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Energy-Aware Clock-Frequency Assignment in
Microprocessors and Memory Devices
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Abstract—Dynamic supply-voltage scaling (DVS) can reduce
the energy consumption of microprocessors, but most DVS
schemes only scale the clock frequency of the microprocessor and
ignore the memory system. In this paper, we show how more
energy can be saved by changing the clock frequency of the
memory as well as that of the microprocessor in a coordinated
fashion. The contributions of this paper include: 1) consideration
of both the energy and access time of the memory; 2) derivation
of a mathematical formulation of a system-wide energy model
as a function of the clock frequencies of the microprocessor and
memory; 3) derivation of analytic solutions of system-wide energyoptimal clock-frequency pairs for the microprocessor and the
memory, and, finally, 4) extension of the frequency-assignment
technique to handle discrete voltages and frequencies. Cycleaccurate system-level energy simulation shows that the proposed
scheme can save up to 50% more energy than previous DVS
schemes. Our approach can also be applied to other synchronous
peripheral devices.
Index Terms—Energy management, power management, realtime systems.

I. I NTRODUCTION

D

Fig. 1. Power consumption of three representative handheld devices running a
streaming video application (W ) [4]. (a) PDA power consumption. (b) Portable
media player power consumption.
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power consumption of the entire system including memory and
other devices.
The effects of nonsupply-voltage-scalable (NSVS) memory
technology on DVS have been considered by some recent works
[5]–[7]. The decreased clock frequency of the microprocessor
for lower supply voltage increases the execution time of a task,
which may actually increase their energy consumption. This
shows how existing DVS techniques can easily fail to achieve
system-wide energy optimization.
It has also been shown that down-scaling the clock frequency
of a microprocessor cannot reduce the total system energy when
the memory bandwidth is limited by the application [5], [6].
A recent approach to DVS [7] therefore takes the memory
access time into account when the microprocessor frequency is
determined. Applying dynamic power management (DPM) to
NSVS devices can mitigate the energy overhead of the extended
execution time that results from DVS. DPM and DVS may be
combined to achieve system-wide optimization in a predictive
power control strategy [8]. When DVS is applied to an SVCS
microprocessor, NSVS memory devices controlled by that
microprocessor will have longer idle times, which can magnify
the effect of DPM [9]. While most existing DVS scheduling

YNAMIC supply-voltage scaling (DVS) is one of the
most efficient ways to reduce the dynamic energy consumption of supply-voltage-clock-scalable (SVCS) devices [2],
[3]. However, many devices include current-mode circuits that
do not allow supply-voltage scaling. Even if a device does allow
supply-voltage scaling, there is no energy saving unless there is
a superlinear relationship between the supply voltage and the
power consumption. Consequently, DVS is mainly restricted
to the core of SVCS microprocessors. However, the power
consumption of a microprocessor represents around 10% to
25% of the total power consumption in handheld devices, as
shown in Fig. 1. Furthermore, the power consumption of the
memory is as important as that of the microprocessor [4]. Since
most DVS schemes proposed so far are applicable to only the
core of SVCS microprocessors, it is necessary to consider the
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algorithms ignore the memory and peripheral devices, some recent works on task scheduling [10]–[12] have tried to minimize
the energy consumption of the total system.
It has become very clear that a microprocessor and its
memory affect each other in terms of both energy and delay
time, and that independent consideration of either device cannot be expected to minimize the energy consumption of the
whole system. However, none of the work on this topic so far
accurately describes the interactions between a microprocessor
and its memory system under DVS in terms of both energy and
performance. The combination of DPM and DVS [8] has been
analyzed in terms of total energy consumption but not at the
level of the individual device. Energy models [9] have included
too simple assumptions, in which constant power consumption
is consumed in both active and power-down modes.
In this paper, we aim at the limited but well-defined goal
of a system-wide energy-optimal frequency assignment for
a system, which consists of an SVCS microprocessor and a
synchronous NSVS memory. We assume that neither the CPU
nor the memory enters power-down mode while a task is
being executed. For this purpose, we derive the relationship
between energy consumption and clock frequencies for an
SVCS microprocessor and a synchronous NSVS memory based
on their static and dynamic energy consumption. We prove that
there exists an energy-optimal pair of clock frequencies for
an SVCS microprocessor and a synchronous NSVS memory,
and that these frequencies are functions of the number of
microprocessor clock cycles, the number of memory transactions, and the parameterized hardware energy model. We derive
a generalized analytical solution that determines the optimal
frequencies under various constraints. We also demonstrate the
practical use of frequency assignment on a commercially available SDRAM running real applications. Experimental results
show 50% greater energy saving than traditional DVS schemes,
which ignore the energy consumption of the memory.

In reality, the memory does contribute both to the execution
time and to the energy consumption. Even if we do not scale
the supply voltage of synchronous NSVS memory, its energy
consumption will change with clock frequency due to changes
in leakage energy during the active mode and due to changes
in dynamic energy during the idle mode (details of energy consumption of a synchronous NSVS memory will be discussed in
Section II-B). Thus, when we assign a clock frequency fc to
the microprocessor, we must also consider the clock frequency
fm of the memory. Since both fc and fm affect the execution
time, energy-optimal frequency pairs (fc , fm ) must be derived
together.
Our proposed clock-frequency assignment determines a pair
of frequencies (fc , fm ) that minimizes the energy consumption
of the entire system for a given application and hardware configuration. The supply voltage of the synchronous NSVS memory is fixed, and the supply voltage of the SVCS microprocessor
can then be determined from fc . We assign the lowest possible
supply voltage that ensures reliable operation. Our technique
is applicable to any synchronous devices controlled by the
microprocessor, but we focus on the most common device,
which is a synchronous memory. Our frequency-assignment
technique is also applicable to an NSVS microprocessor. Since
the mathematics underpinning our method is quite involved, we
define all the symbols used in advance in Table I.

B. Energy Consumption of a Synchronous NSVS Memory
In addressing the problem of energy-aware memory clockfrequency assignment, we start by deriving generalized energyconsumption equations for a synchronous NSVS memory. The
active-mode dynamic energy of such a memory is primarily
determined by the number of transactions. The total number of
external memory transactions is given by
Nm = εNl1

II. P RINCIPLE OF M EMORY -A WARE
F REQUENCY A SSIGNMENT
A. Problem Statement
Up to the present, there has been no proper strategy for
reducing the energy consumption of a system consisting of a
synchronous NSVS memory controlled by an SVCS microprocessor. Most DVS schemes for an SVCS microprocessor
simply ignore the memory and assume that the execution time
and energy consumption of the system are solely determined
by the microprocessor. One recent scheme [7] does consider
the proportion of the execution time taken by memory accesses
and uses this to determine a lower clock frequency and, hence,
a lower supply voltage for the microprocessor. Some studies
do take into account the energy consumption of the memory,
but even these cannot estimate the energy accurately because
of their simple energy models. Without distinction between
dynamic energy and static energy, it is impossible to estimate
the energy consumption of the memory that varies as the clock
frequency of the microprocessor changes. But, none of the
existing schemes has considered it.
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(1)

where ε is cache miss ratio and Nl1 is the total number of
transactions between the microprocessor and the L1 cache. If
the microprocessor is designed to stall when there is a cache
miss, we can reasonably assume that the total execution time of
a task will be given by
τexe 

Nc
Nm M b
+
fc
fm

(2)

where Nc is the number of microprocessor cycles and Mb is the
number of memory clocks for a burst-mode transaction. We do
not consider the effect of instruction parallelism in this, even
though a consideration of parallelism might lead to a tighter
estimate of execution time.
Fig. 2 shows a generalized energy model of a synchronous
NSVS memory. The total idle-to-active dynamic energy is
determined by the number of external memory transactions,
which is independent of fc and fm , and can be expressed as
EADT = EAD Nm .

(3)
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TABLE I
NOMENCLATURE

asynchronous memory, because of the necessity for clock propagation during the idle mode. The SDRAM is a slave device,
and its idle mode is a ready state in which it waits for an external
request. The total idle-to-idle dynamic energy consumption of
an SDRAM is determined by the number of idle clock cycles,
which is in turn determined by τexe − (1/fm )Nm Mb . Thus
Fig. 2. Typical energy state machine representation of a synchronous memory
(∗τ is the clock period).

We assume the existence of autoprecharge scheme [13] that
immediately sends the SDRAM to idle mode after every burstmode access. The autoprecharge scheme is common in batteryoperated systems. The total precharge energy is given by
EPCDT = EPCD Nm .

(4)

Current-mode circuits exhibit a distinct active-mode static energy but negligible leakage energy during idle mode. The
active-mode static energy is directly proportional to the length
of time that the circuit remains in active mode. It is determined
by the number of external memory transactions, the clock
period of the SDRAM, and the number of memory clock ticks
required for a burst-mode transfer. Thus, the total active-mode
static energy is given by
EAST =

PAS Nm Mb
.
fm

(5)

Simple energy models usually consider the sum of three energy
components, EADT + EPCDT + EAST , without distinguishing
them and also usually ignore the dynamic energy consumption
during idle mode. However, a synchronous memory has a distinct dynamic energy consumption during idle mode, unlike an

EIDT = EID (τexe fm − Nm Mb ) =

EID fm Nc
.
fc

(6)

This explains why unnecessarily high fm increases the number
of idle clock cycles and thus the total idle-to-idle dynamic
energy. As fc increases, the total execution time τexe decreases,
and idle-to-idle dynamic energy consumption reduced. On the
other hand, the total idle-mode static energy is solely determined by the duration of the idle mode
EIST = PIS

1
PIS Nc
(τexe fm − Nm Mb ) =
.
fm
fc

(7)

As fc increases, the total idle-mode energy decreases.
If the total execution time of a task τexe is less than a task
deadline τd , then both the microprocessor and the memory
should be in power-down mode to avoid unnecessary energy
consumption. The energy overhead for power down and wake
up (EPDD + EWD ) is proportional to the number of powerdown operations. We assume that the slack time τd − τexe
occurs at the end of task execution, and that there is one powerdown and one wake-up operation. The dynamic energy required
to enter and leave the power-down mode can then be simplified
EPDDT = EPDD and EWDT = EWD .

(8)
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TABLE II
ENERGY VARIATION VERSUS fc AND fm FOR A GIVEN TASK

Fig. 4. Lowest allowable supply voltage corresponding to the microprocessor
frequency.

Fig. 3. Energy consumption of a synchronous NSVS memory and an SVCS
microprocessor. (a) Memory. (b) Microprocessor.

During the slack time τd − τexe , the SDRAM stays in powerdown mode and consumes only a small amount of static energy


Nc
Nm M b
EPDST = PPDS (τd − τexe ) = PPDS τd −
−
.
fc
fm
(9)
Note that EPDDT + EWDT + EPDST is not significant.
Finally, the total energy consumption of the SDRAM is given
as follows:
EM =

EID fm Nc
+ (EAD + EPCD )Nm
fc
PAS Nm Mb
PIS Nc
+
+ EPDD + EWD
fm
fc


Nc
M b Nm
+ PPDS τd −
−
.
(10)
fc
fm
+

Table II summarizes how the energy-consumption behavior of
a synchronous NSVS memory is affected by fc and fm . In
some circumstances, energy consumption increases with one or
both of these frequencies, while in others, the relationship is
inverted.
III. E NERGY -O PTIMAL F REQUENCY A SSIGNMENT
A. Energy-Frequency Relationship in a Synchronous
NSVS Memory
We will now see how a synchronous NSVS memory behaves
as the clock-frequency changes. As we vary fm for a given fc ,
EM responds as shown in Fig. 3(a). This variation is primarily
caused by a tradeoff between EID and EAS . The total energy
consumption EM is convex, and thus there exists an energyoptimal fm .
We will now derive the clock frequency of a synchronous
NSVS memory that corresponds to the least energy consumption for given values of Nc , Nm , and fc .

Theorem 1: A synchronous NSVS memory has an energyoptimal clock frequency fm such that

(PAS − PPDS )fc Nm Mb
.
(11)
fm =
EID Nc
Proof: Since EM is a convex function, we can obtain the
optimal value of fm by taking the derivative of (10) for fm . 
B. Energy Model of an SVCS Microprocessor
The power consumption of a microprocessor can be divided
into dynamic power and static power, as shown in Fig. 3(b).
We assume that the clock and power gating is well designed, so
that the microprocessor does not consume appreciable energy
during a stall state. However, the device leakage-power consumption increases with each technology generation advances.
Recently, several groups have published papers about leakageaware DVS [14], [15]. Different leakage sources that contribute
to the total static-power consumption include subthreshold,
reverse bias junction current, and gate direct tunneling current. To contain the scope of this paper, we have simplified
microprocessor energy models by assuming that the leakagepower consumption is a linear function of the supply voltage. A
simplified microprocessor power consumption is then given by
2
fc + Ileakage Vdd + PON
PCPU = αCCPU Vdd

(12)

where α and CCPU are the average switching activity and
capacitance, respectively, Vdd is the supply voltage, Ileakage is
the leakage current, and PON is the inherent power cost to keep
the microprocessor ON. A maximum allowable frequency of the
microprocessor can be expressed as
f=

(Vdd − Vth )a
k  Vdd

(13)

where Vth is the threshold voltage, k  and a are constants for a
given technology process, and 1 < a ≤ 2 [16].
To derive an analytic solution, we simplified (13) using curve
fitting. Fig. 4 shows an approximate solution where a, Vth , and
k  are 1.413, 0.4 V and 2.429E − 9, respectively. The delay
and frequency model of (13) can be accurately modeled as a
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second-order polynomial function. Although the second-order
approximation is more accurate and we can use the secondorder model without any problem, we will use a first-order
model in the following treatment to make our analysis easier
to understand.
We will assume that the lowest allowable supply voltage is
linearly proportional to fc
Vdd = kfc

(14)

where k is a coefficient of proportionality relating the supply
voltage and fc . Using (12) and (14), the energy consumption of
the microprocessor can be expressed as a function of fc and Nc ,
as follows:
ECPU = PCPU

Nc
fc

= αCCPU k 2 fc2 Nc + Ileakage kNc + PON

Nc
.
fc

(15)

C. Frequency Assignment Without Considering the Energy
Consumption of the Memory
Fig. 5 summarizes three different frequency-assignment
schemes for the DVS of an SVCS microprocessor. Fig. 5(a)
shows a conventional frequency-assignment scheme for the
DVS. Here, τexe = (1/2)τd at fc = fc max , where fc max is
the maximum possible clock frequency of the microprocessor.
Since this frequency-assignment scheme ignores both the energy consumption and the access time of a synchronous NSVS

. But,
memory, fc = (1/2)fc max is applied over the period τexe

this means that τexe < τd , because only Nc /fc is doubled by
the assignment [7].
This approach does not make best use of the slack time, and
Zhang and Chanson presented an improved frequency assignment, which takes into account the execution time of the mem#
= τd
ory [7]. As shown in Fig. 5(b), this assignment yields τexe
and thus a lower value of fc# , making it feasible to satisfy
the inequality fc# < fc . However, eliminating the slack time is
not always optimal. An excessively low microprocessor clock
frequency increases the execution time of the microprocessor
and the idle time of the memory, and thus increases the leakage
energy consumption of the microprocessor and the idle-mode
energy consumption of the memory, which can cancel out
the energy saving in the microprocessor.
D. Frequency Assignment Considering the Energy
Consumption of the Memory
The frequency-assignment schemes shown in Fig. 5(a) and
(b) only try to minimize ECPU . In addition, τexe = τd does
not correspond to an energy-optimal frequency assignment due
to the convex energy behavior [9]. Since ECPU and EM are
functions of fc and fm , and τexe is a function of fc and fm [(2),
(10), and (15)], we can prove that there exists a system-wide
energy-optimal frequency pair (fc , fm ). Since fc and fm are
cross-coupled, we need to derive fc and fm together, as shown
in Fig. 5(c).

Fig. 5. Frequency assignment of a microprocessor and its memory. (a) Voltage
assignment ignoring memory energy and access time. (b) Voltage assignment
considering memory access time. (c) Voltage assignment considering memory
energy and access time.

The total system energy required by the microprocessor and
the memory ET is given by
ET = ECPU + EM
= αCCPU k 2 fc2 Nc + Ileakage kNc
Nc
EID fm Nc
+
PON +
+ (EAD + EPCD )Nm
fc
fc
(PAS − PPDS )Nm Mb
(PON + PIS − PPDS )Nc
+
+
fm
fc
+ PPDS τd + EPDD + EWD .
(16)
Note that ET is convex because a positive weighted sum of
convex functions is convex [17]. Fig. 6 shows convex contours
of ET in the space of fc and fm .
There exists a unique pair (fc , fm ) corresponding to the
minimum value of ET . But, we need to verify that this pair
is feasible. The constraints on feasibility are summarized as
follows:
fc constraint:
fm constraint:
Deadline constraint:

fc min ≤ fc ≤ fc max ,
fm ≤ fm max ,
τexe ≤ τd .

(17)
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Fig. 6. Feasible solution space of the energy-optimal clock frequency. Contours denote ET and are convex. The supply voltage of the microprocessor is the
lowest possible that will ensure reliable operation.

The constraints on fc max and fm max come from the device data
sheet. A lower bound on fm may be determined by the dynamic
logic structure, but it is too low to offset the feasibility of the
optimal solution. However, an SVCS microprocessor has quite
a high fc min , since the supply voltage of the microprocessor
cannot be reduced beyond a certain limit, which is determined
by its logic structure.
Optimization problems with constraints can in general be
solved by a Lagrange multiplier [18], but we do not consider
this approach because of its complexity. Instead, we derive the
solution by dividing the problem into several subproblems. The
constraints form four boundary conditions, as shown in Fig. 6.
Except for the deadline constraints, the boundary conditions
are trivial. If the optimal (fc , fm ) pair exists in the feasible
solution space, Theorem 2 determines the optimal solution,
and the corresponding (fc , fm ) can be obtained by solving a
differential equation.
Theorem 2: A system equipped with an SVCS microprocessor and a synchronous NSVS memory has a system-wide
energy-optimal (fc , fm ) pair such that
4(αCCPU k 2 )2 Nc fc6 −4αCCPU k 2 Nc (PON + PIS −PPDS )fc3
−EID Nm Mb (PAS −PPDS )fc + Nc (PON + PIS −PPDS )2 = 0
(18)
and


fm =

(PAS − PPDS )fc Nm Mb
EID Nc

(19)

if both frequencies are included in the feasible solution space
determined by (17).
Proof: The optimal (fc , fm ) pair is derived from the
simultaneous equations ∂ET /∂fc = 0 and ∂ET /∂fm = 0,
which can be rewritten
∂ET
EID Nc fm
= 2αCCPU k 2 Nc fc −
∂fc
fc2
(PON + PIS − PPDS )Nc
−
fc3
=0

and
EID Nc
Nm Mb (PAS − PPDS )
∂ET
=
−
= 0.
2
∂fm
fc
fm

We can derive the optimal fm in (19) from the partial derivative
of (21). Replacing fm in (20) by the solution of (21), we obtain

EID (PAS − PPDS )Nm Mb Nc
∂ET
= 2αCCPU fc k 2 Nc −
∂fc
fc3
−

Nc (PON + PIS − PPDS )
fc2

= 0.

(22)

The open-form solution of (22) is given by (18), and the positive
real root of (18) is the optimal fc .

Since (18) and the following polynomial equations are too
complicated to have closed-form solutions, we solve them
numerically.
Unfortunately, we may often encounter the situation that
the pair of frequencies (fc , fm ) obtained from Theorem 2 is
not included in the feasible solution space. In this case, a
suboptimal pair has to be found on the boundary of the feasible
solution space. We obtain this solution by generating locally
optimal pairs at intervals along all the boundary conditions and
choosing the global optimum.
Corollary 1: A system equipped with an SVCS microprocessor and a synchronous NSVS memory has a system-wide
energy-optimal (fc , fm ) such that

(PAS − PPDS )fc min Nm Mb
fm =
(23)
EID Nc
or

fm =

(20)

(21)

(PAS − PPDS )fc max Nm Mb
EID Nc

(24)

if it lies on the boundary condition corresponding to fc min or
fc max .
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Theorem 3: A system equipped with an SVCS microprocessor and a synchronous NSVS memory has a system-wide
energy-optimal (fc , fm ) such that

fc =

EID fm max + PON + PIS − PPDS
2αCCPU k 2

 13

Theorem 4: A system equipped with an SVCS microprocessor and a synchronous NSVS memory has a system-wide
energy-optimal (fc , fm ) such that
2αCCPU k 2 τd2 fc5 − 4αCCPU k 2 Nc τd fc4 + 2αCCPU k 2 Nc2 fc3


+ (PAS − PIS − PON )τd2 − EID Nm Mb τd fc2 + 2Nc
× (PIS + PON − PAS )τd fc + Nc2 (PAS − PIS − PON ) = 0

and
fm = fm max

(30)

(25)

if the optimum lies on the boundary condition corresponding to
fm max .
Proof: The optimal fc occurs when



EID fm PON +PIS −PPDS
∂ET
= Nc 2αCCPU fc k 2 −
+
∂fc
fc2
fc2
= 0.

(26)


Frequency assignment of an SVCS microprocessor using conventional DVS implies a fixed fm . The frequencyassignment schemes shown in Fig. 5(a) and (b) address this
problem. However, neither of these schemes arrives at systemwide energy optima, but the value of fc corresponding to the
lowest energy consumption with a fixed fm can be achieved by
the following strategy:

and
fm =

ET

subject to

fc min ≤ fc ≤ fc max

τd =

 13

(33)

Thus, ET is given by



minimize

ET

subject to

fc min ≤ fc ≤ fc max

Nc
τd −
fc


+

Nc
fc

EID Nc Nm Mb
τd fc − Nc

PIS Nc
.
fc

(34)

The optimal fc corresponds to the solution of ∂ET /∂fc = 0.



IV. D ISCRETE F REQUENCY A SSIGNMENT
.

(28)

Proof: Since fm is a given constant value, we can obtain
the optimal fc by replacing fm max with fm in Theorem 3. 
Sometimes, an energy-optimal (fc , fm ) is not feasible due
to a deadline miss. In this case, a suboptimal (fc , fm ) can be
obtained by the following procedure:

fm ≤ fm max
τexe = τd .

Nm Mb fc
.
τd fc − Nc

fm =

(27)

Corollary 2—Frequency assignment in conventional DVS:
A system equipped with an SVCS microprocessor and a synchronous NSVS memory has a system-wide energy-optimal fc
with a fixed fm such that
fc =

(32)

and we have

+ PAS

EID fm + PON + PIS − PPDS
2αCCPU k 2

Nc
Nm M b
+
fc
fm

+ (EAD + EPCD )Nm +

with a constant fm .

(31)

if the optimum lies on the boundary condition corresponding to
the inequality τexe ≤ τd .
Proof: On the deadline boundary condition, τexe is
given by

ET = αCCPU k 2 fc2 Nc + Ileakage kNc + PON

minimize



Nm Mb fc
τd fc − Nc

(29)

The resulting energy-suboptimal (fc , fm ) is on the boundary
condition of the deadline constraint τexe ≤ τd in the feasible
solution space.

It is too expensive to make an embedded system with DVS
that allows continuous voltage and frequency changes. Discrete
voltage and frequency changes can achieve a near-optimal configuration while significantly reducing implementation complexity [19]. With the existing DVS techniques, discrete voltage
and frequency assignments do not require a significantly different approach from continuous frequency assignment: The next
available discrete frequency above the calculated continuous
frequency is selected.
However, using memory-aware DVS, we cannot select fc
in this way, because the convexity property is no longer valid
in the discrete solution space. Although the continuous cost
function remains convex, the space of discrete frequency pairs
cannot be convex, as shown in Fig. 7. In other words, the
globally optimal discrete frequency pair cannot be found by
greedy search.
In general, this sort of problem can be solved by simulated
annealing, branch and bound techniques, or genetic algorithms
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Example of a discrete solution space.

[20]. However, the size of the solution space is not large
enough to justify such methods. There are fewer than a hundred
frequency pairs in most cases. Instead, we introduce a new
approach that is more suitable for this problem. First, we find
a local optimum by greedy search, beginning from a random
starting point, and then we find the contour that has the same
altitude as the local optimum. Finally, we determine the globally optimal frequency pair by examining the area inside this
contour.

Fig. 8. Reduction of the solution space by a contour, which includes the local
minimum.
TABLE III
ENERGY CONSUMPTION OF A 32-BIT MEMORY WITH FOUR MICRON
MT48LC16M8A2 SDRAMs (Mb = 9)

We can rewrite this quadratic equation in a standard form
A. Symbolic Contour Equation

2
afm
+ bfm + c = 0

The key idea of this approach is to reduce the search space
by finding a contour that has the same altitude as the local
optimum. Because the continuous solution space is convex,
the global optimum must lie within that contour. Points representing discrete frequency pairs that are outside the contour
correspond to higher energy consumption than those inside. We
can afford to perform exhaustive search for the global optimum
within the dramatically reduced search space enclosed by this
contour.
We set up the contour equation with the local minimum
energy value Elocal as follows:
ET (fm , fc ) = Elocal .

(35)

This contour equation can be expressed as a second-order
polynomial function of fm by multiplying both sides by fm fc
as follows:
ET · fm fc = αCCPU k 2 Nc fc3 fm + Ileakage kNc fc fm
+ Nc PON fm + EID Nc fm 2
+ (EAD + EPCD )Nm fc fm
+ (PAS − PPDS )Nm Mb fc
+ (PON + PIS − PPDS )Nc fm
+ (PPDS τd + EPDD + EWD )fc fm
=Elocal · fm fc .

(36)

(37)

where
a = EID Nc
b = αCCPU k 2 Nc fc3 +Ileakage kNc fc
+((EAD +EPCD )Nm +PPDS τd +EPDD +EWD−Elocal )fc
+(PON +PIS −PPDS )Nc
c = (PAS −PPDS )Nm Mb .
This has the well-known closed-form solution

−b ± g(fc )
fm (fc ) =
2a

(38)

(39)

where
g(fc ) = b2 − 4ac.

(40)

Real roots exist only when g(fc ) ≥ 0, and so the globally optimal fc must exist within the boundary defined by g(fc ) = 0.
Equation (40) is a sixth-order polynomial in fc and would
need to be solved numerically. But, we only need to find out
whether each discrete point satisfies g(fc ) ≥ 0 [marked (b) in
Fig. 8]. Then, we can use (39) to derive the upper and lower
limits on fm for each fc [marked (a) in Fig. 8]. Finally, we
can determine the global optimum (fc , fm ) from all the points
inside the contour. This does require exhaustive search, but it is
relatively fast, owing to the reduced search space.
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TABLE IV
FREQUENCY ASSIGNMENT AGAINST SYSTEM-WIDE ENERGY REDUCTION
(fc AND fm ARE IN MEGAHERTZ, AND ECPU , EM , AND ET ARE IN MICROJOULES)

As described above, our algorithm consists of two parts: a
greedy search and an exhaustive search. The greedy search
has a linear complexity O(nm + nc ), where nc is the number
of microprocessor frequency steps and nm is the number of
memory clock-frequency steps. Subsequently, we can find the
global optimum within the contour by means of an exhaustive
search. There are usually just one or two discrete points within
the contour, although that cannot be guaranteed.
We could also find the global optimum using only an exhaustive search algorithm. The number of the discrete voltage pairs
is often less than a hundred, when DVS is implemented using
an embedded clock generator in a microprocessor. However,
depending on the system configuration, each resolution of CPU
and memory clock frequency can be greater than a hundred
when we use external clock generators, because typical off-chip
clock generators have high-resolution frequency synthesizers.
Furthermore, our proposed algorithm has a linear complexity, while the exhaustive search has a quadratic complexity
O(nm nc ).
V. E XPERIMENTAL R ESULTS
We evaluated the effect of the different frequency-assignment
schemes on system-wide energy consumption for DVS [shown
in Fig. 5(a)–(c)] and also compared them with the result of
frequency assignment without DVS. The target system consists of a 32-bit RISC microprocessor and Micron 128-Mbit
SDRAMs [21] but no other peripherals. The microprocessor is
SVCS, and we assume that its energy consumption conforms
to (15). We also know that it operates at a maximum frequency
of 400 MHz and a minimum frequency of 200 MHz, consuming
740 mW when Vdd = 2 V and 155 mW when Vdd = 1 V,
such that αCCPU k 2 = 1 × 10−17 nJ/Hz2 . There must be a

leakage current and an inherent power cost of keeping the
microprocessor ON, and for these, we assume conservative values of Ileakage = 25 mA and PON = 50 mW. The microprocessor has the ARM instruction-set architecture and separate 8KB
I-cache and 8KB D-cache. The memory has a 32-bit data width
composed of four Micron SDRAMs. The default fm is 66 MHz,
which is the most popular setting for battery-operated systems.
Frequency assignment using previous DVS methods is achieved
by changing fc while keeping fm = 66 MHz, and frequency
assignment without DVS uses the settings fc = fc max and
fm = 66 MHz.
Table III summarizes the energy consumption of the Micron
SDRAMs using the data acquired by cycle-accurate measurement [22]. We use the values in Table III to derive the energyoptimal (fc , fm ) pairs using the theorems and corollaries
presented earlier in this paper. Once we have derived the
energy-optimal (fc , fm ) pairs, we can use them to perform
trace-driven cycle-by-cycle energy simulations with real
applications. The (fc , fm ) pairs may not be true optima due
to modeling errors, but the benchmarks still represent a fair
comparison.
We selected three embedded applications: an MPEG4 decoder running at 20 frames/s, a JPEG decompressor with
96% utilization, and an MP3 decoder streaming at 320 Kb/s.
Table IV summarizes the performance of the frequencyassignment techniques in a continuous solution space.
In the case of the MPEG4 decoder (shown in Table IV),
our optimal frequency assignment arrives at a higher microprocessor clock frequency but a lower memory clock frequency
than conventional DVS. This results in 10% more energy
consumption in the microprocessor but 20% lower energy
consumption in the memory. As a result, this reduces the total
energy consumption by 10% compared with the conventional
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TABLE V
DISCRETE FREQUENCY ASSIGNMENT AGAINST SYSTEM-WIDE ENERGY REDUCTION
(fc AND fm ARE IN MEGAHERTZ, AND ECPU , EM , AND ET ARE IN MICROJOULES)

DVS. In contrast, the JPEG application has only 4% slack time
before DVS is applied, and thus conventional DVS can only
achieve 2% to 3% energy saving. In this example, our optimal
frequency assignment increases the memory clock frequency to
81 MHz, allowing further reduction of the microprocessor clock
frequency by about 50 MHz. This achieves about 2× energy
saving compared to the conventional DVS. The third, the MP3
application involves distinctly small number of memory transactions, so the optimal memory clock frequency is extremely
low, which allows our optimal frequency assignment to achieve
45% saving in the total system energy. In summary, the optimal
memory clock frequency can be either higher or lower than
the initial setting, depending on the memory utilization. When
the memory utilization is relatively low in applications, such as
MPEG and MP3 in this paper, lower memory clock frequency
is better. Our optimal frequency assignment systematically
derives the energy optimal frequency pair according to system
energy models and application characteristics.
Table V summarizes the performance of our technique for
discrete frequency assignment, which shows a generally similar performance to the continuous DVS. The previous DVS
techniques are, in general, not capable of finding the optimal
setting, although optima were achieved in some cases.

VI. C ONCLUSION
We have presented a new way to derive the energy-optimal
frequency assignment for a system consisting of SVCS microprocessor and a synchronous NSVS memory device. We
derived energy-optimal microprocessor and memory clock frequencies based on accurate energy models. We formulated
analytical models of energy consumption by the microprocessor

and the memory, and derived generalized solutions under various feasibility constraints, including limits on clock frequencies
and task deadlines. We also presented a heuristic algorithm for
the case of discrete frequencies, which guarantees achieving a
globally optimal solution. Our frequency assignment enhances
the previous DVS techniques and can save 50% more systemwide energy than those schemes.
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