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Abstract: An electromagnetic (EM) invisible cloak is designed and analyzed with serially 

interconnected split ring resonators (SRRs). The cloak consists of an array of a network of split ring 

resonators which operates at a 3 GHz resonating frequency. The split ring resonators are connected 

with transmission line and are wrapped around the cylindrical object. Cloak coupled with EM waves 

gets transferred around the cylindrical object and received to the other side of transmission. 

Scattering cross section (SCS) is analyzed for both cases, which results in the effect of resonance. 

The total scattering cross section of the cloaked object is reduced by using SRRs. The simulated and 

measured results are in great agreement with each other. The transmission-line-connected SRR cloak 

is useful for S-band applications specifically at 3 GHz resonance. 
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1. Introduction 

Cloaking has acquired immense attention from researchers and scientists in every aspect 

because of its electromagnetic behavior. Cloaking can be achieved in different ways: the 

transmission line approach, the mantle cloak approach, the transformation optics approach and 
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surface wave cloaks. There are some other techniques used for cloaking, like plasmonic resonance 

and the scattering cancellation technique with polarization dependent angle of incidence [1‒3]. All 

these techniques are used to achieve cloaking towards electromagnetic waves. Cloaking is used in 

invisible sensors in medical applications like non-invasive detections, energy harvesters [4], etc. 

Though the cloaks are used in many applications, there are some limitations like narrow band 

operation and single band operation [5‒8]. To overcome these drawbacks, surface wave cloaks are 

used where a gradient index material is used as a dielectric substrate to achieve cloaking. Multiband 

cloaks are also available which are applicable for many applications and have more flexibility of 

cloaking, offering multiple bands. Multilayer cloaking is used to achieve multiband cloaking. 

Multiple layers of structures are used, and this leads to increased cloak size [9‒12]. 

Some research work has been done with the usage of LC based circuits which can act as 

metamaterials. A microwave network-based concept has been used where multiple patches are used 

to achieve multiband operation. In this case, the size of the cloak is small, and operating frequencies 

are under control [13,14]. The cloak with patches is also used for multiple operational bands, where 

the vertical length of the array increases the frequency ratio [15‒18]. The nonmagnetic metamaterial 

cloaks are also designed with the usage of split ring resonators, which suits for optical cloaking with 

the formation of a greater number of layers around the cylindrical object, which leads to an increase 

in the size of the device [19,20]. The permeability of the spilt ring resonator plays a key role in 

cloaking the object [21]. The transmission line cloak, with a greater number of layers, is considered 

to reduce the total scattering cross section (SCS) of the cloaked object [22]. The split ring resonator, 

which acts as a metamaterial cell, is useful for many applications, like in antennas implemented with 

neural networks, etc. [23,24]. The main aim of this work is to cloak an object with split ring 

resonators interconnected with each other to replace the microstrip interconnected patches. The 

selection of a compact array size leads to good cloaking effects with reduced reflections.  

This work explains the replacement of patches with a Split Ring Resonator (SRRs) based 

network with sequentially interconnected SRRs. The microstrip patches are replaced with SRRs. The 

split ring resonators achieve good cloaking effect as compared with the microstrip patches. The SRRs 

have the capability to modify the resonant frequency by altering the unit cell size. The unit cell is 

designed as a rectangular SRR with transmission line connected on both sides of the SRR. The unit 

cell is developed as an array and wrapped over the cylindrical dielectric object with a radius of 30 

mm. The SRR structure exhibits metamaterial properties, and by making significant changes in the 

material structure, one can achieve effective resonance at wavelengths much larger than the diameter 

of the ring. The SRRs are interconnected with the transmission line and arranged to achieve the 

desirable cloaking effect at 3 GHz resonating frequency. 

2. Unit cell design and its analysis 

A rectangular split ring resonator is designed instead of a patch model for cloaking. The design 

has transmission lines on both sides of split ring resonators. Copper is used as the conducting 

element for the front side, and a full ground copper patch is used for the back side of the unit cell 

structure. The dielectric substrate used is Rogers RO3010 with a dielectric constant of ɛr = 10.2 and a 

loss tangent of 1.6, along with 0.035 mm of copper thickness. The simulation part is totally done 

using CST. The boundaries in the x and y directions are each set to be an “Open Boundary,” while 

the upper boundary in the z direction is set to be an “Open Add Space Boundary” so that Port 3 keeps 

a distance from the cloak unit cell. The front view and back view of the proposed unit cell is shown 

in Figure 1, with its dimensional parameters listed in Table 1. 
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Figure 1. Front view and back view of the proposed unit cell with parameters (given in Table 1). 

Table 1. Dimensional parameters of the proposed unit cell. 

Parameter Value (in mm) 

L 16 

W 28.12 

Fh 1.92 

Fw 7.5 

S1 2 

S2 2.96 

Sw 13.12 

Sh 8.08 

Swi 12.28 

Shi 4.72 

Gw 0.96 

Gh 1.68 

The analysis of the unit cell is carried out with three wave ports. Two wave ports are placed on 

either side of the transmission line, and the third port is applied on the top of the unit cell where 

electromagnetic waves are incident on the structure. The design of the proposed unit cell with proper 

wave ports is shown in Figure 2. The SRR is adjusted with respect to the transmission line to acquire 

the desired results with reduced reflections. At the first step (iteration), the SRR is connected to 

transmission line, which results in huge reflections. So, in order to reduce the reflections, the SRR is 

adjusted by half the width of the transmission line. Open boundaries are applied along the x and y 

directions, whereas an open add space boundary is given in the z direction.  

The proposed unit cell satisfies a few conditions [14] to work as a cloak, which are 𝑆11−>
0, 𝑆21−> 1 𝑆33−> 0 and 𝑆3(1+2)−> 1. These are the primary conditions needed to work as a cloak. 

The transmission and reflection coefficients are represented as S21/ S12 and S11/ S22 of port 1 and port 

2. S33 is given as the coupling of incident waves into the patch, and 𝑆3(1+2) represents the coupling 

of waves back into space. The S-parameter values obtained for the designed unit cell with 3 GHz 

resonant frequency are 𝑆11 = -39.7 dB, 𝑆21 = -0.7 dB, 𝑆33 = -9.5 dB, 𝑆31 =-36.6 dB and 𝑆32  = 

-36.8 dB. 

The S31 and S32 values obtained seem to be less than S11 but close to it. Even though the values are 

close, cloaking can be obtained. So, by considering this point, we can assume the values of S31 and S32 

can be less than S11 to achieve cloaking. Figure 3 shows the scattering parameters of the unit cell. S33 

obtained is less than -10 dB which is also need to be an important parameter for resonance. 
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Figure 2. Simulated geometry of the proposed unit cell with wave ports. 

 

Figure 3. Simulated scattering parameters of the proposed unit cell. 

All the S-parameters are analyzed by simulating the unit cell with three-port analysis. The results 

reveal that the condition that needs to be satisfied for cloaking with 3-port analysis is that the S31, S32 

and S33 values are less than S11. If this condition is satisfied, then the structure is said to be exhibiting 

cloaking characteristics. However, when observing Figure 3, the results obtained suits for only lower 

frequencies. 

3. Design of cloak with proposed unit cell 

A cylinder is taken into consideration, having a radius of 30 mm with a height of 16 mm. 

Seven-unit cells are connected to each other to cover the designed cylindrical object, acting as a cloak. 

A single row is designed, i.e., a 1 x 7 sized array is taken into consideration. The dielectric substrate is 
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wrapped over the cylinder by using the “cylindrical bend” option in the CST Microwave Studio. Then, 

the 1 x 7 array is wrapped over the substrate, which acts as a cloak. The simulated cylindrical cloak 

and its fabricated model are shown in Figure 4. 

     

Figure 4. Proposed cylindrical cloak: (a) Simulated geometry with x-axis incidence, (b) Fabricated cloak. 

The number of patches (n) required to wrap a single layer of the cylinder is calculated below 

using Equation 1. Effective relative permittivity is calculated by Equation 2. Effective length of the 

feedline to be adjusted to wrap the entire cylinder is calculated by Equation 3. 

The mathematical representations of the cloak to wrap over the cylinder are given below [13]:  

𝑛 =

2𝛱 𝑟+ℎ −
4𝑟
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where                    n is the number of patches required to wrap around a single cylindrical layer, 

                          h is the thickness, 

                          r is the radius of the cylinder, 

                          𝜀𝑟𝑒𝑓𝑓  is the effective dielectric constant, 

                         Fh is the width of the feedline, 

                          Sw is the length of the patch, 

                          Fw is the length of the feedline. 

The conditions need to be justified to verify cloaking operation is as follows [6]:  

 An infinitely long cylinder has to be considered with boundary conditions and are simulated, to 

calculate the reflection and transmission coefficients with and without the cloak. 

 The magnitude and phase are analyzed through animated fields with respect to frequencies for both cases, 

with and without the cloak. 

 Through S-parameters, the scattering cross section (SCS) and bistatic scattering width of the cylinder are 

calculated for the cases with and without the cloak. 

To analyze all these conditions and to justify these characteristics, CST Microwave Studio is used 

with time domain solver along with proper boundary conditions [6]. The boundary conditions and 

background values are listed in Table 2. 
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Table 2. Boundary conditions and background values used to simulate the cloak. 

Axis Boundary condition Background (in mm) 

X Open 200 

Y Open 50 

Z PEC 0 

 

 

 

Figure 5. Simulated reflection (red) and transmission (blue) coefficients of a cylinder without cloak. 

Figure 5 shows the reflection and transmission coefficients of a cylinder without cloak. There are 

no sharply resonant reflection and transmission features for the cylinder without cloak. Figure 6 shows 

the reflection and transmission for the cylinder with cloak. It is observed that the cloak resonates at 

3 GHz frequency.  

 

 

Figure 6. Simulated reflection and transmission coefficients of the cylinder with cloak. 
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There are some other possible reflections obtained, as we observe from Figure 6, but they are not 

quite desirable for transmission. Only at 3 GHz frequency does the structure operate as a cloak with 

satisfactory results in terms of reflection and transmission. Figure 7 shows the electric field 

distributions of the cloaked and bare cylinders. The fields in Figure 7(b) get diverted to other directions 

and cause high reflections. Figure 7(a) shows that the electric field in the case of the cloaked cylinder 

has lower deviations than in the case without the cloak. 

    
                          (a)                                                    (b) 

 

Figure 7. Simulated electric field distributions of the cylinder at 3.03 GHz (a) with cloak 

and (b) without cloak. 

 

     

                           (a)                                                  (b) 

Figure 8. Simulated power flow distributions of the cylinder at 3.03 GHz (a) with cloak 

and (b) without cloak. 

 

Figure 8 shows the power flow distribution of the cylindrical object with and without cloak. The 

cloaking takes place in Figure 8(a), and the power flow is transferred the incident area to receiving side, 

by observing the circumference of the cylinder. Figure 8(b) shows that there is no transfer of the energy 

from the incident plane to the reception side of the cylinder.  

  

 

Figure 9. Simulated surface current distributions of the cylindrical object (a) with cloak 

and (b) without cloak. 
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                      (a)                                          (b) 

 

     

  

                      (c)                                                    (d)                           

Figure 10. Simulated power flow distributions of the cylindrical object. Animated 

view screenshots at different instants (a) without cloak and (b, c, d) with cloak at 

3.03 GHz resonant frequency. 

Figure 9 shows the surface current distributions of the cylindrical object with and without cloak. 

The cloaked cylinder shows that the current distributions occur along the surface of the 

transmission-line-connected SRR patch, as shown in Figure 9(a). However, in the case of the 

uncloaked cylinder, as shown in Figure 9(b), the current is distributed all over the surface of the 

cylinder, indicating that no cloaking has been performed. Figure 10 shows the power flow of the 

cylindrical object without cloak in Figure 10(a) and with cloak at various instants from animated view 

in Figure 10(b, c, d). The field is disturbed around the uncloaked cylinder and gets diverted, as we 

observe from Figure 10(a), whereas the maximum power is transferred from the source to the 

destination for the cloaked cylinder, as shown in Figure 10(b, c, d).  

Figure 11 shows the parametric analysis of a cloaked cylinder with a change of swi parameter of 

the designed unit cell in terms of SCSt, norm. SCSt,norm  depicts the behavior of normalized total 

scattering cross section of the cloaked cylinder. In CST Microwave Studio, with the application of 

some result templates, the scattering cross section is obtained with respect to frequency. The 

SCSt, norm shows that, for different swi parameter values, achieves lower SCS value with more change 

in frequency. 
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Figure 11. Simulated parametric analysis of SCSt, norm as a function of frequency for “swi.” 

The frequency variations obtained are small where SCS shifts to a high value. Figure 12 shows 

the SCSt, norm of cylinders with and without cloak. In the absence of cloak, the value is constant at one; 

and when the object gets cloaked, then SCS alters and is lower at 3 GHz frequency. 

 

Figure 12. Simulated SCSt, norm of the object with and without cloak at 3 GHz resonant frequency. 

 

Figure 13. Comparison of simulated and measured S-parameter coefficients of cylindrical cloak. 
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Figure 13 shows the simulated and measured transmission and reflection coefficients of the 

cylindrical cloak. From Figure 13, we observe that the measured results show quite higher reflections 

as compared with simulated ones. However, the difference obtained is quite good for cloaking to 

operate at the required resonating frequency. 

4. Conclusions 

The sequentially connected split ring resonator based cylindrical cloak was proposed. The main 

aim of this work is to replace the patches with split ring resonators for cloaking applications. The 

proposed design is simulated and measured through S-parameters. Unit cell simulation is also done by 

using 3-port analysis. The array is designed with proper size to wrap over the cylinder to act as a cloak. 

The reflection and transmission coefficients, electric field distributions and power flow distributions 

are demonstrated for the cylindrical object with and without cloak. The designed cloak is operated at a 

3 GHz resonant frequency with quite well pronounced cloaking effects. Finally, the scattering cross 

section with the proposed electromagnetic cloaking is reduced, and the interference also reduces to 

acceptable value. 
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