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ABSTRACT
Process variations will increasingly impact the operational char-
acteristics of integrated circuits in nanoscale semiconductor tech-
nologies. Researchers have proposed various design techniques to
address process variations at the mask, circuit, and logic levels.
However, as the magnitude of process variations increases, their
effects will need to be addressed earlier in the design cycle.

In this paper, we propose techniques for accurately and effi-
ciently incorporating the effects of process variations into system-
level power estimation tools. To motivate our work, we first study
the impact of process variations on the power consumption of an
example System-on-Chip (SoC). We consider simple extensions of
current approaches to system-level power estimation (spreadsheet-
based and simulation-based power estimation), and demonstrate
their limitations in performing variation-aware power estimation.
We propose a system-level power estimation methodology that
can accurately and efficiently analyze the impact of process vari-
ations on SoC power. The proposed methodology combines ef-
ficient trace-based analysis, power-state based leakage modeling,
and Monte Carlo sampling. The key benefit of the proposed
methodology is that it captures the necessary inter-dependencies
while avoiding iterative system-level simulation. Our implemen-
tation of the proposed techniques within an in-house system-level
power estimation framework indicates 2-5 orders of magnitude ef-
ficiency gains, with negligible loss in accuracy, compared to direct
Monte Carlo techniques that require iterative system simulation.

Categories and Subject Descriptors: C.5.4 [VLSI Systems]

General Terms: Algorithms, Design, Experimentation

Keywords: Process variations, Power analysis, Power Estimation,
Low Power Design, System-on-Chip

1. INTRODUCTION
Integrated circuits (ICs) fabricated using nanoscale technologies

are expected to be increasingly prone to manufacturing induced
variations, which cause the characteristics of devices to vary both
within a die and across dies [1]. These variations cause the per-
formance and power consumption of circuits, and hence the sys-
tems that contain them, to display statistical, rather than determin-
istic behavior. Traditional design methodologies, based on typical
and worst-case circuit models, break down in the face of increas-
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ing variations, resulting in over-design, increased design effort, de-
creased yield, or an inability to meet design goals.

Recognizing the above challenges, various techniques at differ-
ent stages of the design flow are being researched to aid in IC de-
sign in the presence of variations. The efforts in this area have
thus far focused on addressing the problem at the mask [2], cir-
cuit [1, 3], and logic levels [4, 5, 6]. While these techniques have
shown promise (and are already being incorporated into commer-
cial IC design flows), they cannot completely address the problem,
especially in the face of continually increasing process variations.
Variation-aware design has only recently started to receive attention
at higher levels of the design flow, namely, at the architecture and
system levels. Statistical models to incorporate the impact of varia-
tions on microprocessor performance and power consumption were
proposed in [7]. Tradeoffs between throughput, power, and area in
parallel architectures under process variations were studied in [8].
The effects of process variations on embedded SRAM memory ar-
chitectures were studied in [9] and reconfigurable buffers were ex-
ploited to optimize power and performance under variations.

Key to designing variation-tolerant systems is the availability of
accurate and efficient analysis tools that predict the impact of vari-
ations on design metrics, such as the system-level power consump-
tion. However, this area has not received much attention. In this
work, we propose an efficient methodology based on efficient trace
analysis, power-state based leakage modeling, and Monte Carlo
sampling to provide SoC designers with feedback about power con-
sumption under process variations.

2. SOC POWER UNDER VARIATIONS
In this section, we consider the example SoC architecture illus-

trated in Figure 1(a). The SoC implements an image processing
application that consists of software running on an ARM946 pro-
cessor [10], and dedicated hardware (Filter HW) that acceler-
ates pixel-level filtering operations. In addition, the SoC contains
the AHB on-chip bus [11], an integrated memory controller, and
an interrupt controller. The SoC is implemented using a commer-
cial 90 nm standard cell library [12] and operates at a frequency
of 206 Mhz and a voltage of 1 V . An in-house, cycle-accurate,
simulation-based system-level power analysis tool [13] was used
to generate dynamic and leakage power traces for each component
while executing a specific test-bench. We used Monte Carlo tech-
niques (described in Section 3) to estimate the impact of variations
in leakage power, due to chip-to-chip variations in effective chan-
nel length (Le f f ). For this study, we assumed that Le f f follows a
normal distribution with µ � 90 nm and 3σ�µ � 30%. The power
variations thus estimated for each component are captured using
a box-whisker representation as shown in Figure 1(b). The lower
and upper extremities of each box represent the 25th and 75th per-
centiles of a component’s average power consumption (including
both dynamic and leakage power). The whiskers denote the mini-
mum and maximum values. For example, for the ARM processor,
the inter-quartile range (the box height) is 25% of its average power,
suggesting that variations significantly impact its power charac-
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teristics. However, for the AHB it is only 8%. This difference
is explained as follows. While leakage power is highly sensitive
to channel length variations, dynamic power is relatively immune.
Hence, components for which leakage accounts for a greater por-
tion of their total power consumption display higher total power
variations. The breakdown of a component’s total power into leak-
age and dynamic power is determined by how much time it spends
in its different power-states (active, idle, sleep, deep-sleep, etc.).
In the example, the ARM processor spends a significant amount
of time in the idle state waiting for the Filter HW and there-
fore, is more affected by variations. The AHB is almost always ac-
tive, serving requests from either the ARM processor or other HW.
Its power consumption consists largely of dynamic power, and is
hence less susceptible to variations. This example suggests that the
extent to which variations affect individual component power char-
acteristics depends critically on component workload profiles and
power-states. Accounting for such inter-dependencies accurately
and efficiently is a key objective of the proposed methodology.
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Figure 1: Case study in chip-to-chip power variations for an
example SoC: (a) system-level block diagram; (b) inter-quartile
range of power variations for system components

3. CONSIDERING VARIATIONS IN
POWER ANALYSIS

The goal of variation-aware power analysis is to generate a
power distribution rather than a deterministic estimate. Moreover,
this distribution must be estimated accurately and efficiently. There
are two main approaches currently used for system-level power es-
timation: (i) enhancing system-level simulation with power models
for various system components, and (ii) simple spreadsheet analy-
sis based on rough metrics such as total gate count, switching activ-
ity factors, etc. We consider simple extensions of these approaches
to consider variations, and evaluate their merits and drawbacks.
Direct Monte Carlo simulation: In this method, full-system
simulation-based power estimation is iteratively performed in or-
der to generate a power consumption distribution for the SoC.
The power models for system components are initially constructed
based on nominal (typical) values of process parameters. For each
simulation, the power models are refined by randomly generating a
sample point from a pre-defined distribution of process parameters
(e.g., transistor channel lengths), and calculating a variation factor
for dynamic and leakage power. The power models are assumed
to be sensitive to the power-states (active, idle, sleep, etc.) of the
respective components, since the power variability will be differ-
ent in different states. When simulation-based system-level power
analysis is performed, functionality and power-state transitions are
simulated in an integrated manner, and total power consumption is
determined. This is repeated for a desired number of sample points
in order to obtain a distribution of total power consumption for the
SoC under process variations.

The larger the sample size, the higher is the degree of confidence
in the accuracy of the computed power distribution. For the ex-

ample SoC shown in Figure 1(a), we calculated that in order to be
95% confident that the estimated mean of the power distribution
differs from the actual mean by no more than 5%, at least 607 sim-
ulations would be required, which is a computationally challenging
task since each simulation may require anywhere from several min-
utes to hours, depending on the length of the simulation trace. In
summary, direct Monte Carlo simulation can be accurate, but is too
time consuming to use for architectural exploration.
Spreadsheet-based analysis: In this method, simple equations are
used to analytically calculate the distribution of leakage power,
given SoC characteristics such as the gate count and activity profile,
and a distribution of process parameters. It is possible to analyti-
cally relate variations in transistor leakage to variations in process
parameters such as channel length and oxide thickness [5, 6]. The
SoC’s characteristics, such as gate count and activity factor, are
then used to estimate the average number of leaking transistors,
and compute distributions for leakage power and total SoC power.

Figure 2 compares the distribution obtained through such
spreadsheet-based analysis to one obtained via direct Monte Carlo
simulations under a given test bench. Clearly, there is a notable
discrepancy between the two distributions. This discrepancy arises
because, for a specific workload, the spreadsheet-based approach
fails to consider the extent to which different system components
contribute to power variations. For example, components with long
idle periods may power down, and may contribute only slightly to
leakage power variations. Also, for components that are mostly
active, the larger contribution of dynamic power may overwhelm
the variations in leakage power. Clearly, the spreadsheet-based
approach, while simple and computationally efficient, cannot cap-
ture workload characteristics and component power-states. As il-
lustrated earlier, these factors significantly influence the impact of
variations on power.

4. PROPOSED METHODOLOGY
The proposed methodology for considering process variations

during system-level power analysis is illustrated in Figure 3. It
has three main phases. In the first phase, leakage power modeling
is performed to obtain leakage distributions for all the power-states
of the SoC components, while taking into account circuit and pro-
cess characteristics. In phase 2, conventional system simulation
and power analysis is performed to obtain a set of dynamic power
and power-state traces for all components. These distributions and
the power-state traces are used as inputs in phase 3, namely Monte
Carlo Analysis. In this phase, the parameter space is sampled, leak-
age power is computed for all power-states and stored in a lookup-
table (LUT).

This LUT, along with the traces obtained in the first phase, are
used by an efficient trace analysis step to determine the average
power consumption (considering both dynamic and leakage power)
for the current sample. This step is repeated for all sample points.
The larger the size of the sample space, the lower is the sampling
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Figure 2: Comparing distributions obtained through the two
analysis methods
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Figure 3: Variation-aware system-level power analysis

error associated with the resulting power distribution. Note that,
unlike the direct Monte Carlo approach described earlier, time con-
suming simulations are not part of the sampling loop in the pro-
posed methodology. Therefore, very large numbers of samples can
be analyzed efficiently with the proposed approach, leading to low
sampling error. The power traces can be optionally processed by
a trace compaction step prior to Monte Carlo simulations for even
faster analysis. The output of the methodology is a distribution of
system-level power, and optionally, a power variability profile ver-
sus time. We next describe each phase in detail.

4.1 Leakage Power Modeling
In this phase, process, circuit, and system-level characteristics

are analyzed to develop variation-aware leakage power models for
each SoC component. As illustrated in Section 2, for accurate
incorporation of variations into system-level power analysis, it is
important to consider the dependence of leakage on component
power-states. A procedure to accomplish this is shown in Figure 4.

In Step 1, for each component, a set of power-states (e.g., ac-
tive, idle, sleep, deep-sleep, etc.) are identified. The rationale for
identifying power-states is that the leakage power can be distinctly
different for different power-states and depends on the number of
transistors that are powered on in a particular power-state.

In Step 2, for each power-state of each component, circuit-level
parameters are extracted for subsequent use by leakage power mod-
els. For each power-state, the total device width associated with
N-type and P-type devices that are powered on is estimated. Typi-
cally at this stage of design, detailed physical implementations are
not available. Therefore, high-level estimation techniques based on
gate-counts (similar to the ones used in [14]) are used to estimate
the total “active” device width associated with each power-state.

In Step 3, statistical leakage power models that consider pro-
cess variations are calibrated using low-level simulation data.
Most empirical leakage power models are of the form Ileakage �

αe f �L�Tox� [5, 6], capturing the exponential dependence of leakage
currents on process parameters such as channel length (L) and gate-
oxide (Tox). Here, α depends on the gate characteristics and is di-
rectly proportional to the device width and f is a polynomial func-
tion of the process parameters and hence, is a random variable un-
der process variations. Assuming process parameters are normally
distributed, leakage current follows a log-normal distribution. The
leakage of a circuit is given by the sum of the correlated log-normal
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Figure 4: Power-state based leakage power modeling

leakages of its constituent gates, which is approximated with an-
other log-normal distribution [5, 6].

The leakage current of the circuit (Ickt) is sum of the leak-
ages in the N-type transistors (Inckt ) and the P-type transis-
tors (Ipckt ). The corresponding distribution parameters are given by
µ�Ickt� � µ�Inckt ��µ�Ipckt �, and σ2�Ickt� � σ2�Inckt ��σ2�Ipckt ��2�
COV �Inckt � Ipckt �. Modeling the circuit as a sea of identical gates
and ignoring spatial variations within the circuit, we can write
Inckt � ∑ Ini � Kn � In, and Ipckt � ∑ Ipi � Kp � Ip, where, Kn and Kp
depend on circuit level characteristics identified in Step 2, and In
and Ip represent the leakage current of unit width N-type and P-type
devices, respectively. The distribution parameters are computed us-
ing µ�Inckt � � Kn �µ�In�, σ�Inckt � � Kn �σ�In�, µ�Ipckt � � Kp �µ�Ip�,
and σ�Ipckt � � Kp �σ�Ip�. The parameters µ�In�, µ�Ip�, σ�In� σ�Ip�
and COV �In� Ip� are determined through SPICE simulations of ac-
curate MOSFET models [15], where the transistor parameters are
varied through Monte Carlo sampling. Similar data could also be
obtained through detailed measurements of transistor off current
for a set of test chips. The result of this step is a set of random
variables with specified distribution parameters that model leakage
power for each sub-circuit.

4.2 System Simulation and Power Analysis
In this phase (Phase 2 of Figure 3), simulation-based system-

level power estimation is performed for the target SoC architecture.
The inputs consist of a system-level test bench that models typical
operating conditions, an architectural model of the target system,
and a set of power models that track the dynamic power of each
SoC component at the cycle level. The output is a set of cycle-level
traces of dynamic power consumption over time for each compo-
nent. In addition, a trace of the power-states for each component
over time is also generated.
Trace Compaction: In this optional step, the generated traces are
compacted, enabling more efficient analysis at the expense of tem-
poral detail. The original cycle-level trace contains fields for the
cycle number, dynamic power, and the power-state. High cycle-
level profiling accuracy can be achieved with this trace. Trace com-
paction preserving temporal information involves collapsing con-
secutive cycles, in which the power-state of the component remains
the same, into a single trace entry that contains the total number of
collapsed cycles, average dynamic power for those cycles, and the
power-state. Since temporal ordering of power-states and dynamic
power is preserved, albeit at a coarser granularity, power and vari-
ability profiles vs. time can still be generated. If trace compaction
is performed without preserving temporal information, more sig-
nificant compaction can be achieved. The trace is reduced to a dis-
tribution of power-states (the number of clock cycles spent by each
component in each state), and the corresponding dynamic power
estimates that are averaged over all occurrences of each state. Us-
ing this compact representation, the analysis is extremely fast but
is incapable of estimating profiles of power, or power variability
vs. time. These schemes provide the flexibility of trading analysis
efficiency for temporal resolution, based on user requirements.

4.3 Monte Carlo Analysis
In phase 3 of the methodology (Figure 3), the following two steps

are executed iteratively for a fixed number of samples, to generate
system-level power distributions and power variability profiles.
Monte Carlo Leakage Sampling: In this step, Monte Carlo sam-
pling is performed on the distributions generated in phase 1 to ob-
tain leakage power estimates for each SoC component in each of
its power-states. If we are modeling only inter-chip variations, a
single sample is used to determine leakage power estimates for all
the components (this can be easily extended to model intra-chip
variations as well). Leakage estimates are stored in a LUT that is
indexed by component name and power-state.
Trace Analysis: The trace analysis procedure makes a single pass
over the trace. For each trace entry, it obtains the component’s
leakage power from the LUT based on the power-state specified
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in the trace entry. The result is added to the dynamic power con-
sumption (available in the trace). When cycle-level traces are used,
this step generates a system-level power trace at the cycle level. If
trace compaction preserving temporal information is used, power
profiles are generated at a granularity determined by the frequency
at which components undergo power-state transitions. In both the
cases, average power dissipation of the system for the entire trace
is calculated. When temporal information is not preserved, the pro-
cedure simply computes the average power associated with each
power-state by adding the average dynamic power in that state
to the corresponding leakage sample obtained from the LUT. A
weighted average is then computed, using the probabilities of oc-
currence of the power-states as weights, to generate a power sam-
ple. By iterating the leakage sampling and trace analysis steps, we
generate a distribution of total system power consumption.

5. EXPERIMENTAL RESULTS
In this section, we describe our experimental set up, and present

results that compare the proposed method with the simple exten-
sions of existing techniques described in Section 3.
Experimental Setup: For our experiments, we modeled the SoC
described in Section 2 using cycle-accurate SystemC [16] models
for all the hardware components, an instruction-set simulator for
the CPU, and transaction-level models for the on-chip bus. All the
components were enhanced with dynamic power models [13] and
leakage power models (Section 4). The models were calibrated
using data collected from Monte Carlo HSPICE simulations using
90 nm BSIM3 models [17]. We considered inter-die channel length
variations with 3σ�µ of 30%. Trace analysis was implemented us-
ing the C-MEX utility in MATLAB [18].
Efficiency Comparison: Table 1 presents the time required to gen-
erate the power distribution for the example SoC (column 2) and the
resulting speed up (column 3), using different analysis methods. It
can be seen that our method is about 2 orders of magnitude faster
than direct Monte Carlo simulation. Efficiency improving tech-
niques such as trace compaction enable even higher speedups of 3-
5 orders of magnitude compared to direct Monte Carlo simulation,
resulting in efficiency comparable to spreadsheet-based analysis.
Accuracy Comparison: Table 1 also presents the estimates of the
“power yield”, i.e., the fraction of manufactured chips that meet
a specified power budget during normal operation (columns 4-6),
as estimated by different methods. Our approach results in no
accuracy loss with respect to Monte Carlo simulation (rows 2-5).
Rows 6 and 7 present the power yield estimates obtained using
spreadsheet-based analysis. In the pessimistic approach (row 6) all
transistors are assumed to be leaking all the time. Therefore, the
SoC leakage distribution (µ � 6�36 mW , σ � 12�35 mW ) is di-
rectly added to the dynamic power estimate. In the optimistic ap-
proach (row 7) the idle components are assumed to be in deep-sleep
state, thereby consuming negligible leakage power in those periods.
It can be seen that the spreadsheet-based approach provides very
loose quantitative bounds on the actual power yield. The proposed
methodology accurately captures the times spent by each SoC com-
ponent in each of its power-states, enabling a more accurate con-
sideration of their contributions to the total system power.

Table 1: Experimental Results
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Power Variability Profile: Figure 5 shows the temporal variation
in the system-level power and its spread due to process variations,
as generated by our methodology. The three waveforms from bot-
tom to top, represent the 25th, 50th and 75th percentiles of the
power distribution respectively. This information can be used to
identify intervals during which the system’s power variations are
high, and the corresponding power-state combinations of SoC com-
ponents. Such information could be used to modify the system ar-
chitecture, or to design appropriate power management schemes.
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Figure 5: Power variability profile versus time

6. CONCLUSION
In this work, we demonstrated that efficient trace analysis, cou-

pled with power-state based leakage modeling and Monte Carlo
sampling provides an effective means of analyzing the impact of
variations on system-level power consumption. Potential exten-
sions of this work include the incorporation of dynamically varying
parameters such as temperature and voltage, and further studies on
application of such tools to variation-tolerant system design.
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