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Abstract— Thermal system identification (TSI) is presented
as a methodology to characterize and estimate the transient
thermal field of a packaged IC for various workloads considering
chip-to-chip variations in electrical and thermal properties.
The time–frequency duality is used to identify the thermal
system as a low-pass filter in frequency domain through on-line
power/thermal measurements on a packaged IC. The identified
characteristic system for an individual IC is used for on-line
prediction of the transient thermal field of that specific IC for a
power pattern. A test-chip, fabricated in 130-nm CMOS, demon-
strates the effectiveness of TSI in post-silicon characterization
and prediction of transient thermal field. The application TSI in
thermal analysis of multicore processors is presented.

Index Terms— Fourier transform, frequency-domain modeling,
post-silicon temperature prediction, process variations.

I. INTRODUCTION

THE characterization of the spatiotemporal variation of
on-chip temperature is crucial for thermal-aware design,

assembly, and management of a chip [1], [2]. The temper-
ature pattern is generated by the interaction of time-varying
power patterns and the thermal properties (resistivity and heat
capacity) of die and package. The thermal properties of the
die/package assembly can vary between different instances
of same IC or over time [3]. Moreover, imperfections in the
manufacturing process lead to die-to-die variations in transis-
tor leakage [1]. The leakage and temperature are positively
correlated—a higher temperature results in higher leakage,
which further increases the temperature. Hence, for the same
dynamic power, chip-to-chip leakage variation leads to varia-
tion in the on-chip temperature [4]. Therefore, a new challenge
is emerging—post-silicon characterization and prediction of
the transient thermal field—where the objective is to char-
acterize the interaction of power and chip-to-chip variations
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in thermal and electrical properties to predict the transient
temperature of a packaged IC for various workloads.

The existing transient thermal simulation methods (finite
element/volume or distributed RC), suitable for fine-grain
design time transient thermal analysis, require accurate esti-
mation of thermal conductivity and heat capacity of all mate-
rials [5]–[7]. Methods for measuring the thermal resistance
and capacitance of thermal interface material (TIM), heat
sink, convective, and heat spreader were studied [8]–[11].
Poppe et al. [9] presented dynamic electrical temperature
measurement and Campbell et al. [10] presented the flash
diffusivity method for measuring thermophysical property. The
measurements of thermal resistance and capacitance suffer
from repeatability, contamination, pressure, and inaccuracy.
Further, the thermal resistances of TIM, heat sinks, and
interface change with stacking because of imperfections in
attachment and manufacturing. Kurabayashi et al. noted that
the die-attach resistance differs substantially from the value
predicted using the bulk thermal conductivity of the attachment
material because of partial voiding and delamination [12].
Therefore, the thermal simulators used during design time are
difficult to adopt for post-silicon thermal analysis.

This paper presents a unique approach to address the
specific requirements of post-silicon thermal characterization
and prediction. The proposed approach, referred to as thermal
system identification (TSI), is based on the principles of
system identification, frequency-domain signal analysis, and
positive feedback systems (Fig. 1). The thermal behavior of a
chip considering leakage temperature interaction is represented
as a system, where power sources are the inputs and observed
temperature values at different locations are the outputs.
A unique thermal system [H (ω)] therefore can be constructed
for each chip (TSI). The frequency response of the temperature
variation [T (ω)] over a time interval is computed from the
Fourier transform of the power pattern [P (ω)] in that interval
and the filter matrix [T (ω) = H (ω) × P(ω)]. The time-
domain temperature is obtained from the temperature spectra.
This paper presents the mathematical principles of the post-
silicon temperature prediction approach and the methodologies
for TSI in the frequency domain using sequences of on-chip
power and temperature measurements. A test-chip is designed
in 130-nm CMOS technology with on-chip poly-resistor based
heater and analog and digital temperature sensors [14]–[16]
to demonstrate the effectiveness of the proposed approach.
The measurement results demonstrate average error of
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Fig. 1. Methodology of post-silicon prediction of the transient thermal field
using TSI.

∼2.2 °C and ∼2 °C with digital and analog tempera-
ture sensors, respectively, even in the presence of sensor
noise. Application of the proposed approach to temperature
prediction of a future 64-core multicore processor is explored.

The rest of the paper is organized as follows. Section II
describes the mathematical principles. Section III presents
the test-chip architecture. Section IV presents measurement
results. Section V presents applications of TSI to many-core
processors. Section VI presents discussions and Section VII
concludes the paper.

II. MATHEMATICAL PRINCIPLES

A. Frequency-Domain Thermal Modeling

In a RC thermal model, the temperature at a location is
the analog of voltage across the thermal capacitance at that
location, and the power dissipation causing heat generation is
modeled with a current source. We can consider power and
temperature as an input and an output of the thermal system,
respectively (Fig. 2). The power input at one location impacts
the temperature at multiple locations. Hence, the temperature
spectra at locations i and j due to a power source at location
i is given as follows:

Ti (ω) = Pi (ω)Hi→i (ω) and Tj (ω) = Pi (ω)Hi→ j (ω)
(1)

where Hi→i is the self-transfer function (Hself) connecting
power and temperature of the same location and H i→ j is
the cross transfer function (Hcross) connecting power of one
location and temperature of another. Note that the self and
cross transfer functions need to incorporate both the thermal
characteristics and leakage–temperature interactions. To under-
stand this first consider the self-transfer function as follows:

Ti (ω) = [
PDi (ω) + PL0i (ω) + F ( f (Ti (t)))

]
H TH

i→i (ω)

=
⎡

⎢
⎣PDi (ω) + PL0i (ω)

︸ ︷︷ ︸
Pi (ω)

+αTi (ω)

⎤

⎥
⎦ H TH

i→i (ω) (2)

where P L0 is the leakage power profile at room temperature,
f (T ) is the sensitivity of leakage power to temperature, PD

is the dynamic power profile, and H TH
i→i (ω) is the thermal

RC properties of the system (excluding leakage feedback). We
assume a linear interaction between leakage and temperature

Fig. 2. Distributed RC-based thermal model and the equivalent frequency
domain model.

Fig. 3. Mathematical principle of the proposed approach.

to improve analytical tractability. Both the room temperature
leakage (P L0) and the coefficient (α) depends on leakage–
temperature interaction. Note that Pi (ω) = PD(ω) + PL(ω) is
the spectral response of power without leakage–temperature
feedback. The thermal system is modeled as (Fig. 3)

Ti (ω) =
[

H TH
i→i (ω)

/ (
1 − αH TH

i→i (ω)
)]

︸ ︷︷ ︸
Hi→i (ω)=Hself (ω)

Pi (ω). (3)

We now evaluate the temperature of location i due to
power source at location j . The heat generated in location i
propagates to location j , which increases the temperature
of location j . Increase in temperature at location j triggers
the leakage feedback loop at location j . This results in
leakage power at location j and hence, increase temperature of
location i . The temperature increase in location j due to power
of location i is therefore estimated as follows (Fig. 3):

Tj (ω) = Pi (ω)H TH
i→ j (ω) + αTj (ω)H j→ j(ω)

=
[

H TH
i→ j (ω)

/(
1 − αH j→ j (ω)

)]

︸ ︷︷ ︸
Hi→i (ω)=Hself (ω)

Pi (ω) (4)

where H TH
i→ j is the thermal RC properties of the sys-

tem (excluding leakage feedback) connecting location i to
location j . The above analysis suggests that if Hself (ω) and
Hcross (ω) are estimated for a packaged IC it incorporates
both the chip/package specific thermal properties and leakage–
temperature interactions (i.e., process variations).
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Fig. 4. Power-gating-based approach to power spectra generation. (a) Sleep
transistor signal (5 MHz). (b) Power pattern (5 MHz).

B. Methods for Thermal System Identification

The principle discussed above requires frequency responses
of the self- and cross-transfer functions for each chip (i.e.,
TSI). To perform TSI on a multiple output system, the
input power source can be excited with various spectra and
temperature is measured at all observation points considered.
Hence, (2) transforms to the following:

T measured
k (ω) = Papplied

i (ω)Hi→k(ω) ⇒ Hi→k(ω)

= T measured
k (ω)

Papplied
i (ω)

. (5)

The above equation can be used to estimate the thermal filter
from an inputs power source at location i to all temperature
observation points k (including the observation point at loca-
tion i ). As (5) is a division of two complex numbers, both
magnitude and phase of the filter response are extracted. The
practical challenge in the TSI of digital systems is the genera-
tion of power spectra in (5). The accurate approach is to apply
sinusoidal power waveforms of different frequencies (small
signal analysis). Generating sinusoidal power waveforms in
hardware (in a chip) is, however, challenging. We propose
to use a pseudosquare wave with varying principle frequency
to extract the thermal filer. One way to achieve this goal is
to exploit the concept of gating in digital processor cores. We
can control the core-level power and clock gating to generate
power patterns of desired frequency spectra. To illustrate the
approach, we perform SPICE simulation considering power
gating as shown in Fig. 4. We use hundreds of 15-stage ring
oscillators (ROs) to emulate dynamic power. Each system
block is controlled with a periodic sleep control signal of a
given frequency that generates periodic power pattern of same
frequency. Hence, by controlling the period of the sleep signal
we can modulate the spectral behavior of the power patterns.

III. TEST-CHIP ARCHITECTURE

A test-chip is designed to verify the proposed TSI approach.
The test-chip contains three BJT-based thermal sensors,
a digital RO-based temperature sensor, and a polyresistor-
based heater to apply a controllable power profile. The heater
is used to mimic a digital system block. The test-chip is
fabricated in 130-nm CMOS technology and mounted on
a printed circuit board for measurement. Fig. 5 shows the
die photo and the organization of the test-chip. Extraction

Fig. 5. Die micrograph showing the architecture and the measurement
conditions.

Fig. 6. Schematic view of poly-resistor-based heater.

is performed based on the power/temperature measurement
using an oscilloscope. Once the thermal filter is extracted, the
temperature prediction is performed using the extracted H (ω)
through MATLAB-based fast Fourier transform and inverse
fast Fourier ransform (IFFT) computations.

A. Poly-Resistor-Based Heater

To characterize the thermal system of a chip, power with
controllable power spectra needs to be generated. An on-chip
heater is designed to mimic the power consumption of large
digital functional blocks. To generate a maximum operating
power/thermal condition of 130 W/cm2, a resistor of 50 � is
used as shown in Fig. 6. The power density is controlled by
varying the supply voltage across the resistor from 0 to 10 V.
The power density is then estimated by the power dissipated by
the heater and the given chip area. Current flowing through the
heater is limited to meet reliability constrains of the heater’s
poly and metal components [13].

B. Analog Temperature Sensor

A BJT-based analog temperature sensor is designed (Fig. 7).
A supply independent current is generated, mirrored, and
pushed through the diode-connected PNP device. The base–
emitter voltage, VBE that exhibits negative temperature coef-
ficient, is used as the thermal sensor output. Fig. 7 shows
the characterization of the sensor. Measured sensor output
decreases by ∼200 mV, which corresponds to a temperature
increase of ∼120 °C, for a generated heater power of ∼2 W.
Identical sensors are placed in designated locations of the chip
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Fig. 7. Schematic view of the analog sensor and measurement results showing
the sensor characterization.

Fig. 8. Digital sensor. (a) Block diagram. (b) Pulse generator.

for studying the spatial effects of thermal events. One sensor
(S1) is located in the center of the heater, while the other two
sensors (S2, S3) are located ∼350 μm away from the center
of the heater as shown in Fig. 5.

C. Digital Temperature Sensor

A RO-based digital temperature sensor is also designed
(Fig. 8). Temperature is calculated by measuring the frequency
of a inverter-based ROs. Control circuits include a pulse
generator, a heater, level converters, and a counter. To decouple
the effect of control circuits, the RO is implemented with 100-
stage plus an initial NAND2 gate. The delay of 101-stage RO
is dominant in the total delay considering the control circuits.
To find the oscillation frequency, we count the transitions
of the RO over a given time period using a three flip-flop
pulse generator controlled by a reference clock (Fig. 8).
A reference clock signal is applied to flip-flop and an inverted
clock signal is applied to next two consecutive flip-flops.
Once the start signal propagates through continuous flip-flops
based on the clock signal, the delayed start signal by a clock
signal is generated. Those delayed start signals at the output
of flip-flops create a pulse signal, which has a time period
of the reference clock through xnor gate. Only test circuits
are supplied with variable VDD while a nominal supply is
used for the control circuits. A conventional cross-coupled
level converter is placed at the output of each RO, which
is connected to a multiplexer. A 10-KHz reference clock is
used and the SPI block is used to collect the count number to
estimate the RO frequency.

Fig. 9. Schematic view and photo of the experimental hardware.

Fig. 10. Oscilloscope waveform of thermal sensor and power.

IV. MEASUREMENT RESULTS

The chip power is controlled externally by pMOS
(FQD11P06 from Fairchild semiconductor) to generate a spe-
cific frequency signal as shown in Fig. 9. Fig. 10 shows the
measured waveforms of the temperature sensor output and
virtual VDD voltage. The power is calculated from the virtual
VDD voltage. Virtual VDD voltage, which is the voltage across
the poly-resister-based heater, is measured at the drain of
the sleep transistor through an external pin. Sinusoidal waves
are applied to the gate of sleep transistor during the filter
extraction period. Because of the switching characteristics of
a MOSFET, the generated power signal has the shape of a
square waveform (Fig. 10).

A. Thermal Filter Extraction

The thermal filter is extracted through the power and
temperature measurement. We apply multiple power patterns
with different fundamental frequencies (0.01 Hz, 0.1 Hz, 1 Hz,
10 Hz, 100 Hz, 1 KHz, and 10 KHz) to the gate of the sleep
transistor. Fourier transforms are performed for the measured
power and temperature patterns in time domain. For example,
the power spectra converted from 1-Hz power signal shows
dominant 1-Hz frequency component (Fig. 11). Each funda-
mental frequency component of the thermal filter is estimated,
and intermediate frequency data points are interpolated. Note
that extracting one fundamental frequency at a time can help
to eliminate the effect of thermal sensor noise, which can
introduce error in the extracted filter.

Fig. 12(a) shows the frequency response of the thermal
filters at three different locations. We observe that the thermal
systems behave as a low-pass filter. Hence, fast time-varying
power input has less impact on the temperature while low
frequency power variations are more critical. Sensor 1, which
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Fig. 11. Measured power and temperature spectral response.

Fig. 12. Extracted thermal filters. (a) Absolute gain. (b) Phase.

is located at the center of the heater, has higher absolute gain
than the other filters. Other two filters, which are ∼350 μm
away from the heater, have very similar frequency responses
but each of them has a lower gain than the center sensor
(Sensor 1). This is because two filters correspond to two
thermal sensors placed at a similar distance from the heater.
Fig. 12(b) shows the phase responses of the thermal system
that is measured from three sensors.

To evaluate the impact of variation, multiple (10) chips are
measured while using the same socket, board, and the control
PFET device. Fig. 13 shows the frequency response of the
thermal filer for sensor 1 across various chips. We observe
the absolute gain in low frequency has more variation than in
high frequency. This demonstrates the need for chip-package
specific extraction of the thermal filter, specifically, at the low
frequency regions. Note that the filter response depends on the
physical property of the material system and independent of

Fig. 13. Extracted thermal filters (for sensor 1) for 10 chips.

Fig. 14. Applied power patterns. (a) Pattern 1. (b) Pattern 2.

the magnitude of the generated power, floor plan of the chip,
and architecture. The latter factors modulate the power profile
and hence, temperature profile but not the filter response.

B. Temperature Prediction From Arbitrary Power Variation

The application of the extracted filters in predicting the
transient temperature variations for arbitrary power profile is
validated. The arbitrary power profiles are generated, which
include different frequency components [Fig. 14(a) and (b)].
The power profiles are generated by controlling a sleep transis-
tor signal fed by Keithly 2602B power supply. Sleep transistor
signal patterns are programmed through ExpressTSP [17],
which is an in-built program in the power supply. While the
power is applied to the heater, the temperatures from the
three analog temperature sensors are measured. Initailly, the
frequency spectrum of the measured power is multiplied to the
frequency response of the thermal filter to obtain the frequency
spectrum of the predicted temperature. Next, the predicted
temperature spectrum is converted to time domain using IFFTs
to obtain the transient temperature variation. Fig. 15 shows
predicted temperature waveforms for three different sensors
with two different power patterns. Sensor 1 shows higher
temperature than other two sensors for two power patterns
because of spatial effects. For all different power patterns the
estimation error is close to ∼2 °C. The average temperature
tends to be overestimated because of the noise effect in the
temperature sensor.

C. Application of the Digital Sensor

The digital sensor is implemented with inverter-based ROs
and a counter as explained in Section III-C. Temperature of
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Fig. 15. Accuracy of the temperature prediction at different sensor locations. (a) Power pattern 1. (b) Power pattern 2.

Fig. 16. Application of digital sensor. (a) Comparison of the extracted thermal
filters. (b) Estimated temperature.

the digital sensor is estimated based on the frequency of the
RO. The thermal filter extracted from the digital sensor closely
matches the filter extracted from the analog sensor as shown
in Fig. 16(a).Therefore, the temperature can be predicted with
very good accuracy using the thermal filter extracted from the
digital sensor [Fig. 16(b)]. Therefore, the proposed TSI-based
temperature prediction methods can be used with both digital
and analog sensors. The delay chain based digital temperature
sensors are much simpler to integrate with logic circuits
and provide a lower cost and lower power (compared with
analog sensors) approach to temperature measurements. The
demonstration of the similar accuracy of the TSI with digital
and analog temperature sensors shows the applicability of the
TSI in fine-grain temperature prediction in microprocessors.

V. APPLICATIONS TO MANY-CORE PROCESSOR

In this section, the TSI-based approach is applied to the
post-silicon thermal prediction of future many-core processor.

Fig. 17. Low-pass filter behavior of self (D1) and cross (D1, D2) transfer
function in multicore system.

The thermal property of a many-core chip is modeled as a
multiple input, multiple output (MIMO) system, where the
temperature of an observation point is affected by multiple
input power sources. Since distributed-RC network is a linear
system, superposition principle can be applied to the thermal
system, i.e., the temperature at one location is the additive
response of all power sources in the system. Assume that there
are M power sources organized into m × m 2-D grid. We
further assume that there are L numbers of observation points
organized in l × l grid. The temperature at the observation
point (i , j ) in frequency domain is estimated as follows:

Ti j (k) = P11(k)H11→i j (k) + P12(k)H12→i j (k) + · · ·
+Pmm(k)Hmm→i j (k)

=
m∑

p,q=1

Ppq(k)Hpq→i j (k). (6)

Note that Hij→i j (ω) is the self-transfer function and
Hpq→i j (ω) (∀p, q �= i, j ) is the cross-transfer function
defined in Section II. The above formulation leads to the 2-D
filter matrix for the MIMO system, as follows:
⎛

⎜
⎝

T11(ω)
...

Tll(ω)

⎞

⎟
⎠ =

⎡

⎢
⎣

H11→11(ω) ... Hmm→11(ω)
...

...
...

H11→ll(ω) ... Hmm→ll(ω)

⎤

⎥
⎦

⎛

⎜
⎝

P11(ω)
...

Pmm(ω)

⎞

⎟
⎠ .

(7)
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Fig. 18. Accuracy of the proposed approach. (a) Estimation error in instances
of the spatial thermal field at different time points. (b) Core-level error
statistics considering 64 cores and 60 random workloads (500 ms of real-
time simulation).

For the MIMO system, each filter function [and H pq→i j (ω)
(∀p, q and ∀i, j )] can be extracted following the methods
proposed in (5) by turning off all but one core at a time and
controlling the core gating signal for that core.

The application of the proposed TSI to future multicore sys-
tem is verified using distributed-RC-based thermal simulation
platform [19]. We consider distributed RC-based 3-D model
of the thermal system including chip, TIM, heat spreader, and
heat sink (Fig. 2). The circuit simulator, HSPICE, is used for
solving the distributed-RC grid in the time domain. The power
profiles are applied as current sources. The chip is modeled as
a homogenous 64-core processor with private caches designed
in predictive 22-nm technology (total chip area is 400 mm2,
each core and private cache is ∼6.25 mm2). Each core is
modeled as close to Intel Nehalem architecture [18] running at
3.0 GHz. Fig. 17 shows the thermal filter for different locations
of interest when a power source is applied at core D0. The gain
at the observation point continues to decrease in all frequency
as it moves away from the source.

To verify the application of the MIMO-based TSI, power
traces of SPEC 2006 benchmark suites are generated using
cycle-level architecture timing simulation (Zesto [19]) and
power (McPAT [20]) considering x86 architecture [21], [22].
Each benchmark is run or repeated for 0.5 s of real time.
We first create several (60) workloads by randomly assigning
the power traces of different applications (0.5 s of real time
data) to different cores and use them for thermal analy-
sis. The same patterns are also run through the baseline

distributed-RC-based thermal simulator. Fig. 18(a) shows
examples of spatial thermal maps at different time instants
generated from distributed-RC-based simulation and the TSI
approach, both transient and spatial temperature variation are
accurately predicted using TSI. Fig. 18(b) shows the estima-
tion error considering temperatures of all cores, all time points,
and all random patterns. We observe that average error is
<1 °C between detailed RC-based thermal simulation (SPICE)
and the proposed TSI-based model. We study the effect of
sensor errors (assuming uniform random error in the range of
−3 °C to +3 °C) during TSI on temperature prediction. As
shown in the Fig. 18(b) even with the random sensor errors,
the average prediction error remains within ±1 °C but the
spread in the error distribution increases marginally.

The ability of TSI in predicting the effect of variations in
process corners and thermal conductivity is studied. Normal
random die-to-die variation of Vth is considered for analysis.
Each Vth point generated from this normal distribution repre-
sents a unique die, for each of such die we consider three dif-
ferent thermal conductivities. TSI is used to extract the unique
thermal system for all of these die/package conditions. The
low-Vt die and lower conductivity material (TIM/spreader)
increase the gain in the low-frequency range of the filter
transfer function [Fig. 19(a) and (b)]. Next the same power
pattern is applied to all such unique thermal systems. Fig. 19(c)
shows the die-to-die distribution of the peak temperature
(considering the entire workload and all cores). The leakage
variation induces a significant spread in operating temperature
of different dies for the same workload and the effect is
much stronger when thermal conductivity is low. Note that the
presilicon methods would have predicted the same maximum
temperature for all such instances.

VI. DISCUSSION

Finite difference, finite element, and finite volume methods
are used for accurate, fine-grain, steady-state, and transient
thermal analysis [5]. Less accurate simulators use distributed-
RC grid for thermal modeling using circuit solvers like SPICE
or specialized tools such as Hotspot [29]. Several time-domain
methods were proposed in recent years for fast transient
temperature simulations [25], [26], and fast spatiotemporal
analysis considering multilayers of power and materials (e.g.,
ThermalScope [27]). Frequency-domain methods are also pro-
posed for fast computation of the steady-state spatial thermal
map [7], [23], [24].

The primary advantage of TSI over the above approaches
for post-silicon thermal analysis is that the TSI performs
temperature prediction using the transfer function extracted
from the full thermal system (i.e., stacks of heat sink, spreader,
TIM, and chip), instead of computing thermal resistance and
capacitances of individual materials in isolation. Therefore, the
effects of any nonuniformity and/or uncertainty in the thermal
properties of the materials are captured in the extracted transfer
function. As the leakage temperature interaction is considered
as a part of the extracted thermal system, the effect of process
variation of individual chips is also incorporated. Therefore,
TSI can accurately predict the temperature variations for
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Fig. 19. Effect of post-silicon thermal characterization with chip-to-chip variation in leakage and thermal conductivity. (a) Leakage-temperature interactions.
(b) Material properties on the extracted thermal filters. (c) Statistical variation in peak temperature of the 64-core processor for same dynamic power pattern
considering process and material variations.

different dies/packages while running the same workload and
dissipating same dynamic power.

In the existing methods, leakage power is updated in each
time-step based on the current thermal map to model the
leakage–temperature interactions [27]–[30]; hence, higher esti-
mation accuracy requires finer time-step and longer simulation
time. TSI incorporates the leakage–temperature interaction in
the thermal filter, which needs to be extracted only once for
a chip and package. Once the filter is extracted, the temper-
ature for varying power pattern is estimated in the frequency
domain. Hence, estimation accuracy considering leakage–
temperature interaction is less sensitive to time-step and the
simulation time can be lower than the distributed-RC-based
simulations. In the time-domain methods the temperature of
one node depends on the temperature of neighboring nodes. In
the TSI approach, this interdependence is precharacterized into
the filter responses. Hence, the temperature of each node can
be computed independently. Exploiting this property, the TSI
can be parallelized to reduce simulation time. The temperature
of one core can be computed without computing temperature
of other cores but still accounting for the power of all cores.
This provides opportunity for localized thermal analysis.

The TSI approach is limited by the accuracy of the temper-
ature and power sensors as shown in Fig. 19(b). Interestingly,
by recognizing the thermal system is a low-pass filter, TSI
can also be used to eliminate the effect of high-frequency
noise in the sensors as shown in Fig. 15. The granularity of
the extracted transfer function in the frequency domain also
impacts the accuracy. A finer granularity of the frequency
while extracting the transfer function improves estimation
accuracy. There are also practical limitations on fine-grain
control of the frequency components of the generated power
spectra. Fine-grain analysis also increases the memory require-
ment. Storing a limited number of coefficients can be used to
reduce the memory requirement.

Theoretically TSI can be scaled to arbitrarily fine spatial
grids; however, as the number of filters is proportional to
the number of grids, TSI may not be a suitable approach
for microscale design time thermal analysis. For regular grids
and spatially homogeneous material properties, the required
transfer functions can be reduced. On the other hand, run-time
thermal management is performed based on only a limited
number of on-chip sensors. TSI creates a filter matrix con-
necting the power control points to the sensor locations. Any

arbitrary number of sensors and nonuniform sensor placement
can be handled using TSI. Therefore, TSI is most useful for
run-time macroscale transient thermal analysis.

VII. CONCLUSION

This paper, presented TSI—a methodology for post-silicon
thermal prediction. The proposed method identified the
frequency-domain response of the thermal system of a pack-
aged die and used the extracted filter for chip-specific analysis
of transient thermal field. A test-chip successfully demon-
strated the effectiveness of TSI. The post-silicon charac-
terization can benefit thermal design and management at
chip/system level. Future high core count processors will be
asymmetric and heterogeneous and will host time-varying
workloads. Thermal limits will drive power management and
proactive/predictive thermal management is becoming increas-
ingly desirable. The post-silicon thermal analysis using TSI
opens up innovative avenues for creating application spaces
that were matched to the thermal properties of the die.
For example, the post-silicon characterization of a multicore
chip can be used by operating systems to schedule work-
loads because the identification of the chip thermal system
enables schedulers to reason about the thermal consequences
of scheduling a specific workload on a target chip. The
integration of TSI with innovative thermal management is an
important future work.
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