1660

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 51, NO. 12, DECEMBER 2004

Ultrasonic Ranging Sensor using Simultaneous
Emissions from Different Transducers

Alvaro Hernandez, Jesus Urena, Juan J. Garcia, Manuel Mazo, Member, IEEE, Daniel Hernanz,
Jean-Pierre Dérutin, and Jocelyn Sérot

Abstract—In recent applications based on ultrasound,
several ultrasonic transducers have been geometrically and
electronically associated to constitute a global sensor. There
are several different methods used to process the ultrasonic
signals obtained from these transducers. In this work, mul-
timode techniques using Golay complementary sequences
are proposed for processing the ultrasonic signal. The sys-
tem increases scan rate, precision, and reliability. It is also
capable of echo discrimination, allowing simultaneous mea-
surements to be made and detection of the same obstacle
by different transducers without cross-talk problems. The
real-time implementation of the algorithm is presented on
a field-programmable gate array (FPGA) device.

I. INTRODUCTION

LASSICAL processing techniques used in ultrasonic

transducers for mobile robots are based in time-of-
flight (TOF) measurement. One isolated transducer is ex-
cited by a squared signal and then the system waits for
possible echoes. Detection is normally performed by in-
tegrating and threshold-crossing the received signal. The
problems with this mode of operation are well-known and
referenced in previous works [1]-[4]:

e Measurements must be carried out independently for
each transducer. The transducers cannot be excited
simultaneously to avoid cross-talk problems. It takes
a long time to perform an environmental scan, as it
must be sequential.

o Furthermore, after a pulse is emitted, the signal is re-

ceived by only one transducer (usually the same one

that emitted the pulse), which means the probability
of certain obstacles not being detected due to specular
reflections is relatively high.

Measured distance precision is reduced. It may be

enough for some applications, but not for processing

measurements from different transducers in more so-
phisticated systems. In these systems it is possible to
determine reception angles, or perform reflector clas-
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Fig. 1. Sonar sensor composed of four ultrasonic transducers.

sification (i.e., walls, edges, corners) and mapping, if
TOF have enough precision and reliability.

In this work, a new low-level processing technique for
ultrasonic signals, which overcomes most of the problems
mentioned in the previous paragraphs, and its implemen-
tation on a configurable device are presented. The follow-
ing section introduces the proposed sonar system, which
is suitable for use in mobile robots. Section III contains
an explanation of the low-level algorithm, analyzing its re-
quirements and constraints. Hardware implementation is
illustrated in Section IV. Section V describes the results
obtained, and, finally, some conclusions are discussed in
Section VI.

II. ULTRASONIC SENSOR MODULE

The sensor configuration used can be seen in Fig. 1. It is
the geometrical association of four transducers. Every two
transducers constitutes a “vector sensor,” able to measure
distances and reception angles [5]. These transducers are
very close to each other to minimize correspondence prob-
lems and to confirm the reception of echoes from the same
reflector by both transducers [5], [6]. In Fig. 1, P is a pos-
sible reflector detected by the four transducers (r1, r2, rs,
and ry4).

This sensor configuration type and its use have been
described in [6], [7] in order to classify different reflector
types. If it is desirable to improve the capability of these
sensors, it is important to achieve the following features:

« Simultaneous reception of the reflected signal by all
the transducers (E/R1, R2, R3 and E/R4). In this
way, four TOF measurements can be combined in
high-level algorithms from just one emission. Further-
more, the probability of obstacle detection is increased
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and problems related to specular reflections are re-
duced.

e Echo discrimination can distinguish which emitter
transmitted the signal (E/R1 and E/R4 in Fig. 1),
even if the emissions from both transducers are si-
multaneous. This is possible thanks to the ultrasonic
pulse codification used in each emitter. It is important
to perform simultaneous measurements, in order to be
able to:

— Reduce scanning time and thus detect obstacles
or objects more quickly.

— Obtain simultaneous reception of echoes for the
same reflector by all the transducers, from two
different emission sources.

For some high-level tasks (such as reflector classifica-
tion), it has been shown [6] that it is necessary to achieve
echo reception for the same reflector from different emis-
sion sources. In classical systems, this can be carried out
only in a sequential way; so first one transducer emits, and
all of the transducers detect possible echoes. Then the pro-
cess is repeated for the other emitter. This method implies
that the vehicle and any obstacles must be stationary in
order to fix similar geometrical conditions for both mea-
surements. The system proposed here allows simultaneous
emissions with echo discrimination, so measurements can
be carried out with moving robots or vehicles, as well as
moving obstacles.

I1I. TIME-OF-FLIGHT DETERMINATION USING (GOLAY
SEQUENCES

The possibility of utilizing Golay complementary se-
quence pairs to determine TOFs has been demonstrated in
previous works [8], [9]. These pairs are composed of two se-
quences, with the addition of independent autocorrelation
functions, which provide an output signal as that shown
in (1):

2N, n=0

0. n#0’ (1)

Caaln] + Cpp(n] = {

where A[n] and B[n| are the pair of Golay complemen-
tary sequences with values in the set {—1, +1}; N is the
number of bits or their length; and C, is the correlation
between signal x and signal y (i.e., Ca4 and Cpp are au-
tocorrelation functions).

To allow simultaneous emissions from two transducers,
it is necessary to obtain two orthogonal Golay sequence
pairs [8], i.e., [A1, B1] and [A2, Bs]. These pairs are or-
thogonal if they meet (2):

Ca,4,[n] + Cp,B,[n] =0 Vn. (2)

Fig. 2 shows a 32-bit complementary sequence pair, A
and B, and the result of adding the autocorrelation func-
tions. A peak can be observed, with an amplitude of 2- V.
On the other hand, Fig. 3 shows two 32-bit orthogonal
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Fig. 2. Example of a 32-bit Golay complementary sequence pair
[AB].

Golay pairs, [4; B;] and [A2 Bg], where it can be observed
that their cross-correlation function is null.

For the emission sequence, a type of digital classical
QPSK modulation has been implemented, in which com-
ponents I and () have been associated with each pair’s
sequences. In [9] a different method is proposed, based
on the consecutive emission of complementary sequences
A; and B;. However, this solution has been discarded, as
it requires a static environment, with nonmoving sensors
or reflectors. In this way, QPSK modulation allows both
complementary sequences to be emitted simultaneously,
so motion can be supported by the final system. Eq. (3)
reflects mathematically how to compute the signal e;[n]
emitted by transducer 1.

ei[n] = Ailn] * Si[n] + B;[n] * Sg[n]
N-M-m—1 |: k

— Z A;
k=0

N-M-m—1
k M
! k=0 b [M'm] 'S[(n_1> _k]’

where M is the number of samples per symbol S[n] pe-
riod (related to the sampling frequency fs used in the
receiver’s acquisition system); m is the number of peri-
ods per symbol; and N is the number of bits of Golay
sequence length. We assume that fg = 400 kHz, M = 8,
m = 2, and N = 32, but it is possible to modify these
values. The signals A;[n] and B;[n] constitute the Golay
complementary pair assigned to emitter 7. The first is as-
sociated to component I (in-phase), and the second, se-
quence B;[n], is related to component @) (quadrature). On
the other hand, the signals S;[n] and Sg[n] are the carrier
signals for components I and @, respectively, and are ob-
tained from the same symbol S[n| with its corresponding
phase. The symbol is chosen to focus the emission at the
maximum frequency response of the ultrasonic transducer
(50 kHz).

ﬂ} - S[n — k]

(3)
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Fig. 3. Example of two orthogonal Golay pairs, [A; B1] and [A2 Ba],
with a null cross-correlation.

In the reception stage, the demodulator performs a cor-
relation between the signal r;[n] received by transducer i
and the symbol S[n] used in emission. This allows compo-
nents I;[n] and Q;[n] to be obtained as shown in (4):

i) = Coslnl = 3 nilk+n]- ST
k=0

Qinl = Crsln = S m[k—kn]-S{k—%} (4)
k=0

Once the two modulation components have been ob-
tained, the search for the Golay sequences is carried out
using a second correlation, each one in its corresponding
component, I or ). This second correlation for the search
of the sequence A;[n| in component I is described mathe-
matically in (5). The expression is similar for the detection
of sequence B;[n] in component Q.

S1a;[n] = Craln] = Lin- (m- M)] - Ai[n]
RS )
k=0

Finally, results from both correlations are summed to-
gether and a peak detector is used to determine the precise
moment the echo arrives.

As described previously, processing is generalized in
each receptor for the detection of two different and or-
thogonal Golay sequence pairs (Fig. 4), in which the block
diagram for the emitter/receiver 1 (E/R1) can be seen. Its
emission is coded by the pair [A;, Bj], and it discriminates
echoes from itself or from the other emitter. The block di-
agram includes a general sequencer module that operates
the different tasks in the algorithm, managing the use of
common resources, and synchronizing the communication
of the intermediate results.

If the block diagram for only one receiver (not emitter)
is considered, modules related to the emitting process are
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Fig. 4. Simplified scheme of the processing system in the E/R1 trans-
ducer.
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Fig. 5. Simulated example of the proposed algorithms for a sequence
length of 32 bits.

not needed (QPSK modulation and emission modules in
Fig. 4).

Fig. 5 contains a simulated example which includes the
QPSK demodulation processing. As can be observed, the
coherent demodulation provides ideal results with no side-
lobes. Nevertheless, it is not possible to synchronize mod-
ulation in a sonar system, as distances to reflectors are not
known a priori.

Due to the use of a noncoherent demodulation, some
sidelobes appear close to the main one. This implies a re-
duction in the signal-to-noise ratio (SNR) supported by
the system, which must be taken into account. However,
a constant distance, depending on the length of the mod-
ulation symbol, separates the two main sidelobes, so they
can easily be discarded by a suitable configuration of the
peak detector module.

The use of a noncoherent demodulation implies the
degradation of the cross-correlation between orthogonal
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Fig. 6. Detection of two orthogonal 32-bit Golay complementary pairs
using a noncoherent QPSK demodulation.
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Fig. 7. Evaluation of the algorithm using only one Golay complemen-
tary sequence A;.

Golay pairs, which is not null anymore. Nevertheless, val-
ues from the cross-correlation are enough lower, so the
primary lobes originating from the echoes can be clearly
identified (Fig. 6).

As can be seen in Fig. 7, if only one Golay complemen-
tary sequence is used, the resulting peak is only equal to
N, as opposed to 2 - N. Furthermore, it is not even pos-
sible to obtain a total sidelobe cancellation for coherent
demodulation conditions. The use of a Golay complemen-
tary pair [A; B;] indicates a total sidelobe cancellation can
be achieved, as has been shown before (see Fig. 5).

On the other hand, using only one complementary se-
quence implies a loss in the orthogonal properties, as can
be observed in Fig. 8. Now, the main lobes are not so high,

1 1 1 1 1
0 500 1000 1500 2000 2500
Samples

Fig. 8. Detection of two 32-bit Golay sequences using a noncoherent
BPSK demodulation.

compared to the sidelobes from the cross-correlation, so
the system performance is worse.

It is possible to analyze the value of main lobes and
sidelobes, depending on the various possibilities: coher-
ent /noncoherent demodulation, Golay pair/sequence, and
sidelobes from the autocorrelation/cross-correlation func-
tion. Table I shows some interesting figures about the rela-
tionship between main lobes and sidelobes. It is important
to remark that the two sidelobes closer to the main lobe
have not been considered in Table I, since they can be
eliminated using a window-based peak detector (see Sec-
tion IV). For the noncoherent detection, the use of a Go-
lay pair with a QPSK modulation implies improvements in
cross-correlation sidelobes to main lobes ratios, compared
to the use of only one sequence —0.44 for a pair, instead of
0.30 for only one sequence. In this way, the use of the whole
Golay complementary pair, and its emission by means of
QPSK modulation, is the most suitable solution for the
proposed system.

A. Efficient Golay Correlator Algorithm

An optimized method for obtaining Golay sequence
pairs with a length of N = 2° is explained in [10], where s
is the number of bits of the sequence seed (w1, wa, ... ws).
It is possible to generate a Golay sequence pair and also to
design an efficient Golay correlator (EGC) using this par-
ticular seed. This correlator simplifies the detection pro-
cess of Golay complementary sequences A and B. Fig. 9
shows the EGC block diagram.

In Fig. 9, D, signifies a delay D, = 2F%; Ps is any
permutation of numbers {0, 1, s — 1}, represented as
{w1, wa, ... ws}; and Craln] and C,.p[n| are the correla-
tion results between the input signal 7[n] and the searched
sequences A and B.
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TABLE 1
COMPARISON BETWEEN MAIN LOBES AND SIDELOBES FROM AUTOCORRELATION AND CROSS-CORRELATION, CONSIDERING THE TYPE OF

DEMODULATION (ASSUMING INPUT SIGNAL BETWEEN —1 AND +1).

Sidelobes from Sidelobes from

Main lobe  autocorrelation  cross-correlation
Gol . Coherent 512 0 0
olay patr Noncoherent 512 126 154
Golay Coherent 256 56 72
sequence Noncoherent 256 72 112

Fig. 9. Efficient Golay correlator (EGC).

This new possibility presents several advantages com-
pared to traditional correlation algorithms and results in
reduced computations. First, in traditional correlation it
is necessary to perform N multiplications (N is the length
of the sequence), whereas, in the EGC, only logs N multi-
plications are computed. In this way, the classical method
requires N — 1 additions, and ECG has only 2 - log, V.
Second, the number of memory accesses in EGC is also
reduced from N to 2-log, N. This is an important feature,
because memory access is usually the bottleneck in digital
systems.

Insofar as multiplications are concerned, it is important
to note that, in the developed system, correlation is per-
formed between demodulation components and sequences
with values in the set {—1, +1}, so all computations are
reduced to only additions and subtractions.

IV. SYSTEM IMPLEMENTATION
A. Low-Level Processing

The algorithm has been implemented on a Xilinx Virtex
field-programmable gate array (FPGA) device [11]. The
general block diagram of this implementation can be seen
in Fig. 10. The system has two TI comm-port links [12]
0 it can communicate with an external controller module.
Comme-port 0 is used for data communication between the
acquisition system and the FPGA device. After analysis,
it returns TOF's obtained from the two existing emissions.
On the other hand, comm-port 1 operates as a command
interface, allowing the external controller to modify the
operation mode of the FPGA. Both ports are managed by
an internal controller finite state machine and two first-
in first-out memories for the purpose of transmission and
reception.

The global internal controller consists of two parts, one
of which executes and configures the global system, in ac-

cordance with the commands received from comm-port 1.
It also sends processed information (TOFs) to the external
controller. The other is a TOF measurement module based
on a counter, the value of which increases with each new
sample acquired. The arrival of an echo from either of the
two emissions allows the count value at that moment to be
stored, thus determining the TOF for the detected echo.
The block diagram of this module can be seen in Fig. 11.
Demodulation is mathematically described in (4). Only
component Q;[n] has been computed. Component I;[n] can
be obtained from the previous one by using a two-sample
delay. In this way, the demodulation process is reduced to
only one correlation. The modulation symbol used, shown
in (6), includes two periods of the carrier signal, with a
total of 16 samples (a 50-kHz modulation carrier with a
400-kHz acquisition frequency implying 8 samples per pe-
riod of the emitted signal —M = 8—). Considering this,
the implemented equation in differences (7) that describes
demodulation processing can be developed. It can be seen
that only the last 14 executed samples are needed. Fig. 12
shows the implementation stage, using shift registers.

SQ[”] = LSQ—(N—1)7 SQ—(N—Z)’ R SQ—l’ SQOJ
= [1, 1,0,0,-1,-1,0,0,1,1,0,0,

~1,-1,0,0]. (6)
-3 —7
Qi[n] = — Z [k +n] + Z rk + n]
k=2 k=—6
- _z: rlk +n] + _z: rlk + n]
k=-10 k=—14
Qin—1]=— _Z rlk+n] + _Z rlk +n)
k=—3 k=—T7
—12 ~16 ™
- Z rlk +n] + Z rlk + n]
k=-11 k=-15

Qi[n] = Qi[n — 1] — r[n] + r[n — 2] + r[n — 4]
—r[n—6] —r[n — 8]+ r[n—10]
+rn—12] — r[n — 14].

The sequence-searching block synthesizes the scheme of
the simplified algorithm proposed in [10], so that a basic
operation unit (OP) is defined (Fig. 13), which is used with
some shift registers in the global design stage.
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Fig. 10. General block diagram of the implemented architecture.
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Fig. 11. Block diagram of the TOF measurement module.

CLK

Fig. 12. Implementation of the demodulation stage.

Fig. 14 shows the general scheme of this stage. The
sequence detector implementation is described for trans-
ducer i of the sensor. The system consists of two identical

blocks that detect possible echoes of emissions from trans- N

ducers E/R1 and E/R4 on the demodulated signal Q;[n].

The described scheme is used for 32-bit Golay sequences. —>
Nevertheless, the system can be adapted to sequences of — —» .

different lengths by adding or removing OP unit stages,

and instantiating delay blocks according to the progres- + ‘

sion shown. { —> :\

Finally, the last stage consists of a peak detector mod- [ >
ule, the function of which is to analyze local maximums Ws e {+1,-1} f
over a determined threshold. Fig. 15 shows the general

r

v

module scheme. A peak is validated as an echo if its value
is greater than the threshold, and if it is the maximum
value in an analysis window Vj of 16 samples. This analysis
window eliminates the validation of the secondary modu- Sequencer 1- Adding
lation peaks as echoes. The threshold can be configured Ws 0- Substracting
to adapt the system to certain environmental conditions,

and to guarantee a correct detection of received echoes. Fig. 13. Basic operation unit OP implementation.

The threshold is updated every F, samples (F, = 256 in
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Fig. 14. Detection scheme of two Golay pairs in a transducer 1.
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v

Candidate peak

Fig. 15. Block diagram of the peak detector.

this case) in accordance with (8), so the Threshold value
depends on the SNR in the input signal r;[k].

U
Threshold[K] = max{ — - Ar;, U,
] {FE } (8)
K=1F,2-F,,...,

where:

e Threshold is the final value used in the peak detector.

e U; is the initial threshold (empirically determined at
45,000).

e 'E is determined by the maximum input range
(FE = 256).

o Ar; is the difference between the maximum and min-
imum value of the signal r;[n] in the analysis window
F,.

e U, is the minimum threshold to apply (also fixed em-
pirically at 10,000).

e and F, is the sample window analyzed to adapt the
threshold (F, = 256).

B. Pipeline Structure

In order to configure the synchronous execution of the
system, a pipeline structure has been chosen as the opti-
mum solution. The pipeline has the following four stages:

o Data search.
e Demodulation.

« Sequence detection.
« Peak detector.

Each stage takes an FPGA clock cycle for execution,
thus avoiding problems of structural or data dependencies
(Fig. 16).

To detect obstacles at distances of up to 5 m, 11,764
samples must be acquired at a frequency of 400 kHz. The
clock frequency of the Virtex FPGA is 50 MHz and the
pipeline structure provides a new sample every cycle, so
processing takes 235 us to analyze the signal in only one
transducer. If processing has to be repeated for the four ex-
isting transducers in the module, the final execution time
of algorithms is 940 us.

C. Sequence Length Modification

The system designed provides the possibility of mod-
ifying the sequence length in run-time, using an external
controller. This means the system can be adapted to fit the
environmental circumstances. Thus, two operation modes
can be defined:

o Near mode. Detected reflectors are nearer than 3 m, so
32-bit Golay complementary sequence pairs are used.

e Far mode. Detected reflectors are farther than 3 m
away. Due to the increase in distance, 128-bit Golay
sequences are used to improve reduced SNRs, typical
in long distances.

So, the external controller configures the FPGA to
adapt the operation mode, in accordance with the TOFs
measured in previous emissions. The FPGA configuration
is carried out using a TI comm-port link. First, a reset
process is made on the FPGA, and then the new global
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Fig. 17. Simulated detection of echoes from both emitters, E/R1 and
E/R4, with a SNR = —5 dB. The sequence length used is 32 bits.

bitstream configuration is downloaded. This stage can be
optimized by new partial configuration techniques on FP-
GAs, which allow downloading times to be reduced. Re-
sources not used in near mode, compared to far mode,
allow reflector classification and mapping algorithms to be
performed [7].

V. RESULTS

Simulations have been carried out in order to verify the
suitability of algorithms proposed in this work. Fig. 17
shows a simulated reception with echoes from two 32-bit
orthogonal emissions. It can be seen from the results how
echoes (peaks) from both emitters (E/R1 and E/R4) can
be easily identified without cross-talk interference, even
in noisy environments (SNR = —5 dB in the example).
The SNR supported by the system depends mainly on the
sequence length used. Tests performed with 32-bit long
sequences shows maximum SNR values of —12 dB.

The design has been implemented on an FPGA-based
platform [13]. It is a Virtex XCV1000E device on which
all the algorithms mentioned before have been developed.
The results obtained with 32-bit-long sequences show that
only 12% of the slices have been used, whereas this per-
centage increases to 32% when sequences are 128-bits long.
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Fig. 18

R2 ®
137cm | 2cm
15cm i R3 Reflector 1
T TERE

Fig. 19. Environment example with a reflector.

This implies that final designs can be optimized on lower-
cost FPGA devices. Fig. 18 shows the aspect of the sonar
system developed.

A real example of the system with a pole reflector is
shown in Fig. 19. Initially, simultaneous emissions take
place in emitters (E/R1 and E/R4), after which all the
receivers (E/R1, R2, R3, and E/R4) start to process the
received signal. The E/R1 and E/R4 results are shown in
Figs. 20 and 21, where the following TOFs can be deter-
mined simultaneously:

e t11 = 8.1125 ms (measured in E/R1 for emission from
E/R1).

o t14 = 8.1375 ms (measured in E/R]1 for emission from
E/R4).

o t41 = 8.1375 ms (measured in E/R4 for emission from
E/R1).

e t44 = 8.15 ms (measured in F/R4 for emission from
E/R4).

These TOFs have different values depending on the
geometry of the proposed environment. Although echoes
from both emissions overlap in the received signal, different
TOFs are measured for each of them, as orthogonal Go-
lay complementary pairs prevent cross-talk interference.
Similar processing is performed in transducers R2 and R3,
although it is not shown in the figures. It can be seen that
real echoes are different from those obtained in simulated
signals (see Fig. 5 and Fig. 17). This is due to channel and
transducer effects, which have not been taken into consid-
eration.

A statistical study has been carried out, placing an edge
reflector (with a diameter of ¢ = 3.5 cm) at a distance d
on the axial axis of a transducer i. Five hundred mea-
surements have been performed for each of the distances
d; it is possible to analyze them, calculating the average
value of the results obtained, as well as the standard de-
viation ;. These parameters are shown in Table II, using
Golay sequences with a length of N = 32 bits, whereas

Authorized licensed use limited to: Univ de Alcala. Downloaded on July 28, 2009 at 07:32 from IEEE Xplore. Restrictions apply.



1668

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 51, NO. 12, DECEMBER 2004

TABLE II
PERFORMANCE IN TOF DETERMINATION USING 32-BIT GOLAY COMPLEMENTARY SEQUENCES.

N = 32 bits d=60cm d=100cm d=200cm d=300cm

Average value (cm) 60.65 cm 100.10 cm 200.18 cm 300.53 cm

o; (mm) 0.0946 mm  0.1163 mm  0.6923 mm  1.0016 mm

Correct meas. (%) 100% 98% 97% 100%
TABLE IIT

PERFORMANCE IN TOF DETERMINATION USING 128-BIT GOLAY COMPLEMENTARY SEQUENCES.

N = 128 bits d=60cm d=100cm d=200cm d=300cm
Average value (cm) 60.05 cm 100.00 cm 200.25 cm 299.97 cm
o; (mm) 0.0432 mm  0.1036 mm  0.1079 mm  0.4670 mm
Correct meas. (%) 100% 99% 100% 98%
N = 128 bits d=400cm d=500cm D =600 cm
Average value (cm)  400.39 cm 500.18 cm 600.74 cm
o; (mm) 0.8540 mm  0.9563 mm  1.5120 mm
Correct meas. (%) 96% 97% 96%
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Fig. 20. Processed signal and results in transducer E/R1, carrying
out simultaneous emission in E/R1 and E/R4.
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Fig. 21. Processed signal and results in transducer E/R4, carrying
out simultaneous emission in E/R1 and E/R4.

in Table IIT the same data have been compiled for 128-bit
Golay sequences.

Carrying out a comparison with other systems, the stan-
dard deviations o; obtained here are lower than those from
most other works in the area [4]-[6], [14], [15]. Only more
recent works [16] have achieved values of o; even better
(around 0.2 mm at distances of 300 cm), although with
a considerable increase of the computational load as they
are based on reception pattern searches. This implies that
reflectors must be known a priori, or at least be similar to
the available patterns. On the other hand, the system de-
scribed here does not require any initial information about
reflectors. It is also important to mention that the pro-
posed system could be improved notably by increasing the
acquisition frequency fs, which would provide greater pre-
cision without a considerable increase of the computational
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requirements. It should also be noted that the reflector
used in these measurements is a cylinder of reduced di-
mensions with a specular surface; results would have been
better if planes, or another type of obstacle, had been
used.

Finally, as explained in Section IV about the peak de-
tector module, there is a parameter V, that determines the
width of the analysis window used in the search for these
maximum values. This parameter V} is equal to 2- M = 16
samples (depending on the length of the modulation sym-
bol), so that sidelobes from noncoherent demodulation will
not be considered as echoes. Therefore, the minimum dis-
tance to be discriminated between two independent reflec-
tors is 17 samples or, alternatively, 14.45 mm at a 400-kHz
acquisition frequency fs.

VI. CONCLUSIONS

The feasibility of multimode techniques in ultrasonic
sensorial systems using Golay complementary sequences
has been demonstrated. The proposed system allows simul-
taneous emissions in two transducers to be made, avoiding
cross-talk problems. It also permits simultaneous recep-
tion in all transducers, thus being able to discriminate the
emitter of the echo.

The system has been implemented on a Xilinx Virtex
FPGA device. The flexibility offered by this device allows
the Golay sequence length to be modified (32 or 128 bits)
so that it can be adapted to the distance of the reflector
in the environment. In this way, the system is optimized
for any situation in run-time. Furthermore, the TOF's ob-
tained can be used to implement high-level algorithms (re-
flector classification, mapping, etc.). Future work will also
focus on the reduction of the transducer and channel effect
on final results.
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