Depbsito de Investigacion
Universidad de Sevilla

Depdsito de Investigacion de la Universidad de Sevilla

https://idus.us.es/

This an Accepted Manuscript of an article published by IEEE in IEEE
Transactions on Instrumentation and Measurement, Vol. 69, on June 2020,
available at: https://doi.org/10.1109/TIM.2019.2939704

“© 2020 IEEE. Personal use of this material is permitted. Permission from IEEE
must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other Works”


https://idus.us.es/
https://doi.org/10.1109/TIM.2019.2939704

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

http://dx.doi.org/10.1109/TTM.2019.2939704

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Low-Power Ultrasonic Front-End for Cargo
Container Monitoring

J. M. Algueta-Miguel, J. R. Garcia-Oya, A. J. Lopez-Martin, Senior Member, IEEE, C. A. De La Cruz
Blas, Member, IEEE, F. Muiioz Chavero, Member, IEEE and E. Hidalgo-Fort

Abstract— A low-power ultrasonic communication front-end
conceived for cargo container monitoring is presented. Two
piezoelectric transducers operating at 40 kHz are fixed to the
metallic wall by means of a customized magnetic case, allowing a
non-invasive inside-outside communication preserving the
container integrity. Once the resulting ultrasonic channel is
characterized, an experimental measurement setup based on
FPGA is implemented for testing some basic modulation and
detection schemes in terms of Bit Error Rate (BER), also
considering their robustness against undesired mechanical and
electromagnetic perturbations. On this basis, a compact digital
DBPSK modulator using a square carrier signal is proposed.
Frequency and amplitude tracking algorithms are designed for
optimizing the quality and robustness of the data transmission.
Finally, a low-power low-rate (up to few kbps) architecture based
on the previous elements is presented. All the proposed
contributions are experimentally validated.

Index Terms — Data acquisition, cargo-container monitoring,

ultrasonics, ultrasonic front-end, through-metal communication,
BER measurement, piezoelectric transducers, charge amplifier.

I. INTRODUCTION

HE vertiginous growth of worldwide freight

transportation over the last two decades has motivated an

intensive research in smart monitoring of cargo
containers, aimed at improving efficiency, safety, security and
sustainability [1-4]. Commonly, the internal data of the
container are acquired by a sensor network [5] and, once
outside the container, this information is transmitted through a
wireless network for subsequent processing [6, 7]. In this
context, this work is focused on the inside-outside interface
that delivers the internal data to the external wireless node
through the container wall. Several non-invasive methods
have been employed for wireless through-metal
communication [8-10]. From an electromagnetic viewpoint,
inductive coupling [9, 11, 12] and near-field devices [13] have
been used for transmitting energy through metal walls, but
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their low efficiency makes them wunsuitable for data
transmission. In this scenario, ultrasonic acoustic waves are
considered the most efficient choice for data and/or power
transfer through metallic barriers.

Electromagnetic-acoustic transducers (EMATSs) [9, 14] and
piezoelectric transducers (PTs) [15-26] are the most popular
devices for this approach. The strength of EMATS lies in their
capability of non-contact operation. However, PTs are the
most popular choice due to their higher efficiency, in spite of
requiring an accurate coupling [16].

Typically, thick metal barriers have to be overcome and/or a
high-rate highly robust transmission is aimed, so multi-carrier
data multiplexing becomes a very common approach.
Orthogonal Frequency Division Multiplexing (OFDM) is by
far the most common choice [17-20], usually including
empirical equalization schemes based on feedback algorithms.
However, previous works addressing in depth low-power
through-wall ultrasonic communication in general [22] and
regarding cargo container monitoring in particular, are only
marginally covered in the literature [24, 25].

In this context, a versatile non-invasive ultrasonic front-end
for data transmission through the container wall is presented in
this work. It follows a low-cost, low-rate and low-power
approach, clearly improving the transmission power
requirements of any of the related proposals [22, 24, 25].

A reversible and non-invasive placement system of PTs is
presented in Section II. It is based on a magnetic case
specifically designed for this application, both safeguarding
the integrity of the container and facilitating the transducer
installation. The channel characterization using this transducer
fixation method is performed. Moreover, several modulation
schemes defined in Section III have been tested in terms of Bit
Error Rate (BER) in Section IV. A FGPA-based measurement
system [27] has been designed for this purpose. Also,
electrical and mechanical perturbations have been applied for
evaluating the robustness of the different modulations, which
has not been previously reported in the literature to the best of
the authors’ knowledge.

On this basis, a novel Differential Binary Phase Shift
Keying (DBPSK) modulator based on a digitally-generated
square carrier signal is proposed in Section V. In order to
optimize the quality and robustness of the data transmission,
frequency and tracking algorithms are presented in Section VI.
A pseudo-differential charge amplifier [28] providing
sensitivity ~ programmability is employed for signal
conditioning. A final architecture based on the previous
contributions is implemented under simplicity and low-power
criteria in Section VII, since a low data rate (of one or few
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kbps) clearly fulfills the requirements for container monitoring
[25]. Finally, a brief conclusion is drawn in Section VIII.

II. ULTRASONIC TRANSDUCER AND CHANNEL
CHARACTERIZATION

According to the International Standards Organization
(ISO), dimensions of shipping containers are 2.44 m (8 ft and
6 in) wide by 6.10 or 12.20 m (20 or 40 ft) long and 2.59 m (8
ft and 6 in) high. The walls are typically made of trapezoidal
corrugated steel sheets, with a thickness of 1.8 or 2 mm. The
exact size of the trapezoidal profile can vary according to the
type of container and the installation place (long or front side).
In order to model the container wall, a galvanized steel plate
of 50 cm x 50 cm and 2 mm thickness was chosen for the
laboratory tests. A layer of plastic paint was applied for a
closer approximation to the real scenario.

A. Ultrasonic Transducer Selection

Concerning the ultrasonic piezoelectric transducer, the
Prowave 400EP250 was chosen among several models due to
its good tradeoff between sensitivity and cost. This device has
a diameter of 25 mm and a nominal operation frequency of 40
kHz, which is clearly affordable for a low-rate
communication. Furthermore, multipath due to diffraction
effects on the transducer boundary can be minimized
operating in the so called far field region [12], in which the
resulting acoustic wave is approximately planar for wall
thicknesses larger than d%/44, where d is the PT diameter and A
is the wavelength of the acoustic signal. In this application, the
previous condition is fulfilled by the chosen transducer at
operation frequencies lower than 65 kHz.

B. Ultrasonic Transducer Installation

High-strength high-toughness adhesive is often used for
permanently fixing PTs to metal structures [16-18, 20, 22]
yielding good coupling properties and excellent physical
resistance. Nevertheless, permanent adhesives require a drying
time and both transducer and container can be damaged if they
have to be separated. Moreover, aging deteriorates the
adhesion performance. By contrast, a removable fixing is
more versatile, allowing a quick and easy installation and
preserving the integrity of both elements. However, the
establishment of a robust communication becomes a
challenging task in this latter case: the insufficient and
irregular transducer-wall pressure as well as the deficient
support due to the surface roughness, are typical harmful
effects associated to a reversible fixing approach. A system
based on magnetic enclosures was used in [25] for containing
the whole communication system (PT transmitter/receiver
modules) and protecting it from adverse environmental
conditions, but the coupling quality between the transducer
and the container wall was not a major concern.

In this context, the magnetic case design shown in Fig. 1 is
proposed for optimizing the through-wall signal transmission.
It consists of two plastic pieces fabricated with a 3-D printer.
The 400EP250 transducer is fitted in one of them, which in
turn includes 8 threaded and equally-spaced neodymium
magnets around to hold the case on the steel wall, also
producing a homogenous pressure on the PT. The second
piece is a cover which is fixed to the magnets by means of
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Fig. 1. Fabricated magnetic case adapted to ultrasonic transducer 400EP250
(a) Scheme (b) Upper side photograph (c) Bottom side photograph.
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ig. 2. Set-up for experimental characterization of ultrasonic channel.
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Fig. 3. Normalized frequency response of the ultrasonic channel:
(a) Transducers attached using the magnetic cases (b) Detail of the
frequency range of interest of (a) (c) Directly placing both transducers back
to back, only for comparison. (d) Detail of the freq. range of interest of (c).

screws, thus allowing them to graduate the prominence of the
transducer over the base of the case. Also, a high density foam
pad has been added between the transducer and the plastic
cover, since it has been experimentally confirmed that a
moderately elastic pad under compression enhances the
adaptability to the metallic wall. The compression level of the
foams can be adjusted by the clamping screws.
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C. Channel Characterization

The scheme of Fig. 2 has been used for the experimental
characterization of the ultrasonic channel. The classical charge
amplifier topology based on a high input impedance (FET
input) opamp and a feedback RC network has been selected to
perform the charge-voltage conversion at the output [29]. A
transresistance amplifier has been connected to the negative
terminal of the transmitter PT for sensing the current through
the input PT for characterization purposes. An electrical
impedance of 2 kQ (in magnitude) has been measured at the
PT operation frequency using this system. Moreover, the
metal wall has been kept grounded to avoid electrical coupling
and thus ensuring a purely mechanical transmission. Under
these conditions, the frequency response of the system of Fig.
2 has been measured using a network analyzer.

The obtained results are shown in Fig. 3, in which the
normalized channel response of Fig. 3(a) (a zoom of the zone
of interest is provided in Fig. 3(b)) is compared with the
frequency response of both transducers directly connected
back-to-back (Fig. 3(c), with zoom in Fig. 3(d)). Note that a
highly selective frequency response with numerous peaks and
valleys separated by a few hundred Hz is obtained. This is a
typical behavior in through-wall ultrasonic channels (e.g. [18,
22, 24]) due to the acoustic impedance mismatch in the
different interfaces that produces multiple reflections, leading
to complex highly reverberant channels. Also, interference due
to diffraction effects [9] can affect the characteristics of the
channel, as previously explained.

Consequently, the envelope shape and the optimal
transmission frequency of the spectra of Figs. 3(a) and 3(b)
can significantly vary for each transducer placement due to the
irregularities of the container wall. In order to statistically
characterize the frequency for maximum power transmission
(fuer), the placement of both transducers at different points of
the steel plate has been monitored for 100 realizations. The
obtained fypr varies from 38 kHz to 48 kHz, being between 41
kHz and 45 kHz for more than 75% of the cases.

Similarly, the effect of misalignment between transducers
was also investigated but well reproducible results could not
be obtained. Although a pattern of constructive and destructive
interferences could be roughly deduced by progressively
displacing one of the transducers in steps of 1 cm, strong
variations were obtained for each experiment realization.
Hence, one may conclude that the aforementioned variability
associated to the transducer attachment clearly dominates over
the effect of misalignments.

III. BASIC MODULATIONS AND DETECTION SCHEMES

As mentioned in Section I, this work is focused on low-rate
low-power communication (well suited to low-cost container
monitoring), so simple modulation schemes based on different
paradigms (amplitude, frequency and time position) with no
equalization and low computational cost are explored.
Specifically, the four basic modulations in Fig. 4, together
with the detection schemes of Fig. 5, were implemented.

In the well-known On-Off Keying (OOK) modulation of
Fig. 4(a) the sinusoidal carrier is multiplied by a unipolar NRZ
signal, so the power spectral density (PSD) of the complex
envelope can be expressed as
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Fig. 4. Waveform diagrams for the tested modulations (the ratio 7b/7c ratio
is not realistic, it has been scaled for the sake of clarity).
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Fig. 4. (a) OOK (b) OOK-Manchester (c) trimmed version of OOK-
Manchester (d) DBPSK
Poo(f) = “£[5(f) + T, (22nLTe)* M)
00K 2 b nfTh

where Ac is the carrier amplitude and 7} is the bit period [30].
The null-to-null BW of the resulting sinc shape is 2/Tp. The
corresponding detection scheme is shown in Fig. 5(a): the
optimal threshold value Vy is calculated by a calibration
routine during 16 bit periods, assuming equally likely ‘1’ and
‘0’. Then the absolute value of the received signal is integrated
during 7 and compared to Vy to get the received bit.

In order to improve robustness against channel variations,
the OOK-Manchester modulation of Fig. 4(b) was also tested.
This approach, which is equivalent to a band-pass 2-PPM
(Pulse Position Modulation), does not require a static
threshold value, as bit decision is locally made for each 7p.
However, two symbols per bit are needed, leading to a worst-
case null-to-null BW of 4/T,, which is twice the BW of the
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conventional OOK scheme (1). The detection strategy is again
based on integration of the received signal. In this case a
register is required to store the samples of the first 7,/2 to later
compare the energy of both half-periods as shown in Fig. 5(b).

A lower computational cost alternative for the detection of
the OOK-Manchester signal is shown in Fig. 5(c). In this case,
the absolute value of the received samples goes through an 8-
sample register, whose average value is sampled twice per bit:
in nTpy+M-T. and [(n+1/2)-Ty]+ M-T., where T. is the carrier
signal period and n and M are natural numbers. Both sampled
values are saved and compared at the end of the bit period to
get the transmitted bit. The duration of the transmission has
been set to M=10 cycles because it has been experimentally
checked that this is the minimum number of periods for
reaching a steady amplitude in reception. The trimmed version
of the OOK-Manchester signal illustrated in Fig. 4(c) is
employed in this case, in order to optimize the transmitted
power. Note that the signal power received between the
sampling time and the end of the corresponding semi-period
(torr in Fig.4(c)) would be wasted if the waveform of Fig. 4(b)
was employed instead. In summary, this scheme leads to a
tradeoff between robustness and simplicity, although a precise
clock synchronization becomes critical.

Finally, the Differential Binary Phase Shift Keying
(DBPSK) modulation shown in Fig. 4(d) has been
implemented. A 180° shift occurs when a ’1’ is transmitted,
while the signal remains unaltered in case of ‘0’. This
differential  configuration is preferred in  simple
communication systems since it allows a partially non-
coherent detection [30], yielding the classical topology based
on correlation shown in Fig. 5(d). The samples corresponding
to two consecutive bit periods are saved in a register and the
correlation between both periods is performed. A negative
value of this correlation, implies that a 180° phase shift has
occurred (‘1°). Otherwise, no phase shift has happened (‘0°).
Both the robustness and the computational cost of this
detection method are theoretically higher than for the other
detectors of Fig. 5. Concerning BW, the PSD of a BPSK
modulation [30], considering the worst case (a 180° phase shift
every bit period), is

; 2
Porsk () = AT, (Tor2) @

nfTp

which leads to a null-to-null BW of 2/T}, as for OOK.

IV. EXPERIMENTAL BER TESTING

An experimental comparison of the proposed modulations in
terms of BER is performed in this Section. A Xilinx Spartan
3AN board has been used to implement a FPGA-based
measurement setup [27] according to the scheme of Fig. 6.
The tests are performed on a total of 5000 packages of 1000
bits (5 Mb). Three kinds of measurements have been carried
out: BER under parasitic mechanical vibrations, BER under
parasitic electrical signals applied to the metal wall and BER
vs. bit rate. A Pasco SF-9324 vibrator (shaker) was used to
produce the mechanical perturbations. Likewise, the parasitic
electrical signals have been directly applied from a waveform
generator to the metallic plate. A photograph of the complete
experimental setup is shown in Fig. 7. The optimal carrier
frequency has been manually set and an input signal of only

kF‘seudo-random data package (1000 bit)\

@ TX signal

MODULATOR DAC
HEADER DETECTION
16 bit register
Received DEMODULATOR
Header bit +
matching? il DECODER
A BER
DATA CAPTURE CALCULATION
“I“III“ B - current package
gl - accumulated

Fig. 6. Block diagram of the software for BER testing.
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Fig. 7. Photograph of the measurement set-up for BER testing.

100 mV,, has been used for pushing the transducers close to
their limit of operation, thus facilitating the BER comparison.

A. BER Under Parasitic Vibrations

A bit rate of 1 kbps has been set to study the BER under the
effect of two kinds of mechanical perturbations. On the one
hand, a periodic sinusoidal sweeping between 1 Hz and 1 kHz
has been applied to cover the typical low frequency vibration
range in maritime and ground transport [31]. On the other
hand, rectangular pulses with a duration of 5 ms and separated
by 250 ms have been generated to study the behavior of the
system under higher frequency shocks and continuous rattling.

The first conclusion is that the OOK modulation of Fig. 4(a)
(with the detection scheme of Fig. 5(a)) is clearly unsuitable
for this application, because of its evident lack of robustness
against minimal channel variations that makes the package
reception infeasible. Therefore, BER measurements have been
limited to the three other systems, whose results are shown in
Table I and Table II. Note that the DBPSK modulation (Figs.
4(d) and 5(d)) is clearly the most robust option in both cases
followed by the OOK-Manchester with detection based on
integrators (Fig. 5(b)). Lastly, the simplified detection system
of Fig. 5(c) reveals the worst results.
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TABLE1
BER RESULTS WITH LOW-FREQUENCY (1HZz-1KHZ) MECHANICAL
VIBRATIONS APPLIED TO THE STEEL WALL

Vin BER (errors per 1000 bit)

vibrator oK Man. Type I OOK-Man. Type 2 DBPSK
(VP)  (Figs. 4(b) and 5(b)) (Figs. 4(c) and 5(c)) (Figs. 4(d) and 5(d))
4 0.124 0.766 01
5 1.192 3.404 01
6 >5 >5 0.015
7 No Data 2 No data 2 >5
TABLE Il

BER RESULTS WITH MECHANICAL PULSES WITH DURATION OF 5MS
APPLIED TO THE STEEL WALL

Vin BER (errors per 1000 bit)
vibrator

OOK-Man. Type I OOK-Man. Type 2 DBPSK
(VP)  (Figs. 4(b) and 5(b)) (Figs. 4(c) and 5(c)) (Figs. 4(d) and 5(d))

2 0.011 0.618 0!

3 1.291 3.354 0!

4 3.276 >5 0!

5 >5 No data 2 0.128

6 No data 2 No data 2 0.713

7 No data 2 No data 2 1.103

8 No data 2 No data 2 >5

TABLE III
BER RESULTS WITH HIGH-FREQUENCY (100 KHZ - 10 MHZ)
ELECTRICAL SIGNALS APPLIED TO THE STEEL WALL
Vin BER (errors per 1000 bit)
vibrator 50K Man. Type I OOK-Man. Type 2 DBPSK
(VP)  (Figs. 4(b) and 5(b)) (Figs. 4(c) and 5(c)) (Figs. 4(d) and 5(d))
0.4 0! 0.785 0!
0.5 0! 1.101 0!
0.6 0! >5 0!
0.9 0.163 No data 2 0!

1 1.357 No data 2 0!
1.1 >5 No data 2 0!
1.2 No data 2 No data 2 0.007
1.3 No data 2 No data 2 3.163
1.4 No data 2 No data 2 >5

! ‘BER=0’ strictly equals to BER < 2-1077 (test performed over 5 Mbit).
2 ‘No data’ fields indicate that a smooth transmission could not be reached.

B. BER Under Parasitic Electrical Signals

Two kinds of parasitic electrical chirp have been applied to
the metallic wall for this experiment: large-amplitude low-
frequency signals (amplitude of 20 V, and frequency sweep
between 0.1 Hz and 1 kHz) and high- frequency signals (chirp
between 100 kHz and 10 MHz with variable amplitude). The
purpose of the low frequency perturbations is to produce large
electrical fields, thus emulating parasitic effects such as
electrostatic charge and electrical drifts. On the other hand, the
higher frequency chirp aims to model the effect of possible
coupling from electrical sources present in the means of
transport. Moreover, parasitic signals of several MHz can also
be generated from surrounding radiation due to the antenna
effect of the whole cargo container (or stack of containers).
The bit rate has been set again to 1 kbps.

The measurement results concerning low-frequency
perturbations conclude that the system is highly robust against
slow voltage variations, even if large amplitudes are applied.
No bit errors have been obtained both for the DBPSK scheme
of Fig. 5(d) and for the OOK-Manchester detector based on
integration of Fig. 5(b), while a BER below 10 has been
measured for the system of Fig. 5(c). However, a more
harmful effect has been evidenced for high frequency
perturbations. As can be seen from Table III, the evolution of
the different systems is very similar to the scenario with
mechanical vibrations despite of the different nature of the
interference. Once again, the DBPSK scheme clearly yields
the best results, followed by the two OOK-Manchester
detectors. Note that the relative performance of the simple
system of Fig. 5(c) versus the configuration of Fig. 5(b) is
poorer than under mechanical parasitic signals.

C. BER versus Bit Rate

A study of the maximum bit rate for the three detection
schemes of Fig. 5(b), Fig. 5(c) and Fig. 5(d) has been
performed in absence of parasitic perturbations in order to
characterize the channel limits in an ideal environment. Under
these conditions, an error-free transmission of the 5 Mbit test
data has been carried out successfully at 3.5 kbps for the
DBPSK scheme, while bit errors appear for the OOK-
Manchester at bit rates higher than 2 kbps when the detector of
Fig. 5(b) is employed. The alternative of Fig. 5(c) works with
no errors for low bit rates of 1-1.5 kbps, but the
communication becomes precarious for higher bit rates,
collapsing at 2 kbps approximately.

V. PROPOSED LOW-POWER LOW-RATE DIGITAL DBPSK
MODULATOR

The previously tested DBPSK scheme (Figs. 4(d)-5(d)) has
demonstrated to be the most suitable modulation for the
proposed ultrasonic channel due to its good tradeoff between
robustness and computational cost.

On this basis, the digital DBPSK modulator shown in Fig. 8
is proposed in this Section. This idea exploits the highly
selective bandpass frequency response of the ultrasonic
channel (see Fig. 3(a)), which leads to a pseudo-sinusoidal
shape at reception when a square carrier is employed in
transmission. The filtering out of the high frequency
components by the channel implies an inherent energy loss,
but some important advantages are obtained in exchange:

( Digital Frequency ]

Control
4
clk N Tc?ﬂ/fclk
Junr
Serial TX data
[ICmm ——T Q
- T LVCMOS output
o -
Tk QP
Bit_rate_clk

Fig. 8. Proposed DBPSK digital modulator using a square signal from a
LVCMOS output port.
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1) The typical DAC block [16, 17] becomes unnecessary,
reducing cost and power consumption. Moreover, a simple
DBPSK modulator using a digital carrier can be
implemented by means of a T-type flip-flop and a NAND
gate, as illustrated in Fig. 8.

2) Despite the aforementioned amplitude constraints, the
carrier frequency resolution is multiplied by the number of
cycles required by the DAC for generating an analog
sample (64 cycles in the current on-board DAC). This
resolution enhancement may become essential in such a
reverberant channel with frequency peaks and valleys
separated by a few hundred Hz, as seen in Fig. 3(b).
Specifically, any frequency given by feoek / N can be
generated, where foocr is the frequency of the board clock
and N is a natural number.

3) Due to the low-voltage low-power operation, the
transmitter PT can be directly driven by the digital output
of the FPGA board, thus making unnecessary the use of
power amplifiers [22-25] or other driving devices [19,
26]. Typically, the LVCMOS ports of common digital
devices are able to source up currents of tens of mA,
which clearly fulfills the requirements of the transmitter
PT. Concerning the amplitude of the square carrier, a
number of voltage levels for the LVCMOS buffers have
been defined by the standards of the Joint Electron Device
Engineering Council (JEDEC), decreasing from 3.3 V to
less than 1 V.

VI. IMPROVED COMMUNICATION USING AMPLITUDE AND
FREQUENCY TRACKING

As studied in Section II, one of the challenges of through-
wall ultrasonic communication is to deal with the variable and
unpredictable channel characteristics. With the aim of
alleviating this problem, amplitude and frequency tracking
capabilities have been developed for the DBPSK scheme
defined in the previous Section.

A. Amplitude tracking using a digitally programmable
charge amplifier.

Although charge amplifiers are commonly used in charge-
mode sensor interfaces, most of works related to through-wall

Reduction of charge
amp. sensitivity

Sensitivity at minimum?

<
<

N Y
Fig. 11. Flow diagram of the proposed output amplitude tracking system
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Fig. 12. Validation of the output amplitude tracking system: differential
voltage at the output of the charge amplifier versus the input square wave
amplitude (rising sweeping from 0 to 2.7 V).

ultrasonic communication just make use of the own capacitive
nature of the PT to convert charge to voltage (shunt amplifier)
[9, 16, 18, 20-22, 24], performing subsequently a direct
voltage amplification or rectification. The main drawback of
this voltage mode scheme is its strong dependence on the
parasitic impedance of the sensor, which may present a large
spread due to fabrication tolerances and temperature.
Moreover, sensitivity cannot be modified without affecting
BW and noise. In contrast, when using a charge amplifier the
input charge is almost completely transferred to the feedback
capacitor, so the output voltage is directly proportional to the
charge and inversely proportional to the capacitance value.
Nonetheless, the use of charge amplifiers in the related
literature is limited to the basic topology employed in [25].

In this connection, the digitally-programmable charge
amplifier shown in Fig. 9(a) has been designed for both
providing signal conditioning and sensitivity tunability. It is
based on the Analog Devices AD823 FET-input opamp
mounted on a prototype board and supplied by the FPGA 3.3
V supply voltage. A pseudo-differential configuration using
two amplifiers has been employed [29]. This configuration
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doubles the sensitivity and enhances the rejection of common
mode parasitic signals, at the expense of also doubling power
consumption. The digitally-programmable RC network of Fig.
9(b) has been used for sensitivity tuning.

The sensitivity S of a charge amplifier is inversely
proportional to the feedback capacitance Crz (S=1/Crp),
yielding a high-pass response with a cutoff frequency
Jc=1/2rCrpRrp), where Rpp is the feedback resistance. The
capacitor Crhas been set to 10 pF, while Cy and C; have been
empirically chosen to divide the maximum sensitivity
(b=b;="0") by 2 (bs="1’and b;="0’), by 3 (by="0’and b;="1")
or by 4 (bs=b;="1"). Finally, Ry and R; have been properly set
to keep fc approximately constant at 15 kHz.

The charge amplifier programmability has been exploited to
design an amplitude tracking system in reception, in order to
maximize the output signal without exceeding the ADC input
range. The corresponding block diagram is shown in Fig. 10,
while the flow diagram of the algorithm is provided in Fig. 11.
It has been digitally implemented by using the Xilinx Spartan
3AN board ant the on-board ADC LTC1407A-1 also
employed in Section IV. The sensitivity is set to its maximum
by default (by=b;/="0") and the peak-to-peak value of the
received signal is digitally measured. If an overvoltage is
detected at the ADC input, the sensitivity is reduced. This
procedure is repeated until the signal is within the valid range
or the minimum sensitivity is reached.

This tuning technique has been experimentally validated by
manually increasing the voltage level at the input transducer in
steps of 50 mV up to 2.7 V, leading to the results shown in
Fig. 12. The differential output voltage is plotted versus the
input square signal. Note that the sensitivity switches down
each time the ADC maximum input range is reached, which
corresponds to 5 Vp, at the differential output.

B. Frequency tracking

As previously mentioned, the choice of the optimal
transmission frequency in a reverberant channel becomes a
challenging task. Chirp signals, widely employed in acoustic
imaging for decades [32], have been applied in through-wall
ultrasonic communication in [22] for ensuring at least a part of
the power to be transmitted at favorable frequencies, at the
expense of power efficiency. In contrast, a frequency and
amplitude tracking algorithm was used in [18] for establishing
the optimal frequency for power and high-rate data
transmission. In this reference, a frequency sweep is also
performed exploiting the accurate frequency tunability of the
digital carrier, but the low-power low-voltage approach of our
proposal implies additional constraints with respect to [18].
Firstly, the amplitude of the transmitted signal cannot be
adapted, as it comes directly from a digital LVCMOS output.
Secondly, the maximum amplitude at reception is also limited,
since amplitudes larger than 2.5 Vp, would exceed the ADC
range.

Assuming this, a system for optimal transmission frequency
tracking has been implemented. Its block diagram and flow
chart are shown in Fig. 13 and Fig. 14 respectively. A
frequency sweep is performed in steps of a predefined
duration (7% =100 ms by default). The absolute value of the
received signal is integrated (summed) and the maximum
power frequency f,, is returned to the transmitter. Note at this

4[Digital frequency control}

Square signal|_T*PT Rx FLT |

generator - == '
CImHw -

= |

CHARGE AMPLIFIER

Fig. 13. Block diagram of the proposed tracking system for optimal
transmission frequency.
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If Energy > Energy_max then
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END

Freq = Freq_max? Freq.

calibration
completed

Freq = Freq + Af

Fig. 14. Flow diagram of the proposed tracking system for optimal
transmission frequency.
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Fig. 15. Application example of the proposed frequency tracking algorithm.

Frequency response measured by a spectrum analyzer (black) and

normalized energy given by the frequency tracking algorithm at every tested

frequency (grey bars).

Magnitude ( normalized to 1)

37 38 39 40 41

point that a two-way communication would be required in
practice to return the f,, value to the transmitter, but it would
require a high level development of a two-way communication
with the corresponding development of communication
protocols and hardware duplication, which is out of the scope
of this work.

In order to prove the validity of the optimal frequency
tracking algorithm, a linear frequency sweep with steps of
approximately 100 Hz (and a integration time of 7. =100 ms
per step) has been performed between 37 kHz and 48 kHz,
using a 0.9 V input square signal. The integration results have
been saved for every tested frequency, leading to the graph of
Fig. 15. The normalized energy has been plotted in grey bars,
while the black solid line is the channel frequency response
given by a network analyzer for comparison. Note that an
optimal frequency of 39.8 kHz is obtained in both cases, and
both measurements follow similar tendencies only differing in
a scale factor.
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Fig. 16. Complete block diagram of the implemented through-metal communication system including the presented contributions.

VII. COMPLETE FRONT-END ARCHITECTURE

A complete front-end diagram including the contributions
presented in the previous Sections is shown in Fig. 16. The
whole digital circuitry and algorithms have been FPGA
implemented. The frequency tracking block controls the
carrier frequency of the digital DBPSK modulator, which
provides two selectable outputs: the carrier signal, for
calibration purposes, and the DBPSK signal for the subsequent
data transmission.

A 900 mV square carrier has been employed. This value has
been arbitrarily chosen for power efficiency reasons according
to the LVCMOS09 JEDEC standard. However, the voltage
levels of the digital ports could not be set below 2.5 V in the
employed board, so an extra level translator was employed to
convert the voltage level to 0.9 V. However, this adaptation
does not affect the subjacent idea, as typically LVCMOS
buffers can source up currents of tens of mA, clearly higher
than the current signal applied to the transmitter PT as

2F Input signal‘1r80° transition . Charge arpbliﬁer output |

0 0.1 0.2 0.3 0.4
Time (ms)

Differential output voltage
V

Fig. 17. Transmitted square wave between 0 V and 900 mV and received
differential voltage at the output of the charge amplifier.

(mA)

Input transducer current

0 5 10 15 20
Time (us)

Input transducer voltage

Fig. 18. Transient voltage and current at the input transducer (the square
carrier Vin is captured before the decoupling capacitor). Current has been
measured using the setup of Fig. 2.

mentioned in Section V.

Although data rates of 3.5 kbps with a BER < 2:10”7 were
achieved in Section IV for the DBPSK scheme of Fig. 5(d),
the bit rate of this final system has been set to 1 kbps, both
providing enough capacity for container monitoring and extra
robustness against environmental hostility.

A. Experimental validation of the front-end

In order to illustrate the operation of the entire system of
Fig. 16, a single calibration has been performed once the
transmitter and receiver PTs have been placed on the test steel
plate. Note that the periodicity with which the calibration
process should be performed in a real scenario depends on the
transducer fixation quality and the environmental hostility
against the PT coupling, so it must be evaluated in each
particular case.

Concerning this test, the sensitivity of the charge amplifier
has been set to its minimum, and the frequency tracking
routine has been executed leading to an optimal frequency of
44.3 kHz. Then, the maximum sensitivity has been set (b=
bp="0"), which has been subsequently reduced to one half of
the maximum value (b;=’0" and by="1") by the amplitude
tracking algorithm.

The differential voltage at the charge amplifier outputs is
shown in Fig. 17 for illustrative purposes, emphasizing the
behavior around a 180° phase shifting.

Finally, a capture of the voltage and current waveforms at
the input transducer is shown in Fig. 18. Although an input
impedance (in magnitude) of 2 kQ was estimated for the input
PT at 40 kHz in Section II, the use of a square carrier involves
significant higher frequency components driving a lower
impedance due to the capacitive nature of the transducer (note
the peak currents associated to voltage edges in Fig. 18). For
this reason, the average dynamic power has been calculated
applying the integration function of the oscilloscope to the
product of both curves of Fig. 18 over one period of the square
carrier, leading to a transmitted power of 382 pW.

A report of the experimental results is provided in Table IV
together with a summary of related low-rate through-wall
ultrasonic communication works. Simple modulation schemes
are the preferred option in most cases, as they allow fulfilling
low-rate requirements. However, note that a low-power
approach in transmission is only feasible for thin walls of few
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TABLE IV
SUMMARY OF PUBLISHED LOW-RATE FRONT-ENDS FOR THROUGH-WALL ULTRASONIC COMMUNICATION

R Tmsdueer il Trnsducer M D(i%)ce gt TS on | O e
This work Piezo. Yes 506 Steel 2 09v'-038mW DBPSK =40 kHz 1-3.5 kbps
[25] Hidalgo-Fort 2017  Piezo. Yes 506 Steel 10 33V DBPSK 40 kHz 5 kbps
[22] Chakraborty 2015  Piezo. No 225 Steel 4500 2 5 mW Chirp-OOK 1 MHz 100 bps
[18] Ashdown 2013 Piezo. No 506 Steel 57.15 >30V AM 1 MHz 30 kbps
[24] Hosman 2011 Piezo. Yes 3 487 Steel N/A 4 9.6 Vpp MFSK 260-330 kHz 360 bps
[9] Graham 2011 EMAT Yes N/A Steel 254 (1) 123 W QPSK 1 MHz 1 Mbps
[23] Kluge 2008 Piezo. No 50 Aluminium 7 30V AM 3 MHz 1-1.5 kbps
[26] Murphy 2006 Piezo. Yes 3 254 Steel 115 20 Vpp DBPSK 1 MHz 5 kbps
[21] Saulnier 2006 Piezo. No 506 Steel 152.4 (6”") 10V AM 1 MHz 0.435 kbps

! Square carrier signal
2 Transversal transmission along a pipeline

millimeters, as the power required for transmission strongly
increases for thicknesses of the order of centimeters.

B. Power consumption considerations

The low-power approach presented in this work is focused
on the power required by the transmitter transducer
(commonly used as a figure of efficiency as can be seen in
Table 1V) and the simple digital modulation, calibration and
detection schemes proposed in the previous Sections. The
digital circuitry and software of the system of Fig. 16 have
been implemented using the Xilinx Spartan 3AN FPGA board
for the sake of versatility, since a complex setup for the BER
measurements of Section IV were programmed apart from the
final communication system. In fact, other options such as
low-power microcontrollers would be a more suitable option
for a final whole system implementation in terms of power
consumption, given the low computational power
requirements.

Despite the above, it is worth it to make some considerations
about the power efficiency of the digital part of the system of
Fig. 16. Although a precise estimation of the power
consumption for FPGA digital circuits is a challenging task
[33], the main component of the power consumption is
associated to the dynamic power. For a logic gate or
connection line, it can be expressed as

G3)

where o is the average number of transitions between logic
levels in one clock cycle, C; is the load capacitance of the
gate, Vpp is the supply voltage and feiocr is the clock frequency
[33]. Note from (3) that the key factor for reducing the power
consumption (apart from minimizing the number of logic
gates) is to reduce the clock speed requirements as much as
possible.

Focusing on the DBPSK modulator of Fig. 8, this novel
scheme only requires 5 logic gates to implement the modulator
core (a T flip-flop and a NAND gate). Regarding clock speed,
an feocr as low as the modulation frequency (~40kHz) is
needed, leading to an insignificant power consumption. In
contrast, the typical modulator using a DAC would include a
relatively complex digital interface for generating the DAC
input bits, and a higher clock rate for generating the analog
samples would be required. Concerning the square carrier

— 2
denamic =- CL : VDD : fclock

3 Transducers fixed by strapping
4 Communication between corner posts of abutted cargo containers

generation, the tuning resolution of the carrier frequency f: is
directly proportional to the board clock frequency feiock, as
explained in Section V. Specifically, f.=fuock /N, where N is a
natural number, leading to a tradeoff between frequency
resolution and power efficiency. Nevertheless, the carrier
signal is generated by a simple digital counter, so the resulting
power consumption is minimal.

In relation to the receiver digital blocks, the primary interest
lies in the sampling rate of the ADC, which strongly affects
the power consumption of the DBPSK detector. The precision
of the correlation function implemented in Fig. 5(d) increases
with the number of samples per period at the expense of a
significant increment of the computational cost, mainly due to
the multiplication of pairs of digital samples. Thus, it arises a
tradeoff between detection robustness and power
consumption, which should be weighted in function of the
environmental conditions in a real scenario.

VIII. CONCLUSION

A low-power low-rate and low-cost through-wall ultrasonic
communication front-end conceived for cargo-container
monitoring has been presented in this work. A non-invasive
placement method for the piezoelectric transducers based on a
customized magnetic case has been employed. Several basic
modulation schemes have been tested in terms of BER using a
FPGA-based measurement setup. External perturbations have
been applied for emulating a real environment. Based on the
tests results, a DBPSK modulation using a detector scheme
based on correlation has been proved to be the most suitable
choice for this application. A compact and efficient digital
DBPSK modulator using a square digital carrier has been
proposed. A tracking system has been designed to optimize
both the transmission frequency and the charge amplifier
sensitivity in reception. Bit rates of several kbps can be
achieved with a transmitted power lower than 0.4 mW. This
low-power approach becomes specially desirable for the
transducers placed inside the container, which are typically
supplied by means of batteries or energy harvesting sources.
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