nal to determine the DOA. This idea iswell known. The
novelty of the presented approach is themethod of ap-
plying this idea to this problem when the distance be-
tween receivers is bigger than half of a signal wave-
length. The main idea of the approach was presented
in [10,11]. This paper extends the study regarding the
DOA problem and presents experimental results that
prove the effectiveness of the proposed method.

The paper is organized as follows: The next section
introduces related works; In Section 3, the phase-shift
approach to the problem of determining the signal ar-
rival direction is discussed in relation to the distance
between receivers; Section 4 describes the proposed
method of an azimuth estimation that makes it possi-
ble to eliminate ambiguities caused by the fact that the
inter-distance between receivers is bigger than a half

wavelength of a signal; In Section 5, sources of mea-
surement errors are discussed and their inϐluence on
the accuracy of the azimuth determination is descri-
bed; Section 6 analyzes and evaluates the robustness
of the proposedmethod; In Section 7, the results of ex-
periments are presented and discussed; Section 8 gi-
ves the ϐinal conclusions.

2. Related Work
When using ultrasonic range ϐinders to determine

the DOA, a triangulationmethod based on the TOF can
be applied. However, the paths of an emitted signal are
different when it is reϐlected by a wall or rod. There-
fore, such approaches combine the problems of object
position determination and object recognition. Exam-
ples of this kind of approach to the 2-D case are the
methods presented in [4, 8, 17]. They make it possi-
ble to distinguish planes and rods. Moreover, the met-
hods described in [4, 8] are able to recognize a cor-
ner, which is understood as a concave intersection of
two planes at right angles. The same features charac-
terize the method presented in [14], which extends
the approach described in [8] to the 3-D case. Analo-
gous features for the 3-D case can also be found in the
methods presented in [7,16]. The accuracy of azimuth
angle determination, reported in descriptions of the
mentioned methods, is usually 1◦. A common disad-
vantage of these approaches is that they result in the
creation of sonar systems that are not compact in size.
This problem was recognized in [21]. The proposed
ultrasonic range ϐinder consists of a single SensComp
600 electrostatic transmitter and four small microp-
hones. The proposed sensor is compact in size but the
distances betweenmicrophones are not small enough
to guarantee that the received echos are produced by
a signal reϐlected by the same object. To determine it,
a mid point criterion is used. This criterion is a kind
of simpliϐication of a general criterion. Therefore, am-
biguities can arise in some cases. To remove them, an
additional ϐifth microphone can be added. The angle
of the echo arrival direction is determined by exploi-
ting the triangulation approach. To obtain very pre-
cise TOFmeasurements, a linear frequencymodulated
chirp with a bandwidth of 30 kHz and a duration of
512 µs was used. TOF is determined by computing a
1-bit correlation of a received echo and its template.
The electrostatic transmitter SensComp 600 used in
this construction has a big diameter (30 mm). It cau-
ses its directional pattern to have distinct side lobes.
When an echo arrives from a direction outside a main
lobe it is heavily changed. Therefore, instead of a sin-
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gle echo template, the use of different templates that
depend on direction are needed.

When using an array of receivers to estimate the
DOA, the MUSIC (MUltiple SIgnal Classiϐication) met-
hod can be used. In [20], this approach is used for lo-
cating a radio wave transmitter in an indoor environ-
ment. Awireless LAN routerwas used as the transmit-
ter. The location of the transmitter is determined by
exploiting several arrays of receivers that are located
in different places. The same problem of determining
the position of an object is considered in [3].

In [1], a mixed-signal full-custom VLSI chip is pre-
sented. It is designed to receive sonar return signals
from an ultrasonic microphone array and also extract
the input bearing angles of the incoming signals. The
processing utilizes simple low-power analog spatio-
temporal bandpass ϐilters to extract wavefront velo-
city across the array, which translates to the input be-
aring angle. MEMS technology made it possible to cre-
ate small size microphones. In [5], a linear array of
MEMS microphones is presented. It was used for the
implementation of beamforming algorithms and cor-
relation function-based methods. The performed re-
search showed that when the aim is to minimize the
error of estimation of both the source angular position
anddistance, it ismore reasonable tousemethods that
utilize the correlation function combined with delay-
and-sum beamforming.

Spatial ϐilters are also used in [19]. The presented
method applies an array beamforming technique to
the synthesis of 3-D spatial ϐilters. By combining bro-
adband beamforming with a sparse and random array
of receivers, it was possible to obtain 3-D locationme-
asurements in the presence ofmultiple highly overlap-
ping echos. Another approach, based on the proces-
sing of signals obtained from an array of receivers is
presented in [6]. It is based on a cumulated signal am-
plitude in a single period. Because in this approach it
is assumed that the maximal amplitude of a signal is
the same during a long period of time, it is difϐicult to
meet this assumption in practical implementation. In
the considered paper, simulation results were only re-
ported.

The discussed approaches for obtaining a very
good accuracy of DOA determination involve relati-
vely computationally expensive methods. The appro-
ach presented in this paper shows that it is possible to
reduce the computational burden and to obtain a good
accuracy of DOA estimation.

3. DeterminaƟon of Signal Arrival DirecƟon
Assuming that a signal source can be considered as

a point with a uniform omni-directional pattern, the
arrival direction can be determined by exploiting tri-
angulation methods. In order to do this, at least two
receivers are needed in which the acoustic axes are
parallel to each other. To reduce the inϐluence of er-
ror measurement on object localization and azimuth
angle determination, receivers should be placed far
enough away from each other. However, the bigger
distance between receivers corresponds with a smal-

ler probability that transducers receive a signal co-
ming from the same source. Therefore, to increase this
probability the receivers should be as close as possible
to each other. It means that the triangulation method
is not the best choice for this case.

While the distance between receivers is small in
comparison to the distance to the signal source, the
signal wave in the neighborhood of receivers can be
treated as a planewave. To determine the incident an-
gle of a signal wave, a transducer array consisting of
two receivers (see Fig. 1) can be used. Assuming that

Fig. 1. A wavefront of a planewave propagated
towards two receivers

a wavefront can be detected, it is possible to measure
time t01, which is an interval between the moment of
a signal detection by the receiver R0 and the moment
of its detection by R1. In this way, the following for-
mula can be used to determine the incidental angle ϕ:

ϕ = arcsin s

b
= arcsin vat01

b
. (1)

where s is the distance of a wavefront to the receiver
R1 at themomentwhen it reached the receiverR0 (see
Fig. 1), va is the speed of the acoustic wave and b is the
distance between receiversR0 andR1.

3.1. Ambiguity of Phase ShiŌ DeterminaƟon
To determine the incident angle, Eq. 1 can be ap-

plied directly when the wavelength λ of the highest
harmonic frequency of the signal meets the condition
b < λ

2 . If gap b is bigger, a phase shift cannot be
correctly determined (see Fig. 2). It is due to the fact

Fig. 2. A phase shiŌ of a received signal for the case
when a direct measurement gives a wrong result

that there are still some other possibilities of incident
angles that result in the same measurement value of
s (see Fig. 3). Popular piezoelectric transducers ope-
rate at a frequency of 40 kHz. In normal conditions
the length of this wave is about 8.7 mm. It means that
the distance between receivers cannot be larger than
4.35mm. Unfortunately, commercially available trans-
ducers do not make it possible to meet this condition.
Their common diameters are 10 mm, 12 mm, 14 mm
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Fig. 3. Ambiguous results of the incident angle ϕ for
the same value s

and 16mm. The ϐirm Knowles produces smaller recei-
vers SPM0404UD5 with a size of about 4 mm. Howe-
ver, at this moment they are not very popular and ea-
sily available on the market.

When considering the inϐluence of gap size on a set
of ambiguous solutions of Eq. 1, it can be noticed that,
in general, their number is increased by enlarging the
gap every 0.5λ. This can vary, however, because it de-
pends on a real incident angle ϕ for which other am-
biguous solutions are determined. Figure 4 shows an
example of a situation at which the correct incident
angles are 0◦ and 30◦ respectively. The main horizon-
tal lines represent the correct solution for a given gap
size. For the incident angle ϕ = 0◦, ambiguous solu-

(a) (b)

Fig. 4. Ambiguous soluƟon values ϕs in relaƟon to the
gap size between receivers for the incident angle ϕ
equal to a) 0◦, b) 30◦

tions appear when b > λ. However, for ϕ = 30◦, the
ϐirst ambiguous solution is obtained while b ≈ 0.65λ.
In the limit case for ϕ = 90◦, the ϐirst ambiguous solu-
tion appears when b = 0.5λ. The diagrams presented
in Fig. 4 clearly indicate a bigger gap between recei-
vers, more ambiguous solutions and that their values
are closer and closer to each other.

3.2. Ambiguity EliminaƟon
When comparing the diagrams in Fig. 4 it can be

inferred that the angular range of unique solutions for
a given gap size is not the same for all incident angle
values. Due to the effective sensitivity ranges of the
popular ultrasonic transducers being no wider than
[−70◦, 70◦], the examples presented in further analy-
sis are restricted to that range. However, the ϐinal con-
clusions are also valid outside that range.

It is interesting which values of ambiguous solu-
tions refer to the incident angle ϕ through the whole
range of all possible angles ϕ and how they change.
In Fig. 5 there are diagrams which gives the answer to
this question. They show the values of possible solu-
tions of Eq. 1 in relation to the values of the incident
angle ϕ. The diagrams were computed for two gap si-
zes, namely 11 mm and 15 mm. The diagonals of each
diagram reϐlect the correct values of the incident angle
which correspond to the real values of that angle.

(a) (b)

Fig. 5. Values of possible soluƟons ϕs of Eq. 1 in
relaƟon to the values of the incident angle ϕ for the
size of the gap b equal to a – 11 mm, b – 15 mm

The diagrams demonstrate that e.g. for the inci-
dent angle equal to−20◦, using a pair of receiverswith
the gap b = 11mm, a set of possible solutions of Eq. 1
is {−22◦, 20◦}. For the same angle and a pair of recei-
vers with the gap b = 15 mm, a set of possible solu-
tions is {−48◦,−11◦, 20◦, 68◦}. Interpretation of this
case is shown in Fig. 6. It is easy to notice that a com-

(a) (b)

Fig. 6. Examples of possible incident angles for
measurement data obtained while the real incident
angle is equal to 20◦. DirecƟons were determined for
the gap size b equal to a – 11 mm, b – 15 mm

mon part of these sets is the correct value of the inci-
dent angle. Thus, it indicates an approach which can
be applied to this case. Instead of using a single pair
of receivers, two pairs should be exploited. To make
a receiver system more compact, one of the receivers
of both pairs can be a common one. Finally, a trans-
ducer system consisting of three receivers is obtained
(see Fig. 7). In this paper it is assumed that receivers

Fig. 7. Two pairs of receivers integrated into a single
system of three transducers

are located in the horizontal plane as well as a signal
source. Therefore the incident angle of the signal is the
azimuth angle (see Fig. 8).

The discussed example of two receiver pairs cle-
arly shows that in order to determine the correct value
of an incident angle, both pairs have to have different
gaps between their receivers. The only concern of that
method is that the feature presented in the discussed
example has to be preserved through the entire an-
gular range of transducers sensitivity. In other words,
the trajectories of possible solutions for both receiver
pairs presented in Fig. 6 cannot cross each other. To
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Fig. 8. LocaƟon of the sonar system in a 3-D coordinate
system

be more precise, they cannot have any common part
with each other. The only exception are the lines for
correct solutionswhich have to be the common part of
the both diagrams. Figure 9 shows that the combined
solution sets determined for the two different receiver
pairs have this feature. This example presents an ideal

Fig. 9. Diagram of the combined soluƟon sets
determined for two cases of gap b equal to 11 mm and
15 mm

case which means that the measurement error is not
taken into account.

4. Incident Angle DeterminaƟon
Assuming that a signal has a narrow band, in a gi-

ven moment it can be approximated by the following
function

S(t) = A sin(ωt+ γ),

whereA is the amplitude of the signal, ω is its angular
frequency and γ is the phase of the signal.When consi-
dering the 2-D case and the receivers’ set presented in
Fig. 7, a received signal by each transducer can be des-
cribed in relation to R0. In this way, the signal values
measured by each receiver can be expressed as S0(t) = A sin(ωt+ γ′),

S1(t) = A sin(ωt− kxb1 + γ′),
S2(t) = A sin(ωt− kx(b1 + b2) + γ′),

where kx is the x coordinate of the wave vector k. To
measure the delay of signal detection by each of the re-
ceivers, it is assumed that measurements are perfor-
med in relation to the receiver R0. The procedure of
the measurement performance can be activated when
a signal received by all of the receivers reaches a given
threshold value. Then, the measurements of the time
delay of signals received byR1 andR2 start when a ri-
sing edge of a signal received by R0 reaches the value
0. After that, themeasurement performedby the recei-
vers R1 or R2 is ϐinished when a rising edge of a sig-
nal received by a respective receiver also reaches the
value 0. Thus, we obtain measurements for two pairs

of receivers, respectively {R0, R1} and {R0, R2}. The
measured intervals of time arewritten hereafter as t01
and t02. Thus, they meet the following equations{

0 = A sin(ωt01 − kxb1),
0 = A sin(ωt02 − kx(b1 + b2)). (2)

Because themeasurements are restricted to rising ed-
ges, Eq. 2 is equivalent to{

2πn1 = ωt01 − kxb1,
2πn2 = ωt02 − kx(b1 + b2). (3)

where n1 and n2 are integer numbers. Taking into ac-
count:

ω =
2π

Ta
and kx =

2π sinϕ
λ

and λ = vaTa,

where Ta is a period of a received signal, Eq. 3 can be
transformed into the following form{

n1λ = vat01 − b1 sinϕ,
n2λ = vat02 − (b1 + b2) sinϕ.

Both equations allow ϕ to be determined. The condi-
tion which binds them is that they have to give the
same result {

ϕ = arcsin vat01−n1λ
b1

,
ϕ = arcsin vat02−n2λ

b1+b2
. (4)

In this way, the problem of ϕ determination is reduced
to the problem of ϐinding the values of n1 or n2. When
b1 ̸= b2, the equations deliver redundant information
that can be used to ϐind the pair of correct values n1

and n2. It is worth noting that in this case a necessary
condition which has to be met is

vat01 − n1λ

b1
=

vat02 − n2λ

b1 + b2
. (5)

However, it is not a sufϐicient condition. Therefore,
some ambiguities can arise. This problem was discus-
sed in the previous section. As was previously shown,
these ambiguities can be removed by setting the pro-
per sizes of gaps b1 and b2. They also determine the
range [nmin, nmax] in which a correct pair (n1, n2)
should be searched for. It allows the procedure of de-
termination of the angle ϕ to be deϐined as follows:
1) Execute a signal emission and perform the measu-

rements of t01 and t02.
2) Find such a pair n1, n2 ∈ [nmin, nmax] that meets

the condition of Eq. 5.
3) Using formulas Eq. 4 determine ϕ.

To take into account errors of measurements the
condition of Eq. 5 has to be transformed to the follo-
wing form∣∣∣∣vat01 − n1λ

b1
− vat02 − n2λ

b1 + b2

∣∣∣∣ < ε. (6)

The value of ε is determined by the values of the errors
of t01 and t02 measurements. Errors of b1 and b2 are
systematic errors and they can be taken into account
during a calibrationprocedure. Therefore, they arenot
considered here.
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5. Sources of Errors
Accuracy of azimuth determination is degraded by

measurement errors introduced by noise and a ϐinite
resolution of timer counters. The inϐluence of noise
on measurement results can be estimated by mea-
suring the noise magnitude. The resolution of timers
is known because of microcontroller settings. Inaccu-
racy of the location of a sensor also causes deviation
in the ϐinal results. Fortunately, they are easy to eli-
minate by a calibration procedure. There is one more
source of errors. In the presented approach it is assu-
med that a wave is ϐlat. It is a common assumption in
such a case. The assumption is very close to a real case
when a signal source is far away. Unfortunately, when
the sonar system is used in an indoor environment by
e.g. a mobile robot, the differences between an ideal
plane wave and a real one can be signiϐicant. The rea-
son is that an encountered object can be located at a
distance lower than 1 m. These differences create an
error value of the discussed simpliϐication. When fol-
lowing this line of reasoning, the time measurement
error of a signal detection by the receiver R1 in rela-
tion to the receiverR0 can be expressed as follows

∆t01 = ∆tn +∆tr + τ

where ∆tn is an error caused by a noise, ∆tr is the
resolution of a timer and τ is an error caused by the
simplifying assumption that a received wave is a pla-
newave.

There are also other sources of errors e.g. the le-
aking of signals between transducers (by air or by a
sonar broad). However, results of experiments pre-
sented in Section 7 show that for the constructed so-
nar module the inϐluence of such a phenomena on the
accuracy of azimuth determination is very small or
even negligible.
5.1. The Error of the Planewave AssumpƟon

The value of the error τ depends on the source po-
sition in the distance and azimuth angle in relation to
receivers. For the 2-D case it is assumed that the signal
source is located in a plane determined by the recei-
vers’ acoustic axes. Therefore, it is enough to consider
a wave propagated across the plain. While a signal is
sent by a point-like source, it propagates as a spheri-
cal wave. Therefore, assuming that a signal is a plane
wave, some receivers detect the signal a bit later in re-
lation to the wavefront of a hypothetical plane wave.
This difference creates an error caused by the simpli-
fying assumption that a signal is a plane wave. Consi-
dering that the receiver’s array consisted of the two
transducers R0 and R1 and were placed at a distance
d to the signal source S, the mentioned error is very
close to the biggest one for the situation presented in
Fig. 10. In this case, it is assumed that thewavefront of
a propagated planewave is parallel to the baseline of
receivers. It means that s = 0 (compare with Fig. 1).
Assuming that a wave is a plane one, the receiver R1

receives a signal a bit later than is expected. The delay
of a wavefront detection is

τ =
∆s

va

where∆s is the distance between thewavefront of the
hypothetical planewave and the wavefront of the real
spherical one and va is the speed of an acoustic wave.
When exploiting simple geometric dependencies, ∆s

Fig. 10. An error value of a spherical wave
approximaƟon by a plane wave for the sonar system
consisƟng of two receivers and located in a horizontal
plane

is expressed by the following formula

∆s =
√

d2 + b2 − d ≈ b2

2d
for d ≫ b. (7)

where b is the distance between the receivers and d is
the distance between the signal source S and the re-
ceiver R0. In this case, the distance ∆s is the error of
the simplifying assumption that transducers receive
a planewave. Eq. 7 conϐirms the intuitive expectation
that the error is decreased when a source distance is
increased. Examples of a ∆s value change in relation
to the distance to a source are shown in Fig. 11. There
are two diagrams for the two values of gap b, namely
11mmand22mm. For distance ranges of above 0.5m,

Fig. 11. Diagrams of the∆s change in relaƟon to the
distance to a signal source

these examples show that the error ∆s is rapidly de-
creased. Because the error is approximately proporti-
onal to the squared gap b between receivers, the dou-
ble increase of b results in four times an increase of∆s
(see Fig. 11a and Fig. 11b). The impact of b on the er-
ror∆s is diminished by a distance increase (compare
Fig. 12a and Fig. 12b). To the express values of the er-

Fig. 12. Diagrams of the∆s change in relaƟon to the
size of gap b for distances to a signal source that are
equal to 0.5 m and 1.5 m respecƟvely

ror∆s in a time domain, it is enough to say that 1 mm
is equal to about 2.92 µs.

The presented examples show that when b is no
larger than about 30 mm, the error∆s does not seem
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to be big for signal sources placed at a distance of 0.5
m or greater. Therefore, they justify the simpliϐication
that an echo is a planewave. For this case, the following
relation can be assumed:

∆t01 ≃ ∆tn +∆tr.

Considering that the system consisted of the two
receiver pairs presented in Fig. 7 for which b1 and
b2 < 30mm, it can be assumed that the error of time
measurement is the same for both pairs. Therefore,
from now the notation∆twill be used.
5.2. Inaccuracy of Azimuth DeterminaƟon

To determine the impact of time measurement∆t
on the accuracy of the azimuth ϕ determination, Eq. 1
can be exploited. Using differential calculus to approx-
imate the error of determination of the incident angle
ϕ in respect to∆t, the following formula is obtained

∆ϕ =
va

b
√
1− sin2ϕ

∆t. (8)

To exemplify this relation, diagrams are presented in
Fig. 13. They show the approximations of error values
ofϕ determination for two sizes of gap b, namely 4 mm
and 12mm. The computations were performed under
the assumption that∆t = 1 µs. It is worth noting that

Fig. 13. Diagrams of approximaƟons of the error∆ϕ of
the incident angle ϕ determinaƟon. The diagrams
present the error∆ϕ for∆t = 1 µs and two values of
gap b. They are 4 mm and 11 mm respecƟvely.

the value of the error∆ϕ increases while the azimuth
grows. It can be noticed that the error ∆ϕ is reduced
while the size of gap b is bigger. This is because ∆ϕ
is inversely proportional to b. In Fig. 14 it is shown in
a more distinct way.

Fig. 14. Diagrams of approximaƟons of the error∆ϕ of
incident angle ϕ determinaƟon in relaƟon to the size of
gap b. The diagrams present the error∆ϕ for
∆t = 1 µs and two values of the incident angle ϕ.
They are 0◦ and 40◦ respecƟvely.

6. Robustness
When taking into account Eq. 8 and estimating∆t

by a given value, it is possible to determine∆ϕ in the
entire range of all possible values of the azimuth angle
ϕ. In this way, irregular stripes are obtained instead
of the curves presented in Fig. 9. The diagram shown

in Fig. 15a demonstrates the case when the error of
time measurement ∆t is 2 µs. The stripes that repre-
sent possible solutions are narrow and a bit wider at
their ends. This is coherent with the previous analysis
and the examples presented in Fig. 13. The obtained

(a) (b)

Fig. 15. Diagrams of the combined soluƟon sets
determined for two cases of gap b equal to 11 mm and
15 mm. It includes the measurement error influence on
the possible values of determined angles. It is assumed
that the measurement error of signal detecƟon is
a – 2 µs, b – 3 µs

result shows that the stripes, which represent other
angles than the correct ones, do not have a common
part. This feature suggests that it is possible to obtain
the correct determination of the azimuth angle ϕ. By
increasing the error value up to 3 µs, a limit for this
conϐiguration of receivers is reached. The areas of dif-
ferent solutions areno longer separated (see Fig. 15b).
6.1. Reducing Baseline

To increase the robustness of the system, the dis-
tance b for one of the receiver’s pairs should be redu-
ced. Taking into account the previous assumption that
a signal wave is a planewave and propagated in a plain
determined by the receivers’ acoustic axes, it is pos-
sible to arrange a system of three receivers in a slig-
htly different way. Instead of putting them along a sin-
gle line, one of them can be moved a bit above (see
Fig. 16). It allows an effective distance in a horizontal

Fig. 16. Arrangement of three receivers with a reduced
horizontal gap

line to be reduced below their diameters. In this way,
the receivers’ system is obtained. The system is more
robust and the error of 3µs is accepted. Assuming that
the effective distancebetweenT2 andT3 is 4mm, a sin-
gle stripe of the possible solutions of Eq. 1 is obtained.
6.2. Robustness EsƟmaƟon

The separation of stripes representing different
values of ϕ is the necessary condition of ϐinding the
correct solution. However, it is not the sufϐicient con-
dition. Therefore, the diagrams presented in the pre-
vious subsection do not make it possible to properly
estimate the biggest acceptable error value that does
not cause misinterpretation of measurement results.
This is becauseEq. 6 canbemet by the values ofn1 and
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Fig. 17. Diagram of the combined soluƟon sets
determined for two cases of gap b equal to 11 mm and
4 mm. It includes the measurement error influence on
the possible values of the determined angles. It is
assumed that the measurement error of signal
detecƟon is 3 µs

n2, which represent different and not overlapping stri-
pes. The reason is that Eq. 6 determines the distance
between these points. In Fig. 18 there are two pairs of
points namely {Pn1 , Pn2} and {Pn

′
1
, Pn

′
2
} which cor-

respond to the pairs of values n1, n2 and also n
′

1, n
′

2

respectively. The distance between these points is the

Fig. 18. The condiƟon expressed by Eq. 6, which refers
to the distance between points that correspond to the
pairs of values n1 and n2

same. Thus, if Eq. 6 is met for the pair {Pn1
, Pn2

} it
will also be met for the second pair. However, the pair
{Pn

′
1
, Pn

′
2
} does not represent the correct solution.

In order to determine an acceptable value of ∆t
and, then, the value of ε, the following computational
procedure has been implemented:
1) For all directions ϕi ∈ [ϕmin, ϕmax]

- Compute t01 and t02 for a given direction ϕi

- For all∆ti,∆tj ∈ [−∆t,∆t]

- Determine n1 and n2 for t01 +∆ti and
t02 +∆tj .

- If a solution is not found, increase ε and go to
step 1).

- If a solution is not unique, take the previous va-
lues ε and∆t for which computation for all di-
rections succeeded. Return the values ε and∆t
as the result and then stop.

- Otherwise continue the loop.
2) Increase∆t and go to step 1).
Using this procedure, computations were performed
for a few sets of gaps b1 and b2. The results are presen-
ted inTab. 1. Theminimal value of an angle determina-
tion error (min∆ϕ) is obtained for directions ϕ = 0◦.
The maximal value of that error is reached at the bor-
ders of the considered angle range. This is the conse-
quence of Eq. 8which is illustrated in the diagrampre-
sented in Fig. 13.

Tab. 1. Results of robustness analysis

b1, b2 [mm] 11, 15 11, 4 4, 11 4, 11
range: ϕ [ ◦ ] ±50 ±50 ±60 ±50

ε 0.05 0.08 0.4 0.3
∆t01 [µs] ±0.9 ±1.4 ±1.5 ±2.5

min∆ϕ [ ◦ ] ±1.2 ±2.2 ±4.7 ±7.8

max∆ϕ [ ◦ ] ±1.8 ±3.5 ±11.4 ±14.4

When the range of the considered incident angles
is extended, the acceptable error of time measured is
reduced in spite of an increase of ε. This is due to the
increase of an error of incident angle determination
at the boundary of the range of the considered angles
(see Fig. 13).

7. Experiments
In the presented experiment, measurements to

a wall were performed. The beneϐit of using such an
object is that the reϐlected signal produces a strong
echo. Therefore, the object is detectable by a sonar in a
wide range of angles of sonar orientation in relation to
the object. It iswell known thatwhen the irregularities
of an object surface are much smaller than the wave-
length of a signal, the signal is reϐlected by this surface
like light by amirror. Therefore, despite of the orienta-
tion of a sonar module, the echo of the emitted signal
arrives in each case from the direction which is per-
pendicular to the surface of the wall. A sketch of this
phenomena is presented in Fig. 19. The sonar module

Fig. 19. Signal path

used in the experiment was equipped with popular
piezoelectric ultrasonic transducers (see Fig. 20(a)).
Four receivers are contained in this construction but
in the discussed experiment only three of them were
used. The module was mounted on a scanning device
(see Fig. 20(b)) which made it possible to change the
module orientation by 1◦. The frequency of the emit-
ted signal was about 40 kHz. It means that the wave-
length of the signal is 8.7 mm. The irregularities of the
wall’s surface were far below 1 mm. It therefore me-
ans that this case meets the conditions of the descri-
bed phenomena (see Fig. 19). With this fact in mind
and by choosing the local coordinate system of the so-
narmodule and the global one in theway presented in
Fig. 21, it is clear that the relation between the angleα
of the sonarmodule orientation and the azimuth angle
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(a) (b)

Fig. 20. Devices used in the experiment
a – a sonar module, b – a sonar scanner consisƟng of a
sonar module and a scanning device

(a)

(b)

Fig. 21. Coordinate systems chosen for the experiment
a – the origins of the local and global coordinate
systems are placed in the middle of the sonar module,
b – the azimuth angle ϕmeasured in the local
coordinate system has an opposite sign to the rotaƟon
angle αmeasured in the global coordinate system.

ϕ of the direction of signal arrival is

ϕ = −α. (9)

The range of the sonarmodule orientation changewas
set to [−50◦, 50◦]. Eq. 9 means that the ideal measure-
ment results should create a diagonal of the diagram
frame that is shown in Fig. 22.

The realmeasurement datawas obtained for awall
by placing the sonar scanner at distances of 1 m, 1.5
m, and 2 m. It was done in a corridor where there was
enough long ϐlat wall available (see Fig. 23). Using this
data, the directions of signal arrival were determined
by using the presented method. The parameter ε was
set to 0.3.

The distance was determined by applying the
thresholdmethod. The obtained results are typical for
this kind of method (see Fig. 24). Similar results are
obtained for other range ϐinders that exploit the same

Fig. 22. The diagram of the ideal results determined by
Eq. 9

Fig. 23. LocaƟon of the rotary sonar system in relaƟon
to the wall

method e.g range ϐinders using electrostatic ultraso-
nic transducers [12]. This is the most simple appro-
ach. It does not guarantee the obtaining of accurate
results when the range ϐinder orientation to an object
changes. However, in this experiment the main point
was to determine the azimuth of an echo arrival rather
than the distance. Nevertheless, the observed changes
of measured distance in the wide orientation range
[−40◦, 40◦]were not bigger than 5 cmwhich seems to
be a good result for such a simple method. Each mea-
surementwas performed 10 times. For each set ofme-
asurements the standard deviation σ was computed.
In this experiment, the measurement error was pre-
supposed 3σ plus the error caused by the timer’s ϐi-
nite resolution. Thementioned resolutionwas 0.33 µs.
The measurement errors were below 1 mm for a lot
of the module orientations. Therefore, for such cases
it was not possible to mark them in Fig. 24. The de-
termined values of the azimuth angle are presented
in Fig. 25. For nearly the whole range of orientation
changes of the sonar module, the determined values
are very close to the expected ones depicted as the di-
agonals of the diagrams. In the range [−20◦, 20◦] the
accuracy is very good. The error values of the measu-
rements determined as 3σ were below 2◦.

Information concerning echo arrival direction sig-
niϐicantly increases the reliability of data interpreta-
tion. Fig. 26 shows a popular representation of mea-
surement results for ultrasonic range ϐinders. Because
these range ϐinders do not deliver any other informa-
tion apart from distance, in this interpretation it is as-
sumed that an object to which a distance is measured
is located ahead of the range ϐinder. To improve data
interpretation, Moravec and Elfes in [15] proposed a
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(a)

(b)

(c)

Fig. 24. Results of distance measurements for a wall at
distances:
a – 100 cm, b – 150 cm, c – 200 cm

probabilistic approach to the description of area occu-
pancy by an object. This idea was exploited by many
researchers in their work on mobile robot navigation
using ultrasonic range ϐinders e.g. in [2,13,18]. Howe-
ver, it never succeeded in building an effective naviga-
tion system for amobile robot. Therefore, it seems that
improvement of interpretation reliability of obtained
data is the key problem.

The size of the change when information of echo
direction arrival is available can be noticed by com-
paring Fig. 26 and 28. All determined points are close
to the real point of signal reϐlection. The errors of azi-
muth determination cause a smearing of the point lo-
cation by creating a kind of line segment along thewall
(see Fig. 27). However, when restricting the data to
the range [−20◦, 20◦] inwhich the obtained results are
muchmore accurate, the image of this case is far closer
to the real situation and deϐinitely gives more reliable
informationabout the localizationof anobject. Thede-
crease in accuracy of azimuth determinationwhile the
angle of direction arrival increases is consistent with
Eq. 8. The diagrams presented in Fig. 13 show that the
error of azimuth determination increases rapidlywith
the increase of the azimuth angle. The experimentme-

(a)

(b)

(c)

Fig. 25. Results of azimuth measurements for a wall at
distances:
a – 100 cm, b – 150 cm, c – 200 cm

Fig. 26. A naive representaƟon of measurement results
obtained from the sonar scanner

asurements are restricted to the range inwhich the in-
crease of the error is rathermoderate. Nevertheless, it
is noticeable.

8. Conclusion
The important advantage of the presented appro-

ach is that it makes it possible to use popular piezoe-
lectric ultrasonic transducers to construct the module
of a range ϐinder with the ability to determine the azi-
muth angle of echo arrival in a wide range of angles.
Because of this ability the module in this paper is cal-
led a sonar instead of a range ϐinder. The proposed
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Fig. 27. RepresentaƟon of measurements obtained
from the sonar scanner which takes into account
informaƟon of the direcƟon of the echo arrival

Fig. 28. RepresentaƟon of measurements obtained
from the sonar scanner in the range [−20◦, 20◦] of its
orientaƟon change

method determining the signal arrival direction is not
very computationally expensive and canbe implemen-
ted on a microcontroller. The error analysis shows
that the method is not very robust. The accepted er-
ror of time measurement is about 2 µs. However, the
created sonar module seems to be far below this re-
quirement. In spite of the very simple construction of
this module, the obtained experimental results prove
that it is possible to reach a very good accuracy of de-
termination of the echo azimuth. The presented exam-
ples show how a dramatic change in the reliability of
ultrasonic ranging data interpretation has been achie-
ved by the determination of the azimuth of echo arri-
val.

It seems that it is possible to increase the robust-
ness of themethod. This extension should alsomake it
possible to increase the accuracy of azimuth determi-
nation. This is the goal of further work.

In the presented approach it is assumed that for a
period of time during which a measurement is perfor-
med, a received echo comes from a single object. In
other words, the effect of interference of echos arri-
ving from different directions is not considered.When
echos interfere, it can be expected that false results
will be obtained. A preliminary study on this subject
performed in [9] shows that results of DOA determi-
nation for such a case has a good feature. It means,
when echos arriving from two directions are recei-
ved, their interference still makes it possible to de-
termine a direction. In this case, it is somewhere bet-
ween these twodirections. The ϐinal result depends on
echos’ amplitudes. The determined direction is closer
to an echo’s direction inwhich the amplitude is bigger.
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