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Abstract—As CMOS technology scales to nanometer regime,
power dissipation issues and associated thermal problems have
emerged as critical design concerns in most high-performance
integrated circuits (ICs) including microprocessors. In this sce-
nario, accurate estimation of the silicon junction (substrate or
die) temperature is crucial for various performance analyses and
chip-level thermal management. This paper introduces the no-
tion of self-consistency in the junction temperature estimation
by taking into account various electrothermal couplings between
chip power, average junction temperature, operating frequency,
and supply voltage. The self-consistent solutions of the average
junction temperature are shown to have significant implications
for various chip-level power, performance, reliability, and cooling-
cost tradeoffs. Moreover, a realistic package thermal model is
introduced that comprehends different packaging layers and non-
cubic structure of the package, which are not accounted for in
traditional analyses. The model is subsequently incorporated in
the self-consistent substrate thermal profile estimation, which is
discussed in Part II with implications for power estimation and
thermal management in nanometer-scale CMOS technologies.

Index Terms—Electrothermal couplings, integrated circuits
(ICs), leakage, package, performance, power, thermal
management.

I. INTRODUCTION

DURING the past few decades, the key driver for the IC
industry has been Moore’s law, which states that the

number of transistors per chip doubles approximately every
12 months [1] (later extended to 24 months [2]). The planar
bulk MOSFET, which forms the building block of ICs and the
enabler of Moore’s law, has been continuously scaled in all
physical dimensions [3] and in the power supply voltage ap-
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plied to it [4]. While continued scaling of CMOS technologies
provides substantial benefits in the form of higher transistor
packing density, higher circuit performance, and lower cost
of ICs, power consumption (in watts) and power densities (in
watts per unit chip area) have been increasing steadily [4], [5].
Moreover, as CMOS has scaled from generation to generation,
power dissipation has historically increased proportionately to
increasing transistor density and switching speeds. However,
with the minimum feature size of the transistor entering the
nanometer regime (< 100 nm), leakage power has become a
significant fraction of the overall chip power [6]. In addition,
most leakage mechanisms are strongly temperature-dependent.
This strong coupling between temperature and leakage can
cause further increase in the total power dissipation. In fact,
the International Technology Roadmap for Semiconductors
(ITRS) [7] forecasts that high-performance microprocessors
will dissipate around 200 W within a few years. Since the power
consumed by the ICs is converted into heat, the corresponding
heat densities also rise with increasing power consumption and
power densities, resulting in elevated and nonuniform substrate
temperatures. These electrothermal effects within the chip are
leading to issues and challenges in the design and analysis
of high-performance ICs that previous generations did not
exhibit [8].

Elevated substrate temperature is widely known to have a
strong impact on the performance and lifetime of devices and
interconnects under “field,” “accelerated testing,” and “burn-
in” conditions. Higher temperature increases the risk of damag-
ing the devices and interconnects (since major back-end and
front-end reliability issues including electromigration (EM),
time-dependent dielectric breakdown (TDDB), and negative-
bias temperature instability (NBTI) have strong dependence on
temperature) even with advanced thermal management tech-
nologies [9]–[11]. Moreover, due to the increase in the number
of interconnect levels and the introduction of low-κ dielectric
materials with poor thermal conductivity, chip-level thermal
problems have become even worse [12]–[14].

Due to technology scaling and parameter variations, in-
cluding nonuniform dopant distribution in the channel region
of the transistors [15]–[17], leakage power dissipation, which
is dominated by subthreshold leakage for high-performance
ICs, becomes a significant component of total chip power
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consumption [18]. The subthreshold leakage is exponentially
dependent on temperature [19] and exacerbates with technology
scaling [6], [17]. Therefore, the increase in total chip power
consumption that causes higher substrate temperature further
increases the subthreshold leakage, thereby creating a strong
feedback loop leading to various electrothermal couplings be-
tween power, temperature, operating frequency, and supply
voltage [20]. Hence, a self-consistent electrothermal analysis
method is highly desirable to accurately estimate the aver-
age junction temperature for leakage-dominant sub-100-nm
technologies.

The rest of the paper is organized as follows. Factors leading
to electrothermal couplings at the 100-nm technology node
and beyond are discussed in Section II. Moreover, the details
and significance of electrothermal couplings between various
design metrics of high-performance ICs and temperature are
described. In Section III, first-order electrothermally-aware
analyses with implications for performance, reliability, and
thermal management are demonstrated by using a self-
consistent average junction temperature. In Section IV,
based on a typical thermal (packaging) solution for high-
performance microprocessors, a realistic package thermal
model is formulated to comprehend the impact of packaging
layers and to embed the electrothermal couplings into the
traditional heat diffusion partial differential equations. The
model is subsequently used to comprehend the impact of
packaging layers in the companion paper [21].

II. ORIGIN AND SIGNIFICANCE OF

ELECTROTHERMAL COUPLINGS

Typically, chip power dissipation has two major components:
switching and leakage power dissipation. The short-circuit
component is relatively small and temperature-independent and
can be considered as a constant factor of total power [22],
[23]. Hence, in this analysis, the short-circuit power has been
neglected.

The switching power results from the charging and discharg-
ing of circuit capacitances between different voltage levels and
increases with the chip frequency and supply voltage. The
leakage power, particularly subthreshold leakage, used to be
negligible but is rapidly becoming the dominant contributor to
the total chip power because it is highly temperature-sensitive
(being thermionic-emission-based) [Fig. 1(a)] and exacerbates
with technology scaling [Fig. 1(b)]. Note that gate leakage
(tunneling-based) is temperature-independent and can be miti-
gated by gate engineering [24]. In addition, the junction (diode)
leakage is relatively small as compared with the subthreshold
leakage [18].

The subthreshold leakage increases significantly due to the
fact that supply voltage (Vdd) scaling necessitates threshold
voltage (Vth) scaling to maintain a required performance ac-
cording to the ITRS prediction [Fig. 2(a)]. In addition, elevated
temperature lowers the threshold voltage of the transistor and
thus increases the leakage further [19]. Moreover, since the gap
between the wavelength of light for optical lithography and the
polysilicon gate length is increasing [Fig. 2(b)] [17], channel
length exhibits a significant amount of within-die variations

Fig. 1. (a) Transistor OFF-state leakage current for N-MOSFET (45-nm and
90-nm effective channel lengths) based on the BSIM3 models as a function of
operating temperature. (b) Leakage power dissipation of an NMOS device for
different technology nodes based on the BSIM3 models showing the impact
of temperature. The leakage power dissipation is normalized w.r.t the value at
130-nm node at 25 ◦C.

Fig. 2. (a) Nominal supply voltage, threshold voltage, and static power,
as technology scales, based on the ITRS’04. (b) Increasing gap between
polysilicon gate length and lithographic wavelength for different technology
nodes [17].

Fig. 3. (a) Distributions of frequency and standby leakage current for different
microprocessors on a single wafer (courtesy of S. Borkar, Intel). (b) Transistor
drive (drain) current for N-MOSFET (45- and 90-nm effective channel lengths)
based on the BSIM3 models as a function of operating temperature.

[15], which in turn, leads to a significant impact on the dis-
tribution of leakage, as shown in Fig. 3(a).

The performance itself depends on temperature due to the
dependence of the transistor on-current on operating tem-
perature. Although the threshold voltage decreases at higher
operating temperature and partially offsets the performance
degradation resulting from the lower carrier mobility, the tran-
sistor on-current still decreases at higher operating tempera-
tures [Fig. 3(b)].

The increase in total chip power consumption causes higher
die temperature, which further increases the subthreshold leak-
age. Therefore, a strong feedback loop builds up, leading to var-
ious electrothermal couplings, which had been inconspicuous in
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Fig. 4. (a) Models for various metrics are expressed in functional format.
Couplings are indicated using broken lines. Lnom is the nominal gate length, α
is the switching activity, C is the total load capacitance, F is the operating
frequency, tox is the gate-oxide thickness, and Xj is the junction depth.
(b) Schematic view of electrothermal couplings between different design
metrics. As technology scales, the couplings between the total power, leakage,
and temperature (shown by dotted arrows) become increasingly prominent.

earlier generation of ICs. Fig. 4 shows such electrothermal cou-
plings between performance, power dissipation, supply voltage,
threshold voltage, and die temperature (see Appendix for more
details).

Increasing subthreshold leakage power with scaling has a
profound impact on chip-level thermal management strategies
and can be understood by examining the following well-known
expression for the junction-to-ambient thermal resistance:

θja =
Tj − Tamb

Pchip

where θja represents a lumped value of the thermal resistance
between the silicon junction (substrate) and ambient, Tj is the
average junction temperature, Tamb is the ambient tempera-
ture, and Pchip is the total chip power consumption. From
the aforementioned equation, it can be observed that a larger
junction-to-ambient temperature difference allows a larger θja,
which translates to smaller heatsink and air flow rate (i.e.,
smaller cooling cost) for dissipating the same power. Reduction
in θja increases the packaging and cooling cost rapidly. This
has been the primary reason why package designers in the
recent past have allowed Tj to increase with increasing Pchip.
Maintaining larger Tj relaxes θja requirements in an active-
power-dominated technology. However, for technologies that
are leakage-dominant, a larger Tj will impact leakage power
(Pleakage) (Fig. 4), and hence Pchip, and thereby influence θja
and the cooling cost.

The importance of incorporating electrothermal couplings
for evaluating system-level thermal solutions in leakage-
dominant technologies is shown in Fig. 5 by sketching the de-
pendence of Tj on θja [20]. Typically, Tj varies approximately
linearly with θja when leakage is negligible (curve A in Fig. 5)
as per the expression for the aforementioned θja. However,
Tj increases nonlinearly with θja due to the electrothermal
couplings, arising primarily from the strong dependence of
leakage on temperature (curve B in Fig. 5) in leakage-dominant
technologies. Hence, in order to maintain a desired value of Tj

to meet the reliability requirements, a lower value of θja(θ1ja <

θ2ja) will be needed, leading to an increase in the packaging/
cooling cost. Therefore, for leakage-dominant technologies,
it is important to comprehend electrothermal couplings in a

Fig. 5. Schematic diagram illustrates the dependence of junction temperature
on thermal resistance for the conventional method (curve A) and for the method
considering electrothermal couplings (curve B).

Fig. 6. Overview of the self-consistent average-junction-temperature-
estimation technique [20].

self-consistent manner for accurate estimation of the silicon
junction temperature for power and performance analysis/
optimization and also for full-chip thermal management.

III. SELF-CONSISTENT AVERAGE JUNCTION

TEMPERATURE: ANALYSES AND IMPLICATIONS

First-order power and performance analyses incorporating
electrothermal couplings can be performed by estimating an
average silicon junction temperature using the self-consistent
methodology (Fig. 6) introduced in [20]. In Fig. 6, the supply
voltage and temperature dependent parameters (ION and IOFF)
are first generated and tabulated using circuit simulation for rep-
resentative transistors classified by different threshold voltages
(devices with lower threshold voltages are only employed in
the critical paths). For a given Vdd and initial Tj , the operating
frequency of the chip is estimated using the extracted Vdd and
temperature dependent ION with considerations of the logic
depth in the critical path and associated capacitances (from the
driver and load). The estimated frequency is then used in the
calculation of the switching power. The leakage power is esti-
mated by IOFF (also Vdd and temperature dependent) as well as
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Fig. 7. Average junction temperature versus supply voltage for different
ION/IOFF ratios. As the leakage increases (lowering the ION/IOFF ratio),
the average junction temperature increases superlinearly with the supply volt-
age. Note that θsys (◦C/watt) represents the thermal resistance that relates the
system power to the temperature difference between the ambient (45 ◦C) and
outside (room) temperature (25 ◦C).

the gate leakage, while considering the transistor channel length
variation. Compact packaging and cooling models [20] are
employed to calculate the new Tj from the estimated total chip
power. The estimated Tj is then compared with the initial Tj to
check for convergence. The process continues till a convergence
in the value of Tj is achieved and validated by a chip-level
reliability check (that determines the maximum allowable Tj)
for the particular value of Vdd in the analysis. The methodology
was calibrated against the measured power (both active and
leakage), frequency, and junction temperature data for a 32-bit
microprocessor to extract and/or tune certain parameters used
in the active- and leakage-power-estimation models.

Fig. 7 shows the impact of increasing subthreshold leakage
(decreasing ION/IOFF ratio) on the average self-consistent
junction temperature estimation. Tj is plotted as a function of
supply voltage (Vdd) for increasing values of the subthreshold
leakage (IOFF). It can be observed that as Vdd increases,
Tj increases more rapidly with increasing IOFF. This is due
to the fact that at higher Vdd, the chip temperature begins
to increase and couples more strongly with the subthreshold-
leakage current resulting in higher Pleakage and higher Tj .

Fig. 8 shows the self-consistent Tj (considering electrother-
mal couplings) and the percentage of leakage power in total
chip power. It can be observed that leakage power dissipation
becomes a major contributor of total power dissipation when Tj

is high (higher Vdd). This figure also implies that for leakage-
dominant technologies, lowering of Vdd may not always lead
to performance degradation as per traditional wisdom, but may
offset the degradation or may even improve performance. This
is due to the significant reduction of the junction temperature
with lower supply voltage. In Fig. 9(a), a chip-level isoreli-
ability constraint (Vdd ≤ Vmax = Tj · β + c) is superimposed
on Fig. 7. The parameter β represents a chip-level reliability
factor with a typical value of −3 mV/◦C, and c is a con-
stant depending on design requirements (e.g., c = 1.44 V in
this case). It can be observed that for the leakier technology
(ION/IOFF = 220), a lower value of Vdd is needed to meet the
reliability constraint due to a higher value of Tj (determined
by the intersection of the curves with the isoreliability line).
Fig. 9(b) illustrates the impact of various packaging and cooling

Fig. 8. Self-consistent average junction temperature and the total chip power
dissipation evaluated by applying the self-consistent methodology at different
supply voltages. An increase in the supply voltage will increase the active
power dissipation and the junction temperature. However, the leakage power
dissipation increases significantly due to the exponential dependence of the
subthreshold leakage on temperature.

Fig. 9. (a) Implications of self-consistent approach on satisfying chip-level re-
liability constraints. (b) Design guidelines for integrated packaging and cooling
solutions [20]. A higher chip performance can be achieved by employing more
efficient cooling solutions (higher η) for a given constant system-level power
dissipation and silicon junction-to-ambient thermal resistance (also known as
constant packaging).

solutions corresponding to different values of the junction-
to-ambient thermal resistance (θja), cooling efficiency (η), and
system power dissipation (Psys) [20] on the chip operating fre-
quency. Note that Psys consists of Pchip and cooling power dis-
sipation (Pcooling), where Pcooling is represented by (1 − η) ·
Pchip [20].

This plot provides design guidelines for efficient thermal-
management of high-performance ICs. For example, in case of
the processor considered in this study, a maximum frequency of
∼3.4 GHz will be obtained with θja = 0.2 ◦C/W and η = 0.8
along with Psys ≈ 75 W. On the other hand, if the same perfor-
mance is to be maintained with lower cooling efficiency, such
as η = 0.5 and η = 0.2, Psys will increase (due to increased
Pcooling) to around 95 W and 113 W, respectively.

Due to the correlation between power dissipation and tem-
perature, it is important to note that if total power dissipation
is given to be constant (e.g., measured power always includes
electrothermal couplings automatically), employing the self-
consistent methodology (considering electrothermal couplings)
will always yield a lower estimation of average junction temper-
ature than that obtained by using a non-self-consistent method-
ology (neglecting electrothermal couplings). This is because
the self-consistent methodology takes into account the coupling
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between temperature and power (primarily due to the strong
dependence of Pleakage on Tj), whereas the latter will be
limited by Pleakage, which cannot increase unbounded due to
the constant power constraint. Hence, applying self-consistent
methodology for average junction temperature estimation will
not only provide more accurate temperature estimation but will
also allow designers to avoid employing overly conservative
design rules and thereby improve performance.

The benefit of applying self-consistent methodology for in-
terconnect reliability lifetime due to EM has been shown in
[25]. Not only the interconnect mean-time-to-failure (MTTF)
can be evaluated accurately but also a higher peak current
density of interconnect during the design phase is allowed
due to a lower estimation of Tj at a constant system power
dissipation [25]. Moreover, at the circuit level, electrothermal-
energy-delay-product (EEDP) based optimization methodol-
ogy and electrothermally-aware design-specific optimization
metrics were shown to have significant implications for si-
multaneous optimization of power and performance to achieve
design-specific targets [26], [27].

First-order tradeoffs between power, performance, reliability,
and cooling-cost of high-performance ICs can be efficiently
analyzed based on an average silicon junction temperature by
the self-consistent methodology outlined earlier. However, a
detailed profile of silicon junction temperature is imperative
for investigating the impact of on-chip thermal gradients (hot-
spots) on power, performance, and reliability analyses. In order
to generate an accurate substrate temperature profile of high-
performance ICs, (as shown in the companion paper [21])
specifically for microprocessors, a more detailed consideration
of thermal (packaging) solutions must be taken into account.
This, however, requires a full-chip package thermal model as
described in the next section.

IV. FULL-CHIP PACKAGE STRUCTURE

AND THERMAL MODEL

A. Typical Chip Packaging Structure

Due to the increase in silicon junction temperature for
nanometer-scale technologies, packaging has been transformed
from playing the traditional role of a protective mechanical
enclosure to a sophisticated thermal management platform
[28], [29]. Fig. 10 shows a cross-sectional view of a typical
microprocessor package structure containing a Flip-Chip Land
Grid Array (FC-LGA) package and also a socket that interfaces
with the printed circuit board (PCB). The microprocessor die is
mounted on a package substrate (carrier).

Along the main heat-transfer path, as shown in Fig. 10, the
microprocessor die and the package substrate are attached to an
integrated heat spreader (IHS). The IHS, with a relatively larger
area than that of the die, spreads the nonuniform heat from the
die region to the top of the IHS. This improves the heat flux
from a smaller die area to a larger surface that serves as the
mating surface for the heatsink. Since the surface of these three
major components (die, IHS, and heatsink) are never smooth
enough to have a perfect contact, they are bonded together with
a thermal interface material (TIM) applied between them. The
TIM improves the poor thermal conductivity caused by surface

Fig. 10. Sketch of a microprocessor package assembly (drawing not to scale).

roughness (conductivity of TIM is much larger than that of
air) and thus enhances the overall thermal performance of the
packaging stack-up and cooling mechanisms.

There is a second heat-transfer path from the die to the PCB,
through the interconnect and dielectric layers, I/O pads, and
carrier, as shown in Fig. 10. The thermal resistance of this
path (from junction to the PCB) is normally several orders of
magnitude higher than that of the major heat-transfer path [30].
Therefore, this path has been neglected throughout this paper
because of the small fraction of heat it can transfer.

B. Heat Transfer Mechanisms in Packaged Chips

Heat is a form of energy that can be transferred as a result of
temperature difference by three different modes: 1) conduction,
in which heat passes through the matter itself; 2) convection,
in which heat is transferred by the relative motion of portions
of the heated body; and 3) radiation, in which heat is directly
transferred between the distant portions of the body by electro-
magnetic radiation. In this paper, the effect of radiative heat
losses is neglected for simplicity (effects of heat conduction
and convection are considered) since its influence is negligible
when forced convection is employed in most high-performance
ICs [31]. The silicon die is the main source of heat generation.
Heat can be exchanged and transferred by conduction within
the entire packaging stack-up and by convection at the surface
of the heatsink.

In a 3-D system, heat conduction can be quantified by
Fourier’s law as shown in the following:

Rate of heat conduction (watt) = −kA
∂T

∂n
(1)

where the negative sign indicates that the heat transfer will be a
positive quantity in the direction of a decreasing temperature
(i.e., temperature gradient ∂T/∂n is negative) based on the
second law of thermodynamics. The surface area normal to
the direction of heat transfer is represented by A. The outward
direction normal to the surface A is represented by n. The
quantity T is the temperature distribution of the material. The
thermal conductivity of the material is denoted by k and is a
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measure of the ability of the material to conduct heat. Although
the thermal conductivity varies with temperature, the variance
is relatively small within the range of operation [32]. Hence,
a constant thermal conductivity is employed for each material
in the packaging structure at the nominal temperature in the
analysis. Furthermore, for each layer, the thermal conductivity
is identical in all directions (i.e., the material of each packaging
layer is considered to be isotropic and homogeneous).

Next, heat convection, contributed mainly by the surface of
the heatsink, can be expressed by Newton’s law of cooling as
shown in the following:

Rate of heat convection (watt) = hA(Tsurface − T∞) (2)

where h denotes the convection heat-transfer coefficient,
Tsurface is the surface temperature of heatsink, and T∞ is the
environmental (coolant) temperature sufficiently far from the
surface.

It is instructive to note that the thermal resistance mentioned
in the previous section can be derived as (3) and (4) under
different scenarios (conduction and convection) by the duality
of electrical and thermal quantities, heat flow (Q), tempera-
ture (T ), and thermal resistance (θ), which are analogous to
current flow (I), voltage (V ), and electrical resistance (R),
respectively.

θconduction =
L

kA
(◦C/watt) (3)

θconvection =
1

hA
(◦C/watt). (4)

Hence, one may establish a thermal resistance network to
represent the entire packaging structure consisting of layers,
and solve the voltages of the thermal resistance network to
obtain the steady-state temperature distribution of all the lay-
ers. However, for large-scale problems, this approach becomes
complicated when both computational efficiency and profile
resolution are of importance. The problem exacerbates when
a realistic packaging structure is considered [Fig. 11(b)].

Realistic packaging structures typically employ heat spread-
ers and heatsinks with larger dimensions (compared to the die)
to improve the thermal performance of the main heat-transfer
path (shown in Fig. 10). In practice, the area of the heat spreader
and heatsink are at least 9 and 30 times larger than the area
of the die, respectively. Although employing a cubic package
thermal model for simplicity, as shown in Fig. 11(a), can
improve the computational efficiency, this unrealistic package
thermal model underestimates the lateral heat spreading due
to the large packaging layers. Fig. 11(b) shows the relative
dimensions of the realistic packaging layers, which are consid-
ered in the proposed methodology. Note that not only does the
packaging structure involve different materials with different
thermal properties but also their dimensions with respect to the
silicon die are different, which will significantly influence the
heat transfer as well as the substrate thermal profile.

C. Full-Chip Package Thermal Model

The fundamental physics of heat transfer in a chip sub-
strate is governed by the following 3-D heat-conduction

Fig. 11. Side view of (a) cubic package thermal model and (b) realistic
package thermal model indicating different dimensions for each layer. The
layout, power-density distribution, and dimension of the die are identical for
both packaging cases. The thickness of different layers and the dimension of
the layers are not drawn to scale.

equation and is subject to heat convection as the boundary
condition [32]:

ρCp
∂

∂t
T (x, y, z, t) =∇ · [k(x, y, z, t)∇T (x, y, x, t)]

+ g(x, y, z, t) (5)

k(x, y, z, t)
∂

∂ni
T (x, y, z, t) = h [T (x, y, z, t) − Tamb] (6)

where ρ is the density of the material (kg/m3), Cp is the specific
heat of the material (J/kg ◦C), T is the temperature (◦C), k is
the thermal conductivity of the material (W/m ◦C), g is the
internal heat generation (W/m3), ni is the outward direction
normal to the boundary surface, h is the convective heat-
transfer coefficient (W/m2 ◦C), and Tamb is the temperature of
the ambient air surrounding the package measured at a specified
distance sufficiently far away from the surface of the entire
package.

As mentioned earlier, each discretized layer is considered to
be isotropic and homogeneous. Therefore, a constant thermal
conductivity is employed within one layer, and the temperature
of the entire structure is modeled by rewriting the partial
differential equations and boundary conditions as (7) and (8),
where the temperature (T ) is a function of the position (x, y, z)
and the time (t).

∂T

∂t
=

(
k

ρCp

) (
∂2T

∂x2
+

∂2T

∂y2
+

∂2T

∂z2

)
+

p

ρCp
(7)

∂T

∂ni
=

h

k
[T − Tamb]. (8)

As discussed in the previous section, various electrothermal
couplings need to be considered and incorporated into the
thermal model and analysis. The parameter p in (7) is a function
of temperature, time, and position within the die. Unlike the
constant quantity g in (5), the parameter p represents the heat
generation including the electrothermal couplings, and it needs
to be recalculated at each evaluation step in a self-consistent
manner (Fig. 6).

The entire thermal packaging stack-up (packaging mater-
ial layers) is discretized based on a typical microprocessor
package structure according to its physical dimensions. The
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Fig. 12. Sketch of the discretization of the thermal packaging stack-up. Each
node (circle) represents a discretized cell with a temperature value (T ). Each
discretized cell has six adjacent cells connected by edges (lines). Relationships
between two adjacent cells are governed by (7) or (8) depending on heat-
transfer mechanisms. The effective thermal conductivity of cells between two
adjacent layers (darker nodes) can be determined by (9) since the dimensions
of a discretized cell are equal (i.e., dx = dy = dz).

relationships between the discretized cells are governed by
the heat partial differential equations and boundary conditions
shown in (7) and (8). Physical thermal parameters, such as
thermal conductivity, density, and specific heat of different
layers, depend on material properties. Note that the dimensions
of a discretized cell are chosen to be equal (i.e., dx = dy =
dz). Thus, the effective thermal conductivity (keff) of cells
between two adjacent layers, as represented by the darker
nodes in Fig. 12 between layers 1 and 2, can be simply
determined by

2
Keff

=
(

1
K1

+
1

K2

)
(9)

where k1 and k2 represent the thermal conductivity of the
material in layers 1 and 2, respectively. Since TIM is applied
between two different layers to reduce the thermal contact re-
sistance caused by surface roughness, a perfect thermal contact
between the TIM layer and the adjacent materials is considered
in the analysis.

Due to the presence of complex geometry and complicated
boundary conditions, the silicon junction temperature profile
cannot be solved analytically. However, a numerical solution
can be found by finite-difference approaches and approximation
schemes. A companion paper [21] investigates the implications
of employing different package thermal models for substrate
thermal profile estimation.

V. CONCLUSION

Electrothermal effects and couplings between chip power,
subthreshold leakage, and operating temperature become
increasingly prominent as CMOS technology scales below
90-nm. In this paper, the significance of considering electrother-
mal couplings for self-consistent average junction temperature
estimation is highlighted and discussed. Implications for
trading-off chip-level power, performance, reliability, and
cooling-cost are also demonstrated by the self-consistent
methodology. Moreover, based on a typical thermal solution of
a high-performance microprocessor, a realistic package thermal
model is introduced, which is incorporated in the self-consistent
substrate thermal profile estimation in the companion paper.

APPENDIX

Temperature-dependent quantities in Section II are described
using analytical models. As mentioned in Section I, the
subthreshold-leakage current is the main source of MOSFET
leakage and is dominated by source–drain diffusion current that
is highly temperature-sensitive. The subthreshold current can
be approximated by the following expression [19]:

lds = µeffCox
W

L
(m − 1)(VT )2

[
exp

(
Vgs − Vth

mVT

)]

×
[

1 − exp
(
−Vds
VT

)]
(A1)

where µeff is the effective carrier mobility, Cox is the oxide
capacitance per unit area, W is the channel width, L is the
channel length, m is the body-effect coefficient that typically
lies between 1.1 and 1.4, VT is the thermal voltage (VT =
kBT/q), and Vds represents the drain-to-source voltage, kB is
the Boltzmann constant, T is the absolute temperature, q is the
electronic charge, Vgs represents the gate-to-source voltage, and
Vth is the threshold voltage of a MOSFET. In (A1), the effective
carrier mobility (µeff) and the threshold voltage (Vth) depend
on temperature and can be modeled by the following relations:

µeff(T ) = µeff(T0)
(

T

T0

)UTE
(A2)

Vth(T ) = Vth(T0) − ∆Vth(T − T0) (A3)

where T is the junction temperature, and T0 is the nominal
(room) temperature. UTE is the mobility-temperature-exponent
and is about −1.5 [33]. ∆Vth represents the temperature-
dependent threshold voltage deviation (∼0.7–1 mV/K) [19].
Note that µeff changes for different carriers.

The drive current of a short-channel MOS transistor is usu-
ally considered as the drain current under velocity saturation
and can be modeled as follows:

lds = υsatCoxW

(
Vgs − Vth −

1
2

Vds

)
(A4)

where υsat is the saturation velocity of carriers, and Vds is the
drain-to-source voltage at saturation. Carrier saturation velocity
(υsat) decreases slightly as the temperature increases [19] and
can be modeled by the following relation:

υsat(T ) = υsat(T0) − AT

(
T

T0
− 1

)
(A5)

where AT represents the temperature coefficient for saturation
velocity and is around 3.3 × 104 m/s [33].
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