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Abstract. The paper presents a  metamaterial  with  the reconfigurable effective properties, intended to operate  in alternating 
magnetic  fields. The structure  of a resonator,  based  on a series  connection  of  a planar  inductor  and  a  lumped  capacitor,  is 
expanded using an additional capacitor with a MOSFET transistor. Due to the presence of the controllable active element, it is 
possible to dynamically change the phase of a current  flowing through a  meta-cell and shift a frequency response within an 
assumed range. Since the transistor is driven by the unipolar square wave with a changeable duty cycle and time delay, two 
closed-loop controllers  were  utilized to  achieve  a  smart  material,  able  to automatically  attain  and  maintain  the  imposed 
resonant  frequency.  As a result, the complex effective  magnetic permeability of the  metamaterial can be smoothly changed, 
during its operation, via an electrical signal, that is, by adjusting the parameters of a control signal of the active element. The 
design of the meta-cell, as well as the measuring, data operation and control part, are presented in detail. An illustrative system 
is examined in terms of achieving the user-defined resonance point of the metamaterial. The transient responses with estimated 
settling  times and steady-state  errors and the  effective  permeability  characteristics for the  exemplary cases are  shown. The

meta-cell is also tested experimentally to validate the theoretically determined effective properties.

Key words: metamaterial; magnetic field; PID controller; smart material; resonance. 

1. INTRODUCTION 

Metamaterials are composites that have extraordinary 

properties, resulting from an artificially designed structure 

[1]. By modifying the geometry of a metamaterial unit, it is 

possible to change its electromagnetic (EM) characteristics 

and acquire permeability and permittivity lower than those of 

the vacuum [2]. The first considerations of metamaterials 

were made in [3] by V.G. Veselago, where a lens with 

negative refractive index had the ability to exceed the 

diffraction limit. Meta-elements are then predisposed to be 

the building 'blocks' of superlenses [4, 5], magnetic shields 

[6, 7], concentrators [8, 9], or even artificial wormholes [10]. 

Although metastructures were mostly considered in high-

frequency (microwave, optical) EM fields, in which cloaks 

[11], left-handed materials [12] and antennas [13] were 

constructed, metamaterials were also developed for magnetic 

fields in the kHz/MHz regime [14, 15]. The attention was put 

on cloaking [16, 17] and the metamaterial enhanced wireless 

power transfer (WPT) [18] – resonators (i.e., planar coils 

with capacitors) were effectively redirecting the power to a 

receiver upon a major misalignment [19, 20], utilized to 

shield the leakage flux [21] and used as a transmitting path to 

transfer the energy wirelessly [22, 23]. Yet, in most cases 

these structures possessed a single resonant frequency, which 

limited their practical applications and may cause problems, 

arising from the variability of parameters (during production 

and over time) of many meta-cells. For this reason, the 

methods of overcoming such disadvantages were proposed. 

In magnetic metamaterials, the resonant frequency of 

resonators may be tuned mechanically with the trimmer 

capacitors [24, 25]; nevertheless, the involvement of a user 

would be needed. Another approach [26] utilized a switching 

device, toggled between several capacitors; however, only 

some discrete capacitances were there possible. In WPT, the 

tuning was performed using three coupled open bifilar coils, 

which achieved a self-resonant frequency due to the change 

in distance between them [27]; this approach can be applied 

to metamaterials if micromechanical devices (MEMS) are 

used to shift the position of an inductor. The techniques of 

reshaping meta-structure, to alter its properties by MEMS, 

were tested in GHz [28] and THz [29] regime for relatively 

small metamaterial units; unfortunately, the greater coils, 

suitable for kHz and MHz range, would require adequately 

larger MEMS or some linear actuators to move the resonator. 

It is worth to note that the reconfigurable metamaterial 

should have a high resolution of changeable properties to be 

able to precisely tune itself to a frequency of an external 

field. If meta-cells would have a wide spectrum of resonant 

points, instead of a single resonance, then one metamaterial 

may become more versatile, and hence used for operating in 

frequency-varying fields. It may also be expected that the 

characteristics of such elements will be modified without the 

need to utilize moving devices or the constant commitment 

of a user. The desire to meet these practical requirements 

was the main motivation of the following research. This led 

to a design of meta-cell with an ability to adjust its properties 
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within a wider range of resonant frequencies and with the 

high resolution, obtainable by an electrical switching of a 

semiconducting element. The forecasted applications of 

zero-permeability material with adjustable resonance can be 

proposed as: the magnetic shielding of the areas exposed to 

the strong EM fields (also the metamaterial, with its sparse 

inner structure, will weigh less than a solid shield), the 

reduction of a leakage flux from WPT system (by putting 

metamaterial slabs around the edges of a transmitting and/or 

receiving coils), reflecting the magnetic field of the 

transmitting coil (using a meta-structure behind it) and as the 

band-stop filter blocking selected frequencies of EM fields. 

In this article such novel, reconfigurable metamaterial 

was presented. The resonant point was tuned due to the 

usage of an additional capacitor and transistor, driven by a 

PID controller. In consequence, each smart meta-cell would 

be able to autonomously tune to the given resonance 

frequency. To discuss the introduced system, the paper was 

organized as follows: in Sec. 2, the structure of metamaterial 

and the control algorithm were presented; in Sec. 3, the 

mathematical and simulation models of a meta-cell were 

contained; in Sec. 4 the time-domain analysis was made, 

with the theoretically and experimentally estimated effective 

properties; in Sec. 5, the main conclusions were provided. 

2. MATERIALS 

A. Structure of the metamaterial. 

The considered material is intended to operate in magnetic 

fields with the bandwidth from 10 kHz to 10 MHz. The main 

attention is caused by a possibility of having the real part of 

an effective permeability less than permeability of an air. 

The most interesting is a ‘zero-permeability metamaterial’, 

since it can shield magnetic fields efficiently [30, 31, 32]. To 

achieve this, the resonance point (f0) of the material must 

coincide with the frequency of an incident EM wave. This 

may be important, e.g., in WPT systems where, according to 

SAE [33], the frequencies of alternating magnetic fields are 

near 100 kHz, and the distribution of EM field is crucial 

from a power transfer and EM compatibility point of view. 

 

 

To directly interfere with the EM wave propagating in a 

certain direction (as shown in Fig. 1), meta-cells should be 

orientated perpendicularly to the magnetic field components 

(Hx and Hy). Hence, a material consisting of magnetically 

coupled elements, forming a two-dimensional grid of layers 

(parallel to the Poyting vector S), is needed. The meta-cell in 

layers, which are separated by a distance h, is the resonator 

consisting of a multi-turn planar inductor and a lumped 

capacitor (Fig. 2). The planar coil has a size dw and n turns of 

dc-wide conducting paths with a ds gap between. The 

structure is supplemented by a transistor, a second capacitor, 

and probes to measure the voltage and current of the coil. 

 

 
 

Due to the presence of the active element and measuring 

probes, it becomes possible to create reconfigurable and self-

stabilizing (smart) material. The transistor can be controlled 

by a pulse width modulated (PWM) signal from an external 

device, e.g., a microcontroller. While by using analog-digital 

converter the signals from probes will help estimate the state 

of the meta-cell, since a closed-loop PID controller is meant 

to be used to maintain the desire resonance frequency. 

B. Operation of the reconfigurable meta-cell. 

Currently developed magnetic metamaterials possesses one 

resonant frequency, since simplest resonant structure is used - 

a series circuit with constant RLC parameters. Yet, if some 

switchable/replaceable capacitor or a variable capacitor were 

incorporated, then the resonance point could be changed. 

Unfortunately, mechanical elements (switches, knobs, etc.) 

have to be manually activated, while different capacitors 

ensure only several discrete values of the resonant frequency. 

One of the key features expected in materials engineering 

is to modify properties of the material continuously, 

precisely, using electrical signals without employing moving 

parts or manual actions. By adding active branch and probes 

(current and voltage) to the meta-cell (Fig. 3), the presented 

reconfigurable composite can ensure these requirements. 

 

 

Capacitor 1 

dw 

dc 

ds 

h 

Capacitor 2 

Transistor 

PWM source 

V A 

 

Fig.2. The reconfigurable meta-cell with three assemblies arranged 
in parallel: inductor, capacitor and series connection of a second 
capacitor and transistor, with the voltage (V) and current (A) probes. 
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Fig.1. Exemplary operation of a 2D zero-permeability metamaterial: 
a magnetic field H is passing through several layers of resonators 
interacting with Hx and Hy components; therefore, the magnetic field 

behind the metamaterial (H') will be attenuated. 
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The idea of operation is as follows: when current of an 

inductor is positive, the transistor is activated by PWM 

signal (Fig. 3a), thus current flows through C1 and C2 – as a 

result capacitors became connected in parallel, giving 

equivalent Ce = C1+C2; when current changes direction 

(Fig. 3b) and transistor will be properly deactivated, the 

current will still flow through C1 and C2 (utilizing a reverse 

diode), again resulting in Ce = C1+C2. Therefore, the flow of 

AC current in both directions is satisfied. Yet, if transistor 

will not be activated at any time, only C1 will conduct the 

AC current. It seems that merely two resonant frequencies 

can arise from these boundary cases, i.e., 50% PWM duty 

cycle (giving C1+C2) or 0% duty cycle (only C1 in use). 

Between these extremes intermediate states are achievable 

(Fig. 4), by changing duty cycle, D  <0 ; 0.5>, and causing 

the equivalent capacitance, Ce  <C1 ; C1+C2>. Therefore, 

one transistor and two capacitors are sufficient to provide 

any f0 from selected range, determined by the chosen C1, C2. 

 

 
 

It is crucial to synchronize PWM pulse with the induced 

current ic, since a phase of external magnetic field (inducing 

electromotive force eind) vary through time. In other words, 

PWM pulse has to start at the time tc – exactly at the point 

when ic changes to 'positive'. The time compensation (t) is 

easy to calculate for a known phase (φic) of ic, that is, 

 1

0Δ 1
360

icφt f   
  

 

 

While if desynchronization between PWM and ic appears, 

the i2 would be distorted and its RMS value would decrease 

(Fig. 4b), even at an unchanged duty cycle. Therefore, a 

current probe and a phase estimation algorithm are essential. 

 

 
 

The main objective to satisfy is to get a zero-permeability 

material, interacting with a magnetic field at, defined by the 

user, specific resonant frequency. While the disadvantage of 

the presented meta-structure is a nonlinear dependence 

Ce = f(D), thus it may be preferable to adjust D via PID 

controller, where the operator enters the desired f0 and D is 

set automatically (Fig. 5). To gain this ability a resonance 

point must be estimated, to provide the feedback to the 

controller and the Fast Fourier Transform (FFT) ought to be 

performed. Since if resistance (Rc) and inductance (Lc) of a 

coil were found, as well as current (ic) and voltage (u) were 

measured, the ratio of a reactive (Q) and active power (P) is 



2 *

0

2 *

j2 Im

Re

c cc
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πf L I U IQ

P R I U I

 
 


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 

 

where: U – complex value of the measured u; Ic – complex 

value of the measured ic. Simultaneously, Q/P is an output of 

the closed-loop controller and, in the ideal case, Q/P should 

be zero. Consequently, at desired f0, the control system has to 

maintain such a duty cycle D where Q/P ratio is closest to 0. 

3. METHODS 

A. Properties of metamaterial units. 

To represent a metamaterial from the material science point of 

view, the properties of a solid structure should be determined. 

Considering applications in magnetic and EM fields, such a 

composite formed of many identical elements is mainly 

characterized by the relative effective permeability [34] 


 2 2

0 0

1
1 jeff

F

f f f fq
  

 
 

where q is the quality factor and F may be calculated as [14] 
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Fig.5. The diagram of operation: one-time evaluation of Rc and Lc is 
needed before initialization of the system; next, the desired f0 is 
set/changed by the user; then, measurements and calculations are 
made to produce PWM with proper delay and duty cycle D. 
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Fig.4. Exemplary waveforms of i2 during: a) duty cycle D = 0.3; b) 
desynchronization of PWM pulse and current of a coil (ic) – pulse 
starts at the time tc+Δt, causing strong distortion of i2 waveform. 
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Fig.3. Equivalent circuits of a meta-cell at two stages of operation, 
arising from a signal with duty cycle D=0.5: a) the AC current flowing 
in the "positive" direction; b) the current in the "opposite" direction. 
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for dt = dc+ds. It should be noted that the inductance of a coil 

(Lc) in a metamaterial grid can be expressed as a combination 

of [14]: the self-inductance (Ls) and the sum of mutual 

inductances (M) between an arbitrary meta-cell and all the 

others (Lc = Ls+M). It can be found using proper equations 

provided in [14], while the approximated formula for Ls is [35] 

 2 22
1 0 3 41 ln

2

w c s

s

c
c μ n d nd n d c v c v

v
L

 
        

 
 

where v is the fill factor 
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1
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nd n d
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 


  
 

and c1 ÷ c4 are shape coefficients, e.g., c1 = 1.26, c2 = 2.08, 

c3 = 0.14, c4 = 0.115 for a square planar coil. In addition, the 

resistance of the inductor can be found as [14] 

  1 14 1c w c sR n a d nd n d        

where σ is the electrical conductivity and a is a cross-section 

of winding (e.g., a = dcl, where l is a thickness of windings). 

Finally, the capacitances may be estimated. The designer 

has to specify the boundaries (fmin and fmax) of a bandwidth 

wherein the resonant frequency can be changed. Then, the 

capacitances can be calculated using formulae below 

  
1

2 2

1 max4 cC π f L


  

  
1

2 2

2 min 14 cC π f L C


   

For precise calculations Lc must be known; however, for a 

quick design purposes, it is acceptable to assume Lc ≈ Ls. 

Furthermore, in Eq. (2) The real and imaginary parts of 

the apparent power of the equivalent capacity (Ce) were 

taken, since in practical conditions the resistances of 

capacitors occur. While they have no influence on fmin, fmax, 

or f0 the real and reactive power must be considered to 

control Q/P value. For the simulation, these resistances can 

be estimated as 

  
1

02x xR DF πf C


  

where: Cx – the capacitance of C1 or C2; Rx – the equivalent 

series resistance (ESR) of Cx; DF – the dissipation factor. 

B. Simulation model. 

A metamaterial was composed of many identical resonators 

responsible for the periodic distribution of an effective 

permeability in a 3D space. Thus, due to this periodicity 

(identity), the analysis could be reduced to a single meta-cell, 

representing an arbitrary element of the metamaterial grid. 

Calculations were performed in Matlab/Simulink, where 

the model and signal operations were established (Fig. 6). 

The simulation model was divided into appropriate sections: 

1) Reconfigurable resonator with probes that route measured 

values to 2) Processing unit, where electrical quantities were 

evaluated and used in 3) PID controller, which produced the 

duty cycle to drive 4) PWM control signal, with the time 

delay varying with a phase (φic) of the current (ic). The 

computations always began at the time t0 = 0 and the initial 

duty cycle D = 0.25. After 0.5 ms (the time needed to wait 

out the transient state after the circuit started) the switch had 

been activated and the duty cycle was further transferred 

from the discrete PID. The resonant frequency f0, requested 

by a user, had to be fed into two blocks: as the switching 

frequency of the PWM generator and the fundamental 

frequency of the FFT block, since only sinusoidal 

components with the set f0 were extracted from the measured 

voltage and current to be used in φic and Q/P calculations. 

 

 
 

While the planar inductor and capacitors were modeled 

as the real components, the MOSFET transistor and two 

probes were ideal elements in order to distinguish, in this 

preliminary research, the negative impact of passive 

components on the behavior of the metamaterial unit. 

C. Experimental stand. 

The possibility of shifting/changing the resonance point as 

well as obtaining certain characteristics of the metamaterial, 

were tested based on experimental results. At the beginning, 

it was done by comparing an active metamaterial, namely the 

simulation model, with its passive equivalent having the 

identical lumped parameters. This may help to estimate a 

response of the meta-cell when additional capacitors are 

attached, and examine whether the theoretical characteristics 

of the active elements are consistent with those of passive 

RLC elements (Fig. 7). Consequently, the main interest was 

put on the value of resonant frequency of the meta-cell and 

frequency dependence of the effective permeability. 

The measurement method for the properties mentioned 

above can be found in [36]. The identification of f0 and q was 

based on an admittance characteristic (Y = |Y|) of a 

metamaterial unit. The resonant frequency occurs at the point 

where Y(f0) = Ymax, while the quality factor, q = f0 / (fh – fl), 

was estimated by finding a low (fl) and high (fh) limit of the 

Y-parameter bandwidth, so that Y(fl) = Y(fh) ≈ 0.707Ymax. 

 

Fig.6. The simulation model. 
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The meta-cell should be placed in an environment filled 

with air and surrounded by the perfect electric (PEC) and/or 

magnetic (PMC) conductor boundaries (Fig. 7), mimicking 

the presence of the other meta-cells. To imitate the 

perpendicular position of an element inside the infinitely 

expansive material, the PEC and PMC were required. The 

PEC boundaries (top and bottom) were made of 1 mm thick 

copper plates, while PMC (front and back) were imitated 

using three 2 mm thick ferrite plates MP1496-000 [37]. All 

plates were size 38 x 38 mm and secured in a casing, 3D 

printed of a non-magnetic polylactide (PLA). 

 

 
 

The sample was made on an FR-4 laminate with l = 105 

µm thick copper layer. Firstly, the resistance (Rc) and 

inductance (Lc) were measured by LCR bridge Hameg 8118. 

Then, the capacitor C1 = 46.4 nF was inserted between the 

coil and the Rigol DG4062 generator (Rin = 50 Ω) – which 

produced sinusoidal voltage to imitate the electromotive 

force. Thirdly, the Rigol DS2072 oscilloscope measured the 

voltage and current of the meta-cell at frequencies from 250 

to 600 kHz. Fourthly, admittance was calculated and then 

capacitor C2 = 100 nF was added in parallel to C1 and again 

the Y-parameter was found. To validate another intermediate 

resonant frequency, C2 had been removed and C2’ = 33 nF 

was attached. At the end, upon the identification of f0 and q, 

the permeability was evaluated using Eq. (3) and (4) and 

compared with those derived from the simulation model. 

The structure of meta-cell is volumetrically extensive, 

causing material to be ‘spacious’; hence a miniaturization 

must be considered. Crucial is the size (dw) of an inductor: 

by lowering it several times, the width can drop below 1 cm, 

but this decreases the F and Ls, which then deteriorate µeff. 

To counteract this, one may consider a paramagnetic 

material, in a form of solid plates, placed on top and bottom 

of the inductor. This will increase the relative permeability 

and partially compensate for the decrease in F and Ls. In a 

smaller element the wounds will be thinner so, to maintain a 

low Rc, the height (t) of the wounds must also be elevated. 

4. RESULTS AND DISCUSSION 

The main analysis focused on an operation of the introduced 

reconfigurable resonator and examination of quality factors 

(settling time ts and steady-state error Δy) arising from the 

control of the resonance point. Since the reference value was 

Q/P = 0, well-known ±5% tolerance bands of the final value 

could not been used; hence, the absolute value Q/P = ±0.05 

was utilized as the criteria of reaching the steady-state. 

At the same time, the waveforms of Q/P ratio, duty cycle 

D and current of the coil ic (and its total harmonic distortion, 

THD) were presented. Transient responses were also shown 

for different phases of an induced voltage, to demonstrate the 

efficacy of the time delay compensation. All the results in 

Sec. 4A and Sec. 4B were obtained from the time-domain 

simulation model, discussed in Sec. 3B. But subsequently, in 

the last section the effective relative permeability was 

calculated for three cases, compliant with those studied 

during experiments, where the equivalent passive RLC 

resonator was tested and effective permeabilities were found. 

The illustrative resonator was analyzed with parameters 

as follows: square planar coil (e.g., Fig. 2) of the size dw = 36 

mm, having n = 9 turns made of copper (σ = 5.6 10
7
 S/m); 

each turn dc = 1.1 mm wide with ds = 0.5 mm separation and 

l = 105 µm thickness; distance h = dw between layers. The 

lower and upper limit of the resonant frequencies was chosen 

as fmin = 200 kHz and fmax = 500 kHz, giving C1 = 50.35 nF 

and C2 = 264.31 nF. The equivalent series resistances of C1 

and C2 were found based on Eq. (10) for DF = 0.0021. While 

the lumped parameters of the inductor, Rc = 0.12 Ω and Lc = 

2.01 μH, were estimated using Eq. (5) – (7) and the formula 

for mutual inductance from [14]. The gains of PID controller 

were following: KP = 0.01, KI = 10, KD = 3∙10
-4

; whereas the 

sampling frequency was set to 25 MHz, which is achievable 

with modern processing units and data acquisition cards. 

A. Transient responses. 

The results for exemplary desired resonant frequencies (225, 

300 and 475 kHz) were shown in Fig. 8 and Fig. 9. The step 

responses started at 0.5 ms and, for a convenience, the 

visualization of Q/P has been limited to -2 ÷ 2. 

 

 
 

It can be seen that, despite the initial value D = 0.25, the 

controller increased the duty cycle from 0 to some steady-

state value. Meanwhile, the Q/P initially decreased below -2 

(for several milliseconds), but then successfully increased 

from negative values to the reference Q/P = 0. During the 

transient state, oscillations (between 4 and 9 ms) were found 

on waveforms of f0 = 225 kHz and f0 = 300 kHz, nevertheless 

without an impact on an operation of a system, since always 

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25

Q/P (-)

Time (ms)

225 kHz

300 kHz

475 kHz

 
0.5 ms 
PID switch on  

Fig.8. Exemplary transient responses (Q/P) for three resonant 

frequencies: f0 = 225 kHz, f0 = 300 kHz and f0 = 475 kHz. 

 

Input of 

generator 

uCH1 uCH2 

PLA 

casing 

PEC 

boundary 

PMC 

boundary 

Meta-cell 

C1 

Sockets 

for C2 

Auxiliary 

resistor 

Ra = 9.8 Ω  

Fig.7. The experimental setup – the sample was inside PLA casing 
with PEC and PMC boundaries; voltages on two channels of a scope 

were measured, giving eind = uCH1 - uCH2 and ic = uCH2 / Ra. 
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the stabilization on the reference value was attained. Hence, 

a tuning of meta-cell was possible in the designed limits – 

whether near the boundaries (fmin, fmax) and for intermediate 

resonant frequencies. 

 
 

The FFT analysis (Fig. 10) has shown the distortion of a 

current (ic). Considered examples presented not only raised 

THD values, yet also more detail disorders. The undesired 

contents appeared mostly from the 2
nd

 to 7
th

 harmonics, with 

a descending trend of amplitudes decreasing from several 

percent of the fundamental frequency amplitude to its tenths. 

Moreover, by looking on 2
nd

 and 3
rd

 harmonic one may find 

that lower values of their amplitudes remain in correlation 

with also lower THD. Therefore, to reduce current distortion 

an elimination of these harmonics would be crucial. Further 

analysis showed negligible amplitudes of higher harmonics. 

On the contrary, sub- and interharmonics (up to 4
th
 

harmonic) were present with relatively lower, but still 

noticeable values (from 0.1% to 2.1%). 

 

 
 

The distortion of ic was studied for all possible resonant 

frequencies, along with steady-state duty cycle (Fig. 11). 

THD was rapidly rising right after increasing f0 over the 

lower limit fmin, reaching a peak at THD = 26.54% (f0 = 300 

kHz). Then the distortion decreased until THD ≈ 0 (f0 = 500 

kHz). The current of an inductor is consequently distorted 

for intermediate f0, with the lowest values for the resonant 

frequencies near the limits of the range fmin ÷ fmax. 

Steady-state values of a duty cycle (Fig. 11) proved that a 

resonance point of a meta-cell can be reconfigure by finding 

unambiguous D for any resonant frequency between fmin and 

fmax. Additionally, the confirmed non-linear relation D = f(f0) 

may lead to potential problems with a precise control of f0, 

using an open-loop control, where a prior evaluation of the 

D = f(f0) characteristic also would be necessary. Hence, it 

seems to be essential to utilize the closed-loop controller. 

 

 
 

 
 

For all resonant frequencies, PID controller was able to 

effectively set the duty cycle, which was interpreted as 

keeping the steady-state error (Δy) of Q/P ratio within the 

±0.05 span (Fig. 12). Generally speaking, the error was 

unpredictable, both its values and sign, with relation to D or 

f0. Similar conclusions came from an analysis of the settling 

time (ts). The only exceptions were the f0 set near the fmin 

limit, where ts were approximately twice longer. For the 

other resonant frequencies ts comprised within 11.50 ÷ 17.22 

ms. Thus, these values were comparable as well acceptable 

from the dynamics point of view – despite the relatively fast 

reaction of the system, it would be possible to change the 

resonant frequency at least several dozen times per second. 

B. Impact of the magnetic field phase. 

The phase of external magnetic field may vary, causing 

directly related changes of a phase (e) of an induced voltage 

(eind), resulting in a time shift of the current of a coil (ic). At 

the end of Sec. 2B this current and its phase (ic) were 

proposed to be identified, to perform an additional control in 

 

Fig.12. The settling time (ts) and steady-state error (Δy) for different 

specified resonant frequencies (f0) of a meta-cell. 
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Fig.11. Total harmonic distortion (THD) and steady-state duty cycle 

(D) for different specified resonant frequencies (f0) of a meta-cell. 
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Fig.10. The harmonics of the steady-state current (ic) for three 

resonant frequencies: f0 = 225 kHz, f0 = 300 kHz and f0 = 475 kHz. 
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the system – the ongoing synchronization of PWM pulse 

with ic. In this section, the impact of the phase (e) of the 

external excitation has been studied to show an adequacy of 

the utilized time delay of PWM signal. 

 
 

Illustrative responses of the reconfigurable system for 

φe = 90° (Fig. 13) indicated similar waveforms as for φe = 0° 

(Fig. 8) and an ability to stabilize Q/P closely at a reference 

value. Yet, such as for other tested phases, the relatively low 

overshoot appeared after 15 ms, but the PID controller was 

still able to accomplish the anticipated steady-state. The 

drawback, however, was nearly twice longer settling time, 

giving the steady-state over approximately 30 ms. 

 

 
 

 

Here, a presentation between the system with and without 

the phase synchronization can be also made. While having 

an inappropriate initialization of a PWM pulse it is possible 

to achieve Q/P ≈ 0 at different D and ts, the unquestionable is 

the impact on the current of the metamaterial unit. In Fig. 14 

one may observe that both higher THD and lower admittance 

appeared, comparing the system without synchronization 

(ic’) to PWM and current synchronized with each other (ic). 

During the use of PWM time delay, the phase of the 

magnetic field had a minor influence on THD and D. The 

values of parameters remained nearly unchanged throughout 

an entire range of φe (Fig. 15). As a result, the amplitude and 

phase of the EM field interacting with the reconfigurable unit 

will not affect its performance, making the material versatile. 

 

 
 

On the other hand, settling times were affected by the 

phase (Fig. 16), where recurring increase (10 ms or more) of 

ts was present for some φe (e.g., 30°, 90°, 150°). For the 

remaining phases ts was comparable as for φe = 0° (Fig. 12). 

The longer ts can be explained by the appearance of a slight 

overshoot (Fig. 13), resulting from the need of extra time for 

PWM delay controller to synchronize pulses with current. 

However, it did not have a significant effect on a steady-state 

error, since y remained within ±0.05 band. Moreover, by 

looking on Fig. 15 and Fig. 16 it can be concluded, that PID 

must not retune the duty cycle while phase changes (D 

would be roughly constant at some f0), but only time delay 

control has to perform the time shift of PWM pulses. 

C. Theoretical and experimental frequency response. 

The final investigation should concern properties of the 

material. Reconfigurable metamaterial units act as meta-cells 

having quasi-equivalent capacitance Ce and resistance Re. A 

resonance was achieved by switching the capacitor C2, but 

also causing the current distortion. It raises a question of 

preserving identical effective permeability characteristics as 

those arising from a passive RLC. Thus, in this section the Y-

parameter was obtained for the two meta-cells: measured for 

the passive element (presented in Fig. 7) and simulated for 

the active element (using the model in Fig. 6) with the 

lumped parameters (Rc, Lc, C1, C2) of the first one. Then, the 

effective permeability of the simulated meta-cell could be 

compared with µeff of the passive metamaterial unit having a 

lumped C = Ce, previously presented in Sec. 3C. 

 

Fig.16. The settling time (ts) and steady-state error (Δy) for different 

phases (φe) of the induced voltage/magnetic field for f0 = 300 kHz. 
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Fig.15. Total harmonic distortion (THD) and steady-state duty cycle 

(D) for different phases (φe) of the induced voltage/magnetic field. 
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Fig.14. Waveforms of the current when the phase synchronization of 
PWM pulse is used (ic) and without any synchronization (ic’), for an 

exemplary case of f0 = 300 kHz and φe = 90°. 
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Fig.13. Exemplary transient responses (Q/P) for three resonant 

frequencies (f0 = 225 kHz, f0 = 300 kHz, f0 = 475 kHz) at φe = 90°. 
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At the beginning, the resistance and inductance of the 

meta-element were measured, giving Rc = 259.95 ± 8.09 mΩ 

and Lc = 2.20 ± 0.12 µH. These values were inserted into the 

model, along with C1 = 46.06 nF and C2 = 241.79 nF (with 

DF = 0.21%) to acquire resonant frequencies 500 ÷ 200 kHz. 

Then, simulations were conducted for f0 = {500 kHz; 388.61 

kHz; 289.34 kHz} corresponding to Ce = {C1; C1+100 nF; 

C1+33 nF}. As a result, the Y-parameter (Fig. 17) for these 

three cases was extracted from the simulated smart meta-cell 

and from the measurements of the passive resonator. 

TABLE 1. Results of simulation and measurements 

Type Simulated Measured 

Ymax (S) 3.56 3.31 3.20 2.57 2.62 2.60 

ΔYmax - - - -27.84% -21.04% -18.83% 

f0 (kHz) 500.00 388.61 289.34 502.00 397.00 289.00 

Δf0 - - - 0.40% 2.16% -0.12% 

fl (kHz) 487.90 383.60 286.40 489.00 383.00 271.00 

Δfl - - - 0.23% -0.16% -5.38% 

fh (kHz) 508.70 393.00 292.80 522.00 414.00 301.00 

Δfh - - - 2.61% 5.34% 2.80% 

q (-) 24.04 41.34 45.21 15.21 12.81 9.63 

Δq - - - -36.72% -69.02% -78.69% 

Re (mΩ) 20.6 41.9 52.8 128.8 122.3 125.3 

 

It is clearly seen that for f0 = 500 kHz, simulated and 

measured characteristics had similar smooth shape, such in a 

series RLC circuit, with some acceptable inconsistencies in 

lower and upper frequencies. Yet, the situation changed 

visibly at lower f0. In the passive meta-cell, the quality factor 

drops due to wider bandwidth, but in the reconfigurable 

system it behaved the opposite – the frequency response was 

narrowing while f0 was decreasing. Furthermore, the 'ripples' 

have appeared at the left arms of the simulated 

characteristics, probably due to a transistor operation. This 

was a crucial difference between metamaterial with an active 

control and the classic one. To conclude, the reconfigurable 

unit will not have identical properties as the passive element; 

hence, it cannot be modelled or adequately replaced with the 

equivalent, lumped RLC meta-cell. 

The main parameters were gathered in Table 1. Relative 

differences between maximum admittances (Ymax) as well 

as resonant (f0), lower (fl) and higher (fh) frequencies 

were below 28% and indicated sufficient agreement of 

simulation and experiment. Nevertheless, even the small 

changes in fl or fh values, leads to much more significant 

divergencies in a quality factor (q), reaching nearly 79%. 

These results can be explained based on two factors: a) the 

mentioned earlier specific behavior of the active meta-cell; 

b) the impact of equivalent series resistance of capacitors 

(Re). This parameter was additionally evaluated, showing 

that practical implementation of the metamaterial may face 

the issue of a too high capacitor resistance. A large 

polypropylene capacitive element will be required in order to 

minimize ESR (Re) and thus increase Ymax and q. 

 

 
 

 
 

The effective permeabilities were shown in Fig. 18 – 20. 

Discrepancies of the simulated and measured characteristics 

were directly combined with different quality factors. The 

lower q resulted in an attenuation of the real and imaginary 

parts, leading to values of relative permeability closer to 1. 

In each case the zero-permeability was reached; however, the 

frequency at which it occurred was shifted towards higher f. 

By analyzing Eq. (3) it could be found that q was responsible 

for these effects. Moreover, for the lower f0 the extreme 

values of µRe and µIm should decrease. While, for a simulated 
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Fig.19. Real and imaginary parts of the effective permeability from 

simulation (388.61 kHz, sim.) and measurement (397 kHz, mea.). 
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Fig.18. Real and imaginary parts of the effective permeability from 
simulation (500 kHz, sim.) and measurement (502 kHz, mea.). 

 

Fig.17. Admittances of the reconfigurable (sim.) and passive (mea.) 

meta-cell, with indicated (grey dashed lines) bandwidth. 
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meta-cell, the quality factor increased for the lower resonant 

frequencies, giving µeff with higher extremes, e.g., min(µRe) = 

-1.98 at f0 = 500 kHz, while min(µRe) = -4.51 at f0 = 289.34 

kHz. This opens the possibility of preserving roughly similar 

µeff, despite the imposed resonant frequencies, when the 

meta-cell is tuned using the proposed approach. 

 
 

The problem was a negative impact of coil and capacitors 

resistances, which lowered q and shifted the frequency of 

zero-permeability. Realizations of such structure will require 

thicker planar inductors (200 µm copper at least) and low 

ESR capacitors. Otherwise, the relative permeability at low 

resonant frequencies will not reach the near-zero region and 

the performance of metamaterial as the magnetic shield will 

be restricted. Therefore, the main constraints of the discussed 

material mostly came from the resistivity of components. 

The effective permeability should possess as extreme as 

possible maximum and minimum values. They are directly 

related with current of a coil; yet ic is limited by resistances 

of the inductor (Rc), capacitors (ESR) and even a transistor 

(RDS(on)). This is why the real metamaterial will not be able to 

ensure, e.g., max(µRe) several dozen times higher than 

permeability of an air. Another limitation is the physical size 

of a resonator, which should be more compact to shrink a 

thickness of the material. The reduction of the meta-cell 

below a few millimeters will not be always feasible, due to 

usage of a polypropylene capacitor (with a low DF, but 

greater size than ceramic one) and a requirement of a high 

value of F factor, responsible for shaping μeff characteristics. 

Also, the reconfigurable meta-cell with MOSFET and 

PID controller possesses a different frequency response than 

a passive resonator; thus, the introduced system should be 

designed/analyzed with a time-domain simulator, rather than 

using a frequency-domain RLC circuit. 

5. CONCLUSIONS 

The metamaterial with the changeable resonant frequency 

was presented. The reconfigurability was achieved through 

the usage of an additional capacitor, transistor, and regulated 

PWM pulse. The 'smart' ability came from a PID controller, 

producing PWM with a variable duty cycle and time delay, 

as well as probes measuring voltage and current of a coil, 

helping to obtain the self-control of a resonance point. 

The simulation model confirmed that nearly zero Q/P 

ratio of the specified resonant frequency can be gained and 

successfully maintained by PID controller. However, 

resonance was possible only within the frequency range 

determined by C1 and C2 capacitors. Since these capacitances 

can be chosen during the design stage, it is possible to 

acquire the desirable spectrum of adjusted f0. As a result, the 

introduced algorithms and the structure of meta-cells enable 

automatic electric-pulse-driven reconfiguration of properties. 

The settling time was the order of several milliseconds 

(average ts = 15.02 ms) and steady-state errors were below 

0.025 (average |Δy| = 0.0055). Despite the usage of the 

effective time delay compensation of PWM, the phase of 

external magnetic field has an impact on both indicators. The 

resulting current waveforms were sinusoidal, but at the same 

time distorted (average THD = 16.5%) – yet, due to reduced 

values, the abovementioned results may still be acceptable. 

In the end, the effective permeability was calculated for 

three cases. A comparison between simulated and measured 

showed that characteristics allowed obtaining zero and 

negative permeability as well as resonant frequencies were 

comparable and shifted after changing the capacitance of C2. 

The resistance of meta-cell will not affect a control algorithm 

(Q/P mostly relay on inductance of a coil, and measured 

voltage and current), whereas it will negatively decrease the 

effective permeability values. Thus, low-resistance inductors 

and capacitors have to be used to build metamaterial units. 

The future works will focus on an improvement of the 

introduced design. One of the promising suggestions can be 

a usage of two transistors in a common source configuration, 

which may help to reduce THD, due to control of the current 

flow in a negative direction. Moreover, the miniaturization 

should be tested; hence, the planar inductors with a 

paramagnetic core and thicker wounds will be made. Finally, 

the next experimental verification is planned to compare 

characteristics of a theoretical active metamaterial with its 

physical realization. The focus would be also put onto the 

ability to achieve a high quality factor by, e.g., minimization 

of the equivalent resistances of resonators in a practically 

operating material. 
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