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Abstract—Shear horizontal (SH) guided waves are commonly
used in non-destructive evaluation and can be generated by
permanent magnet electromagnetic acoustic transducers (PPM
EMATs). PPM EMATs generate SH waves that propagate either
forwards and backwards. This is often an undesired character-
istic. Recently, we presented designs of PPM-like EMATs that
generate SH waves in a single direction through the interference
mechanism of two independent periodic sources of forces. In this
paper, we present a line-source based analytical model to calcu-
late the radiation pattern produced by multi-PPM EMATs and,
in particular, by dual-PPM EMATs, which are able to generate
SH waves in a single direction. The model was validated by
computing the radiation pattern of a unidirectional side-shifted
dual-PPM EMAT, showing good agreement with experimental
and numerical results.

Index Terms—EMAT, unidirectional generation, SH guided
waves, dual-PPM EMAT, line sources, radiation diagram.

I. INTRODUCTION

Shear horizontal (SH) ultrasonic guided waves are widely
used in non-destructive evaluation of plates and pipes [1]–
[4]. SH waves can be generated and received using a periodic
permanent magnet electromagnetic acoustic transducer (PPM
EMAT) [2]. Conventional PPM EMATs generate forward
and backwards travelling SH waves, which is generally an
undesired characteristic since the backward propagating wave
can be eventually reflected and mix with the signal of interest.
We recently presented non-standard dual-PPM EMATs designs
that generate SH waves predominantly in a single direction
[5], [6]. Its operation principle relies on two sets of induced
Lorentz forces longitudinally shifted and driven with adequate
time-delayed signals. Unidirectional generation occurs by the
constructive interference of waves in one direction whilst
destructive in the opposite one. Knowledge of the radiation
pattern is important for designing such types of EMATs, since
it depends on the geometry of the dual-PPM array and can
exhibit side lobes [5], [6].

Analysis of the radiation pattern can be performed by 3D
finite element modelling (FEM) or similar numerical methods
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[5]–[7], which are usually computationally expensive and
time-consuming. In this paper, we present an analytical model
to obtain the radiation pattern of dual-PPM EMATs that
can significantly aid in the design of this type of EMAT.
The analytical model was developed following the line-source
model presented by Lee et al. [8], which considers the force
generated by each coil as a distributed wave source. Two
independent arrays of line sources with alternate polarities,
consisting of several wires underneath each row of magnets,
from each PPM array were modelled. One PPM array is shifted
with respect to the other in the longitudinal direction, usually
by a quarter-wavelength, and can also be shifted sideways.

II. CONVENTIONAL PPM EMATS’ WAVE GENERATION

Conventional PPM EMATs consist of a racetrack coil un-
derneath an alternate-polarity array of magnets, as shown in
Fig.1. In a conductive medium, an electric current I flowing
through the coil induces eddy current density, J, which can
be approximately located in the skin-depth of the medium
surface and with opposite direction of I [9]. Lorentz forces
in the medium’s surface are given by the cross product of the
eddy current with the static magnetic field, B, produced by the
magnets:

F = J× B . (1)

The arrangement of magnets and coil in PPM EMATs is
such that the generated Lorentz forces are parallel to the
surface of the medium and perpendicular to the propagating
direction, therefore, generating SH waves [2]. For low lift-
off between the EMAT and the sample, the induced forces
can be considered to be uniformly located at the projection
of each coil wire on the surface of the medium [10], as
schematically shown by the black continuous arrows in Fig.
1. Therefore, in order to analyse the wavefield generated by
a PPM EMAT one can consider that the radiated field is
generated by the superposition of a series of line sources,
each of which corresponds to the individual radiated field
underneath a coil wire [8], [11]. In the next section, a line
source model is derived for multiple PPM EMATs, which can
be arbitrary positioned one with respect to the other, forming
a multi-PPM EMAT and driven by distinct electric currents.



Fig. 1. Conventional PPM EMAT. N and S represent the north and south
poles, respectively. I is the current injected into the coil, represented by the
copper-colour line and F is induced Lorentz force on the material surface,
represents by black arrows underneath each wire coil. Red and blue squares
represent the sign of the forces, with respect to the z-axis, underneath the
area of each magnet, with blue being negative and red positive.

III. LINE-SOURCE BASED ANALYTICAL MODEL

Consider a generic multi-PPM array, as depicted in Fig.2,
where a dual-PPM is used for the sake of illustration. Red or
magenta blocks stand for areas underneath magnets, generating
Lorentz forces positively polarized, whereas blue or cyan,
stand for negatively polarized forces. Red and blue squares
belong to the first array, whereas magenta and cyan ones, to the
second array. The second array is shifted either longitudinally,
in the x-axis, or sideways, in the z-axis, with respect to the
first. In order to compute the radiated wavefield due to both
arrays at an arbitrary point of interest, a series of coordinate
transformations is carried out next. The global coordinate
system has its origin at the centre of the multi-PPM array,
and is referred to as (x, z), in Cartesian coordinates, or (r, α)
in polar coordinates.

A. Individual PPM array coordinate system

Let (̄·)p refer to the coordinate system of each PPM array,
p, being either, p = 1, 2, ...P , where P is the total number
of PPM arrays. Hence, (r̄p, ᾱp) is the polar coordinate of the
point of interest with respect to the centre of array p, which
relates to the global coordinate system (see Fig.2) as follows:

r̄p =
cos (α) r −Xp

cos (ᾱp)
, (2a)

ᾱp = tan−1
(

sin (α) r − Zp
cos (α) r −Xp

)
, (2b)

where Xp and Zp are the offsets for each PPM array, in the
x and z axes, respectively. Note that, for dual-PPM EMATs
P = 2, and since the origin of the global coordinate system
is at the centre of the dual array, X2 = −X1 and Z2 = −Z1.

B. Cell coordinate system

Here, we define a cell as a collection of elements, belonging
to a given array, that lies at the same column, as shown by
the black dashed rectangle in Fig. 3. All elements of a cell
radiate with the same polarization, either positive or negative.
A new coordinate system (̃·)c is defined at the centre of each
cell, where c is the index of the cell. The radial and angular

Fig. 2. Schematic representation of a generic dual-PPM EMAT. Red and
blue blocks stand for areas underneath magnets of the first PPM, generating
positive or negative Lorentz forces, respectively, whilst magenta and cyan are
positive and negative force areas, respectively, for the second PPM. The origin
of the global coordinate system (x, z), with polar coordinates (r, α), lies at
the centre of the dual-PPM EMAT. The first PPM array, p = 1, is highlighted
with a dashed rectangle, whose local coordinate system is (x̄1, z̄1), with polar
coordinates (r̄1, ᾱ1). The offsets to the global origin for this PPM are X1

and Z1, also marked in the figure.

Fig. 3. Schematic representation of a PPM array with cell c = −2
selected. The cell longitudinal position is x̄c. The radial, r̃c, and angular,
α̃c, coordinates, to a measurement point, are displayed.

coordinates, r̃c and α̃c, respectively, are calculated using the
cosine and sine laws:

r̃c =
√
r̄2p + x̄2c − 2r̄px̄c cos (ᾱp) , (3a)

α̃c = sin−1
(
r̄p sin(ᾱp)

r̃c

)
, (3b)

where x̄c is the cell’s position in the x̄p-axis, given by

x̄c = sign(c)

(
( |c| − 1) (L+ g) +

L+ g

2

)
. (4)

with L being the length of each cell, g the gap between cells
and sign(·) is the sign function. The index c ranges from−N/2
to N/2, where N is the total number of cells. In Fig. 3, for
example, the array is composed of N = 6 cells, therefore c
varies from −3 to +3, and there is no zero-order cell since
the origin lies between cells, i.e., the number of cells is even.

C. Wire coordinate system

Beneath each cell, there is a coil with several wires. From
the position of each wire, a wavefield is radiated. The coil



Fig. 4. Schematic representation of a single cell from a PPM EMAT and an
example for selecting the second coil line, m = 2, below the upper magnet.
Its radial, r̂m, and angular, α̂m, coordinates are also shown.

coordinate system, for each wire m, is referred to as ( ·̂ )m, as
shown in Fig. 4, whose coordinates are given by

r̂m =
√
r̃2c + z̃2m − 2r̃cz̃m sin(α̃c) , (5a)

α̂m = cos−1
(
r̃c cos(α̃c)

r̂m

)
, (5b)

where the coil wire’s vertical position, z̃m, is

z̃m = sign(m)
(
d
/

2 + ζ ( |m| − 1)
)

, (6)

where d is the distance between the upper and lower magnets
in the cell and ζ stands for the separation between the wires
placed under each magnet, which approximately equals the
wire’s diameter if the coil is wound tight, as to completely
fills the area underneath the magnet. The index m varies from
−M to +M , where M is the total number of coil lines beneath
a single magnet and. One can relate the width of each active
area, w, that corresponds to the width of the magnets, with
the number of wire turns through Mζ = w.

D. Radiated wavefield from a single wire

The wavefield, at a far-field located point, generated by the
m-th coil line is computed using the line-source method [8]:

R̂m(r̂m, α̂m, t) = Am

L
2∫

−L2

√
2

πκρ̂m
ej(ωt−κρ̂m−

π
4 )dx̂m , (7)

where Am is the amplitude of the generated field, proportional
to the magnetic field of the magnets and the coil current, as
per (1), and which includes any additional medium constant,
ω is the angular frequency, κ is the wavenumber and ρ̂m is the
distance to the point of interest in the wire coordinate system
as shown in Fig. 5. Using similar geometric relationships as in
the previous steps and considering that the measurement point
is at the far-field (r̂m � L), then ρ̂m is approximately given
by:

ρ̂m ' r̂m − x̂m cos(α̂m) . (8)

Applying (8) into (7) leads to the total wavefield, generated
by a single wire, m:

R̂m(r̂m, α̂m, t) =

AmL

√
π

2κr̂m

sin
(
κL2 cos (α̂m)

)
κL2 cos (α̂m)

e j(ωt−κr̂m−
π
4 ) . (9)

Fig. 5. Illustration of the distance ρ̂m from a longitudinal position within a
wire, x̂m, to the measuring point; necessary for computation of the wavefield
generated by a single wire.

E. Wavefields superposition

The wavefield, generated by a single cell, R̃c, is given by
the sum of each individual wavefield generated by the wires,
from −M to +M :

R̃c(r̃c, α̃c, t) =

M∑
m6=0

m=−M

R̂m(r̂m, α̂m, t) . (10)

The wavefield generated by a single PPM, R̄p, is in turn given
by the sum of each wavefield generated by the cells, from
−N/2 to N/2:

R̄p(r̄p, ᾱp, t) =

N/2∑
c 6=0

c=−N/2

∆̃cR̃c(r̃c, α̃c, t) , (11)

where the delta factor, ∆̃c, is used to impose the alternate
polarity nature of the PPM:

∆̃c =

{
+1, c is even and positive or odd and negative
−1, c is odd and positive or even and negative

(12)
Finally, one obtains the total wavefield generated by the whole
multi-PPM EMAT, by summing each individual PPM field:

R(r, α, t) =

P∑
p=1

R̄p(r̄p, ᾱp, t− t̄p) , (13)

where t̄P is a time-delay that can be applied to all line-sources
elements of each array p, since distinct electric currents are
applied to each EMAT coil. Applying (9) into (10), which in
turn is applied into (11), and finally into (13), yields the total
radiated field in a single expression:

R(r, α, t) =

P∑
p=1

N/2∑
c 6=0

c=−N/2

∆̃c

M∑
m6=0

m=−M

R̂m(r̂m, α̂m, t) , (14)

where r̂m and α̂m relate to index c through (5), which in turn
relate to index p through (3) and finally are expressed in the
global coordinate system as per (2).

It is worth highlighting that the model holds for multi-
PPM arrays, with an arbitrary number of independent PPM-
EMATs. For dual-PPM EMATs, P = 2, if one intends to



generate waves predominantly in a single direction of the
x-axis, one should ensure that the longitudinal separation
between both arrays and the time-delays provide adequate
interference; for instance, a longitudinal separation equals a
quarter-wavelength, i.e., X2 − X1 = λ/4, where λ is the
wavelength, and time-delays corresponding to 90◦ phase shift,
i.e., t̄2 − t̄1 = π/2ω [5]–[7].

IV. RESULTS

The present model was assessed with the design of uni-
directional PPM EMAT introduced in [5], which consists
of side-shifted racetrack coils and PPM arrays. The side-
shift is necessary in order to accommodate the second set of
magnets array and coil with respect to the first one so that two
sets of Lorentz forces are generated independently. Further
information on this design can be found in [5].

The dimension and geometry of this dual-PPM EMAT de-
sign are schematically shown in Fig.6(a). In order to calculate
the radiation field produced by this design, the model pre-
sented in section III was used with the following parameters,
P = 2, N = 6, w = 5 mm, L = 5 mm, d = 11 mm,
g = 1 mm, ζ = 0.255 mm, X2 = −X1 = 1.5 mm,
Z2 = −Z1 = 4 mm. Note that 2(L + g) = 12 mm meaning
that the nominal wavelength is 12 mm, and X2 −X1 equals
a quarter wavelength.

The radiation diagram was calculated by evaluating the
absolute value of R(r, α, t) in (14) at a fixed radial position of
r = 250mm, and varying α from 0◦ to 360◦. The wavenumber
was set to match the nominal wavelength of the PPM array
through κ = 2π/λ and a 90◦ phase shift was imposed to the
second PPM. Fig.6(b) shows the radiation diagram obtained
with the present model (solid blue line) superposed with
FEM (dashed red lines) and experimentally (green symbols),
previously published in [5], for the SH0 mode propagating
in a 1.5 mm thick aluminium plate. The model shows good
agreement with either FEM or experimental results. As can be
seen, there is a predominant unidirectional behaviour with a
strong forward lobe (0◦) and null radiation backwards (180◦).
Note that the model correctly captures the backward side
lobes that this dual-PPM EMAT produces. The model was
also validated with a different unidirectional dual-PPM EMAT
design, which consists of a dual-linear coil wound around
each magnet of a PPM array [6], exhibiting similar agreement,
and is not shown for the sake of brevity. In this design, the
gap between elements of each PPM is longer in order to
accommodate both arrays with no need for side-shifting.

V. CONCLUSIONS

A line-source analytical model was proposed to calculate
the radiation pattern of multi-PPM EMATs, and in special to
dual-PPM EMATs. The model handles PPM arrays that present
arbitrary relative positions, with shifts in the longitudinal or
lateral direction, as well as an arbitrary number of elements
in each array. A distinct time delay or phase shift can be
applied to each array. Therefore, allowing one to obtain a
unidirectional wavefield pattern when a dual-PPM EMAT is
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Fig. 6. Side-shifted unidirectional PPM EMAT design (a) with dimensions
m = 5mm, L = 5mm, g = 1mm, d = 11mm, and λ = 12mm, and its
radiation diagram (b).

composed of two quarter-wavelengths separated PPM arrays
driven by 90◦ phase-shifted currents. The model was validated
with designs of unidirectional EMATs, accurately reproduc-
ing the dual PPM EMATs radiation pattern obtained either
experimentally or numerically. This model plays an important
role towards optimization of the construction parameters of
different designs of dual SH EMATs in a much more efficient
way than numerical simulations, for instance.
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