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Abstract⎯The shrinking silicon feature size causes 

the continuous increment of the aging effect due to the 
negative bias temperature instability (NBTI), which 
becomes a potential stopper for IC development. As the 
basis of circuit-level aging protection, an efficient aging 
critical-gate identification method is crucially required 
to select a set of gates for protection to guarantee the 
normal lifetime of the circuits. The existing critical-gate 
identification methods always depend on a critical path 
set which contains so many paths that its generation 
procedure requires undesirable CPU runtime; 
furthermore, these methods can achieve a better 
solution with taking account of the topological 
connection. This paper proposes a time-efficient critical 
gates identification method with topological connection 
analysis, which chooses a small set of critical gates. 
Experiments over many circuits of ITC99 and ISCAS 
benchmark demonstrate that, to guarantee the normal 
lifetime (e.g., 10 years) of each circuit, our method 
achieves a 3.97x speedup and saves as much as 27.21% 
area overhead compared with the existing methods. 

  
Index Terms⎯Aging critical gates, negative bias 

temperature instability, topological connection. 

1. Introduction 
As the CMOS technology aggressively scales, the 

reliability degradation is emerging as a serious challenge 
for integrated circuits. The aging effect due to the negative 
bias temperature instability (NBTI) can cause more than 
20% degradation of circuit performances at the worst case 
over a period of ten years[1]–[3], and it has become one of the 
most critical reliability concerns for digital circuits in the 
nanometre process[4],[5]. As aging becomes increasingly 
serious, several typical techniques, which include input 
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vectors control (IVC)[6],[7], gate replacement (GR)[8], and 
adaptive voltage scaling (AVS)[9]–[11], were proposed to 
mitigate the aging effect. However, the efficiency of these 
techniques is restricted more or less by the process of aging 
critical gates (CGs) identification. 

Critical gates are the most important nodes for timing 
degradation in the lifetime of a circuit. The identification of 
CGs, as the basis of aging-protection techniques, which are 
crucial to enhance the reliability for high-performance 
integrated circuit, is key work for the reliable IC design. 
However, the existing methods of CGs identification all 
depend on critical paths set (CPS), which requires  huge 
CPU runtime to generate the CPS due to the exponential 
explosion of the number of paths in the circuit[12], i.e., it 
takes more than ten hours to generate a critical path set for 
s15850[13],[14]. The CPS generation consumes so much CPU 
runtime that it would seriously extend the development 
cycle of digital chip design. Moreover, the existing CGs 
identification methods could be further optimized by 
considering the topological connection. 

As the CGs identification is critical work for mitigating 
circuit aging[6],[7],[15], several methods have been proposed. 
W. Wang et al. proposed an approach for CGs searching 
relied on CPS with handling each path in the CPS, and then 
the CGs could be abstracted[16]. Y. Cao et al. proposed a 
method for CGs identification based on the consideration of 
the node criticality in the circuit[17]. Both of them were 
required to generate CPS as an input, however, it was 
extremely time-dependent work for its exponential 
complexity, even in small-size circuits. Moreover, they did 
not take account of the topological connection. 

The correlated paths are mainly caused by the shared 
nodes in the circuit as illustrated in Fig. 1. The critical paths 
in the circuit are generally highly correlated, which means 
that amounts of them will share one or more gates[12],[13]. 
The topological connection among logic gates (TCLG) in 
circuits stands for whether two gates locate at the same 
paths (at least two paths). If two gates are at the same path, 
they have the topological connection. For example, G1 and 
G10 are on the same path. G1 can arrive at the G10 passing 
through several gates (G2 and G3) on different topological 
levels. But it cannot arrive at some gates such as G5, G6, 
and G7. Hence, the topological connection exists between 
G1 and G10. If two more paths are correlated, the 
topological connection appears among the shared gates. 
Suppose that there are six critical paths in a circuit, as 
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shown in Fig. 1, it is evident that they are correlated with 
the shared node G10. Protecting G10 could mitigate the 
aging effect of the six critical paths but protecting other 
gates could not do. So the analysis of the shared gates 
seems to be crucial for the CGs identification in a circuit. 
However, so far, all the existing methods for identifying the 
CGs did not consider the topological connection of logic 
gates in the circuit, which was caused by the shared logic 
gates. 

 
Fig. 1. Example of correlated paths.  

In this paper, the TCLG in a circuit is analyzed and 
taken into account in the process of CGs identification. We 
propose a time-efficient method for CGs identification 
taking account of the circuit topological connection. The 
contributions of this paper can be summarized into the 
following aspects. 

• A time-efficient identification method for CGs is 
proposed with considering the circuit topological 
connection. It can abstract the specific gates set which has 
the most critical effect on the whole circuit.  

• An algorithm for CGs identification is proposed 
without depending on the CPS, which greatly reduces the 
searching time. 

The rest of this paper is organized as follows. Section 2 
describes the related work. Section 3 gives the NBTI effect 
and models. Section 4 proposes our identification method 
for CGs. Section 5 shows our experimental results on 
ITC99 and ISCAS benchmark circuits. Section 6 gives the 
conclusions of this paper. 

2. Related Work  
CGs protection is the main approach for mitigating 

circuit aging. In [6] and [7], IVC techniques were proposed 
for aging protection. When the circuit was on standby mode, 
specific input vectors were applied to the circuit inputs to 
mitigate the aging effect. D. Bild et al. proposed an internal 
node control (INC) technique which could permit much 
more control of all levels in the circuit to decrease the 
NBTI-induced delay[18]. Y. Wang et al. proposed two gate 
replacement algorithms together with optimal input vector 
selection to reduce the leakage power and mitigate the 
NBTI-induced degradation[8]. Most of CGs in the circuit 
would be abstracted under protection in the standby mode 
by using gate replacement technique. Like the method 
proposed in [15], I. C. Lin et al. proposed a novel 
transmission gate-based technique to minimize the 
NBTI-induced degradation and leakage. It inserted a 
transmission gate and a pull up device in front of the 
critical gate, forcing one input of the critical gate to a high 
level in the standby mode to mitigate the static NBTI effect. 

 
Fig. 2. CGs identification flow. 

All the techniques mentioned above illustrate that the 
CGs identification is the most critical basis for mitigating 
the circuits aging. Fig. 2 shows the principal steps of the 
existing CGs identification methods. W. Wang et al. 
proposed an efficient CGs identification method relying on 
CPS[16]. Firstly, the static timing analysis (STA) was applied 
into an original circuit without considering the NBTI. 
Given the timing constraint for the circuit paths, the 
potential critical paths (PCPs) could be abstracted. 
Moreover, the CPS would be obtained from the PCPs with 
considering the NBTI effect. The CGs could be abstracted 
by making every path in the CPS meet the timing 
requirement by using the gate replacement technique. 

In [17], the node criticality computation for circuit 
timing analysis was proposed. It defined the node criticality 
for the logic gate in the circuit. The potential critical paths 
were obtained by STA just like in [16]. The longest path in 
PCPs was called the most critical path (MCP). Given a 
node ni, two different node criticality computations were 
defined based on whether the node located at the MCP or 
not. After finishing the criticality computations for all gates, 
they were ordered according to the degree of their 
degradations. The CGs could be also abstracted by 
optimizing the circuit using gate replacement technique. 

 
Fig. 3. CGs identification for correlated paths.  

The method in [16] was the primary approach for CGs 
identification. Unfortunately, it did not take the TCLG into 
consideration in the circuit, which could make some critical 
paths over protected and the CPU runtime for the CPS 
generation extremely huge. As an example for CGs 
identification for correlated paths illustrated in Fig. 3, there 
are four critical paths in the circuit: {P1: G1–>G2–> 
G3–>G4–>G10–>G11, P2: G1–>G2–>G3–>G4–>G8–>G9, 
P3: G5–>G6–>G7–>G4–>G8–>G9, P4: G5–>G6–>G7–> 
G4–>G10–>G11}. We assume that G3 and G11 are the 
critical gates in the path P1 abstracted using the method in 
[16]. Two paths may share the same gate and wire. As 
shown in Fig. 3, P1 shares gate G4 with P2. Once G4 
becomes a critical gate in the path P2, P1 would be 
over-protected. As amounts of the correlated paths exist in 
the circuit, mitigating the aging effect by replacing the 
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critical gates which are generated by the method in [16] 
could make some critical paths over-protected. Moreover, 
the CPS generation is an extremely time-consumed work. 

In this paper, a novel CGs identification method 
considering the TCLG (CGIMT) is presented. Unlike the 
existing methods, this approach can efficiently capture the 
impact of the topological correlation among the logic gates 
in the circuit for CGs identification. 

3. NBTI Effect and Models 
When a negative bias voltage (Vgs= –Vdd) is applied to a 

PMOS device, causing a shift in the threshold voltage, the 
NBTI effect occurs. On the contrary, when a positive bias 
voltage (Vgs=0) is applied to the PMOS device, the shifted 
Vth could be partly recovered. Fig. 4 shows the two 
conditions of a PMOS device with different Vgs

[19]. 

 
(a) 

 
(b) 

Fig. 4. Cross section of a PMOS decice under two conditions: (a) 
stess and (b) recovery.  

NBTI stress: When the gate voltage Vg of the PMOS 
transistor applies a low level (Vgs= –Vdd), it is on the stress 
condition. At this time, holes from the inversion layer can 
break the Si–H bonds, creating interface traps and neutral H 
atoms. Then, the H atoms convert into H2 molecules. When 
H2 molecules diffuse away, interface traps are left. When 
interface traps accumulate between silicon and the gate 
oxide interface, they cause a shift in the threshold voltage. 

Recovery: In the recovery phase, when the biased 
voltage is removed, the reverse reaction is performed. Some 
hydrogen diffuses back toward the interface and bonds with 
Si, which reduces the number of interface traps and the 
NBTI effect. Although the recovery phase can reverse the 
NBTI effect, it does not eliminate all the interface traps 
generated during the stress phase, and the PMOS threshold 
voltage will increase in the long term. 

S. Bhardwaj et al. proposed a long term model which 
provided an accurate and efficient estimate of the long term 
threshold voltage degradation of the PMOS due to the 

NBTI[4]. The voltage variation of a PMOS transistor ΔVth 
due to the NBTI at time t can be expressed as 

( )( )2
2 1/2

clkth / 1
n

n
v tV K T α βΔ = −             (1) 

where n is the time exponent, Kv is a constant related to 
device parameters, Tclk is the clock cycle, α is the duty cycle 
(i.e., the ratio of total stress time to total operating time). βt 
is a time-dependent parameter expressed as follow: 
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where ξ1, ξ2, and C are constants, tox is the oxide thickness of 
the PMOS device, t is the working time, and te is a constant 
determined by the working time. 

Parameters variation of PMOS devices caused by the 
NBTI effect will lead to the augment of gate delay. 
Meanwhile, the delay of data paths would increase and 
timing violation occurs when the delay increases to a certain 
threshold value. Y. Cao et al. proposed a gate delay 
computing model based on the long term NBTI prediction 
model. It is expressed as 

pi 0 1
n n

i it a a a t= +                 (3) 

where a0i is the intrinsic delay of the gate without NBTI 
effect and a1i is a constant, these two parameters can be 
obtained by Hspice simulation. In this work, we use a 65 nm 
PTM[20] model in Hspice simulation to extract the delay 
information for different style gates at a discrete time unit. 
By fitting the simulation results with (3), we can get the 
coefficient values for a0i and a1i. 

4. CGs Identification Approach 
This section demonstrates that our CGs identification 

method is different from the existing methods. Its 
framework is illustrated in Fig. 5 which demonstrates the 
main steps for the proposed scheme. The PCGs and CGs 
generation are described in Sections 4.2 and 4.3. Finally, an 
algorithm is proposed to capture the impact of the 
topological connection among the logic gates in the circuit 
for CGs identification. 

4.1 Framework of CGIMT 
In this paper, there are three steps for the CGs 

identification as shown in Fig. 5. 
Step 1 (PCGs generation): In this step, we parse the 

given circuit and then get its topological structure. And then 
we set the intrinsic delay and delay degradation to be a 
certain value respectively for every gate in the circuit. As 
we know, the signal probability α is an important parameter 
for the circuit aging prediction when the work time is a 
constant. In [16], the path delay degradation was expressed 
as a function of α. To make a path get the worst delay 
degradation, a certain value of α could be calculated. But it 
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seems to be not impractical. In [21], all the gates were 
stressed with the signal probability fixed as 0.95 to predict 
the circuit aging. However, it seems to be pessimistic. The 
signal probability was set to be 0.5 in [22] and [23] for all 
gates in the circuit. In this paper, we fix α as 0.5 with 
NBTI-stress for ten years. After analysing the aging state of 
every gate in the circuit, PCGs could be generated. 

Fig. 5. Framework of the CGIMT.  

  
Fig. 6. CGs generation considering TCLG: (a) PCGs, (b) analysis 
of the PCGs, and (c) gates for replacement. 

Step 2 (get the gates for replacement): After the PCGs 
generation is finished in Step 1, the connections among the 
gates in PCGs should be abstracted. And then the new 
topological structure for PCGs would be obtained. We can 
get the gates for replacement by the proposed algorithm 
with considering TCLG. 

Step 3 (aging test and CGs generation): After replacing 
the abstracted gates, a new netlist of circuit will be 
generated. Then aging test would be applied to the new 
circuit. If the aging test is successful, the replaced gates are 
aging critical gates. 

4.2 PCGs Generation 
After parsing the given circuit, its topological structure 

is obtained and the aging parameter of every gate could be 
initialized. Suppose that Gi is a gate in a given circuit, the 
processes of PCGs generation are introduced as follows. 

We can abstract the longest path Pi which contains Gi 
in a high speed as the circuit is on topological sort. By 
travelling the circuit forward and reverse, the delay 
degradation Ti and the intrinsic delay ti without considering 
NBTI of Pi could be obtained. Additionally, the maximum 
intrinsic delay for all paths in the circuit expressed as D0 
could be acquired. Supposed that q% is timing margin, the 
slack of Pi can be expressed as (1+q%)–ti. Furthermore, the 
delay degradation contribution Cv of Gi for Pi can be 
computed by CV =ΔdGi/slack, where ΔdGi is the delay 
degradation of Gi. If the inequation Ti> D0 (1+q%) and 
Cv>p% are simultaneously satisfied, Gi would be put into 
PCGs. After dealing with all the gates in circuit, PCGs 
generation is finished. 

In this work, Pw is the path which has the maximum 
delay degradation among all the longest paths in the circuit. 
Then, we can give a solution for computing the value of p% 
expressed as following 

( ) ( )( )aging 0% 1 %w wp D D N D q D= − + −       (4) 

where Daging is the aging delay while Dw is the intrinsic 
delay of Pw, and N is the gates number of Pw.  

4.3 CGs Generation 
As the PCGs generation has been finished in Section 

4.2, every gate Gi in the PCGs has two features: One is that 
the longest path Pi which contains Gi experiences timing 
violation and the other is that it ages seriously. In this part, 
we abstract the critical gates from the PCGs with 
considering topological connection among the gates by 
utilizing the proposed algorithm. 

Fig. 6 illustrates the workflow of CGs generation. 
Suppose that the PCGs contains nine gates, as shown in Fig. 
6 (a), all of them seem to be individual. Actually, the 
topological connections exist among the potential critical 
gates and we characterize them by the dotted lines as 
demonstrated in Fig. 6 (b). Then the topological 
connections among the potential critical gates can be easily 
understood from Fig. 6 (b). For example, the gate a could 
arrive at the gate c passing though amounts of logic gates 
(do not appear in Fig. 6 (b)) on different topological levels. 

Moreover, one gate would have different criticality for 
aging degradation in a circuit. As illustrated in Fig. 6 (b), 
the gate e which connects with all the gates in the PCGs 
seems to be more crucial to the whole circuit than others. 
Additionally, the gates c and g have the same feature. We 
can abstract a series of gates as shown in Fig. 6 (c) for 
replacing by analysing this feature. After the aging test 
receives a success, the critical gates could be obtained. As 
the TCLG is a crucial factor identifying the CGs mentioned 
above, we define the criticality for the gates in the PCGs 
expressed as 
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G G GTMi i iW d= Δ                 (5) 

where TMGi is a parameter evaluating the degree of 
topological connection for Gi in PCGs, ΔdGi is the delay 
degradation for Gi. The Gi is more critical with a bigger 
WGi compared to other gates. 

 
Fig. 7. CGs identification algorithm. 

In order to extract the CGs from PCGs, an algorithm 
with considering the TCLG is presented as illustrated in Fig. 
7. Firstly, we define a parameter TM for every gate in the 
PCGs and initialize it with an initial value 0 (lines 1–3). 
After initializing the PCGs, we would obtain the TM for all 
the gates in the PCGs (lines 4–5). For each gate gi, we 
search every gate Gj that gi can arrive at (lines 6–7). As for 
Gj, if it can be found in the PCGs (suppose that gj is the 
gate), both the TM of gi and gj would plus 1 (lines 8–10). 
Afterwards, we can upload the delay degradation and the 
Wgi for every gate in the PCGs (lines 11–13). Furthermore, 
we sort the gates in the PCGs by the value Wgi (line 14). We 
replace the gate with a bigger Wgi and store them in the CGs 
after finishing the circuit aging protection (lines 16–19). 

Complexity: In this algorithm, as each gate in the 
original circuit is evaluated by the topological order, the 
complexity is O (M×N), where M is the number of PCGs 
and N is the total number of the circuit gates. 

5. Experiments 
5.1 Implementation 

In this paper, we implement the CGs identification 
algorithm by C++ in VS2010. The intrinsic delay a0i and 
the coefficient a1i in (3) are fitted by HSPICE simulation. 
The experiments are applied to nine benchmark circuits 
from ITC99 and ISCAS. The time margin is set to be 7%. 
The circuit lifetime is set to 10 years. Some critical 
technology parameters are: Vdd=0.9 V, |Vth|=0.365 V for 
both PMOS and NMOS transistors, the thickness of oxide 
tox=1.2 nm. The active time temperature T is set as 378 K. 

5.2 Results and Discussion 
The accuracy of aging analysis is an important target 

for aging prediction. In order to prove the accuracy of our 
proposed scheme, we assign l000 random input vectors to 
the circuit to simulate the “real” aging-induced degradation. 
And then we compare our prediction and existing 
prediction on circuit aging with the real aging prediction 
(RAP). We analyse 100 critical paths chosen in random 
from each experimental circuit and utilize their aging 
conditions to characterize the aging state of each circuit 
approximately. Fig. 8 shows the experimental results on 
nine benchmark circuits from ITC99 and ISCAS. 
Experimental results show that our scheme could achieve a 
better matching compared with RAP than the method in 
[16]. The difference between our scheme and the RAP is 
less than 0.32% on average as illustrated in Fig. 8. 

 
Fig. 8. Aging prediction for circuits. 

Fig. 9 demonstrates the number of CGs generated by 
the method in [16] and the method proposed in this paper 
with the timing margin q% obtaining the same value. As 
shown in Fig. 9, with taking the TCLG into account, the 
number of CGs generated by our method is less than that in 
[16]. Experiments in Fig. 8 also illustrate that the number of 
the critical gates generated by the CGIMT is less than 
33.82% compared with the [16] on average. 

Even though our scheme can abstract less number of 
critical gates, the area overhead may be unacceptable. The 
area overhead stands for the area increment of the circuit 
after replacing the critical gates. In order to clarify this 
problem, we evaluate the area overhead of them. Fig. 10 is 
the evaluation results of the area overhead on the 
experimental circuits. Experimental results of the area 
overhead on the benchmark circuits reveal that our method 
can save as much as 27.21% area on average. 

Moreover, the CPU runtime, as illustrated in Fig. 11, 
has greatly induced compared with the method in [16]. 
Because of the CPS generation is high time-consumed work, 
the average CPU runtime for the nine circuits is more than 
2000 s as shown in Fig. 11. Additionally, our scheme does 
not depend on the CPS, thus the CPU runtime for each 
circuit has met a greatly decrement with respect to the 
method in [16]. The experiments on the nine ITC99 and 
ISCAS benchmark circuits show that the CGIMT achieves 
a 3.97x speedup compared with the existing methods on 
average. 

RAP 
CGIMT
Ref[16]
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Fig. 9. Number of CGs. 

 
Fig. 10. Area overhead evaluation. 

 
Fig. 11. CPU runtime. 

 
Fig. 12. Delay mitigation rate.  

After obtaining the CGs using the two methods, we 
replace them with the fresh device to guarantee the normal 
lifetime for each circuit. However, the degree of 
optimization for each circuit could not be the same by using 
these two methods. In order to compare the optimization 
degree, we define the delay mitigation rate (DMR) as the 
following formation shows, 

( ),nmit ,mit ,mit
1

1DMR=
i K

i i i
i

D D D
K

=

=

Δ − Δ Δ∑       (6) 

where K is the total number of the CPS in [16], ΔDi,nmit is 
the delay degradation of critical path Pi with no mitigation,  
ΔDi,mit is the delay degradation of critical path of Pi after 
the gate replacement. Even though our CGs number is 
smaller than that in [16], the mean delay mitigation rate 
difference for the circuits between these two methods, as 
Fig. 12 demonstrates, is less than 0.72%. 

6. Conclusions 
The CGs identification is the most important basis for 

circuit aging protection, while the TCLG should not be 
neglected in the process of CGs identification exactly as 
analysed above. In this paper, a time-efficient CGs 
identification method is proposed with considering TCLG 
in the circuit. As the accuracy of aging prediction for each 
circuit is acceptable, our method can achieve the 
experimental results with a 3.97x speedup and saving as 
much as 27.21% area overhead with the normal lifetime 
guaranteed, when compared with the existing methods. 
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