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Abstract—A fundamental challenge in non-destructive evalu-
ation using ultrasound is to accurately estimate the thicknesses
of different layers or cracks present in the object being probed.
This inherently corresponds to localizing the point-sources of
the reflections from the received signal. Conventional signal
processing techniques cannot resolve reflectors whose spacing
is below the axial resolution limit, which is of the order of
the wavelength of the probing pulse. The objective of this
paper is to demonstrate axial super-resolution capability using
both simulated and experimental ultrasound data. We show
that the ultrasound reflections could be modelled effectively
as FRI signals, which can be sampled at sub-Nyquist rates.
The FRI sampling method brings the reconstruction problem
within a parametric estimation framework, for which efficient
high-resolution spectral estimation techniques are available. We
experimentally demonstrate that the proposed technique is able
to resolve the thicknesses of layers of custom designed Agarose
phantoms that are up to 2.25 times below the conventional
resolution limit.

Index Terms—Non-destructive evaluation, ultrasound imaging,
axial resolution, super-resolution, finite-rate-of-innovation, sub-
Nyquist sampling.

I. INTRODUCTION

As a non-invasive imaging modality, ultrasound has been
popularly used for medical imaging and non-destructive eval-
uation (NDE) of objects. In ultrasound imaging for NDE,
objects are probed by high frequency sound waves to analyze
their structural details. The reflected signals (echoes) collected
at the receiver correspond to the boundaries of the layers
having different acoustic impedances. The time-of-flight (ToF)
principle is then applied on the received ultrasound signals to
obtain the acoustic image of the object being probed. In this
paper, we mainly concentrate on the 1-D ultrasound imaging
for NDE applications such as finding the location of cracks
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Fig. 1: [Color online] An illustration of ultrasound based non-
destructive evaluation of a specimen having cracks of different thick-
nesses. Only envelopes of the signals are shown to aid readability.

in a material or measuring the thickness of an object or the
various layers in a composite object.

The axial resolution limit is defined as the smallest distance
between two point reflectors in the direction of propagation of
the ultrasound signals that can be reliably estimated. As in il-
lustration, consider the setup shown in Fig. 1. The metal block
has three cracks of different widths. A probing ultrasound
pulse is transmitted axially into the metal block. The reflected
signal consists of six peaks one corresponding to each acoustic
interface. Based on the widths of the cracks, the reflected
pulses may be well-resolved (violet), at the limit of resolution
(yellow), or unresolved (orange). The axial resolution limit
(D) for an ultrasound system depends on the spatial pulse
length (SPL) of the transmitted pulse and is given as [1]

D =
SPL
2
. (1)

Consequently, smaller the SPL, better the resolution. However,
a pulse having a smaller SPL has higher bandwidth, and
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this requires higher sampling rate, which leads to increased
data processing needs. A standard ultrasound reconstruction
technique is not capable of super-resolving overlapping pulses
i.e., it cannot localize the reflectors spaced below the axial
resolution limit D, and hence is not suitable for determining
thicknesses of thin layers. In this paper, we address the
problem of improving the axial resolution in 1-D ultrasound
imaging by modelling the reflected ultrasound signal as a
finite-rate-of-innovation (FRI) signal [2]. We also demonstrate
the super-resolution capability of the proposed technique on
simulated and experimental ultrasound data. The FRI model
also paves the way to sample and reconstruct ultrasound
signals at sub-Nyquist rates.

A. Prior work

Salazar et al. [3] and Oelze [4] employed pulse cancellation
and pulse compression techniques, respectively, to decrease
the SPL of the ultrasound pulse in order to improve the axial
resolution. However, decreasing the SPL limits the penetration
depth and the signal-to-noise ratio (SNR) of the reflected
signal. To overcome this limitation, the 1-D reflected ultra-
sound signals have been extensively modelled as a convolution
between the transmitted pulse and the acoustic reflectivity
function [5], [6], and to loacalize the reflectors, various
deconvolution-based techniques [7] have been proposed in the
literature. With the knowledge of the transmitted pulse shape,
the deconvolution can be solved using `1-norm minimization
approach [5] since the reflectivity function is generally sparse.
However, the ultrasound signals have to be sampled at a very
high rate to ensure finely discretized grid in order to accurately
estimate the location of the reflectors.

Recently, Tur et al. [8] invoked the finite-rate-of-innovation
(FRI) model for the ultrasound signal and performed re-
construction at sub-Nyquist rates. Wagner et al. [9] and
Chernyakova et al. [10] proposed beamforming of the sub-
Nyquist measurements in the time and frequency domains,
respectively. In our previous work [11], we demonstrated FRI-
based 2-D medical ultrasound image reconstruction using a
sophisticated sampling kernel. Next, we briefly present the
FRI sampling and reconstruction framework, which is central
to this paper.

II. FRI SAMPLING AND RECONSTRUCTION

The FRI sampling and reconstruction problem can be for-
mally stated as follows: Given uniform measurements of the
signal

x(t) =

L∑
`=1

a` h(t− t`), (2)

observed through a sampling kernel g(t) (cf. Fig. 2), estimate
{a`, t`}L`=1 assuming that h(t) is known. Without loss of
generality, assume that t1 < t2 < t3 < · · · tL−1 < tL.
In the illustration shown in Fig. 1, the reflected signal can
be modelled as a sum of delayed versions of the probing
pulse with L = 6, where each delay corresponds to the
location of an acoustic interface. The continuous-time Fourier

x(t) h(t)
y(t)

y(nT )

T

g(t)
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Fig. 2: A schematic of kernel-based sampling framework.

transform (CTFT) of x(t) in (2) is x̂(ω) = ĥ(ω)

L∑
`=1

a` e
−jωt` .

Consider the frequency-domain sequence

r̂(kω0) =
x̂(kω0)

ĥ(kω0)
=

L∑
`=1

a` e
−jkω0t` , (3)

where k ∈ Z and ω0 ∈ R+ are chosen such that ĥ(kω0) 6= 0.
Now, given r̂(kω0) for a set of contiguous values of k
with the condition that |ω0tL| < 2π, one can apply high-
resolution spectral estimation (HRSE) techniques [12] to esti-
mate {a`, t`}L`=1.

A. Sampling Kernel

In (3), ĥ(kω0) can be computed a priori as h(t) is known,
and hence one needs the CTFT values of x(t) at frequencies
{kω0, k ∈ K}. The sampling kernel g(t) (cf. Fig.2) is
designed such that it avoids aliasing at these frequencies
thus allowing for the computation of x̂(kω0). The filtered
signal y(t) is sampled with a sampling period T such that
the discrete-time Fourier transform (DTFT) of the samples
{y(nT )} matches the CTFT values of x(t) at the frequencies
{kω0, k ∈ K}.

Of the several sampling kernels proposed over the past
two decades, the one that is of particular interest to us is
the non-repeating SoS kernel that can be used for sampling
of both periodic and non-periodic FRI signals [11]. The
impulse response and the frequency response of the compactly
supported non-repeating SoS (NR-SoS) kernel are given by

g(t) =
1

T0
rect

(
t

T0

) K∑
k=−K

ejkω0t, and (4)

ĝ(ω) =

K∑
k=−K

sinc
(
ω

ω0
− k
)
, (5)

respectively, where rect
(
t
T0

)
= 1 for t ∈

[
−T0

2 ,
T0

2

]
and zero

elsewhere, and ω0 = 2π
T0

. It can be shown that by sampling
the filtered signal y(t) at the rate ωs ≥ (2L + 1)ω0, one can
estimate the parameters of the input signal x(t) accurately in
the absence of noise [11]. In the presence of noise, prior to
the application of the HRSE algorithms, Cadzow’s denoising
algorithm [13] is applied on the noisy {r̂(kω0)} to suppress
the effect of noise and modelling errors.

III. SIMULATION RESULTS

To demonstrate the application of the FRI sampling frame-
work for NDE applications, we simulated an ultrasound
setup using the Field-II [14], [15] software. We considered a
Gaussian-modulated sinusoidal pulse as the transmitted pulse.
The center frequency and the −6 dB bandwidth of the pulse
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Fig. 3: [Color online] Envelopes of the original and FRI recon-
structed ultrasound signals along with the estimated locations of the
point reflectors. The FRI technique is able to resolve the pair of pins
separated by 0.3 mm, whereas MF technique is not.
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Fig. 4: [Color online] (a) A schematic showing the experimental
setup used to image Agarose phantoms; and (b) a picture of the
experimental setup.

were set to 5.05 MHz and 2 MHz, respectively. The SPL of
the transmitted pulse was computed to be 1.14 mm, and by
using (1) the resolution limit of the system was computed to be
D = 0.57 mm. For the simulation, we considered a resolution
phantom consisting of two pairs of pins. The pins in the first
and the second pairs were separated by 0.3 mm and 1.2 mm,
respectively to simulate unresolved and well-resolved cases.
The SNR of the reflected signal was kept at 20 dB.

For sampling, we employed the non-repeating SoS sam-
pling kernel and computed |K| = 81 Fourier samples with
ω0 = 2π

2.99Td
rad/s, where Td denotes the time duration

of the sampling kernel and is equal to 20.46µs in our
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Fig. 5: (a) A double-layered Agarose phantom containing a 19.75

mm thick 1.5% concentration layer and 0.33 mm thick 3% concentra-
tion specimen; and (b) a schematic showing double-layered phantoms
with varying thickness of the 3% Agarose layer.

setting. This corresponds to the sampling rate of 1.32 MHz.
Prony’s annihilating filter technique coupled with Cadzow’s
denoising method is employed to estimate the time delays
{t`}4`=1, followed by amplitude estimation using the least-
squares regression. ToF principle is then applied to estimate
the spacing between each pair of pins. Figure 3 shows the
estimated locations of the pins and the reconstructed signal
obtained using the FRI technique. We also plot the locations
estimated by the standard matched filtering (MF) technique
for the purpose of comparison. As seen in Fig 3, the FRI
technique is able to super-resolve thickness of 0.3 mm, which
is below the axial resolution limit. On the other hand, MF
technique fails to resolve the pair of pins separated by 0.3
mm and estimates only one of the locations of the two pins.

IV. EXPERIMENTAL RESULTS

In this section, we study the performance of the FRI
technique on the real ultrasound data obtained by imaging
specimens which are specifically designed for resolution anal-
ysis. For the experiment, we designed double-layered Agarose
phantoms (cf. Fig. 5), where the thickness of one of the
layers is progressively reduced to a value below the axial
resolution limit. The goal is to determine the thickness of the
thin layer using the FRI and MF techniques. A schematic and a
picture of the experimental setup are shown in Figs. 4(a) and
(b), respectively. We prepared a set of four double-layered
phantoms having a light layer (1.5% concentration) and a
dense layer (3% concentration) (cf. Fig. 5)(a). We consider
various thicknesses of the dense layer: 1.88 mm, 1 mm, 0.8
mm, and 0.33 mm as shown in Fig. 5(b).

The Agarose phantoms were probed using an Olympus
V323 ultrasound immersion transducer with the center fre-
quency 2.25 MHz. The reflected ultrasound signals were
acquired using Tektronix digital storage oscilloscope (DSO)
(DPO2014B). A JSR-DPR 300 pulser-receiver was used to
trigger the transducer and condition the reflected signal. The
−6 dB bandwidth of the transmitted pulse is 2 MHz and the
axial resolution limit was computed to be D = 0.7392 mm,
considering that the velocity of ultrasound in Agarose is 1540
m/s [17].

A total of |K| = 89 Fourier samples were computed with
ω0 = 6.17π × 104 radians/sec, which corresponds to the
sampling rate of 2.7325 MHz. The FRI reconstruction with
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Fig. 6: [Color online] An illustration of FRI reconstruction technique: Envelopes of the original signal and the reconstructed signal along
with the estimated boundaries for Agarose phantoms of thicknesses (a) 1 mm, (b) 0.8 mm, and (c) 0.33 mm.

the estimated boundaries are shown in Fig. 6. The signals
shown in the figure correspond to the reflections from the
1.5% to 3%, and 3% to water boundaries for three different
thicknesses. To demonstrate repeatability of the experiment,
we recorded 20 measurements of each phantom. A compari-
son of the average of the successfully estimated thicknesses
(
∣∣Estimated Thickness−Ground Truth

Ground Truth

∣∣ < 10%) against the ground truth,
and the standard deviation of the successful estimates are
provided in Table I. For the layer with thickness 0.33 mm, MF
technique was not able to resolve the two boundaries. From
the experimental results, we infer that the FRI technique is
capable of resolving layers with thicknesses up to 0.33 mm,
which is about 2.25 times below the conventional limit of
D = 0.7392 mm, clearly demonstrating super-resolution ca-
pability. A comprehensive report on some more experimental
results with detailed performance metrics are provided in [16].

V. CONCLUSION

We demonstrated axial super-resolution in 1-D ultrasound
imaging by modelling the ultrasound signal as an FRI signal.
We showed how such signals can be sampled and recon-
structed at sub-Nyquist rates. We demonstrated the applicabil-
ity of the proposed technique (in comparison with the standard
MF technique) on simulated and real ultrasound data acquired
by probing Agarose resolution phantoms. The FRI technique
outperformed the MF technique in both the cases in terms of
resolvability and accuracy in estimating the thicknesses of the
layers of the Agarose phantoms. Specifically, the experiments
showed that the proposed technique was able to super-resolve
Agarose phantoms of thickness which is about 2.25 times
below the conventional axial-resolution limit.
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