This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

1

Ultrasound Transducers for Large-Scale
Metrology: A Performance Analysis
for Their Use by the MScMS
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Abstract—The Mobile Spatial coordinate Measuring System
(MScMS) is a distributed wireless-sensor-network-based system
used to perform dimensional measurements of large-scale objects.
The system consists of a wireless mobile probe with ultrasonic (US)
transceivers, the position of which is determined using a distributed constellation of US transceivers arranged around the measuring area. These US transceivers, which are known as Crickets,
transmit US signals to each other and measure their time of
ﬂight (TOF) to determine the mutual distances. The MScMS is
able to calculate the Cartesian coordinates of the object surface
points touched by the wireless mobile probe. This paper aims to
experimentally evaluate the performance of the US transducers
on each of the MScMS Crickets. The experiments are designed
and performed by means of a statistical factorial plan to identify
the most important factors affecting the transducers’ performance
on TOF measurements. Particular attention is given to the error
derived by the US signal attenuation and the method of US pulse
detection. The results are analyzed in detail and fully interpreted.
Finally, some considerations about possible actions to improve the
MScMS measuring system are given.
Index Terms—Dimensional measurements, factorial plan, largescale metrology, signal attenuation, threshold detection, time of
ﬂight (TOF), ultrasound transducer.

I. I NTRODUCTION

U

LTRASONIC (US) sensors are used in many ﬁelds. In
general, the key features of ultrasound transducers change
depending on the propagation medium (solid, liquid, or air).
One of the most important applications of US transducers is
distance measurement, in which the propagation medium of
the acoustic signals is typically air. The common applications
associated with distance measurement are presence detection,
the identiﬁcation of objects, the measurement of the shape
and orientation of workpieces, collision avoidance, room surveillance, liquid level and ﬂow measurement [1]. The US
ranging systems are traditionally low cost compared with other
technologies, such as laser range measurement systems. Unfortunately, ultrasound ranging systems exhibit low accuracy,
low reliability due to reﬂection of the transmitted signals, and
limited range [2]. The US sensors provide high accuracy only
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Fig. 1. Cricket device (Crossbow technology) [6].

in certain working contexts. Excellent performance can be
achieved when measuring, for example, short ﬁxed distances
and under controlled environmental conditions (temperature
and humidity). The most common technique for distance evaluation is by measuring the time of ﬂight (TOF) of the US
signal—either from a transmitter to a receiver or using a single
transceiver, which transmits the US signal and receives the
corresponding reﬂected signal. Other factors inﬂuencing the
performance of US sensors are the type of transducers and
the signal detection method used (i.e., thresholding, envelope
peak, and phase detection, as discussed in Section III). For
this reason, different types of transducers can be employed depending on the speciﬁc application. Most of the commercially
available air US transducers are ceramic based and operate at
40 kHz. Transducers that operate at higher frequencies, such as
at 200 kHz, are more limited and more expensive [3].
This paper focuses on the US transducers used by the Mobile
Spatial coordinate Measuring System (MScMS). The MScMS
is a distributed wireless-sensor-network-based system that is
designed to perform dimensional measurements on large-scale
objects [4]. In general, the ﬁeld of large-scale metrology can
be deﬁned as the metrology of large machines and structures,
speciﬁcally “the metrology of objects in which the linear dimensions range from tens to hundreds of meters” [5]. Typical
large objects that can be measured using MScMS are airplane
wings, fuselages, longerons of railway vehicles, and boat parts.
The MScMS consists of wireless distributed devices—which
are known as Crickets—equipped with US transceivers and able
to estimate their mutual distances (see Fig. 1) [6]. The ﬁrst
MScMS prototype was developed at the Industrial Metrology
and Quality Laboratory, Dipartimento di Sistemi di Produzione
ed Economia dell’Azienda, Politecnico di Torino [4].
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Fig. 2. MScMS representation scheme.

The experimental characterization of the MScMS’s US transceiver is performed following an analytical protocol, in which
the US signal TOF is identiﬁed as the key factor (dependant
variable) to be examined. Next, the three independent variables
affecting TOF (transmitter–receiver distance, transmitter orientation with respect to the transceiver, and battery charge level
of the transmitter) are identiﬁed and varied to create a threeway complete block design with repetition within block. Air
temperature and humidity are ﬁxed, and the presentation order
is completely randomized to minimize the order-of-testing effects. Then, a full factorial analysis of the results is performed
using analysis of variance (ANOVA).
This paper is organized into four sections. Section II brieﬂy
describes the MScMS structure and features, focusing on the
Cricket devices. Section III describes the main features of
piezoelectric US transceivers, like those equipping MScMS.
Section IV provides a detailed description of the factorial plan,
analyzing the effects and the possible interactions of the sources
of attenuation. Section V presents and discusses the results of
the factorial plan. Finally, the conclusions and future direction
of this paper are given.
II. MS C MS D ESCRIPTION
The MScMS prototype consists of three components (see
Fig. 2).
1) A constellation (network) of Cricket devices arranged
around the working area.
2) A measuring probe to communicate with the constellation
of devices to obtain the coordinates (x, y, z) of the
touched points. The measuring probe is a mobile system
equipped with a tip to touch the points of the measured
objects and a trigger, which is pulled to calculate and
store the current coordinates of the probe tip (see Fig. 2).
The constellation Crickets act as reference points for
locating the measuring probe [7], [8].
3) A computing system to receive and process the data sent
by the measuring probe to evaluate the object’s geometrical features.
The Cricket devices are developed by the Massachusetts
Institute of Technology and produced by Crossbow (see Fig. 1)
[6], [9]. Being quite small, light, and potentially cheap, the

Fig. 3.

Representation scheme of the US transmitter “cones of vision.”

Cricket devices are compatible with a variety of network conﬁgurations [10], [11].
All the Crickets have RF and US transceivers (see Fig. 1).
They repeatedly communicate and calculate their mutual
distances by measuring the TOF of the US signals exchanged
[12]. The TOF is multiplied by the speed of sound value
to obtain the distance between the two sensors. Due to the
RF communication, the Crickets rapidly share the information
about their mutual distances. The Crickets, being equipped with
an embedded processor and memory, can be programmed by
the user and customized depending on the kind of communication to be implemented. This ﬂexibility, as well as their relative
low cost, is the main reason for their use in MScMS prototype
design.
The measuring probe contains two Cricket devices, which
repeatedly determine their distance from the constellation
Crickets (see Fig. 2). A Bluetooth transmitter is connected to
one of the probe’s two Crickets to send this distance information to the PC, which is equipped with an ad hoc software.
While the RF sensor’s communication volume is almost
omnidirectional and up to 25 m, the US sensors have a communication volume limited by “cones of vision” with an opening
angle of about 170◦ and a range of about 6 m (see Fig. 3). The
signal strength inside the cones of vision may be most affected
by two factors related to signal attenuation: 1) the distance and
2) the angle from the transmitter’s surface. Outside the cones,
the signal strength drops to 1% of the maximum value (see the
radiation pattern in Fig. 6) [13]. It is critical to take the cone
of vision for each US transceiver into account when designing
the area of coverage for the constellation of devices. Moreover,
to locate the mobile probe’s Crickets, they should communicate
with at least four constellation devices at once.
Before starting the measurements, the constellation Crickets
are placed around the measuring area so that the region of
interest is completely covered, with an overlap of at least four
devices [14]. Next, they have to be localized, because measurements are possible only if the position of the constellation
Crickets is known. To reduce manual operations, a method for a
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TABLE I
METROLOGICAL PERFORMANCE OF MScMS IN DETERMINING THE
CARTESIAN COORDINATES OF A POINT. MEAN STANDARD
DEVIATIONS ARE OBTAINED BY AVERAGING THE
STANDARD DEVIATIONS CALCULATED FOR
20 INDIVIDUAL POINTS DISTRIBUTED IN
THE W ORKING V OLUME

semiautomatic localization has been implemented [14]–[17]. It
is important to note that reducing the position uncertainty in the
localization of constellation nodes is fundamental for reducing
the uncertainty in the next mobile probe location.
The measurements consist of three phases.
1) The mobile probe is used to touch the desired points from
the part surface.
2) The probe trigger is pulled, and data are sent via Bluetooth to the PC.
3) The Cartesian coordinates (x, y, z) of the points are
calculated by the PC.
The PC then uses the Cartesian points to generate a geometrical model of the measured object’s surface [15], [17].
The accuracy associated with each TOF measurement generated by each Cricket can be attributed to many factors,
such as air turbulence, humidity, air temperature, transducer’s
relative orientation, and signal bandwidth. The most inﬂuential
factors are those associated with signal attenuation, which are,
respectively, the transmitter–receiver distance, the transmitter
orientation with respect to the receiver, and the battery charge
level of the transmitter [4], [11].
Today, the MScMS is not very accurate in determining the
spatial position of the measured points. This is a consequence
of the relatively large uncertainty in TOF measurements. The
metrological performance of MScMS was evaluated by two
tests: 1) repeatability and 2) reproducibility, which consist
of measuring a single point within the working volume and
repeating the measurement about 50 times. For the repeatability
test, the probe’s orientation is kept ﬁxed, whereas for the
reproducibility test, the mobile probe orientation is changed
measurement by measurement to approach the point from a
different direction. Twenty different points in different areas
of the working volume are considered for the reproducibility
test. For each point, we calculated the standard deviations
(σx , σy , σz ) associated to the Cartesian coordinates (x, y, z).
Table I reports the results obtained from these tests.
In the following, we present a factorial analysis in which
the US signal TOF is identiﬁed as the dependent variable to
be examined, whereas the transmitter–receiver distance, the
transmitter orientation with respect to the receiver, and the
battery charge level of the transmitter are identiﬁed as three
possible factors of inﬂuence. The results of this analysis can be
useful for identifying which factors are most inﬂuential on the
dependent variable and any possible interactions between them.
Generally, factorial analyses—where the different factors vary
together—are more efﬁcient than one-factor-at-a-time experiments [18].

3

III. P IEZOELECTRIC US T RANSDUCERS
In modern US distance measurement systems for industrial
applications, piezoelectric transducers clearly dominate. The
typical advantages are their compact rugged mechanical design, high efﬁciency, great range of operation temperature, and
relatively low cost. Airborne ultrasound systems have been
developed for many types of distance measurement using two
possible techniques [19].
1) Pulse echo: A transducer emits a burst of ultrasound that
bounces off any object in the path of the beam. The
transducer then acts as a receiver for the reﬂected signal.
A measurement of the time delay from transmission to
reception determines the distance to the target.
2) TOF: A separate transmitter is pointed toward the receiver. Instead of relying on reﬂections, this system detects the direct transmission of the signal from transmitter
to receiver. After measuring the TOF, the sensor’s distance can be calculated knowing the speed of sound value.
Cricket devices, being equipped with either a US transmitter
and a receiver, implement the TOF technique.
A complex problem when using US transducers is the choice
of the characteristic parameters (typically, resonant frequency
and bandwidth). For distance measurement with relatively high
precision (few millimeters), transducers with a wide bandwidth
are needed. The bandwidth is a measure of how rapidly a
signal reaches the steady state. A signal at the receiver—which
is obtained from transducers with a small bandwidth—slowly
climbs from its beginning to its peak in time domain, which
causes a relatively large transient time at the receiver. This
behavior is shown in Fig. 7 [20], [21].
A second factor affecting the measurement accuracy is the
transducer resonant frequency. With increasing frequency (and,
thus, reducing wavelength), a better resolution is achievable.
Unfortunately, both the transducer bandwidth and the resonant
frequency are directly correlated with ultrasound attenuation,
and—consequently—they limit the detection range. In other
words, considering the same US signal amplitude, the radiated
signal amplitude at a given distance from the transmitter becomes smaller if its bandwidth and resonant frequency increase
[21], [22]. For this reason, the selection of US frequency and
bandwidth is a compromise between accuracy and detection
range.
The piezoelectric transducer adopted by Cricket devices
is a low-cost general-purpose model [Murata MA40S4R, see
Fig. 4(a)] with a relative wide bandwidth [see Fig. 4(b)], in
which the center frequency is about 40 kHz. This working
frequency is a tradeoff between accuracy (considering the single distances, it is around 1–2 cm) and detection range (up to
6–8 m) [11], [23].
The acoustic strength of the radiation from a ﬂat transducer
with “piston motion” (like the Crickets’ US transducers) is
generally angle dependent because of the phase difference
of waves from each point on the surface [19]. The acoustic
radiation is the integral sum of the waves from all points on
the transmitter surface, and the propagation path difference
from each point to a reference observation point has a phase
cancellation effect that leads to signal attenuation [24], [25].
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Fig. 4. (a) Internal construction of a Murata MA40S4R piezoelectric US transmitter/receiver. The dimensions of the piezomaterial cause the disk to resonate at
a precise frequency (around 40 kHz). (b) Representation of the transmitter bandwidth by means of a frequency response plot.

Fig. 5. US signal strength dependence on the transmitter angle (θ). The simpliﬁed illustration represents the interaction of the waves from two points on the
transducer surface. The resulting wave is given by the sum of the single waves. If the receiver is directly facing the transmitter (case-a), then the two individual
waves are in phase, and the resulting wave amplitude has the maximum value. If the transmitter is misaligned with the receiver (case-b), then the resulting wave
is attenuated because of a phase-canceling effect due to the phase difference between the two individual waves [24].

However, if the receiver is directly facing the transmitter at
sufﬁcient distance from it, the acoustic radiation from each
point of the transducer surface does not have a phase-canceling
effect. This is because the distance from an arbitrary point on
the transducer surface to the receiver becomes almost constant,
and the difference is much smaller than the wavelength [26]. On
the other hand, if the transmitter is misaligned with the receiver,
then the US signal amplitude will be attenuated because of the
disruptive interference of the different US signals from different
surface points on the transmitter. This effect is represented by
the simpliﬁed illustration in Fig. 5. The scheme considers the
interaction of waves from two points on the transducer surface;
the same principle can be extended to all the surface points.
An example of the resulting US transmitter radiation pattern
as a function of the transmitter angle with respect to the receiver
(misalignment angle) is shown in Fig. 6. As represented, the
transmitter US signal strength drops along directions that are
away from the direction facing the US transducer.
Similarly, the received signal strength can be inﬂuenced by
the receiver orientation. Particularly, assuming the same signal
strength from the transmitter, the received signal strength is
maximum when the receiver’s surface is facing the transmitter.
On the other hand, the received signal decreases when the
receiver’s surface is angled.
Several methods have been developed for detecting US signals. Thresholding is the simplest and the most widely used and
applies to any type of short-duration signal. In this method,
which is used in Crickets, the receiver electric output signal
is compared with a threshold level (65 mV for the Crickets)

Fig. 6. Radiation pattern of the Cricket US transducer as a function of the
orientation on a plane along the transducer’s axis. The signal strength drops
along the direction that is away from the normal direction to the transducer
surface.

such that the arrival of the wave is acknowledged when the
signal reaches this level (see Fig. 7). This method depends
on the amplitude of the pulse received: the larger the signal
amplitude, the smaller the time taken by the signal before
reaching the threshold. For example, in Fig. 7, when the signal
has a full amplitude, the detection threshold is ﬁrst exceeded by
the second peak of the ultrasound waveform. When the waveform is attenuated by a factor of 0.50 (half amplitude signal),
the detection threshold is ﬁrst exceeded by the third peak of
the ultrasound waveform. If the channel attenuation is quite
signiﬁcant, then it may cause the threshold to be exceeded a
few periods late instead of just one period late. Considering that
at 40 kHz the period is 25 μs, the error will be approximately
in integer multiples of 25 μs. The error in the TOF evaluation
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Fig. 7. Graphical representation of thresholding detection. A minimum number of cycles are necessary to bring the receiver to steady-state conditions (transient
time at the receiver) [31]. The error in the distance measurement is dependent upon the received US signal amplitude. The time taken for the received signal to
reach the threshold is dependent on its amplitude.

results in an error in the distance estimation. The speed of sound
is about 340 m/s, so one ultrasound time period corresponds to
a distance of about 25 · 340/1000 = 8.5 mm. In practice, the
threshold can be exceeded by up to four periods late, so the
distance overestimation can be up to 3–4 cm!
A modiﬁcation of thresholding is “envelope peak detection,”
which may be called adjustable thresholding. This method
acknowledges the arrival of the signal when a maximum amplitude is detected; therefore, it does not depend upon the absolute
magnitude of the pulse, only upon its shape. As a consequence,
it is more accurate and robust than simple magnitude thresholding, where the acknowledge time can easily jump by one
period.
Other more reﬁned ranging methods are based on phase
detection with ﬁxed-frequency signals and with frequencymodulated signals. These methods, however, require complex
hardware and software. They use a digital signal processor to
process the phase measurements to overcome the inherent range
limitation of one wavelength [2], [27]–[29].
Recently, a lot of effort has been done to incorporate pulse
compression techniques to the US sensory system to improve
the accuracy in distance measurements using relatively simple
hardware and software [30].

IV. F ACTORS A FFECTING US T RANSCEIVERS
The MScMS measurement accuracy may change depending
on many different factors related to the use of US transceivers,
such as temperature, humidity, air turbulence, transducer geometry, transducer bandwidth, and US signal attenuation. When
implementing a thresholding detection method, the TOF measurement errors are mostly due to the factors related to US
signal attenuation. The typical sources of attenuation are the
following [4], [6]:
1) distance between transceivers;
2) angle of one transmitter with respect to the transceiver
(misalignment angle);
3) transducer battery charge level.

Fig. 8. US sensor experimental setup.

With the aim of investigating the effect of these factors on
TOF measurements, a complete experimental factorial plan is
built.
Fig. 8 shows an illustration of the following experimental
setup.
1) The transmitter and receiver are positioned facing each
other.
2) The distance (d—ﬁrst factor) between transceivers is
known.
3) The transmitter face is not perfectly aligned with the
receiver face. A misalignment angle (θ—second factor)
with regard to the transmitter face is introduced. The
receiver face is kept perpendicular to the ultrasound wave
direction of propagation.
4) The transmitter battery charge level is monitored by measuring the battery potential difference (V —third factor).
Each Cricket is equipped with two AA rechargeable
2700-mAh batteries connected in series. Their potential
difference is measured by a standard voltmeter. The
potential difference is not a direct measurement of the
battery charge level, but—since they are correlated—it is
a useful indicator of it.
The TOF is measured by changing these three factors at
different levels.
1) Seven levels for θ (transmitter rotations from 0◦ to 60◦
in 10◦ intervals). For larger angles, the transmitter and
receivers do not easily communicate because of the rapid
decrease in the US signal for angles greater than 60◦ (see
Fig. 6).
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TABLE II
LIST OF THE EXPERIMENTS CARRIED OUT ON THE
CRICKET’S US TRANSDUCERS

Fig. 9. TOF-Error standard deviation versus average TOF-Error. For each of
the 525 factor combinations, the variables are calculated using the corresponding 50 repeated TOF-Error measurements.

A. Results of the Factorial Plan

2) Three levels for d: short, medium, and long distance between transceivers. These distances have been measured
using three reference bars, which were accurately calibrated using a standard coordinate measuring machine
(uncertainty with a standard deviation of less than a
hundredth of millimeters) [32].
3) Five levels for V (from 2.3 to 2.7 V in 0.1-V intervals).
Table II provides a summary of the combinations for the three
factor levels.
There are 7 · 3 · 5 = 105 different combinations to be carried
out. The test sequence is randomized using the random number
generator provided by Minitab. For each of these combinations,
50 measurements of the TOF are performed, taking the average
value. All the measurements have been replicated ﬁve times.
The total number of combinations analyzed is 105 · 5 = 525.
The response variable considered in the factorial plan is the
TOF error, which is deﬁned as follows:
TOF-Error = (Measured-TOF − Expected-TOF)

(1)

where
Measured-TOF

TOF measured by a pair of
Crickets;
Expected-TOF = (d/s) where (d) is the transceiver’s
known distance, and (s) is the
speed of sound in the experimental
conditions. For example, with a
temperature T = 24 ◦ C and a relative humidity RH = 27%, (s) is
about 346 m/s.
TOF-Error is used as an indicator of the error in TOF
evaluation.
The experiments are performed in a controlled environment
(T = 24 ◦ C and RH = 27%).
V. A NALYSIS OF THE E XPERIMENTAL R ESULTS

Section V-A shows and discusses the results of the factorial plan. Section V-B summarizes them, providing theoretical
interpretations of some of the important aspects. Section V-C
presents other minor experiments, which are aimed at deepening the factorial plan analysis.

Analyzing the factorial plan experimental outputs, the ﬁrst
interesting result is that the TOF-Error standard deviation (σ)
changes depending on the TOF-Error value. This behavior is
illustrated in Fig. 9, where for each of the 525 factorial plan
combinations the average TOF-Error and the respective standard deviation—which are calculated using the corresponding
50 repeated measurements—are plotted. It can be noticed that
the larger the average TOF-Error value, the larger the individual
measurement dispersion. The nonhomogeneity of the TOFError variance is also tested through Levene’s statistical test at
p < 0.05.
Since the assumption of homogeneity of the TOF-Error
variances is violated, ANOVA cannot properly be applied to
verify whether factors have a signiﬁcant effect on the response
(TOF-Error) and whether there are factor interactions [18]. The
usual approach to dealing with nonhomogeneous variance is to
apply a variance-stabilizing transformation. In this approach,
the conclusions of the ANOVA will apply to the transformed
populations. The most common transformation is the exponential y ∗ = y λ , where λ is the parameter of the transformation.
Box and Cox proposed an optimization method for determining
the transformation parameter [33].
Once a value of λ is selected by the Box–Cox method, the
experimenter can analyze the data using y ∗ as the transformed
response (it will be identiﬁed hereafter as “corrected TOFError”). In our speciﬁc case, the obtained transformation parameter is λ = 0.52. Applying Levene’s test to the transformed
response, the resulting variance no longer violates the test’s null
hypothesis of homogeneity.
Of course, a problem is that it may be unpractical working
with the transformed response (y ∗ ) in the transformed scale,
since it can result in a nonsensical value over the factor space of
interest. To construct a model in terms of the original response,
the opposite change of variable—(y ∗ )1/λ —is performed.
The Main Effects Plot represents the single examined factors
effect on the TOF-Error (see Fig. 10). The points in the plot
are the means of the response variable at the various levels of
each factor (for each level of the examined factor, the mean is
calculated by averaging all the responses obtained and changing
the remaining two factors). A reference line is drawn at the
grand mean of the response data. This kind of plot is useful
for comparing the magnitudes of the main effects.
The qualitative result is that the misalignment angle and the
transmitter–receiver distance have an important effect, whereas
the effect of the battery charge level is minor.
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Fig. 12. ANOVA applied to the (transformed) response of the factorial plan.
Fig. 10. Main effect plot for means related to the three examined factors:
θ (misalignment angle), d (transmitter–receiver distance), and V (batteries
potential difference).

Fig. 13. Surface plot to represent the effect of the interaction of factors d and
θ on the TOF-Error.
Fig. 11. Interaction plot for the corrected TOF-Error considering the three
factors (d, θ, and V ).

To qualitatively judging the presence of interactions among
the three factors, an Interaction Plot is constructed in Fig. 11.
This plot represents the means for each level of a factor with the
level of a second factor held constant (considering two factors,
for each combination of their levels, the mean is calculated by
averaging the responses obtained by changing the remaining
factor). The interaction between two levels is present when
the response at a factor level depends upon the level(s) of the
other factors. Parallel lines in an interaction plot indicate no
interaction. The greater the departure of the lines from the
parallel state, the higher the degree of interaction [18].
Fig. 11 shows that the two-way interactions are negligible,
and that the main effects presented in Fig. 10 are consistent
within each factor level.
The results of the factorial plan are examined by ANOVA
(see Fig. 12). ANOVA is best suited to data sets in which the
independent variables are discrete; for this reason, the levels of
d, θ, and V are “discretized.”
In ANOVA, the variance related to the response is partitioned
into contributions due to the different factors and their interactions. The results of ANOVA can be considered reliable as long
as the following assumptions are met: 1) The response variable
is normally distributed; 2) The data are independent; and 3) The

variances of the populations are equal. After applying the
Box–Cox response transformation, all these assumptions are
satisﬁed. In particular, the assumption of normal distribution
is veriﬁed by the Anderson–Darling normality test at p < 0.05.
Analyzing the ANOVA results, all three factors and their twoway interactions are found to be signiﬁcant based on Fisher’s
test at p < 0.05. With regard to the effect of the single factors,
the most important are d and θ, whereas the effect of V is minor
(a small F value). This is consistent with the Main Effects
Plot in Fig. 10. With regard to the factor interactions, they are
all statistically signiﬁcant (p values lower than 0.05) but very
weak. The strongest is the interaction between d and θ. The
effect of this interaction on the TOF-Error is represented by
the surface plot in Fig. 13. As shown, the composition of large
misalignment angles (θ) and large distances (d) produces TOFErrors that are larger than those obtained by adding the effects
of the single factors, taken separately.
Another representation of the experimental outputs is given
in Fig. 14, where the average TOF-Error and the corresponding
standard deviation (calculated for each combination of factors
using the 50 repeated measurements) are plotted depending on
V and θ for each of the three transmitter–receiver distances.
As already indicated, the TOF-Error increases with an increase in θ and d. In addition, the TOF standard deviation
slightly increases with an increase in angle; this behavior is
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Fig. 14. TOF average value and standard deviation depending on the misalignment angle (θ) and the battery level (V ) for different transmitter–receiver distances.

more pronounced for large distances between transmitter and
receiver.
Fig. 14 includes other measurements not included in the
factorial plan: the TOF-Error measurements related to misalignment angles of 70◦ , which cannot be performed for all the
distances between transceivers (d1 , d2 , and d3 ). For instance,
considering the long distance (d3 = 3871 mm), the transmitter
and receiver are not able to communicate because of the strong
signal attenuation. Finally, these graphs show that the effect of
factors θ and d on the TOF-Error is evident, whereas the effect
of the battery charge level (V ) is small.
TOF-Error is always positive because of the TOF overestimation due to signal attenuation (which is proportional to d, θ, and
V ). The effect of the transmitter–receiver distance on the TOFError is also shown in Fig. 15, plotting the TOF-Error versus
the transmitter–receiver distance for different misalignment
angles.
B. Interpretation of the Results
In summary, the TOF-Error is inﬂuenced by three factors
related to the US signal attenuation.
1) The most important are the transducer distance (d) and
the misalignment angle (θ).

Fig. 15. TOF-Error depending on the transmitter–receiver distance (d). The
plotted curves are related to the different transmitter misalignment angles (θ).
The effect of the signal attenuation (TOF overestimation) increases with the
transceiver distance.

2) The effect of the transceiver battery charge level (V ) is
minor.
3) The most signiﬁcant two-way interaction is between factors d and θ.
The TOF-Error standard deviation changes depending on
the received US signal attenuation. Here follows an explanation of this behavior. The amplitude of the US signals at
the transmitter is not perfectly stable, but rather has a certain
natural variability derived by many sources, such as power and
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Fig. 16. Considering the same variability (ΔV ) in the receiver voltage signal and the corresponding uncertainty in the TOF changes. The more attenuated the
signal, the larger the TOF variability.

Fig. 17. (a) Battery level, (b) average TOF-Error, and (c) TOF-Error standard deviation depending on the Cricket device battery discharge time. Each point value
is calculated over 100 individual measurements.

control supply, air temperature, air turbulence, and signal bandwidth. The envelope of the US signal amplitude at the receiver
is included within an uncertainty band (highlighted in grey
in Fig. 16).
Considering signals with different amplitudes and assuming the uncertainty bandwidth to be the same, the larger the
transient slope, the lower the TOF-Error uncertainty (“U1 ” and
“U2 ” in Fig. 16).
Of course, the behavior previously described is a consequence of the use of the thresholding detection method at the
US receivers. The Cricket’s accuracy could be improved by
implementing a more reﬁned ultrasound detection method that
is able to exactly calculate the precise instant in which the US
signal is received [30].

C. Additional Experiments
The two following paragraphs present two additional experiments, which are aimed at deepening the analysis carried out
by the factorial plan. They are the following:
1) complete battery discharge cycle to investigate in detail
the relationship between the battery level and the error in
the TOF evaluation;
2) analysis of the repeatability of Cricket devices in the TOF
measurements.
D. Analysis of the Cricket Device Battery Discharge
According to the results of the factorial plan, the battery charge level has a small effect on TOF-Error. However,
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Fig. 18. Plot of TOF-Error from different Cricket’s US transducers.

Fig. 19. Results of ANOVA and Tuckey’s test to examine the Cricket’s US transducer’s repeatability.

abnormal TOF-Error measurements were noticed during the
last part of the Cricket device’s battery life. This test aims at
studying the relationship between the battery charge level and
the error in the TOF evaluation. It consists of measuring TOFError at more than a hundred different transmitter battery levels,
from a full charge to a complete battery discharge.
The Transmitter and receiver are positioned at the known distance of 1582 mm, with their faces perfectly aligned (θ = 0◦ ).
The results are reported in Fig. 17. Two characteristic phases
can be identiﬁed in the curves plotted in Fig. 17.
1) The battery charge level very slowly decreases with the
battery life time. The average TOF-Error and the TOFError standard deviation are not signiﬁcantly inﬂuenced
by the battery level.
2) In the ﬁnal part of the battery life (potential difference
lower than 2.3 V), the discharge is very quick, and the
measured potential difference rapidly falls to zero. This
phase is characterized by a “knee” in the battery charge
level curve. In this phase, the corresponding TOF-Error
average value and the standard deviation “explode.”

As a result, to avoid an incorrect estimate of TOF, it
is important to replace the batteries before they reach the
“quick discharge phase.” To reach this purpose, it can be
helpful to control the Cricket battery level through a ﬁrmware
utility [34].
E. Test of Repeatability of the US Transducers
The US transceiver’s repeatability is tested by positioning
three different pairs of Cricket transceivers at the same distance
(3633 mm) with their faces perfectly aligned. For each pair of
devices, 100 different individual TOF-Error measurements are
acquired.
The data are analyzed by a one-factor ANOVA to test the
null hypothesis that there is no difference in the TOF-Error
mean values measured by different couples of transceivers
(the examined factor). As expected, the TOF-Error does not
signiﬁcantly change depending on the different Cricket devices used. Fig. 18 shows the plot of the TOF-Error measured
100 times under the same conditions using three different pairs
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of Cricket transceivers. As shown, the measurements obtained
using different devices generally overlap.
Consequently, it can be said that the use of different US
transducer devices does not inﬂuence the TOF-Error. This
qualitative impression is conﬁrmed by the results of ANOVA
and Tuckey’s comparison test, as shown in Fig. 19.

VI. C ONCLUSION
This paper has analyzed the most important sources of error
related to the TOF measurements performed by the US transducers with which MScMS is equipped. The measurement error
may change depending on many different factors; however, the
most important effects are due to the US signal attenuation,
which may have three major sources: 1) transmitter–receiver
distance; 2) transceiver misalignment angle; and 3) transducer
battery level. In particular, this paper shows that the transducer
misalignment and the transmitter–receiver distance are the most
inﬂuential factors. This statement is supported by the results
of an experimental factorial plan. It is important to remark
that this source of error is directly caused by the thresholding
detection method of ultrasound. In addition, these results can
be useful to identify the major MScMS sources of inaccuracy
and to determine how the error in TOF evaluation changes
in the different points within the Cricket transmitters’ “cones
of vision.” An organic analysis of the combined effect of the
transmitter and receiver orientations on TOF-error will be the
object of a future work.
Regarding the future, the Cricket’s accuracy could be improved by using more reﬁned ranging methods based on US
pulse compression. This should be obtained with not very
complex modiﬁcations to the current Cricket hardware and
ﬁrmware. Another possible solution to the error associated with
transmitter misalignment is the use of US transducers, which
presents a smaller directivity, such as cylindrical polyvinylidene
ﬂuoride ﬁlm transducers [3], [26], [27]. The TOF measurement
error can also be reduced by implementing proper compensation and/or correction techniques based on the results of the
analysis presented in this paper.
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