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The ultralow-frequency (ULF) miniaturized communication device is a development trend and has prospects in un-
derwater environments. In this work, a magnetoelectric (ME) laminate was prepared by magnetostrictive Metglas and
piezoelectric PMN-PT, and the electromechanical resonance (EMR) frequencies of the ME laminate were lowered through
the bridge-supporting structure. Experiments showed that the supporting structure excited EMR frequencies of 646 Hz,
1089 Hz and 1506 Hz; the ME coefficients were 44.2 nC/Oe, 104.1 nC/Oe and 39.8 nC/Oe, respectively. Next, the ME
laminate was assembled to a receiving antenna to receive binary frequency shift keying (2FSK) and binary amplitude shift
keying (2ASK) signals accurately.
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1. Introduction
With the continuous innovation of information technol-

ogy, the development of underwater communication equip-
ment tends to be miniaturized, has high precision and low
power consumption.[1,2] When the electromagnetic waves
propagate in the lossy medium, the field intensity decreases
exponentially,[3] which means electromagnetic waves decay
faster in water than in air, and electromagnetic waves with
higher frequencies attenuate faster. Ultralow-frequency (ULF)
(300 Hz–3 kHz) electromagnetic waves attenuate slowly, and
are more suitable for underwater communication. The reli-
ability and accuracy of underwater information transmission
can be enhanced by enhancing the radiation capability of the
transmitting antenna or lowering the signal receiving limit
of the receiving antenna. Compared with traditional small
electric antennas and some conventional low-frequency an-
tennas, magnetoelectric (ME) antennas exhibit strong com-
petitiveness in size and receiving efficiency due to their ef-
ficient electromagnetic–mechanical coupling ability,[4] which
is a competitive solution for underwater receiving antenna.

The ME effect refers to polarization changes with an ex-
ternal magnetic field, or the magnetization changes with an
external electric field, making the ME material a promising
material.[5–9] Recently, ME laminate combining acoustic res-
onance and magnetoelectric effects (ME effects) has attracted
extensive attention and has been proved to be a new way
to break the limitations of traditional radiation theory.[10,11]

Compared with traditional antennas, ME laminates have the
advantages of high sensitivity, low cost, miniaturization and
low power consumption; they provide great possibility for
miniaturization in wireless communication systems, such as
wearable monitoring systems and biological communication
technologies.[1,2,12–14] They are also a feasible solution for un-
derwater communication.[15–17]

The structure of the ME antenna was first proposed by
Yao in 2015, and they analyzed the multiferroic laminate us-
ing a one-dimensional finite-difference time-domain method,
demonstrating the feasibility of ME laminate from the quality
factor.[18] When ME laminates are used in receiving antenna,
they often work at their electromechanical resonance (EMR)
frequency to obtain the lowest noise equivalent magnetic field
and the highest responsivity and receiving capability. How-
ever, due to the characteristics of the ME laminate, its resonant
frequency is usually tens of kHz, which is difficult to apply
to underwater wireless communication. To lower the operat-
ing frequency of ME laminates, the material’s vibration mode,
material size gradient, DC bias magnetic field and load change
are usually used as adjustable parameters.[19–24]

In 2017, Sun et al. first verified the feasibility of an
ME antenna via experiments, its EMR frequency was in the
very high frequency (VHF, 30 MHz–300 MHz) band.[25] Sub-
sequently, Sun et al. designed an ME transceiver system
working in the very low frequency (VLF, 3 kHz–30 kHz)
band.[26] Viehland et al. prepared an ME laminate based
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on magnetostrictive phase (Metglas 2605 amorphous rib-
bons) and PZT (lead zirconate titanate piezoelectric ceram-
ics, Pb(Zr1−xTix)O3) in 2019; its resonant frequency is about
28 kHz.[27] Wang et al. proposed an asymmetric structure to
excite the bending vibration mode, which can reduce the reso-
nant frequency from VLF to ULF or even superlow frequency
(SLF).[28] They obtained an EMR frequency of 210 Hz, and
the noise equivalent magnetic field reached 0.3 pT/rtHz.

Here, we propose a ULF ME receiving antenna with a
bridge-supporting structure. We used the bridge-supporting
structure to amplify the effects of bending resonance mode;
three EMR frequencies in the ULF band were excited. The
proposed ME laminate was packaged into an ME receiving
antenna with a low-noise charge amplifier. The proposed an-
tenna has a low noise level and strong signal reception capabil-
ity, can receive the binary frequency shift keying (2FSK) and
the binary amplitude shift keying (2ASK) modulation signals
effectively, and is expected to be used in underwater wireless

communication.

2. Design and principle of ME laminate
As shown in Fig. 1(a), the proposed ME laminate

consists of magnetostrictive Metglas 2605 amorphous rib-
bons (140 mm×20 mm×0.025 mm) and piezoelectric single
crystal 0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN-PT) plates
(40 mm×2 mm×0.5 mm). The magnetostrictive phase is com-
posed of 6 layers of Metglas bonded by epoxy resin, and the
piezoelectric phase is composed of 7 piezoelectric single crys-
tal PMN-PT connected through a flexible circuit board. As
shown in Fig. 1(b), the piezoelectric phase polarizes along
the thickness direction, and the magnetostrictive phase mag-
netizes along the length direction, which is the “L-T” mode.
The two phases were combined with epoxy resin to form
an asymmetric structure. This mode requires minimal HDC

bias, which is beneficial for enhancing system integration and
portability.[29,30]

Bridge 
supporting structure

Flexible printed circuit

Bottom plate

(b)(a)

7 layers of PMN PT  
(40 mmT2 mmT0.5 mm each)

6 layers of Metglas
(140 mmT20 mmT0.025 mm each)

Fig. 1. (a) The principle of the proposed ME laminate. (b) Schematics of the ME laminate.

In this work, the proposed ME laminate antenna fea-
tures an innovative bridge-supporting structure. This support-
ing structure enhances the bending vibration mode, effectively
lowering the antenna’s operating frequency. Specifically, the
bridge-supporting structure increases the deformation space of
the material, enabling the antenna to operate stably within the
ULF range and significantly improving its signal reception ca-
pability. The design of the supporting structure optimizes the
antenna’s performance, allowing it to exhibit excellent recep-
tion capability in low-frequency communication.

Based on the “magneto-elastic-electric” coupling be-
tween two phases, ME laminate converts magnetic signals to
electrical signals:

dE
dH

= k1k2 ·n(1−n) · dS
dH
× dE

dS
. (1)

Due to the external magnetic field, the piezomagnetic
phase generates strain. This mechanical strain will be trans-
ferred to the piezoelectric phase through the coupling layer
between the two phases, and the piezoelectric phase gener-
ates electric polarization due to the piezoelectric effect. Here,

dE/dH indicates the ME coefficient of the ME laminate;
dS/dH and dE/dS represent the magnetostrictive effect and
piezoelectric effect, respectively; n and 1−n represent the vol-
ume fraction of the two phases; and k1 and k2 represent the
proportional coefficients of the weakening caused by the two
phases interacting with each other.

There are two main resonance modes of ME laminate:
length and bending. In the common sandwich structure
(magnetostrictive-piezoelectric-magnetostrictive) and most
symmetric structures, there is generally only one main EMR
peak caused by the length mode, and this is mostly located
in the VLF band or low-frequency (LF, 30 kHz–300 kHz)
band.[26,31,32] In addition, some asymmetric structures will
resonate in bending mode. Previous studies have shown that
bending mode will cause a lower EMR frequency.[28,33] The
appearance of bending mode is due to the different forces and
stress constraints of each part, which leads to the difference in
shape variables of each part.

In this work, it is mainly reflected in the difference in
the deformation quantities between the upper and lower sur-
faces of the two phases: when the magnetostrictive phase is
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extended because of an external magnetic field, the deforma-
tion of the upper surface is smaller than the lower surface due
to the restriction of the piezoelectric phase; the lower surface
of the piezoelectric phase is elongated by the magnetostric-
tive phase, and the deformation is larger than the upper sur-
face. In brief, ME laminate has the tendency to bend upwards.
Conversely, when the magnetostrictive phase is shortened, the
ME laminate has the tendency to bend downward, as shown
in Fig. 1(a). It can be seen that in a certain range, the larger
the deformation space, the more deformation quantity the ME
laminate will have.

The bridge-supporting structure effectively excites mul-
tiple bending resonance peaks by altering the boundary con-
ditions. Traditional flat-placed structures typically have “fixed
at both ends” boundary conditions, which introduce significant
damping and suppress the excitation of higher-order bending
modes. In contrast, the bridge structure significantly increases
the system’s degrees of freedom. The reduction in effective
stiffness allows for the excitation of more high-order bending
modes.[34]

Additionally, the asymmetric laminate design of the ME
laminate causes a shift in the neutral axis, creating strain distri-
bution differences across different regions, which further ex-
cites multi-order modes.[35] In terms of energy transfer, the
bridge structure reduces substrate contact friction damping, al-
lowing more energy to be retained within the material, thus
enhancing the strain coupling efficiency and facilitating the
excitation of more high-order resonance modes. Overall, the

bridge-supporting structure, through its asymmetric laminate
design, suspended boundary conditions, and material stiffness
gradient, breaks the symmetry constraints of traditional struc-
tures, enabling the coexistence of multi-order bending modes,
and providing a theoretical foundation for the design of multi-
band ULF ME antennas.

We glued a flexible printed circuit (FPC) with a pair of
supporting plates, forming the bridge structure, making the
ME laminate completely suspended (hereinafter referred to
as the “bridge ME laminate/antenna”). Compared to classical
structures, where the ME laminate is placed on a flat surface
(hereinafter referred to as the “classic ME laminate/antenna”),
the bridge structures can increase the deformation space to
amplify the effects of bending resonance mode. Experiments
show that the bridge ME laminate has three resonant peaks in
the ULF band. Moreover, the resonant peak caused by length
resonance mode still exists.

3. Test results and analysis
Figure 2 shows the performance characterization of two

kinds of ME laminate. The ME coefficient was tested accord-
ing to the configuration in Fig. 2(a). Figure 2(b) shows the
ME coefficient of classic ME laminate. The EMR frequency
(∼ 15 kHz) was caused by length resonance mode. Figure 2(c)
shows the ME coefficient of the bridge ME laminate. The
EMR frequency of 14.8 kHz was caused by the first-order
length resonance mode; it still exists after using the bridge.
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Fig. 2. (a) The configuration for measuring the ME coefficient. The ME coefficients of the classic laminate (b) and bridge ME laminate (c).
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Moreover, the bridge structure enlarged the deformation space
and amplified the effects of bending mode sharply. The three
EMR peaks (∼ 1 kHz) were exited and can be clearly ob-
served: 646 Hz ( f1), 1089 Hz ( f2) and 1506 Hz ( f3). The
resonant ME coefficients shown in Fig. 2(c) are 10–20 times
higher than the quasi-static ME coefficients shown in Fig. 2(b).
The ME coefficients of the three EMR peaks are 44.2 nC/Oe,

104.1 nC/Oe and 39.8 nC/Oe. The bridge ME laminate was
used in the following experiments. The impedance and phase
degree of the classic and bridge structures were measured
using an impedance analyzer in Figs. 3(a) and 3(b). The
impedance further proves the appearance of three resonant
peaks after using the support structure.

A DC bias magnetic field has a significant effect on the
ability to convert magnetism and electricity. We tested the
change in the ME coefficient and EMR frequency with the
change in the DC bias (0–10 Oe) magnetic field; the ME co-
efficients of three frequencies are optimal at 7 Oe, as shown
in Fig. 4(b). In addition, a slight dispersion of the resonance
frequencies was observed with varying DC bias, which can be
attributed to the intrinsic frequency-dependent characteristics
of ME laminates.[36] After adjustment and testing, the mag-
nets were fixed in the corresponding position. Next, the ME
laminate was packaged in a 3D-printed enclosure with an am-
plifying circuit and a pair of ferrites, as shown in Fig. 4(a).
The charge amplifier amplifies the electrical signal generated
by the ME laminate, facilitating the observation and process-
ing of signals. Figure 4(c) shows the response linearity of the
ME antenna at three resonant frequencies in the magnetic field
intensity range of 2 fT–10 nT. It can be seen that the ME an-
tenna shows high linearity in a wide range, and demonstrates
great reliability.

The noise equivalent magnetic field (NEB) is given by

NEB =
ME coefficient (V/T)

Noise (V/
√
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. (2)

0 2 4 6 8 10

0

40

80

120

M
E
 c

o
e
ff
ic

ie
n
t 

(n
C

/
O

e
)

Magnetic intensity (Oe)

 f1   f2  f3

-15 -13 -11 -9 -7

-5

-4

-3

-2

-1

0

1

200 fT LOD

M
E
 v

o
lt
a
g
e
 (

V
)

 f1

 f2

 f3

   @resonance

Hac (T)

(b) (c)

Battery

DC 
bias

DC 
bias

Battery

(a)
ME antenna
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The NEB represents the detection limit of the weak
magnetic signal of the ME receiving antenna. The intrin-
sic noise and the NEB at EMR frequencies are shown in
Figs. 5(a) and 5(b). The magnetic field detection limits
of the ME antenna at 646 Hz, 1089 Hz and 1506 Hz are
65.33 fT/

√
Hz,70.92 fT/

√
Hz and 126.04 fT/

√
Hz, respec-

tively. The minimum noise equivalent magnetic field is
65.33 fT/

√
Hz. The PMN-PT single crystal has low noise and

high ME responsivity, and the charge amplifier has low noise
and high magnification. Consequently, the noise level was re-
duced and the ability of the ME antenna to receive electromag-
netic wave signals was improved greatly.
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Fig. 5. (a) The noise diagram and (b) the noise equivalent magnetic
field of the ME antenna.

4. ULF communication
In the process of transmission, the signal will be con-

verted many times, the original signal needs to be converted
by the transmitter into a form that is suitable for signal trans-
mission (modulation). It is crucial that the signal modula-
tion method is suitable for the ME receiving antenna in the
signal transmission. According to the different types of sig-
nals, modulation methods are divided into analog modula-
tion and digital modulation. Digital modulation has better
anti-interference ability, and the signal attenuation is slower.
When there are electrical appliances or signal sources work-
ing nearby, this method can minimize their interference.[37,38]

2ASK and 2FSK are common digital modulation methods; the
amplitude or frequency of the modulated signal are regulated
by changing input data bits.

The binary “0” and “1” in the bitstream of 2ASK cor-
respond to two amplitude-varying states of the carrier, which
represent off or on in mechanical systems; the switching speed
can be controlled by the input bitstream. We used noncoherent
demodulation (envelope detection) of 2ASK and tested the sig-
nal receiving capability of the ME antenna. Figure 6(a) shows
the experimental setup. The ULF electromagnetic wave was
emitted by a Helmholtz coil, and the ME antenna received
the electromagnetic wave of three EMR frequencies, respec-
tively. As shown in Fig. 6(b)(i), the 1 Vp driven voltage was
applied to the Helmholtz coil through a 2× power amplifier.
The 1 Hz binary bitstream (0101010101) was used to modu-
late the original 1089 Hz ( f2) electric signal. Figure 6(b)(ii)
is the original modulating signal transmitted by the Helmholtz
coil. Figure 6(b)(iii) shows the signal received by the ME an-
tenna. After the filter and the multiplicator, the envelope of
f2 is shown in Fig. 6(b)(iv). The signals were demodulated
through a low-pass filter. The original bit stream was success-
fully restored in Fig. 6(b)(v).

For 2FSK, the binary “0” and “1” in the bitstream
correspond to the two frequencies of the carrier signals.
The 2FSK can realize continuous or discontinuous phase
modulation.[39,40] Compared with 2ASK, it is much less lim-
ited by the amplitude of the carrier signal, and can transmit
more complex and richer audio and image information.

We tested the 2FSK signal receiving capability of the
bridge ME antenna. Because of the similar responsivity, f1

and f3 (646 Hz and 1506 Hz) were used to detect 2FSK sig-
nals. The 1 Hz bitstream (0101010101) was input to modulate
the carrier, as shown in Fig. 6(c)(i). The data acquisition card
was controlled by the upper computer to generate 2FSK sig-
nals with an amplitude of 1 Vp (646 Hz and 1506 Hz), which
were applied to the Helmholtz coil through a 2× power ampli-
fier. Figure 6(c)(ii) is the original modulating signal. The ME
receiving antenna was placed 3 m away from the Helmholtz
coil; the original time-domain signals received are shown in
Fig. 6(c)(iii). After the noncoherent modulation, the envelopes
of f1 and f3 are shown in Fig. 6(c)(iv). By sampling and judg-
ing the amplitudes of f1 and f3, the demodulation signals are
shown in Fig. 6(c)(v): the original bitstream was precisely re-
covered.

Figures 6(d) and 6(e) show the 2ASK and 2FSK signal
modulation and transmission of the classic ME antenna. Simi-
larly, we applied the same driven voltage to the Helmholtz coil,
there are no resonant peaks in the ULF band and the response
of FSK is 8 times lower than the bridge antenna. The accurate
signal reception and compatibility with multiple modulation
methods of the ME antenna demonstrate its strong potential in
ULF communication systems.

The proposed ME antenna is compared with several re-
ported alternatives in Table 1, where it demonstrates signif-
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icant advantages in low-frequency reception and modulation
versatility. Its bridge-supporting structure enhances the bend-
ing vibration mode, enabling operation at lower frequencies
and more efficient signal reception. This improved perfor-
mance underscores its strong potential for ULF communica-
tion applications.

Additionally, despite a slight difference in voltage coeffi-
cient compared to other antennas, the design and optimization
undertaken have resulted in a significant improvement in both
signal stability and reception sensitivity. These comparison
results further demonstrate the proposed ME antenna’s appli-
cation potential in low-frequency communication systems.
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Fig. 6. (a) An experimental configuration diagram for testing the receiving capability of the ME antenna. Schematics of the 2ASK and 2FSK
signal modulation and transmission of the bridge ME antenna (b)–(c) and classic ME antenna (d)–(e).

Table 1. Performance comparisons of different low-frequency ME receiving antennas.

Ref. ME material ME voltage coefficient (V/Oe) NEB (fT/
√

Hz) Rx area (cm2) Carrier frequency Modulation mode
[26] Metglas and PZT 3.8 260 9 23.95 kHz DAM
[41] Metglas and PZT 2.5 NA 0.0027 187 kHz NA
[42] Metglas and PVDF 0.55 NA 0.00175 49.9 kHz NA
[43] Terfenol-D and PZT NA NA 0.84 91.8 kHz 2ASK
[4] Metglas and PMN-PT 70 nC/Oe 21.25 28 6.1 kHz and 18.4 kHz 2FSK

[44] Metglas and PVDF 0.5 NA 17.5 44.9 kHz 2FSK
This work Metglas and PMN-PT 104.1 nC/Oe 126 28 1089 Hz 2ASK and 2FSK (3 m)

5. Conclusion

The proposed ME antenna utilizes a bridge-supporting
structure to excite three low-resonance frequencies (NEB <

150 fT/
√

Hz) in the ULF band. This design yields a receiving
antenna with low noise, high responsivity, and reliable signal
reception capabilities for 2ASK/2FSK modulation. These dis-
tinctive capabilities demonstrate the potential of the proposed
antenna for ULF communication technologies.
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