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Abstract— Accurate models of transient voltage suppression 

(TVS) devices are important for determining the suitability of 

electrostatic discharge (ESD) protection strategies early in the 

design process. An improved TVS model is used in the following 

paper to represent a variety of TVS devices, including a snapback 

device, non-snapback device, and a varistor. The models include 

recent improvements to represent conductivity modulation and 

the overall shape of the TVS device’s transient response. The 

models are tuned based on characterizations of these protection 

devices using a transmission line pulse (TLP), and are then used in 

a system efficient ESD design (SEED) simulation to predict the 

transient voltages and currents in a system consisting of an off-

chip TVS, an IC with on-chip ESD protection, and a PCB trace in 

between. Simulated transient voltage and current waveforms 

closely match measurements both when testing the TVS devices by 

themselves and in SEED simulations. Peak and quasistatic 

currents through the TVS and on-chip diode were typically 

captured within about 10% or less across the devices tested while 

varying both the rise time and level of the injected TLP.  

Keywords—electrostatic discharge, simulation, system-level 

modeling, transient voltage suppression 

I. INTRODUCTION 

Transient voltage suppression (TVS) devices are often 
placed on board to protect Integrated Circuits (ICs) from 
electrostatic discharge (ESD). The off-chip protection must be 
designed to ensure the off-chip protection device turns on and 
shunts the ESD current away from ESD protection on-chip, so 
the on-chip protection does not take the full event and fail. 
System-Efficient ESD Design (SEED) provides a methodology 
to predict the interaction between the off-chip protection, 
passive components, and the internal protection within the IC, 
so that ESD issues can be identified early and protection 
strategies can be optimized. SEED simulations require highly 
accurate transient device models [1].  

Several simulation models for TVS devices have previously 
been proposed. The models in [2] and [3] are easy to implement, 
but only account for the steady-state IV curve of the device, and 
not its transient characteristics. The authors in [4] and [5] 
proposed an improved model, but its ability to accurately 

determine voltage overshoot is limited. Conductivity 
modulation of the protection was accounted for in [6]. A SPICE 
behavioral model for TVS devices was developed in [7] and 
later improved in [8]-[10] to fully describe the transient 
characteristics of the device, like conductivity modulation.  

The following paper demonstrates that the improved model 
in [8]-[10] can be used to accurately represent a variety of 
common ESD protection devices: a non-snapback TVS, a 
snapback TVS, and a varistor. The model is validated in a SEED 
simulation of a test board including an off-chip TVS and on-chip 
protection to demonstrate the performance of the model in the 
much more challenging simulation conditions seen in-system. 

Section II describes the ESD protection device model. 
Section III presents the experimental characterization and 
modeling of the ESD protection devices. SEED simulations are 
shown in Section IV. Section V discusses possible simulation 
convergence problems and their solution. Conclusions are 
presented in Section VI. 

II. TVS DEVICE MODEL 

Fig. 1 shows a block diagram of the SPICE behavioral TVS 
model developed in [7]-[10]. D1 and D2 are ideal diodes which 
determine if a positive or negative current path is activated. The 
nonlinear large-signal model contains a pre-snapback model 
(D5 and D6), TVS turn-on behavioral model (including 
snapback delay, and conductivity modulation), and a quasi-static 
I-V model to represent the characteristics after snapback (D3 
and D4). The pre-snapback diodes allow for current flow before 
the voltage reaches Vt1, the snapback trigger voltage.  

 
Fig. 1.  Block diagram of the SPICE behavioral TVS model. 

This work was supported in part by the National Science Foundation 
(NSF) under Grant IIP-1916535. 
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The conductivity modulation sub-model is used to describe 
the change in conductivity during the first moments of the event. 
Fig. 2 shows the original structure of the conductivity 
modulation sub-model prior to modification. Roff is tuned to 
mimic conductivity modulation after the snapback switch has 
been thrown. The on resistance, Ron, is small to allow diodes 
D3 and D4 (Fig. 1) to dominate device behavior. The current-
controlled current-source (CCCS - Fig. 2) charges the capacitor 
C2. The voltage across C2 determines when the conductivity 
modulation switch will switch from Roff to Ron. When the 
switch is thrown is determined by the amount of charge passing 
through the TVS device as set by the gain of the CCCS, the size 
of the capacitor, and the switch trigger voltage Von [8].  

 
Fig. 2. Sub-model for conductivity modulation. 

Equation (1) shows the relationship dictating the turn on and 
off behavior of the switch before improvement: 

������� = 	
� ������������ + 3 � � �������� ⋅ ���� !�"#$��%$���&'����#����� −
2 � � �������� ⋅ *���� !�"#$��%$���&���#���� +

,
-     /11  

This switch follows a numerical function which is not based on 
physics, and thus may not fully represent device behavior. The 
improved model for conductivity modulation directly changes 
the conductivity according to the delivered charge as [6],[10]:  

�2�3456�73/�1 = ����
1 + 8��69:7/�18;

     /21 
where ����  is the resistance when current first starts to flow, 8��69:7/�1  represent the total injected charge, and 8;  the 

threshold charge needed to establish conduction. 

The modified model for conductivity modulation is shown 
in Fig. 3. The time-dependent resistance �2�3456�73/<1  is 
controlled by the voltage across capacitor =17. C17 is charged 
by a current-controlled current-source so that the voltage is 
directly proportional to the charge injected into the system. 

 
Fig. 3. Improved conductivity modulation model. 

A single switch to represent snapback is only roughly able to 
predict the transient behavior of the device as shown in Fig. 4. 
A second switch was added in [9] to better capture this behavior 
as illustrated in Fig. 5.  

 
Fig. 4. Snap-back delay sub-model requires a second switch [9]. 

 
Fig. 5. Improved sub-model for snapback. 

III. DEVICE CHARACTERIZATION AND MODELING 

The ability of the improved model to accurately represent a 
variety of ESD protection devices is investigated in the 
following sections by comparing measurement and simulation 
of a snapback TVS device, a non-snapback diode, and a varistor. 
The turn-on behavior of the components was measured through 
very fast transmission line pulse (VF-TLP) testing. An ESD-
EMC TLP-ES620-50 compact pulsed IV-curve system with a 2 
GHz 10 GSa/s Rohde & Schwarz oscilloscope was used to 
record 10 ns-long VF-TLP waveforms. The current risetime was 
set to 200 ps. Both the quasi-static I-V curves and their transient 
responses were captured. Transient models were developed 
through tuning to match measurements. The small-signal model 
on the front-end of each TVS device was found by measuring 
S11 into the device when it was in an “off” state [9]. 

A. Snapback TVS Diode: PESD3V3Y1BSF 

A bidirectional TVS with a low trigger-voltage and low 
clamping voltage was investigated first. Fig. 6 shows the 
measured and simulated I-V curves for this device. 

R_cong resistors ensure that
convergence errors don't occur  
due to the ideal diodes turning on

Vctrl_CM

V
+ V
-

V
c
_

P

V
c
_

N

P3

P1

R_recomb

C2

R11_convrg

Vt4

SW1

Num=3

Vt5

D10

R10_convrg

SRC17

D11

Num=1

R

C

R

V_DC

Switch_inCM_wo_nonlinear

Ideal_diode_v1

Ideal_diode_v1

R

CCCS

V_DC

C=C_CM_tune F

R=50 Ohm

Vdc=100 V

R_turnon=1e-3

R_turnoff=R_turnoff_tune

R=1 MOhm

Von=Von_tune

Vdc=Von_tune/Von_divider_tune V

Voff=0

R=50 Ohm

G=1 {-t}

Cathode

C

V_control_CM

C17

SRC45

I_C_charge

SDD2P4

C

CCCS

I_Probe

SDD2P

D

C=C_charge nF

G=1

I[1,0]=(_v1)/(R_off/(1+Qcharge*_v2/Q0))

I[2,0]=0

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on October 16,2023 at 14:20:35 UTC from IEEE Xplore.  Restrictions apply. 



 
Fig. 6. I-V curve of a snapback TVS device. 

Fig. 7 shows the simulated transient response of the 
snapback diode before and after modification of the device 
model. The old model does a reasonable job of capturing the IV 
curve of the device and the transient voltage waveform, but the 
improved model captures both the shape of the waveform and 
the magnitude of the peak better. 

 
Fig. 7. Measured and simulated transient response of the TVS snapback 
device simulated with the old device model (left) and the new model (right). 

B. Non-Snapback TVS Diode 

Simulated and measured IV curves for the non-snapback 
TVS diode were captured well by both models, so are not shown 
here. An example of the simulated and measured transient 
response of using the models are shown in Fig. 8. The improved 
model better captures the transient voltage overshoot.  

      
Fig. 8. Measured and simulated transient response of the non-snapback TVS 
device using the old TVS model (left) and using the improved model (right). 

C. Varistor 

The “quasi-static” I-V curve of a metal-oxide varistor is 
similar to a non-snapback TVS diode, but the current rises more 
slowly with voltage due to its slow response time. Both the old 
and improved device models predict the IV curve well, so it is 
not shown here. 

     
Fig. 9. Transient response of the varistor as predicted with the original TVS 
model (left) and using the improved model (right). 

Fig. 9 shows the simulated and measured transient response 
of the varistor. During conduction, the varistor voltage remains 
relatively constant even when the current changes by several 
orders of magnitude. The impact of conductivity modulation is 
significant. The improved model was able to better capture the 
transient voltage response as demonstrated in Fig. 9. Setting the 
parameters for the conductivity modulation sub-model was 
particularly important for this device.  

IV. SEED MODELING 

The ability to predict the interaction between two ESD 
protection devices was tested for each modeled TVS in a SEED 
simulation where an off-chip ESD protection device protected 
an IC with an on-chip diode (Fig. 10). Measurements were 
performed on a custom PCB test board [9]. The IC ESD 
protection was represented with a simple diode, which was also 
modeled using the improved modeling approach. Between the 
TVS device and the IC there was a 50-ohm PCB trace. An 
ESDEMC Inc. TLP was connected via an SMA connector to the 
input of the board. The voltages and currents on the board were 
captured using a 12 GHz Agilent DSO81204B oscilloscope with 
40 GSa/s and a 2 GHz 10 GSa/s Rohde & Schwarz oscilloscope.  

 
Fig. 10. SEED test configuration.  

Measurements were performed using 20 ns wide TLP pulses 
with levels varied according to the characteristics of each device 
and with rise times varying from 0.65 ns to 2 ns.  Information 
regarding the quasi-static and peak current through each device 
was extracted to demonstrate the performance of the device 
models. The TLP voltage was also measured when injecting into 
a 50-ohm load and was used in the SEED simulations.  

A. Snapback TVS Diode with On-Chip Diode  

Fig. 11 shows the measured and simulated results when the 
snapback TVS was used to protect the on-chip diode. In most 
cases, the quasi-static and peak currents were predicted within a 
few percent. The peak TVS and diode current was more 
challenging to capture for a slow rise time, but overall was 
acceptable (generally within 5%). 

TVS Quasi-Static 

Current 

TVS Peak 

Current 

Diode Quasi-

Static Current 

Diode Peak 

Current 

Rise-time = 0.65 ns 

    

Rise-time = 2 ns 

    

Fig. 11. Simulated and measured voltages and currents when the snapback TVS 
diode was used with the on-chip diode.  

Old model New model 

Old model New model 

Old model New model 
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B. Non-Snapback TVS Diode with On-Chip Diode  

The non-snapback TVS device and on-chip diode were 
tested with levels ranging from 120 V to 400 V. An example 
transient response is given in Fig. 12. The ability to predict the 
peak and quasistatic currents are shown in Fig. 13. Quasi-static 
and peak current were captured within about 2%. 

C. Varistor with On-Chip Diode  

Fig. 14 shows the results when a varistor was protecting an 
on-chip diode. While results are acceptable, the model 
performance with the varistor was modestly worse than with the 
other devices, in particular when predicting the peak current 
through the varistor itself. This error results when the rise time 
of the current associated with the varistor turn-on varies between 
the measurement and the simulation, since the current often does 
not reach its peak level over the duration of the 20 ns TLP event. 

      
Fig. 12. Transient response for the off-chip non-snapback TVS and IC 
protection diode.  
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Fig. 13. Simulated and measured voltages and currents when the non-snapback 
TVS diode was used with the on-chip diode.  
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Fig. 14. Simulated and measured voltages and currents when the varistor was 
used with the on-chip diode protection.   

V. CONVERGENCE PROBLEMS 

The fast non-linear responses of the ESD protection device 
and the diode working in parallel can cause SPICE convergence 

issues. Ensuring the value of C���   is at a reasonable value is 

important. Tuning the RC low pass filter (Fig. 15) can slow 
down the snapback and improve convergence. If this does not 
improve convergence, one may also try to vary the SPICE 
integration coefficient, mu, increase the time-point iteration 
limit, or adjust the current and voltage tolerances.  

 
Fig. 15. First snapback switch in sub-model structure.  

VI. CONCLUSIONS 

The improved TVS behavioral model can closely predict 
measured results for different protection devices. The model 
performs well even in the challenging case. Performance was 
worst for slow rise times, but still within 10% of measurements 
for nearly all of the cases studied. Convergence can be an issue, 
but can be addressed by either slowing down the switching of 
parts or by modifying SPICE simulation parameters. 
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