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ABSTRACT 

The complexity of Random Telegraph Noise (RTN) under digital 
circuit operations makes it difficult to predict its impacts without 
accurate modeling and simulation. However, properly integrating RTN 
into circuit simulation is challenging due to its stochastic nature. In this 
paper, RTN is comprehensively modeled and embedded into BSIM. A 
circuit simulation methodology based on industry-standard EOA tools is 
proposed, resolving the stochastic property, the AC effects, and the 
coupling of RTN and circuits that are crucial for accurate predictions of 
impacts of RTN. Using the compact model and proposed method, 
impacts of RTN on RO and SRAM are demonstrated, which ascertains 
their applicability to different type of circuits. 

INTRODUCTION 

The random telegraph noise (RTN) in nanoscale CMOS devices has 
attracted growing attention because of the increasing impacts on circuits 
as the devices scale down [1-5]. However, properly integrating RTN into 
industry-standard EOA tools remains a challenge due to the highly 
stochastic nature, the AC effects, and the bi-directional coupling ofRTN. 
As we have demonstrated, as in Fig. I for example, under AC signal 
excitations, RTN statistics show complicated frequency dependencies 
[3-5], which makes it very difficult to predict the impact of RTN without 
accurate simulations. There have been several works dedicated to the 
state-of-the-art RTN simulation methodology [6-8], however, to our 
knowledge, there are few works that is able to incorporate all these 
effects of RTN into circuit simulation. 

Therefore, in this paper, RTN statistics is carefully modeled, taking 
the bias dependency into account. Based on this model, a transient 
simulation methodology is presented, which is capable of overcoming 
all these obstacles for integrating RTN into industry-standard EOA tools. 
Using this proposed method, the impacts of RTN on circuits are 
demonstrated, which ascertains the high precision and the broad 
applications in different circuits. 

COMPACT RTN MODELING AND CIRCUIT SIMULATION 

METHOD 

To fully simulate the transient behavior of RTN under every 
possible operation conditions, the time constants and the amplitude of 
RTN under all biases should be precisely modeled. Based on our 
understandings [3-5,12] and other proven physics [8-11], the models are 
listed in Table I. As depicted in Fig. 2 (a), the time constants are 
correlated to the surface potential of the transistor, which is a function of 
the gate and drain bias. For the amplitude model, it is known that the 
amplitude �VTH or Mil is a function ofVGS [2], however, some factors 
are ignored in the previous models, e.g. Hole-in-the-inversion-Iayer 
model only considers the worst-case scenario. Recent atomistic 
simulation shows that the widely distributed trap amplitude distributes 
narrower in the on-state [11]. Based on these observations, a 3-piece 
amplitude model is adopted, as has been illustrated in Fig. 2(b). In the 
subthreshold region, � VTH nearly holds the constant value � VTHO, in the 
inversion region, � V TH changes linearly with the gate bias, while in 
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strong inversion, � VTH holds the same value 2ljo. ljo=q/Cox is the 
threshold voltage shift calculated from classical charge sheet model. The 
drain current fluctuation � I  is calculated by timing the transconductance. 
Using our model the time constants and the amplitude as the 20 
functions of V GS and VDS for a certain trap are plotted in Fig. 3. It should 
be noted that this model can be fully embedded into the BSIM [13] model, 
with no need to connect a voltage source on the gate of the MOSFET, 
making it convenient to be used in circuit simulations. 

Based on our newly proposed method [12], the flowchart of the 
simulation is illustrated in Fig. 4. First we initialize every modules in the 
circuit by setting the initial conditions and trap profiles. Then in time 
domain analysis, for each trap in each time step, we calculate the 
capture/emission probability based on the bias at that time and Monte
Carlo decide whether capture/emission will happen, after that the module 
modify the waveform of RTN based on bias and trapping occupancy. 
After that SPICE simulator calculates the biases for the rest part of the 
circuit. The process is repeated until the simulation ends. AC effects and 
coupling of RTN and circuits are naturally incorporated in this process. 
The simulation methodology is capable of analyzing RTN in highly 
noise-sensitive circuits like SRAM, or dynamic property, e.g. jitter, in 
large scale circuits. 

RESULTS AND DISCUSSION 

Our approach is demonstrated on the simple cases of Ring Oscillator 
(RO) and SRAM cells, typical benchmark for VLSI circuits. The devices 
are 16 nm double-gate bulk FinFETs using BSIM-CMG model in the 
following demonstrations. In Fig. 5(a) 5-stage RO with RTN is sketched. 
Due to impact ofRTN, the eye-diagram (Fig. 5(b)) and the histogram of 
delay (Fig. 5(c)) show widely distributions. RO with various values of 

RTN parameters are simulated. Fig. 6 And Fig. 7 plot the average delay 
and jitter, defined as the standard deviation of delay, against the trap 
energy level ET and time constant To, respectively. Both jitter and delay 
ofRO are sensitive to ET and TO. 

Fig. 8 demonstrate the impact of RTN on the failure probability of 
SRAM cells. A Non-O-or-l plateau should be observed, which is 
believed to be induced by the non-O-or-I trap occupancy rate ofRTN at 
this supply voltage. Fig. 9 plots the simulation results of SRAM read
after-write failure probabilities with different trap energy levels. The 
plateau in results affirms the power of the methodology. 

CONCLUSION 

A compact model of R TN for digital circuit simulation is presented. 
Using this model, a methodology for benchmark RTN in circuit is 
proposed, resolving the obstacles in simulation. Using this methodology, 
the impacts of RTN on RO and SRAM are demonstrated, which shows 
the strong capability for studying the impact ofRTN on various circuits. 
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FIGURE 2. Schematic of the (a) 

time constants models and (b) the 

amplitude of RTN used for 

simulation. 

TABLE 1: Compact RTN models used in this 

work 

FIGURE 4. Flowchart of the circuit simulation in time 

domain. 

FIGURE 1. RTN statistics are found exhibiting complex frequency dependence. 

(a) The typical measured data of DC and AC RTN. The measured time 

constants have evident frequency dependence in (b) planar high-k/metal-gate 

(HKMG) devices and (c) multi-gate FinFETs.[3-5] 
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FIGURE 3. Plots of the dependences of (a)capture time constant τc (b) emission time constant τe (c)amplitude ΔI/I 

of RTN on gate and drain bias using the model in this work. 

FIGURE 6. Delay shift and jitter of RO induced by 

RTN as a function of trap energy level. 

FIGURE 5. (a) 5-stage RO with RTN on the NMOS of 

one stage (denoted with an asterisk) (b) eye-diagram of 

the RO (c) histogram of the delay induced by RTN 
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FIGURE 8. (a) Schematic of a SRAM cell, assuming RTN 

in one of the pull down transistor. (b) Typical read-after-

write failure probability plot of SRAM cell, due to RTN, 

a non-0-or-1 plateau can be observed. 
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Circuit netlist 

without traps in 

MOSFETs

Trap profiles

Initial 

conditions:bias,  

trap occupancy

Calculate τc and τe based on the 

bias @ ti

Monte-Carlo decide whether the 

trap is in capture or empty state

Modify the drain current based on the  

bias and trap occupancy  

Calculate the bias @ ti for the rest of 

the circuit 

i=i+1

τ0,ET,∆VTH0
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FIGURE 9. Read-after-write failure probability 

of SRAM against the supply voltage for RTN 

with different trap energy level. 

1.Trap time constants dependence: 

τc=τ0[1+exp(-(ET-Ef)/kBT)] 

τe=τ0[1+exp((ET-Ef)/kBT)] 

2.Trap amplitude dependence: 

(1)Subthreshold region (VGS≤VTH) 

ΔVTH=ΔVTH0 

(2)Inversion region (VTH<VGS<VINV) 

ΔVTH=ΔVTH0+( VGS- VTH)	 ( 2η0- 

ΔVTH0)/( VINV-VTH) 

(3)Strong inversion region (VG≥VTH) 

ΔVTH=2η0 

3.η0=q/Cox 

4.Drain current shift: 

ΔI=gmΔVTH 

FIGURE 7. The impact of trap time constants of 

RTN on the delay and jitter of RO. 


