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Abstract— Embedded devices using highly integrated circuits
must cope with conflicting constraints. They have become
more sensitive to variabilities with technology scaling while
requiring computational efficiency under even more limited
energy storage. Power management techniques, mainly based
on Dynamic Voltage and Frequency Scaling (DVFS) algorithms,
are hence of great interest. Also, temperature increase/decrease
is directly related to the power consumption and platform
characteristics highly depend on the temperature. As a result,
temperature must be controlled, at least limited. In the present
paper, the nonlinearity between power and temperature is
analyzed and a thermal-aware DVFS control technique is
discussed. The proposed strategy implements a chopped scheme
on top of a robust DVFS approach in order to limit the
temperature increase. The nonlinearity notably leads to an
asymmetry in the temperature behavior, which makes the final
attained temperature is higher than in the linear case.

INTRODUCTION

The upcoming generations of embedded integrated sys-
tems have reached limits in terms of power consumption,
computational efficiency and fabrication yield. One of the
problems in Systems on Chip (SoCs) induced by technol-
ogy scaling is the so-called process variability: the chip
performance cannot be ensured from one die to the other
one, nor over a single chip. Moreover, clock distribution has
become highly difficult, especially for multicore processors
for which high speed analog clock signals should be routed
around the system, the clock tree suffering from signal
integrity issues and layout difficulties, leading to an increase
in the design cost and a decrease in the yield. Globally
Asynchronous Locally Synchronous (GALS) architectures
alleviate this clock distribution difficulty, the chip being split
into several frequency islands. Moreover, they allow each
synchronous island to be supplied with a different voltage,
the island becoming a Voltage and Frequency Island (VFI).
As a consequence, GALS architectures are suitable for fine
grain power management as the power consumption of the
whole platform depends on the supply voltage and the clock
frequency applied to each VFI [1], [2]. They also mitigate
the impact of (process) variations [3].

Dynamic Voltage and Frequency Scaling (DVFS) methods
are designed in order to provide just enough power to a given
VFI for executing the tasks that run on it in such a way they
meet their deadline. This allows to guarantee the overall per-
formance while minimizing the power consumption. Closed-
loop control strategies can hence be efficiently implemented
to achieve such an energy/performance tradeoff. However,

for upcoming mobile platforms designed in advanced tech-
nologies, the temperature must be as well controlled, at least
limited. Actually, the leakage power, which is a significant
contributor to the total power consumption, highly depends
on the temperature [4], [5]. Consequently, thermal effects
have to be taken into account in the DVFS control law.

The present paper describes a thermal-aware DVFS strat-
egy built on top of a robust DVFS control [6]. In section I, an
overview of the context is provided: VFI power consumption
and its link with the thermal aspects are first described and
the system model is given. The main contribution is pre-
sented in section II, where a nonlinear thermal-aware DVFS
strategy is detailed. We notably show that such a scheme
leads to an asymmetry in the temperature dynamics behavior.
Simulation results are finally provided in section III in order
to highlight the capabilities of the proposed approach. Some
discussions conclude the paper.

I. CONTEXT DESCRIPTION

Without lack of generality, and from now on, the DVFS
technique is supposed to be implemented with two power
modes, whose voltage levels are afterwards denoted Vhigh
and Vlow. ωmax and ωmax denote the maximal computational
speeds – to avoid timing faults [7] – when the system is
respectively running at high and low voltage with its maximal
associated clock frequency.

A. VFI power consumption and its related thermal aspects

Power consumption in CMOS technology is usually sorted
into a dynamic part due to gate switching, and a static one
induced by short-circuit and leakage currents [8]

P = Pswitching + Pshort circuit + Pleakage

= KdynfclkV
2
dd +KscfclkVdd +KleakVdd (1)

where Kdyn, Ksc and Kleak are given parameters. The power
consumption can be reduced when the supply voltage Vdd
and the clock frequency fclk are decreased, to ensure no
timing faults (note that scaling down the voltage increases
signal delays along the paths through the electronic gates,
thus the clock frequency needs to be decreased as well, and
inversely) [7]. Therefore, DVFS techniques can be used to
efficiently manage the energy consumption of a device.

Naive DVFS techniques apply a constant power level
in a given VFI for each task to treat. As a result, if the
computational load of one task is higher than the processor
capabilities at low voltage and speed ωmax, the VFI executes
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the whole task with the penalizing high voltage and speed
ωmax in order not to miss its deadline. To overcome such
an intuitive approach, an energy-efficient control has been
proposed in [6], where a task is split into two parts in
order to really reduce the energy consumption. Firstly, the
VFI begins to run at high voltage (if needed) with the
maximum available speed ωmax in order to go faster than
required. Then, the task is finished at low voltage with a
speed lower than the maximal speed at low voltage. The
task is hence executed with a certain ratio between high and
low voltage levels, with a minimum penalizing high voltage
running time to fit with the deadline and only one voltage
transition (transitions consume more, this is discussed in
the sequel) which, consequently, highly reduces the energy
consumption. A key point in this strategy is that the (not a
priori known) switching time to go from Vhigh to Vlow has to
be suitably calculated in order to ensure good computational
performance. This is done thanks to a fast predictive control
law, previously presented in [6] and not detailed here.

Whereas both naive and energy-efficient strategies reduce
the energy consumption, they do not consider the thermal ef-
fect. The thermal dynamics of a circuit can be approximated
by a first-order model [9], [10], such that

dT (t)

dt
= aP (t)− b

[
T (t)− Tamb

]
(2)

where Tamb is the ambient temperature. It is derived from
a RC equivalent electrical model, where a := 1/C and
b := 1/RC are some constants related to the thermal system.
Actually, when a power mode is applied to the VFI for
a long period of time, the temperature within the chip
reaches a steady-state value (denoted Tlow and Thigh). Also,
applying the high power mode for a long time can lead
to the occurrence of a temperature hot spot within the
chip. Whereas Tlow cannot be reduced (even by physically
decreasing the low voltage level), the temperature achieved at
the penalizing high voltage mode can be decreased. The idea
previously suggested for instance in [9], [4], [5], [11], [12]
consists in switching between both voltage levels in order
not to reach the maximum temperature Thigh. Note that these
papers are restrained to periodic tasks whereas the strategy
proposed here can be applied to periodic but also non-
periodic tasks. The execution of a given task is thus divided
into different periods. The side effect of this chopped strategy
is a slight increase of the energy consumption, because new
transitions are introduced and the system is more consuming
during transitions (as discussed in the sequel). The control
problem hence naturally becomes a tradeoff between energy,
performance and temperature. Furthermore, the power also
varies with the temperature due to the leakage term [13],
[4]. In fact, the leakage power in (1) can be more precisely
defined as follows [4]

Pleakage = Kleak1Vdd +Kleak2VddT (3)

where Kleak1 and Kleak2 are some constants (which grow
with the technology scaling). Therefore, the relation between
power and temperature becomes a nonlinear expression in

the sense that the power varies with the temperature, which
varies in its own with the power. This means that when
the temperature increases, the leakage power increases too
and so is the temperature. It is hence clearly mandatory to
implement a thermal-aware control of the DFVS methods.

B. System architecture

The control system architecture is mainly composed of a
VFI and a controller. The voltage and frequency levels of
the island is dynamically scaled while managing the tradeoff
between energy, performance and temperature, thanks to the
controller which monitors the activity of the processor (its so-
called computational speed ω, e.g. in number of instructions
per second) and adapts the control variables with respect
to a computational load to treat (in terms of number of
instructions and deadline for each task to execute). One can
refer to [6], [14] for further details.

The supply voltage and clock frequency are provided by
some actuators to the VFI, such as DC-DC converter or
Vdd-hopping [15] in the first case and ring oscillator [16]
or digital frequency locked-loop (DFLL) [17] in the second
case. Then, the system goes from one level to the other one
with a given transition time and dynamics that depend upon
an internal control law. Considering that this inner-loop is
extremely fast w.r.t. the loop considered in this paper, one can
neglect the dynamics of both actuators. However, one knows
that the voltage actuator consumes more energy during the
transitions than in steady state – as showed in [18] in the case
of the Vdd-hopping – and this point cannot be neglected.

C. Computing of the chopping parameters

Even if the power modes are applied in a chopped way,
the ratio between high and low voltages has to remain equal
(for a given task) to the one applied with the energy-efficient
scheme in order to keep the performance. For this reason, this
ratio – denoted hereafter duty ratio κ – is computed thanks
to the same principle. Actually, it was indirectly calculated in
the predictive control in [6]. Indeed, the so-called predicted
speed δ is defined as the speed required to fit the task with
its deadline regarding what has already been executed. The
energy-efficient speed setpoint is then built in such a way
the system runs either at high voltage if δ is higher than the
maximum possible speed at low voltage, or at low voltage
otherwise. Therefore, the duty ratio κ can be represented as
the distance between the predicted speed and the maximal
speeds at high and low voltage levels (i.e. ωmax and ωmax
respectively). This gives

κ =
δ − ωmax

ωmax − ωmax
(4)

where 0 ≤ κ ≤ 1 by construction. Moreover, we propose
to dynamically update κ at the beginning of each chopping
period – denoted hereafter period of oscillation τ – in order
to be robust to uncertainties in the task information.

The impact of the length of τ on the variation of the
temperature for a given duty ratio (this will be analytically
shown in the sequel) has to be carefully considered. In
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practice, it could be constant or fixed by a given criterion to
satisfy. Such a method is treated in [14] in particular, where
the product κτ is fixed, and so is the energy-temperature
tradeoff. The suggested idea is based on the fact that i) a
small period leads to small variations and ii) fast oscillations
increase the energy consumption (because the transitions
consume some power that is not strictly speaking used for
the computations). For these reasons, it is interesting to have
slow oscillations when the temperature is low (i.e. κ is small)
and, inversely, to allow fast oscillations when the temperature
becomes high (i.e. when the duty ratio is high). This yields

τ =
ϕ

κ
(5)

where ϕ denotes the rising temperature time. Note that this
parameter has also to be chosen by the designer but the
energy-temperature tradeoff is now self-adjusted. Another so-
lution could be to update the length of τ from the monitoring
of the chip internal temperature. This latter solution – studied
in [19] for the linear case – is not applied here.

Finally, one could note that establishing the approach
on top of the DVFS control proposed in [6] – and more
especially on the computation of κ in (4) – allows a strong
robustness to technological variability because this seminal
strategy decides the power modes without any knowledge on
the system parameters (see the reference for more details).
However, the present contribution can be extended to any
DVFS algorithm.

II. NONLINEAR CHOPPING CONTROL

The RC equivalent electrical model [10] of the thermal
equation (2) is given in Fig. 1(a). The components are
assumed to be ideal and, therefore, do not dissipate power.
The different power values are associated with the different
voltage/frequency modes. In the present study case, P1

and P2 correspond to the system respectively running at
V1 := Vhigh and V2 := Vlow with its associated frequency,
assuming P1 > P2. The temperature increases when P
switches from P2 to P1 and decreases otherwise, resulting in
a rectangular waveform for the power whose average value
depends on the duty cycle of the switching control, and so
is the average temperature.

The system is supplied by the high power source P1

(respectively the low power source P2) during κτ (resp.
(1 − κ)τ ) when the switch in Fig. 1(a) is in position 1
(resp. 2). The process then cyclically repeats. However, in
the present case, the power is no more constant but varies
with the temperature. Substituting (3) in (1) yields

Pi(t) = Ai +BiT (t) (6)

with
Ai := KdynfiV

2
i +Kleak1Vi +KscfiVi

Bi := Kleak2Vi

where i is used to denote the voltage level Vi = {V1, V2}
and its associated frequency fi, as well as the corresponding
power level Pi = {P1, P2}. Note that the expression in (6)
clearly uses the assumption on the neglected dynamics of the

actuators (see subsection I-B). The thermal expression in (2)
finally becomes

dT (t)

dt
=

{
α1 − β1T (t) if 0 ≤ t ≤ κτ
α2 − β2T (t) if κτ ≤ t ≤ τ (7)

with
αi := aAi + bTamb
βi := b− aBi

The temperature can then be analytically calculated by
solving these thermal differential equations, which gives

T (t) =

{
k1e

−β1t + T1 if 0 ≤ t ≤ κτ
k2e

−β2t+β1κτ + T2 if κτ ≤ t ≤ τ (8)

with Ti :=
αi
βi

where Ti is the achieved temperature for a given power
mode i, with T1 > T2 by construction. Finally, the result
in (8) shows that the nonlinearity leads to an asymmetry in
the temperature dynamics. Indeed, the parameter βi in the
exponential, with β1 6= β2 by definition, indicates that the
temperature variation will not be the same during the rising
and falling behaviors. One could note that the temperature
dynamics in its own can be asymmetric. In this case, the
parameters a and b in (2) become ai and bi, and so are
impacted αi and βi in (7). This is not developed in this
paper but the extension is trivial.

At the end and in order to then sketch the behavior of
such a chopped scheme, the parameters k1 and k2 in (8)
are analytically calculated. This is detailed in the following
subsections.

A. Temperature steady-state mean value and ripple analysis
In the steady-state case, the parameters k1 and k2 can be

analytically obtained from:
i) the continuous behavior at t = κτ for both expressions;

ii) the periodicity of the temperature in the steady state,
i.e. T (0) = T (τ).

This gives

k1 = −∆T
1− e−β2(1−κ)τ

e(β1−β2)κτ − e−β2τ
e(β1−β2)κτ

k2 = ∆T
1− e−β1κτ

e(β1−β2)κτ − e−β2τ

(9)

with ∆T := T1 − T2
with ∆T > 0 by construction. These expressions can be
linearised (this linearization, and the following ones, are
only used to simplify the analysis) – applying a first order
Taylor expansion – since the oscillating period is very small
compared with the time constant of the system, i.e. τ � RC

k1 ' −
∆T

λ1

[(
−β1 +

β2
2

)
κ2 +

(
β1 +

λ2
λ1

)
κ

−
(β2

2
+
λ2
λ1

)]
τ − ∆T

λ1

(
1− κ

)
k2 '

∆T

λ1

β1
β2

[
−
(β1

2
κ+

λ2
λ1

)
τ + 1

] (10)

with
λ1 := 1 +

(
β1

β2
− 1
)
κ

λ2 :=
(
β2
1

2β2
− β1 + β2

2

)
κ2 − β2

2
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(a) RC equivalent electrical model.
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tn+1

(1 − κ)τκτ

τ

temperature

ΥTavg

(b) Steady-state oscillations.

T2

time

T1

temperature

τ

transient steady state

(c) Turn-on transient phase.

Fig. 1. Representation of the chopped control scheme: the RC equivalent model, the representation of the steady-state and transient phases.

A linearized expression of the temperature in (8) in the
steady state becomes

T (t) ' µt+ ν (11)

with µ :=

{
−β1k1 if 0 ≤ t ≤ κτ
−β2k2 if κτ ≤ t ≤ τ

and ν :=

{
k1 + T1 if 0 ≤ t ≤ κτ(
1 + β1κτ

)
k2 + T2 if κτ ≤ t ≤ τ

A waveform can be sketched such as in Fig. 1(b). The
temperature begins at some initial value T (0). It increases
during the first subinterval, when the switch is in position 1,
with a positive slope given by µ in (11). At time t = κτ ,
the switch changes from position 1 to position 2, and the
temperature decreases until the end of the period, since the
slope becomes negative in (11). At time t = τ , the switch
changes back to position 1 and the process repeats.

The average value of the temperature as well as its ripple,
afterwards denoted Tavg and Υ, can then be easily computed
from the minimum and maximum temperature peak values
which occur at t = 0 (or t = τ ) and t = κτ respectively.
They are defined as follows

Tavg =
∆T

2

1− e−β1κτ − e−β2τ + e(β1κ−β2)τ

e(β1−β2)κτ − e−β2τ
+ T2

Υ = ∆T
1− e−β1κτ + e−β2τ − e(β1κ−β2)τ

e(β1−β2)κτ − e−β2τ

(12)

The linearized versions can also be obtained. However, the
results are quite complex to analyze in the present nonlinear
and asymmetric case. In order to simplify the expressions,
we propose to use in the sequel

β1 = εβ2

with 0 < ε < 1 by construction, see (7)-(6). This yields

Tavg '
∆T

2
εκ

(1− ε)κτ + 2

(ε− 1)κ+ 1
+ T2

Υ ' ∆T
εκ(1− εκ)

(ε− 1)κ+ 1
β2τ

(13)

Both expressions depend on the duty ratio and the period.
In the symmetric case (i.e. ε ≈ 1), the simple relations
observed in [14] are confirmed here but the non-linearity
highly complexifies the relations. Thus, whereas the average
temperature only increases w.r.t. κ in the linear case, it
now increases w.r.t. κ and τ , whose increase is respectively
lightly/highly impacted with the asymmetry (when ε de-
creases). On the other hand, whereas the temperature ripple

is maximum when κ = 0.5 in the symmetric case, it now
monotonously increases w.r.t. κ when the difference between
β1 and β2 grows. In particular, the maximum achieved value
dangerously increases when ε becomes close to 0, but this
cannot occur by definition of the βi parameters in (7)-(6)
(since βi is only function of the voltage level Vi, and yet,
it is inevitably different for all power modes). Also, the
proportional relation between the ripple and τ decreases with
the asymmetry.

B. Transient phase analysis
The behavior of the temperature in the transient phase is

now analyzed. Suppose that the system runs at Vlow for a
long time, the temperature being stabilized in its lower value
T2. Then, a new task that needs the processor to (partially)
run under Vhigh is applied, and so is the chopped scheme
presented above. At the very beginning of this process, the
temperature is not in steady-state, i.e. T (0) 6= T (τ). During
the transient phase, the thermal expression in (8) becomes

T (t) =


k1(n)e−β1(t−nτ) + T1

if nτ ≤ t ≤ nτ + κτ

k2(n)e−β2(t−nτ)+β1κτ + T2
if nτ + κτ ≤ t ≤ (n+ 1)τ

where n ∈ N is a number incremented at each new period,
whose parameters k1 and k2 are now depending. In fact, they
can be expressed with their steady-state value – previously
defined in (9) – plus a term decreasing w.r.t. n, that gives

ki(n) = ki + σi∆T
1− eσiβ1κτ

e(β1−β2)κτ − e−β2τ
ξi(n+ 1) (14)

with
ξ1(n) := ς(n)e(β1−β2)κτ

ξ2(n) := ς(n)
ς(n) := e−n((β1−β2)κ+β2)τ

and
σ1 := +1
σ2 := −1

Note that the term ξi(·) exhibits an exponential decrease.
Moreover, the initial temperature slope µ(n = 0) can be
expressed from (11) and (14). Then, at each new oscillating
period, the slope is equal to the previous one plus an extra
term η defined as follows

µ(n) = µ(n− 1) + η(n) (15)
with η(n) := σi∆Tβi

(
1− eσiβ1κτ

)
e(β2−β1)κτξi(n)

The resulting “turn-on” transient phase is depicted in
Fig. 1(c), where the initial temperature is equal to T2. An
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input power P1 is then applied during the first oscillating
period, with the switch in position 1. Hence, the temperature
increases with an initial slope equal to µ(0) = β1∆T .
During the second part of the oscillating period (i.e. after
the switch has changed from position 1 to position 2), the
temperature decreases with an initial slope equal to µ(0) =
−β2∆T

(
1 − e−β1κτ

)
e(β2−β1)κτ . At time t = τ , a new

oscillating period occurs and n = 1. The temperature during
the first part of this second oscillating period increases, but
with a smaller slope when compared with the first oscillating
period since the added term η(·) is negative, see (15). Then,
the temperature decreases during the second part of the
second oscillating period, but with a higher slope since the
added term η(·) is positive during the second subinterval.
The process is then repeated until the steady-state condition
is attained.

III. PERFORMANCE EVALUATION

It is quite difficult to find experimental values for the
parameters of the thermal model (2) in the literature. For
the simulation presented now, the ones deduced from [13],
[20] will be used. The different values are R = 2 ◦C/W
and C = 34mJ/◦C. The ambient temperature is Tamb =
25◦C and the supply power levels are 5 and 35W . In the
linear case, this leads to a thermal time constant of 68ms
and the chip temperature varies from 35 to 95◦C. In the
nonlinear one, the resulting asymmetric behavior runs with
some different rising and falling time constants that are of
124 and 74ms respectively, and the chip temperature varies
from 36 to 154◦C.

Different preliminary tests are realized, comparing the
linear and nonlinear chopped scheme with the classical strat-
egy. For the classical scheme, the task deadline is supposed
equal to the time of the whole simulation, i.e. τ̄ = 0.4 s,
and the system runs with the switch in position 1 and 2
during the time interval κτ̄ and (1 − κ)τ̄ respectively. As
expected, the temperature highly increases. On the other
hand, hot spots can be reduced thanks to the chopped
scheme. We already showed in [14] that the steady-state
average temperature and its ripple depend on both parameters
and the maximal attained temperature highly depends on the
switching control. Even if the relation with these parameters
is more complex in the nonlinear case, such an observation
can be done (simulation results are not provided due to
space limitation). Moreover, the reached temperature is more
important in the nonlinear case than in the linear one.

The control strategy when fixing the product κτ in order
to bound the time when the temperature increases (and
consequently the tradeoff between temperature and energy) –
as suggested in subsection I-C – is depicted in Fig. 2 where
ϕ = 10ms. This gives slow and fast oscillations when the
temperature is low and high respectively (i.e. when κ is small
and large respectively).

The whole thermal-aware control of the energy-
performance tradeoff is also tested in simulation. The idea
is to reduce the energy consumption while ensuring com-
putational performance, as suggested in [6], taking also into

account the temperature within the chip here. A scenario with
three tasks to be executed is run, the number of instructions
and deadline for each task being known. The simulation
results are depicted in Fig. 3 for the nonlinear case. The
plots on the top part show the number of instructions, the
deadline, and the laxity. The speeds (average speed setpoint,
predicted, measured) are provided on the plot in the middle
of the figure, as well as the voltage value. The bottom plot
shows the temperature of the chip. The temperature reached
with the classical strategy (without any thermal management)
is also represented. When the task to be run has a high
computational load, the system runs during κτ and (1−κ)τ
at high and low voltage respectively. Then, this is repeated
until the end of the task. As expected, the energy saving is
less important than in the classical strategy but the maximal
temperature highly decreases (about 8 % increase and 47 %
decrease respectively). Note that the energy increase is more
important than in the linear case, but the proposed scheme
also results in a higher temperature decrease (about 1 % of
energy increase and 40 % of temperature decrease in the
linear case). Therefore, this approach will basically decrease
the hot spot appearance.

CONCLUSIONS AND FUTURE WORKS

In the present paper, we presented a nonlinear thermal-
aware DVFS technique. The proposed control scheme was
implemented on top of a robust DVFS control [6] and a
chopped scheme was added in order to limit the temperature
growing. The main advantage of this “chopped-DVFS” is
that it limits the temperature increase/decrease, since the
average temperature values depend on the duty cycle of the
switching control and the ripple depends on the duty cycle
and the period of oscillation. The duty ratio is calculated
from the fast predictive control in [6]. This ensures perfor-
mance and robustness to uncertainties. Also, the nonlinearity
between temperature and power was taken into account. The
nonlinearity notably leads to asymmetry in the temperature
behavior, with an increased achieved temperature at high
voltage (compared with the linear case). Some simulation
results have also been provided to show the effectiveness
of the proposal and its capability to efficiently reduce the
temperature of the chip. Next work will be to implement
these schemes in practice.
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