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 A B S T R A C T

Coded excitation has been shown to be a simple yet effective technique for improving signal quality in 
ultrasonic active ranging applications. Despite many reported benefits, uptake of coded excitation in industrial 
applications to date has been minimal. The authors speculate that this can be in part attributed to a lack of 
understanding of the robustness of the technique in practical use. To combat this, this paper reports on research 
into the main mechanisms that can introduce performance degradation and describes the effect of the two most 
important mechanisms, referred to as symbol asymmetry and symbol misalignment. These mechanisms lower 
output signal quality through the introduction of unexpected signal artifacts, as well as by reducing useful 
signal amplitude. We show how symbol asymmetry can be introduced through hardware imperfections and 
the relative degradation severity associated with different imperfection types. We similarly show how symbol 
misalignment can be introduced when using coded excitation in non-stationary situations. As a result, we 
formulate the minimum hardware requirements and inspection conditions required to correctly utilise coded 
excitation such that users can be confident of achieving high quality outcomes. We quantitatively simulate and 
experimentally verify the output signal degradation across many scenarios to identify the operating conditions 
that need to be satisfied to ensure that degradation does not exceed an arbitrarily chosen threshold of 40 dB 
(the noise floor from random noise in our experimental setup).
1. Introduction

Ultrasonic signal acquisition is an essential tool for industrial Non-
Destructive Evaluation (NDE) and medical imaging where it is used 
for the characterisation of materials, components and structures. There-
fore, improving overall system performance (i.e., signal/image quality, 
acquisition rate, system efficiency, etc.) of ultrasonic acquisition sys-
tems is a prominent research topic. In literature, coded excitation is a 
well documented technique which has been shown to be a simple and 
effective technique for improving signal acquisition performance [1–
18].

Coded excitation is a technique that employs the transmission of 
temporally long coded sequences which are pulse compressed upon 
reception to produce high intensity temporally narrow signals. To im-
plement coded sequences as transmission signals, control sequences are 
used to dictate the start phase of a pulse, called the symbol, such that 
the transmission signal is made from many symbols back-to-back each 
with a specific start phase (i.e., a phase modulation is introduced). With 
coded excitation, the control sequence dictates the compression per-
formance of the introduced modulation, therefore meaning the symbol 
can be arbitrarily chosen. This allows for the technique to be simple as 
it requires only bipolar pulsing, something available on most standard 
acquisition systems.
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Despite many publications highlighting the benefits of coded exci-
tation, with some suggesting that the technique could allow for the 
development of the next generation of portable systems [2,3,17,19,
20], the technique has typically remained limited to research applica-
tions. To the best of the authors’ knowledge, there are currently no 
commercial systems that employ coded excitations.

The authors speculate that the lack of uptake of coded excitation 
is partially due to a lack of understanding of the robustness of the 
technique when used in real applications. Whilst there has been lots of 
research into the fundamentals of using coded excitation, little work has 
focused on investigating how the technique behaves when presented 
with the practical challenges that can be introduced in real life settings. 
Therefore, in this paper, we investigate the performance degradation 
that can result from imperfections in ultrasonic measurement systems 
when using coded excitation.

The structure of the paper is as follows: Section 2 first defines what 
we mean by performance degradation of coded excitations. Section 3 
then introduces the main mechanisms that cause performance degra-
dation. Using both simulations and experiments, Section 4 investigates 
symbol asymmetry arising from hardware imperfections. Section 5 
investigates symbol misalignment due to movement of a non-stationary 
inspection platform. Finally, conclusions are drawn in Section 6.
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2. Defining performance degradation

When using binary sequences to create coded excitations (using 
a simple process as outlined in more detail in [17]), each sequence 
element in a coded excitation corresponds to the consecutive trans-
mission of a symbol of either a positive or negative start phase. The 
symbol here is a predetermined pulse of appropriate bandwidth for 
the given application/transducer (most simply bipolar square waves). 
The transmission of multiple symbols results in an improvement in SNR 
following pulse compression with the SNR gain (against random noise) 
being proportional to the chosen sequence length (which determines 
the increase in transmission energy) [1,18,21]. The main factor to 
consider when designing a coded excitation is selecting a suitable 
sequence as this determines the signal quality improvements that can 
be achieved.

An ideal sequence has a perfect autocorrelation function of only a 
single high-amplitude spike — this enables SNR improvements without 
introducing complicated filter artifacts. However, with traditional bi-
nary sequences (which are the focus of this work), perfect compression 
is not possible [14]. Instead, autocorrelation of a sequence results in a 
Main Lobe (ML) at the central lag and a symmetric distribution of Side 
Lobes (SLs) at all other lags (also shown in [17]). In ultrasonic measure-
ments, this translates into filtered signals containing large echoes for 
each reflector (the MLs) which are surrounded by a cluster of unwanted 
artifact echoes (the SLs). The amount of coherent noise introduced 
by the artifact echoes is determined by the compression performance 
of the chosen sequence and should be minimised to produce useful 
measurements.

The compression performance of a sequence can be quantified using 
its Merit Factor [22]. A sequence’s Merit Factor is found by calculating 
the ratio of the peak ML energy and the total energy contained within 
all other lobes. A different metric that we will instead use to clas-
sify a sequence’s compression performance is Peak-to-Side-Lobe-Ratio 
(PSLR). PSLR compares the peak power in the ML to the peak power 
in any of the SLs. PSLR is different to the Merit Factor in that it is 
concerned only with the impact of the largest SL. A sequence can have 
a high Merit Factor by producing a single large SL, however, it will not 
be ideally suited to active ranging as a high amplitude SL can be easily 
mistaken for a ML from a different reflector. This same sequence would 
instead have a low PSLR, making this second metric more suited for 
determining the usefulness of a sequence for active ranging applications 
where multiple low amplitude SLs are more tolerable.

Sequence optimisation options for minimising the impact of SLs do 
exist. This is through either minimising the peak side lobe amplitude, 
such as with Barker sequences (i.e., produce many low-amplitude SLs), 
or through the complete removal of SLs using pseudo-periodicity [17] 
or sequence pairs such as Complementary Golay Sequences (CGSs) [23–
25]. This work will use CGSs as the preferred optimisation step given 
their greater popularity. With CGSs, the filter response of each part 
of the complementary pair contains SLs that are alike in position but 
opposite in amplitude, therefore summing each filter response allows 
for the SLs to be cancelled out.

Once a sequence option has been selected, the result from using the 
coded excitation on an ultrasonic measurement can be predicted. The 
SNR will increase and each reflector will get its own lobe distribution 
— that is a ML and a symmetric collection of SLs (or SLs will be 
removed depending on the chosen sequence type). Assuming that the 
system behaves as expected, the lobe distribution for each reflector 
will match that of the output from the sequence’s autocorrelation. With 
this assumption, the benefits of the technique become clear — coded 
excitation is a simple method that can greatly improve signal quality. 
If SLs are not going to be removed from sequence optimisation, they 
can at least be accounted for when the system designer knows where 
they are expected to arrive relative to each ML.

However, should the assumption that lobes will be distributed ac-
cording to the sequence’s autocorrelation no longer hold true, using 
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the technique becomes far more complicated. Should MLs and SLs be 
redistributed, it will be difficult to determine whether a given lobe in 
the final signal corresponds to a unique reflector or something else 
entirely. Therefore, it is important to understand whether the technique 
is robust in its ability to produce the expected lobe distribution when 
faced with practical challenges, hence the motivation for this work. We 
are defining any system imperfection or practical challenge that results 
in a redistribution of lobe energy as a performance degradation mech-
anism. In the following section, we introduce the main degradation 
mechanisms that are relevant to ultrasound inspections.

A final note on defining performance degradation: the following 
sections investigate how system imperfections can alter PSLR. A sec-
ond form of performance degradation exists when using sequence 
orthogonality for simultaneous multi-channel coded excitation mea-
surements, such as shown in [12,13,17]. In these applications, orthogo-
nal sequences achieve ideal (or ideal-like) cancellation when correlated 
against each other to remove crosstalk from neighbouring channels. 
The following degradation mechanisms can also alter the ability to 
achieve ideal orthogonality, however, the severity of this degradation is 
less than that which occurs with respect to a change in PSLR, therefore 
the following focuses only on this metric for brevity.

3. Degradation mechanisms

Having explained the motivation for studying degradation mech-
anisms that can introduce unexpected compression with coded exci-
tations, this section introduces the main degradation mechanisms of 
interest in ultrasonic applications.

To understand how each degradation mechanism behaves, a full 
coded excitation filter response is not needed. Instead, sequence au-
tocorrelation functions by themselves can be used. Example  1 shows 
the ideal autocorrelation of a pair of 𝐿 = 4 CGSs. In the following, 
autocorrelation is shown as a convolution, ⊗, of the sequence against 
the time reversal of itself, denoted with a left arrow caret.

Example 1.  Let 𝐴1 = [−1,−1,+1,−1] and
𝐴2 = [−1,−1,−1,+1] and
𝑅𝐴1,𝐴1 = 𝐴1⊗ ⃖⃖⃖⃖⃖𝐴1 then:

𝑅𝐴1,𝐴1 = [+1, 0,−1,+4,−1, 0,+1]

𝑅𝐴2,𝐴2 = [−1, 0,+1,+4,+1, 0,−1]

𝑅𝐴1,𝐴1 + 𝑅𝐴2,𝐴2 = [0, 0, 0,+8, 0, 0, 0]

The structure of a sequence is, in a way, simple. There are a certain 
number of elements in a particular order each with a corresponding 
value (of either +1 or −1 when considering binary sequences). As such, 
there are only two ways in which the sequence structure can be altered 
– a change in an element’s position or value.

Symbol asymmetry
Starting with changing an element’s value, the first main degrada-

tion mechanism can be explained. We are calling this Symbol Asymmetry
and it relates to a redistribution of lobes arising from an element (or 
many elements) having an incorrect energy. The following examples 
demonstrate the degradation resulting from symbol asymmetry. In 
each of the following, the correlation is undertaken against the ideal 
sequence(s), as would be done when the assumption made is that the 
ideal response will be returned.

Example 2.  Let 𝐵1 = [−1,−1,+1,−0.9] and
𝐵2 = [−1,−1,−1,+1] then:

𝑅𝐵1,𝐴1 = [+1, 0,−1,+3.9,−0.9,−0.1,+0.9]

𝑅𝐵2,𝐴2 = [−1, 0,+1,+4,+1, 0,−1]

𝑅𝐵1,𝐴1 + 𝑅𝐵2,𝐴2 = [0, 0, 0,+7.9,+0.1,−0.1,−0.1]
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Example 3.  Let 𝐶1 = [−0.9,−0.9,+0.9,−0.9] and
𝐶2 = [−0.9,−0.9,−0.9,+0.9] then:

𝑅𝐶1,𝐴1 = [+0.9, 0,−0.9,+3.6,−0.9, 0,+0.9]

𝑅𝐶2,𝐴2 = [−0.9, 0,+0.9,+3.6,+0.9, 0,−0.9]

𝑅𝐶1,𝐴1 + 𝑅𝐶2,𝐴2 = [0, 0, 0,+7.2, 0, 0, 0]

and
𝑅𝐴1,𝐴1 + 𝑅𝐶2,𝐴2 = [+0.1, 0,−0.1,+7.6,−0.1, 0,+0.1]

Firstly, Example  2 demonstrates how symbol asymmetry introduces 
a change in the ML and SL amplitudes. When a sequence element 
is of an incorrect value, the sequence structure is not maintained, 
therefore the expected ML and SL distribution is not produced following 
correlation — this is shown by comparing the values of 𝑅𝐴1,𝐴1 and 
𝑅𝐵1,𝐴1. With CGSs as the example, this further results in non-perfect SL 
cancellation, therefore reducing PSLR, as well as a general reduction in 
SNR due to the reduction in ML amplitude.

Example  3 then shows that symbol asymmetry refers only to some 
sequence elements being of incorrect value relative to each other. 
When all element values are similarly scaled to the same new value, 
as would be the case when considering insertion losses resulting in 
reduced echo amplitudes in an ultrasonic measurement, the sequence 
structure is still maintained. The only difference in output arising from 
a uniform change in element amplitude is an altered resulting SNR. 
One additional point relating specifically to the use of CGSs is that 
cross-sequence total energy symmetry must be maintained for perfect 
SL cancellation to be achieved, therefore, CGSs have an additional 
degradation mechanism to consider compared to alternative sequence 
types (also shown in Example  3).

Examples  4 and 5 expand further upon symbol asymmetry related 
performance degradation:

Example 4.  Let 𝐷1 = [−1,−1,+1,−0.7] and
𝐷2 = [−1,−1,−1,+1] then:

𝑅𝐷1,𝐴1 = [+1, 0,−1,+3.8,−0.8,−0.2,+0.8]

𝑅𝐷2,𝐴2 = [−1, 0,+1,+4,+1, 0,−1]

𝑅𝐷1,𝐴1 + 𝑅𝐷2,𝐴2 = [0, 0, 0,+7.8,+0.2,−0.2,−0.2]

Example 5.  Let 𝐸1 = [−1,−0.9,+1,−0.9] and
𝐸2 = [−1,−1,−1,+1] then:

𝑅𝐸1,𝐴1 = [+1,−0.1,−0.9,+3.8,−1,−0.1,+0.9]

𝑅𝐸2,𝐴2 = [−1, 0,+1,+4,+1, 0,−1]

𝑅𝐸1,𝐴1 + 𝑅𝐸2,𝐴2 = [0,−0.1,+0.1,+7.8, 0,−0.1,−0.1]

Examples  4 and 5 show that the severity of the performance degra-
dation (i.e., the amount lobes change from their expected amount) is 
dependent on the total amount of symbol asymmetry. This means that 
a single large change or many small changes are equally detrimental 
when considering the total amount of incorrect SL energy that is 
produced. However, when considering PSLR as the most important 
metric, a larger number of small symbol asymmetries is preferable to a 
single larger asymmetry, depending on the order of sequence elements.

Symbol misalignment
The second degradation mechanism then relates to the only other 

way the sequence structure can be altered — changing the position of 
an element. This mechanism, which we are calling Symbol Misalignment, 
occurs when a symbol is out of position with respect to the position of 
the other symbols. This does not relate to symbols swapping position 
with each other as it is assumed that the correct sequence will always be 
transmitted at the beginning of a measurement. Instead, this relates to 
a mechanism resulting in the repositioning of a symbol, i.e., a symbol is 
returned too early or too late respective of the arrival of the preceding 
or following symbol. The result of symbol misalignment is shown in 
Example  6.
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Example 6.  Let 𝐺1 = [−1,−1,+1, 0,−1] and
𝐺2 = [−1,−1,−1,+1, 0] then:

𝑅𝐺1,𝐴1 = [0,+1, 0,−1,+3,+1,−2,+1,+1]

𝑅𝐺2,𝐴2 = [0,−1, 0,+1,+4,+1, 0,−1, 0]

𝑅𝐺1,𝐴1 + 𝑅𝐺2,𝐴2 = [0, 0, 0, 0,+7,+2,−2, 0, 1]

Example  6 shows an extreme symbol misalignment where an ele-
ment is delayed by a full symbol’s width which is not expected to occur 
in real measurements. However, it illustrates that with severe symbol 
misalignment, severe performance degradation occurs as a result of a 
substantial redistribution of lobe energy.

In this section, we have introduced symbol asymmetry and symbol 
misalignment as performance degradation mechanisms. In the follow-
ing sections we will discuss how they arise in real life applications: 
Section 4 focuses on how hardware imperfections can introduce symbol 
asymmetry; Section 5 then focuses on the introduction of symbol 
misalignment when employing coded excitations on a non-stationary 
platform.

4. Hardware challenges

There are multiple ways in which Symbol Asymmetry can be in-
troduced during ultrasonic measurements. The most notable is when 
imperfections are present in the acquisition hardware. Hardware im-
perfections are of significant concern as, without understanding them, 
hardware that exploits the benefits of coded excitation cannot be built. 
This section uses both simulations and experiments to show the sever-
ity of performance degradation that can occur when using imperfect 
acquisition hardware. First, the components of a traditional acquisition 
system are introduced and how they can result in degradation is 
covered.

4.1. Traditional acquisition systems

The typical components within a traditional acquisition system 
are shown in Fig.  1. The sub-systems of interest in terms of intro-
ducing performance degradation are: Energy Delivery; Energy Recep-
tion; and Transduction. Firstly, we use the transduction sub-system to 
show only non-linear energy distortions cause significant performance 
degradation.

Fig. 1. Traditional components of a single-channel ultrasonic acquisition system broken 
into key sub-system groups.

The transduction sub-system contains only the ultrasound trans-
ducer and the transmit-receive switch (if one is used). Most, if not all, 
ultrasound transducers have a fixed bandwidth over which they can 
operate most effectively. We will refer to this bandwidth restriction 
as the Transducer Transfer Function (TTF). Due to the TTF, most 
transducers cannot match simple bipolar square wave transmission 
signals, which are the simplest way coded excitations can be applied. 
As a result, each symbol in the coded excitation is filtered by the TTF 
which results in symbol energy distortion. This can produce symbol 
asymmetry, particularly during symbol phase reversals. However, the 
transducer distortion acts as a linear function. This means that each 
symbol can be assumed to receive an equal level of distortion which 
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Fig. 2. Compression performance of a coded excitation against both the transmission signal itself and a TTF distorted coded excitation. (a) a model TTF using a Gaussian shape 
with 5 MHz centre frequency and 1.5 MHz standard deviation. (b) a Barker coded excitation using a 1-cycle 5 MHz symbol and a code length of 𝐿 = 13. (c) the TTF function of
a applied to the coded excitation of b. (d) the autocorrelation of the coded excitation of b with the peak SL amplitude shown. (e) the cross-correlation of the coded excitation in
b with the TTF distorted signal in c, which is equivalent to applying the TTF distortion to the autocorrelation signal from d.
will not result in any substantial performance degradation. This is 
also equivalent to assuming that the TTF does not impact the lobe 
distribution until after compression has been achieved based on ideal 
transmission and reception characteristics.

To demonstrate the negligible degradation arising from the intro-
duction of a linear function, Fig.  2 shows the impact of a TTF (TTF 
parameters of a Gaussian shape with 5 MHz centre frequency and 
1.5 MHz standard deviation) when applied to a Barker coded excitation 
(using a 1-cycle 5 MHz symbol). Following the introduction of the 
TTF, the PSLR of the Barker filter response remains similar and only 
the lobe shapes are changed (a minor PSLR change does occur arising 
from constructive interference from TTF-induced lobe widening). For 
clarification, should CGSs have been used in Fig.  2, perfect cancellation 
would still have been achieved.

Having explained that only hardware imperfections that introduce 
symbol asymmetry via non-linear distortions are of concern, the degra-
dation that can occur from imperfections in the remaining sub-systems 
can be introduced. Both the energy delivery and reception sub-systems 
are capable of introducing non-linear symbol distortions through many 
mechanisms. For the sake of brevity, we focus only on the imperfection 
mechanisms listed below which we have found to be the most signif-
icant in introducing performance degradation, each of which are also 
shown in the first column of Fig.  3.

• A Rise/Fall Slew Asymmetry – a difference in the time taken 
to rise to the peak transmission voltage versus falling down to 
baseline zero volts (or vice-versa)

• A Rail Slew Asymmetry – a difference in the rise and/or fall time 
of the symbol across the two rails

• A Symbol DC Offset – a difference in the absolute voltage rating 
of the positive and negative half-cycles
4 
In Fig.  3, 𝐿 = 8 CGS coded excitations are created using symbols 
that contain the listed imperfection mechanisms. The filter responses 
for each of the resulting coded excitations are then shown on a log scale 
(normalised to the peak of the ML). This is repeated with and without 
the use of symbol zero-padding — the process of adding zero-valued 
spacing between symbols. Adding symbol spacing results in filter re-
sponses that contain an equivalent lobe distribution except for the 
addition of similar spacing between all SLs. When using zero-padding 
in Fig.  3, the filter responses are shown for both of the complementary 
coded excitations as well as the final summed output. Fig.  3 shows that 
the presence of the imperfection mechanisms all result in a substantial 
change in PSLR given CGSs expect to achieve complete SL cancellation 
(as shown in the first row).

Fig.  3 is useful in explaining how symbol asymmetry mechanisms 
can result in a redistribution of SL energy. With each of the listed mech-
anisms, the total level of energy asymmetry that results is minor — 
each symbol has more or less the same total energy as all neighbouring 
symbols. However, the distribution of energy throughout each symbol 
is notably different. Taking DC offset as the most simple example, the 
positive half of the symbol contains more energy than the negative 
half — the symbol’s energy is front loaded for positive phase symbols. 
The opposite is then true for negative phase symbols. Therefore, the 
symbol energy distribution for neighbouring symbols is different which 
alters the equivalent sequence structure. This results in a redistribution 
of SL energy for expected SLs as well as an introduction of new SLs 
— this is shown by viewing the filter output from coded excitations 
that contain symbol zero-padding. With the breakdown mechanisms 
present, the original ML and SL distribution is more or less maintained 
in terms of position, but new unique SLs are introduced (which are 
typically lower amplitude than the expected SLs). Additionally, each 
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Fig. 3. Symbol asymmetry types that can be introduced by the energy transmission sub-system. The first column shows the change in appearance of a 1-cycle square wave symbol 
when each of the listed degradation mechanisms are present. The central column shows the resulting filter response when using 𝐿 = 8 CGSs to form coded excitations using each 
of the symbol types. The final column shows the resulting filter response (of both complementary signals and their sum) when introducing zero-padding between symbols when 
creating the CGS based coded excitations.
of the expected SLs are modified slightly with respect to their energy 
distribution. As each sequence structure is altered in a unique way, 
the change in SL energy that is introduced results in a substantial 
performance degradation when using CGSs where ideal SL cancellation 
is expected.

The mechanisms shown in Fig.  3 can be introduced by the energy 
reception sub-system during receiver amplification and signal digitisa-
tion, however, they are much more likely to be produced by the energy 
delivery sub-system. To produce bipolar square wave excitations, the 
most common transmission architecture used is typically a half-bridge 
configuration — as is integrated in many off-the-shelf ultrasound pulser 
chips such as the MAX14808 [26] and STHV800 [27]. This configura-
tion is rugged, simple and scale-able as it uses just a single PMOS and 
NMOS MOSFET per channel (PMOS for positive pulses, NMOS for neg-
ative). The use of differing MOSFET doping technologies for producing 
opposing polarity pulses is what can introduce the symbol asymmetry, 
though, as NMOS and PMOS transistors inherently have differences in 
their electrical characteristics. This can lead to a difference in rise and 
fall times and in the absolute voltage rating across the rails, hence how 
a DC offset or (rail-specific) slew rate asymmetry can be introduced.

To verify that this hardware architecture can result in the listed 
breakdown mechanisms, a MAX14808 evaluation board was used to 
produce 𝐿 = 16 CGS coded excitations with a peak amplitude of 30 V. 
An FPGA evaluation board was interfaced to the pulser evaluation 
board such that the coded excitations could be produced. The coded 
excitation signals were then recorded using a Handyscope HS5-540XM 
(HS5) USB oscilloscope which was set to measure over a ±40 V range 
with a 14-bit precision and with a sample frequency of 100 MHz. The 
pulser output was connected to the oscilloscope input with a T-junction 
and a 50 Ohm load such that the pulser was running under more real-
istic operating conditions. The resulting excitations and filter response 
are shown in Fig.  4 in which substantial performance degradation can 
be seen, as can the presence of imperfections in the excitation signal. 
The imperfections are further highlighted in row four of Fig.  4 which 
shows the subtraction of the CGSs from each other — the first half of 
the CGSs are the same, meaning the first half of the cancellation should 
be zero.
5 
Fig. 4. Performance degradation when using the MAX14808 pulser evaluation board 
with 𝐿 = 16 CGSs created with a 1-cycle 5 MHz square wave symbol. (a–b) Each of 
the complementary pair of coded excitations. (c) The summed filter response. (d) The 
subtraction of the two complementary signals. In each plot, the ideal signal is shown 
for reference.

For clarity, it is worth stating that we are not implying that ideal 
rise/fall characteristics are required of the pulser hardware. It is diffi-
cult/impossible to produce hardware that can create instantaneous rise 
and fall edges for square wave excitations. However, imperfections that 
lead to a decreased slew rate are not of concern as long as the rise and 
fall characteristics are symmetric. Performance degradation occurs only 
when symbol asymmetry is present.
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Fig. 5. Immersed transducer pulse-echo application used to investigate the degradation severity with varying hardware imperfection severity. A Handyscope HS5 USB function 
generator and oscilloscope is used as a complete data acquisition system. An Olympus V310 5 MHz centre frequency immersion transducer is used with a 15 mm stainless steel 
reflector placed 30 mm from the transducer surface.
Having explained how hardware imperfections can introduce a 
performance degradation, the following sub-section investigates the 
severity of performance degradation that occurs for varying degrees of 
imperfection level for each of the previously listed mechanisms.

4.2. Degradation severity

To investigate the severity of performance degradation as a function 
of the amount of each imperfection mechanism, the setup in Fig.  5 
is used. This setup uses an immersed 5 MHz transducer, an Olym-
pus V310, to record pulse-echo measurements of a 15 mm stainless 
steel reflector placed 35 mm away from the transducer face with the 
immersion fluid being room-temperature water.

The pulse-echo setup shown in Fig.  5 was first simulated using a 
simple time-shift approach. The time-delay and transmission and reflec-
tion coefficients were calculated for the front wall entry echo, the first 
back wall reflection and the second back wall reflection. The simulated 
signal was then obtained by applying a time-shift in the frequency 
domain to the excitation signal(s) for each calculated time delay such 
that three sets of coded echoes were produced — these were then scaled 
in amplitude using the transmission and reflection coefficients and 
summed into a single signal. Additionally, the impact of the TTF was 
included in simulations with TTF parameters of a Gaussian shape with 
5 MHz centre frequency and 1.5 MHz standard deviation. The signals 
were then processed using a full matched filter to produce the final 
filtered response. Simulations were used such that a very high sample 
frequency of 500 MHz could be implemented, which allows for fine 
control when adding in the slew-rate related hardware imperfection 
mechanisms, and also so that any inherent hardware imperfections and 
measurement noise that would be present in an experimental platform 
could be avoided.

In addition to simulations, experiments were performed using an 
HS5 as both the transmitter and receiver. The HS5’s Arbitrary Function 
Generator (AFG) was used to create and transmit the coded excitations 
with a sample frequency of 100 MHz and amplitude of ±8 V. The 
AFG is based on a Digital-to-Analogue Converter (DAC) architecture 
which allows it to produce excitation signals with a bandwidth of up to 
30 MHz without, in theory, any hardware imperfections at this voltage 
level. In reality, the HS5’s AFG will contain imperfections, however, the 
datasheet of the device [28] states that the AFG can produce signals 
with an accuracy and symmetry that is sufficient to meet the needs 
of producing ideal-like coded excitations. The HS5’s oscilloscope was 
then used to record the corresponding echoes over a ±0.4 V acquisition 
range with 14-bit precision and with the same sample frequency of 
100 MHz — no receiver amplification was used. The HS5 operating 
with these characteristics is able to produce CGS coded excitations that 
result in no SLs above the measurement noise floor following matched 
filtering – i.e., the HS5 setup can be considered ideal and is suitable to 
be used to validate the simulation results. To account for the lack of 
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receiver amplification and to reduce the baseline measurement noise 
floor, 𝑁 = 10 averaging was used when recording the experimental 
signals in this section to give an approximately 10 dB SNR gain.

To characterise the performance degradation severity with respect 
to the severity of the hardware imperfection, the simulation and ex-
perimental platforms were used with excitation signals that contained 
increasing levels of hardware imperfection for each of the investigated 
imperfection mechanisms. The front-wall echo PSLR for the resultant 
filtered signals was then recorded by using the peak echo value and the 
peak value in two 5 μs regions immediately preceding and following 
the same echo — where any newly introduced SLs would exist. For 
the experimental platform, this process was repeated 5 times with the 
average PSLR then taken to mitigate for the impact of random noise 
spikes. This process was repeated twice, firstly with coded excitations 
using CGSs of length 𝐿 = 16 and a 1-cycle 5 MHz square wave symbol, 
and secondly with the same CGSs but with a 2-cycle 5 MHz square wave 
symbol. The simulation and experimental results are shown in Fig.  6.

For the sake of brevity, the following results focus only on how the 
hardware imperfections impact PSLR. All of the investigated hardware 
imperfections also produce a reduction in SNR as they result in a 
reduction in total transmitted energy. Similarly, all of the investigated 
imperfections change the bandwidth of the transmission signal which 
also reduces SNR given the impact of the TTF. A reduction in SNR is 
a negative consequence of hardware imperfections with coded excita-
tions; however, using coded excitation is still going to produce a higher 
SNR signal than an uncoded excitation, hence the following focuses 
only on the specific problem of performance degradation arising from 
a change in PSLR. For reference, the greatest drop in ML amplitude 
measured in the following was less than 4 dB (resulting from the largest 
investigated rail slew rate asymmetry) – this is minor when considering 
the coded excitations should introduce an SNR gain of approximately 
15 dB over a similar uncoded measurement.

In Fig.  6, the 𝑥-axis represents the level of imperfection severity. 
For slew rate related imperfections, each increment corresponds to a 
2 ns increase in the respective imperfection (2 ns slower fall time than 
rise time or 2 ns slower fall time for the negative rail only). For the DC 
offset imperfection, each step corresponds to a 2% reduction in absolute 
amplitude for the negative rail.

Firstly, the results in Fig.  6 show a strong match between simulation 
and experimental results, albeit with the experimental platform having 
a limit at which PSLR can be measured due to the system noise floor — 
at roughly 42 dB in Fig.  6-(a) and roughly 48 dB in Fig.  6-(b). This is 
useful in identifying a threshold at which performance degradation is of 
concern — a simulated reduction in PSLR that results in SLs below the 
measurement noise floor is not going to impact overall signal quality. 
The results further show a strong link between the amount of PSLR 
related performance degradation and the amount of imperfection level 
for each mechanism — as is to be expected.
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Fig. 6. Degradation severity with increasing imperfection level when using a 1-cycle symbol (a) and a 2-cycle symbol (b) with 𝐿 = 16 CGSs. Imperfection level is presented in 
increments where each increment corresponds to an increase in the slew rate asymmetry of 2 ns or an increase in rail amplitude asymmetry of 2%.
Secondly, the results show that for slew asymmetry and DC offset 
imperfections, performance degradation is minor. It takes until at least 
20 ns of slew asymmetry before the resulting breakdown SLs are 
measurable above the experimental noise floor. Further increasing the 
imperfection level to the maximum tested results in a PSLR of roughly 
33 dB which the authors are considering tolerable given the SLs sit 
below the amplitude of the back-wall reverberations. For a DC offset, 
PSLR did not significantly cross the experimental noise floor for all 
tested imperfection levels.

Conversely, for rail specific slew rate asymmetry, the performance 
degradation is substantial. With just a 6 ns difference in the fall time 
of the negative and positive rails, SLs are introduced above the noise 
floor. Further increasing the imperfection level results in SLs as large 
as 20 dB relative to the front wall echo — this is demonstrated in 
Fig.  7 in which experimental signals are shown for 𝐿 = 16 CGSs with 
a 1-cycle 5 MHz square wave symbol both with and without a rail 
specific slew rate asymmetry of 25 increments. The degradation SLs 
shown in Fig.  7-(h) have an amplitude that almost matches that of 
the peak of the first back wall reverberation. This highlights how a 
significantly degraded PSLR can reduce signal quality by making it 
difficult to clearly distinguish between breakdown artifacts and real 
echoes, as well as making it difficult to look for information from 
low amplitude reflectors. The greater degradation associated with rail 
specific slew rate asymmetry can be explained given this imperfection 
mechanism results in the greatest asymmetry in energy distribution 
between positive and negative starting symbols.

Finally, the second column in Fig.  6 highlights that using an in-
creased symbol duration – a multi-cycle symbol – results in a reduction 
in the performance degradation for all of the investigated imperfection 
mechanisms. This is logical as a multi-cycle symbol results in all 
symbols containing each of the imperfection mechanism to a greater 
extent — i.e., having 2 amplitude switches in each symbol means all 
symbols contain more slew rate related imperfections. Therefore, the 
overall symbol asymmetry is reduced, hence the PSLR performance 
degradation is reduced.

Having demonstrated the relationship between PSLR degradation 
and imperfection level, the second investigation undertaken in this 
section was to perform repeat measurements with increasing sequence 
lengths such that the impact of sequence length on performance degra-
dation could be shown. This investigation was undertaken by using the 
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same simulation and experimental platform as before and providing 
them with excitation signals of increasing sequence length all with the 
same level of each imperfection mechanism. The imperfection level was 
set as 20 increments (40 ns slew rate symmetry, 40% DC offset) and the 
sequence lengths were increased from 𝐿 = 8 to 𝐿 = 128 in power of 2 
increments for a 1-cycle symbol, and from 𝐿 = 4 to 𝐿 = 64 for a 2-cycle 
symbol (the max sequence length was dictated by the arrival time of 
the front wall echo). The results from this are shown in Fig.  8.

The results in Fig.  8 show that the PSLR degradation severity can 
be reduced by increasing the coded excitation sequence length. This 
is shown by both experimental and simulation results, albeit with 
experimental results being unable to track the reduction in PSLR from 
increasing the sequence length when considering slew and DC offset 
imperfections due to the experimental noise floor limiting the minimum 
PSLR that could be measured. The reduction in degradation severity 
that arises from increasing sequence length can be explained by con-
sidering that individual longer sequences typically have a better PSLR 
to begin with; therefore meaning imperfection mechanisms cannot 
produce as substantial of a change given the mechanisms most signifi-
cantly provide a performance degradation by changing the amplitude of 
existing SLs. If the existing SLs are lower in amplitude, changing them 
by a given percentage will result in a less significant overall change to 
PSLR.

A final note, there are multiple pairs of CGSs for a given sequence 
length. Therefore, there are multiple pairs of CGSs based coded excita-
tions with the same energy but with a different sequence structure. For 
the sake of brevity, we have not shown multiple sets of PSLR results for 
equivalent length CGSs but with a differing sequence structure. This is 
because we have found that changing a sequence structure but sticking 
with a similar sequence length results in very minor changes to the 
resulting PSLR degradation that can occur – of the order of 1–3 dB – and 
therefore has minimal overall impact, unlike when changing sequence 
length itself.

4.3. Discussion of hardware imperfection results

The results presented in this section are useful in aiding system 
designers understand how to make acquisition systems most effectively 
use coded excitations.
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Fig. 7. Difference in appearance of signals with and without the presence of a hardware imperfection. (a–b) 𝐿 = 16 CGSs coded excitations using 1-cycle 5 MHz square wave 
symbols with and without the introduction of 50 ns rail specific slew rate asymmetry. (c–d) Corresponding echoes recorded using the excitation signals in a–b. (e–f) Filtered 
output from the recorded signals in c–d. (g–h) Filtered output from the recorded signals in c–d shown on a log scale with the position and amplitude of the peak value in the SL 
measurement region indicated.
Fig. 8. Degradation severity with increasing sequence length when using a 1-cycle symbol (a) and a 2-cycle symbol (b) with CGSs. The imperfection level for each degradation 
mechanism is set at 20 increments (40 ns slew rate symmetry, 40% DC offset).
Firstly, the results showed that rail specific slew rate asymmetry is 
the most significant imperfection mechanism when it comes to altering 
PSLR. Therefore, system designers can look to use alternative pulsing 
technologies to avoid the rail specific slew rate asymmetries that are 
known to exist in half-bridge architectures. Technologies that utilise 
similar electrical characteristics for positive and negative pulses can 
be developed, or differential excitations (using only positive/negative 
pulses applied to opposing sides of the transducer) can be employed to 
reduce the hardware requirements.
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Secondly, the results have shown that longer coded excitations 
that employ multi-cycle symbols are much more robust against the 
investigated hardware imperfections. Therefore, system designers can 
aim to make use of such coded excitation parameters to avoid the 
need for producing acquisition electronics to stricter requirements. One 
such technique that could be used is to use the acquisition architecture 
with TOP-CS sequences introduced in [17], in combination with two-
cycle symbols. The setup shown in [17] uses sequence lengths in the 
thousands which can allow for lower quality electronics to produce 
PSLR degradation that exists below the noise floor.
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Overall, the results shown in this section have highlighted that hard-
ware imperfections can result in a performance degradation, and there-
fore system designers must be aware of these imperfections. Nonethe-
less, the results have also shown that, with the exception of rail specific 
slew rate asymmetry, coded excitation is a robust technique when faced 
with hardware imperfections as the resulting performance degradation 
will often sit below the measurement noise floor, especially when 
longer sequences and symbols are chosen. For applications with a high 
baseline noise floor of ≤10 dB, even short Barker sequences can be 
used with significant hardware imperfections to improve overall SNR 
without introducing any signal quality issues from a drop in PSLR.

Finally, using CGSs to produce the results shown in this section 
amplifies the apparent level of performance degradation given CGSs 
expect to achieve ideal SL cancellation. Using sequences with worse 
compression properties, such as Barker sequences, would have resulted 
in a negligible change to PSLR as a result of introducing hardware 
imperfections given such sequences already have a poor PSLR to begin 
with. For reference, introducing 20 ns of rail specific slew asymmetry 
to a measurement using 𝐿 = 13 Barker sequences results in a change of 
PSLR of approximately just 2 dB (from −22.2 dB in the ideal scenario 
to −20.03 dB).

4.4. Imperfection build-up

Before concluding the hardware section of this work, a final point to 
address relates to hardware imperfection build-up. That is when multi-
ple hardware imperfection mechanisms are present simultaneously. The 
previous results investigated each imperfection mechanism in isolation, 
in reality all of the imperfection mechanisms are likely to exist to some 
degree at the same time — as shown in Fig.  4.

To investigate imperfection build-up, the same simulation and ex-
perimental platform was used. These platforms were provided with 
coded excitations, all using 𝐿 = 16 CGSs with a 1-cycle 5 MHz symbol, 
with increasing hardware imperfection levels for one mechanism whilst 
containing a baseline imperfection level for another mechanism. This 
was repeated for an increasing DC offset with a baseline imperfection 
of 15 increments worth of rail specific slew asymmetry and vice versa. 
The results of this are shown in Fig.  9.

Fig.  9 shows that the system designer should be concerned only with 
the most significant hardware imperfection mechanism that is present. 
A baseline imperfection of 30 ns of rail specific slew asymmetry results 
in a PSLR of approximately 26 dB. Adding up to 50% DC offset increases 
this only to a PSLR of approximately 24 dB — an insignificant change. 
Conversely, a 30% DC offset results in a PSLR of 47 dB — adding just 
10 ns of rail specific slew asymmetry increases this up to 37 dB which is 
only 1 dB worse than 10 ns of asymmetry without any DC offset present. 
This arises as each hardware imperfection mechanism produces its own 
unique cluster of SLs meaning that the imperfection mechanisms do not 
‘work together’ to produce a greater overall performance degradation 
when multiple mechanisms are present.

5. Motion challenges

The second degradation mechanism investigated in this work is
Symbol Misalignment. This mechanism occurs when symbols are placed 
out of position with respect to each other. Assuming the acquisition 
hardware is correctly programmed, the only way in which a symbol 
can be out of position compared to its neighbour is if a physical 
phenomena has resulted in the echo arriving too early or too late. This 
can occur when coded excitations are used to perform measurements 
on a non-stationary/moving platform. This section explores the arising 
performance degradation in this scenario via two sub-investigations, 
one looking at (vertical) motion of a transducer towards a reflector 
(Section 5.1), and one looking at (lateral) motion of a transducer 
across a reflector (Section 5.2). Following these sub-investigations, 
an industrial application that experiences both motion orientations is 
introduced and experimental results are shown (Section 5.3).
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5.1. Motion towards a target

In NDE applications, motion of a transducer towards a reflector is 
rare. However, in medical imaging and flow measurement applications, 
motion towards a target can occur frequently. For example, in medical 
imaging applications, the inspected material is live tissue which will 
inevitably be in motion due to patient movement such as breathing. 
A change in the propagation characteristics due to this type of motion 
results in a change in arrival time for each of the echoes in the coded 
measurement, introducing symbol misalignment and the potential for 
performance degradation.

To investigate the impact of motion towards a target on PSLR, a 
simple time-dependent simulation was developed. As coded excitations 
are a collection of back-to-back symbols, simulating a coded excitation 
propagating through a non-stationary medium can be achieved by 
simulating each symbol within the signal independently with its own 
propagation characteristics (propagation distance, speed of sound etc.). 
By changing the distance to a reflector for each symbol, a collection of 
echoes can be produced that have ‘experienced’ motion — the latter 
symbols can utilise a longer/shorter propagation distance to mimic 
motion of the transducer away from/towards the reflector surface. 
Summing each simulated echo together allows for the coded echoes to 
be reconstructed — this signal can then be processed and PSLR can be 
measured. Taking the case of an immersed pulse-echo measurement of a 
metal reflector (for simplicity), this simulation methodology is outlined 
in Fig.  10.

In addition to the simulation methodology of Fig.  10, an exper-
imental setup was used to investigate the degradation severity due 
to motion towards a reflector. This setup used the same acquisition 
components as shown in the previous section (Fig.  5) albeit without 
using averaging (averaging only being possible in stationary systems) 
and with a larger 5 MHz immersion transducer (Krautkramer, 1 inch 
diameter). The transducer was placed inside a motorised C-scan tank, 
as used in [29,30]. This C-scan tank allows for the transducer to be re-
positioned whilst the HS5 is active, thereby enabling motion of varying 
velocity (up to 100 mm/s).

To record experimental data, the scanning frame was set to move 
the transducer away from the reflector from a starting position of 
25 mm standoff up to a maximum distance of 50 mm with varying 
velocities — the transducer was then returned to the original starting 
position with the same velocity. The HS5 was set to continuously record 
coded excitation measurements throughout this movement towards 
and away from the reflector. In post-processing, all signals that were 
recorded with a front wall standoff between 35 mm and 40 mm were 
then used to measure the PSLR in the region preceding and following 
the front wall entry echo — this was done to eliminate measurements 
taken during the acceleration/deceleration period of the transducer 
motion. To mitigate the impact of random noise, an average PSLR from 
10 measurements within this standoff region was taken.

Both the simulation and experimental signals were used to measure 
the change in PSLR as the motion velocity towards the target increased. 
For simulations, this was repeated for velocities up to 500 mm/s in 
10 mm/s increments — transducer motion away from the reflector 
was set to be continuous throughout the entire measurement. For 
experiments, this was repeated for 10 mm/s, 20 mm/s, 50 mm/s and 
100 mm/s velocities. Both simulations and experiments were repeated 
with varying length CGSs of 𝐿 = 16, 𝐿 = 32 and 𝐿 = 64. As CGSs were 
chosen, two subsequent measurements were required to produce a final 
filtered result. This allows for a cross-sequence misalignment to occur 
due to the time interval between recording (and simulating) each of 
the complementary pair. To minimise the impact of this time-interval 
given continuous motion is being investigated, the interval was set as 
short as possible without resulting in complementary echo overlap — 
an interval of 150 μs was sufficient to achieve this. The results from 
both simulations and experiments are shown in Fig.  11.
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Fig. 9. Degradation severity with increasing imperfection level when using a baseline rail specific slew rate asymmetry (a) and a baseline DC offset (b) and 𝐿 = 16 CGSs. 
Imperfection level is presented in increments where each increment corresponds to an increase in the slew rate asymmetry of 2 ns or an increase in rail amplitude asymmetry 
of 2%. Baseline imperfection levels are set at 15 increments (30 ns slew asymmetry, 30% DC offset). Results shown in each plot for the degradation trend introduced by the 
corresponding baseline mechanism for additional reference.
Fig. 10. Simulation methodology for introducing vertical motion into coded excitation measurements. Coded excitations are compartmentalised into their composite symbols which 
are then individually simulated using a standard 1D approach. The resulting echoes are summed together to produce the resulting coded excitation measurement. Each symbol 
can be simulated with individualised propagation characteristics (such as standoff distance, denoted with Z(n) in the figure) which allows for motion to mimicked.
The results in Fig.  11 show a substantial PSLR performance degra-
dation as vertical motion velocity was increased — this is shown by 
both simulation and experimental results which strongly agree. The 
experimental setup had a noise floor of approximately 40 dB — SLs 
greater than this level were introduced with just 10 mm/s sustained 
motion throughout the measurement. However, upon inspection of the 
recorded signals, it became obvious that the most significant aspect 
impacting the PSLR degradation was the inter-shot gap between each 
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half of the CGS causing cross-sequence misalignment. With CGSs, ideal 
SL cancellation can only occur if all lobes are appropriately aligned 
with their complement across the pair of measurements. The 150 μs
inter-shot separation was sufficient to introduce substantial lobe mis-
alignment under these motion scenarios meaning SL cancellation was 
not being achieved. To correct for this, the simulations and experiments 
were re-run with an additional processing step included. This additional 
step was to align the front-wall ML of each of the complementary 
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Fig. 11. Degradation in PSLR as vertical motion velocity increases when using CGS 
based coded excitations of increasing sequence length. A 1-cycle 5 MHz square wave 
symbol used for all measurements. Both simulation and experimental results presented.

Fig. 12. Degradation in PSLR as vertical motion velocity increases when using CGS 
based coded excitations of increasing sequence length. A 1-cycle 5 MHz square wave 
symbol used for all measurements. Both simulation and experimental results presented. 
For all measurements, ML peak alignment was undertaken during post-processing to 
eliminate the impact of cross-sequence misalignment.

pair (following signal up-sampling) such that PSLR degradation relating 
only to inter-sequence misalignment remained. The results from this 
second round of measurements are shown in Fig.  12.

The results in Fig.  12 instead show that PSLR degradation above the 
noise floor could not be introduced on the experimental platform given 
the relatively low top-speed of the C-scan frame. Simulation results 
do show that PSLR degradation of significant enough magnitude to 
surpass this noise floor can be introduced, but this does not occur 
until >450 mm/s sustained motion depending on the chosen sequence 
length. Increasing the maximum speed investigated using simulations 
to 2 m/s results in a worst-case PSLR of 27.1 dB (when using 𝐿 = 64
sequences).

The results shown in this section present interesting findings. Firstly, 
CGS based coded excitations used without ML peak alignment are 
incredibly susceptible to significant performance degradation due to 
motion towards a target. Therefore, we strongly recommend that ML 
alignment should be used in any application where this motion can be 
encountered. Secondly, even when using peak alignment, coded excita-
tions can suffer a PSLR performance degradation due to intra-sequence 
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vertical motion that can introduce artifacts above the measurement 
noise floor.

Finally, the results show that performance degradation does not 
simply reduce when increasing sequence length, unlike the results 
shown in Section 4. It would be expected that increasing sequence 
length results in a better PSLR; however, with system motion, an 
important factor that dictates how much degradation will occur is the 
total excitation duration. A longer coded excitation can experience a 
greater total intra-sequence change in propagation characteristics — 
the first and last symbol can be more greatly misaligned. Therefore, 
the relative degradation can be more substantial even though the PSLR 
starting point from using a longer sequence is greater, thus making 
shorter sequences preferable. This is further highlighted in Fig.  13 in 
which a collection of signals are shown as the transducer moved away 
from the reflector. The first row of signals shows measurements from 
using 𝐿 = 16 2-cycle CGSs — a total excitation duration (per shot) of 
roughly 7 μs which resulted in negligible degradation (following peak 
alignment). The second row of signals shows measurements from using 
𝐿 = 2000 TOP-CS coded excitations (which rely on longer sequence 
lengths to achieve ideal compression [17]) — a total excitation duration 
of roughly 800 μs which led to a poor worst-case PSLR of −22 dB.

Overall, these results are useful in aiding the system designer to 
understand how to use coded excitations on a platform that is set 
to experience motion towards or away from the target. Depending 
on the motion velocity, performance degradation arising from symbol 
misalignment is possible. To ensure this sits below the measurement 
noise floor, the system designer should utilise shorter coded excitations 
– to minimise first-to-last symbol misalignment – and should similarly 
use shorter symbols for the same reason. This goes against the recom-
mendations for mitigating hardware imperfections, therefore making 
the requirements for correctly implementing coded excitations appli-
cation specific. Furthermore, if using multi-shot sequences (i.e., CGSs 
or larger complementary families such as those shown in [13]), ML 
peak alignment should be used to remove cross-sequence misalignment. 
Nonetheless, overall degradation severity with motion towards a target 
is low when considering realistic sustained motion velocities (≤1 m/s) 
and when using short, traditional sequences.

5.2. Motion across a target

In this section, we are now considering the impact of motion of 
a transducer parallel to primary material boundaries in the inspected 
medium – i.e., motion across a reflector surface. This scenario is much 
more common in NDE applications where B-scans and C-scans are 
regularly produced for mapping material conditions such as corrosion. 
This orientation is also still common in medical imaging and flow 
measurement applications.

In contrast to the motion towards a target scenario, when a trans-
ducer moves laterally across a reflector, the material’s propagation 
characteristics can remain similar across all symbols if the reflector 
is homogeneous and defect free. In an immersion application, the 
couplant thickness can be assumed to remain constant whilst the trans-
ducer moves laterally. Therefore, assuming no change in the material 
properties in the reflector, the propagation characteristics for each 
symbol are effectively identical despite being in a different position 
in space. However, in non-immersion applications, such as when using 
contact transducers or pumped water columns, lateral motion can result 
in a change in propagation characteristics due to a change in couplant 
conditions, even if the reflector properties are continuous. Furthermore, 
if the reflector properties are not continuous, such as due to the 
presence of a defect, lateral motion will again change the propagation 
characteristics on a symbol-by-symbol basis which can introduce sym-
bol misalignment. Therefore, the impact of this movement orientation 
on PSLR must also be studied.

To investigate the impact of lateral motion, both simulations and 
experiments are once again used. However, the simulation method out-
lined in Fig.  10 had to be adapted to be able to include lateral motion. 
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Fig. 13. Signals recorded using the C-scan experimental platform with 𝐿 = 32 CGS coded excitations (a–e) and 𝐿 = 2000 TOP-CS code excitations (f-j), both with a 2-cycle 5 MHz 
square wave symbol. All signals shown on a log scale normalised to 100 mV (for CGSs) or 4.5 mV (for TOP-CS). The C-scan was set to vertically move the transducer at 100 mm/s 
away from the reflector.
Instead of a simple 1D simulation for each symbol, each symbol must 
be simulated with its own propagation characteristics that encompasses 
not just the material and couplant thicknesses but also the presence of 
a scatterer/object/defect within the illuminated area. In this way, each 
symbol in a coded excitation can be individually simulated such that 
a full coded result can be reconstructed, and each symbol can account 
for the transducer emitting over a specific area which can have defects 
within it. To implement such a simulation methodology, the approach 
illustrated in Fig.  14 was used. A 2D simulation is approximated as a 
simple addition of multiple 1D simulations at discrete points over the 
transducer face. Each 1D simulation is given individualised material 
properties such that defects can be introduced. Whilst this approach 
is not as accurate as a more complex model, such as finite element 
modelling, it is assumed to be sufficient as long as the number of lines 
per transducer is sufficiently large. For all of the following simulations, 
the transducer was split into 20 × (𝐷∕𝜆) lines where 𝜆 is the ultrasonic 
wavelength in the couplant and 𝐷 is the transducer diameter (i.e., 20 
lines per wavelength). This still allowed relatively fast computation 
compared to using the finite element method.

The model was then used to measure the PSLR as lateral motion of 
increasing velocity was introduced. The baseline simulation parameters 
were set as a 5 MHz immersed transducer (of 6 mm diameter) placed 
20 mm away from a 15 mm stainless steel block which is being 
inspected using 𝐿 = 8-128 CGS based coded excitations, all with a 1-
cycle square wave symbol. This application was simulated with lateral 
motion ranging from 10 mm/s to 10 m/s across 20 evenly spaced 
increments. For each simulation, a 10 wavelengths stepped defect was 
introduced into the front wall after half of the first sequence was 
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transmitted – i.e., the couplant distance increased by 10 wavelengths 
after the first half of the symbols (in the first of the complementary 
pair) were transmitted. A stepped defect was chosen as it is the worst 
case scenario, and the defect was placed in the front wall to give the 
most significant amplitude SLs. Following post-processing, the PSLR 
in the region immediately preceding the front wall entry echo was 
recorded. The results from this are shown in Fig.  15 and example signals 
from the simulation platform with and without motion are shown in 
Fig.  16.

In addition to the speed-dependency investigation, the 2D simula-
tion was further used to investigate degradation severity with increas-
ing defect sizes at a fixed lateral motion velocity. For this, the baseline 
parameters were kept the same and a constant lateral motion of 5 m/s 
was set. The depth of the stepped defect in the front wall was then 
increased from 0.25 to 10 wavelengths (in 0.25 wavelength steps) with 
all defects being introduced halfway through the first set of symbols. 
The results from this are shown in Fig.  17.

Firstly, Fig.  16 highlights why only the region preceding the front 
wall entry echo was used to calculate PSLR. The lateral motion of 
the transducer face across the stepped wall-loss defect results in the 
majority of the symbols returning with two independent echoes. There-
fore, a second ML and cluster of SLs were produced corresponding to 
this stepped defect. The use of a stepped wall-loss defect in the front 
wall means that the new lobes follow the original front wall entry 
echo. To mitigate for the impact of interference between this new lobe 
distribution and the SLs resulting from imperfect compression, only the 
region preceding the front wall ML was chosen to measure PSLR.

Secondly, Fig.  15 verifies that, according to this simulation, PSLR 
reduces as a result of lateral motion across a defect. However, the 
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Fig. 14. Simulation methodology for introducing lateral motion into coded excitation measurements. Coded excitations are compartmentalised into their composite symbols which 
are then individually simulated using a 2D approach — the separation of a coded excitation into composite symbols is shown in Fig.  10. The 2D simulation is itself split into a 
collection of 1D simulations each with their own respective propagation characteristics. The 2D echo is then reproduced by summing the output of each 1D sub-simulation, and 
the full set of coded echoes are constructed by repeating the process for all composite symbols and summing the outputs together.
Fig. 15. Degradation in PSLR as lateral motion velocity across a 10 wavelength stepped 
defect increases when using CGS based coded excitations of increasing sequence length. 
A 1-cycle 5 MHz square wave symbol used for all measurements. Results obtained using 
the simulation methodology outlined in Figs.  10 and 14.
13 
change in PSLR is substantially smaller than that corresponding to 
vertical motion. Over 3 m/s sustained motion is required before PSLR 
reduces to below −40 dB, the hardware noise floor from these experi-
ments. The reason for this is as follows: with lateral motion, complete 
symbol misalignment does not occur. Instead, the energy and position 
of returned echoes varies depending on how much of the defect is 
illuminated by the transducer face for each symbol. As the defect takes 
up an increasing amount of the transducer area, the echo energy re-
turned corresponding to the non-defective wall thickness reduces. This 
energy is then re-positioned to arrive corresponding to the defective 
wall thickness. Even with substantial motion velocities, the change in 
inspected area on a symbol-to-symbol basis is minor (symbols are only 
200 ns apart in this setup). There is enough re-positioning of energy 
to create a new low-amplitude ML and SL distribution, but not enough 
to significantly impact the compression performance compared to the 
complete misalignment of a symbol, as occurs with vertical motion.

Thirdly, Fig.  17 shows that the severity of performance degradation 
is not significantly impacted by the size of the defect encountered. This 
is explained by considering what changing the size of the defect does 
to the returned symbols. As the defect depth increases, the amount of 
energy lost that relates to the non-defective thickness does not change, 
all that changes is where the energy is re-positioned to.

Finally, the results in Figs.  15 and 16 show that the degrada-
tion severity is reduced when using longer sequences. With motion 
towards a target, a longer sequence allows for a greater first-to-last sym-
bol misalignment which can introduce more substantial performance 
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Fig. 16. Difference in appearance of simulated signals with and without 10 m/s sustained lateral motion across a 10 wavelength stepped defect in the front wall when using 𝐿 = 16
CGS coded excitations with 1-cycle 5 MHz square wave symbols. (a–b) Corresponding echoes simulated using the CGS coded excitation signals and the simulation methodology 
outlined in Figs.  10 and 14. (c–d) Filtered output from the recorded signals in a–b. (e–f) Filtered output from the recorded signals in a–b shown on a log scale with the position 
and amplitude of the peak value in the SL measurement region indicated.
Fig. 17. Degradation in PSLR as stepped defect size increases when using CGS 
based coded excitations of increasing sequence length on a platform undergoing 
5 m/s sustained lateral motion. A 1-cycle 5 MHz square wave symbol used for all 
measurements. Results obtained using the simulation methodology outlined in Figs.  10
and 14.

degradation. With lateral motion, symbol misalignment is minimal and 
the energy asymmetry between symbols is the predominant mechanism 
through which degradation occurs. As mentioned in Section 4, when en-
ergy asymmetry occurs, a longer sequence helps to reduce degradation 
severity by reducing the PSLR starting point, thus longer sequences are 
beneficial in lateral motion scenarios, up to a point (a longer excitation 
can inherently allow for a greater intra-sequence variation as total 
travel duration increases).

So far, only 2D simulation results for lateral motion have been 
presented. This is because the impact of introduced SLs would have 
been too small to notice given the simulations predict a PSLR less 
than our experimental noise floor. The C-scan tank that was used for 
the experiments to test the effect of motion towards a target has a 
maximum speed of 100 mm/s. Based on the simulated results, this 
would introduce artifacts 60 dB below the ML. These artifacts would 
14 
not be seen given this C-scan experimental platform has a baseline SNR 
of approximately 40 dB (depending on sequence length and reflector 
surface). Nonetheless, the C-scan tank was used to record signals with 
sustained lateral motion of 100 mm/s to verify performance degrada-
tion did not occur. CGS based coded excitations (𝐿 = 32) were used 
with a 1-cycle 5 MHz square wave symbol and a mild steel reflector 
containing a stepped front wall defect was placed under the transducer 
face (a step of 3 mm taking the front wall surface from 20 mm to 23 mm 
from the transducer face). A collection of signals recorded from this 
setup are shown in Fig.  18.

The signals shown in Fig.  18 were taken as the transducer pro-
gressed across the stepped defect — starting from one material thick-
ness in plot (a) and finishing at the second thickness in (e). As the 
signals progress, it is clear to see the second ML corresponding to the 
stepped change in material thickness appear. The increasing amplitude 
of the second ML, and conversely decreasing amplitude of the initial 
ML, demonstrates the progression as more of the defect is covered by 
the transducer illuminated area. Despite the sustained motion of the 
transducer throughout the change in material thickness, no measurable 
PSLR degradation is observed, as was predicted by the simulations for 
such a low lateral motion velocity.

Overall, the simulations shown here indicate that lateral motion 
can introduce PSLR performance degradation, but only at substantial 
sustained motion velocities. The lack of capability to experimentally 
introduce degradation from lateral motion is of itself validation that 
coded excitation is robust against this degradation mechanism. The 
following section utilises an industrial application to verify that a 
beneficial outcome arises from the use of coded excitation when lateral 
motion is present.

5.3. Industrial application - RMS-600

The previous sections investigated the impact of motion towards 
and across reflectors on coded excitation compression performance 
in simulations and laboratory conditions. This section further shows 
results from implementing varying length coded excitations in a real 
world scanning application.

The real-world application used was a corrosion mapping tool from 
Eddyfi Technologies. The chosen platform utilised an RMS-600 raster 
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Fig. 18. Signals recorded using the C-scan experimental platform with 𝐿 = 32 CGS coded excitations (1-cycle 5 MHz square wave symbol). The C-scan was set to laterally move 
the transducer at 100 mm/s across the surface of a reflector containing a 3 mm front wall stepped defect. Plots (a)–(e) show the signals as the transducer crossed the stepped 
defect.
scanning tool to laterally move a transducer (5 MHz, Krautkramer, 
1 inch diameter, focused) over a fixed reflector. The RMS-600 motor 
stage facilitated lateral motion at a maximum speed of 730 mm/s and 
used a pumped water column (28 mm nominal coupling distance) to 
couple the transducer to the reflector. The reflector was set as 12.5 mm 
thick mild steel with a 3 mm stepped defect in the back wall — a 
pumped water column coupling did not allow for front wall defects to 
be captured.

The use of a pumped water column in this experimental setup allows 
for inconsistencies in couplant conditions to occur via the presence of 
air-bubbles and flow turbulence. Whilst couplant inconsistencies do not 
physically alter the distance between the transducer surface and the 
front wall of the reflector, they do change the propagation character-
istics throughout the couplant. This is similar to the introduction of 
vertical motion as couplant propagation time can change on a symbol 
to symbol basis. Therefore, this experimental platform experiences both 
lateral and (equivalent to) vertical motion throughout the measure-
ments making it an ideal candidate for testing the robustness of coded 
excitation.

The transducer placed in the RMS-600 was connected to the same 
acquisition electronics from previous experiments — an HS5 AFG and 
oscilloscope. This was used to record 500 measurements as the RMS-
600 moved the transducer back-and-forth across the reflector. This 
process was undertaken for a standard uncoded measurement (a single 
5 MHz bipolar square wave) as well as repeated for measurements using 
coded excitation of varying sequence lengths and types (all with 5 MHz 
square wave symbols). The results from using this platform are shown 
in Figs.  19–21.

Firstly, Fig.  19 shows a collection of the recorded signals when a 
standard excitation is used. The raw recorded signals are shown on 
a linear scale and the matched filtered signals are shown on a log 
scale. This figure gives an indication of the baseline signal quality 
achieved with this experimental setup. Firstly, all signals can be seen to 
contain high intensity pulses of coherent noise — this noise arises from 
interference with the motor drivers and it is not suppressed well by the 
matched filter. Fig.  19-(a) and (f) show signals when the transducer is 
above a non-defective material section, 19-(c) and (h) then shows the 
15 
response when the transducer is crossing the stepped defect threshold, 
and 19-(d) and (i) shows signals within the defective region. In each 
of these signals, there is sufficient information pertaining to the back 
wall that either material thickness or simply the presence of a defect 
could be identified. In 19-(b), (g), (e) and (j), the signals were recorded 
whilst an inconsistency in the couplant conditions occurred — this has 
led to a significant reduction in either front or back wall echo SNR and 
has further introduced spurious artifact echoes.

Fig.  20 then shows a similar collection of signals which were 
recorded by using 𝐿 = 32 CGS-based coded excitations. In these 
signals, there has been a notable increase in SNR, of the order approx. 
15–20 dB, which is most visible when comparing the noise contained 
near the 35 μs region. This gain matches what is to be expected given 
the chosen CGS sequence length, and is further evidenced by the clear 
reduction in the level of coherent noise from the motor interference — 
the high frequency spikes are heavily suppressed. The signal recorded 
whilst the transducer is illuminating the defect stepped edge also 
contains no significant PSLR degradation around the back wall echoes, 
as expected for just 730 mm/s lateral motion. However, 20-(b), (g), 
(e) and (j) then show measurements taken whilst a couplant inconsis-
tency event occurred. In these signals, there is clear PSLR performance 
degradation for the front wall echo — see the SLs present between 
32-35 μs. This can be identified as a front wall compression error given 
the raw signals show differences in echo energy (and position) for 
each of the complementary pair. With uncoded measurements, such 
couplant variations result in very poor quality signals. With coded 
excitations, the signal quality remains higher, albeit with the addition 
of the unwanted filter artifacts arising from imperfect compression.

The signals shown in Figs.  19 and 20 can be used to draw initial 
conclusions. Firstly, coded excitation is robust in the face of lateral 
motion as even 730 mm/s movement across a significant stepped defect 
does not produce measurable PSLR degradation above the noise floor. 
Secondly, just like with conventional excitations, coded excitation is 
sensitive to couplant variations which can lead to a PSLR degradation. 
To demonstrate that an overall net benefit remains from using coded 
excitation, Fig.  21 shows the distribution in PSLR – measured as the 
front wall peak relative to the peak in the region immediately preceding 
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Fig. 19. Signals recorded on the RMS-600 experimental platform when using standard excitations (1-cycle 5 MHz bipolar square wave). First row shows raw recorded signals, 
second row shows the matched filtered signals on a log scale normalised to the maximum front wall echo amplitude across all measurements. Column 1 shows signals with the 
nominal reflector thickness. Columns 3 and 4 then show signals as the transducer traverses the stepped back wall defect. Columns 2 and 5 show signals over the nominal and 
defective thickness whilst a couplant variation event occurred.

Fig. 20. Signals recorded on the RMS-600 experimental platform when using 𝐿 = 32 CGS based coded excitations with a 1-cycle 5 MHz square wave symbol. First row shows raw 
recorded signals, second row shows the matched filtered signals on a log scale normalised to the maximum front wall echo amplitude across all measurements. Column 1 shows 
signals with the nominal reflector thickness. Columns 3 and 4 then show signals as the transducer traverses the stepped back wall defect. Columns 2 and 5 show signals over the 
nominal and defective thickness whilst a couplant variation event occurred.
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Fig. 21. Box-plots showing the PSLR (or worst-case SNR) distribution when using 
varying excitation signals on the RMS-600 experimental platform. 𝑁 − 1 references 
a standard uncoded measurement. 𝐿−16 to 𝐿−128 were CGS based coded excitations. 
𝐿 − 4002 was a TOP-CS based coded excitation.

the front wall – across all 500 repeat measurements for varying coded 
excitation sequence lengths (and the standard excitation measurement).

From Fig.  21, uncoded measurements are shown to have a narrow 
range, but an overall low PSLR and there are many outlier signals 
with a very poor PSLR (from signals impacted by couplant variations 
and motor interference). Coded excitations with increasing length CGSs 
then have a wider range in signal quality but an overall higher median 
PSLR and less low quality outliers — this is explained by couplant 
variations resulting in a reduced PSLR in these conditions but most 
symbols are symmetric enough that a high quality ML is still produced. 
TOP-CS coded excitations were then used to produce the final box-
plot which shows a high signal quality (despite using a low-power 
architecture) but with an increased number of low quality outliers 
given the extended transmission duration allows for a greater risk of 
couplant variation.

5.4. Discussion of measurement results in non-stationary scenarios

Overall, the results obtained from using the industrial scanning ap-
plication, in combination with the previously presented simulation and 
experimental results for isolated vertical and lateral motion, show that 
coded excitation is an effective technique for improving signal quality 
and is sufficiently robust against symbol misalignment from realistic 
motion scenarios. Whilst the technique can suffer from PSLR perfor-
mance degradation, the signals produced outperform a measurement 
from an equivalent industrial scenario (in terms of lateral or vertical 
motion) where a standard excitation signal was used by 6–15 dB on 
average.

6. Conclusions

In this work, we have investigated how robust coded excitation is 
when faced with imperfections in acquisition equipment and changes 
in measurement conditions. As part of this, we have described two 
main degradation mechanisms: Symbol Asymmetry and Symbol Mis-
alignment. These degradation mechanisms reduce signal quality by 
introducing and re-positioning filter artifacts which can greatly increase 
the complexity for onward signal analysis. To track the performance 
degradation that can be introduced by these mechanisms, we used the 
maximum Peak-to-Side Lobe Ratio (PSLR) as a key metric to evaluate 
the quality of arising coded excitation signals when faced with both 
mechanisms.
17 
The effect of symbol asymmetry degradation due to the presence of 
hardware imperfections was investigated using simulations and experi-
ments. This focused on imbalances and asymmetries in the transmission 
electronics, such as DC offsets and unequal slew rates. From this, it was 
found that only a rail specific slew rate asymmetry had a substantial 
effect on PSLR. With just a 6 ns difference in rise or fall characteristics 
across the voltage rails, filter artifacts in excess of the measurement 
noise floor (40 dB below the ML peak) were introduced. System design-
ers should therefore look to use hardware architectures that facilitate 
similar switching characteristics for positive and negative signals to 
avoid this issue, and should further use multi-cycle symbols and longer 
sequences to minimise hardware-induced asymmetry degradation. With 
a 2-cycle square wave symbol and CGSs of 𝐿 = 16, a transmission 
architecture that has rise and fall times across rails within 10 ns of 
each other is required to ensure PSLR performance degradation does 
not exceed 40 dB.

The second major degradation mechanism, symbol misalignment, 
can occur when using coded excitations on non-stationary systems 
where movement between the transducer and the target introduces 
signal distortions. This was investigated both in simulation and ex-
periment and it was shown that symbol misalignment can lead to 
significant performance degradation (artifacts ≥40 dB); however, this 
requires sustained motion of the transducer towards or away from a 
reflector at velocities ≥500 mm/s. This degradation can be minimised 
by using shorter sequences with shorter symbols (lower total excitation 
duration). Furthermore, during motion across a reflector, performance 
degradation does not occur unless there is a change in propagation 
characteristics, such as due to the presence of a defect in the measured 
material. In this scenario, our investigations showed that only minor 
performance degradation occurred even when considering relatively 
high velocities. It took ≥10 m/s sustained lateral motion across a 10 
wavelength stepped wall loss defect to introduce ≥35 dB filter artifacts 
when using 𝐿 = 128 CGSs. With lateral motion, longer sequences are 
instead preferred to reduce PSLR degradation.

Finally, we have used an industrial application with an RMS-
600 corrosion mapping tool to demonstrate the net benefits achieved 
when using coded excitation when system motion occurs. The signals 
recorded on this platform using coded excitation were of a higher 
quality compared to uncoded measurements despite 730 mm/s of 
lateral motion and changes in couplant conditions due to the use of 
a pumped water column. Net gains in signal quality from using coded 
excitation (SNR improvements in excess of 15 dB with traditional CGSs) 
were achieved in these imperfect operating conditions.

Overall, this work has shown that coded excitations are susceptible 
to a performance degradation when faced with imperfections in mea-
surement conditions. However, the technique is mostly robust against 
both symbol asymmetry and symbol misalignment and can be used 
to achieve net beneficial improvements once symmetry conditions are 
understood.
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