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Abstract—Server processors are typically designed with highly
conservative aging margins to tolerate worst-case lifetime (7-10
years) and junction temperature (up to 105°C) assumptions.
In practice, however, most servers operate under significantly
milder thermal conditions and are decommissioned well before
their nominal design lifetime, leaving substantial aging margins
unused. This work identifies this over-provisioning as a key source
of energy inefficiency and proposes a framework to reclaim excess
aging margins to improve server energy efficiency. We introduce
elastic lifetime processors (ELPs), a design paradigm for reclaim-
ing excess aging margins. Under this paradigm, we develop a
first-order, aging-aware margin reclamation model that estimates
the timing degradation required to meet a target lifetime and
mission profile, and quantifies the spare aging margin available
beyond this requirement. The reclaimed margin can be safely
reallocated to reduce operating voltage, increase clock frequency,
or a combination of both, thereby improving energy—performance
trade-offs without compromising reliability. We integrate this
design paradigm into an evaluation framework targeting a 16 nm
FinFET technology node and apply it to representative datacenter
workloads. Our results show that reclaiming excessive aging
margins enables significant gains in energy efficiency, delivering
up to 20% improvement in queries per joule compared to a worst-
case baseline design. These findings demonstrate that aging-
margin reclamation is an effective and practical approach for
reducing the energy cost of conservative lifetime provisioning in
modern server processors.

Index Terms—Reliability, Chip aging, BTI, Lifetime manage-
ment.

I. INTRODUCTION

In recent decades, the semiconductor industry has advanced
VLSI technologies to unprecedented scales through aggres-
sive transistor scaling, three-dimensional integration, and the
adoption of new devices and materials. While these innova-
tions have enabled higher performance and improved energy
efficiency, they have also increased vulnerability to reliability
challenges. One of the most critical issues is the gradual
degradation of transistor performance over time, commonly
referred to as “transistor aging” [22].

A dominant effect of transistor aging is an increase in
threshold voltage, which leads to longer switching delays
and degraded performance [23]. The extent of aging strongly
depends on an IC’s mission profile [45], defined by the com-
bined operating junction temperature and workload intensity
over its lifetime. A common design-time mitigation strategy
is to add timing margins [28], either by using faster logic
elements, increasing the operating voltage (voltage overdrive),
or a combination of both [25]. However, faster logic relies
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on low-threshold voltage (low-1;) cells that increase leakage
current and energy consumption [34], while voltage overdrive
raises both leakage and switching currents, further increasing
power and energy consumption [26]. As a result, transistor
aging has significant implications for processor design and
operation, directly impacting energy efficiency. This challenge
is increasingly critical for large-scale datacenters, where en-
ergy efficiency strongly affects operating costs, environmental
impact, and system reliability [39].

Today, server processors are designed with conservative
worst-case aging margins, assuming a maximum lifetime of
7-10 years [35]-[37] and worst-case junction temperatures
of 105 °C [33]. This worst-case “aging margin tax” is paid
by all processors, regardless of their actual mission profile or
duration of use in the field. In practice, most datacenter servers
are retired within 3—6 years and operate at temperatures well
below 105 °C for most of their lifetime [30], [43]. Conse-
quently, current design practices impose significant power and
energy overheads, motivating approaches that both customize
aging margins to the expected lifetime and mission profile and
reclaim excessive, spare margins to improve processor energy
efficiency.

Prior work has improved processor energy efficiency and
reliability by adapting voltage, frequency, and resource man-
agement to reduce conservative design margins or mitigate
aging effects. For example, NBTI-aware DVFS reclaims tim-
ing guardbands using aging models to reduce supply volt-
age while maintaining fixed performance targets [44], while
other approaches exploit overclocking, enhanced cooling, or
runtime reliability management to operate beyond nominal
margins [26], [40], [41]. However, these techniques fundamen-
tally assume fixed-lifetime targets and worst-case operating
conditions provisioned by hardware vendors, and therefore
do not exploit the substantial mismatch between conservative
design-time lifetime assumptions and the expected operational
lifetime of servers in practice (e.g., customer depreciation peri-
ods or refresh cycles). In contrast, this work explicitly exposes
the expected target lifetime and mission profile specified by the
customer as configurable parameters and optimizes processor
operation by reclaiming over-designed aging margins, enabling
a broader exploration of voltage—frequency operating points
that more effectively trade off energy efficiency, performance,
and longevity.

In this paper, we propose elastic lifetime processors (ELPs),
a processor design paradigm that improves energy efficiency



by explicitly exposing processor lifetime as a configurable
parameter and reclaiming excessive aging margins arising from
conservative worst-case design assumptions. By leveraging the
expected lifetime and mission profile of server workloads,
ELPs enable processor operation to be tailored to customer
requirements. Users specify their intended lifetime, workload
characteristics, and power—performance preferences to the
processor firmware, which estimates the available spare aging
margins using our proposed design paradigm and dynamically
selects voltage—frequency operating points that optimally trade
off energy efficiency, performance, and lifetime.

To evaluate the benefits of ELP, we develop a first-order
parametric elastic lifetime design paradigm that determines
the aging margins required to meet a target processor lifetime
and mission profile. The design paradigm comprises: (1)
an application programming interface (API) for specifying
lifetime and mission constraints; (2) a temperature aggregation
model that maps time-varying junction temperatures to an
effective temperature; (3) an aging degradation model that
estimates delay increase due to transistor aging; and (4) a
margin reclamation model that exploits spare margins through
voltage reduction, frequency scaling, or both. We integrate this
design paradigm into an evaluation framework that explores
trade-offs among lifetime, performance, power, frequency, and
temperature to improve energy efficiency. The evaluation tar-
gets a 16 nm FinFET technology node and is readily extensible
to advanced process technologies.

Figure 1 illustrates the ELP exploration space, highlighting
the range of feasible voltage—frequency—temperature operating
points enabled by relaxing conservative lifetime and mission
profile assumptions. The baseline processor operates at nom-
inal voltage (1V), a maximum temperature of 105°C, and
is provisioned for a 10-year lifetime. In contrast, ELP 1-3
represent dynamically configured instances of the same pro-
cessor, tailored to customer-specified lifetime and mission
profiles. For a 6-year lifetime at an effective temperature of
70°C, the relaxed lifetime and thermal constraints expose
spare aging margin that can be reclaimed either to increase
frequency at nominal voltage (ELP 1) or to reduce supply
voltage with a smaller increase in frequency (ELP 2). For a
shorter 3-year lifetime at 90 °C, similar reclamation enables
voltage—frequency operating points that prioritize a combina-
tion of performance and energy efficiency (ELP 3).

Through quantitative evaluation, we demonstrate that ELP
can reclaim spare aging margins to deliver substantial perfor-
mance and energy-efficiency gains while remaining compatible
with realistic deployment constraints for processor vendors
and customers. Experimental analysis for server processors
running modern datacenter workloads confirms that ELP sig-
nificantly improves energy efficiency. This paper makes the
following primary contributions:

1) We propose elastic lifetime processors (ELPs), a pro-
cessor design paradigm that enables in-field volt-
age—frequency configuration based on expected lifetime
and mission profile to improve energy efficiency.
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Fig. 1. IC lifetime, frequency, operating voltage, and temperature trade-offs.

2) We develop a parametric elastic lifetime model that esti-
mates effective temperature and required aging margins
from a target lifetime and mission profile, and reclaims
spare margins for voltage reduction, frequency scaling,
or both.

3) We evaluate ELP using five representative datacenter
workloads, demonstrating up to 20% improvement in
queries per joule.

II. BACKGROUND

This section provides background on transistor aging and
reviews related work.

A. Transistor Aging

Transistor aging refers to the gradual degradation of transis-
tor characteristics over time. In modern CMOS technologies,
aging is primarily caused by bias temperature instability (BTI)
and hot carrier injection (HCI) [19], [21]. In this work, we
focus on BTI, which has emerged as the dominant aging
mechanism in very large-scale integrated circuits [20], [28].
BTT occurs when a sustained gate bias is applied to a transistor
over extended periods, leading to the generation of interface
traps and oxide defects. This process increases the transistor
threshold voltage Vi, which in turn degrades circuit perfor-
mance by slowing transistor switching. The threshold voltage
shift caused by BTI is commonly modeled using a reaction—
diffusion model, in which the increase in threshold voltage
AVy, is expressed as:

AV = Cp - e B/ g1/, (1)

where C'r is a technology-dependent constant, n is the time
exponent, F, is the activation energy, 7 is the operating
temperature, kg is the Boltzmann constant, and ¢ denotes
the elapsed stress time. Equation (1) highlights the strong
dependence of BTI-induced degradation on temperature; for
instance, operation at 105°C results in a threshold voltage
shift that is approximately 2.5x larger than at 90 °C.

An increase in Vg, directly translates into longer gate and
path delays. This relationship is captured by the a-power law



delay model [17], which relates the propagation delay ?pq to
the supply voltage Vpp and threshold voltage V4, as:

Vop
(Vop — Vin)®’

where @ ~ 1.3 is the velocity saturation index. As BTI
increases Vi, over time, the effective overdrive voltage (Vpp —
Vin) is reduced, leading to a nonlinear increase in propagation
delay. Together, (1) and (2) establish a direct link between
operating conditions, transistor aging, and performance degra-
dation. This relationship forms the basis for the aging-aware
delay modeling and margin analysis developed in Section IV.

Common techniques to mitigate transistor aging include
increasing the supply voltage to compensate for delay degrada-
tion and tightening clock-cycle constraints during design time.
While voltage overdrive reduces BTI-induced delay, it signifi-
cantly increases both dynamic and static power consumption.
Similarly, designing for tighter timing margins requires the use
of fast, low-V; cells, which incur exponentially higher leakage
power, particularly at elevated temperatures [34].

B. Related Works

Prior work has improved server energy efficiency by op-
erating beyond conservative design margins via voltage opti-
mization, undervolting, overclocking with enhanced cooling,
and runtime characterization [6], [7], [10], [11], [13], and by
showing that operational energy dominates datacenter carbon
emissions in the absence of renewables [4], [39]. We compare
our ELP approach with the most relevant prior work, as
summarized in Table I, along with their key contributions
and limitations. BRAVO [42] integrates multiple reliability
mechanisms and improves a Balanced Reliability Metric by
9%, though it is limited to early design stages and lacks
runtime adaptability. The NBTI-aware DVFS technique [44]
reclaims static design-time guardbands using predictive aging
models to save up to 16% dynamic power and extend processor
lifetime by two years, but assumes fixed performance and
lifetime constraints. RAMP [26] dynamically adjusts reliability
to improve performance by 6-16% under multiple failure
mechanisms but assumes fixed temperature. Compared to prior
work, ELP—aimed at reclaiming excess BTI margins—differs
in several key respects: (1) it enables multi-objective optimiza-
tion across power, performance, and lifetime; (2) it employs
an effective-temperature model validated through aging sim-
ulations to capture diverse mission profiles; (3) it explicitly
targets transistor-level aging mechanisms; and (4) it supports
dynamic adaptation.

2)

tpd 0.8

III. ELASTIC LIFETIME PROCESSORS DESIGN PARADIGM

ELP aims to reclaim excess BTI-induced aging margins and
reallocate them to optimize energy efficiency, performance,
and lifetime according to the intended deployment conditions.
Hyperscale datacenters typically operate processors a lower
temperatures and shorter service lifetimes than worst-case
design assumptions [31], resulting in unused aging guard-
bands. ELP addresses this mismatch by translating user-
specified mission profiles and depreciation targets [18], [32]
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Fig. 2. ELP Design Paradigm.

into quantifiable reclaimable margins. These margins, which
would otherwise remain as unused timing slack, can then be
reallocated through voltage—frequency (VF) adaptation: volt-
age reduction improves energy efficiency, frequency scaling
enhances performance, and hybrid policies enable balanced
trade-offs. Accurately mapping aging margins to VF settings
requires models detailed in Section IV.

To expose these capabilities, ELP provides an API through
which users can specify constraints and optimization prefer-
ences (e.g., energy vs. performance bias) as illustrated in Fig.
2. ELP then computes appropriate VF settings using vendor-
stored models. Similar interfaces already exist in current
processors for tuning power-performance trade-offs [38]. ELP
configurations and models are stored in the processor’s Vital
Product Data (VPD), a non-volatile memory region accessible
post-manufacturing. A vendor-supplied driver interfaces with
the ELP logic, allowing VF control via standard mechanisms
(e.g., Model-Specific Registers) [38]. To ensure reliability,
ELP monitors the actual mission profile during operation using
on-chip temperature sensors. These readings are aggregated
and stored in VPD to reflect real usage over time. Discrep-
ancies between expected and observed profiles are checked
periodically (e.g., weekly), enabling two possible responses:
(1) hardware autonomously adjusts settings to still meet life-
time goals, or (2) users are alerted for manual reconfiguration.
Policy selection is left to future work.

IV. ELASTIC LIFETIME AGING MODEL

This section presents an aging-aware parametric model that
enables reclaiming excessive timing margins provisioned at
design time under conservative worst-case lifetime and tem-
perature assumptions. By incorporating the target lifetime and
mission profile, the model identifies spare aging margin that
can be reallocated through voltage and frequency adaptation
to improve energy efficiency, enhance performance, or extend
operational lifetime. Unlike traditional design approaches that
assume fixed operating conditions, our model captures re-
alistic, time-varying thermal behavior and supports dynamic
margin reclamation in ELP systems. Figure 3 illustrates the
model flow used in ELP operation, which can be configured
through the APL.

The ELP model consists of the following components:



TABLE I
COMPARISON OF ELP WITH MOST CLOSELY RELATED WORKS.

Method Reliability Key Contributions Limitations
Mechanisms

BRAVO [42] Soft errors, EM, | 1) Improves Balanced Reliability Metric by 9%. 2) Com- | 1) Limited to design-time use. 2) Lacks
TDDB, NBTI bines multiple reliability mechanisms. adaptability to diverse mission profiles

or lifetime trade-offs.

RAMP [26] EM, NBTI, | 1) Runtime management of processor lifetime under var- | 1) Uses an oversimplified temperature
TDDB, thermal | ious failure models. 2) Gains 6-16% performance while | model. 2) Optimizes only the perfor-
cycling meeting reliability goals. mance-reliability trade-off.

NBTI-Aware NBTI 1) Uses predictive aging to guide DVFS and workload | 1) Fixed lifetime and performance tar-

DVES [44] mapping. 2) Saves up to 16% dynamic power, extends | gets. 2) No runtime configurability. 3)

lifetime by 2 years. Limited trade-off flexibility.

ELP NBTI 1) Dynamic lifetime configurability and mission-profile | Limited to BTI degradation.

(This Work) adaptation. 2) Optimizes energy, performance, and life-

time jointly. 3) Up to 20% improvement in queries-per-
joule.
(1) 2] (3] TABLE II
I ; Aging. v REPRESENTATIVE CPU JUNCTION TEMPERATURE MISSION PROFILES.
Mission profile ft, (degradation] —
AP Driver Tj (°C) Hyperscale HPC
Active  Passive | Active Passive
. 25 0% 2% 0% 2%
Fig. 3. ELP Model 30 0% 0% 0% 38%
40 0% 50% 0% 60%
50 40% 45% 20% 0%
. 60 30% 3% 50% 0%
1) Effective Tempergture Model (ETM) — Computes 0 0% 0% 55% 0%
an aggregate effective temperature, Tes, that captures 80 10% 0% 5% 0%
the aging impact of time-varying junction temperatures 90 0% 0% 0% 0%

(Section IV-A).

2) Aging Margins Model (AMM) — Estimates timing
degradation resulting from transistor aging as a function
of target lifetime and T (Section IV-B).

3) Aging Margins Reclamation Model — Identifies and
reclaims spare aging margins—defined as the difference
between conservative vendor-provisioned margins and
the required aging margin—and reallocates them to volt-
age reduction, frequency scaling, or both (Section IV-C).

A. Effective Temperature Model (ETM)

IC vendors typically design processors for worst-case con-
ditions, assuming lifetimes of up to 10 years and junction
temperatures reaching 105°C [33], [35]-[37]. In practice,
however, datacenter workloads and thermal environments vary
significantly, often resulting in more relaxed operating con-
ditions. These operating conditions are commonly captured
using a mission profile, a compact representation of the
passive and dynamic loads encountered over a device’s lifetime
[33], [45]. Table II presents two representative examples
of CPU mission profiles derived from hyperscale and high-
performance computing (HPC) systems, based on data from
recent studies [2], [3]. In the The Hyperscale profile shows
CPUs mostly below 60°C, with active workloads at 50-70°C
and passive periods mainly at 40-50°C. The HPC profile rep-
resents compute-intensive systems with more activity at higher
temperatures, especially 60-70°C, and significant passive time
at cooler 30-40°C. These patterns illustrate how ELP can

exploit deployment-specific thermal behavior to optimize for
energy, performance, and lifetime.

Given the variability in datacenter operating conditions, we
adopt a temperature aggregation model that has been validated
through detailed aging simulations [1] to represent the mission
profile’s temperature distribution using an equivalent constant
temperature, 1. (a similar model was presented in [45]). This
temperature represents the fixed thermal condition that would
induce the same BTI-related aging degradation as the actual
time-varying profile. The model is formalized as:

1 kg = E, (1 1

Teff: {T%—l—.Ealnlz;Plep |:]€B (TZ—Tt):|}

3)
Here, T; denotes the reference temperature, F, is the activa-
tion energy, kp is Boltzmann’s constant, and P; represents
the fraction of time the integrated circuit (IC) operates at
temperature T;. Applying this model to the hyperscale and
HPC mission profiles in Table II yields effective temperatures
of Ter = 59.7°C and Ty = 63.7°C, respectively, both
significantly lower than the worst-case temperature of 105°C
typically assumed by IC vendors. This gap can be exploited
to reduce aging margins, enabling improved power efficiency,
performance, and extended lifetime. Datacenter operators can
typically predict future mission profiles using offline charac-
terization, QoS requirements, and historical data. However,
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changes may still occur in the field, leading to higher or lower
T than planned. To address this, we propose periodic mission
profile tracking and margin adjustment based on the actual Ty,
as outlined in Section III.

B. Aging Margins Model (AMM)

The AMM combines equations 2 and 1 to derive the
required clock-cycle aging margin, denoted by A 4g4ing. This
margin quantifies the relative increase in propagation delay due
to aging and is defined as the normalized difference between
the aged propagation delay and the fresh propagation delay:

tpd—aged 1=

ce—Ea/(ksT)  41/n\ ~¢
Asging = (1 B Cr-e t ) 1

tpd—fresh VDD - V;h
“4)
Figure 4 shows the increase of A 44ing Over time for fixed
temperatures (60-105 °C). At 105 °C, delay degrades by 6.5%
in 3 years and 10% in 10 years. At 90°C, degradation is
2.2-2.6% after 2-3 years and nearly 4% after 10 years. The
effective temperature T, derived from Equation 3, can be
substituted into Equation 4 to estimate the A 44:,4 corre-
sponding to a given mission profile. For example, the T
values for the hyperscale and HPC scenarios (60-70°C) yield
a maximum degradation of 1%, highlighting the conservative
guardbands and overdesign typically assumed by IC vendors
targeting worst-case conditions.

C. Aging Reclamation Model

The aging reclamation model explores strategies to reclaim
spare aging margins, defined as the difference between the
conservative IC vendor-provisioned margin, Aveydor, and the
required aging margin, Aaging, derived from the AMM model
and tailored to the actual mission profile. This reclaimed
margin is expressed as

®)

which enables the identification of multiple viable operat-
ing frequency—voltage (f,V') pairs. The reclaimed margin,
Areclaimed, €an be exploited to increase the operating frequency,
reduce the operating voltage, or a combination of both. When

Areclaimed = AVendor - AAging;

AAging
AVop/VDD 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%)
10%, 0.0%
9% 1.2% 0.2%
8%) 2.3% 1.3% 0.3%
7%)| 3.3% 23% 1.3% 0.3%
6%) 4.4% 3.4% 2.4% 1.4% 0.4%
5% 5.4% 4.4% 3.4% 2.4% 1.4% 0.4%
4%) 6.4% 5.4% 4.4% 3.4% 2.4% 1.4% 0.4%
3%)| 7.3% 6.3% 5.3% 4.3% 3.3% 2.3% 1.3% 0.3%
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Fig. 5. Aging margin reclamation heatmap illustrating the remaining timing
margin available for voltage—frequency optimization as a function of required
aging margin and normalized voltage reduction.

a portion of this margin is allocated to voltage reduction, the
resulting timing degradation consumes part of the reclaimed
margin. In this context, we define the normalized timing
degradation, denoted as 7ime, induced by a reduction in the
operational voltage, AV,,, from the nominal supply voltage
Vpp. Using the a-power law (2), 7v.ime 1S expressed as

a Atpd _ tpd(VDD — AVOP) - tpd(VDD)
TIV-time = -
tpd tpa(VpD)
_VDD—AVop ( Voo — Vi >a_1
Vbp Vop = Vin — AV, ’

(6)
After accounting for the normalized timing degradation
Nv-ime caused by voltage reduction, the remaining reclaimed
margin, Aeclaimed — 7v-times can be exploited for frequency
scaling, allowing the clock period to be reduced. Figure 5
illustrates the aging margin reclamation model in the form of a
heat map, parameterized by the required aging margin, Aaging,
and the normalized operating voltage reduction, AV, /Vbb.
The heat map is generated by evaluating Equations (4) and (6)
using technology parameters corresponding to our 16 nm Fin-
FET process node. Each row of the heat map corresponds to
a target percentage reduction in the nominal supply voltage,
while each column represents the required aging margin ex-
pressed as a percentage of the clock cycle time. For a given
pair of aging degradation and voltage reduction values, the
corresponding heat map entry indicates the remaining margin
(in percentage) that can be reclaimed. This remaining margin
can subsequently be allocated to reduce the clock cycle time
and increase the operating frequency. For example, when the
required aging margin is 5%, a voltage reduction of 2% yields
a remaining reclaimed margin of approximately 3.2%, whereas
a more aggressive voltage reduction of 4% leaves only about
1.4% of margin available for frequency scaling.

V. SIMULATION ANALYSIS

Our simulation study evaluates trade-offs among IC lifetime,
performance, operating conditions, and power efficiency by
comparing multiple energy-lifetime—performance configura-
tions against a baseline processor, as summarized in Table III.
The static and dynamic power scaling coefficients (fs; and fy)
are derived from synthesis and place-and-route—based power
analysis in a 16,nm FinFET process across multiple operating



TABLE III
TRADE-OFFS BETWEEN LIFETIME, OPERATING VOLTAGE, FREQUENCY,
AND TEMPERATURE FOR DIFFERENT ELP PRODUCTS.

Product Vor 7 [GHz 7s Fa_ | Life [Y] | Tess [°CI
Baseline Vrom 2.0 1.00 | 1.00 10 105
ELP | Voom 2x1.09 | 1.00 | 1.09 6 70
ELP2 | 0.92V,om | 2 x 1.013 | 0.860 | 0.857 6 70
ELP3 | 0.95Vnom | 2 x 1.024 | 0910 | 0.924 3 90

voltages and clock frequencies for key circuit modules, in-
cluding the memory subsystem, execution units, register file,
and control logic, and are reported as averages across these
configurations. The baseline processor operates at 2 GHz and
a nominal supply voltage V., = 1V under a maximum
temperature of 105 °C, assuming a 10-year lifetime and a con-
servative 10% clock-cycle aging margin. ELP configurations
consider reduced lifetimes and lower effective temperatures.
ELP-1 and ELP-2 target a 6-year lifetime at 70°C and,
according to the AMM (Equation 4), require approximately
1% aging margin. Using the aging reclamation model, we can
identify multiple voltage—frequency trade-offs: ELP-1 operates
at nominal voltage and reallocates the remaining 9% timing
margin to increase clock frequency, while ELP-2 reduces the
supply voltage by 8% and exploits a reclaimed 1.3% margin
to reduce the clock period and increase frequency. ELP-3
targets a 3-year lifetime at an effective temperature of 90 °C,
requiring a 3% aging margin (equation 4). In this suggested
configuration, ELP-3 reduces the supply voltage by 5% and the
clock period by 2.4%, enabling a higher operating frequency.

A. Simulation Environment and Benchmarks

To evaluate the ELP products listed in Table III, we use Intel
Xeon Silver 4114 servers running five representative applica-
tions: Memcached [15], HDSearch, SetAlgebra, Recommend,
and Router [5]. The servers are based on the Skylake-SP
architecture and feature two CPU sockets, each with 10
physical cores (20 logical threads), 192 GB of DRAM across
six channels, and a 27.5 MB last-level cache. Memcached is
deployed on a six-node cluster, with one server node and
five client nodes running the Mutilate load generator [16]
to emulate Facebook ETC workloads [14]. The remaining
applications follow a three-tier architecture (client, midtier,
and leaf) and are executed on three nodes, one per tier. For
all experiments, turbo mode, dynamic frequency scaling, and
power-saving states are disabled, and both core and uncore
frequencies are fixed at 2 GHz to ensure consistent power and
performance measurements. CPU power is monitored using
turbostat. Each application is executed five times, and the
reported results are obtained by discarding the minimum and
maximum values and averaging the remaining three. We col-
lect 99th-percentile tail latency, throughput, and average CPU
power, assuming QoS constraints of 400 us for Memcached
and 1ms for the other applications.

B. Simulation Results

To measure baseline active power (F,), all applications are
executed at a fixed 2GHz core frequency, with CPU power
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monitored on the server node for Memcached and on the
midtier for all other applications. Baseline idle power (FP) is
measured when the server is idle at the same frequency. Active
and idle power for each ELP product are estimated using the
static and dynamic power scaling factors from Table III as

fsPs + fauPa + fak Py, @)
fsPs+fdde7 (8)

where Ps; and P, denote static and dynamic CPU power,
respectively, and u and k represent the percentage of active
power when the machine is utilized and when idle, respec-
tively. Static power is obtained by measuring CPU power in
the C1 idle state to capture leakage. Total power consumption
is computed as

Ptz = v Paprps + (1 - u) PErpg- 9

PEipe =

Pgrpe =

For each ELP configuration, we evaluate throughput (QPS)
and total power to derive Queries per Joule (Q/J) as the
primary metric. Figure 6 presents normalized Q/J results rela-
tive to the baseline. Overall, ELP configurations substantially
outperform the baseline across most applications. The only
exception is ELP 1 for Memcached, where increased power
consumption outweighs QPS gains due to the application’s
memory-intensive behavior. ELP 2 and ELP 3 provide the
most favorable trade-offs, achieving up to 20% and 13%
improvements in Q/J, respectively. The smaller gain of ELP 3
is attributed to limited frequency scaling relative to voltage re-
duction, which reduces benefits for workloads with significant
idle time.

VI. CONCLUSIONS

This paper introduced Elastic Lifetime Processors (ELP),
a design paradigm that improves server energy efficiency by
exposing processor lifetime as a configurable parameter and
tailoring aging margins to the expected mission profile. By
identifying and reclaiming over-provisioned worst-case aging
margins, ELP enables safe exploration of voltage—frequency
operating points that trade off performance, power, and life-
time more effectively than conventional one-size-fits-all de-
signs. We developed a first-order parametric aging model
that translates lifetime and temperature profiles into required
timing margins and a reclamation model that reallocates spare
margins toward voltage reduction, frequency scaling, or a
combination of both. Using a 16 nm FinFET technology and
representative workloads, our evaluation demonstrates that
ELP can significantly outperform baseline processors, achiev-
ing up to 20% improvement in queries per joule.
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