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Abstract

With the continuing scaling of CMOS technologies, pro-
cess variation is becoming a key factor highly impacting
system-level power and temperature. Traditional methods
of assuming a uniform temperature and no process varia-
tion can lead to gross inaccuracies even for system-level
design, thus it is critical to consider the effects of process
variation and temperature variation during early design ex-
ploration. In this paper, we describe the implementation of
an architecture-level early-stage design space exploration
tool that incorporates the effect of process and temperature
variation for Network-on-chips(NoC). The tool is used to
study the impact of process and temperature variations on
power and energy-delay-product-per-flit metrics for differ-
ent NoC architectures, and our simulation results show that
design choices are very much influenced by the effects of
process and temperature variation, thus demonstrating the
importance of considering, and enabling the high-level im-
pact analysis of process and temperature variation early in
the design flow.

1. Introduction

The continuing scaling of technology poses several de-
sign challenges for future high performance architectures.
One such challenge is dealing with the increased effects
of process variation. Besides, the continuous increase in
operating frequency along with higher on-chip integration
of functionalities has been exacerbating chip power density
and within-die temperature fluctuations.

These problems and their impact on power and perfor-
mance have gained attention in the past few years. Tech-
niques that mitigate process variations have been proposed
[1, 2]. Several works used actual chip measurements to
study the magnitude and spatial correlation of process vari-
ation [3, 4], while others developed statistical models for
estimating leakage power and yield in the face of process
variations [5–10]. However, power estimation accounting
for variability at architecture or system level have gained
attention only recently [11–16]. Many decisions taken at
system level can significantly affect the power and temper-
ature profile as well as the overall performance. Assuming
a uniform temperature and no process variation can lead to
substantial inaccuracies in system-level design choices. It is
thus important to accurately and efficiently estimate power
taking into account process and temperature variations so
that they can be accounted for early in the design stage.

In this paper, we investigate how system-level design de-
cisions for multi-core chips are affected by process and tem-

perature variations, focusing specifically on the network-
on-chip (NoC) interconnecting these chips, as NoCs are
emerging as the scalable interconnect replacing buses and
crossbars in many-core chips [17,18]. Except for [14], prior
works on system level power estimation were performed
for small circuit functions or uniprocessors [11,13,15,16].
NoC power estimation is important as NoCs consume a sig-
nificant amount of total on-chip power. For example, MIT
RAW’s on-chip interconnection network consumes 36% of
total power [19], Intel 80-core Polaris’s on-chip network
consumes 39% of total power [20].

In this paper, we extend Polaris [21], a system level
power/performance design space exploration tool for NoCs
to take into account process and temperature variations. In
particular, we focus on leakage power estimation as dy-
namic power is not significantly impacted by channel length
variations and threshold voltage variations [13]. Polaris
is a rapid design space exploration tool that estimates net-
work power-performance and provides designers with rela-
tive power-performance rankings that can be used to make
architectural choices at early design stage. By factoring in
process and temperature variations, our results show the im-
portance of considering and quickly estimating the impacts
of both the process and temperature variations together be-
cause the design decisions taken at early design stage might
be changed.

The remainder of the paper is organized as follows. Sec-
tion 2 presents background on how process and temperature
variations impact leakage power. Section 3 explains how
Polaris is extended to take into account process and temper-
ature variations. Section 4 studies the impact of process and
temperature variation on on-chip interconnection network
power and energy-delay-product-per-flit metrics estimation
across different architectures. The paper is then concluded
in section 5.

2. Background and Motivation

Systematic and random variations in process, supply
voltage and temperature have become a major challenge
to future high performance architecture design. Process
variation is mainly caused by the difficulties in the precise
control of lithography and inherent random processes, thus
causing line edge roughness. With the continuing reduc-
tion of the number of dopant atoms in the channel between
source and drain in a MOSFET, random dopant-density
fluctuation causes variation in the transistor characteristics.
Moreover, the increase in operating frequency for each pro-
cessor generation has resulted in significantly higher power-
density and on-die temperature; additionally the spatial and
temporal variation in workloads and levels of activity across
the multi-core die, the uneven thermal environment of the



chip, etc. inevitably lead to subtantial power-density and
temperature variation within the chip. Temperature varia-
tion can lead to hot-spots and points of reliability failure
and has an exponential realationship with leakage which
can cause further exacerbation of power [22].

Process variations can be classified into die-to-die (D2D)
and within-die (WID) variations. D2D variations affect all
the transistors on the same chip in the same way while WID
variations affect different transistors differently on the same
chip [5]. For higher-performance IC designs, D2D and
WID variations have a significant impact on system per-
formance and power consumption. A key process param-
eter subject to variation is the transistor threshold voltage
(Vth). Process and temperature variation leads to variation in
threshold voltage, and leakage current has exponential rela-
tionship with threshold voltage. So transistor sub-threshold
leakage is strongly dependent on threshold voltage and tem-
perature. Variation in functionality across the chip results
in uneven power dissipation; this variation results in uneven
temperature profile across the chip, which in turn causes
leakage variation across the chip and increases the variabil-
ity.

The sub-threshold leakage current can be given by [23]
as:
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where Vth is the threshold voltage, Vds is drain-to-source
voltage, Vgs is gate-to-source voltage, and Vt = kT
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From Equation (1) and Equation (2), we can get that:
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Equation (3) illustrates that Isub has strong relationship
with temperature T and threshold voltage Vth. As Vth is
highly impacted by process variations due to Le f f variation
and dopant concentration variations, Isub will also be criti-
cally impacted.

Figure 1 shows the relationship between leakage power
and threshold voltage Vth [23]. The leakage power is nor-
malized to the leakage at fixed Vth of 0.25V. We can see
leakage power increasing rapidly with the decrease of Vth.
Fig. 2 plots the leakage power as a function of tempera-
ture [24]. The leakage power is normalized to the leakage
power at 40 ◦C. We can see that leakage power increases
rapidly with the increase in temperature. Besides, differ-
ent functionality across different circuit blocks will lead to
further temperature fluctuation on the chip, thus causing un-
even leakage power on the chip.

In short, we see that leakage power is strongly affected
by process variation and temperature variation. With the
continuous scaling of technology, this problem is becoming
more and more critical. We can no longer assume uniform
temperature and ignore process variation even at the early
stages of design.

3. Proposed Work

Polaris is a system level roadmap for on-chip intercon-
nection networks developed by Soteriou et al. [21, 25]. It

Figure 1. Leakage power and Vth relationship

Figure 2. Leakage power and T relationship

is a toolchain that can rapidly explore a large design space
of NoCs, estimate system-level power/area/delay and guide
designer towards the most suitable architectures that best
balance cost/performance based on designer’s needs at the
early design stage. The reason we choose to use Polaris is
because it incorporates a large design space of 7872 NoC
designs and the simulation time is much faster than detailed
cycle-accurate simulation while ensuring reasonable accu-
racy. Thus, this tool is suitable for us to use for exploring
the effects of process and temperature variations for early
design space exploration. We choose to use Polaris also be-
cause Polaris and Orion have a significant user base of sev-
eral hundreds users, and so our extending of it to include
process and temperature variations will hopefully benefit
those users as well.

We will first introduce the original Polaris toolchain
which does not consider parameter variation effects, be-
fore explaining how the tool is extended to estimate NoC
power with consideration of process variation and tempera-
ture fluctuation.

3.1. Introduction to the Polaris toolchain
Figure 3 shows Polaris’s flow chart for rapidly estimating

power/area/delay of large design space and provide design-
ers with roadmapping tables, i.e. tables with estimates of
various metrics for alternative NoC designs at different pro-
cesses [21]. The flow chart includes three steps. The first



step is synthetic traffic traces generation using Trident [26],
which are then used to drive and exercise each NoC design.
Trident is a synthetic traffic generator which can generate
artificial traffic traces based on designer’s requirement. The
author of [26] first derives a traffic model that can accu-
rately capture characteristics of real-world traffic, and then
classify them into several categories which can represent
different traffic traces. The designers can specify their traf-
fic characteristics, and Trident can generate artificial traf-
fic traces according to designer’s application. The second
step is network resource utilization with LUNA (Link Uti-
lization for Network Analysis) [27]. LUNA is a network
analyzer which takes the traffic traces from Trident as in-
put and calculates network resource utilization for a wide
range of architectures, and then estimates network activ-
ity/utilization, delay and contention. The third step is net-
work power and area estimation using Orion [28]. Orion is
a power and area library for different router configurations
which projects potential circuit structures for each configu-
ration at each technology node. It takes LUNA’s resource
utilization information for each router and link as input ac-
tivity and factors that with Orion’s router power estimates
and wire capacitance estimates projected by ITRS [29]
along with router distance either provided by designer or
projected by ITRS [29]. After this, router power and link
power are added together to estimate the whole on-chip in-
terconnection network power. Orion also estimates the area
for each network-on-chip configuration based on the pre-
scribed circuit structure and assumed layout.
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Figure 3. Polaris network roadmapping toolchain
After the three steps above, Polaris compares results of

power/area/delay among each network-on-chip configura-
tion and provides the designer with roadmap tables: for
instance, network power, latency, energy-delay-product-
per-flit and power per area. Based on this roadmap ta-
ble information, designers can then choose the most suit-
able network-on-chip architecture that satisfies their re-
quirements and design constraints.

3.2. Extension of Polaris power models to consider
process and temperature variations

The original Polaris toolchain explained in 3.1 assumes
uniform temperature within the chip and no process varia-
tion. To study how process and temperature variation af-

fects the power consumption for on-chip interconnection
networks, we extended this tool to calculate power con-
sumption with consideration of process variation and tem-
perature fluctuation for on-chip interconnection networks.

Figure 4 presents an overview of the power modeling
methodology considering process and temperature varia-
tions which is incorporated into Polaris toolchain. This it-
erative approach was adapted from [11]. In [11], the au-
thor estimates the full chip leakage considering power sup-
ply and temperature variations. We use this methodology to
consider process and temperature variations. We extended
Orion’s leakage power model [30] to make it process and
temperature aware. For dynamic power, since it is not as
significantly affected by process and temperature variations
as leakage power, we left Orion’s dynamic power model
[28] untouched.
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Figure 4. Power model flow chart considering process and tem-
perature variation using Monte Carlo simulation

In Figure 4, a process sample point from the D2D pro-
cess variation model is fed into the leakage power model,
and leakage power consumption is calculated at an initial
temperature. Combined with dynamic power estimation,
the total power profile is calculated. This power profile is
then fed into thermal simulator to estimate the thermal pro-
file. This thermal profile is then used to re-calculate the
leakage power profile since leakage power has strong de-
pendence on temperature. This power changes will again
affect temperature profile [11]. After several iterations,
the difference between each loop will be small enough and
we can get acceptable accuracy for the power and temper-
ature estimation with high efficiency. This procedure is
performed based on Monte Carlo simulation and randomly
generated sample point is used for each simulation until a
certain confidence level is ensured. After Monte Carlo sim-
ulation, a power distribution profile is generated for this de-
sign point. Designer can run the simulation for different de-
sign choices and select the most suitable design parameters
that satisfy the design requirements. We will next explain
each of the new components in detail.



3.3. Leakage power model
As transistor feature size gets smaller and smaller, it’s

getting more and more difficult to precisely control the fab-
rication process, thus causing process variations. There are
two major parameters subject to process variations that are
important for microarchitectural and system level design.
One is the effective transistor channel length (Le f f ), the
other is transistor threshold leakage (Vth). We choose to use
Vth as the process variation parameter in our power model,
but other sources of variations such as Le f f can be incorpo-
rated in our work as well.

In [30], the authors propose an architectural level leak-
age power modeling methodology and the proposed leak-
age power model was incorporated into Orion. While it is
validated against Spice to be accurate at 70nm, the leakage
power model does not incorporate the effects of process and
temperature variations. Besides, the leakage power model
is for sub-threshold leakage. With the contiguous transis-
tor scaling, gate oxide thickness is projected to scale for
future technologies [29], which causes gate leakage to in-
crease rapidly. So it’s important to consider gate leakage as
well in the leakage power model.

In order to consider process variation and temperature
variation effects, we incorporate leakage current models
from HotLeakage developed by Zhang et al. [31] into
Orion for estimating sub-threshold leakage and gate leak-
age. HotLeakage is an architecture level leakage power
model that includes temperature, voltage, gate leakage and
parameter variations. It uses the BSIM3 V3.2 [32] leak-
age equation of MOSFET to model the leakage of a single
transistor and extends the Butts-Sohi [33] model to take
into account the stack effect and interaction among multi-
ple transistors. It includes parameters of supply voltage,
threshold voltages, oxide thickness and temperature.

In our simulator, we replace the original leakage model
in Orion with the leakage power models from HotLeakage.
We fine tune the sub-threshold leakage current model from
HotLeakage with simulation and real chip measurements
from [24]. We keep the gate leakage current model from
HotLeakage untouched.

While Hotleakage models supply voltage and oxide
thickness parameters, we only concentrate on Vth and T as
our parameters because these two parameters are the ma-
jor contributors to sub-threshold leakage. For Vth, we con-
sider D2D Vth variation currently because we are targeting
at early design space study and D2D variatons are more in-
teresting to us. We assume the same Vth in each chip while
different chips have different Vth. We also assume a normal
distributions among chips for Vth variations. We estimate
the on-chip temperature at the router granularity, that is dif-
ferent routers on chip have different temperatures based on
the traffic activity, but a single router is modeled as a single
temperature source.

3.4. Thermal model
To calculate the temperature profile, we use the thermal

simulator ISAC developed by Yang et al. [34]. ISAC is
a chip-package thermal analysis tool used in IC synthesis
and design. It takes a three-dimension chip and package
thermal conductivity profile, as well as power dissipation
profile as input parameters. It uses a multigrid incremen-
tal solver to progressively refine thermal element discretiza-
tion and rapidly produce a temperature profile. The thermal

analysis provided by ISAC is very fast due to their adapta-
tion of spatial resolution and temporally decoupled element
time marching techniques. Further, the authors show an ac-
curacy of 99% using industrial and academic synthesis test
cases and chip designs. Hence we chose to incorporate this
model for thermal profile analysis in our early design stage
exploration.

In our simulator, we use steady-state thermal profile. De-
signer can provide a power profile for the computing and
storage parts on the chip. The simulator calculates the
power consumption of each router on the chip using Orion
with the leakage model from HotLeakage. Then the NoC
power profile is combined with the user-defined computing
and storage power profile to form a whole chip power pro-
file. This whole chip power profile is then fed into ISAC.
ISAC rapidly calculates the temperature for the whole chip
and provides the thermal profile for the chip as the output.
The updated thermal profile is then fed into Orion to re-
calculate the power consumption. This procedure will iter-
ate until the temperature and power profile converges.

3.5. Monte Carlo Simulation
We use Monte Carlo simulation to estimate power distri-

bution for interconnection network under process variation.
For each simulation, a sample Vth is randomly generated
from the pre-defined process variation model and leakage
power is calculated at this Vth. This step is performed with
enough sample points to ensure a pre-defined confidence
level is achieved, thereby generating a power distribution
profile.

3.6. PolarisPT: Polaris toolchain considering pro-
cess and temperature variations

After explaining each part of the power model flow chart,
now we incorporate this power model into Polaris toolchain.
Figure 5 presents the new Polaris toolchain (PolarisPT)
which now considers process and temperature variations for
power estimation. The artificial traffic generator Trident
first generates synthetic traffic trace, and this traffic trace is
fed into LUNA to capture the network resource utilization
and calculate the network latency. The network resource
utilization information is then fed into Orion (which now
includes a process-variation-aware leakage power model)
to calculate the power consumption distribution with con-
sideration of process and temperature variations. Monte
Carlo simulation is performed at this step with enough sam-
ple points so that a pre-defined confidence level can be
achieved. (designers can define the number of samples as
simulation input as well). Within each run at this step, leak-
age power is calculated iteratively with the sampled Vth and
simulated temperature until the power/thermal profile con-
verged. After the Monte Carlo simulation, a power distri-
bution envelope is generated. Orion also calculates the area
for on-chip interconnection networks at this step. Finally,
PolarisPT will provide designers simulation results contain-
ing network power distribution, latency, area, energy-delay-
product-per-flit for different network configurations.

4. Experimental results

This section analyzes the impact of die-to-die(D2D)
threshold voltage Vth variation and within-die (spatial) tem-
perature variation on interconnect network design. Espe-
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Figure 5. PolarisPT toolchain with consideration of process and
temperature variations

cially, we study the power and the energy-delay-product-
per-flit (EDPPF) distributions for various interconnection
network architectures.

4.1. Experimental setup
We consider a mockup chip similar to Intel’s 80-core ter-

aflops NoC [20, 35] for our baseline system and analysis.
While this is a hypothetical chip, the parameters are derived
largely from the aforementioned 80-core chip for a realistic
baseline. As such, our experiments assume 64-node NoC
designs, 65nm processing technology, a supply voltage of
1.2V and the operating frequency of 3.8GHz. For our study,
we scaled this chip’s floorplan to 64 cores, which comes to
14.4mm by 14.4mm. The standard deviation of D2D thresh-
old voltage is assumed to be 6% based on the ITRS projec-
tion [29]. Table 1 summarizes the parameters used in our
simulation.

Table 1. Parameter values

Technology 65 nm
Clock frequency 3.8 GHz
Supply voltage 1.2 V
Vth µ = 0.25V , σ / µ = 6%
Non communicatin component power 1.2W/core
Confidence interval 95%
Die size 14.4 mm × 14.4 mm × 0.6 mm
Heat sink 60 mm × 60 mm × 6.8 mm
Ambient air temperature 45 ◦C

Our study considers several network topologies: 2D
mesh plain, 2D torus plain, 2D mesh with express cube, 2D
torus with express cube, 2D mesh with hierarchical link and
2D torus with hierarchical link. Table 2 shows the design
space studied in our experiment. For each topology, we as-
sume a packet has five 64-bit flits 1. Synthetic traffic traces
generated from Trident [26] are used as the input to the

1Flit is flow control unit, a fixed-length segment of a packet.

system simulator. Due to the limited space, the simulation
results shown here are for long-distance, moderately bursty
and hot-spot traffic, as characterized by Trident. Our results
show similar trends for other traffic patterns though.

Table 2. Design space explored in the experiment
Topology 2D mesh plain

2D mesh with express cube interval 2,3
2D mesh with hierarchical link interval 2,3,4
2D torus plain
2D torus with express cube interval 2, 4
2D torus with hierarchical link interval 2,3,4

Buffer size
(64-bit flits) 4, 8, 16, 32
Virtual channels
per link 1, 2, 4, 8
Routing Deterministic routing
Flow control Wormhole, virtual cut-through

4.2. Effects of process variation and spacial tem-
perature variation

Our baseline experiment involved simulating our ”chip”
under the assumption of no D2D Vth variation and a single
uniform temperature of 80 ◦C. Then the chip power and the
energy-delay-product-per-flit for the traffic described above
were estimated for the various interconnection network con-
figurations. We then simulated the system considering D2D
Vth variation and the spatial T variation on a set of 500
chips. For all the described experiments, we made a sim-
plifying assumption that the change in temperature did not
affect the power dissipation in components other than the
network. In other words, we assumed that power dissipation
in storage and computation blocks of the simulated chips all
remained constant, and that the leakage of the network com-
ponents were affected by the temperature and vice versa.
(We suspect that the change in power dissipation and per-
formance of these non-network blocks will further accentu-
ate the total effect of variation on the design metrics.) We
modeled total leakage as the sum of sub-threshold and gate
leakages. Although our system can be easily extended to
assign different power densities for the different computa-
tion and storage areas of each tile (a physical area associated
with a core and its router) on the chip based on block-level
power estimations as desired, for our simulation, we used a
uniform power density for these non-network components.

In figure 6, the x-axis shows the first eight network archi-
tectures that have the lowest power consumptions assuming
no process variation and uniform temperature. By archi-
tecture here we mean the network topologies and their spe-
cific configurations denoted in the format: topology variant
(buffer size, number of virtual channels). For example, by
”mesh plain (4,2)” we mean a 2D mesh topology in its plain
variant with an input buffer-size of 4 flits/virtual-channel
and 2 virtual channels per router port. From left to right
on the x-axis, the architectures are ordered in increasing
value of their estimated power consumption. The y-axis
represents the power consumption normalized to the lowest-
power NoC architecture, among the set considered (still as-
suming no variation effects), which is mesh plain with 4
buffers per virtual channel and 1 virtual channel per port
( i.e., no virtual channel). The bottom plot in the figure
shows two bars for each architecture where the left bar indi-
cates estimated interconnect power assuming no variations.
The right bar shows the estimated power when considering



both the effects of Vth and T variations. The bands in the
right bars show the power variations across the set of chips
simulated. The longer bands imply higher variations across
chips. From this bottom part of the figure, we can see that
when considering the effects of Vth and T variations, the
average power consumption increases compared to the no
variation scenario, for each network architecture shown in
the figure. This is because leakage power has exponential
relationship with T . The higher the T, the leakier the tran-
sistors. Now with the consideration of Vth and T variations,
the power consumption becomes a distribution rather than
a single, deterministic number. We note that the larger the
average power consumption, the higher the variations. We
have used the mode of the distribution to mean the single
’average power’ number in the discussion here. (In prac-
tice, typically the slowest and the fastest, i.e. very leaky,
parts get rejected and the rest get binned. So, the average
power may be suitably defined for each bin considered.)

The upper part of the figure 6 shows the product of the
power distribution’s standard-deviation and mean (σ × µ) –
this is a metric relevant while considering parametric yield
and total power of chips manufactured under the reality of
Vth and T variations. We use this metric to evaluate the
power ranking taking into account both the average power
and its variance caused by variation effects. Using this met-
ric, we can see that the relative ranking for these lowest-
power architectures still keeps the same trend as the ranking
assuming no variation. From both the plots of our results,
we observe that even though the average power increases
when considering Vth and T effects, the relative ranking
for the lowest-power network configurations doesn’t vary
much. This is because the ones that have lower power
consumption also have typically simpler architectures us-
ing fewer network resources (thus more tolerant of the vari-
ations), and have longer latencies. Across our design space,
we found out that typically torus plain and mesh plain are
more tolerant to Vth and T variations than the architectures
with express links or hierarchical links.

Even so, it is important to estimate power taking into
account process and temperature variation because even
though the lowest-power ranking may not vary much, a de-
sign may have a power envelope (constraint) within which
the design is being optimized for performance. So, signifi-
cant inaccuracies in total power dissipation may lead to in-
correct design decisions as variations can introduce substan-
tial differences in dissipation.

For the configurations that have lower power consump-
tion, they are also the ones that have higher latency due to
their relative simple router architectures and topology. So
next we evaluate the EDPPF (energy delay product per flit)
across our design space as this accounts for both perfor-
mance and power dissipation. Figure 7 shows the first eight
network configurations that have the lowest EDPPF with
and without Vth and T variations considered. The x-axis in
the figure lists, in increasing order of the EDPPF, these eight
network architectures and configurations that have the low-
est mode EDPPF when assuming no process variation with
uniform temperature. The y-axis is the EDPPF normalized
to the lowest EDPPF architecture under no variation, which
is the torus plain (8,2). From the figure we can see that
when assuming no variations, torus plain(8,2) has the lowest
EDPPF. But when considering Vth and T variation effects,
torus(4,2) actually has the lowest average EDPPF. Besides,
torus (4,2) has lowest EDPPF variations across chips. So,

designers might want to choose torus (4,2) when looking for
configurations targeted at low EDPPF and if the layout/area
constraints are feasible. From the figure, we can also notice
that even though torus (4,1) has relatively higher average
EDPPF among these top eight configurations, its EDPPF
variance is much smaller than torus (16, 2) and torus (8,
4), so this factor should be taken into account when mak-
ing design decisions. The upper part of the figure shows
the associated product of mean and standard-deviation (σ
× µ) metric. We use this metric to evaluate both the aver-
age EDPPF and the variance across chips together. Using
this metric, we can see that torus plain(4,2) has lower σ ×

µ than torus plain (8,2). Torus plain(8,1) now ranked third
in EDPPF which is better than torus plain (4,4). An evi-
dent from the figure, upon considering the combined effects
of mean and variance of EDPPF, the ranking becomes quite
different when compared to the no variations scenarios. De-
signer taking into account several metrics and considering
the effects of Vth and T variations, as we demonstrate, can
significantly alter design decisions. Hence, the importance
of considering effects of variations on power and perfor-
mance during early design exploration.

Figure 6. Normalized power considering T and Vth variation topol-
ogy variant (buffer size, number of virtual channels)

Figure 7. Normalized EDPPF considering T and Vth variation



4.3. Sensitivity analysis
Next we perform sensitivity analysis in the design space,

i.e., the effect of the two considered variations are analyzed
independently of each other.
4.3.1. Effect of temperature variation only

First, we study the impact of within-die temperature vari-
ation on power dissipation of interconnection networks, and
compare the results against the experimental results that as-
sume no process variation and a uniform temperature at
80◦C. Again, in this simulation, we assume that the temper-
ature variation comes only from power dissipation variation
across different interconnection network blocks on the chip
(i.e., all the computation and storage blocks on the chip are
held at the same, fixed power density for simplicity).

The x-axis of figure 8 presents the first eight network
architectures or configurations that have the lowest power
consumption when assuming no process variation and uni-
form temperature. The left and right-hand bars for each of
these architectures shows power dissipation in presence of
no variations and in presence of temperature variation only,
respectively. The y-axis is the power consumption normal-
ized to the lowest-power dissipating architecture, under no
variation effects, which is mesh plain (4,1). From figure 8,
we see that NoC power consumption increases from 2.2% to
6.4% with an average increase of 4% for these eight config-
urations, due to the impact of temperature variation across
the chip. It is also seen that although the power consump-
tion increases across all eight configurations upon consider-
ing temperature variation, the relative power ranking among
them does not vary much for the reasons discussed before.

Figure 8. Power comparison

Next we evaluate the EDPPF among our design space.
Figure 9 shows the first eight network configurations that
have the lowest EDPPF with and without temperature vari-
ation consideration. From the figure we can see that when
assuming uniform temperature across the chip, torus plain
torus(8, 2) has the lowest EDPPF. But when considering
temperature variation across the chip, torus plain torus(4,
2) actually has the lowest EDPPF. This is because tempera-
ture variation has more impact on power for torus(8, 2) than
torus(4, 2). From the figure we can observe that the ranking
is changed due to the effects of temperature variation. These
results demonstrate that it is important to consider temper-
ature variation at the early design stage as design decisions

Figure 9. EDPPF comparison

can change.
In our simulation, we assume an initial temperature of

80◦C for each router region. Thermal simulation gives us
a new temperature which in turn is used to compute new
leakage power. This leakage power affects the power den-
sity which results in a new temperature estimation. This
simulation “loop” typically lasts for 4 to 5 iterations before
converging to stable temperature and leakage values. We
also studied the dependence, on the initial temperature, of
the number of iterations to converge and the final temper-
ature reached. Our experiments show remarkable stability
where neither the number of iterations nor the final con-
verged value depend much on any reasonable starting tem-
perature, as shown in figure 10.

Figure 10. Thermal simulator initial temperature set on stability
analysis

4.3.2. Effect of process variation only
When considering process variation for the power esti-

mation, the power consumption is a distribution rather than
a deterministic number as we explained before. Figure 11
shows that the power variance increases as the power con-



sumption rises. Since mesh plain and torus plain have rel-
atively simpler router/topology and lower power consump-
tion, the standard deviation of their power distributions are
relatively small as well. From our experimental result, we
found that typically torus plain and mesh plain are more
tolerant to process variation than the architectures with ex-
press cubes or hierarchical links. In our simulation, torus
with hierarchical link of interval 2 has the lowest latency,
but their power variance is also much higher, making them
less tolerant of process variations. This is because the net-
work architectures which have higher performance are also
the ones that use a lot of resources (larger buffer sets, more
virtual channels), thus tend to be worse in tolerating process
variations. (see figure 12). This figure shows that the 2D
torus with hierarchical lik of interval 2 with 16 buffer-size
and 4 virtual channels – plotted on the right side – has much
higher power and spread/variance than the mesh-plain(4,1)
plotted on the left. The latency for this mesh is, however,
1758 cycles as opposed to the 53-cycle latency of the said
torus for a particular simulation of traffic.

Figure 11. Normalized power vs. Vth variation

Figure 12. Normalized power for torus with hierarchical link inter-
val 2 (16, 4) and mesh plain (4,1)

Figure 13 shows the EDPPF result when consider pro-
cess variation. It shows that even though the standard devi-
ation of EDPPF varies for different network architectures,
the relative ranking among this first eigth network architec-
tures do not vary much except for torus plain (4,1) now has
lower σ × µ than torus plain (16,1).

Figure 13. Normalized EDPPF for Vth variation

In summary, we found that it’s important to consider and
quickly and accurately estimate the impacts of both the pro-
cess and temperature variations together. Otherwise, if con-
sidered separately, the design decisions can be significantly
different from the reality where both factors occur simul-
taneously [36]. Furthermore, we showed the significance
of considering both power and performance of designs as
both those design properties are very important to practi-
cal designs. Although, we have focused on Vth for process
variation, the other sources of variation such as Le f f can be
incorporated in our work.

5. Conclusions

In this work, we implemented an architectural level
power estimation simulator into a rapid design-space explo-
ration toolchian (PolarisPT) which considers the effects of
process and temperature variations for leakage-aware power
estimation for NoCs. We then investigated how process
and temperature variations affect the power consumption
and energy-delay-product-per-flit for on-chip interconnec-
tion network designs. From the experiments, we can see
that process and temperature influence the power consump-
tion and EDPPF significantly enough to change designer’s
decision in choosing a network architecture. Not only is it
quite important to take these factors into account, but also
we should consider them simultaneously in the early design
stages. We expect that as technology continues to scale,
the importance of considering these effects will grow. For
future work, we will extend it to study how process and
temperature variations affect the latency and throughput of
NoCs, along with the estimation’s runtime efficiency.
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