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Abstract—Random telegraph noise (RTN) has become an
important reliability issue at the sub-65nm technology node.
Existing RTN simulation approaches mainly focus on single trap
induced RTN and transient response of RTN, which are usually
time-consuming for circuit-level simulation. This paper proposes
a statistical algorithm to study multiple traps induced RTN
in digital circuits, to show the temporal distribution of circuit
delay under RTN. Based on the simulation results we show how
to protect circuit from RTN. Bias dependence of RTN is also
discussed.

•

•
•

Keywords—Random telegraph noise; Statistical analysis; Reliability

I.

This paper integrates RTN into timing analysis to
estimate the impact of RTN on logic circuits. A fast
estimation framework which is based on a statistical
algorithm is proposed to obtain the temporal distribution of circuit delay without SPICE or Monte-Carlo.
This is the ﬁrst time to analyze the impact of multiple
traps induced RTN on logic circuits.
We ﬁnd that it is not practical to protect circuit
from the maximum possible delay under RTN, but
we should only ensure that circuit functions correctly
with a certain probability during the whole lifetime,
such that timing violation can hardly happen. By
ensuring that circuit functions correctly with 1−10−9
probability, circuit should be protected from the degraded delay which is about 7% to 40% larger than
the intrinsic delay.
The impact of gate voltage on RTN effect is investigated. We show that the impact of Vgs on RTN has
two trends: increasing and saturation. A simple Vdd
tuning approach can effectively protect circuit from
the effect of RTN.

I NTRODUCTION

As CMOS technology scales, many reliability mechanisms
that affect circuits’ reliability are becoming more serious.
These issues must be evaluated and well addressed during the
design time. In recent years, random telegraph noise (RTN)
has attracted researchers’ attention. RTN can cause random
ﬂuctuations in electrical parameters (such as Vth and Id ) [1].
RTN-induced Id variation can be up to 40% in 30×30nm
devices [2], and the Vth variation can be larger than 70mV
for the smallest devices at 22nm technology node [3]. The
RTN effect increases superlinearly with the scaling down of
the device’s size [4]. RTN is also a serious concern in CMOS
logic circuits [5].
The physical mechanism of RTN has been studied for many
years [1], [6]–[8]. The impact of single trap induced RTN
on memories was widely studied [4], [9]–[15], some circuitlevel simulation approaches were also proposed [16]–[19].
Most of them evaluate single trap induced RTN. Multiple
traps induced RTN has been rarely studied [11]. However,
there should be 2∼3 detectable traps in each device, and the
number of traps follows Poisson distribution [20]. The multitrap problem is actually a statistical problem, which is more
complex than the single-trap problem. This paper will evaluate
circuit performance under multiple traps induced RTN.
On the other hand, many existing researches used timeconsuming SPICE simulation to obtain the transient response
under RTN [14]–[18]. This method can be used for predicting
read/write failures in memories, but it is useless for evaluating
the timing of CMOS logic circuits. To actually understand the
impact of RTN on logic circuits, a temporal distribution of circuit delay should be used to obtain the statistical information.
In other words, RTN should be integrated into timing analysis
to see the real impact of RTN on logic circuits.
This work was supported by National Natural Science Foundation of China (No. 61373026, No.61261160501, No. 61028006), 973
project (2013CB329000), National Science and Technology Major Project
(2011ZX01035-001-001-002), and the youth talent development plan of
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The rest of the paper is organized as follows. Section II
gives backgrounds and modeling of RTN. We introduce the
proposed algorithm in Section III. The experimental results
are shown in Section IV. Finally Section V concludes the
paper.
II.

M ODELING R ANDOM T ELEGRAPH N OISE

A. Physics of RTN
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(b) Vth ﬂuctuation.

Fig. 1: Physics of RTN and its impact on Vth .
As shown in Fig. 1a, RTN is caused by the capture/emission
process of charge carriers by the oxide traps (defects) [1],
[8]. A carrier in the channel is occasionally captured by a
trap in the oxide, and the carrier will be emitted back after
a period of time. The capture/emission process of a given
trap can be described by a two-state Markov chain [16]. With
reference to Fig. 1b, the high Vth state occurs when the carrier
is captured by the trap (i.e. the trap is ﬁlled), and the low Vth
state occurs when the carrier is emitted back (i.e. the trap is
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empty). The time spent in the high Vth state is emission time
τe , which means “time to be emitted back”, and the time spent
in the low Vth state is capture time τc , which means “time
to be captured”. τe and τc strongly depend on gate overdrive
(τc = 10−3 s to 10−2 s and τe = 10−1 s to 10+1 s [1]).

The capture and emission time constants also depend on
the switched bias conditions. When a transistor is on, the time
(on)
(on)
and τe ; when the transistor is off, the
constants are τc
(of f )
(on)
= τc
× mc and
time constants can be expressed as τc
(of f )
(on)
= τe /me [21]. Consider a transistor with duty cycle
τe
SP (the probability of on is SP ), its average time constants
are
(on)
(of f )
+ (1 − SP ) × τc
τc = SP × τc
(1)
(on)
(of f )
τe = SP × τe
+ (1 − SP ) × τe
A logic simulator is used to calculate the signal probability
of all internal nodes in a circuit.
C. RTN-induced Vth Shift

(2)

where q is the elementary charge, Cox is the unit area capacitance, W and L are channel width and length respectively.
It is shown that the number of traps in each device follows
Poisson distribution: Ntr ∼ P ois(λ) (Ntr is not the number
of existing traps, which is constant, but that of detectable
traps) [20], in which λ is the average number of traps. Based
on the measured data plotted in [10], [11], [20], multiple traps
induced maximum Vth shift can be approximately expressed
as the sum of each individual trap induced Vth shift, so Vth
shift caused by Nf il ﬁlled traps is
ΔVth =

qNf il
Cox W L

(3)

D. RTN-induced Gate Delay Modeling
The propagation delay of a logic gate i is given by
D(i) =

Ki CL,i Vdd
(Vgs − Vth,i )α

(4)

where Ki is a coefﬁcient related with device physical parameters, CL,i is the load capacitance, and α is the velocity
saturation index. The delay shift caused by Vth shift is
αΔVth,i
ΔD(i) ≈
× D(i)
Vgs − Vth0



Nef f

ΔD(i) =

ΔDO (i), Nef f ∼ P ois(rλ)

(7)

i=1
e
, and ΔDO (i) is the delay shift caused by a
where r = τeτ+τ
c
single ﬁlled trap, which is calculated by Eq. (2) and (5).

B. Dependence of Switched Bias Conditions

Single trap induced Vth shift is given by [10]
q
ΔVth =
Cox W L

gate i caused by multiple traps is described by a compound
Poisson distribution:

III.

This section proposes an RTN simulation framework based
on a statistical algorithm. The proposed algorithm can fast obtain the temporal distribution of circuit delay without MonteCarlo or SPICE. The algorithm is similar to the idea of the
well-known statistical static timing analysis (SSTA) algorithm [22], but they are different. SSTA is used to evaluate the
impact of process variations on the yield. For each individual
chip they are assumed to be constant, and SSTA predicts that
certain percent of manufactured circuits functions correctly.
Unlike that RTN affects gate delays differently in different
time moments. Therefore, delay value varies in time randomly.
Because of that if chip operates long enough path delay can
always get its worst value. So we are more interested in the
maximum circuit delay. In addition, SSTA assumes that any
delay can be described by a canonical form, but according to
Eq. (7), MAX of two compound Poisson distributions is not
a compound Poisson distribution, so canonical forms cannot
be used in RTN analysis.
A. Terms and Deﬁnitions
Several terms are deﬁned as follows. The arrival/leaving
time of gate i (AT (i)/LT (i)) are the maximum propagation
delay from circuit primary inputs (PI) to the inputs/output of
gate i. LT (i) = AT (i) + D(i). The propagation delay from
gate i’s output to gate j’s output is P D(i, j). An example of
AT , LT and P D are illustrated in Fig. 2. An input path (IP)
of gate i is a path from PIs to gate i, and IP (i) is the set of
all input paths of gate i. The critical input paths (CIP) are the
paths that have longest delay in IP (i), denoted as CIP (i).
In the following contents, we use fX and FX to represent the
probability density function (PDF) and cumulative distribution
function (CDF) of random variable X. Φ and φ are the
CDF and PDF of the standard normal distribution. Φ2 and
φ2 are the CDF and PDF of the standard bivariate normal
distribution. μX and σX are mean and standard deviation of
random variable X.
D
E
F
$7 G
/7 G

(5)

For a given trap, its state can be described by a two-valued
random variable X: 0 corresponding to empty state and 1
corresponding to ﬁlled state. When the capture/emission process is stationary, the two states have a stationary distribution,
which is given by
τe
τc
, P (X = 1) =
(6)
P (X = 0) =
τe + τc
τe + τc
Note that our target is statistical analysis so only stationary
state is considered, the detailed capture/emission sequence is
not considered. Combining Eq. (3), (5) and (6), delay shift of
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Fig. 2: Example to illustrate AT (d), LT (d) and P D(e, g).

B. Simulation Framework
The RTN simulation framework is shown in Fig. 3. HSPICE
is used to create a gate library which includes gate intrinsic
delay and oxide capacitance of each gate type (i.e. INVX1,
INVX4, NAND2X1, etc), based on the predictive technology
model (PTM) [23]. STA tools are used to obtain the critical
path information, which is used for correlation calculation.
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A logic simulator is used to calculate the probability of all
internal nodes. In STA, if RT (i) − LT (i) <= ε (RT means
“required time”), gate i is critical. ε > 0 to ensure that the
criticality obtained in STA is also accurate in statistical analysis. Finally, the delay distribution of the circuit is calculated
by the proposed statistical algorithm.

little impact on LT (b), and LT (b) is not correlated to LT (c).
The algorithm for calculating the correlation of two gates are
shown in Algorithm 1.
Algorithm 1

1: S = CIP (i) ∩ CIP (j);
2: if S == ∅ then
3:
ρLT (i),LT (j) = 0;
4: else
5:
Find gate u ∈ S such that μLT (u) = M AX {μLT (v) };

Circuit
netlist

HSPICE

STA

Logic
simulator

Gate
library

Critical path
information

Signal
probability

Statistical
analysis

v∈S

2
/(σLT (i) σLT (j) );
6:
ρLT (i),LT (j) = σLT
(u)
7: end if

D. Proposed Statistical Algorithm

Temporal
distribution of
circuit delay

3UREDELOLW\GHQVLW\

PTM
Model

Fig. 3: RTN simulation framework.

C. Correlation of Gates

D

D

E
F

G

(b)

In a traditional SSTA, the correlation is spatial correlation,
i.e. global/local sources of variation. However, based on the
delay model in Section II, there is no spatial correlation in
RTN simulation. There is still correlation among gates, but
the correlation is caused by path delay. The correlation comes
from the case that the IPs of two gates have common gates,
as illustrated in Fig. 4a, where gate a and a are the common
gates of IP (b) and IP (c). We are interested in the correlation
of gate b and c, and we have
E(LT (b)LT (c)) − μLT (b) μLT (c)
σLT (b) σLT (c)

(8)

Since LT (b) = LT (a) + P D(a, b) and LT (c) = LT (a) +
P D(a, c), Eq. (8) can be written as
ρLT (b),LT (c)
= {E[(LT (a) + P D(a, b)) · (LT (a) + P D(a, c))]
−(μLT (a) + μP D(a,b) ) · (μLT (a) + μP D(a,c) )}
/(σLT (b) σLT (c) )
=

E(LT (a) )−(μLT (a) )
σLT (b) σLT (c)

2
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Fig. 4: Example to illustrate the correlation of gates.
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Fig. 5: Representing an arbitrary distribution by sampling the
PDF.
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Calculating the correlation of gate i and j.

(9)

2

(σLT (a) )
σLT (b) σLT (c)

This indicates that the correlation of gate b and c is only
determined by the variance of the leaving time of gate b,
c and a. Actually gate a is also a common gate of IP (b)
and IP (c); however, ρLT (b),LT (c) does not depend on gate
a . So the “last” common gate should be used to calculate
the correlation coefﬁcient of two gates. Obviously the “last”
common gate must have largest delay among all the candidate
common gates. Another essential condition is that gate a
should be in both CIP (b) and CIP (c); otherwise as shown
in Fig. 4b, the dotted line is the CIP of gate b, so LT (a) has

The key idea of the proposed algorithm is that an arbitrary
PDF that has no analytical form can be represented by
sampling [24], as shown in Fig. 5. The number of sampled
nodes is M , and larger M leads to better approximation.
The sampled intervals can be uniform or non-uniform. Two
vectors, value and prob with length M , are used to express
the sampled value and the corresponding probability density,
so the PDF becomes a discrete probability mass function
(PMF). In this paper, M = 100 is used.
1) ADD operation: This is used to calculate the leaving
time LT (i) = AT (i) + D(i). Since AT (i) and D(i) are
independent, their sum is the convolution of their PMFs. The
convolution of two PMFs of sampled length M1 and M2 will
have a length of M1 M2 , which may exceeds M , so a grouping
method is proposed to reconstruct the sum to be M -length.
The pseudo code of ADD operation is shown in Algorithm 2.
Algorithm 2

MX and MY .

Calculating Z = X + Y , X and Y are of sampled length

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

Alloc two vectors, value and prob, both of length MX MY ;
//convolution
for i = 0 to MY − 1 do
for j = 0 to MX − 1 do
value[i ∗ MX + j] = Y.value[i] + X.value[j];
prob[i ∗ MX + j] = Y.prob[i] × X.prob[j];
end for
end for
//grouping
min = M IN {value[i]}; max = M AX {value[i]};

11:
12:
13:
14:
15:
16:
17:
18:
19:

step = (max − min)/M ;
Clear Z;
for i = 0 to MX MY − 1 do
Z.value[(value[i] − min)/step]+ = prob[i] × value[i];
Z.prob[(value[i] − min)/step]+ = prob[i];
end for
for i = 0 to M − 1 do
Z.value[i] / = Z.prob[i];
end for
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2) MAX operation: This is used to calculate the arrival time
AT (i) = M AX{LT (j1 ), LT (j2 ), · · · , LT (jK )}, where gate
j1 , j2 , · · · , jK are the fan-ins of gate i. Consider a simple case
W = M AX(X, Y ), X and Y are with correlation coefﬁcient
ρXY . The core operation is to calculate the integral
P (W ≤ w) = FXY (w, w; ρXY ) =
w w
fXY (u, v; ρXY )dudv

(10)

−∞ −∞

); Z

1: min = M AX{M IN {X.value[i]}, M IN {Y.value[i]}};
i<MX

i<MY

2: max = M AX{M AX {X.value[i]}, M AX {Y.value[i]}};
i<MX

3:
4:
5:
6:
7:
8:
9:
10:
11:
12:

i<MY

step = (max − min)/M ;
for i = 0 to M − 1 do
w = min + step ∗ (i + 1);
p1 = FX (w); p2 = FY (w);
W.prob[i] = Φ2 (Φ−1 (p1 ), Φ−1 (p2 ); ρXY );
W.value[i] = w;
end for
for i = M − 1 to 1 do
W.prob[i]− = W.prob[i − 1];
end for

P;

IV.

I; [

E XPERIMENTAL R ESULTS

A. Experiment Setup
Z
§ Z  P; ·
)¨
¸
© V; ¹

§ [  P; ·
¸
© V; ¹
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Z
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where fXY is the joint PDF of X and Y and its analytical
form is nonexistent. The integral is difﬁcult to calculate. In
this paper, we use an approximate method to fast obtain the
result, based on the standard bivariate normal distribution.

Calculating W = M AX(X, Y ), X and Y are of sampled
length MX and MY .

Algorithm 3

§ Z  P; ·
)¨
¸
© V; ¹

The experiments are implemented on a PC with an Intel
Q9550 CPU. The STA tool, the logic simulator, and the
statistical algorithm in Fig. 3 are written in C++. Twenty-four
benchmarks including ISCAS85 and some ALU circuits are
used to evaluate the proposed algorithm for RTN simulation.
The 16nm high-performance PTM [23] is used, with nominal
Vdd = 0.9V and |Vth0 | = 0.4V . Some key parameters are listed: α = 1.5 (in Eq. (4)), single trap induced |ΔVth | = 30mV
for smallest devices according to Eq. (2).

); Z

Z

Fig. 6: Using normal distribution to calculate the approximate
integral.

B. Results of RTN Evaluation

E. Complexity Analysis

1) RTN-induced circuit delay degradation: In this experiment, the average number of detectable traps in each device
(on)
(of f )
= 0.01s and τe
= 0.1s, mc =
(λ) is set to 2, τc
me = 12. The temporal distribution of circuit delay of four
circuits obtained by the proposed algorithm and Monte-Carlo
(MC) simulation are shown in Fig. 7. MC is implemented
by 10000 times. The proposed algorithm can generally obtain
accurate results compared with MC. We ﬁnd that the RTNinduced temporal distribution of circuit delay has a long tail,
as shown in Fig. 8. As mentioned above, RTN-induced circuit
delay varies in time randomly, so if chip operates long enough
circuit delay can always get its worst value. Consequently, for
a reliable design, we should ensure that the maximum possible
delay does not violates the design speciﬁcation, leading to
large design redundancy. However, as can be seen from Fig. 8,
though the tail is very long, the large delay values can
hardly appear during the whole lifetime. Ensuring that circuit
functions correctly with 1 − 10−10 probability or 1 − 10−50
probability have no difference in essence. Therefor, it is not
practical to consider the maximum possible delay which will
lead to large design overheads, but we should only ensure
that circuit functions correctly with a certain probability P
during the whole lifetime, such that timing violation can
hardly happen. Consider a 10-year circuit lifetime and the
typical values of τe and τc , we choose P = 1 − 10−9 . So
our algorithm predicts that circuit functions correctly with
1 − 10−9 probability. The corresponding delay value is called
“RTN-induced maximum delay”.

The computational complexity of the proposed statistical algorithm is no more than M AX{O(M 2 n), O(KM n)}, where
n is the number of gates in a given circuit, and K is the
maximum number of gate fan-ins. Since M and K are both
constant, the complexity is O(n), which is linear to the size
of circuit.

The results of all the benchmarks are shown in Table I. We
show the circuit intrinsic delay and degradation ratio of the
RTN-induced maximum delay. To ensure 1−10−9 correctness
during the whole lifetime, circuit should be protected from the
degraded delay rather than the intrinsic delay. The average
degradation ratio is 20%. Our statistical algorithm is on

If the CDF of the corresponding bivariate normal
w−μY
X
directly replaces
distribution (Φ2 ( w−μ
σX , σY ; ρXY ))
FXY (w, w; ρXY ), it will generate large error when
fXY (u, v; ρXY ) is far away from the PDF of the bivariate
v−μY
X
ρXY )). A univariate
normal distribution (φ2 ( u−μ
σX , σY ;

X
<< FX (w).
example is shown in Fig. 6, in which Φ w−μ
σX
The reason of the error is that both FX and Φ use the
same integral end point w. If the integral end point of
Φ is changed
to w = Φ−1 (FX (w))σX + μX , we get

w −μX
= FX (w). So the CDF of normal distribution
Φ
σX
can be used to replace the integral. Inspired by this result, in
the bivariate case, the same method is used, which is given
by
w1 = Φ−1 (FX (w)), w2 = Φ−1 (FY (w))
(11)
FXY (w, w; ρXY ) ≈ Φ2 (w1 , w2 ; ρXY )

Φ−1 is calculated by a lookup table. Though Φ2 (w1 , w2 ; ρ)
is still difﬁcult to calculate, a fast and simple approximation
is proposed in [25]. The pseudo code of MAX operation of
X and Y is shown in Algorithm 3, in which X and Y are
described by sampled PMFs.
We have validated this method using Monte-Carlo, and
the accuracy is larger than 95% for some most common
distributions. This accuracy is sufﬁcient for RTN evaluation.
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Circuit delay (ns)
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(a) booth9x9 (small size)
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0

2.4

(b) c7552 (medium size)

7.6

7.7

7.8
7.9
8
Circuit delay (ns)
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8.2

(c) pmult32x32 (big size)

Fig. 7: Comparison with MC on circuit delay distribution.

Cumulative probability

1-10
50 -50

TABLE I: Circuit delay degradation caused by RTN.

-40

1-10
40

-30
1-10
30

1-10
20 -20

1-10
10 -10

00
7.9

8

8.1 8.2 8.3 8.4
Circuit delay (ns)

8.5

8.6

Fig. 8: Long tail of the RTN-induced temporal distribution of
circuit delay, for pmult32x32.

average 41× faster than MC (10000 times). The simulation
time is at millisecond magnitude, which is also expected to be
much faster than SPICE-based approaches. We also compare
the accuracy between MC and our method in the error of the
mean value of delay distribution. The average error is only
0.53%.

Delay (ns)

11

2.81
2.23
1.13
1.91
2.77
1.38
2.14
1.87
6.36
1.80
0.84
2.86
1.00
1.94
1.90
1.00
1.97
0.54
0.85
1.52
0.93
1.93
3.89
7.44

Statistical algorithm
error(%)
T (s) Δ(%) speedup
0.008 16.6
31
0.21
0.007 39.9
46
2.03
0.018 13.8
32
0.43
0.031 21.5
25
0.49
0.039 27.0
35
0.94
0.061 27.5
34
0.73
0.058 32.5
43
2.01
0.110 28.6
33
0.13
0.091 12.0
37
0.37
0.193 30.8
29
0.33
0.004 18.2
24
0.00
0.025 17.5
22
2.93
0.002 9.1
57
0.27
0.004 7.1
63
0.13
0.014 22.4
42
0.23
0.002 9.1
58
0.26
0.004 7.0
64
0.13
0.006 19.7
32
0.22
0.020 31.0
28
0.34
0.038 31.5
35
0.13
0.004 18.2
25
0.01
0.011 17.1
47
0.05
0.058 11.6
43
0.12
0.235 9.5
96
0.15
20.0
41
0.53

Intrinsic delay
RTN-induced maximum delay

10
9
8
7
6
5
4
0.7 0.75 0.8 0.85 0.9 0.95

1

1.05 1.1 1.15 1.2

Vgs (V)

Fig. 9: Intrinsic delay (d0 ) and RTN-induced maximum delay
(dmax ), for pmult32x32.

Take pmult32x32 as an example, the impact of Vgs on
RTN is shown in Fig. 9 and Fig. 10. We get two important
observations from the results.
•

169
204
383
548
911
1279
1699
2329
2447
3566
69
375
81
165
412
81
164
140
371
862
72
356
1672
6814

12

(12)

(13)

c432
c499
c880
c1355
c1908
c2670
c3540
c5315
c6288
c7552
array4x4
array8x8
bkung16
bkung32
booth9x9
kogge16
kogge32
log16
log32
log64
pmult4x4
pmult8x8
pmult16x16
pmult32x32
average

MC
T (s)
0.256
0.316
0.564
0.782
1.364
2.044
2.492
3.667
3.411
5.541
0.101
0.541
0.124
0.257
0.593
0.124
0.259
0.208
0.556
1.318
0.107
0.515
2.486
22.442

13

Based on the data plotted in [26], we choose γc = 32,
γe = 3.2 × 10−8 , and θc = θe = 11.5. mc = me = 12.
λ also depends on Vgs , and the dependence is approximately
linear [20]. When Vgs increases, λ also increases. The data
dλ
plotted in [20] show that dV
≈ 1.25 and λ ≈ 2 under
gs
nominal condition, so we choose
λ = 1.25 × (Vgs − 0.9) + 2

#gate d0 (ns)

d0 = circuit delay without RTN (intrinsic delay)
T = simulation time
d
−d0
Δ = max
, dmax = RTN-induced maximum delay
d0
error = error of the mean value of delay distribution

2) Impact of gate voltage: Several publications show that
RTN strongly depends on gate voltage at device level. It is
(on)
and
shown that the gate voltage Vgs has large impact on τe
(on)
τc , and the dependence is approximately exponential [20],
(on)
(on)
and τc
can be described as
[26]. So τe
τc(on) = γc e−θc Vgs , τe(on) = γe eθe Vgs

benchmark

RTN-induced
maximum
delay
degradation
(dmax − d0 ) has two different trends under different
Vgs (Fig. 10). When Vgs < 1V, with Vgs increasing,
τe increases, τc decreases, and the average number
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e
of ﬁlled traps rλ = τeλτ
+τc also increases, so the
maximum delay degradation increases. On the other
hand, when Vgs > 1V, since τe >> τc , the average
e
number of ﬁlled traps is almost constant ( τeλτ
+τc ≈ λ),
which means all the detectable traps are almost in

2C-1
RTN-induced maximum
delay degradation (ns)
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Fig. 10: RTN-induced maximum delay degradation (dmax −
d0 ), for pmult32x32.

ﬁlled state (although λ also depends on Vgs , the
dependence is much weaker than that of the time
constants); in the mean time, higher Vgs leads to
lower intrinsic delay, so RTN-induced maximum
delay degradation decreases. This phenomenon can
be called “saturation” of traps.
•

Although the RTN-induced maximum delay degradation (dmax − d0 ) increases when Vgs < 1V, the
maximum delay (dmax ) still keeps decreasing with
Vgs increasing. This indicates that a simple guardbanding approach can protect circuit from the effect
of RTN. As shown in Fig. 9, if we choose the intrinsic
delay when Vgs =0.9V (nominal voltage) as the
design constraint, the RTN-induced maximum delay
satisﬁes the constraint when Vgs ≥ 1V.
V.

C ONCLUSIONS

This paper integrates RTN into timing analysis and analyzes
the impact of multiple traps induced RTN on the temporal performance of digital circuits. We show the temporal distribution
of circuit delay under RTN, and circuit should be protected
from a degraded delay which is on average 20% larger than
intrinsic delay to ensure 1−10−9 correctness during the whole
lifetime. The impact of gate voltage on RTN is investigated.
Our results show that a simple guard-banding approach can
effectively protect circuit from the effect of RTN.
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