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Abstract - Negative refractive index materials have been 

proved to overcome the diffraction limit and realize sub-

wavelength imaging, but the loss of materials will greatly 

limit the imaging quality. From the perspective of reducing 
loss, this paper designs a new left-handed (LH) material 

based on a nested split-ring resonator structure, which can 

be used for sub-wavelength imaging. The left-handed 

characteristic of this material is verified by effective 

constitutive parameter retrieval, and the loss characteristic 

is calculated by the figure of merit (FOM) coefficient. The 

transmission behaviours of propagating wave components 

and evanescent wave components in the lossy left-handed 

material during the imaging process are simulated, proving 

that the designed material can achieve very low loss left-

handed characteristic around 9 GHz. As a result, the lens 

composed of a periodic arrangement of this left-handed 
structure can clearly distinguish two one-dimensional 

objects with sub-wavelength distance, thereby realizing 

super-resolution imaging around 9 GHz. 

Keywords — Negative refractive index materials, Left-

handed materials, Sub-wavelength imaging, Low loss, 

Evanescent waves. 

I. INTRODUCTION  
The diffraction limit restricts the performance of 

traditional imaging systems, and the maximum resolution of 

these imaging systems can only reach , half of the 

incident wavelength. The reason for this phenomenon is that 

the detailed information of the imaging targets below  

exists in the form of evanescent waves, which will decay 
exponentially after leaving the object's surface and cannot 

reach the imaging plane. This lost sub-wavelength 

information is the essential cause of the diffraction limit. 

 

This work was supported in part by the National Natural Science 

Foundation of China (61271331, 61571229). 

 

The diffraction limit theoretically determines the 

maximum resolution of a lens manufactured under optimal 

process conditions, which greatly limits the imaging quality. 

To overcome the diffraction limit and realize sub-
wavelength imaging, Pendry proposed that metamaterial 

lenses with negative refractive index properties can 

effectively magnify the evanescent wave components in the 

imaging process [1], thereby providing a feasible way for 

sub-wavelength imaging. In 2005, the research team of Fang 

and Zhang used a 35nm silver film to make a superlens. The 

lens can perfectly reproduce the  sub-wavelength scale 

"NANO" image on the imaging plane at the wavelength of 

365nm, which is the first superlens for subwavelength 

imaging [2]. In 2006, Thomas and Dmitriy used low-loss 

SiC replacing silver film and successfully achieved a 

resolution of  in the mid-infrared band [3]. These lenses 

use the plasma characteristics of some materials, such as 

silver, copper, SiC, et al. In a specific optical frequency band 

for imaging, but this is not suitable for microwave imaging 

because of the relatively lower frequency. 

Left-handed materials, also called double-negative 

materials, are negative refractive index materials. Their main 

feature is that the effective permittivity and permeability are 

both negative, resulting in electric field vector , magnetic 

field vector , and wave vector  following the left-handed 

spiral orthogonality law in these materials. Left-handed 

materials do not exist in nature and can only be achieved by 

artificial design. The left-handed materials were firstly 
proposed by the former Soviet Union scientist Veselago in 

1968 [4]. They were produced by the American scientist 

Smith in 2001 by combining periodic metal wire and split 

resonant ring (SRR) [5]. In recent years, researchers have 

designed many left-handed materials with different 

geometric structures, such as bifilar spiral structure [6], disc-

shaped structure [7], multi-opening cross shape structure [8], 

and symmetrical "H"-shaped structure [9]. Unfortunately, 

these left-handed materials can exhibit relatively low loss 

characteristics in specific frequency bands, but the loss is not 

enough to realize sub-wavelength imaging. There are still 
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few reports on the practical application of left-handed 

structures for imaging. So far, overcoming the loss and 

realising sub-wavelength imaging in microwave bands using 

left-handed materials is still a research hotspot. 

In this study, the sub-wavelength imaging 

characteristics of the left-handed materials in the presence of 

loss are considered. Firstly, a new left-handed material 

called nested split-ring resonator structure is designed. The 

effective constitutive parameters of this material are 
obtained by the simulated S-parameters and the improved 

retrieval algorithm of Kramers-Kronig relations. Then the 

left-handed characteristic and loss characteristic of the 

structure in the X-band can be concluded. After that, the 

transmission behaviours of propagation wave components 

and evanescent wave components in the metamaterial are 

simulated and analyzed. The result proves that the material 

can overcome the loss and transmit both components to a far 

region. Finally, the unit structure is periodically arranged 

into an imaging lens. The simulation result shows that the 

lens made of this metamaterial can achieve super-resolution 

imaging of two one-dimensional targets around 9GHz. 

II. WAVE PROPAGATION IN LOSSY MATERIALS 

According to the Abbe imaging theory, when a beam of 

electromagnetic wave with an angular frequency of  

incidents into a three-dimensional space, it is scattered after 

being irradiated on the object's surface. At this time, the 

electromagnetic wave carries the imaging information of the 

object, and this process is similar to modulation in 

communication systems. Suppose the propagation direction 

is along the  direction. In that case, the distribution of the 

field at any point in space can be regarded as the 

superposition of countless wavelets with transverse wave 

vector  and longitudinal wavenumber , where 

. Some of these wavelets can reach the 

imaging plane, but others cannot. The more wavelets that can 

reach the imaging plane, the better the imaging quality. The 

electric field distribution can be Fourier expanded as  
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Since it is a time-harmonic field, the complex vector 

form of (1) can be obtained by Spatio-temporal separation 
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Assuming that the incident electromagnetic wave is a P-

polarized wave, that is, the direction of the electric field is 

always along the  axis direction, then the equation (2) can 

be simplified to 
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The magnitude, sign, real part and imaginary part of the 

longitudinal wavenumber  all determine the propagation of 
the associated wavelet in the metamaterials, as described in 

(3). In the P-polarized wave, 
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When , the longitudinal wavenumber  of the 

wavelet is real. There is only a phase change along the -

direction but no amplitude changes in the wavelet 

propagation. It is the propagating wave component in the 

electromagnetic wave; On the contrary, when , the 

longitudinal wavenumber  is pure imaginary. At this time, 

the wavelet amplitude decays exponentially along the -

direction, but the phase does not change. The wavelet that 

owns a larger transverse wave vector is the evanescent wave 

component. It is the amplitude of the evanescent wave that 

decays sharply after leaving the object's surface that leads to 

the imaging resolution in the imaging system restricted to the 

diffraction limit of the wavelength order.  

The loss of metamaterials is generally composed of three 

parts: substrate loss, ohmic loss and radiation loss [10]. The 

substrate loss can be measured by the loss tangent of the 

substrate material. In addition, studies have shown that the 
interaction between the substrate and different metal patterns 

will also affect the substrate loss; ohmic loss is the loss 

caused by the current flowing in the lossy metal and can be 

determined by the conductivity of the metal material; In the 

X-band, the radiation loss is small and can generally be 

ignored. 

The performance of a negative refractive index material 

can be measured by the refractive index , where 

the real part  characterizes the refractive ability of the 

material, and the sign of  can be used to judge whether the 

material is a positive refractive index material or a negative 

refractive index material at the current frequency; The 

imaginary part  is also called the loss coefficient, which 

represents the total transmission loss caused by the material, 

including the substrate loss and ohmic loss mentioned above. 
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To quantify the loss characteristic of materials at different 

frequencies, the concept of FOM (figure of merit) is 

introduced, which can be defined as  
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For negative refractive index materials, the larger the 

FOM value, the better the negative refraction performance, 

the smaller the loss, and the better imaging effect can be 

obtained correspondingly. 

Lossless negative refractive index materials have been 

proven to amplify evanescent waves, but lossless is only an 

ideal situation. Negative refractive index materials are often 
accompanied by greater loss, which will offset the 

evanescent wave's magnification by the material's negative 

refractive characteristics, making negative refractive 

materials often unable to achieve sub-wavelength imaging 

effects. 

The wavenumber of the electromagnetic wave 

propagating in the material can be expressed by the vacuum 

wavenumber  and the refractive index , 


.)"'( 22

0

22

0

2 innknkk 




For P-polarized waves, 
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Let the longitudinal wavenumber , in where 

 and  are called phase constant and amplitude constant 

along the -axis, respectively. From (8), we easily have 
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Both  and  can be solved by (9) to obtain two sets of 

solutions opposite each other. Since the material used is 

lossy, the amplitude constant  must be greater than 0, 

 in the right-handed medium, and  in the left-

handed material because the wave deflection direction is 

opposite to the energy transmission direction in the left-

handed materials, so that the longitudinal wavenumber  can 

be expressed as: 
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III. UNIT STRUCTURE DESIGN 
For the realization of left-handed materials, many 

articles have discussed. At present, the most common 

method is to design left-handed materials concerning Smith's 

resonant structure, which can realize electrical resonance and 

magnetic resonance in the same frequency band so that the 

negative permittivity and negative permeability can be 

obtained at the same time to realize the left-handed 

characteristics [11-22]. 

Fig.1 shows the unit structure of the nested split-ring 

resonator structure designed in this paper. It can be 

approximated as a large split ring, with four small split rings 

nested inside, and these small rings are opposite each other. 

 

(a) Right view                (b) Overall view 

Fig. 1 The unit structure of designed left-handed material 

Rogers RO3003 is used as the substrate layer material 

with a thickness of 0.25mm for its relatively small dielectric 

loss. The 0.017mm metal pattern is placed at one side of the 
substrate. Its material is copper with conductivity 

. In addition, the value of parameters 

marked in Fig.1 is unit outside length , metal patch 

outside length , small rings inside length 

, the gap of the large and small rings . 

The 2.5mm length cube vacuum box is set, and  is the 

direction of the incident wave. The two waveguide walls 

perpendicular to the -axis are respectively set as an input 

port (port1) and output port (port2), The two waveguide 

walls perpendicular to the -axis are set as the ideal electric 

wall (PEC) of . The two waveguide walls 

perpendicular to the  axis are set as the ideal magnetic wall 

(PMC) of . 

When designing the unit structure of the negative 
refraction index material for imaging, it is necessary to pay 

attention to the frequency band where the negative refraction 

characteristic is realized and minimize the material loss. The 

above structure uses the following methods to reduce the 

loss: 
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 Parallel incidence instead of vertical incidence. Parallel 

or vertical is relative to the substrate, as shown in Fig. 

2(a). Vertical incidence means that the incident wave 

has greater contact with the metal patch, resulting in 

more loss caused by reflection and affecting imaging 
quality finally. So parallel incidence is suggested to 

use. 

 Single-sided structure instead of double-sided 

structure. The double-sided structure was first 
proposed by Smith in 2001 (Fig. 2(b)). It has been 

widely adopted because it is easier to design. However, 

the electric resonance and magnetic resonance must 

pass through the substrate layer to be coupled, which 

will inevitably cause non-negligible substrate loss. 

Single-sided structure overcomes these problems by 

realizing electrical resonance and magnetic resonance 

on one side without passing through the substrate 

layer. Although the difficulty of unit design is 

increased, the loss can be effectively reduced.  

 Double-negative instead of single-negative. The 

effective permittivity and effective permeability of the 

metamaterial can be expressed as  and 

. Then the necessary and sufficient 

conditions for using metamaterial structure to achieve 

a negative refractive index are 
 

[23]. 

From the perspective of mathematical form, as long as 

the real and imaginary parts of the effective 

permittivity and the effective permeability are well 

controlled, both single-negative and double-negative 

materials can achieve a negative refractive index. 

However, single-negative materials tend to show 
greater loss when realizing negative refractive index 

because the imaginary part of effective permittivity or 

effective permeability is large inevitably. As a 

consequence, it is necessary to ensure that the 

frequency band for imaging is double-negative with 

negative effective permittivity and effective 

permeability when designing the metamaterial, that is, 

the left-handed material. 

 Substrate material with a smaller loss. The loss tangent 

corresponds to the substrate loss in the metamaterial 

loss. We used Rogers RO3003 with relative 

permittivity of 3 and loss tangent of 0.001, instead of 

the more common FR-4 with relative permittivity of 

4.3 and loss tangent of 0.025. Facts have proved that 

although the cost has increased, it is completely worth 

it. 

 

(a) Parallel incidence and vertical incidence 

 

(b) Double-sided structure       (c) single-sided structure 

Fig. 2 Comparison of different incidence and structures 

IV. LEFT-HANDED AND LOSS CHARACTERISTICS 

A. Effective constitutive parameters retrieval 
The amplitude and phase of S-parameters obtained by 

electromagnetic simulation software CST Microwave Studio 

2017 are shown in Fig.4, and the simulated frequency range 

is set to 7GHz - 13GHz. It can be seen that there is an 

obvious transmission valley near 8.3GHz at Fig.4(a); At the 

same frequency, there is an abnormal mutation in the 
transmission phase as shown in Fig.4(b), which are all 

important features of negative refractive index materials, 

indicating that 8.3GHz is the dividing line of this designed 

metamaterial from positive refractive index material to 

negative refractive index material. 
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                                            (a) Amplitude                                                                          (b) Phase 

Fig. 3 S-parameters of unit structure 

Since the size of the unit structure is much smaller than 

the wavelength of the incident wave, metamaterials are 

regarded as molecular-scale materials, and its effective 

constitutive parameters such as relative impedance , 

refractive index  as well as effective permittivity  and 

effective permeability  can be easily obtained by (11) - 

(14): 
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where  is the effective thickness, namely thickness 

along the propagation direction. 

In actual calculations, multi-value selection needs to be 

considered according to the physical meaning of parameters. 

In the calculation of the real part  of the refractive index , 

there will be a multi-branch problem. Here we use the 

Kramers-Kronig relationship improvement algorithm 

proposed by Ding Min [24,25] to solve it. The parameters of 

the unit structure are finally calculated as shown in Fig. 5: 

 

(a) Relative impedance                                                        (b) Refractive index  
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                   (c) Effective permittivity                                      (d) Effective permeability  

Fig. 4 The effective parameters of the unit structure 

B. Left-handed characteristic 
It is obvious from Fig. 4(b) that the real part of the 

refractive index changes from positive to negative around 

8.3GHz, which is consistent with the analysis of S 

parameters in Fig.1, and then return to positive at 9.6GHz. 

Fig. 4(c) and 4(d) indicate that the effective permittivity and 

effective permeability of the designed metamaterial also 

show negative values in respective frequency bands, which 

are not exactly coincident with the negative refractive index 

bands. So, we have TABLE I: 

Table 1. Frequency bands of negative parameters 

 /GHz /GHz 

Negative refractive 

index 
8.32 9.55 

Negative 

permittivity 
7.37 9.28 

Negative 

permeability 
8.66 10.67 

Double-negative 

band 
8.66 9.28 

The designed metamaterial presents the negative 

refractive index by the type of double-negative at 8.66GHz - 

9.28GHz, that is, the region(ii) in Fig. 4(b). On both sides of 

this frequency band, there also exist narrow negative 

refractive bands by the type of single-negative, where just 

effective permittivity or effective permeability is negative, 

the other one is positive, namely (i) and (iii) in Fig. 4(b). 

Although both single-negative and double-negative can 

achieve negative refractive, the imaginary part of refractive 

index  that represents transmission loss is obviously 

smaller in the double-negative frequency band (ii) than 

single-negative frequency bands (i) and (iii). 

C. Loss characteristic 
The FOM value of the structure in the simulation 

frequency band has been calculated to measure the loss 

characteristic of the metamaterial, as shown in Fig. 5. It can 

be seen that the FOM value reaches the maximum around 

9GHz, which is much higher than that at other frequencies, 

indicating that the loss of metamaterial reaches the minimum 

and theoretically has the ability of sub-wavelength imaging 

around 9GHz. 

 

Fig. 5 FOM value of the left-handed material 
 

V. IMAGING CAPABILITY ANALYSIS 
   At 9GHz, the refractive index of the designed metamaterial 

. The effective permittivity and effective 

permeability are both negative, and the loss is relatively 

small. In theory, it has sub-wavelength imaging ability. The 

transmission behaviour of the wave in the metamaterial has 

been simulated, and then the electric field distribution along 

the propagation direction of the wavelets with different 

transverse wavenumber  is obtained in Fig. 6. 
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(a) 2-D amplitude  

 

(b) 3-D amplitude 

 

(c) Phase 

Fig. 6 Electric field distribution of different transverse 

wavenumber at 9GHz 

Different transverse wavenumber X correspond to 

different wave transmission modes: the wavelet with small  

transmits in the form of propagation wave, and the amplitude 

is only affected by the loss of the material. When is large 

enough, the wavelet transmits in the form of an evanescent 

wave. When the evanescent wave propagates in the left-

handed material, its amplitude will be strengthened by the 

left-handed characteristic and attenuated by the loss 

characteristic simultaneously. As can be seen from Fig. 6, the 

decay of the evanescent waves is slow due to the small loss 

of the left-handed material. In this case, the evanescent wave 

components can be transmitted further along with the 

propagation wave components to achieve sub-wavelength 

imaging. As a contrast, the transmission of the wave has also 

been simulated at the lossless right-handed material of  

and the lossy left-handed material at 8.5GHz of 

, respectively, as shown in Fig. 7. 

 

(a) n=1 lossless materials 

 

(b) Left-handed materials with large loss 

Fig. 7 Electric field distribution in different materials 
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Fig. 7(a) proves that in lossless right-handed materials, 

the propagation wave components only change in phase, not 

in amplitude when the transmission, while the evanescent 

wave components decay rapidly in amplitude. Fig. 7(b) 

indicates that when the metamaterial loss is too large, neither 
the propagation wave components nor the evanescent wave 

components can be transmitted, and both of them will 

disappear inside the lossy material rapidly, resulting in the 

inability of the two components to participate in the imaging. 

VI. LENS SIMULATION VERIFICATION 

The unit metamaterial structure designed above is 

periodically arranged to make the lens for imaging, as shown 

in Fig. 8. Two discrete line sources that have a length of 

20mm are set as targets requiring imaging and resolution. 

Compared with the 33mm wavelength of the wave at 9GHz, 

the distance between the two targets is 10 mm and belongs to 

the range of sub-wavelength. Two discrete line sources can 

independently radiate electromagnetic waves to free space 

and be placed 2mm in front of the lens. 

 

(a) Top view 

 

(b) Overall view 

Fig. 8 The lens for imaging 

The structure of Fig. 8 is simulated by CST, and the 

electric field distribution at 9 GHz is obtained, as shown in 

Fig. 9: 

 

(a) Z-axis section (before the lens) 

 

(b) Z-axis section (behind the lens) 

 

(c) Y-axis section 

Fig. 9 The simulated electric field distribution 

It is clearly in Fig. 9 that two one-dimensional targets 

with sub-wavelength distance can be clearly distinguished on 
the imaging plane behind the lens. Contrasting the electric 

field amplitude on the imaging plane before and after adding 

the lens, then Fig. 10 can be obtained. 
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Fig. 10 Electric field amplitude before and after adding 

the lens 

In Fig. 10, the dashed line represents the electric field 

distribution on the imaging plane without adding the lens, 

showing that the distinction between the two targets is very 

clear in this situation. After the lens is added, the solid line 

has been obtained, and two one-dimensional linear objects 

separated by 10mm can be clearly distinguished at the same 

position. There is a 10dB difference between the peak and 

the trough, so the lens made of designed left-handed material 

can achieve sub-wavelength imaging of two one-dimensional 

targets at 9 GHz. 

VII. CONCLUSION 

In order to overcome the diffraction limit, it is necessary 

to enhance the evanescent wave while minimizing the loss. 

Negative refractive index materials are proven to have the 
ability to amplify evanescent waves, but their losses are 

difficult to reduce. This paper summarizes several methods 

to effectively reduce loss and designs a novel left-handed 

material. The simulation shows that this material has both 

left-handed characteristics and low loss characteristics 

around 9GHz. When the electromagnetic wave propagates in 

this material, the attenuation speed of the evanescent wave 

components will slow down so as to obtain the ability to 

reach the imaging plane together with the propagation wave 

components. The lens composed of this structure can 

distinguish two targets with a distance of 10mm at 9GHz, 
demonstrating that this low loss left-handed material does 

have the ability of sub-wavelength imaging. 
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