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Abstract: This paper proposes a modeling method for improvement of the SPICE Model of a diode
based on measurement and a nonlinear fitting random optimization algorithm. First, the mechanism
of electromagnetic interference generated by diodes at high frequencies was analyzed: dynamic
characteristic parameters such as reverse recovery of diodes and junction capacitance. Second, the
method of obtaining the I-V characteristic curve and junction capacitance characteristics of the diode
through testing was introduced in detail, and a nonlinear fitting random optimization algorithm
was proposed to calculate the static and dynamic characteristic parameters of the diode, which
can be applied to improvement of the SPICE model of the diode. A simulation and test circuit
were built, and the simulation and test results were compared in the time and frequency domains.
The model in this study can not only truly reflect the peak voltage owing to the electromagnetic
interference characteristics, but also ensure that the harmonic components and component amplitudes
are within three times the fundamental frequency, verifying the accuracy of the electromagnetic
compatibility model.

Keywords: diode; SPICE model; nonlinear fitting; simulation; verification

1. Introduction

In recent years, integration and miniaturization have been the main development
directions of electronic products, which has made more and more electronic devices inte-
grated in limited space, and brought serious electromagnetic compatibility problems into
the system [1]. In order to solve the problem of electromagnetic interference in the system,
electromagnetic compatibility (EMC) has gradually become one of the important concerns
in the field of electronic system design. Since the 1960s, computational electromagnetism
technology has developed rapidly, and many powerful computational electromagnetism
algorithms and much software have been developed that make it possible to simulate EMC
at device level, circuit level, board level and system level [2,3].

Diodes, as important nonlinear components, are widely used in various electronic
systems and are important components considered in the EMC simulation. Leila et al.
researched a new simplified model for predicting conducted EMI in DC/DC converters;
the high-frequency disturbance estimation is based on the knowledge of circuit parasitic
elements and semiconductor device parameters [4]. Kurt et al. focused on the modeling of
bypass diodes in transient analysis and simulation photovoltaic installations [5].

Many studies have been conducted on diode modeling methods. Three ideal diode
models that are widely used in engineering are: the ideal switching model, the constant
voltage model and the segmented linear model [6]. However, these models are only
suitable for simple circuit analysis, and the reason is that the junction capacitance and
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reverse recovery characteristics of diodes are not considered in these models, so they are
not suitable for analyzing the electromagnetic interference characteristics of diodes.

Antognetti et al. proposed a model of a diode in the working state of DC and large
and small signals, and studied the influence of temperature and area on the diode model
parameters [7]. Deveney put forward a subcircuit model of an equivalent analog diode that
focuses on the operation of the diode at high currents and over a certain temperature range,
and builds a model that is compatible with most SPICE circuit simulators [8]. During the
modeling of transient discharge suppressors, Bley et al. conducted an in-depth study of the
nonlinear characteristics of the Zener diode, emphasizing that the capacitive effect needs
to be considered when modeling the diode to reflect its high-frequency characteristics
in practical applications [9]. Lepkowski et al. proposed a modeling method that fully
considers the voltage—current relationship of transient voltage suppression diodes (TVS)
for the circuit protection characteristics of transient voltage suppression diodes, focusing
on the modeling principles and important physical characteristics, but did not carry out
actual modeling work [10].

Piotrowski put forward a diode model that is compatible with the SPICE2 version.
The simulation of the reverse leakage current region is optimized, and the parasitic series
resistance of the reverse breakdown region is taken into account, and the feasibility of
the model is verified by simulation calculations [11]. Zhang et al. simulated the charging
and discharging process of resonant tunneling diodes in switching conversion through
linear components such as resistive inductive capacitors, and at the same time use the
second-order Longer-Kutta method to obtain the characteristic data of resonant tunneling
diodes based on inductor fitting [12].

Tohlu et al. simulated the series resistance and junction capacitance characteristics of
the diode through the approximate formula, and built a simulation platform to calculate
the waveforms in different time domains, which verified the validity of the model [13]. Gan
proposed a Zener diode equivalent circuit model based on resistors and voltage sources,
which takes into account the dc characteristics to some extent, and improves the accuracy
of circuit simulation, but does not fully consider the high-frequency characteristics such as
junction capacitance and reverse recovery [14]. Hitchcock et al. established an equivalent
circuit model of a Schottky diode based on the electrical parameters obtained by experi-
mental tests, which is mainly composed of discrete components that characterize static and
dynamics, and can simulate the operation of Schottky diodes at a certain temperature [15].
Yunyeong et al. proposed a LED SPICE model that focuses on the frequency and RC
delay characteristics of the diode, and although the junction capacitance is affected by the
frequency, the other characteristics of the diode are not fully analyzed [16].

Tao Liu et al. proposed a physical model method based on neural network acceleration
to improve the traditional diode equivalent circuit model. The improved equivalent
model can be used to analyze the operating state of the diode circuit under large injection
and high frequency conditions, and the effectiveness of the model is verified by some
examples [17]. A field-circuit coupling model for a merged PiN Schottky silicon carbide
diode was proposed in [18], which considers the electrical characteristics of diode chip in
the surge current condition and the influence of chip temperature coupling. The comparison
between simulation and test results shows that the proposed field-circuit coupling model
has the advantages of high simulation accuracy and efficiency.

Liu Qiang et al. modeled the physical characteristics of PIN diodes based on the finite
element method, and applied the diode models brought by the Cadence software and the
diode models built to the circuit simulation, respectively, and analyzed the differences in
the electromagnetic interference characteristics [19]. Wu Chengkai studied the modeling
method of the Schottky diode. Firstly, the theoretical calculation of the Schottky diode
formation mechanism and model parameters is analyzed based on three-dimensional
physical structure. Then, the influence of complex physical properties such as eddy current
effect and proximity effect during operation of the Schottky diode on its performance
is studied. Finally, the Schottky diode model is established and the optimization of the
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two cases is carried out, and the simulation results of the two optimization conditions are
compared, and it is found that there is not much difference between the two. This model is
only suitable for use in terahertz band multipliers and does not have extensive reference
value for different types of diode EMC models [20].

As one of the important nonlinear components of the electronic system, the electro-
magnetic compatibility model parameters of the diode need to reflect its complex physical
characteristics, and whether the electromagnetic compatibility model can be established
accurately and efficiently will directly affect the effectiveness of the electromagnetic com-
patibility performance simulation of the electronic system. This study is based on the fast
recovery diode 2CZ106C; we derive the key parameters of diode electromagnetic compati-
bility modeling from the functional characteristics of diodes, and propose a diode SPICE
modeling method based on test data and the nonlinear fitting random optimization method.
The SPICE model of 2CZ106C established in this paper not only accurately simulates the
static characteristics of the diode, but also reflects the peak voltage generated by electro-
magnetic interference characteristics such as junction capacitance and reverse recovery,
and guarantees the actual measurement and simulation of various harmonic frequencies
within three times the fundamental frequency. The components and amplitudes of each
component are consistent and can be used for electromagnetic compatibility simulations of
electronic systems.

2. Analysis of the Mechanism of Diode Electromagnetic Interference

Due to the physical characteristics of the diode, such as junction capacitance and
reverse recovery characteristics, it is easy to produce various complex harmonic interference
to the working signal at high frequency, which is the cause of electromagnetic interference
of the diode.

When the voltage at the diode terminal changes from forward to reverse, the current
flowing through the diode will be reversed, but it is not immediately reduced to reverse
saturation current; on the contrary, it remains basically unchanged for a period of time in
the t, still in the reverse conduction state and not turned off. For PN junction diodes, the
N-region storage hole does not disappear immediately, and the current gradually decreases
only through the influence of the decimation of the reverse current and the recombination
of the minority carriers (N-region hole).

After the period of t;, the concentration of holes on the N-zone side of the PN junction
is very small, and the storage charge in the N-region is almost completely gone. The
gradient of the hole concentration at the boundary gradually decreases, and the reverse
current begins to gradually decrease, and then after ¢ fr the current returns to I, and then
returns to steady state. The above process is called the diode reverse recovery process, as
shown in Figure 1.
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Figure 1. Diode reverse recovery process.
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It is generally specified that after the ;s , f  represents the time it takes when the current
drops from —Ir to —0.1Ir. Among them, Iy is the reverse current flowing through the
diode when the applied voltage turns from forward to reverse during the reverse recovery
measurement. ; is called the storage time, ¢ ¥ called drop time, t, = t; + ¢ ¥ called reverse
recovery time or shutdown time [21].

From Figure 1, we can see that when the working signal of the electronic system
changes from forward to reverse, due to this reverse recovery characteristic of the diode,
the current flowing through the diode changes from forward to reverse, and the diode
reverse current cannot be immediately reduced to zero to reach a complete cutoff state,
which will lead to a very large di/df. According to Maxwell’s equations, this is the
cause of the electromagnetic waves. Under the influence of parasitic parameters, these
harmonic signals form inrush currents and peak voltages with short pulse periods and
high interference intensities, resulting in interference. The diode reverse recovery time ¢,
can be expressed as:

M

t, = Tpln{IR+IF}
R

In the formula, 7}, is the minority carrier lifetime.

When the applied voltage to the diode changes, the carrier distribution in the in-
ternal barrier region and the two neutral regions changes accordingly, thus creating a
capacitive effect, called junction capacitance, which is generally of the order of pF, and
decreases with the increase in the applied voltage. The higher the signal frequency, the
more significant the junction capacitance effect, so the diode will generate a larger dv/dt for
high-frequency signals, and even affect the rising and falling edges of the signal, resulting
in conducted interference.

The junction capacitance determines the maximum operating frequency of a diode.
When the signal frequency exceeds the maximum operating frequency, the diode will
partially or completely lose unidirectional conductivity, resulting in signal distortion and
harmonic interference at different frequencies. The diode junction capacitance can be

expressed as:

(V< FCW)
o (%) @
C
W [1 —FC(1+ M) + MVKJ, (V > FC-Vj)

where V is the external bias voltage, FC is forward biased barrier capacitance, V;, M,
and Cj are the built-in potential, gradient coefficient, and zero-bias barrier capacitance,
respectively, and the junction capacitance can be calculated through these three parameters.

Ideally, the functional characteristics of the diode imply unidirectional conduction;
that is, the forward low resistance is turned on and the reverse high resistance is turned off.
The ideal positive I-V relationship varies exponentially, which can be expressed as:

oot )]s )]

The previous equation is the famous Schokley equation in semiconductor physics, V
is the diode applied voltage, k is the Boltzmann constant, g is the electron charge, T is the
absolute temperature, at room temperature T = 300 K, V1 = %T is the temperature voltage
equivalent, and at room temperature T = 300 K, there is V7 = 26 mV.

To consider factors such as the recombination of diode minority carriers in the barrier
region, the ideal forward I-V relationship is modified in [22]:

[=Ig (eV/NVT _ 1) )
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where I5 is the reverse saturation current, Vr is the voltage equivalent of temperature,
which is 26 mV at room temperature. N is the emission coefficient that reflects the degree of
correction of the actual forward I-V curve close to the ideal curve. The value of N, related
to the material of the diode, generally needs to be obtained by measurement.

The ideal reverse I-V characteristic of a diode mainly considers the effect of the
diffusion current. In addition, when the applied reverse voltage exceeds a certain value Vgy,
the current exceeds the reverse breakdown current Igy and rapidly increases exponentially,
and the diode undergoes reverse breakdown and loses unidirectional conductivity.

In summary, diodes have dynamic characteristics such as reverse recovery and junc-
tion capacitance. At high frequencies, they generate various complex harmonics for the
operating signal of the system. These harmonic signals cause conduction interference in the
circuit. When the frequency is very high, it passes through the inductor. The coupling of
parasitic parameters, such as the capacitance, can even cause radiated interference. At the
same time, the nonlinearity of the diode I-V characteristic also affects the signal; therefore,
the electromagnetic interference of the diode cannot be ignored.

3. Establishing a Diode EMC Model
3.1. Modeling Process

The diode SPICE model is an EMC model obtained from the perspective of the fun-
damental equations of semiconductor physics and the approximation of its parameters
within a reasonable range. The SPICE model of the diode is mainly composed of two
parts: the model equation and the model parameters. The SPICE simulator has established
corresponding physical model equations for 16 basic component types and nested them in
the software simulation engine. Model parameter files need to be called from the simula-
tion software model library or imported externally, and combined with the simulator for
simulation calculations.

The diode EMC model based on “.MODEL” mode mainly includes the 14 model
parameters shown in Table 1, of which some model parameters have specific default values
or typical values.

Table 1. The parameters of diode EMC model in “.MODEL” mode.

Number Model Parameters Default Value Typical Value Unit
1 Reverse saturation current Ig 1x10° 4 1x10° 4 A
2 Emission coefficient N 1 - -
3 Series resistance Rg 0 10 Q
4 reverse breakdown voltage Vpy 00 50 \Y
5 reverse breakdown current Iy 1 x 10710 - A
6 Zero Bias Junction Capacitance Cjq 0 2 pF F
7 gradient coefficient M 0.5 0.5 -
8 Built-in potential V; 1 0.6 \%
9 transit time TT 0 0.1ns s
10 flicker noise index AF 1 - -
11 flicker noise figure KF 0 - -
12 Band gap EG 1.11 1.11 eV
13 Forward Biased Barrier Capacitance FC 0.5 0.5 -
14 Reverse saturation current temperature index XTI 3 3 -

In general, the 14 model parameters in Table 1 can be divided into three categories:
(a) There are static model parameters that reflect the DC characteristics and functional
characteristics of the diode: Is, N, Rg, Vpy, Igy. Among them, Is, N and Rg characterize the
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forward bias characteristics of the diodes, Vg and Igy characterize the reverse bias charac-
teristics; (b) The dynamic model parameters that reflect the electromagnetic interference
characteristics of diodes are Cjo, M, Vj, TT, where Cjy, M, V; characterize the relationship
between junction capacitance and reverse bias voltage. TT describes the reverse recovery
characteristics, which are affected by the peripheral test circuitry; (c) The model parameters
determined by the process or semiconductor material are XTI, KF, AF, EG and the positive
partial depletion capacitance correction coefficients FC that are not affected by other pa-
rameters are also attributed to this category, and it is generally believed that according to
experience or process materials, they can be directly determined, as known quantities do
not need to be optimized.

In the establishment of a comprehensive and accurate diode electromagnetic com-
patibility model, it is necessary to obtain all the model parameters in Table 1, but usually
the diode parameter manual can only provide a part of the parameters; for the model
parameters that the parameter manual cannot provide, most of the cases need to obtain the
curve of the parameters through testing, and then are further based on the fitting algorithm,
the model parameter extraction of the test curve.

The model parameters of the diode junction capacitance characteristics, reverse re-
covery characteristics and I-V characteristics are derived from the electrical characteristic
parameters and curves, which can be obtained by fitting the measured data. An experi-
mental platform is built to test the time-domain waveform of the diode reverse recovery
process, so the forward current Ir, the reverse current I, reverse recovery time ¢,, and
then the reverse recovery characteristics TT can be calculated by Equation (1). In addition,
the reverse saturation current temperature index XTI, flicker noise figure KF, flicker noise
index AF, forbidden bandwidth EG and forward bias barrier capacitance coefficient FC are
usually classified as model parameters determined by material technology, generally based
on semiconductor theory or material technology, which can be directly determined.

After obtaining all the parameters, the diode EMC model can be established according
to the SPICE grammar rules. The diode EMC modeling method we propose is shown in
Figure 2. The EMC model of the diode obtained by this paper can not only reflect the
functional characteristics and electromagnetic interference characteristics of a diode, but
also be suitable for computational electromagnetic simulation, which can provide effective
technical means and construction ideas for the establishment of various diode EMC models.

3.2. Nonlinear Fitting Stochastic Optimization Algorithm

As mentioned above, in general, the diode’s parameter manual does not provide all
the parameters needed for modeling, and these missing parameters can only be obtained
by the measurement and then by the data fitting method. In this paper, a nonlinear fitting
stochastic optimization algorithm is established based on the diode physical characteristic
equation, combined with the Nlinfit or Lsqcurvefit function. The algorithm combines
Equations (2) and (4) to fit and calculate the model parameters of the I-V characteristics
and junction capacitance characteristics and obtain the reverse saturation current Ig, emis-
sion coefficient N, zero-bias junction capacitance Cjo, gradient coefficient M and built-in
potential V}. The principle of the optimization algorithm is shown in Figure 3.

The basic idea of the algorithm is random fitting optimization based on the idea of
least squares, so that the fitting objective function (diode physical equation) continues
to approach the test data until the residual sum of squares reaches the set accuracy or
the number of fittings reaches the loop setting. At the maximum value, the algorithm
terminates the calculation and finally obtains the optimal solution of the model parameters.
We consider setting the rough residual sum of squares to improve the optimization direction,
so that the fitting results gradually approach the target accuracy.
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Figure 2. Flow chart of diode EMC modeling method.
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Figure 3. Flow chart of nonlinear fitting stochastic optimization algorithm.



Electronics 2022, 11, 3461

8 of 23

Because the initial value of the model parameters will affect the fitting speed and
solution results, it is necessary to provide a reasonable initial value to obtain the optimal
solution of the model parameters. The specific initial value solution method used in this
study is as follows:

Xo=x1+bx (x, —x1) (5)

where, x¢, xj, x1 are the initial value, the upper and lower limits of the limited initial value
range, and b is a random number in the range of (0, 1) generated by the rand function.

According to the test data, the approximate derivative values of two or three groups
of specific points can be obtained approximately, and further combined with the first-order
derivatives of Equations (2) and (3) to obtain Vj, M, Cjo, N and Is, a total of five model
parameters, considering the result set as the upper limit of the initial parameter value
in the fitting optimization algorithm. In addition, the original default value of the diode
SPICE model parameters is selected as the lower limit of the initial value of the fitting
algorithm. The influence of the test data on the fitting effect is preliminarily considered,
and the reference value of the default value of the diode SPICE model parameters is fully
reflected.

3.3. The Measurement of Diode

The electrical performance test of the diode is divided into static electrical parameter
test and dynamic electrical parameter test; the static electrical parameter is mainly described
by the I-V curve, and the dynamic electrical parameter mainly considers the junction
capacitance and reverse recovery characteristics.

The I-V static parameter test system for diodes is shown in Figure 4, which consists
of the Agilent 4155B semiconductor parameter analyzer, a semi-automatic probe test
bench, and a computer with Agilent EasyExpert software installed. The Agilent 4155B
semiconductor analyzer has a current-voltage resolution of 10 fA/uV and a corresponding
measurement range of 100 mA /100 V. Agilent EasyExpert test software provides the Agilent
4155B with a full range of diode static parameter testing that controls test instruments and
probe stations for fully automated I-V scanning tests in DC or pulse mode. The test layout
of the 2CZ106C fast recovery diode is shown in Figure 5.

2CZ106C is an N-type silicon rectifier diode, and the forward conduction voltage of
the silicon diode is about 0.5~0.7 V. Therefore, when testing the forward I-V curve, the set
voltage test range is 0~1.5 V, and the current test range is 0~100 mA. In addition, due to the
overvoltage protection mechanism of the Agilent EasyExpert test software, the maximum
voltage value can be set to —50 V and the maximum measured current value is —10 mA.
Therefore, when testing the reverse I-V curve, the reverse test voltage range is —50~0V,
and the test current range is set to —10~0 mA.

Figure 4. The I-V static parameter test system for diode.
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Figure 5. The I-V static parameter test layout of the 2CZ106C.

After completing the test system connection, test calibration via Agilent EasyExpert
software is also required to eliminate test instrument errors and ensure the accuracy of
experimental data. The forward I-V test results are shown in Figure 6, and it can be seen
from Figure 6 that at about 1.15 V forward bias, the forward current of the diode 2CZ106C
reaches the upper limit current of 100 mA allowed by the instrument, and its opening
voltage is about 0.5 V, and the on-voltage is about 0.6~0.7 V. The test results of reverse I-V are
shown in Figure 7, where it can be seen that the reverse leakage current of diode 2CZ106C
is nA level within the reverse bias voltage of —50 to 0 V (that is, before reverse breakdown).

100 m 100 m

Tanode ()

o
—

0 100m 300 m 500 m 700 m 90m 1 11 12 13 14 15
Vanode (V) 100 m /div

Figure 6. The forward I-V characteristic curve test results of the 2CZ106C.

-100n

-10n

decade /div

-100 p

-10p

'
N
o
Tanode (A)

-100 f

-10f

Vanode (V) 5.00 /div

Figure 7. The reverse I-V characteristic curve test results of the 2CZ106C.
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The forward I-V curve of the diode is parameterized by using the Lsqcurvefit nonlinear
random optimization algorithm to obtain the optimal solution of the reverse saturation
current and emission coefficient, the absolute values of the maximum and minimum
residual differences, the sum of squares of the residuals with the best accuracy and the
maximum number of iterations as shown in Table 2.

Table 2. Parameter fitting result of the forward I-V characteristic model of the diode.

Number Optimization Parameters Value Unit
1 Maximum number of cycles 10,000 time
2 Reverse saturation current Ig 4377251 x 10~° A
3 Emission coefficient N 3.087715 -
4 The sum of squares of the residuals of the optimal accuracy ~ 6.302667 x 107> A2
5 The absolute value of the maximum residual 1.468315 x 1073 A
6 The maximum residuals correspond to the voltage value 0.6585 v
7 The absolute value of the minimum residual 2.189795 x 10~° A
8 The minimum residuals correspond to the voltage value 0.534 \%

For nonlinear random optimization fitting, the difference between the fitted value and
the measured value is called the residuals, and the sum of all the residuals squared can be
used to measure the goodness of the fit as a whole, and if the value is a very small order of
magnitude, close to zero, the fit is good. From the results of Table 2, when the maximum
number of cycles = 10000 is reached, the reverse saturation current Ig = 4.377251 x 106
and the emission coefficient N = 3.087715. The parameter fitting of the Lsqcurvefit nonlinear
stochastic optimization algorithm fails to achieve the target optimal residual squared sum
and accuracy rsk = 1 x 10710 originally set by the program, and the actual obtained residual
squared sum of squares is 6.302667 x 10~°. In addition, the absolute value of the maximum
current residuals obtained at 0.6585 V of the measured data used is 1.468315 x 1073 A,
and the absolute value of the minimum residual current obtained at a voltage of 0.534 V is
2.189795 x 107° A.

Figure 8 shows the comparison between the fitted curve and the measured curve. It
can be seen from Figure 8 that the fitted curve is basically consistent with the measured
curve; the two curves are well matched. Therefore, the diode parameters obtained by fitting
have high accuracy.

0.018 T T

=== measured curve of |-V
0.016 = fitting curve of |-V /

0.014

0.012

0.01

0.008

Forward current (A)

0.006

0.004

0.002

0.4 0.45 05 0.55 06 0.65 0.7
Forward voltage (V)

Figure 8. The comparison between the fitted and measured curve of I-V.

As mentioned earlier, the dynamic parameters of the diode focus on the junction
capacitance and reverse recovery time parameters.
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The Agilent 4294A Precision Impedance Analyzer can test components and circuits
for electrical characteristics such as impedance curves and junction capacitance curves, and
the test accuracy can reach pF level. The Agilent 4294A impedance analyzer is built with
the Signaton S5-1060 series probe test bench and a computer equipped with the test sharing
software QuickTest to form a semiconductor device test system as shown in Figure 9, and
the junction capacitance characteristic curve of the diode 2CZ106C is tested experimentally.

Figure 9. The junction capacitance parameter test platform for diodes.

Since the order of magnitude of diode junction capacitors is generally pF level, which
is a smaller capacitance, when testing the diode 2CZ106C junction capacitance, we choose
a Cp, — Ry combination of measurement parameters in parallel. The test step is to open
the Agilent 4294A impedance analyzer in advance to warm up for at least 20 min, then
perform phase compensation, open circuit compensation, short circuit compensation and
load compensation, open the test software QuickTest, set the sample information and select
the bias parameter for testing. According to the actual environmental conditions, the test
temperature is set to 19.6 °C, the sweep bias frequency is 1 MHz, the DC bias range is
—40~0 V and the test data point is 26. Only a bias sweep C;, of the diode 2CZ106C junction
capacitance curve data can be obtained, so the test parameters are selected C, and not
displayed Rj. The detail of the diode’s junction capacitance parameter test is shown in
Figure 10, and the test result is shown in Figure 11.

Figure 10. The detail of the diode’s junction capacitance parameter test.
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Figure 11. The junction capacitance test result.

From Figure 11, we find that the diode 2CZ106C junction capacitance decreases with
the increase in the applied reverse voltage, and the order of magnitude is generally pF.
From this qualitative analysis, the test results basically reflect the characteristics of the
diode junction capacitance.

Considering the junction capacitance of the diode in the case of V. < FC-Vj as the
objective function, and Nlinfit nonlinear random optimization algorithm is applied to
the fitting of diode junction capacitance characteristic model parameters, and the optimal
solution of built-in potential V}, gradient coefficient M, zero bias junction capacitance Cjo.

First, the derivative values of three groups of specific points are estimated from the
experimental data, and then substituted into the first-order derivative expression of the
fitting objective function. We observe the values of V;, M and C)g are 1.648 x 10711, 16.545
and 1.636, respectively. The analytical solutions of V;, M and Cjq are considered as the
upper limit of the initial value in the nonlinear fitting stochastic optimization algorithm,
and the typical values are set as the lower limit of the initial value of the fitting.

The absolute value of the maximum and minimum residuals, the sum of the residuals
of the optimal accuracy, the maximum number of iterations and other information are
shown in Table 3.

Table 3. Parameter fitting result of the C-V characteristic model of the diode.

Number Optimization Parameters Value Unit
1 Maximum number of cycles 10,000 time
2 zero bias junction capacitance Cjg 5.150461 x 10~ 1 pF
3 built-in potential V; 0.319813 A%
4 gradient coefficient M 0.315106 -
5 The sum of squares of the residuals of the optimal accuracy 2.049740 x 10~26 pF2
6 The absolute value of the maximum residual 7.765136 x 10714 pF
7 The maximum residuals correspond to the voltage value 1.6 A%
8 The absolute value of the minimum residual 5.582152 x 10716 pF
9 The minimum residuals correspond to the voltage value 20.8 \Y%
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As can be seen from Table 3, when the maximum number of cycles t = 10,000 is
reached, three model parameters of the diode are obtained: built-in potential V; = 0.319813,
gradient coefficient M = 0.315106 and bias junction capacitance Cj = 5.150461 x 10~!1. The
parameter fitting calculation fails to achieve the original target optimal residual squared
sum accuracy rsk = 1 x 1073 pF?, and the actual residual squared sum and the optimal
accuracy are 2.049740 x 10726 pF2. In addition, the absolute value of the maximum residual
value of the capacitor is obtained at a voltage of 1.6 V, Spmax = 7.765136 x 10~ 14 pF and the
minimum residual absolute value Spin = 5.582152 x 10716 pF is obtained at a voltage of
0.534 V. Both the absolute value of the maximum residuals and the optimal accuracy of the
actual residuals are very close to zero, indicating that the curve fitting has a high degree of
accuracy.

Figure 12 shows the result of comparing the fitted curve of the junction capacitance
characteristics with the measured curve. From the figure, it can be seen that the fitted curve
is exactly the same as the measured curve.

-1

5.5
5% — & — measured curves of C-V |
‘\ — % - fitting curves of C-V
~ 45n R
< |
S ap :
g |
g 35! i
= |
] |
G 3re i
g \
E 25 % 1
=
1 m\& ~ -
®
15F M .
1 1 $®® $

1 1 1 1 1
0 5 10 15 20 25 30 35 40

Reverse voltage (V)

Figure 12. Comparison of fitting and measured curves of junction capacitance characteristics.

In diode EMC models, reverse recovery characteristics are generally characterized
by time-of-flight TT. The reverse recovery time ¢, of diode 2CZ106C can be obtained by
building an external circuit test, and the model parameter TT can be further obtained.
For the experimental test of diode reverse recovery time t,, the square wave with a given
duty cycle of 50% can be used as the excitation signal by the F40-type digital synthesis
function signal generator. We use the Keysight MSOX2024A mixed-signal oscilloscope
to test the time-domain waveform at both ends of the load to obtain the diode reverse
recovery process. At the same time, through the two longitudinal wiper of the oscilloscope,
the reverse recovery time of the diode is accurately read, and the transition time TT is
solved using the physical formula of the previous section and the test platform is shown in
Figure 13.
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® MSOX2024A oscilloscope :

Verify PCB

Figure 13. The reverse recovery characteristics test system for diode.

A square wave signal with a frequency of 1 kHz and a peak-to-peak value of 5 V is
applied as an excitation; in order to avoid damage to the diode 2CZ106C, the PCB board
uses a 100 QQ resistor as the diode series load. The local schematic diagram of the diode
2CZ106C reverse recovery waveform is shown in Figure 14. Among them, the divider of
the 100 Q) resistor when the diode is forward bias is 1.20391 V, and the division of the 100 Q)
resistor when the diode is reverse biased is —2.51967 V. Combined with the theoretical
analysis, it can be calculated that the diode forward current Ir = V4 /R = 0.012 A and the
reverse current Ir = V7 /Ry = 0.0252 A.

MSO-X 20244, MY53122493: Sun Jan 03 18:51:43 2021

-510%
KEYSIGHT

TECHNOLOGIES
collect
standard mod.

10.0:1
10.0:1

cursor

Measurement menu

QO source type

1 Minimum lever Measurement

Figure 14. The reverse recovery waveform of 2CZ109C diode.

When the applied bias voltage is suddenly reversed, the diode current is also suddenly
reversed, and the reverse current of ¢, is constant over time, then the current slowly becomes
smaller, and then over ¢ £ time, the reverse current drops to 0.11. It is shown that when the
reverse division of a 100 Q) resistor is about —0.251967 V, the diode is turned off in reverse.
The diode 2CZ106C reverse recovery time can be read by the oscilloscope travel standard,
as shown in Figure 15, and the diode 2CZ106C reverse recovery time t, is 9.2918 x 1077 s.
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Figure 15. Test results of reverse recovery time ¢,.

Therefore, the transit time characterizing the reverse recovery characteristic TT can be
calculated by Equation (6).

I +Ir
I

TT = 7, = 0.4t/ 1n[
R

} =9527 x1077$ (6)

3.4. Establishment of Diode Electromagnetic Compatibility SPICE Model

Through the test and data fitting method mentioned above, we obtain 6 of the 14 pa-
rameters necessary for diode modeling, and the other parameters can be obtained through
the data sheet.

According to the electrical characteristics provided by the data sheet, the reverse
breakdown voltage Vpy and reverse breakdown current Igy of the diode 2CZ106C are
determined to be 200 V and 10 pA, respectively.

The series resistance of the diode at high frequency is Rg and not pure resistance. To
consider parasitic inductance and capacitance, the impedance frequency curve of the diode
is tested using an impedance analyzer. The results show that the constant impedance of
the diode in the frequency band below 10 MHz is about 90 (). To consider the influence
of the parasitic parameters of the diode on the high-frequency operating signal, the series
resistance is set to 90 ().

According to the semiconductor theory, the model parameters determined by the
material process can be directly determined without optimization. Therefore, the reverse
saturation current temperature index XTI, forbidden band width EG, flicker noise figure
KF, flicker noise figure AF and forward biased barrier capacitance coefficient FC are all
default values. In summary, the parameter values of the diode 2CZ106C model obtained
through fitting calculation and analysis are shown in Table 4.

After obtaining the parameters necessary for diode modeling above, we can establish
the electromagnetic compatibility model of the diode 2CZ106C according to SPICE grammar
rules, as shown in the Figure 16.



Electronics 2022, 11, 3461 16 of 23

*define sub-circuit

.subckt 2CZ106C 1 2

*the internal topology of diode

DI 1 2 DZ

*the value assignment of parameter base on .MODEL
.MODEL DZ D (IS=4.378E-06 N=3.088 RS=90
+BV=200 IBV=1.0E-5 CJO=5.150E-11 M=0.315
+VJ=0.320 TT=9.517E-7 Af=1 KF=0 EG=1.11
+FC=0.5 XTI=3)

*the termination statement of sub-circuit

.ends 2CZ106C

Figure 16. The EMC model of the diode 2CZ106C.

Table 4. Model parameters of diode 2CZ106C.

Number Model Parameters Value Unit
1 reverse saturation current Ig 4377 x 10~° A
2 emission coefficient N 3.088 -
3 series resistance Rg 90 QO
4 reverse breakdown voltage Vpy 200 \%
5 reverse breakdown current Igy 1x 1075 A
6 zero Bias Junction Capacitance Cjg 5.150 x 10~ 11 F
7 gradient coefficient M 0.315 -
8 built-in potential V} 0.320 \%
9 transit time TT 9.517 x 1077 s
10 flicker noise index AF 1 -
11 flicker noise figure AF 0 -
12 band gap EG 111 eV
13 forward Biased Barrier Capacitance FC 0.5 -
14 reverse saturation current temperature index XTI 3 -

4. Model Simulation and Verification
4.1. Design of Model Verification Platform

The PCB board, shown in Figure 17, is designed and fabricated. To avoid introducing
errors caused by too many other components, only 100 () resistors are used as loads to
protect the diodes, which are shown in Figure 13; the model verification platform uses a
signal generator to provide different frequency excitation signals and an oscilloscope to
test the time-domain waveforms.

Figure 17. PCB board for model verification (a) design drawing; (b) Processed circuit board.

To ensure that the input signals of the simulation and test are consistent, two channels
are used to test and save the signals at the input end and load end of the PCB board,
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respectively, as the excitation signal for the subsequent simulation. Figure 18a—c shows the
time-domain waveforms of the input end (one channel) and load end (two channels) of the
PCB board when the signal frequencies are 10 kHz, 100 kHz and 1 MHz, respectively.

, MY59122483: Sun Oct 11 11:03:23 2020

Measurement menu

O source
1

TECHNOLOG

appear reverse sharp voltage
at 100kHz
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Figure 18. Experimental test results: (a) Input and load waveforms of 10 kHz excitation; (b) Input

and load waveforms of 100 kHz excitation; (c) Input and load shape of 1 MHz excitation.



Electronics 2022, 11, 3461

18 of 23

It can be seen that when the frequency of the excitation signal increases, the waveform
of the load terminal is gradually distorted. The higher the frequency, the more irregu-
lar the waveform, which is caused by diode junction capacitance and reverse recovery
characteristics.

From Figure 18, we can also see that when the excitation signal frequency is 10 kHz,
the load resistor can achieve a half-wave output, indicating that the diode 2CZ106 can
achieve good single guide passivity. When the excitation signal frequency is 100 kHz, the
diode 2CZ106 does not fully achieve single passivity, although the shutdown time is short,
but there is a large reverse voltage at the load resistor, with a peak value of about 0.15 V.
When the excitation signal frequency reaches 1 MHz, the diode 2CZ106 loses almost single
conductivity and there is a larger reverse voltage at the load resistor, with a peak of about
0.3 V.

4.2. Comparison with Simulation

The following is a comparison of simulation and test results. First, the diode verifica-
tion PCB design file shown in Figure 17a is imported from the Altium Designer software
into the CST PCB studio. In the import settings of CST, some unimportant components
can be removed, thereby simplifying model complexity and improving simulation speed.
After importing the PCB design file, we use the 2D TL Modeling function in CST PCB
studio to generate the equivalent circuit model corresponding to the PCB board, as shown
in Figure 19.

D1 1 P3 2 "
= |
T,
h 2 D1 2 Ry | RY0993_2Ws 100
SPICE| ™ . ___ N
1 PL_1 Rl 2
2C7106C o 2

Figure 19. The complete simulation circuit established in CST.

The time domain signal at the input terminal of the PCB board shown in Figure 17
is used as the excitation source of the simulation model, and the time-domain waveform
results of the simulation and measurement results are shown in Figure 20.

0.3

i| =—— measurement

0.254-- e e i| —— simulation

TTY (Y ENNY WY WSNEN WY WY MY S WY -

oas fl it e e

Current (A)

ottt H—H—H-H--H-H-H-H

0.0005 0.0006 0.0007 0.0008 0.0009 0.001

Time (s)

(a)

0 0.0001 0.0002 0.0003 0.0004

Figure 20. Cont.
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Figure 20. Comparison of measured and simulated in time-domain: (a) 10 kHz; (b) 100 kHz;
(c) 1 MHz.

From the comparison of the above time-domain results, when the sinusoidal signal
with a given frequency of 10 kHz is used as an excitation, the time-domain waveform
results calculated by experimental testing and simulation are well matched. When the
excitation signal frequency is 100 kHz and 1 MHz, there is a reverse voltage in the time-
domain waveform of the measurement and simulation, and there is a slight error in their
coincidence but the trend is basically the same.

This slight error may be due to the following reasons: First, the model parameter
that reflects the reverse recovery characteristics of the diode is the transition time TT.
From Equation (1), only a few parameters are considered to calculate the reverse recovery
characteristics and these cannot fully reflect the reverse recovery process at high signal
frequencies; Secondly, the data of the reverse recovery characteristics are mainly derived
from measurements, and then the transition time TT is calculated by theoretical formulas.
This process may introduce certain experimental errors, and the assumptions made in the
derivation of theoretical formulas ignore the influence of some practical factors; Finally,
the transition time TT has been modified during modeling, due to the irregularity of
the internal carrier motion of the diode and the complexity of the internal electric field
distribution, and there may still be some modeling errors after the approximate correction.

Considering that the measured time-domain waveform is not a standard sine wave,
there are harmonic components in different frequency bands. By comparing the measured
and simulated frequency components and the amplitude components of each frequency
component, it can be verified whether the diode EMC model accurately reflects its related
characteristics in the frequency domain. Therefore, the simulated and measured time-
domain waveforms are converted into spectrum results by the fast Fourier transform
function of CST, as shown in Figure 21.
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Figure 21. Frequency domain comparison of measured and simulated results: (a) 10 kHz; (b) 100 kHz;
(c) 1 MHz.

As can be seen from Figure 21, the spectral results of the experiment and simulation
are generally in good agreement, and the effective frequency band near the fundamental
frequency of 10 kHz, 100 kHz and 1 MHz is almost identical. Some valuable conclusions are:
(1) Comparing the 10 kHz spectrum results, the frequency domain results of experiments
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and simulation are completely consistent in the frequency band below 2 times the funda-
mental frequency (20 kHz), and there is a certain error in the noise harmonic higher than the
2 times fundamental frequency, but the overall difference is not large; (2) Compared with
the 100 kHz spectrum results, it is known that the frequency domain results of experimental
testing and simulation are completely consistent in the frequency band below 2 times the
fundamental frequency (200 kHz), and the noise harmonic higher than the 2 x fundamental
frequency has a small error; (3) Compared with the 1 MHz spectrum results, it is known
that the frequency domain results of experimental testing and simulation calculation are
completely consistent in the frequency band below 3 times the fundamental frequency
(3 MHz), and there is a certain error in the noise harmonics above 3 times the fundamental
frequency, but the overall difference is not much.

In order to quantitatively analyze the difference between simulation results and test
results, the Feature Selective Validation (FSV) method is applied [23,24]. The FSV technol-
ogy is an IEEE standard that shows the correlation between two sets of data according to a
specific standard, which is widely used in the field of electromagnetic simulation [25,26].
The FSV technical evaluation index mainly includes: total amplitude difference measure
(ADM), total characteristic difference measure (FDM) and total global difference measure
(GDM). According to the ADM, FDM and GDM sizes, the degree of conformity between the
data is described as excellent (0-0.1), very good (0.1-0.2), good (0.2-0.4), fair (0.4-0.8), poor
(0.8-1.6) and very poor (>1.6). The simulation and measurement results in time-domain are
analyzed based on FSV method, as shown in Table 5.

Table 5. The FSV evaluation results of the proposed method.

FSV
Waveform
ADM FDM GDM
10 kHz 0.1137/very good 0.197 /very good 0.2415/good
Time domain 100 kHz 0.1213/very good 0.1808/very good 0.233/good
1 MHz 0.2776/good 0.4365/fail 0.5552 /fail
10 kHz 0.06636/ excellent 0.03406/ excellent 0.07973 / excellent
Frequency domain 100 kHz 0.1121/very good 0.1368/very good 0.197/very good
1 MHz 0.1118/very good 0.1463/very good 0.1974/very good

From Figures 20 and 21 and Table 5, we can comprehensively see that the improvement
of the SPICE model of the diode can reflect its actual work, and can ensure that the test
and simulation calculation results are completely consistent in a certain frequency band,
although there are some errors in the higher harmonics, but the overall difference is not
large; it can be concluded that this method has high accuracy.

5. Conclusions

In this study, a method for establishing an electromagnetic compatibility model of
diodes based on physical equations is proposed. Compared with the CST software library
model, the model in this study can truly reflect the gradual process of diode reverse cut-off
and the peak voltage generated by dynamic characteristics. A comparison of the measured
and simulated results from the time and frequency domains shows that the model in this
study not only truly reflects the peak voltage generated by the electromagnetic interference
characteristics of the diode, but also ensures that the measured and simulated components
match within three times the fundamental frequency on the basis of accurately simulating
the actual working conditions. The internal harmonic components and amplitudes of
each component are completely consistent, and the model has a high electromagnetic
compatibility simulation accuracy.

Future work could be carried out on the following aspects:

(1) This paper only considers the temperature effect of reverse current and reverse break-
down voltage; in fact, the diode is thermally sensitive as a semiconductor device, and
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its forward current and forward conduction voltage will also be affected by temper-
ature. Therefore, to more accurately consider the temperature characteristics of the
diode, it is necessary to consider that the analog forward characteristics are affected
by temperature.

(2) The influence of reverse recovery time is considered in the modeling of this paper, but
with the advent of the 5G era, positive guidance may also interfere with high-frequency
signals, which is worth studying in the electromagnetic simulation calculation of high-
speed electronic systems.
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