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Abstract—This work analyses the effect of the receiver movement on the pulse compression of the signals emitted by the
beacons of an Ultrasonic Local Positioning System (ULPS). This
analysis is first carried out by using a system model in order
to obtain a set of results that are then experimentally validated
with the help of an electric slider. The signals emitted by the
ultrasonic beacons are encoded with Kasami sequences of four
different lengths (15, 63, 255 and 1024 bits), and radial speeds
of up to 2 m/s have been considered in the experimentation. The
results derived from this study should be of interest to anyone
performing matched filtering of ultrasonic signals with a moving
emitter/receiver.
Index Terms—LPS, Doppler shift, Pulse compression, Kasami
sequences

I. I NTRODUCTION
Local Positioning Systems (LPS), intended to locate people
and/or objects in indoor environments, constitute one of the
core elements of the so called Intelligent Environments (IE).
In the last years we have witnessed a growing interest in the
development of this type of systems, with the appearance of
proposals based on different technologies including ultrasonic
[1], magnetic [2], optic [3] and radiofrequency [4]. Among
them, ultrasound represents a classic solution whose popularity
comes from its low cost and high reliability.
Yet during the first years of the former decade, some
systems were proposed that achieved centimetric precision
through the emission of ultrasonic pulses, both centralized,
where the object to be located acts as the emitter [1], and
localized, where this object is in charge of computing its
own position using the signals received from different beacons
[5]. Shortly after, signal coding was incorporated into these
systems, choosing for this purpose families of binary codes
with good correlation properties. This improvement brought
important advantages: simultaneous emission, higher precision, larger robustness to noise and the capability to introduce
privacy in the location process. Since one of the first encoding
proposals carried out by Hazas and Ward with Gold sequences
[6], several works have arisen in the field of ULPS that
employ more and more complex encoding schemes, with the
emission of Kasami sequences [7] and, more recently, Loosely
Synchronous (LS) codes [8].
Many authors have already pointed out the problems that the
receiver movement could cause on the detection of ultrasonic
encoded signals, since the Doppler effect undergone by these
signals could make them completely unrecognizable to the

matched filter installed in the receiver [9], [10]. In a recent
work, the authors have presented a complete software model
for a ULPS that can be used to simulate this effect [11],
and it was shown that radial speeds as low as 1.5 m/s could
drastically deteriorate the autocorrelation properties of the
signals emitted by this system: 255-bit Kasami sequences with
BPSK modulation at 50 kHz.
In this paper, a detailed analysis of this phenomenon is
presented by quantifying the increment of the auto- and crosscorrelation bound of four different families of Kasami codes
with increasing speed of the receiver. The analysis is first
performed with a high versatility simulator, that allows the user
to choose among different families of codes and modulation
schemes, as well as to model the effect of various phenomena
that characterize the propagation of ultrasonic signals in the
air: geometrical spreading, atmospheric absorption and the
filtering associated with the transducers. Next, the results
obtained with this simulator for a particular family of codes
and modulation scheme are experimentally validated making
use of an electric slider with which the speed of the ultrasonic
emitter/receiver can be accurately controlled. The main conclusions of this work are finally outlined in the last Section.
II. S IMULATED M ODEL
As stated before, the LPS system under analysis is based
on the emission of Kasami sequences, that belong to the well
known family of pseudorandom codes [12]. A new Kasami
sequence k can be generated from a maximal sequence and
the decimated and concatenated version of this sequence by
performing the module-2 sum of the former with any delayed
version of the latter, i.e.,
k = m1 ⊕ Dl m2

with l < L

(1)

where m1 is a maximal sequence of length L = 2N −1 with N
even, m2 is the sequence obtained from the decimation of m1
with a decimation factor of q = 2N/2 +1 and the concatenation
of the result q times, ⊕ represents the module-2 sum and Dl m2
is the sequence obtained by cyclically shifting l positions the
m2 sequence.
In order to adapt the spectral features of the emission to the
frequency response of the ultrasonic emitter, these codes are
binary phase modulated (BPSK). This modulation scheme has
been widely used to transmit binary codes in matched filteringbased sonar systems. Every bit in the code k[n] is modulated

with one or more carrier cycles whose phase, 0 or π, is given
by the bit value to obtain the modulated pattern as:
p[n] =

L−1
�
i=0

k[i] · m [n − i · Nc · M ]

(2)

where L is the code length, m[n] is the modulation symbol
formed by Nc carrier cycles, and M represents the number of
samples per period (ratio between the sampling and the carrier
frequencies). A common measure for the performance of a
family of K modulated codes is given by the autocorrelation
(AC) and crosscorrelation (CC) bounds, defined as:
θAC = max

�
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Fig. 1.

Autocorrelation bound of the family (15, 63, 255 and 1023 bits).

Fig. 2.

Crosscorrelation bound of the family (15, 63, 255 and 1023 bits)

(3a)
(3b)

where φsp [k] is the aperiodic correlation function between the
received signal s and the stored pattern p, and M is again the
number of samples in a carrier period. The first bound will
give a measure of the difficulty to detect a code received at a
certain speed, whereas the second bound will show how the
cross-correlation properties of the family are deteriorated as a
consequence of this movement. Depending on the application,
the upper threshold for these magnitudes are typically in the
range 0.3 - 0.5.
The effect of the receiver movement can be easily simulated
by assuming a virtual sampling frequency for the emitted
signal:
�
�
�ve �re − �rr
fs� = fs 1 −
(4)
c |�re − �rr |
where fs is the actual sampling frequency, c � 343 m/s is
the sound speed in air at a temperature of 20o C and pressure
of 1 atm, �re is the emitter position vector, �rr is the receiver
position vector, and �vr is the receiver velocity vector. From
this frequency, the signal acquired by the receiver at the actual
sampling frequency is obtained by cubic spline interpolation
[13].
Fig. 1 shows the results obtained for the autocorrelation
bound when applying this model to four Kasami sequences
with different lengths of 15, 63, 255 and 1023 bits. All these
codes are BPSK modulated with a symbol of one carrier cycle
and assuming a sampling frequency ten times greater than the
carrier frequency. This figure shows the θAC variations for a
receiver radial velocity ranging from -10 m/s to 10 m/s. This
figure makes evident a well-known result in radar theory: the
shorter the code length the larger its robustness to Doppler
shift. As can be seen, for a detection threshold of θAC =
0.4, the maximum admissible radial velocities would be (in
module) 9.37, 3.76, 1.16 and 0.35 m/s when using Kasami
codes of lengths 15, 63, 255 and 1023 bits respectively.
As stated in the Introduction, one of the main advantages
of encoding the ultrasonic signals of a LPS, is the capability
to perform the simultaneous emission of all the beacons

whose signals will be distinguished by the receiver despite
their possible overlapping. For this reason, it is important to
analyze the effect of the receiver movement not only in the
autocorrelation of the emitted codes, but also in the crosscorrelations between all the codes in the family. In this work,
we have supposed that our LPS is composed of four beacons
performing the simultaneous emission of Kasami codes with
good correlation properties. Fig. 2 shows the results obtained
for the crosscorrelation bound θCC as a function of the receiver
velocity, for all lengths under consideration. This figure shows
that the receiver movement does not significatively worsen the
crosscorrelation properties of these codes with respect to the
values obtained with a stationary receiver.
III. E XPERIMENTAL A NALYSIS
This section presents the experimental analysis carried out
to validate the simulated results obtained in the previous
section. A picture of the experimental equipment employed in
this analysis is shown in Fig. 3. This equipment is composed
of:
1) Computer: from where a software application controls
the emission, the movement of the platform supporting
the emitter, and the acquisition parameters. The received
data are stored in a text file for their latter processing.
2) Electric slider: two meters long conveyor belt where
the ultrasonic transducer is fixed. A small platform has
been built to separate the emitter from the base and

Fig. 3.

3)
4)

5)

6)

7)

Experimental setup.

avoid undesired echoes. This slider is capable to reach a
maximum speed of 2 m/s, with maximum acceleration
values of ±3 m/s2 , thus providing an analysis window
of about 800 ms of constant velocity.
Two DC sources: one providing 24 V and 7 A for the
electric slider, and the second providing 24 V and 3 A
for the controller.
NI USB-6212 data acquisition card, to transmit the
modulated code to the emitter and acquire the signal
received by the microphone at a sampling frequency of
400 kS/s.
Prowave 400WB160 ceramic ultrasonic transducer, with
a central operation frequency of 40.0±1.0 kHz, a nominal bandwidth of 10 kHz at -6 dB, and a sound pressure
level (SPL) of 105 dB min ref. to 20 µPa at 30 cm.
A driver module has been specifically designed for this
transducer, based in a TL082 operational amplifier in
inverting configuration, providing a gain of −3 V/V.
G.R.A.S. 40BE free-field prepolarized ultrasonic microphone, with a sensitivity of 4 mV/Pa, a dynamic range
of 3-166 dB re. to 20 µPa, and a flat frequency response
in the range 4 Hz - 100 kHz.
G.R.A.S. 12AK power module, that provides a signal
amplification of 40 dB in the range of frequencies of
interest and performs a high-pass filtering with a cutoff
frequency of 20 Hz.

A. Transducer response and atmospheric absorption modeling
Prior to obtaining experimental data with the equipment
described above, two phenomena characterizing this particular
experimentation must be included in the model employed in
Section II, since they could have a strong influence on the
simulated results. These phenomena are:
1) The frequency response of the ultrasonic transducer,
with a nominal bandwidth of 10 kHz at -6 dB according
to the manufacturer.
2) Atmospheric absorption of ultrasound in air at the laboratory temperature and humidity conditions. This absorption coefficient is strongly dependent on frequency.

Fig. 4. Emitter frequency response: experimental values (blue dotted) and
IIR filter model (red solid).

To model the first phenomenon, an accurate experimental
analysis of the frequency response of the the emitter (driver
+ transducer) has been carried out in the range 20 kHz - 80
kHz, obtaining the results shown in Fig. 4 (blue dotted line).
This response has been modelled with a 50 order IIR filter
whose frequency response is also represented in Fig. 4 with a
red solid line.
With respect to the atmospheric absorption of ultrasound
in air, it has been modeled as dictated by the ISO 9613-1
(1993) standard [14]. To emulate the laboratory conditions,
a temperature of 20o C, a relative humidity of 60% and an
atmospheric pressure of 1 atm have been assumed. Also, an
average separation distance of 1 m between the emitter and the
receiver has been considered. In all cases, we have observed
that the variations taking this phenomenon into account are
negligible. A new set of simulations have proved that the
frequency dependence of the absorption coefficient would start
distorting the received signal for a emitter-receiver distance of
about 20 meters, a distance that is unlikely to be usable in
practice, given the reduced SPL of our emitter.
B. Results
The experimental analysis has been carried out by increasing the emitter velocity from 0 to 2 m/s in steps of
0.1 m/s for all code lengths under consideration. The values
obtained for the θAC are represented in Figs. 5 and 6 for
the lengths of 63 and 255 bits respectively, together with the
ideal simulation and the simulation that takes into account the
frequency response of the emitter. The experimental values
have been fitted to a second order polynomial in the form
θAC (v) = A + B v + C v 2 , which is also represented in
these figures as a solid line. The values obtained for these
coefficients in all cases are shown in Table I.
Finally, Fig. 7 shows the values of θCC obtained for the
lengths of 63 and 255 bits, together with the predictions of the
simulation that models the frequency response of the emitter.
This figure corroborates the results already shown in Fig. 2,
i. e., the Doppler effect does not significatively deteriorate the
values of the crosscorrelation bound.

of the signals emitted by a particular ultrasonic LPS. Four
BPSK modulated Kasami families with different lengths have
been considered in this study, establishing for each one of
them the range of admissible receiver velocities in terms of
the autocorrelation bound of the corresponding family. These
results have been experimentally validated with the help of an
electric slider, and these experimental data have been fitted to
a second order polynomial that can be used to easily determine
the worsening of the bound as a function of the receiver
velocity.

Fig. 5.

Experimental values of autocorrelation bound for 63 bits.
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Experimental values of autocorrelation bound for 255 bits.

Fig. 7. Experimental values of crosscorrelation bound for the families of 63
and 255 bits.
TABLE I
F ITNESS COEFFICIENTS FOR
θAC (v) = A + B v + C v 2
A

B

C

15 bits

0.2817

0.0011

0.0007

−0.0007

0.0299

0

0.4083

0

2.0547

63 bits

0.1941

255 bits

0.1200

1023 bits

0.1796

IV. C ONCLUSIONS
This work has presented a detailed study of the influence
that the receiver velocity can have on the matched filtering
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