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Abstract 
 
Metamaterial (MTM) slabs, realized using Split Ring Resonators (SRR’s) to enhance efficiency of Wireless Power 
Transfer (WPT) systems is discussed here. A detailed study of intrinsic properties obtained by simulation of the actual 
MTM slab is presented. An improvement in the wavelength to unit cell size of 813, at a low operating frequency of 
5680 kHz is shown. Forward transmission coefficients (S₂₁) for with and without MTM slab cases are compared. In 
this low frequency regime, with simulated S-parameters an efficiency of ~ 68% is achieved by placing the MTM slab 
closer to receiver coil than the transmitter coil.  
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1. Introduction 
 

1 WPT technologies based on near-field coupling are 
leading the research of magnetic resonance coupling 
over inductive coupling mode theory, for the 
development of metamaterials (E. Waffenschmidt  and 
T. Staring, 2009). The later suffers the drawbacks of 
having closer coils proximity for high efficiency needs, 
difficult resonance matching conditions that are 
investigated in (E. Waffenschmidt and T. Staring, 
2009). For artificially engineered metamaterials, their 
complex material parameters such as permittivity     
and permeability     play an important role in 
manipulation of intrinsic material properties. 
Measurement of which shall be an important  aspect of 
their characterization useful in designing 
communication systems having dual features of 
compactness and WPT. 
 Various efforts in the miniaturization of resonant 
inclusions for realizing MTM’s have been presented in 
(F. Aznar, and J. Bonache et al, 2008; F. Aznar, and J. 
Garcı´a-Garcı´a et al, 2008; F. Bilotti et al, 2007; K. B. 
Alici et al, 2007), where very small electrical sizes 
(below λ/100), for SRR (resonant elements) compared 
to the wavelength (λ) is shown in (F. Aznar, and J. 
Bonache et al, 2008). In (F. Bilotti et al, 2007) resonant 
inclusions are deliberated MSRR’s (multiple SRR’s) 
while greater miniaturization rate at GHz frequencies 
is detailed in (F. Aznar, and J. Garcı´a-Garcı´a et al, 
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2008). Since SRR’s are electro-magnetic 
microstructures for achieving negative values of 
effective μ, that have applications in advanced imaging 
(M. J. Freire and R. Marques, 2005) to compact 
antennas (K. Buell et al, 2006), therefore having an 
effective medium ratio (λ/a) much larger is desired as 
summarized in (K. B. Alici et al, 2007). 
 The size of unit cell reported in (B. Wang et al, 2011) 
was 6.5 cm and planar spirals with a spacing of 1.5 cm, 
between each neighboring turns resulted in a 
wavelength to unit cell ratio of 170. A summary of the 
progress in the work of (B. Wang et al, 2011) is given in 
(B. Wang et al, 2013), where the ratio (λ/a) value  is 
170 for the operating frequency of 27.12 MHz. Also in 
2013, (Y. Fan et al, 2013) demonstrated using double 
spirals MTM structure, the ratio (λ/a) value of 253 at a 
frequency of 14.6 MHz for coils separated by 14 cm. 
 These results are not feasible for cases where a large 
number of unit cells (resonant SRR elements) are to be 
placed in a confined area such as in wireless handsets, 
to have compact MTM slab configurations. Primary 
technique used to obtain composite slabs of MTM’s is 
through miniaturization agenda of unit cells acting as 
resonant inclusions, discussed and outlined in (F. 
Aznar, and J. Bonache et al, 2008; F. Aznar, and J. 
Garcı´a-Garcı´a et al, 2008; F. Bilotti et al, 2007; K. B. 
Alici et al, 2007). 
 

 In 2014, (A. Rajagopalan et al, 2014) demonstrated a 
spiral structure operating at 23.7 MHz using 1.6 cm 
compact unit cells, where a ratio value of 744 was 
reported. However the setup in (A. Rajagopalan et al, 
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2014), at an operating frequency of 26.65 MHz 
provided a maximum efficiency of only 18.23 %, 
despite of using MTM where a small separation in coils 
distance of 1 cm is considered, which is deemed low for 
real time usage. 
 The results of (A. Rajagopalan et al, 2014; A. K. 
RamRakhyani et al, 2011), though are given for short-
range telemetry systems such as implantable 
biomedical devices, but are not desirable for 
applications where a larger coils separation distance 
along with reduced operating frequency and better 
efficiency of WPT system is needed (E. Waffenschmidt  
and T. Staring, 2009; B. Wang et al, 2013; Y. Fan et al, 
2013). 
 We demonstrate improvement in (λ/a) ratio value of 
MTM slab realized using SRR’s, at a low frequency of 
5680 kHz, without compromising the coils separation 
distance of 50 cm presented in (B. Wang et al, 2013), 
along with improvement in the overall system 
efficiency. This can lead in the development of a 
different class of cost-effective MTM’s, having greater 
number of SRR unit cell inclusions per slab, at lower 
frequencies. Such a slab also minimizes use of multiple 
MTM slabs in (Y. Fan et al, 2013), along with providing 
safe use for human beings in  consumer wireless such 
as smartphones and bio-medical applications along 
with those mentioned in (E. Waffenschmidt  and T. 
Staring, 2009; A. K. RamRakhyani et al, 2011). 
 
2. Wireless Power Transfer via Magnetic 
Resonance (Near Field Coupling) 
 
A typical WPT model consists of two coil resonators, 
one for transmission and another for reception along 
with MTM slab, as shown in Fig.1. A slab of MTM unit 
cell as shown in Fig.2 (a), is simulated using the finite 
integration technique, and perfect boundary 
approximations in CST (CST, 2014). For simulation 
purposes, a copper substrate of thickness 11.57 mm 
having relative permittivity          and conductivity 
          S/m is taken. Copper foil is 0.07 mm thick. 
Discrete edge ports (50 Ω each), are used to simulate 
the loop coils which act as lumped network element 
sources (basic LC equivalent resonators).  
 

 
 

Fig.1 Configuration of WPT communications system 
with MTM slab consisting of Coils (SRR’s) 

 

A small amount of loss tangent delta (tan δ   0.0027 
Rogers corporation (RO) 4003C material) is included in 
obtaining simulations, to consider a practical MTM 

slab, 1.5 mm thick. The length of square ring ‘L’ is 61 
mm, while the distance between the resonant coils ‘D’ 
is 500 mm and the width of each unit cells ‘a’ is  65 mm. 
Copper strip width ‘W’ of 3 mm with 1 mm spacing 
between each neighboring strips ‘S’ is considered for 
the square ring dimensions shown in Fig.2 (a). Planar 
spiral copper coil resonators having large/outer radius 
R = 400 mm, with gap ‘g’ between each coil turns equal 
to 1 mm is used for performing simulations. 
 

 
 

Fig.2 (a) Single square ring – Unit cell/SRR (J. B. 
Pendry et al, 1999) 

(b) MTM slab realized using SRR’s and CST modeling 
software (J. B. Pendry et al, 1999; 

CST, 2014) 
 
The basic material properties that are intrinsic to 
magneto-electric coupling where the electric field E 
causes magnetic polarization and vice-versa, are 
permeability      permittivity    . Using the Smith’s 
method (D. R. Smith et al, 2002), the effective 
properties of the MTM slab are determined after 
simulating the single unit cell, composed of a single 
square ring [such as a simple SRR (J. B. Pendry et al, 
1999), made of copper], having geometric parameters 
as defined earlier with appropriate boundary 
conditions. Then, the effective material parameters 
           are extracted using the simulated S-
parameters and Lorentz-Drude material models. The S 
– parameters are as shown in Fig.3, while the extracted 
effective material properties are shown in Fig.4 and 
Fig.5. 
 

 
 

Fig.3 S – parameters from simulations with MTM slab   
at 300 mm from the transmitter side 

 
Knowing these intrinsic properties, the values of 
effective impedance      and effective refractive index 
     can be computed using Smith’s method (D. R. Smith 
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et al, 2002). For low frequencies compared to the 
dimensions of discrete ports, the dielectric losses, 
reflections are small resulting in successful S-
parameter calculations, using CST’s frequency domain 
solver. Also the S₁₁, S₂₁ shown in Fig.3, for multiple 
cells of MTM match the             retrieved for a unit 
cell, implying effective homogeneity for MTM slab. 
Thus a unit cell size, which is 813 times smaller than 
the operating wavelength of 52.81 m is realized. 
 As seen in Fig.4, SRR inclusions on MTM slab, that 
were shown in Fig.2 (b), with slab being centered 
between the two coils, produces a frequency region 
where the real part of      value is negative (D. R. Smith 
et al, 2002). Very large negative real      value of MTM 
slab causes evanescent amplification, by guiding the 
magnetic flux which is essentially causing the efficiency 
enhancement, based on LC resonance effect. 
 

 
 

Fig.4 Effective permeability extracted using method in 
(D. R. Smith et al, 2002) 

 

By studying the properties of unit cell of Fig.2 (a), we 
are affirming its true likeness to the MTM slab 
attributes, whose realization is shown in Fig.2 (b). 
Because the practical slab has an periodic arrangement 
of homogeneous scattering elements, the unit cell 
dimensions choosen are thus much smaller than the 
guided wavelength of the MTM slab itself. 
 In Fig.5, exhibiting resonance behaviour at various 
frequencies, is satisfying two basic conditions where 
real part of         is negative and the wavelength is large 
in comparision to dimensions. Due to interaction of 
mobile electrons with the electromagnetic radiations, 
the dispersion relations given in (D. R. Smith et al, 
2002), are fulfilled mostly near the plasma frequencies. 
For this reason low frequency has been a viable option 
in wireless communication and current Long Term 
Evolution (LTE) networks. 
 

 
 

Fig.5 Effective permittivity extracted using method in 
(D. R. Smith et al, 2002) 

In Fig.1, the radius of the coil R has influence on 
inductance L, capacitance C, frequency and efficiency, 
with radius R having inverse relation to resonant 

frequency   , governed by    
 

  √  
 . Also L, C 

increases as R increases, due to increase in the length 
of wire (S. Konno et al, 2013; N. Gvozdenovic et al, 
2013). However as the gap ‘g’ between coils decreases, 
the coupling coefficient increases, increasing the 
system efficiency (N. Gvozdenovic et al, 2013). 
 It is evident from Fig.3, that around resonance S₂₁ 
values are larger and taking into account the non-zero 
S₁₁ values, the peak efficiency   of a two coil system is 
given by (S. V. Georgakopoulos et al, 2011). 
 

    
      

          
                                                                            (1) 

  
An efficiency value of 68.35 % is calculated using 
equation (1), by considering the S-parameters shown 
in Fig.3 that were obtained by keeping the MTM slab at 
300 mm from the transmitter coil. The resonance 
frequency with slab closer to receiver coil, is thus 
shifted to 5680 kHz while the coils separation distance 
was still kept at 500 mm. A simulated value of 
wavelength to unit cell size of 813 and an improvement 
in the efficiency value of        is achieved, 
predominantly due to increase in mutual coupling. 
 
3. Evanescent Waves amplified most using MTM   
Slab structure with SRR inclusions 
 
As the S₁₁ values in Fig. 3, are small at resonance 
frequency, we can consider efficiency essentially to be  
≈  S₂₁ ² (B. Wang et al, 2011). By keeping MTM slab at 
different positions between the two coils depicted in 
Fig.1, the efficiency variations w.r.t distance are shown 
in Fig.6. In this case the peak efficiency is  ≈ 60 %. 
 

 
 

Fig.6 Efficiency η [η ≈ ∣S₂₁∣² (B. Wang et al, 2011)]    
versus distance D (D = 500 mm), with MTM slab. 

  

Fig.7, shows the comparison of efficiencies for two 
different WPT experimental cases involving MTM 
slab’s presence and MTM slab’s absence. The MTM slab 
is centered between the transmitter and receiver coils 
while the coils separation is left unchanged in both 
these WPT experiments. It can be seen clearly that the 
case with MTM slab contribute to higher efficiency 
than the case involving free-space only. 
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Fig.7 ∣S₂₁∣² (Efficiency) versus frequency for with MTM 
slab and without MTM slab 

 
Table 1 Summary of geometric parameters used for       

            MTM based WPT communication system 
 

S. No Parameter Value(mm) Description 
1 L 61 Square ring length (SRR) 

2 R 400 
Large/Outer Radius of 

resonators 

3 S 1 
Spacing between each 

neighboring strips 
4 d 1.5 MTM slab thickness 
5 W 3 Copper strip width 

6 a 65 
Period of Unit Cells 

(width) 

7 D 500 
Distance between 

transmitter, receiver coils 

8 g 1 
Gap between each coil 

turns of resonators 

 
Conclusions 
 
A numerical study of different intrinsic properties, 
followed by manipulation of geometric parameters in 
realizing unit cell SRR was performed. We achieved 
improvement in the wavelength to unit cell size ratio at 
a low operating frequency of 5680 kHz. Finally 
efficiency enhancement for the MTM based WPT 
system to       , using the realized SRR having λ/a 
value of 813 is presented in this paper.  
 This study shall lead to numerous applications in 
consumer wireless and smartphones technology design 
specifications including efficient WPT. Demand of 
simultaneous compact shared antennas capabilities 
with BPF requirements in the frontend modules at LTE 
bands can be addressed by incorporating these MTM 
features in next Generation wireless communications. 
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