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Abstract: Recently, significant research has been conducted on magnetic metamaterials that 

exhibit negative permeability and operate within the GHz and MHz frequency ranges. These 

metamaterial structures can be utilized to improve the efficiency of near-field wireless power 

transfer systems, subterranean communication, and position sensors. However, in most cases, 

they are only designed to work for a single application. This study focuses on examining the 

transmission of magneto-inductive waves in magnetic metamaterial structures with ordered 

arrangements. This structure can be used simultaneously for wireless power transfer and near-

field communications. The unit cell is formed by a spiral with five turns that is implanted on a 

FR-4 substrate. An external capacitor was used to regulate the resonant frequency of the 

magnetic metamaterial unit cell. The properties of magneto-inductive waves, including 

reflection, transmission response, and field distribution on the waveguide, have been 

extensively computed and simulated. The obtained results indicate that both 1-dimensional and 

2-dimensional magnetic metamaterial configurations possess the ability to conduct 

electromagnetic waves and propagate magnetic field energy at a frequency of 13.56 MHz. The 

straight and cross path configurations were also investigated to identify the optimal 

configuration on the 2-dimensional metamaterial slab. 

Keywords: magnetic metamaterial; magneto-inductive; waveguide; wireless power transfer; 

near-field communications 

1. Introduction 

Metamaterials are artificially engineered composite structures that exhibit unique 

electromagnetic properties not present in conventional materials. In 1968, Victor 

Veselago introduced the notion of metamaterials by conducting a theoretical 

examination of substances that exhibit negative values for both permittivity (ɛ) and 

permeability (µ) simultaneously [1]. In 1996 and 1999, John Pendry published two 

articles demonstrating the first practical metamaterial implementation. These studies 

introduced the concepts of negative permittivity utilizing wire structure and negative 

permeability using split ring medium, marking a significant milestone after 30 years 

of anticipation [2,3]. Metamaterials exhibit various unique phenomena that are not 

found in natural materials, including evanescent wave amplification, backward wave 

propagation, inverse Doppler effect, negative Goos-Hanchen shift, and backward 

Cerenkov radiation [4–7]. Metamaterials can be applied in the domains of energy 

harvesting [8,9], perfect absorbers [10,11], and boosting antenna efficiency [12] due 

to their unique features. 

Materials can be categorized into four classes based on their permittivity and 

permeability values: double-positive, epsilon-negative, double-negative, and mu-
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negative [13,14]. Understanding the distinct properties and applications of these four 

classes of materials is crucial for advancing research and development in fields such 

as material science, engineering, and applied physics. Double-positive materials are 

those that naturally occur and exhibit both positive permittivity and permeability. 

These materials are commonly found in nature and are not engineered or synthesized. 

On the other hand, epsilon-negative and double-negative materials are typically 

composite materials that are specially engineered to exhibit unique electromagnetic 

properties. These materials primarily operate in the GHz (gigahertz) and THz 

(terahertz) wavelength regions, making them suitable for advanced technological 

applications such as telecommunications and imaging systems [15–18]. These 

metamaterials have garnered significant interest in recent years due to their potential 

applications in creating novel devices like cloaking devices, superlenses, and 

advanced antenna systems [19,20]. 

Mu-negative materials, commonly referred to as magnetic metamaterials, are 

distinctive due to their unique property of negative magnetic permeability. Unlike 

other categories of materials, where multiple aspects might be considered, mu-

negative materials are exclusively focused on their magnetic properties. This singular 

focus enables them to interact with magnetic fields uniquely and remarkably. 

Operating primarily within the MHz frequency range, magnetic metamaterials have 

garnered significant attention for their extensive applications in wireless power 

transfer (WPT) and near-field communication systems [21–24]. These magnetic 

metamaterials are compatible with supporting slow-propagating waves, known as 

magneto-inductive waves (MIWs) [25]. These waves arise from the intricate inter-

element connections among the regularly arranged unit cells within the metamaterial’s 

structure. The unique ability of mu-negative materials to support MIWs facilitates 

efficient energy transfer and enhances communication capabilities over moderate 

distances. This makes them indispensable in the realm of modern technological 

applications, ranging from consumer electronics to advanced communication systems 

[26,27]. 

WPT has emerged as a pioneering technology that has undergone extensive 

research and development in recent years [28–31]. One of the critical factors 

influencing the performance of WPT systems is the transmission distance. When the 

transfer distance increases, the efficiency of the WPT system reduces significantly. To 

address this challenge, magnetic metamaterials are employed due to their ability to 

amplify evanescent waves in the near field [32,33]. This amplification helps to 

enhance the performance of WPT systems. Moreover, magnetic metamaterials possess 

a unique characteristic of having a negative permeability region at resonant 

frequencies. This particular property makes them ideal for propagating MIWs in the 

MHz frequency range [34,35]. These MIWs exhibit unique behaviors, such as a 

negative dispersion curve for backward propagation and the creation of sub-

wavelength waveguides. The distinct properties of magnetic metamaterials open up 

various advanced applications, including enhancing WPT systems [36]. The magnetic 

metamaterial structure, capable of being rolled and folded, has been applied to enhance 

the performance of WPT systems, increasing the distance and optimizing the 

transmission space. The bending metamaterial slab with a cavity structure can localize 
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the magnetic field into the desired spatial region, thereby improving safety and 

minimizing losses in the system [37–39]. 

This study focuses on examining the transmission of MIW in ordered magnetic 

metamaterial structures. The unit cell is composed of a spiral resonator that is 

supported by an external capacitor to adjust the resonant frequency to resonate at 

around 13.56 MHz. The properties of MIW, such as reflection, transmission response, 

and field dispersion, have been extensively computed and simulated. The outcome 

indicates that MIW is capable of propagating through a 1-dimensional (1-D) 

metamaterial array consisting of 9 elements, with a transmission coefficient of −12 dB 

at a frequency of 13.56 MHz. Several metamaterial configurations are also 

investigated in 2-dimensional (2-D) for propagating the magnetic energy by MIW. 

This metamaterial structure can be utilized for WPT and near-field communication in 

environments with high levels of signal loss for far-field antennas. Furthermore, the 

proposed magnetic metamaterial structure has significant potential for utilization in 

magnetic resonance imaging (MRI), near-field focusing, sub-wavelength waveguide 

devices, and MIW components. 

2. Design of magnetic metamaterial unit cell 

Multiple methods exist for constructing a magnetic metamaterial that operates 

within the low-frequency range, such as low GHz or MHz. The combination of a split-

ring resonator with an external lumped capacitor is an effective method for creating a 

magnetic metamaterial structure [40]. Figure 1a depicts a schematic of a unit cell of 

a magnetic metamaterial. The unit cell comprises a 5-turn spiral resonator (5T-SR) 

that is equipped with a lumped capacitor. The 5T-SR possesses a planar configuration, 

which facilitates its fabrication and integration into electrical systems. The 5T-SR in 

this study is characterized by a circular shape of 5 cm in length, a strip width of 1.5 

mm, and an inter-strip spacing of 1.5 mm. The FR-4 substrate has a thickness of 1.2 

mm, a dielectric constant of 4.4, and a copper thickness of 0.035 mm. In order to adjust 

the resonant frequency of the 5T-SR, an external capacitor is connected across the two 

terminals of the metal strip of the spiral resonator. The capacitor installed at this 

location is regarded to be connected in parallel with the internal capacitor of the spiral 

[41]. The unit cell was designed for the fabrication process using a printed circuit 

board (PCB) technique with a resolution of 0.1 mm to minimize error and high 

scalability. In designing this magnetic metamaterial configuration, it is essential to 

consider the following criteria: (i) select an appropriate metamaterial slab size based 

on the application conditions; (ii) optimize the number of turns, inner radius, and width 

of the coils to achieve maximum efficiency for the unit cell while maintaining a fixed 

size; and (iii) recognize that the choice of materials for the spiral and the substrate will 

influence losses within the structure, while also taking material costs into account. 

Figure 1b illustrates the simple electrical model of the 5T-SR. Here, L0 refers to 

the self-inductance of the 5T-SR, with a spiral structure consisting of 5 coils. The 

coil’s inductance is much higher than a loop of the same size. Hence, the quality factor 

(Q-factor) of the resonator coil has a very high value. Cgap refers to the self-capacitance 

of the 5T-SR. This value is quite small, so the natural resonant frequency of the coil is 

often quite high, and C0 represents the capacitance of the additional capacitor to lower 
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the resonant frequency of the coil to the desired frequency region. The operating 

frequency of the unit cell can be adjusted by choosing the appropriate capacitance for 

the external capacitor. Ohmic losses can be represented by a series resistor, denoted 

R0. From the above elements, the 5T-SR shown in Figure 1a has been modeled into a 

resonant circuit, as shown in Figure 1b. 

 

Figure 1. (a) Magnetic metamaterial unit cell with an external capacitor; (b) 

equivalent circuit model of the unit cell. 

From the electrical model of 5T-SR in Figure 1b, the resonant frequency of the 

metamaterial unit cell can be given by: 

𝑓 =
1

2𝜋√𝐿(𝐶𝑔𝑎𝑝 + 𝐶0)

 
(1) 

Electromagnetic (EM) simulations are used to study the properties of 

metamaterial unit cells. The simulation was performed using the CST Studio Suite 

program. The simulation includes appropriate boundary conditions for the waveguide 

containing the 5T-SR; open boundary conditions for all directions were used in this 

simulation. In the simulation, a metamaterial unit cell is set between two ring antennas 

linked to two virtual ports, and the distance between the antennas and the 5T-SR is 

adjusted so that the lowest insertion loss value can be obtained from 5T-SR at the 

resonant frequency. Figure 2 shows the reflectivity of the metamaterial unit cell when 

a mount capacitor with a capacitance value of 145 pF is used. The results indicate that 

the metamaterial unit cell exhibits resonance at a frequency of 13.56 MHz. The high 

sharpness of the resonance dip presents that the unit cell possesses a very high Q-factor 

capable of reducing intrinsic losses, which is very suitable for WPT. The resonant 

frequency of the unit cell can be easily controlled by external capacitors; therefore, the 

unit cell structure has the capability to apply in multi-frequencies systems or switching. 

A negative permeability was observed in metamaterial structures at frequencies higher 

than the resonant frequency of metamaterial unit cells in Ref. [40]. By using the 

negative permeability range, evanescent amplification and backpropagation of the 

MIW can be realized. 
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Figure 2. The reflection response of magnetic metamaterial unit cell. 

We create a waveguide by assembling magnetic metamaterial unit cells on a 2-D 

metamaterial array. Figure 3 depicts the proposed 2-D magnetic metamaterial slab, 

including a total of 81 unit cells arranged in a 9 × 9 grid. The slab size is 45 × 45 cm. 

The waveguide is formed by using external capacitors with different values for the 

waveguide and the rest of the metamaterial slab. The waveguide in this setup has a 

capacitor value of 145 pF, as shown in Figure 1. The remaining portion of the 

metamaterial slab is equipped with a 185 pF capacitor. The unit cells have two distinct 

resonance frequencies of 13.56 MHz and 12.28 MHz, respectively. The unit cell’s 

resonant frequency in the waveguide is 11% greater than that in the remainder of the 

metamaterial slab, causing the waveguide mode to fall within the hybridization 

bandgap of the slab [42]. Therefore, the magnetic field will be confined to the unit 

cells in the waveguide. The confinement of the MIWs in the waveguide region is a 

result of the hybridization band gap generated in the metamaterial slab. Thus, MIWs 

can be efficiently propagated in the waveguide. The waveguide configuration can be 

easily changed by adjusting the capacitance of the metamaterial unit cells. These MIW 

waveguides can be used in planar WPT or near-field communications. 

 

Figure 3. Schematic of 2-D magnetic metamaterial slab for magneto-inductive 

waveguiding. 

The working principle of MIW devices is based on the propagation of magnetic 

fields through an array of coupled resonant elements. The devices can be used to 
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propagate the power and information. In some special environments, such as 

underground or under waves where the far-field electromagnetic devices suffer a large 

loss, those devices are very useful. The MIW devices are also applied to enhance or 

concentrate the magnetic field to improve the performance of the WPT system. MIW 

is also used to increase the signal-to-noise ratio in MRI systems. This principle allows 

for innovative designs in electromagnetic wave manipulation and transmission, 

particularly in miniaturized and integrated systems. The applications of MIW devices 

are diverse and impactful. In sensing technologies, these devices can facilitate the 

detection of various physical parameters by leveraging their unique propagation 

characteristics. Additionally, MIW devices are being explored for communication 

systems, providing innovative solutions for data transmission in compact and 

integrated forms. Their ability to manipulate electromagnetic waves makes them 

valuable in advancing modern technologies across multiple fields. 

3. Results and discussions 

We are examining a waveguide that is made up of a series of magnetic 

metamaterial unit cells. Figure 4a depicts the diagram of a resonator-coupled 1-D 

metamaterial array. The unit cells are separated by a distance of a and have a coupling 

coefficient of κ. In order to streamline the analysis, we focus solely on the interaction 

occurring between the closest neighboring elements. When the initial element is 

stimulated, MIWs propagate across the array. The present input of the nth unit cell can 

be represented as: 

𝐼𝑛 = 𝐼0 𝑒𝑥𝑝( − 𝑗𝑘𝑛𝑎) (2) 

where I0 is the current of the first cell, k = β − jα is the wavenumber, β is the propagation 

constant, and α is the attenuation per length. The relation between β and ω gives the 

dispersion relation as: 

𝛽 =
1

𝑎
𝑎𝑟𝑐𝑐𝑜𝑠(

𝜔0
2/𝜔2 − 1

𝜅
) (3) 

For a given Q-factor, α can be expressed as: 

𝛼𝑎 =
1

𝜅𝑄 𝑠𝑖𝑛(𝛽𝑎)
 (4) 

In order to examine the electromagnetic characteristics of the waveguide, we 

conduct a simulation to gain a deeper understanding of its construction. Figure 4b 

illustrates the spatial distribution of the electromagnetic field in a 9-resonator array, 

which formed a waveguide. The magnetic field is confined within the waveguide and 

exhibits a high degree of concentration near the center of the 5T-SR. The field intensity 

decreases when the unit cell is located far from the source due to the attenuation on 

each metamaterial unit cell. The magnetic metamaterial array demonstrates the 

capability to transmit MIW within the structure through the use of both electrical 

models and field analysis. That type of MIW operates at a low MHz frequency and 

mostly propagates along the surface of the magnetic metamaterial slab. In this 

configuration, the incident wave is excited by a loop antenna placed near the first unit 

cell of the metamaterial array. The alternative current resonates at 13.56 MHz in the 
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loop antenna and induces a current in the first unit cell. Through coupling between 

unit cells, the current from the first unit cell can induce the currents in the sequence 

unit cell. Thanks to that, the MIW can be propagated. MIW only propagates magnetic 

energy, so it is non-polarized. One important point to highlight is that, as both the 

antenna and all unit cells operate within the near-field region in the subwavelength 

regime, the waves propagating in this scenario are non-polarized and do not exhibit 

the incident angle as electromagnetic wave propagation in the far-field. However, for 

effective coupling between the antenna and the unit cell, the magnetic field generated 

by the antenna must be perpendicular to the surface of the unit cell. In other words, 

the surface of the antenna should be parallel to the surfaces of the unit cells. 

In this proposed metamaterial structure, unit cells with a size of a = 5 cm are 

employed. The Q-factor of each unit cell has been calculated to be 150. The coupling 

coefficient between consecutive unit cells within the waveguide, spaced 5 cm apart, is 

calculated to be κ = 0.036. Consequently, applying Equation (4), we determine that 

the minimum attenuation coefficient at the resonant frequency of the unit cell within 

the waveguide reaches a value of α = 0.011/cm. The concentration of magnetic field 

in the metamaterial unit cell may cause an increase in temperature. In this metamaterial 

structure, which consists of cooper layers on the FR-4 (Fire Retardant) substrate, the 

performance of metamaterials is not sensitive to temperature. Of course, with too high 

temperatures, the conductivity of the cooper is reduced, leading to an increase in the 

resistance of the unit cell, which degrades the efficiency of the system. The substrate 

loss also affects the performance of the metamaterial slab. Factors such as material 

and thickness will influence the Q-factor of the unit cell. However, the FR-4 substrate 

used in this case has been optimized for a balance between loss and cost. Substrate 

loss in the MHz frequency range does occur; however, it is considerably much lower 

than in the GHz frequency range. 

 

Figure 4. The 1-D magnetic metamaterial array. (a) The schematic of 1-D magnetic 

metamaterial array. (b) Magnetic field distribution in metamaterial array. 

Figure 5 illustrates the transmission coefficient of MIW in the one-dimensional 

metamaterial arrays. To obtain the transmission of the metamaterial array, we used 

two ports simulation to analyze the structure. The excitation port is connected to a loop 

antenna placed near the first unit cell as a transmitter. Another port and antenna are 

placed close to the unit cell at the end of the array. All the boundary conditions are set 

as “open”. The transmission peak is observed at −6 dB (black-line curve) and −12 dB 
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(blue-dot curve) at a frequency of 13.56 MHz. This occurs when there are 5 and 9 

resonators, respectively. Due to the fact that the MIW is a surface wave that propagates 

on the metamaterial slab within the low MHz frequency range, the loss of radiation 

can be disregarded. The reduction in MIW intensity can be attributed to the Ohmic 

loss occurring in the unit cells of the metamaterial. The loss is attributed to attenuation, 

as explained in Equation (4) in relation to the Q-factor. The Q-factor of the unit cell 

obtained from the simulation is 150. The transmission bandwidth is 402 kHz for the 

5-resonator waveguide and 368 kHz for the 9-resonator waveguide. The 

aforementioned results indicate that a metamaterial chain consisting of either 5 or 9 

5T-SR units is capable of facilitating WPT. However, it is important to note that the 

system’s performance significantly degrades as the length of the waveguide increases. 

Furthermore, MIWs can be effectively utilized for signal transmission within the MHz 

frequency range, offering bandwidths exceeding 300 kHz. 

 

Figure 5. Transmission coefficient of 1-D metamaterial array. 

It is simple to expand the 1-D array into a 2-D metamaterial slab. Figure 6 

displays the spatial distribution of the electromagnetic field within the waveguide in 

the metamaterial slab. The resonance frequency of all the cells located at the middle 

of the vertical axis in the metamaterial slab is altered in order to establish the 

waveguide. We saw clearly defined and powerful fields confined within the 

waveguide. The MIW is propagating in the waveguide direction, analogous to the 

scenario of a 1-D metamaterial array. Due to the intense field confinement in the 

waveguide, the Q-factor of the unit cell is higher in the waveguide compared to the 1-

D array. The resonance frequency of a metamaterial unit cell can be adjusted by 

altering the capacitance of an additional capacitor by electrical means. Therefore, the 

waveguide configuration can be formed at many locations within a 2-D slab. Energy 

or signal can propagate via the waveguide from a single source to any location inside 

the metamaterial slab. 
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Figure 6. Field intensity on the metamaterial slab for MIW in a straight 

configuration. 

In addition to the straight configuration illustrated in Figure 6, MIWs can also 

propagate through a slab metamaterial arranged in a diagonal configuration, as shown 

in Figure 7. The Q-factor of the unit cell in this diagonal configuration remains 

identical to that in the straight configuration. However, due to the increased distance 

within the diagonal arrangement, the attenuation coefficient of the MIW waveguide in 

the cross configuration is significantly larger compared to the straight configuration. 

Despite this increased attenuation, the cross configuration offers the flexibility to 

create various paths on the metamaterial, allowing MIWs to propagate to any point on 

the metamaterial slab efficiently. 

   

Figure 7. Field intensity on the metamaterial slab for MIW in a cross configuration. 

Backward propagation is a distinctive feature of the MIW as it traverses the 

magnetic metamaterial waveguide. This phenomenon is illustrated in Figure 8, which 

presents the dispersion curve of the waveguide with a downward slope. The negative 

nature of the MIW is highlighted, where the phase velocity travels in the opposite 

direction to the energy velocity. This unique property is attributed to the negative 

coupling coefficient between adjacent metamaterial unit cells. In a planar arrangement, 

the magnetic field generated by the source metamaterial unit cell must change its 

direction to transfer energy to neighboring cells. The dispersion relationship further 

presents the ability of a metamaterial waveguide to transmit a slow wave, underscoring 

its potential in advanced waveguide applications. 
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In greater detail, backward propagation within the MIW is a fascinating attribute 

that distinguishes it from conventional wave behaviors. As depicted in Figure 8, the 

dispersion relation curve of the waveguide offers a visual representation of this 

complex phenomenon. What makes MIW particularly intriguing is its retrograde 

nature—here, the phase velocity, which represents the speed at which the phase of the 

wave propagates, moves in a direction opposite to that of the energy velocity, which 

is the rate at which energy is transmitted through the waveguide. This counter-intuitive 

motion is a direct consequence of the negative coupling coefficient found between 

adjacent metamaterial unit cells. The negative coupling coefficient plays a crucial role 

in this process. In a planar configuration, when a source metamaterial unit cell 

generates a magnetic field, this field must reverse its direction to facilitate energy 

transfer to neighboring cells. This directional change is essential for maintaining the 

backward propagation characteristic of MIW. Such behavior is not merely an 

academic curiosity but has practical implications as well. 

 

Figure 8. Dispersion relationship of the magneto-inductive waveguide in 

metamaterial structure. 

The dispersion relationship provides deeper insights into how a metamaterial 

waveguide can effectively transmit slow waves. Slow waves are kind of waves that 

travel at speeds significantly lower than the speed of light in a vacuum, and their 

controlled transmission through a waveguide opens up numerous possibilities for 

advanced applications. These could range from enhanced signal processing 

capabilities to more sophisticated communication systems that leverage the unique 

properties of metamaterials. 

In summary, the backward propagation of MIW within metamaterial waveguides 

is a unique and complex phenomenon driven by negative coupling coefficients and 

directional changes in magnetic fields. The ability to transmit slow waves further 

enhances the potential applications of these advanced waveguides, making them a 

promising area of study and innovation in modern physics and engineering. Despite 

the numerous strengths and advancements presented in this study, the magnetic 

metamaterial under investigation exhibits areas that need further examination and 

enhancement. One significant aspect is the reduction of the unit cell size, which would 

subsequently decrease the overall dimensions of the metamaterial slab. This reduction 
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must be achieved while maintaining the Q-factor to prevent an increase in losses 

associated with each unit cell, thereby preserving the system’s performance. 

Addressing this challenge will be a focal point in our future research, thereby finding 

more applications for the proposed magnetic metamaterial configuration. 

4. Conclusion 

This study presents calculation and simulation results on the propagation of 

surface waves in a two-dimensional array of magnetic metamaterials, known as 

magneto-inductive waves. The MIW can be transmitted via negative magnetic 

coupling between metamaterial unit cells. An investigation has been conducted on the 

characteristics of MIW, including magnetic field dispersion, backward propagation, 

and attenuation. The magnetic metasurface being proposed operates within the MHz 

frequency band and experiences minimal radiation loss. Hence, it can be utilized in 

diverse subterranean and subaqueous communication scenarios where the installation 

of conventional communication links with far-field antennas is challenging due to 

radiation attenuation. The 2-D metamaterial slab is utilized in several fields, such as 

planar WPT, magnetic resonance imaging (MRI), near-field focusing, magneto-

inductive wave devices, simultaneous power and data transfer, and subwavelength 

waveguide components. 
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