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Abstract-We demonstrate an analysis of the metamaterials 
medium consisting of SRRs (split ring resonators) integrated 
with nonlinear microwave components based on a circuit and 3D 
electromagnetic wave co-simulation method. The simulations are 
performed by using Wavenology EM, which is an efficient 
multiphysics and multiscale wave simulator. Our investigations 
show that the resonant frequency of the SRR loaded by a 
varactor reduces slightly when incident wave power increases, 
which is consistent with previous experimental research. We 
propose to connect an adjustable capacitor in parallel with the 
varactor to tune the resonant frequency. The simulation results 
indicate the tuning range is from 12.30 to 14.92 GHz, and the 
resonant frequency and quality factor decrease as the parallel 
capacitance increases. 

I. INTRODUCTION 

Microwave metamaterials are usually periodic arrays of 
artificial structures which have negative refractive index, and 
they have diverse potential applications, such as cloaking [1], 
superlens [2]. A split ring resonator (SRR) is a commonly 
used array unit that delivers strong magnetic coupling for 
metamaterials [3, 4]. Recently, the nonlinear metamaterials 
based on SRRs has attracted surge of interest [5-7], due to the 
strong local electromagnetic field enhancement in a 
sub-wavelength unit cell [5, 8]. Da Huang et al. have done the 
fundamental research about the nonlinear metamaterial 
consisting of varactor-loaded SRRs, and they have used an 
analytical method to investigate the power dependent tuning at 
microwave frequency. However, this method is inconvenient 
and inefficient, especially for the engineering design of 
circuit-loaded metamaterials with complex structures. In this 
paper, the field-circuit problem of SRR-based metamaterials 
with nonlinear components is co-simulated by using 
Wavenology EM, which is an efficient multiphysics and 
multiscale wave simulator software. We propose to make the 
nonlinear metamaterials intelligent by paralleling an 
adjustable capacitor without changing the structure geometry 
of SRRs, and investigate its resonant properties by using the 
co-simulation method. 

II. MODELING AND SIMULATION  

A. Physical model and co-simulation using Wavenology EM  
One of the highlighted features of Wavenology EM is the 

ability to co-simulate both complex circuits and microwave 
systems together. It provides a flexible and fast route to solvi- 

ng field-circuit coupling problem. A full wave transient 3D 
EM solver based on finite difference time domain method and 
a SPICE module for circuit design are hybridized to simulate 
microwave response of SRRs loaded by nonlinear 
components.  

The SRR is a single copper square with an outer edge 
length of 2.2 mm, an inner edge length of 1.8 mm, and a slit 
width of 0.3 mm, placed on a 0.25 mm thick FR4 (ε= 4.4) 
substrate. In the modeling work, the SRR is integrated with a 
circuit module (including an SMV1231-079 varactor) into the 
gap of the SRR [5], as shown in Fig. 1. The circuit-loaded 
SRR unit cell is located at the center of the computation 
domain, and perfect magnetic conductor and perfect electric 
conductor boundary conditions are used at the top and bottom 
walls of the simulation region. Two wave ports perpendicular 
to x axis are used to investigate the plane wave excitation and 
response. Such a configuration in the co-simulation model can 
reflect the resonant properties of a microwave nonlinear 
metacrystal consisting of SRRs with nonlinear microwave 
components. 

B. Circuit model 
The RLC equivalent circuit model of a varactor-loaded SRR 

is presented in Fig. 2(a). The varactor is integrated into the ca- 
pacitive gap of the SRR. We also propose to connect an adjus- 
table capacitor Cp in parallel with the varactor to manipulate 
resonant properties of the circuit-loaded SRR, as shown in Fig. 
2(b). 

 

 
 

Fig.1 Simulation model of an SRR with a circuit module. 



 
Fig.2. Equivalent circuit: (a) a varactor-loaded SRR, and (b) a varactor-loaded 

SRR with a parallel capacitor. 
              

III. RESULTS AND DISCUSSION 

A. Nonlinear response of changing incident wave power 
Here, we use the shift of resonant frequency by increasing 

incident power to characterize the nonlinear response of 
varactor-loaded SRRs. The varactor has a nonlinear 
capacitance that varies with the applied voltage as C(VD)= 
C0(1-VD/VP)-M, where VD is the bias voltage,C0 is the zero bias 
capacitance, VP is the intrinsic potential, M is the gradient 
coefficient, and the reverse breakdown voltage is 15V. The 
nonlinear response of the microwave metacrystal is originated 
from the performance of the nonlinear capacitance. 

We first discuss the co-simulation result of the model 
shown in Fig. 2(a).  It is observed that the amplitude of 
incident excitation voltage is 0.05V, but voltage amplitudes of 
more than 0.15V at P and N nodes of the varactor are 
generated, as shown in Fig. 3. This simulation result demonst- 
rates that the strong electric filed enhancement at the gap of 
the SRR, which excites the nonlinear response in the 
varactor-loaded SRR. Fig. 4 shows that the resonant frequency 
of S21 decreases slightly as the incident power Vi increases, 
which demonstrates the nonlinear properties of the investigat- 
ed microwave metacrystal, and the simulation result is 
consistent with previous research work in Ref. [5] and [7]. 

B. Effects of tunable circuit 
Next, we discuss the proposed model shown in Fig. 2(b). 

An adjustable capacitor in parallel with the varactor can be 
used to tune the resonant response in the RLC circuit [9], and 
therefore make the unit cell intelligent and flexible for 
research of nonlinear metamaterials. As shown in Fig. 5, the 
incident voltage amplitude is set to 0.01V, and the 
transmission properties are tuned obviously as the value of Cp  
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Fig.3. Incident wave excitation and voltages at P and N nodes of the varactor, 

for the model shown in Fig. 2(a).  

 
 
 
 
 
 
 
 
 
 
Fig.4. S21 of incident voltage amplitudes from 0.01V to 2.00V, for the model 

shown in Fig. 2 (a).  

 
Changes from 0.05pF to 0.10pF [10]. The result in Fig. 5 
indicates that the quality factor and resonant frequency 
decrease as the parallel capacitance increase. As Cp increase 
from 0.05pF to 0.10pF, the quality factor is gradually reduced, 
but the resonant frequency is shifted from 14.92GHz to 
12.30GHz, which is a broad tunable range for microwave 
metamaterials. 

 

IV. CONCLUSION 

We have demonstrated the tunability, strong local field 
enhancement, and adjustability of circuit-loaded SRRs by 
using field-circuit co-simulation. The co-simulation result for 
microwave metameterials with nonlinear circuit components is 
in agreement with previous research analysis. Without 
changing the physical geometry of the SRR unit cell, the 
permeability of the nonlinear metacrystal is adjustable through 
manipulating the nonlinear circuit. In future work, the 
co-simulation approach for tunable circuit-loaded SRRs will 
be experimentally verified by S-parameter measurement using 
a vector network analyzer and applied in the design of 
nonlinear metamaterials. 
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Fig.5 S21 of controlling Cp, for the model shown in Fig. 2(b). 
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