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ABSTRACT 
With the downscaling of CMOS technology, the circuit design 
margin becomes more and more tight due to wider guardband, 
which is required to counteract the severer transistor aging and 
variations. Thus, reliability-enhanced circuit design is urgently 
needed to reduce the guardband. In this paper, a reliability-
enhanced design framework based on approximate synthesis is 
proposed to completely eliminate the aging guardband. It mainly 
includes two key parts: first, a forward reliability simulation flow 
supporting statistical static timing analysis (SSTA) is performed 
to estimate the path failure rates after aging; if the timing 
constraints are not satisfied, then a backward delay-driven 
approximate logic synthesis flow will perform approximate local 
changes on the critical paths to reduce the delay until the 
reliability requirement is finally satisfied and no aging guardband 
is needed. The results show that the approximate circuit has a 
smaller aged delay than the original circuit, so that the path failure 
rates are significantly decreased. It indicates that the proposed 
design flow can convert the timing errors that have fatal impact 
on applications, into negligible error on low-significance bits to 
improve the resilience of circuits, which provides a new 
perspective of reliability-enhanced design at nanoscale.  
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1 INTRODUCTION 
With CMOS technology continuously shrinking, the reliability 

issues have become more and more severe [1,2]. The larger 
process variations and transistor aging effects such as negative 
bias temperature instability (NBTI) make it difficult to guarantee 
the circuit lifetime in advanced technology nodes. To ensure the 
circuit performance at the end of life, larger frequency/voltage 
guardband is needed, which will reduce the circuit speed and/or 
increase the power. Thus, the benefits of technology scaling are 
sacrificed.  

In order to relieve the impact of reliability issues, solutions 
from device and circuit perspectives have been proposed, such as 
aging-aware voltage and frequency scaling [3,4] and aging sensor 
[5]. In essence, all these methods aim to accurately evaluate the 
required aging guardband, instead of reducing or removing it. 
Other solutions like aging control gate [6] or resizing [7], can 
reduce the guardband by altering the circuit structure, but they 
will bring additional overhead in area and power. On the other 
hand, whether it is possible to take advantage of the new 
computing paradigm to enhance the circuit reliability or even 
completely remove the aging guardband, also deserves study. In 
Ref. [8], a circuit reliability comparison between stochastic 
computing and binary computing shows that the performance of 
stochastic computing circuits is intrinsically resistant to 
variabilities due to the circuit topology and the probability 
encoding.    

Approximate computing is a promising computing paradigm 
that has attracted more and more attention in recent years [9]. 
The purpose of approximation is to intentionally introduce some 
errors that have small effects at the application level, in exchange 
for higher speed and/or smaller area. It has been demonstrated 
that approximate computing can improve energy efficiency and 
area efficiency in many systems and applications that can tolerate 
some loss of quality or optimality in the result, such as deep neural 
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networks, data mining, and video/image processing [10]. 
However, most researches on approximate computing in the past 
focused on improving the area efficiency without paying attention 
to the reliability of the approximate circuit. In Ref. [11], a method 
to enhance reliability by truncating the bits of adders was 
proposed. However, it did not propose a general design method, 
and the truncation is not an optimal approximation [12].   

In this paper, a reliability-enhanced circuit design method 
based on approximate logic synthesis (ALS) is proposed. The main 
contributions of this work are as follows: 

(1) Two reliability simulation methods supporting statistical 
static timing analysis (SSTA) are proposed, based on two different 
workload analysis methods. We evaluate the accuracy and the 
efficiency of both methods and propose a design flow that 
combines the advantages of both.  

(2) A delay-driven ALS algorithm is adopted, which can reduce 
the delay of critical paths by deploying approximate local changes 
(ALCs).  

(3) A reliability-enhanced circuit design framework is 
proposed, which contains the above forward reliability simulation 
flow and the backward ALS algorithm. It can trade off accuracy 
with higher speed and longer lifetime. The result shows that the 
proposed reliability-enhanced approximate (REA) circuit can 
work well without aging guardband after 10 years of aging.  

2 PRELIMINARY 

2.1 NBTI and Aging Guardband 

 

Figure 1: The degradation and recovery effect of NBTI 
under AC workload with duty factor (DF) α. 

Process variations and transistor aging are two of the most 
important factors affecting circuit reliability. In digital circuits, the 
NBTI dominates the transistor aging [3], which originates from 
trapping accumulation in PMOS during the circuit operation.     

The speed of trapping accumulation depends on stress voltage 
and temperature. Because of the recovery effect, as shown in Fig. 
1, the NBTI in a circuit also depends on the working frequency 
and duty factor (DF). In digital circuit, the waveform of each node 
can be considered as a square wave, so the aging of each MOSFET 
mainly depends on the working frequency and the corresponding 
DF. In digital circuit, the shift of Vth causes a reduction of the drain 
current of PMOS, resulting in slower charging of capacitive load, 
which means that the delay of output rising edge increases in gate 

level. Although digital circuit is more resilient, degradation may 
still cause the increase of path delay and the circuit may violate 
the setup check. Therefore, in order to ensure the lifetime of the 
circuit, an aging guardband is usually added in timing analysis, 
and the guardband is over 15% in advanced technology nodes [22].   

2.2 Approximate Computing  
Approximate computing is an emerging circuit design 

paradigm, which modifies the function of the target circuit while 
ensuring the usability of the application. The approximate circuit 
has smaller area, lower power, and higher speed than the original 
circuit. As shown in Fig. 2, comparing with the traditional mirror 
full adder, the approximate full adder [13] reduces the number of 
MOSFET from 24 to 11, thus the overall area is 0.36 of the original 
circuit and the power consumption is 0.175 of the original one. In 
addition to the approximate full adder, researchers also consider 
approximate carry lookahead adder [14], approximate multiplier 
[15], etc.  

 

Figure 2: (a) Conventional full adder and (b) approximate 
full adder. 

As a new design paradigm, the key technique driving 
approximate computing to practical application is ALS [16]. ALS 
aims to find the optimal approximate circuit satisfying an error 
constraint, such as the error rate (ER) constraint or the mean error 
distance (MED) constraint. In most of the previous works, the 
optimization goal is to minimize area. A recent work [17] 
proposes a delay-driven approximate logic synthesis (DALS) 
framework, in which the optimization goal is the circuit delay.  

3 RELIBILITY-ENHANCED DESIGN FLOW 
 Given that logic approximation can reduce the delay, a 

reliability-enhanced approximate design flow is proposed, as 
shown in Fig. 3. The proposed flow consists of two key procedures: 
forward reliability simulation and backward ALS. The forward 
reliability simulation supports SSTA, so that the path failure rates 
(PFRs) can be estimated. If the largest PFR is higher than the given 
threshold, it means that the lifetime of the target circuit does not 
meet the design requirements. In this case, the circuit needs to be 
processed backward by approximate synthesis to cut the logic 
depth by one layer. After that, the reliability is checked again. This 
procedure is repeated iteratively until the reliability requirements 
are satisfied. 

(n-1)TCLK nTCLK (n+1)TCLK

|ΔVth|

|Vgs|

αTCLK

Stress Recovery

A B B

Cin

A

A B

A

B

VDD

A B Cin

VDD

A B Cin

A

B

A

VDD

Cin

Cin

B

B B

Cin

A

A B

VDD

VDD

S
Cout’ Cout’

𝐒 ൌ  𝐀 ⨁ 𝐁 ⨁ 𝐂𝐢𝐧𝐂𝐨𝐮𝐭 ൌ 𝐀𝐁 ൅ 𝐀𝐂𝐢𝐧 ൅ 𝐁𝐂𝐢𝐧 𝐒 ൌ  𝐂𝐨𝐮𝐭𝐂𝐨𝐮𝐭 ൌ  𝐀𝐁 ൅ 𝐀𝐂𝐢𝐧 ൅ 𝐀ഥ𝐁

S

(a) (b)

Session 2A: Hardware Security and Testing  GLSVLSI ’20, September 7–9, 2020, Virtual Event, China

72



  
 

 

In order to accelerate the iteration, we propose two methods 
of reliability simulation: one is to estimate the aged delay quickly 
in iteration, the other is to re-evaluate the PFR accurately after 
iteration. In this way, it can not only accelerate the iteration speed 
by several times, but also guarantee the lifetime of the 
approximate circuit. The specific procedure of the two reliability 
simulations will be introduced in the next section.  

  

 

Figure 3: Flow diagram of the proposed reliability-
enhanced design flow based on approximate synthesis. 

The approximate algorithm works on the AND-inverter graph 
(AIG) [23]. In each iteration, the algorithm finds the best 
approximate local changes to reduce the depth of the critical path. 
Note that the depth reduction in an AIG usually results in a delay 
reduction in the final mapped circuit. To ensure the usability of 
the approximate circuit in the application, an error constraint is 
also needed. If the error of approximate circuit reaches the limit 
while the PFR is still above the threshold, a timing guardband 
must be added. In essence, our method sacrifices the computing 
accuracy at low-significance bits in exchange for circuit reliability 
improvement. In other words, the timing violations that seriously 
affect the circuit function are converted into deliberately induced 
errors that have negligible impact in practical applications. 

4 CIRCUIT RELIABILITY EVALUATION  
The goal of reliability simulation is to analyze the timing after 

circuit aging. It is mentioned that NBTI in digital circuits depends 
on the working frequency and the DF of each transistor. Therefore, 
the reliability simulation is divided into three parts: workload 
analysis, transistor aging calculation, and timing analysis after 
aging. 

In this work, two reliability simulation methods are proposed, 
which are used for fast estimation and accurate re-evaluation. The 
corresponding frameworks are shown in Fig. 4 and Fig. 5, 

respectively. The main difference between the two methods is the 
workload analysis part, which is the most time-consuming part.     

4.1 Workload Analysis 
The workload analysis is to obtain the DF of each transistor by 

simulating the actual operating condition as accurate as possible. 
The most accurate method is SPICE-level simulation of the whole 
netlist with input testbench. However, since the simulation 
complexity increases as the circuit scale increases, it is impossible 
to simulate VLSI circuit at SPICE level. Therefore, two simplified 
methods are proposed below. 

 

Figure 4: Flow diagram of the proposed fast reliability 
simulation flow based on analytical DF calculation. 

 

Figure 5: Flow diagram of the proposed accurate reliability 
simulation flow based on SPICE-based DF calculation. 

The first is analytical DF calculation, which only calculates the 
DF of each node without record the actual waveform. The basic 
principles are shown in Fig. 6. For each node in the circuit, DF can 
be calculated based on its connected logic gate. For example, the 
output DF of an AND gate is the product of two inputs’ DFs. After 
setting the DFs of input signals, the DFs of the internal nodes in a 
circuit can be calculated in a topological order. With those DF 
values known, we can further get the DF for each MOSFET in a 
gate.  It is defined as the ratio of stress time to total runtime, which 
can be calculated by the DF of each input and the stack structure. 
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For example, the PMOS A is stressed when the input A is 0, while 
PMOS B is stressed when the inputs A and B are both 0.    

The benefit of analytical calculation is obvious. Because 
complex circuit simulation is replaced by simple probability 
propagation, the time consumed is reduced by several orders. 
However, this method has two disadvantages. One is that it 
ignores the correlation of the signals caused by the reconvergent 
path of the circuit, and the other is the stack effect. The stack 
effect occurs in a series structure, like the PMOS in a NOR4 gate. 
As shown in Fig. 7, when the PMOS A and D are turned off, the 
nodes in the middle are floating, so PMOS B and C may also be in 
stress. A comparison between SPICE simulation and analytical DF 
calculation is also shown in the figure, where the DF of all input 
signals are assumed to be 0.5. The result shows that the DF of B 
and C are higher than that calculated by the formula, because even 
if A is turned off, the voltage of middle nodes may still be high. 
Stack effect can lead to underestimation of aging in DF calculation 
method, so we also propose a path-based SPICE level workload 
analysis. 

 

Figure 6: Calculation formula of DF for (a) each circuit 
nodes and (b) each MOSFET. 

 

Figure 7: Stack effect will affect the accuracy of DF 
calculation. 

The second method we proposed is to use both gate-level and 
SPICE-level simulation to calculate the DF of each transistor in 
critical paths. The SPICE simulation of the entire circuit netlist is 
too expensive, but it is very easy to simulate only several paths. 
Therefore, as shown in Fig. 5, the workload analysis can be 
divided into two steps. First, the N-worst paths are found by fresh 
static timing analysis, and the waveform of each external nodes 
on these paths are obtained by gate-level simulation. Then, the DF 
of each MOSFET is calculated by SPICE simulation with open 
model interface (OMI) or TSMC model interface (TMI). In this way, 

the accurate workload can be analyzed to support the reliability 
evaluation of VLSI circuit   

4.2 Long-Term Transistor Aging Model 
In Ref. [18], an accurate NBTI degradation and recovery model 

was proposed, which is suitable for arbitrary waveform. In large-
scale digital circuit, the model can be simplified by assuming that 
the waveforms of each node are approximately square waves, 
shown by the following equations: 

 ∆𝑉௧௛_௙௔௦௧ =  𝑀 ∙ 𝐴ଵ 𝑒𝑥𝑝൫𝐵ଵ𝑉௚൯ 𝑒𝑥𝑝 ቀ− ாೌభ௞ಳ்/௤ቁ 𝑙𝑜𝑔 (1 + 𝐶 ∙ 𝑇 ∙𝐷𝐹)                                                                                            (1) 
 ∆𝑉௧௛_௦௟௢௪  = 𝐴ଶ 𝑒𝑥𝑝൫𝐵ଶ𝑉௚൯ 𝑒𝑥𝑝 ቀ− ாೌమ௞ಳ்/௤ቁ (𝑡 ∙ 𝐷𝐹)௡భ      (2) 

 ∆𝑉௧௛  = ∆𝑉௧௛_௦௟௢௪ + ∆𝑉௧௛_௙௔௦௧                      (3) 
 

                             𝜎ଶ(∆𝑉௧௛)  = 𝜂 ∙ 𝜇(∆𝑉௧௛)                          (4) 
 
where M is the modulation factor, T is the period, t is the aging 
time and DF is the equivalent DF. The new long-term model needs 
the DF of each transistor and the working frequency of the whole 
circuit, which is suitable with the above workload analysis 
method.  

As shown in Fig. 8, this long-term aging model agrees well 
with 16/14 nm FinFET experimental data, in which the frequency 
dependency and DF dependency are well captured.     

 

Figure 8: The comparison of experimental results with the 
proposed long-term model under AC stress with different 
(a) frequencies and (b) duty factor. 

4.3 Statistical Static Timing Analysis  
As transistor shrink into nanoscale, the impact of process 

variations and aging variations cannot be ignored. If designers 
continue to use the worst-case corner method, the design margin 
will be extremely tight, because the worst-case design always 
overestimates the total impact of variations. Therefore, statistical 
analysis is urgently needed to relax the design margin. In the 
traditional timing analysis framework, a statistical aging library is 
needed to implement the statistical timing analysis after 
degradation. However, such library is very difficult to build. 

Therefore, a new SSTA framework is proposed, as shown in 
Figs. 4 and 5. The basic idea is that, rather than build a complex 
library, we perform a fresh STA at first. After obtaining the slope 

0.5

0.3

0.7

0.4

0.6

0.5

0.18

0.91

0.82

0.4

0.09
0.93

0.67

A

B

C (1-DF(A))(1-DF(B))(1-DF(C))

(1-DF(A))(1-DF(B))

1-DF(A)

A B C

(a) (b)

DF of input signals DF calculated

A

B

C

D

A

B

C

D

0.5

0.25

0.125

0.0625

0.5051

0.4859

0.2849

0.0864

(a) (b)

DF (calculation) DF (SPICE) Waveforms from SPICE simulation

0 200 400 600 800 1000

0.02

0.04

0.06

0.08

0.10

 

 

   

   

   

   
   

Time (s)

105 Hz
104 Hz
103 Hz
102 Hz
101 Hz

Δ
V

th
 (V

)

16/14 nm FinFET

AC frequency

Symbol: Experiments

Lines: Model

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 Fast trap
 Slow trap
 Total

Symbol: Experiments

Duty Factor

Lines: Model

Δ
V

th
 (V

)

16/14 nm FinFET

Frequency=104Hz

(a) (b)

Session 2A: Hardware Security and Testing  GLSVLSI ’20, September 7–9, 2020, Virtual Event, China

74



  
 

 

and load of each gate on critical paths, we use Monte Carlo (MC) 
simulation to analyze the degraded delay distribution. Although 
this method will increase the simulation time for timing analysis, 
considering that the length of critical paths is usually not too long, 
the MC simulation time is acceptable.  

 

Figure 9: Illustration of delay-driven approximate logic 
synthesis algorithm. 

5 APPROXIMATE SYNTHESIS  
Approximate synthesis is a general method for approximate 

circuit design. In the proposed REA design framework, the 
approximate synthesis finds the optimal approximate local 
changes, which can reduce the delay and have the least error 
impact. Our synthesis algorithm works on the AIG representation 
of a circuit, and the basic procedure of the algorithm is shown in 
Fig. 9. In AIG representation, the delay of a circuit is proportional 
to the depth of AIG. The subgraph containing all critical paths is 
defined as the critical graph. To reduce the delay of the circuit, the 
depth of the critical graph needs to be reduced. Because there are 
usually more than one critical path, multiple approximate local 
changes need to be performed simultaneously on a cut of the 
critical paths, which is defined as a critical cut. For example, the 
cut with nodes 8 and 9 is a critical cut. Therefore, the problem of 
the approximate algorithm can be described as how to find the 
optimal critical cut in the critical graph, which has the minimum 
error impact on the circuit. 

The most straightforward approach is to enumerate all sets of 
ALC and critical cut and then choose the combination with the 
minimum error. However, the total number of combinations 
increases exponentially with the size of the graph. To reduce the 
complexity, it proposes to transform this problem into a network 
flow problem. First, it enumerates the error impact of applying a 
set of ALCs. Then, it maps the original critical graph into a critical 
error network (CEN). Finally, it obtains the minimum cut of the 
CEN by solving a maximum flow problem on CEN. The minimum 
cut gives the optimal critical cut to be approximated.  

6  EXPERIMENTAL RESULTS  
 In this section, the experimental results of the proposed REA 

design method are presented. The benchmark applications are 
discrete cosine transformation (DCT) and inverse discrete cosine 
transformation (IDCT), which are usually deployed in multimedia 

design to encode and decode images or videos. We deploy an 8-
bit multiplier and a 16-bit adder. We used Yosys open synthesis 
suit [19] to synthesize the Verilog HDL codes to BLIF files as the 
inputs to our in-house program. Technology mapping is 
performed by the logic synthesis tool ABC [20] using the MCNC 
generic standard cell library [21]. MED is used as the error metric, 
which is a widely-used error metric for approximate arithmetic 
circuits. 

 

Figure 10: PSNR of circuits designed by different 
approximate method at the different approximate levels. 

 

Figure 11: The fresh and aged path delay of the circuit 
under different approximate level and the required 
guardband. 

Fig. 10 shows the peak signal to noise ratio (PSNR) at the 
different approximate levels of the 16-bit adder (approximate level 
is the reduced logic depth). The results indicate that, our general 
synthesis method can provide a finer level of approximation than 
simply truncating the low-significance bits [11], which is more 
friendly to the low-precision arithmetic circuit. The better circuit 
approximation is because our synthesis algorithm always adopts 
the ALC that has the least error impact, while truncating is not 
the best ALC in most cases.  

Fig. 11 shows the mean circuit delay before and after aging at 
the different approximate levels of the adder, as well as the 
required guardband under these levels. The mean and variance of 
the delay of critical path are obtained from accurate reliability 
simulation, and the guardband is calculated by 3- standard. As 
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mentioned before, a cut on AIG does not necessarily means a 
significant reduction in critical path delay, but the delay is 
monotonically decreasing with the approximate level. When the 
approximate level is greater than 3, in other words, after 3 
iterations of the design flow, the timing guardband is no longer 
needed, which means that the timing guardband can be 
completely eliminated using logic approximation. 

 

Figure 12:  Images processed by the fresh original circuit (a), 
fresh REA circuit (b), aged original circuit (c) and aged REA 
circuit (d)  

Based on the results of SSTA and the timing constraints, the 
failure rate of each path can be calculated. Fig. 12 shows the 
output picture of the DCT-IDCT circuit. After 10 years of aging, 
the image quality of the original circuit is greatly reduced due to 
timing error. Because timing errors are more likely to occur on 
longer paths, that is, the more significant bits of the adder, it will 
seriously affect the computing result. In contrast, for the circuit 
with REA design, although its initial PSNR decreases slightly (less 
than 1 dB), its performance after degradation does not decrease 
due to the shortening of the critical path. On the other hand, the 
logic approximation starts from the low-significance bit first, so 
the drop in PSNR is relatively small. The result proves that the 
proposed REA design can transform timing errors that have fatal 
effect on the circuit into less significant bit logic errors to improve 
resilience.   

7 CONCLUSION   
In this paper, a reliability-enhanced circuit design framework 

is proposed, which contains forward reliability simulation flow 
and backward approximate logic synthesis. We test our design 
flow in DCT-IDCT circuit design. The result shows that the aged 
path failure rate of the approximate circuit is much lower than the 
original circuit, which demonstrates that the proposed 
approximate logic synthesis framework can enhance the 
robustness of circuit and completely eliminate the aging 
guardband. This work provides a new perspective in reliable 
circuit design, especially for error-tolerant applications: the 
computing precision can be traded off with higher speed and 
longer lifetime. It also suggests that the cross-layer design 
framework is particularly needed in advanced technology nodes.      
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