
 

 

 

 

 

 

ผลกระทบจากเอ็นบีทีไอต่อสมรรถนะของวงจรรวมดิจิทลัที่สร้างด้วยเทคโนโลยีฟินเฟต 

Impact of NBTI on digital integrated circuits in FinFET technologies 
 
 
 
 

วรินทร์ สุดคนึง 
ศุภชัย หอวิมานพร 

ศศิธร ชูแก้ว 
 
 
 
 
 

งานวิจัยนี้ได้รับทุนอุดหนุนจากงบประมาณรายจ่าย ประจ าปีงบประมาณ พ.ศ. 2560 
คณะวิศวกรรมศาสตร ์มหาวิทยาลัยเทคโนโลยีราชมงคลพระนคร 



i 

 

รายงานฉบับสมบูรณ ์

 

 

 

ผลกระทบจากเอ็นบีทีไอต่อสมรรถนะของวงจรรวมดิจิทลัที่สร้างด้วยเทคโนโลยีฟินเฟต 

Impact of NBTI on digital integrated circuits in FinFET technologies 

 

รายนามคณะผู้วิจัย 

1. อาจารย์ ดร.วรินทร์ สุดคนึง 

หน่วยงาน คณะวิศวกรรมศาสตร์ มหาวิทยาลัยเทคโนโลยีราชมงคลพระนคร 

2. ผู้ช่วยศาสตราจารย์ ดร.ศุภชัย หอวิมานพร 

หน่วยงาน คณะครุศาสตร์อุตสาหกรรม มหาวิทยาลัยเทคโนโลยีพระจอมเกล้าพระนครเหนือ 

3. อาจารย์ ดร.ศศิธร ชูแก้ว 

หน่วยงาน คณะครุศาสตร์อุตสาหกรรม มหาวิทยาลัยเทคโนโลยีพระจอมเกล้าพระนครเหนือ 

 

วันเริ่มต้นโครงการ 1 ตุลาคม 2559 

วันสิ้นสุดโครงการ 30 กันยายน 2560 

 

 

  



ii 

 

กิตติกรรมประกาศ 

 

 

 

โครงการนี้ได้รับการสนับสนุนจากงบประมาณรายจ่ายประจ าปีงบประมาณ พ.ศ. 2560 

มหาวิทยาลัยเทคโนโลยีราชมงคลพระนคร 

 

 

ปี พ.ศ. ท่ีได้รับทุน 2559  



iii 

 

บทคัดย่อ 
 

ปัญหาความร้อนในวงจรรวมฟินเฟตขนาดใหญ่มากจากกระแสขับและปรากฏการณ์ความร้อนสะสมในตัว (Self-

heating effect) ส่งผลกระทบอย่างมากต่อสมรรถนะและความเชื่อถือได้ของวงจร โครงงานวิจัยนี้ท าการประเมิน

สมรรถนะของวงจรคอมบิเนชั่นที่สร้างด้วยเทคโนโลยีฟินเฟตภายใต้อิทธิพลของบีทีไอและอุณหภูมิที่เปลี่ยนแปลง

จากการผันแปรของแรงดันแหล่งจ่ายและความถี่ กรอบงานของการจ าลองผลที่ได้น าเสนอนี้น ามาใช้กับวงจรวัด

เปรียบเทียบสมรรถนะที่สร้างขึ้นจากเทคโนโลยีฟินเฟตขนาด 14 นาโนมิเตอร์ชนิดไตรเกตบัลค์ ผลการทดลอง

เปิดเผยให้เห็นว่า เมื่ออุณหภูมิสูงขึ้นเวลาหน่วงของการเสื่อมที่เกิดจากบีทีไอจะเพ่ิมมากขึ้น แต่อิทธิพลของ

สมรรถนะที่เพ่ิมขึ้นจากกระแสขับจะส่งผลเหนือกว่า คณะผู้วิจัยได้พิสูจน์ต่อมาว่า การเสื่อมจากบีทีไอขึ้นอยู่กับ

ก าลังแหล่งจ่ายและความถี่ของวงจรผ่านทางผลกระทบด้านความร้อน คณะผู้วิจัยยังได้น าเสนอวิธีการลด

ก าลังไฟฟ้าด้วยการปรับแรงดันและความถี่แบบพลวัติที่สามารถปรับลดแรงดันของวงจรที่มีความร้อนสูงเพ่ือคง

สมรรถนะไว้ ผลการทดสอบแสดงให้เห็นว่า ก าลังไฟฟ้าผลลัพธ์จากวิธีการนี้จะลดลงมากขึ้นส าหรับวงจรทดลองที่

ท างานที่อุณหภูมิแวดล้อมที่สูงขึ้น (ลดลงได้ถึง 66% ส าหรับวงจรทดลองบางวงจรที่ท างานที่อุณหภูมิสูงกว่า

อุณหภูมิแวดล้อมฐาน 20 องศาเซลเซียส) พร้อมกับมีการเสื่อมจากบีทีไอท่ีลดลง 

 

ค ำส ำคัญ: การไร้เสถียรภาพจากไบอัสและอุณหภูมิ (บีทีไอ); ฟินเฟต; การลดก าลังไฟฟ้า; การผกผันของผลจาก

อุณหภูมิ; ผลกระทบด้านความร้อน   
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Abstract 
 

In FinFET-based VLSI designs, heat issues from increase of driving current with temperature and 

self-heating effect profoundly influence the circuit performance and reliability. This work 

evaluates the performance of FinFET-based combinational circuits considering BTI stress and 

thermal effect of supply voltage and frequency variations. The proposed simulation framework is 

applied to selected benchmark circuits implemented with the 14-nm tri-gate bulk FinFET 

technology. The experimental results reveal that as temperature increases, BTI aging delay 

increasingly worsens, yet it is overridden by performance gain from the increase in driving current. 

We also prove that BTI degradation is dependent on power supply and frequency through their 

thermal impacts. Further, we introduce a DVFS based power reduction approach that scales down 

the supply voltage of hot circuits to maintain the performance. The results show that power 

reduction yielded from the proposed technique is larger for all circuits working at higher ambient 

temperature (as large as 66% in some experimental circuits working at 20 oC above the baseline 

ambient temperature) with a slight decrease in BTI degradation. 

Key Words: bias temperature instability (BTI); FinFETs; power reduction; temperature effect 

inversion (TEI); thermal effect 
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Chapter 1. Introduction 
 

1.1 Research problem 
In the era of 3D transistors, FinFET devices outperform their planar counterparts in electrical 

integrity and lower leakage power. However, due to the alternative structures and doping 

procedures, self-heating effect and large increase in driving current with temperature, namely 

temperature effect inversion (TEI), intensify the chip temperature [1], [2]. Unlike conventional 

MOSFET designs, FinFET-based circuits tend to run faster at high temperature [2], [3] providing 

positive feedback of heat in the circuits. Heat issues in FinFET designs strongly influence aging 

degradation, especially bias temperature instability (BTI) that slows down the transistor over time 

[4]. BTI is a temporal effect, affecting either pFinFET (called negative BTI or NBTI) or nFinFET (called 

positive BTI or PBTI), that causes degradation in the device threshold voltage (Vth). BTI stress 

depends upon workload and temperature. Due to heat problems, BTI aging has been considered 

as one of the primary concerns for most modern processors.  

 In recent years, various works have studied the impacts of BTI and proposed a number of 

BTI reduction techniques for FinFET and planar MOSFET circuits. Unfortunately, few of them have 

taken into account BTI alongside with the thermal effects and the presence of TEI. Besides, as 

supply voltage and frequency variations from dynamic voltage/frequency scaling (DVFS) has come 

to be mandatory to control power and temperature of most chips, BTI assessment for DVFS 

systems requires either accurate temperature estimation or on-chip digital thermal sensors that 

can track the cycles of operating temperature corresponding to the modes of operation. Hence, 

combined thermal impacts of voltage, frequency, workload, and ambient temperature must be 

addressed well to predict temperature-dependent reliability of the circuit precisely. 
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1.2 Objectives of the research project 
1.2.1 to analyze the impact of circuit parameter variations on reliability and 

performance of FinFET digital circuits 

1.2.2 to construct scalable and accurate reliability models for BTI aging at the gate 

level in the presence of TEI 

1.2.3 to propose new techniques for reliability improvement in nanoscale digital 

circuits 

1.3 Research contributions  
In this study, we develop a simulation framework for BTI analysis considering the thermals effects 

in combinational FinFET circuits. To address BTI aging delay, we include TEI-induced performance 

gain in calculating temperature-induced BTI degradation. The proposed simulation framework is 

further used to investigate the impact of temperature cycle, corresponding to DVFS modes, on 

BTI stress. Moreover, we take advantage of performance improvement at high temperature to 

develop a power management technique that eliminates unnecessary power gain from TEI. This 

technique scales the supply voltage according to the operating temperature to maintain circuit 

performance at a given cooler baseline level with maximum frequency. The results show that the 

proposed method provides impressive power reduction and slight BTI improvement for all 

experimental circuits running in nominal mode without any performance penalty. 
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1.4 Expected benefits 
1.4.1 Academic and development benefits: 

 The body of knowledge gained from this research will be transferred to students through 

classroom teaching/learning activities, and it will lead to new research directions that continue to 

discover more advanced knowledge. On the other hand, as reliability issues in FinFET circuits have 

not well been unveiled, the discovery from this research has high impact on integrated circuit 

design development, especially on product reliability improvement. 

1.4.2 Economic benefits: 

The main focus of this project is to improve the circuit reliability in an integrated manner 

at the design time. The proposed techniques for reliability/performance improvement can be 

adopted for use in actual processor manufacturing process. Product quality improvement, in turn, 

increases marketing effectiveness in IC design industry. In addition, the customers of VLSI products 

gain benefits from reliable systems. The increase in chip reliability reduces the maintenance costs 

due to either long- term or short-term failures. 

1.5 Scope of research 
1.5.1 Experimental benchmark circuits are designed with 14-nm bulk tri-gate FinFET 

predictive technology. 

1.5.2 Analysis and improvement framework covers the gate level of the design and 

higher extended from device level simulation. 

1.5.3 The framework is implemented with high-level language as a CAD-tool for 

reliability/performance management 
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Chapter 2. Related Theories and Works 
 

2.1 Temperature effect on circuit performance 
The carrier mobility in device channel generally decreases with temperature due to the ionized 

impurity and phonon scatterings that are material-dependent [5]. While the heavily doped body 

is required in planar devices to deal with the short-channel effect, FinFETs can yield excellent 

channel control with intrinsic body. Mobility degradation in the undoped FinFET’s body is quite 

low compared to the change in threshold voltage as temperature increases. The overriding impact 

of decreased threshold voltage at high temperature raises the driving current (Ion) of the FinFET 

at all supply voltage levels. This thermal response, which is contrary to what we have experienced 

in most conventional MOSFET devices, is called as the temperature effect inversion (TEI). 

 As a result of TEI in FinFETs, the change in temperature can be considered as a cause of 

threshold voltage shift ∆𝑉𝑡ℎ,𝑇𝐸𝐼 that varies the driving current Ion [3]. Hence, Ion in subthreshold 

and superthreshold regimes as a function of ∆𝑉𝑡ℎ,𝑇𝐸𝐼 when the device temperature changes from 

nominal temperature T0 to any temperature T, can be expressed in the following equation: 

 

𝐼𝑜𝑛 = {
𝜇(𝑇)𝑒

𝑉𝑔𝑠−[𝑉𝑡ℎ(𝑇0)+∆𝑉𝑡ℎ,𝑇𝐸𝐼(𝑇)]

𝑆(𝑇)    , 𝑠𝑢𝑏𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑟𝑒𝑔𝑖𝑚𝑒

𝜇(𝑇)[𝑉𝑔𝑠 − [𝑉𝑡ℎ(𝑇0) + ∆𝑉𝑡ℎ,𝑇𝐸𝐼(𝑇)]]
𝛽

, otherwise      
      (1) 

 

where 𝜇, S, 𝑉𝑡ℎ, and 𝛽 are the carrier mobility, subthreshold swing, threshold voltage, and velocity 

saturation effect factor, respectively. All of these parameters are temperature-dependent. The 

increase in Ion due to TEI enhances the circuit performance at high temperature, yet provides a 

large amount of heat accumulated in the device. 
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 A power/thermal model is required to evaluate the chip temperature. In this model, the 

change in temperature of a VLSI circuit is identified by solving the following differential equation: 

 

 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = 𝐶𝑡ℎ
𝑑𝑇

𝑑𝑡
+

𝑇−𝑇𝑎𝑚𝑏

𝑅𝑡ℎ
     (2) 

 

where 𝑇 is the die or operating temperature, 𝑇𝑎𝑚𝑏 is the ambient temperature, 𝐶𝑡ℎ is the thermal 

capacitance, 𝑅𝑡ℎ is the thermal resistance, and Pcircuit is the summation of static and dynamic 

power components. The steady-state condition requires the term 𝐶𝑡ℎ
𝑑𝑇

𝑑𝑡
 to be zero; i.e., we 

have  𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡 =
𝑇−𝑇𝑎𝑚𝑏

𝑅𝑡ℎ
. To find the steady-state temperature, a point of intersection between 

the plots of Pcircuit (T) and 𝑇−𝑇𝑎𝑚𝑏

𝑅𝑡ℎ
 must exist, or the device falls into the thermal runaway state 

otherwise [6]. 

 

 

 

Figure 1. Leakage current vs. temperature for different supply voltage levels in an inverter 
designed with 14-nm bulk FinFET technology 
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 The first part of Pcircuit is the static power Pstatic due to subthreshold leakage and gate 

tunneling leakage. Because of the domination of subthreshold leakage at high temperature, the 

gate tunneling leakage can be negligible [6]. Pstatic in term of subthreshold leakage is dependent 

on temperature, supply voltage, and threshold voltage [7], which can be expressed as  

 

𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝑉𝑑𝑑 [𝐼0𝑒
𝑞(

𝑉𝑔𝑠−𝑉𝑡ℎ
𝑚𝑘𝐵𝑇

)
(1 − 𝑒

−𝑞(
𝑉𝑑𝑠
𝑘𝐵𝑇

)
)]         (3) 

 

where m is the body-effect coefficient. TEI also raises Pstatic through the decrease in Vth providing 

positive feedback of heat to the device. The total leakage current as a function of temperature 

in an inverter for different supply voltage levels is illustrated in Figure 1. We can further notice 

from Figure 1 that Vdd variation has small impact on leakage at low temperature. However, Vdd 

significantly affects the dynamic power (Pdynamic), the other component of Pcircuit, which is given by 

 

𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝛼𝐶𝐿𝑉𝑑𝑑
2 𝑓                             (4) 

 

where 𝛼 is the activity factor of output node, 𝐶𝐿 is the switching capacitance, and f is the clock 

frequency. Because Pdynamic in (4) increases quadratically with Vdd, the result of temperature in (2) 

due to this change also affects the leakage in (3) through Vth parameter. Unlike Pstatic,  Pdynamic 

itself tends to be insensitive to temperature change. In some personal mobile devices, where 

additional cooling systems are not feasible, DVFS based techniques, which directly control Pdynamic, 

have widely been used to stabilize the chip temperature.  
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2.2 Temperature effect on BTI aging 
BTI effect degrades the device delay over a long period of operation. Under NBTI stress, holes 

from the inversion layer breaks Si-H bonds at the Si/SiO2 interface of a negatively biased pFinFET 

generating incomplete Si+ bonds called the “interface traps”. These interface traps cause an 

increase in the threshold voltage leading to a decrease in driving current. When the pFinFET 

device receives positive bias, some of the broken hydrogen atoms and molecules near the 

interface diffuse back and anneal the broken Si+ bonds. This NBTI state is called the “recovery” 

phase where the threshold voltage is shifted back. On the other hand, PBTI is the reciprocal effect 

of NBTI that affects nFinFETs with high-k gate. PBTI is primarily caused by electron trapping into 

the high-k defects. PBTI degradation strongly relies on the process and quality of the high-k 

material [8]. 

 The total BTI effects can be described by the Reaction-Diffusion (RD) model. In this work, 

we use a simplified RD model for long-term threshold voltage shift ∆𝑉𝑡ℎ,𝐵𝑇𝐼 [9], [10], which is 

given by 

 

∆𝑉𝑡ℎ,𝐵𝑇𝐼 = 𝜒 (
√𝐾𝑠

2(𝐶(𝑇),(𝑉𝑔𝑠−𝑉𝑡ℎ))𝑠𝑡𝑐𝑦𝑐𝑙𝑒

1−𝐾𝑟
(

1
2𝑛

)(𝐶(𝑇),𝑡)
)

2𝑛

                 (5) 

 

where 𝜒 is the BTI coefficient set to be 1 for NBTI and 0.5 for PBTI, 𝐾𝑠 and 𝐾𝑟 are parameters of 

the stress and recovery mechanisms, s is the fraction of stress time, t is the operating time, 𝑡𝑐𝑦𝑐𝑙𝑒 

is the stress/recovery cycle time, and n is the fitting parameter set to be 1/6 for H2-based RD 

model. Both 𝐾𝑠 and 𝐾𝑟 are functions of the diffusion temperature-dependent coefficient, 𝐶(𝑇) =

𝑇0
−1𝑒𝑥𝑝 (

−𝐸𝑎

𝑘𝐵𝑇
) [11]. 𝐾𝑠 also relies on the term (𝑉𝑔𝑠 − 𝑉𝑡ℎ) which is related to the inversion charge 

density. All values of parameters in (5) are adopted from [9] and [12], which are assumed valid 
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for either planar MOSFETs or FinFETs. The threshold voltage shift from BTI is dependent on 

temperature, time, bias, and original threshold voltage. 

 While TEI causes a FinFET design to run faster, BTI aging becomes worse at high 

temperature. In presence of TEI, the decrease in threshold voltage of the device due to ∆𝑉𝑡ℎ,𝑇𝐸𝐼 

intensifies ∆𝑉𝑡ℎ,𝐵𝑇𝐼 in (5). 

2.3 Related works 
As power has become a primary concern for modern system-on-chip designs, various works on 

power/thermal analysis and management have recently been proposed. A TEI-aware DTM 

technique was introduced in [2] to minimize the power consumption of FinFET based circuits 

without performance penalty. Reference [13] presents a new thermal simulation approach for 

FinFET based ICs by using the proper orthogonal decomposition (POD) to reduce the degrees of 

freedom. A design for thermal performance as well as an effort to predict the thermal time 

constant of multi-fin FinFETs were introduced in [14]. The work in [15] developed a source-level 

simulation method to perform a full range of performance, energy, reliability, power, and thermal 

estimation. 

 Many studies have investigated impacts of parameter variations on BTI aging, and proposed 

a large variety of BTI mitigation techniques for FinFET based designs over the past few years. The 

work in [16] analyzed BTI dependency on supply voltage and design styles for SRAM cells, and 

compared BTI vulnerability of planar MOSFET and FinFET based designs. In [17], NBTI degradation 

in datapath logic circuits was evaluated under workload and architectural parameter variations. 

The work in [18] used high immunity on NBTI of planar devices to develop a NBTI mitigation 

technique for GPUs by replacing some FinFET devices with planar MOSFETs, and slightly modifying 

the original GPU architectures. Frequency dependence and delay effect on NBTI was measured 

in [19]. The study in [20] used the BTI dependency on workload to develop a machine learning-
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based monitoring method to estimate aging delay in embedded processers at RTL. However, BTI 

analyses that take into account thermal/power characteristics in conventional CMOS and FinFET 

based designs have rarely been reported. An assessment of NBTI in the presence of self-heating 

in FinFETs at the device level was performed by the work in [4].  In [21], the effect of temperature-

induced variability on BTI aging in DVFS designs was examined without TEI consideration. On the 

other hand, the work in [3] evaluated combined effects of TEI and BTI on performance of FinFET 

circuits, but temperature dependency on supply voltage and frequency was excluded. 
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Chapter 3. Research Methodology 
 

This work mainly focuses on developing a trustworthy simulation framework used to investigate 

the combined effects of TEI, BTI, and temperature on the circuit performance. To begin with, a 

fine-grained workload/temperature-dependent power model for FinFET circuits is developed 

based on extensive SPICE and logic simulations. In this model, the chip temperature is evaluated 

by use of the measured power, thermal resistance and capacitance, and ambient temperature. 

In addition, we introduce a BTI model, which is strongly dependent on the side effect of 

temperature change resulted from DVFS and TEI. The change in temperature is considered as the 

TEI-induced threshold voltage shift, which is subsequently used to estimate the aging delay. The 

total simulation and analysis framework proposed in this paper is illustrated in Figure 2 and will 

be discussed in the following subsections. 

 

3.1 Temperature evaluation 
Our emphasis is placed on design-time analysis of the interrelation among temperature, power, 

supply voltage, and frequency in a combinational circuit block within a processor at the gate 

level. To simplify the influence of TEI on performance and degradation mechanisms, SPICE is used 
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Figure 2. Simulation and analysis framework 
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to map Ion at any temperature to the change in threshold voltage ∆𝑉𝑡ℎ,𝑇𝐸𝐼 providing the same Ion 

at a fixed-nominal temperature level. Figure 3 plots ∆𝑉𝑡ℎ,𝑇𝐸𝐼 and temperature in 14-nm bulk tri-

gate n/pFinFETs equivalent to the situation that the device temperature varies around T0 = 25 oC. 

It can be seen from Figure 3 that TEI causes ∆𝑉𝑡ℎ,𝑇𝐸𝐼 to decrease as temperature increases with 

almost the same rate for all supply voltage levels.  

 

(a) 

 

(b) 

Figure 3. The equivalent shift in threshold voltage with temperature in the 14-nm bulk tri-gate 
nFinFET (a) and pFinFET (b) for different Vgs  
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 The temperature-dependent leakage of all gates in the cell library under TEI can also be 

evaluated using SPICE. Alternatively, at higher level of the design, we can perform probabilistic 

logic simulations to obtain the dynamic power consumption defined by switching activities, and 

to determine the switching capacitance using netlist information. As referred from [3], the dynamic 

power for each parallel transistor can be estimated based on the fraction of the device switching 

activity, whereas for each transistor in series, it can be calculated based on the fraction of the 

device load capacitance. The steady-state circuit temperature can be searched in an iterative 

manner using the total power and thermal resistance of the circuit. Nevertheless, the thermal 

resistance, which relies on materials, geometries, and packages of circuits, is difficult to derive 

analytically. In our simulation, we adopt the thermal resistance of 14-nm FinFETs from [14] and 

assume that the thermal resistance is inversely proportional to the number of fins [1]. 

Table 1. |Vgs| of pFinFETs in a 3-Input NOR gates 
 

Input Patterna. |Vgs| [V] (stress/recovery)b. 

x2 x1 x0 M2 M1 M0 

0 0 0 0.8 (s1) 0.8 (s1) 0.8 (s1) 

0 0 1 0.07 (r) 0.09 (r) 0 (r) 

0 1 0 0.07 (r) 0 (r) 0.8 (s1) 

0 1 1 0.02 (r) 0 (r) 0 (r) 

1 0 0 0 (r) 0.8 (s1) 0.8 (s1) 

1 0 1 0 (r) 0.73 (s2) 0 (r) 

1 1 0 0 (r) 0 (r) 0.8 (s1) 

1 1 1 0 (r) 0 (r) 0 (r) 
 

a.The input value of xn corresponds to the input of transistor Mn. 
b.pFinFET M0 is connected to the power supply followed by M1 and M2. 
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3.2 NBTI evaluation 
Initially, we perform an experiment to investigate the combined impact of NBTI and TEI on circuit 

performance. In this experiment, PSO algorithm is used to construct a long-term NBTI model 

guided by the dynamic degradation model of NBTI as given in the following equations [22]: 

 

Stress: ∆𝑉𝑡ℎ(𝑡) = [𝐾𝑣(𝑡 − 𝑡0)
1

2 + √∆𝑉𝑡ℎ(𝑡0)2𝑛 ]
2𝑛

  (6) 

 

Recovery: ∆𝑉𝑡ℎ(𝑡) = ∆𝑉𝑡ℎ(𝑡1) (1 −
2𝜉1𝑡𝑒+√𝜉2𝐶(𝑡−𝑡1)

2𝑡𝑜𝑥+√𝐶𝑡
)  (7) 

 

where 𝐶 is the diffusion temperature-dependent coefficient; n is set to be 1/4 or 1/6 for H 

diffusion or H2 diffusion, respectively [23]; the times t0 and t1 correspond to the time at the 

beginning of stress phase and recovery phase, respectively; 𝜉1  and 𝜉2  are back diffusion 

constants; 𝑡𝑒 is the effective diffusion distance; 𝑡𝑜𝑥 is the oxide thickness; and the term 𝐾𝑣 is 

given by 

𝐾𝑣 = (
𝑞𝑡𝑜𝑥

𝜖𝑜𝑥
)

3

𝐾1
2𝐶𝑜𝑥(𝑉𝑔𝑠 − 𝑉𝑡ℎ0)√𝐶𝑒𝑥𝑝 (

2𝐸𝑜𝑥

𝐸0
)   (8) 

where 𝐸𝑜𝑥 is the vertical electric field, 𝐸0 is a technology dependent parameter, 𝐾1 is a constant, 

𝑉𝑔𝑠 is the gate-source voltage of the device, and 𝑉𝑡ℎ0 is the original threshold voltage. 

 PSO is one of the evolutionary computation methods to search for potential solutions 

based on swarm intelligence of insects, birds, or fish. In PSO, an individual or particle is 

represented by its position and velocity which indicate a possible solution and search direction, 

respectively. All particles iteratively evaluate their move and update the position and velocity 

based on their own and group’s (swarm’s) experiences. The position and velocity vectors of the 

i-th particle in the d-dimensional search space are represented as Pi = [pi,1, pi,2, pi,3,…, pi,d] T and 
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Vi = [vi,1, vi,2, vi,3,…, vi,d] T, respectively. Each particle has its own personal best position, 𝐏𝐢
𝐛 = [𝑝𝑖,1

𝑏 , 

𝑝𝑖,2
𝑏 , 𝑝𝑖,3

𝑏 ,…, 𝑝𝑖,𝑑
𝑏 ] T, achieved at the end of j-iteration. In the entire swarm, the best of the personal 

best position found so far is represented as the global best position, 𝐏𝐠 = [𝑝1
𝑔, 𝑝2

𝑔, 𝑝3
𝑔,…, 𝑝𝑑

𝑔] T. 

At the (j+1)-iteration, the particle velocity, 𝐕𝐢
𝐣+𝟏, and position, 𝐏𝐢

𝐣+𝟏, are updated according to the 

evolution equations [24] as follows. 

 

𝐕𝐢
𝐣+𝟏 = ω*𝐕𝐢

𝐣 + c1*r1*(𝐏𝐠 −  𝐏𝐢
𝐣) + c2*r2* (𝐏𝐢

𝐛 −  𝐏𝐢
𝐣)    (9) 

 

𝐏𝐢
𝐣+𝟏= 𝐏𝐢

𝐣 + 𝐕𝐢
𝐣      (10) 

In (9) and (10), ω is the inertia weight, c1 and c2 are the learning factors, and r1 and r2 are random 

numbers in [0, 1]. 

 

Start

Obtain  Vth,TEI 

Perform PSO to construct long-term NBTI 
degradation model 

Calculate long-term  Vth,long 

Stop

All PFinFETs 
done?

YES

NO

Obtain short-term  Vth,cycle  data history 
from cycle-by-cycle degradation

 
 

Figure 4. Flowchart of PSO based TEI-aware long-term NBTI prediction 
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 Flowchart of our proposed PSO based long-term NBTI prediction is shown in Figure 4. 

Since a PFinFET receives arbitrary stress level and time duration, depending on its 𝑉𝑔𝑠 for each 

input cycle, the results from the dynamic model are recorded as degradation history that helps 

capture stress-recovery pattern of the device under actual operation. The long-term NBTI 

degradation at the time t in a PFinFET can be approximated as the power law degradation: 

 

 ∆𝑉𝑡ℎ,𝑙𝑜𝑛𝑔(𝑡) = 𝐾𝑐 ∗ 𝑡𝐾𝑒     (11) 

 

where 𝐾𝑐 and 𝐾𝑒 are constants which are dependent on various operating parameters such as 

the supply voltage, temperature, probability of stress, input cycle time, and device geometrical 

parameters. 

 A nonlinear problem is formulated to fit the input-dependent constants, 𝐾𝑐 and 𝐾𝑒 , in 

(11). The objective is to minimize the sum of square error (SSE) between the short-term cycle-by-

cycle data (∆𝑉𝑡ℎ,𝑐𝑦𝑐𝑙𝑒 ) resulted from (6) and (7) and the generated long-term degradation data 

(∆𝑉𝑡ℎ,𝑙𝑜𝑛𝑔) in (11). The SSE can be described as 

 

𝑆𝑆𝐸 = ∑ [∆𝑉𝑡ℎ,𝑐𝑦𝑐𝑙𝑒(𝑡𝑘) − ∆𝑉𝑡ℎ,𝑙𝑜𝑛𝑔(𝑡𝑘)]
2#𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠

𝑘=1   (12) 

 

 In summary, the nonlinear fitting problem used for constructing the long-term threshold 

voltage degradation model due to NBTI can be stated as 

 

Fit:  𝐾𝑐, 𝐾𝑒       

Min: SSE                  (13) 
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 Next, we employ PSO to solve the above nonlinear problem. In this study, the generated 

values for each particle i, 𝐾𝑐,𝑖  and 𝐾𝑒,𝑖 , associated with the fitting constants, 𝐾𝑐  and 𝐾𝑒 , are 

//Initialization 

for each particle i = 1 to swarm size do { 

 Randomly generate Pi and Vi  

 𝐏𝐢
𝐛  Pi 

 Save SSE of each 𝐏𝐢
𝐛 

}// end for each particle 

 

Save minimum SSE of the swarm 

𝐏𝐠   best {𝐏𝐢
𝐛, i = 1, … , 𝑠𝑤𝑎𝑟𝑚 𝑠𝑖𝑧𝑒}//𝐏𝐢

𝐛 with minimum SSE 

 

//Main Loop 

for each iteration j = 1 to #of max iteration do { 

  

 //Evaluation 

 for each particle i = 1 to swarm size do { 

  if (SSE of Pi < SSE of 𝐏𝐢
𝐛)then { 

   𝐏𝐢
𝐛  Pi 

   Save SSE of current 𝐏𝐢
𝐛 

  } 

  if (SSE of 𝐏𝐢
𝐛 < SSE of 𝐏𝐠)then { 

   𝐏𝐠  𝐏𝐢
𝐛 

   Save minimum SSE 

  } 

 }// end for each particle 

 

 //Update 

 for each particle i = 1 to swarm size do { 

  Vi  ω*Vi + c1*r1*(𝐏𝐠 − Pi) + c2*r2* (𝐏𝐢
𝐛 − Pi) 

  Pi  Pi + Vi 
  // ω is the inertia weight 

  // c1 and c2 are the learning factors 

  // r1 and r2 are random numbers in [0, 1] 

  

 }//end for each particle 

 

}//end for each iteration 

 

Figure 5. Pseudocode of PSO algorithm for long-term NBTI prediction 
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described as the position of a 2-dimensional particle (d = 2), and thus, Pi = [𝐾𝑐,𝑖 , 𝐾𝑒,𝑖] T. Figure 5 

sketches the pseudocode of PSO algorithm applied to this problem. To begin with, the position 

and velocity vectors, Pi and Vi , are  initialized with random values. Because there is no previous 

Pi value for comparison in this initialization stage, the personal best position of the i-th particle, 

𝐏𝐢
𝐛, is set to be the same as Pi. In the main loop of PSO algorithm, the current particle position, 

Pi, is evaluated and compared with the previous personal best position, 𝐏𝐢
𝐛, and the global best 

position, 𝐏𝐠. If the current Pi provides smaller SSE, it will replace 𝐏𝐢
𝐛 or both 𝐏𝐢

𝐛 and 𝐏𝐠. At the 

end of the main loop, the particle velocity, Vi, and position, Pi, are updated according to the 

evolution equations [24], and set to be the velocity and position of the corresponding particle for 

the next iteration. 

3.3 BTI estimation 
The proposed BTI (NBTI + PBTI) simulation framework takes into account three important 

variabilities including workload-dependent stress cycle, temperature change from DVFS, and 

threshold voltage shift due to TEI. In this study, we comprehensively inspect the difference of BTI 

stress levels depending upon workload and position of the transistor in a series network. Table 1 

shows the HSPICE results of Vgs for all input patterns of each pFinFET in a 3-input NOR gate 

implemented with the 14-nm trigate FinFET technology from [25]. From this device-level 

simulation, the stack of pFinFET may lead to different stress levels (s1 and s2 for this gate type), 

but we assume that the device has a single recovery level (r) when |Vgs| is relatively small 

compared to |Vth|. The threshold voltage shift due to BTI ∆𝑉𝑡ℎ,𝐵𝑇𝐼 for different j levels of stress 

considered in our work is given by 

 

∆𝑉𝑡ℎ,𝐵𝑇𝐼 = ∑ (
𝑃𝑠𝑗

𝑃𝑠𝑡𝑟𝑒𝑠𝑠
) ∆𝑉𝑡ℎ,𝐵𝑇𝐼(𝐶𝑒𝑓𝑓(𝑇), (𝑉𝑔𝑠,𝑗 − 𝑉𝑡ℎ)𝑒𝑓𝑓)

# 𝑜𝑓 𝑠𝑡𝑟𝑒𝑠𝑠 𝑙𝑒𝑣𝑒𝑙𝑠
𝑗=1     (14) 
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 In (14), 𝑃𝑠𝑗
is the probability that the device receives stress level j, and 𝑃𝑜𝑛 is the probability 

that the device turns on, which is the probability that the input is logic “0” for NBTI or “1” for 

PBTI. These stress-related probabilities can be obtained from the gate-level logic simulation. The 

term ∆𝑉𝑡ℎ,𝐵𝑇𝐼 in (14) is modified from (5) to take into account the change in temperature and TEI-

induced threshold voltage shift∆𝑉𝑡ℎ,𝑇𝐸𝐼,𝑘 corresponding to mode k of DVFS. Particularly, ∆𝑉𝑡ℎ,𝐵𝑇𝐼 

is considered as a function of 𝐶𝑒𝑓𝑓(𝑇) and (𝑉𝑔𝑠,𝑗 − 𝑉𝑡ℎ)𝑒𝑓𝑓, where 

 

𝐶𝑒𝑓𝑓(𝑇) = ∑
𝑡𝑘

𝑡𝑜𝑝
𝑇0

−1𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝐵𝑇𝑘
)#𝐷𝑉𝐹𝑆 𝑚𝑜𝑑𝑒𝑠

𝑘=1                 (15) 

 

 In (15), 𝑡𝑘

𝑡𝑜𝑝
 is the fraction of time tk that the device works in mode k and the total time of 

operation top, Ea is the activation energy, Tk is the operating temperature, 𝑘𝐵 is the Boltzmann’s 

constant, and T0 is another constant [11]. The term (𝑉𝑔𝑠,𝑗 − 𝑉𝑡ℎ)𝑒𝑓𝑓 can also be obtained in the 

same manner where 𝑉𝑡ℎ is the summation of the original threshold voltage and ∆𝑉𝑡ℎ,𝑇𝐸𝐼,𝑘. In this 

work, we assume that in each mode of operation, the circuit receives the same workload resulting 

in a constant circuit temperature. 

3.4 Delay evaluation 
Consider the total threshold voltage variation from TEI and BTI. The change of delay can be 

expressed in a simplified form of the Elmore delay as follows [26], [27]. 

 

 ∆𝑡𝑑,𝑖 =
𝛼(∆𝑉𝑡ℎ,𝑇𝐸𝐼,𝑖+∆𝑉𝑡ℎ,𝐵𝑇𝐼,𝑖)

𝑉𝑑𝑑−𝑉𝑡ℎ0
𝑡𝑑0,𝑖                     (16) 

 

where ∆𝑡𝑑,𝑖 is the change in delay corresponding to transistor Mi as a result of the total shift in 

threshold voltage ∆𝑉𝑡ℎ = ∆𝑉𝑡ℎ,𝑇𝐸𝐼,𝑖 + ∆𝑉𝑡ℎ,𝐵𝑇𝐼,𝑖, and 𝑡𝑑0,𝑖 is the load-dependent original delay. 
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The change in delay ∆𝑡𝑑,𝑖 and the total threshold voltage shift in (16) have a linear relationship 

under a certain load capacitance. For a parallel network, the maximum change in network 

delay ∆𝑡𝑑,𝑝𝑎𝑟 happens when one parallel transistor with the largest threshold voltage degradation 

turns on, i.e.; 

 

∆𝑡𝑑,𝑝𝑎𝑟 = 𝐶𝑝𝑎𝑟 ∙ 𝑡𝑑0 ∙ ∆𝑉𝑡ℎ,𝑚𝑎𝑥                     (17) 

 

where 𝑡𝑑0 is the original delay and the proportional constant 𝐶𝑝𝑎𝑟 can be identified by linear 

fitting. For a series network, the degradation of all devices influences the network delay 

change ∆𝑡𝑑,𝑠𝑒𝑟, which can be obtained from 

 

∆𝑡𝑑,𝑠𝑒𝑟 = ∑ ∆𝑡𝑑,𝑖 
#𝑜𝑓 𝑖𝑛𝑝𝑢𝑡𝑠−1
𝑖=0                     (18) 

 

where  ∆𝑡𝑑,𝑖 = 𝐶𝑠𝑒𝑟 ∙ 𝑡𝑑0,𝑖 ∙ ∆𝑉𝑡ℎ,𝑖                     (19) 

 

and the constant 𝐶𝑠𝑒𝑟 and 𝑡𝑑0,𝑖 can be identified by the linear relationship between ∆𝑉𝑡ℎ,𝑖 and 

∆𝑡𝑑,𝑖. 

 The gate propagation delay is the average value of the falling and rising propagation delay 

in (17) and (18). Finally, critical path analysis is carried out to estimate the circuit delay. 
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Chapter 4. Experimental Results 
 

In this chapter, we used the proposed simulation framework to investigate the combined impacts 

of TEI and BTI and the thermal effects of voltage and frequency variations. Our experimental 

circuits were selected from the ISCAS-85/89 (combinational parts) and MCNC benchmark suites, 

and mapped with the cell library that consists of Inverter, and 2- to 4-input NAND and NOR gates. 

All experimental circuits were designed with the 14-nm tri-gate bulk FinFET predictive technology 

from [25]. The signal probability of all primary inputs was assumed equal. We extracted the 

steady-state operating temperature (T) corresponding to the circuit power consumption (Pcircuit) 

and ambient temperature (Tamb) as discussed in Chapter 3 (3.1), which is an important factor for 

estimating long-term aging delay due to BTI. 

4.1 Combined impacts of NBTI and BTI (PSO approach) 
Table 3 records the circuit delay after 10 years of NBTI stress in the experimental circuits under 

different temperature levels of 35 oC, 75 oC, and 125 oC with different TEI and NBTI analysis 

scenarios. All delay values are normalized with respect to the baseline delay at 25 oC in the 

second column of the table. For each temperature, in the first column which contains the 

normalized delay of the circuits under TEI regardless of aging degradation, it can be seen that the 

TEI can enhance the delay of all experimental circuits as temperature increases. Under TEI, the 

delay decreases by 1.3%, 7%, and 15% on average at 35 oC, 75 oC, and 125 oC, respectively. On 

the other hand, the second column of each temperature, which lists the normalized delay of the 

circuits under NBTI without TEI consideration, shows that the NBTI worsens the circuit delay as 

temperature increases. However, the rate of delay degradation due to NBTI with respect to the 

increase in temperature is relatively small compared to the delay improvement by the TEI. For 

example, the largest delay degradation under NBTI stress regardless of TEI is around 6% in the  



21 

 

 
circuit i9 whereas the TEI can improve the performance of this circuit by 16%. The impact of the 

TEI tends to dominate NBTI effect at high temperature for all of the experimental circuits causing 

the net delay to decrease.  

Table 2. 10-year Delay under Temperature Variation 

Circuit Baseline 

Delay 

at 25 OC 

[ps] 

Normalized Delay 
35 OC 75 OC 125 OC 

TEI NBTI 

without 

TEI 

NBTI 

with 

TEI 

TEI NBTI 

without 

TEI 

NBTI 

with 

TEI 

TEI NBTI 

without 

TEI 

NBTI 

with 

TEI 

C17 10.626 0.9860 1.0198 1.0061 0.9263 1.0338 0.9629 0.8413 1.0567 0.9087 

C499 85.410 0.9866 1.0183 1.0052 0.9292 1.0313 0.9632 0.8477 1.0524 0.9100 

C880 100.699 0.9864 1.0180 1.0047 0.9283 1.0308 0.9617 0.8458 1.0515 0.9070 

C1196 69.510 0.9865 1.0182 1.0050 0.9291 1.0310 0.9627 0.8489 1.0519 0.9092 

C1355 97.217 0.9863 1.0189 1.0055 0.9277 1.0322 0.9626 0.8444 1.0540 0.9086 

C1908 119.086 0.9867 1.0180 1.0049 0.9298 1.0307 0.9631 0.8490 1.0514 0.9101 

C2670 191.638 0.9878 1.0170 1.0051 0.9357 1.0292 0.9672 0.8616 1.0492 0.9194 

C5315 171.653 0.9871 1.0182 1.0056 0.9321 1.0310 0.9658 0.8540 1.0520 0.9157 

C6288 378.969 0.9865 1.0191 1.0059 0.9291 1.0326 0.9644 0.8473 1.0546 0.9122 

C7552 142.340 0.9872 1.0180 1.0055 0.9324 1.0308 0.9658 0.8546 1.0516 0.9158 

i5 18.197 0.9859 1.0201 1.0064 0.9259 1.0343 0.9631 0.8405 1.0575 0.9087 

i6 202.643 0.9885 1.0165 1.0053 0.9396 1.0281 0.9700 0.8700 1.0471 0.9259 

i7 173.813 0.9880 1.0169 1.0052 0.9370 1.0288 0.9683 0.8645 1.0483 0.9219 

i8 425.042 0.9848 1.0204 1.0055 0.9198 1.0348 0.9575 0.8274 1.0583 0.8967 

i9 235.703 0.9856 1.0212 1.0071 0.9242 1.0361 0.9633 0.8368 1.0605 0.9087 

S838 151.903 0.9866 1.0156 1.0024 0.9293 1.0266 0.9580 0.8476 1.0445 0.9005 

S5378 77.501 0.9869 1.0172 1.0045 0.9313 1.0294 0.9631 0.8521 1.0493 0.9106 

S13207 236.662 0.9877 1.0135 1.0014 0.9350 1.0231 0.9601 0.8602 1.0387 0.9062 

S15850 307.890 0.9877 1.0159 1.0038 0.9352 1.0271 0.9646 0.8606 1.0453 0.9145 

S35932 154.566 0.9886 1.0164 1.0052 0.9400 1.0279 0.9702 0.8709 1.0468 0.9264 

Average 0.9869 1.0209 1.0050 0.9308 1.0305 0.9639 0.8513 1.0511 0.9118 
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 Under the NBTI stress coupled with the TEI (see the last column of each temperature in 

Table III), the circuit performance at low temperature slightly degrades due to the domination of 

the NBTI over the TEI. At 35 oC, the combined effects of NBTI and TEI cause the average delay to 

increase by 0.5%. On the contrary, at the high temperature of 125 oC, the delay decreases as 

much as 10% in some circuits under these two phenomena. If we consider the impact of NBTI on 

the circuits under TEI at a particular temperature by comparing the first and last columns of each 

temperature in Table III, it can also be noticed that the circuit delay due to NBTI increasingly 

worsens at high temperature. In the experiment, the performance degraded from the baseline 

delay at 35 oC, 75 oC, and 125 oC (the first column of each temperature) are 1.8%, 3.5%, and 

7.1%, respectively. 

 In this part of study, the operating temperature is assumed to be constant for each 

analysis. However, during actual operation, the temperature of a part of the circuit dynamically 

changes upon the power dissipation, workload patterns, and thermal resistance. A more accurate 

NBTI prediction requires increasingly complicated thermal/power models to identify the steady-

state temperature which affects the degradation and timing performance for different parts of the 

circuit. Furthermore, future work directions extended from this investigation may include an 

exploration of other temperature-dependent aging mechanisms that are more severely 

vulnerable to heat than NBTI. 

4.2 Combined impacts of TEI and BTI 
This part of the experiment explores the impacts of BTI and TEI in each circuit under test for a 

nominal set of supply voltage and frequency levels, namely active mode (f = 2 GHz and Vdd = 

0.8 V). The normalized results of BTI-induced delay degradation in Table 2 is evaluated at the 

operating temperature T, which can be obtained from our proposed thermal model. The values 

of T are somewhat above Tamb = 25 oC depending on Pcircuit and thermal resistance (Rth) of the 
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experimental circuits. It can be seen from the second column of Table 2 that BTI together with 

TEI causes all circuits to degrade by 1.7% to 2.7% after 10 years of operation. However, if the 

circuit performance at T  = 25 oC is set to be the baseline level, all experimental circuits at actual 

operating temperature (which is hotter than the baseline level) gain as large as 6.0% – 7.6% 

performance improvement from TEI even though BTI still exerts influence over them. In the last 

column, the increase in power consumption for each circuit is reported with respect to the 

baseline power at T = 25 oC. It can be clearly seen from these results that the total power of all 

circuits rises up to 10.7% of the baseline level due to increased leakage.  

 Figure 6(a) shows the comparison of long-term delay degradation from BTI-free baseline 

level at Tamb = 25 oC for the circuit C499 when ∆𝑉𝑡ℎ,𝑇𝐸𝐼 is considered or not in BTI estimation. 

From the figure, the conventional BTI prediction approach that does not reckon with TEI provides 

smaller delay degradation results compared to our approach where heat accumulated from TEI 

intensifies BTI aging. In Figure 6(b), the normalized circuit delay results are plotted with Tamb when 

Table 3. Aging degradation, performance, and power under BTI and TEI after 10-year 
operation 

Circuits BTI Degradation (%)a. Performance Gain 
(%)a., b. 

Increased Power (%)a, 

b. 
C2670 2.12 6.56 6.31 

C6288 2.26 6.87 6.91 

C7552 2.23 6.46 6.58 

i7 2.00 5.60 10.28 

i9 2.74 7.62 10.72 

S5378 2.04 6.24 6.04 

S15850 1.68 4.97 4.30 

S35932 2.13 6.02 6.35 
a. at the operating temperature T above Tamb  = 25 oC 

b. compared to the baseline level at T  = 25 oC 
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BTI stress over 10 years is either taken into account or not. Besides, the baseline delay is obtained 

at Tamb = -15 oC without BTI stress. It is evident from the figure that TEI enhances the performance 

of this FinFET benchmark circuit as temperature increases, whereas BTI increasingly worsens the 

circuit performance at high temperature. However, after 10-year operation, the circuit still runs 

faster with temperature when both TEI and BTI are addressed together. 

 

(a) BTI degradation over operating time at Tamb = 25 oC 

 

(b) TEI-induced performance improvement with temperature 

 
Figure 6. Impacts of BTI and TEI on delay performance of the circuit C499 
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4.3 Impacts of voltage and frequency 
To further investigate the impacts of voltage and frequency variations on BTI aging, the 

experimental FinFET circuits are now configured with two different operating modes of DVFS, 

namely active mode (the same setting as the previous experiment) and additional standby mode 

(f = 1.24 GHz and Vdd  = 0.6 V). A set of fractions of time that the circuit operates in either mode 

has been predefined. Table 3 reports 10-year BTI degradation when the fractions of time ractive 

that the experimental circuits run in the active mode are 0.25, 0.5, and   0.75. We can see that 

BTI aging results in Table 3 decrease when the circuits have shorter operating time in the active 

mode. It is important that the effect of temperature is required in BTI aging prediction, otherwise 

BTI under variations in Vdd and frequency without their power/thermal influence is relatively 

untouched. 

 
 As we realize that TEI can override BTI and raise the circuit power and performance at high 

temperature, it is possible to eliminate this excessive gain and achieve power reduction even in 

the active mode. Given that the baseline operation for all experimental circuits is in the active 

Table 4. 10-year delay degradation for different fractions of time that the circuits are 
in active mode 

 

Circuit 10-year Delay Degradation (%) 
ractive = 0.25 ractive = 0.5 ractive = 0.75 

C2670 1.63 1.81 1.98 

C6288 1.76 1.95 2.11 

C7552 1.72 1.91 2.08 

i7 1.56 1.72 1.87 

i9 2.08 2.33 2.54 

S5378 1.59 1.76 1.91 

S15850 1.36 1.48 1.58 

S35932 1.63 1.82 1.98 
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mode with Tamb = 15 oC, we perform TEI-based supply voltage scaling, which lowers Vdd by 0.025-

V to deal with the increase in power at higher ambient  temperature, while maintaining f at 2 GHz 

and the delay at the baseline level. Table 4 shows the optimal supply voltage, and the outcomes 

of power reduction and BTI change from the nominal active mode with Tamb = 20, 25, 30, and 35 

oC. From Table 4, at higher ambient temperature, TEI allows us to scale down larger amount of 

supply voltage to bring the performance back to the baseline level, and hence, we achieve larger 

power reduction (up to 66%). In addition, lowering supply voltage cools down the operating 

temperature leading to a slight decrease in BTI aging degradation for all circuits. 

 
  

Table 5. TEI-based supply voltage scaling to reduce power consumption 
 

Circuit Tamb = 20 oC Tamb = 25 oC Tamb = 30 oC Tamb = 35 oC 
Optimal 

Vdd 

(V) 

Power 
Save 
(%) 

BTI 
Change 

(%) 

Optimal 
Vdd 

(V) 

Power 
Save 
(%) 

BTI 
Change 

(%) 

Optimal 
Vdd 

(V) 

Power 
Save 
(%) 

BTI 
Change 

(%) 

Optimal 
Vdd 

(V) 

Power 
Save 
(%) 

BTI 
Change 

(%) 

C2670 0.775 6.42 -0.06 0.7 24.80 -0.29 0.65 36.00 -0.45 0.6 46.34 -0.62 

C6288 0.75 12.91 -0.16 0.7 24.77 -0.30 0.625 41.06 -0.55 0.575 51.26 -0.80 

C7552 0.75 12.83 -0.15 0.7 24.89 -0.31 0.625 40.87 -0.50 0.575 51.00 -0.71 

i7 0.75 13.29 -0.13 0.675 31.02 -0.30 0.625 42.16 -0.45 0.55 56.48 -0.64 

i9 0.775 6.99 -0.12 0.7 26.06 -0.44 0.65 38.04 -0.72 0.575 53.17 -1.05 

S5378 0.75 12.59 -0.11 0.7 24.61 -0.26 0.55 54.36 -0.58 0.475 66.45 -0.76 

S15850 0.75 12.49 -0.09 0.7 24.03 -0.16 0.6 44.67 -0.33 0.525 57.99 -0.45 

S35932 0.775 6.42 -0.05 0.7 24.82 -0.28 0.65 36.03 -0.44 0.6 46.38 -0.60 
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Chapter 5. Conclusions 
 

This work develops a simulation framework for BTI aging and applies it to FinFET combinational 

circuits to explore the impacts of temperature, supply voltage, and frequency variations on the 

circuit performance and reliability. The analysis results reveal that TEI, which improves the timing 

performance of FinFET devices at high temperature, additionally worsens BTI degradation at a 

particular operating temperature in all experimental circuits. However, the domination of TEI over 

BTI still causes all circuits to run faster as temperature increases. BTI degradation is also sensitive 

to supply voltage and frequency through power and temperature, and thus, the standby mode 

of DVFS with lower Vdd and frequency can moderate BTI aging due to decreased temperature 

with a loss of performance. Finally, in the active mode of DVFS considering TEI, we introduce a 

power reduction technique that scales the supply voltage down to reduce larger amount of 

excessive power induced by TEI for circuits running at higher ambient temperature. The proposed 

approach accomplishes power reduction as large as 66% and slight decrease in BTI degradation 

in some hot circuits while maintaining the performance at a given cooler baseline level with 

maximum frequency. 
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