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ABSTRACT
As the demand for low-power electronic products grows, asynchronous circuits are considered a good alternative for addressing

power consumption issues. Applying dynamic voltage scaling (DVS) in asynchronous circuits can further improve their power

efficiency. However, asynchronous circuits face challenges, such as performance analysis considering voltage, temperature, and

process variations. This paper proposes a new statistical performance analysis model for asynchronous pipelines. This model can

be applied to two different styles of asynchronous circuits. The results show that this model has reasonable accuracy on estimated

mean delay (2% error on average) compared to detailed analysis carried out with low-level Monte Carlo (MC) circuit simulations.

1 | Introduction

Nowadays, designers of systems exploiting synchronous architec-
ture face several challenges, such as global clock distribution [1].
In asynchronous circuits, eliminating global clocks offers inter-
esting advantages such as flexible timing requirements, robust
operation, improved performance, high modularity, and
improved energy efficiency compared to the synchronous design
style [2], making them a promising alternative for low-power
applications [3]. One way to further reduce power in such sys-
tems is to apply dynamic voltage scaling (DVS), a technique
widely used in synchronous designs [4]. However, in any digital
circuit, process variations are exacerbated when the operating
voltage is scaled to near-threshold regions [5] leading to
increased delay variability that can compromise functionality
and cause system failures [6–10]. Within the asynchronous
design space, different circuit styles exhibit different sensitivities
to variability. Quasi-delay-insensitive (QDI) circuits [11] are gen-
erally more robust to delay variability because their correct oper-
ation relies on delay-insensitive communication and completion

detection [12, 13]. In contrast, bundle-data (BD) circuits are more
sensitive to variability. Despite this sensitivity, BD circuits are
often preferred in practice because they can be implemented
using standard-cell elements, without special gates such as
Muller C-elements, which are typically absent from industrial
libraries.

The power and energy advantages of asynchronous circuits are
therefore highly design-dependent and vary across styles (QDI vs
BD), control schemes, and application domains. Our goal is not
to claim that BD circuits are universally more power-efficient
than synchronous ones, but to focus on BD pipelines as a practi-
cally relevant asynchronous style for which recent silicon imple-
mentations (e.g., BD CNN accelerators and RISC-V processors)
have demonstrated meaningful energy savings relative to syn-
chronous baselines [14, 15]. This paper concentrates on statistical
timing and timing-yield modeling for BD pipelines under process
variations and DVS, providing a quantitative framework to ana-
lyze how BD timing constraints behave under variability and
voltage scaling, rather than attempting a full architectural
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comparison between QDI, BD, and synchronous designs. In this
context, it becomes essential to develop models and methods that
enable simultaneous evaluation and verification of timing and
performance for BD asynchronous circuits in the presence of
process variations. The GAELS project [16] is an example of a
study that addresses these issues specifically for elastic GALS
circuits. Different works addressing these challengeswill be exam-
ined in the related work section. As process variations have
become a significant problem in deep sub-micron technology,
concerns were raised over static-timing analysis (STA) accuracy
based on deterministic delay [17–20]. In modern industrial flows,
deterministic STA combined with on-chip variation (OCV),
advanced OCV (AOCV), and parametric OCV (POCV) is the de-
facto sign-off methodology at advanced technology nodes.
Throughout this paper, the term STA is used to denote this con-
ventional deterministic, corner-based timing verification, possibly
enhanced with OCV/AOCV/POCV derating. At the same time,
fully statistical STA (SSTA) remains particularly attractive for
capturing PVT variations in dynamic-voltage and near-/
sub-threshold regimes. The term SSTA refers exclusively to prob-
abilistic delay analysis in which delays are treated as random
variables, and timing is characterized in terms of distributions
(mean and standard deviation) rather than fixed worst-case num-
bers. In this work, we adopt an SSTA-inspired analytical frame-
work specialized for bundled-data asynchronous circuits under
DVS, where conventional synchronous flows provide limited
guidance on pulse-based logic constraints and handshake timing
[10, 19, 20]. SSTA therefore requires that delays must be modeled
as probability distribution functions (PDF) instead of determin-
istic values. As the performance of those bundled data asynchro-
nous circuits depends on their structure scheme and environment,
multiple design parameters must be appropriately selected to sat-
isfy statistical timing constraints (design scheme, architecture
configuration, logic structure, and circuit timing yield). Environ-
mental conditions such as temperature variations and voltage
scaling can also affect circuit performance [20, 21].

In contrast, SSTA, the statistical parameters used in our model
(e.g., the standard deviations of pulse width and gate delay) are
obtained from SSTA-style Monte Carlo (MC) simulations and not
from deterministic STA.

This paper proposes a statistical analysis framework to efficiently
evaluate the constraints of asynchronous circuits belonging to the
bundled data class under process variations. We are interested in
applying DVS in these asynchronous circuits. First, a delay vari-
ability model is presented to estimate the impact of process varia-
tion on the targeted asynchronous circuit performance from the
nominal to near-threshold region. Then, a statistical analysis
model is developed considering various statistical constraints: tim-
ing (setup and hold) constraints and logic component (namely
pulse width) constraints. For statistical timing constraint verifica-
tion, both setup and hold constraints are checked using the pro-
posed timing yield metric for different operating voltages. Finally,
a new specification is proposed for statistical logic component
constraints to prevent system failures and to ensure correct signal
propagation when operating voltages decrease. Then, the impact
of temperature variations is estimated using theHspice simulation
tool to verify previously defined statistical constraints.

At the combinational logic level, the benchmark paths are con-
ventional gate-level logic clouds, implemented in a 90 nm

BSIM4-based standard-cell library and subjected to the same pro-
cess, voltage, and temperature (PVT) variations as synchronous
designs. The distinctive aspect of our study is therefore not the
logic clouds themselves, but their integration within self-timed
single-rail bundled-data handshake-free (SRBDHF) and Click
controllers, where local handshakes and matched delay lines
enforce bundled-data timing. As a result, the variability and
DVS behavior observed on the logic clouds is representative of
synchronous implementations, while the timing constraints we
analyze—pulse-based logic constraints and handshake timing
margins—are specific to bundled-data asynchronous pipelines.
Although BD pipelines share many structural similarities with
synchronous pipelines at the combinational datapath level, our
framework is specifically targeted at self-timed BD pipelines
operating under DVS, as found in our industrial collaboration
with Octasic on clockless processors. In this class of designs,
execution units (EUs) are self-timed, driven by local launch/
done pulses and programable completion delay chains, and tim-
ing is governed by local completion detection and matched delay
lines rather than a global clock tree. Consequently, the statistical
constraints in our framework are formulated on asynchronous
handshaking mechanisms (pulse-width conditions, matched
delays, and handshake timing margins) instead of clock-based
setup/hold constraints. The underlying SSTA engine remains
generic and could, in principle, be extended to synchronous pipe-
lines by substituting appropriate clock-tree-based constraints, but
this would require explicit modeling of clock-tree variation, skew
distributions, and clock-synthesis assumptions, and is left for
future work.

The rest of the paper is organized as follows: Section 2 presents
the related work. Section 3 provides critical preliminary informa-
tion. Section 4 presents the proposed statistical analysis frame-
work for asynchronous circuits. Section 5 presents results
obtained by applying our proposed framework to a simple asyn-
chronous benchmark circuit. Conclusions drawn from this work
are summarized in Section 6.

2 | Related Work

The related literature can be grouped into two main families. The
first family consists of bundled-data asynchronous design flows
based on deterministic STA, where timing verification is per-
formed with corner-based analyses and fixed margins. The sec-
ond family comprises statistical or formal approaches for
asynchronous or elastic circuits that explicitly consider process
variations and, in some cases, dynamic voltage and frequency
scaling. For each of these groups, we briefly summarize below
the main ideas, typical assumptions, and limitations with respect
to our objective: a statistical performance-analysis framework
that simultaneously accounts for setup, hold, and pulse-based
logic constraints (including propagation-induced pulse broaden-
ing [PIPB]) in bundled-data pipelines under DVS.

In deterministic STA-based flows, process variations are recog-
nized as a major concern in the design of bundled-data asynchro-
nous circuits. Threshold voltage and device dimensions are
typically identified as primary sources of variability; for example,
in the subthreshold region, the threshold voltage dominates per-
formance shifts compared to other parameters such as oxide
thickness [22]. The works in [2, 23] propose error-free
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asynchronous circuits suitable for full-range DVS, but do not
incorporate process variations into the performance analysis,
which leads to uncertainty in the predicted behavior. Other stud-
ies explicitly include variability but remain within deterministic
STA. In [24, 25], the authors analyze the performance of Click-
based asynchronous circuits using corner-based STA. The work
in [26] evaluates different asynchronous designs under process
variations, yet limits timing analysis to worst-case operating cor-
ners to guarantee error-free operation under all physical condi-
tions. Similarly [27], investigates asynchronous circuits with DVS
for power reduction and evaluates timing deterministically
across operating conditions. A design framework for QDI asyn-
chronous circuits with DVS is presented in [28]; while timing
under variability is considered, only global process variations
and worst-case corners are modeled. Overall, these studies rely
on deterministic STA rather than a fully statistical treatment of
timing.

Statistical and formal approaches have also been explored to
capture process variations in the performance analysis of asyn-
chronous circuits. In [29], the authors introduce a modeling
approach for elastic circuits by translating an xMAS-based formal
model into a stochastic activity network (SAN), enabling statisti-
cal performance evaluation under process variation; however,
low operating voltages, voltage scaling, and logic constraints
are not addressed, and functional correctness is checked only
through setup constraints. The work in [30] proposes a statistical
design methodology for template-based asynchronous circuits
using an extended timed petri-net model; the analysis focuses
on comparing the mean and variance of leakage power between
the proposed approach and MC simulations, without discussing
timing or logic verification constraints. In [31], a statistical
framework is presented to analyze asynchronous circuits across
a wide range of supply voltages using an analytical variability
model; the performance analysis includes delay and protocol
overhead but does not cover statistical timing and logic con-
straints such as the pulse width in delay lines, which is critical
for the class of circuits considered here. Finally [32], employs
formal models based on generalized stochastic petri nets
(GSPN) to perform statistical performance analysis, where the
probability of meeting setup constraints under process variation
is used to verify correct functionality; hold-time constraints, logic
constraints, and voltage scaling are not supported in this model.

Table 1 summarizes representative prior works from both fami-
lies and compares them with the proposed framework across
various aspects: statistical logical verification in SRBDHF asyn-
chronous circuits, statistical timing for setup and hold times, the
technology used, and dynamic power supply voltage variation.
The selection criterion for these works is based on studies that

conduct statistical analysis on specific asynchronous circuits. A
plus sign (+) indicates that a method considers a specific aspect,
while a minus sign (−) means this aspect is not considered. Our
approach integrates the verification of statistical logical con-
straints in SRBDHF asynchronous circuits, distinguishing it
advantageously from other works that do not consider this.
Regarding statistical timing verification, we consider setup and
hold margins for all registers, ensuring the satisfaction of the
circuit’s overall timing constraints. This broader approach distin-
guishes itself from other literature focusing only on setup mar-
gins. The “Technology (nm)” column indicates the Nanometer
manufacturing technology used for each work. For example, our
proposed model uses a 90 nm technology. Other literature works
used manufacturing technologies of 32, 90, 40, 65, and 180 nm.

Finally, our proposed method considers power supply voltage
variation. This means that our method considers the verification
of constraints related to power supply voltage variation and
ensures that the circuit functions correctly. This constitutes a
significant advantage compared to other approaches in the liter-
ature that do not consider this.

Note that [28] considers one aspect not covered in our work:
spatial correlation. However, it does not consider the DVS effect
on the asynchronous circuit or the three verification steps listed
in Table 1, which can influence its correct operation.

In contrast, our work introduces a statistical analysis framework
for two classes of bundled-data asynchronous circuits that com-
bines variability and performance models to evaluate circuit
behavior efficiently overall operating voltages in the presence of
parametric and temperature variations. This framework uses ana-
lytical modeling rather than extensive MC SPICE simulations,
which are employed here only as a reference. Finally, as shown
later in this paper, our work exhibits the lowest average error on
mean delay values with respect to MC SPICE simulations.

3 | Preliminaries

This section covers the following items: Section 3.1: The basic
equations we modified and adapted to our specific purposes,
Section 3.2: The timing yield, and Section 3.3: The bundled-
data asynchronous circuits we target.

3.1 | Basic Equations

There are two basic equations from which we start to develop our
models. The first is a unified gate delay propagation formula
developed in [35], which is given by:

TABLE 1 | Summary of prior statistical verification methods versus the proposed framework.

Features [27] [29] [30] [28] [33] [34] Ours

Statistical logic verification (SRBDHF) − − − − − − +

Statistical timing verification (setup) + + + − − − +

Statistical timing verification (hold) − − − − − − +

Technology (nm) 32 90 32 90 40, 65, 180 130 90

Voltage scaling − + − − + − +

IET Computers & Digital Techniques, 2026 3 of 17
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Td ¼
KVDD 1þ ln 1þ exp VDD−Vth

EsatL

� �h in o
ln 1þ exp VDD−Vth

2S

À ÁÂ ÃÈ É
2 ; ð1Þ

where the terms are defined as follows: Td represents the gate
delay, the time it takes for the gate to transition between states; K
is a Proportionality coefficient that can be extracted from simu-
lation data under different conditions of VDD, L, and load capaci-
tance; VDD is the supply voltage; Vth is the threshold voltage,
marking the point at which the transistor turns on and conducts;
S is the subthreshold swing, describing the steepness of the tran-
sition between the on and off states; L is the channel length of the
transistor; and Esat is the velocity saturation parameter, which
limits the carrier speed in the transistor channel at higher
voltages.

One of the key strengths of this formula is its adaptability to
different technology nodes. As semiconductor technology
advances, the parameters that influence gate delay such as chan-
nel length, threshold voltage, and subthreshold swing must be
adjusted to reflect the properties of smaller transistors. In modern
nodes, the channel length typically shrinks, making the transis-
tor’s switching behavior more sensitive to the Esat parameter,
which becomes a more significant factor in determining gate
delay. Smaller nodes also see a reduction in Vth due to the
need for lower supply voltages and improved switching effi-
ciency. Additionally, as nodes shrink, S tends to become steeper,
meaning that transistors switch more sharply between their on
and off states, further reducing delay.

By tuning these parameters based on the characteristics of each
technology node, the formula can accurately model gate delays
for various semiconductor processes, making it a versatile tool for
circuit designers.

Temperature variations play a critical role in transistor behavior,
particularly by influencing Vth and carrier mobility. As the tem-
perature increases, higher temperatures cause Vth to decrease,
making the transistor more likely to turn on, thus reducing delay.
However, higher temperatures also lead to a decrease in carrier
mobility, which increases delay. Our current model uses simula-
tion results to analyze the effects of temperature on gate delays.
While more detailed temperature models exist, incorporating
such temperature-dependent expressions for the relevant param-
eters will be considered in future work to refine the model
further.

The formula can also be adapted to various gate topologies, such
as those involving PMOS or NMOS transistors. When evaluating
the gate delay, the threshold voltage used in the formula must
correspond to the active transistor type: for PMOS transistors, the
threshold voltage used is Vthp, and for NMOS transistors, it is
Vthn. This adjustment ensures that the model remains accurate
across different gate configurations. By considering the specific
transistor type, whether NMOS or PMOS, the model accurately
reflects the contributions of each type of transistor to the overall
gate delay, making it adaptable to various topologies in CMOS
circuit design. For instance, the output transition through serially
connected NMOS transistors in a NAND gate determines the
high-to-low propagation delay. Conversely, the low-to-high
propagation delay occurs via parallel-connected PMOS transis-
tors. This analytical approach can be easily extended to other
multiple-input logic gates.

The second basic equation is given by the following expression,
ensuring proper pulse propagation in delay lines used in asyn-
chronous circuits [10]:

Nb<
PWVi

∣tpLH − tpHL∣ Við Þ ; ð2Þ

where Nb is the number of identical gates in the delay line, PWVi

the measured pulse width at voltage Vi, defined as the time inter-
val between the rising and falling 50 % VDD crossings at the node
where the pulse enters the delay line. In the following, tpLH and
tpHL denote the 50%–50% rise and fall propagation delays, respec-
tively, measured from the 50% point of the input transition to the
50% point of the output transition. These quantities correspond
to the standard tpLHand tpHLtiming arcs in static timing analysis
(STA); they do not represent output transition times (slews).
tpLH − tpHL is the difference between rise time and fall time prop-
agation delays at voltage Vi, capturing transition imbalances that
may distort the pulse, and Vi the operating supply voltage.

The formula ensures the pulse width PWVi
is sufficiently large

relative to rise and fall delays jtpLH − tpHLj : for distortion-free prop-
agation through Nb gates. Short pulse widths can fail to preserve
the signal. Asymmetric rise and fall times jtpLH − tpHLj : can accu-
mulate distortion across gates. Appropriate Nb maintains signal
shape, and analyzing these at Vi ensures accuracy. Equation (2) is
therefore evaluated at the input of the delay line and expresses a
global minimum-pulse-width condition: it ensures that an input
pulse of width PWVi

can propagate through Nb stages of the
homogeneous chain without being annihilated at any internal
node. For example, in a delay line consisting of 71 OR gates, a
pulse of 6.85 ns width is lost after the 69th stage under the oper-
ating conditions (0.7 V, SS, 125°C).

3.2 | Timing Yield

The second item covered in this section is the timing yield [36], a
key metric for digital circuits that measures the percentage of
chips that meet a specified timing requirement.

In this work, yield always refers to timing yield, that is, the
probability that a circuit satisfies its setup- and hold-time con-
straints under the modeled process variations. This is a design-
side quantity that can be computed analytically from the distri-
bution of critical-path delays for a given frequency target and
does not require access to proprietary foundry data. It is therefore
fundamentally different from manufacturing yield, which
depends on defect mechanisms and process control in the fabri-
cation line and is typically confidential. Our framework focuses
exclusively on timing yield and is aligned with the standard SSTA
literature.

To evaluate timing yield, a timing analysis is first performed to
determine the critical-path delay of the circuit, defined as the
longest delay path from a flip-flop output to a flip-flop input,
which sets the maximum operating frequency. The timing yield
is then obtained using statistical methods based on the distribu-
tion of delay values in the circuit, typically modeled as Gaussian.
The detailed derivation of the timing-yield expression is provided
in Section 4.
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3.3 | Targeted Bundled-Data Asynchronous
Circuits

The pipelines used in this paper belong to the bundled-data asyn-
chronous circuit class. Two different pipelines are used to validate
the statistical analysis framework for asynchronous circuits.

The first is called a SRBDHF pipeline. Successful research has
been conducted and published addressing the flow design of this
type of circuit [36, 37]. Additionally, these circuits have been
tested [37, 38]. These types of circuits are commercialized by
Octasic [39]. However, in this work, our focus is on statistical
analysis performance.

As its name implies, this pipeline does not use any handshakemech-
anism. This design style relies on several EUs that communicate in a
sequential ring. A simplified example of the basic architecture of an
EU is illustrated in Figure 1. It is composed of a combinational logic
cloud, a variable delay line (namely, a configurable block adjusted to
the operation performed at a given cycle), and source (SRC) and
destination (DST) registers. The SRC register is triggered by the pulse
from the pulse generator block, which launches the data to the logic
cloud. The data from the logic cloud is captured by the DST register,
which is triggered by a delayed pulse.

The second targeted pipeline is the click pipeline circuit [40]. It is
composed of a combinational logic cloud, source and destination
registers, and two communication protocol signal blocks named

click-elements (Figure 2). When new data is ready, a transition of
the request signal Req_in in click_element1 is used to generate a
local clock f1. The transition of the Req_in signal can be delivered
to Req_out of click_element2, which becomes the Req_in signal
of the next stage. The signal f1 is used to capture the data_in and
to trigger the click_element2 to generate f2. Then, a transition of
the acknowledge signal Ack_in in click_element2 indicates the
end of this action. Both the rising and falling transitions of the
request signal indicate the validity of the data, and both the rising
and falling transitions of the acknowledge signal indicate that the
data has been captured.

4 | Proposed Method

4.1 | Statistical Analysis Framework

This section presents a novel methodology for performing statisti-
cal analysis on the target asynchronous circuits. The methodology
estimates performance while considering those asynchronous cir-
cuits’ process, temperature, and voltage variation. We follow a
series of steps to ensure correct operation in our statistical timing
model. We begin by presenting the variability model used in our
proposed model. The next step involves verifying the statistical
logic constraints to ensure correct pulse propagation. Finally, we
check the statistical timing constraints to ensure the model oper-
ates correctly.

Capturing path

Launching
path

SRC DST

Variable delay line

Max delay
Min delay

Launch Capture

Data_int

Pulse generator

Data_in Data_outLogic cloud

FIGURE 1 | SRBDHF pipeline circuit.

Click
element 2

Click
element 1

Ack_in

Req_in

Logic cloud

SRC DST

f1 f2

Req_out

Ack_out

FIGURE 2 | Click pipeline circuit.
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4.1.1 | Variability Model

The variability model follows the canonical first-order SSTA for-
mulation, in which each gate delay is expressed as an affine
function of a set of random process parameters with specified
means, variances, and correlations. Device-level quantities such
as threshold voltages, channel length, mobility, and oxide thick-
ness are modeled as correlated Gaussian variables. This paramet-
ric structure is directly compatible with classical SSTA and
parametric-yield frameworks: extending the model to a new tech-
nology node amount to augmenting the set of random parame-
ters and updating their covariance matrix based on the
corresponding PDK, without changing the form of the statistical
engine itself. To estimate the delay variability of a gate, we con-
sider twomajor parametric variation components: threshold volt-
age variations due to random dopant fluctuations and device
length in ambient temperature. Based on Equation (1), the ana-
lytical gate delay Td, now representing the average delay over a
pair of gates, is given by Equation (3), considering the effect of the
threshold voltage Vth and device length L:

Td ¼ K1
VDD 1þ VDD−Vthn

Esat L

� �
VDD − Vthnð Þ2 þ K2

VDD 1þ VDD− Vthpj j
Esat L

� �
VDD − Vthp

�� ��À Á
2 ;

ð3Þ

where VDD, Vthn, Vthp, Esat, L, K1, and K2 are the operating volt-
age, NMOS and PMOS threshold voltages, the critical electric
field from which carrier velocity saturation appears in the chan-
nel, device length, and proportionality factors, respectively. The
analysis of temperature variation is performed using the Hspice
simulation tool. The best and worst temperature values are con-
sidered to verify various statistical constraints defined below.

The statistical delay of Td is composed of two independent random
variables Vth and L. These random variables correspond to physical
and performance parameters. As discussed in [41, 42], although the
behavior of these variables may not be strictly normal, it can be
approximated as normal distributions, with amean value of μ and a
variance of σ2. These values are provided by the foundry for the
relevant technological and performance parameters.

The mean delay is obtained by evaluating delay function
Equation (3) at nominal values of the variation parameter:

μTd
¼ K1

VDD 1þ VDD−Vthn
Esat L

� �
VDD − Vthnð Þ2 þ K2

Vdd 1þ VDD− Vthpj j
Esat L

� �
VDD − Vthp

�� ��À Á
2

2
664

3
775
nom

:

ð4Þ

To derive the standard deviation equation, the delay function is
first approximated by a first-order Taylor series expansion. Then,
by applying the second moment to the expanded expression of
the approximated delay function [43], the standard deviation of
Td is given by:

σTd
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
i
S2Td;Pi

σ2Pi þ 2 ∑
n−1

i¼1
∑
n

j¼iþ1
cov Pi; Pj

À Ás
: ð5Þ

Here, S2Td; Pi
are the sensitivities of Td with respect to each process

parameter, σ2Pi are the variances of the individual parameters, and

cov ðPi; PjÞ: are the covariance terms that account for correlations
between parameters.

The sensitivities of Td to key process parameters are calculated as:

S2Td;Vthn
¼ ∂Td

∂Vthn

� �
2
; ð6Þ

S2Td;Vthp
¼ ∂Td

∂Vthp

� �
2
; ð7Þ

S2Td;L
¼ ∂Td

∂L

� �
2
: ð8Þ

These partial derivatives quantify the sensitivity of Td to thresh-
old voltages (Vthn, Vthp) and device length (L).

The covariance between parameters, such as Vthn, Vthp and L, is
incorporated to model their correlation. The covariance covðPi;
PjÞ: is calculated as:

cov Pi; Pj
À Á¼ ρPi; Pj σPi σPj ; ð9Þ

where ρPi; Pj is the correlation coefficient between the distribu-
tions of Pi and Pj, and σPi ; σPj are their standard deviations.

Thus, the total variance of the delay Td is given by:

σ2Td
¼ S2Td;Vthn

σ2Vthn
þ S2Td;Vthp

σ2Vthp
þ S2Td;L

σ2L

þ2 ∑
n−1

i¼1
∑
n

j¼iþ1
STd Pi STd PjρPi; Pj σPi σPj :

ð10Þ

This paper will use Equations (4) and (5) as our delay variability
models to estimate the delay variability of asynchronous circuits
under process variations. More parametric variation components
can be incorporated in Equation (5) to improve model accuracy.

4.1.2 | Statistical Logic Constraint

When the propagation of rise and fall transitions is not perfectly
balanced, the propagation of a pulsemay be stopped in a delay line
and cause a system failure. A pulse width can be decreased/
increased by the difference between the respective durations of
the two transitions [44, 45]. In this work, the condition in
Equation (11) is evaluated for homogeneous delay lines composed
of identical standard-cell gates, as used in the SRBDHF controllers
considered here. This setting captures the steady-state pulse-
propagation behavior of the delay elements under DVS. Extending
this propagation condition to heterogeneous chains that combine
different gate types, drive strengths, and longer interconnect seg-
ments would require a more general, stage-by-stage modeling of
pulse distortion akin to PIPB analyses in the literature [33, 34, 46,
47]. Considering process variation and DVS, the effects of the
broadening/shrinking phenomenon are generally amplified.
Based on Equation (2), we can derive the following statistical
expression, ensuring proper pulse propagation based on the usual
3 sigma limit in the SRBDHF targeted type of circuits:

PW − 3σDIFFð ÞVi
> Nb diffj j þ 3σPWð ÞVi

; ð11Þ
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diff ¼ tpLH − tpHL; ð12Þ

where tpLH and tpHL are still, respectively, the (50%–50%) rise and
fall transition propagation delays at a specified voltage, Nb the
number of identical gates in the delay line, PW the pulse width
associated to a specified voltage Vi, σDIFF the standard deviation
of the difference delay between rise and fall transition over the
entire delay line composed of Nb gates ðNb σdiff gateÞ :, σdiff gate of
the difference delay between rise and fall transition over one
gate, σPW the standard deviation of the pulse width parameter
and Vi the operating supply voltage. As the propagation delay
associated with rise and fall transitions increases when the sup-
ply voltage decreases, the pulse injected in a delay line of the
SRBDHF circuit should satisfy the condition defined in
Equation (11) for all given DVS conditions. In Equation (11), the
number of stages Nb in the delay line appears explicitly because
both the deterministic drift of the pulse width and its variance
accumulate along the chain. At each stage, the difference
between the rise and fall propagation delays contributes a small
change to the local pulse width; the total deterministic change
grows approximately in proportion to Nb jdiff j :. Similarly, assum-
ing independent or weakly correlated per-stage variations, the
variance of the accumulated broadening term increases with
Nb, so the standard deviation σPW scales with

ffiffiffiffiffiffiffi
Nb

p
. The form

of Equation (11) therefore reflects the fact that longer delay lines
are more susceptible to PIPB-induced pulse distortion and to
variability in that distortion.

In Click pipeline circuits, the correct operation relies on generat-
ing well-defined control signal pulses ( f1 and f2), which do not
rely on launching pulses in the delay lines. This implies that the
control signal pulse width must be larger than the minimum
pulse width defined in the technology library.

In Click-style pipelines, the control pulse that triggers the flip-
flop must satisfy the minimum pulse-width constraint specified
by the standard-cell library on the clock pin. Within our statisti-
cal framework, this constraint can be expressed in terms of the
random pulse width at the flip-flop input: a deterministic safety
margin corresponds to μPW ≥MPW, where MPW is the library
min_pulse_width, while a statistical formulation for a target tim-
ing yield requires μPW − k ⋅ σPW ≥MPW for a chosen margin fac-
tor k. These inequalities show how the quantities μPW and σPW
extracted from our model can be directly related to the conven-
tional min_pulse_width constraint used in synchronous timing
sign-off.

4.1.3 | Statistical Timing Constraints

Here we derive the statistical timing constraints, namely the
setup and hold time constraints. We assume here that the vari-
ability of combinatorial logic and delay lines in SRBDHF and
Click circuits can be modeled by a normal distribution with
probability density functions (PDFs) flogic, fDe, and fT1, respec-
tively. To analyze the impact of manufacturing process variations
on the performance of these circuits, we can express these three
PDFs as:

flogic ¼ N μlogic; σ2logic
� �

; ð13Þ

fDe ¼ N μDe; σ2Deð Þ; ð14Þ

fT1 ¼ N μT1; σ2T1ð Þ: ð15Þ

Starting with the setup time constraint, to ensure the reliability of
synchronization constraints while accounting for manufacturing
process variations, the line’s delay must always be greater than
the critical path delay. The statistical specification requires that
the probability of meeting this constraint is, in theory, equal to 1.
These synchronization constraints for two types of asynchronous
circuits (SRBDHF and Click, respectively) are theoretically
defined as follows:

P flogic< fDe
À Á¼ 1; ð16Þ

and

P flogic< fT1
À Á¼ 1: ð17Þ

In practice, a small probability of failure exists despite compli-
ance with the constraints, related to the timing yield (discussed
later). Note that this is also the case for static analysis constraints.
The statistical constraint preventing (with a very high probabil-
ity) a violation of the setup time constraints based on the tradi-
tional 3 sigma limit for SRBDHF and Click asynchronous
circuits, respectively, for a given supply voltage Vi is:

MSi ¼ aiDeð Þ − biDCLmaxð Þ − 3ciσDclmax − 3diσDe − suÞVi
>0;

ð18Þ

MS0i ¼ a0iT1ð Þ − bi Dclmaxð Þ − 3ci σDclmax − 3d0i σT1 − suð ÞVi
>0;

ð19Þ

where DCLmax represents the mean value of maximum path delay
in the logic cloud, De the mean value of maximum propagation
delay in the delay line of the SRBDHF circuit, and T1 the mean
value of maximum propagation delay from the rising edge f1 to f2
in the Click circuit. The terms σDclmax, σDe, and σT1 correspond to
their respective standard deviation, while Vi is the operating volt-
age and su the required setup time. For simplicity, we assume
that zero value of su can be used for all voltage values. Finally,
the terms ai, a0i, bi, ci, di, and d0i are growth factors (≥1) to model
the increase in delay mean and standard values when the oper-
ating voltage is decreased. Note that the terms bi and ci are com-
mon to both (Equation 18) (SRBDHF) and (Equation 19) (CE) as
both use the same combinational logic. We call MGF the mean
growth factors associated to the delay mean values (namely terms
ai, a0i, bi) and SGF the ones associated with the delay standard
deviation values (namely ci, di, and d0i). The MGFs (SGFs) are
expressed as the ratio of the delay mean (standard deviation) at Vi

over the same delay mean (standard deviation). It is worth noting
that the difference between statistical and STA is that the 3 sigma
limit is here applied to the entire delay line or logic cloud. In
contrast, it is applied separately to each gate for the latter. These
equations (Equations 18, 19) ensure that the delay through logic
does not exceed those of the delay line to avoid synchronization
failure.

The second required statistical timing constraint is the hold time
one. As mentioned before, hold time violations occur when race-
through is possible. The statistical constraint based on the tradi-
tional 3 sigma limit for SRBDHF and Click asynchronous circuit,
respectively for a given operating voltage Vi is:

IET Computers & Digital Techniques, 2026 7 of 17
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MHi ¼ ei DCLminð Þ þ fiTcð Þ − aiDeð Þ − 3diσDe − 3giσTc
− 3hi σDclmin − hold

À Á
Vi
>0;

ð20Þ

MH0
i ¼ eiDCLmin þ jiT2 − 3hi σDclmin − 3liσT2 − holdð ÞVi

;

ð21Þ

where DCLmin represents the mean value of minimum path delay
in the logic cloud, Tc the launch pulse cycle duration (namely,
the time required for a token to cycle back to an EU and relaunch
a pulse), and T2 propagation delay from rising edge f2 to f1. The
terms σDclmin, σTc, and σT2 correspond to their respective standard
deviation, while hold is the required hold time margin Similarly
to su, we assume that zero value of hold can be used for all voltage
values. As for the setup time constraints, we use growth factors in
Equations (20) and (21). The terms ei, fi and ji, are the MGFs,
while the terms gi, hi, and li are SGFs. These equations
(Equations 20 and 21) ensure the logic delay is not so fast that
signals overlap improperly, causing race-through.

The setup time constraints have a small probability of failure
despite compliance with the hold time constraints. The previous
comment about the difference between statistical and STA also
applies here.

4.1.4 | Timing Yield

Given a specific voltage value Vi, let’s consider the setup margin
MSi as a random variable given by:

MSi ∼ N μMSi ; σMSi

À Á
; ð22Þ

where μMSi and σMSi are the mean and standard deviation of the
normally distributed random variable MSi.

To find the probability that the random variable MSi is greater
than zero, the PDF of MSi is denoted as P(MSi). If P(MSi) >0, the
circuit satisfies the statistical setup constraint. Thus, the timing
yield for a setup margin is the probability that P(MSi) >0:

YMSi ¼ P MSi>0ð Þ; ð23Þ

YMSi ¼ 1 − P MSi<0ð Þ½ �; ð24Þ

P MSi<0ð Þ ¼ 1
2

1þ erf
−μMSiffiffiffi
2

p
σMSi

 ! !
; ð25Þ

where PðMSi<0Þ: is the well-known cumulative distribution
function (CDF) [48] of the normal distribution of MSi.

YMSi ¼ 1 −
1
2

1þ erf
−μMSiffiffiffiffi
2

p
σMSi

 ! !
: ð26Þ

The development of the timing performance expression for a
hold margin, YMHi

= P(MHi>0), is similar to that previously
described for the setup margin. Thus, YMHi

becomes:

YMHi
¼ 1 −

1
2

1þ erf
−μMHiffiffiffiffi
2

p
σMHi

 ! !
: ð27Þ

We want both MSi and MHi of the circuit to be greater than zero
(with a very high probability). To obtain the combined perfor-
mance for MHi and MSi, we assume that MHi and MSi are inde-
pendent. The combined statistical timing performance is thus
given by:

Y MSi;MHið Þ ¼ YMSi YMHi
: ð28Þ

The goal is to ensure that both MSi and MHi are greater than
zero, which ensures reliable circuit operation within desired tim-
ing constraints. The combined performance is calculated as the
product of their individual probabilities. This product gives a
single value representing the circuit’s overall performance, with
higher values indicating a greater likelihood of meeting the
required conditions for both metrics. This method provides a
simple yet effective way to evaluate the circuit’s statistical timing
performance.

5 | Results From Our Proposed Model and
MC Simulations

This section presents and discusses the results collected from our
proposed model and simulations of the chosen benchmark cir-
cuits (Figures 3 and 4). All transistor-level simulations used in
this work are based on a 90 nm BSIM4-based standard-cell
library. This technology choice is not a limitation of the proposed

Critical path: 7 NAND gates

Short path: 5 NAND gates
D1 Q1

SRC
D2

CE2CE1

Q2
DST

Delay element: 20 NAND gates

FIGURE 3 | Click-element benchmark circuit.
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framework, but a deliberate selection motivated by three factors:
(i) it is publicly documented, (ii) it enables reproducible experi-
ments by other researchers, and (iii) it is representative of indus-
trial design styles used in asynchronous circuits. Academic and
predictive BSIM3/BSIM4 libraries around 90 and 65 nm are
widely adopted in SSTA and variability research for exactly these
reasons [49, 50]. Porting the methodology to more advanced
nodes such as 28 or 16 nm requires only a re-characterization
of the process parameters and delay statistics, as in conventional
SSTA flows. While multi-node, silicon-proven validation would
be desirable, it remains outside the scope of this paper due to the
lack of open, publishable PDKs at several technology nodes.

All statistical analyses reported in Section 5 are performed at pre-
layout (schematic) level using HSPICE and a characterized 90 nm
CMOS BSIM4-based standard-cell library at nominal VDD= 1.1
V. We use the foundry SVT BSIM4 transistor models provided by
the 90 nm PDK. The nominal device-level threshold voltages
(Vthn, Vthp) and their corner offsets, as listed in the mos_b-
sim4_svt.lib files, are used to set the means and variances of
the corresponding process parameters in Table 2. The nominal
VDD value is 1.1 V. Several temperature values of 0°C, 25°C and
85°C are used to evaluate statistical constraints as a function of
temperature variations. For DVS, the supply voltage values vary
between 1.1 and 0.7 V. In all benchmarks, delay lines are imple-
mented as homogeneous chains of NAND gates with identical
drive strength. This choice mirrors the industrial SRBDHF and
Click-style implementations we target, in which delay elements
are typically built from identical standard-cell primitives. In our
broader work [51], we have also characterized inverter, AND,
OR, and NOR chains under DVS, and observed that NAND
and AND gates exhibit similar delay-growth behavior, while
OR and NOR are slightly less sensitive. Using NAND gates there-
fore provides a representative case for DVS sensitivity. All simu-
lations were conducted using Hspice, based on a standard cell
library implemented with the BSIM4 model of the adopted 90 nm
CMOS process technology [52].

• SRBDHF benchmark: A single-stage SRBDHF pipeline in
which source and destination registers are modeled as stan-
dard D flip-flops from the library. The combinational logic
cloud contains two instruction paths (a short path of 5

NAND2 gates and a long path of 7 NAND2 gates). The
control delay line is implemented as a homogeneous chain
of 20 NAND2 gates with fan-out-of-one loading, driven by a
pulse generator block.

• Click benchmark: A Click pipeline built around the same
logic cloud and delay-line structure (20 NAND2 gates) as
the SRBDHF case. Two Click elements, implemented at
gate level using standard-cell primitives as in Figure 3, gen-
erate local clocks f1 and f2 and implement the request/
acknowledge handshake between stages.

• Large-scale benchmark: A larger bundled-data pipeline
including a pulse generator with a chain of 200 inverters
and one XOR gate, a logic block with two potential critical
paths (20 OR+ 30 AND gates, and 17 OR+ 50 AND gates)
and one shorter path (30 NAND gates), and a delay element
composed of 41 AND gates and 26 OR gates.

In the reported benchmarks, the delay lines are implemented as
homogeneous chains of NAND gates. As mentioned before, this
choice reflects the implementation style of industrial SRBDHF
and Click-based pipelines, where NAND is a widely used
standard-cell primitive for both logic and control. In our broader
work [51], other gate types and delay-line architectures (e.g.,
inverter chains and mixed-gate topologies) have also been ana-
lyzed and exhibit similar qualitative DVS trends. In our model,
we assume that the correlation coefficients and the elements of
the covariance matrices are equal to zero.

5.1 | Our Model Versus MC Simulations

To verify the results of our statistical approach, we used a 1000-
iteration MC simulation as a reference for comparison. In
Tables 3 and 4, we report the relative errors expressed as the ratio
between the absolute difference between the value obtained by
an MC simulation and those computed with our model over the
MC value as a function of VDD for the SRBDHF and Click circuit,
respectively, when the temperature is set to 25°C. For each delay
measurement, the mean and the standard deviation of the differ-
ences observed between the delays predicted by MC and the
proposed method are reported.

Tables 3 and 4 present the relative error (in %) for the mean and
standard deviation of various propagation delays (Dclmin,
Dclmax, T1, De) as a function of supply voltage between MC
simulation and the proposed method in this model for the Click
and SRBDHF circuits, respectively. In Table 3, for example, the
relative error in the mean of the Dclmin delay is 1.3% and 2.79%

TABLE 2 | Specifications of process variations.

Parameter Vthn (V) Vthp (V) L (nm)

Nominal (µ) 0.2715 −0.188 90

Variation (σ) 0.02715 0.0188 9

D1

PGB

Q1

Critical path:
7 NAND gates

Short path:
5 NAND gates

D2 Q2SRC DST

Delay element: 20 NAND gates

FIGURE 4 | SRBDHF benchmark circuit.
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for a supply voltage of 1.1 and 0.7V, respectively. Similarly, the
relative error in the standard deviation of the Dclmin delay is
18.2% and 53.1% for a supply voltage of 1.1 and 0.7 V, respec-
tively. Likewise, in Table 4, the relative error in the mean of the
De delay is 1.55% and 3.17% for a supply voltage of 1.1 and 0.7 V,
respectively. In comparison, the relative error in the standard
deviation of the De delay is 28.3% and 58.5% for a supply voltage
of 1.1 and 0.7V, respectively. It can be observed that as the supply
voltage decreases, the error in both mean and standard deviation
tends to increase.

The results of the proposed model for mean delay values are close
to the MC results, with errors ranging between 1% and 3.17% for
both types of asynchronous circuits. As we approach the sub-
threshold region, additional parameters may be included for bet-
ter accuracy in delay estimation.

On the other hand, the relative error in standard deviation varies
from 18% to 62.1%. Note that all error values for the metrics
compared between the model and MC simulations are negative
if absolute value is not considered. This can be explained by the
absence of the correlation coefficient term in the proposed model.
As in [53], where the relative error in standard deviation varies
from 18% to 51.3% (in absolute values), we attribute this error to
the assumption of zero correlation coefficients, given that there is
a correlation in the statistical definition of the Vth and L parame-
ters in the MC simulation library files on Hspice BSIM4.
Accounting for correlation to enhance accuracy is part of our
future work.

To analyze the impact of the standard deviation error shown in
Tables 3 and 4, we look at how these standard deviation errors
affect the μ=σ values of the Click and SRBDHF circuits, used in

Equations (26)–(28) to verify if the target statistical timing yield
constraint can be reached. The outcomes presented in Figures 5
and 6 are derived through two distinct calculation approaches:
one relying on the Hspice simulator and the other utilizing the
model established within the context of this paper. Figures 5 and
6 present the μ=σ of the two statistical timing constraints related
to setup and hold margins. The ratio obtained from the Hspice
simulator, for example, for setup margin constraint varies from
17.44 for a supply voltage of 1.1 V to 10.02 for a supply voltage of
0.7 V for the Click circuit and from 10.73 for a supply voltage of
1.1 V to 7 for a supply voltage of 0.7 V for the SRBDHF circuit.
Similarly, the μ=σ ratio obtained by the proposed model for setup
constraint varies from 29.98 for a supply voltage of 1.1 V to 31.87
for a supply voltage of 0.7 V for the Click circuit and from 17.27
for a supply voltage of 1.1 V to 18.29 for a supply voltage of 0.7 V
for the SRBDHF circuit. The μ=σ ratio obtained in Hspice simu-
lations tends to decrease slightly with decreasing supply voltage
for both Click and SRBDHF circuits. On the other hand, the μ=σ
ratio obtained by the proposed model tends to increase slightly
with decreasing supply voltage for both types of circuits. It is also
noticeable that the μ=σ ratio values predicted by the proposed
model are higher than those calculated by Hspice simulations.

TABLE 4 | Relative error of the mean and standard deviation of

delays in (%) between MC and the proposed model for the SRBDHF

circuit; error= |PM−MC|/MC.

Voltage

Dclmin Dclmax De

µ σ µ σ µ σ

1.1 1.12 16.2 1.15 20.3 1.55 28.3

1.0 1.44 26.3 1.74 29.6 1.74 33.6

0.9 1.67 30.4 1.88 33.2 1.98 39.7

0.8 2.13 46.2 2.43 50.9 2.63 52.6

0.7 2.45 50.2 2.86 55.1 3.17 58.5
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Click circuit 

Model μMH/σMH

Model μMS/σMS
Hspice μMH/σMH

Hspice μMS/σMS

FIGURE 5 | Comparison of μ=σ ratio for setup and hold margins

estimated by Hspice measurements and proposed model for the Click

circuit.

TABLE 3 | Relative errors of mean and standard deviation of delays in (%) betweenMC and the proposedmodel (PM) for the click circuit; error= |PM

−MC|/MC.

Voltage

Dclmin Dclmax T1

µ σ µ σ µ σ

1.1 1.30 18.2 0.93 22.3 1.00 33.3

1.0 1.65 24.3 1.15 27.6 1.65 37.6

0.9 1.94 32.4 1.45 38.2 1.98 44.7

0.8 2.13 48.2 2.18 50.9 2.43 55.9

0.7 2.79 53.1 2.83 58.1 2.99 62.1

10 of 17 IET Computers & Digital Techniques, 2026

 ietcdt, 2026, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/cdt2/1529127 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [22/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The model calculates lower values for σMS, σMH compared to
those obtained by Hspice, primarily due to the omission of the
correlation term in Equation (5).

Even with the error percentage ranging from 18% to 62.1% for
sigma values, it results in only an additional 1.12e–12 yield loss
(using Equations (26) and (27)) for our model, considering the
lower value of μ=σ from Figures 5 and 6, which presents the setup
constraint for the ratio μMS=σMS for the SRBDHF circuit at a
voltage of 0.7 V. Thus, we conclude that the standard deviation
error between the model and MC simulations does not signifi-
cantly impact the statistical timing yield constraint. In this spe-
cific study, it is noted that the timing constraint is satisfied both
by the model and by Hspice simulations.

Another aspect to consider is our model’s run time concerning
MC simulations. The previous circuit was analyzed for all statis-
tical constraints proposed in 25.6 h with MC simulations, while

our model takes only 3 s when executed on an Intel Core i7
machine.

5.2 | Impact of Voltage, Temperature, and Process
Variations

Next, we assess the impact of voltage, temperature, and fabrica-
tion process variations on the pulse propagation in the SRBDHF
circuit. Using Equation (11), we examine the statistical parame-
ters for different operating voltages. The parameter “param1”
represents the measure of pulse width derived from PW−

3σDIFF, while “param2” represents the measure of Nb jdiff j : þ
3σPW. Note that param1 and param2, are both timing margins
expressed in units of time and derived from the same STA-style
pulse-width constraint in Equation (11). The term param1 corre-
sponds to the available input-pulse margin when the nominal
pulse width PW is reduced by the variability term 3σDIFF,
whereas param2 corresponds to the worst-case accumulated
pulse broadening (or shrinking) along the delay line, including
its variability term 3σPW. Comparing param1 and param2 there-
fore does not mix pulse width and slew; it compares two margins
extracted from the same timing inequality, one at the input of the
line and one at its output. Table 5 presents the effect of process
variation and voltage on the width of the pulse injected into the
delay line (composed of 20 NAND gates) of the SRBDHF circuit
at a temperature of 25°C, while Table 6 illustrates the effect of
temperature variation on this type of circuit. All the measure-
ments in Tables 5 and 6 were carried out using the HSPICE tool.

Table 5 shows that the mean pulse width μPW increases as VDD

decreases (for example, from 1.36 ns at 1.1 V to 3.21 ns at 0.7 V).
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Model μMH/σMH

Model μMS/σMS
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FIGURE 6 | Comparison of μ=σ ratio for setup and hold margins

estimated by Hspice measurements and proposed model for SRBDHF

circuit.

TABLE 5 | Evolution of statistical logic performance for SRBDHF circuit under voltage variation.

Voltage

PW diff

param1 (ns) param2 (ns)μPW (ns) σPW (ps) μdiff (ps) σdiff (ps)

1.1 1.36 3.05 5.07 0.69 1.32 0.111

1.0 1.57 4.40 5.03 0.89 1.52 0.114

0.9 1.89 5.84 4.88 1.24 1.82 0.115

0.8 2.39 9.05 4.67 1.80 2.28 0.121

0.7 3.21 12.9 4.42 3.00 3.03 0.127

TABLE 6 | Evaluation of statistical logic constraint for SRBDHF

circuit at different temperature values under voltage variation (ns),

using Hspice simulations.

Voltage

“param1-param2”

0°C 25°C 85°C

1.1 1.08 1.21 1.24

1.0 1.25 1.40 1.42

0.9 1.52 1.70 1.76

0.8 1.96 2.16 2.22

0.7 2.49 2.90 3.54
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In our analysis, μPW is computed only over pulses that generate
two valid logic transitions at the end of the delay line, that is, two
50% VDD crossings (one rising and one falling); pulses that fail to
produce these two transitions at low supply voltage are classified
as lost pulses and are excluded from the statistics. The PDK
model decks used in this work provide transistor-level BSIM4
parameters but no standard-cell timing views and therefore no
explicit max_transition constraint at the cell-library level. We
consequently do not enforce a numerical max_transition limit
in our analysis. Instead, we classify pulses as valid only if they
produce two complete logic transitions at the end of the delay
line (two 50% VDD crossings, one rising and one falling). Pulses
that become too slow or too small to switch the output are treated
as lost and excluded from the computation of μPW. This lost-pulse
region plays the role of a practical max-transition or minimum-
amplitude constraint on the propagated pulses. As VDD is
reduced towards the near-threshold region, both the rising and
falling propagation delays of a gate increase, but not at the same
rate. In our 90 nm library the PMOS-limited transition (typically
the rising edge) degrades faster, so the difference jtpLH − tpHLj :

becomes larger at low supply voltages. In a homogeneous delay
line, this asymmetric delay is applied stage after stage to the
rising and falling edges, so the small per-stage mismatch accu-
mulates along the chain and modifies the interval between the
edges. When the rising edge is slower, the pulse widens progres-
sively from one stage to the next; when the falling edge is slower,
it shrinks. In our measurements, μPW is computed only for pulses
that still produce two valid 50% VDD transitions at the output of
the delay line, while pulses that fail to switch are classified as lost
and excluded from the statistics. Under these conditions, the
cumulative effect of the increasing rise–fall delay asymmetry
explains why the mean pulse width measured at the end of the
delay line increases as VDD decreases, up to the point where
pulses become too degraded to switch and are counted as lost
[10]. It can also be observed from Table 5 that param1 varies
between 1.32 and 3.03 ns for voltages of 1.1 and 0.7V, respec-
tively, and param2 varies between 0.111 ns and 0.127 for voltages
of 1.1 and 0.7 V, respectively. Both param1 and param2 values
increase with decreasing supply voltage. Additionally, the gap
between param1 and param2 measurements increases with
decreasing voltage. Consequently, param1 is consistently greater
than param2 in the SRBDHF circuit in this case study example.

It is worth noting that with other SRBDHF circuit architecture
configurations, where the pulse width is not sufficiently large or
has shrunk due to variations in supply voltage, a decrease in
pulse width with decreasing supply voltage may be observed.
Since σdiff and σPW tend to increase with decreasing supply volt-
age, the “param1”measurement may decrease on one side, while
the “param2” measurement may increase with the sum Nbjdiff j
: þ 3σPW This could impact the correct propagation through the
delay line, potentially leading to an unreliable circuit at low
voltage. Hence, the proposed model becomes relevant, allowing
verification of the viability of a potential SRBDHF circuit config-
uration with DVS.

Considering different temperature conditions, we assessed the
statistical logic constraint in different temperature scenarios,
0°C and 85°C using two analysis methods: deterministic STA
and statistical SSTA. We recorded the evolution of “param1-
param2” to determine if this measure is still positive regardless

of temperature variations and conforms to the condition defined
in Equation (11).

According to Table 6, the measure “param1-param2” is consis-
tently positive for temperatures of 85 and 0°C. It varies from 1.08
ns for 1.1 V to 2.49 ns for 0.7 V for the temperature value 0°C and
from 1.24 ns for 1.1 V to 3.54 ns for 0.7 V for the temperature
value 85°C.

The value “param1-param2” satisfies the condition specified in
Equation (11) for all studied temperature conditions. Therefore,
we can conclude that the statistical logic constraint is validated.

To illustrate the effect of temperature on the statistical timing
constraints for both types of circuits, the ratio μ=σ is calculated
for two distinct temperatures, 0°C and 85°C, for both setup and
hold margins. This ratio is then used to calculate yield losses.
Results are presented in Table 7. From Table 7, we observe that
the ratio obtained for temperature 0°C for setup margin con-
straint, for example, varies from 19.23 for a supply voltage of
1.1 V to 11.6 for a supply voltage of 0.7 V for the Click circuit.
At 85°C the ratio μ=σ varies from 9.67 for a supply voltage of 1.1 V
to 6.98 for a supply voltage of 0.7 V for the SRBDHF circuit.

Examining Table 7 reveals that temperature influences the tim-
ing statistical constraints for both circuits, namely the Click and
the SRBDHF circuit. Specifically, the values of the ratio μ=σ
increase as the temperature decreases, transitioning from 85°C
to 0°C.

Considering the variations in manufacturing processes and sup-
ply voltage from Figures 5 and 6, along with the temperature
variation from Table 7, the condition representing the smallest
value μ=σ occurs at 85°C for 0.7 V for the setup constraint margin
for the SRBDHF circuit, resulting in a yield loss of only 1.3e–12.

These findings underscore the importance of considering both
temperature and supply voltage in the design of these circuits.
Understanding how these parameters influence performance is

TABLE 7 | Comparison of μ=σ ratio estimated by Hspice measure-

ments for the click and SRBDHF circuits under temperature variation.

Click circuit 0°C 85°C

Voltage
μMS
σMS

μMH
σMH

μMS
σMS

μMH
σMH

1.1 19.23 1240.0 12.55 241.77

1.0 17.34 1006.6 14.45 231.25

0.9 15.61 467.32 13.78 222.24

0.8 13.30 340.76 11.88 172.31

0.7 11.60 227.54 9.87 127.82

SRBDHF circuit 0°C 85°C

Voltage
μMS
σMS

μMH
σMH

μMS
σMS

μMH
σMH

1.1 19.88 637.73 9.67 355.43

1.0 19.15 389.69 9.34 167.87

0.9 18.13 296.46 8.73 145.82

0.8 13.60 147.13 7.05 102.58

0.7 12.47 69.31 6.98 61.11
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crucial for maintaining the constraints of these circuits verified
under variable conditions.

5.3 | Statistical Versus Deterministic STA

To illustrate the importance of the statistical approach when
assessing the performance of asynchronous circuits, we analyzed
timing margins for Click and SRBDHF circuits using two analysis
methods: deterministic and statistical. The deterministic analysis
relies on the worst-case scenario, evaluating circuit performance
by assuming that all the most unfavorable conditions in terms of
process delays, temperature, and voltage occur simultaneously.
This approach aims to ensure the proper operation of the circuit
under the most critical conditions, thus ensuring its functionality
in all real-world situations.

In this section, we find that MS (setup margin) is always smaller
than MH (hold margin). In Table 8, we therefore present only MS
to avoid cluttering the table with excessive values; the same con-
clusions hold for the two margins. Table 8 presents the setup
constraint timing margins required for both circuits, Click and
SRBDHF, to ensure correct circuit functionality. The necessary
timing margins are calculated for two scenarios: the first uses
STA to compute the worst-case setup margin (WCMS). In con-
trast, the second uses the statistical approach proposed in our
model to calculate the statistical setup margin (SMS). Note that
the worst-case scenario selected here due to the asynchronous
nature of the circuit is (FF corner, 85°C) for 1.1, 1, and 0.9 V
voltages, and (FF corner, 0°C) for 0.8 and 0.7 V. The PVT corners
used for the SRBDHF and Click benchmarks are chosen to reflect
the specific nature of bundled-data asynchronous pipelines. The
FF/85°C and FF/0°C corners are selected empirically because
they produce the tightest margins on the handshake and pulse-
based timing constraints over the considered voltage range, not to
emulate the split worst-case/best-case combinations adopted in
synchronous sign-off flows. Our goal is thus to identify the oper-
ating conditions that most strongly stress the asynchronous tim-
ing constraints within a single-corner setting, rather than to
reproduce a multi-corner synchronous STA methodology. Note
that in our 90 nm study we do not observe a full temperature-
inversion phenomenon of the type reported for some sub-65 nm
technologies. Instead, under deep voltage-scaling conditions
(around VDD ≈0.7V), we observe a temperature-reversal effect:
the reduction in threshold voltage with temperature partially
compensates for mobility degradation, so the delay-versus-tem-
perature dependance is reduced and can even exhibit a slight
reversal in this operating region [10]. Finally, in all reported
results, the critical logic paths and their matched delay lines

are always analyzed under the same PVT corner; we do not
mix different worst-case and best-case corners between logic
and control paths.

According to Table 8, SMS varies from 3.22E−10 to 7.91E−10 for
the 1.1 and 0.7 V, respectively, for the Click circuit, while it varies
and ranges from 1.27E−10 to 3.26E−10 for the 1.1 and 0.7 V,
respectively, for the SRBDHF circuit.

When comparing the statistical values of MS margin obtained in
Table 8 with the worst-case values of MS margin for both circuits,
for example, in the SRBDHF circuit for 0.8V operating voltage,
the case MS value is 1.93E−10, and the statistical MS value is
2.31E−10. Noticeably, the margins observed in the deterministic
analysis are smaller than those obtained for the statistical analy-
sis. This holds for asynchronous Click and SRBDHF circuits and
all voltage values. This implies that the deterministic approach
tends to be conservative and pessimistic, requiring an extension
of delay lines to meet the timing constraint and subsequently
reducing circuit performance. Thus, it confirms that using the
statistical approach for synchronization constraint analysis can
avoid the introduction of pessimistic margins, as is commonly
observed [54].

The STA approach is highly conservative by design, assuming
worst-case scenarios to ensure reliability in all situations. How-
ever, this inherent conservatism introduces significant pessi-
mism, often resulting in overly restrictive designs and
compromised performance. In contrast, based on SSTA, the pro-
posed method provides probabilistic estimates of timing varia-
tions, thereby avoiding overly pessimistic margins and enabling
performance gains by focusing on more realistic scenarios.

A key question is whether the proposed method can achieve the
same level of reliability as STA under the most pessimistic con-
ditions. Theoretically, SSTA models variations in PVT statisti-
cally, providing predictions with a confidence-bound interval,
such as Æ3σ. This implies that while SSTA does not guarantee
absolute worst-case coverage like STA, it accounts for realistic
tail-end scenarios with extremely low failure probabilities. By
selecting an appropriate confidence interval (e.g., 3σ or higher),
SSTA achieves a balance between reliability and performance,
ensuring that the circuit functions correctly under almost all
practical conditions.

TABLE 8 | Worst case vs statistical setup margins comparison.

Voltage

Click circuit SRBDHF circuit

WCMS SMS WCMS SMS

1.1 2.74E−10 3.22E−10 1.17E−10 1.27E−10

1.0 3.11E−10 3.75E−10 1.33E−10 1.49E−10

0.9 3.64E−10 4.50E−10 1.57E−10 1.82E−10

0.8 4.47E−10 5.71E−10 1.93E−10 2.31E−10

0.7 5.70E−10 7.91E−10 2.50E−10 3.26E−10
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FIGURE 7 | Yield loss (%) as a function of voltage, process, and tem-

perature variation.
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It is important to note that in SSTA, there is a small probability
that the timing constraints will not be met. This small percentage
of failure is variable, and as the sigma (σ) value increases, the
likelihood of such failures decreases significantly.

Therefore, the proposed method remains a secure and reliable
alternative to STA. It significantly reduces unnecessary pessi-
mism while ensuring a very low failure probability, thereby
maintaining reliability in practical applications.

5.4 | Large Scale Example

In the previous example, we demonstrated the validation of the
proposed approach by using a reference circuit, as shown in
Figures 3 and 4. This example focused on a simple circuit with
a limited number of logic gates. It is motivated by the fact that the
operation of high-performance circuits is determined by their
critical paths that, once sensitized, closely resemble chains of
passing gates, and designers optimize them by minimizing the
number of gates they comprise, making such a configuration
representative of real-world scenarios in high-performance
circuits.

In this section, we opted to incorporate a more diverse combina-
tion of logic gates to evaluate the impact of this variety on circuit
performance, particularly under the influence of voltage, temper-
ature, and manufacturing process variations.

The graph in Figure 7 illustrates the impact of voltage and tem-
perature variations on circuit performance yield loss of the
SRBDHF circuit, considering the statistical timing constraints
with the configuration described above. The parameters μMS

σMS
and

μMH
σMH

were used to calculate YMS and YMH, representing the proba-
bilities that the circuits meet statistical setup and hold timing
constraints. Yield loss was calculated using: Yield loss ð%Þ : ¼
ð1− ðYMS YMHÞÞ: × 100, expressing the percentage of circuits that
fail to meet these constraints under varying conditions.

At higher voltages, such as 1.1 V, the yield loss is negligible (e.g.,
0.01% at 0°C and 0.07% at 85°C), indicating operation with suffi-
cient timing margins. However, as the voltage decreases, the
yield loss increases significantly. For instance, at 0.9 V, the yield
loss reaches 44.28% at 0°C and 49.39% at 85°C, highlighting the
difficulties in maintaining timing constraints at lower supply
voltages. Temperature further amplifies this effect; for example,
at 1.0 V, the yield loss increases from 3.75% at 0°C to 7.18% at
85°C, demonstrating the adverse impact of thermal variations on
circuit reliability.

Timing margins also exhibit critical trends. The μMS
σMS

values decline
markedly as voltage decreases, turning negative at 0.8 and 0.7 V,
indicating violations of setup timing constraints. Similarly, μMH

σMH

values decrease but remain positive. At critical voltage levels like
0.8 and 0.7 V, the yield loss becomes greater, reaching 86.76% at
0.8 V and 97.23% at 0.7 V at 0°C, revealing circuits are no longer
reliable.

Figure 7 underscores the trade-offs between reducing supply volt-
age for energy efficiency and maintaining circuit reliability under
varying temperatures. While lower voltages reduce power con-
sumption, they result in significant timing margin violations and
increased yield loss, especially at elevated temperatures. Circuit
designers must carefully balance these factors to ensure reliable
performance under real-world conditions, which the developed
model needs to verify.

To address the timing constraint violations caused by voltage,
temperature, and process parameter variations, the configuration
was adjusted by adding additional logic gates to the delay line.
The delay line now consists of 41 AND gates and 26 OR gates.

According to the results in Table 9, the μMS
σMS

values for the setup
constraint became positive for all supply voltages, even under
extreme temperatures of 0°C and 85°C. At 0°C, these values
range from 12.27 at 1.1 V to 1.20 at 0.7 V, while at 85°C, they
range from 11.96 at 1.1 V to 2.04 at 0.7 V. The performance yield
loss is very small for the supply voltage values from 1.1 to 0.8 V,
demonstrating that the new configuration performs effectively
under this specific voltage range. It also reveals that one single
delay line might not be sufficient to meet the specifications and
that a configurable (variable) delay line would be required to get
lower yield loss at 0.7 V. Back to Figure 1, it means that the
variable delay line should be adjusted not only for the operation
performed but also at which supply voltage it is performed.

From this example, it can be concluded that configuring critical
paths, short paths, and delay elements is crucial in meeting sta-
tistical timing constraints. These constraints are essential to
ensure whether the circuit will function as intended. The results
also highlight the significant impact of DVS, combined with var-
iations in temperature and fabrication processes, on the overall
performance of the SRBDHF circuit.

5.5 | Our Model Versus Literature

Table 10 compares our proposed method with several works in
the literature in terms of average error on mean delay values. Our

TABLE 9 | Impact of voltage, process, and temperature variation on yield loss.

Voltage

0°C 85°C
μMS
σMS

μMH
σMH

Yield loss (%) μMS
σMS

μMH
σMH

Yield loss (%)

1.1 12.27 1487.17 0 11.96 1374.55 0

1 8.38 1064.23 0 8.36 1038.78 0

0.9 5.51 696.97 0 6.01 709.98 0

0.8 3.03 408.51 0.11 3.9 441.12 0.004

0.7 1.2 194.89 11.32 2.04 239.06 2.02
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method achieves an average error of only 2% with respect to MC
reference simulations, while the other works report average
errors between 2.8% and 10% when available.

5.6 | Scalability to Advanced Technology Nodes

The proposed method is adaptable to advanced technology nodes
(below 65 nm), as it already integrates critical effects such as
DIBL, Vth roll-off, and subthreshold conduction through param-
eters like Vth, S, and Esat. At shorter channel lengths, the thresh-
old voltage Vth is updated using the equation: Vth=Vth0 − VDD

exp(−aVthL) to account for DIBL and Vth roll-off effects, with Vth0

as the long-channel threshold voltage and aVth the DIBL coeffi-
cient. Similarly, the subthreshold swing S is revised to: S= S0 [1 +
exp(−aS L)], capturing its dependency on L and enabling accu-
rate modeling at smaller nodes, with S as the subthreshold swing
parameter, S0 the nominal subthreshold swing for long-channel
devices, as the coefficient describing the effect of L on S [35]. The
delay equation remains structurally unchanged, requiring only
updates to Vth and S to reflect advanced node effects.

The model relies on parameters such as VDD, L, Vth, S, and Esat,
ensuring adaptability across technology nodes. This scalability inte-
grates short-channel effects seamlessly without altering the funda-
mental equation. Including DIBL and Vth roll-off into Vth enables
accurate timing analysis even under severe short-channel effects. It
should also be emphasized that all benchmarks considered in this
paper are pre-layout, gate-level schematic netlists that are represen-
tative of the cell-dominated timing regime used in SRBDHF and
Click controllers. Interconnect between stages is limited to short
local routing and is represented by the load capacitances already
included in the standard-cell models, so no post-layout RC extrac-
tion of long global wires is performed. Consequently, the statistical
parameters capture variability dominated by the cells and their
local wiring. Wire-dominated global paths and explicit statistical
modeling of RC variations in long interconnects are outside the
scope of this work and are left for future extensions of the
framework.

6 | Conclusion

This paper presented a comprehensive analysis of statistical per-
formance in bundled-data asynchronous circuits, focusing
mainly on the SRBDHF and Click element-based pipelines.
Our proposed model incorporates process variations and DVS,
enabling a thorough evaluation of statistical constraints across
different operating conditions. Based on a 90 nm CMOS process
technology, the estimations revealed valuable insights into the
circuit’s behavior.

The verification of our model against MC simulations showed its
efficacy in predicting mean delay values with an average error of
about 2%. However, the standard deviation error ranged from

18% to 62.1%, underscoring the need for future work to account
for correlation coefficients to improve accuracy. Nevertheless,
despite the standard deviation errors, the statistical timing yield
constraints were satisfactorily met.

Examining statistical logic and timing constraints across different
temperatures and supply voltages highlighted the intricate inter-
actions among these factors. The results emphasized the impor-
tance of considering temperature and voltage variations to
maintain circuit constraints.

We showed that the proposed framework could save significant
margins that are added to compensate for process variation in the
static analysis approach. The impact of voltage scaling, tempera-
ture, and process variation was efficiently estimated, accounting
for statistical logic and timing constraints. Finally, the model’s
runtime was only a few seconds, compared to MC simulations
that lasted 25.6 h, further underscoring its practical value.
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