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Abstract—As CMOS technology scales down, transistor aging
has become a major threat to the long-term reliability of digital
circuits. Existing solutions, such as aging-aware synthesis and
approximate computing, suffer from either limited optimization
space or early-stage accuracy loss. To address the above limita-
tions, we propose ARCSyn, an aging-aware logic synthesis frame-
work that generates accuracy-reconfigurable circuits capable of
switching between accurate and approximate modes depending
on aging conditions. Experimental results show that ARCSyn
effectively extends circuit lifetime by 9.5 times while satisfying
user-specified error constraints with only 3.72% area overhead.

I. INTRODUCTION

As devices continue to scale down, reliability has become a
critical challenge in advanced CMOS technologies. Transistor
aging induces gradual shifts in the threshold voltage (V};),
leading to increase of gate delays over time and ultimately
causing timing violations [1]-[4]. To address this issue, con-
ventional guardbanding [5], [6] ensures correctness but sacri-
fices early-stage performance or increases power consumption.
Recent studies have proposed aging-aware design methods to
reduce the pessimism of static guardbands [1], [2]. However,
these methods provide only limited post-aging delay improve-
ment and are insufficient to address severe aging. Since many
modern applications are inherently error-tolerant [7]-[10], an-
other line of work leverages approximate computing to enable
more aggressive delay reduction [11]-[13]. For example, the
work [12] employs approximate logic synthesis (ALS) [14] to
generate lower-delay approximate circuits to improve aging
resilience, but it sacrifices accuracy from the beginning.

To address these limitations, we propose ARCSyn, an aging-
aware accuracy-reconfigurable synthesis method that generates
accuracy-reconfigurable circuits capable of switching between
accurate and approximate modes, thereby avoiding early-stage
accuracy loss and improving long-term aging resilience.

II. METHODOLOGY

ARCSyn is designed as an iterative synthesis flow, as shown
in Fig. 1(a). It achieves accuracy reconfiguration by inserting
multiple reconfigurable modules (RMs), as shown in Fig. 1(b),
each applied to a sub-circuit and providing accurate and
approximate outputs selected by a mode select signal. To
identify an optimal set of sub-circuits for modification, we
proposed an iterative flow that generates multiple approximate
candidates using an ALS method. The ALS process takes an
original circuit and a user-defined error constraint £ as inputs.
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(a) Our proposed flow of generating a reconfigurable circuit.

Fig. 1. Overview of ARCSyn.

(b) Reconfigurable Module.

In each iteration, an approximate candidate D,,,, is generated
by incrementally replacing a selected sub-circuit in the approx-
imate candidate D,;; from the last iteration. The approximate
candidate generation continues until the error constraint is
exceeded. For each D,,,,, we build an accuracy-reconfigurable
circuit G, by selectively replacing some sub-circuits with
the corresponding RMs. Then we conduct aging-aware timing
analysis to estimate the circuit lifetime under a given aging
cell library and a delay constraint. We evaluate each G,,,, by
a performance score considering both lifetime and area. The
flow finally outputs the optimal accuracy-reconfigurable circuit
Gope With the highest score. In the following subsections, we
discuss some technical details.

A. Approximate Candidates Generation

We leverage an iterative ALS flow [15] to generate multiple
approximate candidates, which treats each node as a sub-
circuit to maximize design flexibility. In each iteration, a
constant local approximate change (LAC), which replaces a
node by a constant O or 1, is applied to the current circuit.
As a result, the area of the approximate sub-circuit shown in
Fig. 1(b) is zero, introducing the least hardware cost. More-
over, the arrival time of the replaced node is reduced to zero,
making it one of the most promising approaches to reduce
the overall delay. An example of an approximate candidate
with three constant LACs applied is shown in Figs. 2(a)
and (b). As the circuit becomes progressively approximated
across iterations, we obtain a sequence of candidates exhibiting
different delay-error trade-offs.

Original Circuit

Approximate Candidate Reconfigurable Circuit

Fig. 2. Approximate circuit and reconfigurable circuit generation: (a) original
circuit; (b) approximate candidate; (c) reconfigurable circuit.
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B. Low-Overhead Reconfigurable Circuit Generation

For each approximate candidate, we obtain a set of replaced
nodes, denoted as N,. A direct way to enable reconfiguration
is to insert RMs using a MUX-based structure in Fig. 1(b)
at all nodes in N,,,, as shown in Fig. 2(c). Since each RM
inevitably incurs area overhead, we propose the following two
techniques to reduce the overhead.

1) Minimizing the hardware cost of each RM: A constant
LAC makes one data input of the RM a constant, which
leads to constant propagation opportunities to simplify the RM.
Specifically, we consider two MUX-based structures, as shown
in Figs. 3(a) and (b), and apply Boolean matching to map
each of them to an existing gate in the cell library. If Boolean
matching fails, we use the backup solutions in Fig. 3(c).

Fy=N; - N, - Mode_Select Constant of  MUX  Function Backup Backup

Mode Select _\k hing AND3 Approx. Mode Type* of RM!  Solutionl  Solution2
N Mode e z
0 O er WD

Select b S C
° AND2 NOR2

@ MUX |, \

( : }—— AND3 —
AND2 1 0 f(n)-e ”:I\D T‘u)D
@/‘ AND2 NOR2

(a) 4 _c
L e s Tl
Mode Select _\k | OR2 NAND2
— < T
0 1 0 f(n)+ec rw:D /m»D
MUX F, =N - N; - Mode_Select OR2 NAND2
@» > ™" No matching gate 1 accurate mode when mode select is 1 (MUX in Fig. 3(a):
AND2 0 0: accurate mode when m lect is 0 (MUX in Fig. 3(b))
@/ 1 £(n): function of the original sub-circuit; c: mode select.

() ©
Fig. 3. Two examples of RM optimization, where the RM chooses the accurate
mode when the mode select signal is 1 (a) and O (b). (c) Target Boolean
function and backup solutions to implement an RM.

2) Reducing the number of nodes replaced by RM: While
RMs can reduce the delay of certain paths, not all replacements
at nodes in N,,, contribute to reducing the critical path delay.
These cases fall into three groups: (i) the RM is not an input
of the approximate candidate (e.g., RM> that replaces N5 in
Fig. 2(b)), and therefore does not affect its delay or logic;
(ii) the RM lies on paths that are already short; and (iii) the
RM is initially on the critical path but becomes non-critical
after other RMs are inserted. We first identify the nodes in
groups (i) and (ii) within NV,.,, and then propose a heuristic
that applies RMs in reverse topological order to identify as
many nodes as possible in group (iii). Then we remove all
such nodes from N,,, to reduce area overhead.

C. Aging-Aware Timing Analysis for Reconfigurable Circuits

In practical implementations, an aging sensor monitors
whether the circuit is approaching a timing violation and
triggers the switch from the accurate mode to the approximate
mode [16]. However, as real aging behavior is unpredictable
at design time, we develop a model to estimate the lifetimes of
both accurate and approximate modes (denoted as L7, and
LT,,,) under ideal conditions to guide design-time evaluation.

We use Cadence Liberate [17] to generate an aging cell
library characterized at operation time L, and we consider
the impact of input signal probabilities (SPs) on aging by
generating multiple aged versions of each standard cell, which
enables interpolation to obtain the aged delay for any input
SP combination. To extend this to arbitrary operation times,
we use a widely adopted degradation model [18]-[20] to
derive the delay-versus-time aging curve of each gate under a

specific input SP combination. To support lifetime estimation
under mode switching, we follow the accurate-mode aging
curve until the switching point, match its aging state on the
approximate-mode curve, and continue aging from there to
obtain a piecewise aging curve under mode switching.

III. EXPERIMENTAL RESULTS

This section shows the experimental results. ASAP7, a 7-
nm predictive FinFET PDK [21], is used to construct a 10-
year aging library for timing analysis. We design accuracy-
reconfigurable circuits for some benchmarks and compare
them with three baselines: the original circuits and two ver-
sions of reconfigurable circuits generated from the approxi-
mate circuits in [12], where the RMs are implemented with a
MUX-based structure and with our proposed method (-Opt),
respectively. The delay constraint is set to the 5-year aged
delay of the original circuit, and each circuit is assigned a
proper error constraint (see Fig. 4) based on its characteristics.
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Fig. 4. Comparison among original circuits and reconfigurable circuits

generated by ARCSyn and from approximate circuits produced using [12].

Fig. 4 shows the area and lifetime of the circuits under dif-
ferent methods and the runtime of ARCSyn. The result shows
that when converting the approximate circuits from [12] into
reconfigurable ones, our optimization technique (-Opt) reduces
the area overhead while simultaneously decreasing the delays
in both accurate and approximate modes, resulting in longer
LTy (2x) and LT,,, (1.7x). Moreover, with a comparable
circuit area, ARCSyn achieves better delay optimization in
both modes, further extending the lifetimes. On average, the
circuits produced by ARCSyn maintain an LT, of 3.69 years
and an LT, of 43.64 years, achieving a 9.5x increase in total
circuit lifetime, while introducing only 3.72% area overhead.
Moreover, ARCSyn is efficient, requiring only 109.8 seconds
on average to generate an accuracy-reconfigurable circuit.

IV. CONCLUSION

In this work, we proposed ARCSyn, an aging-aware syn-
thesis flow for generating accuracy-reconfigurable circuits that
support switching between an accurate mode and a low-delay
approximate mode. The experiments show that ARCSyn can
significantly extend circuit lifetime with a small area overhead.
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