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It is proposed to replace the single pulse excitation with spread spectrum signal of programmable spectral shape
in non-contact resonant ultrasound spectroscopy (NC-RUS). Bandwidth can be improved by pushing the signal
energy towards high loss frequencies. It has been demonstrated that not just signal spectrum but also noise
spectral density are irregular, therefore not only signal spectrum but SNR has to be equalized. The benefit of SNR-
equalized signals in RUS is the improved SNR over broader bandwidth which results in better inverse solution
convergence. Arbitrary position, and width pulses (APWP) sequences performed best. It was demonstrated that
unipolar APWP signals can be used to obtain the acceptable performance of spectral shaping. Use of unipolar
excitation allows for simpler electronics. While —20 dB bandwidth in case of pulse excitation was 480 kHz,
APWP excitation produced 670 kHz bandwidth. The proposed was compared against pulse, linear frequency
modulation (LFM) and nonlinear frequency modulation (NLFM) signals in NC-RUS measurements of plant leaf
and polycarbonate plate. In leaf measurements, bias error in density estimation was 2 % with APWP signals while
LFM resulted in 45 % and pulse in 60 % error. The polycarbonate sample velocity estimation error for poly-
carbonate sample using APWP signal was 0.2 %, while LFM was 10 times higher (2 %); density estimation error
for APWP was 3 %, but LFM resulted in 36 %, NLFM error was 22 %, pulse excitation resulted in 12 % error.

1. Introduction

Ultrasonic techniques are widely used for the determination of ma-
terial properties, providing a valuable insight into structural properties
of material. Equipment is low cost, small size, uses no ionizing radiation.
Sample properties can be determined using the structure resonances in
resonant ultrasound spectroscopy [1-5]. However, the predominant
approach still involves the contact-based [6] or immersion [7] tech-
niques. An air-coupled ultrasound is preferred in cases where physical
contact or liquid coupling are not suitable because the wetting may alter
the material properties. The examples of such case are paper [8], card-
board [9], composite prepreg [10], drugs [11], oxidizable materials [12]
or plant leaves [13]. Non-contact resonant ultrasound spectroscopy
(NC-RUS) is a technique for the simultaneous velocity and thickness
(also ultrasound attenuation and density) estimation of a thin plate
sample [14-16] by fitting a thickness resonance model [17]. It was
successfully demonstrated for membranes, films [8,18], facemasks [19],
solid plates [16], plant leaf [13] measurement. Nonetheless, the
air-coupled ultrasound has challenges of its own: large signal losses due
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to acoustic impedance mismatch [21], and attenuation in the air [22,
23]. The solution for impedance mismatch is to use a several quarter
wavelength matching layers [24-26]. Development of air-coupled
transducer technologies [27,28] allowed for significant bandwidth and
sensitivity improvement, but the lack of materials for the last matching
layer is limiting the attainable bandwidth [21] and signal to noise ratio
(SNR). The center frequency of the air-coupled transducers must be kept
low due to attenuation in the air. Since the transduction bandwidth of
the ultrasonic transducer is a fraction of its center frequency, the
available bandwidth is not sufficiently broad. Additionally, quarter
wavelength matching produces nonuniform transmission spectrum.
Commonly, NC-RUS is carried out using a single pulse or spike signal
[16,29,30] because it can be generated using simple circuit, its response
is easy to gate and interpret. However, pulse signals are highly ineffi-
cient, because narrow pulse must be used for broadband excitation,
which results in low signal energy and therefore, lower SNR is obtained.
Moreover, energy of the pulse or spike is concentrated at low frequencies
(which do not pass the transducer) so less energy is left at high fre-
quencies. SNR can be improved by averaging a large amount of signal
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waveforms [16,29,30], but such an approach is unacceptable if condi-
tions are varying.

Measurements from several transducers with different center fre-
quency are usually combined in NC-RUS to solve the bandwidth issue [8,
12,16,18,19,29,30], but single transducer can be used if sufficient SNR
is achieved by use of spread spectrum signals. Spread spectrum (SS)
signals [31], especially rectangular ones [32], are more energy-efficient,
exploit the power source capabilities in full extent. Yet, the standard
ones, in particular chirp (linear frequency modulation, LFM) and phase
shift keying sequences (PSK) do not have spectral shape control ability
therefore cannot effectively compensate for the spectral losses. It was
already demonstrated that standard LFM signal spectral shape can be
altered by using amplitude modulation (AM) [33]. Yet, such excitation
does not exploit the full power source capabilities and requires
digital-to-analog (DAC) converter, linear amplifiers, which are complex
and not energy-efficient and demand more complex electronics. The
solution is programmable spectral shape signals, like nonlinear fre-
quency modulation (NLFM) [32,33] or arbitrary pulse width and posi-
tion (APWP) [35] signals. It was demonstrated in Refs. [36,37] that
excitation spectral shape can be altered in order to compensate for the
transduction losses and increase the available signal bandwidth at the
reception’s end. However, there are two remaining problems. Bipolar
rectangular pulse sequences were used for excitation in Refs. [36,37].
Bipolar excitation is more efficient in spectral content management, but
it requires more complex electronics than unipolar excitation. Unipolar
excitation would be preferred, aiming at equipment size, weight, and
cost. Secondly, a common assumption is that the noise spectrum is flat i.
e., white, but this is not the case for piezoceramic transducers. The piezo
element of the transducers is working in thickness resonance; therefore,
response is similar to that of the resonant tank [38]. Application of
backing and matching layers introduces new resonances. Therefore, the
impedance of the ultrasonic transducer varies with the frequency [39]
and the output noise of the reception amplifier is not white [40]. The
novelty of the approach proposed here is to use the unipolar excitation
and alter the transmitted spectrum in such a way that uniform SNR is
ensured over wider bandwidth. Moreover, previous publications [36,
37] used compensation for contact or immersion transducers, which
already possess wide bandwidth, but losses compensation was never
tried for air-coupled NC-RUS. Moreover, previous publications used the
bipolar excitation which provides more flexibility in spectral shape
programming. Use of the unipolar excitation simplifies the excitation
electronics, but the control over the signal spectra is more complicated.

This paper proposes the following contribution to NC-RUS:

i) single pulse excitation is replaced by spread spectrum signal
APWP of programmable spectral shape;

ii) SNR is improved, there is no need for averaging, which results in
more stable results;

iii) spectral shape optimization, differently from Refs. [36,37], in-
volves not just signal losses but also noise spectrum, smooth SNR
is obtained over whole bandwidth;

iv) unipolar APWP sequences are used so simpler excitation elec-
tronics can be used.

2. NC-RUS for plate in air

The through-transmission NC-RUS uses two measurements: free
propagation (Fig. 1 bottom) and with sample inserted (Fig. 1 top). The
distance between transmitting and receiving transducers should be the
same in all measurements.

Two 650 kHz center frequency air-coupled transducers (designed
and manufactured by CSIC, Spain) were used to demonstrate the NC-
RUS operation. The transmission AC response T(w) (refer Fig. 2 for
the example spectrum of the grape (Vitis vinifera) leaf) is obtained by
taking the ratio between sample and calibration signals in frequency
domain [17]:
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Fig. 1. Resonant ultrasound spectroscopy measurement types: sample (top)
and calibration (bottom).
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where Sgxc(w) is the calibration signal spectrum and Sgxs (w) is the
sample signal spectrum.

It can be noted that multiple reflections within the leaf produce
resonance at 780 kHz. Propagation of the ultrasonic signal through the
leaf can be described by Brekhovskikh’s model [17]:

—21Z2

T'(0) = .
@) = 3212, costeh) + (2.7 + 2.%)sin(kh)”

@

where Z; is the acoustic impedance of the air Z is the acoustic imped-
ance of the sample, h is the sample thickness, k’ is the complex wave
number:
A
kK =——ja, 3
C2

where c; is the ultrasound velocity in the sample, a is the acoustic
attenuation in sample, defined as:

a:ao(ff)", @
0

fo is the normalization frequency that is used as resonant frequency
of transducer i.e., 650 kHz.

The impedances Z; and Z can be obtained using velocity c; 2 and
density py 2:

Zy =cC1p1, & Zy = Caopy, %)

where, c; is the ultrasound velocity in the air and p; is the air density.
Then sample signal can be obtained from calibration signal as:

Smoder() = R().T ()&, )

where additional component, /"¢ is to account for the signal shift due
to the air replacement with the sample within thickness h.

Sample parameters x=(h, cz, n, p; and @) can be estimated by solving
the inverse problem of equation (6). The inverse solution is obtained by
minimizing the difference between the simulated s;,,q and experimen-
tally measured sgxs signals:
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Fig. 2. Transmission response of experimentally measured Vitis vinifera leaf: magnitude (left) and phase (right) response.
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where N is the signal waveform length in samples.
3. Problem definition

This section is dedicated to detailed explanation of the problems
addressed in this paper.

3.1. NC-RUS demands wide bandwidth and high SNR

Figs. 3 and 4 below are used to indicate how sample parameters are
affecting the transmission spectra. The experimentally obtained pa-
rameters of Vitis vinifera leaf (see Fig. 2) were used in equation (2). Each
parameter varied up and down by significant margin individually to
reflect how particular parameter affects the spectral shape.

From the analysis of the results above it can be concluded that high
dynamic range (high SNR) and broad bandwidth are required in order to
cover all possible parameters values. A spectral valley can become
hidden in noise which would result in bias errors in parameters esti-
mation. It can be assumed that spectral peak can fall out of passband, but
bias errors can be kept low if sufficient SNR is ensured for the rest of
spectra. Transmission spectrum in Fig. 2, obtained by using pulse signal
(blue curve), demonstrates that good SNR is ensured only within rela-
tively narrow bandwidth (around 650 kHz). The reason is that the
transmission peak is at 650 kHz (refer Fig. 5 red). The resonant nature of
piezo element and matching layers used for bandwidth and sensitivity
improvement produce the nonuniform frequency response. The signal
level can be increased with spread spectrum LFM (chirp) excitation
signal (Fig. 5 black).

Still, it can be noted that the received signal spectrum varies with
frequency and does not cover the sufficient frequency bandwidth.
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3.2. Flat signal spectrum does not correspond to flat SNR

The signal spectrum can be flattened, and bandwidth increased by
using the APWP signals [35] of programmable spectra (refer Fig. 6).

Compensation is at the expense of some signal energy loss within the
passband in exchange of signal energy increase at passband edges (note
APWP improvement at 900-1000 kHz range in Fig. 6). Yet, another
problem lies in the complex nature of the transducer impedance [39]. It
is the common assumption that receiving amplifier output noise is flat i.
e., white, and only signal spectra needs flattening. However, this is not
the case with piezoceramic, especially air-coupled transducers. The
reception preamplifier noise, when driven by the same 650 kHz trans-
ducer, is presented in Fig. 7. The output noise and preamplifier gain AC
response were measured first. Then results were converted to the input
noise voltage spectral density (NVSD) using technique presented in
Ref. [39].

It can be noticed that noise spectral density varies across the pass-
band of the transducer: at 400 kHz it is 2.65 nV/+/Hz and at 830 kHz it is
3.45 nV/ \/ Hz. Therefore, despite received signal spectrum was flat-
tened, the resulting SNR is not flat (see Fig. 8).

It can be concluded that the air-coupled transducers are more com-
plex than immersion [36], or contact [6], due to their more complicated
construction and narrower bandwidth. Therefore, flattening the trans-
mission response does not provide flat SNR, required for NC-RUS
measurements.

3.3. Bipolar excitation is less demanding for electronics

Excitation signal defines the output waveform. The best results are
obtained using arbitrary waveform excitation signals [34] but require
digital-to-analog converters (DAC) and linear analog amplifiers, result-
ing in costly, expensive, and inefficient equipment. Compared to the
arbitrary waveform, rectangular signals are generated just by using the
switches, which remove the need for DAC and linear amplifiers. Bipolar
excitation was used in previous publications for transmission response
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Fig. 3. Simulated transmission responses when thickness (left) or velocity (right) vary.
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Fig. 4. Simulated transmission responses when density (left) or attenuation (right) vary.
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Fig. 5. The magnitude spectrum of the received signal when pulse(red) is used
as excitation signal and LFM (black) signal for air-coupled transducer.
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Fig. 6. The magnitude spectrum of the received signal when air-coupled
transducer is excited by LFM (red) and losses-compensating APWP signal
(black) signal.

optimization [36,37]. Bipolar excitation provides more flexibility in
spectral shape programming, but equipment is still complex. A unipolar
excitation is proposed in this work for APWP signals production to
further simplify the excitation electronics, improve its efficiency and
cost. Duration and position in time of every individual pulse can be
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Fig. 7. Preamplifier input NVSD when connected to receiving transducer.
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Fig. 8. Received signal SNR when transducer is excited by LFM (red) and losses
compensating APWP (black) signal.

altered in APWP signals (Fig. 9).

However, the unipolar signals produce a spectral ripple due to the
convolution with sinc function. Also, such excitation has less control
over signal spectra. Therefore, the optimization process is more
complicated.
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Fig. 9. Unipolar APWP signal.
4. Proposed solution: flat SNR using unipolar excitation
N
. . 2x3 ‘DFT(Smxo”z
There are two problems: i) the transmission response between two o — i1 )

n-— b

transducers is not flat and ii) the output noise of the reception amplifier
is not flat. Then it is proposed here that it is the SNR that should be used
in APWP signal optimization. The best results would have been obtained
if compensation for sample measurement was used. However, this would
mean that every new measurement requires new APWP signal optimi-
zation. As an alternative, it was proposed to compensate the calibration
setup SNR. Then APWP optimization can be done just one time. The
corresponding compensation path can be seen in Fig. 10.

Compensation for spectral losses is only done for the components
which influence the measurements, i.e., electronics and transducers.
Essential, that SS signals can be made long thus giving the flexibility to
improve the SNR without implicating the bandwidth of the signal. Then,
excessive SNR can be sacrificed in exchange for spectral losses
compensation in order to flatten the SNR AC response.

Derivation of APWP signal starts with NLFM signal production.
Optimization is done for direct propagation (calibration) measurement
by examining the SNR flatness within the selected frequencies range.

In order to derive the NLFM signal, the signal transmission AC
response is measured first, by exciting with broadband (300-950 kHz)
100 ps chirp (LFM). The multiple waveforms (M = 1000) of the signal
Srxc present at reception amplifier output are averaged in time domain
and resulting averaged signal is transformed into frequency domain
using discrete Fourier transform (DFT):

N 2
2 X DFT( E siRXC)
. \=l /0 (8)

S, =
e NxfsxM

Next step is to measure the noise spectral density. The measurement
is carried out with no signal transmitted. M measurements are trans-
formed into frequency domain using discrete Fourier transform (DFT)
and averaged power-wise to obtain the NVSD:

NxfsxM

where, f; is the sampling frequency and N are number of samples.
SNR is thereafter used for the derivation of compensation path:

SNRg = SRC. (10)
The compensation function is obtained as follows:
W)l
xk(f) = , 11
V)= (snre(l an

where W(f) is the spectral windowing function used to control the
bandwidth. Tukey window with decay 0.3 and 300-950 kHz range was
used. The compensation function was derived from SNR presented in
Fig. 7.

It must be noted that compensation function is obtained for excita-
tion signal, LFM in particular. The desired excitation signal spectrum
then is:

Stxdes (f) = x(f)Srx (f); 12

where Stx(f) is the excitation signal spectrum. Such a spectrum can be
obtained by NLFM signal [38], where energy of each spectral component
is determined by rate of change of instantaneous frequency. NLFM could
be derived by first arriving to frequency-time relationship:

f

)= [ (<nP) o

0

(13)

equation (13) needs to be inverted into f(z), which is required for
instantaneous phase calculation. Inversion is done by resampling the
non-uniform grid r (Fig. 11, right):

Pulser Transmission Transducers Reception Recieved
electronics electronics signal
Sample
( < > ﬂv"‘M‘ﬂ“
Cd

Spectral losses
compensated

No |
compensation

Spectral losses
compensated

Fig. 10. SNR compensation signal path excludes the sample.
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Fig. 11. Comparison of transmitted (left) and received (right) signals spectra for the desired (blue), sinusoid NLFM (black) and rectangular NLFM (red) signals after
spectral losses compensation. Note that the desired spectral shape was not obtained.

T(f)2f (1)

Phase ¢, is obtained by integration over the instantaneous
frequencies:

(14)

¢
o) =2« [ £ (0t as)
0
Then the required NLFM signal is obtained:
Stxnerm (t) = sign(sin 6(t)). 16)

NLFM signal is effective in utilizing the output range of excitation
amplifiers, because envelope is constant over time. Conversion to the
unipolar form (sign operation) is to produce the rectangular waveform,
which facilitates more simple excitation electronics. Received signal
Srxc spectra for the desired ( &+ 1 V) and unipolar NLFM (+1 V) signals
are presented in Fig. 11. The important thing to note is that compen-
sation increases the bandwidth, but the desired spectral shape was not
obtained.

The usual way to correct the situation is to apply the proper envelope
modulation and revert to sinusoidal signal. This would mean turning to
AM-NLFM signals [34], but these are based on arbitrary waveforms,
thus, require bulky, and costly system in the form of linear amplifiers
and generators. On the contrary unipolar waveforms are preferred due
to better exploitation of voltage swing dynamic range and efficiency
(note the magnitude difference). The APWP sets [35] are proposed for
final spectrum shaping. These signals offer spectral adjustment, by
changing the pulse durations and placement in time.

Yet, APWP signals require optimization, so their derivation is a
lengthy process. In order to speed up the optimization process, a nu-
merical model of the system transmission response of calibration mea-
surement was developed. Numerical model for calibration measurement
was based on infinite impulse response (IIR) filter. Filter was developed
as a close simulated approximation using the experimental measure-
ment results. Transducers were placed at 32 mm distance and excitation
using 700 ns duration, 50 V amplitude pulse; 1000 waveforms were
averaged to get sufficient SNR of calibration signal Sgxcex- The 8th
order IIR filter was used. Such low order is not sufficient to simulate the
32 mm propagation distance, but higher order filter will become un-
stable. Therefore, IIR filter was combined with subsample delay oper-
ator ¢ J*T°F with delay equal to time-of-flight (ToF”):

SRXCeJq)

Lo =y Pedomor)

17

where Spxcexp is experimentally measured calibration signal, P is the
excitation signal, described as sequence of 1's or 0’s, Vyy is the ampli-
tude of the excitation signal, Tyys is the system (including the excitation
electronics, transmitting, and receiving transducer) transmission AC
response, ToF is to simulate the delay of propagation in air and partially-

delay in transducers and electronics. ToF was estimated as cross corre-
lation peak between Sgxcexp and P with cosine subsample interpolation
[40]. Tss was then inverted to get IIR filter coefficients a’,b’ (using
Matlab invfreqz function). The coefficients a’,b’ were used for particle
swarm optimization (PSO) constrains (upper and lower bounds)
derivation:

LB(a,b) = (d,b) /2 & UB(a,b) = (d ,b)*2. (18)

The remainder energy of the simulated and experimentally measured
subtraction was used as a convergence criterion to further optimize the a
and b coefficients:

N 2
. SRXCsimi — sRXCexp)
—=arg min T TR (19)
y g 12:1: ( sRXCexp
where sgxcsim 1S the simulated calibration signal produced as:
Sgxcsim = IIR(P, a, b).e 7 TF (20)

ToF was estimated as a cross-correlation peak between IIR(P,a,b) and
P with cosine subsample interpolation [40]. Optimized parameters a,b
and ToF were stored as the calibration signal propagation model co-
efficients. The IIR filter was implemented as a second order section
(SOS) to improve stability.

The conversion of SNR-compensated NLFM signal into APWP signal
was started from direct assignment (APWP= NLFM). Signals received
were obtained by simulation (using equation. (20)) to speed up the
optimization process. The SNR¢i(f) was obtained from excitation signal
P;, generated in the ith iteration. SNR spectral flatness £ was evaluated
within the desired passband fin-fmax:

77 ||SNRei(f)| — [SNRa(f)|*df

— 21
SNEa ) @n

&=

The SNR flatness was regulated by adjusting the individual APWP
pulses duration and position in time.
The optimization process is described as:

1. Transmit the original APWP signal and estimate the initial spectral
flatness &p. The APWP signal contains N rectangular pulses, each L,
samples long (n =1, ..., N);

2. Resize the nth pulse (starting from the first), transmit it and estimate
the new spectral flatness &;,. Resizing (Fig. 9) involves two secondary
loops, outer one which adjusts the pulse’s left side by I = - L,/2, ...,
3L,/2 and inner one adjusts the right side by r = —3L,/2, ..., L,/2;
a Resize the nth pulse left size by [;

i Resize the nth pulse right side by r;
ii Transmit the resized pulse and use the received signal to
calculate the SNR spectral flatness &.;
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b Select the best contender from [ x r &€ matrix (the one that provides
minimum &) and set & = miny, &;
3. Replace the nth pulse with the one with best & and repeat 2 for the
next pulse updating n = n+1 until n = N;
4. Calculate the spectral flatness reduction of the ith iteration Ag; = €; -
Ei-1)- Repeat 2 until Ag; lays below certain threshold or until
maximum iterations are reached.

The pulse width reduction of APWP results in envelope modulation.
Also, the interpolation errors introduced from equation (14) were
reduced due to pulse position shifting.

The result can be evaluated by comparing the SNR spectral flatness in
Fig. 12. It can be seen that APWP produces the best SNR spectral flatness
compared to pulse, LFM, and NLFM. The results displayed were all
generated using the same peak amplitude for all transmitted signals.

It must be noted that SNR-equalized APWP provides improved
spectral losses compensation at frequencies beyond 900 kHz and below
380 kHz (note the arrows indicating the improved passband for APWP).
The —20 dB bandwidth for pulse was 480 kHz, meanwhile APWP was
able to achieve 670 kHz bandwidth. On the other hand, NLFM provides
similar bandwidth, but the SNR spectrum is not as flat. Additionally,
APWP provides improved SNR. The effect of such compensation on NC-
RUS is evaluated in the next section.

5. Evaluation of the compensation effect on NC-RUS

The performance of the proposed compensation scheme was evalu-
ated both by simulation and experimentally. Simulation used grape
(Vitis vinifera) leaf analytical model equations (2)-(6). Experimental
investigation used 2.045 mm polycarbonate plate. Bias errors of the
parameter’s estimation were evaluated. Such double choice has a
reason: i) it is difficult to measure the actual thickness of the leaf because
it is fragile, ii) density measurement is also complicated due to complex
leaf anatomy, iii) it is a living organism and therefore all its properties
would vary during the experiment time, iv) reference values for density,
velocity and attenuation are not available (may vary from leaf to leaf)
and v) leaf properties are affected by circadian rhythm, watering,
lighting, and temperature. On the contrary, polycarbonate reference
values are available from broad literature sources [41,42]. Therefore,
results obtained can be compared against these values.

5.1. Simulation of Vitis vinifera measurement

The only parameters that can be validated by mechanical

100 f 670kHz ‘ 5 ]

90 | 1
. 80F 1
m
R)
5 707 '
&
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Fig. 12. Received SNR comparison. Note that SNR is flat only for APWP signal.
Bandwidth was improved for NLFM and APWP signals.
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measurements are the thickness and the density. It is difficult to measure
the actual sample thickness because leaves are fragile and living or-
ganisms exhibit varying properties over time. Density measurement is
also complicated due to complex leaf anatomy. Furthermore, leaf
properties will change due to circadian rhythms, watering, lighting, and
temperature. Therefore, it was decided to validate the technique per-
formance on Vitis vinifera using a numerical simulation.

Calibration signal was produced by model already described in sec-
tion 4, equations. (17)-(21). It includes full system model: transmission
electronics, transmitting transducer, air propagation, receiving trans-
ducer and reception electronics.

Sample signal was obtained by using experimentally obtained values
a =800 Np/m, ¢ =315 m/s, h = 250 pm, p = 890.89 kg/m?> in equations
(2)-(5).

Signals obtained were added to a random noise. 1000 noise wave-
forms were produced first with random colored (statistically following
Fig. 7 spectral shape) Gaussian noise. Then signals and noise were added
to simulate actual measurements. A total of 1000 waveform sets were
obtained for each of the four excitation signals (pulse, LFM, NLFM and
APWP) which were corrupted by colored noise. Large measurements set
was required to reduce the random errors, because bias error was used in
performance evaluation.

Next, NC-RUS inverse solution (equations (1)-(5)) was obtained
using PSO with objective function (equation (7)). The estimated sample
parameters were averaged and then compared with actual (best avail-
able estimate) ones to obtain the bias errors. The fitting process was
achieved using constrained boundaries with lower bound as half of the
average estimated parameters and upper bound as double of the average
estimated parameters (equation (18)).

The transmission response of four excitation signals, pulse, LFM,
NLFM, and APWP, are displayed in Fig. 13.

Spectral response analysis provides a valuable insight into the per-
formance of each signal. Pulse is the simplest excitation signal with
smallest energy; thus, its SNR performance is the worst, which can be
expected (Fig. 13 (top left)). It resulted in 400-820 kHz coverage
bandwidth. LFM, on the other hand, provided the highest energy with
coverage from 380 kHz to 880 kHz and SNR is the best in this range
compared to all signals (Fig. 13 (top right)). However, it was assumed
that SNR flatness is more important than large energy at frequencies
where transduction losses are small. Therefore, energy was pushed into
stopband for NLFM and APWP signals (refer Fig. 12). NLFM and APWP
provided acceptable SNR at broader bandwidth of 300-950 kHz (Fig. 13
(bottom left and right respectively)), compared to LFM. Yet, small dis-
tortions are visible in the passband of NLFM and APWP spectra as energy
was removed from this area.

5.2. Experimental polycarbonate plate measurements

The experimental setup used a dedicated data acquisition system
(Fig. 14). The system includes two air-coupled transducers with center
frequency of 650 kHz, which are mounted at a fixed distance of 35 mm.
It also includes a sample holder which also serves a hood and the
waveguide. High voltage power source, transmission and reception
electronics, filters, an analog-to-digit converter, temperature and hu-
midity sensor, wireless communication electronics are also embedded.
More details can be found in Ref. [20].

A 2.045 mm thin polycarbonate sample was placed between trans-
ducers. Acquisition system was augmented with linear actuator which
was used for automated sample insertion (sample measurement) and
removal (calibration measurement). 1000 calibration and sample
waveforms were collected in sequence. Such large measurements were
required to reduce the random errors of measurement, because bias
errors were used in performance evaluation. Experiment was conducted
in a thermally insulated box of polystyrene. Consequently, ambient
temperature variance was minimized: registered temperature range in-
side the box during whole experiment time ranged from only
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Fig. 14. Experimental setup used for the evaluation of polycarbonate sample by using air-coupled ultrasonic data acquisition system.

24.13 °C-24.30 °C (an approximate variation of only 0.704 %).

The transmission response obtained by taking ratio of sample to
calibration signal in frequency domain is presented in Fig. 15. The
experimental transmission response (blue) is compared to the inverse
solution (red) result for each of the four excitation signals (pulse, LFM,
NLFM and APWP).

The actual thickness of the sample is 2.045 mm and estimated ul-
trasound velocity is 2240 m/s, this corresponds to resonance peak at
537 kHz. It can be noted that inverse solution results for pulse and LFM
signals differ from experimentally obtained transmission so large bias
errors can be expected for these signals. Acceptable SNR in case of pulse
excitation is ensured only for 450-620 kHz. For LFM excitation
400-700 kHz range is covered reliably, 380-930 kHz range is covered by
NLFM. Best coverage is by APWP, 380-1000 kHz. Final judgement
should be based on sample parameters (sample thickness, density, ul-
trasound velocity and attenuation) estimation performance presented in
next section.

5.3. Results analysis

Sample parameters were estimated by NC-RUS inverse solution,
resulting in 1000 values of sample thickness, density, ultrasound ve-
locity and attenuation. Then each 1000 values for each parameter were

averaged. This value was considered as measured value. Parameters
values (« = 800 Np/m, ¢ = 315 m/s, h = 250 pm, p = 890.89 kg/m°%)
used in simulation were considered as reference values in case of Vitis
vinifera sample. Reference values for thickness and density were derived
from caliper and weight measurements (h = 2.045 mm, p = 1193.6 kg/
m), attenuation and ultrasound velocity values (@ = 43.5 Np/m, ¢ =
2240 m/s) were taken from Ref. [42] in case of polycarbonate sample.
Relative bias errors were obtained by taking the ratio of absolute error to
reference value.

Bias errors for sample attenuation « estimation are shown in Fig. 16
for Vitis vinifera (left) and polycarbonate (right) samples.

It can be noted that the largest Vitis vinifera sample attenuation error
is in the case of LFM excitation (16 %), followed by pulse (12 %) and
NLFM (5.5 %). Results obtained using SNR-optimized APWP signals
have the lowest error of 1 %. In experimental polycarbonate measure-
ments, APWP also performs best with only 17 % bias error compared to
pulse (27 %), LFM (30 %) and NLFM (26.5 %) signals.

Ultrasound velocity c bias errors are shown in Fig. 17 for Vitis vinifera
(left) and polycarbonate (right) samples.

Ultrasound velocity estimation bias error for Vitis vinifera sample is
largest in case of NLFM excitation signal (7 %), followed by pulse (4.5
%) and LFM (2.4 %) signals. Excitation by APWP signal results in the
lowest error of 0.3 %. The velocity estimation errors for polycarbonate
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Fig. 17. Bias errors of ultrasound velocity estimation in case of four excitation signals (pulse, LFM, NLFM, APWP) for Vitis Vinifera (left) and polycarbonate (right).

sample are the highest in case of pulse excitation (2.9 %), followed by Vitis vinifera (left) and polycarbonate (right) samples.

LFM (2 %) and NLFM (0.9 %). Again, use of APWP signal for excitation Sample density p estimation error for Vitis vinifera sample is smallest

results in lowest ultrasound velocity estimation bias error (0.2 %). in case of APWP excitation (2 %). NLFM signal also demonstrated
Sample density p estimation bias errors are presented in (Fig. 18) for acceptable performance, 4 % error, other signals resulted in much
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Fig. 18. Bias errors of sample density estimation of Vitis Vinifera (left) and polycarbonate (right) samples.

larger, 45 % (LFM) and 60 % (pulse) error. For polycarbonate sample,
use of APWP for excitation resulted in lowest, 3 % error. Results ob-
tained using LFM excitation had the largest (36 %) error. In case of
NLFM excitation error was 22 %, pulse excitation resulted in 12 % error
in polycarbonate sample density p estimation.

Sample thickness h estimation bias errors are presented in (Fig. 19)
for Vitis vinifera (left) and polycarbonate (right) samples.

Sample thickness h estimation error for Vitis vinifera sample is
smallest in case of APWP excitation (3 %), other signals resulted in much
larger, around 30 % error. For polycarbonate sample situation is similar:
use of APWP for excitation resulted in 25 % error, while other signals
have more than 40 % error in sample thickness h estimation.

It can be concluded that spectral losses compensation with SNR
equalization reduces the bias errors in NC-RUS measurements.

6. Conclusions

It has been demonstrated that the air-coupled resonance ultrasound
spectroscopy is extremely demanding for high SNR and wide bandwidth.
Application of matching layers on air-coupled transducer to improve the
sensitivity and bandwidth produces uneven transduction sensitivity and
electrical impedance over frequency range. It has been proven that not
just signal spectrum but also noise spectral density are irregular.

Assumption, that the useable signal bandwidth (where acceptable
SNR is achieved) defines the attainable resolution and parameters
measurement range was made. It was proposed to replace the single
pulse excitation with the programmable spectral shape spread spectrum
signal to produce a uniform SNR within a passband. It has been shown
that the use of spread spectrum signals allows to achieve the acceptable
SNR over the range broader than transducer passband, attainable using
pulse excitation. While —20 dB bandwidth in case of pulse excitation
was 480 kHz, APWP excitation produced 670 kHz bandwidth.

It has been established that the unipolar excitation signals can be
used to obtain the acceptable performance of spectral shaping. Use of
unipolar excitation allows for simpler electronics.

N - N N w
o 3 o 3] o

Bias errors h (%)

o

Pulse LFM NLFM APWP

The proposed scheme was tested within a NC-RUS framework for
both leaf and polycarbonate sample measurements. Numerical simula-
tions were performed for leaf measurements in order to have control
over sample parameters. An experimental validation was conducted
using a thin polycarbonate sample.

Both simulation and experiment results confirmed that use of uni-
form SNR signals (APWP) resulted in lowest bias error for all parameters
estimation. In case of Vitis Vinifera leaf measurements, bias error in
density estimation was 2 % with APWP signals while LFM resulted in 45
% and pulse in 60 % error. The polycarbonate sample velocity estima-
tion error using APWP signal was 0.2 %, while LFM was 10 times higher
(2 %); density estimation error for APWP was 3 %, but LFM resulted in
36 %, NLFM error was 22 %, pulse excitation resulted in 12 % error.

The application considered here was plant leaf and polycarbonate
plate. However, the proposed scheme is applicable for other NC-RUS
applications. The present APWP optimization uses full permutation.
Possible improvement can be made by application of heuristic optimi-
zation algorithms. There are multiple reflections between ultrasonic
transducers and sample which limit maximum signal length to 100 ps. If
proper reverberation canceling or deconvolution solution is found re-
sults can be further improved by using very long signals. Future devel-
opment could also include other optimization criteria.
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