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Abstract  

Mechanical antennas have attracted wide attention due to their outstanding properties of ultra-small size and low power in 
existing long-wave communications. Here, a review of progress on mechanical antennas used in very low frequency (VLF: 3 - 
30 kHz) and ultra-low frequency (ULF: 0.3 - 3 kHz) is presented. The topic of focus is the performance analysis of permanent 
magnet-based and piezoelectric mechanical antennas, including both radiation mechanisms and signal modulation. Moreover, 
basic mechanical antennas are generally classified in detail, and the radiation performance of various schemes is compared. 
It concludes the up-to-date progress on the mechanical antennas for providing a source of inspiration towards the future 
better outcome of designs and applications. 

Keywords: Mechanical antenna; Low frequency; Permanent magnet; Piezoelectric Material. 

Received: 08 June 2021; Accepted: 24 July 2021. 

Article type: Review article. 

 

1. Introduction  

Very low frequency (VLF) and ultra-low frequency (ULF) 

bands are uniquely suited for underwater and underground 

communication links. Compared with high-frequency 

electromagnetic (EM) waves, these low-frequency EM waves 

exhibit deeper skin depth and less transmission attenuation in 

non-air media such as water, rock, soil, etc. In these bands, the 

waveguides formed from the earth and the ionosphere can be 

utilized for efficiently transmitting the information.[1] 

Therefore, it has great potential to realize underwater and 

underground communication, positioning, navigation, and so 

on. Traditional antennas usually radiate EM waves by the 

current oscillation in the resonant element, their physical size 

is generally comparable with the EM wavelength. Even with 

electrically small antennas, the low-frequency transmission 

systems still are large scale.[2,3] Although low-frequency 

communication exhibits exotic properties and has a wide 

range of potential applications, there are still unsolved key 

problems and bottlenecks before practical applications, such 

as low radiation efficiency, high power consumption, large-

scale, etc.  

To break through these bottlenecks, a novel antenna called 

mechanical antenna (MA) was put forward. The Defense 

Advanced Research Projects Agency（DARPA） organized 

an MA project in 2015.[4] For generating EM waves, the 

mechanical energy driven by the electric charge movement or 

external electric field is converted into EM energy and radiates 

outward. The MA can make use of the near-field energy to 

break through the Chu-Harrington limit of the traditional 

antenna radiation.[5] Compared with the traditional antennas, 

small size and low power losses are significant advantages of 

MA, which facilitates the development of portable 

underground and underwater communication. 

Since the MA was firstly proposed, extensive explorations 

on the MA have been carried out. Among them, Kemp et al. 

realized the VLF MA design by employing the inverse 

piezoelectric effect of a rod-shaped lithium niobate crystal.[6] 

In 2020, Dong et al. developed a portable VLF communication 

system based on an acoustically actuated magnetoelectric (ME) 

antenna.[7] Using the technology of microelectromechanical 

system (MEMS), a practical integrated ME antenna with film 

bulk acoustic resonator (FBAR) structure was designed by 

Nan et al.[8] According to different radiation mechanisms, MA 

can be classified into two different categories: permanent 

magnet-based MA and piezoelectric MA. 

Due to the significance and urgent military demands of 

low-frequency communication and navigation systems, the 

technical research of low-frequency MA obtains extensive 

attention. However, there are few summary articles about MA, 

and the overview is comparatively simple. Most of them have 

not provided a performance comparison and the respective 
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advantages of all kinds of MA. At the frontier field of MA, 

research is likewise underway. Here, we comprehensively 

summarize the current research progress of MA and introduce 

the existing research of MA according to the distinct principles. 

This article also highlights the performance of the research 

schemes and carries out the comparison of the various 

antennas.  

The remainder of this paper is organized as follows. In 

Section II, the principles and structures of permanent magnet-

based MA are introduced. In Section III, we introduce the 

structure and principles of various piezoelectric antennas in 

detail and their performance comparisons are listed. Finally, 

Section IV concludes this survey. 

 

2. Permanent magnet-based mechanical antenna 

The permanent magnet is a kind of magnetic material that can 

maintain high magnetism after the revocation of the external 

magnetic field. There are three commonly used measurement 

indexes: residual magnetization, coercivity, and magnetic 

energy product. Among them, residual magnetization 

indicates the maximum magnetic flux density value provided 

by the magnet. Coercive force represents the anti-

demagnetization capacity of the magnet. The magnetic energy 

product is used to measure the power of energy storage of 

magnets. At present, the most commonly used magnet is 

NdFeB permanent magnet, and the magnetic energy product 

of its industrial products is close to the theoretical limit. 

Therefore, the research on high-performance rare earth 

permanent magnet materials becomes very important. 

For permanent magnet-based MA, the basic approach is 

utilizing the mechanical motor to rotate the radiation source. 

The theoretical analysis of the rotating permanent magnet is 

usually based on the equivalent model of a magnetic dipole.[9] 

As early as 1904, the Alexanderson alternator based on the 

structure of the rotating permanent magnet was proposed.[10] In 

the following decades, this structure did not attract much 

attention in the field of wireless communication. Until 2016, 

in response to the low-frequency antenna application 

presented by DARPA, rotating permanent magnets have been 

becoming an important issue in the field of MA research. 

Several rotating magnet antennas were designed in recent 

years. In the early time, Srinivas et al. simulated the radiation 

performance of spinning permanent magnets that can 

overcome the Chu-Harrington limit.[11,12] Based on the 

simulation results, a spinning magnet array was then proposed 

to break Chu’s limit.[13] By using direct antenna modulation 

(DAM), the array had the potential to improve bandwidth.[14-16]  

Aiming at wireless communication in a harsh EM 

environment, a permanent magnet antenna was presented.[17] 

As shown in Fig. 1a, the two biased magnets were located at 

the top and bottom of the antenna respectively, and their vector 

magnetic flux density was superimposed on that of the rotor 

magnet. The total magnetic flux density was increased and will 

vary sinusoidally when the central rotor magnet uniformly 

rotates. In the experiment, the atomic vapor meter (AVM) can 

detect the magnet antenna beyond 50 m, as illustrated in Fig. 

1b. By applying a mechanical impulse to the rotor magnet, the 

response waveform of the antenna is depicted in Fig. 1c. it can 

be observed that the magnetic flux density exhibits sinusoidal 

variation and the resonant frequency of the antenna can be 

deduced to 21 Hz. The antenna produced a magnetic flux 

density of 0.6 µT amplitude at 1 m. In addition, by using

Fig. 1 Rotating permanent magnet MA with biased magnets. (a) Structure of the antenna under two kinds of rotor magnet states, (b) 

detection of magnetic flux density of manually modulated antenna by AVM, and (c) the time-domain natural response of antenna 

(Reproduced with the permission from [17], Copyright 2017 IEEE). 
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binary frequency shift keying (BFSK), the antenna was 

capable of a data rate of 8 b/s and can reliably transmit binary 

data over a distance of up to 70 cm when blocked by the metal 

plate. 

To achieve long-distance transmission, as shown in Fig. 2a, 

a simple, compact, and low-power MA based on a rotating 

magnet was presented by Burch et al.[18] By using a more 

sensitive portable receiver, the weak field of 800 fT can be 

measured at 100 m as illustrated in Fig. 2b. This MA is proven 

to be possible at frequencies below 500 Hz for long-distance 

transmission. Aiming at wireless communication in a complex 

propagation environment, a MA prototype was manufactured 

as depicted in Fig. 2c.[19] As shown in Fig. 2d, the 

measurements coincide well with the calculations based on the 

theoretical model. It reveals the creation of constant channel 

conditions, and the magnetic field intensity produced by the 

MA can reach 1 pT at hundreds of meters. In addition, the 

omnidirectional radiation of the rotating antenna is 

demonstrated by the measurements of the near field. Based on 

the continuous-frequency FSK and differential encoding 

schemes, Glickstein et al. realized reliable non-line-of-sight 

communication by utilizing MA.[20] 

To utilize mechanical resonance with a high Q factor, 

Srinivas et al. presented an efficient and innovative 

electromechanical system called magnetic pendulum array 

(MPA).[21] From Fig. 3a, the MPA consists of three 

diametrically magnetized cylindrical magnets attached to 

ceramic bearings in a metallic housing, which successfully 

generated a time-varying field at the frequency of 154 Hz. 

Based on this structure, an MPA was proposed for efficient 

wireless power transmission at ULF.[22] As shown in Fig. 3b, it 

has been demonstrated that using MPA leads to about 10 dB% 

higher power transfer efficiency as compared to a coil with 

similar dimensions at the MPA’s resonance frequency of 447 

Hz. The MPA’s schematic diagram is depicted in Fig. 3c, the 

MPA was mounted on bearings excited by a radio frequency 

(RF) coil. The RF coil created a horizontally oriented magnetic 

field that can rotate the magnet’s magnetic orientation toward 

the horizontal direction. In general, the oscillatory motion will 

be built up by giving enough excitation time and generating a 

dynamic magnetic field in the horizontal direction. Based on 

the same principle, an MPA with On-Off Keying (OOK) 

modulation scheme was proposed.[23] This MPA can achieve 

higher transmission efficiency than conventional coils.  

As illustrated in Fig. 3d, by increasing the number of 

magnets, the radial magnetic field of the MPA was enhanced. 

Compared with the basic rotating MA, the pendulums can 

easily form an array without the need for maintaining axial 

symmetry. In addition, the stored energy of the system 

alternated between the magnetic potential energy caused by 

the magnetic field re-distribution and the kinetic energy due to 

inertia. By using the DAM scheme[24], this energy alternating 

can achieve motion control of the antenna and signal 

modulation.  

 
Fig. 2 (a) Magnet and rotary tool and (b) signal measurements versus distance between experimental source and the spinning magnet 

source over a perfectly conducting ground plane (Reproduced with permission from [18], Copyright 2018 IEEE). (c) Rotating magnet 

prototype and (d) magnetic field in air-water mixed media of measured and calculated (Reproduced with permission from [19], 

Copyright 2018 PIER).  
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Fig. 3 MPA antenna. (a) MPA antenna prototype (Reproduced with permission from [21], Copyright 2018 IEEE). (b) Efficiency 

comparison between MPA antenna and bare coil. (c) Schematic diagram of self-biased MPA (Reproduced with permission from [22], 

Copyright 2019 IOP Publishing). (d) MPA antenna prototype (Reproduced with permission from [23], Copyright 2019 Scientific 

Reports). 

 

To reduce kinetic energy requirements in the kHz range, 

the mechanical magnetic shutter (MMS) antenna was 

designed.[25] In this design as depicted in Fig. 4a, the 

permanent magnets surrounded a dual-shaft brushless motor, 

and the motor rotated two aligned steel shutters. According to 

the image theory,[26] placing charges of a magnetic dipole near 

the surface of a high permeability material can stop the 

radiation. This system modulated the magnetic field by 

spinning a shutter made of magnetically soft material with 

multiple openings, and the static magnetic dipole field is 

alternately passed or distorted by the shutter. The number of 

openings N thus can reduce the spin rate to achieve the desired 

radiation frequency. Fig. 4b shows magnetic field 

measurements as a function of distance, the data shows the 8 

magnets yield higher amplitudes. In addition, an MMS 

antenna with phase modulation was presented.[27] It is different 

from the way of the rotating shutter, as shown in Fig. 4c, this 

antenna radiates EM waves by rotating a permanent magnetic 

bar sandwiched between two pairs of orthogonal bow-tie-

shaped layers. The slow position change of the bow-tie-shaped 

layers can produce the desired phase modulation, as illustrated 

in Fig. 4d. The total magnetic field will have different 

amplitudes at different initial positions of bow-tie-shaped 

layers to modulate signals.  

Aiming at the modulation method of the antenna, Nathan 

et al. proposed electrically modulated reluctance (EMR) MA 

that does not need to change the rotational speed of the 

magnet.[28] As shown in Fig. 5a, a cylindrical shielding 

surrounded the spinning magnet, the shield was made from a 

highly permeable, low loss, low saturation flux density 

material. A toroidal coil was wound around the shielding. 

Based on the magnetic hysteresis loop of the shielding 

material, the permeability of the shield will change to shield 

the field of the spinning magnet by changing the current 

through the coil, which makes amplitude shift keying (ASK) 

modulation possible. The modulated signals are depicted in 

Fig 5b. In the experiments, the observed position is at a 

distance of 34.3 cm away from the transmitter. 

Based on the EMR technique, the permanent magnet’s 

static magnetic flux was used to generate EM waves.[29] The 

main idea was to store magnetic energy in two spaces by 

utilizing the interaction between a permanent magnet and a 

magnetic material. In the EMR system, a ferrite yoke was used 

as the variable reluctance magnetic material and a permanent 

magnet was used as the flux source. Combined with the 

method in [28], a new EMR antenna illustrated in Fig. 5c is 

designed. the permanent magnet was put on a ferromagnetic 

film with proper winding to modulate the magnetic flux in the 

magnetic film by adjusting the coil’s current. The measured 

output voltage curve with various distances, as depicted in Fig. 

5d. material. In the EMR system, a ferrite yoke was used as 

the variable reluctance magnetic material and a permanent 

magnet was used as the flux source. Combined with the 

method in[28], a new EMR antenna illustrated in Fig. 5c is
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Fig. 4 MMS antenna. (a) MMS antenna prototype and (b) the function of the amplitude and distance of the magnetic field along the 

axis of rotation (Reproduced with permission from [25], Copyright 2018 IEEE). (c) Schematic diagram of MMS antenna with phase 

modulation and (d) total magnetic field diagrams under different rotations of the initial position of magnetic posts (Reproduced with 

permission from [26], Copyright 2019 IEEE). 

 

designed. the permanent magnet was put on a ferromagnetic 

film with proper winding to modulate the magnetic flux in the 

magnetic film by adjusting the coil’s current. The measured 

output voltage curve with various distances, as depicted in Fig. 

5d. As shown in these results, the magnetic flux (which is 

linearly proportional to the output voltage) decays by 1 ∕ 𝑅3, 

where R represents the measured distance. It was estimated 

that the magnetic flux will be 0.294 fT at 1 km. As a result, a 

time-variant field can be generated by modulating the 

permanent magnet’s magnet flux. This non-resonant time-

variant characterization means that these antennas can 

transmit higher data rates and are not bound to the 

fundamental limits of the antenna’s quality factor and 

radiation efficiency.[30] 

 
Fig. 5 EMR antenna. (a) EMR antenna prototype and (b) 150 Hz ASK modulated signal. (Reproduced with permission from [28], 

Copyright 2018 IEEE). (c) New EMR antenna prototype and (d) the function between the output voltage of the receiver and distance 

(Reproduced with permission from [29], Copyright 2021 IEEE). 
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For the choice of magnet materials, the magnetic flux 

density of a magnet is directly proportional to the volume and 

residual magnetization of the magnet. These characteristics 

are explained as the increase of magnetic dipole moment. 

Most researchers choose the NdFeB magnet with the best 

commercial performance. To achieve higher remanence 

magnetization of the material, the sintering process needs to 

be improved.[31-33] The permanent magnet MA may not be able 

to work in the harsh environment of high temperature because 

of its low working temperature. In general, it is no more than 

80 °C. Thus, there are technological challenges at present.[34,35]  

To improve the radiation performance of the magnet, 

increasing the volume of the magnet is a common strategy to 

enhance the magnetic flux density. For the structure of the 

magnet, in the case of the same magnet volume, the large 

aspect ratio can reduce power consumption by reducing the 

moment of inertia. But the long and thin structure is easy to 

produce lateral oscillation and makes the system unstable.[36,37] 

It needs to weigh according to the practical demands. 

The array antennas have great potential in field strength 

enhancement, radiation pattern control, and decrease of the 

mechanical modulation power.[38] Compared to a single 

magnet, the small source array of the same volume will 

produce a larger power efficiency, and the influence of 

mechanical inertia on the system will be reduced. The array 

antennas have built-in redundancy and robustness to facilitate 

the handling of system faults. However, its main 

disadvantages are the difficulty of magnet synchronization and 

the complexity of the system. 

For the signal modulation of the antenna, the current 

research is mostly based on DAM. DAM is a unique 

modulation technique, which uses the nonlinear time-varying 

component to decouple the information bandwidth and 

radiation efficiency from the limiting resonance bandwidth of 

the antenna.[39,40] When the DAM is combined with the rotating 

permanent magnet MA, the information bandwidth 

(modulation) can be independent of the physical bandwidth 

(loss). The meaning of DAM is to operate the motion state or 

structure of the antenna to affect the radiation performance of 

the antenna. Thus, the MA can be modulated by using OOK, 

FSK, etc. At present, in low-frequency communication, FSK 

and OOK can be implemented by rotational speed control of 

the motor while phase modulation can be achieved based on 

the MMS antenna. Furthermore, the EMR antenna can be 

expected to modulate the frequency or amplitude because of 

the resonant time-variant characterization.[29] 

In terms of signal reception, the magnetic field of a low-

frequency signal is often selected as a measurement target. In 

the case of low frequency, the background noises of the 

magnetic field signals are small, which reduces the error rate 

in the information transmission.[41] Orthogonal coils, loop 

antennas, and magnetometers are mostly used. Researchers 

can choose sensitive receivers to detect weaker signals in long-

distance transmission. 

Table 1 provides a performance comparison of different 

design schemes for the permanent magnet-based MA. It can 

be seen that various schemes of permanent magnet-based MAs 

use NdFeB as the radiation source to realize VLF or ULF 

communication. Among them, MPA increases the number of 

magnets and MMS uses a shutter structure. They achieved a 

higher frequency of magnetic signal transmission. The design 

scheme of MA in[18] obtains the longest detect distance.  

 

3. Piezoelectric mechanical antenna  

Most permanent magnet-based MA generates EM wave 

radiation by rotation. Due to the speed restriction of the motor, 

the working frequency of this MA is limited. Different from 

permanent magnet-based MA, piezoelectric MA is driven by 

strain. It is mainly divided into two types: one is called a 

piezoelectric antenna, and they use only piezoelectric 

materials to excite radiation through its piezoelectric effects. 

Another is called the ME antenna, they use piezoelectric 

material and magnetostrictive material to produce EM 

radiation through the ME effect. 

The piezoelectric effects are divided into direct and inverse 

piezoelectric effects. The direct piezoelectric effect refers to 

the process of converting mechanical energy into electrical 

energy, while the inverse piezoelectric effect is expressed 

oppositely. The ME effect is a result of the product of the 

piezoelectric effect and the magnetostrictive effect. The ME 

effect is divided into the direct ME effect and the converse ME 

effect. The direct ME effect refers to the change of the applied 

magnetic field, while the converse ME effect is determined by 

the applied electric field.[42,43] The composition of the antenna 

material has a great influence on the performance of the 

antenna. The ME effect can be produced in a multiferroic 

material.[44] Single-phase multiferroics are rare in nature, and 

they have the disadvantages of weak ME effect and low Curie 

temperature.[45,46] So the researcher began to study composite 

materials to enhance the ME effect. 

Table 1. Performance comparison of various permanent magnet-based MA. 

Design scheme Materials Frequency range Magnetic flux density Reference 

Basic rotating MA NdFeB 22 Hz 0.6 µT (1 m） [17] 

N42 NdFeB 100 - 500 Hz 800 fT (100 m) [18] 

MPA N55 NdFeB 1.03 kHz – [23] 

MMS NdFeB、steel 0 - 1.6 kHz 50 pT (5 m) [25] 

EMR N42 NdFeB 30 Hz 10 µT (0.3 m) [28] 

N52 NdFeB、metglas 430 Hz 0.17 µT (1.2 m) [29] 
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The heterostructure composite material with high ME 

coefficients and low dielectric losses has become the main 

choice.[47-49] There are three main types of heterostructure 

materials: (1) ferrite and piezoelectric ceramics (e.g. lead 

zirconate titanate (PZT)) (2) Terfenol-D and piezoelectric 

ceramics and polymer (3) magnetic metals/alloys (e.g. 

Metglas) and piezoelectric ceramics. Physical vapor 

deposition and sol-gel spinning are usually used for the 

preparation of thin-film ME heterostructures.[50-52] 

The piezoelectric antenna and the ME antenna belong to 

the strain-powered antenna according to the principles. Strain 

powered antenna was firstly presented by Rowen.[41] With 

ferromagnetic yttrium iron garnet (YIG) sphere, acoustically 

driven EM radiation was realized. In 1973, Mindlin et al. used 

piezoelectric materials to combine mechanical vibration with 

electrical radiation for the new piezoelectric resonant acoustic 

antenna.[42] Acoustic waves propagate at velocities 105 times 

lower than EM waves, enabling resonant operation for 

antennas at frequencies five orders of magnitude lower than 

similar-sized electrical counterparts. This antenna has a small 

physics size and can avoid the power consumption caused by 

the impedance-matching network. 

For the piezoelectric antenna, materials such as PZT, 

lithium niobate, and barium titanate are often used to 

manufacture a resonator of MA. Kemp et al. proposed a 

piezoelectric resonator based on ultra-low loss lithium niobate 

piezoelectric electric dipole.[6] Fig. 6a illustrates the schematic 

of the lithium niobate rod mounting and excitation mechanism.  

With the deformation of the piezoelectric rod, the induced 

electric dipole can radiate EM waves by the stimulation of an 

applied electric field. The Hilbert transform of the transmitter 

with DAM is shown in Fig. 6b. By employing the DAM 

scheme, the modulation depth of 7 Hz (83 times higher than 

the traditional Bode-Fano limit) was achieved.  

A PZT transmitter ＞6000 times more efficient than a 

comparably sized electrical antenna was presented by 

Hassanien et al.[53] Its schematic structure is depicted in Fig. 

6c. The PZT disc resonator obtains a high-quality factor, and 

0.5 cm wide silver electrodes were patterned on both sides of 

the disc. The lateral vibration of the disk was excited by 

applying a time-varying voltage on the metalized edges of the 

PZT disc, the excited acoustic wave was reflected by the PZT 

disc boundaries. During vibration, the mechanical stress 

generated electric charge via the inverse piezoelectric effect, 

leading to a time-varying dipole moment (current) that causes 

EM radiation. As shown in Fig. 6d, the measured magnetic 

field decreased as 1/R, where R represents the measured 

distance. In addition, the antenna is capable of bit rates up to 

60 b/s by using FSK modulation. Depending on the 

transmission direction of the acoustic wave, the resonance 

modes of the ME antennas can be divided into bulk acoustic 

wave (BAW) and surface acoustic wave (SAW). In the BAW 

mode, the direction of the electric field excitation is along the 

thickness direction of piezoelectric films, so the mechanical 

strain is out-of-plane.[54] While in the SAW mode, the 

mechanical strain is in the plane. The BAW modes include 

 
Fig. 6 Piezoelectric MA. (a) Schematic of the lithium niobate rod mounting and excitation mechanism and (b) the Hilbert transforms 

(Reproduced with permission from [6], Copyright 2019 Nature Communications). (c) The 3D view and the side view of the PZT disc 

and (d) the function between measured magnetic field and distance (Reproduced with permission from [53], Copyright 2020 

Scientific Reports). 
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nanoplate resonator (NPR), thin FBAR, and solidly mounted 

resonator (SMR). Based on the MEMS technology, Nan et al. 

reported on NPR and FBAR with suspended thin-film 

heterostructure.[8] As shown in Fig. 7a, NPR consisted of 

AlN/FeGaB composite films, the yellow area presents the RF 

ground-signal-ground electrode. Fig. 7b illustrates scanning 

electron microscopy (SEM) images of the FBAR. Based on 

the ME effect, these ME antennas had realized EM waves 

transmitting and receiving mechanisms. The ME antenna 

produced an oscillating mechanical strain under an alternating 

electric field, which excited the magnet layer to induce 

magnetization oscillation, thus radiating EM waves. For 

receiving EM waves, the magnetic layer sensed EM waves and 

then generated the oscillating strain. This strain generated the 

piezoelectric voltage that illustrates the detected EM signals. 

When the traditional antenna is placed at a short distance 

above the conducting plane. The platform effect is described 

by the excessive storage of reactive energy between the 

radiating element and the platform, which elevates the 

radiation factor and makes the antenna difficult to match.[55] To 

solve this issue, a BAW-mediated multiferroic antenna 

structure was proposed by Yao et al.[56] From Fig. 7c, the 

antenna has a three-layer strain-mediated structure. A 

magnetostrictive layer was sandwiched between two 

piezoelectric layers. The bottom piezoelectric was excited by 

the current injection to stimulate BAWs in the layered 

structure. These BAWs are transmitted between different 

layers. Through the top piezoelectric layer, the EM radiation 

was finally generated due to the inverse piezoelectric effect. 

The antenna produced a dynamic flux parallel to the conductor 

plane, which alleviated the platform effect, it was beneficial to 

the signal transmission on the conductive plane.  

Generally, MEMS devices are very fragile and delicate 

because of their suspending structure. To solve this issue, 

Liang et al. realized an SMR-based ME antenna with a Bragg 

reflector.[57] The surface structure of the antenna is illustrated 

in Fig. 7d. Compared with a released FBAR,[8] because of the 

low dissipation of the Bragg layer and the more orderly 

magnetic domain, a 10 dB enhancement in antenna gain was 

observed. Schneider et al. used piezoelectric PZT rods to 

realize the design of a near-field multiferroic BAW antenna.[58] 

In the space surrounding the antenna, the net magnetization of 

the PZT rod was controlled to generate oscillating magnetic 

fields by an external voltage source.  

Based on the SAW mode, a low-frequency mechanical 

transmitter with ME heterostructures was presented.[59] The 

schematic of the proposed transmitter is depicted in Fig. 8a, 

the composite laminates consisted of a piezoelectric layer and 

magnetostrictive layers on top and bottom of the piezoelectric 

layer. Because of the piezoelectric effect, the longitudinal 

vibrations in the piezoelectric layers were generated. And they 

were transferred to the magnetostrictive layers due to the 

coupling between the piezoelectric and the magnetostrictive 

layers. The magnetostrictive layers finally convert mechanical 

vibrations to EM radiation. The function of the magnetic flux 

density and the distance between the ME transmitter and the 

receiver is shown in Fig. 8b, it can be estimated that the 

magnetic flux density around 200 meters can reach 1 fT. 

 
Fig. 7 ME antenna with BAW mode. (a) SEM images of the fabricated NPR and (b) SEM images of the fabricated FBAR resonator 

(Reproduced with permission from [8], Copyright 2017 Nature Communications). Schematic diagrams of (c) ME antenna 

(Reproduced with permission from [56], Copyright 2015 IEEE) and (d) SMR-based ME antenna (Reproduced with permission from 

[57], Copyright 2020 IEEE). 
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Fig. 8 ME antenna with SAW mode. (a) Schematic of the proposed ME antenna and (b) the magnetic flux density (near-field) 

generated from the antenna as a function of the distance (Reproduced with permission from [59], Copyright 2019 Sensors). (c) 

Schematic of the ME antenna and top view of a fabricated antenna prototype and (d) predicted and measured magnetic field 

distribution along with distance (Reproduced with permission from [7], Copyright 2020 IEEE). 

 

With the above composite laminate structure, Dong et al. 

further proposed a portable VLF communication system, as 

depicted in Fig. 8c.[7] This antenna consists of a 

PZT/interdigital electrode (IDE) with highly magnetostrictive 

Metglas foils. Its radiation mechanism is based on the ME 

effect. Because of the nonlinear time-varying relationship 

between mechanical strain and magnetization, the high data 

transmission rate of 20 kb/s was achieved by using DAM 

technology. Furthermore, the limitation relationship between 

the efficiency bandwidth product and the radiation factor was 

broken. As illustrated in Fig. 8d, the predicted magnetic field 

distributions agree with measured results along with a distance 

from 0.1 to 120 m. By using the transmitter array and high-

performance receiver to obtain higher radiation intensity and 

lower magnetic noise, the transmission distance was greatly 

expected. 

At present, to obtain a higher ME coefficient. Depending 

on the different aspects, the methods can be divided into three 

categories: (1) the coupling mode; (2) the basic material 

parameters of the composite such as permittivity, permeability, 

piezoelectric and piezomagnetic coefficient, etc.); (3) the 

volume/thickness ratio of the structure. Besides, the rigid 

substrate of traditional MAs has a strong clamping effect on 

the thin-film heterostructure, which reduces the ME coupling 

performance. This problem can be addressed by increasing the 

air gap or reducing the thickness of the substrate.  

Table 2 provides a performance comparison of different 

design schemes for the piezoelectric MA. It can be seen that 

the two schemes of piezoelectric antenna use different 

materials to nearly realize the VLF communication. For the 

ME antenna in BAW mode, the material of the 

magnetostrictive unit is usually FeGaB and FeGa, and the 

piezoelectric unit was realized by AlN and PZT respectively. 

The working frequency is higher than VLF, it is expected to 

realize low-frequency communication by changing the 

antennas’ size. In the case of SAW mode, PZT was used as the 
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Table 2. Performance comparison of various piezoelectric MA. 

Design scheme Materials Frequency range Magnetic flux density Reference 

Piezoelectric antenna LiNbO3 35.5 kHz – [6] 

PZT 33.2 kHz 40 fT (6 m) [53] 

ME antenna (BAW) AlN、FeGaB 60 MHz (NPR)、 

2.5 GHz (FBAR) 

– [8] 

PZT、FeGa – 20 µT (0.2 m) [58] 

ME antenna (SAW) PZT、Metglas 30 kHz 1 nT (0.9 m) [59] 

PZT、Metglas 23.95 kHz – [7] 

 

piezoelectric unit and Metglas was used as the 

magnetostrictive unit, the magnetic field signal is transmitted 

in the VLF. In summary, compared with the permanent 

magnet-based MA, the above piezoelectric MA can only 

detect the signal of several meters. Furthermore, piezoelectric 

MA only near its natural frequency can achieve the maximum 

amplitude and make its absolute bandwidth narrower. The 

existing shortcomings are obvious, and it is expected to 

achieve greater radiation performance by improving the ME 

coupling coefficient. 

In addition, the antennas based on rotating electric dipoles 

can also be used as MA. In these studies[60-62], the MA uses 

electrets as electric dipoles to achieve EM radiation, but the 

stability of the electret is a big problem.[63,64] 

 

4. Summary and Outlook 

Owing to the MAs’ special property in ultra-small size, there 

was no doubt that they would play a vital role in VLF and ULF 

portable communication. An appropriate antenna design 

scheme could effectively transmit low-frequency EM waves 

over long distances underwater, underground, and other high-

loss media. However, until now, few papers have reviewed the 

MA. To apply these MAs in practice, it becomes particularly 

important to have an overall understanding of the MA. This 

review provides a comprehensive overview of the available 

design scheme of the MA. The currently developed MAs 

include permanent magnet-based and piezoelectric MAs. The 

principles and radiation performance of each design scheme 

are presented. 

As for the MA designs, the permanent magnet-based MA 

is usually driven by the rotating of the motor, while the 

piezoelectric MA stimulated by an external electric field can 

get rid of the speed restriction of the motor. Compared to the 

modulation way of the motor control, it is worth mentioning 

that the piezoelectric MAs and EMR antennas have the 

potential to realize the modulation of a communication signal 

by a stable circuit. In principle, an antenna driven by electric 

charge movement or an external electric field can be used as a 

MA to radiate EM waves. Although many researchers have 

spent a lot of energy on the research of MA, there are still 

many challenges, such as antenna design, antenna 

manufacturing, performance measurement, signal modulation, 

and so on.[65]  

To realize long-distance communication at low cost, the 

antenna gain and radiation efficiency of MAs need to be 

explored continuously. In terms of radiation performance 

measurement, high-precision receivers are desired for 

improving the detection capacity of weaker signals. For signal 

modulations, the low data transmission rate cannot satisfy the 

requirements of current communication systems. There are 

technical bottlenecks in the development of permanent 

magnets and piezoelectric materials.[66,67] Thus, it is important 

and urgent to overcome the above challenges. Furthermore, a 

cost-effective design scheme of the MA is highly desired when 

these are applied in practice. The MAs with high EM 

properties are promising and need to be further developed. 

Understanding this information makes it easier to understand 

the development of the MAs comprehensively.  
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