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Abstract
Resolution of ultrasonic imaging demands wideband signals for excitation. If bandwidth improvement is done by
reduction of the pulse duration signal to noise ratio is reduced. Spread spectrum signals allow increasing the
signal energy and maintaining the resolution. Since signal frequency components are spread in time resolution is
not reduced: such signals can be compressed using correlation processing. Chirp signals are most widely used,
but suffer high correlation sidelobes. Arbitrary position and width pulse (APWP) trains are a novel class of
spread spectrum signals. Spectral spread is produced using trains of rectangular pulses which are placed at
specific positions in time in order to provide a spectrum spread of the signal. It is expected that APWP should
have properties of chirp (wideband and compressible) and of a single pulse (low correlation sidelobes). Usually
signal envelope is used in imaging. Then signal possessing lowest sidelobes of the correlation envelope are of
interest. But in such case accuracy of signal detection is significantly reduced because it’s envelope bandwidth
which determines the attainable random errors. Aim of the investigation was the RF sidelobes of the signals
discussed. Optimization of the signals was carried out to achieve the lowest RF correlation sidelobes.
Experimental investigation results of APWP signals comparison with conventional signals are presented.
Keywords: ultrasonic imaging, arbitrary position and width pulse train signals, spread spectrum signals,
ultrasonic signal processing.

1. Introduction
Rectangular pulses are the usual choice for ultrasonic transducer excitation. Temporal
resolution of ultrasonic imaging requires wideband signals. Signal to noise ratio is reduced if
improvement of the bandwidth is done by reduction of the pulse duration. Signal energy can
be improved by increasing the amplitude of the excitation pulse. Amplitude can reach 800 V
[1,2]. Higher amplitude means the reduction of the probing signal’s bandwidth: rise and fall
fronts are longer because slew rate of the pulser is almost constant [3]. Also larger amplitude
is causing higher nonlinear distortions in the propagation path [4]. Besides, single rectangular
pulse has its energy concentrated at low frequencies and has spectral zeroes. Spread spectrum
(SS) signals allow increasing the signal energy and maintaining the resolution [5,6].
Resolution is not reduced since signal frequency components are spread in time: such signals
can be compressed using correlation processing. The bandwidth of the ultrasonic system is
limited by the ultrasonic transducer used so is the achievable resolution. But with a proper
spread spectrum signal this bandwidth can be exploited to its maximum even for narrowband
case [7]. Unfortunately, compression of such signal produces a small leak of the signal energy
into sidelobes which in turn reduces the attainable contrast of the image. That’s why such
wide variety of spreading techniques was developed [7-13] with different advantages of the
each. Arbitrary waveform signals [13] are attractive since any suitable signal shape can be
produced. But this introduces high complexity of system electronics which increases the
system size and cost. Our research is aimed at exploring just rectangular, binary signals
(unipolar or bipolar). Then output stage complexity is drastically reduced. Chirp signals are
most widely used [11,13]. These offer spectral content control, can use binary excitation
signals but suffer high correlation sidelobes [12]. Phase coded sequences are another type of
the spread spectrum signals [8,9]. Here, radio frequency (RF) signal phase is manipulated

according to code. Main advantage of these signals is that binary signals can be used for
excitation. Phase coded sequences offer little bandwidth control even if fractional phase is
used. Arbitrary position and width pulse (APWP) trains are a novel class of spread spectrum
signals. Spectral spread is produced using trains of rectangular pulses which are placed at
specific positions in time in order to provide a spectrum spread of the signal. It is expected
that APWP should have properties of chirp (wideband and compressible) and of a single pulse
(low correlation sidelobes). Aim of this work was to compare the performance of the most
popular signals with APWP.

2. Aim of the investigation
Random errors of the time-of-light (ToF) position estimation are defined by the signal to
noise ratio (SNR) and the effective signal bandwidth Fe [14,15]:
σ (TOF ) ≥

1
2πFe SNR
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Quality of the image obtained using ultrasonic signals is not directly influenced by SNR, but
manly depends on the sharpness of the signal which in turn can be related to the envelope
bandwidth β. Imaging systems usually explore the envelope of the signal for image
production [13]. Therefore research of the signal correlation sidelobes is mainly targeted for
envelope sidelobes reduction.
Spread spectrum signals have the advantage of high energy and compressibility but suffer
high correlation sidelobes [7,12,13]. High signal to noise ratio (SNR) counters with
correlation sidelobes therefore image contrast is reduced. Application of nonlinear frequency
modulation signals allows controlling the shape of the spectrum and the sidelobe level [11].
Correlation function of the 13 element Barker code is presented below (figure 1) before
passing this signal through the system.
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Figure 1. Autocorrelation function of the Barker 13 code with chip size 2.5 periods (left) and 1 period (right)

It can be seen, that Barker code is used to encode the phase of the CW toneburst, therefore
only envelope is following the expected code properties (sidelobe level is -22.3 dB for
envelope only). Applying equation (2) on signal in figure 1 left we obtain that Fe is 4.8 MHz
for RF signal, while using the envelope Fe bandwidth is only 0.5 MHz. This means that

random errors will increase 10 times when using the envelope instead of the RF of the crosscorrelation function. Of, course, it is possible to reduce the chip size down to 1 period (figure
1 right) but in such case Fe of the envelope is 0.7 MHz (increase of random errors of ToF
estimation 7 times).
Low correlation sidelobes of the RF, not the envelope of the signal, are demanded if iterative
deconvolution is used to disassemble the A-scan signal into train of pulses [16]. Here it is
important to have the RF mainlobe as narrow as possible and keep the correlation sidelobes
minimal.
If reduction of the RF sidelobes is necessary, then it is equivalent to reducing the width of the
mainlobe width of the envelope. This in turn is equivalent to increasing the signal bandwidth.
But the ultrasonic transducer is limiting the bandwidth of the signal. Then, signal with
bandwidth compensation is needed. This can be accomplished by the bandwidth loss
compensation after signal is received. Deconvolution [17,18] is the usual approach for
bandwidth improvement. But increasing the frequency components which have been
attenuated increases the noise level. Therefore better approach is to alter the frequency
content of the probing signal so more energy is placed at the components that will be
attenuated [1]. The investigation below was aimed to decide which signal types are suited for
such signal optimization.

3. Selection of candidate signals
Spherically focused 60 % bandwidth 5 MHz center frequency ultrasonic transducer IRY405
from NDT transducers PLL was chosen for investigation. Excitation was performed using a
unipolar pulser, capable of rectangular pulses production [3]. Selection of the signals was
based on the system frequency response which was obtained using linear, 1-10 MHz, 6 µs,
duration, 15 V amplitude chirp and 10 dB gain of the preamplifier. In order to compare the
signals under the same conditions and speed up the optimization process, initial analysis was
carried out digitally, using system transmission response TT and signal code Ci in Matlab.
Reflection from stainless steel slab (figure 2 left) was taken as reference.
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Figure 2. Setup to acquire the system response (left) and obtained frequency response of the transmission (right)

Transmission of the system TT was obtained by taking the ratio of the forward Fourier
transforms (FFT) of the signal reflected from the stainless steel slab RX and the mathematical
representation of the excitation code Cchirp:

TT (ω ) =

FFT [RX (t )]
FFT Cchirp (t )

[

] ,.......................................................... (3)

With system model and signal i code Ci available expected system response RXi (signal which
suppose to appear at the output of transducer) was obtained by multiplication in frequency
domain ant transfer into time domain by inverse Fourier transform (IFT):
RX i (t ) = IFT {FFT [Ci (t )]⋅ Cchirp (ω )} , ................................................. (4)
All signals considered were unipolar rectangular pulses with amplitude 15 V. All spread
spectrum signals were 3 µs duration in order to equalize the amount or initial energy. Three
types of rectangular pulse signal were chosen: i) 50 ns duration (representing spike
excitation); ii) 120 ns duration (representing best excitation) and iii) 220 ns duration (best RF
sidelobe to mainlobe level ratio). In essence desired signal should provide a spectral dip at
transducer center frequency increasing the resulting signal bandwidth [1] so type iii) pulse
corresponds to such case. Two types of CW toneburst signals were used: i) 4.5 MHz
(representing best excitation); ii) 7.45 MHz (representing lowest sidelobes and shortest RF
mainlobe). Three types of chirp signal were selected: i) linear 3 µs duration chirp 1 MHz to
10 MHz (representing classical chirp where spectral shaping occurs naturally thanks to
transducer frequency response); ii) linear 3 µs duration chirp 1 MHz to 5 MHz (best RF
sidelobe to mainlobe level ratio) and iii) nonlinear 3 µs duration chirp generated using
adaptive 4-th order polynomial for instantaneous frequency generation (best RF sidelobe to
mainlobe level ratio). RF sidelobe to mainlobe level ratio optimized APWP signal [7] with
3 µs duration was selected as the representative of the type where there is most of the
flexibility in signal shape. Last type selected was 13 elements Barker code, as a representative
of spread spectrum signals where control of the spectral shape is not possible. Main signal
parameters are presented in table 1.
Table 1. Parameters and properties of the excitation signals used in investigation

Label
P50
P120
P220
CW5
CW7
Ch10
Ch5
NLch
APWP
B13

Signal type
Pulse
Pulse
Pulse
CW toneburst
CW toneburst
Linear chirp
Linear chirp
Nonlinear chirp
APWP
Barker code 13

Parameters
50ns
120ns
220ns
4.5 MHz, 3 µs
7.45 MHz, 3 µs
1-10 MHz, 3 µs
1-5 MHz, 3 µs
3 µs duration
3 µs duration
chip=1 period

SLLRF
dB

SLLHenv
dB

-3.1
-3.3
-7.6
-0.3
-3.6
-3.7
-2.6
-13.1
-15.1
-2.5

-22
-22
-22
-31
-7.1
-13.7
-14.9
-11.3
-10.7
-18.0

τRF
ns

73
85
108
74
53
74
87
106
103
78

Ei
dB

0
6
4
19
7
14
16
10
10
16

β

Fe
MHz

MHz

4.9
4.2
3.7
4.6
7.1
4.9
4.1
3.9
4.0
4.5

2.0
1.7
2.3
0.8
4.0
2.2
1.6
2.6
2.7
1.7

Obtained signals were compared by the level of the correlation RF sidelobes, correlation
envelope sidelobes, mainlobe duration, energy, effective bandwidth and envelope bandwidth.
RF sidelobe to mainlobe level ratio was calculated by taking the peak P0 and peak RF
sidelobe PSL outside the main peak of the autocorrelation function R (refer figure 1):
SLLRF = 20 lg

max [R{RX i (t )}]
max [R{RX i (t )}] t ≠ ±0.5τ

, .............................................. (5)
RF

Envelope sidelobe to mainlobe level ratio was calculated by taking the peak P0E and peak RF
sidelobe PSLE outside the main peak of the autocorrelation function R (refer figure 1).
Envelope was obtained using Hilbert transform and taking the magnitude of the result:

SLLHenv = 20 lg

[

max Hilb (R{RX i (t )})

[

max Hilb (R{RX i (t )})

]

]t ≠ ±0.5τ RF

, ......................................... (6)

RF mainlobe duration τRF was obtained at 0.5 level of the peak P0:

(

)

(

)

τ RF = arg R{RX i (t )} = 0.5P0 t >0 − arg R{RX i (t )} = 0.5P0 t <0 , ................................. (7)

Signal energy Ei was evaluated without taking the impedance into account and then
normalized by the energy Epulse50ns of the shortest rectangular pulse used:
∞

2
∫ RX i (t ) dt

Ei =

−∞

, ........................................................ (8)
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2

∫ RX pulse50ns (t ) dt

−∞

Totally 10 signals were selected for analysis. Properties obtained using simulated system
transmission and main signal parameters are presented in figures 3, 4 and 5 below.
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Figure 3. Signal correlation sidelobes level vs. signal type: RF (left) and envelope (right)
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Figure 4. Signal RF correlation mainlobe width (left) and relative energy (right) vs. signal type

Analysis presented above indicates that APWP and nonlinear chirp signals have lowest RF
correlation sidelobes level. Price for such improvement is significant loss of energy: it’s only
10dB higher that pulse. As it comes to envelope sidelobes, pulse and CW toneburst signals
indicate best results. But this assumption is misleading: these signals are not compressible
therefore sidelobes do not exist. Barker code indicated lowest envelope sidelobes, but -18 dB
instead of expected -22.3 dB. Envelope sidelobes are 8 dB worse for APWP and nonlinear
chirp but these signals were not optimized for the envelope sidelobes. As expected, narrowest
mainlobe was detected for 7.45 MHz CW toneburst signal: despite being away from the
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Figure 5. Effective bandwidth (left) and envelope bandwidth (right) of the signal

Analyzing figure 5 one may conclude that 7.45 MHz CW toneburst signal has best effective
bandwidth. Rests of the signals have comparable effective bandwidth. This is natural to
expect since effective bandwidth is constructed mainly by center frequency. It is worth to note
that APWP and nonlinear chirp signals together with 7.45 MHz CW toneburst and 220 ns
pulse have widest envelope bandwidth. Therefore range resolution of these signals should be
the best. But it must be taken into account that energy is low for 7.45 MHz CW toneburst and
220 ns pulse.

4. Experimental investigation results
With the set of optimized signals available, real world experiments have been carried out.
Emulated situation (figure 6) was representing small defect present close to the backwall of
the test sample. Defect was emulated by the 0.34 mm diameter fishing line placed above the
thick Plexiglas slab.
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Figure 6. Experimental setup (left): for ToF and spatial position estimation errors study (right)

Same spherically focused 5 MHz ultrasonic transducer IRY405 from NDT transducers PLL
was used. Excitation was performed using same unipolar pulser using 15 V excitation signal
amplitude and 12 dB gain of the preamplifier. Signal was always acquired with large refection
from the Plexiglas present, so gain and the excitation amplitude were adjusted according to
this signal. Therefore signal from fishing line was considerably smaller.

4.1 Random errors of Time of Flight estimation and signal to clutter ratio study
This experiment was aimed to evaluate the random errors of the defect temporal position
estimation. Fishing line was placed at 4 mm from the Plexiglas slab (figure 6, left).
Transducer was precisely positioned above the fishing line at focal distance - 37 mm. A-scan
signals were acquired 1000 times in same position. Obtained data was aligned and averaged to
produce the reference signal which later was used for Time of Flight (ToF) calculation.
Temperature of the bath was not controlled therefore temperature variation induced a trend in
the measurements. Moving average filter of 20 samples was used to smooth the data. After
removing the trend from the ToF array, standard deviation of the ToF was calculated.
Comparison of random errors for ToF estimation (when RF and envelope of the correlation
are used) are summarised in figure 7.
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Figure 7. Random errors of ToF estimation (left) and signal to clutter ratio in time domain (right)

It can be seen that lowest random errors are in case of RF information exploitation. Best
performance was for CW toneburst with the frequency matching the transducer response.
Errors for spread spectrum signals are low for both in case of RF and envelope information
thanks to high energy. Additionally, signal to clutter ratio (SCR) was calculated using peak
values (figure 7 right). In case of envelope SCR was highest for CW toneburst with the
frequency matching the transducer response but this conclusion is misleading since mainlobe
of the correlation envelope for this signal is very wide. Barker code and short pulse have best
performance here. Best performance for RF case was for nonlinear chirp and APWP signal.
4.2 Spatial position estimation random errors study
This experiment was aimed to evaluate the random errors of the defect spatial position
estimation. Fishing line was placed at 4 mm from the Plexiglas slab (figure 6, right) and one
line along coordinate x scanned across the fishing line using 10 nm step. One hundred Ascans were acquired at every scanner position. This data was later split to emulate the
situation where same scan along x axis which was carried out 100 times. This one hundred
scanner positions was used to locate the position xpeaki where signal reflected from fishing line
has maximum value, assuming it as a defect spatial position. Both raw data and the crosscorelation result were used for maximum location. Obtained data positions xpeaki were
processed to obtain the random errors (standard deviation) of this position estimation. Results
are summarised in figure 8, left. It can be seen that lowest random errors are for CW toneburst
of the frequency matching the transducer center frequency. Random errors are small for
spread spectrum signals too.
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Figure 8. Random errors of spatial position estimation (left) and PSF width @-6dB (right)

Same data was averaged and later used to produce the point spread function (PSF) at -6dB
level. Comparison of PSF width for all signal types is presented in figure 8, right. It can be
seen that narrowest PSF is for 7.45 MHz CW toneburst signal: it has highest amount of
energy at high frequencies. Spread spectrum signals performance is comparable to that of the
pulse signals.

5. Conclusions
The aim of investigation was to decide which signal types are suited for signal optimization to
achieve the lowest RF correlation sidelobes. It was demonstrated that APWP signals are
attractive since any desired RF signal shape can be produced: these signals had lowest RF
sidelobes. APWP and other spread spectrum signals had similar performance in random errors
of temporal position estimation. APWP performance in spatial domain was lower than for
other signals due to the energy losses. Artificially offset frequency (7.45 MHz instead of
5MHz) CW toneburst produced best spatial resolution. Barker code 13 with chip size 1 period
and 5MHz CW toneburst allowed for lowest spatial position estimation errors thanks to high
energy.
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