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Abstract—To reduce energy consumption (EC), a mobile
handset system can be designed in such a way that while the
data-receiving unit in a mobile handset is receiving and moni-
toring data packets, the rest part of the handset (i.e., a processing
unit and a user interface) is switched off into a sleep mode. In this
paper, we study the timing when the rest part of the handset should
wake up. Several schemes (i.e., Always-ON, Always-OFF, Wake-up
upon Arrival, Wake-up upon Full, and the fractional threshold
scheme) are studied and compared in terms of energy saving and
the packet dropping probability (PDP). We formulate the total
EC for all theses schemes analytically. Furthermore, we show how
to choose optimal thresholds for the fractional threshold scheme
for the following two-optimization problems: 1) minimizing the
switch-on rate with a bound on the PDP and 2) minimizing the
total EC with a bound on the PDP. Our study shows that the
fractional threshold scheme is the best scheme. Simulations are
carried out to validate analytic models.

Index Terms—Energy consumption, mobile handset, sleep mode,
wake-up mechanism.

I. INTRODUCTION

ONE of the critical limiting operational factors for mobile
handsets is that their operation time is restricted by the

battery capacity, even in stand-alone mode [2]. Therefore,
designing the system in an energy consumption (EC)-aware
manner is imperative [3], [4], and it is one of the primary
objectives in the design of mobile handsets [5]. Significant
reduction of battery size and weight can be difficult so that
alternative strategies need to be employed toward the goal of
energy savings in both communication and networking aspects
[5], [6].

Operations of mobile handsets may significantly consume
battery energy. The components consuming energy in a mobile
handset can be designed in such a way that while the data-re-
ceiving unit (DRU), a fixed-size memory queue in the handset
for buffering data packets, is receiving and monitoring data
packets, the rest part of the handset, a user interface and a
processing unit (PU) that processes received data packets, is
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switched-off into a sleep mode [1]. An example of switching-off
the user interface is a Motorola Star TAC cellular handset under
Sprint PCS, in which, the user interface is switched-off if there
is no activity for several seconds. For the remainder of this
paper, we refer to the rest part of the handset (the user interface
and the PU) as the PU in general. Switch-on actions consume a
great amount of energy [7], [8]. Immediately waking up upon
receipt of a packet may cause too many switch-on actions,
thus consuming more battery energy and degrading the power
efficiency. Waiting for more packet arrivals before performing
a switch-on action avoids many switch-on actions, but causes
packet losses due to a limited buffer size. Therefore, there is
a tradeoff between energy saving and the number of packets
dropped. In [1], an integer threshold-based scheme was pro-
posed in which waking-up happens when the number of packets
in the buffer reaches a fixed threshold, and the switch-on rate
(SOR) was studied. However, neither the total EC nor opti-
mizing the total EC was studied. In this paper, we consider
the influence of the buffer size of the DRU on the actions of
switching on/off the PU to reduce EC for mobile handsets. We
study several wake-up mechanisms, and formulize the total EC
analytically for each mechanism. We study and compare the
following schemes:

• Always-ON (AON): the PU is always in the wake-up mode.
• Always-OFF (AOFF): the PU is always in the sleep mode.

AOFF is considered for comparison purpose.
• Wake-up upon arrival (WA): whenever there is a packet

arrival, the PU wakes up, and whenever there is not any
packet in the buffer, the PU goes to sleep.

• Wake-up upon full (WF): whenever the buffer is full, the
PU wakes up, and whenever there is not any packet in the
buffer, the PU goes to sleep.

• Fractional threshold method: we propose a fractional
threshold wake-up mechanism in which the switch-on
action is performed with a probability when the number
of packets in the buffer of the DRU reaches a threshold.
Whenever there is no packet, the PU goes to sleep. Such
an approach improves the integer threshold approach by
allowing the threshold to be a random variable so that
the threshold is no longer a fixed deterministic integer
value, but an integral random variable with a probability
distribution. The mean of this variable can be regarded
as the nominal threshold value, above which waking-up
happens. The nominal threshold value can be a non-
negative real number rather than an integer. Therefore,
the fractional scheme provides a finer grained threshold
value.
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The fractional threshold concept has been adopted in wire-
less/mobile networks for different problems. For example, the
well-known Fractional Guard Channel scheme is the optimal ap-
proach for channel assignments, and it outperforms the Guard
Channel approach [12], [13]. Fractional movement-based loca-
tion area update scheme [14] outperforms the normal location
area update scheme. In this paper, the fractional concept has
been applied to save EC in mobile handsets, and the following
two optimization problems are studied: 1) minimizing the SOR
with a bound on the packet dropping probability (PDP) and 2)
minimizing the total EC with a bound on the PDP.

The rest of this paper is organized as follows. Wake-up
schemes are presented in Section II. Section III provides ana-
lytic models and formulation for all these schemes. Section IV
provides optimality analysis and a method to find optimal
fractional thresholds. Performance evaluations are reported in
Section V. Section VI concludes this paper.

II. WAKE-UP SCHEMES

In this section, we present several wake-up schemes as fol-
lows. We present the fractional threshold scheme in Section II-A
and other schemes in Section II-B.

A. Fractional Threshold Scheme

The fractional threshold scheme allows the threshold to be
random. Therefore, the threshold is no longer a fixed determin-
istic integer value, but an integral random variable with a proba-
bility distribution. The mean of this probability distribution can
be treated as the nominal threshold value, above which the PU
will be switched on, and this nominal threshold can be a non-
negative real number instead of an integer.

Specifically, in a mobile handset system with the fractional
threshold scheme, when the packet-receiving queue is empty,
the PU is switched off into the sleep mode; it is switched on to
the wake-up mode with probability ( ) when the number of
packets in the queue reaches ; otherwise it is switched on when
the number of packets in the queue reaches . The fractional
threshold algorithm is shown in Table I.

Definition: The Threshold Random Variable ( ): for any
fixed threshold , the threshold for the fractional threshold
scheme is a random variable , with a probability density
function (pdf) defined as follows:

if
if
otherwise.

(1)

where , , and is the buffer size.
Note that in both the description and Table I, we adopt con-

ditional probability, i.e., “otherwise” means the condition that
at the threshold , switch-on action does not happen, whereas
in (1), we do not adopt conditional probability. We can prove
they are equivalent as follows. From the fractional threshold al-
gorithm listed in Table I, we have , and

TABLE I
FRACTIONAL THRESHOLD ALGORITHM

This proves that our fractional threshold algorithm in Table I
conforms to our definition of the fractional threshold pdf in (1).
The mean of is

(2)

The above mean could be any nonnegative real number in the
interval ( , ) instead of an integer or . The fractional
threshold takes on real values from [0, ]. We will further dis-
cuss the optimality aspect in Section IV.

All mobile handsets run the same algorithm (shown in
Table I) in a distributed manner with different optimal thresh-
olds calculated based on both the proposed method and the
measured packet arrival rates. How the proposed approach is
dynamically adjusted according to different traffic conditions
is discussed in Section IV-C.

B. AON, AOFF, WA, and WF

In the AON scheme, the PU is always in the wake-up mode. In
the AOFF scheme, the PU is always in the sleep mode. In AON,
the energy saving is the worst, but the PDP is the smallest. In
AOFF, the energy saving is the best, but the PDP is the worst,
i.e., one. AOFF is a nonworking case. AON and AOFF are two
extreme cases in terms of energy saving and the PDP.

In WA scheme, whenever there is a packet arrival, the PU
wakes up, and whenever there is not any packet, the PU goes to
sleep. In WF scheme, whenever the buffer is full, the PU wakes
up; and whenever there is not any packet, the PU goes to sleep.
WA and WF are special cases of the fractional threshold scheme.

III. ANALYTICAL MODELS

Assume that the buffer size of the DRU is in terms of
packets. More specifically, the buffer can hold up to packets
exactly. We further assume that the packet arrivals to a handset
follow a Poisson distribution with rate . The service time for
processing packets follows an exponential distribution with
rate . Moreover, the two distributions are independent of
each other. Therefore, the handset PU can be modeled with a
Markovian process with finite capacity [9], [10]. According
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Fig. 1. State transition diagram for the fractional threshold scheme.

Fig. 2. State transition diagram for the AON scheme.

to these assumptions, we will derive analytic models for all
wake-up schemes.

To model the fractional threshold scheme, we must distin-
guish two modes: the sleep mode in which packets are being
received while the PU is switched-off, and the wake-up mode in
which packets are being received while the PU is processing the
packets. In the fractional threshold scheme, the PU is switched
off into the sleep mode when the buffer is empty. It is switched
to the wake-up mode with probability ( ) when the number
of packets in the buffer reaches , and is switched to the wake-up
mode with probability when the number of packets in the
buffer reaches . In other words, when the number of packets
accumulated in the buffer reaches , a switch-on action is per-
formed with probability ( ). Otherwise, a switch-on ac-
tion is performed when the number of packets accumulated in
the buffer reaches . The state transition diagram for the
fractional threshold scheme is shown in Fig. 1, where, state ( ),
( ) indicates that the queue has packets, and the PU
is in the sleep mode. State ( ), ( ) indicates that
the queue has packets and the PU is in the wake-up. It is also
shown in Fig. 1 that when the queue is empty [state (0)], the PU
is switched off into the sleep mode. When the queue is in state
( ), the next state becomes either state ( ) (the wake-up
mode), or state ( ) (the sleep mode). When the queue is in state
( ), the next state is switched on into the wake-up mode [state
( )].

From [9] and Fig. 1, we can easily derive the instantaneous
transition probabilities from state ( ) to either state ( ) or
state ( ) as follows. Note that and are fixed number here.

(3)

(4)

Therefore, when the queue is in state ( ), the next state
is switched on into the wake-up mode with probability ( )
and stays in the sleep mode with probability . In other words,
when the number of packets in the queue reaches , the PU is
switched on to the wake-up mode with probability ( ), and
stays in the sleep mode with probability .

In AON scheme, the PU is always in the wake-up mode. AON
is a special case of the fractional threshold scheme when
and , in which Fig. 1 is changed into Fig. 2. In the AOFF

Fig. 3. State transition diagram for the AOFF scheme.

Fig. 4. State transition diagram for the WA scheme.

Fig. 5. State transition diagram for the WF scheme.

scheme, the PU is always in the sleep mode. AOFF is a special
case of the fractional threshold scheme when and

, in which, Fig. 1 is changed equivalently into Fig. 3. In WA
scheme, whenever there is a packet arrival, the PU wakes up,
and whenever there is not any packet, the PU goes to sleep.
WA is a special case of the fractional threshold scheme when

and , in which, Fig. 1 is changed into Fig. 4, and the
only state in the sleep mode is the state (0). In WF the scheme,
whenever the buffer is full, the PU wakes up; whenever there is
not any packet, the PU goes to sleep. WF is a special case of the
fractional threshold scheme when and , in which,
Fig. 1 is changed into Fig. 5.

Based on the state transition diagrams in Figs. 1–5, equilib-
rium equations can be used to derive stationary probabilities
for each scheme. Since all the schemes are special cases of the
fractional threshold scheme, next we first study the fractional
threshold scheme.

For the fractional threshold scheme, based on the state transi-
tion diagram in Fig. 1, the following equilibrium equations hold
when the PU is in a steady state, where denotes the stationary
probability of state ( ).

States Rate enters states Rate leaves states

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on March 10,2010 at 19:22:51 EST from IEEE Xplore.  Restrictions apply. 



1930 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 53, NO. 6, NOVEMBER 2004

Furthermore, we have

(15)

With (5) (15), we can derive the stationary proba-
bility for each state. Let ,

,
and . With some algebra operations, we can obtain the
following equations that are proved in Appendix :

(16)

(17)

Let and denote the SOR and the
PDP, respectively. They are functions of ( , ). Intuitively, in
the long run, the portion of time that the PU stays in the state
( ) is . During this time period, the number of arrivals
should be the product of the arrival rate and the time period, i.e.,

. Similarly, the portion of time that the PU stays in state
( ) is . During this time period, the number of arrivals should
be the product of the arrival rate and the time period, i.e., .
Moreover, among the arrivals of , only ( ) portion is
switched on. Therefore, also from (8), the SOR will be

(18)

Intuitively, the SOR will be the same as the switch-off rate in
the long run. This fact can be easily proved by formulae (6)–(7)
as follows:

(19)

Packets will be dropped when the buffer is full, i.e., when the
PU is in state ( ). Therefore, the is calculated as

(20)

Let and denote ECs of the sleep mode and the
wake-up mode, respectively, per unit time, where .
Let and denote ECs of the switch-on action
and the switch-off action, respectively, per time. The SOR is
measured in terms of the times of switch-on per unit time. Let

denote the probability of the PU in the sleep mode. We have

(21)

TABLE II
THE BINARY SEARCH ALGORITHM

The total EC is defined as

(22)

From (18), (20), and (22) for the fractional threshold scheme,
we can derive corresponding equations for other special cases
of schemes. For AON, AOFF, WA, and WF, we have

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

IV. OPTIMALITY ANALYSIS AND A METHOD

TO FIND OPTIMAL THRESHOLDS

In this section, we study optimality problems for the frac-
tional threshold scheme. In Section IV-A, we first provide some
features of the performance metrics; in Section IV-B, we show
how to choose the optimal thresholds for the following two
problems: 1) minimizing the SOR with a bound on the PDP and
2) minimizing the total EC with a bound on the PDP. Finally,
Section IV-C provides some comments on implementation is-
sues for the optimal fractional threshold scheme.
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Fig. 6. PDP, SOR, and EC over t + �(� = 0:9).

Fig. 7. PDP over � and t + �.

A. Features of the Performance Metrics

In this section, we study some features of the total EC, the
SOR, and the packet-dropping probability for the fractional
threshold scheme.

Since is a function of and , where and
are the integer and fraction parts of , respectively, we

can denote with . Therefore,
we use and interchangeably.

In previous section, for fixed values and , we have de-
rived the SOR and the PDP. Intuitively, when the mean of the
fractional threshold random variable increases, the SOR

will decrease due to fewer switch-on actions,
whereas the will increase due to the slower re-
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Fig. 8. SOR over � and t + �.

Fig. 9. EC over � and t + �.

sponses for packet processing. Therefore, we have the following
theorem that is proved in Appendix :

Theorem I: or the fractional threshold scheme, if ,
the is a strictly increasing function of and the
SOR is a strictly decreasing function. In other
words, we have

(35)

(36)

Intuitively, when the mean of the fractional threshold random
variable increases, the total EC decreases since: 1) the
PU stays more time on the sleep mode and 2) there are fewer
switch-on actions. Therefore, we can obtain the following the-
orem that is proved in Appendix .
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Fig. 10. Thresholds over the traffic load � (PDP bound is 3%).

Fig. 11. PDP over the traffic load � for different schemes (PDP bound is 3%).

Theorem II: For the fractional threshold scheme, if we have
, the total EC, is a strictly decreasing function

of . In other words, we have

(37)

B. Optimal Thresholds to Minimize the Total Energy
Consumption and the SOR

The objective is to find a good pdf in (1) so that the fractional
threshold scheme can get better performance. We need to find a
2-tuple ( , ). The domain of the 2-tuple ( , ) is

(38)
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Fig. 12. EC over the traffic load � for different schemes (PDP bound is 3%).

Fig. 13. SOR over the traffic load � for different schemes (PDP bound is 3%).

Optimization Problem 1 (OP1): For the fractional
threshold scheme, denote the SOR and the PDP as

and respectively, when
and ( ) is used as the fractional threshold. Given
that is the predefined PDP bound, find , where

,
and .

Optimization Problem 2 (OP2): For the fractional
threshold scheme, denote the total EC and the PDP as

and respectively, when

and ( ) is used as the fractional threshold. Given
that is the predefined PDP bound, find , where

and
.

Lemma 1: Since is a closed domain, there must exist op-
timal solutions of the above two optimization problems.

Since the total EC is a strictly decreasing function of the frac-
tional threshold, and the PDP is a strictly increasing function of
the fractional threshold, the optimal fractional threshold is the
maximum fractional threshold under the bound. This is also true
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Fig. 14. EC over the traffic load � for different ratios of E : E : E : E (PDP bound is 3%).

for the optimal fractional threshold for the SOR. Furthermore,
the optimal value is unique. Therefore, we have the following
Lemma 2 and Lemma 3. We also develop the Binary Search Al-
gorithm, shown in Table II. Lemma 3 holds since the total EC is
a strictly decreasing function of the fractional threshold, and the
PDP is a strictly increasing function of the fractional threshold.

Lemma 2: The optimal fractional thresholds for OP1 and
OP2 are the same and unique.

Lemma 3: The binary search algorithm can find an optimal
fractional threshold for OP1 and OP2.

Since is an integer and is a fraction between 0 and 1, we
will use and ( , ) interchangeably without causing confu-
sion to represent the nominal threshold. Note that in Table II, we
use neither the total EC nor the SOR. There are two approaches
of calculating in Table II. The first approach is to per-
form a simulation, and measure . The second approach
is to calculate . We choose the second approach. Lemma 2,
Theorem I, and Theorem II indicate that the binary search al-
gorithm can find an optimal fractional threshold, as stated in
Lemma 3. is a predefined value of PDP as the QoS re-
quirement.

C. Remarks for Implementation Issues Including Being
Dynamically Changed Under Different Traffic Conditions

All the mobile handsets periodically measure traffic condi-
tions for some time and obtain measured packet arrival rate ;
with the measured mean value of traffic load, the algorithm in
Table II is used to obtain optimal fractional threshold; finally
the algorithm shown in Table I can be run. Whenever traffic
conditions are changed, the above procedures are performed re-
peatedly. Therefore, in case that the traffic load is dynamically
changing, the system can measure the traffic dynamically and

calculate the optimal fractional threshold dynamically based on
the load. To avoid oscillations, window-averaging techniques
can be adopted [11].

V. PERFORMANCE EVALUATION

In this section, we study wake-up schemes over var-
ious parameters, as well as the two-optimization problems
via analytical results and simulation results. Performance
metrics include the PDP, the total energy consumption
(EC), and the SOR. Parameters include the traffic load

, the fractional threshold ( ) and the EC ra-
tios ( ). We adopt .
Section IV-A studies performance of the fractional threshold
scheme and gives validation with simulations. Section IV-B
compares the optimal fractional threshold scheme with other
schemes. Section IV-C provides a summary of key results.
Note that the optimal fractional threshold scheme is different
from the fractional threshold scheme.

A. Performance of the Fractional Threshold Scheme and
Validation With Simulations

Fig. 6 shows PDP, SOR, and EC versus the fractional
threshold ( ) for the fractional threshold scheme when

and .
As illustrated in this figure, numerical results and simulation
results match pretty well. As increases, PDP increases,
and both SOR and EC decrease. These observations confirm
Theorem I and Theorem II.

Fig. 7 shows PDP for the fractional threshold scheme over the
traffic load and the fractional threshold . As illustrated in
the figure, PDP increases when either the traffic load increases
or the threshold increases.
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Fig. 15. EC and SOR versus PDP (E : E : E : E = 1 : 10 : 30 : 20 and � = 0:9).

Fig. 8 shows SOR for the fractional threshold scheme over the
traffic load and the fractional threshold when

. As illustrated in this
figure, SOR increases as the fractional threshold decreases. For
a fixed threshold at a small value, when the traffic load increases,
SOR increases since the system need to wake up more often;
when the traffic load is high enough, SOR decreases since the
system spends more time in the wake-up mode and less time in
the sleep mode so that the SOR decreases.

Fig. 9 shows EC for the fractional threshold scheme over the
traffic load and the fractional threshold when

. As illustrated in the
figure, EC increases as the fractional threshold decreases. For a
fixed threshold at a small value, when the traffic load increases,
EC increases since the system spends more time in the wake-up
mode; when the traffic load is high enough, EC decreases since
the system spends more time in the wake-up mode and less time
in the sleep mode so that the SOR decreases. This observation
is also because we use a large value for the EC for the switch-on
action.

B. Comparisons of the Optimal Fractional Threshold Scheme
With Other Schemes

Fig. 10 shows thresholds for WA, the optimal frac-
tional threshold, and WF over the traffic load , when

and
the PDP bound is 3%. As illustrated in this figure, the optimal
fractional threshold is in the interval between that of WA
and that of WF. When the traffic load increases, the optimal
fractional threshold deceases since the system needs to wake
up earlier to handle more traffic. One important observation is
that optimal thresholds are real numbers with nonzero fraction,

instead of integers. Therefore, it is perfect to use the fractional
threshold scheme to obtain optimal values.

Fig. 11 shows PDP for AOFF, WF, the optimal fractional
threshold scheme, WA, and AON schemes over the traffic load

, when and
the PDP bound is 3%. As illustrated in this figure, AOFF has
the highest PDP ( ). WA and AON have the same PDP, i.e.,
the lowest PDP. PDP of the optimal fractional threshold scheme
is between that of WA and WF. We observe that the optimal
fractional threshold scheme is exactly bounded by 3%. Other
schemes whose PDPs are bounded by 3% are AON and WA.
However, later figures show that AON and WA have either very
high EC or very high SOR.

Fig. 12 shows EC for AON, WA, the optimal fractional
threshold scheme, WF, and AOFF schemes over the traffic load

, when and
the PDP bound is 3%. As illustrated in this figure, AON has the
highest EC and AOFF has the lowest EC. EC of WF is higher
than that of AOFF. EC of the optimal fractional threshold
scheme is in between that of WA and that of WF. We observe
that the optimal fractional threshold scheme has very low EC,
and the only working scheme (AOFF is not a working scheme)
that is lower than the optimal fractional threshold scheme is
WF, which is only a little lower than the optimal fractional
threshold scheme. From Fig. 11, AOFFs PDP is 1 and WF has
much higher PDP than the optimal fractional threshold scheme.

Therefore, the optimal fractional threshold scheme is the best
scheme in terms of optimizing the total EC with a bound on PDP.

Fig. 13 shows SOR for AON, WA, the optimal fractional
threshold scheme WF and AOFF schemes over the traffic load

, when ,
and the PDP bound is 3%. As illustrated in this figure, WA has
the highest SOR. AON and AOFF have the lowest SOR ( ).
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Fig. 16. Comparison of the optimal fractional threshold scheme and the optimal integer threshold scheme (PDP bound is 3%).

SOR of the optimal fractional threshold scheme is in between
that of WA and that of WF. We observe that the optimal frac-
tional threshold scheme has very low SOR, and the only working
schemes (AOFF is not a working scheme) lower than the optimal
fractional threshold scheme are WF and AON. From Fig. 11,
AOFFs PDP is 1 and WF has much higher PDP than the op-
timal fractional threshold scheme.

Therefore, the optimal fractional threshold scheme is the best
scheme in terms of optimizing the total SOR with a bound on
PDP.

Fig. 14 shows EC for the optimal fractional threshold scheme
over the traffic load for different ratios of

. As illustrated in the figure, as either or
increases relative to , the total EC increases.

Fig. 15 shows SOR and EC versus PDP bound for the op-
timal fractional threshold scheme. As illustrated in the figure, as
the PDP bound increases, both EC and SOR decrease. In other
words, if we loosen the requirement of PDP, the system saves
more energy.

Finally, Fig. 16 compares the optimal fractional threshold
scheme with the optimal integer threshold scheme. The optimal
integer threshold scheme is to find an optimal integer value
with a bound on PDP. As illustrated in the figure, the optimal
fractional threshold scheme is better than the optimal integer
threshold scheme.

C. Summary and Key Results

Our goal is to minimize both the total EC and the SOR with
a bound on the PDP. We summarize the key results as follows.

• As the fractional threshold increases, PDP increases, and
both SOR and EC decrease.

• PDP increases when either the traffic load increases or the
threshold increases.

• EC increases as the fractional threshold decreases. For a
fixed threshold at a small value, when the traffic load in-
creases, EC increases first and then decreases.

• SOR increases as the fractional threshold decreases. For
a fixed threshold at a small value, when the traffic load
increases, SOR increases first and then decreases.

• When the traffic load increases, the optimal fractional
threshold decreases. One important observation is that
optimal thresholds are real numbers with nonzero frac-
tion, instead of integers. Therefore, it is perfect to use the
fractional threshold scheme to obtain optimal values.

• AOFF has the highest PDP ( ). WA and AON have
the lowest PDP. PDP of the optimal fractional threshold
scheme is between that of WA and WF. Given a bound on
PDP, the optimal fractional threshold scheme is exactly
bounded by the PDP. Other schemes that can meet a given
PDP bound are AON and WA. However, AON and WA
have either very high EC or very high SOR.

• AON has the highest EC and AOFF has the lowest EC.
EC of WF is higher than that of AOFF. EC of the optimal
fractional threshold scheme is in between that of WA and
that of WF. The optimal fractional threshold scheme has
very low EC, and the only working scheme that is lower
than the optimal fractional threshold scheme is WF, which
is only a little lower than the optimal fractional threshold
scheme. However, WF has much higher PDP than the op-
timal fractional threshold scheme. Therefore, the optimal
fractional threshold scheme is the best scheme in terms of
optimizing the total EC with a bound on PDP.

• AON has the highest SOR. AON and AOFF have the
lowest SOR ( ). SOR of the optimal fractional
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threshold scheme is in between that of WA and that of
WF. The optimal fractional threshold scheme has very
low SOR, and the only working schemes that are lower
than the optimal fractional threshold scheme are WF
and AON. AON and WF have much higher PDP than
the optimal fractional threshold scheme. Therefore, the
optimal fractional threshold scheme is the best scheme in
terms of optimizing the total SOR with a bound on PDP.

• As either or increases relative to , the total
EC increases.

• As the PDP bound increases, both EC and SOR decrease.
In other words, if we loosen the requirement of PDP, the
system saves more energy.

• The optimal fractional threshold scheme is better than the
optimal integer threshold scheme.

Furthermore, simulation results and analytical results match
pretty well.

VI. CONCLUSION

In this paper, we study the timing when mobile handset
should wake up. We propose the fractional threshold scheme
and prove that there is a unique optimal threshold to minimize
both the total EC and the SOR with a bound on the PDP. We
compare the optimal fractional threshold scheme with five other
schemes including the optimal integer threshold scheme, and
show that the optimal fractional threshold scheme is the best.

APPENDIX

Proof of (16) and (17)

Let denote . From (5) (7), we have

(39)

for (40)

From (8), we have

(41)

From (9) and (10), we have

(42)

(43)

From (42) and (43), we can prove the following equation via
mathematical induction:

for (44)

From (11) and (16), we have

(45)

From (12), we have

for (46)

From (39), (45), and (46), we can prove the following equa-
tion via mathematical induction:

for (47)

By putting (40), (44), and (47), into (13), we have

(48)

By putting (41), (44), and (47) into (14), we have

(49)

We observe that (48) and (49) are the same. Putting (40), (41),
(44), and (47) into (15), we have
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(50)

From (49) and (50), for ,
Let ,

, and .

(51)

(52)

From (51) and (52), we have

Then we can have (16) and (17).

Proof of Theorem I

Let ,
where , and

We have

Since , and , we have
. Since and are the integral part

and the fractional part, respectively, PDP is continuous with
respective to ( ). Therefore, the PDP is a
strictly increasing function of . We can easily have

. For the SOR, we have

Since and , we have

Based on the similar reason as that for the pre-
vious , the SOR is a
strictly decreasing function. In other words, we have

.

Proof of Theorem II
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if
if

Therefore, we have

From (23) and (36), we have (see the equation at the top of
the page).

Using the similar reasoning for in the proof of
Theorem I and based on the above inequality, we can easily
prove .

ACKNOWLEDGMENT

The authors would like to thank Dr. C. L. P. Chen and Dr. K.
Kinateder for their involvements in the early stage of this work.

REFERENCES

[1] R. J. Chen, T. Y. Lin, and Y. B. Lin, “Reducing power consumption
for mobile multimedia handsets,” Tankang J. Sci. Eng., Special Issue
on Multimedia Computing and Networks, 1999.

[2] H. Woesner, J. Ebert, M. Schläger, and A. Wolisz, “Power-saving mech-
anisms in emerging standards for wireless LANs: The MAC level per-
spective,” IEEE Pers. Commun., pp. 40–48, June 1998.

[3] C. Bisdikian et al., “WiSAP: A wireless personal access network for
handheld computing devices,” IEEE Pers. Commun., pp. 18–25, Dec.
1998.

[4] E. Biglieri, G. Caire, and G. Taricco, “Coding and modulation under
power constraints,” IEEE Pers. Commun., pp. 32–39, June 1998.

[5] T. H. Meng, A. C. Hung, E. K. Tsern, and B. M. Gordon, “Low-power
signal processing system design for wireless applications,” IEEE Pers.
Commun., pp. 20–31, June 1998.

[6] M. Zorzi, “Energy management in personal communications and mobile
computing,” IEEE Pers. Commun., June 1998.

[7] Y. W. Bai and C. H. Lai, “A bitmap scaling and rotation design for SH1
low power CPU,” in Proc. ACM MSWiM 99, Seattle, WA, pp. 101–106.

[8] C. L. Su, C. Y. Tsui, and A. M. Despain, “Saving power in the control
path of embedded processors,” IEEE Design Test Comput., pp. 24–30,
1994.

[9] S. M. Ross, Introduction of Probability Methods, Sixth ed. New York:
Academic, 1997.

[10] L. Kleinrock, Queuing Systems, Volume I: Theory. New York: Wiley,
1975.

[11] Y. Xiao, C. L. P. Chen, and B. Wang, “Bandwidth degradation QoS
provisioning for adaptive multimedia in wireless/mobile networks,”
Comput. Commun., vol. 25, pp. 1153–1161, Aug. 2002.

[12] C. Ho and C. Lea, “Improving call admission policies in wireless net-
works,” Wireless Networks, vol. 5, pp. 257–265, 1999.

[13] R. Ramjee, D. Towsley, and R. Nagarajan, “On optimal call admission
control in cellular networks,” Wireless Networks, vol. 3, pp. 29–41, 1997.

[14] Y. Xiao, “Optimal fractional movement-based scheme for PCS location
management,” IEEE Commun. Lett., vol. 7, pp. 67–69, Feb. 2003.

Yang Xiao (S’97–M’02–SM’04) received the Ph.D.
degree in computer science and engineering from
Wright State University, Dayton, OH, in 2001.

He was a software engineer, a senior software engi-
neer, and a technical lead working in the computer in-
dustry from 1991 to 1996. From 1996 to 2001, he was
awarded the DAGSI Ph.D. Fellowship. From August
2001 to August 2002, he was with Micro Linear-Salt
Lake City Design Center as an MAC architect in-
volving the IEEE 802.11 (Wireless LAN) standard
enhancement work. Since August 2002, he has been

an assistant professor of computer science at The University of Memphis.
Dr. Xiao is a voting member of the IEEE 802.11 Working Group, and a

member of ACM. He currently serves on the editorial boards of International
Journal of Wireless and Mobile Computing, and International Journal of
Signal Processing. He serves a lead Guest Editor for the (Wiley) Journal
of Wireless Communications and Mobile Computing, Special Issue on
“Mobility, Paging and Quality of Service Management for Future Wireless
Networks” in 2004–2005, a lead Guest Editor for the International Journal
of Wireless and Mobile Computing, Special Issue on “Medium Access
Control for WLANs, WPANs, Ad Hoc Networks, and Sensor Networks” in
2004–2005, and an Associate Guest Editor for the International Journal of
High Performance Computing and Networking, Special Issue on “Parallel and
Distributed Computing, Applications and Technologies” in 2003. His research
areas include wireless LANs, wireless PANs, and mobile cellular networks.

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on March 10,2010 at 19:22:51 EST from IEEE Xplore.  Restrictions apply. 



XIAO et al.: ON OPTIMIZING ENERGY CONSUMPTION FOR MOBILE HANDSETS 1941

He has published many papers in major journals and refereed conference pro-
ceedings related to these research areas, such as the IEEE TRANSACTIONS ON

MOBILE COMPUTING, IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS,
IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, IEEE
TRANSACTIONS ON VEHICULAR TECHNOLOGY, IEEE COMMUNICATIONS

LETTERS, IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, and
ACM/Kluwer Mobile Networks and Applications (MONET).

Dr. Xiao serves as a symposium Co-Chair for Symposium on Data Base
Management in Wireless Network Environments in 2003 IEEE Vehicular
Technology Conference. He serves as a TPC member for many conferences
such as IEEE ICDCS, IEEE ICC, IEEE GLOBECOM, IEEE WCNC, IEEE
ICCCN, IEEE PIMRC, ACM WMASH, etc. He was a recipient of the 1999
Gradate Student Excellence Award in recognition of outstanding academic
achievements in the Computer Science and Engineering Ph.D. degree program
of Wright State University.

Haizhon Li (S’03) received the M.S. degree in
computer science from the University of Memphis
in 2003.

He is currently a Ph.D. degree candidate with
the Computer Science Division, The University of
Memphis. His research interests include quality of
service and MAC enhancement for IEEE 802.11
wireless LANs, performance analysis, and inte-
gration of wireless LANs, wireless PANs, and 3G
cellular networks.

Yi Pan (M’91–SM’97) received the B.Eng. and
M.Eng. degrees in computer engineering from
Tsinghua University, China, in 1982 and 1984, re-
spectively, and the Ph.D. degree in computer science
from the University of Pittsburgh, PA, in 1991.

Currently, he is a Yamacraw professor with the
Department of Computer Science, Georgia State
University, Atlanta. His research interests include
parallel and distributed computing, optical networks,
wireless networks, and bioinformatics. He has pub-
lished more than 80 journal papers with 25 papers

published in various IEEE journals. In addition, he has published more than 90
papers in refereed conferences (including IPDPS, ICPP, ICDCS, INFOCOM,
and GLOBECOM). He has also coedited 13 books (including proceedings)
and contributed several book chapters. His pioneer work on computing using
reconfigurable optical buses has inspired extensive subsequent work by many
researchers, and his research results have been cited by more than 100 re-
searchers worldwide in books, theses, journal, and conference papers. He is
a coinventor of three U.S. patents (pending) and five provisional patents. His
recent research has been supported by NSF, NIH, AFOSR, AFRL, JSPS, IISF
and the states of Georgia and Ohio. He has served as a reviewer/panelist for
many research foundations/agencies such as the U.S. National Science Foun-
dation, the Natural Sciences and Engineering Research Council of Canada, the
Australian Research Council, and the Hong Kong Research Grants Council.
He served as an Editor-in-Chief or editorial board member for eight journals
including three IEEE TRANSACTIONS and a Guest Editor for seven special
issues.

Dr. Pan has received many awards from agencies such as NSF, AFOSR, JSPS,
IISF, and Mellon Foundation. He has organized several international confer-
ences and workshops and has also served as a program committee member
for several major international conferences such as INFOCOM, GLOBECOM,
ICC, IPDPS, and ICPP. He has delivered more than 40 invited talks, including
keynote speeches and colloquium talks, at conferences and universities world-
wide. He is an IEEE Distinguished Speaker (2000–2002), a Yamacraw Distin-
guished Speaker (2002), and a Shell Oil Colloquium Speaker (2002). He is listed
in Men of Achievement, Who’s Who in Midwest, Who’s Who in America, Who’s
Who in American Education, Who’s Who in Computational Science and Engi-
neering, and Who’s Who of Asian Americans.

Kui Wu (M’97) received the Ph.D. degree in
computing science from the University of Alberta,
Canada, in 2002.

He then joined the Department of Computer Sci-
ence, University of Victoria, Canada, where he is cur-
rently an Assistant Professor. His research interests
include mobile and wireless networks, network per-
formance evaluation, and network security.

Jie Li (M’95) received the B.E. degree in computer
science from Zhejiang University, Hangzhou, China,
in 1982, and the M.E. degree in electronic engi-
neering and communication systems from China
Academy of Posts and Telecommunications, Beijing,
China, in 1985. He received the Dr. Eng. degree from
the University of Electro-Communications, Tokyo,
Japan, in 1993.

From 1985 to 1989, he was a Research Engineer
with the China Academy of Posts and Telecommuni-
cations, Beijing. Since April 1993, he has been with

the Department of Computer Science, Graduate School of Systems and Infor-
mation Engineering, University of Tsukuba, Japan, where he is currently an
Associate Professor. His research interests are in mobile distributed multimedia
computing and networking, transaction processing, OS, Internet technology, se-
curity, modeling, and performance evaluation of information systems.

Dr. Li received the Best Paper award from IEEE NAECON’97 and the Ex-
cellent Paper awards from SIG on Mobile Computing, Information Processing
Society of Japan for 1998 and 1998. He is a member of ACM. He has served as a
secretary for Study Group on System Evaluation of the Information Processing
Society of Japan (IPSJ) and a committeeman of ACM SIGMOD Japan Technical
Committee on Network Transaction Processing. He has also served on the ed-
itorial boards for the Information Processing Society of Japan (IPSJ) Journal,
Information, and International Journal of High Performance Computing and
Networking. He has organized several international conferences and workshops
and has also served as a program committee member for several major inter-
national conferences such as IEEE INFOCOM, IEEE GLOBECOM, and IEEE
MASS.

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on March 10,2010 at 19:22:51 EST from IEEE Xplore.  Restrictions apply. 


	toc
	On Optimizing Energy Consumption for Mobile Handsets
	Yang Xiao, Senior Member, IEEE, Haizhon Li, Student Member, IEEE
	I. I NTRODUCTION
	II. W AKE -U P S CHEMES
	A. Fractional Threshold Scheme
	Definition: The Threshold Random Variable ( ${\bf X} _{\bf t}$ )



	TABLE I F RACTIONAL T HRESHOLD A LGORITHM
	B. AON, AOFF, WA, and WF
	III. A NALYTICAL M ODELS
	Fig.€1. State transition diagram for the fractional threshold sc
	Fig.€2. State transition diagram for the AON scheme.


	Fig.€3. State transition diagram for the AOFF scheme.
	Fig.€4. State transition diagram for the WA scheme.
	Fig.€5. State transition diagram for the WF scheme.
	TABLE II T HE B INARY S EARCH A LGORITHM
	IV. O PTIMALITY A NALYSIS AND A M ETHOD TO F IND O PTIMAL T HRES

	Fig.€6. PDP, SOR, and EC over $t+ \alpha (\rho =0.9)$ .
	Fig.€7. PDP over $\rho $ and $t+\alpha $ .
	A. Features of the Performance Metrics

	Fig.€8. SOR over $\rho $ and $t+\alpha $ .
	Fig.€9. EC over $\rho $ and $t+ \alpha $ .
	Theorem I: or the fractional threshold scheme, if $ 0 < \rho < 1

	Fig.€10. Thresholds over the traffic load $\rho $ (PDP bound is 
	Fig.€11. PDP over the traffic load $\rho $ for different schemes
	Theorem II: For the fractional threshold scheme, if we have $ 0 
	B. Optimal Thresholds to Minimize the Total Energy Consumption a

	Fig.€12. EC over the traffic load $\rho $ for different schemes 
	Fig.€13. SOR over the traffic load $\rho $ for different schemes
	Optimization Problem 1 (OP1): For the fractional threshold schem
	Optimization Problem 2 (OP2): For the fractional threshold schem
	Lemma 1: Since $ {D_{1}} $ is a closed domain, there must exist 

	Fig.€14. EC over the traffic load $\rho $ for different ratios o
	Lemma 2: The optimal fractional thresholds for OP1 and OP2 are t
	Lemma 3: The binary search algorithm can find an optimal fractio
	C. Remarks for Implementation Issues Including Being Dynamically
	V. P ERFORMANCE E VALUATION
	A. Performance of the Fractional Threshold Scheme and Validation


	Fig. 15. EC and SOR versus PDP ( ${E_S}:{E_W}:{E_{S - {\rm ON}}}
	B. Comparisons of the Optimal Fractional Threshold Scheme With O

	Fig.€16. Comparison of the optimal fractional threshold scheme a
	C. Summary and Key Results
	VI. C ONCLUSION
	Proof of (16) and (17)
	Proof of Theorem I
	Proof of Theorem II

	R. J. Chen, T. Y. Lin, and Y. B. Lin, Reducing power consumption
	H. Woesner, J. Ebert, M. Schläger, and A. Wolisz, Power-saving m
	C. Bisdikian et al., WiSAP: A wireless personal access network f
	E. Biglieri, G. Caire, and G. Taricco, Coding and modulation und
	T. H. Meng, A. C. Hung, E. K. Tsern, and B. M. Gordon, Low-power
	M. Zorzi, Energy management in personal communications and mobil
	Y. W. Bai and C. H. Lai, A bitmap scaling and rotation design fo
	C. L. Su, C. Y. Tsui, and A. M. Despain, Saving power in the con
	S. M. Ross, Introduction of Probability Methods, Sixth ed. New Y
	L. Kleinrock, Queuing Systems, Volume I: Theory . New York: Wile
	Y. Xiao, C. L. P. Chen, and B. Wang, Bandwidth degradation QoS p
	C. Ho and C. Lea, Improving call admission policies in wireless 
	R. Ramjee, D. Towsley, and R. Nagarajan, On optimal call admissi
	Y. Xiao, Optimal fractional movement-based scheme for PCS locati



