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Single SH guided wave mode generation method for PPM EMATs∗
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Using periodic permanent magnet (PPM) electromagnetic acoustic transducers (EMATs), different shear horizontal
(SH) guided wave modes can form simultaneously in some situations, which can interfere with the inspection. The main
cause of this phenomenon (typically named multiple modes) is related to the frequency bandwidth of excitation signals
and the transducer spatial bandwidth. Simply narrowing the frequency bandwidth cannot effectively limit the number of
different SH modes. Previous researches showed that unnecessary SH wave modes can be eliminated by using dual EMATs.
However, in practical applications, it is more convenient to change the excitation frequency than to use dual EMATs. In
this paper, the stress boundary conditions of the PPM-EMAT are analyzed, the analytical expression of SH guided wave is
established, and the magnitude of SH guided wave mode under continuous tone and tone-burst input is obtained. A method
to generate a single SH mode by re-selecting an operating point is proposed. Furthermore, the influence of the frequency
bandwidth of the tone-burst signal is analyzed. Finally, a single SH mode excitation is achieved with tone-burst input.

Keywords: operating point, multiple modes, SH guided waves, electromagnetic acoustic transducer (EMAT)
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1. Introduction

Ultrasonic guided waves have been widely studied and
applied to nondestructive testing because of their low atten-
uation and large volume coverage. Shear horizontal (SH)
guided waves have simple dispersion characteristics. Being
nondispersive and having the particle motion in the plane of
the plate, the SH0 mode is sensitive to defects that are either
perpendicular or parallel to the wave vector.[1–3] These good
characteristics enable SH guided waves to be applied to in-
creasing applications such as crack detection,[2–4] corrosion
detection,[5,6] weld detection,[7–9] and the evaluation of inter-
facial adhesion.[10]

SH guided waves can be generated by piezoelectric trans-
ducers, but piezoelectric transducers need to be specially de-
signed and attached to plates by a very viscous or solid
couplant,[11] making it difficult to apply to online detection.
Therefore, SH guided waves are commonly generated by elec-
tromagnetic acoustic transducers (EMATs) which are simple
in structure and need no couplant.[12]

According to the dispersion characteristics of SH guided
waves, the frequency-thickness product is negatively corre-
lated with the wavelength-thickness ratio. If the frequency-
thickness product is very low or the wavelength-thickness ratio
is very large, only the SH0 mode can be generated. However,
in some applications, there are the cases of high frequency-
thickness product or low wavelength-thickness ratio, such as
(i) high frequency in order to improve accuracy;[13] (ii) the
thickness of samples is large but the wavelength of SH guided

waves generated by EMATs cannot be too large.[14] Once the
excitation frequency exceeds the cut-off frequency of a cer-
tain mode, multiple modes occur.[15] The appearance of the
multi-mode phenomenon will lead to some adverse phenom-
ena: i) the superposition of multiple modes will weaken the
vibration at some positions, where defects may not be able to
be detected;[15] ii) multiple SH modes will be superimposed
when the detection range is small. The waveform is difficult
to analyze in this circumstance.

The multi-modes phenomenon is caused by the fre-
quency bandwidth of exciting signals and the transducer spa-
tial bandwidth.[16] Simply narrowing the frequency bandwidth
of exciting signals cannot effectively reduce the production of
multiple modes, meaning that the influence of transducer spa-
tial bandwidth cannot be neglected, because the continuous
sine tone (namely, a single frequency) can still excite multiple
modes of SH guided waves.[15] However, in previous studies,
the effect of spatial bandwidth on multi-modes was not evi-
dent.

A single and pure SH guided wave mode can be ef-
fectively generated by dual EMATs.[17,18] However, the dual
EMATs cannot work well in practice and there are few other
efficient ways to generate a single SH mode.

According to the expression of SH modes’ amplitude co-
efficients, which relates to the excitation frequency and the
EMAT’s geometrical parameters, in this paper we study the
method of suppressing unwanted modes by selecting an ap-
propriate operating point and the frequency bandwidth of the
excitation signal. Theoretical analyses and experimental re-
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sults prove that a single SH mode can be obtained.

2. Theoretical fundamentals
2.1. Boundary conditions

SH guided waves are usually generated and detected by
EMATs chiefly via two kinds of physical mechanisms: the
Lorentz force mechanism when the material is conductive
and the magnetostriction mechanism when the material is
ferromagnetic.[12] Only the Lorentz force mechanism is con-
sidered in this paper.

Periodic permanent magnet (PPM) EMATs are generally
used to generate SH guided waves. The structure of a PPM
EMAT is shown in Fig. 1. A PPM EMAT consists of a race-
track coil and a magnet array that provides static magnetic
fields perpendicular to the plate.

N
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SH wave

plate racetrack coil

SH wave

magnet array

Fig. 1. Structure of a PPM EMAT on a plate.

Figure 2 shows the distribution of the Lorentz force. The
parameter d is the thickness of the plate, l is the width of each
magnet, and L is the spatial period of the magnet array, which
is twice as large as the center spacing of adjacent magnets. In
general, L is equal to the wavelength of SH guide waves.[16]
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Fig. 2. Distribution of Lorentz force.

For the SH modes, the particle displacement vectors have
only a y component. That is, the particle displacement in the
x direction is zero, and so is it in the z direction. The parti-
cle displacement in the y direction is uy(x,z).[1] The traction
component τzy is given by[1]

τzy = µ
∂uy

∂ z
,

where µ is the shear modulus of the specimen.
Since the skin depth of eddy current is far less than the

acoustic wavelength at the same frequency and the thickness
of sample, the Lorentz force distributed in the skin depth
can approximately be regarded as the surface stress at z = h
(h = d/2).[19–21] Due to the surface stress, the upper surface
of the plate is not a free boundary, while the lower surface

is still a free one. Assuming that the distribution function of
the upper surface stress is g(x), the boundary conditions at the
upper and lower surfaces of the plate are

τzy(x,z = h) = g(x), (1)

τzy(x,z =−h) = 0. (2)

The upper surface stress g(x) is as follows:

g(x) = J(x)×B(x),

where J(x) is the eddy-current distribution and B(x) is the
magnetic-field distribution.

In the classical Lorentz force model of EMATs, within
the transducer area the magnetic field and the eddy current are
thought to be constant and uniformly distributed.[11,19–21] And
outside the transducer area, the magnetic field and the eddy
current are thought to be zero. Therefore, the distribution func-
tion g(x) can approximately be regarded as a function shown
in Fig. 3. The amplitude of the function is assumed to be Ag. In
fact, when the finite element method is applied to the solid me-
chanics simulation, the distribution function of the stress usu-
ally used by researchers is consistent with the function shown
in Fig. 3.[15,22]

l

L

x

g↼x↽

Ag

↩Ag

Fig. 3. Distribution function of surface stress.

2.2. Analytical expression with continuous tone input

In Ref. [1], the stress boundary conditions of piezoelectric
transducers are

τzy(x,z = h) = cos(θ)g(x)exp(ikw sin(θ)x),

τzy(x,z =−h) = 0,

where θ is the incident angle of the wedge of the piezoelec-
tric transducer with respect to the normal to the surface of the
layer and kw represents the shear wavenumber in the wedge.

The displacement equation of SH guided wave is

uy =
∞

∑
n=0,2,4,···

Anus
yn +

∞

∑
n=1,3,5,...

Bnua
yn, (3)

us
yn = cos(qnz)exp[i(knx−ωt)],

ua
yn = sin(qnz)exp[i(knx−ωt)], (4)

ω = 2π f ,

qn =
nπ

2h
,
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kn =

√(
ω

cs

)2

−
(nπ

2h

)2
,

where uy is the total displacement, us
yn is the displacement of

the n-th symmetric mode, ua
yn is the displacement of the n-th

antisymmetric mode, ω is the angular frequency, and kn is the
wavenumber of the n-th SH guided wave mode, f is the fre-
quency of SH guided wave, cs is the velocity of the shear wave,
and A0, An, and Bn are called amplitude coefficients. When
SH guided wave is generated by piezoelectric transducer, am-
plitude coefficients are[1]

A0 =
i

4µhk0
cos(θ)ĝ(k0− kw sin(θ)),

An =
(−1)n/2i
2µhkn

cos(θ)ĝ(kn− kw sin(θ))

(n ∈ (2,4,6, . . .)),

Bn =
(−1)(n−1)/2i

2µhkn
cos(θ)ĝ(kn− kw sin(θ))

(n ∈ (1,3,5, . . .)),

where ĝ(x) is the Fourier transform of g(x).
Comparing Eqs. (1) and (2), and the stress boundary con-

ditions of piezoelectric transducers, it can be found that the
PPM-EMAT can be regarded as a piezoelectric transducer with
an incident angle of zero.[1] Therefore, the amplitude coeffi-
cients of SH guided wave generated by PPM EMAT can be
obtained as follows:

A0 =
i

4µhk0
ĝ(k0), (5)

An =
(−1)n/2i
2µhkn

ĝ(kn) (n ∈ (2,4,6, . . .)), (6)

Bn =
(−1)(n−1)/2i

2µhkn
ĝ(kn) (n ∈ (1,3,5, . . .)). (7)

The magnitudes of the amplitude coefficients are

Φn =
1

εnµ

√
( f d/cs)

2− (n/2)2

∣∣∣∣ĝ(2π

λ

)∣∣∣∣ , (8)

where ε0 = 4π,εn = 2π , and λ is the wavelength of SH guided
wave.

The dispersion equation of SH guided wave is(
f d
cs

)2

− 1
(λ/d)2 =

n2

4
. (9)

Then equation (8) can be expressed as

Φn =
1

εnµ

√
( f d/cs)

2− (n/2)2

∣∣∣∣∣∣ĝ
(

2π√
( f/cs)

2− (n/2d)2

)∣∣∣∣∣∣ .
(10)

Equation (8) can also be expressed as

Φn =
λ/d
εnµ

∣∣∣∣ĝ(2π

λ

)∣∣∣∣ . (11)

It can be concluded from Eq. (11) that the magnitude of
each SH wave mode is inversely proportional to the thickness
of the plate. The magnitude of the SH0 mode is the smallest in
fixed thickness, while other modes have the same magnitude
that is twice as large as the magnitude of the SH0 mode.

Equation (10) can be divided into two components

Γn =
1

εnµ

√
( f d/cs)

2− (n/2)2
=

λ/d
εnµ

, (12)

Ψn =

∣∣∣∣ĝ( 2π√
( f/cs)

2− (n/2d)2

)∣∣∣∣= ∣∣∣∣ĝ(2π

λ

)∣∣∣∣ , (13)

where Γn component is independent of the profile of trans-
ducer, which is called the excitation function in Ref. [1] and Ψn

is the magnitude of ĝ(x), which is called the transducer spatial
function in this paper. The value of this component is related
to parameters of the PPM EMAT.

2.3. Magnitude with tone-burst input

The analytical expression of SH guided wave described
above is based on a single frequency signal expressed as a sin-
gle frequency continuous sine tone in practice. However, in
practical applications, transient excitation signals are gener-
ally used and the commonly used transient excitation signal is
the tone-burst signal.

Assuming that the function of the tone-burst signal is f (t)
and its Fourier transform is F(ω). The magnitude of the am-
plitude coefficients is

Φnw =
1

εnµ

√
( f d/cs)

2− (n/2)2

∣∣∣∣ĝ(2π

λ

)∣∣∣∣F(ω). (14)

In practical applications, the parameters of detecting
transducer are always the same as those of transmitting trans-
ducer. By taking this into account, the magnitude of the am-
plitude coefficient of each SH guided wave mode received by
the detecting transducer is

Φnwr =
1

εnµ

√
( f d/cs)

2− (n/2)2

∣∣∣∣ĝ(2π

λ

)∣∣∣∣2 F(ω). (15)

In this paper, to make the distinction, Φn is referred to as
the single-frequency magnitude, Φnw as the transient magni-
tude, and Φnwr as the received magnitude.

3. Method of suppressing unwanted modes
It can be concluded from Eqs. (10), (14), and (15) that the

magnitude of each SH guided wave mode is related to not only
the excitation frequency, but also the parameters of transducer
and the thickness of plate. These parameters are appointed
to introduce the method of suppressing unwanted SH guided
wave mode. The transducer parameters and plate thickness
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shown in Table 1 are selected. The design objective is to ob-
tain a single SH0 mode and suppress other SH modes in this
paper.

Table 1. Parameters of PPM-EMAT and plate used in this paper.

Parameter Value

l/mm 3
L/mm 6
d/mm 5

Number of magnets 6
Material of plate aluminum

Velocity of shear wave 3114 m/s

3.1. Operating point selection

In general, the operating point is chosen according to
Eq. (9). The spatial period of the magnet array is 6 mm, so
the wavelength of SH guided waves is 6 mm. The excitation
frequency is chosen as 0.52 MHz according to Eq. (9). The
cut-off frequency of the SH1 mode is about 0.311 MHz, and
the cut-off frequency of the SH2 mode is about 0.623 MHz.
So, the SH0 mode and SH1 mode can be generated under
the given parameters of the EMAT. Taking the numerical so-
lutions of Eq. (10), the single-frequency magnitude curve of
the SH0 mode and SH1 mode are shown in Fig. 4. Currently,
the normalized single-frequency magnitude of the SH0 mode
is 0.36, and the normalized single-frequency magnitude of the
SH1 mode is 0.56. Then, the total displacement of each po-
sition in the plate can be calculated by Eqs. (3) and (4). And
the maximum displacement of each position is recorded. The
plots that are shown in Fig. 5(a) represent the maximum dis-
placement at each point in the plate. Each maximum displace-
ment is normalized to a range from zero to one. The horizon-
tal axis represents the distance from the transducer. A series
of fringes is observed in Fig. 5(a), and the maximum displace-
ments of some positions are almost zero. The reason for this
phenomenon is that both the SH0 and SH1 modes exist si-
multaneously in the plate, and it is the result of displacement
superposition of the two modes.
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Fig. 4. Single-frequency magnitude curves of SH guided wave modes.

It can be seen from Fig. 4 that the single-frequency mag-
nitudes of both modes can be controlled by adjusting the exci-

tation frequency. When the excitation frequency is adjusted to
0.465 MHz, the single-frequency magnitude of the SH1 mode
is almost zero. Therefore, if the excitation frequency is cho-
sen to be 0.465 MHz, only the SH0 mode can be generated
theoretically, and no SH1 mode can be generated. Then the
unwanted SH1 mode can be effectively suppressed.

Therefore, the excitation frequency is changed into
0.465 MHz. It is calculated that the single-frequency mag-
nitude of the SH1 mode is only 2.8% of that of the SH0 mode.
Similarly, the maximum displacement of each position in the
plate is calculated, and the normalized maximum displace-
ment at each point is shown in Fig. 5(b). The minimum value
in the plot is 0.97, which is approximately equal to the max-
imum value, demonstrating that the SH1 mode is effectively
suppressed, and the SH0 mode is the absolute main compo-
nent of the guided wave.
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Fig. 5. Normalized maximum displacement at each point in plate at input
frequency of (a) 0.52 MHz and (b) 0.465 MHz.

3.2. Influence of frequency bandwidth with tone-burst in-
put

In practice, the excitation signal is always the tone-burst
signal. When the transient excitation signal is an eight-cycle
sinusoidal signal with a center frequency of 0.465 MHz mod-
ulated by the Hanning window, the received magnitude curves
of SH modes are shown in Fig. 6(b) by solving Eq. (15). The
excitation signal is shown in Fig. 6(a).

It can be seen from Fig. 6 that the SH guided waves re-
ceived by a detecting transducer includes an SH0 mode with
a center frequency of 0.476 MHz, an SH1 mode with a cen-
ter frequency of 0.525 MHz and an SH1 mode with a center
frequency of 0.418 MHz. So, there are two SH1 modes re-
ceived by the detecting transducer, which are represented by
two wave packets on the time domain waveform (see Fig. 10
in Section 4). Next, the rest of this subsection focuses on ex-
plaining why two SH1 modes are generated.
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fcut-off=0.311 MHz
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Fig. 6. (a) Transient excitation signal and (b) received magnitude curves of
SH guided wave modes.

The relationship between the excitation function and the
frequency-thickness product obtained by solving Eq. (12) and
shown in Fig. 7(a) (this figure can be seen in Ref. [1]). For
each SH wave mode, the larger frequency-thickness product
reduces the magnitude of the SH guided wave. For the same
frequency-thickness product, the higher-order wave mode has
a larger magnitude.

The relationship between the transducer spatial func-
tion and frequency-thickness product is obtained by solving
Eq. (13) and shown in Fig. 7(b). It demonstrates that for
the same transducer, the maximum transducer spatial function
magnitude of each mode is the same.
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Fig. 7. Displacements versus frequency-thickness for (a) excitation function
and (b) transducer spatial function.

It can be seen from Fig. 7(b) that no matter which SH

guided wave mode it belongs to, the transducer spatial func-
tion curve of this mode contains a main lobe and some side
lobes. Taking the SH1 mode for example, the excitation func-
tion, the transducer spatial function, and the single-frequency
magnitude of the SH1 mode are plotted in Fig. 8. The trans-
ducer spatial function magnitude of the left-side lobe is higher
than that of the right-side lobe. In addition, the excitation func-
tion magnitude at low frequency is greater than that at high
frequency. As a result, the single-frequency magnitude of SH
guided wave generated by the right-side lobes is so small that
it can be ignored. However, the single-frequency magnitude of
SH guided wave generated by the left-side lobe is large, some-
times even close to that generated by the main lobe. There-
fore, When the frequency bandwidth of the excitation signal is
wide, the received magnitude of SH guided waves generated
by the left-side lobes and by the main lobe are close, which
will result in the co-existence of two SH1 modes with differ-
ent center frequencies. The SH1 mode example is investigated
as done above, but the conclusion above is applicable to other
modes as well.
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Fig. 8. Displacements versus frequency-thickness for tranducer spatial func-
tion, excitation function, and the single-frequency magnitude of SH1 mode.

3.3. Mode suppression with tone-burst input

The reason that two SH1 modes are generated at the same
time is that the excitation signal has a wide frequency band-
width. Therefore, reducing the frequency bandwidth of the
excitation signal is an effective way to implement the mode
suppression. As can be seen from Fig. 6, when the fre-
quency bandwidth of the excitation signal is narrower than
0.465 MHz ±0.05 MHz, the two SH1 modes can be effec-
tively suppressed.

The new excitation signal is a 25-cycle sinusoidal tone
with a center frequency of 0.465 MHz modulated by the Han-
ning window. The frequency bandwidth of the new excitation
signal is about 0.465 MHz± 0.04 MHz. At this time, the re-
lationship between the received magnitude and frequency is
shown in Fig. 9. The maximum received magnitude of the SH1
mode is only 6% of that of the SH0 mode. The SH1 mode is
greatly suppressed. Excitation signals with more cycles have
narrower bandwidths, leading to a better result.
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4. Experiment
Figure 10 shows the experiment platform used in this

study. The parameters of the PPM EMAT and the plate used
in the experiment are listed in Table 1. The PPM-EMAT was
excited by Ritec RAM-5000 SNAP, which generated an eight-
cycle sinusoidal tone with a center frequency of 0.465 MHz
modulated by the Hanning window. The center distance be-
tween the generator and the detector was s = 400 mm.

generatordetector

aluminium plate

s

RITEC

RAM 5000 SNAP

R
T

oscilloscope
computer

NSNSNSNSNSN S

Fig. 10. Experiment platform.

According to the theoretical analysis, the received sig-
nal should include an SH0 mode with a central frequency of
0.476 MHz, an SH1 mode of 0.418 MHz, and an SH1 mode
of 0.525 MHz. According to the dispersion curves of SH
guided wave, the group velocities of the three wave modes
were 3114 m/s, 2078 m/s, and 2507 m/s, respectively. The
theoretical arrival times of the three wave modes were about
128 µs, 192 µs, and 159 µs, respectively.

The actually received signal and its short-time Fourier
transform (STFT) spectrogram are shown in Fig. 11. It
is worth noting that the main bang was not considered in
Fig. 11(b). The function “spectrogram” performs the STFT
in Matlab, and its input parameters were as follows: the data
were the received signal data, whose length was 12000; the
window was Hanning, whose length was 2048; the NFFT was
16384; the noverlap was 2047; the sampling rate was 32 Msps.
The result showed that it mainly contained an SH0 mode of
0.477 MHz, an SH1 mode of 0.418 MHz, and an SH1 mode

of 0.525 MHz, and the actual arrival times of the three wave
modes were about 129 µs, 190 µs, and 153 µs, respectively.
Considering the measurement error, the experimental results
were in accordance with the theoretical analyses.
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Fig. 11. (a) The receiving signal of the detector and (b) its STFT spectro-
gram when excitation signal has 8 cycles.
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Fig. 12. Received signal of detector when excitation signal has 25 cycles at
a frequency of (a) 0.52 MHz, (b) 0.44 MHz, (c) 0.465 MHz.

The cycle number of the excitation signal was modi-
fied to be 25. The frequencies of excitation signals were
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0.52 MHz, 0.44 MHz, and 0.465 MHz. The resulting wave-
forms are shown in Fig. 12. The guided waves of 0.52 MHz
and 0.44 MHz both included the SH1 mode, but the guided
wave of 0.465 MHz had a small magnitude SH1 mode, which
indicated that the SH1 mode was greatly suppressed. The ex-
perimental results agreed with the theoretical analyses.

The experimental results show that (I) both the main lobe
and side lobes of the transducer spatial function can gener-
ate guided waves; (II) when the frequency bandwidth of the
excitation signal is wide, the magnitude of SH guided wave
generated by left-side lobes is large, which will aggravate the
multi-mode phenomenon; (III) the unwanted SH modes can-
not be suppressed at too high or too low a frequency and thus
can be suppressed only by selecting an appropriate operating
point and the frequency bandwidth of the excitation signal.

5. Conclusions

We have analyzed the stress boundary conditions of PPM-
EMATs, established an analytical expression of SH guided
wave generated by EMAT, and obtained the magnitude of SH
guided wave modes under continuous tone and tone-burst in-
put. It is proved that the magnitude of each SH mode is related
to not only the excitation frequency, but also the parameters of
the PPM EMATs and the thickness of plates. The analytical
expression provides a theoretical basis for mode suppression.

Taking a specific transducer for example, in order to ob-
tain a single SH0 mode and suppress other SH modes, the
relationship between the single-frequency magnitude and fre-
quency of each SH mode is investigated. If the excitation fre-
quency of the SH0 mode is selected according to the tradi-
tional method, the SH1 mode is generated at the same time.
However, by changing the operating point to a point where the
magnitude of the SH1 mode is almost zero, the excitation of a
single SH0 mode can be achieved.

The influence of the frequency bandwidth is analyzed
here in this work. When the excitation signal is a tone-burst
signal with a wide frequency bandwidth, in addition to the

SH0 mode, there are also two SH1 modes with different cen-
ter frequencies, because the SH guided waves generated by the
left-side lobes and the main lobe coexist due to similar magni-
tude. This is a special phenomenon of SH guided wave.

Finally, the frequency bandwidth of the excitation signal
is controlled. The two SH1 modes are effectively suppressed
and the excitation of a single SH0 mode is achieved, which
not only proves that the theoretical analysis is correct, but also
confirms that a single SH guided wave mode can be generated
by selecting an appropriate operating point and a frequency
bandwidth of the excitation signal.
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