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Abstract— A metamaterial magneto inductive lens is 

presented for the coil design in magnetic resonance imaging 
(MRI) applications, which is expected to enhance the magnetic 
field intensity of surface coils for improvement of the signal to 
noise ratio (SNR) of the MRI systems. The split-ring based lens 
is constructed into a pair of parallel two-dimensional arrays, 
that is, a metamaterial magneto inductive lens, providing 
minimum loading to the coil. Measurements show that the 
magnetic field intensity of the coil with metamaterial magneto 
inductive lens is improved about 2 dB at 295 MHz over a 
conventional coil at a distance of 10 mm, which is promising for 
pre-clinical study in a 7T MRI system at 300 MHz band. 
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I.  INTRODUCTION  

The quest for better quality MRI, increased-speed and 
higher SNR brings forth research on new types of RF 
receiver coils by implementing metamaterial structures to 
enhance the magnetic field intensity, penetration depth as 
well as the magnetic field distribution. Metamaterials are 
artificially engineered media whose electromagnetic 
responses are different from those of their constituent 
components.  The metamaterials have been proven to exhibit 
unique electromagnetic characteristics that do not occur in 
natural materials. Therefore, the metamaterials are able to 
offer greater opportunities for engineers to create novel 
structures with unconventional properties incorporated in 
antenna systems with enhanced performance. 

The metamaterial lens with negative refraction index, 
which exhibits material properties of permittivity  = -1 and 
permeability  = -1, as discovered by Pendry [1], is able to 
focus electromagnetic field and provide sub-wavelength 
imaging resolution. This was proven to provide practical 
applications as in the case of MRI which has been studied 
extensively in [2] whereby the metamaterial lens consists of 
slot rings arrange in three dimensions. A simpler design for 
a slot ring metamaterial lens was found to minimize the 
losses introduced by the lens in [3][4], where the lens is 
constructed into a pair of parallel two-dimensional arrays of 
slot rings and named as “magneto inductive (MI) lens”. 

In this paper, we investigate a metamaterial magneto 
inductive lens at 300 MHz band. The performances of the 
metamaterial magneto inductive lens based coil and a 
conventional coil are compared.   

II. METAMATERIAL MAGNETOINDUCTIVE LENS 

The metamaterial magneto inductive lens consists of two 
planar arrays of unit cells which exhibit the properties to 
focus the magnetic field which pass through it. In this design 
for MRI applications, only the permeability is changed to 
interact with the magnetic field of the coil. The split-ring 
unit-cell with a capacitor (Cp) soldered on the slit is show in 
Fig. 1. 

 
Fig. 1 Split-ring unit-cell 
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Fig. 2 Permeability of unit-cells with ring diameters (dr) of 15 mm, 5 mm, 
and 2.5 mm, respectively 

The simulated permeability of the three unit-cells with 
different dimensions and capacitors is shown in Fig. 2. All 
the simulations are performed with CST Microwave Studio. 
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The split-ring is formed into two planar arrays with size 
similar to the core of the coil. This lens is then placed at a 
distance away from the coil. The coil and the metamaterial 
lens are shown in Fig. 3. 

 
Fig. 3 Coil and metamaterial dimensions and configuration 

In order to study the response of the coil size and the 
relative unit-cell size of the metamaterial lens, the 
simulation of different coil size with metamaterial lens are 
performed. Three coils with size of 120mm, 50mm, and 
30mm and lens with unit-cell size of 15mm, 5mm and 
2.5mm are studied, respectively. The dimensions of the coils 
and the corresponding metamaterial unit-cell and array are 
listed in Table 1. 

Table 1 Dimensions of the coils and the metamaterial lenses 

Parameter 120 mm coil +  

15 mm unit cell 

50 mm coil +  

5 mm unit cell 

30 mm coil + 

2.5 mm unit cell 

w 120 50 30

s 10 5 2

wr 15 5 2.5

sr 2.17 0.92 0.52

dr 12.04 4.4 2.2

gr 0.4 0.4 0.4

cp 22 66 150

wm 90 30 15

t1 6 3 2.2

t2 11 4 3

 

The magnetic field intensity of the coils versus the 
distance away from the coils with/without metamaterial lens 
are compared with the reference coil are shown in Figs. 4 to 
6, respectively.  
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Fig. 4 Magnetic field distribution of the 120mm coil with and without 
metamaterial lens (15 mm unit-cell) 
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Fig. 5 Magnetic field distribution of the 50mm coil with and without the 
metamaterial lens (5mm unit-cell 
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Fig. 6 Magnetic field distribution of the 30mm coil with and without the 
metamaterial lens (2.5mm unit-cell 

From the analysis, it can be summarized that the size of 
the coil does matters when in use with the metamaterial lens. 
As the coil size with its relative metamaterial lens increases, 
so does the magnetic field intensity compared with the coil 
without metamaterial lens. It can be observed that in Fig. 6 
the enhancement of the magnetic field intensity of the 30 
mm coil with metamaterial lens is limited to about 2.7 mm 
away from the coil surface. This improvement at such a 
short distance is not suitable for deep organ imaging but 
may be suitable for surface imaging.  Hence, in order to 
study the probable application of bigger coils with 
metamaterial lens, the 120mm coil was fabricated with 
metamaterial lens of 15mm unit cell. Fig. 7 shows the 
fabricated 120mm coil with its corresponding metamaterial 
lens attached. For a fair comparison, the distance is 
measured from the surface of the reference coil while the top 
surface of the lens of the coil with metamaterial lens. 

 



 

 
(a)                                                            (b) 

Fig. 7 120mm coil prototypes, (a) reference coil and (b) coil with 
metamaterial lens (15 mm unit-cell) 

III. MEASUREMENT 

A. Frequency response 

To measure the frequency response of the coils, a near-
field probe was placed along the center of the coils at 10 mm 
away. The coil and the probe are connected to a network 
analyzer PNA N5230A (10 MHz – 40 GHz). The field 
intensity measured with the probe is recorded as S21 against 
frequency. The range of frequency whereby the magnetic 
field intensity of the coil with metamaterial lens greater than 
the coil without metamaterial lens is 8 MHz at 10 mm away 
from the coil. The frequency range is ample for MRI 
applications which require only a few kHz. This is being 
plotted in Fig. 8 and it also confirms that the magnetic field 
generated by the coil with metamaterial lens is definitely 
improved. 
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Fig. 8 |S11| and |S21| of the coil prototypes; (a) |S11| and (b) |S21|.  

B. Depth of penetration 

To measure the depth of the penetration, the maximum 
value of |S21| is measured at increasing distance along the 
center of the coil. The results are plotted in Fig. 9. The coil 

with metamaterial lens demonstrates better performance 
than the coil without metamaterial lens up to 35mm and 
slightly beyond. The enhanced filed intensity could improve 
the sensitivity of the MRI system. 
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Fig. 9 Measured magnetic field distribution of the coils with distance away 

from the coils 

C. Homogeneity 

Fig. 10 exhibits the measured two-dimensional magnetic 
field distribution of the coils. The near-field probe is 
scanned in xy-plane at z = 10 mm within an area of 150 mm 
× 150 mm. It is observed that the reference coil generates 
uniform magnetic field over the enclosure of the loop.  The 
coil with the metamaterial lens shows enhanced magnetic 
field intensity in the central portion of the coil while worse 
homogeneity. It indicates that the coil with metamaterial 
lens does indeed focuses the field but does not maintain 
homogeneity of the coil. 
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Fig. 10 Measured magnetic field distribution of the coil prototypes (z = 10 
mm); (a) reference coil and (b) coil with metamaterial lens 

IV. CONCLUSION 

The metamaterial lens has exhibited focusing of the 
magnetic fields and improvement of the penetration 
compared with the coil without metamaterial lens. The 
improvement, however, depends on the size of the coil and 



 

the relative size of the unit-cell of the metamaterial lens; the 
bigger the coil the larger the penetration. In addition, the 
focusing effect has also affected the homogeneity of the 
fields. Hence the coil with metamaterial lens would be 
suitable for certain MRI applications whereby the sensitivity 
is of more importance than homogeneity.    
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