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ABSTRACT Ensuring integrated circuits (ICs) operate reliably throughout their expected service life
is more vital than ever, particularly as they become increasingly central to mission-critical applications.
Advances in semiconductor technology have brought to light the vulnerability of ICs to various reliability
challenges, notably those stemming from the phenomenon of transistor aging. Transistor aging refers to
the progressive degradation of transistor performance over time. This degradation is predominantly due
to bias-temperature instability (BTI), which can significantly undermine the reliability of ICs, leading to
performance degradation and the potential for critical failures through timing violations. The situation is
further complicated by the occurrence of asymmetric transistor aging, where the degradation is not uniformly
distributed, thus intensifying timing violations and reliability concerns. Our study delves into the impact
of asymmetric transistor aging on clock tree design and underscores the importance of useful skew, clock
gating, and the variances between clock buffer delays and net delays in exacerbating timing violations.
In response, we introduce extended timing constraints, a clock tree anti-aging circuitry and a extended
design flow aimed at alleviating the effects of asymmetric transistor aging on clock trees, thereby enhancing
IC reliability. Our simulation analysis investigates the vulnerability of clock trees to asymmetric aging,
using General-Purpose Graphics Processing Units (GPGPUs) as a case study, and highlights the resulting
timing violations when factoring in asymmetric transistor aging. The anti-aging circuitry and design flow
are validated through aging-aware timing analysis, which confirms their effectiveness in eliminating the
observed timing violations.

INDEX TERMS Asymmetric Aging, BTI, Clock-tree, Reliability, Transistor aging.

I. INTRODUCTION

OVER the past several decades, the field of Very Large
Scale Integration (VLSI) technology has experienced

significant advancements in a few key areas. The relentless
pursuit of transistor miniaturization has yielded ever-smaller
process nodes, shrinking transistors to nanoscale dimensions
in accordance with Moore’s law. Additionally, the introduc-
tion of cutting-edge devices and novel materials has been cen-
tral to enhancing performance and reducing power consump-
tion. Despite these technological strides, such progress has
laid bare the susceptibility of integrated circuits (ICs) to reli-
ability challenges, especially those stemming from transistor
aging. This aging process—a gradual decline in transistor
performance—is mainly ascribed to bias-temperature insta-
bility (BTI), which will be explored thoroughly in Section II.
BTI’s influence on IC reliability is profound, as it not only
deteriorates performance but also leads to critical failures

through timing violations. The issue is further compounded
by asymmetric aging, which is particularly problematic due to
the uneven degradation it causes, thereby intensifying timing
violations and heightening concerns over reliability.

As VLSI technologies continue to evolve, semiconductors
are becoming integral components ofmission-critical systems
across various sectors such as autonomous transportation,
healthcare devices, financial services, and security infrastruc-
ture [1], [2]. These advanced applications demand heightened
levels of resilience, reliability, and safety from integrated
circuits (ICs), as mandated by regulatory bodies and industry
benchmarks [3]. Consequently, the imperative for IC design
now encompasses a stringent focus on reliability.

This paper investigates the impact of asymmetric transis-
tor aging on clock tree design considerations. Clock trees
are critical circuit resources responsible for distributing a
balanced clock signal across the chip die. The reliability of
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the clock tree is vital to IC reliability because even a single
clock tree failure point can lead to the complete failure of
the entire clock distribution network. This paper shows that
clock trees are highly vulnerable to reliability issues caused
by asymmetric transistor aging.While earlier research [4], [5]
has concentrated on the effects of gated clocks on asymmetric
aging, our previous work [20] has expanded on these findings
by:

(1) Uncovering how certain factors, such as useful skew
and asymmetry between net and cell delays, can induce
significant timing discrepancies within the clock tree,
potentially leading to a complete IC failure.

(2) Performing a detailed simulation analysis within a case
study that scrutinizes the vulnerability of clock trees
to asymmetric aging, specifically within Nvidia Volta
V100 General-Purpose Graphics Processing Units
(GPGPUs), and identifying the resulting timing viola-
tions when asymmetric transistor aging is taken into
account.

(3) Introducing enhanced timing constraints and revised
design flow strategies that address the challenges of
asymmetric transistor aging. These guidelines can be
applied during the physical design and timing veri-
fication phases to alleviate the reliability impact of
asymmetric aging on transistors.

This paper extends our previous work [20] by:

1) Introducing new anti-aging circuitry for mitigating
asymmetric transistor aging in clock trees.

2) Broadening the range of GPGPUs under simulation
analysis to include not only the Volta V100 but also
the Nvidia RTX 2060, thereby assessing the impact
of asymmetric transistor aging across various GPGPU
architectures and ensuring the robustness of our miti-
gation techniques.

3) Extending the variety of workloads executed on GPG-
PUs to encompass the neural network (NN) benchmark,
and examining Breadth-First Search (BFS), and the N-
Queens Solver (NQS) [17].

The structure of the rest of this paper is organized as
follows: Section II provides an overview of the background
and reviews related literature. Section III discusses the sus-
ceptibility of clock trees to asymmetric transistor aging and
proposes extensions to existing timing constraints. Section IV
introduces our clock tree anti-aging circuitry. Our simulation
results are presented in Section V, while Section 6 offers the
concluding remarks of this study.

II. BACKGROUND AND PRIOR WORK
This section provides background information on transistor
aging and the BTI and reviews previous studies in the field
of transistor aging. It should be noted that ICs may also incur
aging of net elements, governed by electromigration [6]–[8],
which is beyond the scope of this paper. Throughout our
analysis, we operate under the assumption that nets comply
with electromigration design rules.

A. TRANSISTOR AGING
Transistor aging refers to the deterioration over time of tran-
sistors in digital circuits and is caused by the trapping of
charge carriers from the transistor inversion channel at the
dielectric insulator of the transistor gate [9], [10]. The BTI
is recognized as the primary mechanism governing transistor
aging. The BTI activates when a constant voltage is applied to
the transistor gate, elevating the transistor’s threshold voltage.
This increase in threshold voltage leads to a longer transis-
tor switching delay, thereby reducing the transistor’s speed.
Asymmetric transistor aging, which refers to the uneven
distribution of performance degradation among transistors
within an IC, can lead to severe timing issues, including setup
and hold timing violations.
The aging model used in this study to describe Vth degrada-

tion relies on the reaction-diffusion model—the most widely
acknowledged model for BTI aging within both industry and
research communities [11]. Themodel provides the following
equation to describe Vth degradation, denoted as∆Vth, result-
ing from BTI stress:

∆Vth ∝ e
Ea
kT (t − t0)1/6 (1)

where Ea is a constant, T is the operating temperature, k
is Boltzmann’s constant, t0 is the time when the BTI stress
starts, and t is the overall time. A key insight from this
model is that substantial Vth degradation happens early in
the IC’s lifetime. For example, approximately 70% of the Vth
degradation within a 10-year time frame occurs within the
first year. NBTI, known to affect p-type transistors, poses a
greater susceptibility than PBTI, which affects n-type tran-
sistors [10]. Hence, logical gates maintaining a persistent idle
state of logical 0 are most vulnerable to aging.

The signal probability (SP) is a common technique [4] for
assessing the BTI stress profile on logical elements. The SP
quantifies the probability of a signal having a logical value of
1 and is defined as the ratio of the time a signal spends in the
logical-1 state to the overall time. A decrease in SP intensifies
the effect of the NBTI, resulting in performance degradation
or potentially causing failures in integrated circuits over time.

B. PRIOR WORK
Common approaches involve incorporating additional timing
margins tomitigate the effects of asymmetric aging. However,
such approaches often necessitates complex simulation anal-
ysis and can lead to overdesign [11]. Other studies [9], [12],
[13] have proposed models for predicting aging degradation
and have explored various solutions, including reducing clock
cycle time, transistor resizing, VDD tuning, and power gating.
Agrawal et al. [14] proposed a method to predict circuit
failure by using sensors placed at various locations within the
silicon die. Additional research [15] has explored techniques
to analyze digital circuits and detect the most vulnerable
gates affected by NBTI. This involves using an aging model
with BTI-aware libraries and conducting aging-aware timing
analysis. Abbas et al. [16] proposed executing anti-aging
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programs instead of idle tasks during periods of low processor
use. Gabbay et al. [4] proposed an aging-awaremicroarchitec-
ture to minimize the effects of asymmetric aging on execution
units, register files, and memory hierarchy elements in micro-
processors while keeping overhead to aminimum.Arasu et al.
[5] analyzed asymmetric aging in the clock tree segments of
power-efficient designs by using a 45 nm process node. The
authors examined how BTI affects the clock tree as a result of
clock gates and built-in clock tree skews. However, they did
not consider how useful skew and the asymmetry between
net and cell delays affect clock tree design. These factors are
further addressed in the present study using a 28 nm process
node.

III. IMPACT OF ASYMMETRIC TRANSISTOR AGING ON
CLOCK TREES
Clock trees play a pivotal role in distributing the clock signal
throughout digital circuits, aiming to achieve minimal inser-
tion delay and to maintain uniformity in clock skew at all
endpoints. The clock signal is fundamental for the proper
logical functioning of digital circuits, and any malfunction
within the clock tree could lead to a complete circuit failure.
Consequently, to guarantee the clock signal’s reliable perfor-
mance, setup and hold timing constraints must be rigorously
applied.

This paper identifies three principal elements that con-
tribute to asymmetric aging within clock trees: the use of
clock gating, the asymmetry in delays between cells and in-
terconnects, and the intentional introduction of skew for per-
formance optimization. Furthermore, it proposes augmented
timing constraints that consider the effects of asymmetric
transistor aging. These constraints can be integrated into the
workflow of physical design engineers and Electronic Design
Automation (EDA) tools to maintain timing integrity despite
the presence of asymmetric aging phenomena.

A. CLOCK GATING
Clock gating is a prevalent technique utilized to reduce dy-
namic power usage. This method involves selectively dis-
abling the clock signal to portions of the circuit that are not
active, which in turn decreases dynamic power usage. By
halting the clock in dormant sections of the circuit, super-
fluous switching and its related power use are eliminated.
Generally, clock gating is implemented with a clock gate cell
that includes both a latch and an and gate.

Clock gating exacerbates asymmetric aging by promoting
inactivity within the clock network, as illustrated in Figs. 1(a)
and 1(b). Specifically, Fig. 1(a) demonstrates that employing
a clock gate in the launch path induces greater aging there
compared to the capture path, potentially causing setup timing
violations. On the other hand, as shown in Fig. 1(b), when
a clock gate is utilized in the capture path, it ages more
rapidly than the launch path, which may lead to hold timing
violations.

B. ASYMMETRY BETWEEN CELL AND NET DELAYS
The phenomenon of asymmetric aging within clock networks
may also stem from the variation in the sum of delays across
logical cells and nets. Nets, in contrast to logical cells, remain
unaffected by BTI. Asymmetry in the total delay attributed to
logical cells within launch and capture paths can lead to BTI-
driven asymmetric aging, as depicted in Fig. 1(c). A scenario
where the cumulative delay from logical cells in the launch
path surpasses that in the capture path might precipitate setup
timing violations. Inversely, if the cumulative delay from cells
in the launch path is less than that in the capture path, this
could give rise to hold timing violations. Fig. 1(c) portrays a
situation where both launch and capture paths exhibit a bal-
anced clock insertion delay of 170 ps. Yet, the aggregate delay
from clock buffers in the capture path is 150 ps, in contrast to a
100 ps total delay in the launch path’s clock buffers. Evenwith
a uniform aging rate across all clock buffers, the asymmetry
in accumulated delays between cells and nets, when coupled
with BTI effects, can induce hold timing violations due to the
resultant delay shift in the capture clock.

C. USEFUL SKEW
Employing useful skew is a strategic approach in clock tree
synthesis, characterized by the deliberate insertion of delays
within clock paths to alleviate setup or hold timing violations.
Introducing a clock skew to the capture path, as exemplified
in Fig. 1(d), facilitates the extension of the design’s critical
timing path beyond the nominal clock cycle duration. This
technique is viable only when there is sufficient positive hold
slack present to absorb the additional delay imposed on the
capture clock. Consequently, clock skew can serve dual pur-
poses: it can preempt the need to lengthen the clock cycle time
or it can rectify timing violations. Similarly, when useful skew
is applied to the launch path, it functions analogously, enhanc-
ing holdmargins while potentially compromising setup times.
The implementation of useful clock skew can heighten the

vulnerability of clock trees to asymmetric transistor aging,
especially when used alongside clock gating or amidst asym-
metry between cell and net delays. Clock gating may exacer-
bate the asymmetric aging of skew buffers, potentially leading
to timing violations in light of transistor aging. Furthermore,
clock skew buffers by their nature introduce a fundamental
asymmetry between the cumulative delays of nets and cells,
amplifying the risk of timing violations due to transistor
aging. Consequently, it is prudent to apply useful clock skew
with caution, with particular attention to the implications of
asymmetric transistor aging.

D. TIMING CONSTRAINTS IN THE PRESENCE OF
ASYMMETRIC AGING
The timing constraints for a typical synchronous digital cir-
cuit, as depicted in Fig. 2, are governed by the equations refer-
enced as (2) and (3). The specific timing parameters pertinent
to the circuit are detailed in Table 1, assuming a clock cycle
duration of T . The useful skew buffers, as presented in Fig. 2,
are incorporated into the capture path and are characterized by
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(a) Setup Violations (Max Delay).
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Accumulated wire delay = 70ps

Capture clock latency = 170ps
Accumulated cell delay = 150ps
Accumulated wire delay = 20ps

(c) Potential Hold/Setup Violations (d) Useful Clock Skew

FIGURE 1: Possible violation due to asymmetric aging induced by (a) launch path clock gate; (b) capture path clock
gate; (c) the asymmetry between the accumulated delay of logical cells and wires; and (d) useful skew

FIGURE 2: Asymmetric aging in clock trees in the pres-
ence of useful skew and net delays.

a delay parameter tus. A positive tus value (tus > 0) indicates
that the useful skew is being applied to the capture path,
whereas a negative tus value (tus < 0) signifies its application
to the launch path.

∆slacksetup = T − tpdFF − tpdC − ts + tus
+(tCC + tNC)− (tCL + tNL), (2)

∆slackhold = tcdFF + tcdC + (tCL + tNL)

−(tCC + tNC)− tus − th. (3)

Given that the launch and capture paths are subject to
asymmetric aging, a consequence of different activation of
clock gating (or different SPs), the derate factors attributable

TABLE 1: Timing parameters.

Elements Timing Parameters
Propagation Containment Setup Hold

delay delay time time
Launch clock tCL n/a n/a n/a
buffers #1

Launch clock tNL n/a n/a n/a
nets #2

Capture clock tCC n/a n/a n/a
buffers #3

Capture clock tNC n/a n/a n/a
nets #4

Flip-flops #5 tpdFF tcdFF ts th

Combinational tpdC tcdC n/a n/a
circuit #6

Useful skew tus n/a n/a n/a
buffers #7

to BTI can be denoted as dL > 1 for the launch path and
dC > 1 for the capture path. When these derate factors are
incorporated into the equations as referenced in (2) and (3),
the resulting setup and hold slacks for an aged circuit can be
articulated using Eqs. (4) and (5) respectively:

∆slackagedsetup = T − dL(tpdFF + tpdC + tCL)− tNL
+dC(tCC + tus) + tNC − ts, (4)

∆slackagedhold = dL(tcdFF + tcdC + tCL) + tNL
−dC(tCC + tus)− tNC − th. (5)
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FIGURE 3: Clock tree anti-aging circuitry.

Denote δL and δC as the incremental shift fractions in the
launch and capture paths, respectively, where δL = dL − 1,
and similarly, δC = dC − 1. By integrating Eq. 2 with Eq.
4 and Eq. 3 with Eq. 5, we can deduce the setup and hold
slacks for a circuit that has experienced asymmetric aging, as
formulated by Eqs. 6 and 7, respectively.

∆slackagedsetup = ∆slacksetup − [δL(tpdFF + tpdC + tCL)

−δC(tCC + tus)] (6)

= ∆slacksetup −∆slackdegradationsetup ,

∆slackagedhold = ∆slackhold − [δC(tCC + tus)

−δL(tcdFF + tcdC + tCL)] (7)

= ∆slackhold −∆slackdegradationhold .

The degradation in the setup slack (∆slackdegradationsetup ) and
hold slack (∆slackdegradationhold ) due to asymmetric aging can be
expressed by Eqs. 8 and 9, respectively:

∆slackdegradationsetup = δL(tpdFF + tpdC + tCL)

−δC(tCC + tus), (8)

∆slackdegradationhold = δC(tCC + tus)

−δL(tcdFF + tcdC + tCL). (9)

Equations 8 and 9 delineate two contradictory forces that
determine the deterioration of slack. Within the context of
setup, a greater delay shift in the launch path as compared
to the capture path results in the diminution of setup slack. In
contrast, the hold slack diminishes when the delay delay shift
in the capture path surpasses that in the launch path. Even in
cases where δL = δC, signifying uniform aging across both
the capture and launch paths, a reduction in both types of
slack is still possible. Furthermore, setup timing violations
may arise if ∆slackdegradationsetup > ∆slacksetup, while hold tim-
ing violations are likely to occur when ∆slackdegradationhold >
∆slackhold.

IV. CLOCK TREE ANTI-AGING CIRCUITRY
This section introduces our clock tree anti-aging circuitry,
which mitigates the impact of asymmetric transistor aging on
clock trees. The scheme is illustrated in Figure 3 and consists
of a typical logical unit where its clock is globally controlled
by a clock gate through a Clock enable signal from a control
unit external to the module (e.g. power management unit).

FIGURE 4: Isolation cells.

Our technique utilizes isolation logic circuitry [22], typ-
ically employed in the top-level hierarchy of various func-
tional blocks ormodules for Design for Testability (DFT) [21]
purposes, e.g. Automatic Test Pattern Generation (ATPG).
Isolation logic consists of cells that are additionally inserted
by synthesis tools to isolate buses or wires crossing from the
interface of a functional block to its top-level module. More-
over, isolation cells enable the testing of individual blocks
or modules while masking the impact of the tested block on
circuitry external to the block. The principle of operation of
isolation cells is straightforward as illustrated in Figure 4.
As illustrated in Figure 4. When an external signal (e.g., a
request signal) needs to be masked to a logical 0, an AND
gate is inserted into the signal path. When the isolation cell is
activated (enable = 1), the AND operation with 0 effectively
forces the output to a logical 0. Similarly, for masking to
a logical 1 (e.g., valid signal), an OR gate is added. When
isolation is activated(enable = 1), the OR operation ensures
the output remains at a logical 1.
Inspired by the use of isolation cells in DFT, we employ

isolation cells to ensure the clock tree’s anti-aging mecha-
nism operate seamlessly, without affecting the surrounding
components. As illustrated in Figure 3, our anti-aging cir-
cuitry is activated by asserting theClock Anti-Aging Enable
(CAAE) signal.When CAAE is set to a logical one, it triggers
the enabling of the global clock gate and also switches the
source clock of the logical unit through a clock multiplexer.
Instead of using the functional clock source, a free-running
slow clock is injected into the block. This ensures continuous
toggling of the clock tree within the logical unit, thereby
preventing a prolonged duration of static logical states which
could accelerate BTI-related asymmetric aging. It should be
noted that if additional clock gates are used in the internal
circuitry of the logical unit, they should be enabled when
CAAE=1, similar to the global clock gate illustrated in Figure
3. Lastly, our proposed technique incurs a relatively small
overhead in terms of area and power (summarized in Section
V), as they involve only an extra OR gate and a clock multi-
plexer (assuming isolation logic is already part of the logical
unit for DFT purposes).

V. SIMULATION ANALYSIS
In this section, we present our simulation results examining
the effects of asymmetric transistor aging on the processing
elements (PEs) of GPGPUs. Through functional simulations,
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we experimentally analyze GPGPUs’ aging profile, includ-
ing measurements of signal probability. Next, we conduct a
detailed timing analysis that integrates aging models with the
aging profile. Our experimental analysis investigates poten-
tial timing violations caused by asymmetric aging, consider-
ing the impact of:

1) Useful skew optimization.
2) Asymmetry between net and cell delays.
3) Computational workload running on the GPGPU.

In addition, we evaluate the effectiveness of our clock tree
anti-aging circuitry in addressing asymmetric transistor aging
timing violations. Finally, we extend existing physical design
flows with the necessary enhancements to account for the
impact of asymmetric transistor aging. Our functional exper-
iments utilized the gpgpu-sim simulator described in [17].
The gpgpu-sim simulation environment provides cycle-level
modeling of the NVIDIA Volta V100 and RTX 2060 GPG-
PUs [18], allowing for the execution of CUDA or OpenCL
computing workloads. To align with the objectives of our ex-
periments, we customized the simulation platform and incor-
porated necessary mechanisms for the required aging profile
measurements. For benchmarking purposes, we employed the
neural network (NN), Breadth-First Search (BFS), and the
N-Queens Solver (NQS) benchmarks from the gpgpu-sim
benchmark suite of IPSS [17].

As part of our functional experimental analysis, we mea-
sured the SP of the integer execution unit and the single-
precision floating-point unit (FPU). Figure 5 illustrates the
activity measured in the Volta V100 and RTX2060 Streaming
Multiprocessors (SMs) while running NN, BFS, and NQS
benchmarks. Activity is quantified as the percentage of time
the execution unit remains active relative to the total elapsed
time. Our simulation results indicate that for Volta V100
(Figure 5a), the integer execution units within all SMs are
idle 80% − 85%, 88% − 91%, and 98% − 99% of the
time for NN, BFS, and NQU, respectively. For the RTX2060
(Figure 5c), the simulation results indicate that the integer
execution units in all SMs are idle 0%−30%, 70%−80% and
90%−100% of the time for NN, BFS, and NQU, respectively.
The lower utilization of the Volta V100 versus the RTX2060
is attributed to the greater number of SMs (80) in Volta
V100 compared to the RTX2060 (30). The FPU presents a
significantly smaller utilization with respect to the integer
execution units. For the Volta V100 (Figure 5a), the FPU
is idle nearly 98% − 100%, 100% and 100% of the time
for NN, BFS, and NQU, respectively. The RTX2060 FPU
presents higher utilization compared to the Volta V100 due
to the smaller number of SMs in the RTX2060. Figure 5d
shows that the FPU in the RTX2060 is idle 87%−91%, 100%
and 100% of the time for NN, BFS, and NQU, respectively.
Our observations suggest that GPGPU processing elements
may be vulnerable to transistor aging due to significant idle
time. These extended periods without activity can exacerbate
asymmetric aging, leading to potential reliability issues.

To explore the GPGPU case study, we employ the integer

execution unit and Floating Point Unit (FPU) from the open-
source Nyuzi Processor GPGPU1 [19]. This approach allows
us to examine the impact of asymmetric aging on timing.
We performed synthesis and place-and-route processes on the
GPGPU modules using the 28 nm technology node. The syn-
thesis is conducted using Cadence®GenusTM, and the place-
and-route process is carried out with Cadence® InnovusTM.
The clock frequency for the integer execution unit is set at 250
MHz, while the FPU is designed to operate at 167 MHz. For
the timing analysis, we utilize the measured aging profiles
of the Volta V100 and the RTX2060, in combination with
aging-aware library models, as detailed in Ref. [4]. These
models account for the impact of Bias Temperature Insta-
bility (BTI) by adjusting cell delays based on Negative BTI
(NBTI) degradation factors, which are derived fromSP values
extracted from the functional simulations illustrated in Fig.
5. We employ the reaction-diffusion model [11] described
in Section II to model Vth degradation. The derate factors
for the aged libraries are generated using SPICE simulations,
replacing the nominalVth with the agedVth to reflect the aging
corresponding to the SP and a 10-year lifetime.
The timing results in Tables 2 and 3 present the worst

negative slack (WNS) and the number of timing violations
for Volta V100 and RTX2060 case studies, respectively while
considering the average SP of our benchmarks. The tables
summarize the setup and hold timing analyses in the follow-
ing cases:
(1) Without considering the impact of asymmetric aging

(No Aging);
(2) With the inclusion of asymmetric aging effects in tim-

ing analysis (Aging);
(3) Employing useful skew optimization while also consid-

ering the impact of asymmetric aging (Aging+U.S.);
(4) Applying useful skew optimization and taking into ac-

count both asymmetric aging and the asymmetry be-
tween net delay and cell delay (Aging+U.S.+N.D.).

(5) When applying our clock tree anti-aging circuitry
(Anti-Age).

The timing analysis results, summarized in Table 2 for the
Volta V100, show that setup violations occur in the integer ex-
ecution unit (I-EXU) and the floating-point unit (FPU) when
asymmetric aging is considered without any useful skew
optimization. Additionally, this condition introduce slight
changes to the hold slack of the I-EXU. However, when useful
skew optimization is applied, taking into account the impact
of asymmetric aging, there is an improvement in the setup’s
worst negative slack (WNS), and the number of violations
in the I-EXU decreases due to a delayed capture clock edge.
Despite these adjustments, the timing constraints within the
FPU’s logical path prevent the place-and-route tools from
applying useful skew to the setup critical path. Consequently,
no change is observed in the WNS and the number of viola-
tions. Useful skew, however, further degrades the hold slack
by nearly 10 ps for the I-EXU and by 1.6 for the FPU. When

1https://github.com/jbush001/NyuziProcessor/tree/master/hardware/core
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FIGURE 5: Activity percentages of execution units in StreamingMultiprocessors: (a) V100 GPU Integer execution Unit,
(b) V100 GPU single precision FP execution units, (c) RTX2060 GPU Integer execution Unit, and (d) RTX2060 GPU
single precision FP execution units.

TABLE 2: Volta V100 Summary of timing analysis in presence of asymmetric aging.

Func, Setup WNS [ps] Number of Violations
Units No Aging Aging Aging+U.S. Aging+U.S.+N.D. Anti-Age
I-EXU 0 / 0 −230 / 34 −200 / 21 −240 / 35 0 / 0
FPU 0 / 0 −270 / 8341 −270 / 8341 −348 / 13006 0 / 0
Func. Hold WNS [ps] Number of Violations
Units No Aging Aging Aging+U.S. Aging+U.S.+N.D. Anti-Age
I-EXU +13 / 0 +12.4 / 0 +2.5 / 0 −1 / 8 0 / 0
FPU +4.8 / 0 +4.8 / 0 +3.2 / 0 −1.2 / 7 0 / 0

useful skew optimization is applied, considering asymmetric
transistor aging along with the asymmetry between net delay
and cell delay, a significant number of violations for both
setup and hold are revealed. In the setup analysis, the I-EXU’s
WNS increases from -200 ps to -240 ps, while the FPU’s
WNS worsens from -270 ps to -348 ps. Additionally, the
number of setup violations in the I-EXU increases from 21 to
35, and in the FPU, from 8,341 to 13,006. In the hold analysis,
8 hold violations are identified for the I-EXUwith aWNS of -
1. For the FPU, the timing analysis identifies 7 hold violations
with a WNS of -1.2. Table 3 presents the timing analysis
results for the RTX 2060. It can be observed that the timing

analysis of both the I-EXU and FPU in the RTX 2060 exhibit
similar behavior and trends to those observed in the Volta
V100 when considering asymmetric transistor aging, useful
skew, and the asymmetry between net and cell delays. As part
of our simulation analysis, we examine the efficiency of our
clock tree anti-aging circuitry. Our timing analysis, presented
in Tables 2 and 3, indicates that our anti-aging circuitry has
been able to fully eliminate all timing violations associated
with asymmetric transistor aging. Lastly, the area and power
overhead of our proposed anti-aging circuitry is negligible, as
can be observed in the summary presented in Table 4 for both
the I-EXU and FPU.
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TABLE 3: RTX2060 Summary of timing analysis in presence of asymmetric aging.

Func, Setup WNS [ps] Number of Violations
Units No Aging Aging Aging+U.S. Aging+U.S.+N.D. Anti-Age
I-EXU 0 / 0 −188 / 20 −159 / 13 −214 / 22 0 / 0
FPU 0 / 0 −240 / 7466 −240 / 7466 −340 / 12811 0 / 0
Func, Setup WNS [ps] Number of Violations
Units No Aging Aging Aging+U.S. Aging+U.S.+N.D. Anti-Age
I-EXU +13 / 0 +13.3 / 0 +3.4 / 0 −0.2 / 2 0 / 0
FPU +4.8 / 0 +4.8 / 0 +3.3 / 0 −1 / 6 0 / 0

TABLE 4: Anti-aging circuitry area and power overhead

Functional Unit Area [%] Power [%]
I-EXU 0.005 0.0002
FPU 0.001 0.00004

The experimental findings presented in Tables 2 and 3
reveal that asymmetric aging can lead to significant timing
issues. Moreover, employing useful clock skew optimization
alongside the asymmetry between net delay and cell delay
can exacerbate these timing issues, further compromising the
circuit’s reliability. Hold violations are generally viewed as
more critical than setup violations because, while reducing
the clock frequency can mitigate setup violations, there is
no remedy for hold violations. Therefore, in the presence of
asymmetric transistor aging, the timing constraints should be
extended as indicated by Eqs. (8) and (9).

Finally, Fig. 6 presents our design flow, which extends the
conventional flow—comprising synthesis, place and route,
extraction, timing report generation, and timing fixes—by
incorporating new capabilities to account for the impact of
asymmetric aging on timing. The new components added to
the flow include:

(4) conducting a functional simulation of the design to
assess idleness under specific workloads;

(5) deriving the aging profile as SP;
(6) performing aging-aware timing analysis using libraries

derated according to their respective SPs.
(9) Incorporating anti-aging circuitry to mitigate asymmet-

ric aging timing violations.

In summary, integrating these new capabilities into the
physical design flow addresses asymmetric aging challenges,
thereby enhancing timing analysis and design reliability, as
evidenced by improvements in both the Volta V100 and RTX
2060 GPGPU processing elements.

VI. CONCLUSIONS
This research explores the impact of asymmetric aging on
clock tree design considerations. Clock trees, crucial for
delivering a balanced clock signal throughout the chip die,
are essential for the reliable operation of ICs. Our findings
indicate that clock trees are significantly vulnerable to relia-
bility challenges caused by asymmetric aging. While earlier
research mainly concentrated on the influence of gated clocks
on asymmetric transistor aging, this study broadens the inves-

tigation. It underscores the importance of elements like useful
skew and the asymmetry between net and cell delays, which
can lead to significant timing violations in clock trees, poten-
tially resulting in IC failure. Through a case study with the
Volta V100 and RTX 2060 GPGPUs, our simulation analysis
uncovers timing violations caused by asymmetric transistor
aging. To address the issues arising from asymmetric aging,
we introduce 1) an aging-aware design flow, which includes
new extensions to the timing constraints, and 2) anti-aging cir-
cuitry for clock trees. Our simulation analysis shows that the
anti-aging circuitry has been able to eliminate the timing vio-
lationswhile introducing very small area and power overhead.
Grasping the impact of asymmetric aging on clock tree design
is essential for maintaining the reliability and performance of
ICs. Implementing anti-aging measures alongside an aging-
aware design flow and extended timing constraints can help
mitigate potential timing violations, ultimately enhancing the
reliability ICs.
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FIGURE 6: Extended physical design flow in presence of asymmetric transistor aging.
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