
Scientific Journal of Intelligent Systems Research                                                                                        Volume 3 Issue 1, 2021 

ISSN: 2664-9640                

29 

Design of Graphene Nonlinear Circuit Model 

Lianhong Shen, Siling Yu, and Huanxin Nie 

School of information science and technology, Chengdu University of Technology, Chengdu 
610059, China. 

Abstract 

In recent years, with the rapid development of radio frequency wireless communication 
technology, there is an increasing demand for new multi-mode and high-performance 
devices. New electronic devices including new technologies and new materials are 
emerging. which is based on the advantages of graphene manufacturing components and 
features stand out. In this paper, a non-linear model based on empirical formula is 
proposed to characterize the characteristics of graphene components. This model 
improves the formula and topology of the traditional empirical model by comparing the 
diode SPICE model for parameter extraction and modeling.The graphene circuit is 
designed in the simulation software. According to the DC I-V characteristics and multi-
bias S parameters, the simulation results and measurement are carried out. The 
experimental results verify the validity of the model. The functional relationships and 
theoretical formulas in the model can match most common functional components and 
can be applied to various small integrated circuits or functional chips. 
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1. Introduction 

By understanding the optical nonlinearity of some two-dimensional materials, we found that 
these two-dimensional materials have electrical nonlinearity. These two-dimensional materials 
include graphene, molybdenum disulfide and so on. Graphene has relatively good two-
dimensional characteristics and broad application prospects. Whether it can be used in the next 
generation of chips and integrated circuits is the main direction of our research. Based on the 
research findings, the high-frequency characteristics of graphene are very important The 
nonlinear characteristics are similar to those of reverse parallel diodes [1]. Therefore, we also 
want to establish the spice model of graphene to understand its specific parameters, and 
accurately and widely apply it to the future mixing, frequency doubling and other circuits to 
replace the traditional diodes. 

 
Figure 1:Crystal structure of graphene 
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2. Traditional diode model and parameter extraction  

2.1. Introduction of spice model  

SPICE model, which is positioned as a general analog circuit simulator, appears earlier than 
other models. It describes the internal electrical connections of electronic devices in detail, and 
is often used in the circuit analysis of integrated circuits. There are Hspice, Pspice, Spectre, 
Tspice, Smartspcie, IsSpice and other popular spice simulation software on the market and in 
the industry. The most famous of them are Hspice and Pspice, because although the core 
algorithms are almost the same, their accuracy, convergence and simulation speed are not the 
same. 

In SPICE model, its core is two modules, namely equation and parameter. The most important 
one is the model equation, which can be used for detailed and comprehensive circuit analysis. 
For example, when it is necessary to analyze the nonlinear DC circuit, the graphic method and 
the micro variation equivalent circuit method are often used. When it comes to the transient 
response analysis of a specific signal in a circuit, the nonlinear transient analysis method is 
commonly used. In spice model, we only need to give the corresponding parameters and an 
appropriate index value to analyze the characteristics in detail. 

IBIS model, fully known as I / O Buffer Information Specification, is another modeling method 
different from SPICE model. According to the I-V curve of the device under a certain voltage and 
current, the device circuit model is established according to the corresponding standard. At the 
same time, it also represents the international standard of chip drive and electrical 
characteristics, and has the ability to model the whole system. 

In IBIS model, the most important representation form is I-V curve, because the driver 
represents the high and low level, so IBIS uses two curves to represent. The curve can reflect 
the parameters of the time state, which can not only protect the electronic devices, but also 
provide the modeling ability of the nonlinear effects of the devices. 

2.2. SPICE model parameters  

SPICE model is selected to analyze the diode parameters. In this model, all parameters are 
divided into two categories, static and dynamic. The characteristic parameters are analyzed and 
some equations are obtained. Each equation has a special meaning, reflecting the different 
characteristics of the device in different working regions. Therefore, not all the parameters of 
the diode correspond to the equation expression. In other words, it is impossible to extract all 
the parameters of the diode from the equations at the same time [2]. 

Some parameters in the table, such as scintillation noise index 𝐴𝑓, scintillation noise figure 𝐾𝑓, 
saturation current temperature index 𝑋𝑡𝑖 , band gap energy 𝐸𝑔 , can be directly determined 
according to the process or device material. The static part of the model can be represented by 
I-V curve. 

The dynamic part of the model can be represented by C-V curve, Such as transit time 𝑇𝑡, zero 
bias voltage 𝐶𝑗0. The parameters 𝑇𝑛𝑜𝑚 , 𝑋𝑡𝑖  and 𝐸𝑗  reflect the influence of temperature on 
saturation current. 

2.3. Parameter extraction method  

Most of the electronic components have many parameters, and the extraction method of its 
parameters is particularly important. The first step of parameter extraction is to establish 
relevant physical models. There are three commonly used models: SPICE model, behavior 
model and experience model. Among them, empirical model is a more popular model, its 
establishment is more inclined to logical reasoning and formula derivation, similar to "black 
box test". Through the statistical analysis of input and output data, the expressions of variables 
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and parameters are summarized. After nearly ten years of development, there are many kinds 
of component parameter extraction methods, which are becoming more and more mature. 

3. Optimization algorithm of parameter extraction  

3.1. Gauss-Newton algorithm  

In the process of parameter extraction, we will encounter the problem of seeking the extremum 
many times, especially the operation of seeking the minimum many times. When we encounter 
this kind of problem, we often use the fast descent method to analyze and solve it. The fast 
descent method here is also called gradient method, that is, infinite approximation along the 
gradient direction of the objective function. Theoretically, the method is direct, fast and stable. 
Even if the parameter P is far away from the minimum, the ideal solution can be obtained. When 
P is close to the minimum, the convergence speed becomes very slow. 

The drawback of this method is that it only refers to the slope, which is the first order 
differential term, and takes it as the approaching direction of the parameter space. The 
improvement of the fast descent method is to consider the quadratic differential term of the 
formula, that is, to consider both slope and curvature, as shown in formula (1) : 

𝐹(𝑝 + 𝛥𝑝) ≈ 𝐹(𝑝) + [𝛥𝐹(𝑝)]𝑇𝛥𝑝 +
1

2
[𝛥𝑝]𝑇𝐻(𝑝)𝛥(𝑝)                                (1) 

The accuracy of the algorithm is greatly improved after considering the additional term. In the 
improved method, the original search direction is changed from negative gradient to reciprocal 
of Hessian matrix, The formula is as follows: 𝑆 = −𝐻−1𝛥𝐹(𝑝),Set the parameter 𝛥𝑝 to: 𝛥𝑝 =
−𝐻−1𝛥𝐹(𝑝),and keep the step a = 1, Therefore, the parameter vector mentioned above 𝑃𝑘+1can 
be calculated by the following iterative formula as follows: 

𝑃(𝑘+1) = 𝑃𝑘 −𝐻−1𝛥𝐹(𝑝𝑘)                                                                  (2) 

This formula improves the method of solving F(p). Of course, it is still applicable to the previous 
solution. But it is better than the previous method, because it can get more accurate current 
parameters, and the convergence speed is faster and the reflection is more intuitive. 

3.2. Modeling method  

At present, most of the existing modeling methods of graphene device circuits are based on 
physical model, that is, modeling based on the physical characteristics and physical parameters 
of the device. However, the physical model formula is complex and closely related to the 
structure and size of the device. It is not a general model and is not suitable for circuit design. 
In this paper, based on the general empirical formula derivation of device equivalent circuit, 
referring to the diode model formula and topology structure, the nonlinear circuit modeling of 
graphene is completed. 

4. Diode and graphene parameter extraction 

4.1. The vector network analyzer is accurate 

In this paper, the vector network analyzer is selected as the parameter measurement tool, and 
the calibrator is used to calibrate it. Select CalKit and model 85033e, calibrate, 2-port Cal-
reflection (dual port total reflection calibration), and respectively complete the connection 
calibration of port1 and port2 open, short, load and calibrator open, short, load, through the 
above steps to calibrate the analyzer, the successful calibration mark is that the indicator lights 
of port1 and porrt2 double flash [3]. 

By measuring the reflectors of the two ports, the S parameter is obtained as follows:  

𝑆11 = 𝐸00 +
𝐸10𝐸01.Γ

(1−𝐸11Γ)
                                                                                 (3) 
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𝑆11 = 𝐸00 +
𝐸10𝐸01.Γ

(1−𝐸11Γ)
                                                                          (4) 

4.2. Diode s parameters 

As a mathematical tool to describe the linear characteristics of components, s parameter is 
often used in circuit analysis. In the field of microwave, current and voltage are only for a 
specific mode, but most microwave systems have high-order modes, so the definition of voltage 
and current is effective, so it can not be measured. Moreover, for the port network, the two 
states of the circuit can not be fully realized: open circuit and short circuit. Therefore, instead 
of the current and voltage, the wave is regarded as the variable and the scattering parameter of 
the microwave linear circuit. In fact, this parameter is often used in circuit design and modeling. 

 
Figure 2: equivalent circuit diagram of diode model 

 

 
Figure 3: Test diode 

The test signal source is 10dbm ~ 20dbm. Due to the difference loss of about 1.6dbm, the 
experimental test is 10dBm ~ 18.5dbm, and the corresponding power is 10mW ~ 70mW. Four 
parameters S21, S11, S12 and S22 are measured by vector network analysis, The data 
processing table is as follows: 

Through the comparison of ten groups of measurement data, the values of S21, S11, S12 and 
S22 fluctuate from 0.01 ~ 0.02, which reflects the reliability of the test data. 

After sorting out the parameters of diode, some key parameters such as saturation current 𝐼0 , 
ideal factor 𝜂 and series resistance can be shown or have corresponding relationship in its I-V 
curve [4]. 

Table 1: S parameters of 18.5dbm diode of signal source (W=70mW) 

S Loading voltage/mV 

 200 500 915 1000 1500 2000 2450 2500 3000 

S21 -0.36 -0.3 -0.42 -0.4 -0.66 -0.27 -0.53 -0.47 -3.04 

S11 -22.75 -21.89 -16.87 -16.83 -17.65 -15.91 -11.09 -14.92 -4.98 

S12 -0.37 -0.24 -0.39 -0.37 0 -0.41 -1.07 -0.72 -2.96 

S22 -25.28 -29.97 -17.98 -15.78 -21 -10.21 -22.22 -10.93 -6.03 
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Table 2: S parameters of signal source 10dBm diode (W=10mW) 

S Loading voltage/mV 

 200 500 915 1000 1500 2000 2450 2500 3000 

S21 -0.37 -0.29 -0.4 -0.39 -0.64 -0.25 -0.43 -0.38 -3.09 

S11 -23.26 -21.91 -16.84 -16.93 -17.51 -15.87 -11.01 -15.09 -5.29 

S12 -0.38 -0.24 -0.38 -0.35 0.03 -0.42 -1.01 -0.63 -2.93 

S22 -25.06 -29.65 -18.02 -15.85 -20.82 -10.13 -22.5 -11.02 -5.69 

 

 
Figure 4:I-V curve and performance parameters of diode 

The figure above shows the linear region and nonlinear region of the diode current voltage 
curve, in which the linear region is I < 100 𝜇𝐴  and the nonlinear region is I > 100 𝜇𝐴 . The 
nonlinear region is caused by the voltage drop effect of diode cascade impedance: 

𝐼(𝑉) = 𝐼0[𝐸𝑋𝑃 (
𝑞𝑉

𝜂𝐾𝑇
) − 1]                                                            (5) 

It can be seen from the figure that the graph part of voltage and current in the linear region, its 
current 𝐼 < 𝐼0 , transforms the above formula into: 

𝐼(𝑉) ≈ 𝐼0𝐸𝑋𝑃 (
𝑞𝑉

𝜂𝐾𝑇
) (𝐼 < 𝐼0)                                                              (6) 

By taking logarithm operation on both ends of the formula, we can deduce that: 

𝐿𝑛𝐼(𝑉) = 𝐿𝑛 [𝐼0𝐸𝑋𝑃 (
𝑞𝑉

𝜂𝐾𝑇
)] = 𝐿𝑛𝐼0 +

𝑞𝑉

𝜂𝐾𝑇
(𝐼 < 𝐼0)                                      (7) 

The I-V relationship in the graph is clear. In the curve of nonlinear region, any data is analyzed, 
for example, the points of 𝐼 = 1𝜇𝐴  and 𝐼 = 10𝜇𝐴  are taken to solve the problem. The ideal 
factor 𝜂 : 

𝐿𝑛1𝜇𝐴 = 𝐿𝑛 [𝐼0𝑒𝑥𝑝 (
𝑞𝑉1𝜇𝐴

𝜂𝐾𝑇
)] = 𝐿𝑛𝐼0 +

𝑞𝑉1𝜇𝐴

𝜂𝐾𝑇
                                    (8) 

𝐿𝑛10𝜇𝐴 = 𝐿𝑛 [𝐼0𝑒𝑥𝑝 (
𝑞𝑉10𝜇𝐴

𝜂𝐾𝑇
)] = 𝐿𝑛𝐼0 +

𝑞𝑉10𝜇𝐴

𝜂𝐾𝑇
                                         (9) 

By subtracting the above two formulas, we can deduce that: 

𝐿𝑛10𝜇𝐴 = 𝑞
𝑉10𝜇𝐴−𝑉1𝜇𝐴

𝜂𝐾𝑇
                                                                (10) 

The expression of ideal factor 𝜂 can be obtained by the two sets of relations: 

𝜂 =
𝑞Δ𝑉

𝐾𝑇𝐿𝑛(10)
= 17.19Δ𝑉                                                                      (11) 
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q/KT=39.585, Test temperature T=295K, and the Boltzmann constant is known𝐾 = 1.38 ×
1033. After calculating its ideal factor 𝜂, The electric current in the linear region is introduced 
into the relation, and the saturation current 𝐼0 is obtained: 

𝐼0 =
𝐼(𝑉)

exp(
𝑞𝑉

𝜂𝐾𝑇
)
= 𝐼(𝑉)exp(−

𝑞𝑉

𝜂𝐾𝑇
)                                                   (12) 

Among them, the cascade resistance can be calculated from the current and voltage data in the 
nonlinear region, that is, the parameter Rs: 

𝑅𝑆 =
Δ𝑉𝑑

𝐼
=

{𝑉(1𝑚𝐴)−𝑉(0.1𝑚𝐴)}−Δ𝑉𝐹_𝐷𝑖𝑜𝑑𝑒

1𝑚𝐴−0.1𝑚𝐴
                                                    (13) 

After the calculated diode parameters are filled into the corresponding diode device model in 
ADS, I-V characteristics of the diode can be simulated to verify whether the diode 
characteristics simulated by ADS diode model are consistent with those measured. 

4.3. Graphene parameters 

In fact, many microwave components such as mixers, power amplifiers and oscillators work in 
the nonlinear region, and their output mostly contains harmonic and intermodulation 
components. Therefore, small signal parameters can not directly and accurately characterize 
the nonlinear characteristics of these components. The way to deal with this problem is to use 
the method of network parameter design and circuit analysis to extend it to nonlinear circuits. 

 
Figure 5: Graphene reverse parallel diode for testing 

Through the combination of vector network analysis, volt ampere meter and signal generator, 
the four s parameters S21, S11, S12 and S22 under I-V data are as follows: 

By changing the way of the signal source, seven groups of data were tested, and the seven 
groups of data were analyzed and compared. We found that the graphene parameter data test 
S21, S11, S12, S22 had some fluctuations. 

On the error analysis, the first thing to think of is the vector network analyzer system error, 
connection calibration, temperature and connection problems. For the above cases, we classify 
the errors caused by uncertain factors into a vector sum, and then add the vector sum of each 
measurement to the worst case, and give the highest confidence through calculation, and give 
the confidence interval when the data is sufficient. 

 
Figure 6: Graphene S21 parameters 
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Figure 7: S11 parameters of graphene 

 
Figure 8: Graphene S12 parameters 

By using the measured graphene C-V data and referring to the C-V relationship of the diode, the 
capacitance of the diode can meet the following requirements: 

𝐶𝑗(𝑉𝑑) =
𝐶𝑗0

(1−
𝑉𝑑
𝑉𝑗
)𝑀

                                                                               (14) 

In the formula, B is the bias capacitance, C is the built-in potential, and D is the gradient 
coefficient. According to the cut-off frequency definition of diode, we deduce the use frequency 
of graphene: 

𝑓𝑐 =
1

2𝜋𝐶𝑗𝑅𝑠
                                                                                      (15) 

For the measured graphene C-V data and the diode C-V relationship, the following C-V 
relationship equation is obtained: 

𝐶𝑗(𝑉) =
𝐶𝑗0

(1+𝑣/𝜑)𝛾
+ 𝐶𝑝                                                                 (16) 

According to the hot electron theory, when the junction voltage of diode is V, the junction 
current can be expressed as: 

𝐼𝑑 = 𝐼𝑠(exp(
𝛽

𝑛
𝑉𝑑) − 1)                                                                    (17) 

For the parameters in equation (17), 𝐼𝑠  is the reverse saturation current of the diode, 𝛽 = 𝑞/𝐾𝑇 
represents the reciprocal of thermal voltage; Electron charge𝑞 = 1.062× 10−19𝐶 ;K is the 
Boltzmann constant, Its specific value is 𝐾 = 1.38 × 10−23𝐽/𝐾; T is the absolute temperature 
and n is the ideal factor. 

According to the theory of hot electron emission, the expression of reverse saturation current  
𝐼𝑠  is as follows: 

𝐼𝑠 = 𝐴∗∗𝐴𝑇2exp(−𝛽𝜙𝑏)                                                               (18) 
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Figure 9: Graphene tripler 

5. Nonlinear modeling of graphene 

5.1. Transformation of S parameter and Y parameter 

In the process of electronic device modeling, the frequency is usually extracted by the C-V curve 
measured at 100kHz or 1MHz. The goal of this project is 1GHz to 3GHz, the T Hz frequency is 
not reached, the parameters of graphene devices are directly extracted from the measured S-
parameters (Zhu bin, 2007) 

According to the principle of port network division, it is obviously a two port device. The 
commonly used way to deal with two port network parameters is to use vector network 
analyzer to measure its s parameters. Different from the theory, s is a parameter for analyzing 
linear small signal, which needs to be processed and analyzed by the same small signal 
equivalent circuit. In this paper, the transformation formula is used to transform s parameter 
into Y parameter. Through several groups of fixed transformation formulas, i.e. the operation 
of equations, where y represents admittance, the transformation equations are as follows: 

𝑌11 =
1

𝑍0

(1−𝑆11)(1+𝑆22)+𝑆12𝑆21

(1+𝑆11)(1+𝑆22)−𝑆12𝑆21
                                                             (19) 

𝑌12 =
1

𝑍0

−2𝑆12

(1+𝑆11)(1+𝑆22)−𝑆12𝑆21
                                                               (20) 

𝑌21 =
1

𝑍0

−2𝑆21

(1+𝑆11)(1+𝑆22)−𝑆12𝑆21
                                                                (21) 

𝑌22 =
1

𝑍0

(1+𝑆11)(1−𝑆22)+𝑆12𝑆21

(1+𝑆11)(1+𝑆22)−𝑆12𝑆21
                                                                (22) 

Through the theoretical analysis of the two terminal device, we can get four components of its 
y parameters, namely Y11, Y12, Y21 and Y22, and then expand to the real part and imaginary 
part, the number of its parameters is up to 8. According to the theory that the passive linear 
network has mutual dissimilarity in the same medium, the parameters are reduced to S21 = 
S12, then Y12 = Y21. The parameters of the equivalent circuit model are calculated from the 
remaining six independent parameters. 

The model is simplified and the results are as follows: 

 
Figure 10: Equivalent circuit model 

Suppose the current and voltage of port 1 and port 2 are 𝐼1, 𝐼2, 𝑉1, 𝑉2: 

𝑖1 = 𝑣1𝑌1 + (𝑣1 − 𝑣2)𝑌3                                                                 (23) 

𝑖2 = 𝑣2𝑌2 + (𝑣2 − 𝑣1)𝑌3                                                                 (24) 

Rewrite it to an equation with Y parameter, as follows: 
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[𝑖1
𝑖2
] = [

𝑌11 𝑌12
𝑌21 𝑌22

] [𝑣1
𝑣2
] = [

𝑌1 + 𝑌3 −𝑌3
−𝑌3 𝑌2 + 𝑌3

] [𝑣1
𝑣2
]                                   (25) 

The S value has been measured by the vector network analyzer, and the Y parameter value can 
be calculated through the above formula. 

5.2. Nonlinear characteristic modeling 

For the S-parameter value of small signal measurement, it is transformed by formula, so that 
the problem is transformed into the derivation of the relationship between admittance and 
parameters. 

Firstly, the parameter Y1 is analyzed. For the reverse parallel diode circuit model, Y1 includes 
the circuit composed of C1, C2 and R [9]. 

𝑌1 =
1

𝑍1
=

1
1

𝑗𝜔𝐶𝑝
+𝑅𝑝//(

1

𝑗𝜔𝐶𝑝
)
                                                               (26) 

When ω→0, there are:  

𝑌1|𝜔→0 =
1

𝑅𝑝+
1

𝑗𝜔𝐶𝑝

                                                                           (27) 

The above matrix equation can be solved as follows: 

At low frequencies: 

𝐶𝑝 = 𝐶(𝜔)|𝜔→0 = Lim
𝜔→0

𝑌11+𝑌12

𝜔
                                                          (28) 

𝑅𝑝 = Lim
𝜔→0

𝑌11+𝑌12

𝜔
                                                                           (29) 

At high frequency: 

(
1

𝐶𝑝1
+

1

𝐶𝑃2
)−1 = Lim

𝜔→0

𝑌11+𝑌12

𝜔
                                                             (30) 

CP2 can be solved from this equation. Then the circuit correlation analysis of Y2 is carried out. 
The Y2 module is composed of a substrate diode, a capacitor and a resistor. The diode here is 
regarded as a parasitic PN diode simulating P-type and N-well, and its characteristic parameters 
are calculated according to spice model, which has the following relations: 

(
1

𝐶𝑑
+

1

𝐶𝑠
)−1 = Lim

𝜔→0

𝑌21+𝑌22

𝜔
                                                              (31) 

𝑅𝑝 = Lim
𝜔→0

𝑌21+𝑌22

𝜔
                                                                         (32) 

By combining this formula with the formula in Y1, the values of 𝑅𝑠  and 𝐶𝑠 can be calculated from 
Y21 and Y22. When we analyze Y3, because the circuit we apply is 1GHz ~ 3GHz, The 
approximate treatment is as follows: 

𝑌12

2𝜋𝑓
≈ 𝐶𝑝 + 𝐶𝑗 = 𝐶𝑝 + 𝐶𝑗0(1 −

𝑉

𝑉𝑗
)𝑀𝐽                                                 (33) 

The parameters have been explained, where 𝐶𝑗0 is the zero bias junction capacitance, 𝑉𝑏 is the 

built-in potential, and 𝑀𝑗  is the capacitance gradient factor. For 𝐶𝑝, it is a constant and does not 

change with the voltage. For 𝐶𝑗 , it can be expressed as a function of voltage. Here, we can get 

𝑌21/𝜔 in this formula by directly testing the S parameter under different voltages, and then 
directly select a frequency point, such as f=2GHz. 𝑌21/𝜔 under different voltages is the value 
of 𝐶𝑝 at 𝑉 = 𝑉𝑗 , and the slope of its connection line is the corresponding value of 𝐶𝑗  [10]. The 

correlation parameter 𝑅𝑝  of Y1 is unknown. The processing method is to bring the known 

parameter 𝐶𝑗0 and the obtained 𝐶𝑝 into Y1 for analysis, where there is the following equation: 

𝑌12 ≈ 𝜔2𝐶𝑝
2𝑅𝑝 + 𝜔2𝐶𝑗0

2 𝑅𝑠                                                             (33) 

𝑅𝑝  can be solved inversely. Since then, several parameters mentioned above have been 

explained in detail and approximately deduced. 
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6. Conclusion 

In this paper, a nonlinear model based on empirical formula is used to characterize the 
characteristics of graphene devices, and the current, capacitance and low frequency scattering 
effect of the devices are modeled. After testing, the simulation results of the proposed 
parameter model in the multi bias S-parameter and I-V characteristics are quite consistent, 
which can directly use the nonlinear circuit model for the research and design of graphene 
frequency multiplier. 

Due to the reduction of the characteristic size of the components in integrated circuits, the 
characteristic frequency and characteristic parameters of the components have been paid 
enough attention, and the modeling technology of electronic devices and circuits has been 
widely promoted and applied. It is the best way to upgrade and optimize the circuit by changing 
new materials to make electronic devices, and the outstanding advantages and characteristics 
of graphene just meet this demand. 
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