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Abstract

With respect to industrial NDT applications, increase in
computation power has made elaborate post-processing of
large ultrasonic array data sets a feasible alternative to tra-
ditional processing schemes. Instead of firing transmitter
elements at staggered intervals to produce wave fronts, the
full matrix of time domain signals (A-Scans) from every
transmitter-receiver pair can be captured and post-processed,
allowing for improved accuracy in imaging.

In this paper, a new signal processing technique is in-
troduced which modifies full matrix A-Scans as part of
post-processing algorithm implementation, compensating
for poor element directivity in directions away from element
normals. Utilization of this technique is shown to reduce the
negative effects of grating lobes in imaging over the previ-
ously known technique of boosting imaging intensity at an-
gles where directivity of focusing elements is poor. Experi-
mental results are presented to verify this.

1 Introduction

Phased array systems are now commonly used by the ultra-
sonic examination industry. Transmitter elements are fired at
staggered intervals to produce wave fronts. Signals acquired
by receiver elements are used to judge depth and direction-
ality of flaws. With respect to imaging inspection media, a
superior alternative to using phased array systems with pre-
programmed focal laws is to acquire ultrasonic data via full
matrix capture (FMC) and post-process it. The main advan-
tage of this setup is that any possible post-processing algo-
rithm can be applied to image the inspection medium.

Full matrix capture (FMC) denotes the acquisition of A-
scans from every transmitter receiver pair in the array. The
data can be conveniently represented by a three dimensional
matrix where the first dimension contains transmitter in-
dices, the second dimension contains receiver indices, and
the third dimension contains A-Scans belonging to respec-
tive transmitter-receiver pairs. Once the full matrix capture
data has been stored, any post-processing scheme can be ap-
plied to image the ultrasonic raw data, including the total fo-
cusing method (TFM) [1]. This method emulates phased ar-

ray focusing at every point in the inspection medium, a pro-
hibitive task using standard phased array technology. TFM
has been termed the ‘gold standard’ of inspection by some
authors [3].

To the end of improving image quality, a correction fac-
tor (Section 2.1) has been employed by some authors to ac-
count for element directivity with the intention of emulat-
ing beam omni-directionality ([1],[4]). Elements with omni-
directional beams provide the best data for imaging. This
paper highlights some shortcomings of this correction factor
and introduces an alternative, albeit more raw-data-intrusive
method to correct for beam directionality in Section 3. Ex-
perimental results are presented to verify improvement in
imaging via the new method in Section 4.

2 Preliminaries

2.1 Total Focusing Method

We first state the Total Focusing Method [1] for imaging in
a single medium where sound travels at speed c. Consider
Figure 1. Elements i and j belong to aperture a ∈ A, where
A = {a1,a2, . . . ,an} is the set of apertures containing adja-
cent elements. Apertures in A all have equal size. g(i) j(t) is
a data-set of analytic time-domain signals from transmitter
i to receiver j (recall that g(i) j(t) is defined for every i and
j, since the full matrix of ultrasonic transmit-receive array
data is acquired). e(i) has i is enclosed in parenthesis here
to denote it as a transmitter. j is not enclosed in parenthesis,
representing it as a receiver. The intensity at r is defined as

I(r,a) =

∣∣∣∣∣ ∑
i, j∈a

g(i) j

(
t =
|e(i)− r|+ |ej− r|

c

)∣∣∣∣∣ . (1)

Phased array engineers as well as some authors ([1],[4])
employing the TFM methodology have utilized the approach
of McNab and Stumpf [2] in using a far-field approximation
of directivity to emulate beam omni-directionality. Given
the far field approximations for directivity of transmitter and
receiver elements at r,
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pir =
∣∣∣∣sinc

(
π f asinθir

c

)∣∣∣∣ and (2)

p jr =
∣∣∣∣sinc

(
π f asinθ jr

c

)∣∣∣∣ , (3)

where f is the centre frequency of the elements and a is the
element width, a version of Equation 1 can be written which
corrects for element directivity. The corrected version is as
follows,

Ic(r,a) =

∣∣∣∣∣ ∑
i, j∈a

1
pir p jr

g(i) j

(
t =
|e(i)− r|+ |ej− r|

c

)∣∣∣∣∣ . (4)

2.2 Grating Lobes

Given a focusing angle of α, aberrations due to grating will
be imaged (in the far field) at angles θn, n = 1,2, . . . which
satisfy the following equation,

sinθn = sinα+
nλ

p
, (5)

where p is the pitch of the array elements. Equation 5 can
be derived from simple trigonometry, as θn is the angle such
that the path length between adjacent elements is equal to the
path length based on desired steering angle plus/minus an in-
teger number of wavelengths. The condition for no grating
is p < λ/2. This is obvious enough, since if p < λ/2, Equa-
tion 5 cannot be solved for any θn, as the right side of the
equation is always greater than 1.

Grating is a common phenomenon in imaging ultrasonic
data gathered by linear arrays, as p is usually greater than
λ/2 due to manufacturing constraints.

3 Total Focusing with Wave Packet Nor-
malization

One obvious problem with using Equations 2 and 3 as cor-
rection factors in Equation 4 is that Ic(r,a) blows up to in-
finity when either pir or p jr are equal to zero (currently the
norm given practical element dimensions when performing
scans in water/steel). A more subtle problem is that the
implementation of these correction factors presumes signals
found in g(i) j(t) are located in the direction of r, when as-
signing a value to Ic(r,a). Clearly this is not true when in-
tensities are assigned due to grating. While this may not be
a problem of great concern when attempting to image small
objects, which is the intent of many users of the TFM algo-
rithm, when imaging surfaces this leads to amplified grating

in cases where surface reflectors are oriented parallel to the
probe array. Amplified grating can lead to a reduction in
SNR in areas of the image where the true surface and grating
aberrations overlap.

The method presented in this paper for normalizing beam
spread is to scale wave packets found in the real and imag-
inary parts of g(i) j(t) such that the envelope of g(i) j(t),
|g(i) j(t)|, has peak(s) equal to an arbitrary constant. For
simplicity we set this constant equal to 1. This procedure
implicitly measures the directivity of a transmitter/receiver
combination at a reflector by the value of the peak of the
envelope of the reflector wave packet, irrespective of re-
flector orientation and amplitude. Thus, if g(i) j(t) contains
wave packets W = {w1,w2, . . . ,wn} and |g(i) j(t)| has peaks
P = {p1, p2, . . . , pn}, to normalize the peaks of |g(i) j(t)|
to 1, all must be done is to scale the wave packets W by
{p−1

1 , p−1
2 , . . . , p−1

n }. We let g′(i) j(t) denote g(i) j(t) with nor-
malized wave packets. Figures 2(a) and 2(b) illustrate our
concept of analytic time domain wave packet normalization.
Wave packets w1 and w2 in Figure 2(a) have peaks p1 = 1700
and p2 = 950 respectively.

This type of directivity normalization is very direct as
wave packet amplitudes are scaled to emulate beam omni-
directionality. Reflectors delivering weak responses to re-
ceivers will be imaged brighter than if no normalization rou-
tine were performed at all. At the same time, grating in-
tensity due to reflectors delivering strong responses to re-
ceivers will be largely unaffected. Thus, in imaging areas
where grating from reflectors delivering strong responses in-
terferes with correctly identified reflectors delivering weak
responses, the SNR will be increased such that the latter re-
flectors will be imaged more brightly, while the grating in-
tensity will not change very much.

If we replace g(i) j(t) with g′(i) j(t) in Equation 1, total
focusing with normalized element beam spread via wave
packet normalization is realized. We denote this type of total
focusing as I′(r,a), given by

I′(r,a) =

∣∣∣∣∣ ∑
i, j∈a

g′(i) j

(
t =
|e(i)− r|+ |ej− r|

c

)∣∣∣∣∣ . (6)

4 Experimental Results

In this section we compare Equations 1, 4, and 6 in imag-
ing a the cross section of a hand weld steel weld cap. The
1/pir p jr term in Equation 4 was limited to 102 so that Equa-
tion 4 would not blow up to infinity at coordinates of r where
either pir or p jr equaled or came very close to zero. The in-
spection medium used in the experiment was water. A 128
element probe with centre frequency 7.5 MHz was utilized.
The element pitch equaled 0.35mm while the element width
equaled 0.25mm.
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The imaging of the weld cap is a good measure of the
performance of the various implementations of TFM, as the
sides of the weld are relatively difficult to image, since their
orientations serve as poor reflectors with respect to array el-
ements.

We note from Figure 3(a) that grating due to the flat por-
tions of pipe around the weld interferes with imaging the
sides of the weld cap. Of Figures 3(a), 3(b), and 3(c), the
figure that best captures the entirety of the weld cap (espe-
cially the right side) is Figure 3(c) confirming that Equation
6 indeed aids in the imaging of poor reflectors when grating
is present. Figure 3(a) does a second-best job of imaging the
weld cap, with no beam directivity correction utilized. Fig-
ure 3(b) does a very poor job of imaging the weld cap, as
intensities imaged due to grating totally drown out the true
weld cap signal, thus verifying the claims made out in Sec-
tion 3 on the poor performance of Equation 4 in imaging ar-
eas where grating from reflectors normal to the probe array
and weak yet correctly positioned reflectors intersect.

In general, the smaller the wavelength, λ, the worse Equa-
tion 4 will perform in the overall imaging of inspection me-
dia, as grating occurs at angles closely spaced apart for small
values of λ. It therefore comes as no surprise that Figure 3(b)
images the weld cap poorly as the wavelength of the inspec-
tion medium (water) is much smaller than that of steel, the
inspection medium of choice for researchers that have uti-
lized Equation 4, ([1], [4]).

5 Conclusions

Presented in this paper is a method to emulate beam omni-
directionality through wave packet normalization. This
method outperforms another previously known technique
when imaging areas where grating from reflectors delivering
strong responses and reflectors delivering weak responses in-
tersect. The latter technique boosts imaging intensity when
directivity of elements at specific focusing angles is weak.

The method outlined in the paper illustrates the ability to
execute imaging correction mechanisms in post-processing.
Since full matrix capture can be used to capture ultrasonic
data, advanced signal processing techniques can be exploited
to modify acquired data. It is the opinion of this author that
further advances in post-processing techniques will be made
which capitalize on the FMC / post-processing scheme used
to image inspection areas for industrial NDT applications.
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Figure 1: Illustration of vector notation.
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(a) Real part and envelope of analytic time domain signal.

(b) Real part and envelope of normalized analytic time domain signal.

Figure 2: Real part and envelope of non-normalized and normalized analytic time domain signals.
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(a) Weld cap imaged with TFM and no beam directionality correction applied (Equation 1).

(b) Weld cap imaged with TFM and beam directionality correction applied via directionality correction factor (Equation 4).

(c) Weld cap imaged with TFM and beam directionality correction applied via wave packet normalization (Equation 6).

Figure 3: Comparison of TFM used with various beam directivity correction strategies.
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