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A B S T R A C T

Air-coupled ultrasonic (ACU) testing has proven to be a valuable method for increasing the speed in non-
destructive ultrasonic testing and the investigation of sensitive specimens. A major obstacle to implementing
ACU methods is the significant signal power loss at the air–specimen and transducer–air interfaces. The
loss between transducer and air can be eliminated by using recently developed fluidic transducers. These
transducers use pressurized air and a natural flow instability to generate high sound power signals. Due to
this self-excited flow instability, the individual pulses are dissimilar in length, amplitude, and phase. These
amplitude and angle modulated pulses offer the great opportunity to further increase the signal-to-noise ratio
with pulse compression methods.

In practice, multi-input multi-output (MIMO) setups reduce the time required to scan the specimen surface,
but demand high pulse discriminability. By applying envelope removal techniques to the individual pulses, the
pulse discriminability is increased allowing only the remaining phase information to be targeted for analysis.
Finally, semi-synthetic experiments are presented to verify the applicability of the envelope removal method
and highlight the suitability of the fluidic transducer for MIMO setups.
1. Introduction

Ultrasonic measurements are an essential tool in many fields of
science, ranging from medical diagnostics [1] and autonomous vehicle
positioning [2] to non-destructive testing (NDT) of materials. In NDT,
ultrasonic testing (UT) is a common measurement technique used to ob-
tain information about material parameters, structural information, or
to detect flaws [3]. A large number of UT methods have been developed
to this end, involving the measurement of ultrasonic properties such as
amplitude [4–7], spectral information [8–11], attenuation [12–15] or
time-of-flight (TOF) [13,16–18].

In TOF measurements, the time delay of a pulse passing through
a specimen is used to obtain quantitative information about material
properties such as thickness of the specimen or propagation velocity.
While a number of techniques [19–21] have been developed for plate-
like structures to simultaneously measure both thickness and velocity,
in many cases prior knowledge about one is necessary to deduce the
other from the measured TOF. Several factors affect the signal-to-
noise ratio (SNR) of TOF measurements. Besides the absorption in the
material, scattering and dispersion characteristics [22], the transducer
coupling and the signal shape influence the SNR. Coupling directly
affects the transmitted sound intensity, as a significant portion of the
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intensity generated by the transducer is reflected at the specimen
surface. To minimize these losses, coupling agents are applied at the
transducer–specimen interface. This preparation is time consuming
and can damage the specimen. Immersing of the entire setup in a
coupling agent, such as water [23], is used to speed up measure-
ments since transducers can then be moved freely to any accessible
surface of the specimen. However, this requires that the specimen be
placed in a water tank and be robust enough not to be affected by
the coupling agent. Such conditions do not exist when testing large
civil structures [18], vehicles [24], or artworks [25]. Regarding time
efficiency and feasibility of immersion, actuating directly into air,
i.e. using air as a couplant, can be considered the optimal choice [26].
Conventional state-of-the-art air-coupled ultrasound (ACU) systems are
based on capacitive and piezoelectric transducers [26]. However, the
sound intensity transmission losses due to impedance mismatches at
both the transducer–air and the air–specimen interfaces are enormous.
For example, the two-way sound pressure insertion loss of a concrete
specimen amounts to −75 dB [27]. The two-way transducer insertion
loss, being −17.5 dB for a current experimental transducer [28] or −22.4
for a commercial one [29], is added to that.
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A considerable variety of ultrasound generation approaches have
been proposed to improve or replace capacitive and piezoelectric trans-
ducers. These include improved matching layers [30–32], alternative
transducer materials [33–35], and the use of lasers [36,37], X-rays [38–
40], microwaves [41,42] as well as thermo-acoustic [43–45] or plasma-
acoustic transducers [46,47] for ultrasound generation. Recently, the
fluidic transducer was presented [48,49], which is a completely new
actuation method for ultrasound. The fluidic transducer, based on the
operating principle of a fluidic switch [50,51], generates an acoustic
signal in the low-frequency ultrasound range by rapidly switching
pressurized air from one pressure outlet to another. Generating an
ultrasonic signal using an air flow eliminates the impedance mismatch
between the transducer and the air, offering the potential to achieve
high pressure amplitudes.

A related approach of using continuous flow noise for non-contact
materials testing was presented by McBride and Hutchison [52]. The
signal generated with a fluidic transducer differs in that distinct pulses
with dominant frequency components are generated instead of station-
ary flow noise. Another example of using gas jets in ACU was given by
Choi et al. [53]. They showed that an acoustic signal can be focused
if it propagates inside a jet that has a lower acoustic velocity than
the surrounding air. Applied to the fluidic transducer, this approach
is promising to focus every second pulse generated [48].

The fluidic transducer was originally designed for applications in
NDT of civil structures. In this field, high sound pressures are required
since a high penetration depth is needed for concrete inspection. Fur-
thermore, transducers must be robust against dust, mechanical impacts
and temperature variations, as the measurements are conducted in-situ.
All these requirements are fulfilled by the fluidic transducer [48]. More-
over, the device is robust against electromagnetic fields and radiation,
making it a suitable candidate for ultrasonic applications in further
harsh environments.

The measurement speed, which is the most important parameter for
efficient measurements when using ACU in NDT in civil engineering,
can be further increased by using multi-input multi-output (MIMO)
setups. For this, the signal waveforms need to be quasi-orthogonal so
as not to interfere at the receiver and they should have a high SNR.
However, the SNR of the fluidic transducer signal is in the range of
10 dB, which is comparatively low when the transducer is used in MIMO
mode. Pulse compression (PuC) is a technique that provides both SNR
enhancement and MIMO capabilities.

In first ultrasonic applications of PuC [54–56] in the 1970s, a
random noise signal was used as the coded signal so that correlation
of the input and output signals yielded a peak corresponding to the
time delay. In the early 1980s, it was found that phase modulating
a signal with pseudorandom binary codes, such as Golay codes or
M-sequences [57–59], resulted in more predictable and reduced side-
lobes of the correlation output, with the pulses being repeatable and
quasi-orthogonal. Due to their advantages, binary phase modulation
schemes have been successfully applied and further developed [60–
63]. Other widely used modulation schemes in ultrasonic NDT are
frequency modulated pulses, especially chirped pulses. Linearly increas-
ing or decreasing frequency modulation functions are often used [64],
both in contact [65,66] and air-coupled applications [23,67]. Although
offering an easy envelope and bandwidth control as well as a sharp
correlation peak [64], only two quasi-orthogonal signals can be created,
limiting the applicability of linear chirps in MIMO setups [68]. Given
the widespread availability of chirp generation hardware, Callegari
et al. [68] recently proposed a random frequency modulation method
requiring only minor changes in hardware configuration compared to
a chirp setup. This method essentially refers back to the origins of
pulse compression in ultrasonic testing by correlating a time-limited
noise signal. Additionally, the generated noise-modulated pulses are
quasi-orthogonal, enabling MIMO operation.

The research presented here aims to interpret the signal gener-
2

ated by a fluidic transducer as a randomly amplitude and frequency p
modulated signal and to exploit its intrinsic features for MIMO ap-
plications. In Section 2, the measurement setup is presented and the
signal characteristics of the fluidic transducer are analyzed. Section 3,
the fundamentals of signal modulation are briefly reviewed and the
fluidic transducer signal is discussed in this framework. Based on
this discussion, a signal processing approach is proposed that exploits
the inherent random modulation properties of the fluidic transducer
signal to increase the transducer’s MIMO capabilities. In Section 4,
the performance of the transducer in a realistic measurement setup is
discussed, and a semi-synthetic experiment is performed to assess the
MIMO capabilities of the transducer.

2. Setup, transducer and signal

2.1. Setup

A fluidic transducer is used for the experiments, which has the same
internal geometry as the one used to quantify the acoustic field [48].
The transducer was developed by FDX Fluid Dynamix GmbH (Germany)
and manufactured at the Federal Institute for Materials Research and
Testing (BAM). To increase the signal amplitude, an exponential horn
with a length of 86.6 mm and an exponent 𝜖 = 36.6 [69] is mounted to
its primary outlet (O1 in Fig. 2). The horn was additively manufactured
using fused deposition modeling. The design goal of the horn was to
improve impedance matching to increase the transducers directivity.
The presented design has a cut-off frequency of 2 kHz. Furthermore,

silencer (AMTE brass silencer by Festo, Germany) is mounted at
he secondary outlet (O2 in Fig. 2) to reduce flow noise when the
ransducer is in the off state. The control ports are operated using
ast-switching solenoid valves (MHJ10 by Festo, Germany). The valves
ere triggered at a repetition rate of 5 Hz. A calibrated microphone

and an accelerometer were used for the recordings. The frequency
response of the preamplified 1∕4′′ microphone (MK301 and MV302
by Microtech Gefell GmbH, Germany) with a sensitivity of 5 mV/Pa
is nearly linear up to 70 kHz and is calibrated up to 100 kHz. The
uniaxial accelerometer (352M66 by PCB Piezotronics, USA) is operated
with a signal conditioner (480B21 by PCB Piezotronics, USA) with a
gain factor of 100 and has a frequency range of up to 60 kHz with a
ensitivity of 11.5 mV/g. For both valve control and data acquisition, a
ultifunction I/O device (USB-6361 by National Instruments, USA) is
sed. In each setup, 100 pulses were recorded. The data were sampled
t a rate of 500 kS/s.

The experimental investigation is carried out using two setups.
etup 1 (Fig. 1) is used to obtain the pulse characteristics of the fluidic
ransducer, as discussed in Section 2.3. The microphone is placed
irectly in the center of the horn mouth to capture the fluidic trans-
ucer signal without defocus effects and with minimal noise. Setup 2
Fig. 1) is used to evaluate the MIMO capability of the fluidic transducer
n a more realistic setup, discussed in Section 4. The transducer is
irected at a 0.5 mm aluminum sheet. To set up a semi-contact sensor
rrangement [70], an accelerometer is placed on the sheet’s backside
o receive the signal. The reference signal for correlation is acquired by
he microphone, which is located off the acoustic axis to minimize the
nterference with the ultrasonic field. The microphone and aluminum
heet are placed at distances of 70 mm and 255 mm from the horn
outh.

In both setups, the acquired signals are bandpass filtered with
requency bounds of (20, 100) kHz to capture all ultrasonic components
hat can be reliably measured with the microphone, as has been done

reviously [48].
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Fig. 1. Setup 1 with microphone directly in front of the horn (a) and setup 2 with microphone off the acoustic axis and accelerometer mounted on an aluminum plate (b).
Fig. 2. Internal geometry of the fluidic transducer used in this study. S — supply port,
C1 — control port 1 (switching on), C2 — control port 2 (switching off ), O1 — outlet
1 (active during on state), O1 — outlet 2 (active during off state).

2.2. Fluidic transducer

The fluidic transducer (Fig. 2) generates an acoustic signal by
causing rapid mass flow variations of pressurized air. Its geometry
comprises a main air supply inlet, two control ports and two outlets.
The supply air inlet operates with constant pressurized air, which leaves
the device through one of the outlets. When an air mass flow is applied
to one of the control ports, the main flow flips to the opposite outlet.
The flow continues to exit through that outlet even when the control
pressure is turned off. The fluidic transducer operates at two stable
states, namely on and off, as well as in the switching of these two states.
The acoustic signal is generated by these switching processes, in which
the mass flow 𝑚̇ strongly fluctuates when leaving the respective outlet.
Subsequently, this causes pressure fluctuations 𝑝(𝑡, 𝑟) at a radial distance
𝑟 as

𝑝(𝑡, 𝑟) = 1
4𝜋𝑟

𝑑𝑚̇(𝑡 − 𝑟
𝑐 )

𝑑𝑡
(1)

where c is the propagation velocity [71].

2.3. Signal

Fig. 3(a) shows a representative pulse in the time domain. The
signal is similar to the previously published signal [48] because the
internal geometry of the transducer has changed only slightly and the
horn design dampens only frequencies <2 kHz. While the transducer
is stably in off state, the recorded sound pressure consists of low-
amplitude noise induced by the flow exiting through outlet 2. When
the flow is switched to on state, an US peak is measured. The following
higher amplitude noise is caused by the flow exiting through outlet 1
while the on state is stable. After switching off again, the flow returns
to its initial state. Time frames are defined for the on and off states
as well as for the switching process (Fig. 3(a)) The spectra in these
time frames, averaged over all 100 switching processes recorded, are
3

shown in Fig. 3(b). The generated pulse, covered by the switching
time frame, contains dominant frequencies of around 30.4, 43.1, and
57.4 kHz. These three frequency peaks are distinct compared to the
spectra of the on and off states. This frequency range allows detection
of defects and material parameters at the scale of centimeters in typical
construction materials like concrete or wood [72–74], for which the
fluidic ultrasonic transducer has been developed.

Despite their average characteristic frequency peaks, the individual
pulses generated by the fluidic transducer differ in onset, duration,
and frequency content [48]. Thus, averaging to increase SNR is not
feasible in TOF applications. Additionally, the high amplitude flow
noise generated in the stable states limits the SNR of the pulse. The
extraction of pulse features for TOF estimation, such as the onset or first
maximum [12], is a challenging task under these high noise conditions.
However, using a correlation approach alleviates the difficulties posed
by the aforementioned behavior. Both onset jitter and duration can
be compensated by defining a time window 𝛥𝑡 in which the pulse
is located. It also eliminates the need to pick out pulse features that
may be hidden in the flow noise. The correlation approach is widely
used in PuC methods and provides a framework useful for a deeper
understanding of the fluidic transducer pulses and further utilization
of its characteristic for MIMO applications. Accordingly, the random
behavior of the pulses is interpreted as a non-deterministic amplitude
and angle modulation of the transducer signal, using the framework
provided by earlier studies on random modulation [54–56,68]. Demod-
ulation techniques enable the extraction of unique pulse characteristics
induced by the randomness of the modulation. The quasi-orthogonal
pulses resulting from this signal processing then allow the use of fluidic
transducers in MIMO applications.

3. Signal processing

Given the challenges posed by the previously discussed signal shape,
further signal processing is required to improve TOF results in MIMO
applications. After a brief revision of signal modulation principles and
analytical signals, an envelope extraction method is presented that aims
to reduce the mutual and self-interference of the signal.

3.1. Signal modulation

Commonly, an amplitude and angle modulated signal 𝑠(𝑡) is de-
scribed as

𝑠(𝑡) = 𝐴(𝑡) cos(𝜔0𝑡 + 𝜙0 + 𝜙(𝑡)) = 𝐴(𝑡)𝑔(𝑡), (2)

where 𝐴(𝑡) is the amplitude modulation (or signal envelope), 𝜔0 the
carrier frequency, 𝜙0 the carrier phase shift, and 𝜙(𝑡) is the instanta-
neous phase inducing angle modulation [75]. In audiology, the term
𝑔(𝑡) containing the angle information is called temporal fine structure
(TFS) [76]. Hereafter it will be termed unit envelope signal (UES) as
it is the remainder when the envelope information 𝐴(𝑡) of the signal is
removed. In frequency modulations, such as chirp methods, the angle
modulation is given by the time derivative of instantaneous phase 𝜙̇(𝜏),
so that 𝜙(𝑡) = ∫ 𝑡 𝜙̇(𝜏)𝑑𝜏. Thus, angle modulation includes both phase
0
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Fig. 3. (a) Microphone time signal of one individual pulse in the time domain and (b) in the frequency domain, averaged over 100 pulses, in setup 1. The colored areas represent
equal length time frames in the on and off states as well as during switching.
and frequency modulation, as one affects the other. In chirp modula-
tions, the signal contains only one frequency component at any instant.
For signals composed of multiple frequency components, the meaning
of instantaneous frequency and phase is not trivial, as presented by
Boashash [77]. One interpretation is that the instantaneous frequency
represents the weighted average of all frequencies 𝑓𝑖 that exist at a
given time [78], so that
1
2𝜋

𝛷(𝑡)
𝑑𝑡

= ⟨𝑓𝑖⟩𝑡. (3)

This applies to both negative and positive frequencies, as the energy of
a real signal is equally distributed in positive and negative frequencies.
To find the TOF using a correlation approach, the received signal 𝑠𝑟(𝑡)
is cross-correlated with the transmitted reference signal 𝑠𝑡(𝑡), so that

𝑅𝑡𝑟 = 𝑠𝑟(𝑡 + 𝜏) ∗ 𝑠𝑡(−𝑡) (4)

with

𝑠𝑟(𝑡) = 𝑠𝑡(𝑡) ∗ ℎ(𝑡) + 𝑛(𝑡), (5)

where ∗ denotes the convolution operator and 𝑅 is the cross-correlation
output. The filter function ℎ(𝑡) contains any filtering along the signal
path (e.g. by the specimen under test or varying frequency responses
of transmitter and receiver) and 𝑛(𝑡) is the channel noise. Neglecting
exterior influences and noise, Eq. (4) reduces to an autocorrelation
𝑅𝑡𝑡 = 𝑅𝑡𝑟.

The Wiener–Khintchine theorem states that 𝑅𝑡𝑡 is the inverse Fourier
transform of the power density spectrum of 𝑠𝑡 [23]. Thus, the signal
spectrum is shaped in PuC to enhance the correlation result further
by reducing the sidelobe level of the autocorrelation function [23].
If the instantaneous phase or frequency a priori is known, such as in
chirp applications, spectrum shaping can be accomplished by applying
amplitude modulation to the signal. However, if this modulation is
non-deterministic, the envelope of 𝑠𝑡 depends fully on the transducer’s
impulse response to an a priori unknown excitation. The envelope can
then have an adverse effect on the correlation output and diminish the
quasi-orthogonality of angle-modulated signals needed to differentiate
between various pulses in MIMO setups (Section 1). Even if the corre-
lation output of the unit envelope signal components 𝑔𝑟(𝑡) and 𝑔𝑡(𝑡) is
small, the correlation of the envelopes side may significantly enhance
the correlation output of the signals in Eq. (4). Inserting Eq. (2) in
Eq. (4), with an envelope function 𝐴(𝑡) that changes much slower than
the respective 𝑔(𝑡), results in [79]:

𝑅𝑡𝑟 = 𝑠𝑟 ∗ 𝑠𝑡 = (𝐴𝑟𝑔𝑟) ∗ (𝐴𝑡𝑔𝑡) = 𝐴𝑟𝐴𝑡(𝑔𝑟 ∗ 𝑔𝑡), (6)

where the time arguments 𝑡 and 𝜏 of the signal components are omitted
for brevity. Thus, the product of 𝐴 𝐴 can mask a correlation output by
4

𝑡 𝑟
creating secondary peaks where the phase-modulated signal is largely
uncorrelated.

Fig. 4 shows an artificial example of envelope masking. A ran-
dom bandpass signal 𝑔𝑟 with an equally distributed spectrum in the
[40, 60] kHz interval is amplitude-modulated with a 25 Hz sinusoidal
signal (Fig. 4(a)). When a partition of the unmodulated signal 𝑔𝑟(𝛥𝑡)
is correlated with the whole signal 𝑔𝑟, a clear autocorrelation peak is
found at a time shift of 0 ms (Fig. 4(b)). However, when the modulated
signal is autocorrelated in the same way, the correlation peaks at time
shifts with large envelope amplitude. Assuming that the TOF of a signal
is indicated by the correlation maximum, the amplitude modulation
would lead to a wrong TOF result.

Removing the envelope 𝐴(𝑡) from a signal, i.e. scaling it to unity,
may thus enhance the discrimination of two pulses, which can be
especially useful in random modulation applications. On the other
hand, it may increase the overall noise floor, because the correlation
output of low-amplitude noise is increased relative to high-amplitude
pulse regions. Nevertheless, the pulses’ unique spectral content and the
relations between its components, i.e. the pulse’s spectral signature, re-
mains intact when removing the envelope information. The only linear
operator that leaves the instantaneous phase and frequency unchanged
when the signal power is scaled, e.g. by removing 𝐴(𝑡), is the Hilbert
transform [80].

3.2. Hilbert transform

Following Ktonas and Papp [81], let 𝑠(𝑡) be in the form of Eq. (2).
Since there is an infinite number of pairs of (𝐴(𝑡), 𝜙(𝑡)) satisfying this de-
composition, the concept of analytic signals is introduced. The analytic
signal 𝑧(𝑡) associated with a real signal 𝑠(𝑡) contains only its positive
frequency components and is therefore a complex signal of the form

𝑧(𝑡) = 𝐴(𝑡) exp(𝑖𝜙(𝑡)). (7)

Thus, a unique pair of 𝐴(𝑡) = |𝑧(𝑡)| and 𝜙(𝑡) = arg(𝑧(𝑡)) is obtained, while
the original signal can be fully recovered as 𝑠(𝑡) = Re(𝑧(𝑡)). The Hilbert
transform 𝐻 is defined as

𝐻(𝑠(𝑡)) = 1
𝜋 ∫

+∞

−∞

𝑠(𝜏)
𝑡 − 𝜏

d𝑡. (8)

The Hilbert transform is the quadrature component of 𝑠(𝑡) and therefore
eliminates all negative spectral components of 𝑠(𝑡) while doubling
the positive ones. To construct an analytic function 𝑧(𝑡), the Hilbert
transform 𝐻(𝑠(𝑡)) can be used [81], so that

𝑧(𝑡) = 𝑠(𝑡) − 𝑖𝐻(𝑠(𝑡)). (9)
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Fig. 4. Artificial example of envelope masking using a random high frequency bandpass signal and a low frequency envelope (a) and the autocorrelation output of the modulated
and unmodulated signals (b).
Fig. 5. The same signal as in Fig. 3 (top) with its decomposition in envelope
𝐴(𝑡)(middle) and UES 𝑔(𝑡) (bottom).

This relation can then be used to remove the envelope information in
Eq. (2) via Eq. (7), so that

𝑔(𝑡) = cos(arg(𝑧(𝑡))). (10)

Fig. 5 shows the decomposition of the switching region of measured
signal shown in Fig. 3(a) that is acquired by applying the Hilbert
transform. While the signal envelope 𝐴(𝑡) exhibits high amplitudes in
the peak region and lower amplitude in the on and off states, 𝑔(𝑡) is
confined to the amplitude interval [−1, 1] since it is defined as a cos
function. Nevertheless, the angle variations manifest in the signal in
𝑔(𝑡) and an abrupt change in angle characteristic can even be observed
visually around the peak region at 𝑡 = 173.6 ms.

However, Eq. (9) holds only if the frequency bands of the enve-
lope and phase functions are completely separated, as required by
Bedrosian’s product theorem [77]. If this condition is not met, a unique
analytic signal 𝑧̂ may still be found as

𝑧̂(𝑡) = 𝑠(𝑡) − 𝑖𝐻(𝑠(𝑡)) = 𝐴̂(𝑡) exp(𝜙̂(𝑡)). (11)

But 𝐴̂(𝑡) and 𝜙̂(𝑡) must not be considered independent, as it would
be the case for band-separated 𝐴(𝑡) and 𝜙(𝑡). Instantaneous phase and
envelope will overlap and be phase-distorted, and therefore lose their
physical interpretability [77]. Since most measurement signals violate
Bedosian’s theorem, the concept of asymptotic analytic signals was
introduced [82,83]: If the power of the overlapping frequencies become
arbitrarily small, then 𝑧̂(𝑡) → 𝑧(𝑡). This happens when the center
frequency of a tight-band UES 𝑔(𝑡) is sufficiently far away from the band
of lowpass signal envelope 𝐴(𝑡) such that, ideally, 𝜙̂(𝑡) → ∞ [84]. In
5

practice, however, Hilbert envelope extraction is used even when this
condition is not met [83,85]. This results in mutual information being
contained in 𝐴̂(𝑡) and 𝜙̂(𝑡) [86,87].

Thus, carrying out a Hilbert demodulation of a measurement signal
to remove envelope masking can be considered a tradeoff between
distortion and possibly improved MIMO capabilities. Hence, Hilbert
demodulation is applied to all recorded fluidic transducer pulses. The
spectral properties of the resulting signal envelope 𝐴̂(𝑡) and the UES 𝑔̂(𝑡)
are evaluated to assess the applicability of Bedrosian’s product theorem.

Fig. 6 shows the average power spectral density (PSD) of 𝑠(𝑡), 𝐴̂(𝑡)
and 𝑔̂(𝑡) in the switching region shown in Fig. 3(a), scaled by the
integral signal power. The signal has been lowpass filtered with a lower
bound of 20 kHz before applying the envelope removal. The spectra of
both 𝐴̂(𝑡) and 𝑔̂(𝑡) extend over the whole frequency range, thus violating
Bedrosian’s product theorem. Additionally, the plot shows the relative
cumulative power of 𝐴̂(𝑡) and 𝑔̂(𝑡), with the sum starting at 𝑓 = 0 Hz for
the envelope and at the Nyquist frequency 250 kHz for the UES. If the
bands were completely separated, the cumulative powers would have
to touch in their separation interval, since their full cumulative power
would be reached at the band limits. As a result, 𝐴(𝑡) and 𝑔(𝑡) would
not be distorted. In the present case of overlapping bands, there is an
intersection at a frequency of 𝑓𝑐 = 27.4 kHz at a spectral power of 84%,
meaning that this portion of the spectral powers at 𝑓𝑐 is band separated.
Comparing the PSDs of the original signal and the UES, both signals
still show similar frequency peaks, while deviating slightly in amplitude
over the whole frequency range. With a significant amount of power
being band-separated and the frequency peaks of the spectra coincide,
it is concluded that the pulse characteristics are preserved qualitatively
when the signal envelope information is removed.

3.3. Mutual and self-interference

When correlation is applied for TOF estimation in MIMO setups,
both mutual and self-interference of the pulses need to be considered.
Mutual interference describes how similar the generated pulses are. If
they are very similar, like the pulses produced by a capacitive trans-
ducer with no modulation, their cross-correlation is high and successive
pulses are indistinguishable from each other. If the pulses have an
ideally orthogonal basis, a nonzero correlation results only if the sent
and received pulses are the same, i.e., the signal is autocorrelated. If the
cross-correlation is very small compared to the autocorrelation of the
pulse, successive pulses have little mutual interference and are consid-
ered quasi-orthogonal. Self-interference describes how clearly the TOF
can be identified when the received pulse is correlated with the corre-
sponding reference pulse. Small sidelobes indicate low self-interference
as a high peak-to-sidelobe ratio reduces ambiguity concerning the
correlation peak. The effects of Hilbert envelope extraction method on
the mutual and self-interference of the fluidic transducer pulses are thus
investigated.
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Fig. 6. Relative power spectral density and cumulative power averaged over all
recorded pulses.

Fig. 7. Interference of one switching region, the third of the pulse train, with the first
50 switching cycles of the fluidic transducer in setup 1. The plots show the correlation
of the original signal (top), the unit envelope signal (middle) and signal envelope
(bottom).

Fig. 7 shows the correlation outputs of the original signal 𝑠(𝑡),
the signal envelope 𝐴̂(𝑡), and the UES 𝑔̂(𝑡) when the switching region
of a single pulse (which is the 3 ms region highlighted in Fig. 3(a)
and shown in Fig. 5) is correlated with a pulse train containing 50
pulses. The original and envelope correlations show several correlation
peaks at the time of switching. The multiple peaks in the original
signal correlation output also indicate mutual information between
the successive pulses. This is mainly contained in the signal envelope.
While the UES correlation has only a noise floor everywhere except
at the signal location, the envelope correlation has multiple peaks at
all pulse locations. The envelope correlation even exhibits a maximum
at the arrival time of a later pulse, highlighting the effect of envelope
masking on mutual interference as given in Eq. (6).

To obtain more information on the mutual interference statistics of
the signal components, all 100 recorded pulse switching time frames
were individually correlated with the whole signal, as shown in Fig. 7.
A histogram of the maximum mutual correlation amplitudes relative
to their respective auto-correlations is shown in Fig. 8. The lower the
relative correlation maxima, the higher is the orthogonality of the
individual pulses. The original signal has a mean mutual interference of
−8.9 dB with a standard deviation of 2 dB. The UES has a significantly
lower mean of −11.9 dB with a standard deviation of only 0.6 dB. The
envelope signal has the poorest performance with a mean of −1.6 dB
and a standard deviation of 1.3 dB. Misidentification of a pulse or its
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Fig. 8. Histogram of the maximum dB modulus of all mutual interferences calculated
as shown in Fig. 7.

echoes in a MIMO setup is thus more likely if the original signal or its
envelope is used for correlation rather than its UES.

The averaged correlation output of the peak region signal with the
data of the whole switching cycle (Fig. 9(a)) highlights both adverse
and beneficial effects of envelope masking on the self-interference in
the original signal. While the switch is turned off, the signal received
by the microphone has low amplitude, thus the average correlation
modulus gives low values around −40 dB. It peaks at the pulse arrival
time, as the correlation reduces to the autocorrelation close to 𝑡 = 𝜏.
While the transducer is in on state, the correlation modulus takes values
< − 30 dB since the average amplitude of the signal is higher than in
the off state. When this amplitude information is removed by envelope
extraction, the state of the fluidic transducer does not influence the
correlation output, giving an average noise floor of around −30 dB. This
output is higher than in the case of correlating the original signal, thus
the inherent envelope masking improves the SNR at large time delays.
Near the autocorrelation peak (Fig. 9(b)), envelope removal increases
SNR, reducing sidelobe amplitude by 1.6 dB. The correlation sidelobe
locations vary slightly between the original and demodulated signal due
to the slight change in frequency content shown in Fig. 6.

4. Results and discussion of multisensor setup

The previous results have shown that interpreting the fluidic trans-
ducer signal as an amplitude and angle modulated signal and re-
moving its envelope yields advantages, concerning both mutual and
self-interference. To assess the effectivity of this approach in a more
realistic setup, the same procedure was applied to the results obtained
using measurement setup 2, which includes a thin aluminum plate as
the specimen and an accelerometer as the receiving sensor. By using
different sensors the performance of the envelope removal method is
investigated, when sensor frequency responses and sensitivities differ.
No measurable TOF change is induced by the aluminum sheet due to
its thickness. A semi-synthetic experiment was then designed using the
measured data to induce a variable artificial time lag and investigate
the performance of the fluidic transducer in MIMO arrangements.

4.1. Pulse characteristics

Although the pulse is clearly distinguishable from the stable states
of the fluidic switch, the SNR of the accelerometer signal is lower than
that of the microphone signal (Fig. 10(a)). This is attributed to various
factors that additionally influence the accelerometer signal: flexural
waves and lamb waves of the aluminum plate as well as the lower
sensitivity compared to the microphone. This behavior also becomes
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Fig. 9. Self-interference in setup 1 (a) through the part of the switching cycle and (b) zoom to the correlation peak area.
Fig. 10. (a) Microphone and accelerometer time signals of one individual pulse in time domain and (b) accelerometer signal in the frequency domain, averaged over 100 pulses,
in setup 2. The colored areas represent equal length time frames in on and off states as well as during switching.
apparent when comparing the frequency domains of the accelerometer
(Fig. 10(b)) and the microphone signal (Fig. 3(b)). While the frequency
peaks are even more distinct in the switching region, their amplitude
difference from the on and off states is reduced in the time signal.
Furthermore, the main part of the additional noise is measured to occur
at frequencies <40 kHz.

While the near sidelobes of the correlation result do not differ
significantly between the original signals and the envelope-extracted
signals, the far sidelobes are successfully attenuated by the reduced
masking of the self-correlation result, as can be seen in Fig. 11(a). The
overall peak-to-sidelobe ratio is significantly reduced compared to the
pure microphone signal in Fig. 9(b). This is a result of the microphone
signal being a sub-optimally matched filter to the accelerometer signal.
The mutual interferences of all pulses are shown in Fig. 11(b). The
results for the signal envelope are omitted as they were shown to
give poor correlation results in Section 3.3. The average correlation
modulus was reduced to −6.5 dB and −7.5 dB for the original signals
and the UES, respectively. Their standard deviations are 2.3 dB and
0.9 dB, respectively. Thus, the mutual interference of the two signals
in a realistic setup has been increased, while the difference in mean
mutual interference has been decreased, i.e., the benefit of envelope
removal has been reduced. This is attributed to receiver channel noise
and varying sensor cut-off frequencies, which reduce the contribution
of the spectral signature to the correlation output. Nonetheless, even
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when using sensors with different frequency responses the source pulse
could be distinguished more clearly from other pulses by using the UES
than by using the original signal for correlation.

4.2. Semi-synthetic experiment

In a MIMO setup, every receiver records a signal 𝑠𝑟(𝑡), which is a
sum of multiple transmitter signals 𝑠𝑟,𝑗 (𝑡). The signals contained in 𝑠𝑟
did not necessarily arrive at the same point in time as different material
properties in their propagation paths, sensor locations, or jitter in the
pulsing may resulted in different TOFs. These same parameters may
also result in attenuation of 𝑠𝑟,𝑖. For the experiment 𝑛 = (2, 4), the
signals recorded in setup 2 were scaled and time-shifted to generate
these synthetic mixed signals so that

𝑠𝑟(𝑡, 𝛼, 𝜏) = 𝑠𝑟,0(𝑡) + 𝛼
𝑛
∑

𝑗=1
𝑠𝑟,𝑗 (𝑡 + 𝑗𝜏), (12)

where 𝛼 is a scaling factor modeling attenuation, and 𝜏 is the time
shift of the added signals. Fig. 12 shows the construction of a signal
according to Eq. (12). In Fig. 12, two signals are added, where the
second is scaled by 𝛼 = 0.4. The resulting combined signal shows a
large resemblance to the unattenuated signal component. In Fig. 12(b),
three signals are added, which are time-shifted from their preceding
signal by 𝜏 = 0.2 ms. The combined signal shows that time shift makes
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Fig. 11. Self and mutual interference in setup 2. (a) Averaged self-interference zoomed to the correlation peak area. (b) Histogram of the maximum dB modulus of all mutual
interferences.
Fig. 12. Examples of the construction of semi-synthetic MIMO signals. (a) Two signals with different scaling factors 𝛼 (top) and the corresponding combined signal (bottom). (b)
Three signals with time shift 𝑗𝜏 (top) and the corresponding combined signal (bottom).
it more difficult to visually identify the first pulse in the combined
signal. To find the TOF of the first arriving pulse, the combined
signal is correlated with the microphone reference signal of the first
pulse so that 𝑅̃𝑠𝑡 = 𝑠𝑟(𝑡) ∗ 𝑠𝑡,0. To validate that the TOF was found
correctly, the correlation maximum of 𝑅̃𝑠𝑡 was compared with the
maximum of the respective unmodified signal pair 𝑅𝑠𝑡,0 = 𝑠𝑟,0 ∗ 𝑠𝑡,0. To
exclude dependence of consecutive pulses, 1000 combinations of 𝑠𝑟,𝑗
were pseudo-randomly sampled. To assess the applicability of fluidic
transducer signals in MIMO setups, the true-false ratio of the correlation
maxima as well as the mean TOF error associated with the erroneous
maxima were compared.

Figs. 13 and 14 show the results of the synthetic MIMO experiments.
The TOF estimation error is highly dependent on the time shift between
the combined signals. For both the original and the envelope-extracted
signals, the number of incorrectly estimated signals was highest at small
time shifts. When 𝑠 (𝑡) contains two signals, the true-false ratio reaches
8

𝑟

a minimum of 0.65 for the unmodified signal and 0.83 for the UES
(Fig. 13(a)). For 𝑠𝑟(𝑡) containing four signals, these fractions decreased
to 0.4 and 0.55, respectively (Fig. 14(a)). The fractions increased with
the delay of the successive signals and reached a plateau at time
shifts larger than 1–1.5 ms with values above 0.9, which approximately
represents the duration of the pulse, shown in Fig. 3. At these large
time shifts, the pulse signals superimposed with largely lower ampli-
tudes and different frequency contents, so that there was little mutual
interference. For all time shifts, the true-false ratio decreased further
when the successive pulses were attenuated, reducing their influence in
terms of both spectral signature and amplitude. The TOF error of the
misidentified pulses showed a similar trend. In general, the absolute
errors were higher in the small-shift region, where there was larger
mutual interference between the pulses. For two successive pulses
(Fig. 13(b)), the mean TOF error was below 12 μs for the unmodified
signal and below 6 μs for the UES for all time shifts investigated, except
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Fig. 13. (a) Accuracy for the semi-synthetic experiment using 2 subsequent pulses and (b) mean error of inaccurately identified TOFs.
Fig. 14. (a) Accuracy for the semi-synthetic experiment using 4 subsequent pulses and (b) mean error of inaccurately identified TOFs.
for one outlier. The cause of the spike of the unattenuated original
signal at a shift of 1.44 ms is unclear. As the signal is attenuated, the
mean error reduced. Furthermore, the advantage of correlating the UES
decreased for 𝛼 = 0.8 and reversed for 𝛼 = 0.4 at low level. When
a received train of four pulses was synthesized (Fig. 14(b)), the TOF
error of the unmodified signal increased with time shift up to 400 μs
as the following pulses gave higher correlation results than the first,
until a sharp drop at high shifts. When UES was used for correlation,
the TOF error increased even further by an order of magnitude before
dropping to single digits. Even considering the higher true-false ratio,
envelope extraction results in a less accurate TOF estimate in the four-
pulse MIMO setup. Thus the choice of the number of transmitters and
receivers in a MIMO setup is highly dependent on the noise situation
in the application and the required accuracy. If the received pulses
are expected to have similar amplitudes and arrival times, only a few
number of transducers should be used. In case multiple receivers are
placed at a sufficient distance so that the pulse amplitude and TOF
differ largely, more transmitters may be used. In all cases, removing
the envelope causes an increased true-false ratio for small TOF shifts,
compared to the original signal.

5. Conclusions

In this study, the mutual and self-interference characteristics of the
novel fluidic transducer and its suitability for MIMO applications were
9

investigated. To this end, the fluidic transducer signal was interpreted
as a random amplitude and angle-modulated signal.

Using only the acoustic signal in air, the signal envelope has a signif-
icant influence on the mutual interference of the pulses. Removing the
amplitude information using Hilbert envelope extraction leaves only
the pulses’ spectral signature with a unit envelope. The remaining angle
modulated pulses are quasi-orthogonal. The mean mutual correlation
maximum was reduced by 3 dB and its standard deviation by 1.4 dB,
indicating a significant increase in the discriminability between pulses.
Furthermore, the self-interference close to the correlation maximum
was slightly reduced. However, removing the envelope information
resulted in a noise floor increase from −40 dB to −30 dB outside the
peak range of the fluidic transducer signal.

This behavior was confirmed in a second setup. The signal was
transmitted through a thin aluminum sheet, the reference pulse was
measured with a microphone whereas, while the received signal was
recorded with an accelerometer. Significantly less mutual interference
was found. However, the advantages of envelope removal were less-
ened when noise was present in the received signal. Using the same
measurement data, semi-synthetic experiments were realized to simu-
late receiving multiple pulses by the accelerometer in a MIMO setup.
For pulses arriving in close succession, the unit envelope signals consis-
tently had a higher detection rate of the correct correlation maximum.
The results also showed the sensitivity of the UES correlation to channel
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noise, resulting in larger average TOF estimation errors as the number
of received pulses was increased. Thus, depending on the application,
the fluidic transducer is suitable for MIMO applications when the SNR
is high, the number of transmitter–receiver pairs is low, or they are far
enough apart to reduce interference amplitude.

The advanced signal processing presented here increases the signal-
to-noise ratio by an additional 3 dB. Furthermore, the fluidic devices
are very robust, require only pressurized air, are maintenance-free
and thus highly applicable even in harsh environments. These new
transducers in combination with the optimized TOF computation make
it a very promising method for air-coupled ultrasound in NDT. Future
research will investigate the applicability of the fluidic transducer and
the here presented demodulation method to various NDT tasks.
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